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Abstract
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The establishment of multipotent pancreas progenitors (MPP) should have a significant impact not only on the ontology of the pancreas, but also for the translational research of glucose-responding endocrine -cells. Deficiency of the latter may lead to the pandemic type 1 or type 2 diabetes mellitus, a metabolic disorder. An ideal treatment of which would potentially be the replacement of destroyed or failed -cells, by restoring function of endogenous pancreatic endocrine cells or by transplantation of donor islets or in vitro generated insulin-secreting cells. Thus, considerable research efforts have been devoted to identify MPP candidates in the pre- and post-natal pancreas for the endogenous neogenesis or regeneration of endocrine insulin-secreting cells. In order to advance this inconclusive but critical field, we here review the emerging concepts, recent literature and newest developments of potential MPP and propose measures that would assist its forward progression.
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Core tip: Diabetes mellitus is a pandemic health problem that currently affects approximately 400 million people worldwide and its incidence is increasing by 2%-3% per year. At present, insulin deficiency in diabetes is treated by exogenous insulin given as either multiple daily injections or continuous subcutaneous infusion (pump), which is associated with acute, potentially life-threatening metabolic disturbances as well as chronic, vascular complications with significant morbidity and mortality. The ultimate solution would therefore be regenerative therapies by which lost β-cells in disease processes could be restored/replaced by surrogate insulin-secreting cells including those derived from multipotent pancreas progenitors.
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INTRODUCTION
In contrast to what we would expect, modern humans encounter unprecedented health challenges, including the pandemic diabetes mellitus (DM), which is a major metabolic disorder worldwide with a progressively climbing incidence. This disease currently affects 387 million individuals, with one dying in every 7 s due to severe complications (http://www.idf.org/diabetesatlas). Among them, approximately 10% suffer from type 1 DM (T1DM), due to the absolute lack of glucose-responding β-cells destroyed by the patient’s own immune system. Provided autodestruction of β-cells is under control, a permanent replacement approach may therefore be an ideal solution for T1DM, through regeneration in situ of endogenous β-cells, or by the replacement with donated glucose-responding islets, or of in vitro produced insulin-secreting β-cells from stem cell sources such as pluripotent stem cells (PSCs). The other 90% diabetic subjects are currently affected by type 2 DM (T2DM), resulting from the inability to react to insulin regulation by key metabolic tissues, the inability to regulate the generation of glucose from the liver and the dysfunction of endocrine β-cells[1]. The latter is typically believed to be cause by the increase of β-cell death[2]. Recently, accumulating evidence has suggested that β-cell dysfunction in T2DM is also caused by the dedifferentiation of glucose-regulating β-cells[3,4]. Thus, the ability to restore function of failed endocrine cells would provide a novel redifferentiative treatment for T2DM. In order to develop regenerative medicine therapies to T1DM and T2DM, the interest to both stem cells and progenitors in the pancreas has recently been progressively increased.
In general, the concept of multipotent progenitors is exchangeable with that of stem cells. The latter are usually used to define undifferentiated primitive cells that have the capacity for self-renewal themselves as well as of differentiation into terminal functional cells. For example embryonic stem cells (ESC) and induced pluripotent stem cells (iPSC, both together known as PSC) are able to produce all types of 210 cells that build up the body. Debatably, progenitors with multipotency are stem cells. Progenitors could be multipotent, oligopotent or unipotent based on their developmental potentials. Multipotent progenitors/stem cells are of fundamental importance to normal physiology and to regeneration during disease/injury repair. Multipotent pancreas progenitors (MPP) would be a rare subset present in developing and adult pancreas, and have a capacity for regeneration when required, even though their location and origin have not yet been completely established and are still controversial. In this article, we will summarize knowledge on the candidate MPP along the natural route of endocrine pancreas development and in three functional components of the pancreas. We will also propose future research perspectives on the potential MPP.

CLASSICAL EMBRYOLOGY
The pancreas is an important digestive and endocrine organ originating from the endoderm of posterior foregut. The latter along the other two germ layers is derived from the inner cell mass and would develop into the pancreas primordia when a localized area of thickened columnar epithelia along the dorsal and ventral posterior foregut appears. The columnar endodermal layer evaginates into the neighboring mesenchymal tissues of mesoderm origin and gives rise to the dorsal and ventral buds of the pancreas, respectively. Whilst continuously proliferating and branching, two buds gradually fuse together due to the gut rotation movement. Subsequently, the primordial pancreas continue to expand, transform and, finally, differentiate into the mature organ. The mature pancreas is composed of the acinar compartment that secretes digestive enzymes and fluid, that are drained into the intestinal lumen by the pancreatic ducts and, the endocrine pancreas that secrete hormones (glucagon, insulin, somatostatin, ghrelin or pancreatic polypeptide) responsible for maintaining normal glucose metabolism.
The key developmental events in the human pancreas are different from what we know about from developing pancreas in mice[5]. For instance, human dorsal bud is detectable at 26 d post conception (dpc), which is an equivalent age of embryonic day (E)9.5 in mouse embryos. The cellular developmental sequences in humans also differ from that in mice. Although they are not visible until 52 dpc, approximately 2 wk later than the equivalent stage at which they can be detected in mice, insulin-positive β-cells in humans appear precedent, unlike that in mice, to glucagon-positive -cells at 8-10 wk of gestation[6]. All islet cells are detectable at the end of the first trimester in humans[6], but at later stages (E17.5) in mice[7]. Finally, the dynamics of gene expression during embryonic development and in pathophysiological conditions also differ between the two species[8]. Readers are referred to more reviews of human pancreas development elsewhere[9-12].

POTENTIAL MPP ALONG THE DEVELOPMENT OF ENDOCRINE PANCREAS
Remarkably, PSC can be guided to differentiate into definitive endoderm (DE)-like progenitors ex vivo by applying knowledge of in vivo developmental mechanisms (Figure 1). For example, this has been achieved in culture by supplementing with a pharmacological level of activin A, a growth factor (GF) of the superfamily of the transforming GF . Furthermore, human PSC-derived self-renewable DE-like cells have been reported to expand under the stimuli of four GFs[13]. These DE-like endodermal progenitors have proliferated over 24 passages with an astonishing increase in cell numbers. To establish their reliability and utility in developmental biology, drug screening and regenerative medicine, PSC-derived DE-like cells should be biologically and transcriptomically compared to embryo-derived DE cells. Although further research is required, these endodermal progenitors may indeed function as pre-MPP in addition to possessing an incredible capacity for expansion. 

Sox9-expressing MPP
Cystic epithelial colonies expressing E-cadherin first were generated by our group (Figure 2). After dissociation, fetal pancreatic cells produced cystic colonies containing β-cells in the presence of the basement membrane glycoprotein laminin 1, 1, 1 and a bone morphogenetic protein[14,15]. Interestingly, spherical but not cystic colonies are generated in the presence of epidermal GF[16], suggesting these GFs play different roles during development. We have not investigated whether all or only some fractions of cystoid epithelial cells stochastically commits to different lineages, though it seems possible that these cystic colonies originated from multipotent progenitors that are Sox9+ (see below).
Sox genes encode versatile regulators of stem/progenitor cell fate[17], belonging to members of transcription factor family that contain the Sry (sex determining region Y) box-related high-mobility group. Sox9 for example critically regulates the development of multiple embryonic organs including the pancreas. This pivotal transcription factor is first detectable at E10.5 in the dorsal and ventral pancreases[18] and at E13.5, Sox9-expressing progenitors (Figure 3) develop into the exocrine and endocrine lineages in the pancreas[19]. However, by E16.5 the expression of Sox9 is progressively restricted to pancreatic ductal cells[19]. Genetic tracing studies reveal that Sox9 is also expressed in organs of other posterior foregut origin such as the liver, the bile duct and the duodenum. For example, it is present in bile ductal cells adjacent to the portal vein from E16.5. Sox9 also is broadly detactable in the intestinal epithelia at E13.5 but confined to the crypt region from E18.5[19]. Thus All Sox9-expressing cells in the posterior foregut region could be MPP. Supportive to these analyses, Sox9-expressing (Sox9+) multipotent progenitors purified from E11.5 Sox9-eGFP embryos generate expandable cystoid colonies that contain hormone-expressing cells in a laminin 1, 1, 1-enriched Matrigel-coated culture condition[20].
Sox9+CD133+ ductal cells generates duct-like “ring/dense” colonies (1/5) in the culture of the Matrigel-containing methylcellulose-based semisolid medium. With the addition of the roof plate-specific spondin 1, a Wnt agonist, these ring/dense colony-forming cells can be serially dissociated and replated in the presence of Matrigel with an expansion of more than 100000-fold[21]. In a laminin-containing hydrogel, the Sox9+CD133+ (cluster differentiation 133) cells are able to give rise to acinar/endocrine colonies[21]. Further investigations are needed to ascertain whether Sox9+CD133+ cells are identical to, or distinct from, the colony-forming Lgr5 [leucine-rich repeat-containing G-protein coupled receptor 5, also known as GPR49 or GPR67 (G-protein coupled receptor 49 or 67)]-expressing cells described below. However, Sox9-positive ductal and centroacinar cells are unable to produce β-cells in a few experiments for regeneration or trans differentiation, such as with cerulean-induced acute pancreatitis, an in vitro culture experiment, pancreatic duct ligation (PDL), partial pancreatectomy and a streptozotocin-induced diabetic model[19,22]. Originated from the posterior foregut endoderm, a human bile duct progenitor population known as “biliary tree-derived cells”[23] may have a MPP potential and give rise to islet lineages. However, the purified population, molecular profile and detailed developmental potential of these “tree-derived cells” require further investigations. 

Pdx1-expressing MPP
A cluster of unique cells in the thickened DE epithelium along the dorsal and ventral surfaces of the posterior foregut in E9.0-9.5 mouse embryos expresses the homeobox gene named Pdx1 (pancreas and duodenum transcription factor 1). The latter encodes a parahox homeobox-containing factor, critical for the establishment of primitive pancreas[24] as well as the maintenance of functional β-cells[25,26]. 
Studies have demonstrated that Pdx1-expressing (Pdx1+) progenitors are MPP because they give rise to acinar, ductal and islet tissues of the pancreas[27]. Genetic lineage tracing studies revealed that these MPP reside in the termini of the tree-like branching ducts in the developing pancreas that also express the acinar transcription factor known as Ptf1a and the exocrine cell marker known as Cpa1[28]. The Pdx1+ cells are capable of taking up the thymidine analogue bromodeoxyuridine (BrdU) and incorporating the latter into their genome during mitosis[29], revealing that these cells are proliferative. 
Using developmental biological knowledge, PSC have been manipulated to generate Pdx1+ cells that have been expanded for 16-fold co-cultured with pancreas-derived mesenchymal cells[30]. To verify the proliferation of Pdx1+ cells, independent confirmation of this report will be required. We also need to ascertain whether these PSC-derived Pdx1+ cells share all or partial characteristics of embryonic pancreatic progenitors, because Pdx1 is also expressed in extra-pancreatic tissues including other endoderm-derived non-pancreas organs[31]. 
In developing human pancreas, numerous PDX1+ progenitors are present between 8 and 21 wk of gestation[32,33]. These PDX1+ progenitors are frequently expressed SOX9 and highly proliferative[34], supporting the notion that pancreatic progenitors are committed from SOX9+ multipotent progenitors. The progressive increase of PDX1+ cells that co-express insulin or somatostatin is observed in this period of gestation[32]. Further research is required to investigate whether the PDX1+ progenitor pool is established by its self-renewal or by direct differentiation of the posterior foregut progenitors or both.
Strategies for proliferation, self-renewal and differentiation of pancreatic progenitors will be of importance in developmental biology and regenerative medicine. Interestingly, reserpine and tetrabenzine that inhibit the vesicular monoamine transporter-2 are shown to direct PSC-derived Pdx1+ cells to produce cells that express neurogenin 3 (Neurog3, also known as Ngn3)[35], a DNA-binding protein, belonging to the transcription factor family of the basic helix-loop-helix category. However, as a positive control, Pdx1+ progenitors purified from embryonic pancreas would have been tested with these two molecules to examine their capacity and efficiency to give rise to islet progenitors. Furthermore, caution needs to be exercised for the use of genetic lineage tracing in PSC differentiation in vitro because temporospatial cues are essential for the success of in vivo lineage tracing studies (see review by[36]). To enrich PSC-derived genuine pancreatic progenitors for further expansion and differentiation, identification of their specific markers would be highly valuable.

Neurog3-expressing pancreatic endocrine progenitors
Approximately in E9.5 mouse embryos, within the thickened posterior foregut DE epithelium there is a small cluster of cells that express a high level of the Neurog3, an endocrine determinant[27,37,38]. The cells that express Neurog3 highly are the progenitors of endocrine pancreas as they develop into all islet lineage cells in vivo. Several studies verify the critical role of Neurog3 in the ontogenesis of endocrine pancreas: Islet cells are not observed in Neurog3 targeted mouse pancreas[37]; genetic tracing demonstrates that Neurog3+ progenitors differentiate into all five types of islet cells[27]; isolated adult Neurog3+ cells reappeared after PDL can, after inoculation into an embryonic pancreas ex vivo, give rise to five types of endocrine cells[38]. Nevertheless, a few Neurog3+ cells are observed to coexpress insulin in the dual fluorescence-tagged developing mouse pancreas[39]. Another laboratory reported that PDL allows the activation of Neurog3 expression but the Neurog3-expressing cells are not able to complete the entire β-cell regeneration program[22]. Furthermore a recent study found that β-cell mass and insulin content are totally unchanged after PDL-induced injury[40], unsupportive to the conclusion of an active β-cell regeneration. The reason for these inconsistencies is unknown and future investigation is warranted to confirm or refute the conclusion. 
Whereas the expression of mouse Neurog3 mRNA in the developing pancreas plateaus approximately E15.5[41] (approximately week 9 of gestation in humans), that of human NEUROG3 is low prior to 9 wk, but increases sharply onward and remains very high until 17 wk[33]. Furthermore some cells coexpress both NEUROG3 and insulin in the embryonic pancreas from 10 to 21 wk[32]. Although earlier studies showed that Neurog3+ cells could proliferate[42,43], clonal assays by “mosaic analysis with double marker” (MADM) have confirmed that Neurog3+ cells are quiescent and commit to only one cell type of the endocrine pancreas[44]. A recent study consistently demonstrated that the activation of Neurog3 itself inhibits cell division by the activation of Cdkn1a (cyclin-dependent kinase inhibitor 1a)[45]. The inconsistencies between the previous and recent reports require future research to reconcile. Again, it is formally possible that PSC-derived Neurog3-expressing cells are not completely bona fide islet progenitors as Neurog3 is expressed in endoderm-derived non-pancreas organs.

Insulin+ multipotent progenitors
Embryonic insulin-expressing cells may be endocrine progenitors in the pancreas as they can give rise to other islet cell types in addition to β-cells at least during development[46]. By employing fluorescence-tagged tracing strategies, multipotent progenitors that are insulin+ (arguably to be MPP) in the pancreatic tissues are believed to be originated from the Pdx1+ progenitors, instead from the ectoderm-derived neural crest. These MPP-like cells express several islet progenitor markers and are able to differentiate into all endocrine cells in vivo. The MPP express a low concentration of insulin and low copies or complete lack of glucose transporter-2, clearly different from functional mature β-cells[47]. Nevertheless, studies have demonstrated that the expression of insulin gene is activated in Pdx1+ MPP, via Neurog3+ precursors to adult β-cells[48,49], thus future investigation is needed to establish what stages at which insulin+ MPP are present: the embryonic, fetal and/or adult endocrine pancreas. 
Human insulin+ multipotent progenitors have also been described with a similar developmental potential to the mouse ones. These cells, isolated from either mice or humans, could, after transplantation into diabetic mice, develop into functional cells to ameliorate hyperglycemia. Surprisingly, however, these insulin+ multipotent progenitors also gave rise to neural lineage cells in vivo[47].

Ghrelin (ε)-expressing progenitors?
Ghrelin-expressing ε-cells are the fifth cell type in the endocrine pancreas and are first discovered in the stomach. Ghrelin is a polypeptide hormone composed of 28-amino acid residuals and known to negatively regulate insulin secretion from mouse, rat and human islets[50]. Now it is well established that pancreaticε-cells are detectable in mid-gestation in mice and humans and their number plateaus during the perinatal period[51]. However, there are a substantial number of ε-cells in only human but not mouse and rat adult islets[51], raising the possibility thatε-cells could participate in the regulation of glucose homeostasis.
Deletion of the Arx gene, encoding an -cell transcription factor, drastically reduces the number of ε-cells[52]. In contrast, knockout of Nkx2.2, Pax4 or Pax6 significantly increases the number of these cells at the expense of reducing other pancreatic endocrine cell types[53,54]. Intriguingly, genetic studies of lineage tracing demonstrated that ε-cells give rise to , PP and, to a lesser extent, β-cells in adult mouse pancreas[55], suggesting that these cells have a unusual plasticity for trans differentiation towards, and may even be progenitors of, other islet cells. However, whether ε-cells would act as MPP of functional islets remains to be established.

Can islet β-cells behave like unipotent “progenitors”? 
[bookmark: OLE_LINK3]Functional duplication of insulin-secreting β-cells is first described by Dor and colleagues by using RIP (rat insulin promoter)-driving genetic lineage tracing[56]. They revealed that mouse β-cells in the endocrine pancreas could be reproduced by RIP-expressing cells under the physiological condition or after partial pancreatectomy. This report however did not preclude the presence of and the role of MPP by assuming that all RIP-expressing cells are functional β-cells. Similarly, in a transgenic model using the RIP to govern diphtheria toxin expression resulted in 70%-80% β-cell apoptosis, disrupted architecture of endocrine pancreas and eventually in the development of diabetes. Withdrawing the expression of diphtheria resulted in a significant recovery of β-cell mass, islet architecture and of normoglycemia[57]. Further analysis revealed that a subset of 20%-30% surviving “β”-cells played a major role in the β-cell regeneration and recovery of euglycemia[57]. These studies suggest that islet β-cells are indeed facultative unipotent progenitor cells.
In the sophisticated double transgenic MADM (designated RIP-CreER; Rosa26GR/Rosa26RG) mouse pancreas, each RIP-expressing clone is made up of only 5 cells after one month of chase, slightly increasing to 8 cells by two months[58]. The clusters that express RIP have been viewed as supportive evidence of regeneration of functional cells, but this should be treated with caution as discussed hereafter. A further study with a reductionist approach on the gene Hnf4 (hepatocyte nuclear factor 4) suggested that the β-cell regeneration may be associated with the signaling cascade of the Ras/Erk pathway[59] and even be modulated by cell cycle regulators such as cyclin D2[60]. Collectively, it is critical to establish and identify the well-known RIP-expressing cells either in self-duplication or in dedifferentiation both in situ and ex vivo, as the latter may be a key MPP candidate for a T1DM replacement solution.
Furthermore, lineage tracing labeled with a thymidine analogue showed that β-cells are produced within an islet by rare self-renewable cells that have a long duplication-refractory time. Under stress conditions such as during pregnancy or after partial pancreatectomy, the number of self-renewable cells is dramatically elevated[61]. However the molecular nature of these rare cells and the replication-refractory length have not been established. Future studies should characterize their molecular identity and reveal whether these self-renewable replicating cells are fully functional. Due to the ethical barrier and technical difficulties, similar studies are not possible to be undertaken to label human endocrine pancreas in vivo, but a similar research should be repeated with larger mammals.
The above described investigations of β-cell self-renewal as a regenerative mechanism have drawn considerable interest in last several years, due to its promise as a way to increase β-cell mass for the treatment of diabetes. However, these studies have not excluded whether the insulin transcript (as controlled, for instance, by the RIP transgene) is only expressed in functional β-cells. There is increasing evidence suggesting that is not the case. First, the expression of insulin gene is detectable in the Pdx1+ progenitors, dramatically increasing in Neurog3+ precursors and peaking in mature islet β-cells [48,49]. Second, the demonstration of insulin+ multipotent progenitors[47] precludes insulin as an exclusive marker of functional β-cells. Third, insulin protein has been detectable in some mouse and human islet precursors as described above. 
Taken together, the expression of insulin gene is clearly not exclusive for functional β-cells. It is formally possible β-cell populations in adults are maintained not only by the self-replication of functional glucose-regulating cells but also by the self-duplication and development of MPP. In order to demonstrate that MPP are indeed present in the adult endocrine pancreas, their clonogenesis must be established with isolated single cell MPP candidates ex vivo, with data generated from the intermediary stages of the clonogenesis, and with demonstrable ability to give rise to at least non- endocrine cells in vivo. 
	
MPP PRESENT IN THREE TYPES OF PANCREAS TISSUES
Accumulating evidence generated in ex vivo studies has suggested that MPP are present in three major tissues of the pancreas: the pancreatic ductal[62-64], acinar and islet compartments[65,66]. For instance, the application of flow cytometry has identified a potential MPP population in the mouse pancreas both in development and in adults[67]. These candidates are characterized by the exhibition of the receptor c-met for hepatocyte GF, without the presence of hematopoietic lineage markers including CD45, c-Kit (stem cell factor receptor), Flk-1 and TER119. The purified population is able to give rise to several types of pancreatic cells ex vivo and generate pancreatic endocrine and exocrine cells in situ after transplantation[67]. Nevertheless, the spatial localization and the molecular natures of these c-met positive cells are completely unknown and the clonogenesis has not been established at the single cell level.

MPP likely present in the ductal epithelium
Many studies suggest that MPP are present in the ductal epithelium. Bonner-Weir and colleagues first reported that human ductal epithelial cells in adult pancreas are able to differentiate into islet-like clusters containing insulin-secreting -cells[68]. Ramiya and colleagues showed that insulin-secreting islet-like clusters generated in vitro from mouse MPP are capable of ameliorating diabetes after being grafted under the kidney capsule[63]. In cultures of human “pancreatic ductal cell aggregates” after isolation of the islets for transplantation, cells with fibroblast-like morphology appear known as pancreatic “mesenchymal stem cells” (MSC). These cells were passaged over 12 times and expressed an array of markers of bone marrow MSC such as CD13, CD29, CD44, CD49f (also known as 6 integrin subunit), CD54, CD90 (also known as Thy1) and CD105. The pancreatic MSC are shown to be able to give rise to cross-germ layer cells such as endoderm-originated non-pancreas lineages[69]. Utilizing culture protocols suitable for producing the neurospheres of ectoderm origin, ductal cells from mouse pancreas are shown to give rise to neurosphere-like clusters that subsequently give rise to a few types of endocrine cells, such as insulin-secreting  cells[66]. Nevertheless, the exact nature of the special cells has not been established. A major limitation of the forementioned reports is the use of unenriched/unpurified cell preparations in addition to not demonstrating single-cell self-renewability.
Furthermore, numerous CK19+ ductal cells and islet cells are detected after PDL[38]. The lineage relationship between the ductal cells and islet cells has further been addressed using the genetic lineage tracing of the Cre-loxP system. Using the system, the Cre governs the promoter activity of carbonic anhydrase II gene, encoding a marker of adult ductal epithelia and controls the removal of the stop sequence (Rosa-loxP-stop-loxP-lacZ) in the reporter Rosa26 (R26R) mice. This resulted in Cre-driving -galactosidase expression in ductal epithelia. After 28 d in normal or PDL pancreas, the activity of -galactosidase is detectable in numerous ductal epithelia, localized acinar tissue and in up to 40% islet cells[70,71]. These data have been viewed as further evidence that the ductal cells expressing carbonic anhydrase II are able to regenerate mouse endocrine cells. It remains unclear, nevertheless, how many cells that express carbonic anhydrase II have this regenerative capacity, how many potential MPP are present or whether a trans differentiation process also takes place.
[bookmark: _GoBack]Nevertheless, once an exon of the ductal epithelial marker gene Tcf2 (T cell factor 2, also known as Hnf1, hepatocyte nuclear factor 1) is exchanged with the transgene containing Cre, the lineage tracing has demonstrated that the Tcf2+ cells in the postnatal duct cannot develop into endocrine cells in both normal and PDL pancreas[72]. However, a complicating factor in this report is that one allele of Tcf2 was non-functional, leading to reducing by half the transcription of Tcf2. As heterozygous Tcf2 mutant does not support pancreas development in mice and humans[73,74], inactivation of one allele of Tcf2 in the lineage tracing studies may have led to haploinsufficiency and affected the differentiation of potential MPP into functional islet cells.
Fbw7 (F-box and WD-40 domain protein 7), an ubiquitin ligase, is expressed in embryonic and adult ductal epithelial cells. Deletion of this gene stabilizes the heavily ubiquitinated Neurog3, and reprograms the ductal cells to ,  and somatostatin-producing -cells[75]. This study suggests that pancreatic ductal cells are a latent MPP and Fbw7 is a critical cell-fate regulator. Nevertheless, this report did not describe whether all or a small fraction of the ductal cells express Fbw7 and what the frequency of the reprogramming event is; both are critical to assess whether this might become a viable strategy to regenerate islet cells by suppressing the Fbw7 signaling. A fundamental assay on reprogrammed cells to ameliorate diabetes has also not been reported.
Interestingly, PDL robustly activates the Wnt signaling pathway and allows the regenerating ducts to express Lgr5[76], a Wnt target which marks actively dividing stem cells such as those present in the intestine[77]. Purified ductal Lgr5-expressing cells are also responsive to spondin 1 and form clonal 3D pancreatic organoids within the gel-forming Matrigel that generate ductal as well as endocrine lineages upon transplantation[76]. 

MPP likely present in acinar tissue of the pancreas
In the clinic with experimental transplantation of donated islets from the cadaver’s pancreas, the acinar cells are normally un-used. The discovery of a scientific and practical value for the acinar cells has hence drawn considerable attention. Cotransplantation with pancreatic cells from fetal mice under the kidney capsule in the immunocompromised mice, the acinar cells are reported to give rise to islet cells with undetectable -cell division or cell fusion[78]. The results imply that MPP or progenitor cells might be present in the acinar tissue of human adult pancreas. Moreover, the Cre-loxP lineage tracing analysis showed that acinar cells expressing amylase and elastase gave rise to insulin-producing cells in a rotating culture system[79]. Nevertheless, a self-renewable assay at the single-cell level and its intermediate steps need to be demonstrated. Additionally, these studies have not excluded the possibility that some pancreatic acinar cells might have trans differentiated into surrogate insulin-expressing cells[80,81]. This likelihood was supported by a previous study that showed that mouse acinar cells could be directly re-programmed in vivo to -like cells by forced expression of three DNA-binding genes, namely, Pdx1, Neurog3 as well as MafA[82]. In addition, as the acinar cells from cadavers[78] were not isolated by FACS, residual ductal or even islet cells present in the system may have compromised their conclusion. Supporting this view, a lineage tracing study in vivo did not provide evidence that the mouse acinar cells would give rise to insulin-secreting -cells after 70%-80% pancreatectomy[83]. Thus these inconsistencies remain to be addressed more carefully.

MPP likely present in the endocrine pancreas
A large body of evidence suggests that the islets of Langerhans harbor the MPP. The potential MPP are nestin+ and hormone- present in both rat and human islets. These nestin+ cells are reported to expand in culture for approximately 8 mo and differentiate into cells that exhibit markers of liver (-fetoprotein) and pancreas lineages (including amylase, CK19, PDX1, glucagon, insulin and neural-specific cell adhesion molecule). These nestin+ MPP candidates may thus have been involved in the generation of new pancreatic islet cells[65], potentially modulated by the incretin hormone GLP1, a processed product from the polypeptide proglucagon[84]. It, however, remains unclear whether these nestin+ cells are either islet or duct-originated multipotent progenitors that transform into neurosphere-like structures as well as differentiated into -like cells of the endocrine pancreas[66], or the outgrown fibroblast-like cells that expand readily and differentiate in vitro into aggregates of non-typical hormone-expressing endocrine cells[85]. Human endocrine cells transduced with a RIP-controlling transgene dedifferentiated into fibroblast-like cells that proliferate up to 16 population doublings without detectable insulin expression[86]. Nevertheless, In vivo Nestin+ cells are mostly present in non-endodermal-derived compartments[87,88]. Governed by their promoters, Pdx1- and RIP-expressing cells have not committed significantly ex vivo to the observed cells with fibroblast-like morphology[89].

 These discrepancies require clarifications in the future studies.

CONCLUSION
The presence of MPP remains to be conclusively established. Future development of the field needs to: establish essential criteria for MPP; screen and select cell surface antigens that can be used to generate antibodies for purification of candidate MPP and establish a simple, effective and robust in vitro assays and in vivo experimental protocols for the examination of the multipotency and lineage commitments of isolated MPP candidates.
The following minimal criteria have to be satisfied: (1) enriched or purified cell population by FACS or other technologies should form colonies at the single cell level; (2) single cells after purification should be studied ex vivo with their self-renewability; (3) colony cells would be able to differentiate in vitro into multiple functional cellular lineages; and (4) the clonogenic cells post transplanted into a recipient should be able to give rise in vivo to different terminally differentiated lineages. 
Thus, embryonic mouse Sox9+ multipotent progenitors and probably adult Sox9+ ductal cells satisfy some but not all criteria of MPP. Research into MPP would therefore be highly valuable for two reasons. First, MPP differentiation and trans differentiation of non-β-cell types in the pancreas may provide an important source for surrogate β-cells. Second, as there is a significant difference in regeneration capability of islets from mice, rats to humans, we should not extrapolate directly from rodent regenerative data to humans. 
Future MPP research should apply integrated approaches, different from many previous in situ or ex vivo studies that did not target defined cell populations. Application of flow cytometry and cell surface markers would allow the separation of interested subsets for demonstrating in vitro the capacity of self-duplication, clonogenesis and differentiation. The latest technologies such as single-cell RNA-seq, single-cell genomics and single-cell epigenomics[90-92] should be applied to examine their developmental dynamics, differentiation pathways, gene interactions and genetic heterogeneity, and along with genetic studies to characterize their growth pattern, biological potential and lineage commitment in vivo. Lastly cross-sector, cross-institutional and global collaborations as well as the involvement of the biotechnological and drug companies will eventually deepen our understanding of MPP that assists the establishment of a platform towards a regenerative therapy for both T1DM and T2DM. 
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Figure 1 Multiple fate selections allow the development of the pancreas islet lineages. Committed from one of three germ layers (the ectoderm, mesoderm and endoderm) during gastrulation, the definitive endodermal cells (DE) are marked by the expression of Sox17 (the Sry-related HMG box transcription factor 17) and Foxa2 (foxhead homeobox 2a). Along the anterior-posterior axis the DE is divided into foregut (giving rise to the lung, thyroid and esophagus), posterior foregut [PF, marked by the expression of the transcription factor Hnf4a (hepatocyte nuclear factor 4a) and hindgut (committing the intestine and colon). In vitro, retinoid acid would direct the DE cells to PF cells. Largely to the liver and duodenum, a fraction of the PF cells give rise to pancreatic progenitors (PP, marked by the expression of the transcription factor Pdx1). Mostly to the exocrine and ductal tissues, the PP commits to progenitors of the endocrine islet lineages [IP, marked by the expression of Neurog3, as well as NeuroD (neural differentiation 1), IA1 (insulinoma associated 1), Isl1 (Islet 1), Pax6 (paired box factor 6) and Rfx6]. The IP then differentiates into at least five types of islet cells [, β, δ (somatostatin), PP (pancreatic polypeptide) and ε(ghrelin)].
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Figure 2 Cystic colony formation from dissociated fetal mouse pancreas cells. A: Phase contrast image showing that BMP6 promotes colony formation. Open arrows indicate colonies ≤ 30 μm; B: Immunocytochemical analyses: a: Proinsulin staining. Fixed colonies were stained with proinsulin antibody (brown); b: Activin A antagonizes colony formation; c-d: Insulin staining. Histological sections of harvested colonies were stained with anti-insulin antibody (brown). Adapted and modified from[14].
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Figure 3 Cystic colonies generated from Sox9-tagged cells. A: Embryonic Sox9+ progenitors in the pancreas capable of generating cystic colonies; a: Sox9 is expressed in most ductal progenitors in E11.5 mouse pancreas; b: Cystic colonies are formed from purified Sox9-eGFP+ progenitors in E11.5 mouse pancreas; B: Purified Sox9+ cells in adult mouse pancreas capable of generating cystic colonies under a phase contrast (a) or a fluorescence microscope (b). Adapted and modified from[20,21]
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