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Abstract 

Efforts are underway to develop cell therapies for diabetes using endocrine cells derived 

in vitro from human pluripotent stem cells. However, protocols are hampered by a 

scarcity of knowledge on human pancreatic development and on how to model endocrine 

differentiation of pancreatic progenitors in vitro. 

In this thesis, gene expression, Fluorescence Activated Cell Sorting (FACS) and 

immunohistochemical analyses were used, along with other techniques, to provide 

systematic characterisation of pancreatic cell populations during ontogenesis. Human 

fetal pancreatic progenitor cells (hPPCs) were successfully isolated from pancreatic 

tissue of different embryonic and fetal stages. hPPCs were extensively cultivated in 3D 

MatrigelTM cultures in Expansion Medium (EM), and in Organogenesis Medium (OM), to 

assess their multipotent nature.  

Freshly isolated or expanded hPPCs were triggered to differentiate into endocrine cells; 

notably a significant increase of endocrine markers was observed at gene and protein 

levels, even after extensive expansion. 

3D organoid cultures rely mostly on MatrigelTM, a hydrogel derived from mouse sarcoma 

which is not suitable for clinical application. To overcome this, hPPC cultures were 

established utilizing fully synthetic, functionalised hydrogels with defined physical 

properties and also by producing hydrogels from native extracellular matrix (ECM). Cell 

growth and differentiation potency were modulated by ECM properties, opening the 

possibility of directing cell fate by integrating soluble factors, matrix components and cell-

cell interaction mechanisms.  

In conclusion, this thesis provides a comprehensive characterisation of human 

embryonic and fetal pancreas, and addresses human pancreatic progenitor potency in 

clinically relevant culture conditions.  
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Impact Statement 

In 2017, 3.7 million UK residents were suffering from diabetes. Its prevalence continues 

to increase with 5 million expected to be affected by 2025. About 10% of people with 

diabetes in the UK suffer from Type 1 diabetes (T1D). T1D is a severe, chronic, lifelong 

metabolic condition, affecting mainly children and young adults, caused by autoimmune 

destruction of pancreatic insulin-producing β-cells. As a consequence, patients develop 

an increased risk of chronic periods of high glucose blood levels, which can cause 

serious secondary complications. The current standard therapy consists of daily 

injections of insulin or analogues that control acute episodes, but do not ameliorate long-

term complications. Pancreatic islet transplantation is currently the only cell therapy for 

diabetes, but  is hampered by the lack of donors, indefinite immunosuppression and 

eventual rejection. 

Many different approaches have been investigated in order to obtain fully mature and 

functional β-cells in vitro from stem cells. However, current protocols for the 

differentiation of pluripotent stem cell (hPSCs) are predominantly based on knowledge 

acquired from mouse pancreatic development, assuming human development to be 

similar, despite recent evidence that has begun to describe differences between mouse 

and human pancreatic development. Therefore, despite publishing of protocols for hPSC 

differentiation towards endocrine cells, consistent differentiation remains a major 

challenge and optimal conditions must still be designed to recapitulate the complexity of 

the native pancreas microenvironment in culture. 

This PhD thesis aims to provide broad characterisation of human embryonic and fetal 

pancreas by investigating the environmental and intrinsic factors regulating cell fate in 

the developing pancreas, and offering an in vitro model to design novel strategies for 

future T1D therapies.  
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Furthermore, the 3D pancreatic progenitor cultures developed during the course of this 

PhD can be used for drug testing (by administering drugs and chemical compounds to 

the cells) and disease modelling of genetic disorders affecting the pancreas (by gene 

editing or insertion of frequently found mutations affecting pancreatic physiological 

function).  
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 Pancreatic Anatomy and Physiology 

The pancreas is an organ of the digestive and endocrine systems. It is located 

retroperitoneally, in the upper abdomen, behind the stomach. The word “Pancreas” 

derives from ancient Greek and it consists of two words: πᾶν (pan), meaning “all”, κρέας 

(kreas), meaning “flesh” referring to its uniform aspect (Ceranowicz et al. 2015). The 

pancreas is an elongated organ; it is common to refer to different portions of the pancreas 

as head, in contact with the duodenum, which continues into the neck, then the body 

which ends with the tail, which is extended towards the spleen (Longnecker 2014).   

The exocrine pancreas is the portion of the gland that produces the digestive enzymes 

and secretes them into the duodenum. It forms more than the 95% of the pancreatic 

parenchyma by volume and is composed by acinar and ductal cells. The acinar cells are 

the functional unit of the exocrine pancreas: they synthesize, store, and secrete the 

digestive enzymes. The enzyme’s cocktail produced by the pancreas is mostly 

composed of trypsin and chymotrypsin which digest proteins, carbohydrates and lipids. 

Physiologically, digestive enzymes are activated only in the duodenum by the action of 

enterokinases, enzymes secreted by the duodenal mucosa; a premature activation 

within the acini can lead to the onset of acute pancreatitis (Leung and Ip 2006; Hart and 

Conwell 2017).  

Ductal cells represent the 10% of the pancreatic parenchyma, they form the epithelial 

layer lining the branched tubular system responsible for the delivery of the pancreatic 

enzymes form the acini to the duodenum. Intercalated ducts are formed by simple 

squamous epithelial cells which insert directly into small clusters of acinar cells. The 

epithelium forming the ductal tree becomes cuboidal once the duct enlarges coalescing 

to interlobular ducts. Interlobular ducts converge into the main pancreatic duct (Duct of 

Wirsung), which is formed by columnar epithelium and opens in the duodenum together 

with an accessory duct, the Duct of Santorini (Reviewed in Grapin-Botton 2005). Ductal 
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cells together with pancreatic goblet cells, simple columnar epithelial cells, secrete 

bicarbonate and mucins that neutralize stomach acidity into the duodenum (Githens 

1988).  

The endocrine pancreas is the portion of the tissue responsible for production and 

secretion of several endocrine hormones into the bloodstream, which are crucial for 

regulating metabolism. The endocrine cells of the pancreas are organized in aggregates 

named islets of Langerhans, which represent 1-2% of the organ mass and are found 

scattered throughout the parenchyma. Small-size islets have been reported as 

predominant in the head of the pancreas, whereas the tail is enriched with bigger islets, 

but in a lower number (Saito, Iwama, and Takahashi 1978). More recent reports showed 

no difference in islet size between the head and body regions, but islets were found twice 

as frequent in the tail region (Wang et al. 2013; Ionescu-Tirgoviste et al. 2015).  

The islets of Langerhans can be considered as mini-organs, with their own vasculature 

and composed by different types of cells responsible of maintaining glucose homeostasis 

and other physiological processes. The release of the endocrine hormones is precisely 

regulated and mediated by molecules and nutrients in blood stream (Ballian and 

Brunicardi 2007). 

The majority hormone-secreting cells within the islets are the α- and β-cells, responsible 

for the production of glucagon and insulin respectively (Felig et al. 1976; Weir and 

Bonner-Weir 1990; Gromada, Franklin, and Wollheim 2007); PP and δ-cells produce the 

pancreatic-polypeptide and somatostatin, modulators of the secretory properties of the 

other pancreatic cells (Lonovic, Devitt, and Watson 1981; Kleinman et al. 1995). 

Pancreatic ε-cells produce the hormone ghrelin, a neuropeptide that acts in the central 

nervous system for appetite regulation (Broglio et al. 2003). 
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Figure 1.1 shows a schematic of pancreatic organization and cell types (Ellis, Ramzy, 

and Kieffer 2017; Bardeesy and DePinho 2002). 

Figure 1.1 Schematic of pancreatic cell types and organization within the organ. 

A. Pancreas localization and contact with neighbouring organs.   
The pancreas is a retroperitoneal organ, localized in the abomen, behind the 
stomach. It has an elogated shape and it is connected with the duodenum via the 
main pancreatic duct (in purple). The ductal tree of the pancreas is responsible for 
the delivery to the duodenum of digestive enzymes produced by the acini. 
B. Structure and organization of the ducts and acini of the exocrine pancreas.  
The main pancreatic duct branches in small intercalated ducts which collet the 
pancreatic enzymes produced in the acini. 
C. Scheme of an acinus.  
Ductal cells are intercaleded within acinar cells. Centroacinar cells (CACs) connect 
acini to ducts. Several studies suggested their potential function as pancreatic 
progenitors during adulthood (Beer, Parsons, and Rovira 2016).  
D. Representation of an islet of Langerhans.  
The islets of Langerhans are occupying only 1% of the pancreatic parenchima. They 
are coposed of α-, β-, δ-, ε-, PP cells secerning respecively glucagone, insulin, 
somatostatin, grelin and pancreatic polypeptide. Small capillaries and blood vessles 
can be found within an islet. Islets are sourrounded by acinar and ductal cells and 
blood vessles. 
 
Figure adapted from Bardeesy and DePinho, 2002 and Ellis, Ramzy and Kieffer, 
2017. Edited by Matthew Butt Illustrator and Graphic Designer@The Francis Crick 
Institute. 
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Several groups have compared islet composition in animal models and humans. In 

laboratory mice (mus musculus) 60-80% of the cells within the islet are β-cells. Α-cells 

represent around 20%, somatostatin-secreting cells account for around 10% while PP-

cells represent <1% (Kim et al. 2009; Steiner et al. 2010).  Human islets have relatively 

fewer β-cells and more glucagon-secreting cells comparing to rodents. In adult humans, 

β-cells in the islets represent around 50% of the total cell number, 40% being α-cells and 

the remainder mostly ghrelin-secreting cells with very few PP-cells per islet (Brissova et 

al. 2005; Cabrera et al. 2006; Steiner et al. 2010).  
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 Deconstructing Pancreatic Development 

The pancreas is a multifunctional organ, composed predominantly of epithelial cells, 

highly specialized to carry out a diversity of physiologically vital endocrine and exocrine 

functions. The mechanisms governing the differentiation, morphogenesis, growth, 

maturation, and maintenance of the different cell populations in the pancreas have been 

extensively investigated over the course of the last half century (Reviwed in Seymour 

and Sander 2011). Seminal studies and experiments of tissue recombination carried out 

in the 1960’s by Wessells and Cohen described pancreatic morphogenesis and revealed 

the role of pancreatic mesenchyme in producing diffusible and permissive signals 

dispensable for pancreatic epithelium development and differentiation (Wessells and 

Cohen 1967). Following these discoveries, Le Douarin and Rutter, proved for the first 

time the endodermal, rather than ectodermal, origin of pancreatic endocrine cells, 

performing  “classic” embryology experiments of tissue ablation and embryo chimaeras 

(Rutter et al. 1978; Pictet et al. 1976; Fontaine and Le Douarin 1977). Chimeras have 

been used for decades to define the developmental potential of cells, their origin and the 

influence of the environment (Tam and Rossant 2003).  The results of chick-quail embryo 

chimera of Le Douarin, showed that when neural crest cells from quail were transplanted 

into chick embryos these were not contributing to islet formation and endocrine islet cells 

in the chimera derived only from the chick endodermal tissue (Gu, Brown, and Melton 

2003).  
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1.2.1 Mouse pancreatic development 

1.2.1.a Primary Transition: pancreatic specification and induction 

The first events in pancreatic development involve the specification of dorsal and ventral 

pancreatic buds from the foregut endoderm at embryonic day (E) E8.5 of mouse 

development (Slack 1995).  

During early embryonic development, at around E8, the endoderm, a sheet of simple 

epithelium underneath the mesoderm, gives rise to the gut tube (Spence, Lauf, and 

Shroyer 2011). The precise mechanisms governing the anteroposterior and dorsoventral 

patterning of the gut endoderm which result in the specification of foregut, midgut and 

hindgut remain largely unknown (Grapin-Botton and Melton 2000). Generally, it is known 

that extrinsic signals from adjacent mesodermal derivatives play in important role, as well 

as intrinsic programming within endodermal cells themselves; hence, morphogenesis 

and differentiation of pancreatic multipotent progenitor cells (from now referred as MPCs) 

happens simultaneously (Cozzitorto and Spagnoli 2019). As an initial event in pancreatic 

development, the ventral endoderm invaginates and forms the anterior intestinal portal 

(AIP) which is located at the boundary between foregut and midgut endoderm. At E7.5, 

at the AIP level, a thick endodermal epithelium specifies to become pancreatic buds. The 

development of the pancreatic epithelium from the endoderm relies on signals coming 

from the notochord and from the mesoderm, respectively for dorsal and ventral 

pancreatic buds. Both signalling molecules result in the promotion of  Pdx1 expression 

(Pancreatic and Duodenal Homeobox 1), transcription factor specifically expressed by 

pancreatic epithelial cells (Wessells and Cohen 1967). 

The signalling molecules that allow the notochord to pattern the dorsal pancreatic bud 

have been elucidated by seminal works conducted in Melton laboratory, which 

demonstrated that notochord removal from early chicken embryos in vitro prevents 

normal dorsal pancreas formation and inhibits expression of pancreas-specific genes 

(Kim, Hebrok, and Melton 1997). The mechanism by which the notochord patterns the 
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dorsal foregut endoderm to become pancreas relies on the exclusion of Sonic Hedgehog 

(Shh) expression, which allows expression of Pdx1 and dorsal pancreatic budding.  

Other signalling molecules secreted by the notochord which help the specification of 

Pdx1+ epithelium include FGF2 (Fibroblast Growth Factor 2, also known as basic 

fibroblast growth factor, bFGF) and Activin-β-B. In contrast, SHH (Sonic Hedgehog) is 

detected throughout the ventrolateral endodermic epithelium (Hebrok, Kim, and Melton 

1998).   

At E8.75-E9.0 the patterning from the notochord is concluded and Pdx1 is highly 

expressed in the dorsal pancreatic domain and the notochord starts to separate from the 

endoderm (Cleaver and Krieg 2001). The shift of the notochord allows the aortas to 

merge in the midline; hence, the endothelial cells of the dorsal aorta enter in contact with 

the dorsal pancreatic bud; the endothelium provides important signal for further 

specification and proliferation of the dorsal pancreatic bud, formed by MPCs expressing 

both Pdx1 and Ptf1-a (Pancreas-specific transcription factor 1a) (Lammert, Cleaver, and 

Melton 2001).   

 

The patterning of the ventral pancreas happens around 12 hours after the dorsal bud 

specification. It is driven by signals produced by the hepatic and bile duct endoderm and 

also by an alternative secretion of FGF and Bone Morphogenetic Protein (BMP) from the 

cardiac and septum transversum mesoderm. Both these signalling molecules are critical 

pro-hepatic cues at the expenses of the pancreatic fate (Yoshitomi and Zaret 2004; 

Lammert, Cleaver, and Melton 2003; Zaret and Grompe 2008). Furthermore, the 

appropriate development of ventral foregut derivatives depends on endodermal 

expression of the homeobox gene Hhex (Hematopoietically Expressed Homeobox) 

which promotes the proliferation of ventral definitive endoderm and controls fate 

determination (Deutsch et al. 2001; Rossi et al. 2001; Bort et al. 2004). The fate of the 

ventral pancreatic bud, unlike the dorsal one, is not dependent on any signals provided 

by the endothelium (Yoshitomi and Zaret 2004).   
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Once the ventral and dorsal pancreatic domains are specified, Pdx1+ multipotent 

pancreatic progenitor cells start to express several transcription factors such as Ptf1-a, 

Sox9 (SRY-Box Transcription Factor 9), Gata4/6, Foxa1/2 (Forkhead Box A1/2), Tcf2 

(Transcription Factor 2, also known and HNF1B), Onecut- 1/2, Hes1(Hes Family BHLH 

Transcription Factor 1), Prox1 (Prospero Homeobox 1), and Mnx1 (Motor Neuron And 

Pancreas Homeobox 1) (Gittes 2009; Seymour 2014). The lack of any of these other 

transcription factors induces pancreatic agenesis or hypoplasia (Pan and Wright 2011).  

Figures 1.2 I and II illustrate the relationship between buds and surrounding tissues and 

provides a time line for pancreatic markers expression (Jørgensen et al. 2007). 

From E9.5 the dorsal aorta is displaced from the pancreatic epithelium of the dorsal bud 

by the splanchnic lateral plate mesoderm. Mesenchymal cells from the mesoderm play 

a crucial role on MPCs proliferation and differentiation (Golosow and Grobstein 1962; 

Wessells and Cohen 1967; Slack 1995). The better characterized pro-proliferative signal 

provided by the mesenchyme to the epithelium is Fgf. During the primary transition, 

Fgf10 is highly expressed by pancreatic mesenchyme, whereas its receptor Fgfr2 is 

expressed by MPCs; fgf10 signalling is required for the early growth of the pancreatic 

buds and MPCs’ proliferation via regulation of Sox9 expression in the epithelium 

(Bhushan et al. 2001; Landsman et al. 2011; Seymour et al. 2012). Specifically, Sox9, 

Fgfr2, and Fgf10 are part of a feed-forward loop which maintains the balance between 

expansion and differentiation of the pancreatic progenitors: Fgf10 maintains Sox9 

expression and Sox9 upregulate the cell receptivity to Fgf10 by controlling Fgfr2 

expression (Bhushan et al. 2001; Landsman et al. 2011; Seymour et al. 2012). 
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Figure 1.2 Illustration of early pancreatic pattering and development in mouse. 

I) Positioning of notochord and dorsal aorta during pancreatic specification.  
A–D, Pdx1 (green) is expressed by the pancreatic epithelium, T (Brachyury, in red) 
stains the notochord, and Cdh1 (E-Cadherin) is shown in grey , expressed in epithelial 
cells. 
E–H, Pdx1 (green) is expressed by the pancreatic epithelium, Pecam1 (red) is 
expressed by endothelial cells. Foxa2 (grey)  is expressed by all endodermal cells 
and in the neural tube floor plate. Between E8.5 and E8.75, the notochord lies in close 
proximity to the dorsal pancreatic epithelium. At E9.0, the notochord and the 
pancreatic epithelium become separated. Between E8.5 and E8.75, there are two 
lateral aortas along the sides of the notochord. At E9.0, the two aortas fuse between 
the notochord and the dorsal pancreatic epithelium 
II) Expression of pancreatic transcription factors.  
A1-F6) Expression of Pdx1 together with other trascription factors is shown in the 
embryonic pancreas during E9-E12.5 window of development. Pdx1 is shown in 
green over all panels.  
A1-A6) HBlx9 is expressed in the notochord and the neural tube and broadly in the 
dorsal endoderm before the onset of Pdx1. With the progress of development, Hblx9 
remains expressed throughout the dorsal pancreas, and from E9.5 it can also be 
detected in the ventral pancreas, At E11.5 and E12.5, Hlxb9 becomes down-
regulated and disappears from both pancreatic buds, but can still be detected in 
scattered cells in the central part of the pancreas epithelium. 
B1-B6) Ptf1a appears at E9.25 in  both the dorsal and ventral pancreas. At E12.5, 
Ptf1a becomes restricted to the tips of the branching epithelium. 
C1-C6) The proendocrine gene Ngn3 can be detected robustly from E9.0 by Pdx1+ 
progenitors.  At E12.5, Neurog3 is expressed in the central part of the epithelium.  
D1-D6) Nkx2-2 expression marks two populations of cells. It is expressed at high 
levels in the 
endocrine lineage and at low levels throughout the pancreatic endoderm. It first 
appears at E8.75 in the dorsal bud, and at E9.5 in the ventral pancreas. At E12.5, it 
becomes restricted to the central part of the epithelium within the endocrine cell 
clusters. 
E1-E6) The expression of Pax6 is slightly delayed compared with Neurog3 and Nkx2-
2 and can first be detected at E9.25 in the dorsal pancreas and at E10.5 in the ventral.  
Pax6-expressing cells appear in endocrine cells clusters. 
F1-F6) The pattern of Pou3f4 expression from E9.0 to E11.5 is similar to Nkx2-2-high 
cells. At E12.5 it is possible to see low (endocrine cells) and high Pou3f4 expressing 
cells. 
 
Figure adapted from Jørgensen et al., 2007. Copyright © 2007 by the Endocrine 
Society. 
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The pancreatic mesenchyme is key regulator of WNT/β-Catenin, BMP (Bone 

Morphogenetic Protein), Notch and EFG (Epidermal Growth Factor) signalling pathways, 

crucial for MPCs expansion (Landsman et al. 2011). Specifically, both Hes1 and Sox9 

are regulated via Dll1 (Delta like-1, notch ligand). Dll1 expression starts at E9.0 and 

induces Hes1 expression in MPCs, promoting proliferation, while ensuring the pool of 

MPCs is not exhausted. Indeed, conditional knock-out of Hes1 during early stages of 

pancreatic development causes pancreatic hypoplasia, as an increased number of 

progenitors undergo premature endocrine differentiation (Apelqvist et al. 1999; Shih et 

al. 2012; Horn et al. 2012; Hung Ping Shih, Wang, and Sander 2013). 

 

1.2.1.b Secondary Transition: pancreatic morphogenesis and cell differentiation 

MPCs proliferation and differentiation into the different cell lineages happens in parallel 

to a complex morphogenesis programme. The epithelial pancreatic buds generate a 

branched epithelium through a series of steps in which the developing organ continue to 

grow rapidly (Bastidas-Ponce et al. 2017). Figure 1.3 is a schematic of the epithelial 

changes during early and late pancreatic development (Bastidas-Ponce et al. 2017; 

Seymour and Sander 2011). 

 

Epithelium stratification: from E9.0 to E11.5, dorsal and ventral epithelial cells form a 

multi-layered epithelium that can be sub-divided into an outer layer of “cap” active and 

motile cells, and into an inner layer of “body” stratified epithelial cells. Throughout the 

secondary transition, highly motile cap cells move across the epithelial layers: from the 

core of the bud towards the periphery and on the other direction. This segregation is 

highly dependent to extracellular matrix (ECM)-integrin signalling. It is still unclear 

whether later compartmentalization has an impact on cell differentiation (Villasenor et al. 

2010; Shih et al. 2015). 
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Polarity and microlumen establishment: at around E10.5-E11.5, individual cells in the 

body of the buds acquire polarity and organize forming rosette structures with a central 

microlumen that later coalesce to form tubular structures (Kesavan et al. 2009; Villasenor 

et al. 2010). 

 

Branching morphogenesis: after microlumens are formed, these expand and fuse to 

a continuous luminal network resulting in a plexus remodelled into a highly branched, 

ramified, ductal epithelium from which all the pancreatic cell types differentiate. This 

process is named as “branched morphogenesis” and it is key in the correct development 

of many epithelial organs such as lungs, mammary and salivary gland and kidney. 

(Ochoa-Espinosa and Affolter 2012; Varner and Nelson 2014). The molecular 

mechanisms leading to brunching morphogenesis are not fully elucidated, however, it is 

known that Ephrin is one of the key signal molecule involved in pancreatic brunching 

during development (Villasenor et al. 2010). In addition, the mesenchyme seems to 

promote and influence branching morphogenesis by endorsing cell proliferation via 

Fgf10 (Bhushan et al. 2001; Kesavan et al. 2009; Villasenor et al. 2010). 

 

Tip and trunk: from E11.5 onwards the MPCs start to segregate into tip and trunk 

domains and the cells commit to an acinar or bipotent duct/endocrine fate. Therefore, 

the shaping of the pancreas happens simultaneously to the lineage commitment of 

progenitors. The domains are enclosed by a basement membrane formed by Collagen-

IV, Laminin-1 and Fibronectin that separate the epithelial organ from the surrounding 

mesentery (Hisaoka, Haratake, and Hashimoto 1993). Tip cells express Ptf1a and Nr5a2 

(Nuclear receptor subfamily 5, group A, member 2) and are committed to an acinar fate, 

while bipotent progenitors in the trunk areas express Sox9, Nkx6.1, Hnf1b (hepatocyte 

nuclear factor 1β) and Pdx1 (Solar et al. 2009; Zhou et al. 2007).  

Reciprocal repression between Nkx6.1 and Ptf1a and other signalling pathways regulate 

the fate decision and segregation between tip and trunk progenitors (Schaffer et al. 



 
 

 
 
 

33 

2010). Mesenchymal and endothelial cells have also a role in tip-trunk segregation. The 

mesenchyme favours a tip fate while VegfA (Vascular endothelial growth factor A) 

produced by the endothelium, supports trunk development and, as reinforcement, 

promote angiogenesis within the trunk area, which inhibits tip establishment (Magenheim 

et al. 2011; Pierreux et al. 2010). 
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Figure 1.3 Early stages of pancreatic development and branching morphogenesis. 

A. The dorsal aorta and the nothocord pattern the endoderm to form the pancreatic 
buds. At E9.0 the evagination of the foregut endoderm drives the formation of the 
dorsal pancreatic bud.  

B. At around E9.5, while MPCs in the dorsal pancreatic bud expand, the ventral 
pancreatic bud emerges from the ventral foregut endoderm.  

C. At E10.5 pancreatic buds segregate. Innermost epithelial cells are non-polarized, 
while outer ‘cap’ cells that exhibit only basal polarity. Cap cells are highly motile at 
this stage and the fate of an individual cells whithin the pancreatic epithelial layer is 
not yet defined.  

D. At E.11.0, the establishment of cell polarity in individual body cells produces 
microlumen and rosette structures.  

E. At E12.5, the microtubles coalesce to form bigger and brunched tubular structures. 
Microlumen fusion and tubulogenesis coincide with the initiation of branching 
morphogenesis, which involves epithelial invagination and outgrowth (arrows). 

F. Segregation of MPCs into different fates: acinar-committed Ptf1a+ “tip” domain and 
an Nkx6+ central “trunk” which will give rise to the ductal network and endocrine cells. 
The differentiation occurs from E11.5 onwards. Therefore, the morphogenesis and 
growth of the pancreas happens simultaneously to the lineage commitment of 
progenitors in base of their localization in the developing organ. 

G. At E15, the pancreatic epithelium consists of a central plexus  that serves as a niche, 
maintaining and harboring endocrine progenitors. The central plexus is surrounded 
by an epithelial periphery in which the epithelium remodels into epithelial branches, 
which contain bipotent trunk cells, centroacinar cells and tip cells.  

H. Detail of branching morphogenesis: NGN3+ endocrine progenitor cells are 
intercaleted between  bipotent truck and ductal cells. At this stage, at the periphery 
of the brunch, acinar cells start to form acini which are connected to the ductal plexus 
via centroacinar ductal cells (CACs) 

 
Figure adapted from Seymour and Sander, 2011 and Aimeé Bastidas-Ponce et al., 2017. 
Edited by Matthew Butt Illustrator and Graphic Designer@The Francis Crick Institute. 



 
 

 
 
 

36 

1.2.1.c The establishment of pancreatic cell types 

The Exocrine Compartment 

The exocrine compartment, which represents more than 95% of the total organ volume, 

commences to develop and around E11.2-12.5, concomitantly with the process of 

branching morphogenesis. The process of differentiation ends by E15.5 and it is 

subsequently followed by acinar cell proliferation (Marty-Santos and Cleaver 2015). 

The development of the exocrine, duct and acinar cells, is regulated mostly via canonical 

Wnt pathway and by signalling mediated by the mesenchyme, via the inhibition of TGFβ 

(Transforming Growth Factor β), and the Laminin 1 in the ECM (Miralles, Czernichow, 

and Scharfmann 1998; Crisera et al. 2000; Baumgartner et al. 2014). Their differentiation 

is regulated synergistically mainly by the transcription factors Ptf1a, Rbp-jl 

(Recombination Signal Binding Protein For Immunoglobulin Kappa J Region Like), 

Nr5a2/LRH-1 and Mist1. Tip cells start to express these TFs which are also retained by 

adult acinar cell. Adult acini express Ptf1a, Gata4, Mist1 and Nr5a2; the cells are 

characterized by abundance of endoplasmic reticulum and secretory granules (Hung 

Ping Shih et al. 2012; Bastidas-Ponce et al. 2017). 

Another cell component of the exocrine pancreas is represented by the centroacinar cells 

(CACs). CACs connect acini to ducts; several studies suggested their potential function 

as pancreatic progenitors during adulthood, due to their high expression of ALDH1 

(Aldehyde dehydrogenase 1), low cytoplasm/nucleus ratio and active Notch signalling 

(Beer, Parsons, and Rovira 2016; Delaspre et al. 2015; Rovira et al. 2010; Ioannou et al. 

2013). 

In the trunk, bi-potent epithelial cells expressing Pdx1, Nkx6.1, Sox9 and Hnf1b give rise 

to either Sox9+/Hnf1b+ ductal cells (part of the exocrine pancreas) or Pdx1+/Ngn3+ 

endocrine cells. The key players of the decision-making fate of bi-potent progenitors are 

Notch signalling, and the interplay between the transcription factors Sox9 and Ngn3.  
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Ngn3 acts negatively on Sox9 while Hes1, downstream target of Notch signalling, inhibit 

Ngn3, promoting duct differentiation (Seymour 2014). However, the mechanisms that 

allow individual bi-potent progenitor’s cells as to acquire different levels of Notch that 

ultimately determine their fate, is still unknown. Once fully differentiated, ductal cells 

express Sox9, Hes1, Hnf1b, Hnf6 (Hepatocyte nuclear factor 6, also known as 

ONECUT1) Glis3 (GLIS Family Zinc Finger 3) and Prox1 while Pdx1 and Nkx6.1 are 

downregulated (Grapin-Botton 2005; Reichert and Rustgi 2011).  

After secondary transition (from E15.5) the fate of the bi-potent progenitors is decided. 

However, lineage tracing and injuries experiments indicate that adult ducts retain the 

capacity to express Ngn3 and become competent to start a differentiation programme 

towards endocrine fate. Whether a ductal cell is able to convert to endocrine upon 

differentiation remains controversial (Solar et al. 2009; Kopinke et al. 2011; Kopp et al. 

2011; Reichert and Rustgi 2011; Amici, Onikoyi, and Bonfanti 2014; Sancho et al. 2014; 

Kopp, Grompe, and Sander 2016). 

The Endocrine Compartment 

In recent decades, endocrine cell differentiation has been greatly studied driven by hopes 

that the knowledge of the basic biology behind this process could help to produce cell 

replacement therapies for diabetes. As mentioned, the activation of the expression of 

Ngn3 in a subset of progenitor’s cells within the primitive ducts, is indispensable to start 

endocrine differentiation (Rukstalis and Habener 2009). Many of the transcription factors 

involved in duct differentiation (such as Sox9, Tcd2, Glis3 and Onecut-1) are crucial 

regulators of Ngn3, highlighting the close connection between these two pathways (Shih, 

Wang, and Sander 2013; Marty-Santos and Cleaver 2015).  

The first Ngn3+ cell appears at around E9.0 in mice. The number rises during secondary 

transition and declines at E17.5. The oscillatory expression of Ngn3 has been described 

as bi-phasic (Villasenor, Chong, and Cleaver 2008). A few key players regulating Ngn3 

expression have been identified: 
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- Specifically, Notch signalling’s levels may act as positive/negative regulators on 

Ngn3. High and constant levels of Notch promote the expression of both Hes1 and 

Sox9, resulting in Ngn3 repression and duct differentiation. Low levels of Notch 

promote Sox9 expression, leading to Ngn3 wave.  Hes1 was also found to accelerate 

Ngn3 protein degradation via post-transcriptional modifications (Apelqvist et al. 1999;  

Jensen et al. 2000; Lee et al. 2001; Shih, Wang, and Sander 2013;. Shih et al. 2012; 

Qu et al. 2013).   

- Phosphorylation of Ngn3 mediated by cyclin-dependent kinase plays a role on Ngn3 

stability and on the ability of the transcription factor to bind to the DNA and drive target 

genes expression. If Ngn3 phosphorylation is impaired, G1 phase in progenitor cells 

is lengthened and endocrine differentiation promoted, both in vivo and in vitro 

(Azzarelli et al. 2017, 2018; Krentz et al. 2017). 

 

Once Ngn3+ cells have become committed to the endocrine lineage they start to 

differentiate toward a specific sub-type of endocrine cell, either α-, β-, δ-, ε- or PP-cell.  

The differentiation into a specific endocrine cell involves signalling deriving from the 

microenvironment which turn on the expression of different transcription factors 

downstream Ngn3, via step-wise activation and inactivation. For instance, Arx and Pax4, 

are co-expressed at equal levels in Ngn3+ progenitors, however cells which upregulate 

Arx become committed to α-cells, while Pax4+ cells become β/δ cells (Collombat et al. 

2003). Differentiation into α-cells relies also on the expression of Pax6, FoxA2, MafB 

(Bramswig and Kaestner 2011). Β-cells express Nkx6.1 and Pdx1 (Tessem et al. 2014) 

and Nxk2.2 (Mastracci et al. 2013; Churchill et al. 2017). Some of the signalling pathways 

involved in the specification of the different endocrine cells are Wnt, Notch and Hippo 

(Attali et al. 2007; Gao et al. 2013; Baumgartner et al. 2014; Mamidi et al. 2018). 

After differentiation, endocrine cells undergo maturation to acquire glucose 

responsiveness and functionality. The main transcription factors involved into this 

process are MafB, (MAF BZIP Transcription Factor B, in mature α cells) and MafA 
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(expressed by mature β-cells, crucial for the proper transcription of insulin gene). Pdx1 

and Nkx2.2 are also determinant to promote a correct maturation of β-cells as they 

control the expression of mature β-cell markers such as glucokinase (Gck) and Glut2 

(Slc2a2) (Bastidas-Ponce et al. 2017; Nishimura et al. 2006; Conrad et al. 2015; Doyle 

and Sussel 2007; Artner et al. 2007).  

The endocrine differentiation of the progenitors is initiated in parallel with the 

morphogenic changes described above. As cells express Ngn3 they exit the cell cycle, 

acquire a droplet shape and delaminate from the progenitor epithelium into the 

surrounding stromal tissue and coalesce to form proto-islets (Krentz et al. 2017; Azzarelli 

et al. 2017; Gouzi et al. 2011; Kim et al. 2015). The mechanisms of delamination rely on 

the active epithelial-to-mesenchymal transition (EMT) process, and are Ngn3-depended 

(Barrallo-Gimeno 2005; Rukstalis and Habener 2007; Gouzi et al. 2011; Pan and Wright 

2011). Other molecules and signals important for the endocrine cell migrations are 

integrins and cell adhesion molecules (CAMs), such as E-Cadherin (which gets 

downregulated during EMT to favour the expression of N-Cadherin) and EpCAM, 

upregulated in migratory epithelial cells (Cirulli et al. 1998; Scarpa et al. 2015). Signals 

from the endothelium, the mesenchyme and from neurons mediate the endocrine 

migration during islets formation (Andreone, Lacoste, and Gu 2015; Bastidas-Ponce et 

al. 2017).  

Table 1.1 summarize the main signalling pathways that play a role in pancreas 

development. Table 1.2 highlights the key transcription factors that drives the 

differentiation of MPCs into different sub-types of pancreatic cells (Bastidas-Ponce et al. 

2017).  
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Table 1.1 Main signalling pathways in pancreatic development. 

The table shows which are the inductive and inhibitoy factors influencing pancreatic 
development at different stages. The pancreatic epithelium in the dorsal bud develop 
thanks to the exclusion of Shh signalling which allow expression of RA, Activin and 
other.  
Once multipotent pancreatic progenitor (MPP) are established, the main signalling 
that allow their expansion are FGF10, Notch, Wnt and Hippo. Branching 
morphogenesis and tip-trunk differentiation are stimulated from the EGF signalling. 
Endocrine progenitor differentiation is inhibited by pro-proliferative singalling such 
as FGF and Notch, while EGF and TGF signalling promote differentiation and 
specification of different endocrine cells. 
Abbreviations: BMP, bone morphogenetic protein; ECM, extracellular matrix; EGF, 
epidermal growth factor; FGF, fibroblast growth factor; PCP, planar cell polarity; RA, 
retinoic acid; VEGF, vascular endothelial growth factor.  
For references see Gittes (2009), McCracken and Wells (2012), Pan and Wright 
(2011) and Serup (2012). 

 
Table from Aimée Bastidas-Ponce et al. Development 2017;144:2873-2888.  © 
2017. Published by The Company of Biologists Ltd.  
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Table 1.2 TFs involved in the formation of different pancreatic cells. 

The table shows the key trascription factors expressed by certan sub-type of 
pancreatic cells during development. 
 
Table from Aimée Bastidas-Ponce et al. Development 2017;144:2873-2888.  © 
2017. Published by The Company of Biologists Ltd. 
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1.2.2 Human pancreatic development 

Due to the limited access to human embryonic and fetal samples,  knowledge of the 

developmental mechanisms leading to a functional human pancreas remains  

rudimentary compared to the understanding of pancreatic development in mice, and it is 

mainly derived from histological analysis (Jennings et al. 2013). Human development 

can be classified in two main phases: embryogenesis goes from the conception until 

developmental week eight (8-weeks post conception, 8wpc). Fetal development occurs 

from 8wpc onwards. Embryogenesis is divided into 23 stages (Carnegie Stages, CS) 

defined on the basis of morphological features such as number of somites, morphology 

of developing limbs or appearance of pigmentation in the retina (O’Rahilly and Müller 

2010). Table 1.3 summarises the key events and timing of human embryonic 

development in comparison to mouse development (Jennings et al. 2015).  

Similar to rodents, the first event in human pancreatic development is the evagination of 

the foregut endoderm at CS9. The mechanisms that patters the endoderm to become an 

epithelium composed by PDX1+ cells are conserved thought the species (Jennings et al. 

2013).  

In human, ventral and dorsal buds are formed by CS13 (Polak et al. 2000). After their 

specification, both pancreatic buds extend into the surrounding mesenchyme, which 

provides FGF7 and FGF10 allowing the growth and proliferation of pancreatic 

progenitors’ cells (Ye et al. 2005).  

The expanding epithelium contains progenitors that express several transcription factors 

conserved thought species such as PDX1, SOX9, NKX6.1, GATA4, FOXOA2 but, unlike 

in rodents, not NKX2.2.  

By CS19, specific committed populations are distinguishable in tip and trunk domains 

(Jennings et al. 2013). It has been reported that the number of endocrine progenitors, 

NGN3+SOX9- peak at around 8wpc of fetal development and slowly decrease to become 

undetectable form 35wpc (Salisbury et al. 2014). Similarly to what has been described 
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in mice, NGN3 is transiently expressed in endocrine progenitors but, in human, newly 

differentiated endocrine cells also express this marker (Lyttle et al. 2008; Jennings et al. 

2013).  

 

 

 

 

 

At 8wpc, NGN3+ progenitors start their differentiation towards insulin-secreting β-cells, 

while differentiation towards glucagon-expressing α-cells, pancreatic polypeptide and 

ghrelin-expressing cells begins at 9wpc (Lyttle et al. 2008; Jeon et al. 2009; Riedel et al. 

Table 1.3 Stages of Human embryonic development with main features for CS definitions, key events in 
pancreas development and comparison with mouse development. 

Carnegie Stages (CS) are displayed with the estimates days post conception (dpc) 
and the equivalent stage in murine development. The table shows the key 
morphological features of the embryo/fetus at a certain stage which helps with the 
determination of the gestetional age. The table also illustrates the key events in 
human pancreatic development. 
 
Table from Rachel E. Jennings et al. Development 2015;142:3126-3137 © 2015. 
Published by The Company of Biologists Ltd. 
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2012; Jennings et al. 2013). Interestingly, in the fetal human pancreas the presence of 

cells co-expressing insulin and glucagon has been reported. These cells are thought to 

represent a transient population, which later gives rise to mature α-cells (Riedel et al. 

2012). Nevertheless, the vast majority of endocrine cells express a single hormone, quite 

different from the current protocols for directed differentiation of human pluripotent stem 

cells, which often generate bi-hormonal and polyhormonal cells (Rezania et al. 2013; 

Bruin et al. 2014). The TFs and timing of human pancreatic cell specification are 

summarized in Figure 1.4 (Jennings et al. 2015). 

 

 

 

 

 

Figure 1.4 Transcription factors and main markers in different stages of human pancreatic development.  

Different transcription factors and markers can identify pancreatic progenitor cells at 
different stages of development.  
 
Figure adapred from Jennings et al. Diabetes 2013;62:3514-3522 ©2013 by 
American Diabetes Association. Jennings et al. Development 2015;142:3126-3137 
© 2015. Published by The Company of Biologists Ltd. 
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As previously discussed, islet formation in rodents involves delamination of differentiated 

hormone-expressing cells that undergo EMT (Rukstalis and Habener 2007; Cole et al. 

2009).  However, this mechanism is yet not confirmed in humans. From 12wpc onwards, 

numerous single hormone-expressing cells are frequently found scattered within the 

pancreatic epithelium, therefore single cell delamination followed by endocrine cell 

clustering could be the predominant mechanism for islets formation in humans (Polak et 

al. 2000). At around 13wpc the firsts islets are formed (Meier et al. 2010; Jennings et al. 

2013).  

Interestingly, it has been reported that the morphology of human islets changes during 

development. At 14wpc the islets have similar organization reported in rodents: β-cells 

are found in the core, surrounded by α-cells in the periphery. During human pancreatic 

development, the ring of glucagon cells “opens up” and in the adult human pancreas, the 

different endocrine cell are found homogeneously intermixed within the islets (Jeon et al. 

2009).  The histological analysis of Jeon and colleagues showed also an inhomogeneous 

islets cell aggregation during pancreas development: islet formation begins at the centre 

of the tissue, and consequentially spreads towards the periphery while the tissue expand 

in size (Polak et al. 2000; Jeon et al. 2009).  
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1.3 Congenital and acquired pancreatic disorders 

1.3.1 Diabetes 

Diabetes was described as pathology in 1812 in the first issue of the New England 

Journal of Medicine, but nothing was known about its prevalence and the mechanisms 

responsible for it (reviewd in Polonsky 2012). In addition, no effective treatments were 

available, and the patients were dying within few weeks from the diagnosis. In 1889 the 

pancreas was proposed to be the organ affected in case of insurgence of diabetes, 

demonstrating its crucial role in glucose homeostasis (Minkowski and Von 1980; 

reviewed in Karamanou et al. 2016). In 1916 it was hypothesized that the deficiency of 

a chemical produced by the pancreas could result in diabetes. The compound was 

named as “insulin”, after the Latin word Insula, used to refer to  islets of Langerhans 

(Sharpey 1916).  

In 1921, Banting and Best reversed diabetes in dogs using an extract of islet cells derived 

from healthy pancreas (Banting et al. 1922). Banting and Best, together with Collip and 

Macleod, purified the hormone insulin from bovine pancreas and used it to treat Leonard 

Thompson, a 14 year old boy who was the first patient treated for diabetes (Geyelin et 

al. 1922). Insulin was one of the first proteins to be sequenced with the Sanger method 

and it was also the first hormone for which the three-dimensional crystal structure was 

determined. Moreover, it was the first hormone to be cloned with recombinant DNA 

technology and used therapeutically (Sanger 1945; Ullrich 1977). 

 

Diabetes refers to a group of metabolic disorders characterized by high glucose levels in 

the blood. People affected by diabetes have a higher risk of developing a number of 

disabling and life-threatening complications affecting heart and blood vessels, eyes, 

kidneys, immune system and nerves (DeFronzo et al. 1997). Diabetes can occur either 

because the pancreas is not producing or releasing insulin or because the organs 
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responsible of glucose metabolism are not responding properly to insulin or changes in 

blood glucose concentration (Masharani and German 2001). There are two main types 

of diabetes: Type 1 and Type 2. 

 

Diabetes Type 1, T1D, or Juvenile Diabetes, is a chronic, multifactorial autoimmune 

disorder, in which patients’ pancreatic β-cells undergo progressive autoimmune-

mediated destruction, causing an insufficient production of insulin. T1D currently 

represents about 10-15% of the total burden of diabetes, however, it is the most 

prevalent form in children below 15 years of age. There are approximately 500,000 

estimated cases worldwide, with the highest rates found in Northern European nations 

(Katsarou et al. 2017). 

The exact cause that triggers T1D insurgence is still unknown and, being a multifactorial 

disease, but it is likely that concomitant favourable situations must be present in an 

individual in order to develop the disease. A genetic predisposition seems to be crucial: 

at least 20 different chromosomal regions have been linked to T1D susceptibility (Pociot 

and McDermott 2002). 

The human leukocyte antigen (HLA) complex includes several classes of major 

histocompatibility complex (MHC) proteins, with three loci DR, DQ, and DP encoding for 

MHC class II molecules. HLA-DR-DQ genotypes are the most well characterised risk 

factors for T1D, and in Scandinavia haplotypes such as HLA-DR3-DQ2 and HLA-DR4-

DQ8 are found in 90% of diagnosed children (Graham et al. 2002).  

Genome-wide association studies (GWAS) have also revealed over 50 HLA-

independent risk factors (Pociot and Lernmark 2016; Cooper et al. 2012). For instance, 

polymorphisms in the insulin gene and CTLA-4 (cytotoxic T-lymphocyte antigen 4), 

affecting thymic tolerance mechanisms, have been shown to increase disease risk. In 

contrast, protective polymorphisms inhibit self-antigens from forming (Anjos and 

Polychronakos 2004; Rich et al. 2009).  
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Environmental factors are hypothesised to play a potent role in diabetes initiation. Overall 

understanding of distinct mechanisms is poor, but viral infection, diet, gestational events 

and hygiene practices are thought to play a role in developing the disease (Knip et al. 

2005). 

Dysglycaemia is the first symptom that occurs in T1D, but it is still unclear whether this 

is due to β-cell depletion or pancreatic impairment as a result of inflammation and 

immune infiltration (Katsarou et al. 2017). By the time symptoms of T1D have appeared, 

a multitude of immune cells are present around the islets of Langerhans. The 

hyperglycaemia often results in severe multi-organ complications, a heightened risk of 

retinopathies, cardiovascular disease, impaired wound healing and renal failure 

(Krogvold et al. 2016).  

At this time there is no animal model accurately mimicking the pathophysiology of human 

T1D. Moreover, is still not understood why β-cells are the target of immune system 

instead of other endocrine cells.  

Current treatment for T1D is pharmacological. Exogenous administration of insulin is a 

safe method which allows glycaemic control (Gualandi-Signorini and Giorgi 2001). 

Despite prevention policies and improved formulations of insulin, little progresses have 

been made towards winning diabetes, in terms of lowering the number of cases 

worldwide and preventing the insurgency of secondary complications (Gillies et al. 2007; 

Haw et al. 2017). Moreover, the spectrum of diabetes in our society has much changed: 

only the 10% of cases of Diabetes is managed by insulin administration. Nowadays the 

vast majority of diabetics are affected by Type 2 diabetes. 

 

Diabetes Type 2, T2D, is a metabolic syndrome that involves organs that are normally 

effectors of insulin action (such as skeletal muscle and adipose tissue) becoming insulin 

resistant. T2D is a multifactorial condition mostly affecting adults, in whom the incidence 

is increasing due mainly to obesity and unbalanced diet. Patients suffer from dysfunction 

of several organs and they often require multiple drug treatments. 415 million people 
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worldwide live with diabetes, and an estimated 193 million people have undiagnosed 

T2D. It is estimated that 642 million people worldwide could be affected by diabetes by 

2040 (WHO-World Health Organization 2018; Polonsky 2012; Ogurtsova et al. 2017; 

Whiting et al. 2011; Chatterjee, Khunti, and Davies 2017). 

 

1.3.2 Congenital hyperinsulinism 

Congenital hyperinsulinism (CHI) refers to a variety of congenital disorders all 

characterized by an excessive secretion of insulin by pancreatic β-cells, causing 

hypoglycaemia (Senniappan, Arya, and Hussain 2013; Mohamed, Arya, and Hussain 

2012; Arnoux et al. 2011). CHI is the most common cause of persistent and recurrent 

hypoglycaemia in neonates. The incidence is estimated to be 1/50,000, which is 

increased  up to 1/2,500 live births in Saudi Arabia because of a high rate of 

consanguinity (Arnoux et al. 2011). For many years, CHI was known as 

‘nesidioblastosis’, term that describes the persistence of a diffuse and disseminated 

proliferation of islets (Laidlaw 1938; Hussain 2005; Arnoux et al. 2011). 

CHI can be transient or persistent, mild or severe (Gillis 2003). All CHI conditions are 

present at birth and most become apparent in the first days of life or in early infancy 

(James et al. 2009; Hussain and Aynsley-Green 2000). The symptoms of CHI are caused 

by the low levels of circulating glucose in the bloodstream; these include jitteriness, 

lethargy, unresponsiveness, seizures, macrosomia of the fetus, intellectual disability, 

permanent brain injury and coma (Mohamed, Arya, and Hussain 2012; Mehta and 

Hussain 2003).  

Two forms of CHI have been described on the basis of the histological analysis of the 

distribution of abnormal hyperfunctional islets (Arnoux et al. 2011; Sempoux et al. 2004):  



 
 

 
 
 

50 

Focal Form: involves a small area (2.5 to 10 mm in diameter) of the pancreas in which 

endocrine cells with large cytoplasm and nuclei are present, the islets in the remainder 

of the pancreas appear normal (Arnoux et al. 2011; Sempoux et al. 2004).  

Diffuse Form: affects the whole of pancreas with variable involvement of the islets. The 

islet pattern is preserved, but β-cells are very active, characterized by enlarged 

cytoplasm and abnormal nuclei, often 3-4 times larger than normal size (Arnoux et al. 

2011; Sempoux et al. 2004).  

 

CHI is caused by genetic defects in key genes regulating insulin secretion. Most 

commonly found mutations affect eight key genes (ABCC8, KCNJ11, GLUD1, GCK, 

HADH, SLC16A1, HNF4A and UCP2) (James et al. 2009; Mohamed, Arya, and Hussain 

2012; Salisbury et al. 2015; Cosgrove et al. 2004; Galcheva et al. 2019). The most severe 

and also common forms of CHI are due to recessive inactivating mutations in ABCC8 

and KCJN11 genes. Both genes encode for two components of pancreatic β-cell ATP-

sensitive potassium channel (KATP). Specifically, ABCC8 encodes for sulfonylurea 

receptor 1 (SUR1) protein which is one subunit of the KATP channel found across cell 

membranes in the β-cells of the pancreas (Thomas et al. 1995). KCJN11 encodes for 

KIR6.2, another subunit forming the β-cells’ KATP channel (Thomas, Ye, and Lightner 

1996). 

KATP channels in pancreatic β-cells play an important role in insulin secretion, in particular 

by regulating the flux of K+ ions across cell membranes and thereby linking cell 

metabolism to electrical activity (Ashcroft, Harrison, and Ashcroft 1984). A schematic 

representation of the role of the KATP channel in β-cells is shown in Figure 1.5 (from 

Kapoor, James and Hussain, 2009).  

In the pancreatic β-cell, the KATP channel is composed of KIR6.2 and SUR1, which couple 

changes in glucose concentration in the plasma, to electrical excitability of β-cells and 

consequentially insulin release. Glucose metabolism results in an increase in the 
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intracellular ATP:ADP ratio, which in turn leads to cell-membrane depolarization, leading 

to a closure of the KATP channel, and increased intracellular Ca2+ influx which triggers the 

release of secretory granules, containing insulin (James et al. 2009; Senniappan, Arya, 

and Hussain 2013). The β-cells affected by mutations on ABCC8 or KCJN11 have the 

plasma membrane constantly depolarized, which cause Ca2+ influx and unregulated 

insulin secretion (Darendeliler et al. 2002; Babenko et al. 2006; James et al. 2009; 

Senniappan, Arya, and Hussain 2013; Mohamed, Arya, and Hussain 2012).  
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Providing a rapid diagnosis and prompt handling of hypoglycaemic events are necessary 

to prevent irreversible brain damage. Diagnosis is usually based on a controlled fast, 

when serial blood samples are taken for determination of insulin, glucose and other 

metabolites. Inappropriate presence of circulating insulin when blood glucose is not 

elevated is diagnostic for CHI (Hussain 2005; Moens et al. 2002; Hussain 2008). 

Therapies to manage hypoglycaemia include the use of diazoxide, glucagon and 

octreotide (Hussain 2005; Moens et al. 2002; Hussain 2008). Diazoxide is an anti-

hypertensive drug, agonist of the KATP channel, leading to an opening of the β-cell 

channel, inhibiting insulin secretion (Panten et al. 1989).  Diazoxide is usually effective 

in all forms of diffuse CHI, except for those caused by autosomal recessive mutations in 

ABCC8 or KCNJ11 genes and focal forms (Hussain, Aynsley-Green, and Stanley 2004; 

MacMullen et al. 2011). Octreotide and glucagon are used to stabilize the patient until 

the clinician has planned the next stage of investigation or management (Aynsley-Green 

et al. 2000; Hussain 2008). Octreotide is a long-acting somatostatin analogue effective 

and well tolerated in the majority of patients with diazoxide-unresponsive CHI (Hosokawa 

et al. 2017). Intravenous infusions of glucagon are used as immediate treatment to 

stabilize euglycemia in CHI new-borns (Mohnike et al. 2008).  

Figure 1.5 The role of KATP channels in insulin release from pancreatic β-cells. 

ATP-modulated K channels (KATP) channels have a crucial role in β-cells 
functionality. Elevations of plasma levels of glucose result in its uptake into 
pancreatic β-cells. Glucose metabolism results in an increase in cytoplasmic ATP. 
Increase of cytoplasmatic ATP result in a conformational change of the SUR1 
subunit of KATP whith consequent closure of the potassium channel. The reduction 
of potassium efflux results in depolarization of the membrane, and activation of 
voltage-gated calcium channels. Calcium influx results in increased exocytotic 
extracellulary release of insulin stored in secretory vescicle. A rise in plasma insulin 
increases glucose uptake from organs and the feedback loop is terminated. 
 
Figure from Kapoor, James and Hussain, 2009. Copyright © 2009, Springer Nature. 
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The histological distinction between focal and diffuse CHI, and the identification of the 

and precise anatomical localization of the lesions, have crucial therapeutic implications 

in the management of the disease. Advances in 18F-l-DOPA-PET imaging have changed 

the diagnostic approach to these patients (Otonkoski et al. 2006). The uptake of L-DOPA 

is higher in β-cells with an increased rate of insulin synthesis and secretion, compared 

with unaffected areas and therefore the area of lesion can be identified with high 

sensitivity (Kapoor, James, and Hussain 2009). Patients with the focal form of CHI 

require partial pancreatectomy with removal of the focal lesion, whereas patients with 

diffuse CHH who do not respond to medical therapy require near-total (e.g. 95%) 

pancreatectomy (Bax 2007).  However, in some patients with diffuse disease, enough 

insulin secreting tissue remains that hypoglycaemia still occurs, and such patients may 

require repeat operations to remove even more pancreatic tissue. Patients whose 

hypoglycaemia is effectively controlled in childhood may suffer from diabetes in later life. 
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1.4 Cell replacement therapies for diabetes 

1.4.1 Islets Transplantation 

The autoimmune destruction of insulin producing β-cells is the leading cause of T1D. To 

date, T1D therapies aim at keeping the disease under control by administrating 

recombinant forms of insulin.  However, β-cell replacement therapies would better mimic 

physiological regulation of insulin (Vantyghem et al. 2019). 

Studies in animal models of islet transplantation began in the 1960s (Ballinger and Lacy 

1972). Human application has since been shown to restore insulin independence in 

certain patients for a median duration of 15 months (Shapiro et al. 2006). However, there 

are a number of limitations hampering islet transplantation: number of donors, limited  in 

vitro β-cell expansion, loss of a large number of islets quickly post-transplantation, graft 

rejection and requirement for life-long immunosuppression of the patients (Rother and 

Harlan 2004; Naftanel and Harlan 2004; Bruni et al. 2014). In order to overcome these 

limitations, tissue engineering approaches have been considered, since they could 

provide solutions for islet survival, function and shielding from immune cell recognition 

upon transplantation (Ballinger and Lacy 1972 Gamble et al. 2018). Preventing the 

immune system from recognising islet cells has been attempted via encapsulation of the 

islets in biocompatible and permeable membranes. Various polymers have been 

proposed; so far, alginate-based capsules are the most commonly tested in clinical trials. 

These have proved to be safe, but there are concerns over oxygen diffusion and 

consequent cell survival, as well as recurrent fibrosis around the grafts (Strand, Coron, 

and Skjak-Braek 2017).  
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1.4.2 Stem Cell Therapies 

Pluripotent stem cells (PSCs), such as ES cells (embryonic stem cells) and iPSCs 

(induced pluripotent stem cells) represent exciting sources of β-cells in the context of cell 

therapy for diabetes. PSCs have the ability to differentiate into any cell type. The step-

wise differentiation protocols are developed by applying the knowledge of signalling 

molecules and factors crucial for differentiation during development (McCracken and 

Wells 2012; Zhou and Melton 2018; Malgorzata Borowiak 2010).  

The specific requirements for obtaining β-cell include PSCs induced to become definitive 

endoderm (mainly via administration of Activin-A and Wnt3a), to then specified into 

pancreatic endoderm (including FGFs and Retinoic Acid); administration of Retinoic 

Acid, and inhibition of SHH and ALK5 signalling produce a pool of replicating PDX1+ 

progenitors. PDX1+NGN3+ endocrine progenitors are obtained via down-regulation of 

Notch signalling, using γ-secretase inhibitors. Endocrine progenitors are then cultured in 

presence of  thyroid hormone T3, ALK5 inhibitor NAC ( N-Acetylcysteine) and other small 

molecules for up to two weeks, to induce their maturation towards β-cells (D’Amour et 

al. 2006; Bhushan et al. 2001; Shih et al. 2012).  

The levels of secreted insulin and the overall efficiency of the first protocols for endocrine 

differentiation were limited; furthermore, the cells were multi-hormonal and did not 

respond to glucose level fluctuations in vitro, failing to mimic fully mature adult β-cells 

(D’Amour et al. 2005; D’amour et al. 2006; W. Jiang et al. 2007). However, in vitro 

differentiated  β-cells were able to glucose sense following in vivo transplantation in mice, 

suggesting that full differentiation requires signals present in vivo which were missing in 

the cell culture environment (Kroon et al. 2008; D’amour et al. 2006; Cozzitorto and 

Spagnoli 2019). 

 

Improved protocols for β-cell differentiation aimed at enhancing the pool of PDX1+ 

progenitors (up to 80%) in order to increase the number of mature cells. Modulation of 
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TGF-β, Notch and BMP4 signals have improved expansion of PDX1+NKX6.1+ cells 

leading to better efficiency of endocrine differentiation (Rezania et al. 2014; Pagliuca et 

al. 2014; Trott et al. 2017). Despite considerable improvements, generating glucose-

responsive, mono-hormonal and fully mature insulin-positive cells in vitro, without in vivo 

transplantation, remains a challenge (Johannesson et al. 2015; Veres et al. 2019).  

 

In order to chart other signalling pathways which could help promote β-cell differentiation 

from hPSCs, several groups have taken advantage of innovative sequencing techniques 

to set up references for in vitro differentiation protocols (Baron et al. 2016; Li et al. 2016; 

Muraro et al. 2016; Segerstolpe et al. 2016; Lawlor et al. 2017; Teo et al. 2018; Byrnes 

et al. 2018).  

Pesen et al., performed single cell qPCR analysis on over 500 cells derived across the 

seven stages of the protocol developed by Rezania et al, 2014.  The data showed several 

sub-types of cell clusters, underling high heterogeneity and different pace of 

differentiation suggesting that a progenitor cell could get into several routes to become 

β-cells, pointing to an unexpected complexity in vitro (Petersen et al. 2017).  

Veres et al, applied single-cell RNA-sequencing to 40444 cells during β-cell 

differentiation in vitro, globally profiling the transcriptome. A major finding was the 

observation that, regardless of differentiation protocol or cell line used, the populations 

emerging during β-cell differentiation were conserved. The work also identified that poly-

hormonal cells produced during PSCs differentiation protocols are closely related to 

INS+GCN+ARX+ cells previously described in human fetal pancreas, in which they have 

been described as a transient population differentiating to α-cells (Riedel et al. 2012; 

Veres et al. 2019).  

 

By combining -omics analysis of pancreatic progenitors in vivo and of PSCs 

differentiating in vitro, several signalling pathways have emerged, which could be 

manipulated to improve β-cell differentiation protocols of hPSCs. As an example, Hippo 
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signalling is crucial for the integration of tissue architecture by balancing proliferation and 

differentiation of progenitors’ cells (Hansen, Moroishi, and Guan 2015). Furthermore, 

transient expression of YAP/TAZ in vitro  has been shown to convert differentiated 

primary murine cells of multiple origin (neuronal, mammary gland and pancreas) into 

cells displaying features of their corresponding tissue-specific progenitors (Panciera et 

al. 2016). In the pancreas, YAP controls progenitors maintenance and expansion by 

regulating enhancer elements of specific transcription factors involved in these 

processes (Cebola et al. 2015). Moreover, NGN3+ and endocrine cells express low levels 

of YAP (Mamidi et al. 2018). Melton’s team have shown a dual modulation of YAP in 

stem cell cultures: YAP downregulation enhanced endocrine differentiation and the 

generation of stem cell derived β-cells with improved insulin secretion. Inhibition of YAP 

signalling diminished the pool of SOX9+ progenitors, and of proliferating PDX1+ cells, 

acting as a controller of the balance between self-renewal and differentiation (Rosado-

Olivieri et al. 2019).  Notwithstanding, F-actin–YAP1–Notch mechanosignalling has been 

previously shown to play a role on fate decision in the pancreas. Integrin α5 is a key 

regulator in this process of fate decision via YAP1-TAED4-HES1-NGN3 axis. Hence, 

mechanical influences mediated by ECM and integrin α5β1, promote cytoskeleton 

remodelling and downstream signalling pathways which have an impact on fate 

decisions in vivo. In this context YAP1 has been found as the main transcriptional 

gatekeeper downstream α5β1-mediated cellular tension via F-actin (Mamidi et al. 2018; 

George et al. 2012; Cebola et al. 2015). 

Given the interplay between mechanical factors and cell fate, to develop a 3D 

microenvironment permissive for both progenitor expansion and β-cell differentiation, is 

of great relevance.  

 

Despite the considerable advancements in designing stem cell-based approaches for 

diabetes cell therapy, there are still limitations with the use of pluripotent stem cells that 

hamper clinical translation. These include sample variation and, in some countries, 
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ethical concerns regarding use of hESCs (Osafune et al. 2008; Petersen et al. 2018). 

iPSCs have some advantages comparing to hESCs, such as less ethical issues related 

with their use and the prospect of developing individualised lines for disease modelling 

and drug testing (Rowe and Daley 2019). However, disadvantages of iPSC strategies 

are the time required for their generation and their genomic instability (Yoshihara, 

Hayashizaki, and Murakawa 2017). The major point of contention with all stem cell 

sources is whether differentiated cells accurately mimic mature β-cells. Even the latest 

and improved protocols produce β-cells lacking expression of UCN3 (Urocortin 3) , 

MAFA (MAF BZIP Transcription Factor A) and SIX3 (SIX Homeobox 6), which indicate 

that those have not reached full maturation, as these genes are important for correct 

insulin secretion and glucose sensing (Blum et al. 2012; Veres et al. 2019).  

 

Human fetal cells could represent an alternative to hEC and hPSCs, as their culture could 

be scaled-up and standardized, the differentiation protocols would be easier and shorter 

than current hPSC protocols; furthermore fetal cells are generally considered safer for 

rejection and tumorigenesis (Ishii 2014). Manufactured fetal β-cell lines have been 

immortalised through the transgenic expression of telomerase reverse transcriptase 

(hTERT) following lentiviral transduction (Ravassard et al. 2011). One particular line, 

EndoC-βH1, was able to secrete insulin in response to glucose fluctuations and 

displayed stability for 80 passages. However, despite promising results, immortalisation 

remains a concern and fetal cell lines for diabetes cells therapy do not seem a suitable 

approach yet (Scharfmann et al. 2014).  

 

 

 

 

 



 
 

 
 
 

59 

1.4.3 Pancreatic stem cells, plasticity and reprogramming 

The understanding of the principles that govern pancreatic development has provided 

the means to manipulate stem/progenitor and adult pancreatic cells in the context of 

regenerative medicine (Puri and Hebrok 2010). The leading strategy for β-cell mass 

restoration is based on in vitro produced β-cells from PSCs. However, stimulation of 

endogenous β-cell proliferation and reprogramming of other cell types closely related to 

β-cell (such as acinar and ductal pancreatic cells) are considered valid approaches, 

taking into account the striking plasticity of the pancreas (Puri, Folias, and Hebrok 2015)  

Historically, islet regeneration has been studied using injury models in rodents (Socorro 

and Esni 2014). However in human, no substantial endocrine regeneration is observed 

upon injury, but it is in obesity, insulin resistance and pregnancy (Granger and Kushner 

2009; Zhou and Melton 2018).  

Lineage tracing experiments have suggested that newly formed β-cells upon injury arise 

form trans-differentiation of α- and δ-cells (Granger and Kushner 2009; Zhou and Melton 

2018). In conditions like inflammation, ductal cells acquire acinar characteristics, while 

in case of metabolic stress, endocrine cells become poly-hormonal. Those “hybrid cells” 

come from trans-differentiation events. If tissue insults are particularly severe, 

differentiated cells become highly plastic to ensure tissue healing (Mohnike et al. 2008; 

Swisa, Glaser, and Dor 2017). Indeed, endocrine conversion of acinar or ductal cells has 

been observed in extreme cases of damage (Kopp, Grompe, and Sander 2016). 

Taking advantages of the high plasticity of pancreatic cell, in vitro reprogramming 

strategies have been developed in order to obtain β-cells from other cell types. The direct 

conversion of one differentiated cell type into another typically incorporates a 

combination of transcription factors, epigenetic regulators or microRNAs (Xu, Du, and 

Deng 2015). In the specific case, master regulators of β-cell fate could be able to convert 

non-β into insulin producing cells. Acinar, gastrointestinal epithelial cells and hepatic 

progenitors have been converted into β-cells via adenovirus-mediated transfer of a 
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combination of three transcription factors (NGN3, PDX1, MAFA also referred as NPM). 

The trans-differentiated cells improved diabetes in in vivo mouse models (Zhou et al. 

2008; Yechoor et al. 2009; Ariyachet et al. 2016). Cytokines treatment was also proved 

to mediate conversion of ductal cells to β-cells (upon FBW7 knock-down) (Baeyens et 

al. 2014; Sancho et al. 2014).  

Despite the discrete successes obtained with reprogramming protocols in mouse, human 

cell reprogramming is less obvious. Only recently, the ability of human ducts and α-cells 

to be reprogrammed to β-cells able to produce insulin in vivo has been reported (Lee et 

al. 2013; Xiao et al. 2018; Furuyama et al. 2019).   

 

Pancreatic regeneration and plasticity have been discussed for many decades but, unlike 

other epithelia, a true stem/progenitor cell population in the pancreas remains elusive 

(Slack 1995; Amici, Onikoyi, and Bonfanti 2014; Dor and Melton 2004; Aguayo-

Mazzucato and Bonner-Weir 2018). Genetic lineage tracing of exocrine, acinar and 

particularly ductal cells (given the origin from a bi-potent progenitor) indicate rare 

contribution to β-cell neogenesis: evidence in rodents showed that the majority of β-cells 

arise by self-duplication and not from tissue resident stem cells both in homeostasis or 

in injury models (Dor et al. 2004; Kopp, Grompe, and Sander 2016; Zhou and Melton 

2018; Teta et al. 2005; Chung et al. 2019). Although the best characterized clonogenic 

cells of the adult rodent and human pancreas are ductal cells (Xu et al. 2008), the tissue 

stem cell marker Lgr5 is not expressed under physiological conditions, but it is by a sub-

set of ductal cells upon duct-ligation injury in animal models (Huch et al. 2013). 

Therefore, so far, there is no convincing evidence to claim those ductal cells with high 

clonogenicity in vitro to be pancreatic stem cells (Kopp et al. 2011). 
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1.5 Culture of pancreatic progenitors 

The in vitro culture conditions for pancreatic islets were established in the 1970s and 

have provided a model to study the regulation of insulin secretion; however, islets in vitro 

are non-proliferative and cells undergo a high rate of apoptosis (Hellerström et al. 1979; 

Daoud, Rosenberg, and Tabrizian 2010). Therefore, they cannot be a source of β-cells 

for cell replacement.   

The ability to cultivate human primary cells in vitro is a preliminary requirement in order 

to obtain a sufficient number of cells for replacement therapy. Despite the optimizations 

of protocols for the proliferation and differentiation towards endocrine cells of pluripotent 

stem cells, those 2D systems fail in recapitulating morphogenesis. Since the pancreas 

is characterized by simultaneous differentiation and morphogenesis during development, 

a 3D environment is crucial in order to obtain full maturation in vitro and to understand 

the dynamics of cell-cell and cell-ECM, that favour cell fate determination (Greggio, De 

Franceschi, and Grapin-Botton 2015). 

In order to reproduce in vitro an environment similar to a “stem cell niche” in vivo, many 

primary cultures of adult stem/progenitor cells have been established in 3D, in the form 

of so called “organoids” or “spheroids” (Huch and Koo 2015; Lancaster and Knoblich 

2014). In organoid culture systems, niche components are derived from the cells 

themselves or can be added via small molecules and substrates; the interplay creates a 

dynamic environment which controls self-renewal and differentiation of the 

stem/progenitor cells (Yin et al. 2016). Organoid cultures have allowed a better 

understanding of the biological processes occurring during development, of the 

molecular mechanisms behind 3D self-organization of cells, and of fate decision. 

Organoids are also a useful tool for disease modelling and for regenerative medicine 

approaches  (Lancaster and Huch 2019; Fatehullah, Tan, and Barker 2016; Hynds and 

Giangreco 2013).  
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The first embryonic pancreatic organoids have been developed in Grapin-Botton 

laboratory; the team published a 3D culture system able to recapitulate mouse pancreatic 

development, showing that small clusters of embryonic pancreatic cells (derived from 

embryos at ~E10) could organize in vitro in 3D forming “mini-pancreas” in which cells 

segregated into “tip” and “trunk” domains and underwent a certain degree of 

differentiation (Greggio et al. 2013). Despite the versatility of the system, progenitors in 

this condition were not able to expand.  

Expandable culture of adult murine pancreatic organoids was based on media containing 

NOGGIN, R-SPONDIN, FGF10 and EGF; the signalling molecules allowed extensive 

expansion of adult pancreatic progenitor cells (duct-like cells, PDX1+). When duct-like 

organoids from adult pancreas were mixed with embryonic pancreas and transplanted  

in vivo, they were able to differentiate towards mono-hormonal endocrine cells (Huch et 

al. 2013).  

Pancreatic organoids have allowed investigation of some of the pathways required for in 

vitro differentiation of progenitor cells towards endocrine cells. Murine and human 

organoids cultured in absence of EGF showed reduced proliferation, while endocrine 

differentiation was significantly enhanced, raising the possibility of directing the fate of 

expanded pancreatic progenitors in vitro (Bonfanti et al. 2015).  

Human adult pancreatic organoids have also been established. However, full maturation 

towards endocrine cells has been obtained only upon in vivo transplantation in mice, with 

circulating human C-peptide detected upon glucose challenge up to a month after the 

grafting of the cells (Loomans et al. 2018).  

Figure 1.6 Summary of the strategies of pancreatic organoid generation. 
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Figure 1.6 Mouse adult and embryonic and human fetal pancreatic progenitors in culture. 

A. Pancreatic ducts were isolated from adult mouse pancreas after digestion, 
handpicked manually and embedded in matrigel. Twenty-four hours after isolation, 
the pancreatic ducts closed and generated cystic structures. After several days in 
culture, the cystic structures started folding and budding.  
Figure adapted from M.Huch et al. Copyright © 2013, European Molecular Biology 
Organization.  

B. Progenitor cells from E10.5 mouse pancreas cultured in 3D have been proved to 
recapitulate some steps of pancreas development.  
Figure adapted from C.Greggio et al. Development 2013;140:4452-4462 © 2013. 
Published by The Company of Biologists Ltd.  

C. Human pancreatic progenitors cells from fetuses have been isolated and expanded 
indefinitely in vitro. 
Figure adapted from P.Bonfanti et al. 2015 Copyright © 2015, Mary Ann Liebert, 
Inc. 
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Despite the advancements in organoid technologies, there are still a few limitations in 

the system, especially for their use in regenerative medicine, including reproducibility, 

scalability and safety (Huch et al. 2017; Yin et al. 2016).  

Emerging engineering technologies applied to biomedical research would help solving 

these limitations; for example, advanced bioreactor technologies could be used to 

implement the number of cells in vitro for scalability (Huch et al. 2017).  

 

Matrigel is probably the most popular hydrogel for organoid culture aiming at mimicking 

the Extracellular Matrix (ECM). The ECM is the three-dimensional network of 

extracellular macromolecules which provides the structural and biochemical support to 

the surrounding cells; it is a highly dynamic structure that is present in all tissues and 

continuously undergoes controlled remodelling (Bonnans, Chou, and Werb 2014; Frantz, 

Stewart, and Weaver 2010).  

Relying on Matrigel creates several issues affecting reproducibility and safety of organoid 

cultures. One of the biggest issues is Matrigel origin, since it is produced from a 

gelatinous protein mixture secreted by Engelbreth-Holm-Swarm murine sarcoma cells. 

Matrigel is made of several ECM components, primarily laminin, collagen type IV and 

nidogen (Kleinman et al. 1982). Analyses of different batches of Matrigel have identified 

over 1,500 unique peptides and proteins, making precise characterization of this material 

impossible; furthermore, this complex composition varies a lot from batch to batch 

(Kratochvil et al. 2019; Gjorevski et al. 2016; Liaw, Ji, and Guvendiren 2018). Therefore, 

Matrigel’s source, poor characterization and variability have to be overcome in order to 

produce organoids for clinical translation. 

 

Advances in biomaterial science and microtechnology, allow a much better control of the 

composition of hydrogels, delivery of morphogens and mechanical inputs in 3D cell 

cultures. The possibility of integrating bio-engineered technologies and stem/progenitors 

cell culture is extremely fascinating in the context of studying development, in vitro self-



 
 

 
 
 

65 

organization and to investigate how the environment plays a role in cell fate (Lutolf, 

Gilbert, and Blau 2009; Gjorevski and Lutolf 2017).   

Fully synthetic hydrogels have the advantage of being tuneable and controllable. 

Depending  on  the  crosslinking  mechanism,  hydrogels  can  be  designed  to  be  stable 

(preserving stiffness trough the days in culture) or  to  degrade while the culture is 

progressing. Degrading results in softening of the hydrogel, which has been shown to 

promote cell proliferation and aggregation (Liaw and Guvendiren 2018; Chaudhuri et al. 

2016; Gjorevski et al. 2016).  

Despite being chemically defined and tuneable, and therefore superior to Matrigel, 

synthetic gels lack some of the molecules present in the natural ECM of the tissue. Given 

the importance of the ECM in influencing stem cell/progenitor expansion and 

differentiation, it is clear how important it is to design materials which mimic the structure 

and composition of the native matrix (Bastidas-Ponce et al. 2017; Cozzitorto and 

Spagnoli 2019; Gattazzo, Urciuolo, and Bonaldo 2014).  

 

Perfusion-decellularization is the most consistent method described so far to obtain 

decellularized whole-organ or tissue fragments (commonly referred as scaffolds) to serve 

as a platform for organ bioengineering (Tapias and Ott 2014). Perfusion-decellularization 

protocols have been showed to maintain organ ECM structure, such as vascular and 3D 

network, and ECM protein composition (Guyette et al. 2014). Given the crucial role of 

ECM molecules in tissue remodelling, in providing trophic signals to the cells, and in 

favouring revascularization, hydrogels have been produced using the ECM from 

decellularized tissues (Saldin et al. 2017). The ECM gels have similar physical 

characteristics to Matrigel (stiffness and 3D fibres mesh network), retaining the proteins’ 

composition and signatures of the tissue of origin, and have an angiogenic potential 

(Giobbe et al. 2019). ECM derived hydrogels have been efficiently used as vehicle for in 

vivo cell injection (Singelyn et al. 2009) and for in vitro organoid culture (Giobbe et al. 
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2019; Sackett et al. 2018), as a more clinically compliant alternative to Matrigel, and 

could be tailored to the tissue of interest (Saldin et al. 2017). 
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1.6 Aims and Objectives 

Diabetes is a complex metabolic disorder affecting glucose metabolism, resulting from a 

deficiency of insulin or insulin resistance. Almost 425 million people are affected by the 

global burden of diabetes, and this is predicted to increase by 48% (640 million) by 2040 

(WHO-World Health Organization 2018).  

Whole pancreas or islet cell transplantation could offer an effective alternative to insulin 

replacement therapies, but both require lifelong immunosuppression to control 

autoimmunity and rejection. Human stem cell derived β-cell products could effectively 

address the global need of diabetes therapy. However, despite publication of numerous 

protocols for pluripotent stem cell differentiation towards endocrine cells, consistent 

differentiation remains a major challenge and optimal conditions must still be designed 

(Rosado-Olivieri et al. 2019; Pagliuca and Melton 2013). 

The aims of this thesis are to: 

1. Identify the emergence of different cell populations in the human fetal pancreas and 

define the stage when multipotent progenitors become restricted to specific lineages.  

2. Investigate the in vitro growth potential of human pancreatic progenitors isolated from 

different developmental stages. 

3. Challenge progenitors’ differentiation potential in vitro by developing novel 

differentiation protocols and methods.  

4. Provide a paradigm to design clinically relevant strategies for expansion and 

differentiation of pancreatic progenitor cells in vitro.  
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Specifically, this thesis has four main objectives: 

1. Analysis and characterization of human embryonic and fetal pancreatic tissue at 

various stages of development to investigate the emergence of different 

pancreatic cell types from progenitors. This is addressed utilizing three 

approaches: 

- Histological and Immunohistochemical analysis of embryonic and 

fetal tissue to provide a characterization of the emergence and relative 

abundance of different pancreatic cell types during development.  

- Gene expression analysis, to further evaluate the expression of key 

genes and transcription factors responsible for cell determination and 

differentiation during development. 

- FACS analysis, to obtain quantitative estimates regarding changes in 

expression of novel and known cell surface markers of pancreatic 

progenitors during development. 

2. Isolation and 3D culture of human embryonic and fetal pancreatic progenitor 

cells. 

Thus, I have adapted protocols to: 

- Isolate progenitor cells from embryos and fetuses at various stages of 

development.  

- Expand progenitor cells in 3D cultures as organoids utilizing 

MatrigelTM. 

3. In vitro differentiation of pancreatic progenitors towards endocrine lineage.  
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- Both freshly isolated and in vitro expanded progenitors were induced 

to differentiate towards endocrine cells utilizing a medium and 

protocol developed through the course of this PhD.   

4. Assess the suitability of novel hydrogels as alternatives to MatrigelTM for 

expansion of pancreatic progenitors in 3D cultures. Specifically: 

- Pancreatic progenitor culture was assessed in natural ECM-derived 

hydrogels; these gels possess the biochemical signature of the tissue-

specific ECM from which are produced and have the potential for 

clinical translation. A comparative analysis of expansion of pancreatic 

progenitors in clinically compatible, ECM derived hydrogels vs 

MatrigelTM was performed. To support the possibility of using ECM 

derived hydrogels as clinically compatible vectors, in vivo delivery of 

human pancreatic progenitor cells expanded in hydrogels or in 

MatrigelTM was explored. 

- Pancreatic progenitor culture was assessed in fully synthetic, 

functionalized hydrogels with defined physical properties. Hydrogels 

were used to evaluate the role of matrix stiffness in progenitor 

expansion and differentiation. 
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2 Chapter 2      
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2.1 Dissociation of human embryonic and fetal 
pancreas. 

Human embryonic and fetal material ranging from CS14 to 21wpc (weeks post 

conception), was provided by the Joint MRC/Wellcome Trust (grant #099175/Z/12/Z) 

Human Developmental Biology Resource (www.hdbr.org). HDBR is a tissue bank 

approved by the NHS Health Research Authority – London Fulham Research Ethics 

Committee. The committee is constituted in accordance with the Governance 

Arrangements for Research Ethics Committees and complies fully with the Standard 

Operating Procedures for Research Ethics Committees in the UK. HDBR REC reference: 

18/LO/0822. 

Human embryonic and fetal tissue was kept at +4°C for up to 24 hours (h). The tissue 

was moved from its transport medium and placed into a 6mm dish (ThermoFisher 

Scientific, Leicestershire, United Kingdom) containing 2ml of Hanks’ Balanced Salt 

Solution HBSS (Sigma, Gillingham, United Kingdom). Pancreatic tissue was identified 

using a Zeiss StREO Discovery.V20 microscope, and eventually dissected from 

surrounding organs and mesenchymal tissue using tweezers. Pieces of pancreatic tissue 

were sampled for RNA analysis and histology (RNA Analysis and Histological Analysis 

section). 

For the isolation of human fetal pancreatic progenitor cells (hPPCs), pancreatic tissue 

was incubated for 5 minutes at 37°C with 0.6mg/ml Dispase (Gibco, Massachusetts, 

USA) in Isolation Media, composed by Hanks’ Balanced Salt Solution HBSS (Sigma, 

Gillingham, United Kingdom) containing 0.26mg/ml of Ca2Cl and 2.5mg/ml of Bovine 

Serum Albumin (BSA; Sigma Aldrich, Dorset, United Kingdom) which facilitates the 

tissue dissociation by detaching external mesenchymal tissue. Then, tissue was 

transferred into 1.5ml Eppendorf or 15ml falcon tubes and digested with 0.3mg/ml 

Collagenase P from Clostridium histolyticum (Sigma, Gillingham, United Kingdom) and 
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0.6mg/ml Dispase solution in Isolation Medium. Further dissociation was performed at 

37°C by gentle pipetting until small cell clusters (10-20 cells/cluster) were obtained for a 

maximum time of dissociation of 25 minutes. 

Cell clusters were rinsed once with at least 10mL of cold Advanced Dulbecco’s modified 

Eagle’s medium/nutrient mixture F12 (AdDMEM/F12; Gibco, Massachusetts, USA) with 

additional 1% L-Glutamine (100x, Gibco), 1% Penicillin Streptomycin (Sigma Aldrich, 

Dorset, United Kingdom) (from now referred as AdDMEM/F12 complete). 1mM EDTA, 

was added to the AdDMEM complete in order to block remaining enzyme activity. 

Samples were then centrifuged at 1200rpm (390g) for 5 minutes. The cell pellet was 

embedded in 30µl droplets of MatrigelTM (Corning, SLS, Nottingham, United Kingdom) 

and seeded in NunclonΔ Surface 24 well plates (ThermoFisher Scientific, Leicestershire, 

United Kingdom).  

In order to obtain a single cell suspension for FACS analysis and single cell plating, upon 

dissociation and washes, cells were incubated with TrypLE Express Enzyme solution 

(1X, Gibco) for 3-5 minutes at 37°C. TrypLE was inhibited by washes with a 10% solution 

of Heat-Inactivated (HI) Fetal Bovine Serum Serum (Gibco Massachusetts, USA) in 

AdDMEM/F12 complete. The samples were then spun down at 1200rpm for 5 minutes 

and resuspended in varying volumes of AdDMEM/F12 complete media and cells were 

counted using a Bürker Counting Chamber. After count, cells were spun down at 

1200rpm (390g) for 5 minutes, the supernatant was removed, and the cell pellet 

resuspended in 30µl of MatrigelTM for 3D organoids culture. Freshly dissociated cells 

were cryopreserved in 10% DMSO Dimethyl Sulfoxide (Sigma, Gillingham, United 

Kingdom) in FBS. Cryopreserved cells were placed short-term at -80°C, before being 

transferred to a Liquid Nitrogen container. 
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2.2 Human fetal pancreatic cell cultures 

2.2.1 3D cell culture in MatrigelTM 

Newly dissociated single cells or cells clusters, derived from embryonic/fetal pancreatic 

tissue were suspended in 30µl of MatrigelTM (Corning, SLS, Nottingham, United 

Kingdom) per well, and plated on NunclonΔ surface 24 well plates. MatrigelTM droplets 

containing cells were incubated for 30 minutes at 37°C and subsequently 500µl of media 

were added.  

Different media were used to cultivate the cells to promote expansion, differentiation of 

maintenance of the progenitors. The media formulations, including concentration of 

reagents and reagent supplier, are listed in Table 2.1. Expansion media and 

Organogenesis Media were both adapted from previous reports (Greggio et al. 2013; 

Huch et al. 2013).  

 

2.2.1.1 Expansion 

Expansion Media (EM formulation showed in Table 2.1) was used to promote the 

expansion of hPPCs. The media was removed and refreshed every 3-4 days. Cells were 

passaged depending on growth rate and gel integrity, at a 1:3-1:6 dilution factor, once 

every 5-8 days.  

At passage each 3D culture was mechanically disrupted by pipetting and washing with 

cold AdMEM/F12 into 15ml Corning tubes. Cell aggregates were pelleted by spinning at 

1200rpm (390g) for 5 minutes at 4°C. At this point cells were re-plated, or dissociated at 

single cells (following steps described before), or prepared for cryopreservation or 

collected for histological analysis and RNA analysis. 
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2.2.1.2 Differentiation 

The protocol for differentiation of human fetal pancreatic progenitors into endocrine/β-

cells consisted of five steps. Freshly dissociated or pre-expanded hPPCs were plated in 

3D MatrigelTM droplets in Differentiation Media (DM, formulation in Table 2.1) and 

cultured for 3 days. At day 4, cells were fed with 500µl differentiation medium with added 

20nM of Retinoic Acid (Sigma Aldrich, Dorset, United Kingdom). At day 6, 3D MatrigelTM 

cultures were mechanically disrupted by pipetting and washed with cold AdMEM/F12 

complete before centrifugation. Pellets were resuspended in 1ml of DM per well 

containing 20nM Retinoic Acid (Sigma Aldrich, Dorset, United Kingdom), 10µM 

Cyclopamine (Sigma Aldrich, Dorset, United Kingdom), 2.5µM LY364947 (Sigma 

Aldrich, Dorset, United Kingdom), 10µM XAV_939 (Sigma Aldrich, Dorset, United 

Kingdom), and 10µM DAPT (Sigma Aldrich, Dorset, United Kingdom). Cells were 

cultured in suspension using non-tissue culture treated Multiwell Plates (Corning). At day 

9, after 3 days of culture in suspension, the cells were collected, washed in the double 

of volume of AdDMEM/F12 and spun down. The pellets were then resuspended in 1ml 

per well of fresh DM with inhibitors 10µM Cyclopamine, 2.5µM LY364947, 10µM 

XAV_939 and 10µM DAPT. At day 13, the cell clusters were fed again, and old media 

was replaced with 1ml per well of DM with inhibitors 10µM Cyclopamine, 2.5µM 

LY364947, 10µM XAV_939 and 10µM DAPT and 10mM of glucose. The media was 

replaced once at day 15. At day 18 cultures were pelleted and collected for histological 

or gene expression analysis (Refer to Figure 5.3 for a graphical schematic of the DM 

protocol). 

 

2.2.1.3 Organogenesis 

Freshly derived hPPCs were maintained for up to two weeks in Organogenesis Media 

(OM, formulation in Table 2.1) in MatrigelTM droplets. Media was removed and refreshed 
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every 3-4 days. At the end of the week cells were collected for histological and RNA 

analysis. 

 

 

 

Table 2.1 Media Composition. 

Composition of Expansion, Organogenesis and Differentiation Media.. Advanced 
DMEM/F12 (Gibco, Massachusetts, USA) was used as basal media. Different 
growth factors, small molecules and inhibitors were added to promote expansion 
(Expansion Media, EM), morphogenesis (Organogenesis Media, OM) or 
differentiation (Differentiation Media, DM) of pancreatic progenitor cells in culture.  
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2.2.2 3D cell culture in PEG-RGD Hydrogels 

Poly(ethylene glycol) Hydrogel (referred as PEG-RGD gels), a synthetic gel mimicking 

the characteristic of the Extracellular Matrix, was developed in the laboratory of Professor 

Lütolf at EPFL in Lausanne. The development and composition of PEG-RGD Hydrogels 

is described in Gjorevski et al. (Gjorevski et al. 2016). Single components of the gel were 

shipped in dry ice. The PEG-RGD gel was freshly assembled, just before cell embedding, 

following Table 2.2 and Table 2.3 accordingly to batch instructions received by members 

of Professor Lütolf’s team.  

Gels of 3 different stiffnesses  were generated by modulating the ratio of PEG 

gel:medium (Table 2.2). After gel preparation and cell seeding into the mix, X-Linker was 

added to allow gel polymerization and 20µl hydrogel drops containing cells were plated 

in a 24 well plate. After 30 minutes incubation at 37°C, 500ul of medium were added to 

each well. hPPCs embedded in PEG-RGD Hydrogel were split after around 10 days of 

culture at 1:3 ratio. To mechanically disrupt the gel, TrypLE Express Enzyme solution 

(1X, Gibco) was added to the gel and incubated for 6 minutes at 37°C. TrypLE was 

inhibited by washing the suspension using a 10% solution of Heat-Inactivated Fetal 

Bovine Serum Serum (Gibco Massachusetts, USA) in AdDMEM/F12 complete. The cells 

were then spun down at 1200rpm for 5 minutes. The cell pellet was resuspended in fresh 

PEG-RDG gel for sub-culturing o collected for gene expression or histology analysis. 
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Table 2.2 PEG-RGD components Batch 2017. 

Volumes (in µl) of single components required for preparing 60µl of gel. 
The gel is prepared by adding the different component in the order indicated in the 
table. The Buffer is an aqueous solution rich in ions. The PEG mix contains the 
functional Poly(ethylene glycol) molecules which from the 3D gel. 3-residue RGD 
peptide motif was was added to mediate cell attachment. Medium is AdDMEMF12. 
Once cells were seeded and mixed witin the gel componets,  X-Linker was added, 
as the last factor which induced the cross-reaction and gelification. 

Table 2.3 PEG-RGD components Batch 2018. 

Volumes (in µl) of single components required for preparing 60µl of gel. 
The gel is prepared by adding the different component in the order indicated in the 
table. The Buffer is an aqueous solution rich in ions. The PEG mix contains the 
functional Poly(ethylene glycol) molecules which from the 3D gel. 3-residue RGD 
peptide motif was was added to mediate cell attachment. Medium is AdDMEMF12. 
Once cells were seeded and mixed witin the gel componets,  X-Linker was added, 
as the last factor which induced the cross-reaction and gelification. 
 



 
 

 
 
 

78 

2.2.3 3D cell culture in natural ECM derived hydrogels 

The protocol for the production of an Extracellular Matrix-based hydrogel (referred as 

ECM gel) was established in the laboratory of Professor De Coppi (Giobbe et al. 2019). 

Sacrificed piglet (Sus scrofa domesticus) small intestine was harvested and the retrieved 

mucosa extensively cleaned with deionized water (dH2O), opened longitudinally, cut into 

1 cm pieces and placed in dH2O to begin the first step of decellularization.  

The detergent-enzymatic treatment (DET) for decellularization, previously established 

on rat small bowel (Totonelli et al. 2012), was optimized for the porcine intestine. 1cm3 

pieces of intestine were prepared and placed in dH2O overnight at 4°C and then in 4% 

sodium deoxycholate (Sigma, Gillingham, United Kingdom) for 4h at RT (Room 

Temperature). This was followed by a washing step in PBS (Phosphate Buffer Saline, 

Sigma, Gillingham, United Kingdom) for 30mins at RT and then treatment with 2000kU 

DNase-I (Sigma, Gillingham, United Kingdom) in 1M NaCl (Sigma, Gillingham, United 

Kingdom) for 3hr at RT. The tissue was then placed in milliQ water and washed for 3 

days at 4°C, changing the water daily. Magnetic stirring was used throughout the 

decellularization process. The decellularized porcine intestine was freeze dried overnight 

or until completely dry (Labconco FreeZone Triad Freeze Dry Systems), milled into a thin 

powder using a mini mill (Thomas Wiley, mesh 40), γ irradiated (17 kGy for 10h) and 

stored at -20°C until further use. For gelation, the ECM powder was digested at 6-8-10 

mg/ml in pepsin/HCl solution (1 mg/ml in 0.1M HCl) at RT for 72 hours. Acidic pre-gel 

solution could be stored at 4°C for up to 1 month.   

All the steps for the seeding of hPPCs in ECM gels were performed working on ice. The 

pre-gel solution was equilibrated to isotonicity adding 10% 10xPBS and neutralized to 

physiological pH of 7.5 by addition of NaOH 1M and thorough mixing.  The neutralization 

of the gel was carried out just before cell seeding and plating. 

As for MatrigelTM and synthetic hydrogels, cell pellets were resuspended in 30-40µl 

droplets/well of neutralized ECM gel and plated in multiwells. Gelification occurred in 30 
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minutes at 37°C. Every batch of intestinal ECM powder was tested for biological 

variability, as not all gels produced were of appropriate quality for cell culture.  

Cells were cultivated in ECM hydrogels in Expansion Media (EM, formulation in Table 

2.1 and described above). Media was removed and refreshed every 3-4 days. Cells in 

EMC hydrogels were passaged depending on growth rate and gel integrity, at a 1:3-1:6 

dilution factor, once every 5-8 days.  

At passage, the ECM gel containing hPPC spheroids was mechanically disrupted by 

pipetting and was washed with cold AdMEM/F12. Cell aggregates were then pelleted by 

centrifugation at 1200rpm (390g) for 5 minutes at 4°C. Cells were seeded in fresh ECM 

gel and plated in droplets of 30-40µl.  
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2.3 Human fetal pancreatic mesenchymal cell culture 

Human fetal pancreatic mesenchymal cells (hPMC) were derived from human fetal 

pancreatic tissue (stage range 9-19wpc). Cells were isolated and expanded in low 

oxygen (5%), modifying protocols already established (Tonlorenzi et al. 2007).  

For hPMC isolation, the fetal pancreatic tissue was firstly cleaned from most of the 

surrounding mesenteric tissue, washed with PBS to further remove residual blood and 

debris and then dissected into 1-2mm pieces. Five to seven tissue fragments were 

transferred into 60mm dishes pre-coated with 1:100 MatrigelTM and incubated at least 1 

hour at 37°C. Afterwards, 1ml of cell medium (hPMCs proliferative medium, described 

below) was added by pipetting along the edge of the dish. Dishes were plated into a 

humidified chamber and incubated overnight at 37°C in a 5% O2 Incubator. 2ml of fresh 

medium was added to the dish following 24-48 hours.  

hPMC proliferative medium consisted of Megacell DMEM (Sigma, Gillingham, United 

Kingdom) enriched with 5% heat-inactivated FBS (Gibco Massachusetts, USA), 1% non-

essential amino acids (Gibco Massachusetts, USA), 1% L-Glutamine (Gibco 

Massachusetts, USA), 1% Penicillin-Streptomycin (Gibco Massachusetts, USA), 0.1mM 

β-mercaptoethanol (Sigma, Gillingham, United Kingdom) and 5ng/ml basic fibroblast 

growth factor ß-FGF, Sigma, Gillingham, United Kingdom). hPMC non-proliferative 

medium consisted of DMEM (Sigma, Gillingham, United Kingdom) enriched with 5% 

heat-inactivated FBS (HI-FBS, Gibco Massachusetts, USA), 1% non-essential amino 

acids (Gibco Massachusetts, USA), 1% L-Glutamine (Gibco Massachusetts, USA), 1% 

Penicillin-Streptomycin (Gibco Massachusetts, USA). 

Cultures were examined every day in order to evaluate cell outgrowth. Cell outgrowth 

timing varied from 7 to 12 days. When cells reached the optimal density (60-70% 

confluence), they were detached gently by rinsing with PBS and by incubating with 

0.05% Trypsin/EDTA for 5min at 37°C (Sigma, Gillingham, United Kingdom). Cells were 



 
 

 
 
 

81 

washed using Megacell DMEM+5% HI-FBS, counted using a Bürker Chamber, and re-

plated for expansion. 

Cells at early passages (I-VI culture) were cryopreserved. Around 5x105 to 1x106 cells 

were frozen in 40% proliferative medium, 50% FBS and 10% DMSO. Cells were placed 

short-term at -80°C, before being transferred to a liquid nitrogen container.  
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2.4 Flow cytometry analysis of hPPCs and hPMCs 

For flow cytometry analysis, single cells suspension of whole pancreas or cultured 

hPPCs or hPMCs were centrifuged for 5 minutes at 1200rpm and resuspended in 

HBSS+2% FBS solution (FACS Buffer). Cells were distributed in an appropriate number 

of 5ml polypropylene FACS tubes (~100,000 cells/tube) and incubated in FACS Buffer 

containing appropriate antibody dilutions (Table 2.4) for 20 minutes on ice.  

For single colour controls OneComp eBeads (eBioscience, ThermoFisher Scientific, 

Leicestershire, United Kingdom) were used. 

As a marker for live/dead cells, either Zombie Aqua (Biolegend, London United Kingdom) 

or DAPI (ThermoFisher Scientific, Leicestershire, United Kingdom) were used, 

accordingly to the panel. Cells were stained for the live/dead dye Zombie during the 

antibody incubation step. Alternatively, DAPI was added to the cell suspension after the 

antibody staining, at 1:300 dilution.  

After the incubation time, cells and beads were washed with 4 ml of HBSS+2% FBS 

buffer and spun down at 1200 rpm for 5 minutes. Cell pellets were resuspended in an 

appropriate volume of HBSS+2% FBS solution (with or without DAPI) and analysed with 

BD LSRFortessa cytometer (Software FACS-DIVA version 8.0.1)  
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Table 2.4 FACS antibody list. 

The table indicates the antibodies used for FACS analysis thought this study. The 
table includes information on the  conjugated fluorochrome, the dilution used, the 
clone and the isotype of the antibody and  company they were purchased from. 
FACS antibody were added at the appropriate dilution in FACS Buffer ( HBSS+2% 
FBS) and cells were stained for 20 minutes on ice. Zombie or DAPI were chosen as 
Live/Dead markers accordingly to the panel. 
After the staining cells were washed, resuspended in 100-200ul of FACS Buffer and 
alysed with a BD Fortessa Cytometer. 
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2.5 Tissue processing for histological analysis 

 

2.5.1 Tissue processing and sectioning 

Human embryonic and fetal pancreatic tissue samples were fixed in 4% 

Paraformaldehyde (PFA) for 4 hours at 4°C. Fixed samples were washed in PBS.  

Cryopreservation was performed by equilibrating the tissues with 25% sucrose in PBS 

over night at 4°C. Samples were then embedded in Optimal Cutting Temperature O.C.T. 

compound (VWR, Leicestershire, United Kingdom) and stored at -80°C. 

For paraffin-embedding, fetal samples were processed using a Leica PelorisII tissue 

processor and embedded in Paraffin using Skura Tissue-Tech embedding station.  

Cells pellets were embedded both for cryosectioning and for paraffin. Cells were 

collected from the plate using a 1ml pipette to disrupt the MatrigelTM droplets, without 

damaging the cells aggregates. Then, cell aggregates were washed once in cold PBS, 

centrifuged and resuspended in 1ml of cold 4%PFA. Cell aggregates were fixed for 15 

minutes, washed with PBS and centrifuged. The supernatant was removed, and cells 

were resuspended in ~40°C Agar (ThermoFisher Scientific, Leicestershire, United 

Kingdom) or ~40°C Richard-Allan Scientific™ HistoGel (Specimen Processing Gel, 

ThermoFisher Scientific, Leicestershire, United Kingdom). For cryosectioning, samples 

were snap-frozen in -80°C hexane and embedded in O.C.T. compound.  

Cryosections of fetal tissue or cell pellets were generate using a Leica Cryostat at 6-8µm 

of thickness and were made adhere on Leica superfrost non-adhesive slides. The slides 

were stored for long term at -20°C, or -80°C for long term storage. 

For sectioning of paraffin embedded tissue or cell pellets, a ThermoFisher rotary 

microtome was used. All sections were cut at 3-5µm thickness and mounted on Leica 
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superfrost non-adhesive slides. Sections from wax-embedded samples were then baked 

in a 40°C oven over night and stored at room temperature. 

 

2.5.2 Hematoxylin and Eosin staining 

Haematoxylin and Eosin staining was performed using automated machines at Great 

Ormond Street Hospital Histopathology Facility or at the Experimental Histology Platform 

at the Francis Crick Institute.  

For H&E staining, paraffin slides were first dewaxed in xylene and rehydrated following 

washes in decreasing concentration of Ethanol. 

Frozen sections were fixed briefly in 10% neutral buffered formalin (NBF). Frozen and 

paraffin samples were stained with Harris Haematoxylin, washed with distilled H2O, 

stained with Eosin and washed again with distilled H2O before propanol and xylene 

washes. Coverslips were mounted on slides using Pertex mounting media. 

 

 

2.5.3 Immunohistochemistry staining 

Immunostainings were performed on cryo- and paraffin sections of both tissue and cells 

pellets; also, wholemount staining was performed in cells aggregate seeded on 15µ-

Plate 384 wells (Ibidi, GmbH Thistle Scientific LTD, Glasgow, United Kingdom). For this 

propose cells were plated in Ibidi plates and were let adhere, by incubation at 37°C for 

1h. Cells were then there were fixed with 4%PFA for 15 minutes and washed twice with 

PBS. 

For Immunohistochemistry staining, paraffin slides were dewaxed in xylene twice for 1 

minute each wash, before rehydration, which consisted in placing the slides in a 100% 
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solution of denatured alcohol (IMS), twice for 1 minute each step, then following a 70% 

IMS wash, and Heat-Mediated Antigen Retrieval with Citrate buffer pH6.  

Cryosections were air dried before proceeding with the protocol for 

immunohistochemistry.  

For cryo and paraffin sections and also for wholemount staining of the organoids seeded 

in 15µ-Ibidi plates, immunofluorescence was performed as following: blocking and 

permeabilization were made simultaneously by incubating the slides at room 

temperature for 30 minutes with a solution of 5% Normal Donkey Serum (NDS, Jackson 

ImmunoResearch, Stratech Scientific Limited, Cambridgeshire, United Kingdom) in PBS 

containing 0.5% of TritonX (TritonTMX-100, Sigma, Gillingham, United Kingdom).  

Primary Antibodies were diluted in 5%NDS+0.01%Tx solution for staining in sections and 

in 5%NDS+0.5%Tx solution for whole mount staining. Primary antibodies were prepared 

at different concentrations (Table 2.5). 

Incubation with primary antibodies was performed over night at 4°C in a humid chamber. 

The following day the slides were washed three times using PBS.  

Secondary Antibodies (Table 2.6) chosen accordingly to the primary specie were diluted 

in 5%NDS+0.01%Tx solution for staining in sections and in 5%NDS+0.5%Tx solution for 

whole mount staining.  

Secondary antibodies were incubated for 1h at RT in darkness, or overnight in the case 

of wholemount stains. The slides were then washed three times with PBS and nuclei 

stained with 1:2000 Hoechst (Life Technologies, ThermoFisher Scientific, Leicestershire, 

United Kingdom) solution for 15 minutes at room temperature; same was done for the 

wholemount staining  in Ibidi plates.  

Slides were rinsed in PBS and a coverslip of appropriate size was mounted on them 

using a Flouroshield Mounting Medium (Abcam, Cambridge, United Kingdom). 

DAB immunohistochemistry was performed using a Bond Max® Automated 

Immunohistochemistry machine. 
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Table 2.5 Primary Antibodies list. 

The table includes the primary antibodies used for this study, their species of origin 
and isotype, the company from which were purchased from and concentration used. 
These primary antibody were used for immunofluorescent staining on human 
embryonic and fetal pancreas tissue sections or whole mount staining on human 
pancreatic progenitor cells in 3D cultures.  

Table 2.6 Secondary Antibodies list. 

The table includes the secondary antibodies used for this study, their target species 
of origin, the conjugated fluorochrome, the company they were purchased from and 
concentration used. These secondary antibody were used for Immunofluorescent 
staining on human embryonic and fetal pancreas tissue sections or whole mount 
staining on human pancreatic progenitor cells in 3D cultures. They were added 
accordingly to the species of origin of the primary antibody. 
 

Species Dilution Marker Isotype Company 
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2.6 Image acquisition and analysis 

Cultivated hPPCs were observed and imaged using Zeiss AxioCam MRn inverted 

microscope.  To acquire images of H&E and DAB immunostaining, a Zeiss Axioplan2 

microscope with Zeiss Axiocam HRc colour camera were used. A Zeiss LSM710 inverted 

confocal microscope was used to acquire immunofluorescence images of hPPC cell 

clusters and human embryonic and fetal pancreatic tissue. Confocal images were 

processed using Fiji, Improvision Volocity LE, Imaris and Zeiss Zen software. 
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2.7 RNA Analysis 

2.7.1 RNA extraction 

RNA was extracted using either Trizol TRI Reagent (Sigma, Gillingham, United Kingdom) 

or a ReliaPrep RNA Miniprep kit (Promega, Southampton, United Kingdom).  RNase Zap 

(Sigma, Gillingham, United Kingdom) was used to clean surfaces. 

To extract total RNA 1ml of Trizol TRI Reagent (Sigma, Gillingham, United Kingdom) 

was added to either cultivated cell pellets or fresh tissue samples which had been 

homogenised with sterile surgical scissors. Trizol samples were stored at -80°C until 

extraction, when homogenized samples were thaw on ice. Extraction followed the 

manufacturer’s guidance.  

Upon thawing, 200µl of molecular biology grade Chloroform (Sigma Aldrich, Dorset, 

United Kingdom) were added to 1ml of Trizol; samples were shken vigorously, to allow 

Trizol-Chloroform to mix, and spun down at 12000g for 15 minutes at 4°C. After 

centrifugation, the upper aqueous phase containing nucleic acids was transferred in a 

new tube containing 500µl of molecular biology grade Isopropanol (Sigma Aldrich, 

Dorset, United Kingdom). Samples were incubated for 10 minutes on ice and then spun 

down at 12000g for 10 minutes at 4°C to allow RNA pelleting. RNA pellets were washed 

twice with 75% molecular biology grade ethanol (Sigma Aldrich, Dorset, United 

Kingdom), by centrifugation at 7500g for 5 minutes at 4°C. After two washes, ethanol 

was removed, RNA pellet was air-dried and dissolved in nuclease free water (Qiagen, 

Manchester, United Kingdom). 

A Precision DNase kit (PrimerDesign, Chandler's Ford, United Kingdom) was used, 

according to the manufacturer’s instructions, in order to remove DNA contaminants from 

the RNA samples extracted using Trizol. The kit consisted of two reagents: a 10X 

reaction buffer, diluted to 1X accordingly to the volume of the sample, and 1X DNase 
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enzyme. DNase treatment consisted in a first incubation at 30°C for 10 minutes followed 

by a 5 minutes incubation at 55°C for DNase inactivation.   

Extraction using ReliaPrep kit was performed following manufacturer’s instructions. The 

ReliaPrep is a column-based RNA extraction method which consisted of several steps. 

A lysate cell or tissue solution was mixed with isopropanol and added to the Minicolumns. 

After centrifugation, bound RNA was washed, treated with DNAse and eluted in 

nuclease-free water.  

Regardless of the extraction method, RNA concentration and purity in nuclease-free 

water was estimated by recording 280nm and 260nm absorbance using Nanodrop1000 

(ThermoFisher Scientific, Leicestershire, United Kingdom). 

 

 

2.7.2 Reverse Transcription and qPCR 

The GoScript Reverse Transcriptase kit (Promega, Southampton, United Kingdom) was 

used to retrotranscribe 200ng of RNA into single strand cDNA according to the 

manufacturer’s protocol. The kit can be used to convert up to 5µg of total RNA or up to 

500ng of poly(A) RNA into first-strand cDNA.  

Briefly, experimental RNA (up to 5μg/reaction) was mixed with Random Primer 

(0.5μg/reaction) and Nuclease-Free Water up to a final volume of 5μl. The mix was 

incubated at 70°C heat block for 5 minutes and immediately chilled on ice. In the 

meantime, reverse transcription reaction mix was prepared by mixing 4μl GoScriptTM 

5X Reaction Buffer together with MgCl2 (final concentration 1.5mM, 1.2μl), PCR 

Nucleotide Mix (final concentration 0.5mM each dNTP, 1μl), Recombinant RNasin® 

Ribonuclease Inhibitor (20 units), 1μl of GoScriptTM Reverse Transcriptase and 

Nuclease-Free Water up to a final volume of 15μl. Therefore, 15μl of reverse transcription 

mix were combined with 5μl of RNA and primer mix.  
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The reaction was carried out by placing the tubes in a heat block and following specified 

temperatures and timings for each step:  

- Annealing: 25°C for 5 minutes  

- Extension: 42°C for up to one hour 

- Inhibition: 70°C for 15 minutes.  

cDNA was stored at -20°C.  

Quantitative PCR (qPCR) was performed using 20-25ng of cDNA produced as described 

above. The PCR master mix, PrecisionPLUS-R, with ROX, was purchased from 

Primerdesign Ltd (PrimerDesign, Chandler's Ford, United Kingdom).  A variety of 

Taqman RT-qPCR probes (Integrated DNA Technologies, IDT, California, USA) were 

used for a series of different analysis (Table 2.7). Most of the primers spanned at least 

1 exon, in order to exclude cDNA contaminants. Nevertheless, each of the probes was 

tested to exclude possibility of genomic DNA detection byperforming a q-PCR on a 

control sample that had not been non-reverse transcribed. 

q-PCR was performed in MicroAmp Fast Optical 96 well Reaction Plates (Applied 

Biosystems, ThermoFisher Scientific, Leicestershire, United Kingdom) utilising 

QuantStudio 3 Real-Time PCR System (Applied Biosystems, ThermoFisher Scientific, 

Leicestershire, United Kingdom). 

Relative gene expression was analysed with Microsoft Excel and Graphpad Prism 7 

software according to the ΔΔCt method of qPCR data analysis. 
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Table 2.7 List of qPCR Probes. 

The table specifies the probes for qPCR used for this study, including the reference 
number for their sequence and the Identification Number of IDT. 
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2.8 Statistical analysis 

For all the experiments included in this study, the exact sample size (N) for each 

experimental group/condition is indicated in the figure legend as a discrete number. 

Statistical analysis was performed using two-way ANOVA non-parametric test, unless 

specified otherwise. The Friedman Test, Kruskal-Wallis, Dunn’s Tests were used for 

multiple comparison analysis. Plots and graphs were generated with GraphPadPRISM8.  
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2.9 Animal work 

Animal work was ethically approved and carried out under Home Office Project Licence 

PPL PDD3A088A under 11024/01 540175 Personal Licence (owner Sara Campinoti).  

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice, commonly known as NSG, or NOD-SCID-γ 

mice were purchased from Jackson Laboratory (USA, multiple locations) and bred at the 

UCL Great Ormond Street Institute of Child Health Biological Services Unit. NSG mice 

lack mature T cells, B cells, and natural killer (NK) cells, several cytokine expressions 

and therefore they exhibit many defects in innate and adaptive immunity. The 

immunodeficiencies in NSG mice allows study of engraftment of a wide range of primary 

human cells and xenotransplants. (Shultz et al. 1995) 

In order to perform sub-cutaneous transplantation experiments on NSG mice, pre-

cultured hPPCs were embedded in 15µl MatrigelTM or ECM gels and MatrigelTM drops 

within sterile silicon O-rings (3,35X1,20) 2-4 days before grafting in case of expansion 

conditions.  

For subcutaneous transplantation, mice were anaesthetized with a 2–5% 

isoflurane:oxygen gas mix for induction and maintenance and buprenorphine 0.1 mg/Kg 

was administered at the induction for anaesthesia and analgesic.  

Under aseptic conditions a midline incision (0.5cm) was performed on the back of the 

mice and the ECM gel and MatrigelTM drops within the O-rings were inserted in lateral 

pockets.  

Mice were sacrificed at several time points post-transplant and content of the rings fixed 

for histological analysis. 

Murine pancreatic ductal organoids were derived together with Dr. Roberta Azzarelli at 

Cambridge University following protocols previously published (Huch et al. 2013). 
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3 Chapter 3       

 Characterization of Human Pancreatic 

Development 
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3.1 Introduction 

A remarkable number of data and comprehensive reviews have been published on 

mammalian pancreatic development, most of which are based on animal models. Human 

pancreatic development studies have been conducted on a smaller scale: human data 

analysis and interpretations are hampered by difficulties in manipulating human 

specimens, sample variability and higher complexity compared to mouse models. 

Moreover, research on human embryos is limited by tissue availability and ethical 

restrictions in some countries. However, a deeper knowledge on mechanisms underlying 

physiological human pancreatic development is extremely relevant to advance cell 

therapies for diabetes, a growing health problem worldwide. 

Human pluripotent stem cells (hPSC) have provided a readily available model to study 

developmental events, aiming at generating insulin-secreting human β-cells in vitro 

(Pagliuca et al. 2014; Zhou and Melton 2018). Obtaining functional β-cells relies on an 

understanding of the developmental processes and requires an extremely detailed 

knowledge of the behaviour of pancreatic progenitor cells in vivo and in vitro (Jennings 

et al. 2015). 

Several groups have tried to describe human pancreatic development, focusing in 

particular on endocrine cell differentiation (Lyttle et al. 2008; Jeon et al. 2009; Sarkar et 

al. 2008).  

In 2013, a study elucidated the mechanisms that regulate the very early stages of 

pancreatic differentiation in the human, up to 8 weeks post conception (8wpc). The study 

has allowed a better understanding of the interspecies similarities/ dissimilarities and has 

provided a reference point for the early pattering of hPSC towards the endocrine lineage 

(Jennings et al. 2013).  

The initiation path leading to pancreatic specification is conserved in humans: in the 

foregut endoderm, SHH exclusion drives the epithelium to commit to pancreatic fate and 
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initiate the expression of pancreatic master regulator PDX1. Early PDX1+ PPCs are 

highly proliferative but when differentiation occurs the proliferation rate decrease rapidly 

and pancreatic cells become mostly “dormant” (Castaing et al. 2005). During the first 

stages of pancreatic differentiation, pancreatic progenitor cells (PPCs) express SOX9 at 

lower levels than equivalent cells in mice. As development progress, between the 

embryonic and fetal periods, PPCs express the transcription factors PDX1, SOX9high, 

NKX6.1, FOXA2. At around 8wpc of development, the first PPCs in the trunk start to 

express NGN3. From this stage onwards, differentiation carries on throughout gestation. 

By comparing human and mouse pancreatic development, it has emerged that the timing 

of pancreatic specification in humans is delayed, despite the fact that the timing of other 

key events in human and mouse embryogenesis is comparable.  

 

In parallel to histology-based studies, flow cytometry and gene expression analysis have 

been used with the intention to deepen the knowledge on the mechanisms governing 

pancreatic determination.   

CD133 and CD49f expression levels have been used to prospectively isolate human 

pancreatic progenitors using FACS sorting. CD133, also called Prominin-1, was 

identified in 1999 as a transmembrane protein present in human hematopoietic stem 

cells and mouse neuroepithelial cells. Many studies have revealed that CD133 

expression is associated with progenitor/stem cells, tumour, regeneration, differentiation, 

and metabolism (Zhong 2013). In the pancreas, CD133 is expressed by ducts, nascent 

acinar and NGN3+ cells. CD133+ cells separated well NGN3+ endocrine progenitors from 

mature hormone expressing cells.  

Integrins are integral cell-surface proteins composed of an α-chain and a β-chain, which 

participate in cell adhesion as well as cell-surface mediated signalling. CD49f (Integrin 

α6)  has been reported to be expressed in more than 30 different populations of stem 

cells. This broad expression among stem cell populations indicates that integrin α6 could 

play an important and conserved role in stem cell biology (Krebsbach and Villa-Diaz 
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2017). In the embryonic mouse pancreas, CD49f- cells were mostly mesenchymal cells, 

while the CD49flow population contained NGN3 and hormone positive cells and CD49fhigh 

population contained acinar carboxypeptidase-A+ (CarbA+) cells. By combining the two 

surface markers (CD133 and CD49f) it was therefore possible to segregate hormone 

positive cells (CD49flowCD133-) from NGN3+ cells (CD49flowCD133+).  

Human fetal pancreatic tissue was analysed for the expression of the same markers with 

the intention to distinguish progenitors from committed cells. Dissociated pancreatic cells 

separated into four different subpopulations, although there was a less clear separation 

and lower purity in comparison with the results obtained utilising wild type and transgenic 

mouse models. Both in human and mouse, CD133 was expressed apically in fetal 

ductal/NGN3 cells, while CD49f was expressed predominantly in the basolateral side, 

indicating polarity (Sugiyama et al. 2007).  

By combining flow cytometry with gene expression analyses, developmental trajectories 

of human pancreatic multipotent progenitors have been mapped (Ramond et al. 2017, 

2018). The dynamic changes of expression of four protein (E-Cadherin, GP2, CD142 

and SUSD2) during the window from 9wpc to 12wpc of development, resulted to be 

sufficient to distinguish progenitors from differentiated cells in the pancreas. These 

changes are summarized in the schematic in Figure 3.1. 

Specifically, GP2, a membrane protein which had been previously described as PPC-

specific surface marker, is expressed by pancreatic multipotent progenitors and acinar 

committed cells (Cogger et al. 2017; Ameri et al. 2017).  

E-Cadherin is a cell-cell adhesion molecule with pivotal roles in epithelial cell behaviour, 

tissue formation, development, and cancer. The levels of expression on E-Cadherin are 

modulated during pancreatic cells differentiation: E-Cadherin expression levels decrease 

in endocrine committed cells (Gouzi et al. 2011).  

CD142, also known as Tissue Factor, is a protein present in subendothelial tissue and 

leukocytes with an important role in the clotting process. CD142 is expressed at high 



 
 

 
 
 

99 

levels on epidermal keratinocytes, various other epithelia and its expression has been 

reported in pancreatic progenitors and acinar committed cells.  

SUSD2 (Sushi Domain Containing 2), is an adhesion molecule expressed by endocrine 

committed cells (Ramond et al. 2017).  

 

 

 

Figure 3.1 Pancreatic progenitor cells during development: changes in marker’s expression analysed via 
FACS. 

Pancreatic progenitor cells at 7wd (weeks of development) express CD142 and 
GP2 (Glycoprotein 2) which increase in cells that commits towards the exocrine 
fate at around 12wpc. 
Duct and edocrine bi-potent progenitor cells downregulate GP2 from 7.4 wd. Cells 
that express the transcription factor neurogenin 3 (NGN3) at around 8.4wd commit 
towards the endocrine fate and they downregulate CD142 while start to  express 
SUSD2 (Sushi domain-containing protein 2). Endocrine cells start to express 
insulin (INS) from 8.6wd onwards. By 10-12wd the endocrine progenitors express 
E-Cadherin at low levels (Elow) and lose SUSD2 expression. 
 

Figure adapted from C.Ramond et al. Copyright. © 2017, Ramond et al. 
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The studies of Jennings et al., Sugiyama et al, and Ramond et al. paved the field of study 

on human pancreatic development in vivo. However, these studies were very limited in 

the range of developmental stages analysed (up to 12wpc). 

In this thesis chapter I aim to provide a characterization of human embryonic and fetal 

pancreatic tissue at different stages of development, from early embryonic to 21wpc, 

thus covering a larger window of human pancreatic development than what reported so 

far.  

To address this aim, harvested tissues will be analysed with the following methodologies: 

- Immunohistochemical and immunofluorescence analysis of expression and 

co-expression of known and novel markers for pancreatic progenitors and 

mature cells. 

- Gene expression analysis of key pancreatic transcription factors and other 

pancreatic lineage-specific genes. 

- Flow Cytometry analysis to quantify relative expression and co-expression of 

known and novel surface markers on progenitors and committed cell types. 
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3.2 Characterization of human fetal pancreas through 

development  

3.2.1 Histology and Immunohistochemistry 

Figure 3.2 shows representative images of human embryonic and fetal pancreatic tissue  

at different stages of development upon its collection.  

Upon receiving embryonic and fetal samples form HDBR, the pancreas was dissected 

from the stomach, as they were frequently left attached in embryos/early stages fetal 

samples (see stages CS14-9wpc). At these early stages, pancreatic tissue was relatively 

small and tissue extremely fragile. The mesenchyme around the tissue, which becomes 

thicker and stiffer during development, was removed as described in the Material and 

Methods. Vascularization increased through development. 
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Upon tissue collection, the pancreatic tissue was dissected and a portion of it was fixed 

in 4% Paraformaldehyde (PFA) for subsequent cryo- or paraffin embedding. Histological 

analysis using routine Hematoxylin and Eosin (H&E) staining was performed to confirm 

tissue identity and to evaluate its quality (Figure 3.3 A-C).  

With H&E staining alone, it was possible to subjectively evaluate morphology and identify 

differences due to the developmental stage in addition to artefactual damage caused by 

the collection itself. Sample variability in these regards, both intrinsic and due to 

specimen collection, was high.  

  

A 

Figure 3.2 Human embryonic and fetal pancreas from different developmental stages. 

Representative images of human pancreas at different developmental stages: 4 
embryonic (CS14-CS23) and 6 fetal (9wpc-19wpc). Up to 9wpc, picture of the 
pancreas were taken without removing the tissue from the stomach. At 10wpc and 
owards pancreatic tissue was pre-dissected. At least two human specimens were 
collected from each of the stages showed in the figure. Scale bar in each picture: 
200µm for CS14,CS19,CS21. 500µm for CS23. 1000µm for 9wpc till 12wpc. 2000µm 
for 14wpc, 16wpc, 17wpc. 3000µm for 19wpc. 
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Epithelial duct-like structures were recognizable in the H&E stained tissue sections, from 

as early as CS17 (Figure 3.3A).  At these early stages of development, the mesenchyme 

surrounding epithelial cells appeared loose. From 9wpc onwards, blood vessels, ducts 

and acinar structures became appreciable (Figure 3.3B). At 14wpc, islets were clearly 

identifiable and the organ was more vascularized. By 20wpc, H&E staining of pancreatic 

tissue showed that all sub-compartments (exocrine acini and endocrine islets) were 

formed, and the organ was vascularized (Figure 3.3 C-E) 

 

To further characterize the development of the pancreatic epithelium, 

immunohistochemistry and immunofluorescence analysis were performed (Figure 3.4 

and 3.5).  

Figure 3.4 shows representative images of 3,3′-Diaminobenzidine (DAB) staining for 

chromogranin A (CHRA) and synaptophysin (SYP), neuroendocrine proteins, present in 

secretory vesicles of neurons and endocrine cells. DAB staining for SYP and CHRA was 

performed on tissue sections from human pancreas at different developmental stages, 

to investigate the appearance of mature endocrine cells in the fetal pancreas. 

Figure 3.3 H&E staining of human embryonic and fetal pancreas at different developmental stages. 

Panels A-E show rapresentative images of Hematoxylin and Eosin (H&E) staining of 
paraffin sections of human pancreas from CS17 embryo to 20wpc fetuses. 
H&E staining of pancreatic sections was performed on at least two specimens for stage 
analysed.  
Panel A shows stainings of CS17, CS23 and 8wpc embryonic samples. In CS17 samples 
the black squares connotate the epithelial structures of a pancreatic bud. 
Panel B shows stainings of 9 and 10wpc fetal samples. Blue arrows indicate ductal 
structures. 
Panel C shows stainings of 14 and 16wpc fetal samples. Blue arrows indicate ductal 
structures, red arrows indicate acini. 
Panel D shows stainings of 11 and 12wpc fetal samples. Red arrows indicate structure 
of duct and acini, black arrows islets, green arrows blood vessles. Orange arrow indicates 
immune cells. 
Panel E shows stainings of 18 and 20wpc fetal samples. Red arrows indicate structure 
of duct and acini, black arrows islets, green arrows blood vessles. Orange arrow indicates 
immune cells. 
Scale bar in each picture. 
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Figure 3.4 DAB staining for endocrine markers. 

Human fetal pancreas at different stages of development (9wpc, 12,wpc and 19wpc) 
was processed for paraffin embedding, sectioned and stained for synapthophysin and 
chromogranin A, neuro-endocrine markers, using DAB (3,3'-Diaminobenzidine). 
Positive stain is in brown while nuclei are counter stained in blue. Pan-endocrine 
markers’ expression increase with development. The figure shows one rapresentative 
images per marker and stage analysed; in total were stained N=2 samples/stage. Scale 
bar: 100µm. 
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At 9wpc no CHRA+ nor SYP+ cells were detected. At 12wpc, positive cells were present 

but hormone positive cells were mostly scattered, not yet organized in islet-like 

structures, which became clearly defined at later stages and strongly stained with pan-

endocrine markers.  

 

Figure 3.5 A-I shows immunofluorescence staining for epithelial, endocrine and exocrine 

pancreatic markers performed on tissue sections from 8 to 20wpc pancreata. From the 

analysis of immunofluorescence panels, it is possible to investigate how the epithelial 

cells organise and differentiate towards the different lineages while the organ develops.  

 

Small blood vessels, stained for CD31 (Figure 3.5.A) appeared at late embryonic stages 

and they enlarged while the tissue developed.  

Mesenchymal vimentin-positive cells were found in samples from fetal stages, scattered 

thought the parenchyma and in the surrounding mesenteric tissue. (Figure 3.5.A)  

Integrin α6, also known as CD49f, was found expressed only in fetal stages (from 12wpc 

onwards). Epithelial cells of the exocrine pancreas were positive for CD49f but, 

interestingly, this marker was not expressed in islets (green arrow in Figures 3.5.A,B-F). 

Cytokeratin 19 (CK19) is a marker for pancreatic ductal cells. At early stages of 

development, CK19 was polarized to apical layer (facing the lumen) of the 

ductal/branching epithelial structures; at later stages, CK19 was expressed by the cells 

of the exocrine compartment of the tissue (Figure 3.5.B).  

Epithelial Cell Adhesion Molecule (EpCAM) was initially expressed basally by 

ductal/branching epithelial structures, opposite fashion of CK19. At later stages, all 

epithelial cells of the pancreas expressed EpCAM (Figure 3.5.B-C). 

Mucins line the apical surface of epithelial cells in several organs such as the lungs, 

stomach, intestines, eyes others. In the pancreas, mucin 1 (MUC1) was expressed in the 

lumen-side of pancreatic ducts starting from early stages of fetal development (Figure 

3.5.D). 
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The expression of amylase, the enzyme produced by pancreatic acinar cells, started at 

around 12 weeks of development (Figure 3.5.D). 

SOX9 was expressed by pancreatic progenitors through all the stages analyzed, with 

progressively increasing intensity and proportions (Figure 3.5.E). In some of the cells, 

SOX9 appeared to be expressed in the cytoplasm rather than being nuclear. This can 

indicate protein synthesis or high protein turnover, or it could be a caveat due to the 

samples or protocol used.   

PDX1+ pancreatic progenitors started to express NGN3 after 8wpc (Figure 3.5.E-F). 

NGN3 expression drives PPCs commitment toward endocrine fate. Similarly, to the SOX9 

expression pattern, some cells showed cytoplasmic expression of NGN3. At around 

12wpc it was possible to find some scattered groups of cells expressing insulin (INS) that 

became organized into islet structures from 14wpc onwards (Figure 3.5.F). Similarly, 

expression of glucagon (GNC) was detected from 12wpc onwards. Interestingly, at 

20wpc, when islets were formed, it was possible to appreciate a ring of GNC+ cells 

surrounding a core of INS+ ones (Figure 3.5.G). Ductal marker KRT19 was not expressed 

in islets, while EpCAM was (Figure 3.5.H). 

E-Cadherin (ECAD) is modulated during pancreatic differentiation: the expression of 

ECAD increased while development progressed; the adhesion molecules looked to be 

downregulated in islets structures (Figure 3.5.D-I, white arrows showing low ECAD in 

islets).  
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Figure 3.5 Immunofluorescence staining of human fetal pancreas at different developmental stages. 

Human pancreatic tissues dissected from 8wpc to 20wpc embryos/fetuses were fixed 
and processed for cryo-sectioning. At least two biological samples were analysed for 
the panel showed for each developmental stage. 
Several antibodies were utilized to lable endothelial cells (CD31), mesenchymal cells 
(VIM), pancreatic progenitor’s (PDX1, SOX9) epithelial cells (CD49f, EpCAM, ECAD, 
CK19, MUC1, GP2) and endocrine committed (NGN3, INS, GCN) or exocrine 
committed cells (AMY). Hoechst was used for mark the nuclei. 
 
A. Tissue sections stained for CD49f (green arrow), Vimentin (VIM) and CD31.  
B. Tissue sections stained for CD49f (green arrow), Cytokeratin 19 (CK19) and 

EpCAM.  
C. Tissue sections stained for CD49f, PDX1 and EpCAM.  
D. Tissue sections stained for E-Cadherin (ECAD, white arrows), Mucin 1 (MUC), 

Amylase (AMY).  
E. Tissue sections stained for NGN3, PDX1, SOX9.  
F. Tissue sections stained for CD49f (green arrow), NGN3 and insulin (INS).  
G. Tissue sections stained for CD49f, glucagon (GCN) and insulin (INS).  
H. Tissue sections stained for insulin (INS), Cytokeratin 19 (CK19) and EpCAM.  
I. Tissue sections stained for E-Cadherin (ECAD, white arrows), NGN3, GP2.  

 
 Scale bars: 42um. 
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3.2.2 Gene expression analysis 

qPCR was used to analyze the gene expression levels of transcription factors and genes 

involved in pancreatic differentiation. PDX1 transcripts were stably detected during 

development; SOX9 expression slightly increased during development, although this was 

not significant. The expression of HES1, transcription factor downstream Notch signaling 

pathway, decreased with development. INS and GCN gene expression increased with 

development progression, indicating a larger proportion of PPCs committing to the 

endocrine fate. NGN3 expression fluctuated during different stages. EpCAM gene 

expression levels increased with the transition from embryonic to fetal stages. E-

Cadherin’s gene levels increased during pancreatic differentiation (Figure 3.6). 
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Figure 3.6 qPCR of human pancreas during development. 

Human pancreatic tissue was dissected from CS23 to 20wpc embryos/fetuses and 
RNA extracted and analysed via qPCR. 
The figure shows relative fold expression (Y axes, normalized agains the house-
keeping gene HPRT1) of PDX1, SOX9, HES1, INS, NGN3, EpCAM, ECAD and 
GCN transcripts in human embryonic and fetal pancres.  
The embryonic/fetal material was divided into three groups for the analysis 
(indicated in X axes). 
“Early stages” group included samples from CS23 to 11wpc pancreata. Samples 
derived from 12-15wpc fetuses were grouped in the “Mid Stages” group while 
samples from fetuses between 18 and 20wpc were part of the “Late Stages” group.  
For each group, 4-8 biological samples were analyzed.   
Non-parametric ANOVA test with multiple comparison was applied for the statistical 
analysis. *= p < 0.05 and **= p< 0.01. 
was applied for the statistical analysis. *= p < 0.05 and **= p< 0.01. 
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3.2.3 Flow cytometric analysis 

Flow cytometric analysis has been used to describe changes in expression levels of 

several proteins among distinct cell populations (Figures 3.7 and 3.8). 

Human fetal pancreas from 10wpc to 21wpc were dissociated to single cells, as described 

in the Materials and Methods. The cell suspension was then stained for CD31 (endothelial 

cell marker), CD45 (hematopoietic cells), and with antibodies against CD90 

(mesenchymal cell marker), CD49f, EpCAM, E-Cadherin (ECAD) and GP2. Cells were 

gated on Forward and Side Scatter Areas (FSC-A and SSC-A respectively). Doublets 

were excluded on the basis of SSC-Width and Height (SSC-W and SSC-H). Dead cells 

were excluded on the basis of their positivity for a live-dead incorporated dye (Zombie 

dye).  

Figures 3.7 A-F shows representative flow cytometry analysis of 10wpc (Panel A, Early 

Stage group), 15wpc (Panel B, Mid Stage group) and 19wpc (Panel C, Late Stage) 

human pancreas. For each stage, two biological samples were analyzed.  

Live cells were gated on CD31 versus CD45 to distinguish endothelial and hematopoietic 

cells and to exclude those groups from follow-up analysis on pancreatic epithelium. At all 

stages, CD31+ endothelial cells were also positive for CD90, or Thy1, mesenchymal 

marker and CD49f. The proportion of CD31+ cells increased during development while 

the proportion of CD45- diminished (Figures 3.7 and 3.8.A). 

An increasing percentage of CD31-CD45- during development was double positive for E-

Cadherin and EpCAM and therefore representing pancreatic epithelial cells. These cells 

were mostly CD49f+CD90-, regardless of the stage analyzed (Figure 3.7 and 3.8.A, C).   

In the CD31-CD45- fraction, four separate populations were separated on the basis of 

EpCAM and GP2 expression: GP2+ and EpCAM-, EpCAMlow and EpCAMHigh cells.  

Pancreatic epithelial cells were analyzed within the CD31-CD45- double negative 

population.  
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An increasing percentage of CD31-CD45-  cells were double positive for E-Cadherin and 

EpCAM. These cells were mostly CD49f+CD90- at all stages analyzed (Figure 3.7 and 

3.8.A, C).   

In the CD31-CD45- fraction, on the basis of the expression of EpCAM and GP2 

expression, it was possible to distinguish at least four separate populations: GP2+ cells 

(regardless of EpCAM expression) and EpCAM-, EpCAMlow and EpCAMHigh cells.  

EpCAM expression was found to be highly dynamic, and populations ratios changed 

across the developmental stages analyzed. 

EpCAM negative cells were more abundant in early stages, although were the most 

representative cells in the CD31-CD45- fraction. Regardless of the stage, these were 

predominantly positive for CD90, a mesenchymal marker, and CD49f negative, which 

confirms their mesenchymal identity. 

EpCAMLow population was also more abundant at early stages of development (~40% of 

CD45-CD3- cells were EpCAMLow). This population decreased during development and 

varied between the samples. Predominantly EpCAMLow were found to be CD49f+. 

EpCAMHigh cells were also found to diminish with the development and the population 

almost disappeared at later stages. Most of the EpCAMHigh cells were also positive for 

integrin CD49f but negative for CD90 (Figure 3.7 and 3.8 B,C).-  

GP2+ cells were present at all stages. GP2+ had a dynamic EpCAM expression: at late 

stages, cells were mostly EpCAM- or EpCAMlow , while at mid-stages were EpCAMlow 

and, at early stages, it was possible to identify two clear population (an EpCAM- and an 

EpCAMHigh). GP2+ cells from early samples were mostly CD49f+. With development, two 

CD90+ populations appear: a CD49f+ and a CD49f- which could represent two separate 

mesenchymal populations. 
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Figure 3.7 FACS analysis of freshly dissociated pancreatic cells. 

Human pancreatic tissues dissected from 10 to 21wpc embryos/fetuses was digested at 
single cells level utilizing an enzymatic mix and mechanical disruption. The cell suspension 
was stained with antibodies against human CD45, CD31, CD90, CD49f, EpCAM, E-
Cadherin, GP2. Zombie Aqua fixable die was used to distinguish live and dead cells. 
Panels A and B show rapresentative analysis of a 10wpc fetus (two individual biological 
samples analysed). 
Panels C and D show rapresentative analysis of a 15wpc fetus (two individual biological 
samples analysed). 
Panels E and F show rapresentative analysis of a 19wpc fetus (two individual biological 
samples analysed). 
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Figure 3.8  FACS analysis quantification of freshly dissociated pancreatic cells. 

Figure 3.8 shows a quantification (% of cells, y axes) of the different populations of 
cells among three goups that divide embryonic and fetal development in three stages 
accordingly to the gestational age (samples groups in x axes).  
Pink bars are rapresenting early stages (samples derived form 10-12 wp fetuses). 
Blue bars are rapreseting middle stages (samples derived from 13-17wpc fetuses) 
Green bars are for late stages (samples from fetuses between 19 and 21wpc). 
For each group 2 individual samples from 2 different stages were analyzed.   
Non-parametric ANOVA test with multiple comparison was applied for the statistical 
analysis.  *   = p < 0.05 
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3.3 Main findings and conclusions 

In this chapter I have reported a characterization of human embryonic and fetal 

pancreatic cells over an extended window of development, obtained using a range of 

experimental techniques, providing insights regarding how tissue morphology and cells 

populations changes during gestation. 

The histological analysis in figures 3.3 A-C and 3.4 A-I shows that pancreatic tissue in 

early stages of development (CS23-8wpc) is composed of few epithelial clusters of cells, 

interconnected by a lumen, and surrounded by mesenchymal-like cells, which do not 

express vimentin. At later stages some VIM+ cells appear, localized in close proximity to 

CD31+ endothelial cells, although many cells in the parenchyma remain negative for this 

mesenchymal marker. Hence, vimentin does not appear to be a pan-mesenchymal 

marker in the pancreas. It would be relevant to test for other mesenchymal markers, such 

as fibronectin and CD90, and characterize this population of VIM- mesenchymal-like 

cells. 

Scattered CD31+ endothelial cells are present in the pancreas at early stages during 

development but CD31+ and CD49f+ blood vessels start to appear from after 12wpc. 

Pancreatic epithelial progenitors are PDX1+, confirmed through the stages analyzed. As 

described previously, SOX9 expression is delayed compared to the mouse model and 

the transcription factor increases over time (Figure 3.5.E and 3.6) (Jennings et al. 2013). 

The transcription factor NGN3, crucial for endocrine differentiation, is expressed at early 

stages of development (Figure 3.6), however the protein was not found to be expressed 

at 8wpc (Figure 3.5.E-F), in contrast with previous studies which had identified 8wpc as 

the first window of appearance of NGN3 (Salisbury et al. 2014; Jennings et al. 2013). 

This could be due to tissue processing or to variation in staging the embryonic samples. 

It would be necessary to analyze a greater number of embryonic and early fetal samples 

and perform additional statistical analysis, perhaps using more methodologies and 
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combining histology with FACS analysis. By 12wpc NGN3 is expressed by several 

PDX1+ cells scattered around the tissue. At this stage, several hormone-positive cells 

are also present (Figures 3.4 and 3.5.F-G).  

Islets appear from 14wpc, as identified by H&E and IHC (Figures 3.3-5). Human fetal 

islets are formed by a central core of insulin+ cells surrounded by glucagon-expressing 

cells, in accordance with existing data (Bosco et al. 2010). Bosco et al, commented on 

the segregation between α- and β-cells, and observed that in small human islets (40–60 

µm in diameter) α-cells surround a core of β-cells. Islets larger than 60µm also had the 

same configuration although less clearly demarcated. Our data confirm the same in 

human fetal samples. For further statistical analysis regarding the relationship with 

gestational age, more islets should be analyzed, and their size measured.  

In human fetal islets, the proportion between glucagon and insulin cells seems 

comparable, although via qPCR the transcript for GCN is found to increase significantly 

with development.  

Amylase, an enzyme produced by pancreatic acinar cells, appears expressed at very 

low level also at the latest stages analyzed; amylase-expressing cells are scattered 

rather than organized within acini (20wpc, Figure 3.5.D). Therefore, we confirm that full 

acinar differentiation and organization into acini is happening later than the period 

analyzed. Ramond and colleagues have described GP2+ cells as multipotent pancreatic 

progenitors, and GP2high as acinar cells (Ramond et al. 2017). IHC (Figure 3.5.D) shows 

GP2 exclusion in the islets while the protein is expressed by cells localized in the core of 

acinar/ductal structures and increase with development (Figure 3.7.B), confirming that 

this marker can be used to distinguish cells committed to acinar fate. 

 

CD49f, EpCAM, Cytokeratin 19 and E-Cadherin are epithelial markers to describe 

changes of the pancreatic epithelium during development. 

CD49f expression starts at around 12wpc and it has an interesting pattern: it is expressed 

by some elongated cells surrounding the islets, but it is not expressed by endocrine cells 
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within the islets. This is in accordance with the findings in the report of Sugiyama and 

colleagues, who identified by FACS analysis that high expression of CD49f is a feature 

of acinar cells, while CD49f expression is low in endocrine progenitors and hormone 

positive cells (Sugiyama et al. 2007). In contrast, more recent findings explored the 

possibility of using CD49f as a marker to further enrich endocrine cells obtained in vitro 

from pluripotent stem cells (Veres et al. 2019). It is interesting to consider why in vivo 

endocrine cells in the fetal pancreas do not express this marker, while it is expressed by 

in vitro produced endocrine cells. Perhaps its expression it is endorsed by culture 

conditions. 

 

Although EpCAM has been previously used to purify epithelial cells in developing 

pancreas (Ramond et al. 2017), we found no expression at protein level at 8wpc. The 

samples analyzed in the report of Ramond et al were from embryos and fetuses at 

9weeks of development onwards, therefore the discrepancy might be due to the earlier 

stage analyzed in the present study. Indeed, EpCAM was expressed in samples from 

10wpc fetus (analyzed via FACS, Figure 3.7A-B) and from 12wpc fetus 

(immunohistochemistry) and its expression increases over time. EpCAM is localized 

predominantly at the apical surface of the cells, in all pancreatic epithelium, including 

endocrine-committed cells in forming islets. Hence, EpCAM can be considered as pan-

epithelial marker from early fetal stages of development onwards (Figures 3.5.B,C,H, 3.6 

and 3.8.A), but not for embryonic PPCs. The lack of EpCAM in embryonic samples was 

only analyzed via IHC; it would be interesting to validate the data via FACS. However, 

the reduced number of early stages samples and the difficulties in their processing, due 

to the size and low number of cells, make flow cytometry analysis more challenging. 

Cytokeratin 19 (CK19) is expressed by early hPPCs, on their basal surface, opposite to 

EpCAM. CK19 expression follows branching morphogenesis and at later stages it is 

expressed predominantly in ductal structures (Figure 3.5.B). Pancreatic ducts are also 
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characterized by the presence of mucin which is expressed in the surface lining the 

lumen by 12wpc onwards (Figure 3.5.D) (Niv 2017). 

Similar to CD49f and CK19, the epithelial marker E-Cadherin is expressed lower in islets 

than in ductal cells; however, its expression level increases over time (Figure 3.5-6,8). 

These data are in accordance to previous reports that have identified E-CadLow cells as 

insulin producing cells (Ramond et al. 2017). 

 

While several sub-populations of epithelial cells have been described, less is known 

about the ~80% of pancreatic cells which are CD45-EpCAM- (Figure 3.7.B). EpCAM- cells 

decrease with development but their proportion is predominant in comparison with 

EpCAMLow and EpCAMHigh cells. Furthermore, EpCAMLow and EpCAMHigh cells decrease 

with development, although EpCAM and E-Cadherin double positive cells, predominantly 

CD49f+, increase at later stages (Figure 3.8.A-B).  

The EpCAM- population could be represented mostly by mesenchymal cells. Vimentin, 

analyzed via immunohistochemistry, was not a good pan-mesenchymal marker in the 

pancreas. By FACS it appeared that the majority of EpCAM- cells are CD90+ (Thy1) 

marker of mesenchymal stem cells (Zhengwen et al. 2018). Other mesenchymal markers 

(such as fibronectin) could be used to investigate the phenotype of CD45-EpCAM- cells 

in the developing human pancreas. 

 

In conclusion, IHC analysis has allowed to identify the morphological changes that 

happen during human pancreatic development and determine when different cell types 

(endothelial, mesenchymal and epithelial) appear. Gene expression analysis confirmed 

these data. Flow cytometry has allowed me to quantify the proportion of different cell 

populations and the changes of those during development.  

Furthermore, I confirmed the expression of epithelial surface markers such as CD49f 

and EpCAM by progenitor cells which could be used for FACS sorting and cell isolation. 

In the future, it would be relevant to combine IHC analysis with FACS sorting and cutting-
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edge sequencing technologies, to further clarify the complexity of the pancreatic stroma 

at single cell level. So far, no other publications have reported the complexity of human 

fetal pancreatic development after 12 weeks post conception utilizing multiple laboratory 

techniques. Furthermore, no other studies to date have performed a parallel analysis of 

embryonic and fetal samples together, from as early as 8wpc up to 21wpc, and these 

data have reinforced the notion that human pancreatic development happens at a slower 

pace than animal models. 
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4 Chapter 4       

 Human pancreas in a dish 
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4.1 Introduction 

Studies on human pancreatic development are required to gain knowledge of molecular 

and mechanical mechanisms driving β-cell formation (Jennings et al. 2013). Given the 

difficulties of studying human fetal tissue in vivo and to obtain reproducible data, 

establishment of in vitro models represents a valid system to tackle and manipulate the 

molecular pathways involved in pancreatic progenitor proliferation and differentiation 

(Huch and Koo 2015).  

2D pancreatic primary cell culture is challenging: isolated pancreatic progenitor cells 

were maintained in vitro in 2D only for a few days and in small numbers (Sugiyama et al. 

2007; Furuyama et al. 2011). In the past decade, researchers have been able to culture 

entire pancreatic buds (Burke et al. 2010). More recently, following the example of other 

epithelia, pancreatic organoids have emerged (Huch et al. 2013; Grapin-Botton 2016a; 

Petersen et al. 2018). An organoid can be defined as an in vitro 3D cellular cluster 

derived from primary cells or pluripotent stem cells which is capable of self-renewal and 

self-organization and exhibiting similar organ functionality as the tissue of origin (Xu et 

al. 2018). Organoids have been used to generate 3D models of human organs during 

development, as they faithfully retain features of the original developmental stage, 

providing a snapshot of embryogenesis in a dish. Organoids represent a model bridging 

between cell lines or 2D primary cells cultures and in vivo experiments  (Huch and Koo 

2015; Xu et al. 2018; Fatehullah, Tan, and Barker 2016; Greggio et al. 2013).  

Pancreatic epithelial cells tend to organize predominantly into filled or hollow spheres. 

These organoid models could be referred as “pancreatospheres”, and represent a useful 

tool to study cell proliferation in 3D  (Grapin-Botton 2016).  

The first pancreatospheres were described by Sugiyama et al. Isolated SOX9+NGN3- 

progenitors from embryonic mouse pancreas were embedded in Matrigel and were able 

to form spheres of polarized epithelium with Mucin1 expressed apically. The expansion 
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of these spheres required co-culture with mesenchymal cells and a defined medium, 

containing B27, FGF10, RA, IGF1, insulin and other components. These spheres could 

be split, although the culture was lost after a few passages (Sugiyama et al. 2013; Lee 

et al. 2013). While single cells can initiate and form duct-like structures, 

pancreatospheres grow better when in contact with other cells, reaching 90% efficiency 

from  2% when single cells (Greggio et al. 2013).  

Nowadays, culturing mouse embryonic pancreatospheres in 2D and 3D is much more 

robust and cells can be expanded with the use of diverse media (Trott et al. 2017; Grapin-

Botton 2016).  

Similar to the embryonic cultures, pancreatospheres were also derived from ductal cells 

of transgenic adult mice (via FACS sorting od CD133/SOX9+ cells) and starting from duct 

fragments (Jina et al. 2013; Huch et al. 2013).  

The expansion of ductal cells in spheres was also achieved starting from human adult 

and fetal tissue and from hESCs (Huang et al. 2015; Lee et al. 2013; Loomans et al. 

2018). Human embryonic/fetal pancreatic cells formed pancreatospheres in a medium 

containing EGF, FGF10, R-Spondin and the ROCK inhibitor (Bonfanti et al. 2015). 

Human adult ductal cells were cultivated in Matrigel-based 3D culture system for up to 3 

months, using a media containing EGF, R-spondin1, FGF10, Noggin and nicotinamide. 

Upon adenoviral overexpression of NEUROG3, MAFA, PDX1 and PAX6, ductal cells 

could be converted into β-like-cells (Lee et al., 2013). Improved protocols have been able 

to produce highly expandable adult human pancreatic organoids with progenitors 

characteristics  (Loomans et al. 2018). 

 

Overall, such systems have enabled the easy maintenance of pancreatic progenitors 

over long periods of time with expansion to large numbers, and supported studies aiming 

at identifying and tuning different signals involved in stem cell niche maintenance or that 

promote differentiation or morphogenesis (by using small molecule, optimizing media 

composition, and modulating matrix stiffness) (Greggio et al. 2013). In this context, 
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human fetal pancreatic organoids can help progressing our knowledge on human 

pancreatic development. 

 

In this thesis chapter I aim to investigate the capacity of hPPCs form different 

developmental stages, to give rise to expandable organoids in vitro. In detail, I will 

present data on: 

- Cells isolated from different developmental stages cultured in two different 

media (expansion and organogenesis media) developed over the course of 

the PhD, with the objective to describe the behaviour of different progenitors 

under different experimental conditions.  

- Isolation and culture of pancreatic mesenchymal cells (PMCs). PMCs are 

crucial during organ development as they produce trophic factors (such as 

FGF10) stimulating pancreatic progenitor cell expansion (Attali et al. 2007). 

Here, I present a novel characterization of mesenchymal cells isolated from 

human embryonic and fetal pancreas.  
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4.2 Human fetal pancreas in vitro 

4.2.1 hPPCs culture derivation 

Human embryonic and fetal pancreas were collected and processed for cell culture upon 

enzymatic tissue dissociation to small clumps of cells (10-20 cells/clump).  

Table 4.1 shows the number of samples collected from HDBR and the rate of success 

of cell recovery in culture.  More than 100 human embryonic and fetal pancreatic samples 

were dissociated to derive human pancreatic progenitor cell (hPPCs) cultures. Mean 

efficiency of cell culture derivation was 85.2%, with highest rates of success by 

dissociating fetal tissues compared to embryonic ones (65.5% in embryonic versus 

92.4% in fetal). 
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4.2.2 Organogenesis condition 

hPPC aggregates were plated and cultivated in different conditions using defined media 

(compositions described in Chapter 2).  

The Organogenesis Medium (OM) was adapted from Greggio et al. In this report the 

authors showed that clusters of 5-10 cells derived from pancreatic buds of E10.5 mouse 

embryos could generate complex organoids that spontaneously self-organize, proliferate 

and differentiate into all pancreatic lineages when cultured in 3D Matrigel with OM. This 

system provides a powerful tool to study morphogenesis in a culture dish. 

Cells were plated in 3D cultures within MatrigelTM drops; according to the amount of 

tissue, from 2 to 6 wells were plated for each sample; media was then added to evaluate 

how hPPCS responded to different morphogenic signals that might promote their 

survival, expansion and proliferation.  

When hPPCs were derived from embryos and fetuses up to 12wpc and cultivated in 

Organogenesis Media, cells organized in filled spheres and budding structures, 

“organoids-like”. Embryonic and early fetal hPPCs were kept in OM cultures for up to 10 

days and were lost if passaged. After 10 days cell death occurred and culture was lost. 

This phenotype was consistently observed (N=3 for hPPCs derived from stages CS23, 

10wpc and 11wpc and culture in OM). When hPPCs were derived from later stages, 

Table 4.1 List of human embryonic and fetal pancreas from different developmental stages.  

The table shows the number of suitable human embryonic and fetal samples 
received over the course of the PhD, accordingly to their stage. The third column of 
the table shows the rate of successfully recovered cultures versus attempts for each 
developmental stage.  
The samples are divided into embryonic (up to 8wpc) and fetal stages (9-21wpc). 
The stages are also sub-divided by color accordingly to the separation made trough 
the thesis: pink for early stages samples (up top 11wpc), blue for mid-stages (12-
16wpc) and green for late stages (from 17wpc onwards). 

 

Figure 4.1 H&E and Immunohistochemistry on hPPCs in OM.Table 4.2 List of human embryonic and fetal 
pancreas from different developmental stages.  

The table shows the number of suitable human embryonic and fetal samples 
received over the course of the PhD, accordingly to their stage. The third column of 
the table shows the rate of successfully recovered cultures versus attempts for each 
developmental stage.  
The samples are divided into embryonic (up to 8wpc) and fetal stages ( 9-21wpc). 
The stages are also sub-divided by color accordingly to the separation made trough 
the thesis: pink for early stages samples ( up top 11wpc), blue for mid-stages (12-
16wpc) and green for late stages ( from 17wpc onwards). 
 

 

Figure 4.2 H&E and Immunohistochemistry on hPPCs in OM.Table 4.3 List of human embryonic and fetal 
pancreas from different developmental stages.  

The table shows the number of suitable human embryonic and fetal samples 
received over the course of the PhD, accordingly to their stage. The third column of 
the table shows the rate of successfully recovered cultures versus attempts for each 
developmental stage.  
The samples are divided into embryonic (up to 8wpc) and fetal stages ( 9-21wpc). 
The stages are also sub-divided by color accordingly to the separation made trough 
the thesis: pink for early stages samples ( up top 11wpc), blue for mid-stages (12-
16wpc) and green for late stages ( from 17wpc onwards). 
 

 

Figure 4.3 H&E and Immunohistochemistry on hPPCs in OM.Table 4.4 List of human embryonic and fetal 

pancreas from different developmental stages.  

The table shows the number of suitable human embryonic and fetal samples 
received over the course of the PhD, accordingly to their stage. The third column of 
the table shows the rate of successfully recovered cultures versus attempts for each 
developmental stage.  
The samples are divided into embryonic (up to 8wpc) and fetal stages ( 9-21wpc). 
The stages are also sub-divided by color accordingly to the separation made trough 
the thesis: pink for early stages samples ( up top 11wpc), blue for mid-stages (12-
16wpc) and green for late stages ( from 17wpc onwards). 
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12wpc onwards, cells behaved differently and started to organize in small ducts (n=3). 

(Figure 4.1, indicated with red arrow). 
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Cells plated in OM were analysed by immunohistochemical staining H&E staining 

confirmed that spheres formed by hPPCs in OM were filled.  Synaptophysin (SYP) and 

Chromogranin A (CHRA) are neuroendocrine markers, present in secretory vesicles of 

neurons and endocrine cells. Interestingly, SYP and CHRA staining was robustly 

detected in organoids cultivated in OM (Figure 4.2).  

 

 

 

 

Figure 4.1 hPPCs in OM. 

hPPCs derived from 9wpc, 11wpc and 13wpc fetuses cultivated in Organogenesis 
Media (OM).  
Phase contrast images show that embryonic hPPCs in OM organize in “budding 
structures” and filled spheres over time. However, at 13wpc most of the cells organize 
in small spheroids structures (red arrow).  
The images are rapresentative of N=3 experiments conducted on indipendent 
samples for each stages. Scale bars= 100µm. 

Figure 4.2 H&E and Immunohistochemistry on hPPCs in OM. 

Rapresentative images of pelleted hPPCs in OM. Organoids in OM were fixed, 
processed, cut and stained with Hematoxylin and Eosin; DAB 
Immunohistochemistry was performed using antibodies against neuroendocrine 
markers Synapthophysin and Chromogranin A. Black arrows indicate stained cells. 
Rapresentative images of N=2 indipended experiment. Scale bars= 100µm. 
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4.2.3 Expansion condition 

In order to be able to expand hPPCs and study the characteristics of progenitors in vitro, 

an Expansion Medium (EM) was developed. This medium was adapted from previous 

reports where it was used to expand human pancreatic bi-potent progenitor cells in duct-

like structures. Both mouse and fetal pancreatic progenitors could be expanded long 

term in 3D MatrigelTM and they gave rise to hollow duct-like spheres, retaining their 

progenitor identity (Huch et al. 2013). 

As for OM conditions, clusters of 10-20 cells were derived from embryonic and fetal 

pancreas up to 21wpc, and plated in 3D cultures within MatrigelTM drops in multi-well 

plates and EM was added.  

Figure 4.3 displays how hPPCs organized in EM; cells from the same samples of Figure 

4.1 are shown for direct comparison with organogenesis condition. 

A day after dissociation hPPCs in EM have organized into duct-like, hollowed spheroids. 

The structures were highly proliferative and enlarged within a few days of culture. After 

around 10 days from derivation the ductal structures were occupying most of the 3D 

surface; cells were split and culture was re-derived and maintained for several passages 

in a very consistent fashion from all stages.  

Expanding cultures in which cells acquired a duct-like/ spheroid shape were derived even 

from single cells. In contrast, it was impossible to derive organoids in OM from singlets 

(Figure 4.4).  
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Figure 4.3 hPPCs in EM. 

Rapresentative phase contrast images showing hPPCs derived from 9wpc, 11wpc and 
13wpc fetuses and cultivated in EM. The cells organized in hollowed structures in a few 
days upon derivation. Spheroids enlarged over the days until they occupy most of the 
3D space in Matrigel and therefore culture was splitted. The experiments were conducted 
in at least 2 indipendet samples per stage. Scale bars= 100µm. 

Figure 4.4 Derivation of hPPCs in EM or OM as clusters or single cells. 

Rapresentative phase contrast images showing hPPCs derived 11wpc fetus. The 
images show representative data for the attempts made of deriving stable cultures from 
10-20 cells clusters or single cells in EM and OM. The experiment was repeated three 
times using cells derived from fetal pancreatic tissue at different stages of development. 
Scale bars= 100µm. 
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Figure 4.5 shows representative growth curves of hPPCs in expansion conditions. 

hPPCs cells derived from three independent cultures and kept in EM were split every 5-

7 days using mechanical and enzymatical dissociation. Single cells were counted to 

estimate the cumulative cell number and population’s doubling. None of the cultures 

used for growth curved had reached plateau at around passage 8 (when the cultures 

were stopped). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Growth curve and population’s doubling of hPPCs in EM. 

hPPCs derived 11, 16 and 20wpc fetus were cultured in EM media for several 
passages. At each splitting, spheroids were dissociated at single cells and cells 
were counted. Cumulative cell number and population’s doubling were calculated 
in base of the number of cells counted at each passage.   
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In 3D cultures, hPPCs were highly proliferative and stably gave rise to duct-

like/spheroids even at late passages (P) (Figure 4.5 and images from passages VI and 

VII (PVI and PVII-B), Figure 4.6). However, at late passages, some single cells/clusters 

of cells failed to give rise to such hollowed and structures (Figure 4.6, Passage VI, PVI-

A). This occurrence was not quantifiable as it was variable from culture to culture; 

generally, those “abortive” spheres were less than the 10% of the structures present in 

culture upon splitting. Cells plated in EM were analysed by immunohistochemistry in the 

same manner as for cultures in OM (refer to Figure 4.2). H&E staining confirmed that 

most spheres formed by hPPCs in EM were hollowed and no staining for SYP and CHRA 

was found (Figure 4.7). 

 

 
Figure 4.6 hPPCs in EM at different passages. 

Representative phase contrast images of 14wpc derived hPPCs in EM. Cells are 
shown at 1 day after derivation ( day 1) and at consecutive passages ( PI-VII, 
passages expressed in roman numbers) at the time of the splitting. At P-VI it is 
possible to notice some abortive organoids (PVI-A versus PVI-B) but most of the 
spheroids are still composed by highly proliferative cells and have a duct-like 
structure. Scale bars= 100µm. 
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hPPCs from an 11wpc fetus were cultured in parallel in OM and EM. After 10 days of 

culture, wholemount immunofluorescence was performed as described in Materials and 

Methods, and the results are shown in Figure 4.8 A-B. Panel A shows cells in OM, Panel 

B shows cells in EM. In both conditions, cells expressed the pan-epithelial marker E-

Cadherin, polarized towards the laminal side in duct-like structures in EM. Cells in OM 

were positive for insulin and glucagon. The hormones were not expressed at very high 

levels, however the difference between EM and OM was subjectively appreciable.  In 

both conditions hPPCs expressed progenitor markers PDX1 and SOX9. The 

transcription factors appeared to be expressed predominantly in the cytoplasm which 

could be due to technical problems of the wholemount stain or for processing of the 

transcription factors and high turnover. The proliferation marker KI67 was also 

expressed, although its pattern was difficult to determine in OM conditions.  Mucin-1 was 

not expressed in organoids in OM but it was in EM, and furthermore cells expressed it in 

a polarized fashion: apically, inside the duct (Figure 4.8).  

Figure 4.7 H&E and Immunohistochemistry on hPPCs in EM.  

Rapresentatiove images of hPPCs in EM. Spheroids were fixed, processed, cut and 
stained with Hematoxylin and Eosin; DAB Immunohistochemistry was performed 
using antibodies against neuroendocrine markers Synapthophysin and 
Chromogranin A. Rapresentative images of N=2 indipended experiment. Scale 
bars= 100µm. 
 

 

Figure 4.4 H&E and Immunohistochemistry on hPPCs in EM.  

Rapresentatiove images of hPPCs in EM. Spheroids were fixed, processed, cut and 
stained with Hematoxylin and Eosin; DAB Immunohistochemistry was performed 
using antibodies against neuroendocrine markers Synapthophysin and 
Chromogranin A. Rapresentative images of N=2 indipended experiment. Scale 
bars= 100µm 
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Rapresentatiove images of hPPCs in EM. Spheroids were fixed, processed, cut and 
stained with Hematoxylin and Eosin; DAB Immunohistochemistry was performed 
using antibodies against neuroendocrine markers Synapthophysin and 
Chromogranin A. Rapresentative images of N=2 indipended experiment. Scale 
bars= 100µm. 
 

 

Figure 4.5 H&E and Immunohistochemistry on hPPCs in EM.  

Rapresentatiove images of hPPCs in EM. Spheroids were fixed, processed, cut and 
stained with Hematoxylin and Eosin; DAB Immunohistochemistry was performed 
using antibodies against neuroendocrine markers Synapthophysin and 
Chromogranin A. Rapresentative images of N=2 indipended experiment. Scale 
bars= 100µm 
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stained with Hematoxylin and Eosin; DAB Immunohistochemistry was performed 
using antibodies against neuroendocrine markers Synapthophysin and 
Chromogranin A. Rapresentative images of N=2 indipended experiment. Scale 
bars= 100µm. 
 

 

Figure 4.6 H&E and Immunohistochemistry on hPPCs in EM.  

Rapresentatiove images of hPPCs in EM. Spheroids were fixed, processed, cut and 
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Differences between cells cultivated in EM or OM were evaluated also via Quantitative 

Polymerase Chain Reaction (qPCR). Figure 4.9 shows relative fold change of PDX1, 

HES1, SOX9, NGN3, PAX4 and INS (insulin) mRNA levels in cells cultured in EM or OM 

conditions. Panel A shows data generated from three independent cultures derived from 

10wpc fetuses. Panel B shows data from cells derived from two 11wpc and two 12wpc 

fetus. A small biopsy of the tissues used to derive the cultures, was collected for RNA 

extraction and analyzed as control of gene expression (indicated as “FRESH” in the 

graphs). Cells were kept in culture in EM, OM for 7 days and RNA was collected.  

PDX1 and HES1 expression levels remained fairly stable in culture. PDX1 and HES1 

genes were more highly expressed in cells forming budding organoids than in expansion 

for cells derived from 11 and 12wpc fetuses, while the opposite was observed when cells 

were derived from 10wpc fetuses. Cultured cells expressed more SOX9 compared to 

fresh tissue. Significantly higher levels of expression of pro-endocrine genes (PAX4, INS 

and NGN3) were seen in cells in OM conditions, regardless of the stage.  

  

Figure 4.8 Wholemount immunofluorescence of hPPCs in EM and OM. 

hPPCs in OM (Panel A) and EM (Panel B) were fixed and stained with antibodies to 
evaluate changes in expression of progenitor’s, proliferation and differentiation markers. 
The figure shows rapresentative images (N=2) of whole-mount immunostanings on hPPCs 
in EM and OM for: 

- First line: E-Cadherin (ECAD, pan epithelial marker in green), Insulin (INS, in red) and 
SOX9 (in blue). Nucleai are stained with Dapi, shown in grey. The first image of the row 
rapresent a merge of the four colors, the others. 

- Second line: Glucagon (GCN, in green), PDX1 (in red) and KI67 (proliferation marker, in 
blue). Nucleai are stained with Dapi, shown in grey. The first image of the row rapresent 
a merge of the four colors, the others. 

- Third line: E-Cadherin (ECAD, pan epithelial marker in green), Mucin 1 (MUC1, in red) 
and SOX9 (in blue). Nucleai are stained with Dapi, shwon in grey. The first image of the 
row rapresent a merge of the four colors, the others. 

Scale bars= 40µm. 
 

Figure 4.8 Wholemount immunofluorescent of hPPCs in EM and OM. 
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row rapresent a merge of the four colors, the others. 
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Figure 4.9 qPCR analysis of 10wpc hPPCs in EM and OM. 

qPCR data are showing relative fold change comparing to HPRT1 expression of 
PDX1, HES1, SOX9, NGN3, PAX4 and INS (insulin) genes in fresh pancreatic tissue 
(lilac bars) and cells derived from it cultured in EM (dusty blue bars) or OM (dark pink 
bars) conditions. 
Panel A shows genes expression levels in pancreas dissected from three indipendent 
10wpc fetuses and derived cells cultured either in OM or EM. N=3. Data shown as 

MeanSEM. Anova multi-comparison was performed. * =p<0.05 
Panel B shows genes expression levels in pancreas dissected from two 11wpc and 
two 12wpc fetus. Data of the two samples are merged. N=2. Data shown as 

MeanSEM. Anova multi-comparison was performed. * =p<0.05 ** =p<0.01 *** 
=p<0.001. 

 

Figure 4.9 RT-qPCR analysis of 10wpc hPPCs in EM and OM. 

qPCR data are showing relative fold change comparing to HPRT1 expression of 
PDX1, HES1, SOX9, NGN3, PAX4 and INS (Insulin) genes in fresh pancreatic tissue 
(lilac bars) and cells derived from it cultured in EM (dusty blue bars) or OM (dark pink 



 
 

 
 
 

145 

4.2.4 Stage-related differences in culture 

 Consistently among experiments, human embryonic and fetal pancreatic progenitors 

displayed differences when cultivated in EM; this seemed to be related to their 

developmental stage (Figures 4.10-11). Specifically, when hPPCs were derived from 

embryos and fetuses up to 11wpc and cultivated in EM, they organized in different 

morphologies within the same culture: it was possible to appreciate the presence of filled, 

hollowed and large empty spheres. Over the days of culture, the empty spheres enlarged 

while the filled ones prevalently remained of the same size. From 12wpc onwards, the 

cells cultures were stably and reproducibly giving rise to duct-like structures. H&E 

staining of hPPCs derived from different stages confirmed what observed at the light 

microscopy (Figure 4.10 panel A).  

Figure 4.10 panel B shows a schematic of the cell morphologies observed in culture 

accordingly to the developmental stages. Figure 4.11 is a graph showing quantification 

of the filled spheres in culture in base of the developmental stage group. 
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Differences in cultures derived from embryos and fetuses at different stages were also 

evaluated by qPCR (Figure 4.12). A pool of three fresh fetal samples from late stage 

fetuses was used as reference. PDX1 and SOX9 expression levels remained similar from 

the tissue to the cells in culture, while HES1 expression dropped in culture (0.032 < P < 

0.048). Interestingly, KRT19 transcript level was higher from pancreas at earlier stages 

**** 

*** 

Figure 4.11 Quantification of filled spheres in culture over stages. 

Quantification (express in percentage) of filled spheres present in culture derived from 
early, mid and late stages of fetal development.  
The number of filled spheres was counted over three/four images (total of 10 
spheroids) at passages II-III in EM. The percentage of filles spheres its higher in 
cultures derived from early stages. N=14-19 independent cultures were analyzed for 
each group of stages.  ANOVA non paramentric test was applied. 

Figure 4.10 hPCCs behave differently in EM cultures accordingly to the developmental stage. 

Panel A: phase contrast images and H&E staining of hPPCs derived from different 
developmental stages. hPPCs gave rise to spheres with more compact and 
convoluted structures in early stages compared to later stages which form duct-like 
spheres with a monolayer epithelium. Top row shows rapresentative phase contrast 
images; bottom row shows rapresentative images of H&E performed on the relative 
cultures. Scale bars= 100µm 
Panel B: schematic on how the cell organize in different structures accordingly to the 
stage they are derived from. At early stages cultures are mostly formed by filles 
spheres, but gradually duct-like, empty spherese take over. 
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versus later (P < 0.0001). In culture, this difference between hPPCs derived from 

different stages was not maintained and generally, the levels of expression were 

dramatically lower in vitro compared to in vivo (P < 0.0001). Epithelial genes encoding 

for E-Cadherin and EpCAM were not differentially expressed either across stages or  

comparing in vivo to in vitro. NKX2.2 and NKX6.1 expression was  higher in expansion 

conditions then in the in vivo counterpart although not statistically significantly. Insulin 

gene expression was dramatically downregulated in hPPCs in expansion (0.0009 < P < 

0.0013) and increased through development comparing early versus late stages (P= 

0.0061). NGN3 levels were found to be decreased in mid stages of development, 

perhaps reflecting an oscillatory patter. The transcription factor necessary for endocrine 

specification was highly downregulated in culture (P < 0.0001 when comparing late/early 

staged versus hPPCs in EM). 
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Figure 4.12 qPCR of fetal pancreas and hPPCs in EM across development. 

qPCR data are showing relative fold change comparing to HPRT1 expression of 
PDX1, SOX9, HES1, KRT19, ECAD, INS, NGN3, NKX6.1, NKX2.2 and EpCAM.  
Data were generated from 4 independent samples (N=4) from each stage group.  
Early stage group includes samples derived from CS23-11wpc. Mid stages from 
12wpc to 16wpc and late stages from 17wpc onwards. RNA was collected, 
retrotranscribed and analyzed from fresh tissue and corresponded culture in EM at 
the time of the first passage.  

Data shown as MeanSEM. Anova multi-comparison was performed.  
* =p<0.05 ** =p<0.01 *** =p<0.001.  
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4.3 Pancreatic mesenchyme from human fetus 

Pancreatic mesenchymal cells play a crucial role in the expansion and differentiation of 

progenitor’s cells during development (Attali et al. 2007).  

Human Fetal Pancreatic Mesenchymal Cells (HuPMC) were derived from fetuses 

ranging from 9-19wpc from biopsies’ outgrowths. 6-8 days after the biopsies were placed 

over a MatrigelTM coating, spindle shaped cells were visible and were surrounding the 

biopsies (Figure 4.13). 

 

 

 

 

 

 

HuPMC cells were kept stably in culture for up to five passages in either Megacell or in 

so-called Fibro Medium, which did not promote high proliferation of the cells. Figure 4.14 

shows the different morphologies that PMC acquire in the two media: cells in Megacell 

cells are small with spindle-like shape. In Fibro-media cells are lager, “flattened”. FACS 

analysis was performed on cultures in both Megacell and Fibro-Media at passage three 

(referred to BULK III in Figure 4.15) 

 

Figure 4.13 HuPMC at isolation. 

1mm biopsies were produced from Human Fetal pancreatic tissue and placed over 
a coating of MatrigelTM in Megacell Media as described in Materials and Methods. 
After 6 days, a good number of cells had migrated out from the biopsy independently 
from the stage of the fetus. Images show three independent cultures of HuPMC at 
day 6, before first split. Scale bar= 100µm. 
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The expression of canonical pericyte/ mesenchymal stromal cell markers was analysed. 

Figure 4.15 A-C show representative FACS plots for three independent HuPMC cultures 

derived from different stages fetuses (9, 15 and 19wpc).  Table 4.2 reports the 

percentage of cells positive for each marker in the culture analysed. 

 

Figure 4.14 HuPMC in Megacell or Fibo Media. 

Rapresentative phase contrast images of HuPMC cultures in either Megacell Media 
(left column, “Mega”) or Fibro-Media (right column, “Fibro”). Pictures were taken at 
day 5 PIII (third passage). The image shows cells derived from three fetuses at three 
different stages of development. The experiment was repeated a total of 6 times. 
Scale bar= 100µm. 
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15wpc BULK III Fibro-Media 

 

15wpc BULK III Fibro-Media 
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15wpc BULK III Fibro-Media 

 

15wpc BULK III Fibro-Media 

 

15wpc BULK III Fibro-Media 

 

15wpc BULK III Fibro-Media 
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Figure 4.15 FACS analysis of three HuPMC cultures in Megacell or Fibromedia. 

The figure shows rapresentative FACS plots of analysis of hPMC derived from: 
A) 9wpc fetus,  
B)15wpc fetus,  
C) 19wpc fetus all  
in either Megacell (top panels) or Fibro-Media (bottom panels) at passage three (all 
cultures were at passage three- referred in images as BULK III).  
The experiment was repeated a total of 6 times on different samples. 
Cells were gated in base of FSC-A and SSC-A parameters first (gates not shown). 
Doublets were excluded by gating SSC-H with SSC-W (gates not shown). DAPi was 
used to stain dead cells (gates not shown). 
Cells were stained for perycites and mesenchymal cells markers: NG2, PDGFR1, 
PDGFRb, CD90, CD34, CD56, CD146, AP (Alkaline Phosphatase), PI-16 and ITGA8. 
Positive cells were gated on the basis of negative control (unstain sample).  
Percentage of positive cells on each sample for each marker is indicated in Table 4.2. 

 

Figure 4.15 FACS analysis of three HuPMC culture in Megacell or Fibromedia. 

The figure shows rapresentative FACS plots of analysis of hPMC derived from: 
A) 9wpc fetus,  
B)15wpc fetus,  
C) 19wpc fetus all  
in either Megacell (top panels) or Fibro-Media (bottom panels) at passage three (all 
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FACS analysis showed some common features of HuPMC in culture. Overall no major 

differences were observed between the cultures derived from fetuses at different stages. 

Cells were highly positive for receptors α and β of PDGF, for CD90, CD156 and PI-16. 

Cells variably expressed, in the base of the culture and media, CD56, Alkaline 

Phosphatase (AP), Integrin α8 (ITGA8) and CD34. CD34 is predominantly known as a 

hematopoietic stem cell marker, however, accumulating evidence demonstrates CD34 

expression on several other nonhematopoietic cell types, including vascular endothelial 

progenitors, and embryonic fibroblasts, mesenchymal stromal cells, and epithelial 

progenitors (Lin et al. 2012; Sidney et al. 2014). Cells expressed at very low levels 

pericyte marker NG2.  

 

In order to have a better understanding of the variability between samples and culture 

conditions, two independent cultures at passage three of HuPMC for the group stages 

(Early, Mid Late) were analysed via FACS. The graphs at Figure 4.16 show the 

percentage of positive cells for each of the marker analysed in the different stage groups. 

Table 4.2 Quantification of FACS data on HuPMC cultures. 

The table shows the percentages of positive cells derived from FACS analysis of 
hPMC derived from A) 9wpc fetus, B)15wpc fetus, C) 19wpc fetus all in either 
Megacell or Fibro-Media. The experiment was repeated a total of 6 times on different 
samples. 
% of positive cells is shown for perycites and mesenchymal cells markers: NG2, 
PDGFR1, PDGFRb, CD90, CD34, CD56, CD146, AP (Alkaline Phosphatase), PI-16 
and ITGA8. Positive cells were gated on the basis of negative control (unstain 
sample).  



 
 

 
 
 

155 

NG2 expression is highly variable and depended to trypsinization methods, however it 

was possible to appreciate a tendency to higher expression of NG2 at later stages of 

development and in cells cultivated in Fibromedia. Both PDGF receptors were highly 

expressed in culture, regardless of the age of the fetuses. Furthermore, they both 

seemed upregulated in Megacell expansion conditions, with exclusion for PDGFRb in 

the late stages’ samples. CD56 seemed to be upregulated in Fibromedia and it is 

generally higher in the cultures from early fetuses.  

CD90 is highly expressed by 99% of HuPMC during development. CD146 and Alkaline 

Phosphatase were found to be expressed in the samples analysed with some 

variabilities. PI-16 was not differentially expressed by HuPMC derived from different 

stages but it seemed to be upregulated in Fibromedia, as same was for Integrin α8. 

 

 

 

 

 

 

 

 

Figure 4.16 Percentage of cells expressing mesenchymal and pericytes markers in culture. 

The graphs show the percentage of positive cells (y axes) of mesenchymal and 
pericyte cells markers for three stages gropus of HuPMC in culture in either Megacell 
or Fibromedia (x axes). In these analysis, two independent cultures (N=2 for each 
group) for each group stages were analysed together. Early stage group includes 
samples derived from 9-11wpc. Mid stages from 12wpc to 15wpc and late stages from 
16wpc onwards.   
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4.4 Main findings and conclusions 

3D organoid cultures have emerged as a method to provide crucial insights regarding 

epithelial stem cell niches and cell differentiation (Fatehullah, Tan, and Barker 2016; 

Kretzschmar and Clevers 2016).  

The pancreas is an epithelial organ which has much lower proliferative capacity 

compared to other endodermal derived epithelia, such as the intestine. During fetal 

development, pancreatic progenitors undergo extensive proliferation only during a 

restricted window of time, after which, most of the cells remain in the G0 phase. For this 

reason, pancreatic cells culture has been difficult to date, despite researcher’s attempts, 

considering the unmet clinical needs and relevance (Balak et al. 2019). Recently, 3D 

cultures were applied to pancreatic research with considerable success. 

Pancreatospheres were generated from embryonic and adult murine and human tissue 

and organoids were also generated from mouse early embryonic pancreas (Huch et al. 

2015; Bonfanti et al. 2015; Greggio et al. 2013; Azzarelli et al. 2017; Loomans et al. 

2018). 

Here, human embryonic and fetal pancreatic 3D cultures are described, covering a broad 

range of human developmental stages and examining their behaviour in different culture 

media. Furthermore, a culture system for human fetal pancreatic mesenchymal cells is 

described.  

 

Human embryonic and fetal cultures were derived with high efficiency: when cells were 

dissociated from fetal tissue (8wpc onwards)  the percentage of cultures recovered was 

92.3%. The higher efficiency of cultures derived from fetal pancreas rather than from 

embryonic ones was likely due to a number of reasons including: the larger size of the 

tissue, and therefore higher number of cells may have influenced cell recovery. Embryos 

are usually aborted medically, while fetuses surgically; it is possible that the methods 
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used to induce embryonic demise may impact cell recovery. Lastly, fetal tissue is 

generally available more frequently than embryonic; therefore, it was easier to set up 

ideal conditions to derive cells form later stages compared to earlier ones. 

 

Greggio et al. were able to generate self-organized budding organoids from mouse 

embryonic pancreas at an early stage of development (E9.5-11.5) (Greggio et al. 2013). 

Organogenesis medium was adapted from Greggio et al. report to try to recapitulate the 

results starting from human embryonic pancreatic progenitors. In humans, the equivalent 

developmental stage of E9.5-E11.5 would be around CS14-CS18. However, during the 

course of this PhD we have received only few samples from these stages. When 

possible, culture was attempted,  but it was not successful due to the difficulties  isolating 

pancreatic epithelium and to the small size of the tissue. Data obtained from these 

experiments are therefore difficult to interpret. However, cultures of hPPCs were 

efficiently and robustly derived from embryos at CS23 and later stages. In these cases, 

clusters of cells gave rise to budding structures which, in some cases became larger 

over the days in culture (Figure 4.1). Cells retained the expression of endocrine markers 

such as INS, GCN, and neuroendocrine markers SYP and CHRA (Figure 4.2). Pro-

endocrine genes were expressed (Figure 4.9). PDX1+SOX9+ progenitors localized 

preferentially in the core of the budding structures but those were poorly proliferative, 

and it was impossible to sub-culture the organoids (Figure 4.8) Therefore, it can be 

concluded that, compared to the mouse counterpart, human pancreatic embryonic 

progenitors are less capable of self-organisation and undergo morphogenetic processes 

in vitro. It seems that progenitors and endocrine cells present in vivo are maintained in 

culture in Organogenesis medium, rather than being in vitro self-sustained and produced. 

Perhaps this could be due to the later stages analysed or to the media composition, 

which could be further improved. 
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In order to perform in vitro studies of human embryonic and fetal pancreatic progenitor 

cells, an “expansion media” (EM) was optimized, taking into consideration previous 

report on the expansion of human and murine pancreatic progenitors (Huch et al. 2013; 

Bonfanti et al. 2015).  

hPPCs efficiently generated pancreatospheres, duct-like structures, with efficiency 

reaching almost 90% (Table 4.1). Upon dissociation of the tissue, hPPCs were able to 

generate duct-like, hollowed spheres after one day of culture whether cultures were 

started from clamps or from single cells (Figure 4.3 and 4.4). The structures were highly 

proliferative, and the spheres enlarged within a few days of culture (Figure 4.3). The cells 

were stable over passages and were kept in culture up to few months (4.5, 4.6). Growth 

curves showed that at 6 weeks in cultures, hPPCs cells in expansion had not reached a 

plateau. Population doubling was higher in hPPCs in EM derived for embryos, compared 

to later stages, which might reflect a higher abundance of proliferative progenitors in vivo 

while at later stages, a higher proportion of cells would have committed to a fate (Figure 

4.5).  

Using immunofluorescence, we confirmed that progenitor’s TFs PDX1 and SOX9 were 

expressed by cells in EM (and also in OM) but the localization was predominantly 

cytoplasmic. This could be due to technical problems or high turnover of the transcription 

factors. Endocrine genes and proteins were not detected in expansion conditions: cells 

already committed to endocrine fate do not proliferate and were lost with passages and 

overtaken by proliferative hPPCs (Figure 4.8 and 4.9). The spheres appeared to be 

formed by proliferating cells (KI67+) and polarized, as evident from E-Cadherin and 

Mucin staining’s, as also previously shown by others (Figure 4.8) (Loomans et al. 2018; 

Bonfanti et al. 2015; Greggio et al. 2013).  

Differences between hPPCs derived organoids in EM and OM were also assessed by 

qPCR. While progenitor markers PDX1 and HES1 were invariable between the two 

conditions, SOX9 was more expressed by cells in expansion conditions, which confirms 

the higher abundance of expanding, proliferative cells (Figure 4.9). Notably cells in OM 



 
 

 
 
 

159 

retained the expression of genes involved in the endocrine commitment such as NGN3 

and PAX4. Similar differences between embryonic organoids in expanding  conditions 

or in organogenesis media were observed by Greggio et al, although pancreatic 

embryonic cells from mouse were able to better recapitulate morphogenetic processes 

occurring during development (Greggio et al. 2013). 

 

Interestingly a difference in pancreatosphere morphology was consistently noticed 

depending on the developmental stage of the tissue of origin. Embryonic and early fetal 

hPPCs (up to 11wpc) predominately formed filled spheres. At around 11-12wpc cultures 

where heterogeneous: both filled and hollowed spheres were generally present (around 

50%-50%, Figure 4.11). When hPPCs were derived from fetus from 12wpc onwards, the 

cultures generated were much more homogeneous and most- if not all- spheres were 

hollow (Figure 4.10 and 4.11). Furthermore, 12wpc  was also the cut-off from which it 

impossible to derive cultures in Organogenesis media. It would be interesting to 

investigate the progenitor’s identity and in vitro potency before and after this cut-off. 

qPCR did not provide a clear answer on why hPPCs behave differently according to their 

stages. The higher expression of NKX2.2 and NKX6.1 at early and mid-stages could 

reflect a higher abundance of progenitors. KRT19 expression was dramatically 

decreased in cells in vitro, confirming that expanding cells are progenitors rather than 

committed ductal cells. Interestingly, E-Cadherin gene increased in vitro with 

development, as it does in vivo (Figure 4.12). These data are novel as none have 

previously analysed the behaviour of hPPC derived from different stages in vitro.  

 

Human fetal pancreatic mesenchymal cells (HuPMC) were efficiently derived from 

fetuses at different stages (Figure 4.13). Cells were outgrowing from explant after only 6 

days post plating, with 100% of efficiency rate. For HuPMC culture, two different media 

were tested: Megacell and Fibro-media. Although cells could be maintained in both 

conditions, Megacell was better for maintaining the culture highly proliferative compared 
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to Fibromedium. This was probably due to the more complex, richer in serum and growth 

factors composition (Figure 4.14). HuPMC derived from different stages and in both 

media were analysed via FACS for the expression of a series of markers know to be 

expressed by mesenchymal cells and pericytes. Unequivocal definition of mesenchymal 

stromal cells does not exist yet due to the complexity and promiscuous marker 

expression of those cell types  (Cossu and Bianco 2003; Tonlorenzi et al. 2007; Sidney 

et al. 2014). 

We defined HuPMC as cells which retained in culture the expression of PDGFRa, 

PDGFRb, CD34, CD56, CD90, CD146 and PI-16. CD90 is highly expressed by 99% of 

HuPMC in vitro. These data are in accordance with FACS analysis data on freshly 

dissociated pancreatic tissue (Figures 3.7-8) where 90% of EpCAM- and EpCAMlow cells 

are CD90+. Cells expressed at variable levels NG2, ITGA8 and AP. HuPMC derived from 

early stages had upregulated expression of CD56, CD90, CD146 AP and ITGA8 while 

cells from later stages showed more expression of the pericyte marker NG2. In 

Fibromedia, cells upregulated the canonical haematopoietic stem cell marker CD34, 

together with PI-16 and ITGA8 (Figure 4.15, 4.16 and Table 4.2). CD34 expression is in 

accordance with previous reports that show the expression of this marker by several 

non-hematopoietic cell types, including vascular endothelial progenitors, and embryonic 

fibroblasts, mesenchymal stromal cells, and epithelial progenitors (Lin et al. 2012; Sidney 

et al. 2014).  

The data on HuPMC in vitro offer a background on isolation and culture of mesenchymal 

cells from human fetal pancreas. The importance of mesenchymal-epithelial interactions 

for pancreatic development was recognize in the early 1960s (Golosow and Grobstein 

1962; Wessells and Cohen 1967). However, the mechanisms by which the mesenchyme 

coordinates cell proliferation and differentiation were not fully understood. Attali et al 

demonstrated the role of mesenchymal cells in promoting PDX1+ progenitors expansion 

analysing in vitro pancreatic explants from rodents (Attali et al. 2007). To our knowledge 

this is the first time that culture conditions and characterization of human fetal pancreatic 
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mesenchymal cells have been reported. The data generated can open landscapes for 

future investigation on this cell population which could be more deeply analysed and its 

role on promoting expansion and differentiation of human pancreatic progenitors’ cells in 

3D organoids culture.   
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Chapter 5         

 In vitro differentiation of human fetal 

pancreatic progenitors 
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5.1 Introduction 

 

Differentiation protocols towards pancreatic endocrine cells starting from pluripotent 

stem cells have been developed by applying the knowledge obtained from embryology 

studies, mostly obtained on animal models. Recently, many more protocols have 

integrated 3D culture systems, since it has been shown that three-dimensional cues play 

an important role in pancreas development (Greggio et al. 2013; Rezania et al. 2014; 

Pagliuca et al. 2014). Figure 5.1 shows the steps of state-of the-art pluripotent stem cell 

differentiation protocols in comparison with timing and stages of human pancreatic 

development. Key stages of human pancreas development can be mimicked in vitro by 

the addition of small molecules and growth factors in culture (Rowe and Daley 2019; 

Pagliuca and Melton 2013; Bruin, Rezania, and Kiefer 2015; Petersen et al. 2018; 

Greggio, De Franceschi, and Grapin-Botton 2015).  

Efficient culture and expansion of human pancreatic progenitor cells is a critical step in  

β-cell differentiation protocols starting from pluripotent cells: efficient in vitro expansion 

of progenitor cells allows to obtain a sufficient number of differentiated cells with the 

ultimate goal to use them in cell replacement therapies (Sneddon et al. 2018; Trott et al. 

2017).  

Despite the considerable improvements from the first data published in the early 2000s, 

none of the protocols published so far has been able to produce mature (expressing 

UCN3, MAFA and SIX3), mono-hormonal, glucose-responsive insulin-releasing β-cells 

starting from pluripotent stem cells. The β-cells produced in vitro require in vivo 

transplantation to reach full maturation and glucose-responsiveness (Johannesson et 

al., 2015, Kroon et al., 2008, Blum et al., 2012; Veres et al., 2019).  
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Substantial improvements have still to be achieved before in vitro derived β-cells could 

represent a therapeutic option and current limitations of hPSCs (such as sample 

variation, ethical restriction, time expenditure, genomic stability, maturation to adult like 

β-cells) must be overcome. 

Considering the constraints just mentioned, stimulation of endogenous β-cell 

proliferation and reprogramming are still considered as valid approaches to obtain β-cells 

in vitro (Figure 5.2). Stimulating the proliferation of existing β-cells, together with 

strategies aiming at reducing apoptosis and autoimmune destruction that occurs in T1D, 

may represent an easier route for enhancing β-cell mass in diabetes (Vetere and Wagner 

2012; Jiang, Peng, and Yang 2018). However, overcoming the quiescent state of β-cells 

is a major challenge (Ackermann and Gannon 2007; Baeyens et al. 2018) .   

Pancreas regeneration and plasticity have been discussed for many decades but, unlike 

other epithelial cell types, a true stem-cell population in the pancreas remains elusive 

(Amici, Onikoyi, and Bonfanti 2014). Nevertheless, the pancreas is an extremely plastic 

organ and because of this, several strategies have been developed in order to produce 

endocrine cells in vitro (Kopp, Grompe, and Sander 2016). One of the most discussed 

approach is based on trans-differentiation: direct conversion of a differentiated cell type 

into another. The most popular approach to obtain β-cells from another differentiated cell 

type is to perform an adenovirus mediated transfer of TFs NGN3, PDX1, MAFA (NPM). 

Figure 5.1 Emulating pancreatic development to obtain functional β cells in vitro. 

Schematic of an in vitro differentiation protocol of human pluripotent stem cells 
designed to mimic embryonic development of the human pancreas.  
Human stem cell differentiation protocols span over 5 weeks and aim to recapitulate 
the 9 months of embryonic development.  
At each stage of in vitro differentiation, different small molecules are added to the 
culture in order to mimic the signalling which occurs in vivo. Cells at stage 7-8 require 
to be grafted in vivo in order to become fully functional. 
 
Figure adapted from Bruin, Rezania and Kiefer, 2015; Jennings et al., 2015; Rosado-
Olivieri et al., 2019. 
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This methodology has efficiently converted acinar, gastrointestinal epithelial cells and 

hepatic progenitors into insulin-producing cells (Yechoor et al. 2009; Zhou et al. 2008; 

Ariyachet et al. 2016). Cytokine treatment has been also been shown to mediate 

conversion of ductal cells to β-cells (Sancho et al. 2014; Baeyens et al. 2014).  

 

 

 

Considering different advantages and disadvantages of β-cell generation strategies, 

summarized in Figure 5.2, human fetal cells may represent a more easily expandable 

source of cells, amenable to be scaled up and adapted to GMP (Good Manufacturing 

Practices). Furthermore, human fetal cells are considered less likely to be rejected (Ishii 

2014). Human fetal pancreatic cells have been isolated, cultivated long term, and 

Figure 5.2 β-cell sources for diabetes therapies. 

Schematic representing the different ways of derivation of Β-cells:  
i) inducing the proliferation of β-cells 
ii) inducing differentiation of hES/iPS cells into β-cells 
iii) inducing differentiation of human pancreatic progenitor cells  
iv) by trans-differentiation of similar and developmentally related cell types, like 

exocrine cells, hepatocytes, or intestinal enteroendocrine cells. 
 
Adapted from Ackermann and Gannon, 2007. 



 
 

 
 
 

167 

compared against mouse embryonic stem cells. Human pancreatic fetal cells (obtained 

from fetuses ranging from 8 to 11wpc) have been confirmed as progenitors able to 

partially differentiate towards an endocrine fate upon removal of different molecules from 

the expansion media (such as EGF); the changes in media composition also induced an 

increase in PTF1a, an acinar marker (Bonfanti et al. 2015). Nonetheless, following these 

first attempts, no other research has implemented the methods for expansion of human 

fetal progenitors from different stages and assessed their differentiation potential. 

 

In this thesis chapter, I aim to test the differentiation potency of embryonic and fetal 

pancreatic progenitors towards endocrine cells in vitro. Specific objectives are to: 

- Develop a novel protocol for endocrine differentiation of human progenitors 

derived from different developmental stages.  

- Investigate whether pancreatic progenitor cells retain the ability to differentiate 

even after extensive expansion in vitro. The capacity of hPPCs to undergo 

differentiation after extensive expansion as 3D-organoids, would allow production 

of a larger number of differentiated cells, pivotal aspect for diabetes regenerative 

medicine.  

- Analyse the effect of the differentiation protocol on murine adult ductal cell.  
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5.2 Differentiating freshly-derived hPPCs 

A novel protocol for differentiation of human fetal cells was developed in order to evaluate 

whether hPPCs retain the potential to differentiate into endocrine lineage in vitro. 

The protocol and newly designed differentiation medium (DM) composition are described 

in Materials and Methods (Chapter 2.2) and in Figure 5.3. Freshly dissociated or 

previously expanded hPPCs were embedded in MatrigelTM in differentiation medium 

which included Exendin-4, a GLP-1 analogue which mimics GLP-1’s promotion of insulin 

secretion (Zhang et al. 2009) and bFGF (FGF2) which has been shown to activate 

ectopic expression of MYC, HES1, SOX9, and NGN3 (Diedisheim M. et al. 2018). The 

media had removed EGF and FGF10 to promote differentiation at the expense of 

proliferation (Bonfanti et al. 2015; Bhushan et al. 2001). During Phase 3 of the protocol, 

the cells were moved to a suspension culture using non-tissue culture multiwell plates. 

From Phase 3 onwards, a total of 5 inhibitor molecules, modulators of known signalling 

pathways important in endocrine differentiation, were added to DM (Mfopou et al. 2010; 

Zhang et al. 2009; Hebrok, Kim, and Melton 1998; Dhawan et al. 2016; Borowiak 2010): 

- Retinoic acid (RA) increases expression of PDX1 when combined with other 

molecules such as Noggin and nicotinamide, and promotes morphogenesis 

- DAPT is a γ-secretase inhibitor which indirectly inhibits the Notch pathway 

- Cyclopamine inhibits SHH signal transduction 

- LY-364947 inhibits TGF-β and promotes β-cell replication 

- XAV939 inhibits the WNT pathway by degradation of β-catenin.  

Collectively, these molecules should inhibit progenitor expansion and promote endocrine 

differentiation.  
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During the first steps in MatrigelTM, at around day 3, there was little difference in 

morphology between expansion and differentiation cultures (Figure 5.4 A-B). However, 

upon RA addition to the media in differentiation conditions, and transfer to a suspension 

culture, the ductal structures condensed within a couple of days. Often small budding 

structures were visible (from day 6 onwards). Cells in DM appeared to quickly aggregate 

in the centre of the plate and formed several larger clusters of organoids/filled spheroids 

which resemble islets (from day 10). Figure 5.4 shows phase contrast pictures of hPPCs 

cells in expansion or differentiation media. The cells shown in Figure 5.4 were derived 

from an 11wpc (Panel A) and a 13wpc  (Panel B) fetuses. The images in Figure 5.4 were 

Figure 5.3 Differentiation protocol. 

The schematics show the phases of the differentiation protocol optimized for hPPCs, 
with the timing of each phase and media characteristics. 
The protocol accounts on two main steps: 
- Phases 1 ad 2: progenitors are seeded in MatrigelTM in differentiation medium + 

Retinoic Acid (RA). This steps aims to reduce proliferation while increasing 
morphogenesis through addition of RA and bFGF. 

- Phases 3: progenitors are moved into suspension culture and several inhibitors 
(of Notch, Wnt, Shh, TGF β signalling pathways) are added.  

- Phase 4: glucose concentration in the medium is increased  to stimulate 
metabolism of endocrine cells and differentiation/maturation. 
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chosen as representative; changes in morphology were maintained across all stages 

with no major differences in timing and/or shape.  

H&E staining of cells pelleted from differentiation cultures highlighted distinct differences 

in contrast to expansion cultures (Figure 5.5 and 4.7). As previously described in Chapter 

4, spheroids in EM exhibited a duct-like, hollowed morphology; spheroids were formed 

of a monolayer of epithelial cells, surrounding an empty lumen. H&E conducted on 

hPPCs at the end of the differentiation protocol showed that the cells were still forming 

spheroids, with cells organizing in a monolayer, but the spheres were filled with cells and 

secretions (Figure 5.5: eosin-staining, indicating protein rich residue inside the filled 

spheroids in DM). This feature was more evident in hPPCs derived from late stages 

fetuses (16 and 20wpc samples in Figure 5.5).  
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Figure 5.4 Phase contrast images of freshly derived hPPCs in EM and DM. 

- Panel A shows representative images of hPPCs derived from a 11wpc fetus and 
plated in Differentiation or Expansion media. Images shown were taken at day 3 
(Phase 2 of differentiation protocol) and at days 6 and 10 (during phases 3 and 
4). Cells were kept in culture up to 12 days.  

- Panel B shows representative images of hPPCs derived from a 13wpc fetus and 
plated in Differentiation or Expansion media. Images shown were taken at day 3 
(Phase 2 of differentiation protocol) and at day 10 (phase 4). Cells were kept in 
culture up to 12 days.  

N≥2 for each stages. Scale bar 100µm.   

Figure 5.5 H&E of hPPCs pellets in EM and DM. 

hPPCs in EM or in DM were pelleted, fixed and embedded in Histogel. Samples 
were processed for paraffin embedding and 3µm sections were cut.  
The panel shows H&E staining of cells after expansion or differentiation of three 
samples derived from fetuses at different stages (13, 16 and 20wpc).  
N≥2 for each stages. Scale bar 100µm.  
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Figure 5.6. shows whole-mount immunofluorescence of 12wpc derived hPPCs in EM 

and DM. From the first panel (staining for SOX9, shown in blue, NGN3, in green, and 

PDX1 in red) it is possible to appreciate the presence of some nuclear NGN3+ 

progenitors (becoming yellow for the overlap with PDX1 staining) in islet-like structures 

in DM (Figure 5.6, indicated with a white arrow), whereas the TFs important for endocrine 

differentiation were not expressed by cells in EM. Some non-specific staining, lining the 

borders of the organoids, was noticed in both DM and EM conditions. Spheroids 

expressed the epithelial marker E-Cadherin and polarized Mucin1 in both media. 

Glucagon and insulin were detected in EM, probably as residues from native tissue α- 

and β-cells; in DM both hormones were upregulated and more prevalent (Figure 5.6). 

There was a clear separation between staining for insulin and for glucagon perhaps 

indicating that the majority of the differentiated cells were releasing only one of the two 

hormones.  

Further differences between hPPCs derived in Expansion or Differentiation conditions 

were analyzed via qPCR in order to evaluate changes in gene expression of endocrine, 

and progenitor’s markers; furthermore, we investigated changes in epithelial gene 

expression (Figures 5.7-9) 
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Differential gene expression of markers of pancreatic progenitors and differentiation was 

analysed over the course of the differentiation protocol and in cells in expansion medium 

for comparison (Figure 5.7). This experiment was conducted once in two different cell 

lines. PDX1 increased over the differentiation protocol and it was more highly expressed 

than in expansion conditions. The expression of the progenitor marker SOX9 fluctuated 

during the differentiation protocol although it was stably higher in expansion medium. 

Transcription factor HES1, target of Notch signalling, was more expressed in cells in 

expansion medium, as expected, considering the inhibition of Notch that occurs given 

the presence of DAPT in differentiation medium from Phase 3. Remarkably, both NGN3 

and NEUROD1 levels increased whilst culture in DM progressed. Consequently, gene 

expression of endocrine hormones insulin and glucagon increased as well, as was 

expression of UNC3, marker of β-cell maturation. The exocrine associated gene, CPA, 

also increased comparing to the levels of it in EM. Epithelial gene EpCAM was 

upregulated in EM. GATA4 and FOXA2 genes were variable during the differentiation 

protocols but were not significantly different than cells in EM. 

 

 

 

 

Figure 5.6 Whole-mount immunofluorescence of hPPCs freshly derived in EM or OM. 

hPPCs derived from a 12wpc fetus underwent DM protocol or were expanded for 10 
days. At the end of the culture, spheroids were fixed and stained for pancreatic 
progenitor markers PDX1 and SOX9, for endocrine markers such as transcription 
factor NGN3 and hormones Insulin (INS) and Glucagon (GCN) and epithelial 
markers, ECadherin (ECAD) and Mucin 1 (MUC1). Nuclei were counterstained with 
Dapi. NGN3+ cells in DM conditions are indicated with a white arrow and shown at 
higher magnification in the box. Scale bars 50µm. 
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Figure 5.7 qPCR of 13wpc hPPCs in EM and at steps of differentiation protocol. 

qPCR showing gene expression levels of hPPCs derived from two 13wpc samples 
(whole tissue was used as reference) derived in EM and DM. Cells in DM were 
collected for RNA analysis at different stages of the protocol (one day after RA 
addition, and at days 4 (one day after being moved into suspension with inhibitors) 
and 10 of the protocol (at the end). Samples were normalized against HPRT1 (house 
keeping) and against fresh human fetal pancreas 13wpc .  
N=2 for each time point; no statistical analysis (insufficient number of replicates). 
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The changes in gene expression at the end of the differentiation protocols were 

evaluated in a group of samples derived from early stages (Figure 5.8 A) and in a group 

comprised of samples from mid/late stages (Figure 5.8 B).  

In both groups, PDX1 was found to increase with differentiation, while SOX9 expression 

was more abundant in expansion. Transcription factors NGN3 and NEUROD1, and 

consequentially genes expression of insulin and glucagon, increase upon differentiation, 

as expected. Those genes were either not expressed or expressed at extremely low 

levels by hPPCs in EM. Notably, when hPPCs were derived from early stages fetuses, 

differentiation was more efficient and gene expression of NGN3, NEUROD1, INS and 

GCN, was higher than the control (fresh tissues of origin of the cells). These data and 

the lack of expression of endocrine marker genes in EM conditions indicates that the 

differentiation happens de novo. 

Collectively, it emerged that hPPCs derived from embryos or fetuses at early stages 

differentiated more efficiently in comparison to hPPCs derived from later stages samples. 

NGN3 and NEUROD1 transcripts from cells in DM were higher than from the tissue, 

however this trend was not confirmed for the hormone transcripts.  
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Figure 5.8 qPCR of freshly derived hPPCs in EM or DM. 

qPCR showing gene expression levels of: 
A. Samples derived from CS23-12wpc embryos/fetues in EM or DM (at the end of 

the protocol, day 10). dCT values were normalized against HPRT1 (house 
keeping gene) and against the human fetal pancreas fresh tissue from which 
cells were derived. N= 5.  

B. Samples derived from 13-20wpc fetues in EM or DM (at the end of the protocol, 
day 10). dCT values were normalized against HPRT1 (house keeping gene) and 
against human fetal pancreas fresh tissue from which cells were derived. N= 5.  

All data are shown as MeanSEM. Anova multi-comparison was performed.  
* =p<0.05 ** =p<0.01 *** =p<0.001. 
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5.3 Differentiating pre-expanded hPPCs 

In order to evaluate whether hPPCs in EM retain the potency to differentiate even after 

extensive expansion, we applied the same differentiation protocol described above to 

expanded hPPCs. Figure 5.9 shows phase contrast pictures of hPPCs derived from 

samples at different stages, expanded for several passages and consequently 

differentiated. In the figure, the number of passages in EM is indicated with roman 

numerals. The number of passages cells in EM before differentiation is expressed as 

DMEM roman numeral. The changes in morphology of the cells plated in DM were conserved 

even after expansion. Gene expression changes of pre-expanded hPPCs was 

determined using qPCR. As for freshly dissociated hPPCs, samples were divided in two 

groups for the analysis: early (Figure 5.10) and mid/late stages (Figure 5.11).  

hPPCs were able to commit towards the endocrine fate even after in vitro expansion: the 

changes in gene expression observed in cells differentiated immediately after their 

dissociation were indeed conserved in cells pre-expanded and consequentially 

differentiated. The changes in gene expression obtained starting from early stage 

samples were more striking than if starting with cells from mid/late fetal stages; this could 

reflect a higher potency and plasticity of in vitro-derived early progenitors than ones from 

late stages. 
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Figure 5.9 Phase contrasts images of hPPCs in EM or DM post-expansion. 

Rapresentative phase contrast images of  
A. hPPCs derived form a CS23 embryo 
B. hPPCs derived from a 13wpc fetus 
C. hPPCs derived froma. 16wpc fetus 
For each of the stages, the top row shows cells in Expansion conditions (EM) at 
different passages (passage indicated by the roman numeral). Bottom rows show 
representative images of cells in differentiation (DM) upon expansion, The number 
of passages that were performed before differentiation is indicated by EM, followed 
by passage in roman numberals. The experiment was repeated more than 15 times 
using cells derived from different stages. Scale bars= 200µm. 
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In both age groups, PDX1 expression was higher in DM than in cells in expansion. NGN3 

and NEUROD1 were upregulated upon differentiation and the upregulation was at higher 

levels in cells from early stages. Hormone genes were more highly expressed by cells in 

DM, although these were no higher than the gene expression levels in the fresh control 

tissues. 

 

 

 

 

 

 

 

 

 

Figure 5.10 qPCR early stages and expanded hPPCs in EM or DM post-expansion. 

qPCR showing gene expression levels of hPPCs derived from embryoic and early 
fetal stages (range CS13-12wpc). Cells analysed were expanded for two passages 
(EM II) or were differentiated after being expanded for two passages (indicated as 
DM EMII ). dCT values were normalized against HPRT1 (housekeeping) and against 
fresh human fetal pancreas tissue from a 12wpc fetus.  n=6. Data shown as 

MeanSEM. Anova multi-comparison was performed.  * =p<0.05 ** =p<0.01 *** 
=p<0.001. 
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Figure 5.11 qPCR mid/late stages and expanded hPPCs in EM or DM post-expansion. 

qPCR showing gene expression levels of hPPCs derived from later fetal stages ( 
range 13-20wpc) . Cells analysed were expanded for two passages (EM II) or were 
differentiated after being expanded for two passages ( indicated as DM EMII ).  
dCT values were normalized against HPRT1 (housekeeping) and againts fresh 

human fetal pancreas tissue from a 12wpc fetus.  N= 6. Data shown as MeanSEM. 
Anova multi-comparison was performed.  * =p<0.05 ** =p<0.01 *** =p<0.001. 
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5.4 Differentiation of adult mouse pancreatic cells 

A potential source of β-cells for replacement therapies comes from fate conversion of 

exocrine pancreatic cells into the endocrine lineage. The overexpression of Ngn3, Pdx1 

and MafA, three master regulators of pancreatic fate, had been proven to promote 

endocrine formation and β-differentiation (Lee et al. 2013). 

In 2017, Azzarelli et al. showed that phosphorylation levels of NGN3 regulate 

differentiation during development. In particular, de-phosphorylation of NGN3 increased 

the stability of the transcription factor, enhancing β-cell differentiation in vivo and 

regulating transcript levels of endocrine genes in murine pancreatic organoids in vitro 

(Azzarelli et al. 2018, 2017) (Figure 5.12). Mouse pancreatic ductal organoids could be 

driven to differentiate into endocrine cells by co-expressing Ngn3, Pdx1 and MafA. The 

efficiency of β-like cell generation could be significantly enhanced by preventing 

phosphorylation of Ngn3 protein (Azzarelli et al. 2018). 

Here, in collaboration with Dr. Azzarelli and Professor Philpott, we sought to investigate 

whether the differentiation media condition that I had developed could promote 

differentiation of pancreatic ductal organoids derived from wild type NGN3 mice or 

NGN3-6S-A mutant mice (in which NGN3 serine residues were modified with alanine 

ones, thus impairing phosphorylation). 
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Pancreatic organoids were derived from wild-type and 6S-A mutant mice as previously 

described (Huch et al. 2013). Briefly, adult pancreatic tissue was digested for 45–60 

minutes with a collagenase/dispase dissociation Medium. Single ducts were manually 

picked and seeded in MatrigelTM. Ducts were cultured in murine expansion media, EM 

(Huch et al. 2013). Duct organoids were grown for a few passages (up to four) in EM. At 

Figure 5.12 Underphosphorylated 6S-A Ngn3 promotes endocrine differentiation. 

By substituting Serine residues with Alanine ones in Ngn3 protein, the authors found 
that differentiation towards β cells increased.  
Panel A shows the animal model and experimental analysis. 
Panel B shows that expression of 6S-A Ngn3 causes increase of glucagon and 
insulin proteins in the mouse pancreas.  
 
Modified from Azzarelli et al., 2017, 2018.  
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splitting between passage III-IV, cells were seeded in MatrigelTM and differentiation 

medium, DM was added.  

Wild-type and mutant ductal cells were derived from 2 mice respectively. The first 

derivation produced results of experiments 01 and 02, while experiments 03 and 04 were 

performed with a second organoid line. 

Figure 5.13 shows phase contrast imagines of organoids from wild type (APA-WT) and 

mutant mice (APA MUT 16s.a) at different days of the differentiation protocol (A. Day 3; 

B. Day 10: C. Day 16) or in expansion condition. Passages are indicated in roman 

numerals. 

As has been shown for hPPCs in DM, murine ductal organoids changed morphology 

during the protocol, especially after being moved into suspension (15.13 B and C). 

eYFP was under the control of Ngn3 promoter in both animal models (wild-type and 6SA) 

used for these experiments. eYFP intensity (shown in grey scale), and therefore Ngn3 

expression, appeared to increase over time, being strongest at day 10, however the 

signal appeared nonspecific and localized in the nucleus in cells derived from wild type 

mice or from the mice carrying the phosphorylation change in Ngn3.  
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Phase contrast images of spheroids from wild-type and mutant mice and the end of the 

differentiation protocol on in expansion conditions of an additional three experiments are 

shown in Figure 5.14. A-C. 

Overall, the experiments gave the same outcome: murine spheroids condensed in islet-

like structures as expected. Despite an increasing signal of eYFP, that was higher in 

organoids derived from mice carrying the mutant version of Ngn3, this did not indicate 

endocrine differentiation as shown by gene expression analysis.  

qPCR analysis showed no upregulation of endocrine markers (glucagon, insulin and 

somatostatin) upon differentiation, neither in wild-type or Ngn3 6S-A mutant mice (Figure 

5.15). Expression of these genes was not detected after 40 cycle of amplification, 

although expression of  the positive control (wild type mouse pancreatic tissue). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 Phase contrast images of murine duct cells at different stages of differentiation protocol. 
Experiment 01. 

Wild-type (APA WT) and 6S-A derived organoids (APA MUT 6s.a) morphology and 
eYFP signal were monitored during the differentiation protocol and in parallel in cells 
in expansion medium.  
The figure shows representative images of the cells at different days of culture in both 
media conditions ( A: day 3. B: day 10. C: day 16). Scale bar 100µm.  
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Figure 5.14 Phase contrast images of murine duct cells at the end of the differentiation protocols. 

Wild-type (APA WT) and 6S-A derived organoids (APA MUT 6s.a) morphologies and 
eYFP signal were monitored over time of the differentiation protocol and in parallel 
in cells in expansion condition.  
The figure shows representative images of the cells of experiments 02 (Panel A), 03 
(Panel B) and 04 (Panel C) of organoids at the end of the 16 days of differentiation. 
In Panel C, the squares contain images at higher magnification. Scale bar 100µm. 

Figure 5.15 qPCR of endocrine genes of WT and 6S-A murine organoids in EM and DM. 

qPCR showing gene expression  of Insulin (INS), Glucagon (GCN) and 
Somatostatin (SST) of wild-type and mutant mice (6S-A) in EM at passage IV or at 
the end of differentiation 
Gene expression levels were normalized against ACT-B (house heeping gene), and 
against levels expressed in wild type murine pancreas. N= 2. No statistical analysis 
due to low number of replicates and no gene expression.   
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5.5 Main findings and conclusions 

Differentiation of human pluripotent stem cells to pancreatic endocrine cells in vitro 

involves long, multi-step protocols which have shown significant variability in results and 

do not produce a mature β-cell phenotype (Hrvatin et al. 2014; Sneddon et al. 2018; 

Rowe and Daley 2019). The majority of in vitro studies aiming at β-cell differentiation 

have been carried out on either rodent or human pluripotent stem cells, while a 

comprehensive study of human embryonic and fetal pancreatic progenitor cells 

differentiation in vitro is still missing (Jennings et al. 2015). 

In chapter 4 of this thesis, I have shown that 3D cultures of human embryonic and fetal 

pancreatic progenitor cells have been efficiently derived, and that these cells can be 

cultured in 3D conditions in which  high levels of progenitor markers such as SOX9 and 

PDX1 and low levels of KRT19, marker of adult pancreatic ducts are expressed (Figure 

4.12).  

We differentiated those progenitors towards the endocrine lineage by using small 

molecules known to have an impact in progenitor’s proliferation and lineage commitment. 

hPPCs were freshly derived from a broad range of developmental stages and were 

differentiated by using a Differentiation Medium designed ad hoc. The differentiation 

protocol lasted up to 16 days, much shorter than standard differentiation protocols 

designed for human pluripotent stem cell differentiation which take up to 5 weeks (or at 

least 21 day from Stage 4- pancreatic endoderm stage) (Figures 5.1 and 5.3). 

The protocol accounted of two main steps: first, the cells were seeded and kept in 

MatrigelTM; cells were then moved in suspension using low adherence/non-culture 

treated plates. Suspension cultures are routinely used for maintaining islets in vitro 

(Daoud, Rosenberg, and Tabrizian 2010) and recently protocols of pluripotent stem cell 

differentiation have added floating steps, as have been shown to increase efficacy (Veres 

et al. 2019).  
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Spheroids immediately changed morphology when in suspensions. The hollow spheres 

collapsed in islet-like structures. The cells aggregated and merged in the middle of the 

wells and few buds were visible. These morphology changes were observed regardless 

of the stage of the embryo/fetus. (Figure 5.4 and 5.5) 

H&E staining in Figure 5.5 showed that hPPCs were organized as expected from the 

phase contrast imaging.  Cells in DM are collapsed and spheres are filled with cells, cell 

residues and an eosin-stained basic matrix. Spheroids in EM were instead organized in 

large hollow spheres formed by a monolayer of epithelial cells. 

Whole-mount immunofluorescent analysis of hPPCs in EM or DM (Figure 5.6) showed 

that cells that underwent differentiation started to express NGN3, crucial for endocrine 

commitment, at the protein level. The detection of this TF is generally hampered by the 

low levels and its transient expression. Nevertheless, a few PDX1+ pancreatic 

progenitors were captured during their NGN3 expression phase. 

Spheroids in DM retained polarized expression of ECAD and MUCIN. Insulin and 

glucagon were both highly upregulated in differentiation conditions. Co-localization of 

hormones was not evident (most of the stain was either red for insulin or green for 

glucagon) possibly indicating that the cells differentiated in mono-hormonal endocrine 

cells. Furthermore, insulin and glucagon were not detected in expansion conditions, 

confirming that differentiation occurs de-novo, starting from progenitors, rather than 

having endocrine cells carried over from the native tissue. 

 

RT-PCR analysis over the differentiation protocol showed the dynamic time course  of 

gene expression changes. PDX1 transcript started to increase immediately after the 

beginning of the differentiation protocol and remained higher than in cells in EM. In 

contrast HES1 (notch signalling downstream target) was upregulated in expansion 

conditions, where most of the progenitors were in a proliferative phase, compared to 

differentiation conditions. Notch signalling downregulation is indeed a target for 

differentiation. Interestingly, NEUROD1 seemed to be upregulated even before NGN3, 
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shortly after Retinoic Acid was given to the cells, and consequentially, transcripts of 

insulin and glucagon were upregulated too. UCN3 is a marker indicating β-cell 

maturation; promisingly it did increase over the days of the differentiation protocol. 

Transcript levels of epithelial cell adhesion molecule EpCAM remained comparable 

between the two culture conditions while CPA, marker for exocrine differentiation, was 

slightly upregulated in DM (Figure 5.7). Little exocrine gene expression upon 

differentiation was previously noted also by Bonfanti et al. 2015.  

Given these encouraging results, a deeper analysis was conducted grouping hPPCs in 

two groups: one made with samples from embryonic and early stages fetuses and one 

with samples from mid/late gestational ages. Five independent hPPC cultures from each 

group underwent differentiation or expansion and gene expression levels were analysed 

at the first split of cells in EM, or at the end of the differentiation protocol. RNA extracted 

from a fresh fetal pancreas ranging in the stage group was used to normalize the gene 

expression levels (Figures 5.8 A-B). 

The expression of transcription factor PDX1 was higher in hPPCs that underwent 

differentiation, while SOX9 expression was opposite: higher in cells in expansion media. 

This pattern was maintained independently from the age of the embryo/fetus.  

Regarding genes for endocrine differentiation, these were consistently at higher levels 

when hPPCs were derived from fetuses at earlier stages. Remarkably, in early stage 

samples, NGN3 was 300-fold higher and NEUROD1 30-fold higher than in native tissue. 

The two transcription factors were also upregulated when hPPCs were derived from later 

stages, but the fold change was of 15-times higher for NGN3 and 3-times higher for 

NEUROD1.  

Endocrine hormones insulin (INS) and glucagon (GCN) followed a similar pattern. 

Remarkably, both hormones gene levels were upregulated in cells that underwent 

differentiation comparing to cells in expansion, indicating that the medium developed 

was indeed pushing progenitors and NGN3+ committed cells towards endocrine fate in 

only 2 weeks of culture. When hPPCs were derived from early stages, both INS and 
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GCN were expressed at even higher levels than in the fresh tissue; however, this was 

not conserved for hPPCs derived from later stages fetuses, where gene expression 

levels were below the ones of fresh tissue (Figures 5.8 A-B). Overall, an advantage for 

endocrine differentiation of early stages hPPCs was reported. 

 

One of the limitations of the protocol developed for the differentiation of human fetal 

pancreatic progenitors is the low output of cells at the end of the process. To overcome 

this limitation, we applied the differentiation protocol to pre-expanded hPPCs in EM. This 

experiment also gave us important information regarding the ability of human progenitors 

to commit towards the endocrine fate even after a few passages of expansion in culture.  

Figure 5.9 shows different cultures of hPPCs in EM and DM post-expansion. No 

particular changes in the morphologies of differentiated cells were observed in base of 

their stages, as it was for the cells differentiated straight upon derivation from the tissue. 

qPCR analysis demonstrated that hPPCs after expansion were still able to commit to a 

certain extent to the endocrine fate. Interestingly, PDX1 and SOX9 genes followed the 

same pattern observed with hPPCs freshly derived in either DM or EM. PDX1 increased 

with the differentiation media while SOX9 maintained a high expression throughout in 

hPPCs in expansion media. As seen before, both NGN3 and NEUROD1 transcription 

factors were highly upregulated in DM cultures compared to expansion cultures. In 

particular, hPPCs derived from earlier stages showed stronger and earlier commitment  

to the endocrine fate compared with hPPCs from later stages, confirming what had been 

observed with cells differentiated straight after derivation. Very remarkably, NGN3 was 

expressed 60-times more in hPPCs in DM post-EM than in native tissue from early 

stages samples while NEUROD1 expression was 50-times higher.  

Insulin and glucagon genes were also upregulated in DM cultures versus EM ones, 

although not higher than in fresh tissue and no major differences were observed 

according to the stage of the embryo/fetus (Figures 5.10-11). Therefore, the advantage 
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for endocrine differentiation of hPPCs derived from embryos and early stage fetuses, 

was further confirmed, indicating higher potency/plasticity of early progenitors. 

Bonfanti et al. 2015 is only report so far in which authors have attempted in vitro 

differentiation of human fetal pancreatic cells. In this work, the authors showed that EGF 

removal was sufficient to upregulate the expression of several pro-endocrine genes here 

analysed too. EGF was removed for a total of 28 days and gene expression analysed at 

different times during the culture and compared with cells in expansion conditions. The 

results obtained at day 14 are comparable to those reported here. Here, we have 

compared our results with human fresh tissue, rather than with cells in expansion of 

which endocrine gene expression levels might be too low for a proper normalization. 

More recently human adult pancreatic progenitors have been directed to differentiate 

towards the endocrine fate. Differentiated cells upregulate pro-endocrine genes and their 

proteins in culture. However, also in this report, comparison was performed only against 

cells in expansion conditions, where these markers are downregulated and therefore is 

missing a proper control. Furthermore differentiated cells still expressed at high level 

adult ductal marker KRT19 (Loomans et al. 2018).  

Taken together, differentiation experiments of hPPCs gave interesting results indicating 

the potency of human embryonic and fetal pancreatic progenitors to initiate differentiation 

towards the endocrine fate, even after in vitro expansion. This data open possibilities on 

the use fetal cells to investigate the mechanisms behind human pancreatic cell 

differentiation in vitro and develop new strategies for a cell therapy for diabetes.  

Given the promising data, we explored whether media condition and protocol developed 

for human progenitor would also drive the differentiation of murine adult pancreatic cells 

and we investigated whether a de-phosphorylated form of Ngn3 would give progenitors 

an advantage in differentiation towards β-cells.   

Murine ductal cells behaved very similar to hPPCs in culture and, upon suspension, the 

duct-like structures rapidly changed shape and condensed into an islet-like morphology. 

Nng3 promoter drove the expression of eYFP reporter. This tool facilitated the real-time 
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tracking of the differentiation process. During the course of the differentiation protocol, 

an apparent increase of eYFP signal was reported; however, the fluorescent protein 

appeared to be cytoplasmic or secreted in the core of the spheroids. Indeed, qPCR 

analysis indicated no upregulation of endocrine genes, regardless of the form of Ngn3 

(de-phosphorylated or not). Therefore, our current differentiation protocol is not sufficient 

to drive differentiation of adult pancreatic ductal cells as it is for the human fetal 

progenitors. This data further corroborates the progenitor’s identity of the cells derived 

from embryonic and fetal pancreas and expanded in vitro.  
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6 Chapter 6       

 Towards Matrigel replacement 

 exploiting natural and synthetic gels 
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6.1 Introduction 

Organoid cultures have emerged as an in vitro system which allow to grow 

stem/progenitor cells in three-dimension in  a culture dish, maintaining a structure that 

resembles the organ of origin (Sato et al. 2009; Simian and Bissell 2017). Human 

organoids can be used to challenge fundamental questions about development, stem 

cell biology and tissue regeneration and represent a powerful tool for drug testing and 

disease modelling (Lehmann et al. 2019). 

Despite the hypes and hopes for organoids and their applications, there are still a few 

limitations that scientists are trying to solve by integrating several approaches (Huch et 

al. 2017; Madl, Heilshorn, and Blau 2018). 

One of the limitations of organoid cultures is reproducibility. In organoids there is little or 

no control on how the cells assemble when they transition from a cell suspension or a 

2D culture to 3D (Brassard and Lutolf 2019; Yin et al. 2016). Currently, the same 

experimental conditions may yield organoids with different cellular composition, 

architecture, size and shape. It is therefore very complicated to properly control cell fate 

and organization, and cell-cell or cell-matrix interactions (Huch et al. 2017; Kratochvil et 

al. 2019). This lack of control is probably the source of much of the variability in this 

system and experiments. Reproducibility is vital for understanding the mechanisms that 

underlie physiological and pathological situations, and in order to be able to exploit 

organoid cultures for drug testing, gene therapy or other genetic manipulations for 

disease modelling. Furthermore, if considering organoids for possible clinical 

applications, it is crucial that these cultures are safe and scalable (Huch et al. 2017).  

 

In recent years, engineering and biology have coalesced to provide solutions to the 

current limitations in the field. Bioengineers have long sought to deconstruct biological 

systems and manipulate or reconstruct them systematically. This approach is particularly 
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relevant for organoid development, where, as mentioned, control and reproducibility are 

difficult to obtain (Yin et al. 2016; Broguiere et al. 2018).  

Bioengineered organoids systems have to consider a careful selection of essential 

culture components. On this regard, in order to accomplish safety, simplicity and 

tunability, and scale up organoids systems to GMP standards, MatrigelTM has to be 

rethought.  

MatrigelTM is a critical component of organoid culture. However, it is derived from 

Engelbreth-Holm-Swarm mouse Sarcoma cells and, therefore, is not suitable for human 

cell cultures with clinical applications. MatrigelTM is poorly defined and may not provide  

the specific extracellular matrix (ECM) cues required by different tissues. Additionally, 

MatrigelTM differs considerably from batch to batch and, even if compositions with 

decreased growth factor concentrations are commercially available, it still contains 

different constituents that might influence the culture and compromise the efforts made 

to design chemically defined media in order to obtain controlled environments in vitro 

(Yin et al. 2016). 

To address the limitations of MatrigelTM, chemists and engineers are working to create 

more defined systems for organoid cultures. With the emergence that both biochemical 

and mechanical/physical cues drive organogenesis, it is important that matrix 

characteristics such as stiffness, degradability and adhesive ligand presentation can be 

independently modulated, so to dissect the individual effects determined by the cell-cell, 

cell-ECM interactions and media composition (Holloway, Capeling, and Spence 2019). 

It is well known that stem cell behaviour in vivo is highly regulated through the extrinsic 

biochemical and biophysical signals from specialized microenvironments (the niche). 

The niche consists of different cell types surrounding and providing support to stem cells,  

the ECM, and also mechanical forces, as well as systemic and physiochemical 

conditions such as oxygenation and pH (Ferraro, Lo Celso, and Scadden 2010).The 

niche is responsible for the integration of different signals that ultimately regulate stem 

cell state of quiescence or proliferation/differentiation (Chacón-Martínez, Koester, and 
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Wickström 2018). Considering the importance of the 3D microenvironment in which stem 

cells reside it is clear that  the possibility of integrating 3D stem cell culture with advanced 

bio-engineering would represent a step forward in the organoid field (Lutolf, Gilbert, and 

Blau 2009; Gjorevski and Lutolf 2017).  

Here, I discuss two alternatives to MatrigelTM which have been proposed to better mimic 

the niche and provide with ad hoc signalling to better control organoids cultures: ECM 

derived from decellularised tissues and synthetic hydrogels. 

 

The ECM is the three-dimensional network of extracellular macromolecules  which 

provides the structural and biochemical support to cells; ECM is a highly dynamic 

structure that is present in all tissues and continuously undergoes controlled remodelling 

(Frantz, Stewart, and Weaver 2010). ECM is a key player in stem cell niche, as it directly 

or indirectly modulates the maintenance, status, self-renewal and differentiation of the 

stem cell pool. Several ECM molecules play a role in this context (Ahmed and Ffrench-

Constant 2016; Gattazzo, Urciuolo, and Bonaldo 2014). Given this crucial role of matrix 

and matrisome, an alternative to MatrigelTM is represented by natural ECM gels, which 

are produced by decellularization of animal organs. Perfusion-decellularisation is 

probably the most consistent method described to obtain whole-organ decellularisation 

with preservation of ECM architecture and components (Tapias and Ott 2014). The 

natural ECM gels present some advantages comparing to MatrigelTM. Decellularised 

animal tissues have been already used clinically, for example as cardiac valve 

substitutions, so their usage is more accepted than other poorly controlled matrices 

(Dohmen 2012). It is also known that ECM derived from decellularised organs not only 

provides a structural support, but delivers biochemical signals that are fundamental for 

assisting the regenerative processes. ECM is an integral determinant of tissue specificity 

itself (Yu et al. 2016; Nelson and Bissell 2006). Hence, choosing an appropriate ECM for 

3D in vitro systems is essential for the outcome of the culture. In a recent article, murine 

intestinal epithelial organoids were grown in floating Collagen-I gels or in MatrigelTM. In 
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Collagen, but not MatrigelTM, organoids more closely resembled the native architecture 

of the intestine. The organoids aligned, fused and formed macroscopic hollow tubes with 

a single enclosed lumen and budding crypt-like domains. The importance of choosing 

the appropriate ECM environment on organoid behaviour is applicable to human systems 

as well (Sachs et al. 2017). ECM based hydrogels derived from decellularised tissue 

have the advantage of providing the cells with all the information they need for their 

growth and expansion, while also being GMP-compliant (Saheli et al. 2018). However, 

this system still has to be improved due to limited reproducibility and control, batch-to-

batch variability and for the impossibility to be tuned and to fully control biophysical and 

biochemical matrix properties (Czerwinski and Spence 2017). ECM derived gels have 

been developed from pancreatic tissue culture, proving to be suitable for cell expansion 

and in vivo assays (Sackett et al. 2018). 

 

Fully synthetic and tuneable engineered biomaterials able to mimic the ECM and niche 

characteristics would provide a suitable, standardisable and ad hoc in vitro tools for stem 

cell culture. Synthetic hydrogels can be made with purified or lab made ECM 

components or using new biocompatible, highly hydrated polymers (Kratochvil et al. 

2019; Brassard and Lutolf 2019). Chemically defined polyethylene glycol (PEG) 

hydrogels have been used as an ECM replacement to culture intestinal epithelial 

organoids (Gjorevski et al. 2016). Growth of the organoids was better controlled in PEG-

RGD comparing to MatrigelTM, there was not the problem of animal-derived components 

in culture and variables such as matrix stiffness, degradation properties and 

adhesiveness could be independently regulated. The work identified that stiff matrix 

promotes expansion of intestinal organoids whereas epithelial differentiation required a 

softer matrix. PEG hydrogels have been shown to be suitable for the 3D cultures of 

human derived epithelial organoids,  with  possible clinical implications (Cruz-Acuña et 

al. 2017; Broguiere et al. 2018).  
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In this chapter I aim to test the hypothesis that MatrigelTM can be replaced for hPPC 

culture by natural ECM gels and synthetic hydrogels, providing clinically relevant 

settings for organoids cultures. Specific objectives are to: 

- Assess the suitability of ECM-derived hydrogels for expansion of human 

pancreatic progenitors as an alternative to MatrigelTM.  

- Compare hPPC phenotype and proliferation potential in ECM gels vs MatrigelTM.  

- Test suitability of ECM gels to support hPPC in in vivo transplantation assays.  

- Establish hPPC cultures in fully synthetic, functionalized PEG-RDG hydrogels 

with defined physical properties.  

- Investigate the role of soft and stiff matrices in progenitor expansion and 

differentiation. 
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6.2 Decellularized ECM-based gels 

Small intestinal ECM-derived hydrogel was produced from decellularized porcine 

intestine.  The protocol was developed by Dr. G.G. Giobbe and Dr. C. Crowley in the 

laboratories of Prof. P. De Coppi and Prof. N. Elvassore (Giobbe et al. 2019).  

The ECM hydrogel for organoid culture was produced on the basis of previous reports 

and was optimized for being GMP-compliant. The protocol included 5 steps: (i) tissue 

harvesting; (ii) decellularization; (iii) freeze drying and milling; (iv) γ-irradiation and 

digestion; and (vi) neutralization (Figure 6.1.A) (Totonelli et al. 2012; Giobbe et al. 2019). 

Only one cycle of the DET (detergent-enzymatic treatment) was sufficient to remove the 

nuclei while relevant extracellular matrix components including collagens, elastin and 

glycosaminoglycans were still present (Figure 6.1.B-C) (Totonelli et al. 2012). 

ECM collagen composition was compared to MatrigelTM. Collagen I, III and IV were 

similarly expressed in both gels (Figure 6.1.D). Furthermore, scanning electron 

microscopy showed a detailed interwoven network of collagen fibres of the ECM gel that 

was similar to MatrigelTM (Figure 6.1.E). At 6mg/mL, ECM gels and MatrigelTM display a 

comparable elastic modulus, analysed with a nanoindenter (Figure 6.1.F). At this 

concentration, ECM hydrogel was comparable to MatrigelTM for many of the biological 

and biomechanical characteristics analysed and therefore this concentration was chosen 

for the 3D cell cultures of organoids from endodermal organs. This characterization was 

performed by Dr. Giobbe and Dr. Crowley. 

This ECM hydrogel has been tested with human and mouse small intestinal organoids, 

human gastric and human fetal intestinal, hepatic and pancreatic organoids. In this 

chapter, I show the data that I produced on human fetal pancreatic organoids in 

collaboration with Dr. Giobbe, Dr Crowley, Mr Khedr and Dr Bonfanti. 
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Figure 6.1 ECM derived gel characterization. 

ECM gel was produced and characterized as follows: 
A.  Gelation preparation protocol for ECM hydrogels consisted of decelullarization 

of the porcine small intestinal mucosa/submucosa, freeze-drying process, milling 
into a fine powder, γ- irradiation and digestion of the powder in pepsin and HCl 
for 72 hours, and neutralization to a physiological pH, salinity and temperature.  

B. Section of paraffin embedded ECM gel drops stained with Picrosirius Red 
(collagen), Verhoeff’s (elastin) and Alcian Blue (glycosaminoglycans) shows 
preservation of ECM protein after the decellularization and gelation. 

C. ECM protein quantification showed that collagen, elastin and GAG are preserved 
after decellularization. Mean ± S.D (n=3). Student t-test p-value ≤ 0.05.  

D. IHC staining for collagen I, III and IV in ECM gels and MatrigelTM. ECM gel is 
enriched for collagens I and IV, while MatrigelTM in enriched in collagen III and 

IV. Scale bar 100 m.  
E. Scanning electron microscopy (SEM) images of the ECM gel displaying the 

interconnected fibrous network. Scale 1 μm.  
F. Elastic modulus measured by nanoindentation of 6 mg/mL ECM gel vs MatrigelTM 

in 30 μL drops. Mean ± S.D (n=3). Student t-test p-value ≤ 0.05.  
Figure adapted from Giobbe et al. 2019. Copyright © 2019, Springer Nature. 
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Human fetal pancreatic progenitor cells derived from 13wpc fetus were grown in vitro in 

ECM gel and MatrigelTM. hPPC spheroids showed similar morphology as shown by 

phase contrast images and H&E staining (Figure 6.2). Notably, hPPCs were successfully 

expanded in ECM gel for at least 3 passages during which they maintained similar size 

and numbers as in MatrigelTM (Figure 6.3A,B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 hPPCs grown in MatrigelTM or ECM gel. 

Representative phase contrast pictures of hPPCs derived from a 13wpc fetus in 
either MatrigelTM or ECM gel at different days (3,5, and 7) in expansion conditions.  

H&E staining of cell pellets at day 7 is also shown. Scale bar 100m.  
Figure adapted from Giobbe et al. 2019. Copyright © 2019, Springer Nature. 
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Immunofluorescence staining was performed on hPPCs cultivated in either Matrigel or 

ECM gel to evaluate changes in key protein expression (Figure 6.4). 

Morphology of hPPC spheroids in the two conditions was comparable and cells polarized 

as shown by E-Cadherin and MUC1, facing the lumen of the spheroid (Figure 6.4.A).  

hPPCs retained the expression of progenitor markers SOX9 and PDX1 independently to 

the type of 3D gel used (Figure 6.4.B). The transcription factors were also detected in 

the cytoplasm of the cells, which could indicate high turnover. Furthermore, some PDX1+ 

progenitors expressed proliferation marker KI67 in both gels (Figure 6.4.C). 

Figure 6.3 Organoid size and numbers in MatrigelTM or ECM gel. 

Comparison between  hPPCs in MatrigelTM or ECM gels. 
A. hPPCs spheroid diameters were measured for 3 consecutive passages at the 

day 6 of the culture in ECM gel or MatrigelTM. Data shown as mean±S.D (N=2 
indipended cultures 12-13wpc and N≈55organoids measured for each passage). 
Box plots are represented with the central line indicating the median of values, 
bounds of box indicating first and third quartiles, and whiskers to show minimum 
and maximum outside the first and third quartiles. 

B. Forming hPPCs spheroids per field of view were count at day 6 of culture in ECM 
gel and MatrigelTM for 3 consecutive passages. Data shown as mean ± S.D (N=2 
indipended cultures 12-13wpc and N≈12 organoids counted for each passage).  

Figure adapted from Giobbe et al. 2019. Copyright © 2019, Springer Nature. 
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To evaluate the clinical application of ECM derived gels, we investigated whether the gel 

could support cell survival in an in vivo assay. hPPCs from 12-14wpc fetuses were 

cultured in ECM gels and MatrigelTM as control, embedded within silicon O-rings and 

transplanted subcutaneously in immunodeficient NOD/SCID mice. Mice were sacrificed 

at 2.5 weeks and at 2.5 months post-transplant.  

Figure 6.5 shows large field microscopy of skin grafts at the 2.5 weeks time point. At 

harvesting it was possible to see drops of ECM gel and MatrigelTM within the O-rings in 

about 50% of the rings implanted (Figure 6.5 yellow arrows). It is possible to appreciate 

that both ECM and MatrigelTM drops had become highly vascularized (Figure 6.5 red 

arrows). Interestingly, the ECM gel appeared to be more extensively remodelled in vivo 

and the gel droplets appear denser and more compact than MatrigelTM. 

The ECM gel or Matrigel were carefully dissected out of the O-ring, fixed and embedded 

for histology. H&E staining of in vivo hPPCs in MatrigelTM or ECM gel showed presence 

of organoids, with preserved hollow morphology in both gels used (Figure 6.6, black 

arrows). 

 

Figure 6.4 IF of hPPCs in MatrigelTM or ECM gel. 

hPPCs were grown in MatrigelTM or ECM gel and at day 7 of passage II cells were 
fixed and pelletted. The cell pellets were embedded in paraffin. IF was perfomed for 
analysis of pancreatic progenitors, epithelial and proliferation markers, in following 
panels: 
A. Panel with DAPI for nuclear staining (in blue), Mucin 1 (MUC1) (in red), E-

Cadherin (ECAD) (in green). 
B. Panel with DAPI for nuclear staining (in blue), PDX1 (in red), SOX9 (in green). 
C. Panel with DAPI for nuclear staining (in blue), PDX1 (in red), KI67 (in green). 

Scale bar 50m.   
Figure adapted from Giobbe et al. 2019. Copyright © 2019, Springer Nature.  
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Figure 6.5 Gross microscopy of implanted O-rings at harvesting. 

hPPCs seeded in MatrigelTM or ECM gels were embedded within a silicon O-ring 
and grafted under the skin of NSG mice. The figure shows representative 
pictures of grafts upon sacrifice 2.5 weeks after transplantation. 
The top line shows how O-rings were found under the skin of mice at 2.5 weeks 
after surgery.  
Bottom line shows one O-ring per condition (ECM gel or MatrigelTM) upon 
removal from the cadaver.  
The yellow arrow shows the gels. Red arrows show vascularization. 
Scale bars 2mm.  N= 2 mice per time point. 
Figure adapted from Giobbe et al. 2019. Copyright © 2019, Springer Nature.  
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Immunofluorescence analysis of samples harvested at 2.5 weeks post implantation, 

showed the hPPCs had similar phenotype and comparable expression of epithelial (E-

Cadherin and Cytokeratin 19), pancreatic ductal markers (Mucin 1A), and transcription 

Figure 6.6 H&E of harvest grafts at 2.5 weeks’ time point. 

hPPCs seeded in MatrigelTM or ECM gels were embedded within a silicon O-ring 
and grafted under the skin of NSG mice.  2.5 weeks upon transplantation grafts were 
harvested and gels were fixed in PFA and embedded in paraffin. H&E staining of 
tissue sections shows that cells retain their duct-like structure (black arrows). Other 

cells (from mouse) entered the gels. N= 2 mice per time point. Scale bar 100m. 
Figure adapted from Giobbe et al. 2019. Copyright © 2019, Springer Nature.  
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factors (PDX1) regardless of the gel used for their in vitro expansion (ECM gel or 

MatrigelTM). Cells appeared to retain their polarization with Mucin expressed towards the 

inside of the hollow structures. Interestingly, PDX1 expression was higher in cells in ECM 

gel than in MatrigelTM. Some cells expressed PDX1 not only at nucleus level, but also in 

the cytoplasm which might indicate high protein turnover (Figure 6.7).  

 

Figure 6.7 IF of hPPCs in MatrigelTM or ECM after 2.5 weeks in vivo. 

hPPCs seeded in MatrigelTM or ECM gels were embedded within a silicon O-ring and 
grafted under the skin of NSG mice.  2.5 weeks upon transplantation grafts were 
harvested and gels were fixed in PFA and embedded in paraffin. IF staining showed 
similar expression of several pancreatic markers between the conditions (ECM gel 
left column and MatrigelTM on right column): 
- Top panel shows pictures of in vivo grafted gel sections for DAPI (in blue) E-

Cadherin (ECAD, in green) and Mucin 1 (MUC1 in red). 
- Bottom panel shows pictures of in vivo grafted gels sections for DAPI (in blue) 

Keratin 19 (KRT19, in green) and PDX1 (in red). 

Scale bar 100m. N= 2 mice per time point. 
Figure adapted from Giobbe et al. 2019. Copyright © 2019, Springer Nature.  
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We sought to investigate whether ECM gel could support long term hPPC survival in 

vivo. Therefore, we sacrificed one animal per condition at two and half months after the 

surgery, and sub-cutaneous grafts were harvested. Promisingly, after two and half 

months, gels within the O-ring were still visible (Figure 6.8A, yellow arrows) and blood 

vessels within it (Figure 6.8A, red arrow). Upon H&E staining of sections of the gels, we 

found that spheroids were still present and no major difference were observed between 

MatrigelTM or ECM gel (Figure 6.8B, black arrows). Immunofluorescence analysis of 

hPPCs in ECM gel or MatrigelTM after 2.5 months in vivo showed that cells had a similar 

phenotype, and in both conditions were expressing PDX1 and E-Cadherin and Keratin 

19  (Figure 6.9). PDX1 was also detected in the cytoplasm of the cells, which could 

indicate high turnover. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 Gross microscopy and H&E of hPPCs in MatrigelTM or ECM at late time point. 

MatrigelTM or ECM embedded hPPCs were transplanted subcutaneously in NSG mice. 
Grafts were harvested 2.5 months after surgery  
- Panel A shows how the ECM gels appeared upon sacrifice. Yellow arrows indicate 

the gel, red arrows indicate vasculature. Scale bar top picture 5mm, bottom picture 
2mm. 

- Panel B shows H&E staining of recovered ECM and MatrigelTM gels at 2 and half 

months following surgery. Black arrows indicate hPPCs. Scale bar 200m.  
N= 1 mouse per condition. 
Figure adapted from Giobbe et al. 2019. Copyright © 2019, Springer Nature. 



 
 

 
 
 

213 

  

Figure 6.9 IF of hPPCs in MatrigelTM or ECM at late time point. 

The picture shows staining for PDX1 (in red) E-Cadherin (ECAD, in green) and 
Cytokeratin 19 (CK19, in grey), Dapi (in blue) for cells seeded in ECM gel (top row) or 
MatrigelTM (bottom row) which were transplanted subcutaneously in NSG mice and 
harvested 2.5 months after surgery. N= 1 mouse per condition. 

Scale bar 100m.  
Figure adapted from Giobbe et al. 2019. Copyright © 2019, Springer Nature. 
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6.3 Synthetic Hydrogels 

In parallel to experiments conducted using ECM derived hydrogels, we investigated 

whether fully synthetic hydrogels could maintain hPPCs in vitro. Synthetic gels have the 

advantage of being controllable: from their composition, to their mechanical properties. 

These bioinert environments have shown to be permissive to biological processes (Lutolf 

and Hubbell 2005; Gjorevski, Ranga, and Lutolf 2014) opening up possibilities to 

manipulate physical and chemical parameters, and to examine their influence on 

progenitors’ cells behaviour in vitro (Lutolf, Gilbert, and Blau 2009; Brassard and Lutolf 

2019). The laboratory of Prof. Lütolf has developed defined matrices for the 3D culture 

of primary mouse and human intestinal stem cells (Gjorevski et al. 2016). These matrices 

comprise a poly(ethyleneglycol) (PEG) hydrogel backbone functionalized with minimal 

adhesion cues including RGD (Arginine-Glycine-Aspartate), sufficient for intestinal stem 

cell expansion, and laminin-111. The hydrogels were fully characterized and their 

production is highly reproducible (Gjorevski and Lutolf 2017). Furthermore, dynamic 

hydrogels represent an appealing tool to study and direct stiffness related changes on 

cell fate and phenotype. Hydrogels with tuneable stress relaxation have been shown to 

regulate mesenchymal stromal cell fate and activity following conserved mechanisms 

happening in vivo in cell–ECM interactions (Chaudhuri et al. 2016). Fine and dynamic 

tuning has also been shown to direct  mouse intestinal organoid fate with dynamically 

softening PEG hydrogels promoting proliferation first and budding/differentiation once 

the gels soften (Gjorevski et al. 2016).  

Here, we investigated whether synthetic gels could be used as a tool to challenge 

progenitors and understand some of the molecular mechanism behind cell expansion 

and differentiation. PEG hydrogel preparation is described in the Materials and Methods 

(Chapter 2). Figure 6.10.A shows a table summarizing the formulation developed in Prof. 
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Lütolf’s laboratory; Figure 6.10.B shows how different concentration of PEG polymer 

affect the storage modulus of the gel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Morphology, proliferation and gene expression of hPPCs directly derived and grown in 

MatrigelTM or in PEG-RGD conjugated with different ECM protein were compared (Figure 

6.11A). When hPPCs were seeded in PEG hydrogels functionalized with only RGD or 

with RGD and Vitronectin, the organoids formation and proliferation was impaired 

Figure 6.10 Recipe and storage modulus of PEG-RGD gel. 

A. PEG hydrogels were prepared following instructions provided by Prof.Lutolf and 
published in Gjorevski and Lutolf, 2017. The table shows the different 

components in PEG-RGD gels and their amounts (expressed in l)  to formulate 
different stiffnesses of gels based on % of PEG polymer. All the different 

percentages are for preparing 100l of hydrogel. 
B. The graph shows how different percentages of PEG polymers influence the of the 

hydrogel stiffness. Rheometric analysis represent the mechanical properties 
(storage modulus) of the gel. Data are represented as mean (bars) and single 
measurements (circles). 

This figure has been adapted from Gjorevski and Lutolf, 2017. Copyright© 2017, 
Springer Nature. 
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compared to when hydrogels were functionalized with RGD+Collagen or RGD+Laminin 

or with a combination of RGD and the three ECM molecules 

(RGD+Collagen+Laminin+Vitronectin). The latter were similar, in number and 

morphology, to organoids derived in MatrigelTM (Figure 6.11.A). qPCR analysis of hPPCs 

cultured in different gels showed no significant difference in gene expression of 

transcription factors PDX1 and SOX9. Ductal marker KRT19, epithelial marker ECAD 

and proliferation gene KI67 were upregulated in hPPCs in synthetic hydrogels, perhaps 

indicating a higher proliferation and expansion of ductal progenitor cells. (Figure 6.11.B). 
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Mechanical properties of synthetic hydrogels can by tuned by modifying the ratio 

PEG:media (Figure 6.10). This allowed testing of the relationship between stiffness and 

hPPC proliferation and organization in 3D spheres. I tested three different concentrations 

of PEG-RGD which gave rise to three levels of stiffness of the gel. PEG-premix (13.33% 

wt/vol) was added from a minimum of 2% final concentration, which resulted on a 

stiffness of 0.3KPa (so called PEG-SOFT). Medium stiffness reached was 1.3KPa (PEG-

INTERMEDIATE), while higher stiffness was measured at about 3.5-4KPa (PEG-STIFF) 

which is slightly greater than the  stiffness of MatrigelTM and ECM-derived gel (Figure 

6.1.F). 

Consistently and stage-independently, hPPCs seeded in PEG-RGD prepared with 

different PEG concentrations exhibited different morphologies (Figure 6.12A). 

hPPCs appeared very similar when cultured in MatrigelTM or PEG-STIFF. While 

concentration of PEG (and therefore stiffness) diminished,  more hPPC spheroids tended 

to be collapsed and of smaller size. In PEG-SOFT gels, most organoids were condensed 

and budding.  

qPCR analysis showed that gene expression levels of PDX1 were comparable 

independently of the stiffness of the 3D gel. HES1, TF downstream Notch signalling 

appeared to be upregulated in hydrogels comparing to MatrigelTM 3D culture conditions. 

Very interestingly, NGN3 and INS genes appeared to be slightly upregulated in hPPCs 

Figure 6.11 hPPCs in MatrigelTM and PEG-RGD differentially functionalized. 

A.  Representative phase contrast images of hPPC cells derived in MatrigelTM or PEG-
RGD functionalized with Laminin, Collagen IV, Vitronectin or all three. The 
experiment was conducted using three indepened hPPC cultures (stage range 12-

15wpc). Scale bar 100m. 
B. qPCR analysis of the above hPPCs in culture. PDX1, SOX9, KRT19, ECAD and 

KI67 gene expression levls were normalized agains HPRT1 (house keeping gene). 
Gene expression levels of hPPCs in matrigel were used as control. Gene 
expression analysis was  performed only in one culture (14wpc). 
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grown in soft gels, although this was not significant, possibly due to the small number of 

observations  (N=3) (Figure 6.12.B) 
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Given these promising preliminary results, we sought to investigate whether soft matrices 

could promote hPPCs differentiation towards endocrine cell lineages.  

hPPCs derived from 14wpc fetus were seeded in MatrigelTM or PEG-RGD of intermediate 

stiffness for expansion and differentiated in suspension or soft PEG-RGD. Cells were 

kept in culture for 2 passages before the experiment started. hPPCs in PEG-RGD 

INTERMEDIATE did not exhibit duct-like phenotype as expected, but instead were 

condensed, probably due to a batch issue experienced leading to a softer gel. hPPCs in 

differentiation in PEG-RGD SOFT exhibited similar morphologies to the cells in 

suspension (Figure 6.13.A). 

qPCR data (obtained from the analysis of three independent cultures derived from three 

14wpc fetuses) demonstrated a better differentiation of hPPCs towards endocrine 

lineage with the support of soft matrices (Figure 6.13.B). PDX1 was highly upregulated 

in differentiation conditions as well as endocrine signature genes NGN3 and NEUROD1 

(in both suspension or PEG-RGD SOFT). The difference in gene expression of these 

two TF was significantly higher in cells differentiated within PEG-RGD SOFT than cells 

differentiated in floating cultures. Intriguingly cells in expansion conditions in PEG-

INTERMEDIATE expressed higher insulin than cells differentiated in suspension. 

However, higher level of the hormones genes was detected in hPPCs being 

differentiated in softer matrix. The high expression of INS gene in cells in expansion in 

Figure 6.12 hPPCs in MatrigelTM and PEG-RGD at different levels of stiffness. 

A. Representative phase contrast images of hPPC cells derived from a 11wpc 
fetus and plated directly in MatrigelTM or PEG-RGD with different 
concentration of PEG, resulting in different stiffness levels. Cells were kept in 

culture for two passages. Scale bar 100m. 
B. qPCR analysis of hPPCs in culture in Matrigel or PEG-RGD at different levels 

of stiffness.  PDX1, SOX9, HES1, NGN3 and INS (insulin) gene expression 
levels were normalized agains HPRT1 (house keeping gene). hPPC gene 
expression levels in culture were normalized against the fresh tissue. N=3 
independent experiments from 11wpc fetuses. Data shown as Mean±SEM. 
Anova multi-comparison was performed as statistical analysis.   
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PEG-RGD INTERMEDIATE is probably due to the lower stiffness of this gel caused by 

batch variability issues. 

  

Figure 6.13 Matrix stiffness influence on differentiation I. 

A. Rapresentative phase contrast images of 14wpc derived hPPCs in Matrigel or 
PEG-RGD hydrogels. Cells were cultured in 4 parallel conditions: in EM (in 
MatrigelTM or PEG-RGF INTERMEDIATE) or in DM (in suspention or PEG-RGD 
SOFT). Images  were taken at day 12 of culture (final step of DM protocol), Scale 

bar 100m. 
B. qPCR analysis of above hPPCs in culture. Gene expression levels were 

normalized against HPRT1 (house keeping) and gene expression of hPPCs in 
MatrigelTM were used as control.  N=3 independent experiments conducted using 
14wpc derived hPPCs. Data shown as Mean±SEM. Anova multi-comparison was 
performed.  * =p<0.05 ** =p<0.01 ** =p<0.001. 
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The influence of softer matrices on hPPC differentiation was confirmed by analysing the 

gene expression changes of hPPCs derived from different gestational ages. The 

experiment was conducted on  hPPCs derived from fetuses at 11-15wpc (Figure 6.14). 

Cells were kept in culture for 2 passages before the experiment started. Gene expression 

analysis at the end of the differentiation protocol or day 10 in EM confirmed that hPPCs 

had an upregulation of endocrine related genes when differentiated with the support of 

synthetic soft hydrogels. 

Overall, I have here demonstrated that hPPCs can be derived and grown in fully synthetic 

hydrogels and that stiffness could play a role in progenitor differentiation.  

 

 

 

 

 

 

 

 

  

Figure 6.14 Matrix stiffness influence on differentiation II. 

qPCR analysis of 11-15wpc hPPCs in culture in expansion or differentiation in 
MatrigelTM or PEG gels. PDX1, SOX9, NGN3, NEUROD1, INS and GCN gene 
expression levels were normalized against hPPCs in Matrigel. N=3 hPPCs cultures 
derived from different fetuses. Data shown as Mean±SEM. Anova multi-comparison 
was performed.  * =p<0.05 ** =p<0.01 *** =p<0.001. 
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6.4 Main findings and conclusions 

Ex vivo expansion of several cell types can be improved by growing cells in 3D using a 

hydrogel that mimics the properties of ECM (Kratochvil et al. 2019). The ECM provides 

cells with a 3D microenvironment, is highly dynamic and interactive. ECM can directly 

bind different types of cell surface receptors or co-receptors thus mediating cell adhesion 

and regulating several pathways involved in intracellular signalling and 

mechanotransduction. Moreover, the ECM can act indirectly by presenting growth factors 

and other proteins to the cells (Gattazzo, Urciuolo, and Bonaldo 2014). 

Currently, the most used hydrogels for 3D organoids cultures are MatrigelTM and similar 

commercially available gels. However these gels are “one size fits all” organoids cultures, 

regardless of the tissue of origin; furthermore they display considerable batch to batch 

variability and they are unfit for clinical translation due to their murine sarcoma origin 

(Giobbe et al. 2019; Gjorevski et al. 2016).   

In this chapter, I showed that both a natural decellularized ECM and fully synthetic 

hydrogels were able to support growth of hPPCs in vitro as alternatives to MatrigelTM. 

 

Naturally derived ECM hydrogels were developed in collaboration with Prof.De Coppi at 

UCL. The ECM gel was produced from piglet small intestine tissue following a five steps 

protocol which included: (i) tissue harvesting; (ii) decellularisation; (iii) freeze dry and 

milling; (iv) gamma-irradiation and digestion; and (v) neutralization. The protocol was 

based on modification of previous reports (Badylak et al. 1999; Totonelli et al. 2012; 

Voytik-Harbin et al. 2007). 

The gel had similar biochemical and mechanical characteristics to MatrigelTM:  the 

composition of 3D network fibres was comparable, mainly represented by collagens, 

laminins and other ECM proteins (Figure 6.1). The gel derived from tissue 

decellularisation had mechanical/physical characteristics, such as stiffness, similar to 
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MatrigelTM. hPPC spheroids derived and grown in MatrigelTM or ECM gel had comparable 

morphology, phenotype and expressed the same markers (Figures 6.2-6.4). These data 

support the usage of ECM derived gels for organoid culture as an alternative to 

MatrigelTM. The survival of human fetal pancreatic organoids in vivo was tested by 

comparing cells grown in MatrigelTM to cells grown in ECM gels. Cells survived in both 

conditions with no major differences observed (Figures 6.7-6.9). Importantly, 

angiogenesis occurred already at 2.5 weeks post-grafting in both hydrogels. 

Remarkably, ECM gels supported cell survival of up to 2 months in vivo with no major 

differences in phenotype and marker expression compared to MatrigelTM controls 

(Figures 6.7-6.9) (Giobbe et al. 2019). The possible applications of these gels for in vivo 

assays has been reported also by others (Saldin et al. 2017; Sackett et al. 2018). 

Overall, ECM-derived hydrogel seemed to be a good alternative to MatrigelTM; 

furthermore ECM derived hydrogels are widely recognized in the scientific community 

with many articles published for in vitro culture of different organoids (reviewed in Saldin 

et al. 2017). However, there are still a few limitations and considerations that should be 

further investigated in future works.  

The relationship between gel structure and cell behavior in vitro as well as biological 

reactions happening upon in vivo transplantation of ECM derived gels are still largely 

unknown. Although the small intestine ECM-gel here showed the potential to be 

produced following a GMP-compliant protocol, work is still ongoing on its development, 

and batch to batch variability is still observed because of its biological origin.  

 

On the other hand, safety and control over variability are achievable using fully synthetic 

hydrogels. Any component of a synthetic gel can be GMP-grade, and its composition is 

therefore fully controlled (Brassard and Lutolf 2019).  

PEG hydrogels used here were composed of a PEG molecule functionalised with R-G-

D residues; these were developed in Prof. Lütolf laboratory in Lausanne by Dr.Gjorevski 

and Miss. Rezakhani. The synthetic hydrogel can be further functionalized by adding 
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other proteins to it, such as ECM components. Eventually, small molecules, growth 

factors, drugs, could be delivered within the gel (Gjorevski and Lutolf 2017). 

hPPCs were derived and cultured in expansion conditions in PEG-RGD hydrogels. 

Different ECM functionalization were tested in order to investigate whether different ECM 

molecules could better sustain hPPC growth. Vitronectin appeared to have a toxic effect 

on cell growth, probably because of its formulation. Collagen IV and Laminin added to 

the gel sustained hPPCs which had a similar phenotype, organoid formation and gene 

expression to the cells in MatrigelTM. We therefore thought that their combination could 

be an option for sustaining culture of pancreatic progenitors (Figure 6.11). 

Stiffness of the PEG-RGD gel can be modulated, which has a great advantage for study 

how mechanosignals might influence cell proliferation and potency (Gjorevski et al. 

2016). hPPCs were grown in gels with different stiffness. Duct-like hollow spheres, as 

the ones formed in MatrigelTM, were observed in stiff matrices while, in soft gels, cells 

tend to be more collapsed and upregulation of endocrine signature was occurring (Figure 

6.12). Indeed, we reported that differentiation of hPPCs could be modulated by changing 

the stiffness of the gel (Figures 6.13 and 6.14). There was a better outcome on 

differentiation towards  the endocrine lineage (based on higher pro-endocrine gene 

expression levels) when the protocol was performed on cells embedded in soft gel rather 

than in suspension using the protocol described in Chapter 5. This could be due to direct 

effect of mechano-transduction pathways, which recently have been shown to play a role 

in pancreatic progenitor expansion and differentiation (Mamidi et al. 2018; Rosado-

Olivieri et al. 2019). Similar effect of softer matrices was previously reported for small 

intestinal organoids culture (Gjorevski et al. 2016) and mouse embryonic pancreatic 

progenitors (Greggio et al. 2013). Furthermore, the gel provides a physical support to 

hPPCs, which otherwise is lost when in suspension due to the repetitive media changes.   

 

Here, I have shown the application of novel hydrogels as alternatives to MatrigelTM and 

as optimized tools that could be exploited to obtain clinically compliant β-cells produced 
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in vitro. hPPCs cultures were derived using ECM derived and synthetic hydrogels and 

both support cell expansion. Hydrogels derived from tissue decellularisation resulted to 

be compatible with in vivo transplantation and I have provided with data suggesting a 

key role of mechano-transduction signalling for human fetal pancreatic progenitor 

differentiation in vitro.  
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Diabetes represents one of the most important diseases of our time in terms of incidence, 

severity and chronicity with 425 millions of people affected in 2017 (www.idf.org). Type1 

diabetes is characterized by a shortage in insulin production caused by autoimmune 

destruction of pancreatic β-cells. A cure for diabetes does not exist despite decades of 

research (Gualandi-Signorini and Giorgi 2001). Since the lack of insulin-producing β-

cells is the underlying cause of type 1 diabetes, cell therapy approaches represent the 

best curative strategy (Memon and Abdelalim 2020).  

Studies on human pancreatic development are necessary to optimize differentiation 

protocols for hPSCs towards β-cells (Jennings et al. 2015). In vitro studies of human 

pancreatic progenitor cells, and in general ex vivo human primary cell cultures, have 

been a major challenge. Organoids, and in particular epithelial-derived organoids, have 

emerged as a tool that can be used to derive and expand in culture human primary cells 

in 3D structures that resemble the organ of origin (Simian and Bissell 2017; Rossi, 

Manfrin, and Lutolf 2018). 

My PhD project aimed at combining ex vivo and in vitro studies on human embryonic 

and fetal pancreas for promotion of long-term expansion and differentiation of 

progenitors towards endocrine cells based on organoids and advanced biotechnology.  

 

Analysis and characterization of human embryonic and fetal pancreatic  

One of the aims was to analyse fetal pancreatic tissue at different stages of development 

to investigate the emergence of the different cell populations. I examined a very broad 

range of human embryonic and fetal tissues, ranging from CS14 (33 days of 

development from conception), corresponding circa to E11.5 in mouse development, to 

22 weeks after conception, which is the latest time a voluntary termination of pregnancy 

is allowed in the UK. This is the broadest stage range reported to date  (Jennings et al. 

2013; Ramond et al. 2018, 2017). 

Comparing human and mouse pancreatic development, the dynamics of expression of 

some key transcription factors responsible to pattern development of specific lineage 

http://www.idf.org/
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demonstrated significant differences. NGN3 appeared to be expressed much later than 

expected based on mouse data and was characterised by a clear oscillatory pattern. 

Very few NGN3+ cells were found at 8wpc. This is partially in contrast with previous 

reports which established high expression of this transcription factor already at this early 

stage (Jennings et al. 2013; Ramond et al. 2017). We described NGN3 expression to 

increase during development, peaking at 12wpc.  

One of the major differences that emerged comparing human and mouse pancreatic 

development was the overall timing, which appeared more extended in human compared 

to mouse embryos.  We conclude that there are significant differences between human 

and mouse in the timing and early commitment of progenitors towards the endocrine 

fate. 

By combining IHC, with flow cytometry and gene expression analysis, I was able to define 

the major changes in cell populations during development. Endocrine cells (INS+ and 

GCN+) were found from 12wpc onwards. GP2 expression increased notably during 

development and it was confirmed as a marker of the exocrine lineage; exocrine cells 

were also found to be CD49f+ and E-Cadherinhigh (Ramond et al. 2017; Ameri et al. 2017). 

E-Cadherinlow cells were endocrine committed cells, which did not express CD49f. This 

data is relevant considering a recently published protocol for β-cells differentiation of 

human pluripotent stem cells which accounts of a FACS sorting purification step of 

CD49f+ cells as endocrine cells  (Veres et al. 2019). It would be relevant to understand 

the reason for the difference in CD49f expression between human fetal hormone+ cells 

(which we found here CD49f-) and CD49f+ hPSCs derived β-cells. 

Interestingly and not previously described in detail, we found the presence in the fetal 

pancreas of a very large population of EpCAM- cells. Most (~90%) such  EpCAM- cells 

were CD90+, and likely mesenchymal cells. However, IHC staining for Vimentin did not 

support the  large proportion of mesenchymal cells within the pancreatic parenchyma. 

Therefore, a better characterization of the stromal cells of the human fetal pancreas 

would be interesting and relevant, considering the important role of these cells and of 
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the factors they secrete in promoting the expansion of pancreatic epithelial progenitors 

during development (Bhushan et al. 2001; Landsman et al. 2011; Cozzitorto and 

Spagnoli 2019). 

In the future, it would be relevant to perform prospective isolation of these sub-

populations. An in vitro culture analysis of prospectively isolated cells would give us 

insight on progenitor heterogeneity and expansion/differentiation potency. 

 

Isolation and culture of human embryonic and fetal pancreatic progenitor cells 

hPPCs were isolated from human embryonic and fetal pancreas at very various stages 

of development. The recovery in culture was highly efficient, enabling feasible hPPCs 

culture, regardless of the stage of origin. I have investigated expansion and 

morphogenesis potency of hPCCs by culturing them in two different media, 

Organogenesis Medium (OM) and Expansion Medium (EM). Already after one day post-

plating, the cells organized differently in the two conditions: in OM hPPCs were giving 

rise to budding structures and filled sphere while cells in EM formed mostly hollowed 

spheres and cells were highly proliferative, resembling murine adult pancreatic ductal 

cultures (Huch et al. 2013). Aggregates in both conditions expressed pancreatic 

progenitor markers, such as PDX1 and SOX9, but endocrine markers at protein or gene 

levels were expressed only by cells in organogenesis conditions. Cells in OM could not 

be sub-cultured, and, although definitely more organ-like resembling than spheroids in 

EM, failed in recapitulating mouse embryonic pancreatic mini-organ in a dish (Greggio 

et al. 2013).  

In order to improve in vitro morphogenesis, organogenesis media could be better re-

designed, considering information provided by novel transcriptomic data available on 

human embryonic pancreas and investigating different signalling pathways crucial in 

driving morphogenesis (Ramond et al. 2018; Petersen et al. 2018). Furthermore, it would 

be relevant to study the behaviour of progenitors derived from tissue at very early stages 

(CS12-16). Our organogenesis studies were conducted with pancreas derived from later 
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stage embryos (from CS18 onwards). However, early embryonic stages would be more 

comparable to the murine stages used in Greggio et al. and therefore the comparison 

analysis between the species would be improved. Of note, obtaining intact tissue form 

such early stages was extremely rare and dissociation and cell isolation would need 

optimisation. 

Interestingly and not previously reported, a difference on in vitro cell behaviour and 

phenotype was noticed comparing cells derived from different developmental stages.  

When hPPCs were derived from 12wpc stage fetuses onwards, filled/budding structures 

in OM did not form and only empty hollow spheres were detected, similar to cells in EM. 

At the same cut off, were noticed differences in cell behaviour in expansion conditions. 

hPPCs derived from embryonic and early fetal stages (up to 12wpc) gave rise to cells 

organizing in filled spheres, generally with reduce proliferating capacity while the 

percentage of hollow spheres increased with the developmental stage. The phenotype 

was extremely consistent and therefore we suggest that hPPCs in vitro retain some 

intrinsic characteristics depending on their developmental stage.  

RNA sequencing of cultured hPPCs could provide important information on gene 

expression signatures of cells at different stages of development. Additionally, time-lapse 

experiments would allow one to follow single cell-driving organoid formation to study in 

vitro morphogenesis processes at clonal level. 

 

Human pancreatic mesenchymal cells: a first in vitro characterization 

We found a very high proportion of CD90+EpCAM- cells in the human embryonic/fetal 

tissues. We therefore tried to culture pancreatic mesenchymal cells (hPMC). hPMC  

displayed a similar morphology and similar markers expression to other tissue-derived 

mesenchymal cells (Tonlorenzi et al. 2007). The crucial role of pancreatic mesenchyme 

during organ development has been extensively discussed (Cozzitorto and Spagnoli 

2019), however, to our knowledge, culture of these cells has never been attempted 

before. A deeper transcriptomic characterization would be relevant to optimize co-culture 
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system with hPPCs to study the direct effect of hPMC on progenitors’ proliferation and 

differentiation (Attali et al. 2007; Bhushan et al. 2001). Relevant signalling pathways 

could be knocked-out or manipulated to elucidate the key molecules, factors and 

mechanisms that play a role in driving signals between these two cell types in the 

developing human pancreas.  

 

Potency of pancreatic progenitors in vitro  

We investigated the potency of hPPCs by promoting their differentiation towards the 

endocrine fate. In vitro studies on hPPCs represent a very powerful tool to tackle  

differentiation mechanisms which could be used to improve pluripotent stem cell 

protocols. Our organoid system is also favourable, since it has been shown that 3D clues 

play an important role in pancreatic development and cell differentiation (Grapin-Botton 

2016; Greggio et al. 2013). Here we showed that hPPCs can be differentiated towards 

the endocrine lineage using a protocol developed during this PhD. Increased expression 

of transcription factors (i.e. NGN3, NEUROD1) and hormones (i.e. INS and GCN), at 

gene and protein levels, were obtained regardless of the stages of origin of hPPCs, 

indicating that we were able to isolate multipotent progenitors from all stages of human 

development. Furthermore, commitment towards the endocrine fate was achieved also 

when hPPCs were extensively expanded prior to differentiation, showing that cells retain 

their potency. Differentiation of human pancreatic progenitors was attempted before by 

Bonfanti et al. Now, we have deepened this analysis, by developing an ad hoc 

differentiation media which has considered several signalling pathways known to be 

crucial in cell commitment.  

In the future, it would be important to understand whether it is a specific sub-type of 

hPPCs that undergoes differentiation or all in vitro derived cells have the same potency. 

Protein levels of insulin and glucagon could be quantified using FACS analysis or other 

quantitative methodologies. Differentiated hPPCs’ glucose responsiveness in vitro could 

be tested performing a Glucose Stimulated Insulin Secretion (GSIS), although the small 
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number of the cells that are left at the end of the differentiation protocol might represent 

a limitation. Indeed, one of the major limitations of the system developed was the cell 

loss and the poor cell recovery at the end of the protocol. Spheroids in differentiation 

were washed several times during the protocol: when moved from MatrigelTM to 

suspension and at every media change in suspension. Cell death occurs regularly during 

differentiation in vitro; however here, being limited with the number of starting cells, 

depending on the tissue or expanded cells, poor cell numbers remained the major 

constraint. 

 

Testing clinically relevant hydrogels  

A possible way to overcome cell loss during differentiation would be to embed cells in a 

gel; the ideal hydrogel for 3D cultures has to provide support to cells and mimic the ECM 

and microenvironment of the organ of origin, without adding any additional signal which 

could drive cell fate (Takebe and Wells 2019; Yin et al. 2016). Hydrogels and tuneable 

gels would also have the advantage of being clinically relevant, as MatrigelTM and 

alternatives are currently not compliable with translational medicine (Holloway, Capeling, 

and Spence 2019). 

Decellularized ECM-derived hydrogel resulted to be a very good alternative to MatrigelTM, 

for the culture not only of hPPCs, but also of other endodermal derived organoids such 

as gut, stomach and liver, of human fetal or postnatal or murine origins (Giobbe et al. 

2019). ECM gel production protocol was optimized in Prof. De Coppi laboratory. After a 

discrete number of attempts the protocol for its production is now very reliable and, 

despite its natural origin, the gel has little batch-to-batch variability and it has been 

optimized to follow the GMP guidelines (Giobbe et al. 2019). 

hPPCs embedded in ECM gels formed spheroids and grew in a very comparable fashion 

to MatrigelTM. In vivo experiments proved that the gel could support cells viability in 

transplantation’s experiments and allowed the long-term survival of hPPCs in vivo.  
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ECM derived hydrogels have the advantage of mimicking the microenvironment which 

is known to be crucial to support stem cells in their niche (Townsend and Gannon 2019; 

Ahmed and Ffrench-Constant 2016; Chacón-Martínez, Koester, and Wickström 2018). 

Recently, Sackett et all. developed ECM hydrogel from human pancreas (Sackett et al. 

2018). It would be interesting to understand if this gel supports hPPCs expansion and 

differentiation.  

Another alternative to MatrigelTM is represented by synthetic hydrogels. We have tested 

polyethylene glycol (PEG) hydrogel for culture hPPCs in a more defined way than 

MatrigelTM and ECM gels which suffer of batch-to-batch variability. PEG hydrogels’ 

composition is fully characterized, and molecules can be added to recapitulate ECM 

composition or to deliver small molecules to the cells. Another great advantage of PEG 

hydrogel is the ability to tune the stiffness of the gel. It is now very well established that 

matrix stiffness plays a role in pattering organ development (Greggio et al. 2013; 

Gjorevski et al. 2016). The idea of modulating fate changes and proliferation of 

progenitor/stem cell in vitro, by simply tune the 3D gel they grow in, it is very relevant in 

the field (Brassard and Lutolf 2019). Furthermore, this system provides a very powerful 

tool to study the impact of mechanotrasduction pathways in controllable 3D systems.  

We have proved that hPPCs can be derived and expanded within PEG-RGD 

functionalized further with laminin and collagen IV. Interestingly we noticed that hPPCs 

responded differently when the stiffness of the gel was modulated. Cells expanded more 

efficiently in rigid gels, while in soft gels progenitors were pushed to undergo 

differentiation. Similar behaviour has been shown for mouse intestinal organoids 

(Gjorevski et al. 2016). Gene and protein expression analysis will help with the 

identification of signalling cascades involved in the mechanotrusduction (i.e. Hippo but 

also WNT, EGF, FGF, Cadherin and Notch signalling pathways) which plays a role in 

vivo (Cebola et al. 2015; Rosado-Olivieri et al. 2019; Mamidi et al. 2018) and could be 

investigated in vitro. Upon the identification of relevant pathways, it would be possible to 

modulate them, via compounds or genetic manipulation.   
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The production of PEG-hydrogel can be easily performed under GMP conditions 

(Gjorevski and Lutolf 2017). However, during the experiment for this thesis, batch-to-

batch variation was experienced. Difficulties related to international collaboration made 

trouble-shooting more difficult than if the gel was prepared and managed in house. 

Reports on PEG-hydrogel have shown that synthetic gels seem to support much less 

human primary cell culture comparing to mouse cells (Gjorevski et al. 2016); in our hands 

the synthetic and the ECM-derived gels support human pancreatic progenitor expansion 

and differentiation. Further investigation regarding whether the synthetic gel is missing 

some components relevant for human primary cell culture could be performed to allow 

improved design.  

 

 

Overall conclusions 

The multidisciplinary project presented here provides a characterization of human 

embryonic and fetal pancreatic progenitor cells during development and considered a 

broad range of stages and tested different culture conditions and 3D matrix to challenge 

the potency of the progenitors.  

Early stages of embryonic tissue were difficult to collect and manipulate, therefore data 

obtained from them must be further confirmed. Tissues derived from late embryonic and 

fetal stages (8-9wpc onwards) were available more regularly, although tissue was often 

not in good condition (haemorrhagic, partially destroyed, fibrotic, no live cells recovered). 

Another issue related to work with human material is the lack of experimental tools 

available for murine studies, for example genetic manipulations to obtain conditional 

knock-out. With the emergence of precise gene editing technologies and improvements 

in performing them on human primary cells and 3D culture, the study of key regulators 

of human pancreatic development in vitro could be more accessible.  

The use of advanced biomaterials technologies for hPPCs cultures aimed at facilitating 

the future translational applications of 3D culture for cell replacement therapies for 
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diabetes. The effort made during this PhD to substitute Matrigel with clinically applicable 

hydrogels will attract further attention in the field.  

Nevertheless, we have shown that the use of human fetal tissue in organoid cultures is 

a valuable method to study signalling pathways and conditions necessary for pancreas 

morphogenesis, expansion and cell specification in vitro in clinically relevant settings.  
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Castaing, M., B. Duvillié, E. Quemeneur, A. Basmaciogullari, and R. Scharfmann. 2005. 

“Ex Vivo Analysis of Acinar and Endocrine Cell Development in the Human 

Embryonic Pancreas.” Developmental Dynamics 324(2): 339-45. 

https://doi.org/10.1002/dvdy.20547. 

Cebola, I., S.A. Rodríguez-Seguí, C.H.H. Cho, J. Bessa, M. Rovira, M. Luengo, M. 

Chhatriwala, et al. 2015. “TEAD and YAP Regulate the Enhancer Network of 

Human Embryonic Pancreatic Progenitors.” Nature Cell Biology 17 (5): 615–26. 

https://doi.org/10.1038/ncb3160. 

Ceranowicz, P., J. Cieszkowski, Z. Warzecha, B. Kusnierz-Cabala, and A. Dembinski. 

2015. “The Beginnings of Pancreatology as a Field of Experimental and Clinical 

Medicine.” BioMed Research International 2015 (128095). 

https://doi.org/10.1155/2015/128095. 

Chacón-Martínez, C.A., J. Koester, and S.A. Wickström. 2018. “Signaling in the Stem 

Cell Niche: Regulating Cell Fate, Function and Plasticity.” Development 145 (15): 

dev165399. https://doi.org/10.1242/dev.165399. 

Chatterjee, S., K. Khunti, and M.J. Davies. 2017. “Type 2 Diabetes.” The Lancet 389 

(10085): 2239–51. 

Chaudhuri, O., L. Gu, D. Klumpers, M. Darnell, S.A. Bencherif, J.C. Weaver, N. Huebsch, 

et al. 2016. “Hydrogels with Tunable Stress Relaxation Regulate Stem Cell Fate 

and Activity.” Nature Materials 15 (3): 326–34. https://doi.org/10.1038/nmat4489. 



 
 

 
 
 

245 

Chung, C.H., E. Hao, R. Piran, E. Keinan, and F. Levine. 2019. “Pancreatic β-Cell 

Neogenesis by Direct Conversion from Mature α-Cells.” Stem Cell Sep;28 (9): 1630-

8. https://doi.org/10.1002/stem.482. 

Churchill, A.J., G. Dominguez Gutiérrez, R.A. Singer, D.S. Lorberbaum, K.A. Fischer, 

and L. Sussel. 2017. “Genetic Evidence That Nkx2.2 Acts Primarily Downstream of 

Neurog3 in Pancreatic Endocrine Lineage Development.” ELife 16;6. 

https://doi.org/10.7554/eLife.20010. 

Cirulli, V., L. Crisa, G.M. Beattie, M.I. Mally, A.D. Lopez, A. Fannon, A. Ptasznik, et al. 

1998. “KSA Antigen Ep-CAM Mediates Cell-Cell Adhesion of Pancreatic Epithelial 

Cells: Morphoregulatory Roles in Pancreatic Islet Development.” Journal of Cell 

Biology 140 (6): 1519–34. https://doi.org/10.1083/jcb.140.6.1519. 

Cleaver, O., and P. Krieg. 2001. “Notochord Patterning of the Endoderm.” 

Developmental Biology 234 (1): 1–12. 

https://doi.org/https://doi.org/10.1006/dbio.2001.0214. 

Cogger, K.F., A. Sinha, F. Sarangi, E.C. McGaugh, D. Saunders, C. Dorrell, S. Mejia-

Guerrero, et al. 2017. “Glycoprotein 2 Is a Specific Cell Surface Marker of Human 

Pancreatic Progenitors.” Nature Communications 8 (1): 331. 

https://doi.org/10.1038/s41467-017-00561-0. 

Cole, L., M. Anderson, P.B. Antin, and S.W. Limesand. 2009. “One Process for 

Pancreatic Beta-Cell Coalescence into Islets Involves an Epithelial-Mesenchymal 

Transition.” Journal of Endocrinology 203(1): 19–31. https://doi.org/10.1677/JOE-

09-0072. 

Collombat, P., A. Mansouri, J. Hecksher-Sorensen, P. Serup, J. Krull, G. Gradwohl, and 

P. Gruss. 2003. “Opposing Actions of Arx and Pax4 in Endocrine Pancreas 

Development.” Genes Dev. Oct 15;17(: 2591-603. 



 
 

 
 
 

246 

https://doi.org/10.1101/gad.269003. 

Conrad, E., C. Dai, J. Spaeth, M. Guo, H.A. Cyphert, D. Scoville, J. Carroll, et al. 2015. 

“The MAFB Transcription Factor Impacts Islet α-Cell Function in Rodents and 

Represents a Unique Signature of Primate Islet β-Cells.” American Journal of 

Physiology - Endocrinology and Metabolism 310 (1): E91–102. 

https://doi.org/10.1152/ajpendo.00285.2015. 

Cooper, J.D., J.M. Howson, D. Smyth, Walker N. M., H. Stevens, J.H. Yang, J.X. She, 

et al. 2012. “Confirmation of Novel Type 1 Diabetes Risk Loci in Families.” 

Diabetologia Apr 55(4): 996–1000. https://doi.org/10.1007/s00125-012-2450-3. 

Cosgrove, K.E., R.M. Shepherd, E.M. Fernandez, A. Natarajan, K.J. Lindley, A. Aynsley-

Green, and M.J. Dunne. 2004. “Genetics and Pathophysiology of Hyperinsulinism 

in Infancy.” Hormone Research in Paediatrics 61: 27–288. 

Cossu, G., and P. Bianco. 2003. “Mesoangioblasts - Vascular Progenitors for 

Extravascular Mesodermal Tissues.” Current Opinion in Genetics and Development 

13 (5): 537–42. https://doi.org/10.1016/j.gde.2003.08.001. 

Cozzitorto, C., and F.M. Spagnoli. 2019. Pancreas Organogenesis: The Interplay 

between Surrounding Microenvironment(s) and Epithelium-Intrinsic Factors. 

Current Topics in Developmental Biology. 1st ed. Vol. 132. Elsevier Inc. 

https://doi.org/10.1016/bs.ctdb.2018.12.005. 

Crisera, C.A., A.S. Kadison, G.D. Breslow, T.S. Maldonado, M.T. Longaker, and G.K. 

Gittes. 2000. “Expression and Role of Laminin-1 in Mouse Pancreatic 

Organogenesis.” Diabetes Jun;49(6): 936-44. 

https://doi.org/10.2337/diabetes.49.6.936. 

Cruz-Acuña, R., M. Quirós, A.E. Farkas, P.H. Dedhia, S. Huang, D. Siuda, V. García-



 
 

 
 
 

247 

Hernández, et al. 2017. “Synthetic Hydrogels for Human Intestinal Organoid 

Generation and Colonic Wound Repair.” Nature Cell Biology 19 (11): 1326–35. 

https://doi.org/10.1038/ncb3632. 

Czerwinski, M., and J.R. Spence. 2017. “Hacking the Matrix.” Stem Cell 20 (1): 9–10. 

https://doi.org/10.1016/j.stem.2016.12.010. 

D’Amour, K.A., A.D. Agulnick, S. Eliazer, O.G. Kelly, E. Kroon, and E.E. Baetge. 2005. 

“Efficient Differentiation of Human Embryonic Stem Cells to Definitive Endoderm.” 

Nature Biotechnology Dec;23(12): 1534–41. https://doi.org/10.1038/nbt1163. 

D’amour, K.A., A.G. Bang, S. Eliazer, O.G. Kelly, A.D. Agulnick, N.G. Smart, M.A. 

Moorman, E.K. Kroon, and E.E. Baetge. 2006. “Production Of Pancreatic Hormone-

Expressing Endocrine Cells From Human Embryonic Stem Cells.” Nature 

Biotechnology Nov;24(11): 1392–1401. https://doi.org/10.1038/nbt1259. 

Daoud, J., L. Rosenberg, and M. Tabrizian. 2010. “Pancreatic Islet Culture and 

Preservation Strategies:Advances, Challenges, and Future Outlook.” Cell 

Trasplantation 19(12) (12): 1523–35. https://doi.org/10.3727/096368910X515872. 

Darendeliler, F., J.C. Fournet, F. Baş, C. Junien, M.S. Gross, R. Bundak, N. Saka, and 

H. Günöz. 2002. “ABCC8 (SUR1) and KCNJ11 (KIR6.2) Mutations in Persistent 

Hyperinsulinemic Hypoglycemia of Infancy and Evaluation of Different Therapeutic 

Measures.” J Pediatr Endocrinol Metab. Jul-Aug;15: 993-1000. 

https://doi.org/10.1515/jpem.2002.15.7.993. 

DeFronzo, R.A., P. Zimmet, K. Alberti, and George M.M. 1997. International Textbook of 

Diabetes Mellitus. Fourth Edi. https://doi.org/10.1002/9781118387658. 

Dekkers, J.F., C.L. Wiegerinck, H.R. De Jonge, I. Bronsveld, H.M. Janssens, K.M. De 

Winter-De Groot, A.M. Brandsma, et al. 2013. “A Functional CFTR Assay Using 



 
 

 
 
 

248 

Primary Cystic Fibrosis Intestinal Organoids.” Nature Medicine 19 (7): 939–45. 

https://doi.org/10.1038/nm.3201. 

Delaspre, F., R.L. Beer, M. Rovira, W. Huang, G. Wang, S. Gee, M. Del Carmen Vitery, 

S.J. Wheelan, and M.J. Parsons. 2015. “Centroacinar Cells Are Progenitors That 

Contribute to Endocrine Pancreas Regeneration.” Diabetes 64 (10): 3499–3509. 

https://doi.org/10.2337/db15-0153. 

Deutsch, G., J. Jung, M. Zheng, and K.S. Zaret. 2001. “A Bipotential Precursor 

Population for Pancreas and Liver within the Embryonic Endoderm.” Development 

Mar;128(6): 871–81. 

Dhawan, S., E. Dirice, R.N. Kulkarni, and A. Bhushan. 2016. “Inhibition of TGF-β 

Signaling Promotes Human Pancreatic β-Cell Replication.” Diabetes May;65(5): 

1208–18. https://doi.org/10.2337/db15-1331. 

Diedisheim M., M. Oshima, O. Albagli, C.W. Huldt, I. Ahlstedt, M. Clausen, S. Menon, et 

al. 2018. “Modeling Human Pancreatic Beta Cell Dedifferentiation.” Mol Metab Apr 

10: 74–86. https://doi.org/10.1016/j.molmet.2018.02.002. 

Dohmen, P.M. 2012. “Clinical Results of Implanted Tissue Engineered Heart Valve.” 

HSR Proc Intensive Care Cardiocasc Anesth 4(4): 225–231. 

Dor, Y., J. Brown, O.I. Martinez, and D.A. Melton. 2004. “Adult Pancreatic β-Cells Are 

Formed by Self-Duplication Rather than Stem-Cell Differentiation.” Nature 429 

(6987): 41–46. https://doi.org/10.1038/nature02520. 

Dor, Y., and D.A. Melton. 2004. “Pancreatic Stem Cells.” Handbook of Stem Cells 2 

(May): 513–20. https://doi.org/10.1016/B978-012436643-5/50136-X. 

Doyle, M.J., and L. Sussel. 2007. “Nkx2.2 Regulates β-Cell Function in the Mature Islet.” 

Diabetes 56 (8): 1999–2007. https://doi.org/10.2337/db06-1766. 



 
 

 
 
 

249 

Ellis, C., A. Ramzy, and T.J. Kieffer. 2017. “Regenerative Medicine and Cell-Based 

Approaches to Restore Pancreatic Function.” Nature Reviews Gastroenterology 

and Hepatology 14 (10): 612–28. https://doi.org/10.1038/nrgastro.2017.93. 

Fatehullah, A., S.H. Tan, and N. Barker. 2016. “Organoids as an in Vitro Model of Human 

Development and Disease.” Nature Cell Biology 18 (3): 246–54. 

https://doi.org/10.1038/ncb3312. 

Felig, P., J. Wahren, R. Sherwin, and R. Hendler. 1976. “The Lilly Lecture 1976: Insulin, 

Glucagon, and Somatostatin in Normal Physiology and Diabetes Mellitus.” Diabetes 

December (25(12)): 1091–99. 

https://doi.org/https://doi.org/10.2337/diab.25.12.1091. 

Ferraro, F., C. Lo Celso, and D. Scadden. 2010. “Adult Stem Cells and Their Niches.” 

Advances in Experimental Medicine and Biology 695: 155–68. 

https://doi.org/10.1007/978-1-4419-7037-4. 

Fontaine, J., and N.M. Le Douarin. 1977. “Analysis of Endoderm Formation in the Avian 

Blastoderm by the Use of Quail-Chick Chimaeras.” Journal of Embryology and 

Experimental Morphology 41: 209–22. 

http://dev.biologists.org/content/41/1/209.abstract. 

Frantz, C., K.M. Stewart, and V.M. Weaver. 2010. “The Extracellular Matrix at a Glance.” 

Journal of Cell Science 123 (24): 4195–4200. https://doi.org/10.1242/jcs.023820. 

Furuyama, K., S. Chera, L. van Gurp, D. Oropeza, L. Ghila, N. Damond, H. Vethe, et al. 

2019. “Diabetes Relief in Mice by Glucose-Sensing Insulin-Secreting Human α-

Cells.” Nature 567 (7746): 43–48. https://doi.org/10.1038/s41586-019-0942-8. 

Furuyama, K., Y. Kawaguchi, H. Akiyama, M. Horiguchi, S. Kodama, T. Kuhara, S. 

Hosokawa, et al. 2011. “Continuous Cell Supply from a Sox9-Expressing Progenitor 



 
 

 
 
 

250 

Zone in Adult Liver, Exocrine Pancreas and Intestine.” Nature Genetics 43 (1): 34–

41. https://doi.org/10.1038/ng.722. 

Galcheva, S., H. Demirbilek, S. Al-Khawaga, and K. Hussain. 2019. “The Genetic and 

Molecular Mechanisms of Congenital Hyperinsulinism.” Frontiers in Endocrinology 

26;10: 111. https://doi.org/10.3389/fendo.2019.00111. 

Gamble, A., R.A. Pepper, A. Bruni, and J.A. Shapiro. 2018. “The Journey of Islet Cell 

Transplantation and Future Development.” Islets 10 (Issue 2): 80–94. 

https://doi.org/https://doi.org/10.1080/19382014.2018.1428511. 

Gao, T., D. Zhou, C. Yang, T. Singh, A.P. Méndez, R. Maddipati, A. Tzatsos, N. 

Bardeesy, J. Avruch, and B.Z. Stanger. 2013. “Hippo Signaling Regulates 

Differentiation and Maintenance in the Exocrine Pancreas.” Gastroenterology 46 

(2): 220–31. https://doi.org/10.1016/j.freeradbiomed.2008.10.025.The. 

Gattazzo, F., A. Urciuolo, and P. Bonaldo. 2014. “Extracellular Matrix: A Dynamic 

Microenvironment for Stem Cell Niche.” Biochimica et Biophysica Acta - General 

Subjects 1840 (8): 2506–19. https://doi.org/10.1016/j.bbagen.2014.01.010. 

George, N.M., C.E. Day, B.P. Boerner, R.L. Johnson, and N.E. Sarvetnick. 2012. “Hippo 

Signaling Regulates Pancreas Development through Inactivation of Yap.” Molecular 

and Cellular Biology 32 (24): 5116–28. https://doi.org/10.1128/MCB.01034-12. 

Geyelin, H.R., G. Harrop, M.F. Murray, and E. Corwin. 1922. “The Use of Insulin in 

Juvenile Diabetes. J Metabolic Res 1922;2:767-92.,.” Journal of Metabolic 

Research, no. 2: 767–92. 

Gillies, C.L., K.R. Abrams, P.C. Lambert, N.J. Cooper, A.J. Sutton, R.T. Hsu, and K. 

Khunti. 2007. “Pharmacological and Lifestyle Interventions to Prevent or Delay Type 

2 Diabetes in People with Impaired Glucose Tolerance: Systematic Review and 



 
 

 
 
 

251 

Meta-Analysis.” British Medical Journal 334 (7588): 299–302. 

https://doi.org/10.1136/bmj.39063.689375.55. 

Gillis, D. 2003. “Familial Hyperinsulinism.” In: Adam MP, Ardinger HH, Pagon RA, et Al., 

Editors. GeneReviews®. 2003. 

Giobbe, G.G., C. Crowley, C. Luni, S. Campinoti, M. Khedr, K. Kretzschmar, M.M. De 

Santis, et al. 2019. “Extracellular Matrix Hydrogel Derived from Decellularized 

Tissues Enables Endodermal Organoid Culture.” Nature Communications 10 

(5658). https://doi.org/10.1038/s41467-019-13605-4. 

Githens, S. 1988. “The Pancreatic Duct Cell: Proliferative Capabilities, Specific 

Characteristics, Metaplasia, Isolation, and Culture.E.” J Pediatr Gastroenterol Nutr. 

Jul-Aug (7(4)): 486–506. 

Gittes, G.K. 2009. “Developmental Biology of the Pancreas: A Comprehensive Review.” 

Developmental Biology 1;326 ((1)): 4–35. https://doi.org/DOI: 

10.1016/j.ydbio.2008.10.024. 

Gjorevski, N., and M.P. Lutolf. 2017. “Synthesis and Characterization of Well-Defined 

Hydrogel Matrices and Their Application to Intestinal Stem Cell and Organoid 

Culture.” Nature Protocols 12 (11): 2263–74. 

https://doi.org/10.1038/nprot.2017.095. 

Gjorevski, N., A. Ranga, and M.P. Lutolf. 2014. “Bioengineering Approaches to Guide 

Stem Cell-Based Organogenesis.” Development (Cambridge) 141 (9): 1794–1804. 

https://doi.org/10.1242/dev.101048. 

Gjorevski, N., N. Sachs, A. Manfrin, S. Giger, M.E. Bragina, P. Ordóñez-Morán, H. 

Clevers, and M.P. Lutolf. 2016. “Designer Matrices for Intestinal Stem Cell and 

Organoid Culture.” Nature 539 (7630): 560–64. 



 
 

 
 
 

252 

https://doi.org/10.1038/nature20168. 

Golosow, N., and C. Grobstein. 1962. “Epitheliomesenchymal Interaction in Pancreatic 

Morphogenesis.” Developmental Biology 4 (2): 242–55. 

https://doi.org/https://doi.org/10.1016/0012-1606(62)90042-8. 

Gouzi, M., Y. Kim, K. Katsumoto, K. Johansson, and A. Grapin-Botton. 2011. 

“Neurogenin3 Initiates Stepwise Delamination of Differentiating Endocrine Cells 

during Pancreas Development.” Developmental Dynamics 240 (3): 589–604. 

https://doi.org/10.1002/dvdy.22544. 

Graham, J., W.A. Hagopian, I. Kockum, L.S. Li, C.B. Sanjeevi, R.M. Lowe, J.B. Schaefer, 

et al. 2002. “Genetic Effects on Age-Dependent Onset and Islet Cell Autoantibody 

Markers in Type 1 Diabetes.” Diabetes May 51(5): 1346–55. 

https://doi.org/10.2337/diabetes.51.5.1346. 

Granger, A., and J.A. Kushner. 2009. “Cellular Origins of Β‐cell Regeneration: A Legacy 

View of Historical Controversies.” Journal of International Medicine 266 (4): 325–

38. https://doi.org/https://doi.org/10.1111/j.1365-2796.2009.02156.x. 

Grapin-Botton, A. 2005. “Ductal Cells of the Pancreas.” International Journal of 

Biochemistry and Cell Biology 37 (3): 504–10. 

https://doi.org/10.1016/j.biocel.2004.07.010. 

Grapin-Botton, A., and D.A. Melton. 2000. “Endoderm Development: From Patterning to 

Organogenesis.” Trends in Genetics 18 (3): 124–30. https://doi.org/10.1016/s0168-

9525(99)01957-5. 

Grapin-Botton, A. 2016. “Three-Dimensional Pancreas Organogenesis Models.” 

Diabetes, Obesity and Metabolism 18 (September): 33–40. 

https://doi.org/10.1111/dom.12720. 



 
 

 
 
 

253 

Greggio, C., F. De Franceschi, M. Figueiredo-Larsen, S. Gobaa, A. Ranga, H. Semb, 

M.P. Lutolf, and A. Grapin-Botton. 2013. “Artificial Three-Dimensional Niches 

Deconstruct Pancreas Development in Vitro.” Development 140 (21): 4452–62. 

https://doi.org/10.1242/dev.096628. 

Greggio, C., F. De Franceschi, and A. Grapin-Botton. 2015. “Concise Reviews: In Vitro-

Produced Pancreas Organogenesis Models in Three Dimensions: Self-

Organization from Few Stem Cells or Progenitors.” Stem Cells 33 (1): 8–14. 

https://doi.org/10.1002/stem.1828. 

Gromada, J., I. Franklin, and C.B. Wollheim. 2007. “Α-Cells of the Endocrine Pancreas: 

35 Years of Research But the Enigma Remains.” Endocrine Reviews 28 (1): 84–

116. https://doi.org/10.1210/er.2006-0007. 

Gu, G., J.R. Brown, and D.A. Melton. 2003. “Direct Lineage Tracing Reveals the 

Ontogeny of Pancreatic Cell Fates during Mouse Embryogenesis.” Mechanisms of 

Development 120 (1): 35–43. https://doi.org/10.1016/S0925-4773(02)00330-1. 

Gualandi-Signorini, A.M., and G. Giorgi. 2001. “Insulin Formulations-A Review.” Eur Rev 

Med Pharmacol Sci May-Jun;5-: 73-83. PMID: 12004916. 

Guyette, J.P., S.E. Gilpin, J.M. Charest, L.F. Tapias, X.i. Ren, and H.C. Ott. 2014. 

“Perfusion Decellularization of Whole Organs.” Nature Protocols 9 (6): 1451–68. 

https://doi.org/10.1038/nprot.2014.097. 

Hansen, G.C., T. Moroishi, and K.L. Guan. 2015. “YAP and TAZ: A Nexus for Hippo 

Signaling and Beyond.” Trends Cell Biol Sep;25(9): 499–513. 

https://doi.org/10.1016/j.tcb.2015.05.002. 

Hart, P.A., and D.L. Conwell. 2017. “Secretion of the Human Exocrine Pancreas in 

Health and Disease 3 . Normal Secretion of the Exocrine Pancreas 2 . Anatomy of 



 
 

 
 
 

254 

the Exocrine Pancreas in Disease.” Pancreapedia: Exocrine Pancreas Knowledge 

Base, 1–12. https://doi.org/10.3998/panc.2017.05. 

Haw, J.S, K.I. Galaviz, A.N. Straus, A.J. Kowalski, M.J. Magee, M.B. Weber, J. Wei, 

K.M.V. Narayan, and M.K. Ali. 2017. “Long-Term Sustainability of Diabetes 

Prevention Approaches A Systematic Review and Meta-Analysis of Randomized 

Clinical Trials.” JAMA Intern Med 117 (12): 1808–17. 

https://doi.org/doi:10.1001/jamainternmed.2017.6040. 

Hebrok, M., S.K. Kim, and D.A. Melton. 1998. “Notochord Repression of Endodermal 

Sonic Hedgehog Permits Pancreas Development.” Genes Dev. Jun 1;12(1: 1705–

13. https://doi.org/10.1101/gad.12.11.1705. 

Hellerström, C., B. Nilsson, S. Sandler, A. Andersson, A. Agren, and B. Petersson. 1979. 

“Isolation and Preservation in Vitro of Human Pancreatic Islets Intended for 

Transplantation.” Adv Exp Med Biol 119: 465-71. https://doi.org/10.1007/978-1-

4615-9110-8_68. 

Hisaoka, M., J. Haratake, and H. Hashimoto. 1993. “Pancreatic Morphogenesis and 

Extracellular Matrix Organization during Rat Development.” Differentiation 

Jul;53(3): 163-72. https://doi.org/10.1111/j.1432-0436.1993.tb00705.x. 

Holloway, E.M., M.M. Capeling, and J.R. Spence. 2019. “Biologically Inspired 

Approaches to Enhance Human Organoid Complexity.” Development (Cambridge) 

146 (8): 377–88. https://doi.org/10.1242/dev.166173. 

Horn, S., S. Kobberup, M.C. Jørgensen, M. Kalisz, T. Klein, R. Kageyama, M. Gegg, et 

al. 2012. “Mind Bomb 1 Is Required for Pancreatic β-Cell Formation.” Proceedings 

of the National Academy of Sciences May 8; 109: 7356–61. 

https://doi.org/10.1073/pnas.1203605109. 



 
 

 
 
 

255 

Hosokawa, Y., R. Kawakita, S. Yokoya, T. Ogata, K. Ozono, O. Arisaka, Y. Hasegawa, 

et al. 2017. “Efficacy and Safety of Octreotide for the Treatment of Congenital 

Hyperinsulinism: A Prospective, Open-Label Clinical Trial and an Observational 

Study in Japan Using a Nationwide Registry.” Endocrine Journal 64 (9): 867–80. 

https://doi.org/10.1507/endocrj.EJ17-0024. 

Hrvatin, S., C.W. O’Donnell, F. Deng, J.R. Millman, F.W. Pagliuca, P. DiIorio, A. Rezania, 

D.K. Gifford, and D.A. Melton. 2014. “Differentiated Human Stem Cells Resemble 

Fetal, Not Adult, β Cells.” Proceedings of the National Academy of Sciences 111 

(8): 3038–43. https://doi.org/10.1073/pnas.1400709111. 

Huang, L., A. Holtzinger, I. Jagan, M. Begora, I. Lohse, N. Ngai, C. Nostro, et al. 2015. 

“Ductal Pancreatic Cancer Modeling and Drug Screening Using Human Pluripotent 

Stem Cell- and Patient-Derived Tumor Organoids.” Nature Medicine 21 (11): 1364–

71. https://doi.org/10.1038/nm.3973. 

Huch, M., P. Bonfanti, S.F. Boj, T. Sato, C.J.M. Loomans, M. Van De Wetering, M. 

Sojoodi, et al. 2013. “Unlimited in Vitro Expansion of Adult Bi-Potent Pancreas 

Progenitors through the Lgr5/R-Spondin Axis.” EMBO Journal 32 (20): 2708–21. 

https://doi.org/10.1038/emboj.2013.204. 

Huch, M., H. Gehart, R. Van Boxtel, K. Hamer, F. Blokzijl, M.M.A. Verstegen, E. Ellis, et 

al. 2015. “Long-Term Culture of Genome-Stable Bipotent Stem Cells from Adult 

Human Liver.” Cell 160 (1–2): 299–312. https://doi.org/10.1016/j.cell.2014.11.050. 

Huch, M., J.A. Knoblich, M.P. Lutolf, and A. Martinez-Arias. 2017. “The Hope and the 

Hype of Organoid Research.” Development Mar 15;144: 938–41. 

https://doi.org/10.1242/dev.150201. 

Huch, M., and B.K. Koo. 2015. “Modeling Mouse and Human Development Using 

Organoid Cultures.” Development 142 (18): 3113–25. 



 
 

 
 
 

256 

https://doi.org/10.1242/dev.118570. 

Hussain, K. 2008. “Diagnosis and Management of Hyperinsulinaemic Hypoglycaemia of 

Infancy.” Horm Res 69(1): 13. https://doi.org/10.1159/000111789. 

Hussain, K., and A. Aynsley-Green. 2000. “Management of Hyperinsulinism in Infancy 

and Childhood.” Annals of Medicine 32 (8): 544–51. 

https://doi.org/https://doi.org/10.3109/07853890008998834. 

Hussain, K., A. Aynsley-Green, and C.A. Stanley. 2004. “Medications Used in the 

Treatment of Hypoglycemia Due to Congenital Hyperinsulinism of Infancy (HI).” 

Pediatr Endocrinol Rev. Noc;2: Suppl 1:163-7. https://doi.org/PMID: 16456495. 

Hussain, K. 2005. “Congenital Hyperinsulinism.” Seminars in Fetal and Neonatal 

Medicine 10 (4): 360–276. 

https://doi.org/https://doi.org/10.1016/j.siny.2005.03.001. 

Hynds, R.E., and A. Giangreco. 2013. “Concise Review: The Relevance of Human Stem 

Cell-Derived Organoid Models for Epithelial Translational Medicine.” Stem Cells 31 

(3): 417–22. https://doi.org/10.1002/stem.1290. 

Ioannou, M., I. Serafimidis, L. Arnes, L. Sussel, S. Singh, V. Vasiliou, and A. Gavalas. 

2013. “ALDH1B1 Is a Potential Stem/Progenitor Marker for Multiple Pancreas 

Progenitor Pools.” Developmental Biology 374 (1): 153–63. 

https://doi.org/10.1016/j.ydbio.2012.10.030. 

Ionescu-Tirgoviste, C., P.A. Gagniuc, E. Gubceac, L. Mardare, I. Popescu, S. Dima, and 

M. Militaru. 2015. “A 3D Map of the Islet Routes throughout the Healthy Human 

Pancreas.” Scientific Reports 5: 1–14. https://doi.org/10.1038/srep14634. 

Ishii, T. 2014. “Fetal Stem Cell Transplantation: Past, Present, and Future.” World 

Journal of Stem Cells 6 (4): 404. https://doi.org/10.4252/wjsc.v6.i4.404. 



 
 

 
 
 

257 

James, C., R. R. Kapoor, D. Ismail, and K. Hussain. 2009. “The Genetic Basis of 

Congenital Hyperinsulinism.” Journal of Medical Genetics 46 (5): 289–99. 

https://doi.org/10.1136/jmg.2008.064337. 

Jennings, R.E., A.A. Berry, R. Kirkwood-Wilson, N.A. Roberts, T. Hearn, R.J. Salisbury, 

J. Blaylock, K.P. Hanley, and N.A. Hanley. 2013. “Development of the Human 

Pancreas from Foregut to Endocrine Commitment.” Diabetes 62 (10): 3514–22. 

https://doi.org/10.2337/db12-1479. 

Jennings, R.E., A.A. Berry, J.P. Strutt, D.T. Gerrard, and N.A. Hanley. 2015. “Human 

Pancreas Development.” Development (Cambridge) 142 (18): 3126–37. 

https://doi.org/10.1242/dev.120063. 

Jensen, J., R.S. Heller, T. Funder-Nielsen, E.E. Pedersen, C. Lindsell, G. Weinmaster, 

O.D. Madsen, and P. Serup. 2000. “Independent Development of Pancreatic and 

β-Cells from Neurogenin3- Expressing Precursors: A Role for the Notch Pathway in 

Repression of Premature Differentiation.” Diabetes 49 (2): 163–76. 

https://doi.org/10.2337/diabetes.49.2.163. 

Jensen, J., E.E. Pedersen, P. Galante, and J. Hald. 2000. “Control of Endodermal 

Endocrine Development by Hes-1.” Nature Genetics 44: 36-44. 

https://doi.org/10.1038/71657. 

Jeon, J., M. Correa-Medina, C. Ricordi, H. Edlund, and J.A. Diez. 2009. “Endocrine Cell 

Clustering during Human Pancreas Development.” J Histochem Cytochem 57 (9): 

811–24. https://doi.org/10.1369/jhc.2009.953307. 

Jiang, W-J., Y-C. Peng, and K-M. Yang. 2018. “Cellular Signaling Pathways Regulating 

β-Cell Proliferation as a Promising Therapeutic Target in the Treatment of 

Diabetes.” Exp Ther Med. Oct; (16(4)): 3275–3285. 

https://doi.org/10.3892/etm.2018.6603. 



 
 

 
 
 

258 

Jiang, W., Y. Shi, D. Zhao, S. Chen, J. Yong, J. Zhang, T. Qing, et al. 2007. “In Vitro 

Derivation Of Functional Insulin-Producing Cells From Human Embryonic Stem 

Cells.” Cell Res Apr;17(4): 333-44. https://doi.org/10.1038/cr.2007.28. 

Jina, L., T. Feng, H.P. Shih, R. Zerda, A. Luo, Ja. Hsu, A. Mahdavi, et al. 2013. “Colony-

Forming Cells in the Adult Mouse Pancreas Are Expandable in Matrigel and Form 

Endocrine/Acinar Colonies in Laminin Hydrogel.” Proceedings of the National 

Academy of Sciences of the United States of America 110 (10): 3907–12. 

https://doi.org/10.1073/pnas.1301889110. 

Johannesson, B., L. Sui, D.O. Freytes, R.J. Creusot, and D. Egli. 2015. “Toward Beta 

Cell Replacement for Diabetes.” EMBO Journal Apr 1;34(7: 841–55. 

https://doi.org/10.15252/embj.201490685. 

Jørgensen, M.C., J. Ahnfelt-Rønne, J. Hald, O.D. Madsen, P. Serup, and J. Hecksher-

Sørensen. 2007. “An Illustrated Review of Early Pancreas Development in the 

Mouse.” Endocrine Reviews 28 (6): 685–705. https://doi.org/10.1210/er.2007-0016. 

Kapoor, R.R., C. James, and K. Hussain. 2009. “Advances in the Diagnosis and 

Management of Hyperinsulinemic Hypoglycemia.” Nature Clinical Practice 

Endocrinology and Metabolism 5 (2): 101–12. 

https://doi.org/10.1038/ncpendmet1046. 

Karamanou, M., A. Protogerou, G. Tsoucalas, George. Androutsos, and P-R. Effie. 2016. 

“Milestones in the History of Diabetes Mellitus: The Main Contributors.” World 

Journal of Diabetes January 10: 1–7. https://doi.org/10.4239/wjd.v7.i1.1. 

Katsarou, A., S. Gudbjörnsdottir, A. Rawshani, D. Dabelea, E. Bonifacio, B.J. Anderson, 

L.M. Jacobsen, D.A. Schatz, and Å. Lernmark. 2017. “Type 1 Diabetes Mellitus.” 

Nature Reviews Disease Primers Mar 30;3: 17106. 

https://doi.org/10.1038/nrdp.2017.16. 



 
 

 
 
 

259 

Kesavan, G., F. Wolfhagen, S. Thomas, U. Greiner, J.K. Johansson, S. Kobberup, X. 

Wu, C. Brakebusch, and H. Semb. 2009. “Cdc42-Mediated Tubulogenesis Controls 

Cell Specification.” Cell Nov 13;139: 791–801. 

https://doi.org/10.1016/j.cell.2009.08.049. 

Kim, A., K. Miller, J. Jo, G. Kilimnik, P. Wojcik, and M. Hara. 2009. “Islet Architecture: A 

Comparative Study.” Islets 1 (2): 129–36. https://doi.org/10.4161/isl.1.2.9480. 

Kim, S.K., M. Hebrok, and D.A. Melton. 1997. “Notochord to Endoderm Signaling Is 

Required for Pancreas Development.” Development 124 (21): 4243–52. 

http://www.ncbi.nlm.nih.gov/pubmed/9334273. 

Kim, Y.H., H.L. Larsen, P. Rué, L.A. Lemaire, J. Ferrer, and A. Grapin-Botton. 2015. “Cell 

Cycle–Dependent Differentiation Dynamics Balances Growth and Endocrine 

Differentiation in the Pancreas.” PLoS Biology 13 (3): 1–25. 

https://doi.org/10.1371/journal.pbio.1002111. 

Kleinman, H.K., M.L. McGarvey, L.A. Liotta, P.G. Robey, K. Tryggvason, and G.R. 

Martin. 1982. “Isolation and Characterization of Type IV Procollagen, Laminin, and 

Heparan Sulfate Proteoglycan from the EHS Sarcoma.” Biochemistry 21 (24): 

6188–93. https://doi.org/10.1021/bi00267a025. 

Kleinman, R., R. Gingerich, G. Ohning, H. Wong, K. Olthoff, J. Walsh, and F.C. 

Brunicardi. 1995. “The Influence of Somatostatin on Glucagon and Pancreatic 

Polypeptide Secretion in the Isolated Perfused Human Pancreas.” International 

Journal of Pancreatology August Vol (1): 51–57. 

https://doi.org/10.1007/bf02825421. 

Knip, M., R. Veijola, S.M. Virtanen, H. Hyöty, O. Vaarala, and H.K. Åkerblom. 2005. 

“Environmental Triggers and Determinants of Type 1 Diabetes.” Diabetes Dec;54 

(Suppl 2): S125–36. 



 
 

 
 
 

260 

https://doi.org/https://doi.org/10.2337/diabetes.54.suppl_2.S125. 

Kopinke, D., M. Brailsford, J. E. Shea, R. Leavitt, C. L. Scaife, and L. C. Murtaugh. 2011. 

“Lineage Tracing Reveals the Dynamic Contribution of Hes1+ Cells to the 

Developing and Adult Pancreas.” Development 138 (3): 431–41. 

https://doi.org/10.1242/dev.053843. 

Kopp, J.L., C.L. Dubois, A.E. Schaffer, E. Hao, H.P. Shih, P.A. Seymour, J. Ma, and M. 

Sander. 2011. “Sox9+ Ductal Cells Are Multipotent Progenitors throughout 

Development but Do Not Produce New Endocrine Cells in the Normal or Injured 

Adult Pancreas.” Development 138 (4): 653–65. 

https://doi.org/10.1242/dev.056499. 

Kopp, J.L., M. Grompe, and M. Sander. 2016. “Stem Cells versus Plasticity in Liver and 

Pancreas Regeneration.” Nature Cell Biology 18 (3): 238–45. 

https://doi.org/10.1038/ncb3309. 

Kratochvil, M.J., A.J. Seymour, T.L. Li, S.P. Paşca, C.J. Kuo, and S.C. Heilshorn. 2019. 

“Engineered Materials for Organoid Systems.” Nature Reviews Materials 4 (9): 606–

22. https://doi.org/10.1038/s41578-019-0129-9. 

Krebsbach, P.H., and L.G. Villa-Diaz. 2017. “The Role of Integrin Α6 (CD49f) in Stem 

Cells: More than a Conserved Biomarker.” Stem Cells Dev Aug 1 (26): 1090–99. 

Krentz, N.A.J., D. van Hoof, Z. Li, A. Watanabe, M. Tang, C. Nian, M.S. German, and 

F.C. Lynn. 2017. “Phosphorylation of NEUROG3 Links Endocrine Differentiation to 

the Cell Cycle in Pancreatic Progenitors.” Developmental Cell 41 (2): 129-142.e6. 

https://doi.org/10.1016/j.devcel.2017.02.006. 

Kretzschmar, K., and H. Clevers. 2016. “Organoids: Modeling Development and the 

Stem Cell Niche in a Dish.” Developmental Cell 38 (6): 590–600. 



 
 

 
 
 

261 

https://doi.org/10.1016/j.devcel.2016.08.014. 

Krogvold, L., A. Wiberg, B. Edwin, T. Buanes, F.L. Jahnsen, K.F. Hanssen, E. Larsson, 

O. Korsgren, O. Skog, and K. Dahl-Jorgensen. 2016. “Insulitis and Characterisation 

of Infiltrating T Cells in Surgical Pancreatic Tail Resections from Patients at Onset 

of Type 1 Diabetes.” Diabetologia Mar;59(3): 492–501. 

https://doi.org/10.1007/s00125-015-3820-4. 

Kroon, E., L.A. Martinson, K. Kadoya, A.G. Bang, O.G. Kelly, S. Eliazer, H. Young, et al. 

2008. “Pancreatic Endoderm Derived From Human Embryonic Stem Cells 

Generates Glucose-Responsive Insulin-Secreting Cells In Vivo.” Nature 

Biotechnology Apr;26(4): 443–52. https://doi.org/10.1038/nbt1393. 

Laidlaw, G.F. 1938. “Nesidioblastoma, the Islet Tumor of the Pancreas.” American 

Journal of Pathology, 125–134.5. 

Lammert, E., O. Cleaver, and D. Melton. 2001. “Induction of Pancreatic Differentiation 

by Signals from Blood Vessels.” Science Oct 19;294: 564–67. 

https://doi.org/10.1126/science.1064344. 

Lammert, E, O Cleaver, and D. Melton. 2003. “Role of Endothelial Cells in Early 

Pancreas and Liver Development.” Mechanisms of Development 120 (1): 59–64. 

https://doi.org/10.1016/S0925-4773(02)00332-5. 

Lancaster, M.A., and M. Huch. 2019. “Disease Modelling in Human Organoids.” Disease 

Models & Mechanisms 12 (7): dmm039347. https://doi.org/10.1242/dmm.039347. 

Lancaster, M.A., and J.A. Knoblich. 2014. “Organogenesis in a Dish: Modeling 

Development and Disease Using Organoid Technologies.” Science Jul 18;345. 

https://doi.org/10.1126/science.1247125. 

Landsman, L., A. Nijagal, T.J. Whitchurch, R.L. Vanderlaan, W.E Zimmer, T.C. 



 
 

 
 
 

262 

MacKenzie, and M. Hebrok. 2011. “Pancreatic Mesenchyme Regulates Epithelial 

Organogenesis throughout Development.” PLoS Biology 9 (9). 

https://doi.org/10.1371/journal.pbio.1001143. 

Lawlor, N., J. George, M. Bolisetty, R. Kursawe, L. Sun, V. Sivakamasundari, I. Kycia, 

P. Robson, and M.L. Stitzel. 2017. “Single-Cell Transcriptomes Identify Human Islet 

Cell Signatures and Reveal Cell-Type–Specific Expression Changes in Type 2 

Diabetes.” Genome Research Feb;27(2): 208–22. 

https://doi.org/10.1101/gr.212720.116. 

Lee, J., T. Sugiyama, Y. Liu, J. Wang, X. Gu, J. Lei, J.F. Markmann, et al. 2013. 

“Expansion and Conversion of Human Pancreatic Ductal Cells into Insulin-

Secreting Endocrine Cells.” ELife 2: 1–22. https://doi.org/10.7554/elife.00940. 

Lee, J.C., S.B. Smith, H. Watada, J. Lin, D. Scheel, J. Wang, R.G. Mirmira, and M.S. 

German. 2001. “Regulation of the Pancreatic Pro-Endocrine Gene (Vol 50, Pg 928, 

2001).” Diabetes 50 (7): 1675. https://doi.org/10.2337/diabetes.50.5.928. 

Lehmann, R., C.M. Lee, E.C. Shugart, M. Benedetti, R.A. Charo, Z. Gartner, B. Hogan, 

J. Knoblich, C.M. Nelson, and K.M. Wilson. 2019. “Human Organoids: A New 

Dimension in Cell Biology.” Molecular Biology of the Cell 30 (10): 1129–37. 

https://doi.org/10.1091/mbc.E19-03-0135. 

Leung, P.S., and S.P. Ip. 2006. “Pancreatic Acinar Cell: Its Role in Acute Pancreatitis.” 

International Journal of Biochemistry and Cell Biology 38 (7): 1024–30. 

https://doi.org/10.1016/j.biocel.2005.12.001. 

Li, J., J. Klughammer, M. Farlik, T. Penz, A. Spittler, C. Barbieux, E. Berishvili, C. Bock, 

and S. Kubicek. 2016. “Single-Cell Transcriptomes Reveal Characteristic Features 

of Human Pancreatic Islet Cell Types.” EMBO Rep Feb;17(2) (178–187). 

https://doi.org/10.15252/embr.201540946. 



 
 

 
 
 

263 

Liaw, C.Y., S. Ji, and M. Guvendiren. 2018. “Engineering 3D Hydrogels for Personalized 

In Vitro Human Tissue Models.” Advanced Healthcare Materials 7 (4): 1–16. 

https://doi.org/10.1002/adhm.201701165. 

Lin, C-S., H. Ning, G. Lin, and T.F. Lue. 2012. “Is CD34 Truly a Negative Marker for 

Mesenchymal Stem Cells?” Cytotherapy Nov; 14 (10): 1159–63. 

https://doi.org/10.3109/14653249.2012.729817. 

Longnecker, D. 2014. “Anatomy and Histology of the Pancreas.” Pancreapedia: The 

Exocrine Pancreas Knowledge Base, 1–26. https://doi.org/10.3998/panc.2014.3. 

Lonovic, J., P. Devitt, and L.C. Watson. 1981. “Pancreatic Polypeptide. A Review.” Arch. 

Surg Oct;116(10: 1256–64. 

https://doi.org/10.1001/archsurg.1981.01380220010002. 

Loomans, C.J.M., G.N. Williams, J. Balak, F. Ringnalda, L. van Gurp, M. Huch, S.F. Boj, 

et al. 2018. “Expansion of Adult Human Pancreatic Tissue Yields Organoids 

HarboringProgenitor Cells with Endocrine Differentiation Potential.” Stem Cell 

Reports 10: 712–24. https://doi.org/10.1016/j.stemcr.2015.04.004. 

Lutolf, M. P., and J. A. Hubbell. 2005. “Synthetic Biomaterials as Instructive Extracellular 

Microenvironments for Morphogenesis in Tissue Engineering.” Nature 

Biotechnology 23 (1): 47–55. https://doi.org/10.1038/nbt1055. 

Lutolf, M.P., P.M. Gilbert, and H.M. Blau. 2009. “Designing Materials to Direct Stem-Cell 

Fate.” Nature 462 (7272): 433–41. https://doi.org/10.1038/nature08602. 

Lyttle, B.M., J. Li, M. Krishnamurthy, F. Fellows, M.B. Wheeler, C.G. Goodyer, and R. 

Wang. 2008. “Transcription Factor Expression in the Developing Human Fetal 

Endocrine Pancreas.” Diabetologia Jul;51(7) (1169–1180). 

https://doi.org/10.1007/s00125-008-1006-z. 



 
 

 
 
 

264 

MacMullen, C.M., Q. Zhou, K.E. Snider, P.H. Tewson, S.A. Becker, A.R. Aziz, A. 

Ganguly, S.L. Shyng, and C.A. Stanley. 2011. “Diazoxide-Unresponsive Congenital 

Hyperinsulinism in Children with Dominant Mutations of the β-Cell Sulfonylurea 

Receptor SUR1.” Diabetes 60 (6): 1797–1804. https://doi.org/10.2337/db10-1631. 

Madl, C.M., S.C. Heilshorn, and H.M. Blau. 2018. “Bioengineering Strategies to 

Accelerate Stem Cell Therapeutics.” Nature 557 (7705): 335–42. 

https://doi.org/10.1038/s41586-018-0089-z. 

Magenheim, J., O. Ilovich, A. Lazarus, A. Klochendler, O. Ziv, R. Werman, A. Hija, et al. 

2011. “Blood Vessels Restrain Pancreas Branching, Differentiation and Growth.” 

Development Nov;138(21: 4743–52. https://doi.org/10.1242/dev.066548. 

Mamidi, A., C. Prawiro, P.A. Seymour, K.H. de Lichtenberg, A. Jackson, P. Serup, and 

H. Semb. 2018. “Mechanosignalling via Integrins Directs Fate Decisions of 

Pancreatic Progenitors.” Nature 564 (7734): 114–18. 

https://doi.org/10.1038/s41586-018-0762-2. 

Marty-Santos, L., and O. Cleaver. 2015. “Progenitor Epithelium: Sorting Out Pancreatic 

Lineages.” Journal of Histochemistry and Cytochemistry 63 (8): 559–74. 

https://doi.org/10.1369/0022155415586441. 

Masharani, U., and M.S. German. 2001. Greenspan’s. Basic & Clinical Endocrinology. 

9th ed. McGraw-Hill Companies. ISBN 978-1-259-58928-7. 

Mastracci, T.L., K.R. Anderson, J.B. Papizan, and L. Sussel. 2013. “Regulation of 

Neurod1 Contributes to the Lineage Potential of Neurogenin3+ Endocrine 

Precursor Cells in the Pancreas.” PLos Genetic 9(2):e1003. 

https://doi.org/10.1371/journal.pgen.1003278. 

McCracken, K.W., and J.M. Wells. 2012. “Molecular Pathways Controlling Pancreas 



 
 

 
 
 

265 

Induction.” Seminars in Cell and Developmental Biology 23 (6): 656–62. 

https://doi.org/https://doi.org/10.1016/j.semcdb.2012.06.009. 

Mehta, A., and K. Hussain. 2003. “Transient Hyperinsulinism Associated with 

Macrosomia, Hypertrophic Obstructive Cardiomyopathy, Hepatomegaly, and 

Nephromegaly.” Arch Dis Child Sep;88(9) (922–4). 

https://doi.org/10.1136/adc.88.9.822. 

Meier, J.J., C.U. Köhler, B. Alkhatib, C. Sergi, T. Junker, H.H. Klein, W.E. Schmidt, and 

H. Fritsch. 2010. “Β-Cell Development and Turnover During Prenatal Life in 

Humans.” European Journal of Endocrinology 162 (3): 559–68. 

https://doi.org/10.1530/EJE-09-1053. 

Memon, B., and E.M. Abdelalim. 2020. “Stem Cell Therapy for Diabetes: Beta Cells 

versus Pancreatic Progenitors.” Cells 9 (2): 283. 

https://doi.org/10.3390/cells9020283. 

Mfopou, J.K., B. Chen, L. Sui, K. Sermon, and L. Bouwens. 2010. “Recent Advances 

and Prospects in the Differentiation of Pancreatic Cells From Human Embryonic 

Stem Cells.” Diabetes Sep;59(9): 2094–2101. https://doi.org/10.2337/db10-0439. 

Minkowski, O., and M.J. Von. 1980. “Diabetes Mellitus Nach Pankreasextirpation.” Arch 

Exp Pathol Pharmacol 26: 371–87. 

Miralles, F., P. Czernichow, and R. Scharfmann. 1998. “Follistatin Regulates the Relative 

Proportions of Endocrine versus Exocrine Tissue during Pancreatic Development.” 

Development Mar;125(6): 1017-24. 

Moens, K., V. Berger, J-M. Ahn, C. Van Schravendijk, V.J. Hruby, D. Pipeleers, and F. 

Schuit. 2002. “Assessment of the Role of Interstitial Glucagon in the Acute Glucose 

Secretory Responsiveness of In Situ Pancreatic β-Cells.” Diabetes Mar;51 (3) (660–



 
 

 
 
 

266 

675). https://doi.org/https://doi.org/10.2337/diabetes.51.3.669. 

Mohamed, Z., V.B. Arya, and K. Hussain. 2012. “Hyperinsulinaemic Hypoglycaemia: 

Genetic Mechanisms, Diagnosis and Management.” JCRPE Journal of Clinical 

Research in Pediatric Endocrinology 4 (4): 169–81. 

https://doi.org/10.4274/Jcrpe.821. 

Mohnike, K., O. Blankenstein, A. Pfuetzner, S. Pötzsch, E. Schober, S. Steiner, O. T. 

Hardy, A. Grimberg, and W. M. Van Waarde. 2008. “Long-Term Non-Surgical 

Therapy of Severe Persistent Congenital Hyperinsulinism with Glucagon.” Hormone 

Research 70 (1): 59–64. https://doi.org/10.1159/000129680. 

Muraro, J., G. Dharmadhikari, D. Gru, N. Groen, T. Dielen, E. Jansen, L. Van Gurp, et 

al. 2016. “A Single-Cell Transcriptome Atlas of the Human Pancreas.” Cell Systems 

Oct 26;3(4: 385-394. https://doi.org/10.1016/j.cels.2016.09.002. 

Naftanel, M.A., and D.M. Harlan. 2004. “Pancreatic Islet Transplantation.” PLoS Med 

Dec 1 ((3)): e58. https://doi.org/10.1371/journal.pmed.0010058 PMCID: 

PMC539048. 

Nelson, C.M., and M.J. Bissell. 2006. “Of Extracellular Matrix, Scaffolds, and Signaling: 

Tissue Architecture Regulates Development, Homeostasis, and Cancer.” Annual 

Review of Cell and Developmental Biology 22: 387–309. 

https://doi.org/10.1146/annurev.cellbio.22.010305.104315. 

Nishimura, W., T. Kondo, T. Salameh, I. El Khattabi, R. Dodge, S. Bonner-Weir, and A. 

Sharma. 2006. “A Switch from MafB to MafA Expression Accompanies 

Differentiation to Pancreatic β-Cells.” Developmental Biology 293 (2): 526–39. 

https://doi.org/10.1016/j.ydbio.2006.02.028. 

Niv, Y. 2017. “Mucin Expression and the Pancreas: A Systematic Review and Meta-



 
 

 
 
 

267 

Analysis.” World J Meta-Anal. Apr 26 (5(2)): 63–70. 

O’Rahilly, R., and F. Müller. 2010. “Developmental Stages in Human Embryos: Revised 

and New Measurements.” Cells Tissues Organs 192(2): 73–84. 

https://doi.org/10.1159/000289817. 

Ochoa-Espinosa, A., and M. Affolter. 2012. “Branching Morphogenesis: From Cells to 

Organs and Back.” Cold Spring Harb Perspect Biol. Oct 4 (10): a008243. 

https://doi.org/10.1101/cshperspect.a008243. 

Ogurtsova, K., J.D. da Rocha Fernandes, Y. Huang, U. Linnenkamp, L. Guariguata, N.H. 

Cho, D. Cavan, J.E. Shaw, and L.E. Makaroff. 2017. “IDF Diabetes Atlas: Global 

Estimates for the Prevalence of Diabetes for 2015 and 2040.” Diabetes Research 

and Clinical Practice Jun;128: 40–50. 

https://doi.org/10.1016/j.diabres.2017.03.024. 

Osafune, K., L. Caron, M. Borowiak, R.J. Martinez, C.S. Fitz-Gerald, Ya. Sato, C.A. 

Cowan, K.R. Chien, and D.A. Melton. 2008. “Marked Differences in Differentiation 

Propensity among Human Embryonic Stem Cell Lines.” Nature Biotechnology 

Mar;26(3): 313–15. https://doi.org/10.1038/nbt1383. 

Otonkoski, T., K. Nanto-Salonen, M. Seppanen, R. Veijola, H. Huopio, K. Hussain, P. 

Tapanainen, et al. 2006. “Noninvasive Diagnosis of Focal Hyperinsulinism of 

Infancy with [18F]-DOPA Positron Emission Tomography.” Diabetes, no. 55: 13–

18. https://doi.org/https://doi.org/10.2337/diabetes.55.01.06.db05-1128. 

Pagliuca, F.W., and D.A. Melton. 2013. “How to Make a Functional β-Cell.” Development 

140 (12): 2472–83. https://doi.org/10.1242/dev.093187. 

Pagliuca, F.W., J.R. Millman, M. Gürtler, M. Segel, A. Van Dervort, JH. Ryu, Q.P. 

Peterson, D. Greiner, and D.A. Melton. 2014. “Generation of Functional Human 



 
 

 
 
 

268 

Pancreatic β Cells in Vitro.” Cell 159 (2): 428–39. 

https://doi.org/10.1016/j.cell.2014.09.040. 

Pan, F.C., and C. Wright. 2011. “Pancreas Organogenesis: From Bud to Plexus to 

Gland.” Developmental Dynamics 240 (3): 530–65. 

https://doi.org/10.1002/dvdy.22584. 

Panciera, T., L. Azzolin, A. Fujimura, D. Di Biagio, C. Frasson, S. Bresolin, S. Soligo, et 

al. 2016. “Induction of Expandable Tissue-Specific Stem/Progenitor Cells through 

Transient Expression of YAP/TAZ.” Cell Stem Cell 19 (6): 725–37. 

https://doi.org/10.1016/j.stem.2016.08.009. 

Panten, U., J. Burgfeld, F. Goerke, M. Rennicke, M. Schwanstecher, A. Wallasch, B.J. 

Zünkler, and S. Lenzen. 1989. “Control of Insulin Secretion by Sulfonylureas, 

Meglitinide and Diazoxide in Relation to Their Binding to the Sulfonylurea Receptor 

in Pancreatic Islets.” Biochemical Pharmacology 38 (8): 1217–29. 

https://doi.org/10.1016/0006-2952(89)90327-4. 

Petersen, M.B.K., A. Azad, C. Ingvorsen, K. Hess, M. Hansson, A. Grapin-Botton, and 
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8 Chapter 9   Appendix 1  

 Modelling pancreatic congenital 

disorders in vitro 
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9.1 Introduction 

A primary application of organoids culture is modelling human diseases in order to 

establish paradigms for drug screening, genotype-phenotype testing and biobanking for 

future personalized treatments, such as cell therapy (Rossi, Manfrin, and Lutolf 2018).  

Human organoids have been established from a variety of organs, and there are already 

several examples of using 3D mini organs to study acquired disorder (such as cancer), 

infectious diseases (Zika virus) and congenital human disorders (Fatehullah, Tan, and 

Barker 2016; Xu et al. 2018; Lancaster and Huch 2019). 

The first human genetic disease to have be modelled with organoids has been cystic 

fibrosis (CF). CF is caused by mutations in the Cystic Fibrosis Transmembrane 

Conductance Regulator (CFTR) chloride channel, expressed in epithelial cells of many 

organs, such as lungs, intestine and pancreas. The major phenotype of CF is due to its 

mutation in the lung epithelium. Dekkers and colleagues generated CF-patient-derived 

intestinal organoids that could recapitulate the phenotype of the mutation in intestinal 

cells in vitro (Dekkers et al. 2013). Long-term culture of human airway organoids has 

also been established and represent useful tool to deepen the study on CF and other 

genetic disorders affecting the lung, as well as cancer (Sachs et al. 2019). The Clevers 

laboratory also pioneered the application of CRISPR/Cas9 technology to organoid 

cultures and used it to correct mutation and restore CFTR function in patient-derived 

intestinal organoids (Schwank et al. 2013). 

 

Great Ormond Street Children's Hospital NHS Trust is an international referral centre for 

the treatment of Congenital Hyperinsulinism (CHI), a genetic disorder of the pancreas. 

Thanks to collaborations with doctors Hussein, Shah, Sebire and De Coppi, during the 

course of my PhD, I attempted to derive primary cells from pancreatic biopsies of 
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pediatric patients affected by CHI and undergoing partial pancreatectomy, in order to 

establish a in vitro 3D model for the disease. 

CHI is characterized by an excessive secretion of insulin by pancreatic β-cells, caused 

by genetic defects in key genes regulating insulin secretion (Hussain 2005). Mutations 

in several genes have been identified. The most severe and also common forms of CHI 

are due to recessive inactivating mutations in ABCC8 and KCJN11 genes. Both genes 

encode the two components of pancreatic beta-cell ATP-sensitive potassium channel 

which is responsible for an appropriate insulin secretion that does not happen in the case 

of CHI mutations (Mohamed, Arya, and Hussain 2012). Establishing an in vitro model 

using CHI-patient derived cells would represent a great advantage for modelling the 

disease and to test novel form of therapies, including gene therapy, following the CF 

model. 
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9.2 Results  

Figure 9.1 shows gross microscopy of two different pancreatic biopsies taken from focal 

CHI patients (both males, 2 months old) during pancreatectomy surgical intervention. 

Figure 9.2 shows H&E staining of a lesions area. It is possible to appreciate the 

abundancy of islets. Most of the endocrine loci were larger normal with scattered 

enlarged nuclei.  

Figure 9.3 shows H&E staining of a CHI biopsy together with IHC staining for pan-

endocrine marker synaptophysin and neuro-endocrine marker chromogranin A, 

confirming that most of the parenchyma in these areas is composed by endocrine cell 

clusters while, in a normal pancreas, the endocrine component represents a minority.  

Cells were derived from CHI biopsies using an enzymatic solution composed of HBSS 

with 160mg/L CaCl2 (Sigma), 2.50mg/L BSA (Serum Bovine Albumine, Sigma), 

0.3mg/ml Collagenase P (Sigma) and 5mg/L DNAse (Roche). The tissue was 

mechanically and enzymatically digested for several rounds and fractions were 

generated (up to 3). The last fraction was enriched for ductal cells while previous 

fractions were enriched for islets and acini. Cells in fractions 1 and 2 were plated in G10 

media, a media optimized for islets survival, composed of 1% Glutamine, 1% Pen/Strep, 

1% Glucose 1M and 2% FBS in HAMF10 media. Cells in fraction 3 were plated in 

MatrigelTM in Expansion Media (EM) which we developed for the expansion of fetal 

pancreatic progenitors. Figure 9.4 shows synaptophysin and chromogranin A staining of 

cell pellets in EM; there was no expression of the endocrine markers in ductal-cells 

derived from the patients. Figure 9.5 shows the IHC for synaptophysin and chromogranin 

A in cells in G10. Spheroids in G10 highly express both endocrine markers.  
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9.3 Figures 

 

 

 

 

 

 

 

Figure 9.1:  Gross microscopy of pancreatic biopsies.  

Representative images of pancreatic biopsies of two focal CHI pediatric patiets. 
Magnification 3.8X. Scale bar 2mm. 

Figure 9.2 H&E staining of pancreatic biopsies.  

Focal CHI biopses were fixed and paraffin embedded. The figure shows 
representative images of H&E coloration. Arrows indicate islets, some of them very 
big, containing big-nuclei. Scale bars 100 µm (left side) and 300 µm (right side). 
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Figure 9.3 H&E and IHC staining of pancreatic biopsies.  

Focal CHI biopses were fixed and paraffin embedded. The figure shows 
representative pictures of H&E coloration and IHC stainign for synaptophysin and 
chromogranin A. Scale bars 100 µm. 

Figure 9.4 Phase contrast pictures and IHC staining of cells in EM.  

Fraction 3 (FR3) cells derived from CHI pancreatic biopsies were cultured in 3D 
MatrigelTM in EM media and gave rise to highly proliferative hollowed organoids 
which could be expanded for several passages. The figure shows representative 
images of the cells at different time point of the culture (passages are expressed in 
roman number). IHC shows no expression of synaptophysin and chromogranin A in 
cells in EM. Scale bar 100µm. 
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Figure 9.5 Phase contrast pictures and IHC staining of cells in G10.  

Fractions 1-2 (FR1-2) cells derived from CHI pancreatic biopsies were cultured in 
suspension in G10 media. Islets-like structures were maintained up to 10 days. The 
figure shows representative images of the cells in culture and IHC shows high 
expression of synaptophysin and chromogranin A in cells in G10. Scale bar 100µm. 
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9.4 Conclusions 

Organoid culture have emerged as a good tool to model different kinds of human 

diseases including infections (such as Zika and E.Coli), acquired (such as Cancer and 

Alzheimer) or congenital disorders (like Cystic Fibrosis) (Sachs et al. 2019; Schwank et 

al. 2013; Lancaster and Huch 2019; Lancaster and Knoblich 2014; Fatehullah, Tan, and 

Barker 2016).  

Here, I have explored the possibility to derive organoids from pediatric patients affected 

by a pancreatic congenital disorder. 

Congenital hyperinsulinism (CHI) is the most frequent cause of severe, persistent 

hypoglycemia in newborn babies, infants, and children. In most countries it occurs in 

approximately 1/25,000 to 1/50,000 births (Mohamed, Arya, and Hussain 2012). About 

60% of babies with CHI are diagnosed during the first month of life. Early treatment and 

good management of hypoglycemia events can prevent brain damage. Medications used 

to treat CHI include diazoxide, octreotide, and glucagon. However, in many cases, those 

medications are not sufficient, children are not responding and pancreatectomy is 

performed, with consequential secondary problematic associated (Stanley and De León 

2012). 

Non-responsive children affected by a focal form of CHI, hospitalized at NHS Great 

Ormond Street Hospital (GOSH) underwent partial pancreatectomy. Patients’ families 

were consented and pancreatic biopsies were collected for research.  

Tissue biopsies were embedded and analyzed together with the team from 

Histopathology at GOSH to confirm the status of the tissue and the presence of the 

lesion. H&E and IHC staining confirmed the presence of an abnormal number and 

dimensions of islets. 

I successfully derived pancreatic cells from those biopsies adapting a protocol used for 

enriching islets for transplantation. The protocol accounted of different phases with 
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generation of separate fractions. Fractions 1 and 2 were more enriched in islets which 

were successfully kept in culture for up to 10 days. Fraction 3 was enriched in ductal 

cells. Cells derived from FR3 were plated in MatrigelTM in Expansion Media. Cells gave 

rise to hollowed spheroids/organoids cultures. Hollow spheres of cells were highly 

proliferative and were cub-cultures for a series of passages, opening the possibility to 

highly expand those cells and perform downstream analysis and, for instance, testing 

drugs or genetic manipulations.  

 

In conclusion, I successfully derived two types of cell cultures from pediatric patients 

affected by a pancreatic congenital disorder. In the future these cultures could be very 

useful to get insights on CHI and genetic and molecular causes. The 3D cultures could 

be used for drug testing and gene editing to manipulate the disease.  
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