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Abstract

:

Diabetes mellitus (DM) is a widespread metabolic disease with a progressive incidence of morbidity and mortality worldwide. Despite extensive research, treatment options for diabetic patients remains limited. Although significant challenges remain, induced pluripotent stem cells (iPSCs) have the capacity to differentiate into any cell type, including insulin-secreting pancreatic β cells, highlighting its potential as a treatment option for DM. Several iPSC lines have recently been derived from both diabetic and healthy donors. Using different reprogramming techniques, iPSCs were differentiated into insulin-secreting pancreatic βcells. Furthermore, diabetes patient-derived iPSCs (DiPSCs) are increasingly being used as a platform to perform cell-based drug screening in order to develop DiPSC-based cell therapies against DM. Toxicity and teratogenicity assays based on iPSC-derived cells can also provide additional information on safety before advancing drugs to clinical trials. In this review, we summarize recent advances in the development of techniques for differentiation of iPSCs or DiPSCs into insulin-secreting pancreatic β cells, their applications in drug screening, and their role in complementing and replacing animal testing in clinical use. Advances in iPSC technologies will provide new knowledge needed to develop patient-specific iPSC-based diabetic therapies.
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1. Introduction


Diabetes mellitus (DM), commonly referred to as diabetes, is the most widespread metabolic disease worldwide [1]. DM develops from glucose regulation defects, which cause high blood sugar levels over a prolonged period. DM leads to severe hyperglycemia and several complications, including diabetic ketoacidosis, cardiovascular disease, kidney failure, foot ulcers, and tissue or organ damage. More than three hundred million people are suffering from DM and the number of DM patients is steadily increasing.



DM is classified into three types: type 1 diabetes mellitus (T1DM), type 2 diabetes mellitus (T2DM), and gestational diabetes [2,3,4,5,6]. T1DM, previously known as insulin-dependent DM (IDDM) or juvenile diabetes, results from the destruction of insulin-secreting pancreatic β cells as a consequence of autoimmunity [2,3]. T2DM was previously known as non-insulin-dependent DM (NIDDM) or adult-onset diabetes, which is an age-related metabolic disease resulting from insulin resistance of peripheral tissues and inadequate insulin-secreting pancreatic β cell function [5,6,7]. The third form of diabetes, gestational diabetes, which occurs when pregnant women develop high blood glucose levels; however, it is usually resolved after giving birth. T1DM’s main treatment option is insulin, although administration of several classes of anti-diabetic medications, such as metformin or glucagon-like peptide-1 (GLP-1) agonists is another viable option [2,3]. Although current treatment strategies for DM are usually successful in recovering clinical status, long-term treatment could cause a variety of complications, such as cardiomyopathy, endothelial dysfunction, retinopathy, and neuropathy, which could lead to amputation and kidney diseases (resulting in renal failure) [8,9]. Replacement of insulin-secreting pancreatic β cells by islets allograft transplantation is an alternative strategy; however, this therapeutic approach is hindered by donor availability, risks of auto-immune rejection, and toxicity due to regular use of immunosuppressant drugs.



Compensation and restoration of insulin-secreting pancreatic β cell function is the most promising approach for DM. This approach can control blood glucose levels and regenerate functional insulin-secreting pancreatic β cells from adult cells [10]. However, development of this treatment has not significantly advanced owing to limited phenotypic characterization of pancreatic stem cells. Utilization of human embryonic stem cells (ESCs) is also restricted because of ethical concerns and risks of tumorigenicity [11,12,13]. Cellular reprogramming through induced pluripotent stem cell (iPSC) technology is the most advanced technology for the generation of autologous insulin-secreting pancreatic βcells. This review will summarize recent advances of pancreatic β cell differentiation from iPSCs to be used in disease modeling and drug discovery for the treatment of DM.




2. Generation of iPSCs


In 2006, mouse iPSCs were generated from terminally differentiated murine fibroblasts using retrovirus-mediated forced expression of the following transcription factors: Oct4 (octamer-binding transcription factor 4), Sox2 (SRY (sex determining region Y)-box 2), c-Myc (a bHLH/LZ (basic Helix-Loop-Helix Leucine Zipper) domain-containing oncogene, similar to myelocytomatosis viral oncogene (v-Myc)), and Klf4 (Kruppel-like factor 4) (OSCK or Yamanaka factors) by Shinya Yamanaka’s laboratory in Kyoto, Japan [14]. These mouse somatic fibroblast-derived iPSCs showed the genetic, epigenetic, and developmental features that were highly similar to those of mouse ESCs. In just one year, human iPSCs were successfully generated from human somatic cells by two independent research teams, J. Thomson’s [15] and S. Yamanaka’s groups [16]. Moreover, various mammalian iPSCs (human, monkeys, pigs, mice, and rats) were reported to possess the capacity for teratoma formation, which proved the pluripotency of these cells [17,18,19].



Initially, iPSC generation was carried out by a retroviral gene-delivery system using Moloney murine leukemia virus (MMLV)-derived retroviruses for stable integration of exogenous genes into the host genome [14,20,21]. A lentivirus-based reprogramming technique was also developed to generate iPSCs with higher efficiency [15,22]. In order to avoid the risk of genome instability due to the integration of retroviruses or lentiviruses, non-integrating viral vectors, such as adenoviral vectors, were used for the delivery of reprogramming transcription factors. The adenoviral vectors were allowed for a transient expression of these transcription factors [23]. However, viral vectors and other DNA-based gene delivery systems can cause critical problems in future therapeutic applications of iPSCs, including risks of insertional mutagenesis, tumorigenesis, and continued expression of potentially oncogenic proteins by integrated transgenes [20,24]. To avoid the potential risks of insertional mutagenesis in humans, generation of clinically applicable human iPSCs requires the use of technologies that can generate “footprint-free” (gene integration-free) iPSCs. To generate these footprint-free iPSCs, substantial improvements were made to non-viral delivery techniques of reprogramming factors in order to avoid integration of foreign genetic material into the host genome. Although there are still concerns about safety and efficiency, episomal non-integrating vectors [25], RNA viruses, such as the Sendai virus [26,27], continual transfection of plasmid vectors [28], lentiviruses [29] and polycistronic minicircle vectors [30] have been successfully designed to express the transcriptional factors required for the generation of footprint-free iPSCs. In addition, synthetic modified mRNAs were developed to generate RNA-iPSCs (RiPSCs) that maintained genome stability [31,32]. A nanoparticle-mediated technology to generate footprint-free iPSCs was developed using polyethylenimine (PEI)-mediated DNA [33] or RNA delivery (under revision). Treatment with various synthetic compounds (small molecules) such as valproic acid (an HDAC (histone deacetylate) inhibitor), butyrate (an HDAC inhibitor), CHIR99021 (a GSK3β (glycogen synthase kinase 3 β) inhibitor), forskolin (coleonol; an adenylyl cyclase activator), 3-deazaneplanocin A (DzNep; an S-adenosylmethionine-dependent methyltransferase inhibitor), tranylcypromine (a monoamine oxidase inhibitor), and TTNPB (arotinoid acid; an analog of retinoic acid (RA)) were used. A combination treatment of SB431542 (an inhibitor of ALK5 (activin receptor-like kinase 5, also known as TGFR-1 (transforming growth factor, β receptor I) or ACVRLK4 (activing receptor type II-like kinase 4)), PD0325901 (a MEK (mitogen/extracellular signal-regulated kinase or mitogen-activated protein kinase) inhibitor), and thiazovivin (a ROCK (Rho-associated coiled-coil containing protein kinase) inhibitor), was also reported. These compounds were applied to maintain or induce pluripotency, increasing cellular reprogramming efficiency or simulating the effects of iPSC-specific pluripotency genes during reprogramming [34]. Moreover, reprogramming using additional factors, such as microRNAs (miRNAs), dramatically reduced the time required to generate iPSCs and enhanced reprogramming efficiency [35]. The miRNAs are found as genome clusters and a single miRNA, which has a cell-type dependent expression pattern, can influence hundreds of mRNAs, consequently controlling cell fate. In fact, miR-302 (miRs-302a–d) and miR-367 clusters [36] or miRNAs mixtures composed of miR-302, miR-200, and miR-369 [37], were reported to significantly enhance reprogramming efficiency for iPSC generation. Therefore, iPSCs can be inexhaustible sources of cells for regenerative medicine, and have important therapeutic possibilities, which are attributable, in part, to their potential to generate pluripotent stem cells from individual diabetic patients. However, significant improvements in reprogramming techniques are required for the generation and maintenance of clinically safe and homogeneous iPSC populations.




3. Differentiation of iPSCs into Insulin-Secreting Pancreatic β Cells


Human iPSCs can be used to improve the understanding of human embryonic development and are a good source for regenerative therapies to replace damaged cells in unhealthy people. Self-renewal and differentiation capacities of human iPSCs have incited various research groups to devise novel methods and protocols for in vitro production of insulin-secreting pancreatic β cells [38,39,40]. Hence, human iPSCs can be generated from somatic cells of healthy individuals or diabetic patients using different iPSC generation technologies (Figure 1). Specifically, reprogramming RNA-, protein-, miRNA-, or small molecule-mediated reprogramming systems, could be used to generate clinically safe, footprint-free human iPSCs that can be differentiated into insulin-secreting pancreatic β cells. Diabetic patient-derived iPSCs (DiPSCs) can be used for cell-based diabetic drug screening or for transplantation into diabetic patients as cell therapy. Otherwise, DiPSCs can also be repaired by gene correction and differentiated into functional insulin-secreting pancreatic β cells, to be then transplanted into specific diabetic patients.



Recently, various differentiation techniques were developed to generate functional insulin-secreting pancreatic β cells from iPSCs (Figure 2). These techniques involve several-week sophisticated multi-step protocol combined with several growth factors and small molecules [39,41]. These growth factors and small molecules are essential to generate mature insulin-secreting pancreatic β cells via the regulation of vital signaling pathways. In addition, a four stage serum-free in vitro differentiation procedure was carried out to generate insulin-secreting islet-like clusters (ILCs), which consist of C-peptide-positive and glucagon-positive cells [42]. DiPSCs were generated from the skin fibroblasts of a T1DM patient and differentiated into insulin-secreting pancreatic β cells [43]. In order to solve the problem of complication of the organogenesis process that hampers the in vitro derivation of organs from patient’s pluripotent stem cells, Kobayashi et al. succeeded to generate pluripotent stem cell-derived pancreas via compensation of the empty space of the pancreatic developmental niche by the injection of mouse wild type pluripotent stem cells into the blastocyst of the pancreatogenesis-disabled mouse (Pdx1−/−) [44]. Interestingly, they confirmed the possibility of interspecific chimera production between mouse and rat with injection of mouse or rat PSCs into embryos from the other species. The injected pluripotent stem cell-derived cells were distributed throughout the body and appeared to have normal function. In 2012, Ohmine et al. were able to generate another type of DiPSCs from the keratinocytes of an elderly T2DM patient, opening up a new venue in regenerative medicine for elder diabetic patients [45].



The DiPSCs derived from the maturity onset diabetes of the young (MODY), a monogenic form of diabetes, were also generated by Hua et al. in 2014 [46]. Of the 13 MODY subtypes, MODY 2 and MODY 3 are the most common forms. DiPSCs were generated from MODY2 patients, which have a mutation in the gene encoding for GCK (glucokinase). Although MODY2 patients with GCK mutations showed low glucose response sensitivity, GCK gene correction led to normal glucose sensitivity in MODY2-specific, iPSC-derived, insulin-secreting pancreatic β cells. DiPSCs from patients with different MODY subtypes (1, 2, 3, 5, and 8) were also generated [47]. MODY 1, 2, 3, 5, and 8 patients have a mutation in the gene encoding for hepatocyte nuclear factor (HNF) 4α, GCK, HNF1α, HNF1b, and bile salt dependent lipase, respectively. Additionally, high-density iPSC cultures were reported to have a crucial effect on the differentiation efficiency of pancreas-committed progenitor cells in 2015 [48].



In 2015, Stepniewski et al. produced DiPSCs from the murine model (lepdb/db (db/db) mice) or human model from patients with MODY 3 (HNF1A MODY) for evaluation and induction of the differentiation in these patient-specific iPSCs [40]. DiPSCs derived from diabetic lepdb/db (db/db) mice showed impaired differentiation toward the endothelial progenitor-like cells and human DiPSCs from HNF1α MODY patients failed to form teratoma [40]. Therefore, patient specific-iPSCs could be a promising tool for analysis of the disease mechanism, which are responsible for the impairment of the insulin production and vascular malfunction upon the differentiation of the DiPSCs. These findings will be helpful for future iPSC-based diabetic therapies. The efficiency of insulin-secreting pancreatic β cell differentiation has been further advanced with the generation of mature β-like cells with similar characteristics to adult β cells [49].



The differentiation of iPSCs into insulin-secreting pancreatic β cells follows a sequence of developmental stages that starts with the differentiation of definitive endoderm (DE), which is recognized by the expression of the specific endodermal markers: SOX17 (SRY-box 17), FOXA2 (forkhead box protein A2, also known as HNF3β or TCF3B (transcription factor 3B)), CXCR4 (C-X-C chemokine receptor type 4, also known as fusin or CD184 (cluster of differentiation 184)), and GSC (homeobox protein goosecoid) [49,50,51,52]. The main inducer of DE differentiation is the NODAL (nodal growth differentiation factor; a subset of the TGFβ (transforming growth factor β) superfamily) signaling pathway, which is activated by high doses of TGFβ family members such as ACTIVIN A (a member of the TGFβ family of proteins) or myostatin (also known as GDF-8 (growth differentiation factor 8)) [53,54]. The TGFβsuperfamily ligands include BMPs (bone morphogenetic proteins), GDFs (growth and differentiation factors), AMH (anti-müllerian hormone), ACTIVIN, NODAL and TGFβ's (TGFβ1, TGFβ2, and TGFβ3). TGFβ superfamily ligands bind to a type II receptor (a serine/threonine receptor kinase), which recruits and phosphorylates a type I receptor. In mammals there are seven known type I receptors and five type II receptors. The type I receptor then phosphorylates receptor-regulated SMADs (R-SMADs; SMAD1, SMAD2, SMAD3, SMAD5, and SMAD8/9) which can now bind the common-mediator SMAD (coSMAD; SMAD4). R-SMAD/coSMAD complexes accumulate in the nucleus where they act as transcription factors and participate in the regulation of target gene expression. The SMADs are homologs of the Drosophila proteins, mothers against decapentaplegic (MAD) and the Caenorhabditis elegans protein SMA (from gene Sma for small body size). The DE differentiation process is also stimulated by transcriptional activation of β-catenin that can be activated by wingless-type MMTV integration site family member 3A (WNT3A). Moreover, combination of ACTIVIN A with sodium butyrate (a HDAC inhibitor) or the WNT signaling activators, WNT3A or CHIR9902 (a GSK3β inhibitor), led to an increase in the efficiency of DE differentiation [50,54]. DE differentiation efficiency is also enhanced by GDF-8 or small molecules, such as IDE 1 (inducer of DE 1; an Activin/NODAL/TGF-β pathway activator) and IDE 2, which significantly induced differentiation into SOX17-expressing DE cells [55,56]. IDE1 was found to induce DE differentiation by activating the TGFβ signaling pathway. IDE1 was also reported to increase expression levels of NODAL, and induce SMAD2 phosphorylation and SOX17 expression. The DE usually generates both pancreatic and hepatic tissues in culture media. To avoid hepatic tissue differentiation, DE progenitor treatment with SU5402 (an antagonist for FGF receptor) and NOGGIN (a BMP4 antagonist, also known as NOG) directs cells to pancreatic lineage generation and pancreatic and duodenal homeobox 1, also known as insulin promoter factor 1 (PDX1) expression [57]. Retinoic acid (RA) signaling is also required for differentiation of both pancreatic and liver endoderm, which is generated from the endodermal germ layer [58,59]. DE cells can be directed to differentiate into pancreatic endocrine cells by expression of PDX1A, PTF1A (pancreas transcription factor 1 subunit α), CPA1 (carboxypeptidase A1; a monomeric pancreatic exopeptidase), SOX9 (SRY-box 9), HNF1 β, HNF4α and NKX6.1 (NK6 homeobox transcription factor related, locus 1) markers [60,61,62] and by suppression of NOTCH and Hedgehog (Hh) signaling pathways [49]. Insulin-secreting pancreatic β cells that have been generated from iPSCs were characterized by the expression panel of different factors, such as PDX1, NKX6.1, MAFA (v-maf musculoaponeurotic fibrosarcoma oncogene family, transcription factor protein A), ISL-1 (islet LIM homeodomain transcription factor; an insulin gene enhancer protein), NEUROD1 (neurogenic differentiation helix-loop-helix protein1, also known as BETA2 (β-cell E-box transactivator 2) and MODY6), GLUT2 (Glucose transporter 2, also known as solute carrier family 2 (facilitated glucose transporter), member 2 (SLC2A2)), C-peptide (a short 31-amino-acid connecting peptide between insulin’s A-chain and B-chain in the proinsulin molecule), and INS (insulin, from the Latin, insula meaning island) [50]. Specially, loss of function of NKX6.1 resulted in dysfunction in insulin synthesis and secretion, leading to diabetes as a consequence [63].Of note, over-expression of PAX4 (paired box gene 4, also known as MODY9) increased the number of insulin-secreting pancreatic β cells [64], cells that generate only one hormone (insulin), by suppressing the expression of glucagon-secreting cells [65]. The chief pancreatic regulator, PDX1, which was expressed early in embryogenesis, is downstream of forkhead box protein A1, also known as HNF3α or TCF3A (FOXA1) and FOXA2. All pancreatic cell-types were generated from PDX1-positive cells [66,67].



As previously mentioned, MODY is type of monogenic diabetes, that is distinct from the more common types of diabetes, which involve a more complex combination of causes including polygenic and environmental factors [3]. Genetic analysis demonstrated that patients suffering from a rare monogenic form of MODY showed a mutation of PDX1 and other transcription factors affecting pancreatic differentiation. Expression of the pro-endocrine bHLH transcription factor, neurogenin 3, also known as NEUROG3 (NGN3), was crucial for later stage of pancreatic development [68]. The combination of RA, cyclopamine (11-deoxojervine; an inhibitor of Hh signaling pathway), and fibroblast growth factor 10 (FGF10), was sufficient to induce pancreatic epithelium in vitro, from DE-derived, pluripotent stem cells by expressing PDX1 and NOGGIN, and reducing NOTCH signaling [53]. A small molecule, indolactam V (an indole alkaloid compound that activates PKC (protein kinase C)) [69] could stimulate the differentiation of PDX1-expressing pancreatic progenitor cells. Moreover, the small molecule analogs, dorsomorphin (a BMP pathway inhibitor targeting ALK2 (activin receptor-like kinase 2, also known as ACVR1 (activing A receptor, type I) or ACVRLK2), ALK3 (activin receptor-like kinase 3, also known as ACVRLK3 or BMPR1A (BMP receptor, type 1A)), and ALK6 (activin receptor-like kinase 6, also known as BMPR1B) or dorsomorphin homolog 1 (DMH1, a second-generation small molecule BMP inhibitor based on dorsomorphin), could also induce the differentiation of PDX1-expressing pancreatic progenitor cells [50,51]. Treatment with several small molecules, such as forskolin and dexamethasone [45], IGF-1 (insulin like growth factor 1), HGF (hepatocyte growth factor), and GLP-1, has been used to enhance insulin-secreting pancreatic β cells maturation in vitro [70].




4. In Vivo Maturation of iPSC-Derived Pancreatic β Cells


Previous studies have successfully generated, in vitro, insulin-secreting pancreatic β cells from either human ESCs or iPSCs [42,49,50,53,71,72,73,74,75,76,77,78]; however, differentiated cells showed a limited response to glucose. These cells lack expression of NKX6.1 and MAFA [42], specific markers of mature insulin-secreting pancreatic β cells, categorizing them as immature non-functional pancreatic β cells.



The iPSC differentiation technologies can overcome problems arising from genomic malformations, such as aberrations associated with DM, as well as problems of immune rejection [79]. Although there was a great breakthrough in the in vitro production of mature insulin-secreting pancreatic β cells from iPSCs, many obstacles still exist, and the capability of iPSCs to differentiate into fully functional insulin-secreting pancreatic β cells remains controversial [80,81]. Recent studies revealed that the cell’s microenvironment could play an important role for the in vivo generation of mature insulin-secreting pancreatic β cells [82]. Mouse embryonic and adult fibroblasts can be reprogrammed by induction of core transcription factors (Oct3/4, Sox2, c-Myc, and Klf4) to generate iPSCs, which can then be transplanted into T1DM mice model, resulting in hyperglycemia recovery [14,83]. In this regard, a number of transplantation studies have established differentiation of pancreatic progenitors into functional insulin-secreting pancreatic β cells [84]. Transplantation of iPSCs that were generated using pancreatic growth factors under kidney capsules of T1DM mice, resulted in the stabilization of serum glucose levels [85]. Moreover, transplantation of iPSCs into testicular or epididymal fat pads of immune-deficient mice pre-treated with the diabetes-inducing compound, streptozotocin (streptozocin, STZ; a glucosamine-nitrosourea compound originally discovered in a strain of the soil microbe Streptomyces achromogenes), led to recovery from hyperglycemia [37,46,85]. Alloxan (a toxic glucose analogue) administration in mice resulted in destruction of the pancreatic β cells and led to lack of any defense mechanisms against the chemicals that attributed to the generation superoxide free-radicals. Thus, it can be a useful tool for testing the success of transplantation of the pancreatic tissue and the cytokines-targeted therapies [86,87]. Another study showed that, when pancreatic progenitor cells were transplanted into diabetic mice within macro-encapsulation devices, they efficiently differentiated into functional mature insulin-secreting pancreatic β cells [88]. Similarly, in both T1DM and T2DM mouse models, transplanted iPSC-derived pancreatic β cells were differentiated in vivo into glucose-responsive pancreatic β cells that efficiently secreted insulin [83,89]. Recently, efficient differentiation procedure has been established for in vitro generation of hundreds of millions of β cells that were called stem cell-derived β (SC-β) cells [39]. These SC-β cells are characterized to express mature β cells markers and to showCa2+ flux after glucose challenge, insulin packaging, secretion of a considerable amount of insulin, and alleviation of hyperglycemia after its transplantation in diabetic mice. Therefore, the generation of SC-β cells is considered as important clinical progress that impacts the field of stem cell biology. Additionally, transplantation studies with T2DM-iPSC-derived insulin-secreting pancreatic β cells, demonstrated their clinical potential [83]. Using this approach, blood glucose levels and hyperglycemia were normalized for an extended duration. Concurrently, an increase in insulin concentration was observed in vivo. Interestingly, a research report proved the potency of BMP4 treatment for reprogramming gnotobiotic porcine skin-derived stem cells [4]. These cells were subsequently differentiated into insulin-producing pancreatic β cells that were able to secrete insulin after glucose stimulation. We also reported the functional activity of iPSC-derived insulin-secreting pancreatic β cells, which were reprogrammed from pancreas-derived epithelial cells of non-obese diabetic (NOD) mice, a model of autoimmune T1DM [88]. Insulin-secreting pancreatic β cells expressed several pancreatic β cell markers and secreted insulin in response to glucose stimulation. Furthermore, transplantation of iPSC-derived insulin-secreting pancreatic β cells into the kidneys of NOD mice resulted in an efficient response to glucose stimulation and a subsequent normalization of blood glucose levels. In another study, monkey iPSC-derived β cells transplanted into a diabetic mouse model led to the production of functional insulin-secreting pancreatic β cells and hyperglycemia recovery [90]. Moreover, in NOD mice, iPSC-derived insulin-secreting pancreatic β cells generated insulin in response to glucose stimulation. Other studies demonstrate that iPSC-derived pancreatic progenitor cells transplanted into mice induced the differentiation of poly hormonal cells into glucose responsive insulin-secreting pancreatic β cells [75,90,91,92]. Interestingly, it was demonstrated that the transition into mature insulin-secreting pancreatic β cells is linked to dynamic chromatin remodeling. Additionally, studies show that in young mouse islets, glucose-stimulated insulin secretion is regulated by the corticotropin-releasing factor, urocortin 3, also known as SPC (stresscopin) (Ucn3 ); a member of the sauvagine/corticotropin-releasing factor/urotensin I family), which is highly expressed in insulin-secreting pancreatic β cells [92].




5. Application of iPS Cell-Derived Pancreatic Cells in Diabetes Mellitus Therapy


The defect in the cellular glucose uptake in diabetic patients is attributed to the cellular inability to respond to insulin or to the lack in the insulin production. The conventional treatment of DM is based on discovery of new drugs possessing potency to lower the blood glucose level and preventing the occurrence of diabetic complications as a consequence. At the same time, the innovation of insulin is considered as an important milestone as a therapeutic tool for DM. However, in the history of medicine, the administration of insulin does not fully compensate for its loss of function. Additionally, the possibility of the failure of the clinical transplantation of pancreatic islets is ascribed to the inadequate number of donors available and the immune rejection [93]. Accordingly, the fast progression in the field of biotechnology has inspired the researchers to exert much effort on application of gene therapy, cell therapy and tissue engineering in diabetes therapy, in particular, to develop insulin producing cells using stem cell technology. In this regard, iPSC technology opens up new insight to study the differentiation and maturation of pancreatic β cells in a microenvironment similar to the body for final application in DM therapy. After the transplantation of these cells into a type 1 DM murine model, it led to decrease in the blood glucose levels in 50% of the mice [90]. This result showed the capacity of iPSCs to be transformed into insulin-producing cells, which launched the possibility for functioning of autologous transplantations in future. Transplantation of these cells results in a kidney graft with a functional response to glucose stimulation and a consequent normalization of blood glucose levels. The insulin producing β-cells transplanted under the kidney capsules of diabetic immune deficient mice gradually declined serum glucose level to either normal or near normal levels over 150 days and proved a novel option for the treatment of T1DM [85]. The transformation of DiPSCs into insulin-producing β-cells possesses various applications, such as disease mode, to study the pathogenesis of disease, for gene repair, drug screening as well as an advanced therapy [43,94,95,96]. Some drugs have already been tested on DM patient-derived iPSCs to test their therapeutic potential to alleviate disease symptoms of DM [43,94,97,98].




6. Disease Modeling and Drug Discovery with iPSCs


Human iPSC differentiation technologies are now considered a vital aspect to model human diseases based on patient-derived human iPSCs. Recent studies reported that different cell-types from particular disorders could be generated using patient-derived disease-specific iPSCs, which show the same disease phenotype [95,96]. In pathophysiology investigations and drug development, this breakthrough discovery has opened new venues to develop human disease models in vitro [94,99]. In 2015, Johannesson et al. reviewed that single-gene mutations in adult-differentiated cells from T1DM, T2DM, and various other types of diabetic patients, could be generated using advanced stem cell technologies [100]. These technologies can generate pluripotent cells from individuals with their own particular genetic identities, including individuals with sporadic forms of the disease [43]. These cells provide the potential to treat disorders of virtually all tissue systems in the body. Hence, disease models based on DiPSCs can be successfully applied to better understand the mechanisms of disease pathogenesis and to develop new drug treatments [43,97]. However, it would be crucial to get a representative set of human iPSCs from different patients suffering from the same disease in order to generate disease-specific DiPSC lines. It is noteworthy that patient-specific iPSC-derived insulin-secreting pancreatic β cells would still be required for disease modeling since they have the patient’s immune markers, to avoid potential immunological rejection of the cells. In addition, in patient-specific DiPSCs, disease-causing gene mutations can also be repaired by gene targeting [98]. Thus, these repaired cells can be differentiated into targeted cells, which can then be used for transplantation into the patient and alleviate disease symptoms. It may be also important to refer to the role of the mitochondria in the pathogenesis of the diabetes. The mitochondrial DNA (mtDNA) mutation, A3243G, is considered the most common mtDNA mutation that related to the occurrence of various diseases including DM [29,101] and a research group successfully generated iPSC from patients harboring mtDNA A3243G mutation [102]. Accordingly, these interesting research trials can afford a promising model for anti-diabetic drug screening and autologous transplantation therapy.



Before using novel drugs as treatments, their potential toxic effects need to be evaluated with laboratory animals, such as mice, dogs, and pigs [97,98]. These tests are very expensive, not efficiently standardized, and significantly different effects between humans and animals can be obtained. Therefore, patient-specific DiPSCs could be a novel disease model to test the effectiveness of DM drug treatments. These advances will significantly facilitate pharmacology and toxicology research of novel drugs developed as DM treatment [43,88,89]. In fact, some drugs have already been tested on DM patient-derived iPSCs. These novel drugs show therapeutic potential by alleviating disease symptoms in DM patient-specific iPSCs. To use iPSC technologies, it would have to be possible to generate DiPSCs from T1DM individuals, while studying the mechanisms regarding autoimmune disease by preparing differentiated cell-types involved in pathogenesis including: thymus epithelial cells, dendritic cells, various types of T-cells, and especially insulin-secreting pancreatic β cells. Like T1DM, T2DM derived-iPSCs could be of use in studies of insulin-secreting pancreatic β cells owing to their genetic associations with diseases and pharmacology.




7. Current Challenges and Future Perspectives


DM is one disorder that could potentially be treated using stem cell therapy. Specifically, iPSC technologies have provided a remarkable breakthrough to generate functional insulin-secreting pancreatic β cells, as well as patient-specific DiPSCs (Table 1). However, there are a lot of gaps and challenges that have to be addressed to be able to use iPSC-based diabetic therapies. One of the main limitations in the cell-based drug screening technology is the lack of supply of the pancreatic islets. Developing a simple, reproducible, and effective method is the greatest challenge for iPSC production [97,98]. To date, several studies have been performed to improve differentiation techniques that can generate glucose-responsive insulin-secreting pancreatic β cells to treat DM; however, glucose responses are very limited owing to their immature nature [50,51]. Thus, continuous research is required to develop differentiation protocols that exclusively generate mature insulin-secreting pancreatic β cells, which are necessary for disease modeling and cell therapy, and, in the future, to be used as a therapeutic option.



Genomic stability of iPSCs needs to be maintained, as mutations could occur by the use of harmful genome-integrating viruses, which are associated with reprogramming processes [103,104,105,106]. These processes could suppress or delete some genes in order to enhance reprogramming efficiency, negatively influencing diabetic patient iPSCs research. Therefore, differentiation techniques to develop insulin-secreting pancreatic β cells should be highly specific, competent, and should not leave any undifferentiated cells, since it can result in teratoma formation.



Another limitation of iPSC-based diabetic therapies is the low production efficiency of insulin-secreting pancreatic β cells. Hence, future research should be carried out to elucidate molecular mechanisms that lead to effective differentiation protocols, resulting in the production of high-density cultures of insulin-secreting pancreatic β cells. Moreover, another challenge in iPSCs studies is undesired cell growth. Recent studies suggested that encapsulation of the transplanted cells can prevent overgrowth in vivo [107,108]. Additionally, encapsulation could avoid contamination with undifferentiated cells after iPSCs differentiation into insulin-secreting pancreatic β cells [90,109]. Furthermore, in each stage of insulin-secreting pancreatic β cell differentiation, genome-wide transcriptional analysis should be done to identify defects in transcription factors. It is also important to recognize differences in gene expression, comparing in vivo pancreatic development with in vitro pancreatic differentiation [47,48,110,111,112,113]. Therefore, signaling pathways controlling the differentiation process in vitro should be used to develop diverse differentiation protocols.




8. Conclusions


In DM, insulin-secreting pancreatic β cell restoration can be achieved by two novel strategies, cell regeneration and cell replacement; the latter involves the transplantation of iPSC-derived insulin-secreting pancreatic β cells. Recent advances in stem cell therapy using iPSCs have opened new research venues for DM therapies. However, drug safety is a significant concern with these cell-types, which could delay their clinical application; thus, both in vitro and in vivo evaluations are necessary to understand their potential as diabetic therapies. Despite these challenges and obstacles, additional research efforts and progress in DiPSC-based diabetic drug discovery and iPSC-derived insulin-secreting pancreatic β cell-mediated therapies are needed to make iPSC-based therapeutic approaches feasible for DM treatment in the near future.
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Figure 1. Schematic presentation of generation of iPSCs (induced pluripotent stem cells) from healthy and diabetic patients and their application in the patient-specific iPSC-based diabetic therapy. Footprint-free iPSCs can be generated from healthy individual- or diabetic patient-derived somatic cells using reprogramming DNA-, RNA-, protein-, miRNA-, or small molecule-mediated reprogramming system. DiPSCs (iPSCs derived from diabetic patients) can be further differentiated into insulin-secreting pancreatic β cells for cell-based diabetic drug screening or for transplantation into diabetic patients for cell therapy. DiPSCs can also be repaired by gene correction and then be differentiated into functional insulin-secreting pancreatic β cells, which can be transplanted into a specific diabetic patient. For disease modeling, DiPSCs can be differentiated into insulin-secreting pancreatic β cells for drug screening or pathogenesis studies to develop the compounds or therapies to treat specific type of diabetes. 
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Figure 2. Schematic diagram depicting the various pancreatic β cell differentiation protocols for healthy iPSCs (A) and/or DiPSCs (B). The iPSCs and DiPSC can be differentiated into insulin-secreting functional β cells through the stages, embryoid body (EB), definitive endoderm (DE), pancreatic gut tube (PGT), pancreatic progenitor (PP), posterior fore gut (PFG), multi-lineage progenitor (MP), spontaneous differentiation (SD), progenitor expansion (PE), pancreatic differentiation (PD), NKX6-1+/C-peptide+ EN cells, stem cell-derived β (SC-β) cells, and/or pancreatic β-cells using specific transcription factors and small molecules. The following transcription factors, small molecules, and specific differentiation markers were used for the pancreatic β cell differentiation; EGF (epidermal growth factor), bFGF (basic fibroblast growth factor), NA butyrate (sodium butyrate), CHIR99021 (aGSK3β inhibitor), KGF (keratinocyte growth factor), RA (retinoic acid), SANT1 (a sonic hedgehog pathway antagonist), CMRL-supplement, PdBu (phorbol 12,13-dibutyrate; a PKC activator), LDN (LDN193189; a BMP pathway inhibitor), T3 (triiodothyronine; a thyroid hormone), Alk5i (ALK5 receptor inhibitor), FGF10 (fibroblast growth factor 10), CYC (cyclopamine; a Hh signaling pathway inhibitor), ILV (indolactam V; a PKC activator), SST (somatostatin; somatotropin (growth hormone) release–inhibiting hormone), GCG (glucagon), INS (insulin), HGF (hepatocyte growth factor), DAPT (a γ-secretase (NOTCH signaling pathway) inhibitor), GLP-1 (glucagon-like peptide 1), LP1 (synaptic membrane fractions), Nico (nicotinamide), FOXA2 (forkhead box protein A2), PAX4 (paired homeobox transcription factor 4), PAX 6 (paired homeobox transcription factor 6), NGN3 (neurogenin 3), HNF (hepatocyte nuclear factor), PDX1 (pancreatic and duodenal homeobox 1); NKX6.1 (NK6 homeobox transcription factor related, locus 1), SOX17 (SRY-box 17), and NKX2.2 (NK2 homeobox transcription factor related, locus 2). 
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Table 1. The application of iPSCs and DiPSCs for DM therapy or DiPSC-based diabetic drug screening.
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iPSCs

	
References

	
DiPSCs

	
References






	
Application

	
Applied in cell based therapy in diabetes mellitus

	
[42]

	
Disease modeling of diabetes mellitus

	
[43]




	
Transplantation in diabetic patient

	
[88,90]

	
Pathogenesis of disease genotype and phenotype

	
[43]




	
Drug screening for treatment of diabetes mellitus

	
[42,43]




	
Autologous cell replacement therapies in case of T2DM

	
[43,45]




	
Positive Points

	
Can overcome immune rejection

	
[14,15,16,17,18,19]

	
Overcome barrier of immune rejection

	
[42,43,45]




	
Clinically safe

	
[14,15,16,42]

	
Identify genome aberration

	
[103,104]




	
Ideal source for transplantation therapy

	
[111]

	
Gradually engrafted in transplantation

	
[83,88,89]




	
Stably engrafted in transplantation

	
[88,89]

	
Secrete insulin upon glucose stimulation

	
[83]




	
Secrete insulin according to the physiological and pathological condition

	
[83]




	
Negative Points

	
Generate complex cell population

	
[114]

	
Relatively low differentiation efficiency and high cost

	
[114]




	
Lack of monitoring the safety and the long term efficacy

	
[115]

	
Immature phenotypes of derived islets

	
[38]




	
Lack of understanding the signaling pathways that direct β cell maturation in vivo

	
[82,114]

	
Deficiency in monitoring the safety and the long term efficacy

	
[115]




	
Teratoma formation

	
[38]

	
Sustained autoimmunity in T1D (not in T2D) can reject iPSC-derived islets

	
[114,116]










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons by Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijms-17-00256


  
    		
      ijms-17-00256
    


  




  





media/file3.png
(A) Pancreatic B Cell Differentiation for iPSCs

Insulin-scercting islet-
like cluster
[ Stage 1 . . Stage 2 g ) () Stage 3 Stage 4
Protocol 1 (0 '. B OO O - O
¢ ® ACTIVIN A e EGF e X R27 1GF LINTCO (5 d)
: NA RUTYRATE ; LFGT : LGT then
irhla ngl;: ‘ (7di L,?):Tg NOGIN PDXI MOGGIN wio IGF Il (2d)
ab., |42] b (14d) (7d) INSULIN
EN
& Stage2  (QL¥) ~ Stage 5 Rtage 6
Protocol 2 | L '. ) e .y : / :
s 8 activin A L9 KGF A : RA T3 .
Melton. D.A. CHIR SOX17 (3d) HNF4A RA PDX1 RA SANTL  ppx1  AIKS r\ll:;:’ 1 '|
q (3 dy HNF1B SANTI SANTI Meparin i CMRL e
i il TR0 LON (5 d) T3 WEXEL i d) INS
Il AikSi C-peptide
(2 d) (7 d)
|
P Stage 1 0 Stage 2 Stage 3
Protocol 3 L L e ey —I—
8 A | ES Medium e LS Medium LD Larminin
-LEF i -LEF i e o Clemie et
Ma. Y. (5 d) Cvtokeratin 19+ Nestin @ dy SOX1THIOXA? Sclenic acid SOXIT-FOXA?
: . PDXT+FOX A2 Cyiokeratin 19+ Nestin PI‘"!_-’.E“E"UHE . ¢ - ' -
Lab., |83] : - - k) T Cyiokeratin 19+ Nestin
g NONMHPDX| PDXI+FOXAZ Nuulumuu.(lu.. PANA
PAXY NGN3HXT Transferrin P.-ixﬁ
I; AXG PAXY Putrescine :
ISL PAX6 L2
1S1.

(B) Pancreatic 3 Cell Differentiation for DiPSCs

E | P-like cells

_ & Slage 1 Stage 3
Protocol 1 L " g
. LN

IO e Rt.mc-!
- 30 e N0
WINT3A FGFI e FGFL0 el T [:{HD&I’I {6d)
‘ : ACTIVIN A CYC ANF4A CYe 88T en FDX1
:«Iiltnn;jn.;\. (2 d) (2dy HNFIR T'E: GOG HGF1 1(,1?1 (6 d) NKX2.2
Aab., [43] PADXI (4 dy INS
HNEG

NS
GCG
88T

. ) Stage 1 . . Stage 2 _ r" ‘gmgp 3 ( Stage 4 (@l c
R md O dO ORIy 0000 -
| L C ACTIVIN A LB ) FGro . 0 FGFID FGFIO -
Ikeda, Y. WINDA - poxaz T aneda QG cve *:r::..\r]|
Lab., [113] (3d) SOX17 HNFIB e Sl NKX6.
CXCR4 HNF6 GLPI
DiPSCs ;

INS

(24) .

— E | pike cells
M e Stage | e ) Stage 3 W} Stage 4

| L4 (] ]
Protocol 3 8, 8 ’ AN Pl

—_— T WINEAACTIVIN A 2 ) FG:;';' E‘E‘F*‘_ l{*‘ ' J— RAFE R 0o 23 ) rnxi
Dulak, J. ACTIFIN A pdd) SOX17 F10TLY (6 d) DXL Al
Lab., |40] FOXA2 NKXG, 1

NKX2.2
11EY

INS






media/file0.png
Transplantation

7\
Healthy individual
Isolation of somaﬂc cells
(F'b I/

Y‘
Adult Perlpheral B\ood Cells/
Cord Blood Cells, etc.)

Dl
dial
Repmgrammlng Proteln med\ated/
Reprogramming miRNAs-mediated/

etc

Differentiation Differentiation?

Repaired iPSCs

Insulin-secreting B cells

Insulin-secreting B cells?

Insulin-secreting B cells

Research on Diabetes Pathogenesis DiPSCs-based Drug Screening

\ 4
Design and Discovery of Diabetes-specific Drugs





media/file1.png
,,
Ly !

= - | Transplantation

T\ ,.'r, \!
.'f.' I' ".Il". .'"I:/I:' {\K “
Healthy individual Diabetic individual

II
Vo

Isolation of Somatic cells
(Fibroblast/
Keratinocytes/

Adult Peripheral Blood Cells/
Cord Blood Cells, etc.)

Healthy somatic cells Diabetic somatic cells

Reprogramming
Reprogramming DNA-mediated/
Reprogramming RNA-mediated/

Reprogramming Protein-mediated/ =
Reprogramming miRNAs-mediated/
Reprogramming small molecules-mediated/

, etc.
h 4 A 4
Diabetic-specific iPSCs
orsce)
ene Repair
Differentiation Differentiation?
Repaired iPSCs
Insulin-secreting B cells | Insulin-secreting B cells?

| Insulin-secreting B cells |

Research on Diabetes Pathogenesis | | DiPSCs-hased Drug Screening

I Design and Discovery of Diabetes-specific Drugs






media/file2.png
(A) Pancreatic p Cell Differentiation for iPSCs

Insulil
i
tage 1 ( Stage 2 snu,e 4
[ 20)
ACTIVIN A [} KGK mrnm(u:««n
ARIIYRATE  poxay  BEGF e
i 2 socen o IGH 1 (20)
SOX17 (4d)

Stuge 1 (] DO Suu,eA
)
acvina B0 K war
CHR | SONXIT g FNFéA R\ PDXI Ry
©a HNFIB  SANTI SANTI
nNEe LN 0
Tibu

Stage 3

() ES Modium Laminia

. ¢ R Sclenic acid
Cytokeratin 19+ Nestin —(9.) SOXI7-FOXA2

Progesterone

PDXIHHOXA2 Cytokeratio 19+ Nestin
NGNIPDXI Nicotinamide =t
3 NGNFHDXT n :mlernn
AX4 PAXG
PAXG PAX4 utre
ISL PAX6 o
151

Stage 4

——

EXHDAPT (64)
Then
HGFIIGF1 (6.d)

Stage 2 Stages
rGro L
¥ e X1
1.1
NKXG.A
o i
(ke cells
D@ Stze2 Stage 3 DO Stage 4
! UI(]
wisaacnviy age 80 rormevcas 00T rarmexe mage L owipe e
ACTIVIN A2 4) SOXI7 HNF6 FGFI0-ILY (64) i HNFG
rOX NKX6.1
NKX2.2

uBy






