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Diabetes mellitus is characterized by elevated levels of blood glucose and is ultimately caused by insufficient insulin production from pancreatic beta cells. Different research models have been utilized to unravel the molecular mechanisms leading to the onset of diabetes. The generation of pancreatic endocrine cells from human pluripotent stem cells constitutes an approach to study genetic defects leading to impaired beta cell development and function. Here, we review the recent progress in generating and characterizing functional stem cell-derived beta cells. We summarize the diabetes disease modeling possibilities that stem cells offer and the challenges that lie ahead to further improve these models.
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Introduction

More than 450 million people worldwide are diagnosed with diabetes, a number unfortunately expected to increase dramatically in the next decades (1). Diabetes unfolds when the pancreatic beta cells fail to secrete enough insulin to meet physiological demand, resulting in abnormally high blood glucose levels. Our understanding of the distinct molecular mechanisms that lead to beta cell failure in the different types of diabetes has remarkably improved thanks to progress in the genetic characterization of people with diabetes and the development of animal and cellular models (2). Among these models, the generation of islet cells from human pluripotent stem cells is gaining traction as a useful approach to dissect diabetes molecular mechanisms (3). In this review, we aim to summarize recent progress in diabetes disease modeling using human pluripotent stem cells, discussing current limitations and potential improvements. We particularly focus on advances in functional islet cell generation, and how these cells may be utilized to study beta cell insulin secretory defects.

Beta cell failure leading to diabetes occurs in different ways. While in type 1 diabetes, beta cells are destroyed by cytotoxic T lymphocytes (4), in type 2 diabetes, which represents 90% of all diabetes cases, the beta cells are dysfunctional as a result of maladaptation to elevated demand for insulin secretion, usually in the context of systemic insulin resistance (5, 6). Both type 1 and type 2 diabetes (T2D) result from interactions between a polygenic background and environmental factors like viral infections or obesity (7). Other forms of diabetes that are less frequent result from highly penetrant monogenic mutations that impair beta cell development and/or function. They can manifest at birth, transiently or permanently, in what is known as neonatal diabetes, or in the young adult (10–25 years of age), termed maturity onset diabetes of the young (MODY) (2, 8). While genetic variants in ~30 loci are associated with neonatal diabetes and MODY, over 50% of clinically diagnosed cases remain genetically unexplained despite continuous efforts to find causative genetic variants by using genome sequencing (9, 10).

The characterization of the genetic defects associated with these different types of diabetes has improved the understanding of the molecular mechanisms that trigger or increase the risk for this disease. Genome-wide association studies have so far identified over 400 association signals across ~200 loci associated with T2D. These genetic variants are particularly enriched in coding and non-coding genomic regions characteristic of pancreatic islet cells, highlighting their central role in the development of diabetes (11–13). Interestingly, several genetic variants associated with T2D are in loci of genes that are also mutated in cases of neonatal diabetes and MODY [e.g. KCNJ11 (14, 15), HNF1A (16, 17), GCK (18, 19)]. These genes are critical for beta cell function and the severity of the disease is determined by the precise molecular mechanism disrupted by the particular genetic variant and its functional impact. There is a spectrum within diabetes in which the pathogenetic mechanisms might range from protein-truncating mutations causing neonatal diabetes due to pancreas developmental failure (20, 21), to increased T2D risk due to regulatory variants modulating adult islet cell function (22, 23). While genetic studies have identified numerous candidate genetic variants associated with different types of diabetes, functional validation of their impact on glucose homeostasis requires models that recapitulate as faithfully as possible human islet physiology.

Rodent animal models have provided abundant knowledge of pancreatic development and beta cell physiology. The generation of genetically modified mouse models have contributed to understanding the role of genes involved in these processes (21, 24). However, animal models have inherent limitations due to key differences with humans at the genetic and physiological level (25, 26). Primary human islets obtained from the pancreas of cadaveric donors are a valuable research material to study diabetes. They have been used to study particular aspects of human islet physiology (27) and to understand how genetic variation affects islet function (28). However, human islet preparations are scarce and exhibit considerable variability in terms of purity, function, and cell type composition after isolation (29–32). Furthermore, isolated human islets are challenging to keep in culture for extended periods of time, and the ability to use them to study the effect of particular genetic variants is limited by the current capabilities to genetically manipulate them. As an alternative, there have been many attempts to generate immortalized human beta cells resulting in the derivation of several cell lines that are now widely used in research. They constitute a renewable source of beta-like cells that can be used to perform diverse in vitro experiments. In particular, EndoC-βH lines have proven to be a particularly useful model since they present glucose-stimulated insulin secretion in vitro and are transcriptomically similar to primary beta cells (33, 34). Such lines can be utilized to study the impact of particular genetic variants and perform drug screenings since they are amenable to genetic modification and other perturbations (23, 34). A drawback of these cells is that  they are aneuploid, which can be a confounding factor for genetic studies (35). They also proliferate, which compromises the functional characteristics of adult beta cells (36, 37). This has been resolved in conditionally immortalized versions of this cell line where the SV40LT oncogene used to transform them can be removed by inducible genetic recombination (37, 38); these cells continue to be a useful resource for the field.

Differentiated human pluripotent stem cells (hPSCs) represent another source of human beta cells. hPSCs can be derived from human embryos (human embryonic stem cells, hESCs) (39) or from somatic cells via nuclear reprogramming (human induced pluripotent stem cells, hiPSCs) (40). Notably, hiPSCs can be obtained from somatic cells of people that carry diabetes-associated genetic variants. By doing so, pluripotent cell lines preserving the donor genetic background can then be differentiated in vitro into particular cell types to model the molecular consequences of the genetic variant under study (41). Importantly, hPSCs are amenable to different genome editing approaches, facilitating the correction or introduction of desired genetic variants. This is a useful approach to generate optimal isogenic controls or to create new models when donor sources are not available (42).

Here we discuss the possibilities of using hPSCs to model the impact of diabetes-associated genetic variants on the physiology of the beta cell, focusing on the molecular mechanisms impairing insulin secretion.



Beta Cell Insulin Secretion Defects

All forms of diabetes have in common the ultimate dysfunction of the pancreatic beta cells and the consequent inadequate circulating insulin levels. Beta cells constitute about 60% of the cells in the human islets. They are highly intermingled with the other endocrine cells, in particular with glucagon producing alpha cells, the second most abundant type, a configuration that is crucial for the optimal function of the beta cells (43, 44), and somatostatin secreting delta cells that dampen the release of both insulin and glucagon (45). The particular organization of human islet cells is remarkably heterogeneous, with variable islet size and cell type composition across parts of the pancreas, but also showing important variation across individuals and from birth to adulthood (29–31).

In conjunction with glucagon secreting alpha cells, beta cells keep human fasting blood glucose concentrations around 5 mM, normoglycemia, by adjusting their insulin secretion output (44). Beta cells are fine-tuned glucose sensors with an intricate machinery that enables them to respond with exquisite precision to deviations from normoglycemia, such as during meals, to minimize glucose excursions (46, 47). Genetic variants that result in the disruption of these molecular mechanisms impact the capacity of beta cells to secrete insulin in a regulated manner. These can cause reduced insulin secretion, leading to the development of different forms of diabetes, or increased insulin secretion (hyperinsulinism) (20, 48). We discuss some of these in detail below (summarized in Table 1 and Figure 1).


Table 1 | Genetic defects leading to dysregulated beta cell insulin secretion.






Figure 1 | Insulin secretion molecular mechanisms affected in diabetes. Genetic defects can impair different processes involved in regulated insulin secretion (known genes affected in red text): glucose import and metabolism (G6P, glucose 6-phosphate; LDH, lactate dehydrogenase; TCA, tricarboxylic acid cycle; abnormal beta cell metabolism of non-glucose carbon sources due to failure in silencing of disallowed genes depicted in gray text), membrane depolarization, membrane receptors, insulin synthesis and secretion, endoplasmic reticulum (ER) homeostasis, and transcriptional regulation.



Islet cells are profusely vascularized, and this facilitates the sensing of circulating blood glucose levels. Glucose is imported into human beta cells primarily via glucose transporters 1 (GLUT1) and 3 (GLUT3). Glucose transporter 2 (GLUT2), the main transporter in rodent beta cells, is expressed at lower levels in human beta cells (100). Interestingly, genetic variants associated with T2D are found in GLUT2 (51) suggesting an important role in human beta cells.

Imported glucose is phosphorylated by glucokinase (GCK), a low affinity hexokinase. Diverse genetic defects in GCK lead to different kinds of insulin secretion phenotypes, resulting in a range of disease severity, from neonatal diabetes and MODY, to increased T2D risk and congenital hyperinsulinism (18, 19, 49). Other regulators of glucose phosphorylation have also been implicated in insulin secretion dysregulation. For example, glucose-6-phosphatase 2 (G6PC2) harbors genetic variants associated with reduced fasting glycemia (50), while the abnormal beta cell expression of “disallowed gene” (101) hexokinase I (HK1) has been linked to congenital hyperinsulinism (52).

Once phosphorylated, glucose is retained within the beta cell and it enters the glycolytic pathway to generate pyruvate. Pyruvate is then further oxidized in the mitochondrial tricarboxylic acid cycle, generating abundant chemical energy in the form of ATP, and thus increasing the ATP to ADP ratio. This results in depolarization of the beta cell membrane via closure of the ATP-sensitive potassium channels (K+ATP), triggering insulin secretion. Thus, oxidative metabolism of pyruvate constitutes a crucial coupling process enabling regulated insulin secretion (102). As an alternative to this canonical, one-state model of insulin secretion, recent work by Lewandowski et al. proposes a dynamic model in which beta cells in high glucose conditions oscillate between two states: a biosynthetic state in which conversion of ADP and phosphoenolpyruvate into ATP and pyruvate by pyruvate kinase results in closure of the K+ATP channels, triggering exocytosis, followed by a state of active oxidative phosphorylation that supports the elevated ATP to ADP ratio sustaining membrane depolarization until exocytosis-associated processes reduce the ATP levels (103, 104). Activators of pyruvate kinase resulted in potentiated GSIS in both rodent and human islets, suggesting that pyruvate kinase may be a potential therapeutic target for T2D (53). Different defects related to the abnormal incorporation of metabolites into the tricarboxylic acid cycle are associated with congenital hyperinsulinism and T2D. Impaired silencing of the pyruvate and lactate transporter SLC16A1 (MCT1), a beta cell disallowed gene, results in congenital hyperinsulinism (53). Gain of function missense mutations in GLUD1, glutamate dehydrogenase, or loss of function mutations in hydroxyacyl-coenzyme A dehydrogenase (HADH) increase incorporation of glutamate into the TCA cycle leading to congenital hyperinsulinism (54–56). Also, genetic variation in the mitochondrial uncoupler UCP2 has been associated with T2D and congenital hyperinsulinism (57, 58). In addition, mitochondrial DNA mutations that impair ATP generation cause syndromes that present with diabetes of variable severity (59).

The increase of ATP to ADP ratio triggers the closure of membrane K+ATP channels, formed by the proteins KCNJ11 and ABCC8 (105). Channel closure leads to depolarization of cell membrane and opening of additional Na+ and Ca2+ channels. Ca2+ influx crucially couples membrane depolarization with insulin exocytosis, in a process mediated by the Ca2+-sensing proteins synaptotagmins which trigger the fusion of insulin granules with the plasma membrane (105). Gain of function mutations in KCNJ11 and ABCC8 resulting in constant channel opening are the most common cause of neonatal diabetes due to islet physiology defects (15, 60, 63). Genetic variation in these genes can also cause MODY and increased T2D risk (61, 62). Loss of function mutations that result in constant KATP closure, or impair its trafficking to the membrane, lead to congenital hyperinsulinism (14, 55). Furthermore, genetic variants in the voltage-gated K+ channel KCNQ1 are associated with increased T2D risk (65).

Influx of Ca2+ ions into depolarized beta cells induces insulin exocytosis by activating the synaptotagmins and SNARE proteins that regulate the fusion of insulin granules with the plasma membrane (106). This exocytosis machinery is not only regulated by the intrinsic pathway triggered by membrane depolarization but is also critically modulated by the intracellular levels of cyclic AMP (cAMP), in what is known as the amplifying pathway (107). Incretin hormones glucagon-like peptide-1 (GLP-1) and glucose dependent insulinotropic polypeptide (GIP), released by intestinal enteroendocrine cells, potentiate insulin secretion upon binding to their cognate G-protein coupled receptors in the membrane of beta cells (108, 109). This binding results in the generation of cAMP and activation of protein kinase A pathway resulting in augmented K+ channel inhibition, Ca2+ influx, and insulin exocytosis (110). GLP-1 also regulates the alpha cells in a glucose-dependent manner, inhibiting glucagon at high glucose levels, and thereby further contributing to glucose homeostasis (111, 112). GIP stimulates glucagon secretion in a glucose-dependent manner in healthy individuals, with enhanced activity at lower glycemia (113). However, GIP stimulates glucagon secretion even in the presence of hyperglycemia in subjects with T2D, and thereby could contribute to the pathogenesis of T2D (113). Genetic variants found in both the incretin receptors genes GLP1R and GIPR have been associated with increased and decreased risk of T2D (66, 67). Melatonin receptor 1 B (MTNR1B), another G-protein coupled receptor present in the membrane of beta cells, has also been linked to T2D. A genetic variant increasing the expression of MTNR1B has been shown to lower cAMP levels in beta cells, leading to reduced insulin secretion (68). Furthermore, a genetic variant that results in reduced expression of the adenyl cyclase five (ADCY5), which regulates beta cell cAMP levels, has been associated with increased risk of T2D (73, 74).

Insulin protein is synthesized in remarkable amounts, representing up to 50% of beta cell total protein synthesis (114), and imposes a high demand on the protein folding machinery of the endoplasmic reticulum (ER). These processes are controlled by the unfolded protein response (UPR) pathway, which is highly efficient in beta cells in order to cope with the insulin biosynthesis-induced ER-stress (115, 116). After potassium channel defects, coding mutations in the insulin gene are the second most common cause of neonatal diabetes due to beta cell dysfunction. These missense mutations cause defects in proinsulin translation, folding, or processing, and may induce high levels of ER-stress that leads to dysfunction of the beta cell. Some INS coding mutations can also cause MODY (69) and genetic variants in the INS/IGF2 locus have been associated with T2D increased risk (11). The fine-tuning of ER-stress levels in beta cells is crucial for the proper functioning of these busy insulin factories. Coding mutations in components of the UPR pathway can cause neonatal diabetes or increased risk for T2D (e.g. WFS1, CDKAL, THADA, MANF, YIPF5) (11, 75–80). Processed proinsulin molecules are tightly packaged as Zn2+ complexed crystals in dense core exocytotic granules. Genetic variants in the Zn2+ transporter SLC30A8 (ZNT8), present in the membrane of insulin granules, have been associated with T2D susceptibility (70, 71). A rare loss of function mutation in ZNT8 protects against T2D, making this Zn2+ transporter a potentially interesting therapeutic target (72).

While coding and non-coding genetic variants linked to diabetes often impact mechanisms regulating insulin secretion from beta cells, some of them perturb the development of the pancreas, islets, and beta cells themselves (23, 48). The expression levels of insulin secretion machinery components is controlled by transcription factors that conform gene regulatory networks governing the beta cell transcriptional program (117). However, many of these transcription factors are also involved in regulating beta cell development (e.g. FOXA2, PDX1, MNX1, NEUROD1, PTF1A, HNF1A, RFX6) and genetic defects in their loci might lead to a wide variety of diabetes phenotypes (20). While highly damaging transcription factor mutations can cause developmental defects leading to pancreatic agenesis and neonatal diabetes, other genetic variants with milder effects might lead to MODY with different clinical features and penetrance (17, 81, 118), increased T2D risk (91, 98), or even congenital hyperinsulinism (54, 94). Epigenetic profiling of human islets has enabled the characterization of their regulatory landscape, showing that dense enhancer areas are enriched in genetic variants associated with T2D risk (13). Furthermore, a recent study characterizing human islet chromatin architecture resulted in the identification of 3D higher-order hubs of enhancers and promoters (23). These regions are enriched for genetic variants that impact on the heritability of islet-cell traits. We summarize in Table 1 a list of genes that harbor genetic variants specifically linked to dysregulated insulin secretion. The impact of a given genetic variant will depend on how deleterious it is for a particular mechanism controlling insulin secretion, thus determining the diabetes phenotype and the possible therapeutic interventions. Given the wide spectrum in the functional consequences of coding and non-coding genetic variants, we need suitable research models that enable precise dissection of the detailed mechanisms by which these genetic variants impair human islet physiology.



Modeling Insulin Secretion Defects Using Stem Cell Derived Islet Cells

The generation of hPSC-derived beta cells typically relies on differentiation protocols recapitulating the inductive signaling cues that instruct pancreatic development in vivo. These protocols have been devised based on knowledge gained from developmental biology, mostly using mouse models, that deciphered the dynamic signaling environment required for pancreas specification, endocrinogenesis, and beta cell formation (119, 120). With this information, different research teams have empirically determined the recipe of recombinant proteins and small molecules that reproduce developmental signals in a stepwise manner. These efforts have crystallized in differentiation protocols that make possible the efficient derivation of beta cells from hPSCs (Figure 2).




Figure 2 | Multistage differentiation protocol to generate functional islet cells from human pluripotent stem cells. Current islet cell differentiation protocols mimic pancreatic developmental stages. Here we represent the commonly used stages [based on (121)], with their usual duration in days, together with cell markers used for the characterization of the differentiated cells (black text) and the cocktails of signaling molecules utilized to induce differentiation (gray text; FGF7, fibroblast growth factor 7; VitC, vitamin C, ascorbic acid; RA, retinoic acid; SANT, SANT-1, a sonic hedgehog signaling inhibitor; LDN, LDN-193189, a BMP inhibitor; EGF, epidermal growth factor; Nic, nicotinamide; ALK5i, a TGF-beta inhibitor; GSiXX, gamma secretase inhibitor used to inhibit Notch signaling; BTC, betacellulin; T3, triiodothyronine; NAC, N-Acetylcysteine).



The first report demonstrating the feasibility of generating insulin-producing cells from human embryonic stem cells in vitro relied on an spontaneous differentiation approach (122). The first directed differentiation protocol was reported by D’Amour and colleagues from the company CyThera (now Viacyte Inc.). They devised a multistage, adherent culture differentiation protocol, that relied on a first step of efficient definitive endoderm induction (123), followed by four additional steps to induce primitive gut tube, posterior foregut, pancreatic progenitors, and hormone expressing cells (124). While this pioneer protocol generated relatively few insulin producing cells (about 7%), these cells became functionally mature after implantation into mice. Furthermore, the implanted cells were able to protect against streptozotocin induced diabetes (125).

These results sparked intense effort to develop improved protocols leading to more efficient and robust ways to obtain hPSC-derived beta cells over the next decade. Modulation of additional signaling pathways (e.g. FGF, TGF-beta, EGF, PKC) in a time-wise manner enhanced the differentiation efficiency of pancreatic progenitors and endocrine cells (126–132). However, detailed characterization of the hPSC-derived beta cells showed that these insulin expressing cells were frequently co-expressing other hormones, like glucagon or somatostatin, (usually termed as “polyhormonal” cells) (133–135). Polyhormonal cells had impaired glucose stimulated insulin secretion (134), aberrant epigenetic profiles (136), inappropriate glucose transporter GLUT1 expression, imbalanced K+ATP channel subunit expression (137), and resembled human fetal beta cells at the transcriptomic level (138).

A critical realization was the importance of beta cell programming transcription NKX6-1 for beta cell development and functionality (139). NKX6-1 expression at the pancreatic progenitor stage of the differentiation was shown to be crucial for the generation of “monohormonal” beta cells, expressing insulin together with NKX6-1 (INS+NKX6-1+ beta cells) (140). Delaying NEUROG3 induction to later stages, when PDX1+NKX6-1+ progenitors are more abundant, increased the fraction of insulin+ glucagon− beta cells (140, 141). Protocols generating functional beta cells in vitro from hPSCs were reported in 2014 (121, 142). Both differentiation protocols have similarities in the length, stages, and signaling cues used, resulting in abundant INS+NKX6-1+ beta cells. Endocrine cell differentiation was induced by a combination of ALK5 (a TGF-beta receptor) and NOTCH signal inhibitors. Thyroid hormone triiodothyronine (T3) was used to induce the expression of MAFA, a beta cell maturation marker (143, 144). The stem cell-derived beta cells secreted insulin in response to high glucose under static conditions, however, a more detailed analysis of dynamic insulin secretion and calcium influx showed the response was minimal compared to human islets (121). In both studies, the implantation of these functional hPSC-derived beta cells rescued diabetes in mice and had increasing levels of human insulin produced by the grafts over time.

These landmark reports demonstrated a viable path towards the generation of glucose-responsive hPSC-derived beta cells in vitro, despite the cells not matching the fine-tuned responses of human islets. It is important to recognize that human islets isolated from cadaveric donors, while presently used as the gold-standard control, have the limitation of considerable variability across islet preparations from different donors in terms of purity, cell-type composition, functionality, and expression of important beta cell markers (30, 121, 145).

Subsequent studies have built on these protocols and further refined them to achieve a higher percentage of hPSC-derived beta cells with better functional responses. For example, different studies have demonstrated how NKX6-1 expression can be increased by aggregating the pancreatic progenitors (146, 147) or by adding EGF and Nicotinamide (148). Also, Rho-associated kinase (ROCK) inhibitors were shown to boost the expression levels of NKX6-1 (149) and the numbers and maturation of hPSC-derived beta cells (150). ROCK inhibitor Y-27632 together with TGF-beta ligand Activin A was reported to induce the formation of endocrine cell enriched protrusions in a 3D-aggregate differentiation setup (151). Performing the differentiation in 3D suspension conditions, in an attempt to recapitulate the developing pancreas cytoarchitecture, has improved the generation of pancreatic progenitors and endocrine cells, as well as the reproducibility and scalability of the differentiation (141, 142, 146, 152).

Induction of endocrine cell formation in these differentiation protocols has relied on the modulation of NOTCH (using gamma secretase inhibitors), TGF-beta (ALK5 receptor inhibitors), and EGF (EGF and betacellulin ligands) signaling to trigger NEUROG3 expression. Interestingly, a newly developed 2D planar differentiation protocol generated cells with improved function using latrunculin A to depolymerize the cytoskeleton during endocrine induction, demonstrating that the cytoskeletal state of cells during differentiation can also modulate NEUROG3 expression. These cells were also able to reverse diabetes in STZ treated mice faster than cells generated with a 3D suspension protocol (153). Appropriate timing of NEUROG3 expression is important for beta cell lineage commitment. Its induction in pancreatic progenitor cells expressing PDX1+NKX6-1+ favors the generation of beta cells, while inducing at earlier stages will result in polyhormonal cells that appear to largely resolve into alpha cells (129, 140, 141, 148). Regulatory genomics analyses of embryonic and stem cell derived pancreatic progenitors identified TEAD and YAP as important regulators critical for pancreatic progenitors outgrowth (154). These effectors of the Hippo signaling pathway form part of the gene regulatory network that recruits pancreatic progenitor enhancers and controls their proliferation. Disruption of the TEAD-YAP complex with verteporfin results in reduced proliferation of mouse, zebrafish, and hPSC-derived pancreatic progenitors (154). Additional studies on the role of TEAD-YAP in pancreatic progenitors have shown that cell confinement prevents YAP nuclear accumulation and is a prerequisite for NEUROG3 upregulation (155). In this model, endocrinogenesis is triggered by the disruption of extracellular matrix signaling via integrin alpha 5, which maintains the expression of NEUROG3 repressor complex YAP1-TEAD4-HES1. Consistent with this, the use of verteporfin in stem cell-derived pancreatic progenitors resulted in reduced progenitor proliferation, increased NEUROG3 expression, and more C-peptide+ cells (155, 156).

Other approaches to improve the function of stem cell derived beta cells have relied on enrichment steps at various stages and controlling 3D cluster size. For example, enrichment of GP2+ pancreatic progenitors led to the generation of increased numbers of beta cells (157, 158), while enrichment of later differentiation stages using an INS-GFP reporter cell line or magnetic-based enrichment for ITGA1 improved the functionality of the stem-cell derived islet-like aggregates (159, 160). Optimal cluster diameter is important in order to avoid necrosis in the cell cluster core due to hypoxia, maintain a good surface to volume relationship, and is critical for glucose sensing and insulin release dynamics. Across mammalian species with different pancreas sizes, the diameter of islets averages 100–200 µm. The fact that mammalian islets do not scale with the weight of the animal suggests there is an optimal size for the function of these endocrine miniorgans (161, 162). Recapitulating the size of human islets by spontaneous reaggregation (159, 163) or controlled forced aggregation using micropatterned culture plates improves the functionality of stem cell-derived beta cells (160).

The signaling cues required in the later stages of the differentiation protocols to induce maturation are not completely identified. Recent studies have shown that better functioning hPSC-derived beta cells are generated when serum-free media with no added factors is used in the later stages (159, 163). Velazco-Cruz and colleagues reported remarkable acquisition of dynamic glucose stimulated insulin secretion, including robust first and second phases, following the omission of TGF-beta inhibition together with cluster resizing and use of serum-free media during the last stage of the differentiation process. Letting the stem cell-derived islet-like cells establish their own niche and paracrine/autocrine signaling might be a better alternative to achieve more functional cell types (44, 164).

A common problem in the field of hPSC differentiation is the robustness of a given protocol applied to different hPSC lines. In most instances, protocols are optimized specifically for one or few cell lines, and they tend to yield variable differentiation efficiencies when other cell lines are used. In the case of pancreatic differentiation, reports have shown how a particular differentiation protocol results in different percentages of pancreatic progenitors and insulin expressing cell numbers depending on the hPSC line used (148, 165). This is an important obstacle to the wide application of published differentiation protocols, affecting reproducibility. It also complicates the generation of beta cells from diverse patient-derived hiPSCs for disease modeling purposes.

The variability in the efficiency of a particular differentiation protocol has been attributed to the hPSC line genetic background, which can condition its response to inductive cues (166, 167). Recent studies suggest that specific genetic variants in hiPSC lines may alter the differentiation efficiency towards definitive endoderm (168). By using pools of 125 different iPSCs and single-cell RNA sequencing, the authors mapped the population variation during definitive endoderm differentiation stages. They identified several molecular markers predictive of differentiation efficiency, demonstrating that it can be altered by germline genetic variants. Despite intense efforts to improve in vitro differentiation protocols, currently they only partially recapitulate the optimal in vivo signaling environment. Missing signaling cues are probably better tolerated in some cell lines than in others, explaining this apparent genetic background-determined fitness to respond efficiently to a given protocol. A partial solution to the problem of variability in differentiation efficiency across cell lines is the generation of genome edited cell lines. Genome editing technologies have made possible the introduction and correction of point mutations in hPSCs (169–171). In particular, CRISPR-Cas9 technology has proven particularly useful to efficiently generate isogenic cell line pairs. These can be obtained either by correcting the genetic variant of interest in patient-derived iPSC, or by introducing mutations in a hPSC line that differentiates robustly to the cell type of interest (172, 173). CRISPR can also be used to elucidate which signaling pathways and mechanisms are important to achieve a particular differentiation stage. A recent report illustrates this approach by using a genome-wide CRISPR screening to identify JNK-JUN signaling as a barrier for pluripotency exit and endoderm differentiation (174).

Generation of patient-derived hiPSCs and their differentiations towards the pancreatic lineage has facilitated the generation of cellular models to study diabetes. In combination with genome editing technologies, these approaches make it now feasible to study how a particular genetic variant impacts pancreas development and beta cell physiology. The first diabetes disease modeling studies assessed the ability of patient-derived hiPSCs and healthy donor controls to efficiently differentiate into beta cells (175, 176). CRISPR-Cas9 genome editing has been exploited to correct point mutations associated with diabetes in patient-derived hiPSCs or to generate knockouts (KOs) of critical pancreatic and beta cell genes (177–181). Maxwell and colleagues showed that they were able to generate functional beta cells using a CRISPR-Cas9 edited iPSC line obtained from a patient with WFS1 mutation. The corrected cells exhibited robust first- and second-phase insulin secretion in response to glucose challenge and restored euglycemia when implanted into diabetic mice, while the unedited controls did not (182).

Diabetes disease modeling studies based on hPSCs have been mostly focused on genes that cause neonatal diabetes, since the expected severe phenotype due to the developmental defect is assumed to be easier to detect. Together with patient-derived hiPSCs, several KO hPSC lines have been genome engineered to study neonatal diabetes disease phenotypes. Several reports have studied the outcomes of disrupting critical pancreatic developmental genes like NEUROG3 (177), PDX1 (183), GLIS3 (184), RFX6, PTF1A, MNX1, HES1, ARX (178, 185), GATA4, GATA6 (180, 181), or SIX2 (186). Similar approaches have been exploited to dissect the disease mechanisms behind mutations in HNF1B (176) and HNF4A (187) that cause MODY or a rare mutation in STAT3 gene causing neonatal diabetes (179). Genes that harbor genetic variants associated with increased risk of T2D have also been knocked out with CRISPR in hPSCs to study their role in beta cell development and function (e.g. CDKAL1, KCNQ1, KCNJ11) (188, 189).

Beyond genetic defects impairing pancreatic and beta cell development, those directly affecting beta cell insulin secretion are more challenging to study due to the current limitations of the hPSC-based models, in particular the functional immaturity of the derived beta cells. Genetic defects in K+ATP channel genes (64, 188, 190), the insulin gene (191, 192), or the ER-stress related genes WFS1, YIPF5 and MANF (79, 80, 175) that cause neonatal diabetes and congenital hyperinsulinism have been modeled with hPSCs using diverse strategies. These include detailed characterization of the in vitro obtained pancreatic cell populations, their expression of relevant beta cell markers, their tolerance to different stresses, and their functionality in response to glucose and other secretagogues. Additional characterization with in vivo studies allows the assessment of how defective cells respond to systemic environment cues in terms of further differentiation, maturation, and acquisition of regulated insulin secretion. Phenotyping of the implanted cell populations may be particularly useful when the disease mechanisms do not clearly manifest in vitro. This is of particular importance when considering the modeling of strict insulin secretion defects, where the functionality of the beta cells generated in vitro may be too immature to correctly ascertain a particular phenotype.

In order to model insulin secretion defects reliably, we will need completely functional hPSC-derived beta cells that are as comparable as possible to the ones found in native human islets. Major obstacles in this quest are: i) the lack of differentiation protocols that robustly generate functional beta cells and are widely applicable to any hPSC line; ii) the high variability of human islet preparations, which makes them a problematic gold-standard control to rely upon; iii) the absence of standardized phenotyping methods for hPSC-derived beta cells and human islets which hinders faithful comparison of results across laboratories.



Characterization of Stem Cell Derived Beta Cells: How Do They Compare to Human Adult Beta Cells?

Beta cell differentiation protocols are technically complex: they have multiple stages, last over a month, and utilize combinations of recombinant proteins and small molecules at different dosages. During the course of any differentiation, many aspects can deviate from the optimal parameters, leading to poor reproducibility and consistency across experiments. In order to minimize experimental variation and minimize costs, laboratories differentiating hPSC usually implement standard operating procedures to prepare culture reagents and execute the differentiation experiments. Current approaches to characterize the outcomes of the hPSC differentiations towards beta cells rely on a battery of methods applied at select stages of the differentiation process. These methods commonly include, but are not limited to, flow cytometry, immunohistochemistry, and RT-qPCR. It is not uncommon for differentiation experiments to fail due to poor definitive endoderm induction, limited expression of pancreatic progenitor markers, or reduced number of INS+ cells. Since the differentiation of one cell type into the next is not 100% efficient, it is critical to address the identity of the cells in the population at given time points. The percentage of cells reaching definitive endoderm stage, the abundance of PDX1+NKX6-1+ pancreatic progenitors, and the fraction of INS+NKX6-1+ cells are examples of common flow cytometry quantifications. They are proxies for the efficiency and quality of the differentiation in terms of achieving bona-fide beta cells. The ultrastructure of hPSC-derived beta cells and human islets has been compared using electron microscopy, using insulin granule morphology as another indicator of beta cell maturity (121, 142, 153, 160).

Current differentiation protocols yield 40–75% INS+ cells in their later stages, although only 20–52% usually represent bona-fide beta cells expressing INS+NKX6-1+ (see an example of differentiation protocol presented in Figure 2). Furthermore, the proportions of cell populations can widely vary between experiments and different cell lines (148, 165). One of the important aspects of human pancreatic development that is still poorly understood is the fate allocation of the different endocrine cell types. The timing of NEUROG3 upregulation seems to influence the fate selection of the endocrine precursors (193), which have been shown to be unipotent (194). Endocrine cell fate selection is likely determined by heterogeneous spatiotemporal signals present in the niche of the trunk domain endocrine progenitors. For example, different ligands of the EGF family can modulate the cell-fate selection: betacellulin was reported to promote differentiation into the beta cell lineage when added to mouse embryonic explant cultures (195). This effect was later shown be mediated via EGFR-PI3K/AKT-RAC1 signaling resulting in apical polarity inhibition, NOTCH signaling reduction, and induction of NEUROG3 expression (196).

In comparison with the stem cell differentiation outcomes, in vivo pancreatic development is also a highly heterogeneous process. Human islet endocrine cell composition varies depending on the islet size and location (161). It is also highly variable across individuals (30) and ages (197). This heterogeneity probably reflects the complexity of endocrine cell fate allocation during development and the plasticity of the pancreas to adapt during the life of the individual to the different metabolic needs.

At the transcriptomic level, gene expression profiling of stem cell-derived islet cells is determined by bulk RT-qPCR or RNAseq at different stages. Sorting of antibody-stained or INS-GFP reporter lines have been used to study beta cell transcriptomes. Several reports have compared the transcriptome of stem cell-derived islet and beta cells with human islets (121, 141, 142, 153, 160, 163, 198). Hrvatin and colleagues compared the transcriptome of stem cell-derived beta cells to both fetal and adult human beta cells (138). RNAseq analyses showed that the INS+ cells generated with that differentiation protocol were transcriptionally closer to fetal beta cells than to adult ones. They had reduced expression levels of genes associated with the functionality and maturation of the beta cell like PDX1, NKX6-1, MAFA, GLI3, and MNX1. Recent reports describing the generation of hPSC-derived beta cells with dynamic glucose stimulated insulin secretion (GSIS) have curiously shown that some important mature beta cell markers associated with functionality are expressed at much lower levels compared to adult beta cells (i.e. MAFA, UCN3, SIX3) (159, 163, 186, 198, 199). It is therefore unclear what should be considered a reliable marker of functional maturity for hPSC-derived beta cells, especially when the expression levels of some of these markers are age-dependent, being low in functional juvenile islets and taking years to increase (200).

Arising single cell technologies are generating a new important source of knowledge that can be utilized in the quest of generating better beta cells. Single cell transcriptomics, mass spectrometry, and epigenomics are providing new insights on the development and physiology of pancreas, islets, and beta cells (30, 201–208). Single cell transcriptomics has proven particularly useful to investigate the differentiation of hPSCs into beta cells by providing novel information about the heterogeneity of the stage-specific populations, their differentiation trajectories, the role of putative regulators of fate decisions, as well as a mean to assess the impact of diabetes-associated genetic variants. Using single-cell RT-qPCR, Petersen and colleagues explored the trajectories of stem cell derived pancreatic progenitors differentiating towards beta cells (209). They identified two pancreatic progenitor populations that give rise to “monohormonal” beta cells. This suggests the existence of alternative differentiation routes toward beta cells, via a progenitor stage that expresses NKX6-1 before or after NEUROG3 upregulation. Single-cell RNA sequencing approaches enable the transcriptional profiling of thousands of cells simultaneously. Krentz and colleagues used this approach to characterize mouse and hPSC-derived endocrine progenitors (210). Exploiting fluorescent reporter mouse strains and hPSC lines labeling Neurog3 lineages, they described and compared the heterogeneity of the mouse and human endocrine progenitor populations and the gene markers they express. scRNA-seq can also aid in the interrogation of the molecular mechanisms behind mutations causing neonatal diabetes (182, 192). Veres et al. used scRNA-seq to chart the differentiation trajectories of stem cell-derived populations, showing the presence of different endocrine and non-endocrine cell populations (159). Single cell transcriptomic technologies have been exploited to identify surface markers like ITGA1, which can be used to enrich for beta cells (159), or CD9 which can be used as a negative marker of functional beta cells (211). Similarly, single cell RNA sequencing analysis led to the observation that WNT signaling is reduced in endocrine cells compared to pancreatic progenitors. Chemical inhibition of WNT signaling in hPSC-derived progenitors induced differentiation to endocrine cells (212). By performing scRNA-seq on in vitro and grafted stem cell derived islets, Augsornworawat and colleagues were able to show that 6-month grafted cells undergo important transcriptomic changes, acquiring a gene expression profile more similar to human adult islets (199). scRNA-seq technologies thus offer a new window into the understanding of how transcriptomic regulation determines cell state. Part of its potential for the development of stem cell differentiation approaches relies on the direct comparison of the in vitro cells with their in vivo “real” counterpart. Enterprises like the human cell atlas are yielding body-wide datasets of single cell transcriptomic that are being used to benchmark in vitro stem cell differentiated cells (213).

The assessment of hPSC-derived beta cell functionality relies on methods established to characterize human islets. The most conventional method is the evaluation of insulin secretion in response to high glucose, either in a static setup or in a dynamic fashion using a perifusion setup. Additionally, different secretagogues can be used to probe the different insulin secretion mechanisms in place: K+ATP channel blockers (Tolbutamide), cAMP level modulators (Forskolin, IBMX), GLP1R ligands (Exendin-4, liraglutide), voltage dependent calcium channel agonists (Bay K 8644), non-glucose metabolic substrates (pyruvate, glutamine, leucine), and forced membrane depolarization (arginine, KCl).

The stimulation index (fold increase in insulin secretion from low to high glucose) of hPSC-derived islet cells in static GSIS reported by most studies ranges from 2 to 3, while human islet indexes have a median of about 7 (32). While static glucose stimulated insulin secretion is seemingly a straight-forward assay, there is a wide range of protocols used in the field for both hPSC-derived cells and human islets. They diverge in important critical points: the concentrations of low and high glucose used, the length of the stimulation, the number of cells/aggregates/islets used for the test, the composition of the stimulation buffer, the washing steps, the length of the equilibration period, and the glucose concentration used during that time. Also, the selection of the samples for this assay is not always clearly reported: it is a common practice to hand-pick human islets of homogeneous aspect and size to perform GSIS, which might yield better results than randomly sampled islets. Many of these parameters and details may seem trivial but can introduce important systematic biases that make comparison of results across labs difficult. These comparisons could greatly benefit from the adoption of standardized practices in the functional assessment and phenotyping of both hPSC-derived cells and human islets. Furthermore, a stable positive control could be used in each GSIS test to have a reference point between experiments, but this is usually not possible due to the scarcity and high variability of human islets.

An important characteristic of human islets is their fine-tuned secretion of insulin in response to glucose. This can be clearly observed in dynamic GSIS assays using perifusion systems, where a robust first insulin secretion phase is followed by sustained second phase of insulin secretion with lower output (145). The acquisition of this biphasic insulin secretion pattern does not occur in human islets until birth (214). The levels of basal insulin secretion are also a good indicator of beta cell function. Immature beta cells have reduced glucose threshold for insulin secretion which leads to higher basal insulin secretion levels and a relatively low stimulation index (138, 215). Robust dynamic glucose stimulated insulin secretion of hPSC-derived beta cells has been only recently reported (160, 163). It seems to depend on a combination of abundant insulin positive cells in the aggregates, achieved either by high differentiation efficiencies involving late stage reaggregation in media containing no additional signaling cues and the expression of beta cell maturation marker SIX2 (163, 186), enrichment using fluorescent reporter lines (160) or surface marker antigens (159), followed by forced or spontaneous reaggregation, respectively. Interesting, Hogrebe et al. also showed that dynamic glucose stimulated insulin was achieved in beta cells generated using their planar differentiation protocol (153). A remaining challenge faced with hPSC-derived beta cell GSIS is the lower magnitude of insulin secretion in comparison to human islets. Davis and colleagues demonstrated that the disparity may be due to a metabolic bottleneck in the glycolytic pathway that can be ameliorated when glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and phosphoglycerate kinase (PGK1) activities are bypassed (216).

Additional functional characterization has relied on surrogate indicators of insulin secretion, like the measurements of Ca2+ influx into the cytoplasm in response to different stimuli. Calcium imaging can be performed on dispersed individual cells or on whole aggregates/islets. It has been used to assess the function of hPSC-derived beta cells in some studies, showing that although calcium dynamics might be similar in a small fraction of cells, they are not as robust as in primary human islet cells (121, 142, 160). Electrophysiological studies of human beta cells using patch-clamp technique have demonstrated the electrical properties of their membranes in response to different stimuli (105, 217). In a recent study, Camunas-Soler and colleagues exploited Patch-seq technology to generate healthy and diseased human islet single cell transcriptomic profiles linked with their electrophysiological characteristics. This valuable dataset enabled them to generate predictive sets of genes that reliably linked gene expression to beta cell function and identify transcriptional programs that contribute to beta cell dysfunction in type 1 and type 2 diabetes (218). Basford and colleagues examined the electrophysiological properties of beta cells derived from an INS-GFP+ reporter stem cell. Compared to human adult beta cells, stem cell-derived beta cells presented heterogeneous KATP (45% of the cells) and Ca2+ (42% of the cells) channel currents and no Na+ channel currents (134). To the best of our knowledge, there are presently no reports of stem cell derived beta cells demonstrating electrophysiological properties identical to those of primary human adult beta cells.

Glycolysis coupled with efficient mitochondrial respiration is required for normal insulin secretion (219). During beta cell maturation, active DNA methylation silences the expression of disallowed genes (e.g. HK1, LDHA) that interfere with the glucose-secretion coupling (220). Neonatal acquisition of aerobic oxidative metabolism is a crucial step for the maturing beta cell, a process shown to be induced by non-canonical WNT4 signaling and estrogen related receptor gamma (ESRRG) (221, 222). Rates of O2 consumption and CO2 production can be used to evaluate the respiratory capacity of islets and hPSC-derived cells (223, 224), and serve as both a functionality and maturation surrogate marker in the efforts of making better beta cells (160, 221). Enrichment and reaggregation of hPSC-derived beta cells induced mitochondrial metabolic maturation, and the ultrastructure of mitochondria showed increased folding and stacking of cristae (160).

All hPSC-derived beta cell characterization approaches are ultimately benchmarked against human islets. Unfortunately, human islets typically demonstrate wide phenotypic variability across batches (30, 121). This particular point is frequently not suitably acknowledged, and it is particularly problematic when batches of poorly performing islets are used for the comparison to hPSC-derived beta cell preparations. Systematic evaluation of human islets batches at different levels (cell composition, functionality, transcriptomics, etc.) is a step in the right direction to highlight this variability and define a canonical human islet response (Table 2). This is illustrated by the Alberta Diabetes Institute IsletCore database collaborative initiative spearheaded by the MacDonald laboratory (32), where traceable phenotypes of over 300 human islets batches demonstrate the remarkable variation in functionality.


Table 2 | Key characteristics of human islets.





Modeling Diabetes With Implanted Stem Cell Derived Islet Cells

An alternative approach to derive functionally mature hPSC-derived beta cells is to implant their precursors into immunocompromised host rodents. The first report describing this approach showed that a few months after implantation the grafts secreted human insulin in response to systemic glucose administration (125). Since then, multiple implantation sites (subcutaneous, intramuscular, renal subcapsular space, epididymal fat pad, pancreas) (121, 125, 225, 226) and several animal models (SCID-beige, NSG, NOG, NRG-Akita mice; nude rats) (125, 142, 227) have been employed with variable success.

Implantation in the renal subcapsular space is one of the preferred approaches since it is relatively easy to implant and retrieve the cells months later via survival nephrectomy. Upon implantation, cells become vascularized and interestingly their cytoarchitecture can undergo rearrangement (131), concomitantly with an increase in the functional maturation (121, 227). Endogenous pancreatic beta cells in recipient animals can be largely eliminated by administration of a beta cell toxin (e.g. alloxan or streptozotocin) either before or after implantation of hPSC-derived cells. The doses used are typically relatively harmless to the hPSC-derived cells owing to species differences in toxin sensitivity (228, 229). Graft function is monitored by measuring circulating human C-peptide levels (using assays that can distinguish the graft derived human versus recipient’s endogenous C-peptide owing to sequence differences), and the response to glucose can be determined with intraperitoneal, intravenous, or oral glucose tolerance tests. Also, hPSC-derived pancreatic progenitors or endocrine cells can be transplanted within macro- or micro-encapsulation devices (132, 230–232).

An interesting phenomenon is the functional maturation of implanted beta cells with time. Rezania and colleagues described the progressive increase in circulating C-peptide levels for several weeks after implanting pancreatic progenitor cells or more matured cells (121, 131), a phenomenon which has also been observed by others (160, 192, 199). Furthermore, Rezania et al. observed faster diabetes recovery and achieved higher circulating C-peptide levels sooner when the implanted cells were further along in their differentiation prior to implant (121). It remains unclear what factors promote the apparently successful maturation of differentiated hPSCs post implant. One possibility is that immature hPSC-derived beta cells require a critical niche and systemic factors including vascularization and proper oxygenation to acquire full functionality (233). Interestingly, maturation of hPSC-derived pancreatic progenitors is accelerated in rats compared with mice (228), something that the authors correlated with increased levels of thyroid hormone in the rats, in line with the fact that thyroid hormone promotes beta cell maturation in rats (143) and in differentiating hPSCs (121). Sex hormones may also influence in vivo maturation of pancreatic progenitors since following implant, glucose-stimulated insulin secretion was observed in female mice before males (234). The systemic environment also provides periodic signals, which might entrain the circadian clock of the implanted stem cell-derived islet cells, leading to their functional maturation (235–238).

Several studies reporting the generation of hPSC-based diabetes disease models have relied on implanting mice with hPSC-derived beta cells. This constitutes a practical solution to study the function of the beta cells in a systemic environment, especially when the disease phenotype is not apparent in vitro (80, 175, 188, 191, 192). It is also useful to investigate the impairment of development caused by mutations perturbing critical regulators of islet cell development (177, 179, 180). Once grafts have matured, these models offer the possibility to dissect the effect of particular mutations on insulin secretion by carefully examining their responses to different stimuli.

An important aspect after implantation of hPSC-derived beta cells, is their capacity to survive the hypoxic environment of the implantation site until they become vascularized. This is a critical stress period that may result in the apoptosis of the most differentiated endocrine cells (239). Faleo and colleagues reported that this might be partially overcome by acclimatizing the cells to hypoxic conditions before implantation. In this regard, the format of the implanted cells likely also plays a critical role in successful engraftment, with smaller aggregates probably benefiting from faster vascularization kinetics as shown for engineered pseudoislets (240).

Another concern with stem cell derived islet cell implants, especially when using them on diabetic rodents, is the “pellet” effect, in which the non-regulated basal insulin secretion coming from immature beta cells might be enough to rescue hyperglycemia. This brings up the question of how many cells should be implanted to achieve an optimal working graft, which obviously will depend on the stage of differentiation and quality of the cells in terms of functionality (121). The composition and format (e.g. aggregate size) of the implanted cell population is also likely critical for a successful outcome. In fact, the formation of pancreatic progenitor cell aggregates prior to implant was shown to be essential for the formation endocrine cells (132). In order to investigate the in vivo maturation process of hPSC-derived beta cells, novel in vivo imaging technologies could be exploited. Radio tracer-based imaging of beta cell mass and function could prove to be particularly useful in this regard (241, 242).

Although intra islet paracrine signaling between the different endocrine cell types is crucial for fine-tuned insulin secretion (44, 45, 243), different reports have shown that diabetes can be rescued with nearly pure populations of islet beta cells with different efficiency (244, 245). Nair and colleagues described the implantation of 90% enriched hPSC-derived beta cells using an INS-GFP reporter cell line. While the grafts presented a few polyhormonal (INS+GCG+) cells 3 days after implantation, 8 weeks later, there was clear presence of GCG+ and SST+ monohormonal cells together with the beta cells, suggesting that the polyhormonal cells gave rise to monohormonal alpha and delta cells that likely mediate paracrine signaling contributing to optimal insulin secretion (160). The proportion of endocrine cell types in the implant to achieve the best glycemic control possible is an interesting question that requires further investigation.

Further understanding of the factors playing an important role in the functional maturation of implanted hPSC-derived beta cells will pave the way to the generation of better humanized mouse models to study insulin secretion. Ultimately, optimal control of implantation parameters will reduce the associated variability of these experiments enabling the careful assessment of the impact of genetic variants on insulin secretion.



Conclusion

Derivation of endocrine islet cells from hPSCs has become an attractive possibility to model diabetes disease and screen for new treatments (Figure 3). The progress in the last decade has made it feasible to obtain cells in vitro that closely resemble the native adult counterpart. Arising technologies like CRISPR-Cas9 genome editing and single cell transcriptomics are aiding in the generation of more reliable stem cell models, the refinement of the differentiation protocols and the characterization of the resulting differentiated islet cells. There are still important remaining questions in the quest for more functionally mature beta cells: how can we determine and increase beta cell specification? What are reliable mature beta cell markers and the key triggers of functional maturation? Together with detailed single cell transcriptomic characterization, improved characterization of the metabolism, proteomics and functional genomics of the hPSC-derived islets cells, and their comparison with human islets, will certainly pave the way forward. In this common effort, consensus in standardized characterization of the resulting hPSC progeny, the development of robust and reproducible differentiation protocols, and open dissemination of results, will enable prompt replication and speed up the implementation of successful strategies for beta cell generation and diabetes disease modeling.




Figure 3 | Schematic showing the potential application of stem cell-derived insulin-producing cells for the treatment of diabetes.





Author Contributions

Writing—original draft preparation, DB. Writing—review and editing, DB, DI, and TK. Funding acquisition, TK. All authors contributed to the article and approved the submitted version.



Acknowledgments

DB gratefully acknowledges funding support by EMBO long-term fellowship (ALTF 295-2019). TK gratefully acknowledges lab support by the NIH, Stem Cell Network, STEMCELL Technologies, JDRF, and Canadian Institutes of Health Research. DI gratefully acknowledges funding support by the Natural Science and Engineering Research Council, and Canadian Federation of University Women.



References

1. International Diabetes Federation. IDF Diabetes Atlas, 9th edn. International Diabetes Federation (2019). Available at: https://www.diabetesatlas.org.

2. Ashcroft, FMM, and Rorsman, P. Diabetes Mellitus and the β Cell: The Last Ten Years. Cell (2012) 148:1160–71. doi: 10.1016/j.cell.2012.02.010

3. Krentz, NAJ, and Gloyn, AL. Insights into pancreatic islet cell dysfunction from type 2 diabetes mellitus genetics. Nat Rev Endocrinol (2020) 16:202–12. doi: 10.1038/s41574-020-0325-0

4. Tuomilehto, J. The emerging global epidemic of type 1 diabetes. Curr Diabetes Rep (2013) 13:795–804. doi: 10.1007/s11892-013-0433-5

5. Tuomi, T, Santoro, N, Caprio, S, Cai, M, Weng, J, and Groop, L. The many faces of diabetes: a disease with increasing heterogeneity. Lancet (London England) (2014) 383:1084–94. doi: 10.1016/S0140-6736(13)62219-9

6. Alberti, KGMM, and Zimmet, PZ. Definition, diagnosis and classification of diabetes mellitus and its complications. Part 1: Diagnosis and classification of diabetes mellitus. Provisional report of a WHO consultation. Diabetes Med (1998) 15:539–53. doi: 10.1002/(SICI)1096-9136(199807)15:7<539::AID-DIA668>3.0.CO;2-S

7. Redondo, MJ, Hagopian, WA, Oram, R, Steck, AK, Vehik, K, Weedon, M, et al. The clinical consequences of heterogeneity within and between different diabetes types. Diabetologia (2020) 63:2040–8. doi: 10.1007/s00125-020-05211-7

8. Hattersley, AT, and Patel, KA. Precision diabetes: learning from monogenic diabetes. Diabetologia (2017) 60:769–77. doi: 10.1007/s00125-017-4226-2

9. Besser, REJ, Flanagan, SE, Mackay, DGJ, Temple, IK, Shepherd, MH, Shields, BM, et al. Prematurity and Genetic Testing for Neonatal Diabetes. Pediatrics (2016) 138:e20153926–e20153926. doi: 10.1542/peds.2015-3926

10. Kwak, SH, Jung, C, Ahn, CH, Park, J, Chae, J, Jung, HS, et al. Clinical whole exome sequencing in early onset diabetes patients. Diabetes Res Clin Pract (2016) 122:71–7. doi: 10.1016/j.diabres.2016.10.005

11. Mahajan, A, Taliun, D, Thurner, M, Robertson, NR, Torres, JM, Rayner, NW, et al. Fine-mapping type 2 diabetes loci to single-variant resolution using high-density imputation and islet-specific epigenome maps. Nat Genet (2018) 50:1505–13. doi: 10.1038/s41588-018-0241-6

12. Bonàs-Guarch, S, Guindo-Martínez, M, Miguel-Escalada, I, Grarup, N, Sebastian, D, Rodriguez-Fos, E, et al. Re-analysis of public genetic data reveals a rare X-chromosomal variant associated with type 2 diabetes. Nat Commun (2018) 9:321. doi: 10.1038/s41467-017-02380-9

13. Pasquali, L, Gaulton, KJ, Rodríguez-Seguí, SA, Mularoni, L, Miguel-Escalada, I, Akerman, İ, et al. Pancreatic islet enhancer clusters enriched in type 2 diabetes risk-associated variants. Nat Genet (2014) 46:136–43. doi: 10.1038/ng.2870

14. Thomas, PM, Cote, GJ, Hallman, DM, and Mathew, PM. Homozygosity mapping, to chromosome 11p, of the gene for familial persistent hyperinsulinemic hypoglycemia of infancy. Am J Hum Genet (1995) 56:416–21.

15. Ellard, S, Flanagan, SE, Girard, CA, Patch, A-M, Harries, LW, Parrish, A, et al. Permanent Neonatal Diabetes Caused by Dominant, Recessive, or Compound Heterozygous SUR1 Mutations with Opposite Functional Effects. Am J Hum Genet (2007) 81:375–82. doi: 10.1086/519174

16. Yamagata, K, Oda, N, Kaisaki, PJ, Menzel, S, Furuta, H, Vaxillaire, M, et al. Mutations in the hepatocyte nuclear factor-1α gene in maturity-onset diabetes of the young (MODY3). Nature (1996) 384:455–8. doi: 10.1038/384455a0

17. Estrada, K, Aukrust, I, Bjørkhaug, L, Burtt, NP, Mercader, JM, García-Ortiz, H, et al. Association of a Low-Frequency Variant in HNF1A With Type 2 Diabetes in a Latino Population. JAMA (2014) 311:2305. doi: 10.1001/jama.2014.6511

18. Osbak, KK, Colclough, K, Saint-Martin, C, Beer, NL, Bellanné-Chantelot, C, Ellard, S, et al. Update on mutations in glucokinase ( GCK ), which cause maturity-onset diabetes of the young, permanent neonatal diabetes, and hyperinsulinemic hypoglycemia. Hum Mutat (2009) 30:1512–26. doi: 10.1002/humu.21110

19. Njølstad, PR, Søvik, O, Cuesta-Muñoz, A, Bjørkhaug, L, Massa, O, Barbetti, F, et al. Neonatal Diabetes Mellitus Due to Complete Glucokinase Deficiency. N Engl J Med (2001) 344:1588–92. doi: 10.1056/NEJM200105243442104

20. Flannick, J, Johansson, S, and Njølstad, PR. Common and rare forms of diabetes mellitus: towards a continuum of diabetes subtypes. Nat Rev Endocrinol (2016) 12:394–406. doi: 10.1038/nrendo.2016.50

21. Flanagan, SE, De Franco, E, Lango Allen, H, Zerah, M, Abdul-Rasoul, MM, Edge, JA, et al. Analysis of Transcription Factors Key for Mouse Pancreatic Development Establishes NKX2-2 and MNX1 Mutations as Causes of Neonatal Diabetes in Man. Cell Metab (2014) 19:146–54. doi: 10.1016/j.cmet.2013.11.021

22. Gaulton, KJ, Nammo, T, Pasquali, L, Simon, JM, Giresi, PG, Fogarty, MP, et al. A map of open chromatin in human pancreatic islets. Nat Genet (2010) 42:255–9. doi: 10.1038/ng.530

23. Miguel-Escalada, I, Bonàs-Guarch, S, Cebola, I, Ponsa-Cobas, J, Mendieta-Esteban, J, Atla, G, et al. Human pancreatic islet three-dimensional chromatin architecture provides insights into the genetics of type 2 diabetes. Nat Genet (2019) 51:1137–48. doi: 10.1038/s41588-019-0457-0

24. Collombat, P, Hecksher-Sørensen, J, Serup, P, and Mansouri, A. Specifying pancreatic endocrine cell fates. Mech Dev (2006) 123:501–12. doi: 10.1016/j.mod.2006.05.006

25. Balboa, D, and Otonkoski, T. Human pluripotent stem cell based islet models for diabetes research. Best Pract Res Clin Endocrinol Metab (2015) 29:899–909. doi: 10.1016/j.beem.2015.10.012

26. Cabrera, O, Berman, DM, Kenyon, NS, Ricordi, C, Berggren, P-O, and Caicedo, A. The unique cytoarchitecture of human pancreatic islets has implications for islet cell function. Proc Natl Acad Sci USA (2006) 103:2334–9. doi: 10.1073/pnas.0510790103

27. Henquin, J-C, Dufrane, D, and Nenquin, M. Nutrient control of insulin secretion in isolated normal human islets. Diabetes (2006) 55:3470–7. doi: 10.2337/db06-0868

28. Fadista, J, Vikman, P, Laakso, EO, Mollet, IG, Esguerra, JL, Taneera, J, et al. Global genomic and transcriptomic analysis of human pancreatic islets reveals novel genes influencing glucose metabolism. Proc Natl Acad Sci (2014) 111:13924–9. doi: 10.1073/pnas.1402665111

29. Ionescu-Tirgoviste, C, Gagniuc, PA, Gubceac, E, Mardare, L, Popescu, I, and Dima, S. Militaru M. A 3D map of the islet routes throughout the healthy human pancreas. Sci Rep (2015) 5:14634. doi: 10.1038/srep14634

30. Wang, YJ, Golson, ML, Schug, J, Traum, D, Liu, C, Vivek, K, et al. Single-Cell Mass Cytometry Analysis of the Human Endocrine Pancreas. Cell Metab (2016) 24:616–26. doi: 10.1016/j.cmet.2016.09.007

31. Brissova, M, Fowler, MJ, Nicholson, WE, Chu, A, Hirshberg, B, Harlan, DM, et al. Assessment of Human Pancreatic Islet Architecture and Composition by Laser Scanning Confocal Microscopy. J Histochem Cytochem (2005) 53:1087–97. doi: 10.1369/jhc.5C6684.2005

32. Database, ADII. Alberta Diabetes Institute IsletCore Database (2020). Available at: http://www.isletcore.ca (Accessed December 1, 2020).

33. Ravassard, P, Hazhouz, Y, Pechberty, S, Bricout-Neveu, E, Armanet, M, Czernichow, P, et al. A genetically engineered human pancreatic β cell line exhibiting glucose-inducible insulin secretion. J Clin Invest (2011) 121:3589–97. doi: 10.1172/JCI58447

34. Tsonkova, VG, Sand, FW, Wolf, XA, Grunnet, LG, Kirstine Ringgaard, A, Ingvorsen, C, et al. The EndoC-βH1 cell line is a valid model of human beta cells and applicable for screenings to identify novel drug target candidates. Mol Metab (2018) 8:144–57. doi: 10.1016/j.molmet.2017.12.007

35. Lawlor, N, Márquez, EJ, Orchard, P, Narisu, N, Shamim, MS, Thibodeau, A, et al. Multiomic Profiling Identifies cis-Regulatory Networks Underlying Human Pancreatic β Cell Identity and Function. Cell Rep (2019) 26:788–801.e6. doi: 10.1016/J.CELREP.2018.12.083

36. Puri, S, Roy, N, Russ, HA, Leonhardt, L, French, EK, Roy, R, et al. Replication confers β cell immaturity. Nat Commun (2018) 9:485. doi: 10.1038/s41467-018-02939-0

37. Scharfmann, R, Pechberty, S, Hazhouz, Y, von Bülow, M, Bricout-Neveu, E, Grenier-Godard, M, et al. Development of a conditionally immortalized human pancreatic β cell line. J Clin Invest (2014) 124:2087–98. doi: 10.1172/JCI72674

38. Benazra, M, Lecomte, M-J, Colace, C, Müller, A, Machado, C, Pechberty, S, et al. A human beta cell line with drug inducible excision of immortalizing transgenes. Mol Metab (2015) 4:916–25. doi: 10.1016/j.molmet.2015.09.008

39. Thomson, JA, Itskovitz-Eldor, J, Shapiro, SS, Waknitz, MA, Swiergiel, JJ, Marshall, VS, et al. Embryonic stem cell lines derived from human blastocysts. Science (1998) 282:1145–7. doi: 10.1126/science.282.5391.1145

40. Takahashi, K, Tanabe, K, Ohnuki, M, Narita, M, Ichisaka, T, Tomoda, K, et al. Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined Factors. Cell (2007) 131:861–72. doi: 10.1016/j.cell.2007.11.019

41. Tiscornia, G, Vivas, EL, and Belmonte, JCI. Diseases in a dish: modeling human genetic disorders using induced pluripotent cells. Nat Med (2011) 17:1570–6. doi: 10.1038/nm.2504

42. González, F. CRISPR/Cas9 genome editing in human pluripotent stem cells: Harnessing human genetics in a dish. Dev Dyn (2016) 245:788–806. doi: 10.1002/dvdy.24414

43. Roscioni, SS, Migliorini, A, Gegg, M, and Lickert, H. Impact of islet architecture on β-cell heterogeneity, plasticity and function. Nat Rev Endocrinol (2016) 12:695–709. doi: 10.1038/nrendo.2016.147

44. Rodriguez-Diaz, R, Molano, RD, Weitz, JR, Abdulreda, MH, Berman, DM, Leibiger, B, et al. Paracrine Interactions within the Pancreatic Islet Determine the Glycemic Set Point. Cell Metab (2018) 27:549–558.e4. doi: 10.1016/j.cmet.2018.01.015

45. Huising, MO. Paracrine regulation of insulin secretion. Diabetologia (2020) 63:2057–63. doi: 10.1007/s00125-020-05213-5

46. Nicholls, DG. The Pancreatic β-Cell: A Bioenergetic Perspective. Physiol Rev (2016) 96:1385–447. doi: 10.1152/physrev.00009.2016

47. German, MS. Glucose sensing in pancreatic islet beta cells: The key role of glucokinase and the glycolytic intermediates. Proc Natl Acad Sci USA (1993) 90:1781–5. doi: 10.1073/pnas.90.5.1781

48. Flannick, J, Mercader, JM, Fuchsberger, C, Udler, MS, Mahajan, A, Wessel, J, et al. Exome sequencing of 20,791 cases of type 2 diabetes and 24,440 controls. Nature (2019) 570:71–6. doi: 10.1038/s41586-019-1231-2

49. Glaser, B, Kesavan, P, Heyman, M, Davis, E, Cuesta, A, Buchs, A, et al. Familial Hyperinsulinism Caused by an Activating Glucokinase Mutation. N Engl J Med (1998) 338:226–30. doi: 10.1056/NEJM199801223380404

50. Mahajan, A, Sim, X, Ng, HJ, Manning, A, Rivas, MA, Highland, HM, et al. Identification and functional characterization of G6PC2 coding variants influencing glycemic traits define an effector transcript at the G6PC2-ABCB11 locus. PloS Genet (2015) 11:e1004876. doi: 10.1371/journal.pgen.1004876

51. Sansbury, FH, Flanagan, SE, Houghton, JAL, Shuixian Shen, FL, Al-Senani, AMS, Habeb, AM, et al. SLC2A2 mutations can cause neonatal diabetes, suggesting GLUT2 may have a role in human insulin secretion. Diabetologia (2012) 55:2381–5. doi: 10.1007/s00125-012-2595-0

52. Henquin, J-C, Sempoux, C, Marchandise, J, Godecharles, S, Guiot, Y, Nenquin, M, et al. Congenital Hyperinsulinism Caused by Hexokinase I Expression or Glucokinase-Activating Mutation in a Subset of -Cells. Diabetes (2013) 62:1689–96. doi: 10.2337/db12-1414

53. Otonkoski, T, Kaminen, N, Ustinov, J, Lapatto, R, Meissner, T, Mayatepek, E, et al. Physical Exercise-Induced Hyperinsulinemic Hypoglycemia Is an Autosomal-Dominant Trait Characterized by Abnormal Pyruvate-Induced Insulin Release. Diabetes (2003) 52:199–204. doi: 10.2337/diabetes.52.1.199

54. Flanagan, SE, Kapoor, RR, Mali, G, Cody, D, Murphy, N, Schwahn, B, et al. Diazoxide-responsive hyperinsulinemic hypoglycemia caused by HNF4A gene mutations. Eur J Endocrinol (2010) 162:987–92. doi: 10.1530/EJE-09-0861

55. Kapoor, RR, Flanagan, SE, Arya, VB, Shield, JP, Ellard, S, and Hussain, K. Clinical and molecular characterisation of 300 patients with congenital hyperinsulinism. Eur J Endocrinol (2013) 168:557–64. doi: 10.1530/EJE-12-0673

56. Li, C, Chen, P, Palladino, A, Narayan, S, Russell, LK, Sayed, S, et al. Mechanism of Hyperinsulinism in Short-chain 3-Hydroxyacyl-CoA Dehydrogenase Deficiency Involves Activation of Glutamate Dehydrogenase. J Biol Chem (2010) 285:31806–18. doi: 10.1074/jbc.M110.123638

57. González-Barroso, MM, Giurgea, I, Bouillaud, F, Anedda, A, Bellanné-Chantelot, C, Hubert, L, et al. Mutations in UCP2 in Congenital Hyperinsulinism Reveal a Role for Regulation of Insulin Secretion. PloS One (2008) 3:e3850. doi: 10.1371/journal.pone.0003850

58. Sesti, G, Cardellini, M, Marini, MA, Frontoni, S, D’Adamo, M, Del Guerra, S, et al. A Common Polymorphism in the Promoter of UCP2 Contributes to the Variation in Insulin Secretion in Glucose-Tolerant Subjects. Diabetes (2003) 52:1280–3. doi: 10.2337/diabetes.52.5.1280

59. Maassen, JA, ‘T Hart, LM, Van Essen, E, Heine, RJ, Nijpels, G, Jahangir Tafrechi, RS, et al. Mitochondrial diabetes: molecular mechanisms and clinical presentation. Diabetes (2004) 53 Suppl 1:S103–9. doi: 10.2337/diabetes.53.2007.s103

60. Gloyn, AL, Pearson, ER, Antcliff, JF, Proks, P, Bruining, GJ, Slingerland, AS, et al. Activating Mutations in the Gene Encoding the ATP-Sensitive Potassium-Channel Subunit Kir6.2 and Permanent Neonatal Diabetes. N Engl J Med (2004) 350:1838–49. doi: 10.1056/NEJMoa032922

61. Bonnefond, A, Philippe, J, Durand, E, Dechaume, A, Huyvaert, M, Montagne, L, et al. Whole-Exome Sequencing and High Throughput Genotyping Identified KCNJ11 as the Thirteenth MODY Gene. PloS One (2012) 7:e37423. doi: 10.1371/journal.pone.0037423

62. Gloyn, AL, Weedon, MN, Owen, KR, Turner, MJ, Knight, BA, Hitman, G, et al. Large-Scale Association Studies of Variants in Genes Encoding the Pancreatic -Cell KATP Channel Subunits Kir6.2 (KCNJ11) and SUR1 (ABCC8) Confirm That the KCNJ11 E23K Variant Is Associated With Type 2 Diabetes. Diabetes (2003) 52:568–72. doi: 10.2337/diabetes.52.2.568

63. Huopio, H, Otonkoski, T, Vauhkonen, I, Reimann, F, Ashcroft, FM, and Laakso, M. A new subtype of autosomal dominant diabetes attributable to a mutation in the gene for sulfonylurea receptor 1. Lancet (2003) 361:301–7. doi: 10.1016/S0140-6736(03)12325-2

64. Lithovius, V, Saarimäki-Vire, J, Balboa, D, Ibrahim, H, Montaser, H, Barsby, T, et al. SUR1-mutant iPS cell-derived islets recapitulate the pathophysiology of congenital hyperinsulinism. Diabetologia (2021) 64:630–40. doi: 10.1007/s00125-020-05346-7

65. Travers, ME, Mackay, DJG, Dekker Nitert, M, Morris, AP, Lindgren, CM, Berry, A, et al. Insights into the molecular mechanism for type 2 diabetes susceptibility at the KCNQ1 locus from temporal changes in imprinting status in human islets. Diabetes (2013) 62:987–92. doi: 10.2337/db12-0819

66. Kwak, SH, Chae, J, Lee, S, Choi, S, Koo, BK, Yoon, JW, et al. Nonsynonymous Variants in PAX4 and GLP1R Are Associated With Type 2 Diabetes in an East Asian Population. Diabetes (2018) 67:1892–902. doi: 10.2337/db18-0361

67. Saxena, R, Hivert, M-F, Langenberg, C, Tanaka, T, Pankow, JS, Vollenweider, P, et al. Genetic variation in GIPR influences the glucose and insulin responses to an oral glucose challenge. Nat Genet (2010) 42:142–8. doi: 10.1038/ng.521

68. Tuomi, T, Nagorny, CL, Singh, P, Bennet, H, Yu, Q, Alenkvist, I, et al. Increased Melatonin Signaling Is a Risk Factor for Type 2 Diabetes. Cell Metab (2016) 23:1067–77. doi: 10.1016/j.cmet.2016.04.009

69. Støy, J, Steiner, DF, Park, S-Y, Ye, H, Philipson, LH, and Bell, GI. Clinical and molecular genetics of neonatal diabetes due to mutations in the insulin gene. Rev Endocr Metab Disord (2010) 11:205–15. doi: 10.1007/s11154-010-9151-3

70. Sladek, R, Rocheleau, G, Rung, J, Dina, C, Shen, L, Serre, D, et al. A genome-wide association study identifies novel risk loci for type 2 diabetes. Nature (2007) 445:881–5. doi: 10.1038/nature05616

71. Flannick, J, Thorleifsson, G, Beer, NL, Jacobs, SBR, Grarup, N, Burtt, NP, et al. Loss-of-function mutations in SLC30A8 protect against type 2 diabetes. Nat Genet (2014) 46:357–63. doi: 10.1038/ng.2915

72. Dwivedi, OP, Lehtovirta, M, Hastoy, B, Chandra, V, Krentz, NAJJ, Kleiner, S, et al. Loss of ZnT8 function protects against diabetes by enhanced insulin secretion. Nat Genet (2019) 51:1596–606. doi: 10.1038/s41588-019-0513-9

73. Roman, TS, Cannon, ME, Vadlamudi, S, Buchkovich, ML, Wolford, BN, Welch, RP, et al. A Type 2 Diabetes–Associated Functional Regulatory Variant in a Pancreatic Islet Enhancer at the ADCY5 Locus. Diabetes (2017) 66:2521–30. doi: 10.2337/db17-0464

74. Hodson, DJ, Mitchell, RK, Marselli, L, Pullen, TJ, Gimeno Brias, S, Semplici, F, et al. ADCY5 Couples Glucose to Insulin Secretion in Human Islets. Diabetes (2014) 63:3009–21. doi: 10.2337/db13-1607

75. Inoue, H, Tanizawa, Y, Wasson, J, Behn, P, Kalidas, K, Bernal-Mizrachi, E, et al. A gene encoding a transmembrane protein is mutated in patients with diabetes mellitus and optic atrophy (Wolfram syndrome). Nat Genet (1998) 20:143–8. doi: 10.1038/2441

76. Steinthorsdottir, V, Thorleifsson, G, Reynisdottir, I, Benediktsson, R, Jonsdottir, T, Walters, GB, et al. A variant in CDKAL1 influences insulin response and risk of type 2 diabetes. Nat Genet (2007) 39:770–5. doi: 10.1038/ng2043

77. Thomsen, SK, Ceroni, A, van de Bunt, M, Burrows, C, Barrett, A, Scharfmann, R, et al. Systematic Functional Characterization of Candidate Causal Genes for Type 2 Diabetes Risk Variants. Diabetes (2016) 65:3805–11. doi: 10.2337/db16-0361

78. Yavarna, T, Al-Dewik, N, Al-Mureikhi, M, Ali, R, Al-Mesaifri, F, Mahmoud, L, et al. High diagnostic yield of clinical exome sequencing in Middle Eastern patients with Mendelian disorders. Hum Genet (2015) 134:967–80. doi: 10.1007/s00439-015-1575-0

79. Montaser, H, Patel, KA, Balboa, D, Ibrahim, H, Lithovius, V, Näätänen, A, et al. Loss of MANF causes childhood onset syndromic diabetes due to increased endoplasmic reticulum stress. Diabetes (2021), db201174. doi: 10.2337/db20-1174

80. De Franco, E, Lytrivi, M, Ibrahim, H, Montaser, H, Wakeling, MN, Fantuzzi, F, et al. YIPF5 mutations cause neonatal diabetes and microcephaly through endoplasmic reticulum stress. J Clin Invest (2020) 130:6338–53. doi: 10.1172/jci141455

81. Staffers, DA, Ferrer, J, Clarke, WL, and Habener, JF. Early-onset type-ll diabetes mellitus (MODY4) linked to IPF1. Nat Genet (1997) 17:138–9. doi: 10.1038/ng1097-138

82. Stoffers, DA, Zinkin, NT, Stanojevic, V, Clarke, WL, and Habener, JF. Pancreatic agenesis attributable to a single nucleotide deletion in the human IPF1 gene coding sequence. Nat Genet (1997) 15:106–10. doi: 10.1038/ng0197-106

83. Macfarlane, WM, Frayling, TM, Ellard, S, Evans, JC, Allen, LIS, Bulman, MP, et al. Missense mutations in the insulin promoter factor-1 gene predispose to type 2 diabetes. J Clin Invest (1999) 104:R33–9. doi: 10.1172/JCI7449

84. Hani, EH, Stoffers, DA, Chèvre, J-C, Durand, E, Stanojevic, V, Dina, C, et al. Defective mutations in the insulin promoter factor-1 (IPF-1) gene in late-onset type 2 diabetes mellitus. J Clin Invest (1999) 104:R41–8. doi: 10.1172/JCI7469

85. Smith, SB, Qu, H-Q, Taleb, N, Kishimoto, NY, Scheel, DW, Lu, Y, et al. Rfx6 directs islet formation and insulin production in mice and humans. Nature (2010) 463:775–80. doi: 10.1038/nature08748

86. Sansbury, FH, Kirel, B, Caswell, R, Lango Allen, H, Flanagan, SE, Hattersley, AT, et al. Biallelic RFX6 mutations can cause childhood as well as neonatal onset diabetes mellitus. Eur J Hum Genet (2015) 23:1744–8. doi: 10.1038/ejhg.2015.161

87. Patel, KA, Kettunen, J, Laakso, M, Stančáková, A, Laver, TW, Colclough, K, et al. Heterozygous RFX6 protein truncating variants are associated with MODY with reduced penetrance. Nat Commun (2017) 8:888. doi: 10.1038/s41467-017-00895-9

88. Rubio-Cabezas, O, Minton, JAL, Kantor, I, Williams, D, Ellard, S, and Hattersley, AT. Homozygous mutations in NEUROD1 are responsible for a novel syndrome of permanent neonatal diabetes and neurological abnormalities. Diabetes (2010) 59:2326–31. doi: 10.2337/db10-0011

89. Malecki, MT, Jhala, US, Antonellis, A, Fields, L, Doria, A, Orban, T, et al. Mutations in NEUROD1 are associated with the development of type 2 diabetes mellitus. Nat Genet (1999) 23:323–8. doi: 10.1038/15500

90. Fajans, SS, Bell, GI, and Polonsky, KS. Molecular Mechanisms and Clinical Pathophysiology of Maturity-Onset Diabetes of the Young. N Engl J Med (2001) 345:971–80. doi: 10.1056/NEJMra002168

91. Dooley, J, Tian, L, Schonefeldt, S, Delghingaro-Augusto, V, Garcia-Perez, JE, Pasciuto, E, et al. Genetic predisposition for beta cell fragility underlies type 1 and type 2 diabetes. Nat Genet (2016) 48:519–27. doi: 10.1038/ng.3531

92. Dimitri, P, Warner, JT, Minton, JAL, Patch, AM, Ellard, S, Hattersley, AT, et al. Novel GLIS3 mutations demonstrate an extended multisystem phenotype. Eur J Endocrinol (2011) 164:437–43. doi: 10.1530/EJE-10-0893

93. Senée, V, Chelala, C, Duchatelet, S, Feng, D, Blanc, H, Cossec, J-C, et al. Mutations in GLIS3 are responsible for a rare syndrome with neonatal diabetes mellitus and congenital hypothyroidism. Nat Genet (2006) 38:682–7. doi: 10.1038/ng1802

94. Snider, KE, Becker, S, Boyajian, L, Shyng, S-L, MacMullen, C, Hughes, N, et al. Genotype and Phenotype Correlations in 417 Children With Congenital Hyperinsulinism. J Clin Endocrinol Metab (2013) 98:E355–63. doi: 10.1210/jc.2012-2169

95. Haldorsen, IS, Vesterhus, M, Rder, H, Jensen, DK, Svik, O, Molven, A, et al. Lack of pancreatic body and tail in HNF1B mutation carriers. Diabetes Med (2008) 25:782–7. doi: 10.1111/j.1464-5491.2008.02460.x

96. Horikawa, Y, Iwasaki, N, Hara, M, Furuta, H, Hinokio, Y, Cockburn, BN, et al. Mutation in hepatocyte nuclear factor–1β gene (TCF2) associated with MODY. Nat Genet (1997) 17:384–5. doi: 10.1038/ng1297-384

97. Yamagata, K, Furuta, H, Oda, N, Kaisaki, PJ, Menzel, S, Cox, NJ, et al. Mutations in the hepatocyte nuclear factor-4α gene in maturity-onset diabetes of the young (MODY1). Nature (1996) 384:458–60. doi: 10.1038/384458a0

98. Florez, JC, Jablonski, KA, Bayley, N, Pollin, TI, de Bakker, PIW, Shuldiner, AR, et al. Diabetes Prevention Program Research Group. TCF7L2 Polymorphisms and Progression to Diabetes in the Diabetes Prevention Program. N Engl J Med (2006) 355:241–50. doi: 10.1056/NEJMoa062418

99. Grant, SFA, Thorleifsson, G, Reynisdottir, I, Benediktsson, R, Manolescu, A, Sainz, J, et al. Variant of transcription factor 7-like 2 (TCF7L2) gene confers risk of type 2 diabetes. Nat Genet (2006) 38:320–3. doi: 10.1038/ng1732

100. McCulloch, LJ, van de Bunt, M, Braun, M, Frayn, KN, Clark, A, and Gloyn, AL. GLUT2 (SLC2A2) is not the principal glucose transporter in human pancreatic beta cells: implications for understanding genetic association signals at this locus. Mol Genet Metab (2011) 104:648–53. doi: 10.1016/j.ymgme.2011.08.026

101. Quintens, R, Hendrickx, N, Lemaire, K, and Schuit, F. Why expression of some genes is disallowed in beta-cells. Biochem Soc Trans (2008) 36:300–5. doi: 10.1042/BST0360300

102. Rutter, GAA, Pullen, TJJ, Hodson, DJJ, Martinez−Sanchez, A, and Martinez-Sanchez, A. Martinez−Sanchez A. Pancreatic β-cell identity, glucose sensing and the control of insulin secretion. Biochem J (2015) 466:203–18. doi: 10.1042/BJ20141384

103. Lewandowski, SL, Cardone, RL, Foster, HR, Ho, T, Potapenko, E, Poudel, C, et al. Pyruvate Kinase Controls Signal Strength in the Insulin Secretory Pathway. Cell Metab (2020) 32:736–50. doi: 10.1016/j.cmet.2020.10.007

104. Abulizi, A, Cardone, RL, Stark, R, Lewandowski, SL, Zhao, X, Hillion, J, et al. Multi-Tissue Acceleration of the Mitochondrial Phosphoenolpyruvate Cycle Improves Whole-Body Metabolic Health. Cell Metab (2020) 32:751–766.e11. doi: 10.1016/j.cmet.2020.10.006

105. Rorsman, P, and Ashcroft, FM. Pancreatic β-Cell Electrical Activity and Insulin Secretion: Of Mice and Men. Physiol Rev (2018) 98:117–214. doi: 10.1152/physrev.00008.2017

106. Gaisano, HY. Here come the newcomer granules, better late than never. Trends Endocrinol Metab (2014) 25:381–8. doi: 10.1016/j.tem.2014.03.005

107. Henquin, JC. Triggering and amplifying pathways of regulation of insulin secretion by glucose. Diabetes (2000) 49:1751–60. doi: 10.2337/diabetes.49.11.1751

108. Drucker, DJ. Incretin action in the pancreas: Potential promise, possible perils, and pathological pitfalls. Diabetes (2013) 62:3316–23. doi: 10.2337/db13-0822

109. Campbell, JE, and Drucker, DJ. Pharmacology, Physiology, and Mechanisms of Incretin Hormone Action. Cell Metab (2013) 17:819–37. doi: 10.1016/J.CMET.2013.04.008

110. Hodson, DJ, Tarasov, AI, Gimeno Brias, S, Mitchell, RK, Johnston, NR, Haghollahi, S, et al. Incretin-Modulated Beta Cell Energetics in Intact Islets of Langerhans. Mol Endocrinol (2014) 28:860–71. doi: 10.1210/me.2014-1038

111. Dunning, BE, Foley, JE, and Ahrén, B. Alpha cell function in health and disease: Influence of glucagon-like peptide-1. Diabetologia (2005) 48:1700–13. doi: 10.1007/s00125-005-1878-0

112. Zhang, Y, Parajuli, KR, Fava, GE, Gupta, R, Xu, W, Nguyen, LU, et al. GLP-1 receptor in pancreatic A-cells regulates glucagon secretion in a glucose-dependent bidirectional manner. Diabetes (2019) 68:34–44. doi: 10.2337/db18-0317

113. El, K, and Campbell, JE. The role of GIP in α-cells and glucagon secretion. Peptides (2020) 125:170213. doi: 10.1016/j.peptides.2019.170213

114. Schuit, FC, In’t Veld, PA, and Pipeleers, DG. Glucose stimulates proinsulin biosynthesis by a dose-dependent recruitment of pancreatic beta cells. Proc Natl Acad Sci USA (1988) 85:3865–9. doi: 10.1073/pnas.85.11.3865

115. Cnop, M, Toivonen, S, Igoillo-Esteve, M, and Salpea, P. Endoplasmic reticulum stress and eIF2α phosphorylation: The Achilles heel of pancreatic β cells. Mol Metab (2017) 6:1024–39. doi: 10.1016/j.molmet.2017.06.001

116. Szabat, M, Page, MM, Panzhinskiy, E, Skovsø, S, Mojibian, M, Fernandez-Tajes, J, et al. Reduced Insulin Production Relieves Endoplasmic Reticulum Stress and Induces β Cell Proliferation. Cell Metab (2016) 23:179–93. doi: 10.1016/j.cmet.2015.10.016

117. Arda, HE, Benitez, CM, and Kim, SK. Gene regulatory networks governing pancreas development. Dev Cell (2013) 25:5–13. doi: 10.1016/j.devcel.2013.03.016

118. Patel, KA, Kettunen, K, Laakso, M, Stančáková, A, Laver, TW, Colclough, K, et al. Heterozygous RFX6 protein truncating variants cause Maturity-Onset Diabetes of the Young (MODY) with reduced penetrance. Nat Commun (2017) 8:888. doi: 10.1038/s41467-017-00895-9

119. Larsen, HL, and Grapin-Botton, A. The molecular and morphogenetic basis of pancreas organogenesis. Semin Cell Dev Biol (2017) 66:51–68. doi: 10.1016/J.SEMCDB.2017.01.005

120. Pan, FC, and Wright, C. Pancreas organogenesis: From bud to plexus to gland. Dev Dyn (2011) 240:530–65. doi: 10.1002/dvdy.22584

121. Rezania, A, Bruin, JE, Arora, P, Rubin, A, Batushansky, I, Asadi, A, et al. Reversal of diabetes with insulin-producing cells derived in vitro from human pluripotent stem cells. Nat Biotechnol (2014) 32:1121–33. doi: 10.1038/nbt.3033

122. Assady, S, Maor, G, Amit, M, Itskovitz-Eldor, J, Skorecki, KL, and Tzukerman, M. Insulin Production by Human Embryonic Stem Cells. Diabetes (2001) 50:1691–7. doi: 10.2337/diabetes.50.8.1691

123. D’Amour, KA, Agulnick, AD, Eliazer, S, Kelly, OG, Kroon, E, and Baetge, EE. Efficient differentiation of human embryonic stem cells to definitive endoderm. Nat Biotechnol (2005) 23:1534–41. doi: 10.1038/nbt1163

124. D’Amour, KA, Bang, AG, Eliazer, S, Kelly, OG, Agulnick, AD, Smart, NG, et al. Production of pancreatic hormone-expressing endocrine cells from human embryonic stem cells. Nat Biotechnol (2006) 24:1392–401. doi: 10.1038/nbt1259

125. Kroon, E, Martinson, LA, Kadoya, K, Bang, AG, Kelly, OG, Eliazer, S, et al. Pancreatic endoderm derived from human embryonic stem cells generates glucose-responsive insulin-secreting cells in vivo. Nat Biotechnol (2008) 26:443–52. doi: 10.1038/nbt1393

126. Cho, YM, Lim, JM, Yoo, DH, Kim, JH, Chung, SS, Park, SG, et al. Betacellulin and nicotinamide sustain PDX1 expression and induce pancreatic beta-cell differentiation in human embryonic stem cells. Biochem Biophys Res Commun (2008) 366:129–34. doi: 10.1016/j.bbrc.2007.11.112

127. Zhang, D, Jiang, W, Liu, M, Sui, X, Yin, X, Chen, S, et al. Highly efficient differentiation of human ES cells and iPS cells into mature pancreatic insulin-producing cells. Cell Res (2009) 19:429–38. doi: 10.1038/cr.2009.28

128. Mfopou, JK, Chen, B, Mateizel, I, Sermon, K, and Bouwens, L. Noggin, retinoids, and fibroblast growth factor regulate hepatic or pancreatic fate of human embryonic stem cells. Gastroenterology (2010) 138:2233–45, 2245.e1–14. doi: 10.1053/j.gastro.2010.02.056

129. Nostro, MC, Sarangi, F, Ogawa, S, Holtzinger, A, Corneo, B, Li, X, et al. Stage-specific signaling through TGFβ family members and WNT regulates patterning and pancreatic specification of human pluripotent stem cells. Development (2011) 138:861–71. doi: 10.1242/dev.055236

130. Kunisada, Y, Tsubooka-Yamazoe, N, Shoji, M, and Hosoya, M. Small molecules induce efficient differentiation into insulin-producing cells from human induced pluripotent stem cells. Stem Cell Res (2012) 8:274–84. doi: 10.1016/j.scr.2011.10.002

131. Rezania, A, Bruin, JE, Riedel, MJ, Mojibian, M, Asadi, A, Xu, J, et al. Maturation of Human Embryonic Stem Cell-Derived Pancreatic Progenitors Into Functional Islets Capable of Treating Pre-existing Diabetes in Mice. Diabetes (2012) 61:2016–29. doi: 10.2337/db11-1711

132. Bruin, JE, Rezania, A, Xu, J, Narayan, K, Fox, JK, O’Neil, JJ, et al. Maturation and function of human embryonic stem cell-derived pancreatic progenitors in macroencapsulation devices following transplant into mice. Diabetologia (2013) 56:1987–98. doi: 10.1007/s00125-013-2955-4

133. Kelly, OG, Chan, MY, Martinson, LA, Kadoya, K, Ostertag, TM, Ross, KG, et al. Cell-surface markers for the isolation of pancreatic cell types derived from human embryonic stem cells. Nat Biotechnol (2011) 29:750–6. doi: 10.1038/nbt.1931

134. Basford, CL, Prentice, KJ, Hardy a, B, Sarangi, F, Micallef, SJ, Li, X, et al. The functional and molecular characterisation of human embryonic stem cell-derived insulin-positive cells compared with adult pancreatic beta cells. Diabetologia (2012) 55:358–71. doi: 10.1007/s00125-011-2335-x

135. Micallef, SJ, Li, X, Schiesser, JV, Hirst, CE, Yu, QC, Lim, SM, et al. INS GFP/w human embryonic stem cells facilitate isolation of in vitro derived insulin-producing cells. Diabetologia (2012) 55:694–706. doi: 10.1007/s00125-011-2379-y

136. Xie, R, Everett, LJ, Lim, H-W, Patel, NA, Schug, J, Kroon, E, et al. Dynamic Chromatin Remodeling Mediated by Polycomb Proteins Orchestrates Pancreatic Differentiation of Human Embryonic Stem Cells. Cell Stem Cell (2013) 12:224–37. doi: 10.1016/j.stem.2012.11.023

137. Bruin, JE, Erener, S, Vela, J, Hu, X, Johnson, JD, Kurata, HT, et al. Characterization of polyhormonal insulin-producing cells derived in vitro from human embryonic stem cells. Stem Cell Res (2014) 12:194–208. doi: 10.1016/j.scr.2013.10.003

138. Hrvatin, S, O’Donnell, CW, Deng, F, Millman, JR, Pagliuca, FW, Diiorio, P, et al. Differentiated human stem cells resemble fetal, not adult, β cells. Proc Natl Acad Sci U S A (2014) 111:3038–43. doi: 10.1073/pnas.1400709111

139. Schaffer, AE, Taylor, BL, Benthuysen, JR, Liu, J, Thorel, F, Yuan, W, et al. Nkx6.1 controls a gene regulatory network required for establishing and maintaining pancreatic Beta cell identity. PloS Genet (2013) 9:e1003274. doi: 10.1371/journal.pgen.1003274

140. Rezania, A, Bruin, JE, Xu, J, Narayan, K, Fox, JK, O’Neil, JJ, et al. Enrichment of human embryonic stem cell-derived NKX6.1-expressing pancreatic progenitor cells accelerates the maturation of insulin-secreting cells in vivo. Stem Cells (2013) 31:2432–42. doi: 10.1002/stem.1489

141. Russ, HA, Parent, AV, Ringler, JJ, Hennings, TG, Nair, GG, Shveygert, M, et al. Controlled induction of human pancreatic progenitors produces functional beta-like cells in vitro. EMBO J (2015) 34:1–14. doi: 10.15252/embj.201591058

142. Pagliuca, FW, Millman, JR, Gürtler, M, Segel, M, Van Dervort, A, Ryu, JH, et al. Generation of Functional Human Pancreatic β Cells In Vitro. Cell (2014) 159:428–39. doi: 10.1016/j.cell.2014.09.040

143. Aguayo-Mazzucato, C, Zavacki, AM, Marinelarena, A, Hollister-Lock, J, El Khattabi, I, Marsili, A, et al. Thyroid hormone promotes postnatal rat pancreatic β-cell development and glucose-responsive insulin secretion through MAFA. Diabetes (2013) 62:1569–80. doi: 10.2337/db12-0849

144. Aguayo-Mazzucato, C, DiIenno, A, Hollister-Lock, J, Cahill, C, Sharma, A, Weir, G, et al. MAFA and T 3 Drive Maturation of Both Fetal Human Islets and Insulin-Producing Cells Differentiated From hESC. J Clin Endocrinol Metab (2015) 100:3651–9. doi: 10.1210/jc.2015-2632

145. Henquin, J-C, Dufrane, D, Kerr-Conte, J, and Nenquin, M. Dynamics of glucose-induced insulin secretion in normal human islets. Am J Physiol Metab (2015) 309:E640–50. doi: 10.1152/ajpendo.00251.2015

146. Toyoda, T, Mae, S-I, Tanaka, H, Kondo, Y, Funato, M, Hosokawa, Y, et al. Cell aggregation optimizes the differentiation of human ESCs and iPSCs into pancreatic bud-like progenitor cells. Stem Cell Res (2015) 14:185–97. doi: 10.1016/j.scr.2015.01.007

147. Tran, R, Moraes, C, and Hoesli, CA. Controlled clustering enhances PDX1 and NKX6.1 expression in pancreatic endoderm cells derived from pluripotent stem cells. Sci Rep (2020) 10:1190. doi: 10.1038/s41598-020-57787-0

148. Nostro, MCC, Sarangi, F, Yang, C, Holland, A, Elefanty, AGG, Stanley, EGG, et al. Efficient Generation of NKX6-1+ Pancreatic Progenitors from Multiple Human Pluripotent Stem Cell Lines. Stem Cell Rep (2015) 4:591–604. doi: 10.1016/j.stemcr.2015.02.017

149. Toyoda, T, Kimura, A, Tanaka, H, Ameku, T, Mima, A, Hirose, Y, et al. Rho-Associated Kinases and Non-muscle Myosin IIs Inhibit the Differentiation of Human iPSCs to Pancreatic Endoderm. Stem Cell Rep (2017) 9:419–28. doi: 10.1016/j.stemcr.2017.07.005

150. Ghazizadeh, Z, Kao, D-I, Amin, S, Cook, B, Rao, S, Zhou, T, et al. ROCKII inhibition promotes the maturation of human pancreatic beta-like cells. Nat Commun (2017) 8:298. doi: 10.1038/s41467-017-00129-y

151. Sharon, N, Chawla, R, Mueller, J, Vanderhooft, J, Whitehorn, LJ, Rosenthal, B, et al. A Peninsular Structure Coordinates Asynchronous Differentiation with Morphogenesis to Generate Pancreatic Islets. Cell (2019) 176:790–804. doi: 10.1016/J.CELL.2018.12.003

152. Schulz, TC, Young, HY, Agulnick, AD, Babin, MJ, Baetge, EE, Bang, AG, et al. A Scalable System for Production of Functional Pancreatic Progenitors from Human Embryonic Stem Cells. PloS One (2012) 7:e37004. doi: 10.1371/journal.pone.0037004

153. Hogrebe, NJ, Augsornworawat, P, Maxwell, KG, Velazco-Cruz, L, and Millman, JR. Targeting the cytoskeleton to direct pancreatic differentiation of human pluripotent stem cells. Nat Biotechnol (2020) 38:460–70. doi: 10.1038/s41587-020-0430-6

154. Cebola, I, Rodríguez-Seguí, SA, Cho, CH-H, Bessa, J, Rovira, M, Luengo, M, et al. TEAD and YAP regulate the enhancer network of human embryonic pancreatic progenitors. Nat Cell Biol (2015) 17:615–26. doi: 10.1038/ncb3160

155. Mamidi, A, Prawiro, C, Seymour, PA, de Lichtenberg, KH, Jackson, A, Serup, P, et al. Mechanosignalling via integrins directs fate decisions of pancreatic progenitors. Nature (2018) 564:114–8. doi: 10.1038/s41586-018-0762-2

156. Rosado-Olivieri, EA, Anderson, K, Kenty, JH, and Melton, DA. YAP inhibition enhances the differentiation of functional stem cell-derived insulin-producing β cells. Nat Commun (2019) 10:1464. doi: 10.1038/s41467-019-09404-6

157. Cogger, KF, Sinha, A, Sarangi, F, McGaugh, EC, Saunders, D, Dorrell, C, et al. Glycoprotein 2 is a specific cell surface marker of human pancreatic progenitors. Nat Commun (2017) 8:331. doi: 10.1038/s41467-017-00561-0

158. Ameri, J, Borup, R, Prawiro, C, Ramond, C, Schachter, KA, Scharfmann, R, et al. Efficient Generation of Glucose-Responsive Beta Cells from Isolated GP2+Human Pancreatic Progenitors. Cell Rep (2017) 19:36–49. doi: 10.1016/j.celrep.2017.03.032

159. Veres, A, Faust, AL, Bushnell, HL, Engquist, EN, Kenty, JH-R, Harb, G, et al. Charting cellular identity during human in vitro β-cell differentiation. Nature (2019) 569:368–73. doi: 10.1038/s41586-019-1168-5

160. Nair, GG, Liu, JS, Russ, HA, Tran, S, Saxton, MS, Chen, R, et al. Recapitulating endocrine cell clustering in culture promotes maturation of human stem-cell-derived β cells. Nat Cell Biol (2019) 21:263–74. doi: 10.1038/s41556-018-0271-4

161. In’t Veld, P, and Smeets, S. “Microscopic Anatomy of the Human Islet of Langerhans,”. In: Islets of Langerhans. Dordrecht: Springer Netherlands (2015). p. 19–38. doi: 10.1007/978-94-007-6686-0_1

162. Henderson, JR. WHY ARE THE ISLETS OF LANGERHANS? Lancet (1969) 294:469–70. doi: 10.1016/S0140-6736(69)90171-8

163. Velazco-Cruz, L, Song, J, Maxwell, KG, Goedegebuure, MM, Augsornworawat, P, Hogrebe, NJ, et al. Acquisition of Dynamic Function in Human Stem Cell-Derived β Cells. Stem Cell Rep (2019) 12:351–65. doi: 10.1016/j.stemcr.2018.12.012

164. Gylfe, E, and Tengholm, A. Neurotransmitter control of islet hormone pulsatility. Diabetes Obes Metab (2014) 16:102–10. doi: 10.1111/dom.12345

165. Sui, L, Danzl, N, Campbell, SR, Viola, R, Williams, D, Xing, Y, et al. β-Cell Replacement in Mice Using Human Type 1 Diabetes Nuclear Transfer Embryonic Stem Cells. Diabetes (2018) 67:26–35. doi: 10.2337/db17-0120

166. Choi, J, Lee, S, Mallard, W, Clement, K, Tagliazucchi, GM, Lim, H, et al. A comparison of genetically matched cell lines reveals the equivalence of human iPSCs and ESCs. Nat Biotechnol (2015) 33:1173–81. doi: 10.1038/nbt.3388

167. Kyttälä, A, Moraghebi, R, Valensisi, C, Kettunen, J, Andrus, C, Pasumarthy, KK, et al. Genetic Variability Overrides the Impact of Parental Cell Type and Determines iPSC Differentiation Potential. Stem Cell Rep (2016) 6:200–12. doi: 10.1016/j.stemcr.2015.12.009

168. Cuomo, ASE, Seaton, DD, McCarthy, DJ, Martinez, I, Bonder, MJ, Garcia-Bernardo, J, et al. Single-cell RNA-sequencing of differentiating iPS cells reveals dynamic genetic effects on gene expression. Nat Commun (2020) 11:810. doi: 10.1038/s41467-020-14457-z

169. Hockemeyer, D, Wang, H, Kiani, S, Lai, CS, Gao, Q, Cassady, JP, et al. Genetic engineering of human pluripotent cells using TALE nucleases. Nat Biotechnol (2011) 29:731–4. doi: 10.1038/nbt.1927

170. Hockemeyer, D, Soldner, F, Beard, C, Gao, Q, Mitalipova, M, DeKelver, RC, et al. Efficient targeting of expressed and silent genes in human ESCs and iPSCs using zinc-finger nucleases. Nat Biotechnol (2009) 27:851–7. doi: 10.1038/nbt.1562

171. Mali, P, Yang, L, Esvelt, KM, Aach, J, Guell, M, DiCarlo, JE, et al. RNA-Guided Human Genome Engineering via Cas9. Sci (80- ) (2013) 339:823–6. doi: 10.1126/science.1232033

172. Hotta, A, and Yamanaka, S. From Genomics to Gene Therapy: Induced Pluripotent Stem Cells Meet Genome Editing. Annu Rev Genet (2015) 49:47–70. doi: 10.1146/annurev-genet-112414-054926

173. Mojica, FJM, and Montoliu, L. On the Origin of CRISPR-Cas Technology: From Prokaryotes to Mammals. Trends Microbiol (2016) 24:811–20. doi: 10.1016/j.tim.2016.06.005

174. Li, QV, Dixon, G, Verma, N, Rosen, BP, Gordillo, M, Luo, R, et al. Genome-scale screens identify JNK–JUN signaling as a barrier for pluripotency exit and endoderm differentiation. Nat Genet (2019) 51:999–1010. doi: 10.1038/s41588-019-0408-9

175. Shang, L, Hua, H, Foo, K, Martinez, H, Watanabe, K, Zimmer, M, et al. β-cell dysfunction due to increased ER stress in a stem cell model of Wolfram syndrome. Diabetes (2014) 63:923–33. doi: 10.2337/db13-0717

176. Teo, AKK, Lau, HH, Valdez, IA, Dirice, E, Tjora, E, Raeder, H, et al. Early Developmental Perturbations in a Human Stem Cell Model of MODY5/HNF1B Pancreatic Hypoplasia. Stem Cell Rep (2016) 6:357–67. doi: 10.1016/j.stemcr.2016.01.007

177. McGrath, PS, Watson, CL, Ingram, C, Helmrath, MA, and Wells, JM. The Basic Helix-Loop-Helix Transcription Factor NEUROG3 Is Required for Development of the Human Endocrine Pancreas. Diabetes (2015) 64:2497–505. doi: 10.2337/db14-1412

178. Zhu, Z, Li, QV, Lee, K, Rosen, BP, González, F, Soh, C-L, et al. Genome Editing of Lineage Determinants in Human Pluripotent Stem Cells Reveals Mechanisms of Pancreatic Development and Diabetes Article Genome Editing of Lineage Determinants in Human Pluripotent Stem Cells Reveals Mechanisms of Pancreatic Development an. Cell Stem Cell (2016) 18:755–68. doi: 10.1016/j.stem.2016.03.015

179. Saarimäki-Vire, J, Balboa, D, Russell, MA, Saarikettu, J, Kinnunen, M, Keskitalo, S, et al. An Activating STAT3 Mutation Causes Neonatal Diabetes through Premature Induction of Pancreatic Differentiation. Cell Rep (2017) 19:281–94. doi: 10.1016/j.celrep.2017.03.055

180. Shi, Z, Lee, K, Yang, D, Amin, S, Verma, N, Li, QV, et al. Genome Editing in hPSCs Reveals GATA6 Haploinsufficiency and a Genetic Interaction with GATA4 in Human Pancreatic Development. Cell Stem Cell (2017) 20:675–688.e6. doi: 10.1016/j.stem.2017.01.001

181. Tiyaboonchai, A, Cardenas-Diaz, FL, Ying, L, Maguire, JA, Sim, X, Jobaliya, C, et al. GATA6 Plays an Important Role in the Induction of Human Definitive Endoderm, Development of the Pancreas, and Functionality of Pancreatic β Cells. Stem Cell Rep (2017) 8:589–604. doi: 10.1016/j.stemcr.2016.12.026

182. Maxwell, KG, Augsornworawat, P, Velazco-Cruz, L, Kim, MH, Asada, R, Hogrebe, NJ, et al. Gene-edited human stem cell-derived β cells from a patient with monogenic diabetes reverse preexisting diabetes in mice. Sci Transl Med (2020) 12:eaax9106. doi: 10.1126/scitranslmed.aax9106

183. Wang, X, Sterr, M, Ansarullah,, Burtscher, I, Böttcher, A, Beckenbauer, J, et al. Point mutations in the PDX1 transactivation domain impair human β-cell development and function. Mol Metab (2019) 24:80–97. doi: 10.1016/J.MOLMET.2019.03.006

184. Amin, S, Cook, B, Zhou, T, Ghazizadeh, Z, Lis, R, Zhang, T, et al. Discovery of a drug candidate for GLIS3-associated diabetes. Nat Commun (2018) 9:2681. doi: 10.1038/s41467-018-04918-x

185. Gage, BK, Asadi, A, Baker, RK, Webber, TD, Wang, R, Itoh, M, et al. The Role of ARX in Human Pancreatic Endocrine Specification. PloS One (2015) 10:e0144100. doi: 10.1371/journal.pone.0144100

186. Velazco-cruz, L, Goedegebuure, MM, Maxwell, KG, Augsornworawat, P, Hogrebe, NJ, Millman, JR, et al. SIX2 Regulates Human b Cell Differentiation from Stem Cells and Functional Maturation In Vitro ll ll SIX2 Regulates Human b Cell Differentiation from Stem Cells and Functional Maturation In Vitro. CellReports (2020) 31:107687. doi: 10.1016/j.celrep.2020.107687

187. Vethe, H, Bjørlykke, Y, Ghila, LM, Paulo, JA, Scholz, H, Gygi, SP, et al. Probing the missing mature β-cell proteomic landscape in differentiating patient iPSC-derived cells. Sci Rep (2017) 7:1–14. doi: 10.1038/s41598-017-04979-w

188. Zeng, H, Guo, M, Zhou, T, Tan, L, Chong, CN, Zhang, T, et al. An Isogenic Human ESC Platform for Functional Evaluation of Genome-wide-Association-Study-Identified Diabetes Genes and Drug Discovery. Cell Stem Cell (2016) 0:1660–9. doi: 10.1016/j.stem.2016.07.002

189. Guo, M, Zhang, T, Dong, X, Xiang, JZ, Lei, M, Evans, T, et al. Using hESCs to Probe the Interaction of the Diabetes-Associated Genes CDKAL1 and MT1E. Cell Rep (2017) 19:1512–21. doi: 10.1016/j.celrep.2017.04.070

190. Guo, D, Liu, H, Ruzi, A, Gao, G, Nasir, A, Liu, Y, et al. Modeling Congenital Hyperinsulinism with ABCC8-Deficient Human Embryonic Stem Cells Generated by CRISPR/Cas9. Sci Rep (2017) 7:3156. doi: 10.1038/s41598-017-03349-w

191. Ma, S, Viola, R, Sui, L, Cherubini, V, Barbetti, F, and Egli, D. β Cell Replacement after Gene Editing of a Neonatal Diabetes-Causing Mutation at the Insulin Locus. Stem Cell Rep (2018) 11:1407–15. doi: 10.1016/j.stemcr.2018.11.006

192. Balboa, D, Saarimäki-Vire, J, Borshagovski, D, Survila, M, Lindholm, P, Galli, E, et al. Insulin mutations impair beta-cell development in a patient-derived iPSC model of neonatal diabetes. Elife (2018) 7. doi: 10.7554/eLife.38519

193. Johansson, KA, Dursun, U, Jordan, N, Gu, G, Beermann, F, Gradwohl, G, et al. Temporal control of neurogenin3 activity in pancreas progenitors reveals competence windows for the generation of different endocrine cell types. Dev Cell (2007) 12:457–65. doi: 10.1016/j.devcel.2007.02.010

194. Desgraz, R, and Herrera, PL. Pancreatic neurogenin 3-expressing cells are unipotent islet precursors. Development (2009) 136:3567–74. doi: 10.1242/dev.039214

195. Huotari, MA, Miettinen, PJ, Palgi, J, Koivisto, T, Ustinov, J, Harari, D, et al. ErbB signaling regulates lineage determination of developing pancreatic islet cells in embryonic organ culture. Endocrinology (2002) 143:4437–46. doi: 10.1210/en.2002-220382

196. Löf-Öhlin, ZM, Nyeng, P, Bechard, ME, Hess, K, Bankaitis, E, Greiner, TU, et al. EGFR signalling controls cellular fate and pancreatic organogenesis by regulating apicobasal polarity. Nat Cell Biol (2017) 19:1313–25. doi: 10.1038/ncb3628

197. Mizukami, H, Takahashi, K, Inaba, W, Osonoi, S, Kamata, K, Tsuboi, K, et al. Age-associated changes of islet endocrine cells and the effects of body mass index in Japanese. J Diabetes Investig (2014) 5:38–47. doi: 10.1111/jdi.12118

198. Mahaddalkar, PU, Scheibner, K, Pfluger, S, Ansarullah,, Sterr, M, Beckenbauer, J, et al. Generation of pancreatic β cells from CD177+ anterior definitive endoderm. Nat Biotechnol (2020) 38:1061–72. doi: 10.1038/s41587-020-0492-5

199. Augsornworawat, P, Maxwell, KG, Velazco-Cruz, L, and Millman, JR. Single-Cell Transcriptome Profiling Reveals β Cell Maturation in Stem Cell-Derived Islets after Transplantation. Cell Rep (2020) 32:108067. doi: 10.1016/j.celrep.2020.108067

200. Arda, HE, Li, L, Tsai, J, Powers, AC, Chang, HY, Kim, SK, et al. Age-Dependent Pancreatic Gene Regulation Reveals Mechanisms Governing Human b Cell Function. Cell Metab (2016) 23:1–12. doi: 10.1016/j.cmet.2016.04.002

201. Zeng, C, Mulas, F, Sui, Y, Guan, T, Miller, N, Tan, Y, et al. Pseudotemporal Ordering of Single Cells Reveals Metabolic Control of Postnatal β Cell Proliferation. Cell Metab (2017) 25:1160–75. doi: 10.1016/j.cmet.2017.04.014

202. Qiu, W-L, Zhang, Y-W, Feng, Y, Li, L-C, Yang, L, and Xu, C-R. Deciphering Pancreatic Islet β Cell and α Cell Maturation Pathways and Characteristic Features at the Single-Cell Level. Cell Metab (2017) 25:1194–205. doi: 10.1016/j.cmet.2017.04.003

203. Dorrell, C, Schug, J, Canaday, PS, Russ, HA, Tarlow, BD, Grompe, MT, et al. Human islets contain four distinct subtypes of [beta] cells. Nat Commun (2016) 7:11756. doi: 10.1038/NCOMMS11756

204. Segerstolpe, Å, Palasantza, A, Eliasson, P, Andersson, E, Andréasson, A-C, Sun, X, et al. Single-Cell Transcriptome Profiling of Human Pancreatic Islets in Health and Type 2 Diabetes. Cell Metab (2016) 24:593–607. doi: 10.1016/j.cmet.2016.08.020

205. Xin, Y, Dominguez Gutierrez, G, Okamoto, H, Kim, J, Lee, A-H, Adler, C, et al. Pseudotime Ordering of Single Human β-Cells Reveals States of Insulin Production and Unfolded Protein Response. Diabetes (2018) 67:1783–94. doi: 10.2337/db18-0365

206. Baron, M, Veres, A, Wolock, SLL, Faust, ALL, Gaujoux, R, Vetere, A, et al. A Single-Cell Transcriptomic Map of the Human and Mouse Pancreas Reveals Inter- and Intra-cell Population Structure. Cell Syst (2016) 3:1–15. doi: 10.1016/j.cels.2016.08.011

207. Muraro, MJ, Dharmadhikari, G, Grün, D, Groen, N, Dielen, T, Jansen, E, et al. A Single-Cell Transcriptome Atlas of the Human Pancreas. Cell Syst (2016) 3:385–94. doi: 10.1016/j.cels.2016.09.002

208. Ramond, C, Beydag-Tasöz, BS, Azad, A, van de Bunt, M, Petersen, MBK, Beer, NL, et al. Understanding human fetal pancreas development using subpopulation sorting, RNA sequencing and single-cell profiling. Development (2018) 145:dev165480. doi: 10.1242/dev.165480

209. Petersen, MBK, Azad, A, Ingvorsen, C, Hess, K, Hansson, M, Grapin-Botton, A, et al. Single-Cell Gene Expression Analysis of a Human ESC Model of Pancreatic Endocrine Development Reveals Different Paths to β-Cell Differentiation. Stem Cell Rep (2017) 9:1246–61. doi: 10.1016/j.stemcr.2017.08.009

210. Krentz, NA, Lee, MYY, Xu, EE, Sproul, SLJ, Maslova, A, Sasaki, S, et al. Single-Cell Transcriptome Profiling of Mouse and hESC-Derived Pancreatic Progenitors. Stem Cell Rep (2018) 11:1551–64. doi: 10.1016/j.stemcr.2018.11.008

211. Li, X, Yang, KY, Chan, VW, Leung, KT, Zhang, X-B, Wong, AS, et al. Single-Cell RNA-Seq Reveals that CD9 Is a Negative Marker of Glucose-Responsive Pancreatic β-like Cells Derived from Human Pluripotent Stem Cells. Stem Cell Rep (2020) 15:1111–26. doi: 10.1016/j.stemcr.2020.09.009

212. Sharon, N, Vanderhooft, J, Straubhaar, J, Mueller, J, Chawla, R, Zhou, Q, et al. Wnt Signaling Separates the Progenitor and Endocrine Compartments during Pancreas Development. Cell Rep (2019) 27:2281–2291.e5. doi: 10.1016/j.celrep.2019.04.083

213. Regev, A, Teichmann, SA, Lander, ES, Amit, I, Benoist, C, Birney, E, et al. The Human Cell Atlas. Elife (2017) 6:e27041. doi: 10.7554/eLife.27041

214. Otonkoski, T, Andersson, S, Knip, M, and Simell, O. Maturation of insulin response to glucose during human fetal and neonatal development. Studies with perifusion of pancreatic isletlike cell clusters. Diabetes (1988) 37:286–91. doi: 10.2337/diabetes.37.3.286

215. Blum, B, Hrvatin, S, Schuetz, C, Bonal, C, and Rezania, A. Melton D a. Functional beta-cell maturation is marked by an increased glucose threshold and by expression of urocortin 3. Nat Biotechnol (2012) 30:261–4. doi: 10.1038/nbt.2141

216. Davis, JC, Alves, TC, Helman, A, Chen, JC, Kenty, JH, Cardone, RL, et al. Glucose Response by Stem Cell-Derived β Cells In Vitro Is Inhibited by a Bottleneck in Glycolysis. Cell Rep (2020) 31:107623. doi: 10.1016/j.celrep.2020.107623

217. Hastoy, B, Godazgar, M, Clark, A, Nylander, V, Spiliotis, I, van de Bunt, M, et al. Electrophysiological properties of human beta-cell lines EndoC-βH1 and -βH2 conform with human beta-cells. Sci Rep (2018) 8:16994. doi: 10.1038/s41598-018-34743-7

218. Camunas-Soler, J, Dai, X, Hang, Y, Bautista, A, Lyon, J, Suzuki, K, et al. Patch-Seq Links Single-Cell Transcriptomes to Human Islet Dysfunction in Diabetes Resource Patch-Seq Links Single-Cell Transcriptomes to Human Islet Dysfunction in Diabetes. Cell Metab (2020) 31:1017–31.e4. doi: 10.1016/j.cmet.2020.04.005

219. Henquin, J-C. Metabolic control of the potassium permeability in pancreatic islet cells. Biochem J (1980) 186:541–50. doi: 10.1042/bj1860541

220. Dhawan, S, Tschen, S-I, Zeng, C, Guo, T, Hebrok, M, Matveyenko, A, et al. DNA methylation directs functional maturation of pancreatic β cells. J Clin Invest (2015) 125:2851–60. doi: 10.1172/JCI79956

221. Yoshihara, E, Wei, Z, Lin, CS, Fang, S, Ahmadian, M, Kida, Y, et al. ERRγ Is Required for the Metabolic Maturation of Therapeutically Functional Glucose-Responsive β Cells. Cell Metab (2016) 23:622–34. doi: 10.1016/j.cmet.2016.03.005

222. Yoshihara, E, O’Connor, C, Gasser, E, Wei, Z, Oh, TG, Tseng, TW, et al. Immune-evasive human islet-like organoids ameliorate diabetes. Nature (2020) 586:606–11. doi: 10.1038/s41586-020-2631-z

223. Andersson, LE, Valtat, B, Bagge, A, Sharoyko, VV, Nicholls, DG, Ravassard, P, et al. Characterization of stimulus-secretion coupling in the human pancreatic EndoC-βH1 beta cell line. PloS One (2015) 10:e0120879. doi: 10.1371/journal.pone.0120879

224. Wikstrom, JD, Sereda, SB, Stiles, L, Elorza, A, Allister, EM, Neilson, A, et al. A novel high-throughput assay for islet respiration reveals uncoupling of rodent and human islets. PloS One (2012) 7:e33023. doi: 10.1371/journal.pone.0033023

225. Ma, H, Wert, KJ, Shvartsman, D, Melton, DA, and Jaenisch, R. Establishment of human pluripotent stem cell-derived pancreatic β-like cells in the mouse pancreas. Proc Natl Acad Sci (2018) 115:3924–9. doi: 10.1073/pnas.1702059115

226. Sui, L, Mfopou, JK, Chen, B, Sermon, K, and Bouwens, L. Transplantation of Human Embryonic Stem Cell-Derived Pancreatic Endoderm Reveals a Site-Specific Survival, Growth, and Differentiation. Cell Transplant (2013) 22:821–30. doi: 10.3727/096368912X636812

227. Bruin, JE, Asadi, A, Fox, JK, Erener, S, Rezania, A, and Kieffer, TJ. Accelerated Maturation of Human Stem Cell-Derived Pancreatic Progenitor Cells into Insulin-Secreting Cells in Immunodeficient Rats Relative to Mice. Stem Cell Rep (2015) 5:1081–96. doi: 10.1016/j.stemcr.2015.10.013

228. Yang, H, and Wright, JR. Human beta cells are exceedingly resistant to streptozotocin in vivo. Endocrinology (2002) 143:2491–5. doi: 10.1210/endo.143.7.8901

229. Hosokawa, M, Dolci, W, and Thorens, B. Differential sensitivity of GLUT1- and GLUT2-expressing beta cells to streptozotocin. Biochem Biophys Res Commun (2001) 289:1114–7. doi: 10.1006/bbrc.2001.6145

230. Agulnick, AD, Ambruzs, DM, Moorman, MA, Bhoumik, A, Cesario, RM, Payne, JK, et al. Insulin-Producing Endocrine Cells Differentiated In Vitro From Human Embryonic Stem Cells Function in Macroencapsulation Devices In Vivo. Stem Cells Transl Med (2015) 4:1214–22. doi: 10.5966/sctm.2015-0079

231. Robert, T, De Mesmaeker, I, Stangé, GM, Suenens, KG, Ling, Z, Kroon, EJ, et al. Functional Beta Cell Mass from Device-Encapsulated hESC-Derived Pancreatic Endoderm Achieving Metabolic Control. Stem Cell Rep (2018) 10:739–50. doi: 10.1016/j.stemcr.2018.01.040

232. Vegas, AJ, Veiseh, O, Gürtler, M, Millman, JR, Pagliuca, FW, Bader, AR, et al. Long-term glycemic control using polymer-encapsulated human stem cell–derived beta cells in immune-competent mice. Nat Med (2016) 22:306–11. doi: 10.1038/nm.4030

233. Heinis, M, Simon, M-T, Ilc, K, Mazure, NM, Pouysségur, J, Scharfmann, R, et al. Oxygen tension regulates pancreatic beta-cell differentiation through hypoxia-inducible factor 1alpha. Diabetes (2010) 59:662–9. doi: 10.2337/db09-0891

234. Saber, N, Bruin, JE, O’Dwyer, S, Schuster, H, Rezania, A, and Kieffer, TJ. Sex Differences in Maturation of Human Embryonic Stem Cell–Derived β Cells in Mice. Endocrinology (2018) 159:1827–41. doi: 10.1210/en.2018-00048

235. Rakshit, K, Qian, J, Satish Gaonkar, K, Dhawan, S, Colwell, CS, Matveyenko, AV, et al. Postnatal ontogenesis of the islet circadian clock plays a contributory role in β-cell maturation process(2018). Available at: http://diabetes.diabetesjournals.org/content/diabetes/early/2018/03/01/db17-0850.full.pdf (Accessed March 16, 2018).

236. Perelis, M, Marcheva, B, Moynihan Ramsey, K, Schipma, MJ, Hutchison, AL, Taguchi, A, et al. Pancreatic cell enhancers regulate rhythmic transcription of genes controlling insulin secretion. Sci (80- ) (2015) 350:aac4250–aac4250. doi: 10.1126/science.aac4250

237. Alvarez-Dominguez, JR, Donaghey, J, Rasouli, N, Kenty, JHR, Helman, A, Charlton, J, et al. Circadian Entrainment Triggers Maturation of Human In Vitro Islets. Cell Stem Cell (2020) 26:108–22.e10. doi: 10.1016/j.stem.2019.11.011

238. Mochida, T, Ueno, H, Tsubooka-Yamazoe, N, Hiyoshi, H, Ito, R, Matsumoto, H, et al. Insulin-Deficient Diabetic Condition Upregulates Insulin Secreting Capacity of Human iPSC-Derived Pancreatic Endocrine Progenitor Cells After Implantation in Mice. Diabetes (2020) 69:634–46. doi: 10.2337/db19-0728

239. Faleo, G, Russ, HA, Wisel, S, Parent, AV, Nguyen, V, Nair, GG, et al. Mitigating Ischemic Injury of Stem Cell-Derived Insulin-Producing Cells after Transplant. Stem Cell Rep (2017) 9:807–19. doi: 10.1016/j.stemcr.2017.07.012

240. Yu, Y, Gamble, A, Pawlick, R, Pepper, AR, Salama, B, Toms, D, et al. Bioengineered human pseudoislets form efficiently from donated tissue, compare favourably with native islets in vitro and restore normoglycaemia in mice. Diabetologia (2018) 61:2016–29. doi: 10.1007/s00125-018-4672-5

241. Gotthardt, M, Eizirik, DL, Cnop, M, and Brom, M. Beta cell imaging - a key tool in optimized diabetes prevention and treatment. Trends Endocrinol Metab (2014) 25:375–7. doi: 10.1016/j.tem.2014.02.002

242. Eter, WA, Van Der Kroon, I, Andralojc, K, Buitinga, M, Willekens, SMA, Frielink, C, et al. Non-invasive in vivo determination of viable islet graft volume by 111 In-exendin-3. Sci Rep (2017) 7:3–8. doi: 10.1038/s41598-017-07815-3

243. van der Meulen, T, Donaldson, CJ, Cáceres, E, Hunter, AE, Cowing-Zitron, C, Pound, LD, et al. Urocortin3 mediates somatostatin-dependent negative feedback control of insulin secretion. Nat Med (2015) 21:769–76. doi: 10.1038/nm.3872

244. King, AJF, Fernandes, JR, Hollister-Lock, J, Nienaber, CE, Bonner-Weir, S, and Weir, GC. Normal relationship of beta- and non-beta-cells not needed for successful islet transplantation. Diabetes (2007) 56:2312–8. doi: 10.2337/db07-0191

245. Keymeulen, B, Anselmo, J, and Pipeleers, D. Length of metabolic normalization after rat islet cell transplantation depends on endocrine cell composition of graft and on donor age. Diabetologia (1997) 40:1152–8. doi: 10.1007/s001250050800



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Balboa, Iworima and Kieffer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2021.642152_cover.jpg
, frontlers
n Endocrinology

Human Pluripotent Stem Cells to
Model Islet Defects in Diabetes





OEBPS/Images/fendo-12-642152-g003.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Human Pluripotent Stem Cells to Model Islet Defects in Diabetes

      

        		

          Introduction

        



        		

          Beta Cell Insulin Secretion Defects

        



        		

          Modeling Insulin Secretion Defects Using Stem Cell Derived Islet Cells

        



        		

          Characterization of Stem Cell Derived Beta Cells: How Do They Compare to Human Adult Beta Cells?

        



        		

          Modeling Diabetes With Implanted Stem Cell Derived Islet Cells

        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-12-642152-g001.jpg
LG GLP1/GIP

Pyuvate
/ oo
SR w1

KT
GeK v ADCYS

Glucose <> G6P —» Pyruvate
sirca P )

GLUD1 Na

—
S @&

> ABCCB
Kenat





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Morphology: spheroid
Number of endocrine callsfsiet: <1500

Mean islet size: ~150

Endocrine architecture and composition:

* Beta cels ~50-60% interspersed troughout tho et

* Apha cels ~40% ntespersed hroughout the set

* Dea cols ~10%

* Gamma and PP cels <1%

Stimulated insuln secrotion

+ igh gucose-stimated nsuin chalenge (staic GSS) stmuition index: 710!
* High gucose-stimuaied nsuin chalenge (cynaric GSIS): rapd bphas
response

+ Potentate secrton n r6sponse o GAM madalors (e, Forskoln, 1BV

+ Polentated secretonn response o incretn homonas (0.9, GP, GLP-1)

* Increased secreton i esponse 10 mermtrane depolarzaion (6. KC)

* Increased secreion i esponse o Ky chamnel actvtors (e, tobutamide)

* Increased secrton i fesponse {0 calium chanml agonts (6. Bay K 854)
* Increased secrelon i 6sponse 10 gucose e (6. pamiat, eucine)
Key transcripion factors and maturation markers: SIX2, SIXG, UCNG, MAFA,
N1, NS, PDX1, GUSS, MNKT

Morphology of mature insulin granules: dense core vesces

Dithizone staining: brck red color

Respiratory capacity: primarly miochondial

Galcium signaling: incressec pusaie sgnang i response {0 high gucose

Ust of various features of primary isolated human islots that can be taken nto
oot b cndwaie 1 sl ol ke Iat oalh





OEBPS/Images/fendo-12-642152-g002.jpg
hPsC B engodem P qutuve P 'Giegn P pogeniors P progenirs P votacets P etaceis

oo






OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/table1.jpg
Genes Impact of genetic defect Type of disease  References

Glucoso import  GCX Rt o creasad gciinase sty resus sl oo fu, ATP NO,MODY,T20,GH1 (1, 19,9
and metabotsm genoraon, an s secreion
erce Cossoftrcton mutaions s assodstet it recccfsing cema ) )
SLC2A2 GLUT2)  Lossoffurction mutatons rss i mpaed 9vooso ke 20,720 1.5
st Aonomal iencing of H i bt ol ess n cressed Yoo fu AT it 2}
genoraion and s socraion
SLC16A1 (MCT)  Promoter mutations impair SLC16A1 siencing in beta-cels, resulting in abnommal  CHI [
Pyt ptae, ncreasa ATP gnoraion,and i secreion
Guwor (Gan o funcion mutaions st in ncrease envanco of famdte 4 TCA ic,  OHI 6
incrsasod ATP geration,and s secreion
Haon Lossofuncton mutsions et i sbrormel acthation of GLUDY, rcrased  CH 550
glutamate into TCA, ATP generation, and insulin secration
ez (Garorlos of chon dsions ate ha mtcenoncl nooing acyof | T20, GHI )
UGP2,resuing i sknomal ATP geneaton and nuin secrton
oA Miochondial ONA mutaions i e phosphonyaton, ATP genaion,and ~ 6
insdin secrton
Mombrane  KOWUI? (Ganr s of kncton maons et ol s or cparng ofha  NO,MODY, 20, CH  65,60-62)
depotaization chamd, atered mambrandepoazaon,and s secroion
saccs (Ganr s of cion maions et i dbnomal osuroorcpenng oftha  NO,MODY, T20,GHI (14, 15,55,
chamme, ered mambran depoazaion,and s secreion .60
Kenar Gonei s i 1 ocus e assocted i T20 k. ™ 1,69
Membrane  GLPIR Gonei vants i 1 ocus o assccted i s fstng ghcoso s, 120 I3
roceptors Aerod GLP-1 sreing afocts ampsfcaion of o secrtion.
PR Gonsi vt sssocitod i rocoed GIP s, i et modated 120 @
ampiicaionof sén soraton.
e A genetc vt ncreasiog metorin g ovwers AV s, g i 120 @
Secoton
Insulin synthesis NS Loss of function mutations disrupt INS protein synthesss, folding, transport or ND, MODY, T20 11.69)
and socrtion occivy
SLC3048 NS Dirent coring oneti varas ease ko profctaganst T20. ) w07
0055 Norvoong geneic vran ecuces ADCYS eresson, which copes hiose o T20 .74
WP genrtion, rreasing T2D ik
cR homeostasis 1551 Lossof fncton mutaions o t ot B i and ot oo yskncion. N0, 20 @
COKALT Loss of function mutations induce beta cell ER stress and hypersensitivty to T20 78
ucotonsty and poioxsy.
THADA ‘Coding genetic variants associated with increased T2D risk. T20 @n
MANF Loss of function mutations cause chichood diabetes and a neurodevelopmental NOD,T20 .79
asorer
vers Lossofuncton mutations i ER0-Go afickin aing o oreaad beta NO @
poertaeing
Transcriptional  FOXT. Loss of function mutations impair transcriptional reguation of pancreatic ND, MODY, T20 (81-84)
rogiaton dovsopment and st it o .
6 Lossoffuncton mutaions impa ransertonsl et of pancratc 30, MODY =
dovsopmentand ot St o .
NEUROD! Loss of function mutations impair transcriptional regulation of pancreatic ND, MODY (88-90)
Govsopment s ot et o i,
Guss Godng ad ren coding enet varats mpa rascrtioal pacreac: ~0,MODY, 20 )
dovdopmentand auf ot o ncion
A Gang ad o coding genetc vaats mpa ascrtioal parcreatc MOOY.TDLCH (16.17.09
dovsopmentand ot st o i
e Caing o coing gene varars mpse rascrptosl parrestc: 30, MODY. T2 .9
dovsopment and act st o ki,
e Caing and ron-cocing genet vatars mps rnsorptosl paretc: WoDY, 720, GH shon
Govscpment st ot St o ki,
TCFL2 Coding and non-coding genetic variants impai transcriptional pancreatic: T20 ©8,99)

development and acut st el funcion

ND, Nooratal Dabete; MODY, Maturty Onsot Dabeto of e Young; 72D, Typo 2 Dabetos; CH Congental ypernsunism.
Al adiite far ACact t T anschaniis Seohat it By Secuihi by e by el AReiict arsamschanbon il and bl e ikcace o acaaetts ulbce.





