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Background: Human islet transplantation would offer a less invasive and more physiological
alternative than whole pancreas transplantation and insulin injections respectively for the treatment of
diabetes mellitus if islet graft survival can be improved. Initial recipient post-transplant insulin
independence declines to <10% after 5 years. Factors contributing to graft failure include enzymatic
disruption of the islet microenvironment during isolation, diabetogenic effects of immunosuppressants
and metabolic stress resulting from slow revascularisation.

Aims: To investigate the effect of co-culture in both static (SC) and rotational culture (RC) of BRIN-
BDI11 beta-cells (D11) and human umbilical vein endothelial cells (HUVEC) on D11 insulin
secretion; and the effect of a thiazolidinedione (TZD) on D11 function and HUVEC proliferation. To
assess the effect of culture media, SC, RC and a TZD on human islet morphology, insulin secretion
and VEGF production. To initiate in vivo protocol development for assessment of revascularisation of
human islet grafts.

Methods: D11 cells were cultured +/-TZD and co-cultured with HUVEC +/-TZD in SC and RC. D11
insulin secretion was induced by static incubation with low glucose (1.67mM), high glucose (16.7mM
and high glucose with 10mM theophylline (G+T) and determined by ELISA. HUVEC were cultured
+/-TZD in SC and RC and proliferation was assessed by ATP luminescence assay and VEGF ELISA.
D11 and HUVEC morphology was determined by immunocytochemistry.

Human islets were cultured in SC and RC in various media +/-TZD. Insulin secretion was determined
as above and VEGF production by fluorescence immunocytochemistry (FI) and ELISA.
Revascularisation of islet grafts was assessed by vascular corrosion cast and FI.

Results: D11 cultures showed significantly increased insulin secretion in response to 16.7mM and
G+T over basal; this was enhanced by RC and further improved by adding 10mM TZD.

Untreated D11/HUVEC co-cultures displayed significantly increased insulin secretion in response to
16.7mM and G+T over basal, again enhanced by RC and improved with 10mM TZD. 10mM TZD
significantly increased HUVEC proliferation over control.

Human islets maintained in medium 199 (m199) in SC and RC exhibited comparable maintenance of
morphology and insulin secretory profiles compared to islets maintained in RPMI, endothelial growth
media and dedicated islet medium Miami#1. All cultures showed significantly increased insulin
secretion in response to 16.7mM and G+T over basal; this was enhanced by RC and in certain
instances further improved by adding 25mM TZD. TZD increased VEGF production and release as
determined by ELISA. Post-implant vascular corrosion casts of mouse kidneys analysed by x-ray
micro tomography indicates a possible TZD enhancement of microvessel growth via VEGF
upregulation.

Conclusions: D11/HUVEC co-culture in SC or RC does not alter the morphology of either cell type
and supports D11 function. TZD improves D11 and D11/HUVEC SC and RC co-culture insulin
secretion while increasing HUVEC proliferation.

Human islet RC supports islet functional viability and structural integrity compared to SC while the
addition of TZD occasionally further improves secretagogue induced insulin secretion. Expensive,
‘dedicated’ islet media showed no advantage over m199 in terms of maintaining islet morphology or
function. TZD upregulates VEGF in islets as shown by ELISA and suggested by x-ray micro
tomography analysis of vascular corrosion casts.

Maintenance of islets in RC and treatment with TZD prior to transplant may improve the functional
viability and revascularisation rate of islet grafts.

Key words/phrases:
Human islet isolation/culture, human islet transplantation/revascularisation, insulin secretion,
thiazolidinedione/ VEGF/insulin, BRIN-BD11/HUVEC co-culture
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Chapter 1: Introduction

The purpose of this thesis

This thesis sets out to test the general hypothesis that by introducing in vitro pre-transplant
intervention to islet/B-cell grafts, post-transplant vascularisation and consequently graft
survival and function could be improved. It aims to do this by:
3 developing an in vitro B-cell support and endothelial cell proliferation protocol using
cell lines prior to modifying the technique for use with human islets
Y maintaining the structural integrity and functional viability of cultured islets by
employing a rotational cell culture system to provide a microgravity environment that
enhances cell-cell contact and thorough circulation, thus improving the availability of
trophic factors and nutrients
¥ increasing the expression of vascular endothelial growth factor (VEGF) in endogenous
islet endothelial cells by employing a thiazolidinedione (rosiglitazone)
> initiating development of an in vivo protocol to assess revascularisation of human

islets transplanted under the kidney capsule and into the spleens of mice.

The importance of this work stems from the urgent need to improve the quality and quantity

of islets/B-cells for implant into diabetic patients, and to improve the revascularisation of

islets grafts post transplant to support viability and function of the cells.
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Background

Diabetes mellitus

Diabetes mellitus [from the Greek dia (through) betes (to go) and mellitus (sweet tasting)]
describes a group of disorders characterised by hyperglycaemia (ADA 2008). The disorders
are associated with various endocrine and metabolic abnormalities (Dupre et al. 1982; Begg
1984; Gerich 1986; Wautier and Guillausseau 1998), the risk of microvascular complications
such as nephropathy, neuropathy and retinopathy (Engerman et al. 1977; Giugliano et al.
1996; Coccheri 2007; Gunduz and Bakri 2007; LeRoith and Rayfield 2007; Lockhart et al.
2008) as well as macrovascular complications like cardiac ischaemia (Giugliano et al. 1996;
LeRoith and Rayfield 2007; Steiner 2007), stroke and peripheral vascular disease (Coccheri

2007; ADA 2008; Lockhart et al. 2008).

It is estimated that the prevalence of diabetes mellitus (DM) is currently 2.35 million in the
UK (with a suspected 1 million as yet undiagnosed), and by 2010 this number will rise to
more than 2.5 million (Roberts 2007). Worldwide prevalence increased from approximately
150 million in 2001 (Alberti 2001; Zimmet 2003) to 194 million in 2006 (Erdmann 2006).
This pandemic is set to continue with an alarming 350 — 400 million people estimated to be

suffering from diabetes by 2025 (Zimmet 2003; Erdmann 2006; Coccheri 2007).

The cost of treating diabetes and its complications consumes approximately 10% of the UK
NHS yearly budget, amounting to £9.6 million per day (Roberts 2007). Also, the cost of
inpatient care for people with diabetes is disproportionately higher than for those without the
condition, and they occupy more bed days than non-diabetic patients with the same conditions

that are unrelated to diabetes (Currie et al. 1997; Sampson et al. 2006).
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The endocrinopathies responsible for the manifestation of hyperglycaemia typically involves
absolute or relative impairment of insulin secretion and/or insulin action (Nerup and
Lernmark 1981; Gerich 1986; Harris MI 1997). Due to the complexity of DM, various
classification systems exist, but only the two major categories of DM, namely type 1 and type

2, will feature in this project.

Type 1 DM: aetiology and pathogenesis

Type 1 DM (T1DM), or insulin-dependent DM (IDDM), is a disease of B-cell destruction
resulting in a loss of insulin secretion and effecting a chronic metabolic disorder that is
characterised by hyperglycaemia (Gerich 1986). Most cases arise following T-cell dependent,
autoimmune destruction of the B-cells in the pancreatic islets of Langerhans (Nerup and
Lernmark 1981; Todd 1990; Haverkos et al. 2003; Kulmala 2003) and most of these cases
result from a genetic susceptibility linked to the B-cell alloantigen HLA DRw4 (Solow et al.
1979; Deschamps et al. 1980; Shires et al. 1983; Wallden et al. 2008). Human leucocyte
antigens (HLA) are cell surface molecules that present antigenic peptide to T cells and certain
HLAs have been shown to be associated with type 1 diabetes (Singal and Blajchman 1973,
Krach et al. 2003; Wallden et al. 2008). Some 80% of patients with type 1 DM have specific
HLA phenotypes associated with detectable serum islet cell cytoplasmic antibodies and islet
cell surface antibodies (Lipton and LaPorte 1989; Scheuner et al. 1997; Kulmala 2003). The
genetics of type 1 DM cannot be classified according to a specific model of dominant,
recessive or intermediate inheritance of a specific set of genes (Todd 1999) and a full

discussion of the genetics of diabetes mellitus lies beyond the scope of this thesis.

A small proportion of diabetes is caused by exposure to herbicides or pesticides (Saldana et
al. 2007; Michalek and Pavuk 2008) and arsenic (Liu et al. 2006; Paul et al. 2007; De

Vizcaya-Ruiz et al. 2008). Three decades ago a group suggested that cyanide was
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diabetogenic (McMillan and Geevarghese 1979), but others later refuted this statement
(Cooles 1988; Swai et al. 1992; Soto-Blanco et al. 2001) and more recently yet another group
showed that cyanide aggravated diabetes rather than causing it (Yessoufou et al. 2006).

Type 1 DM was also called juvenile onset DM as most cases are diagnosed before the age of
30 (but may be diagnosed in older adults), or insulin dependent DM, because, unless insulin

treatment is provided, the patient will succumb to diabetic ketoacidosis (Harris MI 1997).

Type 1 DM accounts for 10-15% of all cases of diabetes mellitus and affects about 1 in 300
people in Europe (Gerich 1986; Winter and Schatz 2003) and was once considered to be a
disease of acute onset, but evidence shows that it is mostly a genetically determined chronic
autoimmune disorder with a long subclinical prodromal phase that can last for years
(Eisenbarth 1986; Kulmala 2003). In genetically susceptible subjects a precipitating event,
possibly an environmental impact such as coxsackie B4 virus, presumably triggers the
autoimmune attack against the pancreatic B-cells (Bach 1997; Haverkos et al. 2003; Kulmala
2003; Dotta et al. 2007). As B-cell destruction progresses individuals show an increased loss
of first-phase insulin release when subjected to intravenous glucose tolerance testing, but

many patients remain euglycaemic during the early stages of loss of insulin secretion (Bleich

et al. 1990; Keymeulen 2008).

During the preclinical phase of type 1 diabetes impaired insulin secretion is one of the first
metabolic aberrations to occur and during the 18 months prior to clinical onset, a subclinical
rise in blood glucose levels can be detected (Bleich et al. 1990; Kulmala 2003). Complete loss
of first-phase insulin release is followed by hyperglycaemia and the clinical onset of the
disease. The cleaving of proinsulin in the secretory vesicles of pancreatic B-cells produces

insulin and C-peptide, which are secreted concurrently, and C-peptide secretion may still be
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present for a period following the onset of diabetes, but once autoimmune destruction of the
B-cells is complete all C-peptide production ceases.

When autoimmune destruction of the 3-cells commences, so does infiltration of the islets with
T-lymphocytes, B-lymphocytes and macrophages. Only B-cells are targeted, leaving the A-

cells, D-cells, PP-cells and other cells (such as clear cells) intact (Guven and Kuenzi 1998).

T1DM remains incurable and treatment with parenteral insulin offers only partial
reinstatement of glucose homeostasis. Despite considerable advances in the understanding of
the aetiology, there is currently no real prospect of either prevention or cure by

pharmacological treatment.

Type 2 DM: aetiology and pathogenesis

Type 2 DM (T2DM), also known as non insulin-dependent diabetes mellitus (NIDDM), is a
heterogeneous group of disorders in which hyperglycaemia results from both an impaired
insulin secretory response to glucose and decreased insulin effectiveness in stimulating
glucose uptake by skeletal muscle and in restraining hepatic glucose production; a
phenomenon known as insulin resistance (Bailey and Nattrass 1988; Guven and Kuenzi 1998;

Perseghin et al. 2003; Hoppener and Lips 2006; Chang-Chen et al. 2008).

Historically most cases of type 2 DM were diagnosed after the age of 30 years, but due to
factors such as a more sedentary lifestyle and obesity it is becoming more frequent in children
and young adults (Aucouturier et al. 2008). An entirely separate group of disorders due to
mutation of hepatocyte nuclear factors and glucokinase (Holmkvist et al. 2008; Karlsson et
al. 2008) are termed ‘maturity onset diabetes of the young [MODY] (Barness 2007; Kaufman

and Schantz 2007; Lipton 2007).
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Figure 1. A schematic representation of glucose stimulated insulin secretion, compiled from
various publications (Karl et al. 1975; Hedeskov 1980; Hellman et al. 1980; MacDonald and
Fahien 1990; Garvey 1992; Petit and Loubatieres-Mariani 1992; Wang et al. 1993 Bailey
2000; Thorens 2001; Ren et al. 2007).

The number of B-cells in the pancreas influences how much insulin can be produced. Many
studies have shown a modest (20-40%) reduction in B-cell mass in patients with longstanding
T2DM (Saito et al. 1979; Clark et al. 1988; Porte and Kahn 2001). The islets have a normal
morphology and no insulitis is observed and a greater than 70% loss of B-cell mass is required
to cause overt diabetes (Kloppel et al. 1985; Sreenan et al. 1999). Moreover, concurrent
obesity (another insulin resistant state) is often accompanied by a significant increase in B-cell

mass (Kloppel et al. 1985; Dickson and Rhodes 2004; Paris et al. 2004; Prentki and Nolan
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2006; Chang-Chen et al. 2008). Obesity results in a decrease in adiponectin secretion by up to
50%, leading to insulin resistance and beta cell dysfunction (Bacha et al. 2004). It thus seems
likely that factors other than B-cell mass are responsible for impairment in insulin secretion in

T2DM.

Studies in various populations have shown a positive correlation between low birth weight
and the development of impaired glucose tolerance (IGT) and T2DM later in life (Barker et
al. 1993; McCance et al. 1994; Wolf 2003; Simmons 2007). Hales and colleagues reported
that men and women with IGT or newly diagnosed T2DM had a mean birth weight that was
0.3kg less than non-diabetic subjects, a higher placental to birth weight ratio, a smaller head
circumference and a lower ponderal (weight/length) index (Hales et al. 1991; Phipps et al.
1993). Evidence exists that poor nutrition and impaired growth are associated with reduced
insulin secretion and/or reduced B-cell mass (Hales and Barker 1992; Jaquet et al. 2003) and
some studies have shown that foetal malnutrition may lead to insulin resistance later in life

(Phillips 1996; Wolf 2003).

Islet amyloid polypeptide (IAPP), or amylin, is produced by the B-cell, packaged into
secretory granules with insulin and co-secreted into the sinusoidal space (Clark 1989; Johnson
et al. 1989). Amylin is the precursor for the amyloid deposits which are frequently observed
in patients with T2DM (Nishi et al. 1990; Hoppener et al. 2002; Hoppener and Lips 2006) and
while some researchers claim that amylin may be involved in causing B-cell dysfunction in
T2DM (Howard 1986; Clark 1989; Johnson et al. 1989; Ohsawa et al. 1989; Nishi et al.
1990), others failed to find an inhibitory effect of amylin on insulin secretion when it was
infused in pharmacological doses in rats, rabbits and humans (Bretherton-Watt et al. 1990;

Ghatet et al. 1990).
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Glucagon-like peptide 1 (GLP-1) is synthesized and secreted by the small intestine in
response to ingested nutrients (Goke et al. 1991) and is a potent insulin secretagogue (Thorens
and Waeber 1993). GLP-1 has a specific $-cell receptor that has been localized to
chromosome 6 (Stoffel et al. 1993) and after binding of GLP-1 to its receptor; the adenylate
cyclase system is stimulated. Cyclic AMP levels rise and cAMP-dependent protein kinase A
augments glucose-induced insulin secretion by phosphorylation of key elements of the
glucose signalling pathway. This includes the ATP-dependent K™ channel, the voltage-
dependent calcium channel and/or elements of the insulin-secretory machinery. The gluco-
incretin effect of GLP-1 is reduced in T2DM (Nauck et al. 1986; Thorens and Waeber 1993),
but GLP-1 levels are normal or increased (Nauck et al. 1986), suggesting -cell resistance to
GLP-1. Postprandial insulin secretory response and restoration of near normal glycaemia in

T2DM patients can be achieved by pharmacological doses of GLP-1 (Nauck et al. 1993).

The acquired defect in insulin secretion may be explained by the concept of glucose toxicity
(Unger and Grundy 1985; Leahy 1990). Tight metabolic control leads to improved insulin
secretion, which shows that hyperglycaemia exerts a deleterious effect on insulin secretion.
Evidence exists that impaired insulin gene transcription results from prolonged exposure of -
cells to high glucose concentrations (Robertson et al. 1994). This leads to decreased insulin
synthesis and secretion and the term ‘desensitization’ was developed to explain a temporary,
inducible and reversible state of impaired insulin secretion following prolonged exposure of
B-cells to hyperglycaemia while the term glucose toxicity is reserved for the irreversible loss

of insulin secretory capacity by -cells (Robertson et al. 1994).

Environmental factors are important in the development of the type 2 diabetic phenotype
(Lebovitz 1999), but epidemiological and familial studies show that there are also genetic

influences on the development of type 2 diabetes (Mercado et al. 2002; Sanghera et al. 2008).
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Multiple studies investigating single nucleotide polyrﬁorphiéms (SNPs, where a single DNA
nucleotide is replaced with another) in European (UK, Danish and French) and Japanese
populations have identified that SNPs occurring in or within regulatory areas near the
following genes represent novel risk loci for T2DM:

CAPNI10, HHEX/KIF11/IDE, CDKN2A/B, IGF2BP2, TC7L2, SLC30A8, CDKALI, PKN2,
FLJ39370, EXT2/ALX4 JAZF1, CDC123-CAMK1D, THADA, ADAMTS9, NOTCH2 and
TSPANS-LGRS (Horikawa et al. 2000; Ehrmann et al. 2002; Iwasaki et al. 2005; Groves et

al. 2006; Grarup et al. 2007; Sladek et al. 2007; Zeggini et al. 2007; Zeggini et al. 2008).

Further studies have shown that genes contributing to T2DM may vary between individuals
and populations (Groves et al. 2006; Kwan et al. 2007; Cauchi et al. 2008; Kwan et al. 2008;
Lewis et al. 2008). Extreme forms of insulin resistance resulting from mutations in the genes
for the insulin receptor and peroxisome proliferator-activated receptor gamma have been
reported, but are rare (Mercado et al. 2002; Chistiakov 2008). New risk loci for T2DM are
being discovered and a full discussion on the genetics involved in T2DM lies outside the

remit of this thesis.

Current treatments for diabetes and their limitations

Insulin and oral anti-diabetic drugs

Insulin was one of the first proteins to be crystallised in pure form in 1926 and in 1952
Frederick Sanger made it the first protein to be fully sequenced, thus making its exact amino
acid sequence known (Sanger 1959). This enabled chemically synthesised insulin to be
produced by 1963 and the development of recombinant gene technology in 1978 allowed
production of human insulin by inserting the human insulin gene into bacteria, which resulted
in the large scale production of this hormone and, ultimately, revolutionised the use of

peptides and proteins as therapeutic agents (Pillai and Panchagnula 2001). The development
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of recombinant-DNA-derived insulin analogues gave rise’/to fapid-acting insulins (such as
lispro and aspart) that are absorbed rapidly from the injection site, intermediate-acting (such
as neutral protamine lispro) and long-acting insulins (such as glargine and determir) which are
absorbed very slowly at physiological pH (Brange et al. 1992; Bristow 1993; Hirsch 1999).
More recently, a rapid-acting insulin in powder form (Exubera) was developed for inhalation
therapy (Mandal 2005; Odegard and Capoccia 2005). Figure 2 shows the amino acid sequence

of human insulin.

A ston Univ rsity

ustration rem oved for copyright restrictions

Figure 2. The amino acid sequence of human insulin, compiled from various publications
(Sanger 1959; Adams et al. 1969; Sanger 1988; Brange and Langkjoer 1993). Note the three

disulfide bonds (red) between cystine amino acids. Two of these disulfide bonds serve as
stabilising links between the alpha and beta chains of the insulin molecule.

Many insulin-replacement regimes utilise combinations of rapid-, intermediate- and/or long-
acting forms of insulin in an attempt to replicate near-physiological insulin levels and
improve patient compliance (Turner and Matthews 2000; Halbron et al. 2007; Hassan et al.
2008). The rapid-acting insulin is administered before or with a meal to provide postprandial

(30-60 minutes after a meal) glycaemic control, intermediate-acting insulin action peaks 4 - 5
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hours after injection and lasts for 10 ~ 15 hours, while the long-acting insulin is used in an
attempt to mimic the basal insulin secretion of the islets in the hope of preventing
hypoglycaemic incidents over a 24-hour period (Hoffman and Ziv 1997; Campbell et al.

2001; Heise and Heinemann 2001; Bolli 2002; Couper and Prins 2003).

The treatment of DM does not rely solely on insulin. Many forms of type 2 DM can be
effectively treated with diet, exercise and drugs (Barnard et al. 1994; Edelman 1998; Tang

and Reed 2001; Scheen 2003).

The biguanides, metformin and phenformin were introduced in 1957 and act by decreasing
hepatic glucose output and increasing insulin sensitivity of the target tissues (Bailey and
Nattrass 1988; Bailey 1992; Braunstein 2003; Bailey and Day 2004; Krentz and Bailey 2005).
Phenformin was withdrawn due to an association with lactic acidosis, but metformin is used
successfully as a monotherapy or in combination with a sulphonylurea (Bailey 1992; Bailey et

al. 2005; Molavi et al. 2007) or a thiazolidinedione (Bailey and Day 2004; Lin et al. 2008).

The sulphonylureas, such as tolbutamide (now rarely used) and glimepiride were introduced
in the 1950’s and act by stimulating the pancreatic 3-cells to increase insulin production by

binding to the sulfonylurea receptor (Duhault and Lavielle 1991; Bailey 2000; Braunstein

2003; Krentz and Bailey 2005).

Insulin secretagogues like the meglitinide analogues (such as repaglinide), function by
restoring early-phase insulin release by the islets (Bailey 2000; Dornhorst 2001; Braunstein

2003; Krentz and Bailey 2005).

The thiazolidinedione (TZD) class of oral antidiabetic agents, troglitazone (withdrawn in
1999), rosiglitazone and pioglitazone, targets insulin resistance by improving insulin

sensitivity in the target tissues and TZDs have been shown to preserve -cell function (Bailey
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1999; Bailey 2000; Cheng-Lai and Levine 2000; Braunstein 42003; Bailey and Day 2004;

Krentz and Bailey 2005; Campbell and Mariz 2007).

The a-Glucosidase inhibitors (acarbose and miglitol) delay carbohydrate digestion which
slows glucose absorption from the intestine and thus lower postprandial glucose levels

(Braunstein 2003; Krentz and Bailey 2005).

The glucagon-like-peptide-1 (GLP-1) agonists (i.e. exendin-4) act by augmenting glucose
stimulated insulin secretion (thus reducing plasma glucose concentrations) and increasing
glucose uptake and metabolism by muscle and liver cells (Alcantara et al. 1997; Edwards et
al. 2001; Bailey 2005; Doggrell 2007; Krentz et al. 2008; Martin 2008). Exendin-4 has also
been shown to increase f-cell replication and neogenesis (Xu et al. 1999), modulate B-cell
apoptosis (Li et al. 2003) and encourage differentiation of a human pancreatic duct cell line

into endocrine cells containing insulin and glucagon (Zhou et al. 2002).

Dipeptidyl peptidase IV (DPP-4) is an enzyme that rapidly degrades GLP-1, thus ameliorating
its glucose-lowering effect (McIntosh et al. 2006; Cheng et al. 2008; Flatt et al. 2008; Krentz
et al. 2008). Inhibitors of DPP-4 (i.e. sitagliptin and vildagliptin) slow the rate of GLP-1
degradation by blocking the action of DPP-4, resulting in improved glucose homeostasis

(Mclntosh et al. 2006; Flatt et al. 2008; Krentz et al. 2008; Lamont and Drucker 2008).

Type 2 DM can be treated with these orally administered drugs as some functional islets
remain, allowing the residual B-cells to be targeted with appropriate therapies. However, these
oral anti-diabetic agents have limitations in that, individually, they contend with only part of
the pathogenic process and work only to a partial extent (Bailey 2000). They also do not re-
establish normal B-cell function or normal insulin sensitivity and, while their usefulness
depends on a critical mass of functional B-cells, none have been shown to prevent (although

some may slow) gradual B-cell loss (Bailey 2000; Krentz and Bailey 2005). T2DM is a
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progressive disease with many patients proceeding to exogenous insulin, which is also not a
cure and does not reinstate normal glucose homeostasis, highlighting the requirement for

research into cellular therapy for inadequately controlled T2DM.

Unfortunately, due to the near total destruction of B-cells, type 1 DM is not treatable with oral
agents. Insulin itself cannot be given orally due to the fact that, as a protein, it will undergo
rapid enzymatic digestion (Zinman and Tsui 1997). The most common form of treatment for
type 1 DM remains insulin replacement via injection, mostly multiple daily subcutaneous

injections (Chetty and Chien 1998; Bailey 2000).

Although insulin injections have served people with diabetes well, it cannot replace the
‘closed loop’ system that exists within the body. This closed loop system fine-tunes the
release of insulin in response to factors such as intake of food and exercise (Zinman 1989;
Bailey 2000). The release of this precious hormone from the beta cells in the pancreas is
regulated by gut hormones (Vahl and D'Alessio 2004; Kruger et al. 2006; Holst et al. 2008),
the composition of the absorbed nutrients (Gannon and Nuttall 2006) and the autonomic
nervous system (Zinman and Tsui 1997; Ahren 2008). Glucose homeostasis is thus much

more complex than a sudden bolus of insulin around mealtime.

Another disadvantage of the insulin injection regime lies in the many factors that affect the

absorption rate of subcutaneously injected insulin, such as:

 The site of injection and the depth of the injection - how much of the injected insulin
ends up in a fat depot as opposed to in muscle (from which absorption is more rapid).

» The temperature of the site as well as the ambient temperature (higher site temperature
= faster absorption rate).

- Exercise just before or after injection will result in faster rates of absorption.
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» The type of insulin used and the dose delivered ~’10ﬁg-acting insulins are absorbed

more slowly than their short-acting analogues.

Thus neither oral anti-diabetic agents nor intensive insulin therapy provide the ultimate
answer to diabetes as physiological insulin release in response to energy intake cannot be
fully replicated by these treatments (Bailey 2000). For this reason attention is directed to the

use of transplant procedures for the treatment of diabetes.

Pancreas transplantation

In 1889, 33 years before insulin was successfully extracted for use, Minkowski and von
Mering showed that an ‘anti-diabetic’ substance was produced in the pancreas by inducing
diabetes in dogs following pancreatectomy (Botting 1996). In an attempt to restore the lost
insulin secretory ability of a 15-year-old boy suffering from diabetes, Dr. P. Watson Williams
implanted three pieces of fresh sheep’s pancreas subcutaneously into the boy in the Bristol

Royal Infirmary on 20 December 1893, unfortunately without success (Williams 1984).

In 1924 Pybus described a temporary reduction in urinary glucose levels in one of two
patients prior to rejection of the subcutaneous implants of sliced human pancreas (Pybus
1924). Fichera transplanted foetal pancreatic tissue under the tunica vaginalis in 1928, but his

patient died of ketotic coma, possibly due to acute rejection of the graft (Pozza et al. 1992).

These early failures did not, however, diminish the determination of the medical fraternity to
make pancreatic transplants succeed, and in 1966 Lillehei performed the first vascularised
pancreas transplant (Kelly et al. 1967). The following ten years saw only a few more
pancreatic transplants, until Dubernard published the description of a new surgical technique,

the segmental Neoprene injection technique, in 1978 (Dubernard et al. 1978). This technique
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was much simpler and safer and resulted in pancreatic ’tﬁaﬁsﬁlantation being more widely
accepted. One of the difficulties encountered during the development of a successful

technique for pancreas transplantation was exocrine drainage.

An investigation into duct ligation versus various drainage routes in dogs resulted in the

following findings:

% Both duct ligation and drainage into the peritoneal cavity resulted in high morbidity

rates, severe pancreatitis as well as exocrine and endocrine atrophy

v

Pancreatic duct drainage into the stomach, small bowel (enteric) or bladder prevented
pancreatitis and preserved exocrine and endocrine function (MacDonald et al. 1982;
Sutherland 1988)

» Exocrine drainage into the bladder resulted in urologic complications; hence enteric
drainage became the technique of choice (Adamec et al. 2004; Monroy-Cuadros et al.
2006).

> More recently, surgeons have developed a technique whereby the whole pancreas,

together with a portion of duodenum, is anastomosed into the recipient’s duodenum

(Hummel et al. 2008). The safety of this new technique is being evaluated for future

use (Squifflet et al. 2008).

The results of pancreatic transplants, in terms of patient survival and graft function, were
documented by the ACS/NIH Organ Transplant Registry between 17" December 1966 and
30™ June 1977. After this period the International Registry for Pancreas and Islet
Transplantation in Minneapolis, under the guidance of Dr. David Sutherland, has taken on the
task of monitoring patient survival and graft function post transplant (Sutherland 1980). The
valuable data accumulated by these two registries have shown that both patient survival and
pancreatic graft function have improved immensely since the first experimental transplants

(Sutherland 1988).
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This improvement in clinical results has been further consolidated since the introduction of
cyclosporine (a potent immunosuppressant) in 1978, with patient survival rising to around
90% and 1-year pancreatic function to between 60 and 90% (Sutherland 1980). When the
statistics concerning patient survival and graft function are considered, whole pancreas
transplantation appears to be better than insulin injection regimes in terms of addressing
physiological insulin replacement. However, there are limitations surrounding this procedure

that result in it not being the perfect solution:

» The number of multi-organ donors per year does not nearly match the number of
people who would benefit from a pancreatic transplant, thus there remains a huge
tissue shortfall (Calafiore 1997).

 Whole pancreas transplantation requires major surgery and the risk of patient
morbidity and even mortality has not been completely overcome (Rosen et al. 1991).
Other methods of replacing insulin-secreting tissue, such as isolated islet
transplantation, are much less invasive and dangerous.

» Although pancreatic transplantation, when successful, is able to restore glucose
homeostasis it is a procedure that requires lifelong immunosuppression, thus rendering
it unsuitable for the otherwise healthy insulin dependent patient (Calafiore 1997).

3 Pancreatic transplantation is usually reserved for patients undergoing simultaneous
kidney transplant for end-stage renal failure or for patients who have previously had a

kidney transplant (Sutherland 1988).
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Date Pancreas transplantation milestone

Minkowski and von Mering show that the ‘anti-diabetic’ substance is

produced by the pancreas — by pancreatectomy in dogs

Dr.P. o illims plt ies of e shee’screas
subcutaneously in a 15-year old boy at Bristol Royal Infirmary —
without success
“Pybus implants sliced human pancreas subcutaneously in 2 patients —

one shows a temporary reduction in urinary glucose levels

Fichera transplants foetal pancreas under the tunica vaginalis - the

patient dies of ketotic coma
Lillehei performs the first vascularised pancreas transplant

Dubernard employs the segmental Neoprene injection technique and
whole pancreas transplants become more widely accepted
The potent immunosuppressant cyclosporine is introduced and clinical

results are significantly improved

Figure 3. A timeline of some of the milestones in the development of whole pancreas

transplantation as a clinical procedure.
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Islet transplantation

Whole pancreas transplantation has many logistical limitations for routine application in the
treatment of diabetes (see summary above); hence researchers turned their attention to the
possibility of transplanting only the insulin secreting tissue contained within the pancreas

(Morris et al. 1989).

The early vears of islet isolation and transplantation

The initial attempts to isolate islets from the pancreas began with Bensley in 1911 when he
stained islets in the guinea pig pancreas with a number of vital dyes and subsequently
removed them by microdissection (Bensley 1911). Norberg performed the first quantitative
biochemical analyses of isolated islets in 1942 (Hellerstrom 1964) when he microdissected
islets from pancreata of rats and guinea pigs as well as enlarged islets from obese,
hyperglycaemic ob/ob mice. In 1965 Keen, Sells and Jarrett microdissected islets from duct-
ligated pancreata of rats (Keen et al. 1965). While microdissection produced islets for
biochemical and physiological study, traumatic isolation, small numbers of islets and the
pathological state of the pancreas from which they were isolated limited use of these islets to

in vitro research.

The need for a greater number of viable islets for in vitro study prompted the development of
enzymatic dispersion of the pancreas to free the islets from the acinar tissue prior to isolation.
Moskalewski first used the enzyme complex collagenase in 1965 to digest chopped guinea pig
pancreas and although some islets were destroyed, the acinar tissue was preferentially
digested, allowing for the isolation of larger numbers of viable islets that responded to
glucose stimulation (Moskalewski 1965). In 1967 Lacy and Kostianovsky improved the

technique by intraductal distension of the pancreas prior to digestion and by employing
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sucrose gradients for centrifugal separation of the islets from the pancreatic digest (Lacy and
Kostianovsky 1967). Sorenson achieved more efficient separation in 1968 with the use of

Ficoll density gradients (Sorenson 1968).

Ballinger and Lacy reported the first major attempt at islet transplantation in 1972 when they
performed intraperitoneal or intramuscular transplants of 400 — 600 islets into streptozotocin-
diabetic rats and achieved long-term amelioration of hyperglycaemia, polyuria and glycosuria
(Ballinger and Lacy 1972). Diabetes recurred after excision of the intramuscular transplants,
and histological examination of the explanted tissue revealed intact alpha cells and
degranulated B-cells. Various groups achieved more consistent successes between 1973 and
1977 when islets were transplanted into the portal vein or splenic pulp than at other sites; a
suggestion arose that fewer islets could be used to ameliorate diabetes when they were
transplanted into sites with portal venous drainage (Kemp et al. 1973; Federlin et al. 1976;

Gray and Watkins 1976; Feldman et al. 1977; Finch et al. 1977).

Attempts were made to apply the technique developed by Lacy and Kostianovsky to large
animal pancreata such as pig (Sutherland et al. 1974), monkey (Scharp et al. 1975) and dog
(Lorenz et al. 1979). Despite claims of success, little evidence was presented to show post-
transplant graft function (Sutherland 1981). Clinical trials of both auto- and
allotransplantation were attempted and success was claimed (Najarian et al. 1977; Cameron et
al. 1980; Valente et al. 1980; Traverso et al. 1981), but once again little evidence existed
regarding graft function and long-term insulin independence. In 1979 Downing compared
venous and ductal distension of the canine pancreas to improve islet isolation (Downing et al.
1979) and in 1981 Horaguchi and Merrell reported a technique for isolating canine islets in
which the pancreas was retrogradely perfused through the pancreatic duct with collagenase at

37°C (Horaguchi and Merrell 1981). Noel, Mintz and colleagues later employed Ficoll density
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gradients to purify islets obtained by a similar method (Noféljét al. 1982).‘In 1984 Gray and
colleagues successfully used a slight variation of this method on human pancreata (Gray et al.
1984) and in 1988 Ricordi and colleagues developed a semi-automated method in which the
gland was placed into a sealed chamber during the digestion phase and constant agitation
(enhanced by metal spheres) encouraged dispersion of the pancreas (Ricordi et al. 1988). In
many centers around the world this method, or variations thereof, is still used to isolate islets

for clinical transplantation (Boker et al. 2001; Ricordi 2003; Paget et al. 2007).

Recirculation—Dilution Pump Heating Grcut Heating
Switch Bypass Circuit
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Hank’s Collecting Recirculation  Cooling isolation Shaker
Scolution Flask Cylinder Circuit Chamber

Figure 4. A diagram showing the semi-automated human islet isolation procedure. This
image is reproduced with kind permission of Professor Camillo Ricordi of the Diabetes
Research Institute at the University of Miami.
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Date Islet transplantation milestone
| PalLerans first eries the islets in the peas
7 Ben]ey stains islets in gnea pi pres and remoe them
microdissection
Norberg porforms the first quantitative analysis of isolated islets following |
| microdissection

Keen, Sells and Jarrett microdissect islets from duct-ligated rat pancreata

" kalewiss collgse t it chpe in pi r and
isolates viable islets
acy and stanovs dvelp intratal distenion the panrs pri
to digestion and employ sucrose gradients for centrifugal separation of the
islets form the pancreatic digest
“Sorenson achieves more efficient islet separato nFicol
gradients
" Ballinger and Lacy first major attempt at islet transplantation in |

rats

Various groups investigate different transplant sites — such as the portal vein

and splenic pulp — with improved results

| Downing compares venous and ductal distension of the canine pancreas |

Horaguchi and Merrell isolate canine islets by retrograde perfusion of the

pancreatic duct with collagenase at 37°C

| Gray and colleagues use a variation of this method to obtain human islets

Ricordi and colleagues develop a sealed chamber with a 500pm mesh to

improve the digestion phase of human islet isolation

Figure 5. A timeline of some of the milestones in the development of the techmque for islet
isolation.
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Clinical islet transplantation

Clinical islet transplantation began in the early 1990s, but the success rate remained poor with
only 8.2 percent of the 267 allografts transplanted between 1990 and 2000 achieving insulin
independence for more than one year (Sutherland 1996; Shapiro et al. 2000). Early in 2000
Shapiro and colleagues in Edmonton (Canada) made several changes to previously used
protocols to acquire highly purified endotoxin-free islets with minimal cold ischaemic time,
they used a steroid-free immunosuppression regimen of sirolimus, tacrolimus and the anti-
interleukin-2 receptor antibody daclizumab (Shapiro et al. 2000) and transplanted a large islet
mass of more than 4,000 islet equivalents per kilogram of body mass per transplant, with a
packed cell volume of less than 10ml. With this new protocol the Edmonton group reported
100% early success with islet transplants in seven type 1 patients (Shapiro et al. 2000; Reach
2001). The patients were selected only if they had type 1 diabetes for more than five years
with uncontrolled serum glucose levels despite exogenous insulin therapy (Shapiro et al.
2000). Patients also had to have severe recurrent hypoglycaemia with metabolic instability or
coma to ensure that the risk of transplantation and immunosuppression was less than that of
continued uncontrolled diabetes (Shapiro et al. 2000). Six of the first seven patients received
islets from two donors while the seventh required three islet implants to become insulin

independent (Shapiro et al. 2000).

Of 35 patients transplanted by the Edmonton group by 2002, 87% remained insulin
independent at one year (Burridge et al. 2002). Disappointingly, five years post-transplant
only 10% of the islet graft recipients remained insulin independent even though 80% were

producing C-peptide (Ryan et al. 2005).

About 10 - 15% of people with diabetes have type 1 (Winter and Schatz 2003), and due to the

strict selection criteria only 5 - 10% of type 1 diabetes sufferers are currently potentially
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suitable for transplant (Breay 2003). The global lack of donors means that there are only
enough pancreata to treat 0.5% of even this small group of type 1 patients (Shapiro et al.

2001).

A human pancreas contains about 1 million islets, of which less than half are usually
recovered during isolation (Lakey et al. 2002). About 10 000 islets’kg of bodyweight are
required to achieve insulin independence post transplant, thus more than one islet transplant

per recipient is currently still required (Lakey et al. 2002).

In 2005 Shapiro and colleagues performed a distal pancreatectomy on the 56-year old mother
of a 27-year-old woman with insulin-dependent diabetes since the age of 15 years, isolated
the islets and successfully transplanted the graft into the portal vein of the recipient; who
subsequently achieved insulin independence (Matsumoto et al. 2005). While this may be a
significant advancement in the field, the long-term results are anxiously awaited with the
disappointing 5-year data from recipients who have received islets from up to 3 donors

lowering expectation in the minds of some scientists.
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The donor pancreas is retrieved

Spleen

Pancreas

Duodenum

Islets are infused into the portal vein of the transplant recipient. From here the insulin
secreting structures enter the liver and lodge in the capillaries of the portal vein

Liver

Gallbladder

Spleen

Portal vein

Figure 6. A diagram showing the process of islet transplantation.
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Some possibilities for practical intervention

A major limitation to the success of islet transplants as a treatment for type 1 diabetes is the
poor level of revascularisation and the time required to achieve it. Vascularisation of
transplants is invariably less than endogenous native islets, which enjoy a disproportionally
large and specifically routed blood supply (Samols et al. 1988). Damage sustained to the
complex islet microvasculature during the isolation process, leaves the islets unable to induce
re-vascularisation until about 10 - 14 days post transplant (Menger et al. 1992; Olsson and
Carlsson 2006). This period of ischaemia clearly disadvantages the already traumatised islets,
and constitutes a critical phase that will determine establishment of the transplant (Olsson and
Carlsson 2006). A cocktail of toxic immunosuppressive drugs, which have been shown to
impede revascularisation (Cross et al. 2007) and inhibit insulin secretion (Paty et al. 2002;
Polastri et al. 2002; Cross et al. 2007), usually compounds the effect of ischaemia at this time.
Enhancing the survival and function of transplanted islets could be achieved by interventions
to:

¥ preserve functional viability and structural integrity of the islets and

% induce more rapid and greater revascularisation (Menger et al. 1992)

The development of improved transplantation and immunosuppression protocols suggest that
transplantation of primary islets of Langerhans may offer a ‘cure’ for type 1 diabetes (Shapiro
et al. 2000; Shapiro et al. 2001). However, the clinical impact of this treatment is limited by
the availability of islet transplant material from human donors (Shapiro et al. 2001).
Furthermore, most islet transplant recipients require islets from two to three donors in order to
achieve insulin independence (Shapiro et al. 2000), placing an additional burden on the
already inadequate donor pool. The limited donor material could be used more effectively by
the development of procedures that increase the islet yield from donor pancreata (Tsujimura et

al. 2002) and also by developing strategies to increase the biosynthesis and intracellular
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storage of insulin in B-cells while glucose responsiveness is maintained. If this can be
achieved, a smaller number of islets would be required to restore glucose homeostasis in a

graft recipient.

Preserving structural integrity and functional viability of islets/pseudoislets

Islet isolation employs a potent collagenase blend to enzymatically disrupt exocrine tissue,
resulting in a pancreatic digest from which the islets can be extracted using density gradient
centrifugation (Heald et al. 2000; Jay et al. 2004). The many variables between donors (i.e.
age, medical history, method of pancreas retrieval, cold and warm ischaemia time, presence of
fibrosis, damage to the organ/capsule etc.) affect the impact of enzymatic action on the tissue,
hence incubation times vary significantly (from 20 minutes to 45 minutes) between pancreata
to achieve an acceptable level of islet cleavage from exocrine tissue prior to purification

(Heald et al. 2000; Balamurugan et al. 2003; Paget et al. 2007).

In the experience of the Islet Research Laboratory (IRL), even when extreme care is taken to
quench enzyme activity promptly upon visualisation (using dithizone) of cleaved islets in the
pancreatic digest, islet structure may become impaired during the purification procedure
resulting in a frayed appearance and islet fragments of <50um in the final preparation
(Balamurugan et al. 2003; Murray et al. 2005). Furthermore, islets with a sound structural
appearance upon isolation often disintegrate in conventional static culture (CSC, in 90mm
Petri dishes) within 3 — 7 days and exhibit a corresponding loss of glucose stimulated insulin
secretion (Beattie et al. 2002; Murray et al. 2005). This loss of insulin secretory capacity has
been directly associated with the CSC method and a tendency for tissue aggregation that leads
to central necrosis (Falorni et al. 1996). This phenomenon greatly reduces the post-isolation

window of opportunity to utilise human islets for research, but a study by the IRL has shown
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that employing a rotational cell culture system (RCCS)/t}/ia:f maintains the islets in a
microgravity environment supports insulin secretory function-and preserves islet structure
(Murray et al. 2005). The RCCS provides an opportunity to pre-treat islets prior to

implantation to potentially assist both islet function and structure.

Employing the thiazolidinedione (TZD) class of anti-diabetic drugs together with the RCCS

may improve the survival of islet grafts by:

3 exploiting the improvement in insulin secretory function and structure of islets
maintained in a RCCS (Murray et al. 2005)

S further enhancing insulin secretory capacity due to the beta-cell granulation and
protective effect of TZDs (Buckingham et al. 1998; Campbell and Mariz 2007)

¥ possibly improving the rate of revascularisation of islet grafts due to upregulation of
vascular endothelial growth factor (VEGF) by TZDs (Campbell and Mariz 2007), thus

reducing central necrosis and supporting islet survival and function (see next section).

Improving the post-transplant rate of revascularisation

Damage to the islet microvasculature is an important factor leading to significant impairment
of function in new transplants, and “the discovery of methods to accelerate vascularisation of
the [islet] graft” has been identified as a crucial goal for the improvement of transplantation
therapy of type 1 diabetes (Robertson 2002). The presence of necrotic exocrine tissue in islet
preparations, enzymatic disruption of the endothelium during islet isolation, hypoxic and
osmotic insults and lack of larger blood vessels are all believed to contribute to poor

vascularisation of islet grafts and hinder the rate of revascularisation (Heuser et al. 2000).

41



Islets receive 5-10 times more blood per volume of /tfissu/’e’;}/i‘ém the exocrine cells, and B-cells
are often bordered by two or more capillaries (Lifson et al. 1980). Bonner-Weir and Orci
(Bonner-Weir and Orci 1982) provided evidence for a preferred route of normal islet blood
flow: arterioles penetrate the B-cell rich centre of the islet and form a capillary network that
coalesces into collecting venules as they leave the islet. This intricate islet microvasculature is
damaged during islet isolation, which may be one of the leading causes of central necrosis in

cultured islets and of the loss and/or reduced function of transplanted islets.

Studies of transplanted mouse and human islets demonstrated marked decreases in vascular
density and pO, of the transplanted islets when compared to endogenous islets (Carlsson et al.
2002), and this reduced vascularisation was observed whether the islets were grafted under
the kidney capsule, intra-splenically, or intra-hepatically via the portal vein (Carlsson et al.
2002: Mattsson et al. 2002). Islet B-cells require a high oxygen consumption to allow
glycolytic metabolism to regulate insulin secretion, so the reduced oxygenation as a
consequence of reduced vascularisation is likely to be detrimental to physiological function. It
is considered that high vascularisation of implanted islets would restore adequate oxygenation
and largely re-establish lost physiological function as far as possible without re-innervation.
Moreover, the route of blood flow through the tissue is probably not likely to be a limiting
factor provided that the extent of vascularisation is sufficient to supply normal levels of

oxygenation.

In most experimental studies to date the transplant material has been introduced without any
targeted strategy to ensure revascularisation. Nonetheless, revascularisation of transplanted
primary islets does occur with the development of a glomerulus-like network of capillaries
similar to that seen in intact islets (Beger et al. 1998). However, in several studies Bailey and
colleagues noted and reported poor vascularisation to the core of implanted islets and
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aggregations of B-cells (Stewart et al. 1993; Stewart etall 994). -Subsequent sfudies showed
that growth of B-cell aggregates occurs mainly at the periphery and thus attracts new
vascularisation at the periphery at the expense of the core (Bailey et al. 1999). When
vascularisation is improved at the core, then peripheral growth of B-cell aggregates is reduced,

potentially enabling greater overall insulin production from fewer cells.

The vascular endothelial growth factor (VEGF) family of genes plays an important role in the
growth and differentiation of vascular endothelial cells (Ferrara 2000). VEGF 45 is the major
isoform of the VEGF family, and has been used to enhance revascularisation in a variety of
experimental models after administration of recombinant VEGF 65 (Takeshita et al. 1994), or
by transfection with cDNAs encoding VEGF 65 (Mack et al. 1998). Gene transfer experiments
with retroviral vectors containing VEGF showed enhanced microvessel sprouting from aortic

rings embedded into a collagen matrix (Alian et al. 2002).

VEGF has also been shown to promote neovascularisation in vivo in a range of tissues.
Intravitreal administration of VEGF by injection (Tolentino et al. 1996) or slow-release
implants (Ozaki et al. 1997) induced retinal neovascularisation in rabbits and primates. In a
pig model of chronic myocardial ischaemia VEGF has been shown to stimulate restorative
myocardial angiogenesis (Sato et al. 2001). Furthermore, intra-arterial injection of adeno-
associated viral vector mediated delivery of VEGF resulted in arteriogenesis in ischaemic rat

hindlimbs (Chang et al. 2003).

VEGF appears to be important in regulating islet angiogenesis, since human islets contain the
mRNAs for at least two isoforms, VEGF,; and VEGF 45 (Gorden et al. 1997). Furthermore,
islet VEGF mRNA levels were increased by hypoxia or by prolonged maintenance in culture

in vitro, suggesting that conditions associated with a reduction or abolition of vascular flow
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result in enhanced signals for islet angiogenesis (Gofdén etal 1997). Accordingly, it has been
suggested that the decreased revascularisation of islets from older donors reflects an age-
dependent reduction in VEGF production by the islets (Carlsson et al. 2002). Thus, VEGF
mRNA is expressed in islets, and the VEGF protein produced is bioactive (Gorden et al.

1997).

Isolated islets contain their own vascular endothelium, but it seems likely that the
revascularisation of transplanted islets occurs predominantly through the invasion of the islets
by host endothelium. Interestingly, in non-human primates, the new capillary supply to
transplanted islets persists after the immune destruction of the transplanted islets, suggesting
that the vascular supply was of host origin (Hirshberg et al. 2002). Similarly, a capillary
network formed after transplantation of islet-like structures that had been re-formed in vitro
from only islet endocrine cells, excluding endothelial cells (Beger et al. 1998). This
demonstrates that the capillary bed can form entirely from the host tissue. However, the
capillary bed formed more rapidly when intact islets were transplanted (Beger et al. 1998),
perhaps suggesting that the presence of donor endothelial cells facilitates the process of

revascularisation (Olsson and Carlsson 2005).

Studies have noted that agonists of the peroxisome proliferator-activated receptor gamma
(PPARY), such as the thiazolidinediones rosiglitazone and pioglitazone, increase expression
and action of VEGF by endothelial cells (Yamakawa et al. 2000; Biscetti et al. 2008). PPARy
is expressed by B-cells (Dubois et al. 2000) as well as by endothelium (Bishop-Bailey 2000;
Biscetti et al. 2008). Thus, stimulation of PPARY by a thiazolidinedione (TZD) provides a
potential route to increase VEGF-mediated vascularisation of islets and -cells. This approach
has the additional advantage that TZDs have been reported to increase islet B-cell granulation

(Buckingham et al. 1998; Campbell and Mariz 2007) and may support 3-cell function after

44



the trauma of being isolated and transplanted. Also TZDs are already an established clinical
class of agents to improve insulin action and glycaemic control in diabetic states where

insulin is present (Bailey and Day 2001).

Pilot studies suggest that the concentration of TZDs required to hyperstimulate VEGF
production and action in the islet may be greater than normal therapeutic concentrations.

Also, prolonged high concentrations of TZDs with insulin are prone to cause capillary leakage
and oedema (Idris et al. 2003). For this thesis, a study employing exposure to a TZD to

promote VEGF production will be undertaken in vifro prior to implantation.

B-cell models

Due to the scarcity of human tissue for research, a number of cell lines have been developed
for use as models for certain human cell types. Beta cell models available include:

» UMR407/3 rat beta cell line (Ng et al. 1987)

» BTCI, PTC2, PTC3, BTC-tet, PTC6-f7 mouse beta cell lines (Efrat et al. 1988; Brant et
al. 1992; Efrat et al. 1993; Knaack et al. 1994)
HIT-T15 hamster and RIN rat beta cell lines (Eddlestone et al. 1989; Brant et al. 1992)
[gSV195 mouse beta cell line (Gilligan et al. 1989)

MING6 mouse beta cell line (Miyazaki et al. 1990)

¥ ¥ ¥ ¥

BRIN-BD11 rat beta cell line (McClenaghan et al. 1996)

INS-1 rat beta cell line (Poitout et al. 1996)

¥ ¥

Blox5 human beta cell line (de la Tour et al. 2001)

> CM human beta cell line (Cavallo et al. 1996; Monetini et al. 1999)
This is not intended to be an exhaustive list of the existing beta cell lines, but an indication of
the efforts that have been made to produce useful cells for research when human tissue is not

available.
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For the purposes of this study the MIN6 and BRIN-BDllbeta cell lines were assessed (see
chapter 4 for more detail), resulting in the BRIN-BD11 cell line being selected as a beta cell
model, kindly supplied by Professor Peter Flatt from the University of Ulster, Northern

Ireland.

Hypothesis

The main aim of this research is to test the hypothesis that supporting B-cell structure and

function as well as increasing the rate of islet revascularisation post-transplant will improve

graft function and survival. The objectives are as follows:
= to develop a method to co-culture the rat-derived beta cell line BRIN-BD11 (D11)
with human umbilical vein endothelial cells (HUVEC), both in static monolayer
culture and rotational cell culture, and to investigate the effect of co-culture, culture
medium and method of culture on both D11 and HUVEC morphology and viability;
and on D11 function

¥ to apply this knowledge to the culture of human islets both in static and rotational cell
culture, and to investigate the effect of culture medium and method of culture on
human islets

& to assess in vitro stimulation of insulin production/secretion in human islets and D11
pseudoislets and also endothelial VEGF production — from HUVEC incorporated into
D11 pseudoislets and from endogenous human islet endothelial cells - with a
thiazolidinedione (TZD)

> to initiate development of an in vivo protocol for testing of the effect of culture

method and TZD pre-treatment by transplantation
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Chapter 2: Materials and methods

Cell preparation and tissue culture

MING cells thawing and seeding

MING cells were obtained from Dr. Steve Ashcroft at Oxford University by kind permission
of Professor Jun-ichi Miyazaki from the Osaka University Medical School, Japan. A vial of
MING cells was removed from the liquid nitrogen store, transported to the Islet Research
Laboratory (IRL) in the vapour phase of liquid nitrogen, sprayed with ethanol (Pharmacy
Department, Worcestershire Royal Hospital, UK), briefly transferred to a tissue culture hood
(Hereaus LaminAir HB2448, from Thermo Life Sciences Ltd, Essex, UK — now Thermo
Fisher Scientific) and the cap loosened by a quarter turn to relieve pressure, then very quickly
thawed in a 37°C water bath (Grant Instruments Cambridge Ltd, Cambridgeshire, UK) with

care taken not to submerge the vial.

The cell suspension was transferred to a sterile 15ml centrifuge tube (Appleton Woods,
Birmingham, UK) and 5ml Dulbecco’s Modified Eagles Medium (DMEM with 25mM
glucose, Sigma Chemical Company, Dorset, UK), supplemented with 10% foetal bovine
serum (FBS), 100U/ml penicillin, 100pg/ml streptomycin (all from Sigma) was added very
slowly in a drop-wise manner, as rapid dilution of dimethyl sulphoxide (DMSO) would cause
severe osmotic damage to the cells. The cell suspension was centrifuged (Mistral 30001 with
swing-out rotor, Meadowrose Scientific, Oxfordshire, UK) at 300 x g and the supernatant was
discarded. The cell pellet was resuspended in 5ml tissue culture medium (TCM) and
transferred to a sterile T25 flask (Appleton Woods). Incubation was at 37°C in a humidified
incubator with 5% CO, (Nuaire 5500E, Triple Red Laboratory Technology, Oxfordshire,
UK). Medium was changed the following day by transferring the culture flask to a sterile

tissue culture hood and aspirating the medium with a sterile 10ml plastic pipette (Triple Red
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Laboratory Technology). The medium was discarded and fresh medium slowly added with a

new sterile pipette.

MING cells monolaver and rotational culture and passage

MING cells were cultured in DMEM supplemented as described above. They were maintained
in T25 (5ml medium) tissue culture flasks and incubated at 37°C in a humidified incubator
with 5% CO,. Medium was changed 24h post-thawing and then every second day by
transferring the culture flask to a sterile tissue culture hood and aspirating the medium with a
sterile 10ml plastic pipette. The medium was discarded and fresh medium slowly added with
a new sterile pipette. Once a flask reached 80% confluence (figure 7), the cells were passaged
as follows: the flask was placed in a sterile tissue culture hood and the medium was removed,
5 ml sterile phosphate buffered saline (PBS, from Sigma) was added, removed and discarded
and this rinsing procedure was repeated. 0.5ml Trypsin-EDTA solution (Sigma) was added
and the flask was left at room temperature for 3 - 5 minutes. The flask was then firmly tapped
against the palm of the hand and when the cells showed evidence of slipping away from the

surface, 5ml medium with 10% FBS was added to quench the action of trypsin.

The contents of the flask were transferred to a sterile 15ml centrifuge tube and centrifuged at
300 x g for 3 minutes. The supernatant was discarded and the cell pellet was resuspended in
3ml medium. 1ml of the cell suspension was added to each of three T25 flasks containing 4ml
medium (final volume Smi/flask). The flasks were placed into a humidified incubator at 37°C

with 5% COx.

For rotational culture (figure 7) of MING cells, the rotator base of a Synthecon rotational cell
culture system (RCCS- Cellon, Luxembourg) was thoroughly cleaned and placed in a

humidified incubator at 37°C with 5% CO,. A 10ml capacity, sterile high aspect rotational
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vessel (HARV - Cellon) was transferred to a tissue cul,tljl,re‘ ﬂdod; the end caps were removed
and placed into a sterile petri dish and the syringe ports were opened. Using a sterile pastette
(Appleton Woods), Sml DMEM tissue culture medium was slowly inserted into the vessel via
the 0.5-inch port (see figure 8). Next, the cells from two 80% confluent T25 flasks were
placed into a sterile 15ml tube and centrifuged 300 x g for 3 minutes. The cells were
resuspended in 4ml medium and added to the HARV via the 0.5-inch port and finally, Iml
FBS was added to provide the required 10% serum content of the medium. The port was
wiped with an alcohol pad (NHS Supplies, Worcestershire Royal Hospital, UK), the cap

replaced and tightened, and the syringe ports closed.

A 10ml syringe (NHS Supplies) was filled with DMEM tissue culture medium, the left
syringe port was wiped with an alcohol pad and the syringe was attached to the port. The right
syringe port was wiped with an alcohol pad and an empty Sml syringe (NHS Supplies) was
attached. Both ports were opened and the vessel was slowly tilted and gently tapped to
manoeuvre air bubbles under the right port with the empty 5ml syringe. By gently depressing
the plunger of the 10ml syringe that contained medium, the air bubbles were expelled through

the right port and into the empty 5ml syringe.

Once all bubbles had been removed, the right port was closed and the S5mi syringe was
discarded. The right port was once again cleaned with an alcohol pad and the end cap was
replaced. The 10ml syringe was left in place with the port open (as the volume of medium in
the vessel may vary with a temperature change) and the vessel was transferred to the
incubator and attached to the rotator base. The rotation speed was set to 8 rotations per minute

as per manufacturer’s instructions for suspension cell cultures.
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BRIN-BD11 cells thawing and seeding

BRIN-BD11 cells were provided by Professor P. R. Flatt, University of Ulster, Northern

Ireland. A cryovial of D11 cells, containing the cells from a confluent T75 tissue culture flask,
was removed from the liquid nitrogen store and thawed using the same method described

above.

The cell suspension was transferred to a sterile 15ml centrifuge tube with 5Sml RPMI 1640
TCM (supplemented with 10% foetal bovine serum, 100U/ml penicillin, 100pg/ml
streptomycin - all from Sigma), centrifuged at 300 x g for 3 minutes and the supernatant was
discarded to remove DMSO. The cell pellet was resuspended in Sml medium and transferred
to three sterile T75 flasks (Appleton Woods). Incubation was at 37°C in a humidified
incubator with 5% CO,. Medium was changed the following day by transferring the culture
flask to a sterile tissue culture hood and aspirating the medium with a sterile 10ml plastic

pipette. The medium was discarded and fresh medium added slowly with a new sterile pipette.

BRIN-BD11 cells monolaver and rotational culture and passage

D11 were maintained in RPMI 1640 TCM as a monolayer (figure 9) in T75 flasks orin a
rotational cell culture system. BRIN-BD11 cells were passaged when ~80% confluence was
reached. Medium was removed; the cells were rinsed with sterile PBS and detached from the
culture plastic by adding 1ml trypsin-EDTA solution, gently swirling it around the flask,
removing the excess, checking under a microscope for signs of the cells rounding up then
firmly tapping the flask against a hard surface to detach the cells. TCM was added to form a
cell suspension after which cells from one T75 tissue culture flask were plated into three T75

tissue culture flasks. Medium was changed at 24hrs post passage, then every 48hrs.
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For rotational culture of D11 cells (figure 9), the same method as for MING6 (as described
above) was used with the following differences: D11 cells were cultured in RPMI 1640

culture medium and one RC vessel contained D11 cells from one 80% confluent T75 flask.

Figure 9. BRIN-BD11 cells grown as a monolayer (left) and in RC to form pseudoislets
(right).

BRIN-BD11 cells cryopreservation

D11 cells from an 80% confluent T75 flask were harvested as for passage, centrifuged at 300
x g for 3 minutes. The cell pellet was suspended in 1ml freezing media containing
10%DMSO, 80% FBS and 10% TCM (RPMI 1640 + additives), transferred to a labelled
cryovial (cell line, date, passage number) and placed into a cryo freezing container overnight
in a -80°C freezer as for MING cell cryopreservation. D11 were stored for up to 6 months in -
80°C without loss of function/viability. A substantial stock of D11 was stored in liquid

nitrogen.

HUVEC thawing and seeding

Human umbilical vein endothelial cells (HUVEC) and endothelial growth medium (EGM)
were purchased from Lonza Wokingham Ltd., Berkshire, UK (formerly Cambrex Bio

Science, Wokingham, UK). EGM was prepared by adding all the supplements to the basal
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medium under sterile conditions. HUVEC were seédéd aft:a: densr(y of ~3333 cells/cm’ (the
suggested range = 2500 - 5000 cells/cm?), hence for each cryovial containing ~500 000 cells,
two T75 tissue culture flasks were prepared. Each T75 flask received 15ml EGM and were
placed in a 37°C, 5% CO, humidified incubator for at least 30 minutes to allow the vessels to

equilibrate.

The cryovial was sprayed with alcohol before the cap was briefly twisted a quarter turn ina
sterile field to relieve the pressure. The cap was retightened and the cryovial was quickly
thawed in a 37°C water bath, with care taken not to submerge the entire vial. The cells in the
cryovial were resuspended using a cell saver pipette tip and dispensed into the culture flasks
set up earlier. The flasks were gently rocked to evenly distribute the cells and then returned to
the incubator. Centrifugation was not performed to remove cells from the cryoprotectant
cocktail as Lonza suggested that this action is more damaging to the cells than the effect of
DMSO residue in the culture medium. Growth medium was changed the day after seeding

and every second day thereafter.

HUVEC monolayer and rotational culture and passage

HUVEC were grown as a monolayer (figure 10) in T75 flasks in EGM and were passaged
when ~80% confluence was reached. Medium was removed; the cells were rinsed with sterile
PBS and detached from the culture plastic with 1 ml/flask trypsin-EDTA solution, checking
under a microscope for signs of the cells rounding up then firmly tapping the flask against a
hard surface to detach the cells. EGM was added to form a cell suspension and HUVEC from
one tissue culture flask were then replated into 3 tissue culture flasks of the same size or
loaded into rotational culture vessels (as described above). Medium was changed at 24hrs post

passage, then every 48hrs.
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Figure 10. HUVEC grown as a monolayer (left) and in RC (right). Note that HUVEC in RC
did not form aggregates and remained rounded, while in tissue culture flasks as a monolayer
the cells adhered and flattened.

HUVEC cryopreservation

HUVEC were harvested from an 80% confluent T75 flask as for passage, centrifuged at 300 x
g for 3 minutes and the cell pellet resuspended in freezing media consisting of 10% DMSO,
80% EGM and 10% FBS. The cell suspension was transferred to a labelled cryovial (cell
type, date, passage number) and frozen in the same way as D11 overnight then transferred to

liquid nitrogen as HUVEC did not respond well to storage at -80°C.

BRIN-BD11 and HUVEC co-culture monolayer and rotational culture

BRIN-BD11 and HUVEC were also co-cultured as a monolayer or in rotational culture
(figure 11). Once co-culture commenced all experimental groups, including the controls, were
grown in a 50:50 mixture of RPMI: EGM as this combination supported growth and

morphology of both cell types.
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Figure 11. BRIN-BD11 and HUVEC co-culture as a monolayer (left) and in RC (right).

Human islet isolation

Human pancreata were obtained through the UK Human Tissue Bank (UKHTB), Leicester,
England. The IRL at Worcestershire Clinical Research Unit has ethical approval from the
Worcestershire Local Research Ethics Committee to isolate human islets for research

purposes — ‘A study of human islets for the treatment of diabetes mellitus’. LREC number:

47/98.

21 of Hanks’ balanced salt solution (HBSS, Sigma) was prepared by adding 17ml/L of a
sterile 30% solution of bovine serum albumin (BSA, Sigma) and cooling to 4°C. On delivery
of the pancreas, 0.5g of Liberase (Roche Diagnostics Ltd., Sussex, UK) was reconstituted in
15ml sterile distilled, deionised water and placed in a refrigerator (Thermo Life Sciences) at
4°C for 30 minutes to disperse and equilibrate. During this time the pancreas was inspected
visually for condition, colour, size and shape in a tissue culture hood. Adipose tissue,
remnants of the spleen and duodenum, and blood vessels were trimmed away with sterile
surgical instruments while care was taken to keep the delicate membranous capsule
surrounding the pancreas intact. The weight of the ‘cleaned” pancreas was noted and one

sample (approximately 5g from the head of the gland) was fixed in formalin (Pharmacy
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Department, Worcestershire Royal Hospital, UK). Two further samples, of the same size and
also from the head, were taken for microbiological and virology assessment and stored in a

refrigerator at 4°C until its delivery to the microbiology laboratories.

The 15ml Liberase solution was mixed with 135ml HBSS (without BSA), the pancreatic duct
was cannulated, the enzyme solution was slowly injected into the duct to distend the gland
and any leaks were clamped to aid distension. Upon completion the pancreas was placed into
a sterile 1L glass beaker and a further 500ml HBSS (without BSA) was added. The beaker
was sealed with parafilm (Appleton Woods) and placed into the 37°C water bath to warm the
tissue and enzyme. Gentle manual agitation was employed and the temperature was checked
periodically with a sterile probe (Jenway series 2000, Bibby Scientific, Essex, UK) and once
the tissue reached 37°C, the beaker was transferred to the stirrer-incubator (Stuart Scientific,

Surrey, UK) with a magnetic stirrer to ensure continuous agitation.

Digestion was allowed to take place for ~20 minutes before the pancreas was cut into
approximately 6 pieces with sterile scissors to allow further access of the enzyme to
undigested tissue. Digestion was not allowed to continue for longer than 40 minutes as islet
fragmentation would occur. Once visual inspection under an Olympus CK2 inverted
microscope (Olympus, Herts, UK) at x 10 magnification of a sample of the pre-separation
digest stained with dithizone (DTZ, Sigma) revealed islets being freed from the exocrine

tissue, the process was stopped by adding 2L cold HBSS with BSA.

The digest was transferred to sterile 250ml centrifuge tubes (Triple Red Laboratory
Technology) and centrifuged at 150 x g for 3 minutes. The supernatant was removed and
discarded and the pellet was resuspended in HBSS with BSA to further dilute and inactivate

any remaining enzyme. Dispersion of the pellet was achieved by gently passing the cell
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suspension up and down a sterile 10ml plastic plpette(TrlpleRed Laboratory Technology). In
order to remove larger, undigested pieces of tissue the cell suspension was then passed
through a sterile 500um stainless steel mesh (constructed in-house), followed by
centrifugation in sterile 50ml tubes (Triple Red Laboratory Technology) at 150 x g for 3

minutes.

The cell pellet was then resuspended in cold (4°C) University of Wisconsin (UW) solution
(DuPont UK, Hertfordshire, UK) and kept on ice for 30 - 45 minutes to facilitate increased
cell density of the acinar tissue in order to achieve better purification of the islet preparation
with density gradient centrifugation (Robertson et al. 1992). A sample of this pre-separation
digest was taken for microbiological assessment and a further sample was taken to perform

islet counts. Figure 12 shows DTZ-stained islets from a pre-separation pancreatic digest.

The cell suspension in UW was centrifuged at 4°C for 2 minutes at 400 x g. For each 0.5ml of
pellet obtained, enough Histopaque (Sigma) was prepared for one isolation column as
follows: 10.4m! Histopaque + 2.6ml HBSS (with BSA) to give a total of 13ml. Thus if the

UW pellet was Sml, 130 ml Histopaque/HBSS was prepared.

The pellet was resuspended in the Histopaque/HBSS and aliquots of 13.5ml of the new
suspension were transferred to sterile 50ml tubes. 5ml of a HBSS with BSA was slowly
layered over the Histopaque/HBSS/cell suspension and subsequently centrifuged at 800 x g
for 5 minutes. The top layer of HBSS, the interface between the two layers and ~2ml below
the interface were removed with a sterile pastette and this fraction (containing the islets) was
transferred into sterile 50ml tubes (3 fractions of about 8ml per 50ml tube). 25ml HBSS with
BSA was added to each 50ml tube and they were centrifuged at 300 x g for 3 minutes. The

supernatants were discarded and the pellets were resuspended in m199 tissue culture medium
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(Sigma) supplemented with 10% foetal calf serum (FCS, First Link UK, Birmingham, UK),

100U/ml penicillin, 100pg/ml streptomycin, 10ug/ml amphotericin B (all from Sigma). A
sample of the isolated islets was taken for microbiological assessment. Figure 13 shows post-

separation islets stained with dithizone.

Figure 12. A sample of pre-separation human pancreatic digest stained with DTZ to
distinguish islets from the exocrine tissue (Islet Research Laboratory, Worcester, UK).

Aston University

llustration rem oved for copyright restrictions

Figure 13. A sample of isolated human islets stained with DTZ to show the purity of the islet
preparation (Islet Research Laboratory, Worcester, UK).
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Diphenylthiocarbazone (Dithizone, DTZ) preparation -

DTZ is a specific stain for islet tissue as it stains the zinc in the insulin granules, resulting in a
characteristic orange-red stain. The acinar tissue is left unstained; hence both islet numbers

and purity of the islet preparation can be assessed using this stain.

1% w/v stock solution:
15mg of DTZ powder was dissolved in 1.5ml of DMSO in a 15ml tube. After thorough

mixing the solution was left for 5 minutes.

Working solution:

500l of the stock solution (above) was added to 100m1 HBSS, mixed well and left for 5
minutes. The solution was then filtered and kept for up to 1 week at 4°C and in the dark. A
few drops of this solution were used to stain each of three 100pl aliquots of the islet

preparation for counting.

Trypan blue preparation and islet viability scoring

Trypan Blue is a vital stain recommended for use in estimating the proportion of viable cells
in a population. The principle is based on the fact that the chromophore is negatively charged
and does not react with the cell unless the membrane is damaged. Staining facilitates the

visualisation of cell morphology. Live cells do not take up the dye, while non-viable cells do.

1ml of a 0.4% Trypan Blue solution (Sigma) was added to 9ml saline solution to produce the
working solution. A few drops of the working solution were added to the wells of a 24-well
plate that contained the islet samples that had previously been stained with DTZ for counting.

Ten random islets were scored as follows (Hesse et al, 1992):
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# If none of the cells within the islet had takenupthe dye, the islet received a score of 3

3 If less than half of the cells within the islet had taken up the dye, the islet was given a
score of 2

2 If more than half of the cells had taken up the dye, the islet was allocated a score of 1

S When all 10 scores were added together, a total score of greater than 18 indicated a

viable cell preparation.

Human islets static culture

3 x 100pl samples of the islet suspension were stained with DTZ, the islets were counted and
the number of islet equivalents/ml calculated (see section ‘Insulin secretion’ below). Figure
12 shows islets stained with DTZ in a sample of the pre-separation digest, while figure 13
shows DTZ stained isolated islets. The same three samples were then subjected to a Trypan
Blue test to give an indication of their membrane integrity and hence viability. The islet
suspension was plated into 90mm Petri dishes (Appleton Woods) at a cell density of about
750 islet equivalents/ml of m199 with additives and placed into a humidified incubator
(Heraeus B5060 from Thermo Life Sciences Ltd, Essex, UK) at 30°C with 5% CO,. Medium
was changed every 48 hours to maintain adequate levels of nutrients and to remove waste
products and cell debris. Details of islet yield; viability and other characteristics are presented

in the results section of this thesis.

Human islets rotational culture

The islets from one Petri dish (10ml, containing approximately 7500 islets) were transferred
to a 15ml centrifuge tube, centrifuged at 300 x g for 3 minutes, the supernatant removed and
the cell pellet was resuspended in 4ml m199. The islets were then loaded into a HARV vessel
as described above with the following differences: the culture medium used for islets was

m199 and the incubation temperature was 30°C.
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Human islet crvopreservation

781l DMSO was added to 4 219ul m199 tissue culture medium (supplemented as described
above) to provide a 2M DMSO solution while a 3M solution was prepared by adding 1 170pl
DMSO to 3 830l supplemented m199. 30 000 islet equivalents (IEQ) were suspended in 1ml
supplemented m199 in a sterile 15ml tube, 0.5ml 2M DMSO was added very slowly and the
islets left at room temperature (RT) for 5 minutes before a further 0.5ml 2M DMSO was
added and left for 25 minutes. 2m] 3M DMSO was added and left for 15 minutes prior to the

tube being placed into ice slush for 5 minutes.

The islets were gently brought into suspension by careful use of a sterile pastette before being
transferred (2 x 2ml) aliquots into sterile, labelled cryovials and placed into a cryo freezing
container that ensures slow freezing of the cells by a temperature reduction of 1°C/minute.

The container was placed into a -80°C freezer where the cells were stored until required.

Human islet thawing

A vial of frozen islets were selected and rapidly thawed in a 37°C water bath after which 20m]
supplemented m199 TCM was added very slowly to prevent osmotic damage to the cells as
the DMSO cryoprotectant diffused out of the islets. Centrifugation was not performed at this
stage to remove DMSO as it was highly diluted by the volume of medium added. The islet
preparation was allowed to stand at RT for 1hr prior to being placed into either static or

rotational culture.
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Insulin secretion

MING6 cells monolayer

MING cells were plated out into a sterile 24-well plate at a density of about 300 small cell
clumps (<50um) per well. 2ml DMEM, supplemented as described above, was added to each
well. The plate was then placed into a humidified incubator overnight to allow the cells to

adhere and recover from trypsinisation.

Insulin secretagogues (2mM glucose, 15mM glucose and 15mM glucose + 10mM
theophylline — glucose and theophylline both from Sigma) were prepared in Hepes butfered

Hanks’ solution with 0.5% BSA, pH 7.4 at 37°C.

Prior to commencement of the static challenge, the culture medium was removed with a
pipette and 1.5ml of a 2mM glucose solution added to each well. The solution was then
removed and this wash step repeated. All wells then received 1.5ml of a 2mM glucose

solution for 1 hour at 37°C to return the cells to basal insulin secretion.

Following the 1-hour pre-incubation period the 2mM glucose solution was removed and
1ml/well of the appropriate challenge solution was added for 1 hour at 37°C, after which the
solutions were transferred to eppendorf tubes and frozen for future analysis (figure 14) by
enzyme-linked immunosorbant assay (ELISA, Mercodia kit from Diagenics Ltd., Milton

Keynes, UK).

MING cells rotational culture

MING6 pseudoislets were harvested from a rotational cell culture vessel and approximately 150
pseudoislets/well were placed into sterile 24-well plates (Appleton Woods) with 1ml/well of
the culture medium and allowed to adhere by outgrowth for 24hrs. Insulin secretion
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experiments were performed as for MIN6 monolayer déSéribédaabove and insulin determined

by ELISA (figure 14).

MING P31 monolayer insulin secretion: MING P31 RC pseudoislet insulin
150CC + 1mi secretagogue for 1hr secretion: 150P! + imi secretagogue for
1hr
7
5
8
5 4
:
Bl 3
= =
£ 3 2
Z
c
=1
1
0 - 0 .
2mm 15mm G+T 2mm 15mm G+T
Secretagogue Secretagogue
Key:

2mM = 2mM glucose in Hepes buffered Hanks’ solution with 0.5% BSA (HBSS + BSA)
15mM = 15mM glucose in HBSS

G+T = 15mM glucose + 10mM theophylline in HBSS

CC = cell clumps

PI = pseudoislets

Figure 14. An example of insulin secretion by static incubation from MIN6 monolayer cells
(left) and RC pseudoislets (right).

BRIN-BD11 cells monolayer

Approximately 175 000 BRIN-BD11 cells/well (SC) were placed into sterile 24-well plates
with 1ml/well of the relevant medium (RPMI 1640 +/- 10mM of the TZD rosiglitazone) and

allowed to adhere and grow for 24hrs.

Insulin secretagogues were prepared in Hepes buffered Krebs Ringer solution: 115mM NacCl,
4.7mM KCL, 1.28mM CaCl.6H,0, 1.2mM KH,PO4, 1.2mM MgS0O4.7H,0, 10mM NaHCO3,
9.9mM Hepes, 0.1% BSA (all from Sigma Chemical Company). The secretagogues used were

1.1mM glucose, 16.7mM glucose and 16.7mM glucose + 10mM theophylline.
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On the day of the insulin secretion experiment theculture medlum was removed from the 24-
well plate and the wells were washed once with 1.1mM glucose prior to receiving 1ml/well
1.1mM glucose. The plate was placed into an incubator at 37°C for an hour after which the
1.1mM glucose was removed and 0.5ml/well of the relevant secretagogue was added to the
wells for 20 minutes with gentle agitation every five minutes. The supernatants were removed

and insulin content (figure 15) was determined by ELISA.

BRIN-BD11 cells rotational culture

BRIN-BD11 pseudoislets were harvested from a rotational cell culture vessel and
approximately 150 pseudoislets/well were placed into sterile 24-well plates with 1ml/well of
the relevant medium (RPMI 1640 +/- 10mM rosiglitazone) and allowed to adhere by
outgrowth for 24hrs. Static incubation insulin secretion (figure 15) was performed as for D11
monolayer with the exception of the incubation time with insulin secretagogues being 30
minutes as opposed to 20 minutes. This was to allow insulin from within the construct to

diffuse into the supernatant.
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Secretagogue Secretagogue

Key:

SC = static culture

RC = rotational culture

Pl = pseudoislets

1.1mM = 1.1mM glucose in Hepes buffered Krebs Ringer solution with 0.5% BSA
16.7mM = 16.7mM glucose in Krebs

G+T = 16.7mM glucose + 10mM theophylline in Krebs

Figure 15. An example of insulin secretion by static incubation from BRIN-BD11 SC
monolayer cells (left) and RC pseudoislets (right).

HUVEC monolavyer

Approximately 50 000 cells/well of HUVEC were placed into sterile 24-well plates with
1ml/well of the relevant medium (EGM +/- 10mM rosiglitazone) and allowed to adhere to the
plastic overnight. Although it was not expected that these cells would secrete insulin, for
control purposes the insulin secretion experiments and insulin detection were performed as

described above.

HUVEC rotational culture

HUVEC were harvested from a rotational culture vessel and ~50 000 cells/well were placed
into sterile 24-well plates, cultured and subjected to insulin secretion experiments and insulin

detection as for monolayer above.
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BRIN-BD11 and HUVEC co-culture monolaver

For monolayer co-culture insulin secretion ~175 000 BRIN-BD11 cells/well and ~50 000
cells/well of HUVEC were placed into sterile 24-well plates with 1ml/well of the relevant
medium (RPMI: EGM +/- 10mM rosiglitazone) and allowed to adhere overnight prior to

insulin secretion experiments and insulin detection being performed as described above

(figure 16).

BRIN-BD11 and HUVEC co-culture rotational culture

For the rotational co-culture insulin secretion, ~ 150 pseudoislets/well from BRIN-
BD11/HUVEC RC were placed into sterile 24-well plates with 1ml/well of the appropriate
medium (RPMI: EGM +/- 10mM rosiglitazone) and allowed to adhere overnight prior to

insulin secretion and detection being performed as described above (figure 16).

D11 P37/HUVEC P3 SC monolayer insulin D11 P38/HUVEC P4 RC pseudoisiet
secretion : insulin secretion

Insutin/million cells/20 minutes ug/L
w
Insulin/150 P1/30 minutes ug/L
N

1.1mM 18.7mM GAT

Secretagogue Secretagogue

Key:

SC = static culture

RC = rotational culture

Pl = pseudoislet

1.1mM = 1.1mM glucose in Hepes buffered Krebs Ringer solution with 0.5% BSA
16.7mM = 16.7mM glucose in Krebs

G+T =16.7mM glucose + 10mM theophylline in Krebs

Figure 16. An example of insulin secretion by static incubation from BRIN-BD11 and
HUVEC SC monolayer co-culture (left) and RC co-culture pseudoislets (right).
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Human islets static and rotational culture

Islet preparations are very rarely 100% pure as there is inevitably a degree of exocrine tissue
‘contamination’. In order to establish the purity of the isolated islet preparation, as well as the
number of islets isolated, samples of the cell suspension were stained with DTZ. This stain
binds specifically to the zinc found in insulin storage vesicles (red colour) and hence
distinguishes islets/B-cells from exocrine tissue. Prior to performing insulin secretion
experiments, an accurate count was required for all treatment groups in static and rotational

culture to ensure equal numbers of islets used per ml of secretagogue.

Hepes buffered Hanks’ solution was prepared with 0.5% BSA and adjusted to pH 7.4 at 37°C
using a 2M solution of NaOH (Sigma). The following insulin secretagogues were prepared in
the Hank’s solution: 1.67mM glucose, 16.7mM glucose, 16.7mM glucose + 10mM
theophylline. Islets were removed from the incubator (in static and/or rotational culture, +/-
25mM rosiglitazone) and, in a sterile environment; aliquots were transferred to 15ml tubes
and centrifuged at 300 x g for 3 minutes. The supernatants were removed; the pellets were
resuspended in 1.67mM glucose and placed into a rack in a 37°C water bath for one hour to

ensure that the islets return to basal insulin secretion.

During this time a count was performed for each of the islet groups:

3 x 100pl samples were taken from each islet group and placed into wells of a 24-well plate
with a grid on its base (grid drawn in-house). 0.5ml of the DTZ working solution were added
to each well and left for 2-3 minutes to allow the characteristic red staining of the islets to
develop. The islet sample counts were performed using the 10x eyepiece and the x4 objective
to give a total magnification of x40. A calibrated grid was placed in one eyepiece of the
inverted microscope to allow the islets to be assessed for size while the grid on the bottom of

the 24-well plate allowed systematic counting of all the islets in each 100pl sample. The islets
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were grouped into size ranges and the mean of 3 samplesforeach islet size range was .
calculated. From these islet numbers, the number of islet equivalents (IEQ) was calculated by
using the conversion factors shown in table 1 below. The purpose of converting islet numbers
into IEQs is to indicate the number of islets of 150pum diameter represented by the isolated
islet preparation as a means of standardisation (Ricordi et al. 1990). The total obtained from
the last column provided the total number of IEQs in 100p] of the islet preparation, hence if
the isolated islets were suspended in 40ml of tissue culture medium and 100ul contained 200

IEQs, then 40ml contained: 400 x 200 = 80 000 IEQs.

The volume of each islet preparation in the pre-incubation 1.67mM glucose solution was
adjusted to allow for ~20 IEQ/50ul of cell suspension. For each islet group 6 LP2 tubes (NHS
Supplies) were labelled for each of the 3 secretagogues and 50l of islet suspension was
transferred to the tubes. 2.5ml of the relevant secretagogues was added to the tubes, parafilm
was used to cover the tubes and a one hour static incubation followed in the 37°C water bath

to allow insulin secretion in response to the secretagogues.
After the 1-hour challenge, the tubes were removed from the rack; the contents agitated and

then centrifuged at 300 x g for 3 minutes. The supernatants were transferred to eppendorf

tubes and frozen for insulin analysis by ELISA (figure 17).
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Mean number of | IEQ conversion |
‘ Number of IEQs
Islet size group islets from 3 X factor (to convert
per size
(pm) 100ul samples all islets to
group/100pul:
(n) 150pm):
n X factor
50-100 0.167
101 - 150 0.667
151 -200 1.685
201 - 250 3.500
251 -300 6.315
301 - 350 10.352
351 -400 15.883
>400 22.750
Sum of IEQs per 100ul of isolated islet preparation: Z of last column

Table 1. Conversion factors used to calculate the number of islet equivalents per size group
and total number of IEQs for the islet preparation.

70




Insulin secretion by static incubation Insulin secretion by static incubation

from human islets maintained in SC, from human islets maintained in RC
24hrs post isolation
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Key:

1.67mM = 1.67mM glucose in Hepes buffered Hanks’ solution with 0.5% BSA (HBSS +
BSA)

16.7mM = 16.7mM glucose in HBSS

G+T = 16.7mM glucose + 10mM theophylline in HBSS

Figure 17. An example of insulin secretion by static incubation from human islets in SC (left)
and RC (right).

Immunostaining

BRIN-BD-11 and HUVEC monolavyer, rotational culture and co-culture

Cells were grown as for the insulin secretion studies, both in the presence and absence of
10mM of the TZD rosiglitazone. Once the cells had been treated as per experimental protocol
and were ready to be stained for the marker/s of interest, they were fixed as follows:
2 culture medium was removed from the wells and the cells were washed 1 x with 0.5ml
PBS/well for 3 minutes on a plate shaker (Scientific Laboratory Supplies, Yorkshire,
UK) on a slow setting
> the PBS wash was removed and 0.5ml/well of cold 70% ethanol (Hayman Ltd,
Witham, Essex, UK) was added to allow fixation of the cells at room RT for 10
minutes on a plate shaker
> 3 x 0.5ml/well PBS washes were performed for 3 minutes each after the ethanol had

been removed.
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If staining was to be done at a later date, lmllweil, fiﬂé’l(?l’{jd?lbnised water was added and the
plate was stored in a refrigerator (maximum 1 week). When immunostaining was commenced
the PBS or water was removed from the wells and an avidin/biotin block (Vectastain kit from
Vector Laboratories, Peterborough, UK) was performed to help block non-specific sites that
could result in background/non-specific staining. 4 drops of avidin was added to each well
and the plate was placed on a shaker at RT for 15 minutes. The avidin was removed, a wash
step followed with 1 x 0.5ml/well PBS, 4 drops of biotin was placed into each well and the
plate was again placed onto the shaker at RT for 15 minutes. The biotin was removed and 2 x

0.5ml/well PBS washes were performed for 2 minutes each.

PBS was removed and 0.5ml/well of PBS with 5% of the normal serum from the relevant
Vectastain kit was added (if a mouse monoclonal antibody was used, the mouse kit contained
normal horse serum as the secondary antibody in this kit has been raised in a horse). The plate
was allowed to incubate at RT for 20 minutes on a shaker. During this time, the primary
antibody was prepared in PBS containing 5% normal serum from the applicable kit. Table 2

shows the antibody dilutions used.

After the 20 minute incubation the excess PBS/serum was removed, but no wash was
performed as the primary antibody was also prepared with PBS containing 5% serum.
250ul/well PBS was added to all wells (including negative control wells to check for non-
specific or background staining) not receiving the antibody of interest and 250ul/well of the
prepared antibody to the relevant wells. The plate was allowed to incubate on a shaker at RT
for 1 hour after which the antibody solution was removed and the plate was washed 3 times
with 0.5ml/well PBS, allowing 3 minutes for each wash on the shaker at RT. The secondary,
biotinylated antibody was prepared from the relevant kits (mouse or rabbit). The final PBS

wash was removed, 250p1/well of the secondary, biotinylated antibody was added and the
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plate was allowed to incubate at RT on the shaker for 30 mlnutes During this incubation the
avidin/biotinylated enzyme (alkaline phosphatase) complex was prepared by adding 2 drops
of solution A and 2 drops of solution B to 5 ml PBS and allowing it to equilibrate for 30

minutes prior to use.

After the 30 minute incubation of the secondary, biotinylated antibody the solution was
removed from the wells and 2 x 0.5ml/well PBS washes were performed, allowing 3 minutes
per wash. 250ul/well of the prepared A+B solution was added and allowed to incubate on the
shaker for 30 minutes at RT. The A+B solution was removed and 3 x 0.5ml/well PBS washes
followed, allowing 3 minutes per wash with the last wash being left in the wells while the

stain was prepared.

For insulin (to stain D11 cells and human B-cells in islets), the Vector Red substrate for
alkaline phosphatase was prepared by mixing 2 drops from each of the reagents in the kit in

5ml of a 100mM Tris-HCL buffer (pH 8.2) and the solution was mixed well.

For CD31 (to stain human endothelial cells), the Vector Blue substrate for alkaline
phosphatase was prepared by mixing 2 drops from each of the reagents in the kit in 5ml ofa

100mM Tris-HCL buffer (pH 8.2) and the solution was mixed well.

The last PBS wash was removed from the plate and 250ul/well of the relevant substrate was
added to the wells and the plate was wrapped in foil and placed on a plate shaker for 20 — 30
minutes to enhance colour development. Colour intensity was checked every 5 minutes and
development was stopped when the colour was satisfactory. The substrate was removed,
followed by a wash with 0.5m}/well Tris-HCl for 2 minutes after which the Tris-HCI was

replaced with 0.5ml/well PBS and photographs were taken using a Zeiss Axioskop 40

73



microscope fitted with an Axiocam camera linked to a computer with Axiovision software

(microscope, camera and software from Carl Zeiss Ltd, Herts, UK).

When dual staining was required to show both insulin (for the presence of B-cells) and CD31
(an endothelial cell marker) the monoclonal antibody was used first (in this case mouse anti-
human CD31 for HUVEC) followed by the polyclonal antibody (rabbit anti-pig insulin for
BRIN-BD11 B-cells). Dual staining was performed by repeating the process described above
with a different colour endpoint for the second antibody used. In this project HUVEC were
stained first for CD31 using Vector Blue to visualise, followed by insulin staining with

visualisation using Vector Red.

_ ) Antibody Visualisation
Antibody Supplier
dilution Colour
Mouse anfi-human Dako Cytomation,
Glostrup, 1:100 Vector Blue
CD31
Denmark
Rabbit anti-pig
insulin (‘cross Ab.cam, Vector Red
reacts with rat Cambridge, UK
.. 1:200
insulin)

Table 2. Antibody dilutions used to stain for insulin in BRIN-BD11 cells and CD31 in

HUVEC.
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Figure 18. Immunostaining of BRIN-BD11 for insulin, visualised with Vector Red (left) and
HUVEC for CD31, visualised with Vector Blue (right).

Fluorescence immunostaining

Human islets dual staining

Sterile 24-well plates were prepared by placing one autoclaved glass coverslip (VWR
International, Leicestershire, UK) per well, followed by 1ml m199 tissue culture medium
(supplemented as described above) and placing the plates into a humidified incubator with 5%
CO; at 30°C for one hour to equilibrate. Islets were subsequently plated at a density of 20
islets/well and allowed to adhere for 24 hours prior to experimental conditions (i.e. addition of
TZD) being initiated. A further 24 hours of culture was allowed prior to the medium being
removed and one 0.5ml PBS wash being performed for 3 minutes on a plate shaker on a slow
setting. The islets were fixed as follows:

The PBS wash was removed and 0.5ml/well of cold 4% w/v paraformaldehyde (Sigma) was
added to allow fixation of the islets at room temperature (RT) for 10 minutes on a plate shaker
3 x 0.5ml/well PBS washes were performed for 3 minutes each after the paraformaldehyde

had been removed.
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If staining was to be done at a later date, Iml/well PBS"’Of/ééioﬁised‘ water was added and the
plate was stored in a refrigerator.

When immunostaining was commenced the PBS or water was removed from the wells and
antigen retrieval/membrane permeabilisation was performed by adding 0.5ml/well of 0.05%
Triton X-100 (TX-100 from Sigma) in PBS for 30 minutes at room temperature on a plate
shaker. The TX-100 was removed and 2 x 0.5ml/well PBS washes were performed for 3
minutes each prior to 250pl/well of a blocking solution consisting of 2% Roche blocking
buffer (Roche Diagnostics Ltd.) and 5% normal goat serum (Sigma) in PBS being added and

allowed to incubate at room temperature on a plate shaker for 1 hour.

A primary antibody mixture was prepared in the blocking buffer as follows:
w Rabbit anti-pig polyclonal insulin (Abcam, Cambridge, UK) + mouse anti-human
monoclonal VEGF (R&D Systems, Minneapolis, USA), both at 1:100 dilution
» Rabbit anti-pig polyclonal insulin + mouse anti-human monoclonal CD31 (Dako

Cambridgeshire, UK), both at 1:100 dilution

300pl/well of the appropriate antibody mixture was added and allowed to incubate at room
temperature on a plate shaker for 1 hour prior to being placed at 4°C overnight. Suitable

controls were employed to rule out non-specific/background staining.

The following day the antibody mixture was removed and 3 x 0.5ml/well PBS washes were
performed for 3 minutes each on a plate shaker prior to addition of a fluorescent-labelled
secondary antibody mixture as follows:

Goat anti-rabbit TRITC and goat anti-mouse FITC (both from Southern Biotech, Alabama,
USA) were diluted 1:100 in PBS with 0.05% tween-20 (Sigma). TRITC was selected to result

in a red stain for insulin and FITC to produce green staining for VEGF and CD31.
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300pl/well of the appropriate secondary antibody mixture was added and allowed to incubate
at room temperature on a plate shaker for three hours prior to 3 x 0.5ml/well PBS washes
being performed for 3 minutes each. A further 0.5ml/well PBS was added, the coverslips were
gently lifted with an angled 25G needle and lifted with forceps, dipped into deionised water
and mounted onto cleaned glass slides (VWR International). Images were captured using the

equipment described in D11/HUVEC immunostaining above.

Development of an immunostaining technique to detect human islets in paraffin wax sections

of formalin-fixed mouse spleens harvested at three time points post-implant is discussed in

chapter 6.

Figure 19. An example of a human islet dual stained for insulin (red, TRITC) and VEGF
(green, FITC).

Adenvlate triphosphate luminescence

This technique is based upon the bioluminescent measurement of adenylate triphosphate
(ATP) that is present in all metabolically active cells (Lemasters and Hackenbrock 1977; Ido
et al. 2002). The bioluminescent method utilises the enzyme luciferase, which catalyses the

formation of light from ATP and luciferin according to the following reaction:
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Luciferase

ATP + Luciferin+ 0, —* Oxyluciferin + AMP + PP; + CO, + Light
Mg-H— Yy

The emitted light intensity is linearly related to the ATP concentration and is measured using

a luminometer (Stratec Biomedical Systems, Birkenfeld, Germany).

MING cells monolaver and rotational culture

As this mouse beta cell line did not prove to be reliably glucose responsive, it was replaced
with the BRIN-BD11 beta cell line and no further experiments were performed using MIN6;

hence no ATP luminescence data have been collected for MING.

BRIN-BD11 cells monolaver and rotational culture

BRIN-BD11 cells were grown as for the insulin secretion studies detailed above. On the day
of harvesting ATP samples, culture medium was removed from the wells and 1ml PBS was
added per well and then removed as a wash. This process was repeated once more prior to
250ul nucleotide releasing reagent (from a VialLight kit supplied by Lonza) being added to
each well for 7 minutes to allow lysis of the cells. The content of each well was transferred to
a microcentrifuge tube (VWR International) and centrifuged at 500 x g for 5 minutes to pellet
any remaining cell debris. The supernatant was transferred to clean, labelled tubes and either

frozen for future analysis or assayed immediately.

ATP detection by bioluminescence was performed as follows:

180pl of each ATP sample was loaded into a clean, white, flat-bottomed 96-well plate
(Porvair Sciences Ltd, Leatherhead, UK), leaving the first 3 columns free to serve as a brief
injector test. The plate was placed into the luminometer and the lid was closed and locked to

seal out light. The VialLight protocol was selected, a file name was allocated and the assay

78



was initiated. The relative light unit (RLU) results were printed and the data collated and

subjected to statistical analysis in Excel.

HUVEC monolayer and rotational culture

HUVEC were grown as for the insulin secretion studies detailed above and ATP

bioluminescence was determined as for BRIN-BD11 cells.

BRIN-BD11 and HUVEC co-culture monolayer and rotational culture

BRIN-BD11 and HUVEC were grown as co-cultures in both CSC and RC as for the insulin
secretion studies detailed above and ATP bioluminescence was determined as for BRIN-

BD11 cells.

Human islets

Due to the heterogeneous cell population of human islets and the varying percentage of
exocrine tissue present ATP bioluminescence assays were not performed on islet preparations
as it would be impossible to determine from which cell population any increase/decrease in

ATP content originated.

VEGF production

HUVEC monolayer and rotational culture

HUVEC were grown as monolayers and in a RCCS and plated into 24-well plates as for
insulin secretion studies. After 24 hours of culture +/- 10mM TZD, the tissue culture medium
was harvested for VEGF detection by ELISA [RayBiotech Inc., purchased from Insight

Biotechnology, Wembley, UK] (Cross et al. 2007; Laugharne et al. 2007).
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BRIN-BD11 monolayer and rotational culture / : '}f’ :
B-cells do not manufacture VEGF; hence this group was not included in the VEGF

production experiments.

BRIN-BD11/ HUVEC monolayer and rotational culture

BRIN-BD11/HUVEC monolayer and rotational culture co-cultures were plated into 24-well
plates as for insulin secretion studies. After 24 hours of culture +/- 10mM TZD, the tissue

culture medium was harvested for VEGF detection by ELISA.

Human islets static and rotational culture

Human islets maintained in SC and RC +/- TZD for 24 hours (48 hours post-isolation) were
plated at a density of 20 IEQ/well in 24-well plates (receiving m199 +/- TZD) and allowed to
adhere by outgrowth for 24 hours. Tissue culture medium was harvested at 24 hours (72 hours
post isolation) and 48 hours (4 days post isolation) and VEGF detection was performed by

ELISA.
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Chapter 3: Vascular corrosion cast method development

Introduction

Despite considerable progress being made in the understanding of angiogenesis and
vasculogenesis, quantification of vascular changes remains a challenge (Sharma et al. 2005).
One characteristic of the vasculature that impedes precise measurement is the irregular shape
of its vessels and distinct differences between individuals (Grizzi et al. 2001; Sharma et al.

2005).

Several methods have been developed to study alterations in vascular density and vessel

growth, which include:
¥ Microvessel counting under a dissecting microscope in a murine model of intradermal
tumour angiogenesis (Runkel et al. 1991; Choi et al. 2005)

2 Infusion of a dye into the vasculature of interest followed by colour flow Doppler
ultrasonography to visualise vessels (Mari et al. 1995; Aardema et al. 2000; Huang et
al. 2008)

> Immunohistochemical staining of appropriately preserved samples for antigens
relating to vascular growth, such as CD31, CD34, VEGF, VEGF receptors, which can
be quantified by manual cell/vessel counting within a given field or by computer using
image analysis software (Schoell et al. 1997; Hopkins et al. 1998; Aronsson and Muhr
2002; McGough et al. 2002; Choi et al. 2005; Campos et al. 2006)

3 Use of contrast enhanced computer tomography (Miles 1999; Rodallec et al. 2006;
Jinzaki and Kuribayashi 2007) and magnetic resonance imaging (Hoang et al. 2004;
Gambarota et al. 2008; Oberholzer et al. 2008) to study tumour angiogenesis can
quantify physiological changes such as increased perfusion, blood volume and

capillary permeability
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> Electron microscopy has been used to prOQGé;ziﬁféf;hation about capillary nﬁmbers,
vessel wall thickness, vessel lumen diameter, capillary surface area (Parlange and
Sims 1993; Warley et al. 1995; Kong et al. 1998; Polykandriotis et al. 2007)

# Plastic vascular corrosion casts have been used extensively to study and depict

vasculature by infusion of a monomer-catalyst-promoter mixture into the vessels of

interest, allowing polymerisation of the plastic followed by corrosion of the tissue to
leave a cast of the vasculature (Nopanitaya et al. 1979; Burger et al. 1984; Fahrenbach
et al. 1988; Lametschwandtner et al. 1990; Pollitt and Molyneux 1990; Schraufnagel
et al. 1996; Macchiarelli et al. 2006; Whiteley et al. 2006)

2 X-ray microtomography has been used successfully to study the microcirculation in
rat kidneys perfused with a lead chromate containing, silicon based solution (Ortiz et
al. 2000), barium sulphate filled microangioarchitecture of tumours in rabbits

(Maehara 2003), and silicon polymer filled rat renal vasculature (Nordsletten et al.

2006).

Although other techniques exist for studying vasculature, an exhaustive list lies outside the
remit of this thesis. Certain techniques such as magnetic resonance imaging, contrast
enhanced computer tomography and Doppler ultrasonography were unsuitable as access to
the required equipment was unavailable. A novel technique was sought to study the
vasculature of human islets transplanted under the kidney capsule of mice, hence the
possibility of combining vascular corrosion casting and x-ray microtomography was
investigated. The procedure employed to implant human islets under the kidney capsules and

into the spleens of mice is discussed in chapter 6.

82




Method development of vascular corroSiot;féggtihjg

Batson’s No.17 corrosion kit (Sudwan et al. 1991) was purchased from Polysciences Europe,
Eppelheim, Germany and initial casts were performed in 12 — 16 week old male rats to

develop the technique before application to the intricate microvasculature in mice.

The monomer-catalyst-promoter-pigment solution was prepared as per manufacturer’s
instructions and the animal was euthanized by CO, followed by cervical dislocation. A ventral
midline incision exposed the abdominal cavity and a 20G needle was inserted into the left
renal vein. A 5ml syringe containing the cast solution was attached to the needle and gentle
pressure was applied to allow infusion. However, the mixture polymerised rapidly and no cast

was achieved.

Prior to the second attempt, a saline flush was administered via the inferior vena cava after
termination by cervical dislocation. The flush was partially successful as the kidneys and liver
took on a mottled appearance. The casting solution was prepared using half the suggested
amount of catalyst and promoter as this allowed a more generous working time before
polymerisation set in. A 20G needle was inserted into the left renal vein and the monomer

solution was infused resulting in partial kidney and liver casts (figure 20).

A saline flush, containing 10units/ml heparin, via the left renal vein preceded the third
vascular corrosion cast attempt. This resulted in a well flushed kidney and the needle was left
in situ for attachment of the syringe containing the monomer solution. An air lock formed,

resulting in a partial kidney cast.

The same procedure was followed for the fourth attempt, but care was taken to prevent an air
lock during exchange of the syringes. This resulted in a complete rat kidney vascular cast.
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The kidney was excised and placed into cold saline on ice for 2 3 hours to dissipate heat

formed during polymerisation and prevent expansion and distortion of the specimen. The

kidney was then placed into a maceration solution consisting of 20% w/v NaOH to remove

the tissue from the vascular corrosion cast (figure 21).
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Figure 20. Photographs of partial rat liver lobe vascular corrosion casts.
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Figure 21. Photograph of monomer perfused rat kidney pr~i~0r to tissue maceration and non-
perfused rat kidney (top) and vascular corrosion cast post maceration (bottom).
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The technique was transferred to 12
administer both the saline/heparin flush
not result in successful cast
the needles for the saline/heparin flush and monomer infusion were
of the pressure on the renal vein and small bulldog

place. Table 3 summarises the site s

—16 week old mﬂe

s, mostly due to rupture of the renal vein. The entry po

mice, using a 25G needle to

as well as the monomer solution. Initial attempts did

clamps were used to keep the needles in

election and cast outcome information obtained.

Saline flush site

Flush outcome

Monomer

infusion site

—

Cast outcome

Inferior vena | Very good liver | Same needle as Partial kidney
cava flush, partial for saline flush | and liver casts
kidney flush
Inferior vena Very good liver Renal vein Partial kidney
cava flush, partial cast
kidney flush
Aorta, below Very good liver Renal vein Very good
aortic arch and kidney flush kidney and liver

lobe casts

outcomes.

The most successful flush was achieved via the
vein resulted in very good kidne

to successfully obtain vascular corrosion casts of mouse kidneys at days

Table 3. Site selection for saline flush and monomer infusion and t

implantation of 50 human islets (see chapter 6).
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aorta, while monomer infusion via the renal

y and liver lobe casts (figures 22 - 23). This method wa

6,9 and 12 after

sitions of

changed to alleviate some

he resulting flush and cast
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.

Figure 22. Photographs of partial mouse kidney vascular corrosion casts (top and middle) and

a partial mouse liver lobe cast (bottom).
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igure 23. Photograph of mouse full kidney and liver lobe vascular corrosion cast.
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CHAPTER 4: BRIN-BD11 and HUVEC ??iﬁi)n_olaver;_a_lld rotational

culture +/- 10mM rosiglitazone

Introduction

The success of islet transplants as a treatment for type 1 diabetes is restricted by a number of
complex problems such as a limited donor pool (Kapur et al. 1999; Buckley 2000; Brasile et
al. 2001; Mathew 2004; Balamurugan et al. 2006; Monaco 2006), beta cell toxicity of
immunosuppressants (Shapiro et al. 2002; Nanji and Shapiro 2004; Du and Xu 2006),
relatively low retrieval percentage of islets from donor pancreata (Shapiro et al. 2000; Lakey
et al. 2002) and the poor level and slow rate of revascularisation (Menger et al. 1992).
Damage to the complex islet microvasculature during the isolation process results in
transplanted islets requiring approximately 2 weeks to revascularise (Menger et al. 1992).
This detrimental period of ischaemia constitutes a key phase that will influence establishment
of the transplant and presents an opportunity to improve the survival and function of
transplanted islets via interventions that would result in an increased revascularisation rate

(Menger et al. 1992).

Most experimental islet transplant studies to date have not included strategies to enhance the
revascularisation rate of the graft. However, transplanted islets do revascularise with the

development of a capillary network similar to that of intact islets (Beger et al. 1998).

Evidence shows that the growth and differentiation of vascular endothelial cells are, in part,
regulated by the VEGF group of genes (Ferrara 2000). VEGF-A regulates vasculogenesis
(new blood vessel development from endothelial cells in the absence of pre-existing
vasculature) and angiogenesis (new blood vessel development from pre-existing vasculature)
as well as microvessel permeability (Burant and Simeone 2002; Konstantinova and Lammert
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2004: Del Moral et al. 2006), VEGE-B directs embryonic angiogenesis and VEGF-C and D

specifically regulate lymphangiogenesis (Rubbia-Brandt et al. 2004; Byme et al. 2005).

Human VEGF-A consists of 5 major isoforms having 121, 145, 165, 189, or 206 amino acid
residues in the mature monomer, with VEGF 45, a heavily glycosylated protein of about
45kDa, being the most abundant form and VEGF4 being very rare (Houck et al. 1992;
Ferrara 1999). VEGF-A 1, is a soluble and freely diffusible protein and, being weakly acidic,
does not bind to heparin (Houck et al. 1992). VEGF-A s is also secreted, but a significant
fraction remains bound to the cell surface and the extracellular matrix (ECM), while VEGF-
Ao and VEGF-Ajps are more basic and bind to heparin, resulting in these isoforms being

sequestered in the ECM (Houck et al. 1992).

Beta cells have been shown to stain positively for VEGF-A (Kuroda et al. 1995), signifying a
role for VEGF-A in islet angiogenesis and a possibility that beta cells sequester VEGF-A to
aid in the regulation of microvessel permeability to facilitate rapid uptake of released insulin
into the blood (Kuroda et al. 1995; Konstantinova and Lammert 2004). In addition, islet
VEGF-A mRNA levels were increased by hypoxia or by prolonged maintenance in culture in
vitro, suggesting that conditions associated with a reduction or abolition of vascular flow

result in enhanced signals for islet angiogenesis (Gorden et al. 1997).

Endothelial expression and action of VEGF-A has been experimentally increased by agonists
of the peroxisome proliferator-activated receptor gamma (PPARY), such as the TZDs
rosiglitazone and pioglitazone (Yamakawa et al. 2000). PPARY is expressed by p-cells
(Dubois et al. 2000) as well as by endothelium (Bishop-Bailey 2000), consequently
stimulation of PPARy by a TZD provides a potential route to increase VEGF-mediated

vascularisation of islets and B-cells. Additional advantages to this approach are that TZDs
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have been reported to increase islet B-cell granulation (Buckingham et al. 1998) and they are
currently utilised clinically to improve insulin action and glycaemic control in diabetic states

where insulin is present (Bailey and Day 2001).

Due to the paucity of human tissue for research, a number of cell lines have been developed
for use as models for certain human cell types. Initially, the MING cell line was investigated
for use as a beta cell model for this project. This cell line was established from insulinomas
obtained by targeted expression of the simian virus 40 T-antigen genes in transgenic mice and
these cells have the morphological characteristics of pancreatic beta cells (Miyazaki et al.

1990).

Professor Jun-ichi Miyazaki from Osaka University Medical School in Japan kindly gave his
consent for the IRL to use MING cells for research. Two vials of MING cells at passage 29
were obtained from Dr. Steve Ashcroft at Oxford University, UK. The literature suggests that
MING cells have been used successfully as a model for pancreatic beta cells and have
consistently shown glucose-stimulated insulin secretion in a concentration-dependent
response similar to that of normal islets (Hayashi et al. 1996; Kawakami et al. 1997; Minami
et al. 2000). However, after extensive experimentation on this cell line in the IRL, insulin
secretion in response to various secretagogues did not prove to be robust and reproducible
enough to ensure sound scientific data (see results below). It is postulated that the various
clones within a cell line perform differently when confronted with a physiological challenge

and that the clone received by the IRL was unfortunately not significantly glucose responsive.

MING6 cells have proven to be very useful for studying other aspects of B-cell physiology such
as the expression of mitogen-activated protein kinases (MAPKs) and MAPK kinases (MEKSs)

in rat islets of Langerhans and the involvement of MAPKSs in regulated insulin secretion
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(Persaud et al. 1996); calcium signalling in MINGbéeudoi%iéfg iSquires et al. 2000); calcium-
dependent translocation of cytosolic phospholipase A2 in pancreatic beta-cells (Persaud et al.

2003); the influence of cell-to-cell contact on proliferative marker expression and apoptosis in
MING6 pseudoislets (Luther et al. 2005) and beta-cell proliferation in MING6 pseudoislets

(Carvell et al. 2007).

For the purposes of this study the BRIN-BD11 cell line was selected as a beta cell model to
develop experimental protocols when human pancreata were not available for the isolation of
human islets for research. BRIN-BD11 cells were generously supplied by Professor Peter

Flatt from the University of Ulster, Northern Ireland.

The novel insulin-secreting BRIN-BD11 cell line was established following electrofusion of
New England Deaconess Hospital rat pancreatic islet cells and tumoural rat insulinoma
RINmSF cells (McClenaghan et al. 1996; Rasschaert et al. 1996). Wells of cell fusion mixture
with insulin output 5 — 10 times greater than parent RINmSF cells were subcultured with
eventual establishment of clones, including BRIN-BD11 (McClenaghan et al. 1996;
Rasschaert et al. 1996). Morphological studies established that these cells grow as monolayers
with epitheloid characteristics, maintaining stability in tissue culture for >50 passages

(McClenaghan et al. 1996; Rasschaert et al. 1996).

Human Umbilical Vein Endothelial Cells (HUVEC) were selected to represent the vascular
component of this study as they have been used successfully and extensively in other areas of
research requiring vascular endothelial cells (Garcia et al. 1992; Tranqui et al. 1992;
Villasante et al. 2007; Cheng et al. 2008; Chikaraishi et al. 2008; Czabanka et al. 2008).
HUVEC express the CD31 endothelial cell marker and retain their morphology and stability

in tissue culture for at least 5 passages (guaranteed by Lonza).
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Methods

Chapter 2 of this thesis contains detailed materials and methods information, hence

experimental protocols will be described only briefly in this chapter.

MING cells were grown in T25 culture flasks with DMEM TCM (with 25mM glucose),
supplemented with 10% FBS, 100U/ml penicillin, and 100pg/ml streptomycin until ~80%
confluent. The cells were then harvested by trypsinisation and plated into 24-well plates for
monolayer insulin secretion experiments or placed into rotational culture (RC) to form

pseudoislets for use in RC insulin secretion studies.

D11 were grown in T75 flasks in RPMI 1640 TCM with 10% FBS + 100U/ml penicillin +
100pg/ml streptomycin until 80% confluent, after which the cells were harvested by
trypsinisation. For SC, 175 000 D11/well were plated into 24-well plates (+/- 10mM TZD)
and allowed to adhere for 24 hours prior to insulin secretion, ATP release, immunostaining or
VEGF production and release experiments being performed. For RC, 150 D11
pseudoislets/well were plated into 24-well plates (+/- TZD) and allowed to adhere for 24

hours prior to experimentation as above.

HUVEC were grown in EGM in T75 flasks until 80% confluent prior to being harvested by
trypsinisation. For both SC and RC 50 000 HUVEC/well were plated into 24-well plates (+/-
10mM TZD) and allowed to adhere for 24 hours prior to insulin secretion, ATP release,

immunostaining or VEGF production and release experiments being performed.

For D11/HUVEC co-culture experiments D11 and HUVEC were grown as above. After
trypsinisation, 175 000 D11 and 50 000 HUVEC were placed into the wells of a 24 well plate
(in 50:50 RPMI: EGM, +/- 10mM TZD) for SC experiments and allowed to adhere for 24
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hours prior to experimentation. For RC, D11, HUVECand a mlxture of D11 and HUVEC
were placed into RC vessels in 50:50 RPMI: EGM for 24 hours. D11 and D11/HUVEC RC
co-culture formed pseudoislets, while HUVEC RC did not. 150 pseudoislets/well of D11 RC
and D11/HUVEC RC were transferred into 24-well plates in 50:50 RPMI: EGM +/- 10mM
TZD and allowed to adhere for 24 hours prior to experimentation. HUVEC RC were plated at
a density of 50 000 cells/well into 24-well plates in 50:50 RPMI: EGM +/- 10mM TZD and

allowed to adhere for 24 hours prior to experimentation.

MING6 results and discussion

Several methods were investigated to characterise the insulin secretory profile of MING cells
in response to insulin secretagogues. SC monolayer cells and RC pseudoislets were exposed
to low glucose (2mM), high glucose (15mM) and high glucose + 10mM theophylline. Table 4
summarises the initial combinations of pre-incubation and incubation times and volumes

tested and figures 24 and 25 show the insulin secretion data.
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Culture | Number of | Insulin Pre- Pre- | Incubation | Incubation
method | cell clumps | secretion | incubation incubation time volume
(CO)or in LP2 time volume
pseudoislets | tubes or
(PI) 24-well
plates

SC 150 CC LP2 60 min 1ml 60 min 1ml
SC 300 CC LP2 60 min 2ml] 60 min 0.5ml
SC 150 CC plates 60 min 1ml 60 min Iml
SC 300 CC plates 60 min 2ml 60 min 0.5ml
RC 150 PI LP2 60 min Iml 60 min Iml
RC 300 PI LP2 60 min 2ml 60 min 0.5ml
RC 150 PI plates 60 min Iml 60 min Iml
RC 300 PI plates 60 min 2ml 60 min 0.5ml
Key:

SC = Static culture in T25 tissue culture flasks, RC = Rotational culture

CC = small cell clumps formed after SC trypsinisation

PI = pseudoislets formed in RC

Pre-incubation = a period during which all cells are exposed to low glucose to ensure basal
insulin secretion prior to stimulation

Incubation = a period during which cells are exposed to insulin secretagogues

Table 4. Initial experimental protocols employed to assess the insulin secretory capacity of

MIN6 monolayers and pseudoislets.
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MING SC 24-well plate insulin secretion

250

7 150CC + 1mi
300CC + 0.5ml

Insulin expressed as %
over basal

2mM 15mM G+T
Secretagogue
B MING6 SC LP2 tube insulin secretion
250 -
200
150

150CC + 1ml
g 300CC + 0.5ml

Insulin expressed as %
over basal

2mM 15mM G+T

Secretagogue

Key:

SC = static culture

150CC + 1ml = 150 small cell clumps formed after SC trypsinisation challenged with Tml of
insulin secretagogue

300CC + 0.5ml = 300 small cell clumps formed after SC trypsinisation challenged with 0.5ml
of insulin secretagogue

Figure 24. Insulin secretion by static incubation from SC MING6 in 24-well plates as an
adherent monolayer (A) or as a suspension in LP2 tubes (B).
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MING RC 24-well plate insulin secretion

300 -
250
200
150 -
100 -

@ 150P1 + 1mi
300P!1 + 0.5ml

Insulin expressed as %
over basal

2mM 15mM G+T

Secretagogue

B MIN6 RC LP2 tube insulin secretion

250 -

200

— —
8 &
|

1

|

Insulin expressed as %
over basal
(62
o

o
!

2mM 15mM G+T

Secretagogue

Key:

RC = rotational culture

150P1 + Iml = 150 pseudoislets challenged with Iml of insulin secretagogue

300P] + 0.5m! = 300 pseudoislets challenged with 0.5ml of insulin secretagogue
Figure 25. Insulin secretion by static incubation from RC MING6 pseudoislets in 24-well
plates as an adherent culture {(A) oras a suspension in LP2 tubes (B).
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While all eight MIN6 experimental groups showed a sig‘rﬁﬁ;’c:z/ijrx:twincrease in insulin secretion
in response to high glucose + 10mM theophylline, none of them resulted in a significant
response to high glucose alone. In an attempt to elicit a more physiological response from this
beta-cell line the following changes were made to the existing protocol:
2 4 groups of culture medium (DMEM) containing 0, 1, 8 and 25mM glucose were
tested to assess if the high glucose concentration (25mM) of the suggested growth

medium for these cells inhibited glucose sensitivity

¥

Pre-incubation times were lengthened to 2 hours and glucose was omitted from pre-

incubation medium to assess if this change would result in lower levels of basal

insulin secretion or increase insulin responses to secretagogues

3 Incubation times of 30, 60, 90 and 120 minutes in the presence of insulin
secretagogues were implemented to establish optimal exposure times

2 MING pseudoislets were produced by a method provided by Professor Peter Jones,

King’s College, London

> MING cells from various passage numbers (29 — 35) were assessed.

None of the interventions resulted in a significant increase in insulin secretion in response to
high glucose while high glucose + 10mM theophylline continued to result in significantly
increased insulin secretion. After careful consideration, use of this cell line as a beta cell

model was discontinued in the IRL and BRIN-BD11 cells were acquired.
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Results BRIN-BD11 and HUVEC

Beta cells play an important role in glucose homeostasis by fine-tuning their insulin secretion
in response to glucose and other insulin secretagogues, consequently D11 cells were
characterised by experiments to determine their secretagogue-induced insulin secretion profile
and by immunostaining for the presence of stored, intracellular insulin. Initial experiments
returned disappointing insulin secretory results for D11 (see figure 26), hence the following
changes were made to the standard protocol:
% Pre-incubation time in low glucose was increased from 40 minutes to lhr
% The incubation volume of insulin secretagogues was reduced from 1ml to 0.5ml/well
in 24-well plates and incubation time for RC was increased from 20 to 30 minutes
' The plate was agitated gently every five minutes during the secretagogue incubation
period to ensure dispersion of any secreted insulin to prevent activation of a negative
feedback mechanism that could result in blunted responses
3 Upon harvesting the supernatant a plastic pastette was used to aspirate the sample and
gently rinse it over the adhered cells to capture secreted insulin that may have settled

into ‘unstirred layers’ between the cells.

These protocol changes resulted in a marked improvement in the insulin secretory results

from D11 cells; figure 27 shows the typical insulin secretion profile of D11 cells in response

to 3 secretagogues and an image of D11 immunostained for insulin.
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BRIN-BD11 SC 24-well plate insulin secretion
by static incubation

7.00
6.00
5.00
4.00
3.00
2.00 +—
1.00 —

0.00 +——- —
1.67mM G 16.7mM G G+T

insulin/million cells ug/L

Secretagogue

Key:

1.67mM G = 1.67mM glucose in Krebs Ringer with 0.2% BSA

16.7mM G = 16.7mM g¢glucose in Krebs Ringer with 0.2% BSA

G+T = 1.67mM glucose + 10mM theophylline in Krebs Ringer with 0.2% BSA

Figure 26. Insulin secretion from static culture D11 cells, passage 35, using the standard
protocol.
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D11 P37 SC insulin secretion by static
incubation

7 -

6 - 5496
S
2 5
o 4
2
g 3 2.476
E
£ 2 -

1 i

0 T 7 T —TTrTTTT — M

1.1mM 16.7mM G&T
Secretagogue

Figure 27. A typical insulin secretion profile for static culture D11 after protocol
modifications mentioned above (top) and D11 monolayer stained positively for insulin
(bottom).
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Vascular endothelial cells express CD31 and their proliferation rate can be increased by the
addition/upregulation of VEGF. ATP is present in all metabolically active cells and an
increase in proliferation results in a significant increase in ATP levels. This increase in ATP
can be measured by chemiluminescence and provides reliable information about the rate of
proliferation of the cells. Figure 28 shows variations in HUVEC proliferation rates in
response to a VEGF inducer (rosiglitazone, concentration selection discussed under VEGF

section below) and an image of HUVEC immunostained for CD31.

HUVEC proliferation as measured by ATP content
in response to 5mM and 10mM TZD

@ Control
g5mM TZD
8 10mM T2D

100 +—p

w
(e
|
|

cells/group)

1

Control 5mM TZD 10mM TZD

ATP as a percentage
over control (50 000

Experimental group

o

!

Flgure 28. Proliferation rate of HUVEC monolayer, as determined by intracellular ATP
concentration, in response to SmM and 10mM rosiglitazone (top) and HUVEC monolayer

positively stained for the vascular endothelial marker CD31 (bottom).
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BRIN-BD11 cells formed islet-like structures within 24 hours when cultured in a rotational

cell culture system +/- HUVEC and +/- TZD. These structures varied in size from 50pum -

300pum. HUVEC alone did not form three dimensional structures in RC.

Figure 32. Images shoiwing RC D11 (A), HUVEC (B), D1 1/HUVEC co-culture (C) and in
the presence of 10mM T7zD D11 (D), HUVEC (E), D1 1/HUVEC co-culture (F). All images
x 10 magnification.
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Insulin secretion

As HUVEC did not secrete insulin in response to insulin secretagogues, data are not shown.
Figure 33 graphically represents insulin secretion from D11 SC and D11/HUVEC co-culture
SC +/- 10mM TZD, while table 5 summarises the statistically significant differences found in
and between experimental groups. For each group the experiment was repeated three times
with n = 6/secretagogue/treatment group each time. A Student’s t-test was employed to
determine statistically significant differences in and between treatment groups with p<0.05

being considered significant.

Insulin secretion from D11 and D11/HUVEC co-
cultures (in SC +/- 10mM TZD) by static incubation
300
250 01.67mM

o 8 glucose
283
fw® 200
e = T E16.7mM

] O glucose
1@ 150
1:, & Tl T 100 B16.7mM
Tt o 8 glucose +
.g 8 @ o 50 ] 10mM
g - Qo theophylline

Two
ea>+
o - 2 - O —
s o Ix
cgc? = N < Q
ER O + - > > =
N o ) ~ D D E O

°ce O E = =~

© - - +
- =) =)
| Culture group

Figure 33. Insulin secretion from SC BRIN-BD11 cells and a co-culture of BRIN-BD11 cells
with HUVEC +/- 10mM TZD. The results of Student’s t-test for various comparisons are
recorded in table 1 (p<0.05 = statistically significant), non-significant comparisons are not
listed.
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Comparison by Student’s t-test | p-value
DI1 16.7 v 1.67 <0.001
DI1 G+Tv 1.67 <0.001
D11 G+T v 16.7 <0.001
DII TZD 16.7 v 1.67 <0.001
DI1 TZD G+T v 1.67 <0.001
D11 TZD G+T v 16.7 <0.001
DI1I/HUVEC 16.7 v 1.67 <0.001
DI1I/HUVEC G+T v 1.67 <0.001
DI1I/HUVEC G+T v 16.7 <0.001
D11/HUVEC TZD 16.7 v 1.67 <0.001
DI1I/HUVEC TZD G+T v 1.67 <0.001
DI1/HUVEC TZD G+T v 16.7 <0.001
DII/HUVEC 16.7 vDI11 16.7 <0.001
DI1/HUVEC TZD 16.7 v D11 TZD 16.7 <0.05

Table 5. Results of Student’s t-test for figure 33.

Under RC conditions HUVEC also did not secrete insulin, hence data are not shown. F igure
34 graphically represents insulin secretion from D11 RC and D11/HUVEC co-culture RC +/-
10mM TZD, while table 6 summarises the statistically si gnificant differences found in and

between experimental groups.
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Insulin secretion from D11 and D11/HUVEC co-
cultures (in RC +/- 10mM TZD) by static

incubation
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O
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Culture group

Figure 34. Insulin secretion from RC BRIN-BD11 cells and a co-culture of BRIN-BD11 cells
with HUVEC +/- 10mM TZD. The results of Student’s t-test for various comparisons are

recorded in table 6 (p<0.05 = statistically significant), non-significant comparisons are not
listed.
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Comparison by Student’s t-test p-value
D1116.7 v 1.67 <0.05
D11 G+T v 1.67 <0.001
D11 G+T v 16.7 <0.001
D11 TZD 16.7 v 1.67 <0.05
D11 TZD G+T v 1.67 <0.001
D11 TZD G+T v 16.7 <0.05
DI11/HUVEC 16.7 v 1.67 <0.001
DI1/HUVEC G+T v 1.67 <0.05
DI1/HUVEC G+T v 16.7 <0.001
DI11/HUVEC TZD 16.7 v 1.67 <0.001
DII/HUVEC TZD G+T v 1.67 <0.001
DI1/HUVEC TZD G+T v 16.7 <0.001
DI1/HUVEC 16.7 v D11 16.7 <0.05
D11/HUVEC G+T v D11 G+T <0.05
DI1/HUVEC TZD 16.7 v D11 TZD 16.7 <0.05
DI1T/HUVEC TZD G+T v D11 TZD G+T <0.05

Table 6. Results of Student’s t-test for figure 34.

ATP bioluminescence

Preliminary experiments to assess HUVEC ATP content in response to SmM and 10mM TZD
(figure 28) showed that 10mM TZD resulted in a more robust increase in ATP content as
compared to control HUVEC, hence 10mM TZD was used to stimulate HUVEC proliferation

in both SC and RC. For each group the experiment was repeated three times with n =
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6/treatment group each time. A Student’s t-test was used to determine statistically significant

differences between groups with p<0.05 being considered significant.

ATP bioluminescence of SC D11, HUVEC and a co-

cz:élolture of the two cell types +/- 10mM TZD
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Figure 35. ATP bioluminescence results for SC D11, HUVEC and a co-culture of the two
cell types +/- 10mM TZD. A Student’s t-test returned a p-value of 0.91 when comparing D11
SCTZD to D11 SC and p<0.001 for both HUVEC SC TZD v HUVEC SC and D11/HUVEC
SCTZD v DII/HUVEC SC.
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ATP bioluminescence of RC D11, HUVEC and a

co-culture of the two cell types +/- 10mM TZD
160

o>

DITRC  DIMRCTAD HUVECRC HUVECRC DI1/HUVEC D11/HUVEC
1D RC RCTD

T T T [

Experimental group

Figure 36. ATP bioluminescence results for RC D11, HUVEC and a co-culture of the two
cell types +/- 10mM TZD. A Student’s t-test returned a p-value of 0.62 when comparing D11
RCTZD to D11 RC and p<0.001 for both HUVEC RC TZD v HUVEC RC and
DIT/HUVEC RC TZD v D1 1/HUVEC RC.
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Immunostaining

D11 cells, HUVEC and a co-culture of the two cell types (SC and RC, +/- 10mM TZD) were
plated and cultured as for insulin secretion. After 24 hours medium was removed and cells

were rinsed with PBS prior to being fixed with cold 70% ethanol.

D11 were immunostained using a polyclonal rabbit anti-rat insulin antibody and visualised
using the Vector Labs ABC-AP rabbit kit and Vector Red. HUVEC were immunostained
using a monoclonal mouse-anti-human CD31 antibody. Visualisation was performed using
the Vector Labs ABC-AP mouse kit and Vector Blue. Appropriate controls were used to rule

out non-specific staining.

Figure 37 shows immunostaining of D11 SC +/- 10mM TZD while figure 38 shows the
results for D11 RC +/- 10mM TZD. Figures 39 - 42 show results for HUVEC SC +/- 10mM
TZD, HUVEC RC +/- 10mM TZD, D11/HUVEC SC +/- 10mM TZD and D11/HUVEC RC

+/- 10mM TZD.
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Figure 37. D11 SC cultured without 10mM TZD. Immunostaining for CD31 (A), for insulin
(B) and dual stained for insulin and CD31 (C). D11 SC cultured with 10mM TZD.

Immunostaining for CD31 (D), for insulin (E) and dual stained for insulin and CD31 (F). All
images x20 magnification.
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Figure 38. D11 RC cultured without 10mM TZD. Immunostaining for CD31 (A), for insulin
(B) and dual stained for insulin and CD31 (C). D11 RC cultured with 10mM TZD.
Immunostaining for CD31 (D), for insulin (E) and dual stained for insulin and CD31 (F). All
images x 10 magnification.
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Figure 39. HUVEC SC cultured without 10mM TZD. Immunostaining for CD31 (A), for
insulin (B) and dual stained for insulin and CD31 (C). HUVEC SC cultured with 10mM TZD.
Immunostaining for CD31 (D), for insulin (E) and dual stained for insulin and CD31 (F).
Images A, D, C & F x40 magnification and images B & E x20 magnification.
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Figure 40. HUVEC RC cultured without 10mM TZD. Immunostaining for CD31 (A), for
insulin (B) and dual stained for insulin and CD31 (C). HUVEC RC cultured with 10mM
TZD. Immunostaining for CD31 (D), for insulin (E) and dual stained for insulin and CD31
(F). All images x20 magnification.
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Figure 41. D11/HUVEC SC co-culture without 10mM TZD. Immunostaining for CD31 (A),
for insulin (B) and dual stained for insulin and CD31 (C). DI1/HUVEC SC co-culture with
10mM TZD. Immunostaining for CD31 (D), for insulin (E) and dual stained for insulin and
CD31 (F). Images A, B, D & E x20 magnification and images C & F x40 magnification.
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Figure 42. D1 1/HUVEC RC cultured without 10mM TZD. Immunostaining for CD31 (A),
for insulin (B) and dual stained for insulin and CD31 (C). DI 1/HUVEC RC cultured with
10mM TZD. Immunostaining for CD31 (D), for insulin (E) and dual stained for insulin and
CD31 (F). All images x10 magnification.
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VEGF production and release

Upregulation of VEGF expression by a TZD via the PPARy [;éthway requires
supraphysiological doses of the agonist, with researchers using concentrations up to 25mM
TZD in vitro to elicit the desired response (Yamakawa et al. 2000). In vivo studies have
shown that concentrations of TZDs up to 1500 times the human therapeutic dose were well
tolerated (Lewis et al. 2001; Mody et al. 2007; Lewis et al. 2008). A dose response
experiment indicated that HUVEC responded best to a 10mM concentration of TZD in terms
of intracellular ATP content, while this dose also supported secretagogue-induced D11 insulin

secretion.

HUVEC were grown in both static and rotational culture +/- BRIN-BD11 cells, after which
they were transferred to 24-well plates +/- 10mM TZD. After 24 hours of treatment the tissue
culture medium was harvested and VEGF was detected by ELISA (Cross et al. 2007;
Laugharne et al. 2007). Figure 43 graphically represents VEGF release from SC HUVEC and
D11/HUVEC +/- 10mM TZD, while figure 44 represents VEGF release from RC HUVEC
and D11/HUVEC +/- 10mM TZD. For each group the experiment was repeated three times
with n = 4/treatment group each time. A Student’s t-test was used to determine statistically
significant differences in VEGF release in and between experimental groups, with p<0.05

being considered significant.
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VEGF production from SC HUVEC and
D11/HUVEC +/-10mM TZD
é § i o 1200
a
6 3 N 2 1000
Rit
2 N g g 80
S8 8 s00
jast
Q‘g It 400
y 208
0} iF_, 48 200
= P S  EEE
HUVEC SC HUVEC SC D11/HUVEC D11/HUVEC
TZD sc SC TZD
Experimental group

Figure 43. VEGF release from SC HUVEC and a co-culture of BRIN-BD11 cells with
HUVEC +/- 10mM TZD. A Student’s t-test (p<0.05 = statistically significant), returned
p<0.01 for both HUVEC SC TZD compared to HUVEC SC and D11/HUVEC SC TZD
compared to D11/HUVEC SC.
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Figure 44. VEGF release from RC HUVEC and a co-culture of BRIN-BD11 cells with

HUVEC +/- 10mM TZD. A Student’s t-test (p<0.05 = statistically significant), returned
p<0.01 for both HUVEC RC TZD compared to HUVEC RC and D11/HUVEC RC TZD
compared to D11/HUVEC RC.
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Discussion
Cell culture
The culture medium of choice for HUVEC endothelial growth medium (EGM) supplemented
with 1% foetal bovine serum (FBS), while D11 are cultured in RPMI + 10% FBS. In order to
determine the optimal culture medium for the co-culture of these two cell types, the following
combinations of the two media were tested:

#* 100% EGM

2= 75% EGM : 25% RPMI

2 50% EGM : 50% RPMI

3 25% EGM : 75% RPMI

= 100% RPMI

As expected, both cell types grew well in the medium suggested for their growth and
maintenance. HUVEC did not perform well in 100% or 75% RPMI as many cells failed to
adhere to the tissue culture flask and proliferation of the adhered cells was poor, requiring
more than twice as long (two weeks as opposed to 6 days) to reach confluence as cells in
100% EGM. 50% and 25% RPMI resulted in improved proliferation of HUVEC with only a

slight delay (8 days required) in reaching confluence when compared to 100% EGM.

D11 did not perform well in 100% or 75% EGM, as indicated by retarded growth rate with 10
days being required instead of the customary 5 to reach confluence and a significant
proportion of cells failing to adhere to the culture flask. 50% and 25% EGM resulted in

improved D11 proliferation with confluence being achieved in 7 days.

One of the major differences between the two culture media 1s the percentage of FBS used,
with HUVEC requiring only 1% and D11 10%. The combination of media that supported
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acceptable growth rates of both cell types was 50% EGM: 50% R?MI containing 5.5% FBS.
Endothelial cells are generally grown under low serum (1 —2%) conditions (Bishop et al.
1999; Lang et al. 2001), however, blood serum is defined as plasma without fibrinogen and
other clotting factors and typically contains 6 — 8% protein. Normal blood thus contains more
than 1 — 2% serum and endothelial cells proliferate well under these conditions
physiologically to repair injury and form new blood vessels when required. This could explain
why HUVEC proliferation in vitro was supported by medium with 5.5% FBS. Endothelial
cells have been shown to proliferate well in the presence of 10% serum when angiogenic
factors were present (Davison et al. 1980; Gospodarowicz and I11 1980). EGM contains
VEGF, fibroblast growth factor, insulin-like growth factor and epidermal growth factor. The
presence of these stimulators of endothelial proliferation in the culture medium may also
explain the sustained HUVEC proliferation in the presence of 5.5% FBS. Also, the addition of
10mM TZD upregulated the expression of VEGF by HUVEC via the PPARY pathway
(discussed in more detail in chapter 5), further enhancing proliferative ability in the presence

of 5.5% serum.

When D11 were grown in RC (+/- HUVEC, +/- TZD) cell constructs (pseudoislets)
resembling human islets were formed (figure 32). In the pancreas, most of the beta cells form
part of the three dimensional structure of islets, with only a relatively low percentage of lone
beta cells scattered throughout the exocrine component of the pancreas (Bouwens 2004).
Also, both islets and beta cells from cell lines have been shown to possess a more sensitive
and potent insulin secretory response to secretagogues when contained within islets or
pseudoislets (Hauge-Evans et al. 1999; Squires et al. 2000; Hauge-Evans et al. 2002; Squires
et al. 2002; Brereton et al. 2007), indicating an important communicative connection

requirement for optimal function.

123



Insulin secretion

As shown in table 5 and figure 33, all the D11 static cultures (including co-cultures with
HUVEC and +/- 10mM TZD) showed a significant increase in insulin secretion over basal
(1.67mM glucose) when challenged with high glucose (16.7mM). For all of these groups a
challenge with high glucose and 10mM theophylline (G+T) resulted in significantly more
insulin being released when compared to both the basal and high glucose results. These

results indicate that the D11 cells used in these experiments were healthy and functional.

Comparisons between the SC groups revealed that D11/HUVEC co-culture insulin secretion
in response to 16.7mM glucose was significantly higher than that of D11 alone with the same
being true for D11/HUVEC TZD 16.7 versus D11 16.7 and D11/HUVEC TZD 16.7 versus
D11 TZD 16.7. These findings imply that addition of HUVEC to a D11 culture supports the
function of the beta cells as the addition of TZD without HUVEC did not result in a
significant increase in insulin secretion with either 16.7 or G+T. No significant differences
were found between groups when the G+T insulin secretion results were compared. This
propensity of D11 cells to become more responsive to secretagogues when co-cultured with
another cell type has been noted by the IRL with at least two cell types other than HUVEC

(data not yet published).

In the rotational culture (RC) groups significant increases in insulin secretion was observed
when both 16.7 and G+T were compared to basal (1.67) glucose and also when G+T was
compared to 16.7, again confirming viability of the D11 cells used and indicating that RC

supported D11 insulin secretory function.

As in the SC groups a significant increase in insulin secretion was seen when the following

comparisons between groups were performed: D11/HUVEC 16.7 versus D11 16.7, D11 and
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D11/HUVEC TZD 16.7 versus D11 TZD 16.7 (table 6and ﬁgure 34) These results suggest
that the addition of HUVEC to a D11 rotational culture improves the function of the beta cells
while the addition of TZD alone does not. This observation again supports the findings that
beta cells perform more effectively when they form part of a three dimensional structure. The

exact influences of the close proximity of other cell types are yet to be elucidated.

While the SC groups showed no significant difference in the G+T results between groups, the
RC groups resulted in the following significant G+T increases: D11/HUVEC G+T versus D11
G+T, D11/HUVEC TZD G+T versus D11 G+T and D11/HUVEC TZD G+T versus D11

TZD G+T. As these differences were not seen in the SC groups, these results indicate a
possible beta cell supportive effect of the rotational cell culture method. The positive effects
of RC on human islet insulin secretion (Murray et al. 2005) is shown and discussed in chapter

5.

ATP bioluminescence

Static culture experiments employing 10mM TZD in an attempt to enhance HUVEC
proliferation via an upregulation in VEGF biosynthesis resulted in a significant (p<0.001)
increase in intercellular ATP of HUVEC and D11/HUVEC co-culture (p<0.001), but no

significant difference was found in D11 alone cultures (p = 0.91).

A significant increase in ATP levels between treated and control groups indicated an
enhanced proliferation rate. This experiment shows that addition of 10mM TZD to D11
culture did not increase the rate of cellular proliferation, while both the HUVEC and
D11/HUVEC co-cultures experienced increased proliferation rates when exposed to 10mM
TZD. Although the increase in ATP levels over control was highly significant for both

HUVEC and D11/HUVEC co-cultures, the HUVEC TZD alone culture ATP was significantly
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higher (p<0.001) than the D11/HUVEC TZD co-culture. This could be due to the fact that the
D11 in the co-culture were not proliferating at an enhanced rate while the HUVEC
proliferation was upregulated, thus the D11 ‘diluted’ the effect of TZD on HUVEC growth as

indicated by ATP content.

In RC experiments, D11 alone did not show increased ATP levels in response to 10mM TZD
(p = 0.62), while HUVEC and D11/HUVEC co-culture showed significantly increased ATP
levels (P<0.001 for both). However, HUVEC TZD alone cultures showed a significantly
lower percentage increase in ATP content over control than D11/HUVEC TZD co-culture
(p<0.05). This implies a supportive effect of D11 to HUVEC in RC. However, this
comparison should be viewed with caution as RC results in D11 pseudoislet formation with
unquantifiable incorporation of HUVEC, while the HUVEC TZD group contained known

numbers (50 000) of HUVEC.

Also, when %ATP increase over control is compared HUVEC SC TZD shows a significantly
enhanced increase in ATP levels over HUVEC RC TZD (p<0.001). This indicates that
HUVEC perform better under SC conditions than in RC, but that the addition of D11 to

HUVEC RC partially reverses this phenomenon.

Immunostaining

D1lexpressed insulin and HUVEC stained positively for CD31; with no non-specific
background staining occurring in either culture when grown under static culture conditions
both individually and as co-cultures (figures 37, 39, 41). D11 did not express the endothelial
cell marker CD31, but HUVEC showed a faint positive staining for insulin (figures 39, 41). It
is possible that HUVEC sequestered small quantities of insulin from the culture medium

(Paek et al. 2005), but did not release any in response to insulin secretagogues. Also,
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endothelial cells possess insulin receptors (Zeng and Quon 1996; Nitert et al. 2005),
explaining the weak insulin stain seen in HUVEC. Similar results were obtained when the
cells were exposed to 10mM TZD for 24 - 48 hours, thus neither the addition of TZD or co-

culture of the two cell types in SC had any effect on the morphology of either cell type.

However, when HUVEC (both SC and RC) were exposed to 10mM TZD for 4 days or longer
the cells appeared to develop fissures (figure 45 below). This observation is consistent with
published information indicating that prolonged, high concentrations of TZD with insulin are

prone to cause capillary leakage and oedema (Idris et al. 2003).

Figure 45. HUVEC exposed to 10mM TZD for 5 days. Note the fissures (black arrows)
indicating a compromise in the structural integrity of the cells.

Immunostaining of D11 and HUVEC, both individually and as co-cultures, in RC produced
similar results to those found for SC. D11 expressed insulin when cultured +/- HUVEC and
+/- 10mM TZD but did not stain positively for CD31 (figures 38, 42). HUVEC expressed
CD31 when cultured +/- D11 and +/- 10mM TZD, and also stained faintly for insulin (figures
40, 42). Thus growing the cells in RC, adding 10mM TZD to the culture medium and growing

D11 and HUVEC as co-cultures did not affect the morphology of the cells.
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VEGF production and release

HUVEC maintained as a monolayer in static culture responded to 10mM TZD by
significantly increasing VEGF production and release into the tissue culture medium (p<0.01,
Student’s t-test) and this was also true for the monolayer co-culture of D11 cells with
HUVEC in a static culture environment (p<0.01, Student’s t-test). A significant difference
was also found when D11/HUVEC TZD VEGF release was compared to HUVEC TZD
VEGEF release in SC (P<0.05), indicating that the presence of D11 cells enhanced VEGF
production from SC HUVEC exposed to 10mM TZD. This comparison was made as both
groups contained the same number of HUVEC (50 000 cells). However, beta cells do
sequester VEGF (Kuroda et al. 1995) and it is possible that the 175 000 D11 cells used in the
co-culture with 50 000 HUVEC contributed to the total amount of VEGF detected in the

tissue culture medium.

HUVEC maintained in a rotational cell culture system significantly increased VEGF
production and release when exposed to 10mM TZD (p<0.01, Student’s t-test) and a co-
culture of D11 cells and HUVEC responded in a similar manner (p<0.01, Student’s t-test). A
comparison between RC D11/HUVEC TZD and RC HUVEC TZD returned p<0.01
(Student’s t-test). This result relates positively to the same comparison made for ATP content,
indicating a possible supportive effect of adding D11 to HUVEC proliferation (ATP) and
function (VEGF production and release) in rotational culture. Once more it should be
emphasised that D11 cells formed pseudoislets in RC that incorporated HUVEC in
unquantifiable numbers (see immunostaining), hence it was not possible to determine if the

150 pseudoislets used contained 50 000 HUVEC, as in the RC HUVEC TZD group.
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No significant difference was found in VEGF release betweenHU VEC RC TZD and HUVEC
SC TZD, indicating that the culture method had no effect on the function of HUVEC in terms

of producing and releasing VEGF in response to 10mM TZD.

Conclusions

These results show that RC improves the insulin secretory capacity of beta cells and that TZD
inclusion in the culture medium has an additional supportive effect. Also, exposure of
HUVEC to a TZD enhances endothelial proliferation and VEGF production. These findings
underpin the decision to adapt the techniques developed thus far to study the effects of RC

and a TZD on insulin secretion and VEGF release from human islets.
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CHAPTER 5: The effect of rosiglitazone on human islet insulin

secretion and VEGF production

Introduction

The IRL has ethical approval to isolate human islets for research from donor pancreata
sourced by the UK Human Tissue Bank (UKHTB) at De Montford University, Leicester.
Often, the pancreas was retrieved for transplant and had been transported to the transplant
centre, where the organ was examined and deemed unsuitable for transplant. The transplant
co-coordinator then referred the organ to UKHTB which, in turn, contacted the IRL to arrange

delivery of the gland.

This sequence of events frequently resulted in the cold ischaemia time of the pancreas greatly
exceeding the 6 — 8 hour limit suggested by the literature for isolating good quality, functional
islets (Benhamou et al. 1994; Lakey et al. 1996; Lakey et al. 2002). In an attempt to make use
of this rare resource, the IRL had undertaken a project to isolate islets from pancreata with
cold ischaemia times ranging between 10 and 16 hours and have isolated viable islets from
such pancreata as well as from a pancreas after 19 hours cold ischaemia (data not yet

published).

Much research has been conducted to optimise culture conditions for human islets. A number
of studies showed that by reducing the culture temperature from 37°C to 24°C for at least 24
hours prior to transplant, antigen presenting leukocytes died while the islet insulin secretion
profile remained good and post-transplant islet graft survival improved (Faustman et al. 1982;
Ricordi et al. 1987; Scharp et al. 1987). At the IRL human islets are routinely cultured at
30°C, resulting in very good insulin secretion profiles (Jay et al. 2004; Murray et al. 2005;

Paget et al. 2007).
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The conventional medium for human islet culture at the IRL 1s medxum199 supplemented
with 10% FCS, 100U/ml penicillin, 100pg/ml streptomycin and 10pg/ml amphotericin B (Jay
et al. 2004; Murray et al. 2005). Several groups developed defined media for islet/beta cell
culture with some including additives to support islet function (Buitrago et al. 1975; Gylfe
1977; Clark and Chick 1990; Ling and Pipeleers 1994; Schmied et al. 2000; Tillotson et al.
2001), while others omitted serum due to the possibility of pathogen contamination (Clayton
et al. 1998; Ogawa et al. 2004). Phenol red was excluded from some media as it is an estrogen
mimic (Huff et al. 1988) although other studies have shown that estrogens protect islets from
amyloid and preserves glucose-induced insulin secretion in the presence of high glucose
(Lenzen and Bailey 1984; Kooptiwut et al. 2007). The study for this thesis evaluated four
culture media for use with human islets (m199, Miami#1, RPMI and EGM). In addition, a
rotational cell culture (RC) system was employed, as a study by the IRL has shown that RC
significantly improves islet function and maintains the structure and viability of human islets

for a greater period than does SC (Murray et al. 2005).

Studies have shown that adding VEGF to islet culture increased the sprouting of capillaries
from mouse and human islets (Linn et al. 2003; Konstantinova and Lammert 2004; Kidszun et
al. 2006) prior to transplantation (Hsu et al. 2005; Cross et al. 2007). Also, administering
rosiglitazone systemically prior to and after transplant (Hsu et al. 2005) improved islet graft
survival, moreover, ex vivo transfection for human vascular endothelial growth factor gene
expression prior to islet transplantation improves graft revascularisation (Narang et al. 2006).
One of the aims of this thesis is to investigate if pre-treatment of human islets with a TZD can
induce enhanced proliferation of endogenous endothelial cells by upregulating VEGF
synthesis prior to transplant rather than by adding exogenous VEGF or TZDs systemically.
Also, TZDs have been shown to support B-cell function in terms of insulin secretion

(Buckingham et al. 1998; Campbell and Mariz 2007). The results from chapters 4 and 5 of
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this thesis corroborate these findings. A recent publicatidﬁ iirrxdizgiafejd. that rosiglitazone
preserved B-cell function in patients with adult-onset latent autoimmune diabetes (Yang et al.
2008), again strengthening the argument for incorporating this drug into an islet pre-treatment
in order to facilitate preserved islet function post-transplant. Rosiglitazone was added to islets
at a concentration of 25mM in SC and RC to assess the effect on VEGF production and
insulin secretion. Results obtained from studies using D11 beta cells and HUVEC (chapter 4)
suggested that an acute exposure (24 hours) to a supraphysiological dose of TZD produced
the most effective increase in endothelial proliferation (ATP data, figures 35 & 36), while

prolonged exposure resulted in compromised structural integrity of HUVEC (figure 45).

Methods

Human islets were maintained in both SC and RC as described in chapter two; however, three
additional culture media were assessed for their efficacy in supporting islet function and

structure (see results section below).

The immunostaining technique used to obtain visualisation of insulin, VEGF and CD31 was
based on the principal of using a suitable fixative (4% formaldehyde), a primary antibody to
detect the ligand of interest (insulin, VEGF and CD31), followed by a fluorescence labelled
secondary antibody resulting in visualisation of the signal obtained. The technique used is

discussed fully in chapter two.

A static incubation method for was employed to assess insulin secretion in response to three
secretagogues. Again, a full description of the method is recorded in chapter 2, but it briefly
comprised:

3 A period of pre-incubation, allowing the islets to settle to a state of basal insulin

secretion prior to being stimulated.
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2 A period of exposure to one of three secretagoguéé’t/bt‘i/iiaﬁce insulin secretion and

detection of the amount of insulin released by ELISA.

Chapter 2 provides a full description of the method used to induce and detect VEGF
production and release. In brief, islets were allowed to equilibrate in supplemented medium
199 for 24 hours after isolation after which experimental groups comprising of m199 SC +/-
25mM TZD and m199 RC +/- 25mM TZD were set up. After 24 hours the tissue culture

medium was harvested and assessed for VEGF content by ELISA.

Results

Human islet culture

Human islets were isolated and allowed to equilibrate in SC (90mm petri dishes) in
supplemented medium 199 in a humidified incubator with 5% CO, at 30°C for 24 hours prior
to being assigned to one of four tissue culture media:

2 Medium 199

» Endothelial growth medium

# RPMI1640 medium

2 Miami#l medium
Each medium group was duplicated to allow islet culture in the presence and absence of

25mM TZD, resulting in eight static culture experimental groups.

Due to the paucity of human islets for research three rotational culture groups were evaluated:
2 Medium 199
¥ Medium 199 + TZD

¥ Endothelial growth medium
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Medium 199 was selected as the main medium for use in RCasno advantage was seen with
more expensive media, see insulin secretion data below. EGM was selected as this medium
has been developed to support endothelial growth, see HUVEC data, chapter 4, and one of the

objectives of this study was to promote enhanced endothelial proliferation.

At 48 hours treatment a sample from each culture group was stained with dithizone and
photographs were taken to record the morphology of islets (figures 46 and 47). Photographs
were also taken at 5 days treatment of islets from the m199 SC and m199 RC groups to show

the loss of structural integrity of islets maintained in SC (figure 48).
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Figure 46. Human islets from eight experimental groups at 48 hours post iéolation, 24 hours
treatment. A =m199 SC, B=m199 SC TZD, C = EGM SC, D =EGM SC TZD, E = RPMI
SC, F=RPMI SC TZD, G = Miami#1 SC and H = Miami#1 SC TZD. All photographs were

taken at x 20 magnification.
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Figure 47. Human islets maintained in RC. 48 hours post isolation, 24 hours treatment. A =
m199 RC, B=m199 RC TZD and C = EGM RC. All three photographs were taken at x 20
magnification.

200 pm

Figure 48. Human islets maintained in m199 for 5 days. A = SC and B = RC. Both
photographs were taken at x 20 magnification.

136



Human islet insulin secretion

Islets from the eight SC and three RC groups described aijove /Were subjected to insulin
secretion experiments at 48 hours (24 hours treatment), 72 hours (48 hours treatment) and 4
days (72 hours treatment) post isolation as detailed in chapter 2. Figure 49 shows the
combined 24 hour post isolation insulin secretion data for the 4 donors used and figures 50 -
52 show the insulin secretion data for the eleven islet groups over three days. Tables 7 - 9

show statistically significant differences found in and between groups.

Combined insulin secretion data from human islets of
4 donors. Static incubation 24hrs post isolation from

islets maintained in M199 SC

400 -
350 O I N
300
250
200
150
50

Insulin release
expressed as a
percentage over basal
from 20 IEQ in 2ml
secretagogue for 1hr

16.7mM G+T

Insulin secretagogue

Figure 49. Insulin secretion from human islets of 4 donors 24 hours post isolation, with islets
maintained in m199 SC. A Student’s t-test returned p<0.01 for comparisons between 16.7mM
and 1.67mM, G+T and 1.67mM; as well as G+T and 16.7mM. These statistically significant
differences indicate functionally viable islets.
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Insulin secretion expressed as % over basal/20IEQ/1hr /2Zml
secretagogue

Human islet insulin secretion 48 hours post
isolation for 11 treatment groups.

Treatment group

21.67
16.7
BG+T

Figure 50. Insulin secretion results for human islets 48 hours post isolation (24 hours
treatment) from eleven experimental groups. Table 7 shows the relevant statistics.

Insulin secretion expressed as % over basal/201EQ/1hr /Zmi
secretagogue

Human islet insulin secretion 72 hours post isolation

for 11 treatment groups

Treatment group

Figure 51. Insulin secretion results for human islets 72 hours post isolation (48 hours
treatment) from eleven experimental groups. Table 8 shows the relevant statistics.
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Human islet insulin secretion 4 déiys post isolation for
11 treatment groups.

g 350

S 300

= 250

E 200 =
5. 150 - 5 16.7
S5 BG+T
R 100 ¢

s

; Q)%O (\9 %O (\9 \GJO ,\/\9 \0_)0 ,\'\9 Q‘O (\9 Q‘O

5 A - N - N O NI\ SN

2 S ) Q@ @“ &( ,\0.)

Treatment group

Figure 52. Insulin secretion results for human islets 4 days post isolation (72 hours treatment)
from eleven experimental groups. Table 9 shows the relevant statistics.
A one-way analysis of variance (ANOV A, SigmaStat) was used to determine if there were
significant differences between the 16.7mM and G+T insulin secretion results of eleven
treatment groups. A significant difference was found on each of the three days; hence a post
hoc test was performed. A Holm-Sidak test was used to perform multiple comparisons as the
eleven groups consisted of varying numbers of replicates:
3 n =20 per secretagogue (4 pancreata, 5 replicates/secretagogue) for m199 SC, m199
SC TZD, EGM SC, EGM SC TZD, m199 RC, m199 RC TZD and EGM RC
¥ n= 15 per secretagogue (3 pancreata, 5 replicates/secretagogue) for RPMI SC and
RPMI SC TZD
2 n =12 per secretagogue (2 pancreata, 6 replicates/secretagogue) for Miami#1 SC and

Miami#1 SC TZD
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Comparisons found to be statistically significant between treatment groups

at 48 hours culture

ml199 SC TZD 16.7 vm199 SC 16.7

m199 RC TZD G+T v m199 RC G+T

m199 SC TZD 16.7 v EGM SC TZD
16.7

m199 SC TZD G+T vm199 SC G+T

Miami SC TZD 16.7 v Miami SC 16.7

m199 SC TZD G+T v RPMI SC TZD
G+T

Miami SC TZD 16.7 v EGM SC TZD
16.7

m199 RC G+T vm199 SC G+T

Miami SC TZD G+T v RPMI SC TZD
G+T

Table 7. Statistically significant comparisons between the eleven treatment groups for
16.7mM and G+T induced insulin secretion at 48 hours culture, using a Holm-Sidak test for

multiple comparisons (SigmaStat).

Comparisons found to be statistically significant between treatment groups

at 72 hours culture

m199 SC TZD 16.7 vm199 SC 16.7

m199 RC TZD G+T vm199 RC G+T

ml199 SC TZD 16.7 v EGM SC TZD
16.7

m199 SC TZD G+T vm199 SC G+T

m199 RC 16.7 vm199 SC 16.7

m199 SC TZD G+T v RPMI SC TZD
G+T

RPMI SC TZD 16.7 v RPMI SC 16.7

Table 8. Statistically significant comparisons between the eleven treatment groups for
16.7mM and G+T induced insulin secretion at 72 hours culture, using a Holm-Sidak test for

multiple comparisons (SigmaStat).

Comparisons found to be statistically significant between treatment groups

at 4 days culture

Miami SC TZD 16.7 v Miami SC 16.7

EGM SC TZD 16.7 vEGM SC 16.7

ml199 SC TZD 16.7 vm199 SC 16.7

EGM SC TZD G+T v EGM SC G+T

m199 RC G+T vml199 SC G+T

Table 9. Statistically significant comparisons between the eleven treatment groups for
16.7mM and G+T induced insulin secretion at 4 days culture, using a Holm-Sidak test for

multiple comparisons (SigmaStat).
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The addition of 25mM TZD to the culture mé&ia iﬁ;cire’éée‘ msuhn secretion in response to
16.7mM glucose and G+T in all the groups with significant increases seen as follows at 48
hours post isolation (24 hours treatment):

2 m199 SC TZD 16.7 compared with m199 SC 16.7

» m199 RC TZD 16.7 compared with m199 SC 16.7

2 m199 SC TZD G+T compared with m199 SC G+T

# ml199 RC TZD G+T compared with m199 RC G+T

¥ Miami#1 SC TZD 16.7 compared with Miami#1 SC 16.7

Significant increases in insulin secretion resulting from the addition of 25mM TZD was seen
as follows at 72 hours post isolation (48 hours treatment):

2 m199 SC TZD 16.7 compared with m199 SC 16.7

2 m199 SC TZD G+T compared with m199 SC G+T

# m199 RC TZD G+T compared with m199 RC G+T

2 RPMI SC TZD 16.7 compared with RPMI SC 16.7

Significant increases in insulin secretion resulting from the addition of 25mM TZD was seen
as follows at 4 days post isolation (72 hours treatment):

# m199 SC TZD 16.7 compared with m199 SC 16.7

2 Miami#1 SC TZD 16.7 compared with Miami#1 SC 16.7

» EGM SC TZD 16.7 compared with EGM SC 16.7

2 EGM SC TZD G+T compared with EGM SC G+T

Insulin secretion from islets maintained in m199 was never significantly lower than islets

maintained in any of the other three culture media on a like-for-like basis (i.e. m199 SC 16.7
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compared with EGM SC 16.7 or RPMI SC 1/6/1‘;75.3‘5éi’1 asions m199 outperformed
EGM and RPMI: 7 |
> At 48 hours and 72 hours post isolation m199 SC TZD 16.7 resulted in Signiﬁ‘cantly
higher insulin secretion than EGM SC TZD 16.7
> At 48 hours and 72 hours post isolation m199 SC TZD G+T resulted in significantly

higher insulin secretion than RPMI SC TZD G+T

Islets maintained in m199 RC resulted in significantly increased insulin secretion when
compared to islets from the m199 SC groups on many occasions with the following
comparisons resulting in statistically significant differences:

# m199 RC G+T compared to m199 SC G+T at 48 hours culture

# m199 RC 16.7 compared to m199 SC 16.7 at 72 hours culture

# m199 RC G+T compared to m199 SC G+T at 4 days culture

Human islet immunostaining

As no advantage was found using RPMI1640, EGM or Miami#1 tissue culture media over
medium 199, it was deemed unnecessary to subject islets from all eleven culture groups to the
expensive technique of fluorescence immunostaining. Islets from m199 SC +/-TZD and m199
RC+/-TZD were plated onto glass coverslips in 24-well plates. Islets were allowed to adhere

to the glass for 24 hours prior to being fixed in cold 4% paraformaldehyde.

Islets were stained for the presence of insulin (rabbit anti-pig polyclonal) and VEGF (mouse
anti-human monoclonal). Insulin was visualised with a goat anti-rabbit TRITC (red), while
VEGF was visualised using FITC (green). Figures 53 - 56 show the images obtained, while
figure 57 shows an islet from the m199 RC TZD group stained for insulin and CD31 (mouse

anti-human monoclonal, visualized with a goat anti-mouse FITC).
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Figure 53. Fluorescence immunostaining for insulin and VEGF in a human islet maintained
in m199 SC. The photograph was taken at x 20 magnification.

Insulin
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Figure 54. Fluorescence immunostaining for insulin and VEGF in a human islet maintained
in m199 SC TZD. The photograph was taken at x 20 magnification.
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Figure 55. Fluorescence immunostaining for insulin and VEGF in a human islet maintained
in m199 RC. The photograph was taken at x 20 magnification.
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Figure 56. Fluorescence immunostaining for insulin and VEGF in a human islet maintained
in m199 RC TZD. The photograph was taken at x 20 magnification.



Figure 57. Fluorescence iostainihg for insulin and CD31 in a human islet maintained in
m199 RC TZD. The photograph was taken at x 20 magnification.

Human islet VEGF production and release

Human islets maintained in m199 in SC and RC +/- TZD for 24 hours (48 hours post-
isolation) were plated into 24-well plates at a density of 20 IEQ/well to ensure tight control of
islet mass. The islets received m199 +/-TZD as per their experimental group and tissue
culture medium was harvested at 24 hours (72 hours post isolation) and 48 hours (4 days post
isolation). VEGF concentration was determined by ELISA (Cross et al. 2007; Laugharne et al.
2007), figures 58 and 59 show graphic representations of the results while statistically

significant differences in and between groups are shown in table 10.
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Human islet VEGF production from SC and RC +/-
256mM TZD, 48 hours exposure
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Figure 58. VEGF production and release from human islets in SC and RC +/- 25mM TZD
with 48 hours exposure to TZD (n=8 per experimental group). A Student’s t-test returned
p<0.01 for m199 SC TZD v m199 SC and m199 RC TZD v m199 RC. A comparison between
m199 RC TZD and m199 SC TZD returned p<0.05.

Human islet VEGF production from SC and RC +/-
25mM TZD, 72 hours exposure
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Figure 59. VEGF production and release from human islets in SC and RC +/- 25mM TZD
with 72 hours exposure to TZD (n=8 per experimental group). A Student’s t-test returned
p<0.01 for m199 SC TZD v m199 SC and m199 RC TZD v m199 RC. A comparison between
m199 RC TZD and m199 SC TZD returned p<0.05.
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Comparison by Student’s t-test ’ R p-value

m199 SC TZD v m199 SC (both 48hrs treatment) 0.0087

m199 RC TZD v m199 RC (both 48hrs treatment) 0.0026

ml199 RC TZD v m199 SC TZD (both 48hrs treatment) | 0.032

m199 SC TZD v m199 SC (both 72hrs treatment) 0.0011

m199 RC TZD v m199 RC (both 72hrs treatment) 0.00099

m199 RC TZD v m199 SC TZD (both 72hrs treatment) 0.028

m199 SC TZD 72hrs treatment v m199 SC TZD 48hrs

0.01
treatment
ml199 RC TZD 72hrs treatment v m199 RC TZD 48hrs

0.0029
treatment

Table 10. Comparisons in and between experimental groups of islets +/- 25mM TZD at 48
hours and 72 hours treatment in SC and RC. The results in this table relate to figures 58 and
59 above.

Discussion

Human islet culture

Islets from all of the eleven treatment groups stained well with dithizone at 48 hours post
isolation (24 hours treatment), indicating the presence of zinc that is packaged with insulin in
secretory vesicles (Wolters et al. 1983; Shiroi et al. 2002). Thus islets from all of the
experimental groups showed evidence of insulin content, suggesting that the culture media
and conditions were supporting insulin storage. Indeed islet morphology appeared ‘normal’
for all the groups (figures 46, 47) with no apparent differences in the amount of
fragmentation, although islets in the three RC groups did appear slightly more ‘rounded’
(figure 47). This is an important observation as islet fragmentation has been shown to impair
insulin secretory capacity and lead to beta cell apoptosis (Rosenberg et al. 1999; Balamurugan
et al. 2003).
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At 5 days culture the islets maintained in m199 SC:cdriiinugd5{6 stain with dithizone, but had
suffered extensive fragmentation. The m199 RC islets retained a more ‘normal’ three
dimensional structure, with no significant fragmentation occurring (figure 48). Islet
fragmentation destroys the important physical connections between beta cells, leading to
impaired cell-cell communication. Studies have revealed that aggregated beta cells function
more effectively than lone beta cells (Hauge-Evans et al. 1999; Squires et al. 2000; Hauge-
Evans et al. 2002; Squires et al. 2002). Calcium flux studies within beta cell clusters have
shown that some beta cells within a cluster respond before others to a secretory signal,
subsequently ‘recruiting’ the dormant beta cells to secrete insulin (Squires et al. 2002), thus
indicating the importance of intercellular communication within islets in terms of regulating
appropriate levels of insulin secretion in response to secretagogues. These observations,
together with the findings of this study, support evidence previously published by the IRL
regarding the positive effect of RC on maintaining human islet structural integrity (Murray et

al. 2005).

Human islet insulin secretion

Islets were maintained in m199 SC for 24 hours post isolation, after which an insulin
secretion experiment was performed prior to allocation into experimental groups. The islets
from all four of the donors used for the study in this thesis were functionally viable,
significantly increasing insulin secretion in response to 16.7mM glucose and G+T when
compared to secretion resulting from exposure to 1.67mM glucose (p<0.01 for both
comparisons, Student’s t-test with p<0.05 being significant). Also, insulin secretion in
response to G+T was significantly higher than that evoked by exposure to 16.7mM glucose
(p<0.01, Student’s t-test). These results indicate that the islets were fundamentally functional

as they were able to detect both nutrient (glucose) and non-nutrient (theophylline) signals, and

148



that their insulin secretory mechanisms were able to rés‘bél_idfﬁy?ens‘uring appropriate levels of

insulin secretion in response to the secretagogue detected.

At 48 hours post isolation (24 hours treatment), islets from all of the eleven experimental
groups significantly increased insulin secretion in response to both 16.7mM glucose and G+T
when compared to secretion resulting from 1.67mM glucose (p<0.01 for all groups for both
treatments, Student’s t-test). All groups also showed significantly raised insulin secretion
when G+T was compared to 16.7mM (p<0.05, Student’s t-test). This trend was maintained for
all the groups at 72 hours post isolation (48 hours treatment) and 4 days post isolation (72
hours treatment), with significant differences being found when both 16.7mM and G+T
insulin secretion results were compared to 1.67mM glucose insulin release (p<0.05, Student’s
t-test). Again, insulin secretion resulting from exposure to G+T was significantly higher than
that evoked when 16.7mM glucose was employed as a secretagogue (p<0.05, Student’s t-test).
These results indicate that the islets remained functionally viable in all four tissue culture
media in SC and in m199 and EGM in RC for at least 4 days post isolation (72 hours
treatment), both in the presence and absence of 25mM TZD. Thus there was no negative
effect on islet function from either culture method (SC or RC) or any of the four culture

media assessed in this study.

Previous studies have elucidated the basic tissue culture component requirements to sustain
islet function, indicating that addition of 10% foetal calf serum was beneficial while high
glucose content (>5.5mM) was shown to be detrimental (Andersson 1976; Collier et al. 1982).
Clayton et al later showed that a serum-free medium could sustain islets and that albumin,
ethanolamine, phosphoethanolamine, and prostaglandins were beneficial to islets, while
deoxynucleotides, biotin, fetuin, sodium selenite, and zinc were detrimental (Clayton et al.

1998). The addition of insulin to islet medium did not show a significant benefit in terms of
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islet function (Clayton et al. 2001). Thus many of thebasxc tlssue culture media appear to be

adequate for islet survival and function.

A one-way ANOVA, using SigmaStat software, was employed to determine if any significant
differences occurred when insulin secretion in response to either 16.7mM glucose or G+T was
compared across the eleven treatment groups. Significant differences were found between the
experimental groups for both 16.7mM glucose and G+T at all three time points. A Holm-
Sidak post hoc test was used to make multiple comparisons and the statistically significant
differences are listed in tables 7 — 9, with p<0.05 being considered significant. Although
significant differences in insulin secretion were found (and are recorded in tables 7 — 9) in
response to 16.7mM glucose and G+T between the EGM, RPMI and Miami#1 culture groups,
these will not be discussed in this thesis as the focus was directed at the performance of m199
versus these three media. Also, comparisons between results from SC or RC TZD of one
media and SC or RC of another media will not be discussed (i.e. EGM SC TZD v RPMI SC
orml199 RC TZD v EGM RC etc.) as the effect of a TZD should be assessed within the
treatment group to gain accurate information about its action on insulin secretion (i.e. m199

SC TZD 16.7mM v m199 SC 16.7mM).

The results show that the addition of 25mM TZD increased insulin secretion in all four
culture media and for both culture methods (SC and RC), with significant differences seen in
insulin secretion in response to 16.7mM glucose in the m199 SC, m199 RC and Miami#1 SC
groups. TZD addition significantly increased insulin secretion in response to G+T in the m199

SC and m199 RC groups.

Medium 199 compared well with the other three media tested, never delivering inferior results

in terms of islet function and outperforming EGM and RPMI on four occasions, indicating
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that m199 was a suitable choice of tissue culture medium for the maintenance of human islets

under both static and rotational culture conditions.

Islets maintained in m199 RC secreted significantly more insulin in response to 16.7mM
glucose when compared to the m199 SC group at 72 hours post isolation (48 hours treatment).
Also, insulin secretion in response to G+T from m199 RC islets was significantly higher
when compared to m199 SC islets at 48 hours and 4 days post isolation. These results support
data previously published by the IRL, indicating a role for RC in maintaining functional
viability of human islets during prolonged periods of culture, thus extending the insulin
secretory lifespan of this precious resource to facilitate experimentation beyond 3 — 4 days

post isolation (Murray et al. 2005).

The main differences between m199 and the other three media tested in this study are:
2 RPMI contained 11mM glucose as opposed to the 5.5mM of the other three media
2 EGM was designed to support endothelial growth, hence included only 1% serum, but
also contained 0.04% hydrocortisone, 0.4% fibroblast growth factor, 0.1% VEGF,
0.1% insulin-like growth factor, 0.1% epidermal growth factor and 0.1% heparin
» Miami#1 medium included 5mM sodium pyruvate, 16.7um zinc sulphate, 6.25mg/L

insulin and transferrin, 6.25pug/L selenium and 25ml/L human serum albumin

Interestingly, this study supports the findings of others that many basic media containing
inorganic salts, amino acids and vitamins will support islet function satisfactorily when
compared to more expensive media containing additives purported to be required for normal
islet function (Lucas-Clerc et al. 1993; Clayton et al. 1998; Clayton et al. 2001; Jay et al.
2004), although others maintain that a defined human islet culture medium is required

(Bottino et al. 1997; Gaber and Fraga 2004; Murdoch et al. 2004).
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Endothelial cell growth can be induced by c.onditi’ons‘invszl\//lhf:gfﬁi}‘fpoxia (Gorden et al. 1997;
Mizukami et al. 2006; Ruas et al. 2007), by direct application of endothelial growth factors
(Hopkins et al. 1998; Del Moral et al. 2006) or by induction of growth factors like VEGF
(Biscetti et al. 2008; Dandona et al. 2008). Most human islet transplant studies to date do not
employ interventions directed at promoting endothelial cell health and proliferation to aid post
transplant islet revascularisation. This study attempts to ensure the health of endogenous islet
endothelial cells prior to implantation by upregulation of VEGF expression in response to
TZD exposure. The upregulation of VEGF release seen after exposure to rosiglitazone

supports the findings of other groups (Jozkowicz et al. 2000; Huang et al. 2008).

Human islet immunostaining
Islets from the m199 SC +/- TZD and m199 RC +/- TZD groups all stained positively for

insulin and VEGF, both individually and when dual staining was performed (figures 53 — 56).
The dual staining images suggest a high degree of co-localisation of insulin and VEGF. This
could be explained by the fact that vascular endothelial cells contain insulin receptors (Kondo
and Kahn 2004; Nitert et al. 2005; Chen and Michel 2006; Kearney et al. 2008) and B-cells

have been shown to sequester VEGF (Kuroda et al. 1995).

Interestingly, both the insulin and VEGF signals appeared to be stronger in the SC and RC
groups with 25mM TZD and the dual staining showed more distinct localisation of the two
signals in certain areas of the islet. While this was an observation, and thus not quantitative,

the finding is supported by both the insulin secretion and VEGF “production and release’ data.

The increased intensity of VEGF staining in the TZD treated islets may be explained by the
fact that TZDs have been shown to upregulate VEGF expression in endothelial cells via the

peroxisome proliferator-activated receptor gamma (PPARY) pathway (Yamakawa et al. 2000).
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Also, the enhanced insulin staining seen may be due to theablhty of TZDs to rejuvenate beta

cells (Bell 2003) and increase beta cell granulation (Buckingham et al. 1998).

The nuclear receptor PPARY is a ligand-dependent transcription factor that controls the
expression of specific target genes involved in adipogenesis, inflammatory responses, and
lipid metabolism (Jiang et al. 1998; Shao et al. 1998; Rocchi and Auwerx 1999; Stumvoll
2003). Several studies have shown that PPARy also inhibits tissue injury associated with
immune activation, exhibiting potent anti-inflammatory action (Ji et al. 2001; Landreth and
Heneka 2001; Wada et al. 2001; Cuzzocrea et al. 2004). Cytokines such as interleukin-1 (IL-
1), tumour necrosis factor alpha (TNF-a) and interferon gamma have been shown to reduce
insulin secretory capacity of islets and combinations of these cytokines induced islet necrosis
(Eizirik 1988; Rabinovitch et al. 1992; Yamada et al. 1993). Interleukin-2 (IL-2), a cytokine
released by T-lymphocytes, has also been implicated in islet inflammation during diabetes
development (Allison et al. 1994; Hayashi et al. 1999). In a mouse study of diabetes,
employment of a monoclonal antibody against IL-2 prevented insulitis and development of
glucose intolerance (Hayashi et al. 1999). Many other cytokines such as Fas, perforin,
interleukin-10, Th1 and FAM3B have been implicated in islet inflammation, dysfunction and
death thus promoting the development of diabetes (Yamada et al. 1996; Moriwaki et al. 1999;
Balasa et al. 2000; Marselli et al. 2001; Cao et al. 2003). Interestingly, the cytokine iterleukin-
6 (IL-6) has been shown to protect islets from the effects of the damaging cytokines (Park et
al. 2003; Chot et al. 2004). Therefore it is important to note that PPARY activation by a TZD
has been shown to modulate proliferation of macrophages, B-cells and T-lymphocytes, thus
mediating cytokine-induced inflammation driven by these cells (Marx et al. 2002;
Kostadinova et al. 2005). These findings strongly support the use of a TZD prior to and after
islet implantation as it may aid islet viability and survival by inhibition of inflammation due

to either implant injury or indeed autoimmune driven inflammation in type 1 diabetes.
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The RC TZD islet stained for insulin and CD31 éhQViéd s,ub:s_téﬁtial signals for both markers
with more distinct differences in their localisation within the islet (figure 57). Unlike VEGF,
CD31 is a dedicated endothelial cell marker and is not sequestered by beta cells, possibly

explaining the more distinct CD31 staining.

Human islet VEGF production and release

Islets maintained in m199 in SC responded to 25mM TZD by significantly increasing VEGF
production and release into the tissue culture medium. This response was seen at 48 hours and
72 hours treatment with p<0.01 (employing a Student’s t-test) for both time points.
Interestingly, VEGF production and secretion from SC TZD at 72 hours treatment was
significantly increased when compared with SC TZD at 48 hours treatment (p<0.05, Student’s
t-test). This indicates that the effect of a TZD on VEGF production from SC human islets
increased over the 72 hours exposure period. However, exposure to supraphysiological doses
of TZD lead to fissures in HUVEC after 4 days exposure (see chapter 4, figure 45). It is
possible that the compromised endothelial structural integrity could result in leakage from
endothelial cells by 72 hours exposure, thus adding to the increase in VEGF release seen over

time.

Islets maintained in RC with 25mM TZD also responded with a significant increase in VEGF
production and release at both 48 hours and 72 hours treatment when RC TZD groups were
compared to control (p<0.01 at both time points, Student’s t-test). A comparison between RC
TZD 72 hours and RC TZD 48 hours showed a significant increase in VEGF production and
release between the two time points (p<0.05, Student’s t-test). This result again implies that
the effect of a TZD on VEGF production and release from RC human islets is increased over

a 72 hour exposure period.
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When RC TZD was compared to SC TZD, VEGF productlon and release was found to be
significantly higher in RC TZD at both time points with a Student’s t-test returning p<0.05 for
48 hours treatment and p<0.01 for 72 hours treatment. This result implies an enhancing effect

of RC on the ability of human islet endothelial cells to produce and release VEGF in response

to TZD.

Rotational cell culture has proven to be useful in maintaining the health and function of islet
beta cells (Murray et al. 2005) and it is therefore possible that the endogenous islet endothelial
cells also benefit from the unique microgravity environment provided by RC. This theory is
supported by the VEGF data shown above, as human islets released significantly more VEGF
in response to TZD stimulation in rotational culture than when they were maintained in static
culture. RC is a dynamic culture system that allows dispersion of released growth factors such
as VEGF, thus possibly enhancing the effect by increasing the opportunity for cells to make
contact with it. This upregulation of VEGF by islet endothelial cells may impact positively on
engraftment of the transplant as many studies have shown that VEGF drives angiogenesis

(Takeshita et al. 1994; Ferrara 2000; Kanazawa 2007).

Conclusions

This study supports evidence in the literature that human islets can be successfully maintained
in various tissue culture media (Lucas-Clerc et al. 1993; Brendel et al. 1994; Clayton et al.
1998; Jay et al. 2004). However, no advantage was seen over medium 199 when more
expensive, commercially available media were assessed in terms of maintaining islet structure

or function.

Islet structure and insulin secretory profiles deteriorate significantly after approximately 3 - 4
days in conventional static culture (Brendel et al. 1994; Matta et al. 1994; Bottino et al. 1997;
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Murray et al. 2005). Several phenomena, mcludmgactlvatxonof %reé radicals and nitric oxide
production, may be responsible for these effects (Bottino et al. 1997; Murray et al. 2005).
Also, the fragmentation of the three dimensional structure of the islets initiated by enzymatic
disruption of the pancreas during islet isolation was exacerbated by conventional static culture
methods (Matta et al. 1994; Rosenberg et al. 1999; Balamurugan et al. 2003). Employing a
bioreactor culture system or a rotational cell culture system that provided a microgravity
environment, had a significant effect on maintaining islet structure and supported islet

function for longer periods than conventional static culture (Matta et al. 1994; Murray et al.

2005).

TZDs have been shown to have a beneficial effect on both insulin secretion (Lupi et al. 2004;
Zhou et al. 2005; Campbell and Mariz 2007) and the production and release of VEGF (Emoto
et al. 2001). In this study, the addition of 25mM TZD (rosiglitazone) to the culture medium

increased human islet insulin secretion and VEGF production and release.

These results indicate the potential application of a combination of rotational cell culture and
a TZD as an effective pre-treatment for human islets prior to implantation to support the
insulin secretory function of the beta cells and prime the endothelial component of the islet to

proliferate more rapidly, potentially facilitating enhanced islet revascularisation.



Chapter 6: Protocol develobm’e‘n?t?fbr‘:szessing human islet

vascularisation

Introduction

A small pilot study was undertaken to commence protocol development for in vivo
assessment of the vascularisation of human islets cultured under conventional SC conditions
+/- TZD. Although the results from chapters 4 and 5 show a beneficial effect of RC on
maintaining islet structure and viability, use of SC would be required as a control against
which to measure differences encountered in vivo by employing RC and was thus used as a
starting point for protocol development. Due to unavailability of human pancreata, frozen

islets were used for this study, table 11 summarises the isolation procedure and outcome.

The addition of VEGF to human islet culture medium has been shown to preserve the beta
cell insulin secretory response in the presence of toxic immunosuppressants such as
tacrolimus, sirolimus and rapamycin (Cross et al. 2007; Laugharne et al. 2007), while the
delivery of human VEGF ¢DNA to murine islets resulted in improved islet function and
revascularisation after implantation under the kidney capsule of diabetic mice (Zhang et al.
2004). A recent study showed that VEGF-A deficient mice exhibited reduced insulin gene
expression levels and impaired glucose tolerance, indicating a role for VEGF in promoting
healthy islet function (Jabs et al. 2008). Thus, the evidence in the literature suggesting the
benefits of VEGF in terms of supporting both islet function and revascularisation, together
with the results from chapters 4 and 5, strengthened the argument for upregulation of VEGF

expression via TZD exposure prior to islet transplantation.

Vascular corrosion casts have been used extensively to investigate vasculature (Nopanitaya et

al. 1979; Whiteley et al. 2006), including that of the kidney (Wei et al. 2006) and the casts
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have traditionally been analysed by scanning électroh m'iéroseop,y (Burger et al. 1984;

Fahrenbach et al. 1988; Macchiarelli et al. 2006; Whiteley et al. 2006).

For the purposes of this study, x-ray microtomography was investigated as a possible means
of analysing the vascular corrosion casts. X-ray microtomography (XMT) is a miniaturised
version of medical CT or CAT (computed axial tomography) scanning. The specimen is
mounted on a turntable between an x-ray source and an x-ray sensitive camera and a series of
X-ray projections are recorded at a number of angles around the specimen, usually over a
range of either 180 or 360 degrees. In XMT, unlike medical CT, the specimen is usually
rotated, rather than the X-ray source and detector. As the projections are taken through a
single plane in the specimen, it is possible to reconstruct a cross sectional image of that plane.
In most XMT scanners today, two dimensional images are recorded, making it possible to
reconstruct a complete three dimensional (3D) map of X-ray attenuation (personal
communication with Dr. Taghi Miri, Department of Chemical Engineering, University of

Birmingham, September 2008).

X-ray microtomography has been used to produce 3D images of structures as diverse as ice
crystals formed during food freezing (Mousavi et al. 2007), bone ingrowth into porous
biomaterials (Jones et al. 2007), barium sulphate filled microangioarchitecture of tumours in
rabbits (Maehara 2003), microcirculation in rat kidneys perfused with a lead chromate
containing, silicon based solution (Ortiz et al. 2000), and formalin fixed, excised inner ears of

mice (Van Spaendonck et al. 2000).

158



Methods

Post-thawing, the islets were divided into two groups and maintained in static culture (90mm
petri dishes) in medium 199 (supplemented with 10% FCS, 100U/ml penicillin, 100pug/ml
streptomycin and 10pg/ml amphotericin B) +/- 25mM TZD. A trypan blue membrane
integrity test returned a post-thawing score of 22 indicating viable islets. An insulin secretion
experiment was performed on both groups at 24hrs culture to establish islet function, figure

61 shows the insulin secretion data obtained.

Islets were transplanted under the kidney capsules (Lacy et al. 1982; Davalli et al. 1995;
Jaeger et al. 1995; Mattsson et al. 2006; Caiazzo et al. 2008) and into the spleens (Andersson
1982; Sandler and Andersson 1982) of six 13 week old, non-diabetic, lean male mice using
keyhole surgery, see figure 60. As the purpose of this pilot study was an initial investigation
into revascularisation it was deemed unnecessary to use diabetic mice at this stage, however,
once a suitable protocol has been established it is envisaged that diabetic mice will be used to

assess graft function in conjunction with engraftment.
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The pancreas arfiVed,/éti the IRLat 17.20 with a cold

Cold ischaemia ischaemia time of 10.5 hours

time

The organ was well packaged: double bagged with
sufficient ice. A section of spleen and a large amount of
o fat were attached; the pancreas was a healthy pink-brown
Organ description colour. There was no visible damage to the organ or

capsule after removal of the fat and spleen tissue.

84g of tissue was available for islet isolation and a very
good degree of ductal distension was achieved with
infusion of Liberase (lot no: 93597920). The pancreas was
left intact for the initial 30 minute digestion phase after
Digestion phase | which it was cut into 6 pieces and allowed to disperse for
a further 10 minutes

The pancreatic tissue was well dispersed with many

exocrine clumps visible and free islets ranging from 50 -

Pre-separation 600um in diameter. A trypan blue score of 22 indicated

digest
188 viable islets.
The post-separation islet preparation purity was ~85%
with islets varying in size from 50 - 600um. A trypan blue
Isolated islet score of 22 indicated viable islets. 314 000 IEQ were
preparation isolated of which 6 vials containing 20 000 IEQ/vial were

cryopreserved for future use.

Table 11. A summary of the islet isolation procedure and the outcome obtained from the
donor pancreas used to produce the islets for this transplant study.

Anaesthesia was induced using an isofluorane/oxygen combination (Chung et al. 2007; Taylor
2007; Valentim et al. 2008) and the abdominal area was swabbed with an iodine solution prior
to a small area of fur being removed in the upper left quadrant of the abdominal area. A 1cm
incision was made with sterilised surgical scissors and the left kidney was exposed using

sterilised forceps to gently part the abdominal wall.

160



Figure 60. Keyhole surgery technique used for depositing human islets into a channel under
the kidney capsule. All surgical procedures were performed by Professor C.J.Bailey.

The islets were contained in a sterile 1ml syringe with a 26G needle that was used (as
opposed to the 25G needle shown in figure 60) to pierce the kidney capsule and create a
small channel into which the 50 islets were injected. The same procedure was followed to
place 50 islets into the spleen before the abdominal wall was closed with 3 sutures and the

skin with one suture and two stainless steel clips.

Three of the mice received 50 islets from the m199 SC group under the left kidney capsule
and a further 50 islets into their spleen. The procedure was repeated on the remaining 3 mice
with islets from the m199 SC TZD group. Prior to recovery from anaesthesia each mouse
received Smg/kg azathioprine immunosuppressant and 10pg/kg Vetergesic analgesia

subcutaneously as per manufacturer’s instructions.

The animals were placed on warming plates and observed at regular intervals after surgery to
monitor post-operative recovery. All six mice recovered rapidly, moving freely around their

cages and eating.
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Analgesia was administered as above at 24 hours pc/)/st/—/tra/i/ljs’plantféfter which it was withdrawn
as the animals showed no sign of discomfort, continued to consume food and water and the
incision sites were healing well. Azathioprine was administered daily at Smg/kg
subcutaneously and body weights and general observations were recorded daily. All 6 mice
lost weight within 48 hours after the procedure, but recovered their body weight by day 5 post

transplant.

One animal from each group was terminated by cervical dislocation on days 6, 9 and 12 post
islet implant. A systemic saline flush was administered, the spleen was harvested and fixed in
formalin for histological examination, and a polymer was infused into the left kidney to yield

a vascular corrosion cast.

Results

Pre-transplant islet assessment

The islets were assessed for glucose stimulated insulin secretion at 24 hours culture, a few
hours prior to implant. In brief, a sample of islets from each group was placed into a low
glucose solution (1.67mM) for 1 hour at 37°C to allow the islets to settle to a state of basal
insulin secretion. For each group 20 islets/tube were placed into 18 LP2 tubes after the 1 hour
pre-incubation and 2ml/tube of the relevant secretagogue — low glucose (1.67mM), high
glucose (16.7mM) and G&T (16.7mM glucose + 10mM theophylline) — was added (n = 6 per
secretagogue). The islets were incubated for 1 hour at 37°C after which the supernatants were
removed and analysed for insulin content by ELISA assay (see chapter 2). A Student’s t-test
returned p<0.05 (statistically significant) for both groups when insulin secretion in response
to 16.7mM glucose and G+T were compared to insulin secretion from islets challenged with
1.67mM glucose. Figure 61 shows the insulin secretion results for both the m199 SC and
m199 SC+TZD groups.
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Figure 61. Insulin secretion from the human islet preparation used for this transplant study.
Data represent insulin secretion 24 hours post thawing from islets maintained in medium 199
under static culture conditions +/- 25mM TZD.

Kidnev vascular corrosion casts

On days 6, 9 and 12 post transplant one mouse from each group was terminated by cervical

dislocation. A vascular corrosion cast was prepared from the left kidney of each mouse as

described in chapter 3, the kidney tissue was macerated in a 20% w/v NaOH solution the casts

were cleaned under warm, running water and then stored in filter sterilised deionised water

prior to being photographed (figures 62, 63).
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Figure 62. Photographs of vascular corrosion casts obtained from polymer infusion into the
left kidneys of mice at days 6, 9 and 12 post islet implant from the control (m199 SC) group.
Image A depicts the vascular corrosion cast from control 1, while B and C show the casts
obtained from control 2 and 3 respectively.

164



Imm

E E EE EE E R EE B B
B

Imm

C

AEEEEEREEERE

Figure 63. Photographs of vascular corrosion casts obtained from polymer infusion into the
left kidneys of mice at days 6, 9 and 12 post islet implant from the treatment (m199 SC TZD)
group. Image A depicts the vascular corrosion cast from TZD 1, while B and C show the casts
obtained from TZD 2 and 3 respectively.
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Spleen histology

Upon termination of the relevant mice on days 6, 9 and 12 post islet-implant, the spleens were
excised and fixed in formalin after administration of the systemic saline flush, but prior to
initiation of polymer infusion to produce vascular corrosion casts. A Smm section through the
area of islet implantation of each spleen was sent to the Worcester Royal Hospital
Histopathology Laboratory for tissue processing, paraffin wax embedding and sectioning onto

glass slides.

Microwave antigen retrieval was performed on all sections in a 10mM sodium citrate buffer
for 40 minutes prior to commencement of insulin staining. Both fluorescence and enzyme-
substrate based staining methods were tested to assess suitability for use on formalin fixed,
paraffin wax embedded mouse spleen samples. Image 64 shows staining achieved in the
control 3 spleen with TMB used as a substrate for horseradish peroxidase, and DAB
visualisation of human insulin in the TZD 1 spleen. Image 65 shows fluorescence staining for
insulin achieved in the control 1 and 2 as well as in the TZD 2, and 3 spleens with TRITC
visualisation of insulin in the control 1 spleen and FITC employed for the remaining

experimental groups.

Figure 64. Human islets detected in the control 3 spleen usig an enzyme-substrate Stainin
technique with TMB resulting in blue visualisation of human insulin (A). DAB was used to
visualise insulin in the TZD 1 spleen (B). Photographs were taken at x20 magnification.
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Figure 65. Human islets detected in the control 1 spleen using a fluorescence staining
technique with TRITC resulting in red visualisation of human insulin (A). FITC was used to
obtain green visualisation of insulin in the control 2 (B), TZD 2 (C) and TZD 3 (D) spleens.
Photographs were taken at x20 magnification.

X-rav microtomography of vascular corrosion casts

X-ray microtomography (SkyScan-1072 microtomograph from SkyScan, Antwerpen,
Belgium) of each cast yielded ~600 frames of information relating to the vasculature of the
kidney. The tomography data were processed by the Department of Chemical Engineering at
the University of Birmingham to produce images representing ‘slices’ through each kidney
cast on the z-axis (see figures 68 — 73). As the University of Birmingham do not currently
possess software to quantify the data relating to vasculature, 10 frames per cast were selected
from the central section of the kidneys (where most of the islets were expected to be located,
see figure 66). Five vessel measurements were performed per frame in the area shown in
figure 67, employing the CTAn SkyScan volumetric reconstruction software supplied by the

Department of Chemical Engineering, University of Birmingham.
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While the newly formed vascular supply to the implanted islets was expected to have a

diameter as small as 5.27um (Henderson and Moss 1985), the means to measure and quantify

these vessels were not available. Thus it was decided that unusual ‘hot spots’ or larger than
expected vessels, possibly indicating increased blood flow to sites of injury or ischaemia,

would be measured in the areas where islet location was anticipated.

Area of cast from

A

which 10 frames were

selected for vessel

measurement

Figure 66. Ten frames from the central section of each cast were selected for vessel
measurement.

Area of each
frame within
which 5 vessel
measurements
were made.

Figure 67. Five vessels from each of the ten frames selected per cast were sized within the
area shown using the CTAn SkyScan volumetric reconstruction software.
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‘Flgure 68. The ten frames selected for vessel measurement from control 1. The position of
the yellow arrow indicates the area of the cortex where islets were implanted.
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AFlgre 69. The ten frames selected for vessel measurement from control 2. The position of
the yellow arrow indicates the area of the cortex where islets were implanted.
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AFigure 70. The ten frames selected for vessel measurement from control 3. The position of
the yellow arrow indicates the area of the cortex where islets were implanted.
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AFigure 71. The ten frames selected for vessel measurement from TZD 1. The position of the
yellow arrow indicates the area of the cortex where islets were implanted.



Figure 72. The ten frames selected for vessel measurement from TZD 2. The position of the
yellow arrow indicates the area of the cortex where islets were implanted.
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Figure 73. The ten frames selected for vessel measurement from TZD 3. The position of the
yellow arrow indicates the area of the cortex where islets were implanted.
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Vessel size groups
Corrosion No of No of No of No of No of
cast vessels <50 | vessels 50 - | vessels 75 - | vessels 100 vessels
pm 75 pm 100 pm - 125 pm >125 pm
Control 1 6 30 8 4 2
Control 2 5 29 9 5 2
Control 3 6 23 10 8 3
Ct‘:)?:lr;l 17 82 27 17 7
TZD 1 6 23 12 6 3
TZD 2 4 21 14 7 4
TZD 3 4 19 13 8 6
TZD totals 14 43 39 21 13

Table 12. Vessel sizing results for S vessels per frame from 10 frames per cast.

Discussion

Pre-transplant islet function

Both groups showed a significant increase in insulin secretion in response to high glucose
(16.7mM) and G&T when compared to low glucose. A Student’s t-test returned p<0.0S for
16.7mM v 1.67mM and G&T v 1.67mM for both groups. Unusually for human islets, there
was no significant difference in insulin secretion when G&T was compared to 16.7mM
employing a Student’s t-test (p>0.05 for both groups). In addition, there was no significant

difference in insulin secretion for the same secretagogue between the two groups.

Cryopreservation has been shown to compromise islet function, blunting the insulin secretory
ability in response to high glucose (Piemonti et al. 1999; Gatto et al. 2003) and other

secretagogues such as theophylline (Hou et al. 2006), hence fresh islets will be used wherever
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possible for subsequent transplant studies. Also, 1sletswere ﬁié&ed into experimentai groups
(SC and SC TZD) immediately after thawing and subjected to an insulin secretion experiment
24 hours later. It is possible that exposure to a TZD directly upon thawing may have added to
islet stress post-thawing, resulting in a detrimental effect on islet function. McKay and Karow
showed that islets were functional post-thawing but that the insulin secretory response was
improved by increasing the post-thaw culture period, thus providing proof that islets require a
recovery period after cryopreservation in order to return to a normal functional state (McKay
and Karow 1983). This evidence, together with the IRL results showing that rotational culture
preserves islet structure and supports islet function (Murray et al. 2005), suggests that a 24 —
48 hour period of rotational culture post thawing, prior to commencement of experimentation,

may aid the restoration of islet function after cryopreservation.

Kidney vascular corrosion casts

The renal cortex of mice has been shown to be a favourable islet implantation site, supporting
the insulin secretory profile of the islets, thus resulting in reversal of diabetes (Mellgren et al.
1986; Hayek and Beattie 1997). At least part of the explanation for the success of implants
into animal kidneys is believed to be the nature and extent of the vascular supply, especially
to the renal cortex: an extensive arteriolar supply that is not subject to strong local regulation.
A study by Carlsson er al showed that capillary pressure in revascularised islets implanted
under the kidney capsule of rats was similar to that of the kidney, indicating good islet
revascularisation and perfusion (Carlsson et al. 1998). Also, islets implanted into the renal
cortex showed a higher level of revascularisation than intra-splenic islet implants (Mattsson et

al. 2002).

The kidneys are highly vascularised organs receiving a substantial proportion of cardiac

output via the renal artery, which branches and supplies the glomeruli in the renal cortex via
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the afferent arterioles (Brenner and Beeuwkes 1978; Rosivall et al. 1979). Post-glomerulus,
the efferent arterioles supply the medulla with blood (Brenner and Beeuwkes 1978; Rosivall
etal. 1979). A study by Geraghty ef al showed that mean cortical blood flow is three times
higher than medullary blood flow (Geraghty et al. 1992). This renal microvascular
arrangement indicates that the cortex receives a higher proportion of oxygen-rich arterial
blood than the medulla, and the cortical arterial blood has a higher oxygen tension than
medullary arterial blood (Nelimarkka et al. 1982), thus supporting the implantation of islets

into the cortex. The interstitial osmotic gradients into the depth of the medulla further reduce

this as a suitable site compared with the cortex (Geraghty et al. 1992; Pallone et al. 1998).

Vascular corrosion casts have been used extensively to depict and study the vasculature of
kidneys in many species; including angiogenesis resulting from polycystic kidney disease in
humans (Moore et al. 1992), the vasculature of the kidney in pigs (Moore et al. 1992), renal
vasculature of rabbits (Wagner et al. 2006), renal microvasculature in rats (Manelli et al.
2007; Sricharoenve;j et al. 2007) and guinea pigs (Sangiorgi et al. 2004), as well as in mice

(Ninomiya et al. 1998; Drevs et al. 2002).

Scanning electron microscopy of corrosion casts from a study investigating the anatomy of
capillaries in the rat heart showed that corrosion casts were able to depict vessels with a
diameter as low as 5.6um (Hossler et al. 1986). Vascular corrosion casts from a study of the
three-dimensional micromorphology of vessels in the growth zone of rat femurs were able
depict vessels with a diameter of around 5um (Aharinejad et al. 1995). These studies support
the use of vascular corrosion casting as a means of depicting mouse renal vasculature and

possibly detecting islet microvasculature post islet implant.
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Successful vascular corrosion casts were obtaiﬁe& from all three mice in each of the two
experimental groups. The renal veins of control 1 and 2 and TZD 1 mice ruptured upon
completion of polymer infusion, leading to the additional cast section in the position of the
renal vein. The polymer infused into the TZD 2 failed to fill the small vessels in one minor
area directly under the kidney capsule. Fortunately, these imperfections occurred outside the
area of the casts where the islets were expected to be located. All the casts were thus deemed

suitable for further analysis by x-ray micro tomography at the Chemical Engineering

Department of Birmingham University.

A study by Morini showed that the pressure used for polymer infusion was crucial for
obtaining a complete vascular cast, with a pressure of 100 +/- 5 mm Hg providing the best
results (Morini et al. 2000). In an attempt to avoid renal vein rupture and to ensure complete
filling of the kidney microvasculature with the polymer, future studies will employ a syringe
pump to regulate the filling pressure (Fahrenbach et al. 1988). Although the polymer used in
this study is a low-viscosity methyl methacrylate plastic (Sudwan et al. 1991), for future
studies its viscosity will be monitored and, if necessary, adjusted to more closely resemble

that of blood (Lametschwandtner et al. 1990).

Spleen histology

The spleen has been used successfully as a transplant site for islets and beta cell aggregates,
with islet morphology remaining unaffected by the intra-splenic environment (J anney et al.
1982; Sandler and Andersson 1982; Warnock et al. 1983; Mellgren et al. 1986; Hayek and
Beattie 1997; Horton et al. 2000; Aoki et al. 2005). Also, intra-splenic islet implants have
been detected by immunostaining for insulin (Banks et al. 1982; Warnock et al. 1983; Horton
et al. 2000; Aoki et al. 2005), supporting the utilisation of the spleen in this study as an islet

depot for histological examination at given time points post implant.
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Both of the techniques used in this study to detect insulin via immunostaining have been
documented in the literature (Banks et al. 1982; Cross et al. 2007; Dickens et al. 2008;
Passam et al. 2009). The enzyme-substrate staining method yielded satisfactory results when
employed to visualise human insulin to detect islets implanted into the spleens of mice. Both
TMB and DAB were used as substrates for horseradish peroxidase, with TMB resulting in
blue insulin staining in the control 3 spleen and DAB producing a brown stain in the TZD 1

spleen (figure 64).

Fluorescence staining produced good quality visualisation of human insulin in the remaining
spleens, with TRITC resulting in a red stain for insulin in the control 1 spleen and FITC

staining insulin green in the control 2 as well as the TZD 2 and 3 spleens (figure 65).

Both methods proved to be useful for detecting human islets implanted into mouse spleens,
with clear staining and minimal background or non-specific staining. However, fluorescence
staining may lend itself more readily to quantification with the intensity of the fluorescent
signal relating to the quantity of antibody-bound ligand (Phillips et al. 1991; Antonini et al.
2000; Lopez et al. 2005). Image analysis software available from Zeiss is compatible with the

fluorescence microscopy system currently in use at the IRL.

X-rav microtomographv of vascular corrosion casts

The process of x-ray microtomography (XRM) is potentially ideal as it is non-invasive (Cano
et al. 2007; Kuhn et al. 2007; Heethoff et al. 2008) and does not require the sample to be
destroyed by sectioning as does scanning electron microscopy (SEM) or any form of

histological processing.
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XRM was able to accurately depict vessels With a diaﬁ%éfer:asflow' as 14 pm during a study of
the microcirculation in a mouse placenta (Langheinrich et al. 2004), while XRM of a polymer
sponge returned structure diameters as low as 12.5 um (Muller et al. 2002). The smallest
vessels detected in the corrosion casts from this study had a diameter of 7 um, with the
possibility of smaller vessels being visualised by XRM in future studies (personal
communication with Dr Taghi Miri, Chemical Engimneering Department, University of
Birmingham, November 2008), suggesting that XRM would be a suitable means of non-

invasive corrosion cast examination.

The purpose of employing x-ray microtomography was to assess its potential as an alternative
to SEM; however, until an automated method is developed to quantify the data generated, it
would be prudent to use these two methods in conjunction with quantitative fluorescence
microscopy to accurately elucidate the effects of TZD islet pre-treatment on post-implant

engraftment.

The control 3 and TZD 3 casts were damaged during mounting for x-ray microtomography,
unfortunately in the area relating to islet location. However, it was still possible to measure 5
of the largest vessels in the designated area (figure 67) for each of the ten frames selected per
cast. Such small areas of damage will have less impact on the outcome of engraftment studies

if an automated method can be developed to assess vessels in all of the relevant frames

(~200).

To assess if there was an increase in blood supply in response to implant injury or islet
ischaemia, the five largest vessels were measured using the CTAn component of the SkyScan
software developed for use with x-ray microtomography (Foo et al. 2007). Care was taken to

measure diameter as accurately as possible by not measuring vessels obviously in the
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horizontal plane. This method of assessment was not quantitative and had limitations as it was

not possible to manually score all of the relevant frames (~200) for each cast.

Table 12 shows the size distribution of the vessels measured for the control and TZD casts.
The results indicate that the TZD casts generated 73 vessels in the size groups with a vessel
diameter in excess of 75um compared to 51 vessels >75um in the control casts.
Approximately 50% of the vessels in the TZD casts had diameters in excess of 75um, while
the control casts yielded around 33.33% vessels >75um. This result could point to increased
blood flow, via angiogenesis, to the area of injury caused by needle insertion for implantation
of islets and the stress signals from ischaemic islets (Linn et al. 2006). While it is again
stressed that these results were not quantitative, they do seem to substantiate the quantitative
results from VEGF analysis that indicates a considerable increase in the growth factor that

drives vascular growth.
Recent technological advances have resulted in a method to quantify X-ray microtomography
images in 3D (Jones et al. 2008), supporting the decision to investigate this non-invasive

imaging technique.

Conclusions

While the cryopreserved islets used for this study were viable, the robust insulin secretory
response 1o secretagogues was somewhat blunted as neither the SC or the SC TZD group

showed significantly increased insulin secretion in response to G+T when compared with
insulin secreted in response to 16.7mM glucose. Wherever possible, fresh islets should be
used for future studies to ensure the best possible condition prior to treatment and

implantation.
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The presence of insulin staining in the spleens from both gfquﬁs indicates that the transplant
method was successful; and that the transplant site selected to harvest islets for histological

examination was appropriate.

The success of the kidney vascular corrosion casts for both groups indicates that the method
developed for corrosion casting and the polymer selection were both suitable. However, due
to renal vein rupture, the polymer viscosity will be altered for future studies to resemble that
of blood more closely and a syringe pump will be employed to maintain a suitable filling

pressure.

Recent advances in x-ray microtomography suggest that this method may be used to quantify
data gained from vascular corrosion casts. It is envisaged that quantitative fluorescence
microscopy will be used in conjunction with x-ray microtomography to study the
revascularisation of human islets maintained in RC and treated with a TZD prior to

implantation.
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Chapter 7: Overview a?ﬁ'd”fCOn'CIUS-ions

Introduction

Islet transplantation shows promise as a potential cure for insulin dependent diabetes and may
have applications in certain patients with severe or labile non-insulin dependent forms of
diabetes. The research performed for this thesis was aimed at certain aspects of the islet
transplant process which require improvement. These include efforts to increase the islet yield
from donor pancreata (Lakey et al. 2002; Brandhorst et al. 2005; Miki et al. 2008), reducing
the beta cell toxicity of immunosuppressants (Laugharne et al. 2007), immunomodulation of
islets prior to implantation (Varotto et al. 2006; Giannoukakis et al. 2008), enhancing islet
viability pre and post implantation (Hanley et al. 2006; Yamamoto et al. 2008) and improving
the rate of islet engraftment post transplant (Del Bo et al. 2006; Johansson et al. 2008). A
particular problem is the failure of islets to vascularise promptly after implantation, which is
necessary to avoid the detrimental effects of post-implant hypoxia and to re-establish waste
removal and nutrient supply. Thus the main purpose of the work for this thesis was to
investigate the possibility of developing an in vitro islet pre-treatment to ensure the health and
viability of both the endocrine islet and its endogenous vasculature to support post-transplant

insulin secretory capacity and enhance revascularisation.

Methodology development

Due to a paucity of human tissue for research, particularly after the introduction of new
legislation relating to the Human Tissue Act, initial experiments were performed using the
BRIN-BD11 beta cell line to represent the insulin secretory fraction of the islet
(McClenaghan et al. 1996). Additionally, human umbilical vein endothelial cells (HUVEC)
were selected to simulate the vascular component. A rotational cell culture system was

employed to provide a microgravity environment for more efficient nutrient and oxygen
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distribution, to allow cell-cell contact during culture tﬁ;i:encomaged D11 pseudoislet
formation and maintenance of human islet structure, to facilitate cell contact with released
growth factors such as VEGF, and to enhance functional viability of D11 pseudoislets and
human islets (Murray et al. 2005). Furthermore, the addition of the TZD rosiglitazone to
culture media was assessed as a potential means to upregulate endothelial VEGF expression,
thereby enhancing endothelial proliferation (Biscetti et al. 2008). An additional benefit of
TZD employment was the B-cell protective effect of the drug and its ability to increase B-cell

granulation (Yang et al. 2008).

Insulin secretion from D11 cells and human islets in both conventional static culture and
rotational culture was induced by secretagogues during static incubation experiments.
Secreted insulin was detected by ELISA, while insulin expression was determined by

immunostaining.

VEGF production and release from HUVEC and islet endothelium was induced by addition of
a TZD to the culture medium, which was subsequently assessed for VEGF content by ELISA.

VEGF expression in HUVEC and human islets was determined by immunostaining.

Initiation of protocol development to assess human islet revascularisation post-transplant was
achieved by intra-splenic and renal subcapsular implantation of human islets into male mice.
Detection of human islets in the excised, formalin-fixed mouse spleens was performed by
immunostaining, while the kidney vasculature was visualised by vascular corrosion casting

and subsequent cast analysis by x-ray microtomography.

The main problems encountered by application of the above methodologies to my

investigations included:
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2 optimising culture conditions to support the Vlabxhty of; fat—derive_d beta cells and
human endothelial cells in both static and rotational culture

# determining appropriate TZD concentration to support beta cell function and enhance
endothelial proliferation

3 developing a dual staining technique for both enzyme-substrate and fluorescence
based immunostaining in order to visualise insulin and CD31 or insulin and VEGF

simultaneously in D11/HUVEC co-cultures and human islets

o
&

K

selection of two appropriate islet implantation sites to allow examination of
vasculature and histological detection of human islets
# choice of a novel yet suitable technique to visualise renal/islet vascular morphology

post islet implant

Culture conditions were optimised for the co-culture of D11 and HUVEC by assessing
HUVEC morphology and D11 morphology and insulin secretory capacity during culture in
various combinations of RPMI and EGM tissue culture media as well as varying serum
concentrations. The media combination that yielded the best results in both static and
rotational culture was a 50:50 ratio of RPMI and EGM with 5.5% foetal bovine serum (see
chapter 4 discussion). Endothelial cells are traditionally cultured with 1 — 2% serum (Bishop
et al. 1999; Lang et al. 2001), but have been reported to proliferate very well in media
containing 10% serum when angiogenic factors such as VEGF are present (Davison et al.
1980; Gospodarowicz and 111 1980). EGM contains VEGF, fibroblast growth factor, insulin-
like growth factor and epidermal growth factor, thus encouraging HUVEC proliferation in the
presence of 5.5% FBS. This combination of RPMI and EGM with 5.5% FBS also effectively
maintained D11 insulin secretion in response to secretagogues, thus proving it to be a suitable

medium for D11 and HUVEC co-culture.
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The appropriate TZD concentration to support Difi: func ,10n/;a/1:i‘d HUVEC proliferation was
determined by assessing D11 insulin secretion in response to three secretagogues, and
HUVEC ATP content after exposure to a TZD. 10mM TZD significantly enhanced HUVEC
proliferation and improved D11 insulin secretion, however, human islet insulin secretion was
best supported by 25mM TZD. Studies have shown that supraphysiological doses of TZDs are
required to upregulate VEGF expression via the PPARy pathway, with researchers using
concentrations up to 25mM TZD in vitro to elicit the desired response (Yamakawa et al.
2000). /n vivo studies have shown that concentrations of TZDs up to 1500 times the human
therapeutic dose were well tolerated (Lewis et al. 2001; Mody et al. 2007; Lewis et al. 2008).
A dose response experiment indicated that HUVEC responded best to a 10mM concentration
of TZD in terms of intracellular ATP content, while this dose also supported secretagogue-
induced D11 insulin secretion. Interestingly, human islet insulin secretion and VEGF
production and release were best supported by 25mM TZD. Human B-cells and islet
endothelium thus required a higher concentration of TZD than D11 and HUVEC. This was
possibly due to fundamental differences in signal handling between human and rat-derived B-
cells and between HUVEC and endogenous islet endothelium. For the clinical setting, it
would be suggested that islets undergo a 24 hour period of RC pre-treatment with a
supraphysiological dose of TZD to initiate accelerated endothelial growth and support islet
viability. However, islets would be removed from the high TZD exposure prior to
implantation to avoid a possible carry-over effect of high TZD concentrations post-implant,
such as detrimental angiogenesis potentially exacerbating conditions such as retinopathy —
although both rosiglitazone and troglitazone have been shown to prevent retinopathy in mice
at doses of 100 micromol/L (Murata et al. 2001) by inhibition of retinal endothelial cells. A
clinically relevant dose of TZD may be administered to the recipient for a period of two to

four weeks post implant to support islet revascularisation and function.
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An enzyme-substrate based immunostaining pxéotfo‘cérl”ivas fdevejlé)ped by testing a range of
antigen retrieval techniques, as well as antibody concentrations and incubation times. The
protocol described in chapter 2 reproducibly results in high quality staining for insulin in D11
cells and CD31 in HUVEC, allowing for dual staining of these two antigens with no evidence
of non-specific or background staining. This process was repeated to produce a robust
fluorescence immunostaining protocol to allow for dual staining of insulin and either VEGF

or CD31 in human islets.

The liver, kidney, spleen, pancreas, omental pouch and peritoneum have been explored as
potential sites for islet implantation (Merani et al. 2008). As this study required access to the
islets at various time points post implant, the liver was ruled out due to the dispersal of islets
after release into the portal vein. The pancreas was excluded due to its tendency to develop
pancreatitis following injury. While adipose tissue has been shown to release angiogenic
factors, the omentum and peritoneum were rejected as implant sites due to poor vascular
supply as post-transplant TZD therapy will be a consideration in future studies and vascular
corrosion casting would be impractical. The kidney offers a highly vascularised site that has
been used with much success and subcapsular implantation would ensure a degree of islet
confinement for post-implant study (Mellgren et al. 1986; Hayek and Beattie 1997). However,
nephropathy in human diabetes sufferers reduces the likelihood of clinical renal islet
implantation, thus a second site was explored during this study. The spleen has been utilised
as an islet implantation site, successfully trapping islets for histological examination (Scharp
etal. 1992; van der Burg et al. 1996; Hayek and Beattie 1997; Horton et al. 2000; Aoki et al.
2005). However, the relative risk of haemorrhage and the improved access of lymphocytes to
transplanted tissue in the spleen would limit its use as a clinical choice for islet transplantation

(Merani et al. 2008).
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From an immunologic perspective, the ideal site woﬁld*,ﬁi*owdé ﬁnmﬁnoprivilege to protect
newly implanted islets from early inflammatory attack. From the surgical viewpoint; the ideal
site would allow easy access to minimise potential implantation complications and a
transplant site requiring the least number of islets would be advantageous to reduce the need
for high transplant volume or for infusions from multiple donors (Merani et al. 2008). Good
access of transplanted tissue to oral immunosuppressive drugs and ease of monitoring would
also be useful (Merani et al. 2008). The gastric submucosa and subserosa have been
investigated as potential islet implantation sites, with both locations generating encouraging
results (Sageshima et al. 2001; Tchervenivanov et al. 2002; Caiazzo et al. 2007). The
advantages of these sites include ease of access for implant, good vascularisation and ready
access to oral therapeutic agents (Merani et al. 2008). However, a full evaluation of metabolic
function and morphology, as well as comparison with the portal and other sites, is yet to be
completed (Merani et al. 2008). Due to convenient accessibility and monitoring through
biopsy, skeletal muscle in the forearm has been investigated in three humans as a potential
clinical implantation site (Stegall 1997). However, this site resulted in more leucocytic
infiltration than others and biopsies showed that two of the three patients transplanted showed
infiltrate consistent with autoimmune disease (Stegall 1997). Thus, for the purposes of
continuing the research performed for this thesis, the kidney and spleen would remain a

suitable choice of islet implantation site.

Various techniques have been developed to visualise and study vasculature. Certain
techniques such as magnetic resonance imaging, contrast enhanced computer tomography and
Doppler ultrasonography were unsuitable as access to the required equipment was
unavailable. Vascular corrosion casts provide a three dimensional representation of the
polymer infused vasculature and have traditionally been examined by scanning electron

microscopy. A novel method of corrosion cast analysis was sought for this study to
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complement histological examination of implanted i/:si'ets.tSele;t‘ion criteria for the new
technique included accurate, three dimensional and non-invasive imaging of the cast to allow
for additional, invasive scanning electron microscopy if required. Thus x-ray
microtomography, an emerging technique allowing non-invasive three dimensional

reconstruction of x-ray data, was assessed.

Key findings and implications

Cross-species co-culture of rat-derived D11 cells and HUVEC was successful with the
morphology of both cells being preserved and the insulin secretory profile of D11 being
supported under both static and rotationat cell culture conditions. Interestingly, the presence
of HUVEC improved D11 insulin secretion in response to high glucose in both static and
rotational culture. This phenomenon has been observed in the IRL when cell types other than
HUVEC have been co-cultured with D11. The underlying mechanisms are not yet fully
understood, but the release of trophic factors (such as hormones, cytokines and growth
factors) and the physical contact of the additional non-beta-cells will be investigated as beta
cells have been shown to perform more efficiently when arranged into three dimensional
clusters (Hauge-Evans et al. 1999; Squires et al. 2000; Hauge-Evans et al. 2002; Squires et al.
2002). The effective distribution of oxygen, nutrients and released trophic factors as well as
physical cell-cell contact during RC could all play a part in the support of the islet three
dimensional arrangement and formation of D11 pseudoislets by encouraging ‘binding and
communication’ structures such as gap junctions between beta cells and other cell types in co-

culture (i.e. HUVEC).

Employment of a rotational cell culture system resulted in D11 pseudoislet formation and
improved secretagogue-induced insulin secretion in D11 and human islets. Addition of 10mM
TZD increased D11 insulin secretion, although not enough to be statistically significant. The
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same trend was seen when 25mM TZD was added troz humanlslet culture, although the
increases were significant in several instances. These findings suggest that a period of islet
pre-treatment utilising both TZD and rotational culture may benefit the overall health of islets
prior to implantation. Also, TZD benefits both B-cell function and islet endothelium by
improving B-cell granulation (Buckingham et al. 1998; Campbell and Mariz 2007; Yang et al.
2008) and upregulating VEGF expression by endothelial cells (Yamakawa et al. 2000;
Biscetti et al. 2008). The results of the study for this thesis support these published findings.
HUVEC responded to 10mM TZD by significantly increasing VEGF production and release
into the culture media with a concomitant increase in intracellular ATP, indicating increased
proliferation. Human islets also significantly increased VEGF production and release when
stimulated with 25mM TZD in static culture, with rotational culture further enhancing VEGF
release. Thus, rotational culture together with TZD impacted positively on endothelial health
as well as supporting beta cell function, further strengthening the argument for their combined
utilisation as a means of in vitro priming of islet beta and endothelial cells prior to

transplantation.

Cryopreservation impeded islet function, resulting in a blunted insulin secretory response to
16.7mM glucose + 10mM theophylline. Freshly isolated islets respond to this secretagogue by
significantly increasing insulin secretion when compared to 16.7mM glucose without 10mM
theophylline, suggesting that cryopreservation impacts negatively on the islet insulin
secretory machinery (Piemonti et al. 1999; Gatto et al. 2003) by blunting the usual
potentiating effect of theophylline on insulin secretion induced by high glucose (Hou et al.
2006). Theophylline acts by increasing intracellular cyclic AMP (Giugliano et al. 1979)
which, in turn results in more effective closure of K™ ATP channels in the cell membrane,

allowing prolonged membrane depolarisation and subsequent Ca®" influx with a concomitant
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insulin secretion (Yajima et al. 1999). The positive efféété:of fotational culture and TZD

might be usefully employed to restore normal function to these compromised islets.

Human islets were successfully implanted under the kidney capsule and into the spleens of
lean male mice, with all six mice recovering well from surgery and thriving for the duration
of the study. Histological examination of the formalin-fixed excised spleens resulted in
positive staining for human insulin, indicating the presence of human islets and supporting the

selection of the spleen as an implant site for the purposes of this study.

Vascular corrosion casts were successtully obtained from the left kidneys of all six mice,
validating the development of the corrosion casting technique as a means of depicting mouse
renal vasculature. Additionally, x-ray microtomography analysis of the corrosion casts
yielded interesting results, allowing the use of dedicated software to determine vessel
diameters in the islet implant areas. Although the data obtained were not quantifiable with the
current software, recent advances in the field have resulted in quantitative x-ray
microtomography development (Jones et al. 2008), suggesting an improved application for
corrosion cast analysis. The casts obtained during this study suggested, even by superficial
and non-quantitative examination, that renal vasculature may have been enhanced at the
implantation site of islets treated with 25mM TZD for 24 hours prior to implantation

compared to control islets.

Conclusion

This programme of work has provided evidence for the value of utilising a combination of
rotational culture and a thiazolidinedione as an in vitro pre-treatment to benefit islet viability,

function and revascularisation post transplant. The results of this study form a foundation for
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undertaking pre-implant scientific manoeuvres with islets to improve graft performance and

clinical transplantation outcomes, and provide a basis for further studies.

Future studies

Future studies could focus on improving islet cryopreservation to minimise functional loss
and assess the potential benefit of rotational culture and TZD therapy as a post-thawing

recovery strategy.

Employing a syringe pump to regulate polymer infusion pressure and adjusting polymer
viscosity to more closely resemble that of blood may offer improvements to vascular
corrosion casting of the mouse kidney. Also, by taking advantage of recent technological
advances in the field of x-ray microtomography, a sensitive and quantitative method of cast
analysis could be developed to provide extensive, non-invasive information about islet

engraftment.

Further in vivo studies are required to validate a protocol allowing accurate investigation of
post transplant islet function and revascularisation. This could be achieved by a program of
islet transplants into diabetic mice, with rigorous post-implant monitoring of glucose
homeostasis and islet engraftment. Also, the effect of RC and TZD on islet revascularisation
may be explored as this preliminary transplant study investigated only SC islets +/- TZD with

promising results.
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Appendix 2: Human pancte‘asi]ilogo’rf and islet isolation

information.

Donor 1

Donor 2

Donor 3

Domnor4

Donor age and

20 years, male

47 years, male

54 years, male

42 years, female

sex
Organ cold 11 hours 9 hours 10.5 hours 13 hours
ischaemia time
Organ Good, double Good, double Good, double Good, double
packaging and bagged with bagged with bagged with bagged with
. sufficient ice. sufficient ice. sufficient ice. sufficient ice.
ice supply
Organ Healthy pink- Healthy pink- Healthy pink- Healthy pink-
appearance brown with brown with section | brown with section brown with

and condition

sections of spleen
and duodenum
attached.
Substantial amount
of hard, yellow fat
attached and
damage to capsule

of duodenum
attached.
Substantial amount
of hard and soft fat
attached. Organ
capsule intact.

of spleen attached.

Substantial amount

of hard, yellow fat
attached. Organ
capsule intact.

sections of spleen
and duodenum
attached. Very little
fat attached, slight
damage to capsule
in the centre of the

organ.
in the head to the
centre of the organ.
Weight of 89g 83g 84g 56g
organ used for
isolation

Liberase lot
number and
degree of organ
distension

93288220. Good
distension afier
clamping of the
damaged area.

93288220. Good
distension.

93597920. Very
good distension.

93597920. Very
good distension.

Digestion time
and pre-
separation
digest
observation

35 minutes. Well
digested, but most
islets remained
mantled with
exocrine tissue.
Islets ranged from
50 - 150pm.

35 minutes. Well
digested with many
free islets ranging
from 100 - 300pm.

30 minutes. Well
digested with many
free islets ranging
from 50 - >600 pm.

40 minutes. Well
digested with many
free islets ranging
from 50 - 250 pm

Isolated islet
size and degree
of purity

Most isolated islets
were mantled and
ranged from 100 -
175um. Purity was
~85%.

Most isolated islets
were well cleaved
and intact with
sizes ranging from
100 ~ 300pum and
purity ~85%.

Most isolated islets
were well cleaved
and intact with
sizes ranging from
50 - >600pum and
purity ~80%.

Most igolated islets
were well cleaved
and intact with
sizes ranging from
50 - 200pum and
purity ~80%.

Islet function
and viability
score

Trypan blue score
of 22 indicated a
viable islet
preparation and
24hr insulin
secretion profile
was confirmed
viability.

Trypan blue score
of 23 indicated a
viable islet
preparation and
24hr insulin
secretion profile
was confirmed
viability.

Trypan blue score
of 21 indicated a
viable islet
preparation and
24hr insulin
secretion profile
wasg confirmed
viability.

Trypan blue score
of 22 indicated a
viable islet
preparation and
24hr insulin
secretion profile
wag confirmed
viability.
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