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The pancreas and diabetes      
mellitus

The pancreas is an organ with two main 
functions: production of digestive enzymes that 
help digest food in the intestines (exocrine pan-
creas) and regulation of blood sugar homeostasis 
(islets of Langerhans). In the exocrine pancreas, 
the production of digestive enzymes is per-
formed by acinar cells. Proenzymes are released 
through granules into the ducts connected to 
the acini, and are then transported through 
the ductal network to the duodenum. Here, 
the proenzymes are cleaved to form activated 
enzymes with protease, lipase and peptidase ac-
tivity. The exocrine pancreas makes up approx-
imately 99% of the pancreas. The remaining 
1-2% is organized in structures called the islets 
of Langerhans, which are cell clusters varying 
from just a few to thousands of cells and reach-
ing over 400 µm in diameter [1, 2]. 

The islets of Langerhans consist of five cell 
types: alpha, beta, gamma, delta and epsilon 
cells, of which alpha and beta cells are most 
abundant. These two cell types produce the hor-
mones glucagon and insulin, respectively, which 
are key factors in regulating glucose homeostasis 
[3]. The gamma, delta and epsilon cells have a 
more regulatory role and are involved in food 
intake, satiety and exocrine pancreas function 
[4-6]. Of late, single cell transcriptome ap-
proaches have given an e more detailed insight 
into the cellular composition of the pancreas 
[7-12]. For example, a cluster of Reg3a positive 
acinar cells was identified in the exocrine pan-
creas nearby the islets of Langerhans [7], and a 
subpopulation of alpha cells expressing high lev-
els of proliferation markers was detected [10]. 

Under healthy conditions, blood glucose 
concentrations in humans range between 4 and 
6 mmol/l, which is called normoglycemia. After 
food intake, blood glucose levels start to rise. 
The highly vascularized beta cells in the islets of 
Langerhans sense blood glucose levels through 

a pathway involving glucokinase [13]. With in-
creasing blood glucose levels, insulin is released 
in increasing amounts into the bloodstream 
from intracellular granules [14]. Insulin causes 
glycogenesis in hepatocytes in the liver, con-
verting blood glucose to stored glycogen [15]. 
It also stimulates striated muscle and adipose 
tissue cells to increase glucose uptake by stim-
ulating the translocation of the Glut4 glucose 
transporter protein to the plasma membrane 
[16, 17]. Combined, glycogenesis and cellular 
glucose uptake cause blood glucose levels to re-
store to normoglycemia. Conversely, alpha cells 
secrete increasing amounts of glucagon under 
the influence of nutrient stimulation, para-
crine signaling and the autonomous nervous 
system [18]. Glucagon is released in an opposite 
manner from insulin, with increasing amounts 
as blood glucose levels are decreasing [19]. It 
mainly causes glycogenolysis in hepatocytes, 
releasing glucose from stored glycogen. This 
restores low blood glucose levels to normoglyce-
mic levels. Glucagon also stimulates gluconeo-
genesis. In adipose tissue, it causes triglycerides 
to be broken down into glycerol and free fatty 
acids, which can be released into the blood-
stream as cellular energy sources. In the absence 
of insulin, this secondary mechanism can cause 
ketoacidosis, as the pH of the blood drops after 
the release of ketone bodies (byproducts from 
the breakdown of free fatty acids) [20]. In turn, 
both glycogenolysis and gluconeogenesis are 
inhibited by the release of insulin [15, 21]. 

Diabetes mellitus is a chronic disease that 
is characterized by hyperglycemia. The disease 
is categorized into two main subtypes, type 
1 diabetes mellitus (T1DM) is caused by an 
autoimmune destruction of beta cells, and type 
2 diabetes mellitus (T2DM) is generally asso-
ciated with insulin resistance in combination 
with islet dysfunction. Both types of the disease 
have the same pathological characteristics: the 
body cannot correctly clear glucose from the 
blood stream, which causes hyperglycemia. 
Short-term effects of diabetes mellitus include 
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osmotic diuresis, which causes fluid loss of the 
body due to polyuria, and ketoacidosis. Long-
term effects include damage to blood vessel 
cells and nerve cells. This in turn can lead to 
retinopathy, cardiovascular disease, nephropathy 
and neuropathy. Blindness, the necessity to start 
renal replacement therapy and amputation of 
lower limbs are potential clinical consequences. 
Ultimately, people who suffer from diabetes 
mellitus have a shorter life expectancy than 
people without the disease [22, 23]. 

Current treatment of diabetes 
mellitus

The treatment of diabetes mellitus is cur-
rently symptomatic. Patients inject themselves 
with insulin or, in case of T2DM, use alterna-
tive drugs like metformin (inhibits glucone-
ogenesis and glucogenolysis), sulphonylureas 
(increase insulin release) and incretins (increase 
insulin release and decrease glucagon release) 
[24-27]. More recently, new technological 
advances have been made with the introduction 
of insulin pumps in combination with contin-
uous blood glucose sensors, alleviating strain 
on patients to check and correct their blood 
glucose levels manually. This approach has been 
shown to improve average blood glucose levels 
and HbA1c (glycated hemoglobin, representing 
a three-month average blood glucose concen-
tration) [28, 29]. Still, these forms of treatment 
are symptomatic by nature and will not cure 
diabetes mellitus. 

T1DM patients suffer from an absence 
or severe lack of beta cells [30]. To cure these 
patients, lost beta cells must be replaced. For a 
small group with the most severe symptoms (i.e. 
severe difficulty to control glycemia, hypoglyce-
mic unawareness), transplantation of a cadav-
eric pancreas available after organ donation is 
a potential cure for their disease [31]. Whole 
pancreas transplantation is regularly performed 
in patients with T1DM and end-stage kidney 
failure. Consequently, the procedure is often 

combined with kidney transplantation. A 
successfully transplanted pancreas can complete-
ly reverse diabetes mellitus and restore blood 
glucose homeostasis, but the procedure is also 
associated with a relatively high morbidity and 
mortality [32]. An alternative therapy for pa-
tients with severe physical complications is the 
transplantation of islets of Langerhans [33, 34]. 
Isolation of pancreatic islets, as described in the 
Ricordi protocol [35], comprises physical and 
enzymatic digestion of the pancreas into small 
clumps of cells. Then, using a density gradient, 
islets of Langerhans are separated from exocrine 
pancreatic tissue. The obtained tissue can be 
transplanted as described in the Edmonton pro-
tocol [36] with islets being infused into the liver 
of patients through an intraportal injection. The 
islets can then engraft in the small portal vein 
branches of the liver and regulate blood glucose 
levels from this location [37].

Although the transplantation of islets of 
Langerhans is associated with a lower morbid-
ity and mortality compared to whole pancreas 
transplantation, the technique suffers from a 
lower insulin restorative potential than whole 
pancreas transplantation. Even though insu-
lin independence can be achieved in the first 
weeks to months following transplantation, this 
effect is often not permanent [37]. Loss of islet 
function after transplantation can be due to 
instant blood-mediated inflammatory response 
(IBMIR), poor engraftment and poor vascular-
ization related to the disappearance of endo-
thelial cells and destruction of islet basement 
membrane structures, and exposure to high lev-
els of beta cell-toxic drugs in the portal system 
[38-40]. But, even without complete insulin 
independence, islets of Langerhans transplan-
tation has great beneficial effects for recipients. 
Hypoglycemia unawareness is often cured, and 
patients often need to inject themselves less fre-
quently with insulin and in lower doses, greatly 
improving quality of life [41]. 
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Alternative transplantation   
strategies for islets of Langerhans

The liver is not considered the most optimal 
location for transplanted pancreatic islets [42-
44]. Although nutrients and oxygen are readily 
available, due to the liver being highly vascu-
larized, the negative effects the location has on 
transplanted islets, and inaccessibility of the 
tissue after transplantation make the location 
suboptimal at best. Because of this, alternative 
transplantation locations have been tested [45]. 
In order to safely and efficiently transplant 
islets in patients, islets need to be transplanted 
to a location that allows a rapid engraftment, 
which in turn allows an immediate exchange 
of nutrients, oxygen and hormones between 
the host and the transplanted cells. Rejection 
of transplanted tissue has to be prevented to 
achieve long-term islet survival [46]. Multiple 
alternative locations for transplantation are 
currently under investigation in a clinical setting 
[45]. These include the kidney capsule, skeletal 
muscle and the omentum (table 1).

To improve islet survival and function 
upon transplantation, much research effort is 
taken towards the development of transplan-
tation vehicles called scaffolds. Scaffolds were 
traditionally designed using biocompatible 
and biodegradable synthetic polymers, like 
poly(lactic-co-glycolic acid) (PLGA) [47], 
polydimethylsiloxane (PDMS) [48], poly(eth-
ylene-glycol) (PEG) [49], or natural polymers 

like alginate [50]. These scaffolds can be used 
as solid drops, but can also be created as porous 
scaffolds that have a complex three dimensional 
structure, allowing a better interaction between 
transplanted cells and the environment because 
of an improved volume-surface-area ratio [51]. 
Porous scaffolds can be created in many ways, 
including printing, gas foaming and porogen 
leaching [52]. Where gas foaming and porogen 
leaching creates irregular and unpredictably 
shaped scaffolds, printing of scaffolds is a very 
controlled process, with a multitude of options 
considering the shapes that can be created, as 
designed by bio-CAD modelling [50, 53]. 

To improve survival and function of the 
transplanted cells, proteins and/or chemicals can 
be added that influence the transplanted cells 
or their environment. For example, binding 
interleukin-1 to PEG scaffolds can potentially 
protect transplanted islets from an immune 
response [54]. Also, binding of vascular factors 
like vascular endothelial growth factor A and 
platelet derived growth factor BB (in combina-
tion with recombinant fibronectin fragments) to 
scaffolds can enhance ingrowth of blood vessels 
into the scaffolds, which reduces revasculariza-
tion time of transplanted islets and improves 
oxygenation [55]. Alternatively, oxygen can be 
incorporated, for example by including calcium 
peroxide in PDMS scaffolds [56]. These scaf-
folds release oxygen over more than three weeks, 
and thus help to prevent hypoxic dysfunction 
and death of islets of Langerhans shortly after 
transplantation.

Table 1: Characteristics of islet grafts transplanted into the liver, under the kidney capsule, into skeletal muscle or to the 
omentum. Grafts were judged based on immunoprotection, vascularization rate, the number of islets needed to restore 
normoglycemia, the ease of transplantation, the degree of compactness of islet grafts and the ease by which grafts can be 
retrieved. Ratings in “--” (very poor), “-” (poor), “+” (good) or “++” (excellent). Undertermined data was noted as “?” 
[45, 46]

# Islets for Ease of Islets in a Ease of Gra�
Normoglycemia Transplanta�on Compact Pellet Recovery

Liver - ++ + + - --
Kidney Capsule - + ++ + ++ ++
Skeletal Muscle - + - ++ + +
Omentum + ? - - - +

immunoprotec�on Vasculariza�on
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Polymer scaffolds are often biodegradable. 
To support and protect transplanted islets 
more permanently, a non-degradable scaffold 
has to be designed. Clinical trials are currently 
underway using two independent systems. The 
beta-air device allows subcutaneous trans-
plantation of allogeneic islets whilst providing 
an oxygen supply and a protection from the 
immune system at the same time [57]. The 
device contains pancreatic islets in a layer of 
alginate, and creates a protective layer using 
teflon membranes that allow the exchange of 
macromolecules including glucose and insulin, 
but is impermeable for cells. Disadvantages are 
that patients need to inject oxygen into the de-
vice daily to maintain islet functionality, and the 
delay in insulin action due to the dead space in 
the device. The encaptra device is an alternative 
scaffold that has been used to transplant beta 
cell progenitors derived from embryonic stem 
(ES) cells [58]. It consists of a semi-permeable 
container that can be filled with immature, 
progenitor-like endocrine cells in a matrix. After 
transplantation, it takes several months for the 
cells to develop into mature endocrine cells. 
Within this time, the device becomes encapsu-
lated and a dense vascular network is formed 
around it. Cells will become mature after this 
initial phase, start sensing glucose in the blood 
and regulate blood glucose by releasing insulin 
and glucagon. 

In vitro beta cell regeneration 
strategies

Though whole pancreas and islets of Lang-
erhans transplantation show great potential in 
curing diabetes mellitus, the number of patients 
being treated this way is very limited because 
of a shortage in available donor material [59]. 
Generating novel beta cells in vitro from alter-
native sources like ES cells, induced pluripotent 
stem (iPS) cells or adult progenitors is seen as 
a promising method to overcome this shortage 
[60, 61]. Considering ES and iPS cells, a com-
plex protocol is normally required that utilizes 

multiple culturing stages. This way, cells start 
differentiating towards increasingly more ma-
ture pancreatic endocrine cells, differentiating 
into islet cells. This process has multiple advan-
tages. The supply of starting material is poten-
tially unlimited due to the fact that ES cells, 
obtained from the inner cell mass of blastocysts, 
can theoretically be kept in culture indefinite-
ly [62]. Moreover, iPS cells can be generated 
from patients’ own mature cells, like skin cells, 
by overexpressing Sox2, cMyc, Oct4 and Klf4 
[63], thereby limiting complications caused by 
allograft transplantation. On the downside, ES 
and iPS cells have been associated with teratoma 
formation, and the use of ES cells is considered 
an ethically sensitive subject [62, 64]. 

The first used protocols differentiated ES 
cells into embryoid bodies and then used beta 
cell specific selection markers to get rid of 
non-beta cell types [65]. This procedure already 
showed its potential, being able to cure hy-
perglycemia in over 70% of mice transplanted 
with these cells. After this initial breakthrough, 
differentiation took form in a more directed 
process, mimicking developmental processes in 
the pancreas. First, human ES cells were differ-
entiated into definitive endoderm using specific 
culture conditions and selection of C-X-C 
chemokine receptor type 4-positive cells [66]. 
Then, definitive endoderm cells were differen-
tiated into hormone-expressing endocrine cells 
using a five-stage differentiation protocol [67]. 
These cells express insulin and pancreatic and 
duodenal homeobox 1 (Pdx1) and respond to 
external stimuli like potassium chloride, though 
insulin content of these cells is lower than that 
of actual beta cells. To become fully mature beta 
cells, these cells were then transplanted into 
hyperglycemic mice. Over a three-month matu-
ration period, these cells increasingly improved 
in glucose-stimulated insulin and c-peptide 
secretion [68]. More recently, alternative proto-
cols using human iPS cells to generate definitive 
endoderm, were shown to be able to create 
glucose-responsive beta-like cells in vitro [69, 
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70]. These cells mimic beta cell behavior closely, 
and hierarchical clustering based on gene 
expression profiling also showed a close relation 
between mature beta cells and the differentiat-
ed iPS cells. Transplantation to hyperglycemic 
mice showed recovery to normoglycemia and 
normal response to glucose stimulation within 
two weeks after transplantation suggesting that 
in vivo differentiation was not needed for these 
cells to become functional. This procedure 
was recently also reported to work in a clinical 
setting for iPS cells from subjects with T1DM, 
opening a potential therapeutic application us-
ing autotransplantation of iPS cell-differentiated 

beta cells [71]. 

In vivo transdifferentiation   
strategies

An alternative to ES and iPS cell differen-
tiation is the use of progenitor cells found in 
the adult pancreas [72]. Often, in vivo matu-
ration steps are needed to fully mature these 
cells, making it more difficult to interpret how 
these cells develop into adult cells [73, 74]. 
After complete maturation, these cells have the 
capacity to reverse hyperglycemia [75, 76] with 
fewer disadvantages than ES and iPS cells. This 

Figure 1: Regeneration of the pancreas using adult progenitors can be achieved through almost all cell types in the 
pancreas. In case of beta cell deficiency, alpha cells can transdifferentiate into beta cells at low rates (I). Delta cells can 
reprogram into beta cells in young mice (II). The exocrine pancreas has the potency to transdifferentiate into novel beta 
cells by contribution of both ductal (III) and acinar cells (IV) [79, 80, 83, 87]. For more details, read the paragraph 
“In vivo transdifferentiation strategies”

(I)
(II)

(III)

(IV) acinus

du
ct

islet of
Langerhans

α

β

δ

β
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includes ethical considerations [77], teratoma 
formation [64], genomic instability [78] and 
allograft/xenograft rejection for grafts that were 
obtained from external sources. 

Alternatively, transdifferentiation of mature 
cells towards beta cells may be considered a very 
interesting strategy for curing diabetes mellitus, 
with cells that are phenotypically close to beta 
cells being the most likely candidates to replace 
them [60]. Of the endocrine pancreas, both 
alpha and delta cells have shown some capacity 
to transdifferentiate [79, 80], though alpha cells 
only in very limited amounts and delta cells 
only in mice before they reach puberty. Also, 
the number of endocrine cells in the pancreas 
is very limited, often even more so in patients 
with diabetes mellitus. Lineage tracing experi-
ments have indicated that ductal and acinar cells 
can potentially be used for beta cell regeneration 
[81]; ductal and islet cells share a common pro-
genitor during development [82, 83]. In vitro 
expanded duct cells can generate novel beta cells 
in a low abundance after in vivo transplantation 
[84]. In a damage model like partial duct liga-
tion, which atrophies the tail of the pancreas, 
beta cell mass could be expanded in vivo [85, 
86]. Alternatively, treating hyperglycemic mice 
with epidermal growth factor (Egf ) and ciliary 
neurotrophic factor (Cntf ) resulted in a return 
to normoglycemia for most mice [87]. Taken 
together, the exocrine pancreas contains a very 
interesting subset of cells that can potentially be 
used for beta cell regeneration. Unfortunately, 
although some processes involved in trans-
differentiation have been identified, the exact 
mechanisms remains unclear. An overview of in 
vivo transdifferentiation strategies is illustrated 
in Figure 1.

Embryonic pancreas                  
development

The principles underlying many differentia-
tion protocols, both from the ES and iPS as well 
as the adult progenitor studies, find their origin 

in embryonic development of the pancreas 
[88]. In mice, development of the pancreas 
starts around embryonic day 8.5 (E8.5) when 
a cluster of cells in the foregut of the embryo 
becomes positive for Pdx1 [89]. These epitheli-
al, Pdx1-positive cells start proliferating into the 
ventral and dorsal pancreatic bud, which will 
form the head, and the body and tail during a 
phase called the primary transition, respectively. 
During this phase, from approximately E8.5 
to E12.5, the pancreatic buds increase in size 
through proliferation and the epithelial cells will 
start polarizing into apical and basal domains 
[90, 91]. As a result, the pancreatic buds form 
a basal lamina on the outside and tubular struc-
tures inside the epithelial buds. These tubular 
structures then start forming in a tree-like fash-
ion, with a main duct leading from the foregut 
into the pancreatic epithelium, branching into 
increasingly smaller ducts [92, 93].

In the next developmental phase, called the 
secondary transition (E12.5 to E15.5), cells be-
come more functionally and spatially organized. 
During this time the ducts of the developing 
pancreas segregate into tip and trunk domains. 
The tip regions contain a group of cells that 
are considered multipotent (multipotent cells; 
MPCs) [94], though not all tip cells are neces-
sarily MPCs [81]. These MPCs are proliferating 
cells that elongate the ductal structures, and 
undergo branching morphogenesis [95] to 
exponentially expand the pancreas and increase 
its size. Furthermore, MPCs have the capacity 
to form all the lineages of the mature pancreas: 
acinar, ductal and endocrine cells. Multipotency 
in these cells is not maintained during the entire 
process of embryonic development, as MPCs 
gradually become unipotent and differentiate 
towards an acinar phenotype [81]. Specific 
markers for the tip region include carboxypepti-
dase A1 (Cpa1), pancreas specific transcription 
factor 1 alpha (Ptf1a) and myelocytomatosis 
oncogene (cMyc) [94]. Unfortunately, these 
genes mark the tip region during the second-
ary transition, but are not necessarily specific 
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markers for MPCs. For example, Cpa1 and 
Ptf1a not only mark tip cells, but also all mature 
acinar cells [96]. Because the tip structures dif-
ferentiate into acinar cells, the mature acini are 
by definition located at the extremities of the 
ductal structures [92]. Cells in the trunk area 
are considered to be bipotent, either forming 
ductal or endocrine cells [97, 98]. During the 
secondary transition, a subset of these bipotent 
cells upregulate neurogenin 3 (Neurog3) [99] 
and delaminate from the ductal lining to form 
clusters of cells called the islets of Langerhans 
in the mesenchyme surrounding the pancreatic 
epithelium [100]. After delamination, endo-
crine progenitors undergo a brief mesenchymal 
interphase, where they upregulate genes like 
snail (Snai1), slug (Snai2) and vimentin (Vim) 
[100, 101].

Canonical Notch signaling is a key process 
that regulates cell fate determination during the 
secondary transition of the embryonic pancreas 
development [102], occurring through key 
players like delta-like 1 (Dll1) and hairy and 
enhancer of split 1 (Hes1), which are controlled 
by pancreas developmental factors like Ptf1a 
and Neurog3 [103]. Lateral inhibition deter-
mines which cells will remain progenitor cells 
and proliferate, and which will differentiate to 
any given pancreatic lineage. In MPCs in the 
tip, Dll1 stimulates proliferation, and is induced 
by Hes1-dependent expression of Ptf1a [102]. 
In the trunk, Hes1 and Neurog3 expression is 
mutually exclusive. Endocrine progenitor cells 
express Neurog3, a marker of endocrine cell fate 
commitment. Neurog3 expression upregulates 
Dll1, which in turn stimulates surrounding cells 
to upregulate Hes1, blocking Neurog3 expression 
and committing them to a ductal cell fate [104]. 
This process spatiotemporally limits the number 
of cells that delaminate and become mature 
endocrine cells. With lateral inhibition being 
the main discriminator between endocrine and 
ductal cell fates, bipotent cells are considered 
an interesting cell population in the hunt for 
neogenesis of beta cells in vitro [84].

Neurog3 is considered the master regulator 
for endocrine cell fate commitment [99]. It 
is expressed for a short period of time during 
delamination of endocrine progenitors from the 
ductal lining [97]. Lineage tracing of Neurog3 
positive cells during embryonic development 
results in specific labeling of endocrine cells in 
the islets of Langerhans and not the exocrine 
pancreas after birth [105], and downregulation 
of Neurog3 expression during pancreas develop-
ment leads to agenesis of the entire endocrine 
compartment of the pancreas and the develop-
ment of severe diabetes [106]. Specific temporal 
upregulation of Neurog3 in Neurog3 knockout 
mice shows that Neurog3 drives different endo-
crine cell fates at distinct developmental time 
points [107]. During the primary transition, the 
first Neurog3 positive cells mainly differentiate 
towards alpha cells, where Neurog3 positive cells 
during the first days of the secondary transition 
have a higher chance to become beta or gamma 
cells, and even later (after E14.5) Neurog3 
positive cells have a higher chance to end up 
forming delta cells. 

Cell fate is not only determined by the 
temporal component of Neurog3 expression; 
important transcription factors also define 
the direction in which cells are driven. After 
obtaining an endocrine cell fate, progenitor cells 
become positive for either one of the mutually 
inhibitory factors Aristaless related homeobox 
(Arx) or paired box 4 (Pax4) [108, 109]. Mice 
lacking the Arx gene produce islets that consist 
solely of beta and delta cells, and islets from 
mice without the Pax4 gene contain only alpha 
and PP cells. Neurogenic differentiation 1 
(Neurod1), another important developmental 
transcription factor, is only expressed in alpha 
and beta cells during development, not in PP 
or delta cells, thus helping further specialization 
[110]. Then, a cluster of genes is responsible for 
correct expression of beta cell-specific genes like 
Pdx1 and insulin. These include the v-maf mus-
culoaponeurotic fibrosarcoma oncogene family, 
protein A (MafA) [111], NK2 homeobox 2 
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(Nkx2.2) [112] and NK6 homeobox 1 (Nkx6.1) 
[113]. An overview of embryonic development 
of islet cells is illustrated in Figure 2.  

A comparison between murine 
and human pancreas develop-
ment

Most studies concerning pancreatic develop-
ment are performed in mice. In order to trans-
late findings, a comparison between human and 
murine pancreas development is essential. Hu-
man and murine pancreas development shows 
many similarities with few, but very distinct, 
differences [116, 117]. For example, the time-
line of development is much slower in human 
development (table 2). Besides timing, there are 
subtle differences in gene regulation between 

human and murine pancreatic development, 
e.g. the expression of Nkx2.2 in mouse MPCs, 
where NKX2.2 is missing in human MPCs [89, 
118]. Also, SOX9 is expressed in human MPCs, 
leaving distinction between tip and trunk struc-
tures in the human pancreas based on GATA4 
expression [118]. Moreover, there is no early 
wave of endocrine differentiation in human 
pancreas development, where this is detected 
in mouse pancreatic development [119]. Islets 
containing alpha, beta, gamma and delta cells 
were first detected around 12-13 weeks post 
conception [120] and NEUROG3 switches off 
before birth [121].

Embryonic pancreas tissue during the secondary transition is segregated into tip and trunk domains. The tip contains 
multipotent cells that amplify pancreatic tissue, marked by expression of Ptf1a, Cpa1 and Myc. The trunk contains 
bipotent cells that, under influence of Notch signaling, start expressing Neurog3. These cells delaminate and are 
progenitors to all endocrine pancreatic cell types. Pax4 and Arx play pivotal roles in cell type specification, and each 
endocrine cell type expresses specific genes that define them [94, 99, 101, 106, 108, 114, 115]. For more details, read 
the paragraph “Embryonic pancreas development”
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Scope of this thesis

In this thesis, we investigate how the 
endocrine embryonic pancreas develops from 
Neurog3-positive cells into the islets of Langer-
hans. For this, we use multiple novel techniques 
to investigate developmental processes that were 
difficult to study until now, like the migration 
of delaminated endocrine progenitors and the 
dynamic expression of genes in developing islet 
cells. Also, we investigate how transplanted 
islets of Langerhans engraft and survive after 
transplantation, both in an established setting 
by transplanting islets under the kidney capsule 
and using an alginate scaffolding system to 
transplant islets subcutaneously. 

The kidney capsule has traditionally been 
the most and best described location for 
the transplantation of islets and embryonic 
pancreases in mice, but no tool was available 
to dynamically study engraftment and devel-
opment in this location. In Chapter 2, a novel 
technique to dynamically study engraftment 
of tissue transplanted under the kidney capsule 
of immune-deficient mice using intravital 
microscopy is described. We make use of an 
imaging window that allows repeated intravital 
microscopy on tissue transplanted under the 
kidney capsule and validated this tool using 
fluorescently labeled islets of Langerhans, where 

we can see gradual blood vessel ingrowth and a 
steady decline of relative beta cell mass. Then, 
transplanting embryonic pancreases under the 
kidney capsule, we show how grafts increase in 
size, and how beta cell mass exponentially in-
creases and how individual islet cells form islets 
of Langerhans.

In Chapter 3, we implement the intravital 
microscopy technique described in chapter 2 to 
investigate the migratory capacity of islet cell 
progenitors during embryonic development. 
To do this, we make use of mouse-insulin-pro-
moter green-fluorescent-protein (MIP-GFP) 
mice that express green fluorescent protein 
(GFP) under the transcriptional control of the 
mouse insulin promoter. GFP was found to be 
expressed not only in beta cells, but also in en-
docrine progenitors. After transplanting E12.5 
embryonic pancreases under the kidney capsule, 
a subpopulation of GFP positive cells was found 
to display a migratory phenotype three days 
after transplantation, a time point that resem-
bles pancreas development around E15.5. The 
number of migratory cells was diminished seven 
days after transplantation, a time point that 
resembles E18.5 embryonic pancreas. 

In Chapter 4, we used a single cell transcrip-
tomics approach to characterize tissue hetero-
geneity in the developing embryonic pancreas 
during the secondary transition. Using this tool, 

Comparitive analysis between first initiating events during human and murine pancreatic development. Timing is 
expressed as Carnegie Stages (CS) and Days Post Conception (DPC) for human, and as embryonic (E) or post-natal 
ages (P) for mouse development [116-118].

Human CS Human DPC Mouse stage
First PDX1 posi�ve cells in the foregut 12 29-31 E9.0-9.5
Dorsal and ventral bud development 13 30-33 E9.5-10.0
Prolifera�on of MPCs 14-18 33-45 E10.0-14.0
Tip-trunk segrega�on 19 45-47 E10.5-11.5
First detec�on of NEUROG3 21 49-52 E12.0-12.5
Islet cell clusters have formed NA 84-91 E17.5
Islets with GSIS NA 140+ P8
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we found all known pancreatic cell types present 
in the developing pancreas, with cells becoming 
gradually more mature in later embryonic ages. 
By generating a lineage tree, we were able to 
create a pseudo timeline where clusters of cells 
were linked to represent endocrine differen-
tiation for all islet cell types. We illustrated 
islet cell development by comparing successive 
endocrine clusters, and characterizing dynamic 
gene expression in pseudo time. 

In Chapter 5, a novel alginate-based 
scaffolding system was introduced that allows 
transplantation of islets of Langerhans to subcu-
taneous sites. Scaffolds are created in a porous 
design using a 3D bioplotter that can produce 
regular-shaped scaffolds with a better surface to 
volume ratio than bulk scaffolds. 4% alginate 
mixed with 5% gelatin gave the best viability 
using beta cell line INS1E in bulk scaffolds, and 
plotting scaffolds in a porous manner increased 
this viability even further, although glucose 
diffusion and islet function were still impaired 
due to the density of the scaffold. Islet cells 
survived for at least 7 days after transplantation, 
but hormones could no longer be detected in 
these cells. 

In Chapter 6, I conclude this thesis with a 
summarizing discussion. 
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Abstract

Aims/hypothesis: Dynamic processes in 
pancreatic tissue are difficult to study. We 
aimed to develop an intravital imaging meth-
od to longitudinally examine engraftment, 
vascularisation, expansion and differentiation 
in mature islets or embryonic pancreases 
transplanted under the kidney capsule. 

Methods: Isolated pancreatic islets from 
adult mice and murine embryonic day 
(E)12.5 pancreases containing fluorescent 
biomarkers were transplanted under the 
kidney capsule of immunodeficient recipient 
mice. Human islet cells were dispersed, trans-
duced with a lentivirus expressing a fluores-
cent label and reaggregated before trans-
plantation. Graft- containing kidneys were 
positioned subcutaneously and an imaging 
window was fitted into the skin on top of the 
kidney. Intravital imaging using multiphoton 
microscopy was performed for up to 2 weeks. 
Volumes of fluorescently labelled cells were 
determined as a measure of development and 
survival.

Results: Transplanted islets and embryon-
ic pancreases showed good engraftment and 
remained viable. Engraftment and vascular-
isation could be longitudinally examined in 
murine and human islet cells. Murine islet 
beta cell volume was unchanged over time. 
Transplanted embryonic pancreases increased 
to up to 6.1 times of their original volume 
and beta cell volume increased 90 times 
during 2 weeks. 

Conclusions/interpretation: This meth-
od allows for repeated intravital imaging of 
grafts containing various sources of pancre-
atic tissue transplanted under the kidney 
capsule. Using fluorescent markers, dynamic 
information concerning engraftment or dif-
ferentiation can be visualised and measured.

Introduction

Islet cell development, dynamic processes 
involved in islet engraftment and changes in 
islet composition are difficult processes to study 
in vivo. To obtain longitudinal information in 
combination with functional data, new imaging 
methods are required that allow sequential 
measurements in individual animals.

Transplantation of pancreatic islets under 
the kidney capsule is considered the gold stan-
dard for the in vivo evaluation of graft insulin 
secretory capacity and survival in mice [1]. 
Isolated islets derived from humans and differ-
ent animal species can be used for transplanta-
tion at this site [2]. After engraftment, there is 
good vascularisation of the transplanted islets, 
allowing the rapid release and action of insulin. 
Nephrectomy of the graft- containing kidney 
followed by determination of blood glucose 
values validates graft function [3]. By trans-
planting a cell pellet that remains compact after 
transplantation, grafts can easily be retrieved 
and histologically analysed.

In this study, we adapted our previously 
published method [4, 5] to perform intravital 
imaging on islets of Langerhans or embryonic 
pancreatic tissue transplanted under the kidney 
capsule using an abdominal imaging window. 
This method allows sequential measurements 
of survival, vascularisation, expansion and 
differentiation of these tissues for a period up to 
2 weeks.

Methods

Mouse pancreatic islets and embryonic pan-
creas isolation

All experiments on animals were carried 
out in accordance with the guidelines of the 
Animal Welfare Committee of the Royal Neth-
erlands Academy of Arts and Sciences. Mature 
pancreatic islets and intact E12.5 embryonic 
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pancreases were isolated from mouse insulin 
promoter–enhanced green fluorescent protein 
(MIP-EGFP) (Jackson Laboratory, Bar Harbor, 
ME, USA, stock no. 006864) and cytomega-
lovirus– actin–globin promoter red fluorescent 
protein (CAG-DsRed) (Jackson Laboratory, 
stock no. 005441) mice. See ESM for further 
details.

Human pancreatic islets and lentiviral trans-
duction

Human pancreatic islets were isolated at the 
Leiden University Medical Centre using stan-
dard procedures [6]. Isolated human islets could 
only be used with research consent and when 
the number and/or quality of the islets were 
insufficient for clinical islet transplantation, ac-
cording to national laws. Islets were transduced 
with a human insulin promoter–GFP (HIP-
GFP) virus before transplantation. See ESM for 
further details.

Islet transplantation and positioning of an 
intra-abdominal imaging window

NOD severe combined immunodeficiency 
gamma (NSG) mice (Jackson Laboratory, stock 
no. 005557) were anaesthetised and pancreatic 
islets or embryonic pancreases were transplanted 
under the kidney capsule. The kidney was fixed 
subcutaneously and an imaging window was 
placed in the skin (ESM Fig. 1a–f ), as published 
previously [4]. See ESM for further details.

Intravital imaging 

Intravital imaging was performed as de- 
scribed previously [5]. If visualisation of the 
vasculature was required, mice received an 
intravenous tail vein injection of 2.5 mg 70 kDa 
dextran-Texas Red conjugate (Thermo Fisher, 
Waltham, MA, USA, D-1830) in 100 µl PBS 
directly before imaging. Images were acquired 
at resolutions between 0.6 × 0.6 × 1.0 and 4.8 
× 4.8 × 5.0 µm (xyz). Multiphoton excitation 
was performed at 960 nm, and the emission was 

collected at 505–555 nm (EGFP), and 555–695 
nm (DsRed, Texas Red).

Histological analysis 

Graft-containing kidneys were either fixed 
for paraffin sectioning or for cryosectioning. 
Paraffin- embedded sections (4 µm) were cut 
at and stained with haematoxylin and eosin 
for the determination of graft size and capsule 
thickness. Cryosections (10 µm) were used for 
immunohistochemical staining for insulin and 
glucagon. See ESM for further details.

Microscopy data processing 

See ESM for further details.

Statistical analysis 

Data are presented as mean ± SEM. R (ww-
w.R-project.org) was used to perform statistical 
analyses. IPGTT data were analysed using 
two-way ANOVA. All other statistical analyses 
were performed using independent two-way 
Student’s t-tests. Data were considered signifi-
cant if the p value was <0.05.

Results

Transplanted islets function normally in mice 
fitted with an abdominal imaging window

Mice recovered quickly after surgery and 
were fully active after 1 h. There was no im-
pairment of movement and mice did not show 
behaviour indicating pain or discomfort. Body 
weight increased normally after surgery (ESM 
Fig. 2a). To test if islet graft functionality was 
affected by the procedure, an IPGTT was per-
formed and human C-peptide concentrations 
were measured in streptozotocin-induced hyper-
glycaemic NSG mice 4 weeks after transplanta-
tion of 2000 human islet equivalents. Both mice 
with an abdominal imaging window (AIW, n = 
5) and controls (CTRL, n = 5) showed a normal 
response to an IPGTT (ESM Fig. 2b). Human 
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C-peptide concentrations were similar between 
the two groups 4 weeks after surgery (358 ± 157 
pmol/l [AIW] and 384 ± 47 pmol/l [CTRL], 
p = 0.88; ESM Fig. 2c). Graft thickness (801 ± 
86 µm [AIW] and 827 ± 51 µm [CTRL]) was 
unaffected (p = 0.81). Capsule thickness was 
not significantly increased (477 ± 64 µm [AIW] 
and 324 ± 34 µm [CTRL], p = 0.09; ESM Fig. 
2d). The imaging window did not affect the 

proportion of beta cells (relative to the total 
alpha and beta cells) in the transplanted islets 
(ESM Fig. 2e–g).

Transplanted islets can be repeatedly moni-
tored during in vivo engraftment

To demonstrate that longitudinal intrav-
ital imaging of tissue grafts under the kidney 
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capsule can be per- formed, normoglycaemic 
NSG mice (n = 4) were transplanted with 
10–25 mouse MIP-EGFP/CAG-DsRed islets 
and fitted with an AIW. Imaging was performed 
on day 1, day 4, day 8 and day 15 after surgery 
(Fig. 1a–d). In total, 29 separate islet-contain-
ing regions of interest were identified. In these 
areas, beta cell and total cell volume were mea-
sured by volumetric calculation of the DsRed 
and EGFP signal. DsRed volume at 15 days was 
2.1 times that at day 1 (7.4×105 ±1.1×105 µm3 
at day 1 vs 15.3×105 ±3.1×105 µm3 at day 15, 
p=0.029), while EGFP volume did not signifi-
cantly increase over this time (4.7×105 ±0.7×105 
µm3 at day 1 vs 6.9×105 ±1.6×105 µm3 at day 
15, p = 0.22) (Fig. 1e). The relative EGFP con-
tent decreased from 69.5 ± 6.5% on day 1 to 
44.5 ± 5.0% on day 15 (p = 0.004) (Fig. 1f ). To 
show that human islet cells can also be sequen-
tially imaged, HIP-GFP-transduced human 
islet cell aggregates were transplanted under the 
kidney capsule. Approximately 50% of all trans-
planted cells expressed GFP after transduction 
prior to transplantation (ESM Fig. 3). Beta cells 
expressing GFP could be clearly visualised on 
days 1, 4, 8 and 15 after transplantation under 
the kidney capsule (Fig. 1g–j).

Visualisation of islet graft vasculature and 
blood flow

Blood vessels were visualised in MIP-EGFP 
islet grafts after injection of Texas Red-labelled 
dextrans into the tail vein. The first signs of 
vascularisation were recorded 3 days after trans- 
plantation, when blood vessels could be identi-
fied within and surrounding the islets (Fig. 1k, 
ESM Fig. 4).

Transplanted embryonic pancreas increases in 
size and forms islets within 2 weeks 

To demonstrate that large tissue grafts can 
be visualised and to monitor pancreatic develop- 
ment in a quantitative fashion, we transplanted 
two to four E12.5 embryonic pancreases from 
pregnant MIP-EGFP/CAG-DsRed mice under 
the kidney capsule of NSG mice before an 
AIW was fitted (n = 7). One day after trans-
plantation, 27.3 ± 3.6 EGFP-positive cells were 
present per embryonic pancreas (n = 18). These 
cells were usually single and dispersed through-
out the embryonic pancreas (Fig. 2a). When 
multiple pancreases were transplanted, the grafts 
joined together over time (Fig. 2a–e). After 7 
days, the first islet-like clusters were visible in 
the grafts (Fig. 2f, ESM movie). Mature islets 
were present 2 weeks after transplantation, as il-
lustrated by rounded and separated EGFP-pos-
itive cell clusters during intravital imaging (Fig. 
2g) and immunohistochemical staining for 

Figure 1: Vascularisation and survival of pancreatic islets transplanted under the kidney capsule of immune deficient 
NSG mice. (a–d) Maximum projection image (projecting all xy focal planes into a single 2D image) of murine 
MIP-EGFP/CAG-DsRed islets transplanted under the kidney capsule. The grafts were imaged on day 1, 4, 8 and 15. 
MIP-EGFP (green), CAG-DsRed (red). Scale bar, 250 µm. (e) Tissue volume of all pancreatic cells (CAG-DsRed, in 
red) and beta cells (MIP-EGFP, in green) in transplanted MIP-EGFP/CAG-DsRed islets over time. DsRed volume 
was significantly increased on day 15 compared with day 1. (f ) Percentage of the volume of beta cells (EGFP %) over 
whole tissue volume (DsRed) in transplanted MIP-EGFP/CAG-DsRed islets over time. The percentage of beta cells was 
significantly decreased on day 8 and 15 compared to day 1. (g–j) Human pancreatic islets were dispersed into single 
cells, transduced with a lentivirus containing a HIP-GFP virus, and reaggregated overnight on ultra-low attachment 
plates. After 1 week in culture, islet cell aggregates were visually assessed and transplanted if at least 50% of the cells 
were fluorescent. Maximum projection images of transplanted islets were captured on day 1, 4, 8 and 15. HIP-GFP 
(green). Scale bar, 250 µ m. (k) Image of a single xy focal plane of transplanted MIP-EGFP islets 3 days after trans-
plantation. Blood vessels (red) were visualised after a tail vein injection of Texas Red-conjugated dextran solution. The 
arrowhead marks a transplanted islet of which several xy focal planes are merged into a mosaic in ESM Fig. 4. Scale 
bar, 100 µm. Data are mean ± SEM. *p < 0.05, **p < 0.01 vs day 1. TX, transplant
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insulin and glucagon (Fig. 2h). DsRed volume 
at 14 days was 6.1 times that at day 1 (9.5 
±2.1×107 µm3 at day 1 vs 5.8±1.2×108 µm3 at 
day 14, p=0.014), and EGFP volume was 90 
times that at day 1 (2.3±0.5×105 µm3 at day 1 
vs 2.1±0.7×107 µm3 day 14, p=0.04) (Fig. 2i). 
After 2 weeks, the EGFP-positive cells repre-
sented 3.34 ± 0.78% of the DsRed-positive cells 
(Fig. 2j).

Discussion

Here we describe a novel intravital imaging 
model to study mature islet cells and developing 
pancreatic tissue using an abdominal imaging 
window. Tissues transplanted under the kidney 
capsule, which is considered the gold standard 
site for studying islet grafts, can be sequentially 
imaged for at least 2 weeks. Using fluorescent 
markers, we longitudinally measured engraft-
ment, expansion, differentiation and vascularisa-
tion in transplanted developing pancreatic tissue 
and mature islets.

Alternative intravital imaging methods have 
been used to study islet function, survival and 
vascularisation over time. While the anterior 
chamber of the eye model allows prolonged (up 
to 6 months) sequential intravital imaging of 
transplanted pancreatic islets [7], it is limited by 
the tissue volume that can be transplanted. This 
reduces options to transplant large amounts of 

tissue, or tissues with expansion capacity over 
time.

Our model allows the dynamic characterisa-
tion of the embryonic pancreas, which under-
goes further development and expansion after 
transplantation under the kidney capsule [8]. 
Fetal pancreases are by nature highly prolifera-
tive [9]. The time course of growth and differen-
tiation of embryonic pancreases transplanted 
under the kidney capsule is very similar to that 
observed in eutopic pancreatic development 
[10]. Sequential intravital imaging shows the 
process of islet neogenesis, as indicated by the 
appearance of rounded clusters of fluorescent 
cells. In the majority of embryonic pancreatic 
tissue transplants no acinar tissue was observed, 
as reported previously [8]. This is probably the 
reason why the percentage of beta cells in our 
grafts is relatively high compared with normal 
pancreatic development.

We were also able to dynamically assess 
transplanted islet grafts. Islets were connected 
to the host vasculature within 3 days, which is 
in line with previous findings [7]. Generally, 
placement of an imaging window did not affect 
survival or function of islets transplanted under 
the kidney capsule.

Important processes such as engraftment, 
vascularisation, expansion and differentiation 
can be studied using this imaging method. The 

Figure 2: Expansion and differentiation of MIP-EGP/CAG-DsRed embryonic pancreas (E12.5) under the kid-
ney capsule of immunodeficient NSG mice. (a–e) Images of individual xy focal planes of embryonic pancreases 
from MIP-EGFP/CAG-DsRed mice transplanted under the kidney capsule and imaged on day 1, 3, 5, 7 and 
14. MIP-EGFP (green), CAG-DsRed (red). Scale bar, 1000 µm. (f–g) Higher magnification of individual xy focal 
planes showing islets in the transplanted embryonic pancreas (red) on day 7 and 14 after transplantation. Blood vessels 
(Bv) and islets (Isl) can be clearly distinguished. MIP-EGFP (green), CAG-DsRed (red). Scale bar, 250 µm. (h) 
Immunohistochemical staining for insulin (red), glucagon (green) and DAPI (blue) 14 days after transplantation of 
embryonic pancreatic tissue. Arrowheads mark ductal structures. Scale bar, 250 µm. (i) Volume of the total embryonic 
pancreatic tissue (CAG-DsRed, in red) and the insulin-expressing cells (MIP-EGFP, in green) after transplantation. 
DsRed volume was significantly increased on day 7 and 14 compared with day 1, and EGFP volume was significantly 
increased on day 14 compared with day 1. (j) Percentage of the volume of the insulin-expressing cells (EGFP %) out of 
the total embryonic pancreatic tissue volume (DsRed) after transplantation. EGFP volume was significantly increased 
on day 14 compared with day 1. Data are mean ± SEM. * p<0.05 and ** p<0.01 vs day 1. TX, transplant



2

Page 30

technique can therefore be a valuable tool in 
beta cell replacement therapy using progeni-
tor cells, islet inflammation and rejection. In 
conclusion, we have developed a novel method 
to dynamically image both mature islet cells and 
developing pancreatic tissue.

Abbreviations
AIW: Abdominal imaging window

CAG-DsRed: Cytomegalovirus–actin–globin 
promoter red fluorescent protein

GFP: Green fluorescent protein

HIP-GFP: Human insulin promoter-green 
fluorescent protein

MIP-EGFP: Mouse insulin promoter-en-
hancedww green fluorescent protein

NSG mice: NOD severe combined immunode-
ficiency gamma mice
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Legends ESM figures

ESM figure 1 Procedures for abdominal win-
dow insertion [4] and intravital microscopy of 
grafts transplanted under the kidney capsule. 
(a) The skin and abdominal muscle of the left 
flank are opened, the kidney is surfaced and 
pancreatic islets or embryonic pancreases are 
transplanted using standard procedures. (b) 
The kidney is replaced into the retroperitoneal 
space and a purse-string suture is made in the 
abdominal wall. (c) The kidney is repositioned 
outside the abdominal wall and the purse-string 
suture is tightened so that the kidney is now 
positioned in the subcutaneous space. (d) A 
similar purse-string suture is made into the skin 
surrounding the incision. (e) An abdominal 
imaging window is placed into the incision in 
the skin. (f ) Tightening the purse-string suture 
in the skin fixes the window in place, creating 
an airtight barrier.

ESM figure 2 Effects of an abdominal imaging 
window insertion. NSG mice were treated with 
a single intraperitoneal injection of 130 mg/
kg streptozotocin (Sigma Aldrich, S0130) to 
induce hyperglycemia. Insulin glargine (Lantus, 
Sanofi-Aventis) was administered subcutane-
ously if blood glucose concentrations were 
>20mmol/l. (a) Change in body weight of mice 
with (AIW) or without (CTRL) an abdominal 
imaging window after transplantation of 2000 
IEQ human islets (n=5 per group). (b) An IP-
GTT was performed on AIW and CTRL mice 
that were fasted for 16 hours, 28 days after sur-
gery. Baseline blood glucose was measured, after 
which mice received a 3 mg/kg intraperitoneal 
injection of glucose. Blood glucose concentra-
tions were determined at 15, 30, 60 and 120 
minutes post injection. (c) Human C-peptide 
concentrations on day 28 after surgery in AIW 
and CTRL NSG mice transplanted with human 
islets. (d) Islet graft size and fibrous capsule 
thickness. (e-f ) Immunohistochemical stain-
ing for insulin and glucagon in sections from 
human islet grafts 28 days after transplantation. 

(g) Percentage of insulin positive cells with 
respect to all insulin and glucagon positive cells. 
CTRL = lines & open circles, or white bars. 
AIW = dotted lines & closed squares, or black 
bars. Data are mean ± SEM. Scale bar 250 µm.

ESM figure 3 Transduction efficiency of human 
islet aggregates after a single-cell transduction 
with a HIP-GFP virus, reaggregation and 
culture for 7 days. HIP-GFP: Green fluorescent 
protein (GFP) under the transcriptional regu-
lation of the human insulin promoter (HIP). 
Scale bar 250 µm.

ESM figure 4 wMosaic of individual XY focal 
plane images of MIP-EGFP islets three days 
after transplantation, and Texas Red labelled 
blood vessels inside these islets. The distance 
between individual images is 2μm. Arrowheads 
indicate a blood vessel surrounding the islet, 
arrows indicate a blood vessel inside the islet. 
Scale bar 100 µm.
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ESM Methods

Mouse pancreatic islet isolation 

Animals between 7 and 12 weeks of age 
were killed after which pancreases were dissected 
from the animals. Pancreatic tissue was then dis-
sected into small pieces (approximately 1 mm3). 
These pieces were incubated in 3ml RPMI me-
dium (Thermo Fisher, 72400-021) containing 
3mg/ml collagenase (Sigma Aldrich, St. Louis, 
MO, USA, C9263) in a shaking incubator at 
37°C until a homogenous digest was obtained. 
Islets were immediately washed in RPMI me-
dium containing 10% FBS, handpicked based 
on EGFP expression and transplanted within 4 
hours after isolation.

Mouse embryonic pancreas isolation 

Embryonic pancreases were dissected from 
E12.5 mouse embryos as described before [1] 
and kept in BME medium (Thermo Fisher, 
4101-026) containing 100U/ml penicil-
lin-streptomycin (Thermo Fisher, 15140-122), 
50µg/ml gentamicin (Thermo Fisher, 15710-
049), 1% glutamax (Thermo Fisher, 35050-
061) and 10% FBS on ice until transplantation. 

Human pancreatic islets and lentiviral trans-
duction 

For lentiviral transduction, the human 
islets were first dispersed into single cells using 
TrypLE (Thermo Fisher, 12605-010) containing 
10µg/ml pulmozyme (Roche, Basel, Switzer-
land). A lentivirus containing a green fluores-
cent protein (GFP) under transcriptional regu-
lation of the human insulin promoter (HIP) [2] 
was used. The HIP-GFP lentivirus was added 
to the dispersed cells at 20µg/ml, centrifuged 
at 300g for 1 hour, followed by incubation at 
37°C for 3 hours. Cells were washed in PBS 
and cultured in RPMI medium containing 10% 
FBS on ultra-low attachment plates (Corning, 
Corning, NY, USA, 3471) during which spon-

taneous reaggregation occurred.

Islet or embryonic pancreas transplantation 
and positioning of an intra-abdominal imag-
ing window

NSG mice were anesthetized using isoflu-
rane. The lateral abdominal area on the left 
flank was shaved and an incision was made in 
both skin and abdominal muscle over the left 
kidney. The kidney was exposed and either 
10-25 mouse islets, 2000 human islet equiva-
lents (IEQ) or 2-4 embryonic pancreases were 
transplanted under the kidney capsule. A purse-
string suture was made in the abdominal muscle 
and the kidney was fixed in place by tightening 
the suture which prevented the kidney from 
recoiling into the abdominal cavity, while blood 
vessels and ureter remained intact. A second 
purse-string suture was made in the skin and 
an abdominal imaging window (AIW) [3] was 
fitted into the incision. Tightening the suture 
fixed the window in the skin, leaving the graft 
directly underneath it (sFig 1). Mice received a 
single dose of 3µg buprenorphin (Temgesic, RB 
Pharmaceuticals Ltd, Richmond, VA, USA) as 
post-surgical pain relief. In control animals, no 
AIW was fitted, and the kidney was returned to 
the retroperitoneal space before muscle and skin 
closure using standard procedures.

Histological analysis 

After killing the mice, the graft-containing 
kidney was removed and either fixed over-
night in a 4% paraformaldehyde solution and 
embedded in paraffin, or fixed overnight in 1% 
paraformaldehyde solution in PBS contain-
ing 2.12mg/ml sodium periodate and 75mM 
l-lysine, cryoprotected in 30% sucrose for 6 
hours and frozen in tissue freezing medium 
(Leica, Wetzlar, Germany, #14020108926). 
Paraffin sections were cut at 4µm and stained 
with haematoxylin and eosin for the determi-
nation of graft size and capsule thickness. Six 
to nine haematoxylin and eosin stained tissue 
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sections per graft were analysed with sections 
being 100-150µm apart. The measurement in 
every section comprised the largest diameter of 
the graft and capsule using Leica LAS AF 2.6 
software. A mean diameter for graft and capsule 
per mouse was calculated. Cryosections were 
used for immunohistochemical staining. Prima-
ry antibodies against insulin (1:100, Ab7842, 
Abcam, Cambridge, UK) and glucagon (1:100, 
VP-G806, Vector labs, Burlingame, CA, USA) 
were used. Biotin-conjugated donkey anti rabbit 
(1:200, 711-065-152, Jackson Immunoresearch 
Ltd, West Grove, PA, USA), TRITC anti 
guinea-pig (1:400, 706-025-148, Jackson Im-
munoresearch Ltd) and Alexa 488 streptavidin 
(1:200, S-11223, Life Technologies) were used 
as secondary antibodies. Bright field images 
were acquired using a DM4000 microscope 
(Leica) with LAS AF software version 3.1. 
Fluorescent images were acquired using an in-
verted TCS SP5 microscope (Leica) with a 4W 
multiphoton chameleon Ti:Sapphire–pumped 
optical parametric oscillator (Coherent Inc, 
Santa Clara, CA, USA). For DAPI, multipho-
ton excitation was performed at 780nm. Other 
fluorophores were excited using single photon 
laser lines. Alexa488 and EGFP were excited at 
488nm, and Alexa568, TRITC and DsRed at 
561nm. Emission was collected at 400-460nm 
for DAPI, 510-550nm for Alexa488 and EGFP, 
and 570-610nm for Alexa568, TRITC and 
DsRed. 

`Image stacks from grafts that covered mul-
tiple fields of view were stitched together and 
exported using LAS AF software 2.6 (Leica). 
Maximum projection images were generated 
using ImageJ 1.49k. Reconstructions in 3D and 
volumetric calculations were made using Voloc-
ity software version 6.0 (PerkinElmer, Waltham, 
MA, USA). 
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Abstract

Introduction and aim: The existence of 
endocrine progenitors in the pancreas with a 
mesenchymal phenotype has been previously 
described, but these cells have been poorly 
characterized due to the lack of a good mod-
el. We aimed to use a novel intravital micros-
copy technique to dynamically characterize 
migratory behavior of endocrine progenitors 
in the developing pancreas. 

Methods and Results: Adult and embry-
onic pancreases from mouse insulin promot-
er-green fluorescent protein (MIP-GFP) mice 
were stained for GFP, insulin and glucagon 
to confirm that GFP-positive cells from 
MIP-GFP mice contain a subpopulation of 
endocrine progenitors during development. 
Embryonic age (E)12.5 pancreases were 
transplanted under the kidney capsule and 
the grafts were analyzed three and seven days 
after transplantation. Histological compari-
son of day three and day seven grafts to E15.5 
and E18.5 embryonic pancreas, respectively, 
revealed that endocrine pancreas develop-
ment appeared to be similar in transplanted 
embryonic pancreas grafts compared to 
eutopic embryonic pancreas development. 
Time lapse intravital imaging on day three 
and day seven grafts showed that 9.1% of 
all GFP positive cells expressed a migratory 
phenotype three days after transplantation. A 
lower number of migratory cells (4.0%) was 
observed seven days after transplantation. 

Conclusions: Using intravital microsco-
py on transplanted embryonic pancreases, 
migration of endocrine progenitors can be 
further characterized. 

Introduction

Beta cells arise from Sox9 expressing trunk 
cells in the pancreatic epithelium during devel-
opment. Under influence of Notch signaling 
[1], these cells start expressing neurogenin 
3, delaminate from the ductal lining [2] and 
undergo epithelial-to-mesenchymal transition 
(EMT) [3]. Delaminated cells originating from 
neurogenin 3-positive cells mature towards 
endocrine cells [4, 5]. Under the influence of 
several important transcription factors, these 
cells will make a fate choice to end up in islets 
of Langerhans as either alpha, beta, gamma, del-
ta or epsilon cells [6]. Although gene regulatory 
networks have been widely characterized [7], 
few studies have investigated cellular behavior 
during in vivo development. Islet cell progeni-
tors, after delamination, express vimentin and 
members of the snail family indicating a mes-
enchymal phase [8]. Although it is known that 
after birth stretches of endocrine cells break into 
smaller pieces that start proliferating to form is-
lets of Langerhans [9], little data is available on 
the prenatal behavior of delaminated endocrine 
precursors and the initial formation of islet cell 
aggregates.

Intravital microscopy using body imaging 
windows is a powerful technique that allows 
dynamic characterization of tissues and cells 
in vivo [10, 11]. We developed a method to 
intravitally image tissue transplanted under the 
kidney capsule [12] whereby islets showed good 
engraftment and function after transplantation. 
Additionally, under the kidney capsule trans-
planted embryonic pancreases were shown to be 
able to reverse hyperglycemia [13, 14]. Histo-
logical analysis of these transplanted embryonic 
pancreases also revealed normal development of 
ductal structures and islets of Langerhans, but 
a complete agenesis of acinar tissue [13]. We 
found that islet-like structures could already 
be identified one week after transplantation 
of embryonic pancreases, and mature islets of 
Langerhans were found as early as two weeks 
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after transplantation [12].

Mice expressing green fluorescent protein 
under the mouse insulin promotor (MIP-GFP 
transgenic mice) show green fluorescence in 
beta cells [15]. Although all GFP-positive 
cells express insulin, almost half of these cells 
co-express other pancreatic endocrine hormones 
such as glucagon, somatostatin and pancreatic 
polypeptide in adult mice. In embryonic age 
(E)15.5 embryonic pancreases, this co-expres-
sion occurred in 60% of cells. Notably, more 
than 10% of all GFP-positive cells at E15.5 
co-expressed neurogenin 3 [16]. These findings 
clearly indicate that during embryonic devel-
opment besides GFP-positive mature beta cells, 
also a subpopulation of immature, progeni-
tor-like cells is present. However, these findings 
are solely based on RNA expression profiling 
[16].

In this study, we show that the developmen-
tal time line is comparable between eutopic em-
bryonic pancreases and transplanted embryonic 
pancreases. We confirm that GFP positive cells 
in the developing pancreas contain a subpop-
ulation of endocrine progenitor cells based on 
protein stainings, and we performed time lapse 
intravital imaging on MIP-GFP grafts trans-
planted under the kidney capsule to study the 
migratory capacity of GFP positive cells in the 
developing pancreas. 

Methods

Mouse models 

Adult and embryonic pancreas tissue was 
isolated from mice expressing a combination of 
green fluorescent protein under transcriptional 
control of the mouse insulin promoter (MIP-
GFP; the Jackson Laboratory #006864), red 
fluorescent protein under transcriptional control 
of the cytomegalovirus-actin-globulin pro-
moter (CAG-DsRed; The Jackson Laboratory 
#005441) and/or monomeric cyan fluorescent 

protein under transcriptional control of the 
cadherin 1 promoter (Ecad-CFP; The Jackson 
laboratory #016933). Transplantation was 
performed in NOD severe combined immu-
nodeficiency gamma mice (NSG; The Jackson 
Laboratory #005557).

Tissue isolation

Embryonic tissue was isolated as described 
previously [17]. In short, uteri from pregnant 
female mice were collected at E12.5, E15.5 or 
E18.5. Embryonic pancreases were then isolated 
from the embryos by dissection. Adult pancre-
ases were isolated from mice between seven and 
twelve weeks.

Embryonic pancreas transplantation

After isolation, embryonic pancreases 
were stored in BME medium (Thermo Fisher 
#4101026) containing 100 U/ml penicil-
lin-streptomycin (Thermo Fisher #15140122), 
50 µg/ml gentamicin (Thermo Fisher 
#15710-049), 1% glutamax (Thermo Fisher 
#35050061) and 10% FBS. The embryonic 
pancreases were transplanted as described 
previously [12]. In short, an incision was made 
on the left flank of the mouse. The kidney was 
exposed and 3-4 E12.5 embryonic pancreases 
were transplanted under the kidney capsule. 
Using a purse-string suture to reduce the size of 
the incision in the abdominal wall, the kidney 
was prevented from recoiling into the abdom-
inal cavity. A second purse-string suture in the 
skin allowed the fixing of an abdominal imaging 
window (AIW) on top of the graft containing 
kidney so that microscopy of the transplanted 
tissue could be performed. Mice were sacrificed 
three or seven days after transplantation, and 
graft-containing kidneys were retrieved for 
histological analysis. In mice that were used 
only for histology, no AIW was placed, and the 
kidney was returned to the abdominal cavity af-
ter transplantation of the embryonic pancreases 
and both the abdominal wall and the skin were 
closed using standard procedures. 
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Intravital microscopy and image analysis

Intravital imaging was performed as de-
scribed previously [11, 12]. In short, mice were 
anesthetized using isoflurane and positioned in 
a specially designed imaging box in such a way 
that the AIW would be located directly on top 
of the objective of an inverted TCS SP5 mi-
croscope (Leica) fitted with a 4W multiphoton 
laser (chameleon Ti:Sapphire-pumped optical 
parametric oscillator, Coherent Inc). The im-
aging box with the mouse was inserted into the 
climate chamber (ambient temperature 35.5°C) 
Images were acquired at resolutions between 
0.6x0.6x2.0 µm and 2.4x2.4x5.0 µm (xyz) with 
15 minute intervals for seven hours. For CFP, 
multiphoton excitation was performed at 840 
nm, and the emission was collected at 455-505 
nm. For GFP and DsRed, multiphoton exci-
tation was performed at 960 nm, and the emis-
sion was collected at 505-555 nm (GFP), and/
or 555-695 nm (DsRed). Images obtained from 
intravital imaging were corrected for xy and z 
drift using in-house developed software [18-20]. 
After correction, individual xy-focal planes from 
multiple regions of interest (ROI) in which 
GFP-positive cells, CFP-positive cells and/or 
clearly recognizable DsRed-positive structures 
could be identified, were selected. Movement of 
these cells or structures was measured using Fiji 
(ImageJ) with the manual cell tracking plugin. 
Speed was calculated by dividing distance 
and time after every time point, in µm/min. 
Displacement was calculated by measuring the 
vector between the first and last time point, 
in µm. GFP-positive cells were considered 
migratory if they displayed a higher speed and/
or displacement than the average CFP-positive 
cells and DsRed-positive structures plus two 
standard deviations. Per time point, the percent-
age of GFP-positive migratory cells out of all 
GFP-positive cells was determined. 

Histology 

Graft containing kidneys were dissected so 
that only the graft and the directly surrounding 

kidney tissue remained. All grafts and E12.5, 
E15.5 and E18.5 embryonic pancreases were 
fixed in freshly prepared 4% paraformaldehyde 
solution for two hours. For paraffin sectioning, 
tissue was dehydrated and embedded in paraffin 
blocks. For cryosectioning, tissue was cryopro-
tected in 30% sucrose solution for six hours or 
overnight and frozen in tissue freezing medium 
(Leica #14020108926). Sections were cut at 4 
µm for paraffin, or 10 µm for cryo.

For immunohistochemical stainings, the 
following antibodies were used: guinea pig anti 
insulin (Abcam #Ab7842, 1:100), rabbit anti 
glucagon (Vector Labs #VP-G806, 1:200), 
mouse anti GFP (Roche #11814460001, 
1:200), rabbit anti Mafb (Atlas Antibodies 
#HPA005653, 1:250), rabbit anti chromogr-
anin A (Abcam #Ab45179, 1:200), mouse anti 
cadherin 1 (BD Biosciences #610182, 1:500), 
rabbit anti neurogenin 3 (Millipore #Ab10535, 
1:500), rabbit anti Ki67 (Abcam #Ab16667, 
1:500), biotin conjugated donkey anti rabbit 
(Jackson Immunoresearch Ltd #711-065-152, 
1:200), Alexa488 conjugated goat anti rabbit 
(Thermo Fisher #A11008, 1:200), Alexa488 
conjugated goat anti mouse (Thermo Fisher 
#A11029, 1:200), Alexa568 conjugated goat 
anti rat (Thermo Fisher #A11077, 1:200), Tritc 
conjugated donkey anti guinea pig (Jackson 
Immunoresearch #706-025-148, 1:200), 
Alexa633 conjugated goat anti mouse (Thermo 
Fisher #A21050, 1:200), Alexa647 conjugat-
ed goat anti rabbit (Thermo Fisher #A21244, 
1:200), Streptavidin Alexa488 (Thermo Fisher 
#S11223, 1:200). Cell death was visualized us-
ing a TUNEL assay conjugated with Alexa647 
(Thermo Fisher #C10619). Nuclei were stained 
using DAPI (Sigma Aldrich #D9542, 20 ?g/ml).

Three adult pancreases from MIP-GFP 
mice and three E15.5 embryonic pancreases 
from MIP-GFP mice were stained for insu-
lin, glucagon and GFP. All insulin-positive, 
GFP-positive, and/or glucagon-positive cells 
were counted. In adult pancreas, 10’167 cells 
were counted. In E15.5 embryonic pancreas, 
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1’039 cells were counted. The percentage of 
insulin-positive cells out of all GFP-positive 
cells, the percentage GFP-positive cells out of 
all insulin-positive cells and the percentage of 
glucagon-positive cells out of all GFP-positive 
cells was determined.  

Sections from E15.5 and E18.5, and from 
grafts three or seven days after transplanta-
tion, were immunohistochemically stained for 
cadherin 1, chromogranin A, neurogenin 3, 

Ki67, and for apoptosis using TUNEL assay. 
DAPI-positive nuclei were counted automati-
cally. The DAPI channel was transformed into 
a greyscale 8-bit image, thresholding was per-
formed manually so that all nuclei were visible 
with the highest possible contrast, the image 
was watershedded to seperate nuclei that were 
close together and the nuclei were counted us-
ing particle analysis (size 50-20000, circularity 
0.00-1.00). Cadherin 1, chromogranin A, and 
neurogenin 3-positive cells were calculated man-
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Figure 1: Not all insulin positive cells are GFP positive in the adult pancreas, and not all GFP positive cells are insulin 
positive in embryonic pancreas. A) Representative image of islets in the adult pancreas where almost all the insulin 
positive cells are also GFP positive. DAPI in blue, GFP in green, insulin in red. Scale bar 100 µm. B-D) Greyscale 
images of DAPI, GFP and insulin channels from panel A. E) Representative image of islets in the adult pancreas 
where many insulin positive cells are negative for GFP. Yellow arrowheads indicate examples of cells that are negative 
for GFP and positive for insulin. DAPI in blue, GFP in green, insulin in red. Scale bar 100 µm. F-H) Greyscale 
images of DAPI, GFP and insulin channels from panel E. I) Representative image of islet cells in the embryonic pan-
creas at E15.5. Yellow arrowheads indicate examples of cells that are negative for GFP and positive for insulin. White 
arrows indicate cells that are positive for GFP and negative for insulin. DAPI in blue, GFP in green, insulin in red. 
Scale bar 100 µm. J-L) Greyscale images of DAPI, GFP and insulin channels from panel I.
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ually using Fiji (ImageJ) with the cell counter 
plugin, and were expressed as percentages out 
of the total number of DAPI nuclei per image, 
while Ki67 and TUNEL-positive cells were 
manually counted and expressed as percentages 
of cadherin 1-positive cells. 

Statistical analysis

Differences between groups were calculated 
using two-way Student’s t-tests. Data were con-
sidered significant when p<0.05. All statistical 
analyses were performed using R (www.R-proj-
ect.org).

Results

GFP from MIP-GFP mice is beta cell specific 
in adult pancreas but not in E15.5 embryonic 
pancreas

Pancreas sections from three adult MIP-
GFP mice were immunohistochemically 
stained for GFP, insulin and glucagon. In total, 
39.3±8.5 islets per mouse were counted. In 
some islets almost all GFP-positive cells were 
positive for insulin (Figure 1a-d), while in some 
islets more than 50% of the insulin-positive 
cells were not positive for GFP (Figure 1e-h). 
On average, 78.4±11.34% of insulin-positive 

cells were also positive for GFP. Out of 6218 
counted cells, only one cell was positive for 
GFP but negative for insulin. We identified 
five cells that were positive for both GFP and 
glucagon out of 3949 counted cells. 

Sections from three E15.5 embryonic 
pancreases from MIP-GFP mice were also 
stained for GFP, insulin and glucagon. Islets 
did not yet form in these tissues, so individual 
cells were counted. In total, 441 cells that were 
positive for GFP and/or insulin were counted 
to investigate the relation between GFP and 
insulin. Of these cells, 53.6±9.0% were double 
positive for GFP and insulin, while 38.0±11.8% 
were only positive for insulin. We identified 
8.4±3.6% of all cells to be negative for GFP but 
positive for insulin (Figure 1i-l). All GFP and/
or insulin-positive cells were positive for Mafb 
(supplemental Figure 1). Only two cells out of 
596 GFP and/or glucagon-positive cells were 
found that co-expressed GFP and glucagon. 

Similar development of endocrine cells in 
transplanted and eutopic embryonic pancreas

Three days after transplantation of E12.5 
embryonic pancreases, there was a non-signif-
icant lower percentage of cadherin 1-positive 
cells compared to E15.5 embryonic pancreases 

Figure 2: Transplanted embryonic pancreas develops similarly compared to normal embryonic pancreas development. 
A-D) Staining for Chga and Cdh1 in embryonic pancreatic tissue 3 days after transplantation, E15.5 pancreas, em-
bryonic pancreatic tissue 7 days after transplantation and E18.5 pancreas. DAPI in blue, Chga in green and Cdh1 in 
red. Scale bar 100 µm. E-H) Staining for Neurog3 and Cdh1 in embryonic pancreatic tissue 3 days after transplan-
tation, E15.5 pancreas, embryonic pancreatic tissue 7 days after transplantation and E18.5 pancreas. DAPI in blue, 
Neurog3 in green and Cdh1 in red. White dotted line in panel E indicates borders of the graft. Scale bar 100 µm. I-L) 
Staining for Ki67 and Cdh1 in embryonic pancreatic tissue 3 days after transplantation, E15.5 pancreas, embryonic 
pancreatic tissue 7 days after transplantation and E18.5 pancreas. DAPI in blue, Ki67 in green and Cdh1 in red. 
Scale bar 100 µm. M-P) Staining for TUNEL and Cdh1 in embryonic pancreatic tissue 3 days after transplantation, 
E15.5 pancreas, embryonic pancreatic tissue 7 days after transplantation and E18.5 pancreas. DAPI in blue, TUNEL 
in green and Cdh1 in red. Yellow arrowheads indicate examples of Cdh1 positive cells that are positive for TUNEL. 
Scale bar 100 µm. Q-U) Percentages of Cdh1 (Q), Chga (R) and Neurog3 (S) positive cells compared to the total 
DAPI positive nuclei, and the percentages of Ki67 (T) and TUNEL (U) positive cells compared to the total Cdh1 
positive cells. Charts are ordered from 3 day old grafts (lightest grey) to E15.5 pancreas, 7 day old grafts and E18.5 
pancreas (darkest grey). 
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(34.9±11.6% vs. 71.0±7.1%, respectively; 
p=0.07) (figure 2a-b, q). Seven days after 
transplantation, there was a non-significant 
lower peraentage of cadherin 1-positive cells 
compared to E18.5 embryonic pancreases 
(37.5±4.7% vs. 65.7±11.1%, respectively; 
p=0.11) (Figure 2c-d, q). Neurogenin 3-positive 
cells were present in three days old grafts and 

in E15.5 embryonic pancreases (6.2±3.6% and 
2.8±0.5%, respectively; p=0.44) (Figure 2e-f, 
s), while neurogenin 3-postivive cells could not 
be detected in  seven days old grafts and only 
in a very limited number in E18.5 pancreases 
(0.26±0.12%) (Figure 2g-h, s). Chromogranin 
A-positive cells were detected in all tissues with 
no significant differences between any of the 
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tissues, although there was a trend for more 
chromogranin A-positive cells in three days old 
grafts compared to E15.5 pancreas (7.8±2.9% 
vs. 1.3±0.6%, respectively; p=0.15) (Figure 2a-
d, r). Ki67-positive cells were detected in all tis-
sues, with a trend towards more Ki67-positive, 
cadherin 1-positive cells, as an indicator for pro-
liferation epithelial cells, in three days old grafts 
compared to E15.5 pancreas (12.01±3.63% vs. 
1.31±0.30%, respectively; p=0.10) (Figure 2i-l, 
t). TUNEL-positive, cadherin 1-positive cells, as 
an indicator for apoptotic epithelial cells, were 
uncommon (<1% in all tissues) (Figure 2m-p, 
u).

Embryonic pancreas grafts contain a GFP 
population with a migratory phenotype

Time lapse imaging was performed on 
E12.5 pancreases from MIP-GFP/CAG-DsRed 
or MIP-GFP/Ecad-CFP mice three and seven 
days after transplantation under the kidney 
capsule of NSG mice in order to determine 
migration capacity of GFP-positive cells. For 
both three days and seven days after trans-
plantation, NSG mice were transplanted with 
three or four embryonic pancreases per mouse. 
Due to expansion and fusion of the embryonic 
tissue, separate embryonic pancreases could not 
be distinguished in a graft. Intravital time lapse 
imaging could be performed in three mice with 
three day old grafts, and in three mice with 
seven day old grafts. 

Migratory GFP-positive cells could be clear-
ly identified on day three after transplantation 
(Figure 3a-d).  Many of these cells had a mesen-
chymal-like shape. A total of 515 GFP-positive 
cells and 266-CFP positive cells or DsRed-pos-
itive structures as control were measured for 
speed and displacement (Figure 3i). Of the 
GFP-positive cells, 34 cells showed higher speed 
and 15 cells showed higher displacement com-
pared to background. Of these cells, 2 cells had 
both a higher speed and displacement compared 
to background. In total 9.1% of all GFP-posi-
tive cells showed a migratory phenotype (figure 

3j). 

On day seven after transplantation, islet like 
structures could be detected in the grafts (Figure 
3e-h). These grafts also contained GFP-positive 
cells with a mesenchymal phenotype but the 
frequency of these cells was reduced compared 
to day three grafts. A total of 348 GFP-positive 
cells and 113 CFP-positive cells or DsRed-pos-
itive structures were measured for speed and 
displacement (Figure 3k). Four cells were identi-
fied with a higher speed, and 10 cells with a 
higher displacement compared to background. 
Of these, 3 cells showed both a higher speed 
and displacement than the background cells and 
structures. In total, 4.0% of the GFP-positive 
cells on day seven showed a migratory pheno-
type (Figure 3l). 

For both day three and day seven grafts, 
no positive relationship between speed and 
displacement was found (figure 3j,l).

Discussion

Here we describe the migration character-
istics of a subpopulation of cells expressing the 
insulin gene in embryonic pancreatic tissue 
from MIP-GFP mice transplanted under the 
kidney capsule. Migration of islet cell progen-
itors has previously been investigated using 
immunohistochemical stainings [3], in vitro 
culturing [21] and lineage tracing [22]. These 
methods confirm a migratory interphase of en-
docrine progenitors in which delaminated cells 
temporarily exist, but characterizing these cells 
has proven difficult because of limitations of the 
chosen method. Immunohistochemical staining 
does not capture the dynamic behavior of cells, 
embryonic pancreases cultured in vitro develop 
distinctly different from the in vivo situation, 
and lineage tracing gives information about the 
end-point of cells, not of the in-between phase. 

The grafts that were imaged showed no 
significant difference in beta cell composi-
tion compared to embryonic pancreases from 
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Figure 3: A subpopulation of GFP positive cells shows a migratory phenotype three days and seven days after transplan-
tation of E12.5 embryonic pancreas under the kidney capsule. A-D) Time lapse images of E12.5 MIP-GFP pancreas 
three days after transplantation, with 60 minute intervals. Migratory cells can be identified in the red dotted circle. 
GFP positive cells in green. Red arrowhead indicates an example of a cell that shows a migratory phenotype. White ar-
row indicates an example of a cell that does not show a migratory phenotype. Scale bar 100 µm. E-H) Time lapse im-
ages of E12.5 MIP-GFP/CAG-DsRed pancreas seven days after transplantation, with 60 minute intervals. Migratory 
cells can be identified in the red dotted circle. GFP positive cells in green, DsRed positive cells in red. Red arrowhead 
indicates an example of a cell that shows a migratory phenotype. White dotted circle indicates an islet-like structure. 
Scale bar 100 µm. I) Scatterplot of all GFP positive cells (green) and all background cells (red) in grafts three days 
after transplantation. J) Scatterplot of all migratory GFP positive cells (green) in grafts three days after transplanta-
tion. The trendline with R-square value indicates the relation between speed and displacement. K) Scatterplot of all 
GFP positive cells (green) and all background cells (red) in grafts seven days after transplantation.  J) Scatterplot of 
all migratory GFP positive cells (green) in grafts seven days after transplantation. The trendline with R-square value 
indicates the relation between speed and displacement.

comparable time points during development. 
However, there is an absence of acinar cells 
in transplanted embryonic tissue which is in 
line with previous findings [13, 14]. These 
findings might also explain the trend towards 
fewer cadherin 1-positive cells in the grafts. In 

general, islet cell development in transplanted 
embryonic pancreases under the kidney capsule 
appears to be very similar to eutopic embryonic 
pancreatic development, although trends for 
increased chromogranin A and Ki67 in three 
days old grafts indicate a more active neogenesis 
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process. By using intravital microscopy of the 
developing pancreas under the kidney capsule, 
our method is the first to dynamically capture 
behavior of migratory endocrine cells in the 
developing pancreas.

By making a distinction between speed 
and displacement, an estimation can be made 
regarding directionality of the migrating cells 
[23]. Cells with both a high speed and displace-
ment are migrating directionally, while cells 
with high speed but a low displacement are 
moving non-directionally, potentially ending 
up in the same spot as where they started. In 
our data, there does not seem to be a relation 
between speed and displacement, indicating 
that cells do not migrate directionally. 

A limitation of our study is that we are not 
able to more clearly characterize the GFP-posi-
tive cells with a migratory phenotype. The MIP-
GFP construct is not specifically expressed in 
beta cells during development, but also in other 
endocrine cell types and endocrine progenitors. 
This has previously been illustrated by multi-
plex qPCR on single cells showing that many 
multi-hormonal cells are present during devel-
opment, where GFP-positive cells were detected 
that expressed neurogenin 3 [16]. The current 
study further confirms this by showing that 
during development, GFP-positive cells can be 
negative for insulin protein as well. These cells, 
although negative for insulin, were positive for 
the endocrine marker Mafb. During time lapse 
imaging, we observed that the migrating cells 
have a mesenchymal phenotype. Further charac-
terization of migratory cells must be performed 
in order to investigate how islets of Langerhans 
are formed. 

Another limitation of our study is the soft-
ware we used for image analyses. The in-house 
software can correct for xy and z drift in tissue 
over time but not for rotation, zoom or defor-
mation, which causes background movement. 
We solved this issue by correcting our findings 
of GFP positive cells with data on movement 

of background structures, such as CFP positive 
epithelial cells or DsRed positive structures in 
the grafts. There was a considerable difference 
between the degree of background movement 
we encountered in mice, mostly caused by 
breathing.

In conclusion, we developed a method 
to track migratory endocrine progenitor cells 
during islet development in vivo. This method 
will allow the identification of factors that can 
modulate this migration.
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um.
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Abstract

Single cell transcriptome sequencing 
characterizes all different cell types in hetero-
geneous tissues. We used this technique to 
investigate how cells from different popula-
tions in the developing pancreas interact, and 
how genes are dynamically regulated during 
embryonic differentiation. Cells were isolated 
from embryonic pancreases during the sec-
ondary transition of development. These cells 
were processed, mapped and clustered using 
SORT-seq. In total, 17 clusters with different 
cell types were identified, including epithelial 
tip and trunk structures, cells with an endo-
crine cell fate and various stages of endocrine 
progenitor cells. Tissue maturation was 
confirmed by comparing cells from different 
embryonic ages, and by generating a lineage 
tree. Gene expression could be visualized in 
pseudotime and revealed three distinct endo-
crine progenitor clusters: a cluster specifically 
expressing Neurog3, a cluster expressing high 
levels of Vim and Chgb and a cluster from 
which all endocrine cell types appear to orig-
inate, expressing many well described genes 
involved in endocrine differentiation, such as 
Arx, Isl1, Rbp4, Pyy, Glud1, Pax6 and Neurod1. 
The generated transcriptome map of pancreas 
development reveals tissue complexity and 
dynamic behaviour of gene expression during 
pancreas organogenesis.

Introduction

Mouse pancreatic development is character-
ized by two main differentiation phases: the pri-
mary and secondary transition. The secondary 
transitional phase, characterized by segregation 
of the pancreatic epithelium into ductal tip 
and trunk domains and generally takes place 
between embryonic age 12.5 and 15.5 (E12.5 
and E15.5) [1, 2]. In the trunk region, lateral 
inhibition determines which cells will differen-
tiate into mature ductal cells, and which cells 

will differentiate towards an endocrine cell fate 
[3-5]. 

Neurogenin 3 (Neurog3) is a key transcrip-
tion factor involved in endocrine differentiation 
[6]. Upon expression of Neurog3, endocrine 
progenitors delaminate from the ductal lining 
to form the islets of Langerhans in the mesen-
chyme surrounding the pancreatic epithelium 
[7, 8]. These endocrine progenitors, which stop 
proliferation after committing to the endo-
crine lineage [9], make fate choices based on 
expression of key transcription factors as such 
to determine which endocrine cell type they 
will assume upon maturation. A first choice is 
imposed by the expression of mutually inhibito-
ry genes Pax4 or Arx, which push cells towards 
an alpha, beta or delta cell phenotype [10-12]. 
Later fate choices towards a beta cell phenotype 
involve Pax6, Neurod1, Nkx2.2, Nkx6.1, Mafa 
and Mafb [13-16]. Expression of these markers 
is well described, but dynamic patterns of these 
transcription factors remain poorly understood. 

Single cell transcriptomics is a relatively 
new approach that provides information on 
gene expression from individual cells [17-20]. 
The two main advantages over traditional bulk 
sequencing are the possibility to investigate cell 
heterogeneity within tissues, and the identifica-
tion of uncommon cell types that are masked 
by the most common cell types [21]. We and 
others have recently provided resources of 
gene expression in mature human and murine 
pancreatic tissue at a single cell level [22-27]. 
These resources show how single cells from the 
endocrine and exocrine pancreas can be clus-
tered based on expression profiles into alpha, 
beta, gamma, delta, epsilon, ductal and acinar 
clusters. Heterogeneity within these clusters 
could be detected, which was used to subdivide 
clusters and identify rare subpopulations of cells 
[22, 23, 25]. A new challenge lies in the unbi-
ased identification of progenitor cells, which can 
for example be achieved using cellular entropy 
[28] in combination with connectivity of cell 
clusters [29].
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Here, we describe how individual cells from 
multiple time points during the secondary 
transition of the pancreas can be pooled into a 
single dataset, and divided into separate clusters 
representing all cell types of the embryonic 
pancreas using SORT-seq [22]. This dataset 
can then be used to identify tissue maturation 
through time, to characterize progenitor clus-
ters, identify the distinct endocrine cell types 
of the pancreas that arise from these progeni-
tors and to reveal dynamic regulation of genes 
involved in these fate choices. 

Methods

Tissue preparation

Mouse embryos that express green fluores-
cent protein under transcriptional control of 
the mouse insulin promoter (MIP-GFP mice, 
Jackson Laboratories #006864) were isolated at 
embryonic age (E)12.5, E13.5, E14.5, E15.5 
and E18.5 as described previously [30]. Tissues 
were digested into single cells using TrypLE 
(Thermo Fisher #12605010) containing 10 µg/
ml pulmozyme (Roche, Basel, Switzerland), and 
washed with phosphate buffered saline (PBS) 
containing 10% fetal bovine serum (FBS, Ther-
mo Fisher #10500064). Cells were stored on ice 
until they were sorted using FACS. DAPI (Sig-
ma Aldrich #D9542, 20 µg/ml) or TO-PRO3 
(Thermo Fisher #T3605, 1µM) was added to 
cell suspensions immediately before sorting to 
distinguish between live and dead cells.

FACS sorting

Cells were then sorted as single cells into 
hard-shell 384 wells PCR plates (BioRad) con-
taining 100 or 200 nl of reverse transcription 
(RT) primers, dNTPs and ERCC spike-ins, and 
5 µl vapor-lock (Qiagen) using a FACSJazz or 
FACSAria II (BD biosciences) as described pre-
viously [22]. For every embryonic age, one 384 
wells plate was sorted with ungated live cells, 
and one plate was sorted with MIP-GFP-pos-

itive cells to enrich for endocrine cell types. 
Sorted cells in plates were snap frozen on dry ice 
and stored at -80°C.

Processing of sorted cells

Cells were processed using SORT-seq as 
described previously [22]. In short, cells were 
thawed on ice and lysed at 65°C, after which 
RT and second strand reactions were done. 
RT reactions were performed using primers 
containing a polyT tail, a four or six base pair 
unique molecular identifier (UMI) sequence, a 
cell-specific barcode sequence (eight base pairs), 
an illumina 5’ adapter and a T7 promoter 
sequence. After RT, each mRNA molecule was 
thus uniquely labeled. Contents from all wells 
in a plate were pooled into a single library after 
second strand reactions. The mRNA in these 
libraries underwent linear amplification using in 
vitro transcription, followed by fragmentation 
to lengths between 200 and 1000 base pairs, 
another RT reaction using random hexamer 
primers containing the illumina 3’ adapter and 
exponential amplification using PCR. Se-
quencing was performed on Illumina NextSeq 
(paired-end, 75 bp). 

Data processing

Sequenced reads were mapped to the 
transcriptome based on the mouse genome 
release mm10 as described previously [18, 22]. 
In short, reads with the same UMI – barcode 
– transcript combination were likely caused by 
PCR over-amplification and were thus count-
ed as a single read, and the number of reads 
per transcript per cell were used to calculate 
transcript abundance using poissonian counting 
statistics [18]. 

Data from all plates were pooled into 
a single dataset. Data was downsampled to 
6000 transcripts per cell, and cells with fewer 
transcripts were excluded. Genes needed to be 
expressed with a minimum of 5 transcripts in at 
least two cells or they were excluded from fur-
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ther analysis. Cells expressing more than 3 tran-
scripts Apoe, 3 transcripts Cd93, 5 transcripts 
Col1a1, or 5 transcripts Hbb-y were excluded, 
as they represented cell populations unrelated to 
the pancreas (immune cells, blood vessel cells, 
mesenchymal cells or erythrocytes, respectively). 
The genes Malat1, Lars2 and Rn45s, which are 
strongly upregulated in some libraries and are 
linked to cellular stress [31-33], were excluded 
from the dataset. 

K-medoids clustering and outlier detection 
was performed using the RaceID algorithm 
[18, 22], and differential expression between 
clusters was calculated as described previously 
[34]. Connectivity and stemness of clusters was 
calculated using the StemID algorithm [29]. In 
short, a lineage tree is calculated between clus-
ters whereby every cluster in the dataset receives 
a stemID score, which is based on connectivity 
of that cluster in the lineage tree in combination 
with the median entropy (transcriptome spec-
ificity) of that cluster. Stem cell clusters receive 
higher scores, based on lower transcriptome 
specificity and higher connectivity to other clus-
ters, compared to more mature cell clusters. 

Gene ontology (GO) biological processes 
analysis was performed using the enrichment 
analysis from the gene ontology consortium 
(www.geneontology.org). All data were pro-
cessed using R (www.r-project.org).

For a graphical overview of the entire proce-
dure, see supplemental figure 1.

Results

Embryonic pancreatic tissue can be subdivid-
ed in all pancreatic cell types using a single 
cell transcriptomics approach

To obtain transcriptome information from 
different embryonic ages during the secondary 
transition of mouse pancreas development, 
embryonic pancreata were collected from 
embryos at E12.5, E13.5, E14.5, E15.5 and 
E18.5. Sorting of cells was performed on single 
cell suspensions containing embryonic pancre-
ata from multiple embryos. Increasingly fewer 
embryos were needed to obtain enough cells 
as organs were increasing in size: 34 embryos 
were isolated to sort for E12.5, 14 embryos for 
E13.5, 10 embryos for E14.5, 8 embryos for 
E15.5 and 2 embryos for E18.5. 

Data from ungated live cells and 
MIP-GFP-positive live cells from every em-
bryonic age were pooled into a single dataset.  
Approximately 3% of all cells was positive for 
MIP-GFP during FACS sorting (Figure 1a). 
After downsampling, k-medoids clustering of 
1758 cells based on expression of 3230 genes 
revealed 17 clusters, as represented in TSNE 
mapping (Figure 1b). Differential expression 
between cells of individual clusters and all other 
cells revealed which genes were upregulated in 
cells of these clusters, after which identification 
of the main cell types in these clusters could be 
performed (Figure 1c) (supplemental data 1c). 
MIP-GFP positive cells enriched the dataset for 
all endocrine cell types, and all endocrine pro-

Figure 1: Single cells from embryonic pancreases from multiple time points during embryonic development can be 
clustered to represent all pancreatic cell types present during development. a) FACS sorting of MIP-GFP embryonic 
pancreases revealed approximately 3% of all cells positive for GFP. b) Overlaying GFP intensity during FACS sorting 
upon TSNE maps reveals all endocrine cell types and all endocrine progenitors as positive for GFP. c) TSNE clustering 
of E12.5, 13.5, E14.5, E15.5 and E18.5 embryonic pancreas. d) Identification of individual clusters based on 
upregulated genes of every cluster compared to all other clusters. e-i) TSNE maps showing expression of Ins2, Gcg, 
Neurog3, Cpa1 and Sox9 to illustrate the location of beta cells, alpha cells, endocrine progenitor cells, tip cells and 
trunk cells. j-n) Heatmaps of correlations between individual cells. At later time points, correlations of cells within 
clusters become higher, while correlations outside the clusters become lower.
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genitor cells (figure 1d). Gene expression levels 
of Ins2, Gcg, Neurog3, Cpa1 and Sox9 reveals 
which clusters can be designated as beta cell, 
alpha cell, endocrine progenitor, epithelial cell 
from the tip region and from the trunk region 
of the ductal tree, respectively. (Figure 1e-i). 

K-medoid clustering of pancreatic cells from 
a specific embryonic age resulted in smaller 
datasets. Hierarchical clustering of correlations 
between cells revealed increasingly smaller 
correlations between cells of different clusters at 
later time points, indicating that cells become 
more specialized over time (Figure 1j-n). Pan-

Ins2 Slc38a5 Neurog3

Hmga2 Rbp4Spp1

# 
tr

an
sc

rip
ts

# 
tr

an
sc

rip
ts

# 
tr

an
sc

rip
ts

# 
tr

an
sc

rip
ts

# 
tr

an
sc

rip
ts

# 
tr

an
sc

rip
ts

A B C

D E F

G H I

J K L

B

C

E

F

E12.5

E13.5

E14.5

E15.5

E18.5

Figure 2: Contribution and temporal characteristics of cells from different embryonic ages to the dataset. a) Distri-
bution of cells from different embryonic ages in the dataset. b) Zoom of panel A for endocrine progenitor cluster 2. c) 
Zoom of panel A for beta cell clusters 6, 8 and 9. d) Entropy of cells in the dataset. e) Zoom for entropy of panel D for 
endocrine cluster 2. f ) Zoom for entropy of panel D for beta cell clusters 6, 8 and 9. g-l) Violin plots of expression for 
Ins2 in clusters 6, 8 and 9 (g), Slc38a5 in clusters 5 and 3 (h), Neurog3 in cluster 2 (i), Spp1 in cluster 1 and 7 (j), 
Hmga2 in clusters 1 and 7 (k) and Rbp4 in clusters 5 and 3 (l) for E12.5, E13.5, E14.5, E15.5 and E18.5 cells.



4

Page 56

creas data from each embryonic age contains 
clusters of cells representing beta cells, alpha 
cells, endocrine progenitors, and cells from the 
tip and trunk epithelium, except for the E18.5 
dataset. This dataset does not contain any Cpa1 
expressing cells indicative of epithelial cells in 
the tip region of the ductal tree in earlier data-
sets (supplemental Figure 2). Small non-pan-
creatic clusters were also identified, containing 
intestinal, neuronal and immune cells.

Cells from different time points can show 
distinct temporal expression patterns

In order to identify temporal fingerprints 
within our dataset, we investigated how pan-
creatic cells from different embryonic ages were 
represented within the clusters of cells. It was 
found that most clusters contained a hetero-
geneously mixed population of cells from all 
embryonic ages, such as the Neurog3 expressing 
endocrine progenitor cluster (Figure 2a-b). 
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Some clusters could be subdivided based 
on the embryonic ages of the collected cells, 
such as the beta cell cluster (Figure 2a,c). This 
temporal expression pattern correlates with the 
entropy of these cells, defined as the transcrip-
tome uniformity [28]. A higher entropy value 
represents a more uniform transcriptome, which 
is associated with multipotency or stemness of 
cells [35]. Entropy was found to be uniformly 
expressed in clusters with a heterogenous mix of 
cells from different embryonic ages (Figure 2d-
e), but showed a decreasing gradient in clusters 

in which mature cell types are being formed, 
such as the beta cell cluster (Figure 2d,f ), the 
epithelial tip cluster (cluster 7) and the alpha 
cell cluster (cluster 3). 

Gene expression levels can be temporally 
affected. Some genes, like Ins2 and Spp1, be-
come increasingly more highly expressed at later 
embryonic ages (figure 2g,j). Other genes, like 
Slc38a5 and Hmga2, show decreasing expression 
at later embryonic ages (figure 2h,k). Many 
genes do not show clear temporal expression 
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patterns, as illustrated by the temporal expres-
sion profiles of Neurog3 and Rbp4 (figure 2i,l).

Generation of a pseudo timeline for alpha, 
beta and delta cell development

A lineage tree was calculated using the entire 
dataset (Figure 3a) as described previously [29]. 
We identified a pathway from the epithelial 
trunk (cluster 1) through Neurog3 cells (cluster 
2) to three clusters of endocrine progenitor 
cells (clusters 4, 14 and 5). From cluster 5, 
many branches appear that lead to the different 
endocrine cell types. A beta cell branch leads 
from cluster 5 through clusters 6 and 8 towards 
cluster 9. Other branches from cluster 5 lead 
towards more mature alpha cells (cluster 5 to 3), 
delta cell (cluster 5 to 10), gamma cells (cluster 
5 to 15) and epsilon cells (cluster 5 to 16) (Fig-
ure 3b). Cluster 5 was further recognized by the 
StemID algorithm as the most stem-like cluster 
in the dataset (Figure 3c). 

We then created three pseudo timelines, one 
for alpha cell differentiation (linking clusters 1, 
2, 4, 14, 5 and 3), one for beta cell differentia-
tion (linking clusters 1, 2, 4, 14, 5, 6, 8 and 9) 
and one for delta cell differentiation (linking 
clusters 1, 2, 4, 14, 5 and 10). Cells were ranked 
in pseudotime for every branch. Subsequently, 
all differentially expressed genes in the dataset 
were clustered into 25 groups, based on their 
expression profile in pseudotime. In the alpha 
cell branch, groups 0, 1 and 8 contained genes 
with high expression at the end of the pseudo-
time axis. Group 0 contained familiar genes like 
Arx and Etv1, group 1 contained more mature 
genes like Gcg, Irx1, Irx2 and Ttr. Interestingly, 
in group 8 no generally known genes involved 
in alpha cell maturation or functioning were 
found to be highly expressed (Figure 3d) 
(supplemental data 3d). In the beta cell branch, 
group 4 and 5 contained genes with high 
expression at the end of the pseudo timeline for 
beta cell development. Group 4 contained many 
mature beta cell genes like Iapp, Ins1, Ins2 and 
Nkx6.1, and also the delta cell specific Sst (Fig-

ure 3e) (supplemental data 3e). Group 5 did not 
contain any generally known genes involved in 
beta cell maturation or functioning. In the delta 
cell branch, group 3 was the only group with 
strong expression at the end of the delta branch 
pseudo timeline, which contained Sst and Foxo1 
(Figure 3f ) (supplemental data 3f ). 

Different expression profiles were also 
observed for key endocrine genes using these 
pseudo timelines. To illustrate this, we plotted 
Gcg, Ins2, Sst and Neurog3 in the alpha, beta 
and delta branches (Figure 3g). Gcg, Ins2 and Sst 
were all found to be strongly upregulated at the 
end of the pseudo timeline for their representa-
tive branches (Gcg in the alpha cell branch, Ins2 
in the beta cell branch and Sst in the delta cell 
branch, respectively), while Neurog3 was upreg-
ulated in cluster 2 of every branch. By plotting 
Chgb, Neurod1, Arx and Pax4 we could illustrate 
how genes are organized in pseudotime for the 
alpha cell, beta cell and delta cell branches. 

Differential expression between linked clus-
ters identifies stages of endocrine pancreas 
development

To compare different stages of endocrine 
progenitor cells we determined differential ex-
pression between clusters 2 and 4. We identified 
480 genes that were significantly upregulated 
in cluster 2, including genes such as Neurog3, 
Cdkn1a and Cck. In cluster 4, we identified 
484 differentially expressed genes, including 
genes like Chgb, Mafb, Cldn4 and Vim (figure 
4a) (supplemental data 4a). For both clusters, 
differentially upregulated genes were identified 
compared to all other cells in the dataset, and 
overlap in these lists of differentially upregulated 
genes was calculated. Cells in cluster 2 differ-
entially upregulated 868 genes compared to 
all other cells, while cells in cluster 4 differen-
tially upregulated in 1115 genes compared to 
all other cells. Of these genes, 539 genes were 
differentially upregulated in both cluster 2 and 
4 (Figure 4b) (supplemental data 4b). Amongst 
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these genes were many genes that are known to 
be upregulated in endocrine progenitor cells, 
like Neurod1, Nkx2.2, Pax4, Arx and Rfx6. 
When using the top 100 overlapping genes 
between clusters 2 and 4 in a GO term analysis, 
we predominantly identifi ed ontology terms 
related to pancreas and endocrine pancreas 
development, like Pax4, Arx, Nkx2.2, Neurog3 
and Neurod1 (Figure 4e). 

In a similar fashion, we identifi ed diff eren-
tial gene expression of cells in beta cell cluster 
8, and cluster 9 (Figure 4c) (supplemental data 
4c). In cluster 8 we identifi ed 692 diff erentially 
expressed genes, including Glud1, Insm1, Isl1 
and Rbp4. In cluster 9, a total of 77 genes were 
diff erentially expressed, including the more ma-
ture beta cell genes Ins1 and Chga. After calcu-
lating diff erential expression between cluster 8 
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and all other cells in the dataset, we found 536 
gene differentially expressed. In cluster 9, 514 
genes were differentially upregulated compared 
to all other cells in the dataset. When com-
paring the differentially expressed genes from 
clusters 8 and 9, 359 genes were upregulated 
in both clusters (figure 4d) (supplemental data 
4d). The list of overlapping genes contained 
many genes known to be linked to beta cells 
and beta cell maturation, like Ins1, Ins2, Chga, 
Iapp, Nkx6.1 and Mafb. GO term analysis of 
the top 100 genes from this list revealed hor-
mone processing and insulin secretion terms to 
be strongly enriched (Figure 4f ).  

Discussion

The main results of our study show tissue 
heterogeneity and cellular maturation at a 
single cell level during the secondary transition 
of embryonic pancreatic development using a 
single cell transcriptomics approach. Using this 
protocol, we were able to identify the common 
embryonic pancreatic cell types, such as epi-
thelial cells from the tip and trunk structures, 
endocrine progenitor populations and cells that 
have already committed to a specific endocrine 
cell fate. Cells from later time points in devel-
opment showed a more defined transcriptome 
based on cellular entropy, which correlates with 
cells becoming gradually more mature during 
development. We were able to plot a lineage tree 
that defines the pseudo-temporal signature of 
endocrine pancreatic development for each of 
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the five endocrine cell types. From the epithelial 
trunk to Neurog3 positive endocrine progen-
itors, to Vim and Chgb positive endocrine 
progenitors and finally a late common endo-
crine progenitor, before cells start differentiating 
towards alpha, beta, gamma, delta or epsilon 
cell types. 

Enrichment for endocrine cell types was 
accomplished by specifically selecting GFP-pos-
itive cells during FACS sorting. While the 
GFP signal is reported to be very specifically 
expressed in adult beta cells [36], there are also 
many GFP-positive cells that express multiple 
hormones, and Neurog3 can be detected in a 
subpopulation of GFP-positive cells during 
embryonic development [37]. We detected GFP 
expression in all endocrine cell types and in all 
the endocrine progenitors including Neurog3 
expressing cells. As such, the MIP-GFP mouse 
is a valuable asset to study endocrine develop-
ment. 

By looking at tissue heterogeneity on a 
single cell level, the dataset gave a unique view 
on endocrine differentiation. Three clusters of 
endocrine progenitor with specific character-
istics could be identified. Cluster 2 contained 
the cells with strong Neurog3 expression, the 
gene involved in the delamination of endocrine 
progenitors from the ductal lining [7, 8]. Cells 
in cluster 4 not only showed increased expres-
sion of typical endocrine genes such as Pax4, 
Arx, Neurod1 and Nkx2.2, but also displayed 
differential expression of Vim and Cldn4. Vim 
is a well-known marker gene for mesenchy-
mal cells [38] and Cldn4 has been previously 
linked to Epithelial-to-Mesenchymal Transition 
(EMT) [39-41]. These cells most likely repre-
sent the mesenchymal interphase of endocrine 
progenitors after delamination before they form 
islets of Langerhans. Cells in cluster 5 expressed 
a large number of genes that have previously 
been linked to endocrine development and 
maturation of endocrine cells, like Arx [11, 42], 
Isl1 [43, 44], Irx2 [45], Ttr [46, 47], Etv1 [48], 
Pax6 [16, 49], Neurod1 [14, 50] and Mafb [13, 

51]. We identified cluster 5 using the StemID 
algorithm [29] as the most stem-like cluster re-
garding endocrine differentiation. This suggests 
that cluster 5 is the common point of depar-
ture for differentiation towards more mature 
endocrine cells, although additional steps to 
full maturation are likely to be necessary. Beta 
cells are known to go through a proliferation 
phase after birth, only fully maturing 3 weeks 
after birth when mice switch from high-fat to 
high-carb nutrients [52]. The dataset allows us 
to investigate signatures of progenitor cell differ-
entiation towards a specific islet cell type.

In conclusion, we generated a comprehen-
sive single cell transcriptome map of the devel-
oping pancreas. Our analysis reveals dynamics 
of tissue maturation over time, and how this 
affects tissue complexity, transcriptomic unifor-
mity and gene expression. 

Supplemental data can be downloaded through 
the following link: https://dl.dropboxusercontent.
com/u/1630051/Supplemental%20data%20chap-
ter%204.zip
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Legends supplemental figures

Supplemental Figure 1: Experimental over-
view of the procedure. Isolation of embryonic 
pancreas from embryos. Organs were digested 
into single cells and were then sorted on FACS. 
Live cells were characterized for GFP inten-
sity. One plate of live cells and one plate of 
GFP-positive live cells was sorted per time point 
of development. Cells were processed using the 
SORT-seq protocol and sent out for sequencing. 
Sequenced data was mapped and clustered for 
data analysis. 

Supplemental Figure 2: TSNE mapping of 
data from individual time points reveals all 
pancreatic cell types to be present on every time 
point. Data from individual time points was 
clustered and TSNE maps that show expression 
for Sox9, Cpa1, Neurog3, Ins2 and Gcg show 
where tip cells, trunk cells, endocrine progeni-
tors, beta cells and alpha cells are located in the 
dataset. 



Page 65

Chapter 4: Dynamics of pancreas development 
using single cell transcriptome sequencing

Embryonic pancreas
from MIP-GFP mouse

Single cell suspension

FACS sort cells

D
A

PI

FCS

FC
S

GFP

SORT-seq protocol

Sequencing of libraries

Mapping & processing of data

BD FACSJazz

Illumina

Supplemental figure 1



4

Page 66

Sox9 Cpa1 Neurog3

E1
2.

5
E1

3.
5

E1
4.

5
E1

5.
5

E1
8.

5



Page 67

Chapter 4: Dynamics of pancreas development 
using single cell transcriptome sequencing

Ins2 Gcg

E1
2.

5
E1

3.
5

E1
4.

5
E1

5.
5

E1
8.

5

Supplemental 
figure 2



4

Page 68



5

Fabrication of three-dimensional 
bioplotted hydrogel scaffolds for 

islets of Langerhans transplantation

G. Marchioli1,5, L. van Gurp2, P.P. van Krieken2, D. Stamatialis6, M. Engelse3, 
C.A. van Blitterswijk5, M.B.J. Karperien1, E. de Koning2,3, J. Alblas4, 

L. Moroni5 and A.A. van Apeldoorn1

1: Department of Developmental BioEngineering, MIRA Institute for Biomedical Technology and 
Technical Medicine, Faculty of Science and Technology, University of Twente, Enschede, 
The Netherlands
2: Hubrecht Institute, Royal Netherlands Academy of Arts and Sciences and University Medical Centre 
Utrecht, Utrecht, The Netherlands 
3: Department of Nephrology, Leiden University Medical Center, Leiden, The Netherlands
4: Department of Orthopedics, University Medical Center Utrecht, Utrecht, The Netherlands
5: Department of Tissue Regeneration, MIRA Institute for Biomedical Technology and Technical Med-
icine, Faculty of Science and Technology, University of Twente, Enschede, The Netherlands
6: Department of Biomaterials Science and Technology, MIRA institute for Biomedical Technology 
and Technical Medicine, Faculty of Science and Technology, University of Twente, Enschede, The 
Netherlands

Published in Biofabrication. 2015 May 28;7(2):025009.



5

Page 70

Abstract

In clinical islet transplantation, allogeneic 
islets of Langerhans are transplanted into the 
portal vein of patients with type 1 diabetes, 
enabling the restoration of normoglycemia. 
After intra-hepatic transplantation several 
factors are involved in the decay in islet mass 
and function mainly caused by an immediate 
blood mediated inflammatory response, lack of 
vascularization, and allo- and autoimmunity. 
Bioengineered scaffolds can potentially provide 
an alternative extra-hepatic transplantation 
site for islets by improving nutrient diffusion 
and blood supply to the scaffold. This would 
ultimately result in enhanced islet viability 
and functionality compared to conventional 
intra portal transplantation. In this regard, the 
biomaterial choice, the three-dimensional (3D) 
shape and scaffold porosity are key parameters 
for an optimal construct design and, ultimately, 
transplantation outcome. We used 3D bioplot-
ting for the fabrication of a 3D alginate-based 
porous scaffold as an extra-hepatic islet delivery 
system. In 3D-plotted alginate scaffolds the 
surface to volume ratio, and thus oxygen and 
nutrient transport, is increased compared to 
conventional bulk hydrogels. Several alginate 
mixtures have been tested for INS1E ß-cell 
viability. Alginate/gelatin mixtures resulted in 
high plotting performances, and satisfactory 
handling properties. INS1E ß-cells, human 
and mouse islets were successfully embedded in 
3D-plotted constructs without affecting their 
morphology and viability, while preventing their 
aggregation. 3D plotted scaffolds could help in 
creating an alternative extra-hepatic transplan-
tation site. In contrast to microcapsule embed-
ding, in 3D plotted scaffold islets are confined 
in one location and blood vessels can grow into 
the pores of the construct, in closer contact to 
the embedded tissue. Once revascularization 
has occurred, the functionality is fully restored 
upon degradation of the scaffold.

Introduction

Islet transplantation is usually performed in 
a selected group of patients with type 1 diabetes 
with unstable glycemia characterized by recur-
rent low blood glucose levels and hypoglycemia 
unawareness [1, 2]. However, the efficiency of 
this procedure is limited: it is estimated that 
a large proportion of the transplanted islets is 
destroyed shortly after transplantation [1, 2]. In 
addition, long term survival is not optimal as 
less than 50% of the patients remain insulin in-
dependent after a 5 years follow-up [3]. Several 
reasons are relevant for the adverse outcome of 
islet transplantation, like: (i) the instant blood 
mediated inflammatory reaction caused by com-
plement activation and innate immune response 
[4]; (ii) the disruption of cell – extracellular 
matrix interaction during the isolation phase 
from the donor pancreas [5–7]; (iii) the loss of 
islet vasculature, resulting in a reduced nutrient 
and oxygen supply after transplantation [8, 
9]; (iv) toxins and drugs which are commonly 
processed in the liver and further cause islet 
mass decay [10, 11]; (v) alloimmune response; 
and (vi) recurrent autoimmunity. It is likely that 
a combination of all these factors is responsible 
for the reduced graft survival in the long term.

The creation of an extra-hepatic transplan-
tation site, aided by the use of bioengineered 
implants in which islets are combined with 
scaffolds, could help overcoming the aforemen-
tioned disadvantages. Scaffolds can provide a 
favorable and protective environment for islets 
of Langerhans, including the possibility of 
designing the shape of the construct and func-
tionalizing the material to specifically match the 
requirements of the embedded cells. Recently, 
a number of polymeric biomaterials have been 
used for the creation of porous islet-contain-
ing implants. Salt leached porous scaffolds of 
poly(DL-lactide-co-glycolide) acid (PLGA) 
[12–14], plotted PLGA scaffolds [15], poly- 
dimethylsiloxane salt-leached scaffolds [16, 
17] and thermoformed microwell scaffolds of 
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poly(ethylene oxide terephthalate)–poly(buty-
lene terephthalate) (PEOT/PBT) block copoly-
mer [18] are examples of the variety of materials 
and scaffold shapes used for extra-hepatic islet 
entrapment and transplantation. Although 
successful in small animal models, the main dis-
advantage of such tissue-engineered constructs 
is the difficulty in scaling them up to a clinically 
relevant size, containing a therapeutic dosage 
of islets, without compromising nutrient and 
oxygen diffusion.

A different approach has been tried by 
encapsulating islets in hydrogels. Hydrogels are 
particularly attractive for cell encapsulation and 
have been used in a variety of applications for 
soft tissue engineering [19]. Hydrogel encap-
sulation can be used for immune-protection 
by preventing contact of the encapsulated cells 
with the host immune cells. Their mechanical 
properties and water content closely match 
the ones of soft tissues in the body [20]. 
Furthermore, hydrogels can be easily mixed 
or covalently functionalized with extracellular 
matrix proteins, pep- tides and growth factors 
[21–23]. Among different hydrogel formula-
tions, alginate is a commonly used material for 
islet encapsulation and has been widely used for 
immunoprotection of allogeneic transplanted is-
lets from the attack of antibodies and cytokines 
after transplantation [3, 24, 25]. Islets are either 
embedded in small alginate beads or mixed in 
bulk alginate hydrogels, and injected subcuta-
neously or into the peritoneal cavity [3, 26]. A 
study by Ludwig et al reports the fabrication of 
an oxygenated and immunoprotective algi-
nate-based macro-chamber for islets transplan-
tation in a male patient [27]. In all this cases, 
the mesh size of the surrounding alginate hydro-
gel has to be carefully tuned to assure optimal 
insulin and nutrient diffusion to the embedded 
islet. At the same time, the hydrogel mesh needs 
to be tight enough to prevent antibodies and 
cytokines to interact with the embedded islets 
[24]. The disadvantage of encapsulation is that 
the embedded islets cannot be regarded as a 

single construct but more as a multitude of self- 
standing micro organs, which are difficult to 
implant and be retrieved all at once, if needed.

We studied three-dimensional (3D) bio-
plotting for the fabrication of an alginate-based, 
islet-laden 3D construct. Islets of Langerhans 
are mixed in the precursor alginate solution and 
this is plotted in a predefined 3D fashion. Islets 
are embedded in the hydrogel strands constitut-
ing the construct. Such construct can combine 
the advantages of a tailor made shape and po-
rosity with the beneficial properties of hydrogels 
in an innovative construct for islet of Langer-
hans delivery. In contrast to what happens with 
other constructs or with islet encapsulation 
in beads, one of the main advantages of this 
approach is that this type of construct can host 
a clinically relevant amount of islets in a defined 
tridimensional, porous construct. In addition, 
the fabrication of a cell-laden alginate construct 
can also combine the advantages of a porous 
hydrogel scaffold with a defined 3D geometry 
with the immunoprotection properties provided 
by alginate embedding.

A variety of different techniques has already 
been developed to tackle the problem of 3D 
cell-laden hydrogel constructs for several other 
tissues. Strategies as 3D plotting and inkjet 
printing are the most widely used and have 
been applied to the regeneration of different 
tissues [28, 29]. 3D deposition of cell-laden 
hydrogels has been previously investigated for 
hepatic tissue regeneration [30] and for bone 
tissue engineering applications [31], showing 
that a plotted porous structure can be bene-
ficial to enhance cell viability and metabolic 
activity compared to bulk constructs. 3D 
hydrogel deposition has been also applied to the 
fabrication of aortic valves [32], micro-vessels 
and vascularized tissue fabrication [33], for cell 
transfection strategies [34] and for cell culture 
of neural stem cells [35], fibroblasts and kerati-
nocytes [36, 37].
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The main advantage of plotting is, therefore, 
the possibility of fabricating large hydrogel 
constructs, capable of containing a clinically rel-
evant amount of islets, with a porous structure 
that might improve oxygen and nutrient supply 
to the embedded cells. In this study, plotting of 
cell-laden hydrogels constructs is extended to 
large cell aggregates of 50–300 µm in diameter, 
such as islets of Langerhans. We hypothesized 
that islets embedded in a porous plotted struc-
ture could have a better glucose and insulin ex-
change, compared to bulk hydrogels. We show 
that the material choice and construct shape are 
of crucial importance in defining the viability 
and functionality of the embedded cells.

Materials and methods

INS1E cell culture and islet culture

INS1E ß-cell line, derived from rat insu-
linoma, were kindly provided by Dr Guigas, 
LUMC, Leiden, The Netherlands and Dr 
Maechler, University Medical Center, Geneva, 
Switzerland. Cells were cultured in RPMI 1640 
(Gibco) supplemented with 5% (v/v) FBS 
(Lonza), 1% pen/strep (Gibco), 1% sodium 
pyruvate (Sigma) and 1% HEPES 1 M (Invit-
rogen). For cell expansion, ß-mercaptoethanol 
(Invitrogen) was added fresh to the culture to 
a final concentration of 1 µl ml-1 medium. 
Medium was refreshed every 2–3 days. 

Human cadaveric donor pancreata were 
procured via a multi-organ donation program. 
Isolated human islets were used in this study if 
they could not be used for clinical transplan-
tation, according to the national law, and if 
research consent was present. Human islets were 
kindly provided by the LUMC Leiden and cul-
tured in CMRL medium (Cellgro) supplement-
ed with 10% FBS and 1% pen/strep according 
to Fraga et al [38]. Mouse islets were isolated 
from double heterozygous crossbreed mice 
between Tg(Ins1-eGFP), Jackson Laboratory 
strain #006864, and B6(CAG- DsRed*MST), 

Jackson Laboratory strain #005441 and kindly 
provided by Hubrecht Institute Utrecht. Mouse 
islets were cultured in ultra-low attachment 
plates with RPMI 1640 (Gibco) supplemented 
with 10% FBS and 1% pen/strep.

Preparation of alginate mixtures and cell- 
containing bulk hydrogels

Alginate powder (Sigma) was sterilized by 
5min exposure to UV light (Labino Duo spot-
light) with an intensity of 45 mW cm-2 at 38 cm 
and dissolved at a 4% w/v concentration in PBS 
(PAA). Pre-crosslinked alginate was prepared 
by mixing a 5.3% w/v alginate solution with a 
102 mM CaCl2 solution (Sigma) in HEPES 10 
mM in a 3:1 volume ratio, resulting in a final 
alginate concentration of 4% w/v. Two syringes 
connected with a T-shaped connector were 
used to mix the calcium chloride solution with 
alginate and after mixing this precursor solution 
was used for plotting. After scaffold prepara-
tion the resulting construct was definitively 
crosslinked by using 102 mM CaCl2 solu-
tion. Similarly, an alginate 4%/Matrigel 25% 
w/v mixture was also prepared, by pipetting. 
Additionally, alginate 4%/gelatin 5% w/v and 
alginate 4%/hyaluronic acid 0.5% w/v mixtures 
were prepared by dissolving 0.8 g of alginate 
in 20 ml of a 5% w/v bovine gelatin solution 
(gelatin type B, Sigma), or in 0.5% w/v hyal-
uronic acid solution (Fluka) at 37°. Gelatin and 
hyaluronic acid solution were filter sterilized 
using an 0.22µm filter unit (Millipore) attached 
to a 10 ml syringe (Norm-Ject HSW). All the 
different alginate mixtures are summarized in 
table 1. Ultrapure alginate was kindly provided 
by De Vos (UMCG Groningen) and used at a 
concentration of 2% w/v in PBS after purifica-
tion according to De Vos et al [26].

Viscosity of the different alginate com-
positions was quantified using an Anton Paar 
Physica MCR 301 rheometer with flat plate 
geometry (20 mm diameter, 1 mm gap) (sup-
plemental figure 3). Shear rate ranged from 0.01 
to 100 1 s-1. Given the non-Newtonian behavior 
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of alginate solutions, viscosity measurement at a 
low shear rate of 0.031 s-1 was selected.

When islets or cells were added to the 
different gel mixtures, 10 × 106 cells/ml were 
resuspended in the less viscous component of 
the mixture (CaCl2, gelatin, hyaluronic acid 
solution or in Matrigel) to obtain a homoge-
neously dispersed cell suspension and mixed 
with a 5.3% w/v alginate solution, in a 1:3 
ratio, to a final 4% w/v alginate concentration. 
Both plotted and bulk constructs (0.3 ml) were 
crosslinked with a 102 mM CaCl2 in 10 mM 
HEPES solution for 15 min and then washed 
for 5 min with tris buffered saline (TBS) [31]. 
Other crosslinking solutions used in this study 
were 20 mM CaCl2 in 10 mM HEPES and 20 
mM BaCl2 (Sigma) in 10 mM HEPES to study 
the effect of crosslinking strength and ion on 
islet activity.

3D hydrogel plotting

Constructs were plotted using a 3D 
bioplotter (SysENG, Germany). Briefly, a cell 

suspension in hydrogel is laden into a syringe. 
The hydrogel is then extruded from the syringe 
in a controlled layer by layer fashion by a XYZ 
moving arm, which deposits the material into a 
predefined 3D structure according to a comput-
er aided design model (CAD-model).

Plotting settings were set accordingly to the 
viscosity of the material. Plotting speed ranged 
from 750 to 1100 mm min-1, needle diameter 
ranged from 0.41 to 0.2 mm. Alginate 4%/gela-
tin 5% w/v 2 × 2 cm construct was plotted with 
a XY speed of 750 mm min-1, a spindle speed of 
1.75 mm min-1 and a needle diameter of 0.41 
mm for a total of 17 layers. A 0.41 mm needle 
diameter was selected to be compatible with 
an islet size, which ranges between 50 and 300 
µm. Plotting settings for the other compositions 
are reported in detail in table 1. The spacing 
between each individual strand of the porous 
constructs was set on 3 mm to assure open 
pores in the constructs, whereas solid constructs 
were plotted with an offset of 1.16 mm to avoid 
strand superposition in following layers and cre-
ate a compact structure. Control bulk samples 

Table 1: Parameters used for plotting different alginate mixtures, number of layers that could be plotted and viscosity 
values for each alginate composition.
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Figure 1: (A) 3D printing scheme concept cartoon. (B) alginate 4%/ gelatin 5% 2 × 2 cm plotted scaffold: the pore 
diameter is 1.88 ± 0.18 mm and the strand thickness 1.55 ± 0.13 mm (scale bar 1 cm). (C) Image of plotted islets in 
the construct (scale bar 1 mm). (D) Distance islet-pore (μm), polystyrene beads were used as a model for islets distribu-
tion in the scaffold. (E) Percentage of glucose diffused through the gel from a 50 ml donor compartment to the acceptor 
compartment of a custom made diffusion chamber. Equilibrium is reached after circa 24 h (1440 min). (F) Total flow 
of glucose through the gel layer in time. There is a significant time lag before the system reaches the steady state. Based 
on the simplified Fick’s law of diffusion (see materials and methods) the diffusion coefficient can be estimated.
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were pre- pared by pipetting the same volume 
of hydrogel pre- cursor on a petri dish, and they 
were then immediately crosslinked. 

3D plotted construct characterization

Blue colored polystyrene beads of 100 µm 
diameter (Phosphorex) were used as a model for 
islets and embedded in a plotted alginate 4%/
gelatin 5% w/v construct (referred from now on 
as alginate/gelatin) in a concentration of 45’000 
beads/ml. Constructs were plotted and pictures 
were taken with a stereomicroscope (Nikon 
SMZ-10 A, equipped with Qcaputre software). 
The bead/pore distance of circa 400 beads (20 
images) was measured with Image J.

Glucose diffusion measurement

An 80 µl bulk alginate/gelatin hydrogel was 
prepared as previously described and placed in 
the rubber insert of a custom made chamber to 
measure glucose diffusion through the gel. The 
80 µl hydrogel volume resulted in a gel thick-
ness of 1 mm. The device is composed of two 
chambers. One of the compartments has been 
loaded with 50 ml of 12 mM glucose, 1% pen/
strep 102 mM CaCl2 in 10 mM HEPES; the 
other compartment was loaded with the same 
solution, without glucose. Samples were taken 
from both compartments at defined time points 
and the concentration of glucose in time was 
measured using a VITROSS DT60 II chemistry 
system (Ortho-Clinical diagnostics).

The ‘lag time’ method was used for the 
calculation of glucose diffusion coefficient 
(cm2 s-1) in alginate 4%/gelatin 5% (w/v) gel 
according to the method described by Han-
noun and Stephanopoulos [39]. This method is 
based on Fick’s law of diffusion, with constant 
diffusion coefficient. Total glucose flux through 
the gel was calculated and plotted as a function 
of time. A constant flow/time ratio, represented 
by the linear part of the graph, is reached only 
after a certain period of time, and this period of 
time is referred to as the lag time. The lag time 

is the time a glucose molecule needs to diffuse 
through the whole thickness of the gel (l), be-
fore the glucose flux becomes constant in time. 
The lag time is calculated as the intercept of the 
linear function on the x axis and it is given by t 
= l2 / 6D, where D is the diffusion coefficient, 
t the time and l the thickness of the gel layer. 
The diffusion coefficient can be then calculated 
as D = l2/6t. The lag time corresponds to the 
time difference in which the diffusing mole-
cule, glucose in this case, starts penetrating the 
hydrogel and the time at which the glucose flow 
rate into the acceptor chamber reaches a steady 
state [40].

Cell viability and metabolic activity

Cell viability was measured with a live/dead 
viability assay (Invitrogen) according to the 
provided protocol and images were taken with a 
fluorescence microscope (Nikon Eclipse E600). 
Before imaging, hydrogels were cut in half using 
a scalpel. The resulting slice had a thickness of 
about 850 µm, the plotted morphology was 
maintained and four pictures per scaffold, in 
a random area, were analyzed to score the per-
centage of live cells to total cells.

To measure cell metabolism in the three 
different constructs shapes, medium samples 
of 3 × 106 cells / construct cultured in bulk, 
plotted porous or plotted solid hydrogels were 
taken every second day and glucose and lactate 
concentrations in the medium were measured 
with a VITROSS DT60 II chemistry system 
(Ortho-Clinical diagnostics). After every analy-
sis, medium was refreshed for further culturing.

Lentiviral transduction of human islets

Islets were overnight transduced by incubat-
ing them in 3 ml DMEM medium containing 
1% pen/strep, 10% FBS, 8 ng mL-1 polybrene 
(Sigma-Aldrich), and pRRL-CMV-GFP virus 
(1000 ng ml-1). After transduction, islets were 
extensively washed in PBS and cultured again 
in RPMI supplemented with 10% FBS and 1% 
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pen/strep. Circa 500 of the brightest transduced 
islets were selected and used for plotting and for 
bulk hydrogel embedding.

Islet plotting and imaging

1000 IEQ of transduced human islets were 
mixed with alginate 4%/ gelatin 5% w/v and 
alginate 4% w/v. Islets were plotted according 
to the procedure or embedded in bulk hydro-
gel and imaged at day 1, 4 and 7 with a Leica 
TCS SP5 AOBS two-photon microscope. 
The microscope was equipped with a 20x dry 
objective, NA 0.40. The laser lines used were 
488 nm for GFP and the emission filter used 
was a 495–540 nm. Mouse islets were similarly 
plotted and imaged using a 488 nm excitation 
line/495–540 nm emission filter for GFP and 
a 561 nm excitation line/570–620 nm filter for 
DsRed. Non-transduced islets were imaged in 
the bright field mode.

INS1E cell sample preparation for glucose 
induced insulin secretion test (GIIST)

Glucose responsiveness of INS1E cells 
embedded in alginate 4%/gelatin 5% w/v bulk 
hydrogel was compared to INS1E cells cultured 
on tissue culture plastic. 3 × 106 cells/sample 
were seeded in a T25 flask and an equal amount 
of cells was embedded in 0.1 ml of bulk hydro-
gel. Cells were mixed with alginate 4%/ gelatin 
5% w/v solution at a density of 30 × 106 cells/
ml and crosslinked with 102 mM CaCl2 in 10 
mM HEPES for 15 min. Cell laden hydrogels 
were also crosslinked with 20 mM CaCl2 in 
10 mM HEPES for 20 and 30 min, and with 
20 mM BaCl2 in 10 mM HEPES for 10 min. 
The previous conditions were also compared to 
INS1E embedded in 1% w/v agarose (Invitro-
gen).

Islet sample preparation for GIIST Twenty 
five islets per sample were embedded in 0.1 ml 
of alginate 4%/ gelatin 5% w/v and crosslinked 
with 102 mM CaCl2 in 10 mM HEPES for 
5 or 15 min, with CaCl2 20 mM in 10 mM 

HEPES for 20 min or with BaCl2 20 mM in 10 
mM HEPES for 10 min. The same number of 
islets were also embedded in 2% w/v ultrapure 
alginate and crosslinked for 15 min with 102 
mM CaCl2 in HEPES. Free floating islets in 
ultra- low attachment plate were used as con-
trol. After gel crosslinking, all the samples were 
washed with TBS and cultured in CMRL medi-
um. At day one a GIIST was performed. After 
the function test, the alginate hydrogels (102 
mM CaCl2 crosslinking for 15 min) were solu-
bilized by incubating them in 1ml of dissolving 
buffer containing 0.15 M NaCI (Merck), 30 
mM disodium-ethylenediamine tetra acetic acid 
(EDTA disodium salt) (Calbiochem) and 55 
mM sodium citrate (Sigma-Aldrich) [41] for 40 
min. Islets were retrieved from the gel and after 
2 days the function test was repeated again com-
paring free floating untreated islets, free floating 
islets treated with the dissolving buffer and islets 
previously embedded in the gel and treated with 
the dissolving buffer for their retrieval.

For testing islet functionality in the plotted 
constructs, the plotted scaffold and the bulk 
samples were prepared with circa 125 islets/sam-
ple and crosslinked with a 102 mM CaCl2 solu-
tion in 10 mM HEPES for 15 min, followed by 
a wash with TBS. Both bulk and plotted con-
structs final volume was 0.3 µl. Insulin secretion 
test was performed as following and compared 
with the same amount of free floating islets.

Islet and INS1E GIIST

Islet functionality was tested as reported 
elsewhere [18]. The GIIST protocol was slightly 
modified for testing INS1E functionality. 
Briefly, islets were pre-incubated in Krebs-Ring-
er low glucose buffer (1.67 mM glucose) for 
1.5 h while INS1E samples were incubated for 
two hours in RPMI medium without glucose 
(Invitrogen). Samples were then exposed for 
1.5 h in case of islets, or for 45 min in case of 
INS1E, to a low glucose Krebs-Ringer buffer 
containing 1.67 mM glucose. Subsequently, 
samples were incubated for an equal period of 



Page 77

Chapter 5: Fabrication of three-dimensional bioplotted hydrogel scaffolds 
for islets of Langerhans transplantation

Figure 2: (A) Viability of encapsulated INS1E cells in 4% w/v alginate gel, alginate 4% w/v/gelatin 5% w/v, alginate 
4% w/v/hyaluronic acid 0.5% w/v, and alginate 4% w/v /Matrigel 25% w/v. (B) Live/dead pictures of INS1E cells 
in the different alginate compositions at days 1, 3 and 7 (scale bar 200 μm).



5

Page 78

Figure 3: (A) INS1E viability in bulk constructs, plotted porous and plotted solid constructs. (B) and (C) metabolic 
activity of INS1E cells embedded in constructs with different geometries measured as glucose (B) and lactate (C) 
concentrations in the culture medium. Viability, glucose consumption and lactate production are not influenced by the 
plotting process or construct shape. (D) Live/dead images of the INS1E cells in the different constructs at day 1, day 7 
and day 14 (scale bar 200 μm).
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time respectively in high glucose medium (16.7 
mM glucose) followed by a last incubation in 
low glucose medium (1.67 mM). Samples were 
collected at the end of each incubation step for 
further analysis. Released insulin was quantified 
by using an ELISA kit (Mercodia). Results were 
presented as low–high–low profiles, both as 
actual amount of insulin secreted (mU l-1) and 
as stimulation index, which is the ratio of insu-
lin secretion between the high and low glucose 
condition.

Statistical analysis

Experiments were performed in triplicate. 
All the quantitative data are expressed as mean ± 
standard deviation. Data were analyzed using a 
one-way ANOVA, followed by Bonferroni post-
hoc test. The analysis was performed using IBM 
SPSS statistic 20 software. Significant difference 
between groups is indicated with * (p ? 0.05).

Implantation and in vivo imaging

Circa 500 of the brightest transduced islets 
were plotted in the scaffold following the usual 
procedure. A 1 cm circular section of the plot-
ted scaffold was punched out and glued on one 
side of a pre-sterilized abdominal imaging win-
dow by using H-butyl-cyanoacrylate glue. Two 
other equal sections of the same scaffold were 
used as a subcutaneously implanted control and 
as an in vitro control, respectively. The window 
was implanted on the back of NSG mice (Jack-
son Laboratory), the second part of the scaffold 
was implanted subcutaneously as a control.

The islet graft was monitored at day 1, 
4 and 7 (figure 8). Intravital imaging was 
performed by placing the mouse in a custom 
designed imaging box. The imaging window 
was fixed in a ring-opening on the bottom part 
of the box. The box was also equipped with a 
nose cone for anesthesia, air ventilation, and a 
MouseOx system (Starr Lifescience Corp) to 
monitor vital signs. The imaging was performed 
keeping the mouse at a controlled temperature 

of 32 °C. A Leica TCS SP5 confocal microscope 
was used and equipped with a 20x dry, NA 0.40 
objective, a 488 nm laser line for GFP and a 
495–540 nm emission filter. After seven days 
the mouse was sacrificed with isoflurane anes-
thesia and the graft was explanted and processed 
for histology.

Explants were fixed with 4% w/v para-
formaldehyde, dehydrated, and embedded in 
paraffin. Sections 4–8 µm thick were cut and 
stained with hematoxylin and eosin. Alterna-
tively, immunostainings for insulin (Dako; 
1:200) and glucagon (Vector Laboratories; 
1:100) were performed. Images were acquired 
on a Leica TCS SPE with a 20x oil-immersion 
objective.

Results

Scaffold fabrication by 3D plotting and 
characterization

Different alginate-extracellular matrix com-
ponents blends have been successfully plotted. 
As shown in table 1, only some of these blends 
had sufficient mechanical properties to allow 
plotting and handling of the final construct. 
The plotting speed and spindle speed were ad-
justed according to the viscosity of the material, 
being slower for highly viscous materials (table 
1). Among all the other composition tested, 
alginate 4%/gelatin 5% (w/v) composition 
was found to be the most suitable for scaffold 
plotting, because of the high viscosity of the 
blend compared to all the other materials tested. 
This assured better plotting performances in 
terms of handling and stability of multilayered 
cell-laden constructs (table 1). This mixture was 
selected for future experimentation. Handling 
and plotting of the alginate/gelatin mixture was 
further improved by the partial gelation of gela-
tin at room temperature, compared to the lower 
viscosity of its initial state (37 °C, required for 
solution preparation) because of the gelation of 
the gelatin component at room temperature, 
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which increased the viscosity of the mixture 
during plotting.

Alginate/gelatin blend allowed plotting 
up to 17 layers, resulting in scaffolds with 
open pores in the X–Y direction (table 1). The 
number of layers defines how many times the 
strand deposition process was repeated on top 
of each other according to the tem- plate (CAD 
model) to achieve the final construct. In a 2 × 2 
cm scaffold, the pore diameter was 1.88 ± 0.18 
mm and the strand thickness of the construct 
1.55 ± 0.13 mm (figure 1). The diameter of 
the needle used was 0.41 mm, resulting in a 
final scaffold 3.7 times thicker because of the 
superpositioning of 17 layers on top of each 
other, which showed a partial col- lapse of the 
viscous hydrogel precursor before cross- linking. 
Similarly, the spacing between strands decreased 
during plotting to 0.5 mm instead of the initial 
3 mm programmed into the CAD model. In 
contrast to conventional thermoplastic polymers 
extrusion, the hydrogel construct had no pores 
along the cross-section (z direction). This fact is 
explained by the low viscosity of the hydrogel 
precursor com- pared to molten polymers and 
also by the fact that the crosslinking procedure 
was performed after the plot- ting of the last 
layer.

Polystyrene beads of 100µm in diameter 
were used as a model for islets of Langerhans to 

study their distribution in the plotted construct. 
After plotting, the distance between each bead 
and the closest pore of the scaffold was mea-
sured (figure 1(E)). Beads were homogeneously 
distributed in the scaffold, in close proximity 
to the pores. The layer of gel surrounding them 
had a reduced thickness compared to conven- 
tional bulk structures. The great majority of the 
beads were at less than 200µm from the closest 
pore (figure 1(E)), which was considered still 
close enough to the external environment to 
allow oxygen diffusion to the islets [42].

Glucose diffusion measurements

In order to determine mass transport in 
this material, a two compartment glucose 
diffusion assay was performed. Scaffolds were 
placed in between a compartment containing 
12 mM glucose and a compartment containing 
no glucose. Glucose diffusion through the gel 
was found to be limited by the alginate/gelatin 
mesh. Only after 24h the glucose concentration 
in both 50 ml compartments of the chamber 
reached the equilibrium, accounting for a delay 
in glucose diffusion through the gel. The graph 
in figure 1(F) shows the total flow of glucose 
in function of time through the gel layer. The 
graph shows a significant lag time before the 
glucose flow to time ratio becomes constant 
(steady state condition). This lag time allows 
for the calculation of the diffusion coefficient 

Figure 4: INS1E cells functional response in 
glucose induced insulin secretion test. Adher-
ent INS1E cells on TCP have been compared 
to INS1E embedded in bulk agarose gel 
1% w/v, bulk alginate 4% w/v /gelatin 5% 
w/v crosslinked with 102 mM CaCl2 for 15 
min (same crosslinking condition used for 
plotting) alginate/gelatin crosslinked with 20 
mM BaCl2 for10 min,orwith20 mM CaCl2 
for 20 or 30 min. In none of the hydrogel 
composition analyzed, INS1E cells showed a 
functional response.
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according to t = l2/6D, as explained in the 
materials and methods. The resulting glucose 
diffusion coefficient in alginate 4%/gelatin 5% 
(w/v) gels was estimated to be D = 1.13 × 10-6 
cm2 s-1. In literature, the diffusion coefficient of 
glucose in water and in a 4% alginate solution 
has been reported to be 6.7 × 10-6 cm2 s-1 [43] 
and 5 × 10-6 cm2 s-1, respectively [39]. Both 
coefficients are significantly bigger compared to 
glucose diffusion values in our system.

INS1E viability screening in bulk materials

INS1E insulinoma cells were used as a mod-
el for islets of Langerhans and encapsulated into 
the different alginate-ECM blends to study the 
effect of hydrogel composition on cell viability 
over 21 days of culture (figure 2 and supple-
mental table 1). INS1E viability in alginate 4% 

w/v was suboptimal, with a mean value of 80% 
of viable cells 24 h after embedding. Viability 
dropped to 50% after 3 days of culturing.

In order to further improve hydrogel 
biocompatibility and cell viability, alginate 4% 
(w/v) was also mixed with other components 
such as 5% (w/v) gelatin, 0.5% (w/v) hyaluron-
ic acid or Matrigel 25% (w/ v). INS1E cells 
embedded in alginate 4%/gelatin 5% (w/v) 
performed the best in terms of cells viability, 
having a 95% viable cells up to 21 days of 
culture. Cell viability in alginate 4%/ hyaluron-
ic acid 0.5% (w/v) and alginate 4%/ Matrigel 
25% (w/v) also showed improved cell viability, 
compared to alginate 4% only. However, the 
handling properties of the alginate/hyaluronic 
acid and alginate/Matrigel mixtures were less 

Figure 5: Plotted fluorescent islets in alginate 4% w/v/gelatin 5% w/v, islets in bulk material, islets in bulk alginate 
and islets in bulk ultrapurified alginate. Images have been taken at days 1, 4 and 7 (scale bar 50 μm).
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favorable than alginate/gelatin. Constructs 
made with these mixtures collapsed easily, were 
less stiff, and the plotting performances were 
less consistent to the CAD-model.

Construct shape influence on cell viability 
and metabolic activity

INS1E viability and metabolic activity were 
not influenced by the shape of the alginate/gela-
tin construct in which the cells were embedded 
(figure 3). INS1E cells were embedded in bulk 
constructs, plotted porous structures and plot-
ted solid hydrogel scaffolds. The volume (0.3ml) 
and the cell concentration (10 × 106 cells/ml) 
were kept constant to avoid differences in cell 
density in the three constructs shapes. Cell 
viability was assessed by live/dead assay and no 
difference was observed among the three differ-
ent construct shapes analyzed (figure 3(A)). The 
same result was also obtained by analyzing the 
metabolic activity of the cells. The quantifica-
tion of glucose and lactate concentrations in the 
medium resulted in no differences among the 
three constructs, but in an overall low metabolic 
activity, suggesting that embedded cells were 
alive but not functional in the gel (figures 3(B) 
and (C)), in line with results previously reported 
by other authors [44].

Responsiveness of hydrogel embedded INS1E 
cells

In all the conditions tested, INS1E insulin 
secretion was drastically reduced or totally 
absent in response to high glucose conditions, 
when cells were embedded in hydrogel con-
structs (figure 4). To detect a functional profile, 
the insulin secreted in the three low–high–low 
glucose conditions needs to be compared. The 
only condition in which a functional (low–
high–low) insulin profile in response to the 
correspondent glucose stimulation was detected, 
are INS1E seeded on tissue culture plastic. In 
all the hydrogel compositions, no functional 
response was seen. Irrespectively of the type of 
hydrogel or the crosslinking conditions (Ca2+ 
versus Ba2+), cells showed limited responsive-
ness to glucose stimuli. As reported in literature, 
calcium ion gradients over the cytoplasmic 
membrane are involved in regulating insulin se-
cretion mechanism. In our experiment, the loss 
of functionality was independent on the type or 
on the concentration of the divalent cation used 
for crosslinking and was also observed when a 
non-ionic gel, as agarose, was used for embed-
ding. For this reason, we exclude that interfer-
ing with Ca2+ equilibrium during the crosslink-
ing procedure could be responsible for the loss 

Figure 6: Glucose induced insulin secretion test on free floating islets, islets embedded in bulk hydrogel and islets in 
plotted constructs. At day 1, islets are functional in the plotted constructs but not in the bulk hydrogel. (A) Stimulation 
index normalized to insulin secreted in low glucose 1, (B) actual values of secreted insulin (mU l−1). Islets are consid-
ered functional if the stimulation index in high glucose condition is higher than 2 [61].



Page 83

Chapter 5: Fabrication of three-dimensional bioplotted hydrogel scaffolds 
for islets of Langerhans transplantation

of insulin secretion [45, 46]. Once the influence 
of the crossliner ion was excluded, nutrient 
diffusion limitations are considered the major 
reason to explain the loss of functionality when 
INS1E cells are embedded in bulk hydrogels.

Islet transduction, embedding and function-
ality in the construct

Human islets were plotted in the construct 
and their morphology, aggregation, viability and 
response to glucose challenges were analyzed 
and compared with bulk constructs. Before 
plotting, viral transduction was used to induce 
stable expression of GFP in the islets and allow 
direct visualization in the plotted construct in 
vitro as well as in vivo with intravital imaging 
techniques.

GFP transduced human islets plotted in the 
alginate/ gelatin constructs showed comparable 
morphology and GFP expression as the islets 
embedded in the same alginate/gelatin composi-
tion in bulk form, in 4% w/v alginate only, and 
in ultrapurified alginate [24–26, 47]. Ultrapure 
alginate was used to compare islet morphol-
ogy in the new alginate/gelatin mixture to an 
already used material in the islets encapsulation 
field (figure 5).

The embedding and the plotting procedure 
did not induce any change in cell morphology. 
Islets were still round shaped and the shear 
stress experienced during plotting did not cause 
islets to disaggregate or decrease in viability. 
According to the morphological analysis of the 
embedded islets, the presence of gelatin in the 
hydrogel mixture did not induce islet spread-
ing or cell adhesion. Hydrogel embedding also 
prevented aggregation of individual islets (figure 
5 and supplemental figure 2).

The native morphology of the islets was 
retained after plotting of murine islets (sup-
plemental figure 1). These islets were isolated 
from double heterozygous crossbreed mice 
Tg(Ins1-eGFP) and B6(CAG- DsRed*MST). 
In this mouse strain, all cell types are character-
ized by the expression of DsRed protein under 
the control of the ubiquitous chicken ß-actin 

Figure 7: (A) Function test on islets cultured in different 
hydrogels with various crosslinking conditions. Islets have 
been embedded in alginate 4%/gelatin 5% or ultrapure 
alginate and crosslinked with CaCl2 102 mM for 5 
and 15 min, with CaCl2 20 mM for 20 min and with 
BaCl2 for 10 min. None of the conditions tested were 
functional. (B) Alginate/gelatin gel crosslinked with 
102 mM CaCl2 for 15 min was dissolved and islets 
were retrieved from the gel. Functionality was tested and 
compared to free floating islets and free floating islets 
treated with buffer. After retrieval from the gel, function-
ality was restored. Statistical test was performed and no 
significant difference was found among the stimulation 
indexes of the three conditions.
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promoter. Insulin production by ß-cells within 
the plotted islets is visualized by the specific ex-
pression of GFP, under the control of the mouse 
insulin promoter. The GFP signal in ß-cells is 
much stronger than DsRed, allowing for the 
visualization of the insulin producing ß-cells by 
the green GFP signal.

Islet functionality in plotted constructs was 
compared to islets in bulk hydrogels and to free 
floating islets. Islets are regarded as functional 
when their stimulation index is higher than 
2 [61]. As shown in figure 6(A), islets in bulk 
hydrogels lose their functionality already after 
one day, being not responsive to glucose stimuli. 

In figure 6(B) one can see that the normal 
low–high–low insulin response to glucose is 
still present in the plotted construct while it 
is not visible anymore in the bulk construct. 
The diffusion of oxygen and insulin is slightly 
improved in the plotted construct compared to 
the bulk construct. Functionality in both bulk 
and plotted constructs is lost after seven days in 
culture. Interestingly, the reduction in the func-
tional response of plotted islets was not caused 
by a reduced insulin secretion in high glucose, 
since this was comparable to the response of 
the control islets, but was due to an increased 
insulin secretion in low glucose condition, as 

Figure 8: Human islets (A) were transduced with CMV-GFP virus, handpicked (B), and plotted into a 2 × 2 alginate 
construct (C). A 1 cm circular sample was glued to the abdominal imaging window, as shown in (D) and schemati-
cally depicted in (F). Figure (E) shows GFP transduced islets in a plotted construct. The same islets could be imaged at 
days 1, 4 and 7 (G) (scale bar 100 μm). 
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shown in figure 6(B).

Insulin secretion is dependent on the 
extracellular calcium concentration [44, 45]. In 
an ionic cross- linked hydrogel such as alginate, 
the extracellular environment is rich in calcium 
and this fact could interfere with insulin 
secretion mechanism and explain the apparent 
loss of functionality of islets when embedded 
in the gel. To further investigate if islet loss 
of functionality is related to the divalent ion 
used for crosslinking, islets were embedded in 
different hydrogels, using different crosslinking 
conditions (figure 7(A)). Irrespectively of the 
crosslinking ion used (calcium or barium), or 
the crosslinking time used, for gelation, none 
of the conditions were able to sustain islet 
functionality. Islets in ultrapure alginate, that is 
often used for islet encapsulation [24–26, 47], 
were crosslinked under the same conditions 
used for plotting. Also in this case, islets were 
not responsive to glucose stimulation (charac-
terized by a stimulation index lower than 1).

Since the crosslinking ion appeared not 
to be the limiting factor for reestablishing 
islet functionality, we showed that the loss of 
functionality of embedded islets is caused by a 
decreased glucose diffusion through the gel. In 
fact, the glucose diffusion coefficient in these 
gels (1.13 × 10-6 cm2 s-1) has been calculated to 
be significantly smaller than glucose diffusion in 
water, or in a 4% alginate solution (6.7 × 10-6 
cm2 s-1 [43] and 5 × 10-6 cm2 s-1 [39] respec-
tively). If this hypothesis would be correct, the 
inhibition of islet response to glucose challenge 
should be transient and the islets should recover 
after retrieval from the gel. To further prove this 
point, embedded islets were retrieved from the 
gel and their functionality tested again 2 days 
after retrieval. As shown in figure 7(B), islets 
functionality was fully restored when retrieved 
from the hydrogel, statistical test was performed 
and no significant difference was found among 
the stimulation indexes of the three conditions 
This finding confirmed that islets remained via-
ble in a plotted hydrogel despite losing glucose 

responsiveness. The lack of such responsiveness 
was likely due to limitations in glucose and 
nutrient diffusion.

Intravital imaging results

The alginate/gelatin (4%/5% w/v) plotted 
hydrogel scaffolds containing islets were mount-
ed on the imaging window and transplanted 
subcutaneously in nude mice. A schematic 
drawing can be seen in figure 8. With this in 
vivo imaging technique, we were able to non-in-
vasively image the islets in the hydrogel con-
struct up to 7 days after transplantation. This 
imaging method allowed us to longitudinally 
monitor a specific islet in consecutive imaging 
sessions. We were able to detect GFP expression 
and image the islets in the construct at different 
time points (figure 8(G)), where single cells 
within an islet are clearly visible.

At subsequent time points, islets remained 
visible in the construct and the same islet could 
be easily traced, although appearance of GFP 
expression changed and single cells were not 
as clearly visible as before. This observation 
can be seen in figure 8(G) by a more speckled 
appearance as the fluorescent signal of the cells 
decreased over time. This fact correlates with the 
diminished metabolic activity and functionality 
already demonstrated in the in vitro experi-
ments. The decreased GFP signal and metabolic 
activity at day 4 and 7 after transplantation can 
be again correlated with the fact that nutri-
ent and oxygen diffusion in the construct are 
limited to the lower layers of the construct, 
which are in direct contact with the surround-
ing tissue and blood vessels. The diffusion in 
the upper layers of the construct is restricted by 
the presence of the imaging window. Moreover, 
the intravital technique is limited to 450 µm 
imaging depth, which allows only for the upper 
layers of the scaffolds to be studied. These layers 
are more affected by a lack of nutrients diffusion 
from the underlying tissues. This hypothesis was 
confirmed by the fact that islets in the in vitro 
control were still bright fluorescent up to day 7, 
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with no sign of cell death or disaggregation. At 
day 7 both the mice with a subcutaneous trans-
plant and the mice with window implants were 
terminated and the alginate/gelatin scaffolds 
were explanted and processed for histology. 
Hematoxylin and eosin staining con- firmed the 
presence of islets in the scaffold, which showed 
no sign of apoptotic nuclei, but no insulin or 
glucagon was detected by immunostaining 
(figure 9(D)) which might indicate a reduced 
metabolism due to the embedding in hydrogel 
and lack of sufficient nutrient supply.

Discussion

3D bioplotting is a well described technique 
in the field of tissue engineering, mostly applied 
for the extrusion of thermoplastic polymers, 
to create custom engineered scaffolds for the 
regeneration of bone and cartilage [48, 49]. 
Printing allows tailoring of shape, porosity and 
mechanical properties: these parameters can be 
finely tuned in order to steer cells response to 
match the properties of the specific tissue to be 
regenerated. The only application of printing 
in pancreas tissue engineering is reported in 
a paper of Daoud et al [15], with islets being 
seeded in a printed poly (DL-lactide-co-gly-
colide) construct, a material whose mechanical 
properties are not comparable with those of the 

soft tissues in pancreas.

Combining hydrogels with the 3D bio-
plotting for the regeneration of soft tissues and 
in particular for the encapsulation of islets of 
Langerhans should result in a clinically relevant 
size construct for islet delivery. This construct 
will provide a protective environment for the 
embedded tissue, with mechanical proper-
ties better mimicking those of soft tissues, if 
compared to solid thermoplastic materials. In 
contrast to conventional embedding in bulk 
hydrogels, a plotted structure can increase the 
available surface area for nutrients and catab-
olites exchange, avoiding the formation of a 
necrotic core which can affect bulk hydro- gels. 
This would ultimately result in the possibility 
of up-scaling the construct to a size that can 
contain a clinically relevant amount of islets.

This study demonstrates that the plotting 
of large cell aggregates of 50–300 µm like islets 
of Langerhans in a hydrogel is feasible, without 
compromising islet viability, morphology and 
aggregation.

Material selection was performed using 
the model cell line INS1E and high viability 
values were observed for INS1E and islets in the 
alginate/gelatin composition, but the metabolic 
activity of cells embedded in the hydrogel is 

Figure 9: In vitro islet fluorescence was bright (A), and the morphology of the islets was preserved (B). After explant 
of the in vivo samples, islets were imaged with hematoxylin/eosin staining (C), however no expression of insulin or 
glucagon was detected by immunostaining (D) compared to pancreas sections (E) (red: insulin, green: glucagon, blue: 
DAPI. Scale bar 100 μm).
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reduced and these findings are in line with what 
has been also reported by other authors [44, 50, 
51]. Our data suggest that islet plotting per se 
is not causing the impairment in functionality, 
but it is caused instead by impaired nutrient 
diffusion in such a viscous hydrogel precursor. 
This loss of metabolic activity cannot be rescued 
only by improving nutrient diffusion by means 
of a macro-porous structure.

Opposite results in terms of metabolic activ-
ity were reported for human mesenchymal stem 
cells (MSCs) encapsulated in similarly plotted 
constructs [31]. In this case, embedding the 
cells in the porous plotted scaffold had a benefi-
cial effect on their viability compared with solid 
or bulk constructs [31].

The comparison with previously published 
results highlights that different cell types react 
oppositely to the embedding in the printed 
construct and might suggest that INS1E ß-cells 
and islets of Langerhans are more sensitive than 
MSCs to hydrogel embedding. In vivo, islets 
in the pancreas are extensively vascularized in 
order to support their high metabolic activity, 
requiring constant and abundant glucose and 
oxygen supply for their normal functioning. 
On the contrary, MSCs normally reside in 
hypoxic environments in the body and are less 
metabolically active. This fact could explain why 
embedding in a porous hydrogel construct is 
beneficial for MSCs viability and metabolic ac-
tivity [31], yet not enough for a more sensitive 
and metabolically requiring cell type as ß-cells 
and islets of Langerhans.

The low INS1E metabolic activity and islet 
reduced functionality in the gel are indications 
that their activity is somehow limited by the 
material in which they are embedded. This is 
confirmed by the restored islet functionality 
when retrieved from the gel. According to these 
data, the major limitations that the plotting 
of cell-laden constructs still encounters is the 
availability of a suitable material capable of 
proper mass transport properties to maintain 

cell function- ality and having at the same time 
sufficient mechanical properties for a layer by 
layer processing.

The optimal material for plotting has to 
meet various requirements: high viscosity, fast 
crosslink, bio- compatibility, mechanical prop-
erties comparable with soft tissues and, once 
crosslinked, permeability to metabolites and 
catabolites. For plotting purposes the materi-
al has to be viscous enough to be plotted on 
subsequent layers on top of each other without 
collapsing under its own weight: such a highly 
viscous material restricts mass transport in 
the material itself, resulting in a limitation for 
islets functionality. To date, limited materials 
are available for cell-laden plotting purposes 
[52–54], and finding a compromise between 
mechanical properties for plotting, matrix 
stiffness, nutrient diffusion and functionality of 
embedded cells is still rather challenging [55]. 
The main limitations in the hydrogel used for 
this study are given by nutrient diffusion in 
such a viscous and highly concentrated gel. This 
study shows that the viability and functionality 
of embedded islets could be limitedly improved 
by a porous construct shape, if compared to 
solid bulk hydrogels. Islets showed functional 
response, although reduced, at day one in the 
porous constructs while no functional behavior 
was observed in the bulk constructs at this time 
point (figure 6(B)). This shows that the plotted 
porous design can offer an improvement, 
although still limited, for nutrient diffusion in 
the gel. The reduced mass transport still remains 
a major limitation to the applicability of this 
technique to a scaffold of a clinically relevant 
size.

This is particularly true for islets of Langer-
hans, since they have very peculiar and demand-
ing metabolic requirements and thus, they are 
more sensitive to the surrounding environment. 
In their native state, islets of Langerhans exten-
sive vascularization provides for proper glucose 
sensing and insulin secretion and this charac-
teristic is essential for their proper functionality. 
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If this exchange is limited by the tight sur-
rounding matrix, as it happens when islets are 
embedded in the alginate/gelatin mixture, islet 
functionality is hampered. Islets are viable in the 
hydrogel construct, but their ability to detect 
changes in glucose concentration and respond 
with proper insulin secretion is reduced by the 
tight matrix in which they are embedded. Islets 
are fully functional again when retrieved from 
the hydrogel construct and this con- firms that 
the apparent loss of functionality is caused by 
limited mass transport through the gel.

The retrieved islet functionality after dis-
solution of the gel also excludes that the islets 
were damaged by the shear stress experienced 
during printing. It is reported in literature that 
a mechanical stress could permanently damage 
islet functionality, but in that case the function-
ality could not be retrieved simply by dissolving 
the surrounding gel.

As shown by the bead distribution in the 
plotted gel, the great majority of the beads is 
located at less than 200 µm from the interface, 
less than the oxygen diffusion limit through 
tissues. Yet, the glucose diffusion coefficient 
measured in our system (1.13 × 10-6 cm2 s-1) is 
significantly lower than glucose diffusion in wa-
ter (6.7 × 10-6 cm2 s-1) [43] and in 4% alginate 
solution only (5 × 10-6 cm2 s-1) [39].

Such limited glucose diffusion in the con-
struct is explained by a crosslinking obtained 
in saturation condition and by the presence 
of gelatin. The mesh size of a 4% w/v alginate 
solution has been reported to be around 7 nm 
[56], but the presence of gelatin as an inter-
penetrating network decreases consistently the 
number, diameter and length of the pores in an 
alginate hydrogel. This accounts for a consider-
able delay in glucose supply to the islets and a 
corresponding delay in insulin secretion from 
the hydrogel. Moreover, given the higher molec-
ular weight and bigger hydrodynamic radius of 
an insulin molecule, the limitations experienced 
in insulin diffusion through the gel would be 

even more severe. Limited diffusion coefficients 
can explain the low metabolic activity, togeth-
er with the apparent lack of functionality of 
the embedded cells. Moreover, the diffusion 
coefficient D increases with the second power 
of the gel thickness (D = l2/6t). This means that 
for a small decrease in the gel thickness, a bigger 
increase in the diffusion coefficient is expected. 
This would explain why islets embedded in the 
plotted construct show some reduced function-
ality at day one, which is already completely 
absent in bulk constructs. This emphasizes 
the importance of construct design for islets 
functionality.

The effect of calcium ions used for crosslink-
ing on insulin secreting pathways was also inves-
tigated as one of the possible reasons to explain 
INS1E and islet loss of functionality in the 
construct. As showed by many authors, voltage 
gated calcium channels, and consequently trans-
membrane calcium ion gradients are involved 
in insulin secretion mechanisms [45, 46, 57]. 
Since the extracellular gel environment is quite 
rich in calcium ion concentration (102 mM 
crosslinking), the increased calcium concentra-
tion of the extracellular compartment might 
have caused the increased insulin secretion in 
low glucose condition. Although no difference 
in functionality was shown when hydrogels were 
crosslinked with other divalent cations, different 
concentrations or with reduced exposure times.

To further study whether encapsulated islets 
maintained their viability in vivo, we implanted 
plot- ted constructs subcutaneously in nude 
mice and monitored their viability by intravital 
imaging. This is a powerful technique for in vivo 
follow up of trans- planted tissue, enabling the 
imaging of the same transplanted islet in con-
secutive imaging sessions and study the process 
of revascularization of the scaffold. Intravital 
imaging has been applied to transplanted islets 
implanted under the kidney capsule [58] or 
in the anterior chamber of the eye [59, 60], 
which is a highly vascularized location. Here we 
show for the first time the applicability of this 
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technique for the imaging of subcutaneously 
transplanted tissue in an implantable scaffold. 
In this kind of application, the presence of the 
window on top of the construct and the poorly 
vascularized location can furthermore limit 
oxygen diffusion to the transplanted tissue and 
islets are not anymore surrounded by tissue and 
blood vessels from all directions but only from 
the bottom. Consequently, nutrient diffusion to 
the islets located in the upper parts of the scaf-
folds has to rely solely on nutrient supply from 
the bottom part of the construct. This is even 
more important if we consider that the imaging 
depth of this intravital imaging model is also 
limited to 450 µm, which allow us to moni-
tor only the upper layers of the hydrogel, the 
ones which suffer the most for lack of oxygen 
diffusion. Despite these limitations, we were 
still able to detect GFP expression and image 
islets for seven days in the construct, although 
islets showed signs of reduced GFP expression 
at later time points. This result correlates with 
our assumption of a reduced metabolic activity 
of the embedded cells, caused by an increased 
nutrient diffusion limitation in our model 
which was even more pronounced when an im-
aging window was used. Thus, both in vitro and 
in vivo results show that the plotting of islets is 
possible but the material optimization for this 
application is crucial to allow proper metabolite 
exchange with the embedded tissue.

In contrast to conventional islet encapsula-
tion, here islets are confined in one location and 
after trans- plantation, blood vessels might grow 
through the pores of the construct, in closer 
contact with the embedded islets compared 
to the inner part of a bulk hydrogel scaffold. 
Potentially, an immunoprotective scaffold could 
be developed by using a non-degradable hydro-
gel, with a proper mesh size capable to block 
antibodies and cells of the immune system and 
at the same time large enough to allow insulin 
diffusion.

Conclusions

This study demonstrated that 3D hydrogel 
plotting can be a valuable technique to couple 
islet embedding in hydrogel strands with a 
pre-defined 3D scaffold architecture. 4% 
alginate/5% gelatin was found to be a suitable 
hydrogel mixture for plotting of islets and ß- 
cells, without compromising their viability and 
morphology. However, the high viscosity of the 
material needed for plotting, resulted in a dense 
mesh size, which impairs glucose diffusion and 
limits islet functionality. Since a highly viscous 
biomaterial is needed for plotting, a compro-
mise has to be established between material 
properties allowing scaffold plotting and suffi-
cient nutrient diffusion. Plotted hydrogels could 
effectively increase nutrient diffusion compared 
to the same bulk hydrogel, but the macro 
porous structure is not enough to overcome 
limitations caused by an insufficient diffusion of 
nutrients in this specific gel composition.

Despite the limitations in islet function-
ality when embedded in the construct, islets 
restored full functionality when retrieved from 
the hydrogel. In conclusion, plotting can be a 
powerful technique to engineer complex con-
structs, containing a clinically relevant number 
of islets. Although promising, the potential of 
the technique is currently hampered by scarce 
availability of suitable biomaterials. Further 
research is needed to develop hydrogels with 
sufficient viscosity and mechanical properties 
suitable for plotting but also with the capacity 
to support sufficient nutrient and secretory 
product diffusion for a physiologically relevant 
islet functionality.
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Supplemental legends

Supplemental figure 1: Murine islet isolated 
from double heterozygous crossbreed mice 
Tg(Ins1-eGFP) and B6(CAG-DsRed*MST). 
DsRed protein is expressed under the control 
of the ubiquitous chicken beta-actin promotor. 
Insulin production by beta cells within the plot-
ted islets is visualized by the specific expression 
of GFP, under the control of the mouse insulin 
promotor. Islet maintain their round morphol-
ogy after plotting in alginate 4% gelatin 5% 
mixture. Scalebar 100 µm.

Supplemental figure 2: Human islet plotted 
in alginate 4% gelatin 5%, embedded in bulk 
alginate/gelatin, in alginate only and compared 
to free floating islet. Islets were imaged at 1, 4 
and 7 days. Scalebar 100 µm.

Supplemental figure 3: Viscosity of the dif-
ferent alginate mixtures at different shear rate 
values. The non-newtonian behavior at different 
shear rates is evident from the graph.

Supplemental table 1: Viability of INS1E in 
the different hydrogel mixtures at day 14 and 
21. Alginate 4% gelatin 5% supports high 
viability also at later time points
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General Discussion

In this thesis, we describe the use of novel 
techniques with the purpose to better under-
stand the development of pancreatic islet cells, 
and how islets engraft after transplantation. 
We developed a new technique that allowed 
intravital imaging of pancreatic tissue under 
the kidney capsule. Consequently, we showed 
that the technique could be applied to study 
pancreatic islet engraftment, and development 
of embryonic pancreases into grafts containing 
mature islets of Langerhans. This way, dynamic 
processes like cellular migration during islet 
cell development can be studied in vivo for 
the first time. We also generated a resource 
of transcriptomic profiles from single cells of 
the pancreas during the secondary transitional 
phase of embryonic development. During this 
phase, progenitor populations are designated in 
specific domains and islet cells neogenesis peaks. 
This resource allows the detection of tissue 
heterogeneity in the embryonic pancreas. Novel 
genes involved in endocrine differentiation can 
be detected, and we characterized how genes 
are dynamically regulated during this devel-
opmental process. Finally, we describe a novel 
technique that allows printing of pancreatic 
islets into alginate scaffolds. Multiple alginate 
mixtures were compared, and islets were printed 
in both bulk and 3D porous scaffolds.Viability 
of transplanted islets was confirmed, after which 
the scaffolds were transplantated subcutaneously 
in mice. 

Novel insights into pancreatic development

Knowlegde of pancreatic development is 
commonly used as a blueprint for beta cell 
regeneration studies. Using similar pathways 
as those involved during development, ES or 
iPS cells are driven through complex differen-
tiation protocols to generate cells that resemble 
beta cells in vitro [1, 2]. While the majority 
of these beta-cell-studies focus on the use of 
specific culturing factors to guide cells towards 

a beta-like phenotype, pancreatic development 
is a much more complex process involving 
lateral inhibition [3], niche formation [4] and 
epithelial-to-mesenchymal transition after 
delamination [5]. Also, many genes may play a 
role in endocrine development that have yet to 
be discovered. Because of lacking knowdlegde 
in pancreas development the current thesis 
aimed to enhance the understanding of islet 
cell differentiation by visualizing pancreatic 
development (chapter 2) and cellular behavior 
(chapter 3) in vivo, and to characterize pancre-
atic transcriptional heterogeneity by sequencing 
the transcriptome of individual cells within the 
developing pancreas (chapter 4).

Intravital imaging platforms for studying 
pancreatic islets are already available. In the 
most commonly accepted protocol so far, 
pancreatic islets are transplanted to the anterior 
chamber of the eye [6]. Using such a model, is-
let cell engraftment can be dynamically studied 
[7]. Also, embryonic pancreatic tissue can be 
transplanted for up to a week [8]. Nevertheless, 
the gold standard location for transplanting 
pancreatic islets in mice is under the kidney 
capsule. This site has been very thoroughly 
used in transplantation studies in mice and can 
contain greater amounts of transplanted tissue 
compared to the anterior chamber of the eye. 
Our novel protocol, allowing intravital micros-
copy on pancreatic tissue transplanted under the 
kidney capsule, permits imaging of large grafts 
of up to 2000 islet equivalents, where the ante-
rior chamber of the eye can contain about 300 
islet equivalents [7]. Transplanted embryonic 
pancreases could be imaged up to two weeks, 
showing in great detail how the immature tissue 
differentiates into adult pancreatic tissue. 

A critical step in islet cell genesis is the 
delamination of Neurog3 positive cells from the 
ductal lining, after which endocrine progenitors 
undergo a mesenchymal phase before forming 
islets of Langerhans. Using our novel intravital 
imaging approach, we were able to perform 
time-lapse imaging for multiple hours, which 
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allowed us to identify MIP-GFP positive cells 
that showed a migratory phenotype in grafts 
resembling E15.5 embryonic pancreas, the em-
bryonic age where Neurog3 peaks during pan-
creas development. In grafts resembling E18.5 
embryonic pancreas, the amount of migratory 
cells was found to be diminished. Using the 
MIP-GFP mouse, we were unable to precisely 
define which cells express this mesenchymal 
phenotype. This could be achieved using a 
different mouse model, based on lineage tracing 
of Neurog3 positive cells in combination with 
a mesenchymal marker like vimentin or slug. A 
more precise characterization of these cells could 
better explain how pancreatic islets are formed 
during development, a process that is currently 
only described as a theoretical model [9].

Single cell transcriptome sequencing has 
been used to investigate tissue heterogeneity in 
the adult pancreas [10-15]. In order to look at 
the genesis of islet cells, we used this technique 
to characterize cells from embryonic pancreases 
during various stages of the secondary transition 
of pancreatic development. During this phase, 
islet cell genesis is most active, as indicated by 
Neurog3 expression that starts rising after E12.5 
and peaks around E14.5 [16].  This resulted in 
a resource harboring all cell types present in the 
developing pancreas, including various stages 
of endocrine progenitor cells and all islet cell 
types. The dataset allowed us to take a closer 
look at endocrine pancreas development, where 
we identified a cluster of cells that became 
positive for Neurog3 [5], a cluster of endocrine 
progenitors that delaminated from the ductal 
lining [17] and a cluster with the latest com-
mon progenitor for the various endocrine cell 
types. Ordering cells in pseudotime, a principle 
proven to be an effective and powerful tool to 
reconstruct temporal signatures in single cell 
data [18, 19], allowed us to look at how genes 
were dynamically regulated as cells become 
more mature over time. Using this tool, we 
were able to fully reconstruct the developmen-
tal pathway of endocrine cells, from bipotent 

cells in the ductal epithelium [20] to Neurog3 
expressing cells [21] to specific all the endocrine 
cell fates [22, 23]. 

Taken together, we have used novel tech-
nologies like intravital microscopy and single 
cell transcriptomics to study cellular behavior 
and the transcriptional profile to get a better 
understanding of islet cell development. 

Islet cell engraftment after transplantation

Using our intravital imaging platform 
(chapter 2), we were able to dynamically visu-
alize islet engraftment under the kidney capsule 
after transplantation. We found that the first 
blood vessels connect with islets already three 
days post-transplantation, indicating that islets 
only have to survive hypoxia for a limited time 
after transplantation. This time period correlates 
with previous findings [24]. Over time, the 
relative beta cell mass deteriorates, indicating a 
gradual loss of function in transplanted islets. 
With vascularization of islets gradually increas-
ing over time during the first month [7], one 
could assume that the decline in islet function 
will come to a halt after vascularization becomes 
more complete.

In mice, islets have been virtually trans-
planted everywhere in the body, whereby every 
location has its own benefits and drawbacks 
[25]. Generally speaking, transplanting islets 
directly in vivo always exposes them to the host 
immune system, unless the immune system is 
suppressed either by using drugs or genetically 
[26, 27]. One way of overcoming this prob-
lem is by transplanting islets in scaffolds [28]. 
Commercially available scaffolds are currently 
being tested in clinical trials, carrying islet-like 
cells [29, 30]. The advantages of these scaffolds 
are obvious: immunoprotection from the host 
immune system, protection of the host from 
potentially harmful cells and restriction of the 
graft to a specific location. Scaffolding also pres-
ents a specific disadvantage in the form of dead 
space: molecules have to be transported through 
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the scaffold in order to supply nutrients to the 
cells, to sense glucose and to release insulin into 
the blood stream, decreasing cell viability [31] 
and most likely insulin action. 

Further optimization of scaffolding condi-
tions is crucial for the development of a success-
ful scaffolding platform. In our study, we have 
tried to optimize these scaffolding conditions 
for transplantation, using an alginate-based 
scaffolding system (chapter 5). While alginate 
does not create a protective barrier for either the 
graft or the host, it is used as a filler material 
in both the commercial scaffolds. Alginate, as 
a natural polymer, has a long history in islet 
encapsulation [32]. Survival of islets in bulk 
scaffolds is severely limited [33], due to the 
distance between islets and the border of the 
scaffold [34]. Porous scaffolds have an increased 
ratio between scaffold mass and surface area, 
decreasing the average diffusion length within 
the scaffold. Consequently, this should thus 
result in an increased islet viability and insulin 
action compared to bulk scaffolds [35]. Porous 
scaffolds can be created by irregular processes 
like porogen leaching, but for an optimal aver-
age diffusion length, printed (regular) porous 
scaffolds are a better solution [36]. We tested a 
porous scaffold setup using 3D-printed alginate 
scaffolds compared to bulk printed scaffolds 
and found improved viability in the plotted 
scaffolds. Unfortunately, insulin action was still 
impaired in both bulk and printed scaffolds. 
Also, after transplantation, viability of plotted 
islets decreased drastically, indicating that nutri-
ent and oxygen delivery to islets was impaired as 
well. Taken together, these findings indicate that 
scaffolding as a tool still has room for improve-
ment, as current techniques reduce islet survival 
and functioning.

Clinical relevance and future perspectives

Curing diabetes mellitus is a puzzle requir-
ing many hands. Research focussed on gener-
ating a cell therapy that allows transplantation 
of differentiated stem cells is a strong method 

towards a cure for diabetes patients [1, 2]. 
Before that strategy is fully functional, pancreas 
transplantation will be an invaluable tool for 
helping the lucky few patients that qualify for 
the procedure. Transplantation of islets is an 
alternative to whole pancreas transplantation by 
reducing morbidity and mortality post-surgical-
ly, but the efficiency of the procedure is still be-
ing improved. Scaffolding is regarded as a useful 
tool to achieve such improvement. All these 
strategies profit from the common knowledge 
obtained in fundamental research involving 
islet function, development and engraftment. 
This gain of knowledge cannot be regarded 
as accomplished, and novel techniques like 
intravital microscopy and single cell sequencing, 
as used in this thesis, still allow for a closer and 
more detailed view of the pancreas in a dynamic 
fashion.

To develop a cell therapy that has the ability 
to cure diabetes mellitus patients, cell culture 
conditions need to be further improved. This 
can be achieved by learning from embryonic 
developmental processes which in turn can then 
be used to, for example, optimize 3D culturing 
[37, 38] and cellular niches [39] (including 
co-cultures with other cell types [40-42]), as 
well as the identification of yet to be discovered 
growth factors. Using iPS cells from a patient’s 
own body can yield novel islet cells without risk 
of graft rejection [43]. Ultimately, the ES/iPS 
approach will yield almost exact copies of beta 
cells, which can be used for transplantation as 
replacement for lost beta cells. To do so, these 
cells will need to be delivered in a device that 
allows survival of transplanted cells and quick 
insulin action, combined with a protective 
system that does not allow cells to cross between 
the device and the host. Steps in this direction 
are already underway [44]. If these conditions 
can be met, a virtually unlimited beta cell 
replacement strategy can be implemented in a 
safe and easy delivery system to potentially cure 
millions of diabetes mellitus patients worldwide. 
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Diabetes mellitus is een ziekte waarbij de 
bloedsuikerspiegel van patiënten niet meer 
goed wordt gereguleerd in het lichaam. Dit 
komt doordat de bètacellen in de zogenaam-
de eilandjes van Langerhans, gespecialiseerde 
groepjes cellen in de alvleesklier, niet meer goed 
werken (type 2 diabetes mellitus) of kapot zijn 
gemaakt door het immuunsysteem (type 1 
diabetes mellitus). De bètacellen zijn verant-
woordelijk voor de productie van insuline, een 
hormoon dat ervoor zorgt dat de hoeveelheid 
beschikbare bloedsuiker, brandstof voor het 
lichaam, niet te hoog wordt. Als de bètacellen 
niet meer werken moeten patiënten zichzelf in-
jecteren met insuline om hun bloedsuikerspiegel 
op peil te houden. Het niet goed reguleren van 
de bloedsuikerspiegel heeft gevaarlijke korte- en 
langetermijneffecten, waardoor uiteindelijk de 
gemiddelde levensverwachting wordt verkort.

Het toedienen van insuline is een symptom-
atische behandeling. Genezing is momenteel 
alleen mogelijk door transplantatie van een 
donoralvleesklier of de geïsoleerde eilandjes 
van Langerhans uit de alvleesklier. Doordat de 
hoeveelheid beschikbaar donormateriaal zeer 
beperkt is, wordt er gezocht naar mogelijkheden 
om nieuwe bètacellen te maken door gestuurde 
uitrijping van stamcellen, of door het herpro-
grammeren van bestaande celtypes. Uitrijping 
van stamcellen gebeurt door cellen vanuit een 
stamcelfase gericht te sturen richting endoderm, 
dan richting alvleesklier endoderm en uitein-
delijk naar endocriene voorlopercellen. Van 
daaruit worden cellen richting de verschillende 
celtypes in de eilandjes van Langerhans gepro-
grammeerd, waar de bètacellen een onderdeel 
van uitmaken. Ook bestaat er de mogelijkheid 
om bestaande celtypen te herprogrammeren. 
Hiervoor kunnen bijvoorbeeld de alfa- en 
deltacellen worden gebruikt, andere celtypes in 
de eilandjes van Langerhans. Ook de ductale en 
acinaire cellen van de pancreas kunnen dienen 
als bron voor het herprogrammeren richting een 

bètacel.

Het (her)programmeren van cellen richting 
bètacellen voltrekt zich grotendeels langs 
dezelfde route die embryonale stamcellen afleg-
gen tijdens de ontwikkeling van de pancreas. 
Betere basale kennis van de ontwikkeling van 
de alvleesklier kan zodoende bijdragen aan een 
beter inzicht in het herprogrammeren van cellen 
tot bètacel. De pancreas ontwikkelt zich in de 
muis in twee fasen. Tijdens de eerste fase groeit 
een groep cellen uit de ontwikkelende darm. 
Deze cellen organiseren zich in steeds kleiner 
wordende buisjes, waardoor een boomstructuur 
ontstaat. Tijdens de tweede fase specialiseren 
cellen zich. De uiteinden van de buisjes bestaan 
uit stamcellen, terwijl de cellen die de eilandjes 
van Langerhans vormen zich uit de stammen 
van de boomstructuur vormen. Dit gebeurt 
doordat deze cellen uit de buisjes loskomen en 
in het omringende weefsel clusteren tot groepjes 
cellen. De keuze welk celtype een cel wordt 
binnen het eilandje van Langerhans is gebaseerd 
op een genetische lotsbepaling. In de mens 
ontwikkelt de alvleesklier zich bijna identiek als 
in de muis.

In hoofdstuk 2 beschrijven we een nieuwe 
techniek waarmee we weefsel herhaaldelijk 
kunnen meten nadat het is getransplanteerd 
onder het nierkapsel van muizen. Het nierkap-
sel is de meest gebruikte locatie om de functie 
van eilandjes van Langerhans in muizen te 
testen. Het herhaaldelijk kunnen meten van 
cellen die daar getransplanteerd zijn geeft meer 
inzicht in hoe cellen en eilandjes van Langer-
hans gevasculariseerd worden, of hoe ze zich na 
transplantatie ontwikkelen. Vascularisatie van 
deze eilandjes vindt plaats na drie dagen, en de 
relatieve hoeveelheid bètacellen in de eilandjes 
neemt gedurende de eerste twee weken na 
transplantatie af. Hierna hebben we embryonale 
alvleesklieren met een fluorescent kleurlabel 
getransplanteerd onder het nierkapsel. Hierbij 
zien we dat er vlak na transplantatie amper 
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bètacellen in het alvleesklierweefsel zitten, maar 
dat deze gedurende twee weken in grote getalen 
worden gevormd. Ook het alvleesklierweefsel 
zelf neemt in omvang toe en vormt buizen 
zoals dat tijdens de embryonale ontwikkeling 
gebeurt. Twee weken na transplantatie lijkt de 
alvleesklier uitgerijpt: alle buisstructuren zijn 
aangelegd en de eilandjes van Langerhans zijn 
gevormd. 

In hoofdstuk 3 kijken we in meer de-
tail naar de ontwikkeling van de endocriene 
cellen. Dit zijn alle celtypen die de eilandjes 
van Langerhans vormen. Eerst laten we zien 
dat het fluorescente kleurlabel dat specifiek is 
voor bètacellen in volwassen muizen tijdens 
de embryonale ontwikkeling van de alvleesk-
lier ook voorlopercellen markeert. Vervolgens 
maken we een vergelijking tussen embryonaal 
pancreasweefsel zoals het zich in een embryo 
ontwikkelt en embryonaal pancreasweefsel dat 
getransplanteerd is onder het nierkapsel. Hieruit 
concluderen we dat de ontwikkeling van de 
endocriene cellen niet anders is in getransplant-
eerd weefsel dan tijdens de normale ontwikkel-
ing. Tenslotte kijken we naar het gedrag van de 
endocriene cellen tijdens de ontwikkeling. We 
later voor het eerst zien dat er een subpopulatie 
van endocriene cellen is die kunnen migreren. 
Deze eigenschap is belangrijk voor de vorming 
van endocriene cellen nadat ze uit de embryo-
nale boomstructuur zijn losgekomen.

In hoofdstuk 4 bestuderen we wat voor 
verschillende celtypes er aanwezig zijn tijdens 
verschillende stadia van ontwikkeling in de em-
bryonale pancreas. Hiervoor kijken we naar het 
RNA-profiel (transcriptoom) van individuele 
cellen. We vinden in de embryonale pancreas 17 
verschillende celtypes, waarvan de belangrijkste 
celtypes de cellen van de boomstructuur en de 
endocriene cellen zijn. Binnen de endocriene 
celtypes vinden we alle volwassen celtypes en 

een aantal celtypes voor endocriene voorloper-
cellen. Door te kijken hoe groepen cellen met 
elkaar verbonden zijn, kunnen we een pseudot-
ijdlijn maken voor de ontwikkeling van cellen 
in de eilandjes van Langerhans. Dit betekent dat 
we kunnen zien door welke stadia van ontwik-
keling cellen heengaan om volwassen te worden, 
en welke genen daarbij betrokken zijn. Door te 
kijken naar de veranderingen in genprofielen 
tussen aan elkaar verbonden celtypes, kunnen 
we voorspellen welke genen op welk moment 
betrokken zijn bij de uitrijping van cellen in de 
eilandjes van Langerhans. Deze resultaten leiden 
mogelijk tot de identificatie van nieuwe genen 
die van belang zijn bij het (her)programmeren 
van cellen richting bètacellen. 

In hoofdstuk 5 testen we het gebruik van 
verschillende types scaffolds. Scaffolds zijn 
dragers waarin eilandjes van Langerhans kunnen 
worden gestopt voor transplantatiedoeleinden. 
Ze beschermen eilandjes tegen het immuun-
systeem van de patiënt, en ze voorkomen dat 
getransplanteerde cellen kunnen uitzaaien in 
het lichaam. Het voordeel van scaffolds is dat ze 
op veel eenvoudigere plaatsen getransplanteerd 
kunnen worden dan bijvoorbeeld in de lever 
(tot nu toe de transplantatielocatie). In onze 
experimenten hebben we scaffolds met ver-
schillende composities en structuren getest op 
functionaliteit. Scaffolds gemaakt van alginaat 
met gelatine, geprint in een drie dimensionale 
structuur, geven eilandjes de beste overleving-
skans. De functionaliteit van de eilandjes was 
echter verminderd, doordat de scaffolds een 
dood volume hebben. Hierdoor moeten glucose 
en insuline eerst door de scaffold trekken 
voordat ze een effect hebben. Scaffolds met 
eilandjes werden vervolgens subcutaan getrans-
planteerd in muizen om te kijken of ze in vivo 
overleven. Door middel van onze in hoofdstuk 
2 beschreven techniek konden we de eilandjes 
gedurende een week volgen. De overleving van 
de eilandjes in vivo was echter veel lager dan in 
vitro. 
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Samengevat geeft dit proefschrift nieuwe 
inzichten in de ontwikkeling van eilandjes van 
Langerhans, en de overleving van eilandjes na 
transplantatie. Door middel van intravitale 
microscopie kunnen we de migratie van endo-
criene voorlopercellen beschrijven, en door naar 
het transcriptoom te kijken kunnen we zeggen 
welke genen op welk moment betrokken zijn 
bij de uitrijping tot volwassen cellen in de ei-
landjes van Langerhans. Verder kunnen we van 
getransplanteerde eilandjes zien wanneer deze 
gevasculariseerd worden, en hoe transplantatie 
de bètacellen in de eilandjes beïnvloedt. Tot slot 
testen wat voor effect het gebruik van scaffolds 
heeft op de overleving en functionaliteit van 
eilandjes van Langerhans. 
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Dankwoord

Eindelijk is het zover, na 11 lange jaren is het 
Hubrecht Instituut van me verlost. De tijd is 
wat mij betreft voorbijgevlogen en ik kan nog 
steeds nauwelijks bevatten dat ik weg ben. Wat 
rest is een lange lijst mensen die een bedankje 
verdienen.

Ten eerste mijn promotoren. Eelco, jij zag in 
mij wat niemand anders zag: een potentiele 
PhD student. Je hebt door de jaren heen altijd 
vertrouwen in me gehad en ik heb je manier 
van sturen en begeleiden altijd als erg plezierig 
beschouwd. Je gaf me de vrijheid om mijn pro-
ject zelf op poten te zetten en om langzaam te 
groeien in mijn wetenschappelijke rol. Voor je 
ligt het resultaat daarvan, en daar ben ik je eeu-
wig dankbaar voor. Jacco, één van de grappigste 
momenten op het lab de afgelopen jaren was 
toen je trots het lab op kwam lopen en “je suis 
une champignon” tegen me zei. Onze volslagen 
onkunde om Frans te spreken schepte een band, 
en ik beschouw je buiten de wetenschap om ook 
op persoonlijk vlak als een fijn mens. Bedankt 
dat je mijn promoter wilt zijn, voor je hulp bij 
de vele microscopie experimenten die we heb-
ben gedaan en voor je oprechte interesse in mij. 
Succes de aankomende jaren op het NKI!

Voor de mensen in onze werkgroep: ten eerste 
allemaal bedankt voor de gezelligheid de afge-
lopen jaren. Het is niet vanzelfsprekend, maar 
wel heel fijn als het er is. Gita, you just might be 
a bit too gullible, but I always appreciated your 
hard work and open way of communicating. 
Good luck, whatever the future may hold for 
you and your family. Francoise, thank you for 
all your feedback and willingness to help, even 
now that we’re in Switzerland. However slowly, 
my French is improving! Timmie, wat heb jij 
veel kleuringen gedaan en cellen geteld de laat-
ste maanden. Je was het extra paar handen dat 
ik broodnodig had, bedankt! Lina, you came to 
help me with one project, but ended up helping 
me with all my projects. Your thoroughness and 

perseverance will bring you a long way. Thanks 
for your help and good luck during your PhD. 
Karin, je deed veel dingen op de achtergrond: 
de dierenstal, snijden van weefsel, genotyperen. 
Het wordt vaak ondergewaardeerd, maar het is 
zo fijn als dit soort dingen geregeld zijn. Groen, 
altijd goed om te zien dat niet alleen ik, maar 
ook andere mensen worstelen met hun in silico 
data. Bedankt voor de gezelligheid, en niet te 
veel port drinken! Mijn studenten door de afge-
lopen jaren: Bob, Pim, Paul, Daniella en Twan: 
ik heb echt ontzettend veel geluk gehad met 
de intelligente, zelfstandige en georganiseerde 
studenten die jullie waren. Allemaal succes in 
de toekomst! Van vroeger: Cindy, wat was het 
leuk om samen met jou deze groep op poten te 
zetten. Dankzij jou heb ik ieder geval op een 
basaal niveau leren kweken, for whatever it’s 
worth, waarvoor dank. Erik, we moesten in het 
begin even aan elkaar wennen, maar uiteindelijk 
hebben we een goede tijd gehad op het Hubre-
cht. Succes in Nijmegen. Femke, we hebben 
nog steeds restjes voorraad die jij hebt aange-
legd, kweekmonster dat je bent! We wonen “in 
de buurt” nu, laten we een keer een biertje gaan 
drinken. Nathalia, Bernard, Nerys, Marten, 
Maaike, Jeetindra, Jason and all the other lab 
members from the Hubrecht en Leiden: thanks 
for your ideas and input, and all the best in the 
future.

Verder natuurlijk Jacco’s angels: Lai, Eef, Sas en 
Nienke, angels van het eerste uur, bedankt voor 
alle hulp bij het opzetten van mijn microscopie 
experimenten, warrige gesprekken in de Dam-
herten, kopjes koffie of thee. Also many thanks 
to the other angels: Daan, Co, Ari, Carrie, 
Sander, Maria, Pim en Anko. Mauro, bedankt 
voor alle hulp bij de single cell experimenten, 
het is een mooi hoofdstuk geworden en uitein-
delijk wordt het een mooi manuscript, ik voel 
het aan m’n water. Giulia, many thanks for your 
collaboration on the scaffolding paper. May all 
go well for you in the future. Stefan en Reinier, 
bedankt voor jullie hulp bij het FACSen van 
mijn cellen. Alles ging altijd soepel met jullie 
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hulp en de flexibiliteit die jullie boden was heel 
aangenaam. Stieneke, super bedankt voor al 
je hulp bij het kweken, voor je gezelligheid en 
voor het delen van het leed genaamd de Life 
Tech Supply Center. Ik hoop voor je dat er een 
moment komt waarop dat soepel loopt. Laat je 
niet gek maken! Harry en Jeroen, bedankt voor 
alle gezelligheid in het histologie lab. Sorry voor 
alle snoepjes die ik (soms stiekem) bij jullie heb 
gepikt.  John, ik maakte vaak grapjes over dat 
je soms wat lang van stof bent, maar ik heb je 
hulp altijd enorm gewaardeerd. Getrouwd zijn 
is trouwens zo gek nog niet.

Het Hubrecht valt en staat bij de onderste-
unende diensten. Binnen die diensten zijn altijd 
een aantal mensen extra bereid om een helpende 
hand te bieden, wat het leven zoveel makkeli-
jker maakt. Elroy, als ik iets nodig had dat niet 
binnen het standaard repertoire van de civiele 
dienst viel (een camera, hulp bij verzending van 
pakketjes, noem maar op), ik kon altijd bij jou 
terecht. Je bent een fijn mens! Thea en Anneke, 
bedankt voor alle gezelligheid, het was altijd 
leuk binnenkomen of weggaan wanneer jullie 
er waren. Beste dierverzorgers (eigenlijk geldt 
dit voor jullie allemaal, maar in het bijzonder 
natuurlijk voor Miep, Petra en Benaissa), 
bedankt voor alle goede zorgen voor mijn 
muisjes de afgelopen jaren. Wat hebben jullie 
daar een werk aan gehad, en het werd altijd 
zonder gemor gedaan. Ik wil niet weten hoeveel 
muizen jullie voor me geplugd hebben op de 
vroege ochtend, ook in het weekend, en ik 
ben jullie er heel erg dankbaar voor! Nanneke, 
zonder jou geen DEC protocollen. Je was altijd 
bereid om mee te denken met onze aanvragen, 
wat het proces altijd ten goede kwam. Ik hou 
van je optimisme en enthousiasme. Rob, Tjeerd 
en Edwin, jullie waren altijd bereid om iets te 
knutselen voor het goede doel. Of het nu ging 
om het bijslijpen van imaging windows of het 
meten van temperaturen in onze koelkasten, 
niets was te gek, alles kon en meestal nog dezelf-
de dag. Heel erg bedankt!

Feestjes op het Hubrecht ben ik in de laatste 
jaren niet echt meer aan toe gekomen, maar 
zeker in mijn beginjaren wel. Veel dank voor de 
gezelligheid aan Anke en Essie (rozen eten en 
met onbekenden naar de gaybar), Paul (altijd 
een goed verhaal over porno tijdens de lunch, 
lekker klauteren op de survivalbaan en sterke 
drank tijdens werktijd), Flore (3 uur koffietijd, 
wat hebben wij veel zitten ouwehoeren samen. 
Ik mis dat!), Petra (liedjes zingen in de slaap-
trein naar Sziget, en waarom is er een verband 
tussen hoeren en honden?), Daniil (winter BBQ 
will never be the same, and thanks for explain-
ing the many ways to ingest vodka), Maaike (als 
ik een zweefmolen zie denk ik aan jou), Tamara 
(dankzij jou weet ik hoe de medische centra van 
Mallorca er van binnen uitzien), Eirinn (for the 
many pictures and beers) en Roel (we zijn niet 
laatste geworden bij Beltrum, dat was al heel 
wat). En verder: Jarno, Maartje, Pieterjan, Nico-
las, AJ, Annabel, Geert, Erica, Jean-Charles, 
Susanne, Lennart, Kay, Lotte, Laura, Jessica, 
Saskia, Carla en alle anderen die ik vergeet: 
bedankt voor de gezelligheid!

Mac en Miranda, ondanks jullie eigen turbu-
lente leventje hebben jullie altijd de tijd om wat 
leuks te gaan doen (festivalletjes, sportevene-
mentjes, hapje eten) en om te helpen als dat 
kan. Mac, we kennen elkaar ondertussen bijna 
20 jaar en je bent als een broer voor me. Be-
dankt dat jullie er altijd zijn, en vergeet niet dat 
wij er altijd voor jullie zijn als jullie ons nodig 
hebben. Lars en Niké, bedankt voor de vaak 
bijzonder slechte grappen en jullie belabberde 
gevoel voor humor. Een mens (in ieder geval dit 
mens) heeft dat nodig. Nynke, je bent waarschi-
jnlijk degene die m’n boekje helemaal heeft ge-
lezen. Misschien wel de enige die hem helemaal 
heeft gelezen. Bedankt voor je kritische blik en 
feedback. Ex-collega’s van de Ekko, mijn tijd 
daar achter de bar en geluidstafels was fantas-
tisch. De uitjes naar Pinkpop en Roskilde waren 
memorabel. De medewerkersweekenden zijn 
nog steeds een blur. De naborrels tot drie uur ‘s 
middags waren misschien wat overdreven, maar 
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wel erg leuk. Jullie zijn met teveel om allemaal 
persoonlijk te bedanken, maar bij deze in ieder 
geval allemaal collectief bedankt voor een fan-
tastische tijd, ik had het nooit willen missen!

Beste Henk en José, ik kan me geen fijnere 
schoonouders bedenken dan jullie. Altijd staan 
jullie klaar om ergens mee te helpen, zelfs als 
je er helemaal voor uit Almelo moet komen. 
Jullie zijn de liefste en warmste schoonouders 
die iemand zich kan wensen! Bart en Nadina, 
bedankt voor alle gezelligheid, het is altijd leuk 
om een hapje te doen, wat te drinken, wat te 
kletsen via whatsapp, etc.

Paps en mams, wat een moment hè? Zoonlief 
heeft een boek geschreven, en gaat promoveren, 
wie had dat 20 jaar geleden gedroomd? Wat 
hebben we een mooi gezin met z’n allen, met 
twee ouders die zo veel van elkaar houden en 
zoveel liefde en aandacht hebben voor hun kin-
deren. Niet alles gaat vanzelfsprekend, maar met 
elkaar krijgen we alles gedaan. We zitten wat 
verder weg nu, maar we blijven altijd dichtbij. 
Ik hou van jullie. Anneke, je bent de sterkste 
vrouw die ik ken. Je bent de liefste moeder die 
ik ken. Je bent mijn kleine zusje maar mijn 
grote voorbeeld. Verander nooit, je bent fantas-
tisch. Mick, kleine dondersteen die je bent, wat 
is het leuk om jou als neefje te hebben. Laten 
we snel weer wat leuks gaan doen, zoals sleeën 
in de bergen!

Anneke en Ester, wat ben ik blij dat jullie mijn 
paranimfen zijn. Jullie vertegenwoordigen alle-
bei een andere tak van mijn leven, en zijn beid-
en zo goed in wat jullie doen. Met jullie achter 
me heb ik het vertrouwen dat mijn promotie 
goed gaat komen.

Anoek, lieverd. Ik hou zo ontzettend veel van je. 
Ik ben zo blij dat we samen dit mooie avontuur 
aan zijn gegaan in Zwitserland. Je motiveert me 
om meer uit mezelf te halen dan ik besefte dat 
ik in me had. Je laat me naar het leven kijken op 
een manier die ik niet kende. Je maakt me beter 
dan ik ooit was. Ik kan niet uitdrukken hoe 
belangrijk je voor me bent. Maar het is zo.

Marah, mijn liefde en zaligheid. Ooit als je wat 
ouder bent zul je dit hopelijk lezen en trots 
zijn op je vader. Ik ben nu al zo trots op jou. 
Mijn kleine lachebekje, mijn wondertje. Jouw 
avontuur is pas net begonnen, ik hoop dat je 
er een leven lang van kunt genieten. Want het 
leven is mooi, het is fantastisch. Haal er alles uit 
wat erin zit en geniet. Dat doet papa ook, met 
volle teugen.

Het is tijd.

Léon
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Sequential intravital imaging reveals in vivo dynamics of pancreatic tissue transplanted under the kidney 
capsule in mice. 
van Gurp L, Loomans CJ, van Krieken PP, Dharmadhikari G, Jansen E,  Ringnalda FC, Beerling E, 
van Rheenen J, de Koning EJ. 
Diabetologia. 2016 Nov;59(11):2387-92. 

A Single-Cell Transcriptome Atlas of the Human Pancreas. 
Muraro MJ, Dharmadhikari G, Grün D, Groen N, Dielen T, Jansen E, van Gurp L, Engelse MA, 
Carlotti F, de Koning EJ, van Oudenaarden A. 
Cell Syst. 2016 Oct 26;3(4):385-394.e3. 

Fabrication of three-dimensional bioplotted hydrogel scaffolds for islets of Langerhans transplantation.
Marchioli G, van Gurp L, van Krieken PP, Stamatialis D, Engelse M, van Blitterswijk CA, 
Karperien MB, de Koning E, Alblas J, Moroni L, van Apeldoorn AA. 
Biofabrication. 2015 May 28;7(2):025009. 

Intravital microscopy through an abdominal imaging window reveals a pre-micrometastasis stage during 
liver metastasis. 
Ritsma L, Steller EJ, Beerling E, Loomans CJ, Zomer A, Gerlach C, Vrisekoop N, Seinstra D, 
van Gurp L, Schäfer R, Raats DA, de Graaff A, Schumacher TN, de Koning EJ, 
Rinkes IH, Kranenburg O, van Rheenen J. 
Sci Transl Med. 2012 Oct 31;4(158):158ra145.

Induced Wnt5a expression perturbs embryonic outgrowth and intestinal elongation, but is well-tolerated 
in adult mice. 
Bakker ER, Raghoebir L, Franken PF, Helvensteijn W, van Gurp L, Meijlink F, van der Valk MA, 
Rottier RJ, Kuipers EJ, van Veelen W, Smits R. 
Dev Biol. 2012 Sep 1;369(1):91-100. 

Beta-catenin tyrosine 654 phosphorylation increases Wnt signalling and intestinal tumorigenesis.
van Veelen W, Le NH, Helvensteijn W, Blonden L, Theeuwes M, Bakker ER, Franken PF, 
van Gurp L, Meijlink F, van der Valk MA, Kuipers EJ, Fodde R, Smits R. 
Gut. 2011 Sep;60(9):1204-12. 

An ENU-induced point mutation in the mouse Btaf1 gene causes post-gastrulation embryonic lethality 
and protein instability.
Wansleeben C, van Gurp L, de Graaf P, Mousson F, Marc Timmers HT, Meijlink F. 
Mech Dev. 2011 May-Jun;128(5-6):279-88. 

An ENU-mutagenesis screen in the mouse: identification of novel developmental gene functions.
Wansleeben C, van Gurp L, Feitsma H, Kroon C, Rieter E, Verberne M, Guryev V, Cuppen E, 
Meijlink F. 
PLoS One. 2011 Apr 29;6(4):e19357. 
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Duodenal pain and spinal morphine induce conditioned taste aversion in rats. 
Geerse GJ, van Gurp L, van Wijk DC, Wiegant VM, Stam R. 
Physiol Behav. 2007 Jun 8;91(2-3):310-7.
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