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Diabetes mellitus is amongst the leading causes of morbidity and mortality worldwide. 
Insulin-producing pancreatic -cells are central in establishing adequate glucose 
regulation and loss of functional -cells results in the development of diabetes. Although 
it was previously thought that fully differentiated cells cannot change phenotype, recent 
murine studies indicated that mature -cells can change identity into other islet cells under 
conditions of (metabolic) stress. It has been hypothesized that this process is associated 
with -cell dysfunction and loss of -cell mass that occurs in diabetes. Moreover, it was 
shown that islet cells can convert into functional -cells, providing a possible source to 
obtain new -cells. It is not known whether adult human -cells can change identity and 
whether mechanisms of islet cell conversion play a role in human diabetes. The aim of this 
thesis is to explore the stability of adult human -cell identity and to investigate whether 
loss of -cell identity plays a role in the pathophysiology of diabetes. 

D I F F E R E N T  F O R M S  O F  D I A B E T E S  M E L L I T U S

Diabetes mellitus is characterized by glycemic dysregulation, caused by an imbalance in 
the secretion of the pancreatic hormones insulin and glucagon in relation to blood glucose 
levels. Presenting clinical symptoms typically consist of polyuria, polydipsia, weight loss 
and sometimes polyphagia (1). Two main diabetes subtypes are distinguished based on 
the pathophysiology; type 1 diabetes mellitus (T1DM) and type 2 (T2DM). While glucose 
levels in the range of 3.5-6 mmol/l are considered normal, a fasting serum glucose level of 
≥7 mmol/l is diagnostic for diabetes (2). Damage to macro- and microvasculature caused 
by dysregulation of glucose homeostasis, makes diabetes the leading cause of renal failure 
and blindness in developed countries, and increases the risk of stroke and lower-limb 
amputations (3-5). The number of diabetes patients increased globally from 153 million 
in 1980 to 347 million in 2008 (6). In the Netherlands, these numbers correspond to ~1 
million diabetes patients, of which approximately 90% has T2DM.

T1DM is caused by a selective autoimmune destruction of the pancreatic -cells, 
leading to insulin deficiency (7). Even though genetic predisposition and environmental 
factors are implied in the pathogenesis, the precise triggers eliciting the autoimmune 
reaction are not known. The disease predominantly occurs in younger people that are in 
direct need of lifelong exogenous insulin replacement therapy (8). The pathophysiology 
of T2DM results from a complex interplay of genetic factors and lifestyle behaviours 
that are associated with obesity. This interplay causes peripheral cells such as muscle or 
adipose tissue to respond inadequately to normal insulin levels, a process known as insulin 
resistance (9). Pancreatic islets will normally adapt to increased serum glucose levels by 
increasing the number of -cells and increasing insulin secretion of individual -cells 
(10). Failure of -cell mass adaptation can arise from a lack of newly formed -cells or by 
increased rates of apoptosis. Furthermore, when glucose concentrations are chronically 
elevated, first phase insulin secretion becomes blunted (11). Together, -cell dysfunction, 
loss of -cell mass and insulin resistance with increased hepatic glucose production lead 
to worsening of hyperglycemia. 
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Less often occurring diabetes subtypes include the distinct forms of Maturity-Onset 
Diabetes of the Young (MODY), caused by autosomal dominant inherited monogenic 
defects in essential -cell genes (12). Furthermore, diabetes can be induced by pregnancy 
(gestational diabetes), certain drugs amongst which immunosuppressive drugs, exocrine 
pancreatic disorders such as cystic-fibrosis or severe pancreatitis, or in the context of 
syndromal disorders (1).

PA N C R E AT I C  I S L E T  P H Y S I O LO G Y

The pancreas consists of two glandular compartments that exert an exocrine and endocrine 
function. The exocrine gland plays a role in digestion by the secretion of digestive enzymes 
such as amylase or lipase and secretion of bicarbonates via the pancreatic duct system into 
the duodenum (13). The endocrine compartment occupies 1 to 2% of the pancreas and 
consists of approximately 1 million cell clusters that are scattered throughout the exocrine 
pancreas, so called islets of Langerhans. 

Islet hormones 

Pancreatic islets are highly vascularized micro-organs that secrete hormones directly in 
the bloodstream. The most frequent cell types in human islets are insulin-producing -cells, 
representing 50-70% of islet cells, and glucagon-secreting -cells (20-30%). The remaining 
islet cell types either produce somatostatin ( -cells) or  pancreatic polypeptide (PP-cells), 
while ghrelin-producing -cells can be found mainly during development and at lower 
frequency in adult human islets (14). The unique architecture of human islets has been 
emphasized by several studies (15-17). The majority of -cells (~70%) are in direct contact 
with -cells, and are in contact to the microvasculature to facilitate hormone secretion. 
In contrast to the human situation, mouse islets have a distinct architecture where -cells 
comprise ~80% of islet cells and form the islet core surrounded by other islet cells  
(mainly -cells) in the periphery (18).

Insulin protein is exclusively produced in -cells. Upon transcription, the mRNA is 
translated into the protein preproinsulin. Post-translational processing in the endoplasmic 
reticulum includes proper folding of the protein and the formation of disulphide bonds 
between the A and B chains (19). Subsequently, the C chain will be cleaved off in the Golgi 
apparatus by prohormone convertase 1/3 (PC1/3), resulting in C-peptide and monomeric 
insulin (20). Mature insulin is then stored in secretory granules as stable hexamers 
surrounding 2 zinc atoms at a local pH 5.5. Under high glucose conditions, -cells secrete 
insulin into the surrounding neutral pH leading to dissociation of the hexamers (19). 

The prohormone proglucagon can be processed into different products following 
enzymatic cleavage. In -cells, the abundance of PC2 results primarily in the 29 amino 
acid long peptide hormone glucagon. In intestinal L-cells, proglucagon is cleaved via 
PC1/3, resulting in incretin hormones such as glucagon-like peptide-1 (GLP-1), GLP-2  
and glicentin (21).



1

GENERAL INTRODUCTION

13

Hormone secretion

Accurate glucose sensing and insulin secretion are essential to maintain glucose levels 
within a narrow physiological range. These processes are established by an intricate 
network of glucose transporters and enzymes in combination with the dense capillary 
network. During normal glucose levels, the -cell membrane potential is negatively 
charged. Increased blood glucose concentrations lead to increased glucose uptake 
by -cells, in animals via the glucose transporter Glut2 and in humans more likely via 
Glut1 (22). Glucose will be phosphorylated by glucokinase and used by mitochondria 
to produce ATP (23). The higher ATP/ADP ratio leads to closure of KATP-channels, which 
increases the membrane resistance and in turn leads to depolarization and opening of 
voltage-gated Ca2+-channels. The increased intracellular calcium concentration triggers 
fusion of insulin granules with the plasma membrane inducing exocytosis (Fig. 1) (23). 
Circulating insulin binds the insulin receptor on its target cells and signals intracellularly via 
the insulin receptor substrate proteins (IRS) and phosphatidylinositol 3-kinase (PI3K) (24). 
Insulin signalling stimulates glucose uptake mainly in the liver, muscle and adipose tissue 
via activation of the glucose transporter Glut4, decreases hepatic glucose production 
(gluconeogenesis and glycogenolysis) and induces glycogen storage and lipid synthesis. 

Glucagon secretion is generally triggered by low glucose levels, but can also be 
stimulated by circulating amino acids or lipids. Although the mechanisms of glucagon 
granule secretion are not fully understood, it is controlled by a combination of intrinsic 
KATP-channel dependent glucose sensing (hypoglycemia stimulates glucagon secretion), 
neuronal signalling (autonomic nervous system) and paracrine mechanisms (e.g. insulin, 
somatostatin and Zn2+) (25;26). Similar to insulin secretion, glucagon exocytosis depends 
on electrical activity and is a Ca2+-dependent process. However, using the KATP-channel 
stimulator diazoxide, it was shown that glucagon secretion is inhibited both when the KATP-
channel activity is too low or too high and has a specific bell-shaped optimum (27). 
Circulating glucagon binds to the glucagon receptor, signalling inwards via cyclic AMP and 
protein kinase A (28). Glucagon works counterregulatory to insulin by stimulating glucose 
production in the liver via gluconeogenesis and glycogenolysis, but also exerts negative 
feedback on glucagon secretion itself and induces insulin secretion (29). 

In conclusion, mature - and -cells are highly specialized endocrine cells that, in order 
to be fully functional, depend on a defined set of proteins that allow cell-specific actions 
such as hormone processing, glucose sensing and hormone secretion (including granule 
formation, transport and release). For the sake of this thesis, we will define functional islet 
cells as those that express and secrete hormones in a physiological manner to maintain 
normal glucose levels.  

E M B RYO N I C  D E V E LO P M E N T  O F  T H E  PA N C R E A S

Pancreas development is first noticeable by the formation of endodermal outgrowths on 
the foregut endoderm, called the dorsal and ventral pancreatic buds. These branching 
epithelial structures start to arise at embryonic day (E) 9.5-10 in mice, comparable to 
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Figure 1. Glucose stimulated insulin secretion. In pancreatic -cells,  glucose stimulated insulin 
secretion starts by transportation of glucose into the cell via glucose transporters (Glut2). Glucose is 
phosphorylated by glucokinase (GCK) into glucose-6-phosphate and eventually converted into ATP.  
The increased ATP/ADP-ratio will trigger the closure of ATP-dependent potassium channels (subunits 
Sur1 and Kir6.2) which will lead to membrane depolarization and opening of calcium channels. The rise in 
intracellular calcium levels stimulates the exocytosis of insulin-containing granules into the bloodstream. 
Transcription factors that are essential for proper -cell function are noted in the nucleus of the cell.  
Figure adapted from Pagliuca and Melton with permission (113).

a human embryonic age of 2-3 weeks (30;31). The early transition from definitive endoderm 
to pancreatic endoderm is mainly initiated by the transcription factor pancreatic duodenal 
homeobox-1 (Pdx1) (32), and null mutations in this gene result in pancreatic agenesis (33). 
Epithelial proliferation and remodelling follows a tip-trunk segregation. Acinar structures 
will derive from the cells in the tip of the proliferating epithelium, while ductal and endocrine 
cells are formed from bipotent progenitors in the trunk region starting at E11.5 (34). 
Expression of neurogenin3 (Ngn3) indicates commitment of trunk cells to the endocrine 
lineage (35). These precursor cells subsequently delaminate from the epithelium to form 
islet-like structures (36). In humans, vascularised structures in the parenchyme containing 
small islet aggregations appear from week 14 to 15, whereas adult-like islets containing 
all four endocrine cell types and a fine capillary network are observed by the beginning of 
the second trimester (31).
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Lineage-specification within the endocrine compartment is controlled by the expression 
of specific transcription factors (Fig. 2) (35). Studies on genetically mutant mice have 
shown that the presence or absence of single transcription factors can skew endocrine 
progenitors towards a specific hormonal fate. For example, Nkx2.2 mutant mice show an 
increased number of ghrelin-containing -cells and a reduction in -, - and PP-cells (37). 
Deletion of Pax4 results in the loss of -cells and an increased proportion of both -cells 
and -cells, while the opposite holds true for Arx null mutant mice, in which the number 
of -cells and -cells increases at the expense of -cells (38;39). Finally, Arx/Pax4 double 
mutant mice show a massive number of -cells, but no - or -cells (40).

Figure 2. Lineage differentiation of -cells and -cells. Development of - and -cells is regulated 
by a complex interplay of specific transcription factors enabling functional maturation. Note that some 
factors (such as Pdx1) play a role in early cell development as well as in mature -cells. Furthermore, 
despite their opposing functions in glucose metabolism, - and -cells share the expression of many 
transcription factors during development (such as NeuroD, FoxA2 and MafB).

Further maturation to form functional endocrine cells takes place after lineage 

specification. Although fetal human islets already secrete insulin during the first half of 

gestation (~week 17-20), implying the development of glucose sensing and hormone 

processing, the typical biphasic insulin secretion occurs in the early postnatal period 

(41;42). The developmental processes enabling glucose induced insulin secretion (GSIS) 

are not fully elucidated, but important roles have been identified for transcription factors 
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MafA, MafB, Pdx1, FoxA2 and NeuroD using genetically modified mouse models. High 
expression of MafA appears critical for the maturation of functional islet cells, also when 
the insulin-producing cells are derived from human embryonic stem cells (43). Accordingly, 
the loss of MafA during mouse development did not reduce the numbers of endocrine 
cells, but rendered them glucose-intolerant after birth (44). MafB is expressed both in 

- and -cells during development. During postnatal maturation in mice, MafB becomes 
restricted to -cells, while MafA remains restricted to -cells (45;46). While Pdx1 plays 
an essential role in the development of the early pancreas, its role is equally essential 
during further development and -cell maturation. Both MafA and Pdx1 recognize specific 
binding sites that are present on promoters of essential -cell genes such as Insulin, 
Nkx6.1, Glut2, Glucokinase, the zinc transporter Slc30a8 and KATP-channels such as Kir6.2 
(Kcnj11) (47;48). Accordingly, mice that lack Pdx1 specifically in -cells become diabetic 
during adulthood and show impaired expression of both Glut2 and insulin (49). Foxa2 
is essential in the maturation of both - and -cells. Initial islet cell specification is not 
perturbed in conditional Foxa2-/- mice (unconditional homozygous Foxa2 null mice die 
during midgestation), but a 90% reduction in glucagon expression occurs in -cell specific 
KO mice with a complete lack of the prohormone convertase PC2 (50). -cell specific 
FoxA2 KO mice die shortly after birth because of (amongst others) the lack of KATP-channel 
expression (Kir6.2) and sulfonylurea receptor 1 (SUR1), resulting in hyperinsulinemic 
hypoglycemia (51;52). Finally, inactivation of NeuroD in -cells during development 
resulted in severe glucose intolerance because of impaired GSIS, even though the islets 
still had half of the amount of insulin present (53). 

Altogether, the development of mature islet cells depends on the complex interaction 
of specific transcription factors at specific time points. These factors will eventually activate 
the genes that constitute functional hormone secreting cells. 

T H E  R O L E  O F  -  A N D  - C E L L S  I N  T H E  PAT H O P H Y S I O LO G Y  O F 
D I A B E T E S

Whereas the architecture of pancreatic islet cells and cellular processes is delicately 
organized during normal development, it becomes disturbed in diseased state. In T1DM, 
islet pathophysiology is generally characterized by the autoimmune destruction of -cells 
(Fig. 3) (54). However, recent studies indicate that T1DM is not a static disease after 
initial -cell destruction. Pathological features of T1DM such as insulitis and HLA class 
I hyperexpression can still be present in patients with longstanding disease and usually 
occur in a multifocal pattern throughout the pancreas (55). Keenan et al showed that 67.4% 
of patients with longstanding diabetes (>50 years) have residual -cell function defined as 
measurable serum C-peptide levels (56). Besides the primary profile of -cell pathology 
in T1DM subjects, patients also have defects in -cell regulation. Already in recent-onset 
patients, impairment in the suppression of glucagon levels in response to hyperglycemia 
is apparent, even though fasting plasma glucagon levels are similar to healthy controls 
(57). Moreover, the glucagon response to hypoglycemia can become blunted early in 
the course of type 1 diabetes (58). Possible explanations are that the local (intraislet) 
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insulin-mediated -cell suppression is lost in T1DM because of the insulin deficiency or 
that the autoimmune process may change the microenvironment so that -cells become 
unresponsive to paracrine insulin signalling (59).

Though less extreme than in T1DM, changes in islet architecture are distinct in T2DM 
(Fig. 3). An initial phase of -cell mass compensation occurs following chronic exposure 
to high glucose load and insulin resistance, but final -cell decompensation will result 
in glycemic dysregulation (11). Although -cell dysfunction (disturbed GSIS) is central 
in the decompensation, marked changes in islet architecture can also be found. First, 
several studies on post-mortem sections or isolated islets of T2DM donors have shown 
a decreased -cell mass and increased rates of -cell apoptosis compared to non-diabetic 
controls (60-63). Although the importance in the etiology of T2DM is since long debated, 
the fact that -cell mass is decreased in T2DM is now generally accepted (64;65). 

Figure 3. Changes in islet architecture related to diabetes. Representative images showing the islet 
architecture in a pancreatic biopsy of a non-diabetic donor (ND) and  a donor with T1DM or T2DM stained 
for the hormones insulin (red) and glucagon (green). ND islets (left panel) display a mixed architecture of 

- and -cells containing a higher proportion of -cells. Islets in T1DM (middle panel) are characterized 
by destruction of -cells while -cells remain. Islets in T2DM display a reduced number of -cells and 
may show degradation of islet architecture by the formation of amyloid plaques (indicated by asterisks).

Glucagon dysregulation plays an important role in T2DM as well. On the islet level, 
although a relative increase in -cells has been reported in T2DM (15;63;66;67), a recent 
study measuring absolute -cell mass did not find this difference (29). Functionally, glucagon 
regulation is clearly abnormal under hyperglycemic conditions, and recent studies support 
that fasting plasma glucagon levels are elevated as well (68-71). The paradoxically elevated 
glucagon levels during hyperglycemia contribute to increased hepatic glucose production, 
thereby worsening hyperglycemia (72). Furthermore, the formation of islet amyloidosis is 
a hallmark of T2DM islets. While islet amyloid polypeptide (IAPP) is normally stored in 
insulin granules and co-secreted, its aggregation into -sheets leads to the formation of 
islet amyloid plaques (73). Even though it is controversial whether amyloid is a cause or 
a consequence of -cell dysfunction and apoptosis, there is a clear association with T2DM 
(66;74;75). Moreover, it has been shown that IAPP oligomers can be toxic in vitro and can 
elicit an inflammatory response (76;77). 
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In summary, though the pathophysiology of T1DM and T2DM are clearly different, islet 

architecture and islet cell function are affected in both types of diabetes. Moreover, both 

-cell and -cell function are impaired, resulting in hyperglycemia and a poor response  

to hypoglycemia. 

D I A B E T E S  T R E ATM E N T  U S I N G  I N S U L I N  R E P L AC E M E N T  O R 
- C E L L  R E P L AC E M E N T  T H E R A P Y

Since both types of diabetes are characterized by a failure of -cells leading to 

hyperglycemia, current therapy is mainly focused on the replacement of -cell function. 

The common goal for both T1DM and T2DM is to replace the (relative) insulin shortage to 

prevent shortterm dysregulation and longterm complications (78).

T1DM requires lifelong insulin replacement therapy. This can either be achieved 

by manual injection of long- and short-acting insulin or by insulin pump therapy. New 

developments that combine continuous glucose monitoring with smart algorithms can 

automatically titrate the required amount of insulin, thereby alleviating the burden of 

repeated glucose measurements (79). 

Since the pathogenesis of T2DM reaches beyond the pancreatic islets, therapy is 

aimed at several targets altogether resulting in preservation of -cell function and action. 

The action of clinically approved drugs include the inhibition of hepatic glucose production 

(biguanides), ameliorating peripheral insulin sensitivity (biguanides, thiazolidinediones), 

increasing insulin levels either irrespective of plasma glucose (sulphonylurea derivatives, 

exogenous insulin) or glucose-dependent (incretin-based therapy), or increasing glucose 

excretion (SGLT2 inhibitors) and often a combination of these modes of action (80).  

Tight glucose regulation using sulphonylurea derivatives or insulin injections has 

the down side of an increased risk of hypoglycemia. The combination of attenuated 

glucagon and epinephrine responses causes the clinical syndrome of defective glucose 

counterregulation (81). Strict glycemic control therefore significantly increases the risk of 

hypoglycemic events both in patients with T1DM and T2DM that are under insulin therapy 

(78;82). The accompanying fear of hypoglycemia provides a psychological barrier that can 

have further negative impact on diabetes management (83). 

Current -cell replacement therapy; pancreas or islet transplantation

For patients that suffer from labile glucose regulation and its long-term complications 

despite optimization of insulin therapy, -cell mass replacement is a therapeutical option. 

The concept of transplanting pancreas grafts or extracts is already under investigation 

since 1894 (84). Currently, -cell replacement is achieved by transplantation of a whole 

donor pancreas or of isolated islets. In the latter case, the pancreas is first enzymatically 

digested and islets are separated from the non-islet tissue using a density gradient. 

The purified islet preparation can then be cultured and transplanted, commonly by infusion 

in the portal vein (85).

Whole pancreas transplantation can be performed as a simultaneous pancreas and kidney 

transplant (SPK), pancreas after kidney transplantation (PAK) or pancreas transplantation 
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alone (PTA). Graft survival rates after 3 years currently range from 75-85% with SPK 
showing the most favourable results (86). Besides replenishing the functional -cell mass, 
pancreas transplantation normalizes glycemic control by restoring glucagon secretion, 
restoring the epinephrine response to hypoglycemia and by normalizing hepatic glucose 
production (87-89). Pancreas transplantation is an invasive procedure and the associated 
complications increase recipient morbidity and mortality. Amongst the most common 
complications requiring relaparotomy belong pancreas graft thrombosis, intraabdominal 
bleeding and deep wound infections (90). 

For islet transplantation until the year 2000, only 12% of transplantations resulted in 
insulin independence for a time period of more than a week. It was only since the so-called 
Edmonton protocol was developed that intraportal islet transplantation was considered to 
be a successful and promising experimental therapy (91). The main reasons for the success 
of this protocol were found in the greater number of islets transplanted and the new 
immunosuppressive regimen that was applied. While high doses of glucocorticoids 
were commonly used (known to be diabetogenic), the Edmonton study developed 
a glucocorticoid-free regimen containing sirolimus, low-dose tacrolimus and daclizumab 
(a monoclonal antibody against the interleukin-2 receptor), inhibiting T-cell proliferation. 
After one year, insulin independence was achieved in 44% of patients, while 28% had 
partial graft function (92). More than 750 patients worldwide received an intraportal 
islet transplantation ever since, either as islet transplantation alone or following kidney 
transplantation (93). Criteria for patient eligibility include glycemic lability despite treatment 
optimization, recurrent hypoglycemic episodes and hypoglycemia unawareness. Follow-up 
data from the Edmonton cohort recently showed that 15% of transplanted patients was 
insulin independent after nine years (93). In >70% of these patients persistent C-peptide 
secretion and complete protection from hypoglycemic episodes was apparent, usually 
through the use of multiple (two or three) donors (93). A cohort from France showed similar 
results using the Edmonton protocol, reporting 57% insulin independence after 3.3 years 
(94). Furthermore, a recent islet-after-kidney transplantation cohort from Leiden showed 
the presence of C-peptide in 92% of patients after a 2-year follow-up period (95). Islet 
transplantation improves insulin sensitivity, is associated with restoration of hepatic glucose 
production and some but not all reports describe an improved counterregulatory reaction 
(96-99). The relatively uninvasive nature of percutaneous intraportal islet transplantation 
is associated with few procedure-related complications which include partial portal vein 
thrombosis and liver bleedings (92).  

A current drawback of islet transplantation is the limited number of surviving islet cells 
directly following transplantation, estimations referring to 20-40% of the infused islet cell 
mass (100). The majority of this loss likely occurs directly following infusion in the portal 
vein due to hypoxia in the venous system, hyperglycemia and instant blood-mediated 
inflammatory reactions (101). Moreover, even though immunosuppressive regimens 
have improved, many of the drugs used are still harmful to islets. To improve survival 
of transplanted islets, several research groups focus on the production of encapsulation 
devices that serve as an impermeable barrier to immune cells while permitting nutrient 
diffusion and actively recruiting vascularization (102;103).  
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P R O D U C I N G  D E  N OVO  - C E L L S  F R O M  S T E M  O R  P R O G E N I TO R 
C E L L S

Considering the ~1 million diabetes patients, even the most promising scenario in which 
every offered donor organ in the Netherlands would be used to transplant one patient, 
the number of transplantations would not exceed ~250 per year. Clearly, the shortage of 
donor organs limits the widespread use of -cell replacement therapy, and calls for novel 
sources of -cells. 

New -cells could either be derived by directed differentiation of (pluripotent) stem 
cells or progenitor cells, transdifferentiation or lineage conversion of other cell types, 
or by replication of pre-existing -cells (Fig. 4) (104). While -cell replication is a potent 
mechanism in murine models (105), very low levels are present in mature human -cells 
(60;106;107). For -cell replication to become a promising therapeutic approach, 
mechanisms that prevent human -cells from proliferating should first be uncovered and 
circumvented in a safe manner (108;109). 

Pluripotent stem cells (PSC) have the potency to self-renew indefinitely and to differentiate 
into all 3 embryonic germ layers (endoderm, ectoderm and mesoderm). Commonly used 
PSC include human embryonic stem cells (hESC) and human induced pluripotent stem 
cells (hiPSC, reprogrammed adult somatic cells such as skin fibroblasts) (110;111). Since 
the differentiated state of PSC is comparable to that of the early embryo, differentiation 
protocols to obtain -cells recapitulate embryonic development by the addition of specific 
growth factors and extracellular matrices (112;113). Standardized protocols initially lead to 
the formation of immature insulin-producing cells in vitro that become further maturated 
(i.e. glucose-responsive) within 3-4 months following transplantation into immunodeficient 
mice (43;114). Recently, extended differentiation protocols for hESC and hiPSC obtained 
cells that secreted insulin in comparable amount to adult -cells in response to multiple 
glucose challenges in vitro and prevented or reversed hyperglycemia in mice (115;116). 
Remaining hurdles for clinical application include the ethical discussion (mainly on the use 
of hESC), the development of robustly defined protocols and safety issues concerning 
genetic stability and the risk of teratoma formation (117).  

Adult stem cells or organ-specific progenitor cells are committed to differentiate into 
the cell types of the organ in which they reside. Typical examples of active adult stem 
cells reside in the  intestine and the skin, where ongoing tissue renewal takes places (118). 
Several reports have used lineage tracing methods to show that cells from the pancreatic 
ductal compartment contribute to the replacement of functional -cells following injury in 
adult mice (119;120). Upon injury by partial duct ligation, the adult stem cell marker Lgr5 
was expressed in regenerating pancreatic ducts and isolated cells could be expanded 
ex vivo (121). Since these studies were questioned using alternative lineage tracing 
strategies, the debate on the actual presence and location of pancreatic progenitor cells 
in adult pancreas is ongoing (34;122;123). However, studies on human cadaveric donor 
organs have noted more insulin-expressing cells in the ductal epithelium of pancreas from 
obese donors and pregnant women compared to controls (60;124). Moreover, culture of 
human islet-depleted tissue remaining after islet isolation formed islet-like structures that 
showed insulin expression (125-127). 
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Other groups reported the finding of rare stem cells that were isolated from adult 

mouse and human pancreas and differentiated into -cells and neurons (128). Genetic 

lineage tracing revealed that these cells were derived from initially insulin-expressing cells 

(129), it is therefore not clear whether these cells represent true stem cells in vivo or -cells 

that were dedifferentiated in vitro as shown previously (108;130). 

Finally, mesenchymal stem cells (MSC) have been investigated to develop new -cells. 

MSC are easily retrievable from bone marrow, adipose tissue or umbilical cord blood, 

can be expanded for multiple passages and can differentiate into blood, bone and 

adipose tissue cells (131). Initial reports described that MSC derived from bone marrow or 

splenocytes had the potential to differentiate into -cells (132-134). Unfortunately, these 

studies could not be confirmed by several other groups (135;136). Current studies using 

MSC are focused on their angiogenic potential and evident role in immunomodulation in 

combination with allotransplantation (137;138).  

Altogether, the application of stem cell technology holds great promise for future 

clinical application and important steps are being made especially in the differentiation of 

Figure 4. Strategies to generate new -cells. Directions to generate new -cells are divided as directed 
differentiation, replication or transdifferentiation. Directed differentiation makes use of pluripotent stem 
cells or adult progenitor cells. Differentiation protocols aim to mimic normal development by using 
combinations of growth factors, small molecules and matrix components to obtain new -cells. Replication 
of pre-existing -cells aims to identify small molecules that trigger proliferation of endogenous -cell 
mass. Transdifferentiation relates to the reprogramming or conversion of terminally differentiated cell 
types. Conversion into insulin-producing cells has been achieved from related non-islet cells (acinar cells 
and hepatocytes) and from islet-derived cells ( - and -cells). hESC, human embryonic stem cells; hiPSC, 
human induced pluripotent stem cells.
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pluripotent cells. Remaining hurdles including reproducibility of differentiation protocols 
and safety issues will need to be addressed in the near future.

D E D I F F E R E N T I AT I O N  A N D  T R A N S D I F F E R E N T I AT I O N 

Stem cell differentiation has commonly been viewed as the ongoing commitment of 
a progenitor towards a terminally differentiated (unipotent) cell (139). This model is 
challenged by the finding that a fully differentiated cell can convert into another, a process 
called transdifferentiation or direct lineage conversion, or can take a step back to a less 
differentiated state, called dedifferentiation (140;141). 

Dedifferentiation has been described in cardiac regeneration in zebrafish. After 20% 
removal of the zebrafish cardiac ventricle, regeneration occurred by dedifferentiation of 
cardiomyocytes, thereby enabling these cells to proliferate again before redifferentiating 
and restoring the healthy cardiomyocyte pool (142). A similar process takes place after 
Schwann cell damage in peripheral nerves. Dedifferentiation into a precursor cell type 
allows proliferation while subsequent redifferentiation into mature Schwann cells provide 
remyelination (143). Intriguingly, the salamander Ambystoma mexicanum (or axolotl) can 
reconstitute a fully functional limb after injury or amputation. Cells that are adjacent to 
the wound dedifferentiate and form a blastema that consists of tissue specific progenitor 
cells that proliferate and eventually redifferentiate to create a regenerated limb (144).

In these examples, the injured cell type itself provides regeneration via dedifferentiation 
and proliferation. Transdifferentiation or direct lineage conversion describes the process 
by which another differentiated cell type takes on the function of the injured cell type, 
either directly or via a dedifferentiation step (Fig. 5). Natural transdifferentiation has 
been described in the process of lens regeneration in adult newts. Damage to the lens 
results in dedifferentiation of pigment epithelial cells that normally reside in the dorsal 
iris, and subsequent transdifferentiation of these pigment cells regenerates the lens (145). 
In experimental models, transdifferentiation usually requires the genetic introduction 
of specific transcription factors or miRNAs in cells that are (in lineage) closely related 
to the desired cell type (146). In the pancreas, studies on transdifferentiation are either 
focused on obtaining new -cells or understanding how -cells maintain a stable identity.

Direct lineage conversion to obtain new -cells

Several cell types have been used to study direct lineage conversion into -cells. In mouse 
and isolated human hepatocytes, genetic activation of Pdx1 induced their conversion into 
insulin-producing cells that were functional in vivo (147;148). Zhou et al. accomplished to 
transdifferentiate murine pancreatic acinar cells in vivo into -like cells using adenoviral 
delivery of 3 essential transcription factors; Ngn3, Pdx1 and MafA (141). More recently, 
this same cocktail of transcription factors was used to induce functional insulin-secreting 
cells from antral stomach cells (149). Also, rodent acinar cells were shown to differentiate 
into insulin-containing -cells in vitro following cytokine treatment (150-152). Recent work 
added that a transient cytokine treatment in vivo could induce - like cells from acinar cells 
and thereby reverse alloxan-induced hyperglycemia (153). 
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Figure 5. A landscape of development and reprogramming. A: In development, a pluripotent stem 
cell (green ball), rolls down bifurcating valleys, which represent all possible developmental paths. 
The cell differentiates into a mature cell (blue ball) at the bottom of the valley. B: During pluripotent 
reprogramming, including somatic cell nuclear transfer (SCNT) and formation of induced pluripotent 
stem (iPS) cells, the entire developmental process is reversed, and a differentiated cell is returned to 
a pluripotent state. This is represented by the ball rolling from the bottom of the valley backward to 
the top. C: Lineage reprogramming includes dedifferentiation and transdifferentiation, where a mature 
cell takes a step backward to a progenitor stage (cyan ball) or converts directly to another mature cell 
(yellow ball). Figure adapted from Zhou and Melton with permission (141) .

Intraislet cell conversion into -cells has been observed in several lineage tracing 
studies in mice. Collombat et al. showed that overexpression of Pax4 in -cells induced 

-cell hyperplasia and conversion into -cells, both during development and in adult mice 
(154;155). The ongoing -cell to -cell conversion resulted in a shortage of -cells, that 
was in turn replenished by Ngn3+ progenitor cells derived from the ductal epithelium, 
indicating that transdifferentiation and progenitor cell differentiation may act in concert 
(154). In addition, forced expression of Pdx1 in Ngn3-positive endocrine progenitors 
induced - to -cell reprogramming postnatally resulting in absence of -cells (156). 
A report from Thorel et al. showed -cell to -cell transdifferentiation in a model of near-
total -cell ablation (157). In this study, the diphtheria toxin receptor was specifically 
overexpressed in -cells so that administration of the diphtheria toxin lead to targeted 

-cell destruction (>99%). Using -cell lineage tracing, a large but variable fraction (~30-
80|%) of the newly formed insulin-positive cells appeared to originate from a small subset 
(~5%) of -cells (157). Using the same experimental model, it was recently shown that 
juvenile mice undergo massive reprogramming of -cells, but not -cells, upon near total 

-cell ablation, indicating that the transdifferentiation mechanism may differ with the age 
of the organism (158). Finally, partial - to -cell reprogramming was observed following 
treatment with a histone methyl transferases inhibitor, broadly affecting the epigenetic 
methylation signature (159). 

These studies indicate that direct lineage conversion provides an opportunity to 
obtain new -cells and can be achieved by shifting the balance of transcription factors in 
developmentally related cells. While all these studies are based on animal models, it is not 
known whether human islet cells have similar characteristics.
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M A I N T E N A N C E  O F  M AT U R E  - C E L L  I D E N T I T Y

As -cells are liable to loss of function under conditions of metabolic or inflammatory stress, 
it is essential for these cells to actively maintain functionality. Whereas embryonic -cell 
development is a dynamic process that requires specific signals at specific time points, 
mature -cells depend on a stable transcriptional program and supportive signalling from 
the microenvironment (113). The exact mechanisms that -cells employ to maintain their 
differentiated identity are not fully understood, but recent studies have shed light on  
this issue.

Several experimental studies indicate that -cell function becomes vulnerable when 
the genetic makeup is changed in the postnatal setting. Genetic loss of Pdx1 in -cells 
from birth results in the development of diabetes with age, accompanied by impaired 
expression of the glucose transporter Glut2 and insulin, resembling MODY-4 (49). 
Moreover, it was shown that -cell specific removal of Pdx1 during adulthood leads to 
derepression of MafB resulting in rapid conversion into -cells (160). Deletion of Foxa1 and 
Foxa2 in mature -cells affected both -cell metabolism and insulin secretory mechanisms, 
leading to hyperinsulinemic hypoglycemia (161). On the post-transcriptional level, both 
RNA-binding proteins and several miRNAs have been shown to influence the turnover and 
translation of insulin synthesis and secretion (162;163). For example, miR-124a was shown 
to affect the expression of FoxA2 and Pdx1 (164). These studies show that subtle genetic 
changes may affect -cell functionality.

Illustrating that active maintenance of -cell identity is necessary to prevent complete 
transdifferentiation, several studies reported on the role of transcriptional repression 
of the -cell transcription factor Arx in mature -cells. These studies either used Arx 
overexpression or eliminated the transcriptional repression of Arx via (epi)genetic 
modifications, resulting in -cell to -cell conversion (38;165-167). Taken together, these 
studies strongly support that -cell identity must be actively maintained and that alternative 
lineage repression is essential in this process.

That mature human -cells depend on their microenvironment is illustrated by 
the process of epithelial-to-mesenchymal transition (EMT) that occurs within days following 

-cell culture on plastic, resulting in a complete loss of the mature phenotype (168). This 
may in part be due to the lack of appropriate matrix and signalling molecules. Laminin 
511 was previously identified in the vascular niche to promote insulin gene expression, 
likely via integrin 1 (169;170). Moreover, culture of purified human -cells on laminin 
511 partially blocked dedifferentiation via EMT (109). Mice with a mutated receptor 
for Bone Morphogenetic Protein -4 showed decreased expression of genes involved in 
glucose sensing, insulin processing and insulin secretion, and thereby developed diabetes 
(171). Although little is yet known in this field, these studies suggest that local signalling 
molecules and direct interaction between -cells and the ECM are important substrates to 
sustain -cell functional maturity. 

Besides genetic alterations, pathological changes in the microenvironment can 
influence -cell identity. Early studies in rats showed that chronic hyperglycemia following 
hemipancreatectomy was accompanied by a loss of -cell transcription factors, which 
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likely lead to the loss of insulin expression and -cell dysfunction (172). Similarly, -cells 
that are cultured under conditions of oxidative stress lose expression of several essential 
transcription factors such as MafA and Pdx1 (173). Talchai et al. showed that mouse -cells 
that genetically lack FoxO1 can dedifferentiate and convert into -cells in vivo, but only 
under conditions of metabolic stress (induced by aging or multiparity) (174). The role of 
glucotoxicity or other stress factors on the stability of human -cell identity is unknown.

The hypothesis that a differentiated cell encompasses a continuously active maintenance 
process, rather than being in a locked passive state, has been around for more than twenty 
years (175). Active maintenance of functional -cell identity is under attention since rodent 
models suggest that -cells can lose their identity which may result in diabetes. Much 
is still unknown about the exact triggers and mechanisms that influence the phenotype 
of mature -cells and their relevance to human pathology has yet to become clear. 
However, it appears that -cells are not passively locked cells and ‘merely’ produce insulin 
at the right moment, but are rather continuously active in a process to maintain their  
differentiated function. 

A I M  A N D  S T R U C T U R E  O F  T H I S  T H E S I S

Recent literature has highlighted the potential of intraislet cell conversion. However, most 
mechanistic studies are based on animal models while primary human islet material is 
scarce and studies on pancreatic tissue biopsies remain observational. The aim of this 
thesis is to explore the stability of the human -cell phenotype and investigate whether 
loss of -cell identity has a role in the pathophysiology of diabetes.

We first describe a case of intraportal islet transplantation in a patient with cystic 
fibrosis related diabetes in Chapter 2, illustrating the clinical benefit of -cell replacement 
therapy. In Chapter 3, we present a novel agarose based microwell culture system that 
can be used for aggregate formation of human or rodent (islet) cells. We show that this 
platform provides reproducible results to study aggregation of primary human islet cells. 
In Chapter 4, we study the stability of human -cells following islet cell reaggregration in 
the microwell culture system, using -cell specific lineage tracing. We report that -cells 
can spontaneously lose their identity and convert into glucagon-containing -cells. In 
Chapter 5, we make use of human pancreatic tissue from donors with T2DM and matched 
controls to explore loss of -cell identity in T2DM. We report that cells indicative of loss 
of -cell identity are found more frequently in tissue samples from donors with a history 
of T2DM. In Chapter 6, we aim to inhibit the conversion process by studying the effects 
of Pax4 and GLP-1 receptor agonists in our model of -cell conversion. We show that 
both factors can partially prevent loss of -cell identity. Chapter 7 provides a general 
discussion of the results described in this thesis and draws a model for the role of -to-  
cell conversion in diabetes.
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