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ABSTRACT

Human embryonic stem (hES) cells have great therapeutic potential for the

treatment of degenerative conditions such as Parkinson's disease, cardiac failure and
type I diabetes. This potential is based on the ability of hES cells in vitro to self-renew
and also differentiate to cells of all three germ layers; ectoderm, mesoderm and
endoderm. Type I diabetes is due to an autoimmune disease destroying the insulin-
secreting cells of the pancreas (B-cells) that regulate plasma glucose concentration. The
pancreas develops from the endoderm lineage. To find a cure for type I diabetes based
on the use of hES, it is essential to understand the differentiation process of ES cells
into the endodermal, B-cell lineage. The aim of this study was to investigate the
generation of insulin-secreting cells using hES cells in vitro and to compare such cells
with those in the developing pancreas of the foetus.

The differentiation of hES cells was induced by their aggregation in culture to

form embryoid bodies (EBs) using various combinations of growth factors. Peptide (C-

peptide, insulin) and protein expression markers of cells were analysed by
histochemical (dithizone stain) immunolocalisation, and immunosorbent assay (ELISA).
mRNA expression (RT-PCR) was used to confirm the expression of some early and
mature P-cells markers including Pancreatic duodenal homeobox 1 (PDX-1),
Neurogenin 3 (NEUROG 3; NGN3), Glucokinase (GCK, GK), Glucose Transporter
(GLUT) 1 and 2 (SLC2A1 and SLC2A2) and insulin (/DDM2). Comparisons were made

with pancreas recovered from human foetus between 8 - 12 weeks gestation and
subjected to immunolocalisation and proteomic analysis.
The number of cells expressing markers of insulin-secreting cells in EB colonies

varied with different growth factor/s combinations. Medium supplemented with
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nicotinamide and activin A was the most successful in generating B-cell-like cells.
However, EBs failed to secrete the pro-insulin peptide, C-peptide, in culture.
Immunocytochemistry of foetal pancreas indicated that islet B-cell development
Initiated at about week 10 of gestation and that consistent C-peptide secretion measured
by ELISA was apparent in cells recovered from week 12 foetuses and cultured in vitro.
The protein profile of the pancreas from week 10 and 12 foetuses revealed significant
differences by proteomic analysis.
I conclude that in vitro culture processes of hES cells need to be further
improved to achieve a higher efficiency and a full differentiation towards insulin- t

secreting cells that mimic those of foetal or mature islet B-cells.
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Chapter I Introduction

INTRODUCTION

1. Diabetes

Carbohydrates are broken down to sugars and absorbed during digestion
and when this sugar (mainly glucose) enters the bloodstream it can provide the
body with energy for metabolic processes. Excess amount of glucose, which is not
needed, is stored short-term in the liver or for long-term as fat deposits. Levels of
sugar in the bloodstream are closely regulated by the hormone insulin, which is

produced by the pancreas (Edlund, 2001; Ono, 2006). Insulin is synthesized and
secreted by the B-cells, which reside in the pancreatic islet; the functional unit of

specialized endocrine cells (Edlund, 2001; Peck et al, 2004; Gabrielle et al, 2005).
Diabetes is a chronic disease characterised by abnormally high levels

(hyperglycemia) of glucose in the bloodstream (Baertschiger et al, 2006; Yang et

al, 2006). Excessive amounts of free glucose can cause blindness, kidney failure,
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heart disease, stroke, neuropathy and amputations (Efrat, 2002; Baertschiger et al,
2006; Yang et al, 2006).

There are two types of diabetes, type I, insulin-dependent, and type II,
non-insulin dependent (Docherty, 2001; Edlund, 2001). Type I diabetes is
characterised by loss of B-cells of the pancreas, generally as a result of an
autoimmune reaction. That is, the body’s own immune system destroys 90% or
more of islet cells (in which B-cells reside) of the pancreas by attacking them as
foreign bodies (Docherty, 2001; Peck et al, 2004; Trucco, 2006). In the absence of
insulin, glucose accumulates in the blood creating the condition known as type I
diabetes and patients must have regular insulin injections to control blood glucose.
This condition is also referred to as juvenile diabetes as the disease often strikes
the young (Efrat 2002; Peck et al, 2004). Although the exact cause of type I
diabetes is not known, it is thought that genetic and environmental factors (e.g.

viral infection, vitamin D levels) are involved. Recently, large-scale genetic fine

mapping and genotype-phenotype associations implicated polymorphism in the
interleukin 2 receptor alpha gene (IL2RA) as being important in whether
individual developed type I diabetes (Lowe et al, 2007)

Type 1l, or adult-onset diabetes is the most common form of diabetes and
occurs when the body either cannot use the insulin effectively because of the
dysfunction of B-cells resulting in an inability to produce and secrete sufficient

amounts of active insulin (Docherty, 2001; Edlund, 2001), or the cells of the body
do not use insulin properly; 'insulin resistance'. In this case, more insulin than
usual is required to keep the blood glucose levels at normal levels. Type II

diabetic patients can usually control their blood glucose levels by regular diets,
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exercises and oral medication. In type II diabetics the B-cells of the pancreas
remain present in large numbers.

Binding of insulin to its specific receptor on the cell membrane, leads to
the activation of the receptor and a phosphorylation of intracellular signaling
pathways, which activate glucose absorption and utilization by the cell. Most cells

have the insulin receptors on their cell membranes and are termed insulin-
dependent. But some cells such as brain cells, kidneys cells, cells lining the
digestive tract and red blood cells lack insulin receptors and are insulin-
independent. These cells can absorb and utilize glucose without insulin

stimulation (Rhodes et al, 1994; Dodson et al, 1998).

2. Islet Transplantation

Transplantation of whole pancreas or pancreatic islets is used as a
fundamental treatment for type I diabetic patients by replacing the cells lost by

disease. A pancreas transplant is surgery to implant a healthy pancreas from a
donor into a patient thereby giving this person the chance to become independent
(or less dependent) of insulin injections. However pancreas transplant is only
offered to people who have severe diabetes due to the risks attached to the
procedure. Since severe type I diabetes is often associated with chronic renal
(kidney) failure, a person who needs a pancreas transplant also might need a
kidney transplant, Therefore, three kinds of pancreas transplant operations are
undertaken. These are (1) a combined kidney-pancreas transplant; (2) "pancreas
after kidney" transplant, in which the pancreas is transplanted some time after a
kidney has been transplanted; (3) pancreas transplant alone, for patients with

functioning kidney (Peck et al, 2004; Pileggi et al, 2004; Ono, 2006; Urban et al,
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2006). The first attempted transplant of both kidney and pancreas was carried out
in 1967 by Kelly and her colleagues (Kelly et al, 1967 Hayek et al, 1997). Over
the recent years, long-term success has improved and risks have decreased. One
year after transplantation more than 95% of all patients are still alive and 80-85%
of all pancreases are still functional. However, besides the surgical risks, there are
other potential complications and transplantation patients need lifelong
immunosuppression which increases the chances of acquiring various infections
and cancer. The biggest restriction to the use of pancreas transplantation is the
lack of suitable immune (histocompatibility) matched donors.

Sachs and Bonner-Weir considered that transplantation of pancreas as a
single organ is complicated, and more effort was needed to find alternatives to
insulin injections (Sachs ef al, 2000). A more experimental treatment was
therefore introduced which is the transplantation of purified pancreatic islets
rather than the whole pancreas organ. This procedure reduces the need for the
long and complicated surgery. The first successful islet transplantation was
performed in 2000 by Shapiro and his colleagues for type I diabetic patients
(Hayek et al, 1997; Amiel, 2001; Mathieu, 2001; Shapiro et al, 2006). Shapiro’s
group at the University of Alberta in Edmonton, Canada, have continued to use

and refine the procedure called the Edmonton Protocol although there are still

considerable problems with the technique.

In 1slets transplantation, the islets are isolated from the donor pancreas by
using protease and collagenase enzymes. Because islets are fragile and cannot be
preserved, transplantation must occur soon after they are removed. Usually a

pa‘gient recetves at least 10,000 islet “equivalents™ per kilogram of body weight,

extracted from two donor pancreases. Patients often require two transplants to
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achieve insulin independence. The transplant of cells is often performed by a
radiologist, who uses X-rays and ultrasound to guide a catheter (small plastic
tube) through the upper abdomen and into the portal vein of the liver. The islets
are then infused slowly through the catheter into the liver (Figure 1) (Hayek et al,
1997; Sachs et al, 2000; Mathieu, 2001; Shapiro et al, 2006). Some studies on
mice, by Hayek and Beattie in 1997, showed that fetal endocrine islet-like cells if
compared to adult islets are richer in generating insulin-producing cells (Hayek et
al, 1997). After transplantation of adult islets, some p-cells were selectively lost
but the reason for this is not clear (Hayek et al, 1997; Miszta-Lane et al, 2006).
The limited supply and low yield of islets from donor's pancreas prevents
the wide-spread use of islet transplantation therapy (Ackermann et al, 2007) at
present. In 2005, a S-year follow-up of results for 65 patients who received
transplants indicated that only about 10% of the patients remained free of the need

for insulin injections. Most recipients returned to using insulin because the

transplanted islets lost their ability to function over time. The researchers noted,
however, that many transplant recipients were able to reduce their need for insulin
and achieve better glucose stability. Like pancreas transplantation, patients require
life long immunosuppression and therefore the procedure is not suitable for young
patients. However, islet transplantation indicated that if alternative sources of
insulin-producing cells could be generated then this approach might be a practical

method of treatment for diabetic patients as the cell infusion was relatively simple.
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Figure 1

\

Recipient

5‘ t i éq:}‘?:
Isletin P

ancreas

"

Infusi0n Of 15lets

A diagram illustrating the principles of the islet transplantation
process; the Edmonton Protocol. Islets are recovered and purified

from one or two pancreases and then infused into recipient patient

via the portal vein where the cells embed in liver (after Shapiro et

al, 2001).
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3. Embryonic Stem Cells

One can define a stem cell as a special kind of cell, from the embryo,
foetus or adult, that has the ability to proliferate, renew itself, and differentiate to
give rise to specialised cell types that make up the tissues and organs of the body
(Donovan et al, 2001; L et al, 2007). Stem cells can be divided into two main
categories: adult or somatic stem cells and embryonic stem cells.

Embryonic stem (ES) cells were first derived from the pluripotent inner
cell mass, ICM, of the pre-implantation blastocyst stage of the early embryo, and
were shown to be capable of unlimited and undifferentiated proliferation and
initially maintained a stable diploid and normal karyotype in vitro (Thomson et al,
1998; Pera et al, 2000; Donovan et al, 2001; Amit et al, 2002; Gepstein, 2002).

In 1981, Evans and Kaufman isolated the first embryonic stem cell lines
from the mouse blastocyst. At the same time, but independently, the same work
was done by Martin and her colleagues (Evans et al, 1981; Martin, 1981). When
ES cells were injected into blastocysts, which were then implanted in foster mice,
the tissues of the offspring had some of the genetic composition of the ES cells
(chimeric animals) indicating that the ES cells were pluripotent. ES cells therefore
differ from all other types of cells in that they have the ability to retain their
potential to generate derivatives of all the three germ layers, endoderm, mesoderm
and ectoderm, and proliferate without differentiation in culture under appropriate
conditions (Pera et al, 2000; Amit et al, 2002; Gepstein, 2002; Lil et al, 2007).

Mouse ES cells were shown to differentiate, in vitro, into a variety of cell
types including cardiomyocytes, skeletal and smooth muscle cells, neural and ghal
cells, hematopoietic progenitor cells, adipocytes, endothelial cells, pancreatic cells

(B-cells) and several other tissue types (Gepstein, 2002). However, the cells
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remained undifferentiated in vitro if they were grown with leukaemia inhibitory
factor, LIP;, or if they were seeded on an inactivated feeder layer of cells of
embryonic fibroblasts (Roche et al, 2005). A study was done by Williams and
colleagues that demonstrated the importance of leukemia inhibitory factor, a
member of the interleukin-6 related family of cytokines, in the maintenance of
mouse ES cells from differentiation, in vivo and in vitro without the need of feeder
cells (Williams et al, 1988).

Isolation of ES cells from the primate, rhesus and marmoset monkeys,
were reported in 1995 by Thomson and coworkers where these cells remained
undifferentiated in continuous passage for more than one year, and maintained
their morphology, normal karyotype and expression of specific cell surface
markers (Thomson et al, 1995; Reubinoff et al, 2000).

The first human embryonic stem (hES) cell lines were derived in 1998
(Thomson et al, 1998). In the human embryo, a hollow sphere of cells is formed
4-6 days after fertilization. This blastocyst, contains an outer cell layer and an
inner cluster of cells which is known as the inner cell mass, ICM (Gepstein,
2002). The outer cell layer, the trophectoderm, forms part of the placenta and
other supporting tissues, while the ICM creates all tissues of the developing foetus
as well as foetal sacs. If the ICM is placed in culture then these cells can change
their characteristic to become ES cells with indefinite self-renewal. In culture, it
was found that hES cells like mouse ES cells required a feeder layer, to maintain
the cells in an undifferentiated phenotype (Draper et al, 2003). On the other hand,
experiments indicated that undifferentiated hES cells could not be maintained by

LIF alone (Thomson ef al, 1998). Xu and colleagues indicated that there were
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undefined soluble factors released from the feeder layer which were important in
maintaining an undifferentiated hES cell (Xu et al, 2003).

The similarities between human and rhesus ES cells, has allowed rhesus
ES cells to provide an accurate model for developing strategies to prevent immune

rejection of transplanted cells and for demonstrating the safety of ES cell- based

therapies (Thomson et al, 1998, Furuya et al, 2003).

Since undifferentiated ES cells can be differentiated in vitro and in vivo to
a specific cell lineage of ectoderm, mesoderm or endoderm potentially any disease
resulting from the failure of specific cell types can be treated through the
transplantation of differentiated cells derived from ES cells (Thomson et al, 1995;
Meivar-Levy et al, 2006; Urban et al, 2006). Moreover, hES cells can be used for
new drugs tests, such as in new medications tests, or for screening anti-tumor
drugs for cancer (Meivar-Levy et al, 2006; Urban et al, 2006). The disadvantages
of using ES cells for transplant therapy include tumors formation as
undifferentiated ES cells are mitotically active and may result in the formation of
teratomas (Draper et al, 2002). Also as hES cells produced from a blastocyst will
not match the genetic composition of the patient a transplant with these cells will
be rejected by the immune system unless immunosupression is used (Draper et al,

2002; Ono, 2006). To avoid immune rejection, derivation of the patient ES cell

line by the use of somatic nuclear transfer technology has been suggested

(Donovan et al, 2001; Gepstein, 2002).

In culture ES cells can form cluster of cells called an embryoid body (EB)
which can then develop with differentiated cell types. The selection of a specific
cell type from the mixed population of cells in an EB is important to have a

relatively homogenous, pure, cell population (Gepstein, 2002; Calafiore et al,
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2006). To do so, a tissue specific promoter can be utilized to derive a selectable
marker as was used by Klug and coworkers (Klug et al, 1996) to obtain
cardiomyocyte. An appropriate antibiotic and selection process of in vitro
differentiated ES cells carrying a fusion gene resulted in 99% purity of cultured
cardiomyocytes (Klug et al, 1996). A similar strategy was used to produce
purified cultures of neurons and insulin secreting pancreatic B-cells that derived
from murine ES cells (Gepstein, 2002).

ES cells can be used as a source of insulin-producing donor cells in type 1
diabetes cell therapy (Jiang et al, 2007). Derivation of insulin- producing cells
from mouse ES cells was performed in 2000 by Soria’s group (Soria et al, 2000).
They used a simple genetic approach to generate insulin-producing cells, that
normalizes blood glucose when transplanted into streptozotocin (STZ)-induced
diabetic mice, which are able to maintain a stable glucose in vivo. Lumelsky,
2001, reported the successful differentiation of mouse ES cells into insulin-
secreting structures, with similar topology and function as the pancreatic islets, by
using an ES cell-based system (Lumelsky et al, 2001).

The derivation of human ES cells which differentiated into insulin-
secreting cells, via EBs formation, was first performed by Assady and his

colleagues in 2001 (Assady et al, 2001). They used undifferentiated hES cells to

produce cells with the characterization of insulin producing B-cells (Assady et al,

2001).

Difierent researchers have tested different ways to produce B-cells from

ES cells to be used for the transplantation purposes. The importance of the

differentiation process of B-cells in vitro is summarized in the sensitivity of the

10



Chapter I Introduction

cells to the blood glucose and the quality and quantity of the insulin secreted from
them (Ackermann et al, 2007).

Embryonic germ (EG) cells are another pluripotent type that have the
ability to proliferate and differentiate to multiple types of somatic cells derived
from all the three embryonic germ layers (Shamblott et al, 1998; Clark et al,
2007). These cells derived from primordial germ cells in the genital ridges of the
developing embryos (Gepstein, 2002; Clark et al, 2007). EG cells, are like ES
cells, and have the ability to differentiate in vitro to form embryoid bodies
composed of mature cell types as well as proliferating progenitor cells. The first
human embryonic germ (hEG) cells were isolated from a 5-10 week embryonic
gonadal ridges in 1998 (Shamblott et al, 1998; Draper et al, 2002). Recently,
glucose responsive insulin cells were produced from human embryonic germ (EG)

cell derivatives (Clark et al, 2007).

Stem cells are also present in many tissues of adult animals (Donovan et
al, 2001). Adult stem (AS) cells are undifferentiated cells that are found in a
specific tissue or organ and have the ability to proliferate and differentiate to
produce the specific cell types of the tissue that they are derived from; but they
show limited proliferation in vitro compared to ES cells (Jonathan et al, 2003).

The main function of AS cells is involved in tissue repair, in which they are

found, and homeostasis (Donovan et al, 2001).
Expansion and differentiation of progenitor cells that might be derived
from adult human pancreas, liver, spleen and bone marrow may help in producing

insulin-secreting cells which can be used in the replacement therapies for diabetes
and avoid immunorejection and formation of pluripotent cells (Gao et al, 2007;

Lii et al, 2007). AS cells have been used to generate B-cells. AS cells from old

11
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patients are likely to have less potential for differentiation and growth (Winston,
2001; Meivar-Levy et al, 2006; Urban et al, 2006). The advantage of using AS
cells in transplantation is their histocompatibility with the donor for
autotransplantation and this will not cause any rejection problems by the immune
system (Miszta-Lane et al, 2006).

However, AS cells are very rare cells and hard to identify and it is not
clear, to date, if they are present in all organs or only restricted to some specific
organs. Furthermore, they are few in numbers and difficult to extract and grow in
laboratory cultures (Williams et al, 1988; Winston, 2001). Some unexpected cells
in the body were found producing insulin such as fat cells and liver in both (I and
IT) diabetic mice, but the number of cells and the amount of insulin produced were
very small (Baylor College of Medicine, 2004).

In addition, some studies showed that insulin-producing cells can be
generated from the mouse and human ductal cells, which form the tubes that carry
the digestive enzymes from the pancreas to the duodenum (Bonner-Weir et al,
2000). However, the number of cells producing insulin in this experiment was too
small for transplantation therapy in the future (Bonner-Weir et al, 2000).

Hence, stem cell biology is a new field that holds the promise for mass
production of pancreatic B-cells if efficient methods can be devised for generating

functional cells in vitro (Soria, 2001). This requires an understanding of the

normal development of the human pancreas.

12
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4. The Development of Human Pancreas

4.1 General Anatomy and Morphology

The pancreas is a gland situated in the upper part of the abdomen,
posterior to the stomach, and connected to intestine by a fine tube called the bile
duct (Figure 2) (Grapin-Botton et al, 2001; Fishman et al, 2002). It has two major
functions. The first is the production of digestive enzymes, which are secreted by
exocrine acinar cells which make up most of the organ, and the second is in the
regulation of blood sugar, which is carried out by the endocrine cells of the islets
of Langerhans (St-Onge et al, 1999; Grapin-Botton ef al, 2001; Fishman et al,
2002; Murtaugh, 2007). Pancreas morphology was first described by Paul
Langerhans in his thesis in 1869 (see Volk et al, 1985). At that time, the main
function of the pancreas was not determined but it was suggested that it had a

close connection with the nervous system (see Volk et al, 1985). The pancreas is

innervated by sympathetic and parasympathetic fibres, in which the nerves in the
islets of Langerhans follow the blood vessels and terminate within the
pericapillary space (Felig et al, 2001). Moreover, the pancreas is composed of
four different parts. The head which is a disc-shaped structure lying in the
concavity of the second and third parts of the duodenum. The neck which is
narrower than the head, connecting between the head and the body. The body

which is triangular in shape with a flat posterior surface and finally the tail

(Rogers, 1992).

13
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Endocrine islet

Figure 2 A diagram showing the gross morphology of the human pancreas
and a micrograph histology section of the endocrine and exocrine

regions (based on diagrams from www.Lifespan.org).
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There are two types of secretory cells (Volk et al, 1985). About 99% of the
pancreatic volume consists of clusters of gland cells, pancreatic acini, which are
connected to the intestine through a highly branched ductal network (Rogers,
1992). The acinar cells form small lobules adjacent to the ducts (Soria, 2001).
Both the gland and the duct cells secrete large amounts of digestive enzymes and
bicarbonate mixture that reaches the lumen of the digestive tract through the
secretory ducts and bile duct (Volk et al, 1985). The other cell types are endocrine
cells, which are in the islets of Langerhans, which are scattered through the central
regions of the organ (Figure 3) (Murtaugh, 2007) between acini lobules. The
endocrine pancreas regulates the glucose level by production of insulin in the

blood stream as well as producing other hormones (St-Onge et al, 1999; Soria,

2001; Habener et al, 2005).

4.2 Differentiation and Growth

The mammalian pancreas controls nutrient resorption and glucose
metabolism by the various cell types in the islets, the exocrine acinar tissue and
the ductules (Peter et al, 2000; Ramiya et al, 2000; Habener et al, 2005).

Although all of the three structures have the same origin they differ in their
functions (Peter et al, 2000).

The pancreas develops from the foregut of embryonic endoderm (Peters ef
al, 2000; Gu et al, 2002). During embryogenesis two pancreatic lobes arise as
thickenings along the dorsal and ventral surfaces of the posterior foregut followed
by the foregut development in later stage (Gradwohl et al, 2000; Murtaugh, 2007).
These two lobes evaginate into the surrounding mesenchyme as dense epithelial
buds, which then expand, branch and differentiate to a fully functional organ

system prior to birth (Murtaugh, 2007). However, the two buds fuse together to
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Figure 3 A low power section of adult human pancreas tissue showing the
pancreatic 1slet of Langerhans surrounded by acinus cells and

closer to the pancreatic intralobular duct (from www.udel.edu).
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make a functional organ (Gradwohl et al, 2000; Grapin-Botton et al, 2001;
Habener et al, 2005).

In the mouse which has been investigated the most, the pancreas firstly
appears as an evagination on the dorsal surface of the primitive gut endoderm at

early embryogenesis stage (Figure 4) (Docherty, 2001). Shortly after that, the

ventral pancreatic bud arises. Rapid growth then takes place where the epithelial
cells branch forming a network surrounded by mesenchymal tissue. Epithelial
cells then develop into endocrine, ductal and acinar cells (Docherty, 2001).
Pancreas development requires signals originating from the notochord and
pancreatic mesenchyme, where these signals are important in inducing

proliferation and differentiation of pancreatic epithelial cells into islet cells as well

17
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Figure 4 Diagram of early development of mouse pancreas. Definitive
endoderm cells (at E 12.5 gestation) develop from the primitive gut

tube to invaginate and then produce pancreatic endoderm at the
posterior foregut. Ductal cells start to express p-cell markers and
migrate into the mesenchyme to then aggregate and form the islets

of Langerhans at gestational age E13.5 (from Homo-Delarche,

2004).
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as determining the ratio of the exocrine and endocrine cells in the pancreas (St-
Onge et al, 1999; Docherty, 2001; Soria et al, 2001; Habener et al, 200)5).
Exocrine and endocrine cells have the same progenitor (Fishman et al, 2002;
Murtaugh, 2007). They both originate from ductal epithelial cells during

development (Gu et al, 1994; Soria, 2001). However, the proliferation

morphogenesis and the differentiation of the exocrine pancreatic epithelium are
stimulated by fibroblast growth factors (FGFs), which are produced by the
adjacent mesenchyme (Edlund, 1999; Habener et al, 2005; Ackermann et al,
2007). Follistatin, also found in mesenchyme, promotes the differentiation of

exocrine cells but reduces the differentiation of endocrine cells (St-Onge et al,

1999; Peter et al, 2000; Docherty, 2001).

4.3 Islets of Langerhans

Islets of Langerhans are considered to be the pancreas endocrine

functional unit (St-Onge et al, 1999). During development the endocrine cells,

emerge as small aggregates to form about 1% of the total pancreatic tissue,

migrate from the duct system network into the surrounding mesenchyme and
aggregate around capillaries to form isolated clusters of cells, known as islets of
Langerhans, which are scattered throughout the exocrine glandular tissue (Peter et
al, 2000; Young, 2000; Docherty, 2001; Soria, 2001; Bertuzzi et al, 2006). In the
human, each islet consists of about 930 cells (Bonner-Weir et al, 2000).

They are rounded clusters of cells condensed together particularly in the
tail region of the pancreas (Figure 5; Stevens et al, 1997). Individual cells within
the islets are smaller, paler than the exocrine cells and spherical in shapes
(Stevens et al, 1997). Each islet is surrounded by a capillary network that contacts

with each cell in the islet and carries hormones into the blood stream (Figure 5)
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Figure S A diagram showing (A) the islet of Langerhans embedded in the
exocrine region of the pancreas (B) the proximity of p-cells to blood

vessels to enable a rapid secretion of insulin (National Institute of

Health, USA).
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(Stevens et al, 1997). Thus, the association of the pancreatic tissues with blood

vessels 1s probably important for the formation of the insulin secreting cells

(Fishman et al, 2002).

Each islet of Langerhans contains five different types of endocrine cells.

These cells include -, a-, 8-, e-cells and pancreatic polypeptide, pp, producing
cells (Table 1) (Murtaugh, 2007; Docherty, 2001; Gradwohl et al, 2000; Orci,
1982).

B-cells represent the majority of the endocrine cell population (St-Onge et
al, 1999; Murtaugh, 2007). They form clusters connected by gap-junctions and
respond to high blood glucose by producing insulin hormone which helps in
lowering the blood glucose levels by increasing the rate of glucose uptake and
glycogen synthesis in skeletal muscles and liver (St-Onge et al, 1999; Soria,
2001). Furthermore, these cells were also found to secrete amylin polypeptide
hormone which lowering the glucose level in the blood by suppressing glucagon
secretion and slowing gastric emptying (Singh-Franco et al, 2007).

a-cells are the next most common cell types. These cells produce glucagon

which raises the blood glucose levels by increasing the rates of glycogen
breakdown and glucose release by the liver (Murtaugh, 2007; Singh-Franco et al,

2007). They are silent at higher glucose concentrations but active when B-cells are
silent (Soria, 2001).

o-cells are cells produce somatostatin peptide hormone that suppresses the
release of glucagon and insulin and slows the rates of food absorption and enzyme
secretion along the digestive tract (Murtaugh, 2007). Finally, the pancreatic

polypeptide cells that producing pp hormone which inhibits the gallbladder contr-
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Table 1

Characteristic

Features
Peptide Hormone

| .ocation

Appearance

Molecular weight

Number of amino
acids

Total volume %
in adult

Introduction

The different cell types in the endocrine pancreas (Ross er al, 1995:

Stevens et al, 1997; Kloppel et al, 2001; Toshinai et al, 2006).

a-cells  PB-cells
Glucagon Insulin
In the In the islet
periphery centre
of the
islets
Uniform Have
In size  polyhedral
and have  core and
dense pale
granules matrix
compared
to P-cells
3500 S800
29 51
15-20 70-80

o — e o

o-cells

Somatostatin

In the
periphery of
the islets

Have larger
granules

than a- & J-
cells

1500

14

ESNES

PP-cells

Pancreatic
Polypeptide

In posterior
lobe of
pancreas,
head, neck
regions and
scattered in
duct wall

4200

36

15-25

g-cells

Ghrehlin

In the isl¢
centre,
acinar cel
and ducts
epitheliur

3314

28
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actions and regulates the production of some pancreatic enzymes and help in
controlling the rate of nutrient absorption by the digestive tract (Murtaugh, 2007).

Recently, e-cells were identified as an endocrine cells found in the islets
(Murtaugh, 2007). These cells produce ghrelin which is a gastric hormone
synthesized in the epithelial cells lining the stomach, placenta, kidney, pituitary
and hypothalamus (Shuto et al, 2001; Lugar et al, 2004; Toshinai et al, 2006;
Murtaugh, 2007; Rindi et al, 2007). Ghrelin works as a stimulator of the growth
hormone secretion, food metabolism, suppressor of fat utilization in the adipose
tissue, stimulate gastric emptying and increase cardiac output (Shuto et al, 2001;
Lugar et al, 2004; Toshinai et al, 2006; Rindi et al, 2007).

The distribution of endocrine cells in the islets is nonrandom. However,
rodent f—cells are found in the core of the islets surrounded by the other three cell
types o, 6 and pp that containing glucagon, somatostatin and pp hormone
respectively (Figure 6) (St-Onge et al, 1999). In contrast, human and primate islet

appearance (Brissova et al, 2005). Islets are surrounded by fibroblasts and

collagen fibres in an incomplete capsule (Felig et al, 2001).

All endocrine cells are derived independently during ontogeny from the

foregut endodermal progenitors (Gradwohl et al, 2000; Herrera, 2000). The islets
B-cells appear to be close to the duct-like structures during embryogenesis which
indicates that they arise from the pancreatic duct (Edlund, 1999; Bonner-Weir et
al, 2000). After a few weeks the primordial islets separate from the ducts where

the non B-cells surround the B-cells. Later, the non B-cells start to extend to the

centre of the islets forming the postnatal islets (Peter et al, 2000).
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Figure 6 Distribution of a-cells and p-cells in the human islets of
Langerhans. (A) glucagon secreting cells, cells stained brown, were
found to be in the periphery of the islet, where as (B) insulin

secreting cells, dark red stained, aggregated to the centre of the

islet. Note capillary bed surrounding islet (University of Madison,

Medicine).
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The final stage of islet formation involves the migration of the endocrine
progenitor cells out of the endodermal epithelium (Docherty, 2001). After birth
there is a period during which the neonatal islet undergoes remodeling by B-cell
replication and apoptosis, to balance the number of B-cells in the islets. Islet cells
continue their growth to mature after birth, and with growth the islet mass of the
organism may change according to the demands of the insulin (Docherty, 2001). It
was found that human B-cells have low replication rate in late foetal and adult
pancreas (Bonner-Weir et al, 2000).

Experiments to grow the islets of Langerhans in culture have not been

successful, (Docherty, 2001). An understanding of the differentiation pathway of

B-cell in vivo is requiredto increase the number of insulin-secreting cells

successfully in vitro (Ackermann et al, 2007).

5. Transcription Factors

There are many homeodomain transcription factors that control and
regulate the development of islet cells at different stages in mammals such as,
Pdx-1, ngn3, Isl-1, Pax4, Pax6, NeuroD, Nkx2.2 and Hlxb9 (Table 2) (Edlund,
1999; Gradwohl et al, 2000). NeuroD, Nkx2.2, Pax4, Pax6 and Isl-1 are often

referred to as a second group of regulatory genes because ngn3 regulate their

function (Gradwohl et al, 2000). They are involved in pancreas morphogenesis,
pancreatic endocrine cell proliferation, survival and differentiation and are found

to be express during early stages of pancreas development (Edlund, 1999;

Gradwohl et al, 2000).
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Table 2

Introduction

Some of the main transcription factors that are involved in

pancreas development (revised from St-Onge ef al, 1999).

Tra_nscrip_tion Factor

Expression in
adult pancreas

Pancreatic duodenal
homeobox 1 (PDX-1)

Isl lim homeobox 1 (Isl-1)

Paired box gene 4 (Pax4)
Paired box gene 6 (Pax6)

NK2 HOMEOBOX 2

| (Nkx2.2)

NeuroDI (NeuroD/Beta2)

e

| B-cells

3-, a-, 0-, pp- cells

dorsal mesenchyme
3-, 0-, pp- cells

B-, a-, 6-, pp- cells

B-, a-, pp- cells

|
B-, a-, o-, pp- cells

11
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Several transcription factors are expressed in specific regions of the

endoderm prior to organogenesis (Grapin-Botton et al, 2001). Some of the main

transcription factors are discussed below.

5.1 Pancreatic duodenal homeobox 1 (PDX-1)

PDX-1, is the earliest gene expressed in the developing pancreas and a key
transcriptional factor of pancreatic development and differentiation (Gu et al,
2002; Habener et al, 2005; Shiroi et al, 2005). It is proposed to be the master
regulator of the pancreas at different development stages (Grapin-Botton et al,
2001). All the three types of pancreatic tissue arise from PDX-1 progenitor cells
(Gu et al, 2002). PDX-1 plays an important role in pancreas formation in early
embryonic stages as well as initiating islet cell differentiation, but does not
complete it (Grapin-Botton et al, 2001; Noguchi, 2006). Pdx-1 is known also as
insulin promoter factor, IPF-1, somatostatin transactivating factor 1, STF-1, or
islet duodenal homeodomin protein, IDX-1, (Soria, 2001).

As the organogenesis progresses, Pdx-1 was found to be expressed during
formation of the pancreas, stomach and duodenum (Gu et al, 2002). It acts at a
later stage in pancreatic development in both dorsal and ventral regions of the

pancreas but not for the evagination and initial bud formation (Edlund, 1998;
Edlund, 1999). Deficiency of Pdx-1 in mice pancreas causes development

blocking at the bud stage (Docherty, 2001; Gu et al, 2002).

After birth, Pdx-1 expression is found to be restricted to P-cells within the

endocrine islets of pancreas, dorsal side of the stomach and all the mucosa cells in
the duodenum (Gu et al, 2002; St-Onge et al, 1999). Furthermore, Pdx-1 is

required for both regionalization of the primitive gut endoderm and in the

maturation of the f3-cells that produce insulin (Edlund, 1998; Grapin- Botton et
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al,2001). It seems to be a key factor in insulin gene expression in the adult
pancreas (Grapin-Botton et al, 2001; Soria, 2001; Noguchi, 2006). Pdx-1 is
required for maintaining the hormone producing phenotype of the B-cells (Edlund,
1998; Habener et al, 2005). Thus, the expression of insulin and somatostatin was

found to be regulated by Pdx-1 but not expressed in glucagon cells (Edlund, 1998;

Soria, 2001; Habener et al, 2005).

Over expression of Pdx-1 leads endocrine cells to lose their elongation
shape and enhance the ductal cells to secrete insulin instead of {3-cells. In contrast
cells expressing low level of Pdx-1 remain in the epithelium (Grapin-Botton et al,
2001; Noguchi, 2006). It has been shown that Pdx-1 regulates the expression of
other islet-specific genes such as Glut-2, islet amyloid polypeptide and GK
(Habener et al, 2005). Low activity of Pdx-1 may contribute with type II diabetes

by causing stopping the expression of insulin (Edlund, 1998; Habener et al, 2005).

5.2 Neurogenin 3 (Neurog 3; Ngn3)

Ngn3, is a transcription factor that is considered as a competence factor
involved in the determination of neural precursor cells (Gradwoh! et al, 2000;

Shiroi et al, 2005). It can be found in a specific region in the nervous system as

well as scattered within the embryonic pancreas (Gradwohl et al, 2000). However,

it is first expressed 1n the developing pancreas (Edlund, 1999).
Ngn3 is a basic helix-loop-helix protein which is expressed in the

developing pancreas specifically islet cell progenitors but not present in mature
islets (Docherty, 2001; Gu et al, 2002; Habener et al, 2005). It is found within or
adjacent to pancreatic ducts and was identified as a potential initiator of endocrine

differentiation (Gradwohl et al, 2000; Grapin-Botton et al, 2001). It is expressed
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in the islet precursor cells that have not start producing hormones and used as a
marker for these cells (Gradwohl et al, 2000; Habener et al, 2005).

Moreover, this transcription factor is important for the survival of
differentiated endocrine cells as well as for the generation and differentiation of
endocrine and exocrine progenitor cells (Docherty, 2001; Gradwohl et al, 2000;
Gu et al, 2002). In mouse, for example, it founds that Ngn3 is required for
differentiation of all pancreatic endocrine lineages but when expressed alone
before the formation of the bud, under the control of Pdx-1 promoter, it does not
induce insulin cell differentiation (Grapin-Botton et al, 2001).

The inactivation of Ngn3, in mice, prevents all endocrine cells in the
pancreas from differentiation as well as the islets of Langerhans which results in
diabetes (Gradwohl et al, 2000; Habener et al, 2005). In contrast, over expression .

of Ngn3, in mice, may accelerate the differentiation of pancreatic endocrine cells,

while decrease the pancreatic precursor cells (Edlund, 1999; Habener et al, 2005).

Pdx-1 acts with Ngn3 to form the endocrine cells of the pancreas, in the islets of
Langerhans (Fishman et al, 2002; Habener et al, 20035). Pax 6, Isl-1, NeuroD and
Nkx2.2 are endocrine cell markers induced by Ngn3 (Grapin-Botton et al, 2001).
Hesl is an inhibitor of the endocrine cell differentiation which is promoted by

Ngn3 and it plays a role in the maintenance of the pancreatic precursor cells

during development (Habener et al, 2005; Soria, 2001).

5.3 Neurodifferentiation 1 (NeuroD1; NeuroD)

NeuroD 1is a basic helix-loop-helix late transcription factor promoted by
Ngn3, that induces its expression (Docherty, 2001; Soria, 2001; Habener et al,
2005). The expression of NeuroD is important in regulating both P-cells of adult

islets, as well as for the differentiation and maintenance of all endocrine cells, and
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terminal differentiation of neurons (Edlund, 1998; Docherty, 2001; Soria, 2001;

Habener et al, 2005). Loss of NeuroD expression occurs during endocrine cell

differentiation (Docherty, 2001; Soria, 2001).

5.4 Isl lim homeobox 1 (Isl-1)

Isl-1 is a late expressed transcription factor of LIM-homeodomain protein,
homeobox gene, which is expressed in all types of islet cells in the adult pancreas
but in low level in B-cells (Edlund, 1998; Peter et al, 2000; Docherty, 2001;
Habener et al, 2005). During early embryogenesis the expression of Isl-1 is
important to determine which region of the gut endoderm that will form the
pancreas (Edlund, 1999; Docherty, 2001). This homeodomain appears around the
dorsal pancreatic bud only and it is important, later, for the differentiation of the
islet cells (Edlund, 1998; Docherty, 2001; Peter et al, 2000; Habener et al, 2005).

Isl-1 has two functions. The first is in the development of the exocrine
cells of the pancreas from the dorsal mesenchyme, whereas the second function is
in differentiation of islet cells from the epithelial cells (Docherty, 2001; Soria,
2001). All endocrine cells depend on Isl-1 for their terminal differentiation

(Edlund, 1998). Furthermore, Isl-1 acts upstream of Pax6 during pancreatic

endocrine differentiation (Edlund, 1998).

5.5 Paired box gene 4 (Pax4) and Paired box gene 6 (Pax6)

These two homeobox genes are restricted to nervous system and endocrine
cells in the developing pancreas (Gradwohl et al, 2000; Habener et al, 2005).

They are a late expressed transcription factors (Docherty, 2001). Both genes

expressed in the dorsal and ventral buds of the developing pancreas (Habener et

al, 2005). They are essential for the generation of different cell types (Soria,
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2001). In addition, Pax4 and Pax6 require Ngn3 for their expression (Gradwohl et
al, 2000).

Pax4 is expressed in both buds of the pancreas but later in development it
becomes restricted to B-cells (Edlund, 1998; Habener et al, 2005). However, Pax4
is important for the differentiation of insulin producing p-cells and somatostatin
producing o-cells (Edlund, 1998; Soria, 2001; Habener et al, 2005). On the other
hand, Pax6 is required for the generation of glucagon producing a-cells (Peter et
al, 2000; Soria, 2001; Habener et al, 2005). Furthermore, Pax6 is expressed in all
endocrine cells during development (B-, 8-, a- as well as pp) (Edlund, 1998;
Habener et al, 2005). Cells expressing both, Pax4 and Pax6, will develop into
mature insulin producing B-cells (Peter et al, 2000; Soria, 2001). However,

inactivation of both of them lead to the absence of mature B-cells (Gradwohl et al,

2000).

5.6 NK2 Homeobox 2; (NKX2-2; Nkx2.2) and
NK Homeobox 6 (NKX6-1 Nkx6.1)

Nkx2.2 and Nkx6.1 are homeodomain genes that expressed in early

pancreatic cells as well as the progenitor cells (Docherty, 2001; Shiroi et al,

2005). They are regulators of the differentiation of pancreatic endocrine cells

(Habener et al, 2005).

Nkx2.2 is an important transcription factor that expressed in early
development of pancreas and later in differentiation of p—cells. It was firstly found
in the dorsal bud of the pancreas during early embryogenesis of mouse embryo

(St-Onge et al, 1999; Habener et al, 2005; Shiroi et al, 2005). As differentiation

proceeds scientists found that Nkx2.2 expression restricted to the B, a and pp-cells

but not mature o-cells (Edlund, 1998; St-Onge et al, 1999; Docherty, 2001;
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Habener et al, 2005). Mutants of Nkx2.2 lead to hyperglycemia because of the
lack of B-cells that produce insulin (Habener et al, 2005; Shiroi et al, 2005).
Nkx6.1 lies downstream of Nkx2.2 (Docherty, 2001). It is expressed in -
cells of adult islets (Edlund, 1998; Docherty, 2001; Habener et al, 2005).
Moreover, Nkx6.1 is required for the termination of differentiation of B-cells to

produce functional hormone producing cells (Edlund, 1998; St-Onge et al, 1999).

5.7 Homeobox HB9 (Hlxb9)

HIxb9 is a homeobox transcription factor gene which expressed in the
notochord and the gut endoderm (Edlund, 1999; Docherty, 2001). It is present
also in B-cells of mature islets, where it is responsible for terminal differentiation
and maturation of B-cells (Edlund, 1999; Docherty, 2001; Soria, 2001). HIxb9
function i1s expressed in both early and late stages of pancreatic differentiation
(Edlund, 1999). It controls the earlier step in morphogenesis of the dorsal
pancreas (Edlund, 1999; Soria, 2001). Furthermore, Hixb9 is found in regions of

endoderm that give rise to the respiratory and digestive tubes as well as the dorsal

and ventral pancreatic buds, before Pdx-1 (Edlund, 1999; Soria, 2001).

5.8 p48 (P48)

P48 is the first exocrine transcription factor that has been discovered that
controls the expression of genes in the exocrine pancreas (Edlund, 1998). This
subunit factor is located downstream of Pdx-1 (Edlund, 1998). It is required for
differentiation and proliferation of the exocrine cell lineage (Edlund, 1998). The

expression of p48 mRNA is observed in both pancreatic buds (Edlund, 1998).

A number of other transcription factors are important in the field.
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5.9 Octamer-binding Transcription Factor 4 (Oct 4) POU
Domain, Class 5, Transcription Factor (POU5F1)

Oct4 is a transcriptional binding factor that is found in undifferentiated
high proliferative cells (Gu et al, 2005; Tondreau et al; 2005). The expression of
Oct 4 is important for maintaining the ICM and pluripotency of ES cells (Gu ef
al, 2005). 1t is specifically expressed in the germ line and pluripotent stem cells
that play a role in the normal development of cells (Gu et al, 2005; Li et al, 2003;
Marikawa et al; 20035).

Oct4 expression is regulated by proximal enhancer and promoter in the
epiblast and distal enhancer and promoter in pluripotent cell lineage (Gu ef al,

2005). Low expression of Oct4 indicate the initiation of differentiation of ES cells

(Gu et al, 2005).

3.10 Glucose Trasporter 1 and 2 (Glut-1 and Glut-2)

Glucose transporters, Gluts, are membrane proteins that facilitate glucose

uptake into cells. Gluts are important molecules for normal carbohydrate

metabolism (Matsutani et al, 1990).

Immunolabeling techniques of pancreatic p-cells sectioned from human
foetal and adult pancreas were used, by Richardson and colleagues, to identify the

presence of Glutl, Glut2 and GK (Richardson et al, 2007). No expression of
Glutl was observed during early development of pancreas but it was detected in
development, after 15 weeks gestation, when insulin positive cells increased. In

contrast, Glut2 expression was detected during early development of the pancreas,

at about 7 weeks gestation (Richardson et al, 2007).

Glut2 expression is regulated by transcription factors Pdx-1 and

hepatocyte nuclear factor 1, Hnf-1a (Cerf et al, 2007). The early loss of Glut2

33



Chapter 1 Introduction

expression causes hyperglycemia and low insulin expression that leads to diabetes

(Cerf et al, 2007).

High fat diet also causes reduction in the expression of Glut2 that inhibit

glucose stimulation insulin secretion and affect B-cell mass and function (Cerf,

2007).

Humans differ from rodent in glucose transporter gene expression in the
adult pancreas which is predominantly Glut-1 instead of Glut-2, The 100-fold
lower glut 2 abundance in human versus rat B-cells is associated with a 10-fold

slower uptake of alloxan, explaining their resistance to this rodent diabetogenic

agent (De Vos et al, 1995).

5.11 Glucokinase (GCK, GK)

Glucokinase (GK) is a key enzyme that plays a role in glucose
homeostasis which secretes from the liver (de la Iglesia et al, 1999; Cuesta-Munoz
et al, 2000; Slosberg et al, 2001). However, mRNA of GK was first found in the
liver parenchyma of neonatal rats (Moorman et al, 1991).

GK gene transcription initiates in the B-cells of the pancreatic islets, gut,

and brain from promoter sequences upstream the liver sequences (Moates et al,

2003).

In B-cells, the expression of beta GK is controlled by Pdx-1 (Moates et al,

2003). Moreover, GK in the pancreatic B-cells functions as the glucose sensor

determining the threshold for insulin secretion, while in liver it is essential for the

regulation of glucose-responsive genes as well as facilitates the hepatic glucose

uptake during hyperglycemia (Postic et al, 2001).
Mutations in the GK gene cause two different diseases: diabetes type II

and hyperinsulinemic hypoglycemia of infancy (Postic et al, 2001; Cuesta-Munoz
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et al, 2004). However, mice lacking GK in the pancreatic B-cell die within 3 days
of birth with hyperglycemia. On the other hand, mice lacking hepatic GK are
viable but are mildly hyperglycemic when fasted (Postic et al, 2001; Cuesta-

Munoz et al, 2004). Glucokinase polymorphism is not a major determinant of type

II diabetes (Laurino et al, 1994).

S.12 Notch Signaling

Notch signaling is an intercellular signaling molecule (Docherty, 2001). It
is a transmembrane receptor that is stimulated by Ngn3 (Docherty, 2001). In the
human, notch signaling is important for pancreatic development, in controlling
both endocrine and exocrine fates (Edlund, 1999; Habener et al, 2005). The notch
signaling pathway controls the differentiation of endocrine cells as well as the fate
of endocrine and exocrine cells (Edlund, 1999). Lack of notch signaling results in
high levels of Ngn3 which promote the differentiation of endocrine cells. On the

other hand, cells with active notch signaling promote the differentiation of

exocrine cells and keep the progenitor cells undifferentiated (Edlund, 1999).

6. Insulin Chemistry

Insulin is the polypeptide hormone produced by B-cells when glucose

levels exceeded in blood more than the normal level of 4-7Tmmol/L, and regulates
the metabolism of glucose, fats and proteins. Secretion of insulin is also
stimulated by elevated levels of some amino acids, including arginine and leucine

(Dodson et al, 1998). It was the first human gene to be cloned and the one of the

first proteins to be isolated crystallized and sequenced (Bell et al, 1980).

Insulin has been found in all vertebrates and has a highly conserved

structure (Dodson et al, 1998). It consists of two polypeptide chains, A and B,
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connected by two disulfide bridges (Dodson et al, 1998). Another disulfide bridge
is found within the A chain between the sixth and eleventh amino acids residues
(Figure 7). In human there is a single copy of the insulin gene located on the short
arm of chromosome 11 (Docherty et al, 1996). The complete insulin molecule
contains 51 amino acids 21 amino acids in A chain and 30 amino acids in B chain
with a 5,800 molecular weight (Dodson et al, 1998).

The insulin gene is composed of three exons and two introns, among
different species (Dodson et al, 1998). Exon one is located in the translated region
of the gene, while exon two contains sequences coding for the signal peptide, B
chain and part of the C-peptide and exon three encodes the remainder of the
insulin sequence (Bell et al, 1980). The N-terminal and C-terminal regions of the

A chain and the hydrophobic residues of the B chain are highly conserved

(Dodson et al, 1998).

Human insulin promoter region regulates the transcriptional response to

glucose and other nutrients and limits transcription of the gene to the pancreatic B-

cells (Docherty et al, 1996).

Insulin, like most secretory proteins, is synthesized as a precursor molecule, called
preproinsulin that carries a single peptide (Rhodes et al, 1994). By the interaction
of the signal recognition peptide with the signal recognition peptide receptor on
the ribosome ensures that preproinsulin enters the secretory pathway in the rough
endoplasmic reticulum (Rhodes et al, 1994). However, preproinsulin is a single
polypeptide chain of 110 amino acids that permits correct alignment of the three

pairs of disulfide bonds and with molecular weight of 11,500, as shown in figure

7, (Rhodes et al, 1994).
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Figure 7 The diagram shows the active structure of insulin as processed.
The two polypeptide chains of insulin, A and B, connected by two
disulfide bridges. The other disulfide bridge is found within the A

chain between the sixth and eleventh amino acids residues (Beta

cell consortium, 2004).
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Tertiary structure of the insulin, the active form, is derived from the
proinsulin which is about 86 amino acids by cleavage of 31 amino acids of the C-
peptide structure from the centre. This is brought about by the action of
proteolytic enzymes, known as prohormone convertases (PC1 and PC2), as well
as the exoprotease carboxypeptidase E. In the secretory granules of the B-cells, the
presence of zinc ions favors the formation of insulin hexamers made up of three
dimers arranged around an axis with two atoms of zinc (Dodson et al, 1998).

The effect of insulin on the cellular metabolism is in a series of steps that
begins when insulin binds to receptor proteins on the cell membrane (Dodson et
al, 1996). This leads to the activation of the receptor which functions as a kinase,
attaching phosphate groups to intracellular enzymes. Phosphorylation of enzymes
then produces primary and secondary effects in the cell, where then glucose
absorption and utilization is the most important effect (Dodson et al, 1998).
Insulin receptors are present on most cells which are called insulin dependent cells
(Dodson et al, 1998). Brain and kidneys cells, cells lining the digestive tract and
red blood cells lack insulin receptors, and are called insulin independent. These

cells absorb and utilize glucose without insulin stimulation (Dodson et al, 1996).
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7. Aims of this Study

In the present study, the goals were:
1. To induce insulin-secreting cells in vitro using ES cells (H7 cell line), derived
from human embryonic stem cells, using different growth factors, and compare
these cells with those produced by the foetal pancreas during early development.
2. To assess the functional output of any insulin-secreting cells generated from ES
cells by measuring C-peptide secretion and gene expression.

3. To relate findings to development of the human pancreas during early

organogenesis.

39



CHAPTER
TWO

Immunoflurescent

Localisation of
Insulin- Containing
Cells Derived from

Human Embryonic
Stem (hES) Cells




Chapter 11 Tissue Culture

I. INTRODUCTION

The unique nature of hES cells to either self-renew or differentiate into most

cell types, suggests that these cells could potentially supply an unlimited source of
transplantable islet cells in the future. As discussed previously, the pancreatic islets of
Langerhans originate from definitive endoderm and therefore the primary
differentiation step that ES cells must undertake in vitro is along an endodermal
pathway. However, the path from definitive endoderm to a mature hormone-
producing islet cell phenotype is complex and involves sequential cell fate decisions,
which include the formation of pancreatic endoderm, endocrine progenitors, and

hormone-producing islet cell types, including B-cells that secrete insulin. Embryonic
development of the pancreas is the result of several interacting mechanisms involving
growth factors, epithelial-mesenchymal interactions and extracellular matrix that
eventually regulate the expression of diverse transcription factors and genes (see

chapter 1). However, it is still unclear as to the nature of the initial signals in the
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cascade of events that enables gut endoderm to develop to pancreas. Much remains to

be learned about the extracellular cues that might be given in culture to specify,
maintain, expand, and differentiate these endocrine progenitor cells. Thus, to control

the differentiation of undifferentiated hES cells into functional effective pancreatic -

cells will be a challenging task.

As a first step we need to establish whether insulin-secreting cell types can be
generated from hES cells in sufficient numbers for experimental investigation. Under
non-adherent culture conditions embryonic stem cells can differentiate into
aggregates called embryoid bodies (EBs). These EBs can be composed of different
proportions of cells from all three layers, endoderm, mesoderm and an ectoderm
(Roche et al, 2005; Trucco, 2005) and thereafter form a microenvironment for
spontaneous embryonic development which may include endodermal-pancreatic
developmental processes.

Studies have shown that insulin cells can be generated from mouse and human
ES cells by the use of different experimental strategies (Keller, 1995; Klug et al,
1996; Soria et al, 2000; Assady et al, 2001; Amit et al, 2002) but mostly using EBs.
The approach used most frequently is based on the findings that similar mechanisms
operate to control the development of both the central nervous system and the
pancreas. Specifically, embryonic stem cells have been induced to differentiate
initially into nestin-producing neural precursors that are then expanded and exposed

to conditions, which result in clusters of insulin-containing cells.

In the early steps of neural differentiation from mouse ES cells, some cells

express nestin as a protein found in normal neuronal precursor cells (Lendahl et al,
1990; Lumelsky et al, 2001). Nestin was also found in immature, hormone negative

pancreatic cells in culture, which produce glucagon initially and then insulin after
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maturation (Lumelsky et al, 2001; Zulewski et al, 2001). For this reason, nestin was
used as an early identifier of the differentiation of ES cells towards insulin-secreting
cells (Lumelsky et al, 2001). However, it has also been found that nestin positive
cells contribute to the intra- and extramicrovascular environment of the islet rather
than directly to the hormone producing cells of the pancreas (Selander et al, 2002;
Treutelaar et al, 2003) and therefore may only be a temporary marker. Thus,
immunocytochemistry to localise nestin was used in this study to identify the putative
progenitors cells for later identification of the insulin positive cells among the
differentiated hES cells. Lumelsky (2001) used a working protocol that started with
the enrichment of the nestin positive cell population derived from mouse EBs to
generate cells expressing insulin and other pancreatic hormones (Lumelsky, 2001).

Nicotinamide has been used in a number of experiments to direct the
differentiation of hES cells into insulin producing cells (Soria et al, 2000; Houard et
al, 2003; Roche et al, 2005; Trucco, 2005). Nicotinamide can slow down the
progression of type Il diabetes by improving insulin and C-peptide secretion as well
as preventing the death of B-cells in type I diabetes (Gale, 1996; Greenbaum et al,
1996, Hoorens et al, 1999; Kolb et al, 1999; Polo et al, 1998; Li et al, 2006).
However, the activity of nicotinamide as a growth factor is not well understood,
although it is thought to play a role in stimulating endocrine differentiation in the
early development of the pancreas.

In two separate experiments, Soria and co-workers found that after incubation
of mouse ES cells with nicotinamide for two weeks, or with nicotinamide in low
glucose medium for five days, the differentiating cells increased their insulin
secretion level (Soria et al, 2000; Roche et al, 2005). Thus, the Soria group indicated

that addition of this growth factor played an important role in directing the
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differentiation of ES cells into insulin secreting cells in all their protocols (Roche et
al, 2005). In addition, Beattie and coworkers (1996) used nicotinamide to direct the
differentiation and proliferation of progenitor cells from foetal pancreatic cells into
EBs expressing insulin (Beattie ef al, 1996; Trucco, 2005).

On the other hand, Schuldiner and co-workers succeeded in directing the

differentiation of hES cells in culture into different cell types (ectoderm, mesoderm
and endoderm) by using eight different growth factors, including FGF2 and activin A.
These experiments indicated the importance of FGF2 in directing the differentiation
of ES cells towards ectodermal and mesodermal cells, but not necessarily into
endodermal cells after a ten day incubation period of hES cells in medium containing
FGF2 (Schuldiner et al, 2000). However, Soria’s group also used both FGF2 and
activin A, with mouse ES cells to generate insulin-secreting cells (Schuldiner et al,
2000; Soria, 2001). It was also found that the insulin secretion from the cultured EBs,
derived from mouse ES cells, remained stable from day seven until day 21 (Soria et

al, 2000; Houard et al, 2003). Hart and co-workers (2000) have suggested that FGF2
signalling may be involved in B-cell maturation, terminal differentiation, and post
natal expansion (Hart et al, 2000).

While growth factors have different effects on the differentiation of hES cells,
none have the ability to direct the differentiation of ES cells into a single specific cell
type (Schuldiner et al, 2000; Amit ez al, 2002). From the literature it has been shown

that most of the experiments used growth factors with EBs rather than using the ES

cells directly in monolayer culture. Thus, growth factors were added to the EBs from
the time of the earliest investigations (Perkins, 1998; Itskovitz-Eldor et al, 2000;

Soria et al, 2000; Assady et al, 2001 Feraud et al, 2001; Lumelsky, 2001; Segev e al,
2004).
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Other groups have derived insulin secreting cells in vitro from mouse ES cells
by using the three step differentiation method: direct differentiation, cell lincage
selection and maturation. The resulting cells were shown to express fB-cell specific

genes, but they could not respond to increased glucose concentration (Soria et al,

2000; Assady et al, 2001).

A number of markers have been used to detect insulin-secreting cells
including the detection of insulin secretion into medium. However, the presence of
insulin in many culture media as a growth factor complicates the interpretation of
results. An alternative marker is C-peptide (connecting peptide), an active peptide
hormone but which is also important for the synthesis of insulin, where it links the
two chains of insulin, A and B, in the correct way that allows the formation of
disulfide bridges between them (Figure 1) (Ido et al, 1997; Rigler et al, 1999; Wahren
et al, 2000).

The structure, chain length and amino acid sequence of C-peptide varies in
different species (Ohtomo et al, 1998). Human C-peptide, for example, has 31 amino
acids with a molecular weight of 3020, but those of different species show differences

in their physiological and biochemical structures (Ido et al, 1997; Rigler et al, 1999;

Wahren et al, 2000).

Another marker which has been used in this study is dithizone (DTZ), which
is a zinc chelating agent used as a marker that selectively stains the B-cells in the
pancreas with a crimson red colour (Jiao et al, 1991; Fiedor et al, 1996; Shiroi et al,
2005; Priel et al, 2006). The depolarisation of B-cells lead to the influx of zinc into
the f-cells through the L-type calcium channels (Priel et al, 2006). Zinc is required in
secretory granules of pancreatic B-cells for packaging insulin (Figure 2) but needs to

be chelated to prevent zinc toxicity (Priel et al, 2006). The Zinc transporter, ZnT8, is
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Figure 1

Tissue Culture

Peptide C

A diagram illustrating the human proinsulin and showing the place of
C-peptide, which is located in the centre between the two chains of
insulin, A and B. The disulphide bridge is located between the two
amino acids in number 10 and between the two amino acids in number
20 of both chains A and B

(www.pharmacorama.com/en/Sections/images/Insulin).
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Figure 2

Tissue Culture

Tertiary structure of pro-insulin molecules (green) chelated with zinc

(purple) in secretory granule of B—cell (beta cell consortium, 2004).
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a major component for providing zinc to insulin during maturation and storage

processes in B-cells (Fabrice er al, 2005). It is localised in the secretion vesicle

membrane and enables accumulation of zinc into the vesicles from the cytoplasm

(Fabrice et al, 2005).

Zinc 1s secreted to the out side of the cell during insulin secretion (Priel et al,
2006).

Pancreatic islets from such animal species as mouse, dog, pig and human are
all known to be stained crimson red by its treatment, because of their much higher
zinc contents compared with other tissues (Clark et al, 1994). In the present study
DTZ was used to detect the presence of insulin-containing cells in EBs, which were
derived from hES cells, grown using different growth factors and their combinations
for two weeks in vitro.

In this chapter the aim is to investigate the generation of insulin secreting p-

cell- like cells in culture using hES cells and identify them with immunofluorescent

localisation.
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II. MATERIALS & METHODS

1. Materials

All chemicals and media were from Sigma Aldrich (Poole, UK) or Invitrogen
(Paisley, UK) unless otherwise stated. Culture flasks and other plasticware were from

NUNC Germany (Thermofisher, UK) unless otherwise stated.

1.1 Glass Bead Preparation

The beads (3mm, Phillip Harris Scientific) were covered with concentrated
HCI overnight in a beaker. The medium was neutralised by adding drops of 10M

NaOH. The beads were rinsed copiously with tap water and then with sterile water,

autoclaved and dried.
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1.2 Preparation of stock medium

1.2.1 DMEM/FCS Medium Used for Mouse
Embryonic Feeders

Dulbecco's Modified Eagle Medium (DMEM), with 4.5g/L. D-Glucose, L-
Glutamine without sodium pyruvate (DMEM) was prepared and supplemented with

10% foetal calf serum (FCS) and 0.6% (v/v) of gentamycin solution.

1.2.2 Human Embryonic Stem Cell (hES) Medium

To prepare hES medium, (80%) knockout DMEM was mixed with (20%)
knockout SR, serum replacement, ImM L-glutamine, 0.ImM B-mercaptoethanol
solution, (1%) non-essential amino acid solution, 4ng/ml basic FGF (FGF2) and 0.6%

gentamycin. The mixture was filtered in a 250ml 0.2um cellulose acetate filtering

unit. Medium was stored at 4°C and used within two weeks.

1.2.3 Embryoid Bodies (EBs) Medium

Prepared as hES, in section 1.2.2, but without the addition of basic FGF.

1.2.4 Mitomycin C Medium (10pg/ml)

Mitomycin C powder was dissolved in DMEM/FCS medium for a final
concentration of 10pg/ml. The solution was sterilized by passing it through a 0.2um

cellulose acetate filtering unit and stored in a refrigerator, 4°C, for up to one month.

1.2.5 Ice Cold Freezing Medium

10% Dimethylsulfoxide (DMSO) was mixed with 90% FCS. The mixture was

stored at 4°C.
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1.2.6 RPMI 1640 Mix Medium

RPMI 1640 with L-glutamine was mixed with RPMI 1640 with L-glutamine
without glucose in a ratio of 1:1, to have a final glucose concentration of 5.5g/L, and

0.6% gentamycin solution ( v/v) added and the medium filter sterilized.

1.3 Preparation of Stock Solutions

1.3.1 Trypsin/EDTA Solution

Trypsin 0.25% (w/v) was mixed well with ImM EDTA dissolved in 8.5g/L

NaCl. The solution was stored at 4°C. 10X trypsin/EDTA solution was also used after

dilution (1X).

1.3.2 Gelatin (0.1 %) Solution

Gelatin powder (0.2g) was dissolved in 200ml sterile (autoclaved) dH,O,

mixed well and stored at room temperature.

1.3.3 Nicotinamide (10mM) Solution

A 10mM solution was prepared by dissolving 0.1221g of nicotinamide in

100ml EB solution. The mixture was sterilized by passage through a 0.2um syringe

filter (Nalgene) and stored for no more than two weeks at 4°C.

1.3.4 Activin A (Sng/pl) Solution

Activin A (Spg) was diluted in 1ml autoclaved PBS. The solution was mixed

by vortex and stored at -20°C. From this stock solution 50ul was added to 50ml EB

medium, filter sterilized and stored at 4°C.
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1.3.5 FGF4 (25ng/ml) Solution

FGF4 (Img) was added to stock 0.1% bovine serum albumin solution mixed

well by vortex, filter sterilized and stored at —20°C. From this stock solution 50pl was

added to 50ml of EB medium.

1.3.6 bFGF (4ng/ml) Solution

Basic FGF (10pg) was dissolved in 5ml 0.1% BSA in PBS without Ca** and

Mg*2. 400p! aliquots were placed into 0.5ml Eppendorf tubes and stored at —20°C.

1.3.7 Collagenase 1V Solution

Collagenase Type IV from Clostridium histolyticum was dissolved in

DMEM/FCS and a Img/ml solution prepared. The solution was filter sterilized,

stored at 4°C and used within two weeks.

1.3.8 Bovine Serum Albumin (BSA, 0.1%) Solution

BSA powder (0.1g) was dissolved in 100ml sterile PBS without Ca** and

Mg*2. The solution was stored at 4°C.

1.3.9 Antibody (Ab) Solution

Goat serum (10pug) was added to 0.1% Triton and dissolved in sterile PBS

without Ca** and Mg+2. The solution was incubated at 37°C to dissolve the Triton

completely then stored at 4°C.

1.3.10 Stock Solution for Dithizone Staining

A stock solution of dithizone (DTZ) was prepared by mixing 50mg of DTZ

with Sml dimethylsulphoxide (DMSO). The mixture was stored at -80°C.
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2. Methods

2.1 Mouse Embryonic Fibroblast Feeder
Layers (MEFs)

Mouse embryonic fibroblast feeder layers (MEFs) were grown in culture on
untreated tissue culture plastic flasks. MEF cells were passaged every 3 - 4 days,
where cells in each flask were divided into 2 - 3 new untreated flasks until passage
five. After passage five, MEF cells were inactivated by 10pg/ml mitomycin C

(section 1.2.4) or with gamma irradiation (35 gray, Medical School secure source

facility).

2.2 Passaging MEFs

Cells were washed once with PBS without Ca*? and Mg** and incubated with
trypsin/EDTA for 3-5 minutes in an incubator at 37°C in 5% CO; in air. DMEM/FCS
medium was added and centrifuged at 1000rpm (400g) for 5 minutes at 4°C, The
pellet was resuspended in DMEM/FCS medium, the cells divided between T25

flasks, at a concentration of 1.5 — 2 x 10° cells/flask and incubated at 37°C in 5% CO,

in air.,

2.3 Inactivation of MEFs

The inactivation process of MEFs was started by removing the DMEM/FCS
medium (section 1.2.1) and covering the cells with 8ml mitomycin C medium. The
cells were incubated with mitomycin C medium for about 2-3 hours at 37°C in 5%
CO, in air. The cells were washed three times with 1X PBS and then covered with
0.25% trypsin (w/v): 1ImM EDTA (section 1.3.1) and incubated for 3 minutes at 37°C

in 5% CO; in air. Each flask was flicked to dissociate the clumps of cells into single
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cells. Trypsi/EDTA was inactivated by DMEM/FCS and the whole solution
centrifuged for 3 minutes at 400g. Medium was removed and the pellet dispersed and
10ml of fresh DMEM/FCS added. The number of cells was determined by

haemocytometer with 7ul being taken from the cells and placed under the coverslip
on the haemocytometer. Cells were reseeded on T25 tissue culture flasks pre-treated

with 0.1% (w/v) gelatin solution (section 1.3.2) for about 1 - 2 hours. Inactivated cells

were finally seeded at about 10° cells/ flask and used within two weeks.

2.4 Freezing MEFs

MEF cells were washed with PBS without Ca*? and Mg and incubated with
0.25% trypsin (w/v): ImM EDTA solution (section 1.3.1) at 37°C in 5% CO; in air
for 3 minutes. The solution was neutralised by adding DMEM/FCS and the mixture
centrifuged at 400g for 3 minutes, the pellet resuspended in ice cold freezing medium
(section 1.2.5) and finally transferred to cryovial tubes. The cryovials containing the

cells were immediately immersed in ice and stored at —80°C. The next day cryovials

were transferred to a liquid nitrogen tank for long term storage.

2.5 Thawing MEF Cells

The cryovial containing MEF cells was removed from the liquid nitrogen and

thawed by immersing the bottom half of the cryovial in a 37°C water bath. After
thawing, cryovials were cleaned from outside with alcohol to reduce contamination

and cells immediately transferred to 10ml DMEM/FCS. Cells were centrifuged at

400g for 3 minutes, the supernatant removed and the pellet dispersed by flicking the

tube. Fresh 10ml DMEM/FCS was added to the pellet, mixed well and transferred to

an untreated T75 tlask. The flask was incubated at 37°C in 5% CO; in air.
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2.6 Inactivation of FCS

Foetal calf serum (FCS) was defrosted by putting it in a 37°C water bath and

then incubated for 30 minutes in a 57°C water bath. The inactivated FCS was then

ready to use.

2.7 Maintenance of Cell Lines

2.7.1 Passaging Human ES Cell Lines

Human ES cell lines H7 S6 and H7 S14 (WiCell, and obtained from Professor
Peter Andrews, Centre for Stem Cell Biology, University of Sheffield) were cultured
in hES medium (section 1.2.2). To maintain their undifferentiated status, ES cells
were harvested by treatment with 2ml of 1mg/ml collagenase 1V solution (section
1.3.7), for each T2S flask for 8 - 10 minutes at 37°C. ES cells were then dispersed by
scraping with 3mm glass beads (section 1.1), centrifuged at 300g for 3 minutes, the
supernatant removed and the pellet dissociated by flicking the tube and finally cells

were seeded onto fresh MEFs which had been washed once with 1X PBS. 6ml of hES

medium was added to each T25 flask and incubated at 37°C in 5% CO; in air.
Various passages number where used in this study from each cell line. For H7

S14 passages number 16, 18 and 20 were used, while H7 S6 passages number 37, 41,
44, 83, 88, 90, 92, 94, 95, 96 and 98 were used.

2.7.2 Freezing hES Cells

The hES cells were covered with collagenase IV solution (section 1.3.7) and
incubated at 37°C in 5% CO, in air for 8 -10 minutes. The flask was gently scraped
with sterile glass beads and transferred to a 15ml falcon tube, centrifuged at 400g for

3 minutes and the pellet washed by resuspending in hES medium and then replacing
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the hES medium with ice cold freezing medium (section 1.2.5). The cells were
transferred to cryovials, where one T25 flask of cells was divided into 2 cryovials,

kept on ice and then transferred to a —80°C freezer. The following day all cryovials

were transferred to liquid nitrogen.

2.7.3 Thawing hES Cells

The same method was used in thawing as for MEFs (section 2.5).

2.8 Differentiation of Human Embryonic
Stem Cells

2.8.1 Formation of Embryoid Bodies (EBs)

Human H7 S6 and H7 S14 ES cells were differentiated after formation of
embryoid bodies (EBs). hES cells were washed with (1X) PBS without Ca* and
Mgﬂi Cells were incubated with collagenase IV solution at 37°C in 5% CO;in air for
10 - 15 minutes, the cells scraped with sterile 3mm glass beads and transferred to a
falcon tube. The tube was centrifuged at 400g for 3 minutes, the pellet resuspended in

10ml hES medium and finally transferred to a sterile 10cm diameter non-treated

bacterial grade Petri dish (Sterilin).

To induce insulin-secreting cells in the lab, both H7 S6 and H7 S14 cells were

used and grown on MEFs as a feeder layer in hES medium, The EBs were grown
using different growth factor media (see sections 1.3.3, 1.3.4, 1.3.5 and 1.3.6 of this
chapter) and their combinations (Nicotinamide only, Nicotinamide + Activin A,
Nicotinamide + FGF4, Nicotinamide + FGF2, Nicotinamide + Activin A + FGF4 +
FGF2, Activin A only, Activin A + FGF4, Activin A + FGF2, FGF4 only, FGF2

only, FGF2 + FGF4 and Control) for the first week and normal EB medium for the
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second week. The medium was changed every two days for each dish for the two
weeks.

After‘ the first week, some EBs from each Petri dish were plated out in a
twelve - well culture plates, three wells for each sample, and left at 37°C in 5% CO;
in air for two days with RPMI 1640 medium without FCS to spread out the EBs
colonies to a monolayer making them easier to fix and undertake immunolocalisation
analysis. At the end of the second week, the remaining EBs were spread out in twelve
well plates. After the attachment and spreading of EBs in wells, some of them were
stained for dithizone (section 1.3.10) while others were fixed and immunostained
with different antibodies for C- peptide, insulin, glucagon and nestin.

These experiments were repeated fifteen times to assess reproducibility and
consistency of the results obtained. To confirm the expression of insulin producing

cells immunocytochemistry was obtained in parallel with dithizone staining.

2.9 Immunocytochemistry

HES cells were assessed regularly using stem cell specific markers [Tra-1-60,
SSEA3, SSEA4 (undifferentiated cells positive) and SSEA1 (undifferentiated cells

negative)]. Cells were washed three times with 1X PBS then once with 100% cold
(5°C) methanol for 5-10 minutes at room temperature then washed twice with 1%

antibody (Ab) solution (section 1.3.9). For EBs this was performed after attachment

to culture plate.

To optimise the primary and secondary antibodies various dilution ratios were
used (1:50, 1:100, 1:200 and 1:500) all with a 1% Ab solution. The different dilutions

of primary antibodies used in this study are listed in the table below.
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Primary antibody

Tra-1-60 mouse
monoclonal IgM

SSEA4 .mouse monoclonal
oG

SSEA 1 mouse monoclonal
Mouse anti-human insulin
monoclonal antibody

Rabbit anti-human
glucagon

Goat anti-human pro-
insulin C-peptide

Rabbit polyclonal to
human nestin

Tissue Culture

Dilution  Supplier, Cat #

1:10

[:10

1110

|:200

[:100

1:200

[:100

CSCB,
hybridoma supn

CSCB.
hybridoma supn

CSCB,
hybridoma supn

Abcam, ab7760

Dako, OI01A

AutogenBioclear,
ABY%4

Abcam, ab7659-
100

The selected cells were covered with the primary antibody and incubated

overnight at 4°C. The cells were washed twice with 1% Ab solution then twice with

| X PBS before secondary antibody was added.

The fluorescent conjugated secondary antibodies (using 1% Ab solution) used

in this study and their dilutions are listed in the table below.

Secondary antibody

Anti-mouse polyvalent

immunoglobulin IgG+M (FITC or

[RITC)

Anti-rabbit IgG (whole) (TRITC)

Dilution Supplier, Cat #

Anti-mouse 1gG (Fe specific) (FITC)

Anti-mouse goat (whole)- Cy3

Anti-guinea pig IgG (whole molecule)
(FITC)

[:500  Sigma, F-1010

1:500  Sigma, 16778
[:500  Sigma, F-5387
1:500  Sigma, A5324

[:500  Sigma, F-6261
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Cells were covered with the secondary antibody and incubated for two hours. After
the incubation time cells were washed twice with 1X PBS and examined under the
microscope with UV optics. Sometimes double immunostaining was undertaken. No

first antibody (PBS) and undiluted culture supernatant of the mouse myleoma P3X63

Ag8 were used as negative controls.

2.10 Transmission Electron Microscopy

This was done in conjunction with the Electron Microscope Facility
(Department of Biomedical Sciences, University of Sheffield). EBs were fixed in
2.5% glutaraldehyde in 0.1M sodium cacodylate buffer and centrifuged at 1000g to
form a pellet of aggregated EBs. This was then prepared for electron microscopy by
post-fixation in 1% osmium tetroxide, dehydration through graded ethanol solutions
and propylene oxide and embedding in epoxy resin. Ultrathin sections were stained

with lead citrate and examined by transmission electron microscope (Phillips).

2.11 EBs Cells Stained for Dithizone

For staining cells, 10ul of the stock solution of DTZ were mixed with 1ml of
serum-free RPMI 1640 mix medium. The staining solution was syringe filtered. Cells
were covered with DTZ staining solution and incubated at 37°C for 3 - 4 hours. Cells

were rinsed 3 times with 1X PBS and then examined under the microscope.

2.12 Determination of Dithizone Stained Cells

The total number of stained cells obtained after DTZ treatment was

determined by counting the number of cells stained a red colour in each colony after

trypsinisation of an EB with 0.25% trypsin (w/v): ImM EDTA solution for about 7

minutes in a small Petri dish (3.5cm). The EBs stained with DTZ were selected as
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being approximately the same size, with the biggest EB having about 4800 cells and
the smallest about 3200 cells. Using a fine black marker pen, the dish lid was divided
into four equal quarters. A mark was put on the dish bottom to align the lid. To
determine the number of cells, the dish was scanned from the middle of each quarter
outwards. The marks on the lid were out of focus but could still be clearly observed.
Stained cells were determined in one quarter then multiplied by four to obtain the
total number of stained cells on each plate.

The proportions (%) of red stained cells were calculated using the following

formula:

% of stained cells = The number of stained cells X 100
Mean total number of cells of the (small/large) colony
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II1. RESULTS

1. Preparation of Mouse Embryonic Fibroblast
Feeder Layers (MEFs)

The inactivated MEF cells, which were prepared prior to co-culture with hES
cells were confluent, forming as a feeder layer and ready to passage hES cells on
them the next day (Figure 3 A). They were pre-washed once with 1X PBS and
covered with 6ml of hES medium in each T25 flask about one hour before seeding
the hES cells. MEFs have to be used within a maximum of two weeks as they start

dying after that and become unsuitable for passaging hES cells on them.

2. Maintenance of Cell Lines

2.1 Passaging Human ES Cell Lines

To maintain the hES cell lines H7 S6 and H7 S14 in an undifferentiated state,

hES cells were seeded onto fresh MEFs every 4-5 days (Figure 3B).
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Figure 3

Tissue Culture

(A) Inactivated mouse embryonic fibroblast feeder layers (MEFs). (B)

undifferentiated human ES cells H7 S6 maintained on inactivated

mouse feeders.
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Immunolocalisation with specific cell surface markers (Figure 4 Tra-1-60, SSEA1)

was performed regularly to demonstrate characterisation.

3. Differentiation of Human Embryonic
Stem Cells

3.1 Formation of Embryoid Bodies (EBs)

Both cell lines H7 S6 and H7 S14 were grown in Petri dishes, in the absence
of MEFs, using different growth factor media (sections 1.3.3, 1.3.4, 1.3.5 and 1.3.6)
and their combinations. When hES cells were cultured in suspension for two weeks
they aggregated forming EBs (Figure 5). The EBs were three dimensional structures.
Small, almost spherical and transparent EBs formed first but over time, these became
more irregularly shaped, and darker in colour. It was therefore assumed that when
observing cultures at any one time, recently formed EBs were small and clear while

older mature EBs were irregular and large. The EBs which were differentiated from
human H7 ES cells, S6 and S14, had normal karyotypes.

All ES cell lines in the laboratory were regularly karyotyped by a
cytogeneticist (Mr Duncan Baker, Sheffield Children Hospital) using the G-banding

technique. Both S6 and S14 had normal karyotype at passage number 44 and passage

number 96 (end) of the study. Where as, S14 had normal karyotype at end of the

study (passage 20).
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Figure 4

Tissue Culture

[00um

Immunolocalisation of hES cell markers with H7 cells in culture after
5 days. (A) phase-contrast of colony surrounded by differentiating
cells; (B) Ira-1-60 localisation (TRITC secondary antibody) of

undifferentiated cells; (C) SSEA1 localisation (FITC secondary

antibody) of differentiated cells; (D) combined image.
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Figure 5 Embryoid bodies cultured in EB medium for about one week. The

micrograph shows both types of EBs. (A) The recently formed EBs are
almost spherical in shape and transparent compared to (B) which are

more irregularly shaped, darker in colour and with outgrowth cells.

Phase contrast. Scale bar = 300um
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4. Immunocytochemistry

4.1 The Expression of Nestin and Glucagon In
Human EB Cells

Spread EBs cells showed positive nestin and glucagon immunolocalisation
after both 7 and 14 days in EBs medium indicating the presence of potential
pancreatic progenitor cells (Figures 6 and 7; Table 1). The bright field images show
the cells without the effect of the fluorescent dye, while the immunoreactant cells
stained red or green under the effect of the fluorescent dye due to the use of Cy3 as a
secondary antibody for nestin and TRITC as a secondary antibody for glucagon.
Negative control samples were incubated with myeloma supernatant (non-specific
binding) and Cy3 (red) or TRITC (green) secondary antibodies for nestin or
glucagon, respectively. Table 1 show the presence or absence of positive stained EB
cells for nestin, glucagon, insulin and C-peptide. However, this was determined
according to the stain density in EB colony grown with different growth factor/s,
where +ve indicate slightly positive result obtained for stained cells, ++t+ve indicate
the highly positive results, where most of cells in the EB colony were stained

positive, and ++ve indicate the presence of some positive cells in the EB colony but

less than +++ve EB colonies.

5. The Expression of Insulin and C-Peptide
on Human ES Cells

To be sure of the presence of some insulin containing cells among the
differentiated human EBs in vitro, anti-insulin and anti C-peptide antibodies were
used (Table 1). When EBs cells, grown with different growth factors, were stained
for insulin, a proportion of cells were stained and showed some immunoreactivity

when examined under the fluorescent microscope (Figure 8). The brightfield image
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Figure 6 Immunolocalisation of nestin with spread human EB cells after 14
days in culture. (A) Phase-contrast; (B) Nestin localisation in
monolayer cells from EB. (C) and (D) Phase-contrast and fluorescent

low magnification image of control (Cy3).
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Figure 7 Immunolocalisation for glucagon with spread human EBs after 14

days in culture. (A) Immunfluorescent/phase-contrast; (B) Immuno-

fluorescence alone.

Table 1 Indicating the presence or not of the positive stained EB cells for
nestin and glucagons according to the stain density in each growth

factor/s. +ve: slightly positive result, +++ve: highly positive result and
++ve: in between.

Growth 7 days 14 days
Factors
. - e e (T g B it 4 |
Nestin - Glucagon Insulin @ C-peptide Nestin -~ Glucagon  Insulin C-peptide
Nicotinamide +ve -ve ++ve -ve +++ve ++ve +++ve ++ve
Nicotinamide -Ve -ve ++ve -ve ++ve +ve +++ve ++ve
+ Activin A
Nicotinamide -ve -ve ++ve Ve ++ve ++ve +++ve ++ve
+ FGF2 |
- . — -1
Activin A + -ve tve +ve -ve ++ve +ve ++ve ++ve
FGF2 s CALL
Activin A -ve -ve -ve -ve ++ve +ve +ve +ve
Control -ve -ve +ve -ve +ve -ve +ve -ve
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Figure 8 Immunolocalisation for insulin with spread human EBs after 14 days

in culture. (A) Phase-contrast; (B) Immunofluorescence; (C and D)

Phase-contrast and fluorescent low magnification of control.
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the cells on day 14 without the effect of the fluorescent dye, while the
immunoreactant cells stained green on day 14 under the effect of the fluorescent dye
from the use of FITC as a secondary antibody for insulin. On the other hand, control
samples did not show any reaction from incubation of the cells with FITC only (as a
secondary antibody for insulin) after the second week in culture.

In addition, the results obtained from C-peptide immunostaining were found
in small cell batches, positively stained, scattered throughout the EB colonies grown
for 14 days with different growth factors and their combinations such as,
nicotinamide, nicotinamide + activin A, nicotinamide + FGF2 and activin A + FGF2.

These results indicate the presence of potential insulin containig cells
especially with cells grown in the presence of nicotinamide + activin A (Figure 9).
From figure 9 some cells, in B and D, in human EBs were stained green for C-

Peptide on day 14 using FITC secondary antibody, which indicated the presence of

putative insulin producing cells.

6. EBs Cells Stained for Dithizone (DTZ)

Human EBs which were outgrowths from human ES H7 cells spread into a
monolayer and after differentiation with growth factors in their various combinations
some cells stained with DTZ. Most DTZ positive cells were found in clusters

scattered throughout the colony rather than as isolated cells (Figure 10). The stained
cells, were scattered within or outside the EBs colonies indicating the presence of

some putative insulin producing cells in different proportions in each colony

according to the growth factor used. In the control samples, the number of cells

apparently stained faintly red with DTZ was minimal (0.1%) when compared with

samples treated with various growth factors.
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Figure 9 Immunolocalisation for C-Peptide with spread human EBs after 14

days in culture. (A) Phase-contrast; (B) Immuno-fluorescence for EBs
supplemented with nicotinamide + activin A; (C) Phase-contrast: (D)

Immunotluorescence for EBs supplemented with activin A + FGF2.
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Figure 10

Human EBs cultured in different growth factor/s stained for DTZ. EBs
were grown with growth factors for one week followed by another
week with normal EBs medium and then stained with DTZ. (A) EB
grown with Nicotinamide + Activin A; (B) EB grown with

Nicotinamide + FGF4; (C) EB grown with Activin A + FGF2; (D) EB
grown with Nicotinamide; (E) EB grown with Nicotinamide + FGF2 +
Activin A + FGF4 (F) EB grown with Nicotinamide + FGF2 (G)

Control. (E - G next page). (H) High magnification of DTZ stained

aggregate (Nicotinamide + Activin A) from EB after 14 days in

culture. Note morphology and resemblance to islet morphology in

foetal pancreas. Scale bar

100pum.
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Figure 10 continued (see previous page).
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When cells were incubated with DTZ after the long incubation time (of about
two hours) in the absence of serum, the proportion of cell death increased as assessed

subjectively under phase contrast microscopy (i.e. no bright halo). Thus, when cells

were re-incubated with EB medium they did not show any obvious response.

The experiment was repeated eight times for each growth factor/s, four times

for the small sizes EB colonies and four times for the large sizes EB colonies.

7. Determination of Dithizone Positive
Stained Cells

The number of DTZ staining positive cells was counted after trypsinising the
EB colony with 0.25% (w/v) trypsin for seven minutes to yield single cells (Figure
11) in small (3.5c¢m) Petri dish.

In addition, the percentage of positive cells, stained for DTZ, for different
growth factors and their combinations, ére listed in Table 2. The percentage of cells
stained with DTZ 1n selected EBs varied among different growth factors and
according to the size of EBs under examination. The highest percentage was obtained
from the combination of nicotinamide + FGF2, about 31%, while the lowest, about
10%, resulted from the combination of both activin A + FGF2. Human EBs which
were grown with activin A only and those grown with normal EBs medium in the
control samples showed about 1% and 0.1%, respectively, which means that almost
none of the cells in these EBs were producing insulin as assessed by this method.

The mean percentages, standard deviations (SD) and p values of the cells

grown with different growth factors and stained positive for DTZ were determined.
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Figure 11  Phase-contrast micrograph of EB cells after trypsinisation with 0.25%

(w/v) trypsin for seven minutes to make single cells. The arrow shows

cells assessed to be stained red with dithizone. This was approximate

magnification used when counting.
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Table 2 The percentages of stained cells with Dithizone (DTZ) in EBs grown
with different growth factors for 14 days. The number of positively
stained cells was counted after trypsinisation of the selected EBs with
25% (w/v) trypsin for seven minutes in the plate to yield single cells.

The proportion of stained cells was determined using the mean value
for the total number of cells in a small (3200 cells) or large (4800

cells) colony. # = number and SD = standard deviations.

Growth Factors # of Cells

Mean % of

P value

Approximati

Stained for | Colony Size | on of % of Cells against
DTZ Cells Stained | Stained for Control
for DTZ DTZ + SD
802 25
483 Small 15
450 Colonies 14
Nicotinamide 600 (3200 cells) 19 18 + 4.6 <0.05
17
Large 25
Colonies 13
(4800 cells) 17
13
Small 28
Colonies 21
Nicotinamide + 19 22 +4.9 <0.05
Activin A
Large
Colonies

Small
Colonies

Nicotinamide +
FGF2

Large
Colonies

Small
Colonies

Activin A +
FGF2

Large
Colonies

Small
Colonies

Activin A

Large
Colonies
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2 0 |

0 Small 0

0 Colonies 0 0.1 +0.07
Control 4 0 l

9 0

6 Large 0

2 Colonies 0

0 0
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8. Data Analysis

T-tests, univariate analysis of variance and post-hoc tests were applied to the

data from all cells stained with DTZ from EBs grown with different growth factors

(appendix tables 3 A-F for T-test and table 4 for analysis of variance and post-hoc

tests).
9, Transmission Electron Microsocopy (TEM) of EBs

This was carried out in conjunction with Dr Chris Hill, Department of

Biomedical Sciences.

TEM was undertaken on EBs cultured with nicotinamide + FGF2. Generally,

the majority cells showed a polarised morphology with many vacuoles. Cells were
connected by tight junctional complexes, and extracellular matrix was present

(Figure 12). However there were some cells containing secretory granules. These had

a halo appearance characteristic of B- cell insulin granules but did not show a dark

core (Figure 13).
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(A) Ultrastructure of polarised epithelial cells of EBs showing
vacuoles. (B) higher magnification showing granules and tight

junctions between cells.
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(A) Ultrastucture of cell of EB showing many secretory granules. (B)

higher power of granules showing halo and contents.
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IV. DISCUSSION

Human embryonic stem cells (H7) could be cultured and passaged so they
remained undifferentiated using inactivated mouse embryonic fibroblast feeder cells
(MEFs). Immunolocalisation with specific markers (Tra-1-60, SSEA4 and SSEAI1)
were used to regular assess the quality of the cultures so that they retained
undifferentiated pluripotent cells. While it is quite difficult to keep hES cells growing
in culture at the same rate continually, the proportion of colonies showing Tra-1-60
staining in undifferentiation conditions (about 70%) was fairly consistent throughout
this study indicating that the cells used for experiments were probably of the same

characteristics for all the batches produced (over 15 months period).

It was decided at the start of the project to only use one cell line to reduce
variation in the starting cells. Although two subclones were used, there was no
apparent difference. However, hES cell lines do show some variation in their

characteristics as demonstrated by the comparing of lines (Adewuni et al, 2007).
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1. Insulin Producing Cells

Edlund, in 2001, showed the importance of different growth factors at
different stages of pancreatic development and especially those of B-cell function.
She showed the role of FGF/s in the development of the ventral part of the pancreas

(Edlund, 2001). Additionally, nicotinamide has been used as a growth factor to treat

human foetal pancreas to increase the number of endocrine cells and consequently

the insulin content (Hori ez al, 2002).

Mouse ES cells were directed to differentiate into insulin producing cells by
inhibiting the phosphoinositide 3-kinase, which is a member of a kinase enzyme
superfamily involved in major signalling events in the cell including hES cells and
that also mediates the effects of insulin on glucose and lipid metabolism. The cells

produced accumulated in a way similar to that which occurs in pancreatic islets
producing insulin when transplanted into diabetic mice (Shepherd et al, 1998; Fry,
2001; Hori et al, 2002).

In the present study, positive immunostaining was obtained for nestin and
glucagon indicating the potential presence of progenitor immature insulin containing
cells that differentiated from hES cells and with longer incubation period these cells

in culture might have expressed mature insulin. The method used to direct the

differentiation of human ES into insulin containing cells using different growth
factors showed positive immunolocalisation, indicating the presence of some insulin

containing cells in culture even although the amounts were relatively low in most

cascs.

Immunostaining cells for insulin have been shown to be a problem and

subject to artefact because culture medium contains insulin which might be absorbed

by cells. Rajagopal and coworkers (2003) reported that insulin expression in cells
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derived from hES cells was due to insulin uptake by the cells rather than new
synthesis (Rajagopal et al, 2003). Therefore, several methods need to be used to
establish that true insulin production occurs. C-peptide localisation is particularly
useful as this peptide is not part of the mature insulin molecule and therefore should
discriminate between cells absorbing insulin from the culture and cells producing C-
peptide as part of the pro-insulin molecule. Cells in some EBs were positive for C-
peptide  indicating probable insulin  synthesis. Interesting, glucagon
immunolocalisation was also obtained in some EBs suggesting a-cell development as
well.

The different growth factors used in this study to direct the differentiation of
hES cells towards insulin containing cells are listed as follows: nicotinamide,
nicotinamide + FGF2, nicotinamide + activin A, nicotinamide + activin A + FGF2,
nicotinamide + activin A + FGF4, activin A + FGF2, activin A, nicotinamide +
FGF4, nicotinamide + FGF2 + FGF4, activin A + FGF4, activin A + FGF2 + FGF4,
FGF4, FGF2, FGF2 + FGF4 and nicotinamide + activin A + FGF2 + FGF4. These
growth factors were selected based on their importance in the process of the

development of islets of the pancreas.

Experiments were repeated several times for each growth factor to check
consistency, reproducibility and reliability of the results obtained from them. Some

growth factors and their combinations have been avoided due to the negative results,

by immunostaining or DTZ staining, they showed when they applied on the EBs

samples.

From this study, it was noticed that some of the growth factors slowed the
aggregation of cells to form EBs. These were nicotinamide + FGF4, nicotinamide +

FGF2 + FGF4, activin A + FGF4, activin A + FGF2 + FGF4, FGF4, nicotinamide +
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activin A + FGF2, nicotinamide + activin A + FGF4 and nicotinamide + activin A +
FGF2 + FGF4. Therefore, FGFs may effect the rate of developmental process.
However, there was always some cell death after hES transfer to non-treated Petri
dishes in which cells were first single. If cells had not aggregated within a few days
then they progressed to cell death. FGF2, FGF2 + FGF4 and FGF4 may have
inhibited aggregation of cells leading to apoptosis. On the other hand, most of the
positive results for putative insulin producing cells were obtained from the following
growth factor combinations: nicotinamide, nicotinamide + FGF2, nicotinamide +

activin A and activin A + FGF2. This suggests that nicotinamide with activin A had a

positive influence.

2. EBs Cells Stained for Dithizone

As mentioned insulin immunolocalisation can give artefactual results due to

insulin absorption from culture medium. Several studies showed that DTZ is a good
tool to use for monitoring and identifying viable transplanted pancreatic islets. They
showed the reliability of DTZ and that it fades quickly leaving islets cells undamaged
(Jiao et al, 1991; Fiedor et al, 1995; Fiedor et al, 1996). Another group in China used
DTZ to stain viable islets cells without damaging them (Jiang et al, 2002). Clark and
his colleagues showed that prolonged exposure of islets to DTZ reduced insulin
secretion and produced cell death (Clark er al, 1994). In a study in 1994, three

different concentrations of DTZ, 2, 10 and 100pg/ml, were used on human and rat

islets to evaluate the effect of DTZ on the islet secretion. However, the lowest
concentration of DTZ, 2pg/ml, and the shortest period of incubation of the cells with

DTZ were the best at maintaining the function of pancreatic islets (Conget er al,

1994),
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Thus, because of the specificity and reliability of DTZ in staining islet cells, it
was used in the present study to identify putative insulin-containing cells from EBs
grown in culture from human ES cells. The different percentages of cells stained red
in human EBs colonies were determined for all cells cultured with all growth factors
and their combinations. Staining was quite clear after 2 hours although longer
staining (6 hours) tended to kill the cells. Although liver and intestinal cells contain
detectable levels of zinc, when assessed with immunostaining then the most likely
phenotype is an insulin secreting B-cell type. In fact some outgrowths from EBs at 14
days of culture showed very similar morphology to an early foetal islet cluster with a

group of DTZ stained cells surrounded by epithelial-like cells (see Figure 10H).

3. Electron Microscopy

Although most cells of EBs did not show B-cell morphology they were

polarised and displayed vacuoles and tight junction of an epithelial morphology
(Figures 12 and 13). Interestingly, some cells displayed secretory granules with a
distinct halo which is a characteristic of pro-insulin secretory granules of B-cells.
However, these secretory granules did not show the dark centre of granules of adult
tissue and therefore could possibly be confused with lipid vesicles although these
tend not to be granular in appearance. To verify that the cells were indeed pro-insulin
secretory granules it would be necessary to carry out immunogold labelling.

In summary the differentiation of human ES cells was directed into insulin-

containing cells, with B-cell-like phenotype based on immunolocalisation and DTZ
staining. The number of these cells in an EB colony varied with different growth

factors and their combinations. Some -growth factors such as nicotinamide and
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activin A encouraged the cultured cells to become more B-cell -like when compared

to cells grown in other growth factors.
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I. INTRODUCTION

Human pancreas development starts as two separate buds with the dorsal
pancreatic bud appearing first, at about day 26 of gestation, as an evagination of about
300 cells in the posterior foregut. This is followed by the formation of the ventral
pancreatic bud one day later on the opposite side to the dorsal pancreatic bud
(www.ana.ed.ac.uk). The pancreas organ then forms at about six week of gestation
when both buds fuse together. The ventral bud form the head of the adult pancreas

while, the dorsal bud form all other parts of the pancreas, the neck, body and tail

(www.ana.ed.ac.uk).

Previous studies have shown that hormone containing cells appear at about 8
week of gestation in the epithelial of ductal cells of the pancreas (Polak et al, 2000). At

week 10 gestation a-cells start to differentiate followed by &-cell which developed at

about 11 weeks of gestation. B-cells were shown to be present at about 13 weeks

gestation (www.ana.ed.ac.uk). At the end of week 17 B-cells start to secrete insulin
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(www.ana.ed.ac.uk). Each type of cells initiated at very low number of cells

(www.ana.ed.ac.uk).

In the human embryonic pancreas, glucagon producing cells, a-cells, are the first
endocrine cells identified by their hormonal content after eight weeks gestation. Insulin-
producing B-cells are detected in the ninth and tenth week of gestation by detecting
either insulin or C-peptide (Peters et al, 2000). Both human insulin and C-peptide
originate in the pancreatic B-cells as a single polypeptide chain known as pro-insulin
with a molecular weight of 9000 (Ma et al, 2004). Proinsulin is cleaved proteolytically
into mature insulin and C-peptide when released into the blood (Ma et al, 2004).
Because C-peptide has the ability to persist in the plasma longer than insulin and has a
longer half-life, it can be a more reliable indicator to reflect the secretion of pancreatic
insulin (Ma et al, 2004; Risérus et al, 2004).

Enzyme-linked immunosorbent assay, ELISA, is a widely used method that

allows rapid measurement of the concentrations of soluble components, mainly proteins,
in plasma (Lindstr6m et al, 2002; Sj8strand et al, 2002; Risérus et al, 2004; Liu et al,
2005) and has been applied extensively for measurements of insulin levels in plasma.

A new strategy to generate progenitor pancreatic cells and early pancreatic
endocrine cells without the need for any selective steps of identifying nestin or
cytokeratin 19 expressing cells was created by Blyszczuk and coworkers (2004). The

amount of insulin that was secreted from the differentiated cells in vitro, was
determined by an insulin ELISA assay (Blyszczuk ef al, 2004). A group in Japan

succeeded in lowering the blood glucose in diabetic mice by implantation of primary

cultured adipocytes, that secrete insulin. The plasma insulin concentration was

dependent on the implanted cell number and the secretion of insulin and C-peptide from

adipocytes was measured by an ELISA (Ito et al, 2005).
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In addition, studies on plasma C-peptide collected from patients with type Il
diabetes mellitus, cord blood from newborn, from healthy human islets and from
insulinoma patients have also been analysed by ELISA assay (Paoletta et al, 2002). A
prospective study of plasma C-peptide and colorectal cancer in men was carried out in
2004 (Ma et al, 2004). The concentrations of plasma C-peptide, as a stable indicator of
pancreatic B-cell function, were measured by ELISA (Ma et al, 2004).

Another clinical research study used different methods to measure different
human proteins including leptin, insulin and C-peptide. The purpose of the study was to
compare between different assays using human plasma (Liu et al, 2005).

C-peptide measurements are also useful for insulin therapy, especially for type II
diabetes, monitoring the progress of pancreas or islet cell transplantation, insulinoma

diagnosis and as a marker for residual pancreatic tissue after pancreatectomy (Ma et al,

2004; Rudovich et al, 2004; Ito et al, 2005; Liu et al, 2005).

The aim of this chapter is indirectly assess the amount of insulin secreted from
human EBs into culture medium following various differentiation procedures using a C-
peptide ELISA assay. The levels of C-peptide were compared to those produced by
foetal pancreatic tissue collected from first trimester foetal samples (Table 1) and

cultured in vitro and correlated with stages of pancreatic development as assessed by

immunohistochemistry.
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Table 1 A table indicating the number of foetal samples used at each gestational age

for in vitro culture and histochemistry:.

Number of foetal Number of foetal

Age/week samples for in samples for
vifro culture histochemistry
8 l 3
9 2 0
10 l 4
] 2 0
12 4 4
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II. MATERIALS & METHODS

1. Materials

1.1 Human Foetal Sample Collection

Foetuses (first trimester) were obtained with full ethical approval (South
Sheffield Research Ethics committee, Professor Harry Moore as person responsible).
Tissue was obtained with informed patient consent after counselling by a research nurse
independent from the research group and following the Polkinghorne guidelines. This

was normally undertaken at the patient’s first visit to clinic. Women underwent medical

termination with Mefepristone and prostaglandin.

Following termination, foetal tissue were put into cold DMEM medium and
transferred to the laboratory within 1 hour. Foetal age was determined by the last

menstrual bleeding and subsequently confirmed by the gross anatomy of forearm digits
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(Moore et al, 2000). Foetuses were obtained at different ages of development from 8 -12
weeks of gestation. In total 21 foetal samples were obtained for this study.

The foetal pancreas was immediately recovered by stereoscopic microscope

dissection in a Class II laminar flow hood using gauge 19 needles attached to 1ml

syringes. The foetus (usually intact) was removed from extra-embryonic membranes

and placed in fresh cold medium in a Petri dish. The peritoneum was slit open and the
contents removed by sliding a needle along the backbone and then carefully removing
the entire internal alimentary canal and other associated organs including the liver. The
pancreas was identified close to the liver by its distinctive lobular and granular

appearance and removed intact. It was either prepared for culture in vitro, snapped

frozen in liquid nitrogen and stored at —70°C, or fixed for 1 hour in 4%

paraformaldehyde for later processing for paraffin sections (3 x 8 weeks, 4 x 10 week

and 4 x 12 weeks).

1.2 Culture of Foetal Pancreas

Using forceps and needle, the isolated pancreas was cut into small pieces under
the dissecting microscope. The small pieces of pancreas were then washed with PBS
without Ca** and Mg*? and treated with 2 ml of Img/ml collagenase 1V solution for 8-
10 minutes at 37°C in 5% CO; in air. Tissue was also dispersed by scraping with 3mm
glass beads, centrifuged at 200 g for 3 minutes, the supernatant removed and the pellet

dissociated by moving them through the pipette up and down. Fresh RPMI 1640 media

mixed with 10% FCS was added to the pellet and the cell suspension transferred to

wells of 6-well culture plates and incubated at 37°C in 5% CO; in air.

Medium was changed every two days. Conditioned medium (0.5ml) was

collected from different samples on various days to measure the amount of C-peptide
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secreted (Table 2). Days of collecting media differed according to the availability of

each sample. The collected media were stored at -80°C.

1.3 Culture of EBs

Conditioned media from cultured EBs, with different growth factors were
collected after 7 and 14 days (see chapter II) post passage. Conditioned media from hES

cells, growing on MEFs, were collected 2 - 3 days post passage (Table 2). The collected

media were stored at —80°C.

1.4 Preparation of Washing Buffer

From the concentrated (10X) washing buffer (1X) dilution was prepared by

mixing 100ml of (10X) concentrated washing buffer with 900 ml distilled water. The

solution was then stored in the refrigerator.

2. ELISA Kit Reagents

The human C-Peptide ELISA (Linco 20K, Missouri, USA) displayed specificity
for human C-Peptide and intact human proinsulin, but not human insulin, and was used
to measure the C-peptide from the medium collected from different samples such as
EBs grown with different growth factors, hES cells and human foetal pancreatic tissue

at different ages in weeks (8w, 9w, 10w, 11w and 12w) as mentioned in tables 1 and 2.

The ELISA kit contained the following reagents: a microtitre plate, adhesive plate

sealer, 10X washing buffer concentrate of 50mM TBS buffer containing 0.05% Tween
20, human C-peptide standards (0.2, 0.5, 1, 2, 5, 10, and 20ng/ml), ELISA C- peptide
quality controls 1 and 2, human C-peptide matrix solution, assay buffer of 0.05M PBS

containing 0.025M EDTA, 1% BSA with 0.08% sodium azide (pH 7.4), a detection
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Table 2

C-Peptide

Foetal tissue samples of different ages were used to determine the
amount of C-peptide secreted from them by ELISA method. Culture
medium was collected on different days after the beginning of culture.
Days of collecting media differed according to the availability and

conditions.

Sample Age/week Days of collection after
beginning culture

1 8 4,8, 15

2 9 4,8, 15, 25, 32, 34, 37
3 9 7

4 10 7,9, 11, 14, 19, 25, 46
5 ¥ L1

6 1 3

7 12 3,5.9

3 12 4, 8

9 12 3

10 12 3,8, 15
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Table 3 The treatment of EBs and hES samples, used to measure the amount of

C-peptide by the human C-peptide ELISA method.

Sample EBs EBs EBs EBs hES
Growth Nicotinamide Nicotinamide Nicotinamide  Activin A -
Factor/s b G
+ FGF2 t Activin A + FGEF2
Days 7 and 14 7and 14 7 and 14 7 and 14 2-3
Collecting
media
Times 6 6 6 6 2
Repeated
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antibody of biotinylated anti-human C-peptide monoclonal antibody, enzyme solution
of pre-titred streptavidin-horseradish peroxidase conjugate (SA-HRP), 3, 3%, §, §°-

tetramethylbenzidine (TMB)and stop solution of 0.3M HCL.

3. Methods

3.1 Quantification Analysis of Human C-Peptide
Using the ELISA Assay

3.1.1 Assay Procedure

Human C-peptide ELISA was applied to the media collected from growing EBs

with different growth factors, hES cells and pancreatic tissue from human foetuses with
different ages of 8, 9, 10, 11 and 12 weeks, to determine the concentration of C-peptide
secreted by them into the media.

All kit reagents and medium samples were pre-warmed to room temperature.
The microtitre assay plate was washed three times with 300l 1X washing buffer. 20pl

detection antibody was added to all wells followed by addition <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>