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ABSTRACT 

Type 1 diabetes mellitus (Tl D) is caused by the autoimmune destruction of the insulin 

producing pancreatic beta (p)-cells. Current treatment is by multiple daily insulin 

injections, which cannot mimic the minute-to-minute responsiveness of P-cells in vivo, 

leading to the development of chronic complications, which increase morbidity and 

mortality. This study investigated the use of lentiviral vectors to deliver the furin-cleavable 

proinsulin gene (INS-FUR) to liver cells with the goal of generating glucose-responsive, 

insulin secreting surrogate ~-cells. 

A methodology for viral titre determination ustng flow cytometry was developed, 

optimised and validated. This protocol was cotnpared to the use of fluorescence microscopy 

for titre determination. The latter underestimated the viral titre as accurate quantification of 

transduced cells (enhanced green fluorescent protein (EGFP)-positive) was not possible due 

to the inability to count individual cells, which were in confluent monolayer clusters. 

Furthermore, cells transduced using a low multiplicity of infection (MOl; a ratio of viral 

infectious particles per cell) were indistinguishable from background fluorescence, while 

high MOI significantly underestimated the true functional viral titre. Flow cyton1etry 

enabled the determination of single or low MOJ events and thus increased the accuracy of 

the viral titre determination. 

The second aim of the study was to examine liver tissue from spontaneous diabetic non-

obese diabetic (NOD) mice, which had normalised their blood glucose following the 

delivery of furin-cleavable insulin in the HIV/murine stem cell virus promoter/enhancer 

hybrid (HMD) lentiviral vector (HMD/INS-FUR), for evidence of pancreatic transcription 

factors and hormones, indicative of liver to pancreas transdifferentiation. The HMD/INS-

FUR-treated NOD mice normalised blood glucose levels 24 h after viral vector delivery 

and normoglycaemia was maintained for 150 days (experimental end point). The 

transduced liver tissue showed the presence of insulin storage granules and the expression 

of several pancreatic transcription factors and hormones, including Pdx-1, Neurad .I, Ngn3, 

Pax 4, Nkx2.2, glucagon and somatostatin. Furthermore, the induction of mouse insulin 1 
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expression was detected and this phenomenon may be attributable to the expression of 

MafA and MajB transcription factors, which are known to play crucial roles in insulin 

expression late in the hierarchy of ~-cell maturation. These results indicated that the 

delivery HMD/INS-FUR lentiviral vector to liver tissue induces hepatocyte to ~-cell 

transdifferentiation and therefore holds therapeutic potential for the reversal of autoimmune 

TID. 

The final aim of this study investigated lentiviral vector construct design, and compared the 

HMD/INS-FUR vector construct with the newly acquired WPT/INS-FUR lentiviral 

construct, which possessed the elongation factor 1-alpha promoter with the woodchuck 

hepatitis virus post-transcriptional regulatory element enhancer (WPT). The ability of each 

lentiviral vector to transduce the Huh7 liver cell line using various MOl, insulin secretion, 

storage and glucose-regulated secretion were compared. Huh7 cells were readilty 

transduced with the HMD/INS-FUR vector at an MOl of 75, however attempts at 

transducing the cells with the WPT/INS-FUR vector at an MOl >50, resulted in inhibition 

of cell growth. This was not the case with the empty-WPT vector, which implies the INS-

FUR gene expressed in this vector putatively inhibited metabolic cell function at the higher 

MOl of 75. Insulin secretion was the same irrespective of the l\101 used to transduce the 

Huh7 cells. By comparison, the WPT/INS-FUR viral vector-transduced cells stored a 

significantly higher concentration of insulin when compared to cells transduced with the 50 

and 75 MOl of the HMD/INS-FUR viral vector (p < 0.0001 and p = 0.001, respectively). 

Therefore, fewer viral particles of the WPT/INS-FUR virus were required to achieve 

similar insulin secretion concentrations as the HMD/INS-FUR virus, while also achieving a 

higher concentration of insulin storage. However, as the total level of insulin stored after 

transfection with the WPT/INS-FUR viral vector was low (0.386 ± 0.041 pmoles/106 cells), 

these results must be viewed with caution. 

Overall, this study has optimised an appropriate methodology for the accurate 

determination of viral titre for downstream applications. Furthermore, the study 

dernonstrated the NOD mice transduced with the HMD/INS-FUR viral vector have the 

ability to store and secrete insulin in a glucose-regulated manner, through the induction of 
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pancreatic P-cell transcription factors and hormones. Moreover, the WPT/INS-FUR viral 

vector was found to be comparable to HMD/INS-FUR viral vector with respect to insulin 

secretion. However, as the former stored significantly more insulin in vitro, this suggests 

that the WPT /INS-FUR viral vector may be a useful construct for future in vivo studies 

investigating the reversal ofTlD in NOD mice via hepatocyte transduction. 
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CHAPTER ONE 

Introduction 



1.1 Definition 

Diabetes mellitus is one of the most common non-communicable diseases affecting an 

estimated 246 million people worldwide, which ranks within the top five leading causes of 

death in most developed countries (IDF 2003 , IDF 2006). Diabetes mellitus describes a 

group of metabolic diseases, defined as a condition that results in chronic hyperglycaemia 

(elevated blood glucose levels), resulting from the resistance of peripheral tissue to the 

actions of insulin or absolute insulin deficiency (WHO 1999, Diabetes Australia 201 0) and 

is considered to be one of the most challenging health problems in the 21 st century (IDF 

2003). In Australia, it is estimated that 275 people develop diabetes daily. With 

approximately 3.2 million people have pre-diabetes and diabetes, it has become the sixth 

leading cause of death in Australia. Globally, 246 million people are affected by diabetes, 

and this is expected to increase to 380 million by the year 2025 (Diabetes Australia 201 0). 

1.2 Classification of diabetes mellitus 

Diabetes mellitus is classified into five different categories, with the predominant forms 

being Type 1 (insulin-dependent diabetes Inellitus, juvenile-onset), Type 2 (non-insulin-

dependent diabetes mellitus, adult-onset) and gestational diabetes. Less prevailing forms of 

diabetes mellitus, as listed in Table 1.1, include other specific types due to specific 

mechanisms, diseases and prediabetic conditions (Cotran et al1999, Skelly 2006). 

1.2.1 Type 2 Diabetes 

Type 2 diabetes mellitus (T2D) is the most common form of diabetes, accounting for an 

estimated 85-90% of total patients with diabetes and is thought to attribute, in part, with the 

marked increase in the incidence obesity around the world (AIHW 201 0). T2D is 

characterised by inadequate insulin secretion to meet metabolic demand and/or insulin 

resistance in which peripheral tissues (skeletal muscle, liver and adipose) have decreased 

responses to the actions of insulin. This leads to an increased stimulation and secretion of 

insulin from the pancreatic ~ -cells, which may ultimately exhaust the ~-cells ability to 

function (Skelly 2006) . Factors such as age (usually people 45 years and over), obesity, 
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lack of physical activity and also poor nutrition increases the risk of developing T2D, 

which is frequently undiagnosed for many years, as the hyperglycaemia is not severe 

enough precipitate symptoms (ABS 2006, WHO 1999). Common symptoms of T2D 

include frequent urination (polyuria), an increase in thirst (polydipsia), lethargy, blurred 

vision, frequent infections and/or unexplained weight loss (AIHW 2002). 

1.2.2 Type 1 Diabetes 

Type 1 diabetes (Tl D) accounts for an estimated 10-1 5% of total patients with diabetes 

mellitus with approximately 24.2 cases per 100,000 children in Australia (AIHW 201 0). 

Tl D is considered one of the most serious childhood diseases, although recent records 

indicate an increase in adult onset, with an incidence rate of 15.1 cases per 100,000 

population in the age bracket of 15-24 years and a further 4.6 cases per 100,000 population 

in the age bracket of 25-39 years (AIHW 201 0). TID is characterised by patients with 

absolute insulin deficiency and is caused by the destruction of the insulin producing 

pancreatic P-cells. Once the majority of the P-cells have been eliminated, a patient is unable 

to regulate normal blood glucose levels, resulting in hyperglycae1nia (Mathis et al 2001). 

As there is little or no insulin being produced, the patient relies upon exogenous insulin 

injections to regulate normal blood glucose levels. Consequently, TID are dependent on 

daily blood glucose testing, together with a careful balance of food intake, physical activity 

and insulin dosage. However, even though an individual n1ay keep tight glucose control, 

there is a severe risk ofhyperglycaemia or hypoglycaemia (low blood glucose levels). 
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Table 1.1: Etiological classification of diabetes mellitus and related abnormal glucose 
metabolism (Kuzuya et a/2002, Skelly 2006, AIHW 201 0) 

Class categories Description 

1) Type 1 Caused by pancreatic ~-cell destruction, 
usually leading to absolute insulin 
deficiency 

2) Type2 May range from predominantly insulin 
resistance with relative insulin deficiency 
to a predominantly secretion defect with or 
without insulin resistance 

3) Gestational diabetes mellitus Carbohydrate intolerance resulting in 
hyperglycaemia of variable severity with 
onset or first recognition during pregnancy 

4) Other specific types due to 
specific mechanisms and 
diseases 

a) Associated with mutations 1. Genetic defects of pancreatic ~-cells 
identified as a cause of function for insulin 
genetic susceptibility ll. Genetic abnormalities of insulin 

action/Insulin receptor gene n1utation 

b) Associated with other i. Diseases of the exocrine pancreas 
diseases or conditions ii. Endocrine disease 

iii. Liver disease 
lV. Drug/chemical induced 
v. Infections 

VI. Uncommon forms of immune-
mediated diabetes 

Vll. Diabetes associated genetic 
syndron1es 

5) Prediabetes a) Individuals with plasma glucose 
higher than normal but not diagnostic 
for diabetes mellitus 

b) Impaired fasting glucose 
c) Impaired glucose tolerance 
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1.3 Pathogenesis of TlD 

A major challenge in the research of TID is identifying the exact mechanisms responsible 

for the pathogenesis of the autoimmune disease (Melanitou et al 2003). It has been 

hypothesised that Tl D develops frmn a series of events, as shown in Figure 1.1, starting 

with a genetic predisposition, followed by the activation of autoimmunity triggered by an 

environmental factor that progresses to the loss of insulin secretion and overt diabetes 

(Gianani and Eisenbarth 2005). 

(?Precjpitating Event) 

G netic 
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.l . 
' Overt 
~ immunol·ogic 
: abnormalltfe 
• ~ 
I 
t 
:Normal insulln 
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,---------------~~ 
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• 
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! I 
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i : 

C·peptidt 
p..-e&ent 

Age (years) 

No 
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Figure 1.1: The stages in the development of TlD. Figure demonstrates cascade of 
events after a precipitating event(s) (environmental trigger), involved in the development of 
TID in patients with genetic susceptibility, leading up to overt diabetes (Babaya et al 
2005). 
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Genes found within the class II major histocompatibility complex (MHC), located on 

chromosome 6p21 have been found to be a major determinants of T1 D (Herr et al 2000). 

This region encodes genes that are involved in the identification of self (e.g. ~-cells) and 

non-self (e.g. viruses) antigens (Dean and McEntyre 2004). Within the HLA region, it has 

been discovered that there are 3 high-risk polymorphic loci, HLA-DR, HLA-DQ and HLA-

DP that are strongly linked to Tl D development (Dean and McEntyre 2004, Cotran et al 

1999, Hawa et al 2002). However, it has been found that only a proportion of the 

genetically susceptible individuals progress to a clinical diabetic state. This suggests that 

other factors are required to trigger the genetically predisposed population to ~-cell 

destruction (Knip et a/2005). 

Monozygotic (identical) twin studies have shown that after the occurrence of T1 D in the 

first monozygotic twin, the second monozygotic twin has up to a 50% risk of developing 

diabetes, whereas dizygotic (non-identical) twin studies show only a 1 Oo/o risk. Therefore, 

while genetics has some role in the onset of TID, the discordance between the monozygotic 

twin pairs suggests that genes alone are not the sole cause of Tl D (Achenbach et al 2005, 

Gianani and Eisenbarth 2005). 

Environmental risk factors are considered as triggers of the autoinunune systetn 1n 

genetically predisposed individuals (the possible precipitating event in Figure 1.1) (Dean 

and McEntyre 2004). Potential environmental triggers of ~-cell autoimmunity include viral 

infections, dietary intake early in life, toxins, hygiene and vaccination (Couper 2001, 

Gianani and Eisenbarth 2005, Laron 2002). Viruses, such as the enterovirus Coxsackie B 

strain infections are said to lead to an increased tisk of developing T1 D (Gillespie 2006). 

The Coxsackie vin1s has been shown to cause persistent infections of the human pancreatic 

islets. A study by Frisk and Tuvemo (2004), demonstrates a possible correlation between 

Coxsackie viral infection and Tl D, due to the high titres of antibodies to a Coxsackie strain 

in newly diagnosed patients. Other studies suggest that dietary factors, such as early 

introduction of cow's milk products within the first 3-6 months of life, may also contribute 

to the development of Tl D (Wasmuth and Kolb 2000). However, conflicting analyses from 

both the Australian and Gennan BABYDIAB studies found that there was no association 
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between the early introduction of cow's milk products and the development of T1D 

(Couper 2001). Although there are a number of studies currently investigating the newborn 

offspring of type 1 diabetic parents, there is still little known about the environmental 

triggers that are associated and/or interact with susceptible genes that promote the 

pathogenesis to T1D (Achenbach et a/2005). 

Mathis et a/ (200 1) proposed that the destruction of the P-cells in the pancreas occurs in 

two stages. The first stage is initiated when the T -lymphocytes are activated by P-een-

derived antigens on antigen-presenting cells (APCs), such as dendritic cells. This activation 

increases the ability of the T -lymphocytes to invade the islet P-cells, where they re-

encounter P-cell antigens, become reactivated and instigate insulitis. The second stage 

occurs when the reactivated T-lymphocyte provokes the activation of cellular death of the 

islet P-cells, ultimately causing diabetes. Two cellular mechanisms of P-cell death have 

been proposed: a) recognition-linked mechanisms and b) activation-linked n1echanisn1s. 

The recognition-linked mechanism, as seen in Figure 1.2, occurs when the T -lymphocyte 

directly identifies P-cell antigens presented by the MHC molecules on the surface of the P-

cell, causing cell death by Fas/Fas ligand interactions. 

Figure 1.2: Recognition-linked mechanism of islet P-cell death. Proposed mechanism of 
P-cell death by direct interaction of T -lymphocyte with a P-cell through Fas/Fas ligand 
interaction (Mathis et a/2001) 
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In contrast, the activation-linked mechanism activates the T -lymphocyte indirectly through 

APCs, such as dendritic cells or macrophages presenting the ~-cell antigen. The indirect 

activation ofT-lymphocytes shown in Figure 1.3, can initiate ~-cell death in a number of 

ways including Fas/Fas ligand interactions, soluble death mediators produced by the T-

lymphocyte, cytocidal stimulation by activated macrophages in the surrounding area, and 

by the activation of ~-cells to produce cell death mediators. 

IL- , TNF- .. ~ 
IL-1. IFN-y~ NO ·:::: 

Figure 1.3: Activation-linked mechanism of islet P-cell death. Proposed mechanism of 
~-cell death by indirect interaction ofT -lymphocyte with a ~-cell through Fas/Fas ligand 
interaction (i), soluble death mediators produced by the T -lymphocyte (ii), cytocidal 
stimulation by activated 1nacrophages in the surrounding area (iii), and activation of ~-cells 
to produce cell death mediators (iv) (Mathis et a/2001) 
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1.4 Complications 

Although both Tl D and T2D have different mechanisms of pathogenesis, poor glycaemic 

control results in the same underlying long-term complications, which reduce the quality of 

life, accounting for most of the morbidity and mortality of patients with diabetes (AIHW 

2002, Daneman 2006, Skelly 2006). Diabetics are prone to microvascular (diseases of the 

small blood vessels) and macrovascular diseases (diseases of the large blood vessels). 

Complications of the microvascular system include retinopathy, nephropathy and 

neuropathy, while complications of the macrovascular system include coronary heart 

disease, stroke and peripheral vascular diseases (Girach et a/2006 and Rahman et a/2006). 

Diabetic retinopathy is the major cause of visual disability and blindness (Girach et al 

2006), which occurs as a result of capillary damage in the retina (AIHW 2002). Diabetic 

retinopathy develops in stages including early non-proliferative changes, to preproliferative 

retinopathy, which progresses to proliferative retinopathy (Daneman 2006). According to 

the Pittsburgh Epidemiology of Diabetes Complications Sh1dy, almost all type 1 diabetic 

patients presented with early stages of retinopathy fo11owing 14 years disease onset (Girach 

et a/2006). 

Diabetic nephropathy is one of the leading causes of renal failure (Daneman 2006) and 

occurs when the ability of the blood filtering capillaries decreases in the kidneys, due to 

damage from elevated blood glucose levels, ultimately leading to end-stage renal disease 

(ESRD). ESRD is the final stage of renal failure when the kidneys are unable to remove 

waste products, such as creatinine and urea, from the blood and dialysis or kidney 

transplantation is needed for survival (AIHW 2002, Feest 2007). Diabetic nephropathy 

develops in approximately 40% of all type 1 diabetic patients (Lehmann and Schleicher 

2000). 

Diabetic neuropathy results from the toxic effects of chronic hyperglycaemia that damages 

the nerve structure and function of peripheral and autonomic nerves. Damage to the 

peripheral and autonomic nerves causes such complications as pain, digestive problems, 
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muscle weakness, non-healing ulcers and lower limb amputation. After 25 years of diabetic 

onset, 50% of patients develop diabetic neuropathy (AIHW 2002, Tesfaye 2006). 

1.5 Treatments for TID 

1.5.1 Insulin therapy 

As mentioned earlier (section 1.2.2), the current treatment for T1 D consists of multiple 

daily insulin injections to regulate blood glucose levels. While exogenous insulin injections 

have been an effective treatment for T1 D for a number of years, it is not a cure (Becker 

1998, Habener 2004, Lechner 2004). Patients on daily insulin therapy are prone to the 

con1plications of hyperglycaemia and hypoglycaemia. Insulin therapy will never be able to 

mimic the n1inute to minute variations of endogenous insulin secretion in vivo , as 

demonstrated in Figure 1.4 (Porksen eta/ 1997, Becker 1998, Habener 2004, Hopt and 

Drognitz 2000 and Lechner 2004). This is because the variations of endogenous insulin 

secretion keeps blood glucose levels within a very narrow range of 4 to 7 mM. through a 

feedback syste1n. The feedback system involves the honnones somatostatin and glucagon, 

which controls the secretion and inhibition of insulin (discussed in Section 1.6) (Hopt and 

Drognitz 2000, Porksen et al 1997, Saltiel and Kahn 2001, Takahashi et a! 2008, Rutter 

2009). 
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Figure 1.4: Endogenous insulin secretion and inhibition. A normal individual 
endogenous insulin secretion, showing the variations of insulin secretion and inhibition 
over a short period of time to the changes in metabolic environment (Porksen et a/1997). 

1.5.2 Transplantation therapy 

1.5.2.1 Whole pancreas transplantation 

Currently, whole pancreatic or islet transplantation is the only clinical therapy used to 

achieve normal glycaemic control. Whole pancreas transplantation is a procedure in which 

a patient has their pancreas replaced with a suitable donor pancreas. Pancreas grafts are 

only considered as functional if the patient is completely independent of exogenous insulin 

(Ridgway et a! 201 0). Previous studies have found that simultaneous pancreas-kidney 

(SPK) transplants have a higher rate of graft success compared to pancreas transplants 

alone (PTA) with values of86.3% (n = 1,775) and 74.6% (n = 120) pancreas graft survival 

respectively according to the US Transplant OPTN/SRTR Annual Report 2007. SPK is the 

current treatlnent for T1 D with end-stage renal failure. However, the procedure has a high 

level of surgical invasiveness and a high rate of irmnunological graft loss (Hopt and 

Drognitz 2000, Felhner et a/2007, Wales et a/2008). 
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1.5.2.2 Islet cell transplantation 

Islet cell transplantation is a procedure in which a whole pancreas is digested us1ng 

collagenase to separate islets (endocrine tissue) from exocrine tissue followed by islet 

isolation by density gradient centrifugation. The purified islets are then delivered via the 

portal vein to the liver where the islets imbed themselves to produce insulin when required 

(Sutherland et a! 1977). Between the years 1990 to 2000, only 8.2 o/o of the 267 allograph 

transplants in diabetic patients resulted in insulin independence more than one year, due to 

the need of immunosuppression regimen which often had adverse side-effects, including ~

cell cytotoxicity (Shapiro et a! 2000). In the past 10 years, Shapiro and colleagues have 

worked towards an islet transplantation protocol, now known as the Edmonton Protocol, 

which uses glucocorticoid-free immunosuppression regimen to improve and sustain islet 

transplantation. The initial trial of the Edmonton protocol examined 7 T1 D patients after 2 

(3 in one case) subsequent islet transplantations (approxi1nately 13,000 islet equivalent/kg 

of recipient's body weight, per transplant), which found the patients quickly became free 

from exogenous insulin and showed no clinical signs of graft rejection using the 

glucocorticoid-free immunosuppression regimen. Collaboration of transplant centres has 

since been established in the US and intetnationally with mixed results depending on 

experience in the centres. Recently, an international trial of the Edn1onton Protocol found 

44 % of transplant patients (of 36 patients in total) achieved insulin independence with 

adequate glycemic control 1 year after final transplant, 31 % of these patients remained 

insulin-independent after 2 years (Shapiro et a! 2000, Shapiro et al 2003, Shapiro et a! 

2006). The Edmonton Protocol has improved the outcome of islet transplantation however 

the insulin independence is not sustainable. The protocol still contains a lifetime 

commitment to immunosupression regimen and is reliant on the limited supply of donor 

pancreatic organs, which insulin independence generally requires several donor organs 

(Briones et a/2006, Ricordi 2003, Sakuma et a/2008). 
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1.5.2.3 Problems associated with transplantation therapies 

There are a number of problems associated with donor pancreas and islet transplantation, 

including organ availability, compatibility of donor organ to recipient and the life-long use 

of immunosuppressants post surgery. Firstly, the number of donors availability is far less 

than the number of patients requiring a transplant (Ridgway et a/201 0). In Australia, a total 

of 2946 requested donor pancreas were documented from the years 1989 to 2009, of which 

946 pancreas organs were retrieved from donors, however only 458 were transplanted into 

patients. Furthermore, of the 946 pancreata retrieved from donor patients, 478 organs were 

unable to be used, mostly due to the donor pancreas being diseased or there were no 

suitable recipient at the time of retrieval (ANZOD Registry, 2010 Report). Secondly, one 

has to satisfy donor/recipient match, as the current requirements for transplantation are that 

the donor and recipient must be compatible for ABO blood typing and be an appropriate 

HLA match by immunological testing. Mismatching the donor and recipient compatibilities 

increases the chances of graft loss (Broelsch 2007, Rossi et a/ 2008). Thirdly, is the life-

long use of immunosuppressive therapy to prevent organ rejection (Briones et a! 2006, 

Kandaswamy and Sutherland 2006). Previous studies have shown immunosuppressive 

therapy, such as steroids and tacrolimus, is associated with ~ -cell toxicity and reduced 

insulin secretion (Mazali et a/ 2008). Ultirnately, the overall lack of donor pancreas limits 

the usefulness of pancreas and islet transplantation for type 1 diabetic patients creating a 

need for alternative therapies (Yechoor and Chan 201 0). 

1.5.3 Stem cells 

Stem cells offer the potential for ~-cell replacement therapy for diabetes, due to the stem 

cells high potential for proliferation and differentiation into pancreatic ~-cells (Brolen et al 

2005). A recent rev1ew has described the van ous pathways of 

programming/reprogramming pluripotent embryonic and multiplotent adult/precursor 

pancreatic stem cells and to manipulate their differentiation into pancreatic ~-cells (Figure 

1.5). Despite recent advances in stem and islet cell development, an in-depth knowledge of 

the developmental pathways and genetic switches is needed to differentiate the stem cells 
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into the complex process of generating subsequent lineage cells, including the endoderm 

cells into pancreatic precursor cells, followed by cells of the endocrine and ultimately 

mature pancreatic ~-cells . This knowledge extends to defining what parameters needs to be 

met to define whether the cell is near or completely differentiated into the target ~-cell and 

not a hybrid state, a process which will require positive selection for differentiated ~-cells . 

This would require the full characterisation of pancreatic ~-cells, which has yet to have 

been established. Nonetheless, there is still the underlying issue of the placement in the 

body of the newly differentiated cells and the use of immunosuppressive therapy to inhibit 

transplant rejection and autoimmune destruction (Soria et a/ 2005, Yechoor and Chan 

2010). 

1.5.4 Gene therapy 

According to the Centre of Genetics Education (2007), Gene therapy can be described as 

the use of genes as medicine. Gene therapy is a technique in which genetic materia], either 

a therapeutic gene or non-functional gene replacement, is transferred to a specific cell 

(Centre for Genetics Education 2007, Murphy and High 2008). Gene therapy research is 

currently carried out for genetic diseases, such as haetnophilia (Murphy and High 2008), 

cystic fibrosis (Mitorno et a/ 201 0), and also i1 acquired diseases such as cancer (Ranki and 

Hemminki 201 0) and neurological syndromes such as Parkinson' s (Friedman 2009), and 

also infectious diseases, such as hepatitis B (Chattopadhyay et a/ 2009). However, one of 

the challenges associated with gene therapy is the choice of method to be used to deliver 

the gene of interest to the target cell (Gao et a/2007). 
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Figure 1.5: Schematic diagram of the various pathways to differentiate cell lineage 
deternnnation. The green anow illustrates induced pluripotent and embryonic stem cells 
lineage by targeted differentiation. Transdetermination occurs when un·-differentiated stem 
cell from one cell lineage to another lineage e.g. progenitor cell for liver and pancreatic 
lineage (blue arrow). Transdifferentiation (red arrow) transpires when tetminally 
differentiated cells directly changes lineage to target cell e.g. liver hepatocyte 
transdifferentiation to pancreatic ~-cell, or similarly terminally differentiated cells de-
differentiate to common progenitor cell followed by re-differentiation (orange anow) into 
target cell (Y echoor and Chan 201 0). 

1.5.4.1 Methods of in vivo gene therapy delivery and their applications 

An ideal in vivo gene delivery system should (i) be safe with no unfavourable effects (for 

example inflammatory response, toxicity); (ii) be able to stably transfer the gene of interest 

into the target cell without degradation of the transfer gene by nucleases; and (iii) be 

efficient and have a high tissue specific gene expression when administrated (Verma and 
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Somia 1997, Li and Ma 2001, Gao et a/2007). Gene therapy can be divided into non-viral 

and viral methods of gene transfer. Commonly used non-viral methods for gene transfer 

include direct injection of naked DNA, electroporation, gene gun delivery and liposomes 

(reviewed in Yoon and Jun 2002). 

Direct injection of plasmid DNA is appealing to researchers due to its simplicity and lack 

of toxicity. Wolff et al (1990) was the first group to show that the direct in vivo injection of 

naked DNA into mouse skeletal muscle resulted in the expression of the reporter gene. The 

Wolff group and others have shown that local injection of naked plasmid DNA into major 

organs (such as muscle, liver and skin) results in limited gene expression (Wolff et a/1990, 

Li and Ma 2001, Gao et a/2007). 

Electroporation and the gene gun therapy approaches transfer the genetic material by 

physical methods. Electroporation is a technique in which electric fields are used to transfer 

the DNA into the target cell (Gao et al 2007). The procedure involves exposing cells to 

controlled electric pulses, produced in between two conductors, which sti1nulates 

transmembrane permeability by creating temporary pore-like holes in the cell membranes 

and thus allowing molecules, such as DNA, to enter the cell. Numerous groups have 

reported the use of electroporation for in vivo gene therapy in a variety of ti.c1sues, including 

skin, muscle, lung and liver. In vivo electroporation gene transfer requires the insertion of 

the electrodes in vivo followed by the injection of the DNA and electric pulse treatment (Li 

and Ma 2001, Dean et a/2003, McMahon and Wells 2004). Electroporation is incapable of 

transferring genes into large tissue areas due to the two electrode conductors requiring 

particularly close proximity in order to create the electric field. In addition, permanent 

tissue damage may occur when the high voltage electric field is applied. Furthermore there 

is an associated increased risk in affecting the stability of intracellular genomic DNA (Gao 

et al 2007). The shortcomings associated with the in vivo use of electroporation limits the 

usefulness of this transfer method. The gene gun method, also known as particle 

bombardment, is a procedure in which DNA-coated gold particles are propelled through a 

high-voltage discharge or pressurised gas into the target cells. At high velocities, the DNA-

coated gold particles enter a few millimetres deep into the target cell, followed by the 
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release of the DNA (Yang et al 1990, Gao et al 2007). Whilst it has been shown that 

multiple genes can be transferred into mouse skin, and surgically exposed tissue including 

muscle and the liver, particle bombardment has its limitation due to tissue damage. Yang et 

al (1990) detected damage of the tissue, from the blasting of particles, which caused small 

haemorrhaging spots when the mouse liver tissue was visualised under low magnification 

(Yang et a/1990, Li and Ma 2001, Gao et a/2007). 

Lipid-mediated gene delivery is a chemical method of transferring DNA into the target cell 

(Gao et al 2007) and is appealing to researchers due to the straightforward protocol of 

cationic lipid/DNA complex synthesis and transfection. A cationic liposome consists of a 

closed, water filled double layer of positively charged lipids. When cationic liposomes are 

mixed with anionic DNA, the formation of the lipid:DNA complex (also known as 

lipoplexes) is initiated through electrostatic and hydrophobic interactions (Choi et al 2002, 

Rao and Gopal 2006). The lipoplexes are added directly to the target and are transferred 

across the cell membrane, though broadly understood, by vesicle-mediated endocytosis or 

by direct fusion with the cell membrane. However, lipid mediated gene delivery in vivo has 

been found to have low transfection efficiency due to anionic blood serum proteins joining 

with the lipoplexes, thereby reducing the lipoplexes interaction with the target cell and/or 

weakening the connection of the anionic DNA within the lipoplexes (Choi et al 2002, Liu 

et al 2003, Rao and Gopal 2006). 

Overall , non-viral methods satisfy the first and partially the second criteria of an ideal in 

vivo gene delivery system, as they do not induce responses from the immune system 

allowing repeated administration if desired. Also, the genes of interest are transferred into 

the target cell, but not permanently. The third criterion of efficient and high gene 

expression has yet to be shown (Verma and Somia 1997, Li and Ma 2001, Y oon and Jun 

2002, Dean et a/2003 , McMahon and Wells 2004). 

Viral vectors are commonly used for gene therapy include the retrovirus, adenovirus, 

adena-associated virus (AA V) and lentiviruses (Oliver et al 2007). This involves the use of 

the therapeutic transgene (for the cure or prevention of a certain disease) to be incorporated 
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in the production of a suitable viral vector to deliver the therapeutic transgene into the 

target host cell for expression (reviewed in Yoon and Jun 2002). 

Retroviral vectors have been widely used for many applications in gene therapy due to their 

stable integration into host cell chromosomes. Retroviruses describe a group of enveloped 

single-stranded RNA viruses that attach to the cell of the host and release the single-

stranded RNA genome into the cytoplasm. The RNA is reverse-transcribed into double-

stranded DNA and integrated into the nucleus by passing through the nucleus membrane 

during mitosis. The double-stranded DNA is then randomly incorporated into the host cell 

chromosome, which is then capable of expressing the retrovirus transgene (Stone et al 

2000). Retroviral vectors are known as an ex vivo gene therapy method as they are unable 

to infect or transduce non-dividing cells. As only a limited number of cells undergo cell 

division at any time point, this limits the use of retroviruses in vivo. Alternatively, target 

host cells can be removed for ex vivo transduction and the transduced cells can be selected 

and transplanted back into the host to provide the therapeutic benefit. Other disadvantages 

of retroviruses include the limited size (8kb) of the trans gene, random insertion of the 

transgene into the host chromosome, may cause oncogene activation and the possibility of 

transgene expression loss (Venna and Somia 1997, Stone et a/2000, Kay et a/2001, Yoon 

and Jun 2002). 

Adenoviruses are non-enveloped double-stranded DNA viruses that are capable of 

transducing both dividing and non-dividing cells ex and in vivo. Adenoviruses have the 

ability to transfer large trans genes (up to 30kb ), by receptor-mediated endocytosis, into the 

endosome. The adenovirus experiences a conformational change, due to the decrease in pH 

within the endosome, causing the release of viral capsid into the cytoplasm. The viral 

genotne is then transported and released into the nucleus and expressed from an episomal 

location (Stone et al 2000, Yoon and Jun 2002). Although adenoviruses have a high 

efficiency for transducing dividing and non-dividing cells and produce high viral titre/mL 

(> 1 012
), adenoviral trans genes are episomal and do not integrate into the host genome, 

resulting in limited expression of the transgene. Furthermore, adenoviruses direct strong 
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host immune responses due to the presence of viral proteins (Verma and Somia 1997, Y oon 

and Jun 2002, Oliver eta/ 2007). 

Adena-associated virus (AA V) is a single-stranded DNA virus, which can stably integrate 

into dividing and non-dividing cells. AA V s have long-term expression in vivo with high 

concentrations of viral particles/mL (> 1 012
), when compared to retroviruses (> 1 08

). Despite 

this, only 1 in every 100-1000 particles is infectious and therefore large volumes of the 

AA V are required for therapeutic benefit (Verma and Somia 1997). Moreover, the host 

receiving the viral load may already have pre-existing antibodies against the AA V. Thus, 

preventing any subsequent re-admission of the AA V and ultimately limiting the usefulness 

of AA V for gene therapy (reviewed in Yoon and Jun 2002). 

Lentiviral vectors are classified as a subfamily of the retroviruses, which like all 

retroviruses have the ability to stably transduce and incorporate the transfer gene into the 

host target cell chromosome permanently. Lentiviruses are capable of transducing both 

dividing and non-dividing cells, making lentiviral vectors 1nore appealing vectors than 

retroviral vectors due to their limitation of only transducing dividing cells (Lever 1999). 

Hu1nan immunodeficiency virus types 1 and 2 (HIV -1 and HIV -2) and simian 

immunodeficiency virus (S £V) are all examples of primate lentiviruses, however only HIV ~ 

1 will be considered in this review. 

Production of the HIV -1 lentiviral vector has overcome some of the challenges associated 

with viral transduction, by pseudotyping the lentivirus envelope with another unrelated 

viral envelope. The vesicular stomatitis virus with G protein (VSV -G) envelope enables the 

virus to transduce a broader range of target cells, including haematopoietic cells, neurons 

and hepatocytes, which has been shown to increase viral vector titre (Follenzi and Gupta 

2004). A concern surrounding the use of HIV -1 based lentiviral vectors for clinical 

applications is the possibility of the reconstitution of the HIV -1 pathogenic virus from the 

remaining viral proteins, as illustrated in Figure 1.6, including the structural proteins, gag, 

pol and env, the accessory or regulatory genes, vif, vpr, vpu and nef, and the viral reading 

frames, tat and rev (Zufferey eta/ 1997). The safety of the HIV -1 lentiviral vector has been 

19 



itnproved by replacing some viral proteins with their equivalent from other sources, or by 

completing removing the viral genes from the structure while withstanding the viral vectors 

capability to transduce non-dividing cells efficiently. This includes the complete removal of 

the structural viral proteins gag, pol and env together with the tat and rev reading frames, 

which are replaced with two external plasmids, a packaging plasmid (for example 

pCMV ~R8.2, and a plasmid envelope, pCMV VSV-G). The accessory genes, vif~ vpr, vpu 

and nef can also be deleted, and it has been reported that this deletion does not have an 

effect on the viral vectors capabilities (Zufferey et a/1997, Dull et a/1998, Kim et a/1998, 

Quinonez and Sutton 2002, and Federico 2003). 

Based on the additional safety measures by the use of external packaging and envelope 

plasmids, and removal of unnecessary viral proteins, the HIV -1 lentiviral vector described 

is a good candidate for the use of gene therapy in non-dividing cells. 

pol 

I J 'LT 

Figure 1.6: Schematic drawing of the Structure of HIV-llentiviral vector genome. The 
5' and 3' long term repeats (L TR) comprises of 2 regions, U3, R and U 5, which are 
involved in viral replication, integration and expression. The gag, pol and env are the three 
sttuctural proteins involved in the synthesis of viral eDNA, integration of viral DNA into 
host and the structure of the viral surface/transtnembrane envelope. The accessory or 
regulatory genes, vif, vpr, vpu and nef, are involved in viral replication and transduction 
into a cell. The tat and rev reading frames promotes viral expression (Zufferey et al 1997, 
Federico 2003 ). 
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1.6 Gene therapy for type 1 diabetes 

1.6.1 JJ-cell differentiation, insulin synthesis, storage and secretion 

As mentioned earlier (section 1.5.1 ), minute-to-minute variations of endogenous insulin 

secretion keeps a normal individual feeding and fasting blood glucose levels within a very 

narrow range between 4 and 7 mM through a feedback system (Porksen et a/ 1997, Hopt 

and Drognitz 2000, Saltiel and Kahn 2001). A normal individual keeps within this narrow 

range by secreting insulin when the blood glucose levels elevate, stimulating glucose 

uptake and/or storage in the form of glycogen. Alternatively, the conversion and release of 

stored glucose through glycogenolysis (the breakdown of stored glycogen) and 

gluconeogenesis (synthesis of glucose) proceeds when glucose levels fall. The circulation 

of insulin has a direct hindering effect on glycogenolytic and gluconeogenesis processes, 

ensuring that the secretion of insulin is not counteracted by the release of stored glucose, 

thus controlling the narrow range of glucose homeostasis (Saltiel and Kahn 2001). 

Normal pancreatic ~-cell differentiation (Figure 1.7) begins in the stem or progenitor cells 

with the initial expression of Pdx-1, _.lVeurodl and 1'lgn3 transcription factors, followed by 

the expression of intermediate transcription factors Pax 4, NJ..:x2.2, Nkx6.1 and Pax 6. MafB 

initiates the expression of MafA and leads to the late expression of Pdx-1, Neurodl and 

MafA, resulting in the differentiation of insulin producing pancreatic ~-cells (Kaneto 2005, 

Artner 2007 and Aramata et a/2007). 
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Figure 1.7: Linear cascade of pancreatic p-cell transcription factors. P-cell 
differentiation (red) hierarchy of transcription factors begins in stem or progenitor cells 
(yellow) of the pancreas, with the expression of Pdx-1, Neurodl and Ngn3, followed by the 
intermediate transcription factors Pax 4, Nkx2.2, Nkx6.1 and Pax 6. The expression of MajB 
stimulates the expression of MafA, and together leads to the late expression of Pdx-1, 
Neurodl and MafA, resulting in insulin producing pancreatic P-cells. Other cells may 
differentiate from the stem/progenitor cell including liver (brown), duct (blue), exocrine via 
p48 expression (orange), alpha cells which secrete glucagon (green) or somatostatin 
secreting delta cells (purple) (Kaneto 2005, Artner 2007 and A.ramata et a/2007). 

Following the formation of P-cells, insulin is initially synthesised within P-cells by the 

translation of insulin mRNA into preproinsulin from the rough endoplasmic reticulum. 

Preproinsulin is promptly cleaved into proinsulin by removing the N -terminal signal 

sequence and forming disulfide bonds between chain A and B. The Golgi apparatus 

packages the proinsulin into secretory vesicles, forming inunature granules. The proinsulin 

is subsequently cleaved into mature bioactive insulin by endoproteases prohormone-

convertase 1 and prohormone-convertase 2, removing chain C from chains A and Bas seen 

in Figure 1.8. The cleaved insulin is stored in mature secretory granules until stimulated by 

glucose to fuse the secretory granules to the plasma me1nbrane and release the stored 

insulin (Stoy et al20 1 0). 
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Figure 1.8: Process of pre-proinsulin cleavage into mature insulin. In the preproinsulin 
state, the N-terminal signal sequence (blue) is cleaved and disulfide bonds joins chain A 
(yellow) to Chain B (red) to form the imtnature insulin, proinsulin. Prohormone 
convertases 1 and 2 further is then used to cleave chain C (green) producing the active form 
of mature insulin (Beta Cell Biology 2004 ). 
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The secretion of insulin (Figure 1.9) is stimulated by the increase in concentration of 

glucose within the blood. Glucose is taken up by the ~-cells by the glucose transport 

protein, GLUT2. The glucose is metabolised by glucokinase causing a cellular increase in 

the ATP/ADP ratio by the generation of ATP, resulting in the closure of the K+ATP channels 

and plasma membrane depolarisation. The plasma membrane depolarisation results in the 

influx of Ca2+ through the voltage dependant calcium channel, leading to the secretion of 

insulin from storage granules (Easom 2000, Koster et al 2005, Kahn et a/2006). 

In summary, insulin is a hormone that is synthesised, stored and secreted by the ~-cells of 

the pancreas and is the only hormone able to remove glucose from the circulating blood 

stream. Individuals with TID have their pancreatic ~-cells destroyed by the autoimmune 

system, resulting in the absolute lack of insulin. Gene therapy has great potential for 

individuals with Tl D by genetically altering surrogate non ~-cells to mimic the process of 

insulin synthesis, storage and secretion in native ~-cells (Deeney et al 2000, Tabiin et al 

2004). However, a problem with altering non ~-cells to synthesise and secrete bioactive 

insulin is the lack of expression in proinsulin cleavage endoproteases pro-convertase 1 

(PC1) and pro-convertase 2 (PC2) produced within non P-cells. Most cell types other than 

B-celJs do not possess the two pro-convetiases to cleave the B-chain-C-chain site at amino 

acid positions Arginine31 -Arginine32 and at Lysine64-Arginine65 for C-peptide-A-chain site 

of proinsulin to produce mature insulin in order for the insulin to be bioactive (Hay and 

Docherty 2003). Groskreutz et al (1994) overcame this limitation by using site-directed 

mutagenesis to create a human proinsulin eDNA sequence that enables the protease, furin, 

to cleave human pro insulin into mature insulin (Figure 1.1 0). The furin-cleavable human 

proinsulin is engineered by changing the Lysine at position 29 and Leucine at position 64 in 

both the B-chain-C-peptide and C-peptide-A-chain junctions, creating Arginine-Xaa-

Lysine-Arginine furin-cleavable sites. The group further engineered the eDNA sequence at 

position 10 in the B-chain from Histidine to Aspartic acid, which is a naturally occurring 

variant of proinsulin in patients with hyperproinsulinemia. The mutation resulted in a 10-

100 fold increase in tnature insulin levels (Groskreutz et a/1994). 
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Figure 1.9: Secretion of insulin from a pancreatic fl-cell. Following the influx and 
metabolism of glucose into ~-cells causes an increase in A TP/ ADP ratio and the closure of 
the K+ ATP channel. The K+ ATP channel closure results in plastna membrane depolarisation 
and the influx of calcium ions, triggering the secretion of mature insulin from their granules 
(Beta Cell Biology 2004). 
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Figure 1.10: Schematic drawing of furin-cleavable proinsulin with B-10 mutation. 
Human proinsulin was engineered, by site-directed mutagenesis, to change amino acids 
Lysine at position 29 to Arginine, Arginine at position 31 to Lysine and Leucine at postion 
64 Arginine in the B-chain (red circles) and C-Peptide (orange circles), to create Arginine-
Xaa-Lysine-Arginine furin-cleavable sites, which furin producing cells, such as liver cells, 
are able to cleave the C-peptide chain from the immature proinsulin to bioactive mature 
insulin. Amino acid Histidine, at position 10 in the B-chain, was also engineered to 
Aspartic acid (B-1 0 mutation) to increase mature insulin levels by 10-100 fold ( Groskreutz 
et a/1994, Stoy et al2007). 
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1.6.2 Target cell types previously used in gene therapy of type 1 diabetes 

Skeletal muscle cells are believed to be an ideal target for gene therapy in the production of 

insulin due to the characteristics of these cells. This is because the cells can be accessed 

easily, are capable of secreting proteins and possess the transport protein, GLUT4 that is 

stimulated by insulin to transport approximately 70o/o of glucose within the cell after a meal 

(Gould and Holman 1993, Riu et a/2002, Mas et al 2006). Gros et al (1999) demonstrated 

the in vitro transfer of furin-cleavable human proinsulin eDNA into mouse myoblast cells, a 

subclone of a mouse skeletal muscle cell line. It was revealed that after myoblast 

differentiation into the myotubual cells, high levels of insulin tnRNA was expressed and 

insulin was constitutively secreted into the media (Gros et al 1999). However, muscle cells 

lack the enzyme glucokinase, which initiates the controlled process of retnoving glucose 

from the blood stream by the release of insulin in a glucose-regulated manner, giving 

reason why Gros et a! ( 1999) transfected tnyotube cells continuously secrete insulin and 

would require further gene engineering to achieve glucose responsiveness (Baque et al 

1998, Korsgaard and Colding-Jorgensen 2006). 

Anterior pituitary cells, derived frorr1 neuroendocrine cells, have received particular interest 

due to their sin1ilarity to ~-cells. Pituitary cells are capable of processing and secreting 

unmodified human proinsulin into mature bioactive insulin. This is because the cells 

express the proinsulin cleavage endoproteases PC 1 and PC2 and are able to release mature 

insulin from their secretory granules (reviewed in Yoon and Jun 2002). Motoyoshi et al 

( 1998) illustrated the stable transfection of the human insulin gene into an anterior pituitary 

cell line, AtT20. This resulted in the AtT20HI cells producing mature insulin constitutively, 

regardless of glucose concentration in response to a corticotropin releasing factor (CRF) 

stilnulus. However, it was also discovered that the processed insulin and 

adrenocorticotropic hormone were stored, transported and secreted together. The secretion 

of the adrenocorticotropic hormone counteracts the actions of insulin by stimulating 

glucocorticoid synthesis, thus making the secreted insulin less effective (reviewed in Yoon 

and Jun 2002). 
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K cells are an endocrine cell type located mainly in the stomach, duodenum and jejunum. K 

cells are of particular interest as surrogate insulin-producing cells, as they contain the 

necessary cleavage enzymes to produce mature bioactive insulin from human pro-insulin, 

as well as the expression of the glucose sensing enzyme, glucokinase, for glucose detection. 

In addition to these enzymes, K cells also secrete glucose-dependent insulinotropic 

polypeptide (GIP) hormone, which stimulates the release of insulin in reaction to a glucose 

load (Cheung et a! 2000, Corbett 2001, Yoon and Jun 2002). Zhang et a! (2008) 

demonstrated the stable transfection of the human pro-insulin GIP promoter construct into a 

tumour-derived K cell line, which secreted insulin in a glucose-regulated manner. The 

insulin secreting K cell line was transplanted in vivo into nude diabetic mice, resulting in 

the normalisation of blood glucose. However, 3 weeks after transplantation, macroscopic 

tumours were visible. The study also found that one of the treated diabetic mice had died 

from hypo glycaemia, possibly due to the proliferation of the transplanted tumour cell line, 

causing an over expression of insulin (Zhang et a! 2008). Other studies have attempted to 

control cell proliferation by cell encapsulation, consequently regulating insulin secretion, 

though the encapsulated cells elicited inflammatory reactions over time in diabetic mice 

leading to the dysfunction and death of the encapsulated cells (Taniguchi et a! 1997). 

Further research is needed to successfully transfer the human pro-insulin gene to the target 

K cells for in vivo gene therapy (Yoon and Jun 2002, Zhang et a/2008). 

Hepatocytes are attractive targets for the generation of surrogate ~-cells as they express the 

glucokinase enzyme, which stimulates glucose uptake when concentrations are elevated, in 

a similar responsiveness that ~-cells possess (Iynedjian 1993, Yoon and Jun 2002). 

Hepatocytes also express the transport protein GLUT -2, which is used to transport glucose 

across the hepatocyte plasma membrane (Gould and Holman 1993). A previous study in 

our laboratory (Tuch et a/2003), engineered a human liver cell line (Huh7 cells) to express 

human proinsulin (Huh7ins) and resulted in the synthesis, storage and the regulated 

secretion of insulin response to glucose. The glucose-regulated secretion of insulin was also 

seen after the cells were transplanted into diabetic severe combined immunodeficiency 

(SCID) mice, however insulin secretion was both regulated and constitutive and resulted in 

sub-normal blood glucose levels. Furthermore, the parental Huh7 cell line expressed the 
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cleavage enzymes PCI and PC2, enabled the Huh7 cells to convert proinsulin into bioactive 

insulin. A drawback over the use of liver cells as surrogate ~-cells is the fact that they do 

not normally express the necessary enzymes to cleave pro-insulin into mature bioactive 

insulin. This issue has been overcome by the use of the engineered furin-cleavable human 

pro-insulin rather than native proinsulin (Section I .6.I) (Groskreutz et a! I994). Auricchio 

et al (2002) demonstrated the in vivo transduction of an adenoviral vector to deliver the 

furin-cleavable proinsulin to the livers of streptozotocin (STZ)-induced nude mice. The 

mice reverted to normoglycaemia for 28 days. The short period of this study may be due to 

the adenovirus inability to stably incorporate the transfer gene into the host target cell 

chromosome, therefore making the expression of insulin episomal and the therapeutic 

treatment short term (Park et al 2005). 

Table I.2 summan es the four cell types, mentioned above, of their capabilities and 

challenges in the search for the most appropriate target cell for gene therapy of TID. All 

cells are capable of secreting mature insulin, whether the proinsulin was cleaved by the 

appropriate pancreatic pro-convertases, or by furin . However, insulin secretion was not 

glucose-regulated in skeletal muscle or anterior pituitary cells, and although insulin was 

secreted in a glucose-regulated manner in the endocrine K cells, proliferation of the 

transplanted cells resulted in over expression insulin causing hypoglycaemia in the mice. 

Gene therapy in liver cells was found to be the most appropriate target cell for TID, as 

treatment can be delivered directly to the subject's liver, with ease of access, eliminating 

the issue of cell transplant proliferation. 

Having identified hepatocytes as suitable targets for the generation of surrogate P-cells, it 

was next important to investigate the 1nost appropriate target cell alongside the viral vector 

construct, including the viral vector type, therapeutic gene (transgene) and more 

importantly the promoter used to drive the expression of the trans gene. 
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Table 1.2: Summary of target cell types for gene therapy of TlD 

Skeletal muscle Anterior Endocrine K Liver cells cells pituitary cell cell 

Capable of 
secreting Yes Yes Yes Yes 
proteins 

Proinsulin Yes, Yes, Yes, Yes, 

cleavage Furin (modified pro-convertase 1 pro-convertase 1 Furin (modified 
cleavage cleavage enzymes pro insulin) and 2 and 2 proinsulin) 

Secretion of 
insulin in a Constitutive Constitutive glucose- secretion secretion Yes Yes 
regulated 
manner 

Expression of 
glucokinase and 

GLUT4, 
stimulates 

glucose uptake 
and transport. 
Can synthesis, 

Contains storage and 
transport protein Formation of Secretes insulin secretion of 

Pros GLUT4 to insulin secretory in a glucose- insulin in the 
transport glucose granules regulated rnanner regulated 

to cells response to 
glucose. 

Hepatocytes and 
pancreatic cells 
originate from 

the same 
progenitor cell 

f---------- - ---------- ------------ lineage 
Adrenocorticotr-

Constitutive opic hormone, In vivo cell 

secretion of which stimulates proliferation, 

Cons insulin, requires glucose release, hypoglycaemia 
was found to in rodents due to further secreted insulin over engineering simultaneously expression 
with insulin 
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1.6.3 Use of promoters and enhancers to direct the viral vector transgene expression 

The use of an efficient promoter in viral vector constructs is critical for successful 

therapeutic outcomes, namely efficient expression of the transgene. Strong promoter 

activity increases the expression of the trans gene however, different promoters can result in 

differing efficiencies of gene expression depending on the target cell (Linthout et al 2002, 

Martiniello-Wilks et al 2002, Zheng and Baum 2005). Vector constructs can be driven by 

either matnmalian cell, viral or by the construct's LTR, including insulin/glucose 

promoters, elongation factor 1-a (EF1-a), cytomegalovirus (CMV) and HIV-1 LTR 

promoter. 

In an attempt to regulate insulin production in hepatocytes, Thule et al (2000) developed an 

insulin and glucose sensitive therapeutic vector promoter, in which the synthesis of insulin 

was activated by the presence of glucose and inhibited by the presence of insulin. The 

promoter was constructed by using the insulin suppressive basal promoter of the rat insulin-

like growth factor binding protein-1 gene and inserting the glucose-responsive elements 

from the rat L-pyruvate kinase gene. 

The hybrid promoter was used to drive the expression of furin-cleavable proinsulin in rat 

hepatocytes and the construct was able to increase the synthesis of insulin in response to 

increasing amounts of glucose and conversely inhibit insulin secretion in the presence of 

increased glucose levels. However, the insulin/glucose sensitive promoter was limited by 

the synthesis of insulin and lack of insulin storage, as the transcriptional regulation of 

insulin synthesis and secretion was insufficient to mimic the minute to minute metabolic 

secretory requirements of ~-cells (Section 1.6.1 ), rendering the insulin/glucose promoter 

limited for clinical use (Thule et al 2000). 

Comparison of promoter expression activity was shown to be greater using the mammalian 

EF1-a promoter over the viral CMV driven promoter from a rat liver cell in vivo, however 

expression was only moderate (Nakai eta/ 1998, Xu et al 2001). Promoter expression of 

the trans gene may be amplified with the insertion of enhancer elements (Zheng and Baum 
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2005), such as the inclusion of the woodchuck hepatitis vtrus post-transcriptional 

regulatory element (WPRE). With the inclusion of the WPRE enhancer in the HIV -1 based 

CMV driven vector, EGFP expression increased 5- to 8-fold as compared to the HIV-1 

based CMV driven vector alone. The increase in gene expression was due to the enhancer's 

three cis-acting sequences (PREa, PRE~ and PREy), which were previously found to 

increase nuclear export of mRNA, as well as accumulation of the transgene in the 

cytoplasm (Zufferey et a/1999, Popa et a/2002). 

Other modification to increase transgene expresston included the design of hybrid 

promoters/enhancers in which regions of the promoter were replaced with an alternative. 

For example, the U3 region of the 3' HIV-1 LTR (Figure 1.6) was replaced with a portion 

of the U3 region of the murine stem cell virus (MSCV), to create the HIV /MSCV LTR 

promoter/enhancer hybrid. The MSCV enhancer amplifies transgene expression by 

synergistically increasing the activity of the 5' L TR. The U3 region (MSCV) at the 3' L TR 

replaced the U3 region in the 5' L TR, leading to the trans genes driven from the 5' L TR to 

be spliced and exported from the nucleus more efficiently. Comparison studies found the 

HIV/MSCV LTR promoter/enhancer hybrid expressed the transgene 10- to 100-fold higher 

than the HIV-1 CMV dtiven vector consttuct (Choi et a/2001). 

1.7 Applications of Hl\rlD and HlVID/INS-FUR Ientiviral vectors for gene therapy 

1.7$1 Structure of HMD and 1-IMD/INS-FUR lentiviral constructs 

In our laboratory, a vector was designed and produced with the mm of transducing 

hepatocytes with a furin-cleavable proinsulin (INS-FUR) to ultimately be used in vivo to 

reverse TID. The HMD vector construct (Figure l.llA) was based on the HIV-1 lentivirus 

to enable the permanent transduction of non-dividing cells, driven by the HIV /MSCV LTR 

hybrid promoter/enhancer (a gift from J. Choi, lJniversity of Pennsylvania, USA), to ensure 

efficient gene expression. The viral vector contains an internal ribosome entry site (IRES), 

allowing co-expression of two genes (Bonnal et a/ 2003 ). The HMD viral vector contains 

only the EGFP gene after the IRES sequence, which serves as a marker to identify 
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transduced cells (Figure 1.11A). The HMD/INS-FUR viral vector is identical to the HMD 

viral vector, with the addition of the INS-FUR transgene inserted prior to the IRES 

sequence (Figure 1.11 B). As mentioned earlier (Section 1.6.1 ), human pro insulin 

engineered to be cleaved by furin (INS-FUR), an enzyme synthesised by hepatocytes, must 

be used in order for the hepatocytes to secrete mature bioacti ve insulin ( Groskreutz et a! 

1994). 

A 
5'-LTR LTR-3' 

'I' RRE IRES EGFP HIV/MSCV 

B 
5'-LTR LTR-3' 

INS-FUR t IRES EGFP HIV/MSCV 

Figure 1.11: Schematic drawing of the HMD and HMD/INS-FUR vector constructs. 
HIV-1 based vector constructs containing the HIV/MSCV LTR (blue/green bar) enhancer, 
to the 5' LTR promoter, to drive transgene expression of EGFP marker only (A) or the 
INS-FUR (orange bar) together with EGFP marker (B). LTR, long term repeat; 'lf, 
packaging signal; RRE, rev response element; INS-FUR, proins.Ifurllfur.B10D; IRES, 
internal ribosome entry site; EGFP, enhanced green fluorescent protein. Not drawn to scale. 
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1.7.2 Delivery of HMD and HMD/INS-FUR to the livers of STZ-induced diabetic 

Wister rats 

The HMD and HMD/INS-FUR viral constructs were used to produce infectious viral 

particles, which were then surgically delivered to the livers of STZ-induced diabetic Wistar 

rats using a novel intervallic infusion in full flow occlusion (FFO), as described in Ren et al 

(2007a). In brief, the right adrenal vein was tied while the infrahepatic and suprahepatic 

vena cava, hepatic artery and portal vein were clamped off prior to the infusion of HMD or 

HMD/INS-FUR viral vector through the portal vein. The blood supply was suspended for 5 

min and recirculated for 2 min during the intervallic infusion in FFO, which was repeated 3 

times (Ren et al2007a). 

As expected the empty HMD vector did not alter blood glucose levels of the animals alone, 

however, the vector containing the furin -cleavable proinsulin gene, HMD/INS-FUR was 

seen to decrease elevated blood glucose levels after the delivery to STZ-induced diabetic 

Wistar rats with normalization of blood glucose by day 5, which was maintained for 500 

days (experimental end point) (Figure 1.12). The HM_D/INS-FUR treated rodents gave 

comparable insulin secretion response to the non-diabetic control rodents, after an 

intravenous glucose tolerance test (IVGTT) (Ren et al 2007a). Tissue samples of the 

H~AD/INS-FUR treated liver stained positive for cytoplasmic insulin storage granules , 

which enabled the diabetic rodents treated with the HMD/INS-FUR viral vector to rapidly 

secrete insulin and reduce glucose levels in a comparable manner to the control non-

diabetic rodents (data shown in Ren et al 2007a). 
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Figure 1.12: Blood glucose concentrations of HMD and HMD/INS-FUR treated 
Wistar rats. STZ-induced diabetic Wistar rats transduced with HMD viral vector alone 
(pink triangles) were unable to reduce blood glucose levels and remained hyperglycaetnic 
until scarified at day 60. After the delivery ofHMD/INS-FUR viral vector (blue squares) to 
STZ-induced diabetic Wistar rats, elevated blood glucose levels decreased to subnormal 
levels. By day 5, blood glucose levels normalised to that of the non-diabetic control Vvistar 
rats (red circle) and remained of nonnal glucose levels until experimental end point of 500 
days. Test sample were completed in 5 replicates and values are shown in mean ± SEMs 
(Ren et al2007a). 

Further investigation found that the liver cells of the HMD/INS-FUR treated rodents were 

able to synthesise, store and secrete insulin, in a glucose responsive manner, due to the 

partial hepatic to pancreatic P-cell transdifferentiation by the induced expression of 

pancreatic transcription factors (Section 1.1. 7). Such events were seen in the livers of 

HMD/INS-FUR treated rats, as illustrated in the RT-PCR results of Figure 1.13. The 

delivery of the HMO viral vector demonstrated a role in the transdifferentiation of 

hepatocytes to pancreatic ~-cells, as the empty HMO viral vector was seen to induce the 

expression of Pdx-1 and Neurad] transcription factors 60 days after viral vector 

transduction, but only at the mRNA level. With the addition of the furin-cleavable 

proinsulin in the HMO/INS-FUR viral vector, hepatocytes were found to induce 

transcription factors later in the ~-cell hierarchy (Pdx-1, Neurad], Neurag3, Nkx2.2, Pax4, 
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Somatostatin and glucagon), as seen in lane 3 (60 days after vector delivery) and lane 4 

(500 days after vector delivery) of Figure 1.13. The HMD/INS-FUR was delivered to the 

liver of rodents, which initiated the transduced cells to revert to stem/progenitor cells and 

induced the expression of Pdx-1, Neurod1, Ngn3, Pax 4 and Nkx2.2. However, expression 

of Nkx6.1, Pax 6, insulin proconvertase and rat insulin 1 and 2 were not detected. MafA and 

MafB transcription factors were not investigated within this study, however it is known that 

MafB is endogenously expressed in normal liver (lmaki et al 2004). Transcription factors 

from other cells of the pancreas were also found to be induced including glucagon and 

somatostatin, however no exocrine p48 differentiation marker was detected (Ren et al 

2007a). Other studies have explored the transfer of pancreatic ~-cell transcription factors, 

such as Pdx-1 or Neurod1, to initiate the transdifferentiation of liver cells to pancreatic~

cells. While insulin secretion was detected and rodent blood glucose levels were reduced to 

varying degrees, some studies also found a delay in insulin secretion, a lack of storage 

insulin granules or the development of hepatitis, due to the Pdx-1 exocrine differentiation 

ability (Ferber et a/2000, Kojima et a/2003 and Beret a/2003). 

In summary, the delivery of the HMD viral vector to the livers of STZ-induced diabetic rats 

induced the expression of some of the early ~-cell transcription factors. The addition of the 

furin-cleavable proinsulin f·urther induced liver to pancreatic P-cell transdifferentiation, 

ho\vever not complete. The HMD/INS-FUR treated rats \¥ere able to synthesise, store and 

secrete insulin in a glucose responsive regulated fashion. However diabetes was STZ-

chemically induced, rather than via the autoimmune destruction of pancreatic ~-cells which 

occurs in patients with Tl D. If the delivery of the HMD/INS-FUR viral vector were to be 

utilized clinically for therapeutic treatment of Tl D, the viral vector must be investigated in 

an autoimmune model, such as the NOD mouse. 
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Figure 1.13: Expression of p-cell transcription factors and pancreatic hormones in 
viral vector transduced Wistar rat livers. RT-PCR analysis of gene expression of beta 
cell transcription factors and pancreatic endocrine hormones, including: Pdxl , Neurodl , 
Neurog3 , Nkx2--2, Nkx6-J , Pax4, Pax6, somatostatin, glucagon, pancreatic polypeptide, 
GLUT2, glucokinase, rat insulin 1 and 2, insulin proconvertase PC2, exocrine marker p48 
and ~-actin in nmmalliver (lane 1 ), liver transduced with HMD alone at 60 days (lane 2), 
liver transduced with HMD/INS-FUR LV at 60 days (lane 3) and 500 days (lane 4), and 
normal pancreas (lane 5) (Ren et al2007a). 
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1.7.3 Reversal of autoimmune TlD by the delivery of HMD and HMD/INS-FUR to 

the livers of NOD mice 

NOD mice are currently the most widely used model of T1 D and for this reason NOD mice 

were utilised to test our model of liver-directed gene therapy. The NOD mouse has 

similarities in genetic susceptibility (MHC class II loci), disease pathogenesis (T-

lymphocytes, mainly CD4+ and CD8+ T cells, activation to mediate ~-cell death) and 

number of autoantigens including insulin, glutamic acid decarboxylase (GAD) and 

insulinoma-associated protein 2 (IA-2), which type 1 diabetic human patients also share 

(Andersin and Bluestone 2005, Aoki et al 2005). 

Proir to the current study, HMD or HMD/INS-FUR viral vectors were delivered as 

previously described in Section 1.8.2 (Ren et al 2007a) by Dr. Binhai Ren. The HMD 

empty vector had no effect on NOD mouse blood glucose levels, as the mice remained 

hyperglycaemic until sacrifice at day 15. The HMD/INS-FUR-treated NOD mice 

normalised blood glucose levels 24 h after viral vector delivery and maintained 

normoglycaemia until the experimental end point of 150 days (Figure 1.14 A). Following 

IVGTT, the HMD/INS-FUR-treated NOD mice were able to rapidly reduce blood glucose 

levels, as shown in Figure 1.14 B, by compmison to the non-diabetic NOD and (non-obese 

resistant) NOR n1ice. Analysis of the HMD/INS-FUR-treated liver sarnples verified the 

presence of insulin positive ce11s (Figure 1.15 D) by comparison to non-treated liver 

samples (Figure 1.15 C). Transn1ission electron and immuno-electron micrographs 

confirmed the formation of insulin storage granules (Figure 1.15 E, F), 5 months after the 

delivery of HMD/INS-FUR viral vector. 
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Figure 1.14: Blood glucose levels of diabetic NOD mice treated with HMD and 
HMD/INS-FUR viral vectors. Blood glucose concentration of diabetic NOD mice treated 
with HMD/INS-FUR (square), HMD alone (open circle) and diabetic controls mice 
(triangle) over a period of 150 days (A). Blood glucose levels after IVGTT of diabetic 
NOD mice treated with HMD/INS-FUR (square), diabetic NOD (circle), non-diabetic NOD 
(triangle) and non-diabetic NOR (open triangle) rodents (B). Test smnple were completed 
in 5 (IVGTT) or 6 (150day blood glucose) replicates and values are shown in mean± SEMs 
(Ren et a/2008). 
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Figure 1.15: Expression of insulin following reversal of spontaneous type 1 diabetes in 
HMD/INS-FUR treated NOD mice. Photomicrographs of anti-insulin staining of normal 
non-diabetic NOD mouse pancreas (A); NOD pancreas frotn ani1nals treated with 
HMD/INS-FUR 5 months previously (B); non-treated NOD mouse liver (C) and 
HMD/INS-FUR vector-treated liver at 5 months, brown patches of cells indicated insulin 
positive cells. 200X magnification (D). Transmission electron micrograph showing 
secretory vesicles with dense granules (g) (bar= 500 nm) (E). Irmnuno-electron micrograph 
showing localization of insulin in liver granules 5 1nonths after the transduction of a 
diabetic NOD tnouse with HMD/INS-FUR (bar= 300 nm) (F). (Ren eta/ 2008). 
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1.7.4 Comparison of HMD/INS-FUR and WPT/INS-FUR Ientiviral vector constructs 

The delivery of the HMD/INS-FUR viral vector using the novel FFO surgical technique has 

demonstrated long-term normalisation of blood glucose levels and regulated glucose-

responsive insulin secretion in chemically induced and spontaneously diabetic animals. To 

examine whether the HMD/INS-FUR viral vector, the novel FFO surgical technique or a 

combination of the both enabled the normalisation of blood glucose levels , a new lentiviral 

vector was compared to the HMD/INS-FUR viral vector to help answer these questions. 

The new WPT vector construct is driven by the EF1-a promoter (Section 1.6.3), in 

combination with the WPRE enhancer (Figure 1.16 A) to increase the expression of INS-

FUR transgene in the WPT/INS-FUR construct (Figure 1.16 B), a gift from Dr Shu Gan, 

National University of Singapore. The INS-FUR trans gene in the WPT/INS-FUR construct 

contains similar alterations to the HMD/INS-FUR vector, including the furin-cleavable 

modification with the hyperproinsulinemia mutation at position 10 in the B-chain (Section 

1.6.1 ). The WPT and WPT/INS-FUR vector constructs were compared to the HMD/INS-

FUR vector construct for their abili ty to transduce the liver cell line Huh7, followed by 

their ability to store and secrete insulin in a glucose-regulated tnanner. The investigation 

was used to facilitate the decision as to whether in vivo transduction studies using the novel 

FFO surgical technique previously used with the HMD/INS-FUR construct studies, should 

be pursued with the WPT/INS-FUR construct. 
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Figure 1.16: Schematic drawing of the pWPT and pWPT/INS-FUR vector constructs. 
Lentiviral vector constructs containing the WPRE (red bar) enhancer, to the 5' hEFl-a 
promoter (yellow bar), to drive trans gene expression of EGFP tnarker only (A) or the INS-
FUR (orange bar) together with EGFP marker (B). LTR, long tenn repeat; \jl, packaging 
signal; RRE, rev response element; INS-FUR, proins.Ifuriifur.BlOD; IRES, internal 
riboson1e entry site; EGFP, enhanced green tluorescent protein. Not drawn to scale. 

In summary, the basis of this study was to investigate an alternative solution, using liver 

directed viral construct transduction methods in the treatment of TID, which may 

ultimately provide patients with restored secretion of insulin in a glucose-regulated matmer 

that does not require multiple daily insulin injections or the need for immunosuppressants 

to prevent autoiffilnune attack on the transplanted organs/cells. This study will (i) highlight 

the importance of accurate viral vector titre determination; (ii) exatnine the presence of 

pancreatic transcription factors and hormone gene expression required for liver to 

pancreatic P-cell transdifferentiation in NOD mice; and (3) compare the HMD/INS-FUR 

lentiviral vector with the WPT/INS-FUR vector, with regards to their ability to induce 

insulin storage and secretion in the transduced Huh? liver cell line. This will help to 

facilitate the decision as to whether in vivo transduction studies should be pursued with the 

WPT /INS-FUR construct. 
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1.8 Aims of project 

The specific aims of this project were to: 

1. Examine the limitations of viral titre determination by fluorescent microscopy 

followed by the establishment and validation of an accurate methodology for 

lentiviral titre determination by flow cytometry. 

2. Determine if pancreatic ~-cell transcription factors and hormones were induced in 

NOD mouse livers, treated with HMD and HMD/INS-FUR viral vectors. 

3. Compare the HMD/INS-FUR and WPT /INS-FUR lentiviral constructs based on 

their ability to transduce the Huh7 human liver cell line at various MOl and their 

ability to store and secrete insulin in a glucose-regulated manner. 
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CHAPTER TWO 

Materials and Methods 
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2.1 Materials 

2.1.1 General materials and reagents 

Agarose (analytical grade), nuclease-free H20 and 6x blue/orange loading dye were 

purchased from Promega (Madison, USA). Liquid nitrogen was supplied by BOC (St 

Peters, Australia). Tris base, boric acid and ethylenediaminetetraacetic acid (EDT A) (TBE) 

buffer was supplied by Amresco (Ohio, USA) and the H20 for irrigation was supplied by 

Baxter (Toongabbie, Australia). Ampicillin (sodium salt), ethidium bromide, isopropyl 

alcohol, Luria agar, Luria broth, potassium chloride, potassium phosphate and poly-L-

lysine were all purchased from Sigma-Aldrich (Missouri , USA). Sodium chloride was 

purchased from MP Biomedicals, LLC (California, USA). Penicillin with streptomycin 

(PS) was supplied by Gibco® (Invitrogen, Carlsbad, USA). Dulbecco's Modified Eagle 

Medium (DMEM) and foetal bovine serum (FBS) were purchased fron1 Thermo Electron 

Corporation (California, USA). Bovine serum albumin (BSA) was supplied from Research 

Organics (Ohio, USA). GelRed was purchased from Biotium, Inc. (California, USA). 

Undenatured 95% ethanol was supplied by Chem··Supply (Adelaide, Australia). Needles 

and syringes were supplied from Terumo (Tokyo, Japan). 6-well and 12-well plates and the 

vacuum filter units (0.2JJ.m; 1000 mL) were provided by Thenno Fisher Scientific Inc 

(Australia). Tissue culture flasks (T-25 cm2
, T-75 cm2 and T-175cm2

) and 2-layer 

CellST ACK® culture chambers were supplied by Corning® (Victoria, Australia). 

2.1.2 Transformation and plasmid isolation 

QIAprep Mini Prep kit was purchased from Qiagen (Duesseldorf, Germany). Purelink 

HiPure Plasmid Gigaprep kit was purchased from Invitrogen (Carlsbad, USA). GenElute TM 

HP Select Plasmid Gigaprep kit and glycerol were supplied by Sigma-Aldrich (Missouri , 

USA). Hyperladder I molecular weight marker (200 to 1 O,OOObp) was supplied by Bioline 

(London, UK). Enzytnes (Kpni, Ncol, BamHI and Xhoi) used for plasmid digests were 

purchased from either Invitrogen (Carlsbad, USA) or Promega (Madison, USA). 

Competent cells (E. coli - DH5a) and 1 Ox MULTI-CORE™ Buffer were purchased from 
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Promega (Madison, USA). The furin-cleavable human proinsulin (INS-FUR) was a gift 

from Genetech (San Francisco, USA) and was cloned into the multi-cloning site of the LV 

HIV /MSCV (HMD), a gift from J. Choi (Department of Pathology and Laboratory 

Medicine, University of Pennsylvania, Pennsylvania, USA) at the EcoRI site to produce the 

HMD/INS-FUR transfer plasmid construct. The packaging plasmid, pCMV ~R8.2 , and the 

plasmid envelope, VSV -G, were a gift from I. Verma (Salk Institute for Biological 

Sciences, California, USA). 

2.1.3 Calcium phosphate transfection of viral vectors 

N-[2-Hydroxyethyl]piperazine-N' -[2-ethanesulfonic acid] (HEPES), sodium bicarbonate 

and sodium phosphate were purchased from SigJ.na-Aldrich (Missouti, USA). L-glutamine 

and sodium chloride were supplied from MP Biomedicals, LLC (California, USA). 

Calcium chloride (dihydrate) was supplied by Amresco (Ohio, USA). OPTI-MEM® + 

GlutaM.AX™-1 and Trypsin-EDT A were both purchased from Gibco® (Invitrogen, 

Carlsbad, USA). 

2.1.4 Viral vector purification by Tangential Flow Filtration (TFF) 

Sodium hydroxide and sodiutn hypochlorite were purchased frotn Sign1a-Aldrich 

(Missouri, USA). The Centramate TM filtration men1brane cassettes were supplied by Pall 

Corporation (New York, United States of America). 

2.1.5 Determination of viral titre by flow cytometric analysis 

Hexadimethrine bromide (Polybrene) and paraformaldehyde (95o/o) was purchased from 

Sigma-Aldrich (Missouri, USA) Sodium hypochlorite ( 12.5% w/v) solution was supplied 

by Ajax-Finechem (Sutherland, Australia) . 
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2.1.6 Standard and quantitative RT -PCR amplification 

RNase Zap was supplied by Ambion (Texas, USA). DNase I (amplification grade), 

TRizol® Reagent, SuperScript® III First-Strand Synthesis SuperMix and SYBR 

GreenER™ qPCR SuperMix Universal were both purchased from Invitrogen (Carlsbad, 

USA). Chloroform was supplied by Sigma-Aldrich (Missouri, USA). Omniscript® RT kit, 

RNA!ater RNA Stabilization Reagent and RNeasy® Mini kit were supplied by Qiagen 

(Duesseldorf, Germany). Random primers, RNasin® Plus RNase inhibitor, PCR Master 

Mix and pGEM® DNA marker were purchased from Promega (Madison, USA). 

Oligonucleotides were purchased from either GeneWorks (Adelaide, Australia) or 

Integrated DNA Technologies (Iowa, USA). The 96-well blue PCR plates (fully skirted) 

and the transparent heat-sealing foil were supplied by Eppendorf (Germany). 

2.1. 7 WPT viral vector transfection 

The transfer plasmids, pWPT-EMW-EMPTY (pWPT) and pWPT-EMW-INS/FUR 

(pvVPT/INS-FUR), containing the furin-cleavable human pro-insulin gene were a gift from 

Dr. Shu Gan from the National University of Singapore. 

2.1.8 Fluorescence activated cell sor ting (FACS) 

Hanks ' Balanced Salt Solution was supplied by Sigma-Aldrich (Missouri , USA). The 70~Lm 

cell tilter was purchased from BD Diagnostics (California, USA). Normocin™ was 

supplied by InvivoGen (San Diego, USA). 

2.1.9 Radioimmunoassay (RIA) 

Sodium phosphate, sodium phosphate dibasic, sodium, azide, primary anti-insulin antibody, 

human insulin and y-globulin were supplied by Sigma-Aldrich (Missouri , USA). 125Iodine 

labelled insulin was a gift frorn Dr Paul Williams from the Departrr1ent of Medicine, 
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University of Sydney (Australia). Polyethylene glycol (PEG) was purchased from Promega 

(Madison, USA). 

2.1.10 Detection of insulin in viral vector transduced cell lines 

Dulbecco's Modified Eagle Medium (DMEM) without D-glucose was purchased from 

Thermo Electron Corporation (California, USA). D-glucose (powder) was supplied by 

AnalaR® BDH (United Kingdom). Antibodies against human insulin were purchased from 

BioGenex (California, USA). AlexFluor568 goat anti-mouse IgG and 4'6-diamidino-2-

phenylindole (DAPI) were supplied from Invitrogen (United Kingdom). Trito X-1 00 and 

glycine were purchased from Sigma-Aldrich (Missouri, USA). The glycerol was supplied 

from Atnresco (Ohio, USA). The 1 cm2 tissue culture FluoroDishTM was purchased from 

World Precision Instruments (Florida, USA). 12 mm #1 .5 microscope cover slips was 

supplied from Menzel-Glaser (New Han1pshire, USA). 
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2.2 Methods 

2.2.1 Sterility and containment 

Prior to use all equipment was sterilised, by either autoclaving (20 min at 121 °C) or UV 

radiation (20 min), to remove contaminating bacteria, viruses, DNase and/or RNases. Work 

areas, pipettes and other items were cleaned with 70o/o ethanol and/or RNase Zap and/or 

DNase treated. All viral vector transfection, transductions and maintaining cell lines were 

completed within a sterile Class II laminar flow biological safety cabinet. Plastic and/or 

glassware containing genetically modified organisms (GMOs) were decontaminated by 

autoclaving or by chemical treatment (12% hypochlorite). All GMO manipulations 

involving potential formation of aerosols were carried out within a biological safety hood to 

prevent the release of GMOs into the environment. GMOs were sealed and double 

contained when transporting between facilities. 

2.2.2 Transformation of plasmids ~R8.2 , VSV-G, HMD or HMD/INS-FUR, plasmid 

isolation and restriction digest 

2.2.2.1 Transformation of plasmids ~R8.2, VSV~·G, HMD or HMD/INS-FUR 

Frozen (-80°C) E.coli DH5a competent cells were thawed on ice and then gently mixed by 

flicking the tube before being ali quoted (1 00 JlL) into 15 mL chilled falcon tubes. Between 

30 and 50 ng of ~R8.2, VSV-G, HMD or HMD/INS-FUR was added to the competent 

cells, which were then gently mixed by flicking the tube and returned to ice for 20 min. The 

competent cells were heat shocked (90 sec at 42°C) followed by 5 1nin incubation on ice. 

Cold luria broth (900J1L) containing 100 Jlg/mL of ampicillin was added to each falcon 

tube, which was then incubated for 60 min at 37°C with shaking at 225 rpm (Orbital Mixer 

Incubator, Ratek). The transformed cotnpetent cells were diluted 1:10 and 1:100 with 

warmed I uri a broth (3 7°C) containing 100 11g/mL of ampicillin. Undiluted, 1:10 and 1:100 

dilutions of the con1petent cell mixture (165 !lL) were spread plated on luria agar 

(containing 100 11g/mL of ampicillin) plates alongside untransformed competent cells and 
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incubated overnight (0/N) at 37°C. Positive transformed competent cells appeared in 1-2 

mm single, white colonies on the transformation plates. Several single colonies for each 

plasmid transformation were picked using sterile needles and placed individually into 50 

mL falcon tubes, containing 2.5 mL of luria broth (supplemented with 100 J.tg/mL of 

ampicillin). All falcon tubes were incubated 0/N at 37°C with shaking at 260 rpm (Orbital 

Mixer Incubator, Ratek). 

2.2.2.2 Small scale plasmid isolation 

The 0/N growth of each plasmid transformation was purified by using 1 mL of culture in 

QIAprep Mini Prep kit from Qiagen, according to the manufacturer's instructions. In brief, 

1 mL of the culture was centrifuged at 8,000 rpm (Centrifuge 5417R, Eppendorf) for 3 min 

and the bacterial pellet was resuspended in 250 JlL of Buffer Pl. The bacterial cells were 

lysed by adding 250 JlL of Buffer P2 and mixed by inverting until the suspension turned a 

homogenous blue colour, followed by 5 min incubation at room temperature (RT). Next, 

350 JlL of naturalisatlon Buffer N3 was added and mixed by inverting the tube until the 

blue suspension turned colourless, the tube was then centrifuged for 10 min at 13,000 rp1n 

(Centrifuge 5417R, Eppendort). The supernatant was transferred to a QIAprep spin column, 

centrifuged for 1 min at 10,000 rpm (Centrifuge 5417R, Eppendorf) and the flow-through 

was discarded. The column was washed by adding 500 JlL of Buffer PB and centrifuged for 

1 min at 10,000 rpm (Centrifuge 5417R, Eppendorf) and the flow-through was discarded. 

The column was washed again with 750 JlL of Buffer PE, centrifuged for 1 min at 10,000 

rpm (Centrifuge 5417R, Eppendorf) and the flow-through was discarded. The column was 

centrifuged for 1 min at 10,000 rpm (Centrifuge 5417R, Eppendorf) to ren1ove any residual 

wash buffer and the column was transferred to a clean 2 mL microcentrifuge tube. The 

plasmid was eluted by adding 50 J.lL of Buffer EB to the centre of each colutnn and allowed 

to stand for 1 min at RT. The column was then centrifuged for 1 min at 10,000 rpm 

(Centrifuge 5417R, Eppendorf) to collect the isolated plasmid. All purified plasmids were 

analysed on the NanoDrop® ND-1 000 Spectrophotometer (NanoDrop Technologies, Inc, 

USA. Section 2.2.3 .1) followed by restriction digestion and agarose gel electrophoresis 

(Section 2.2.2.3). 
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2.2.2.3 Restriction digestion of isolated plasmids and long-term storage 

Restriction digests were completed individually by combining 1 Jlg of an plasmid with 2 

J.!L of 1 Ox MULTI-CORE™ Buffer, 10 11g/JlL of BSA, 1 J.!L of either Nco I (HMD, 

HMD/INS-FUR), Kpni (VSV -G) or a combination of BamHI and Xhoi enzyme for L1R8.2 

and made up to a total volume of 20 11L with nuclease-free H20 in a sterile 0.2 mL tube and 

incubated at 3 7°C for 2 h. Undigested and digested plasmids were electrophoresed (Section 

2.2.3.2) followed by visualisation on a UV transilluminator (UVitec). Gel images were 

recorded on the Kodak Molecular Imaging software to verify successful transformation by 

determining the correct band sizes for each plasmid. 

Successful transfonned plasmids were grown 0/N at 260 rpm (Orbital Mixer Incubator, 

Ratek) in 25 mL of I uri a broth containing 100 Jlg/mL of ampicillin. The culture was then 

centrifuged at RT for 10 min at 4000 rpm (Centrifuge 5702, Eppendorf) and the pellets 

were resuspended in 20 mL glycerol storage buffer (15 % glycerol, 2 M CaCb in 20 n1L 

total volume of luna broth supplemented with 100 Jlg/mL of ampicillin) and aliquoted into 

2 mL tubes for storage at -80 oc until required for large scale plasn1id isolation (Section 

2.2.2.4). 

2.2.2.4 Large scale plasmid isolation 

Large scale plasmid isolations were carried out by growing a starter culture using 1 mL of 

plasmid (Section 2.2.2.3) in 20 InL of Iuria broth (supplemented with 100 j.!g/mL of 

ampicillin) at 37 °C with shaking at 260 rpm (Orbital Mixer Incubator, Ratek). The optical 

density (OD) was determined by transferring 1 mL of culture broth at 3 h of growth, and at 

each hour thereafter, into a 1 mL cuvette (Hellma) and recording the OD on the GenQuant 

Pro, (using the default settings for cell culture samples set at 600A-) until an OD of 0.6 was 

reached ( 4-6 h). The plasmid starter culture was then transferred to 3 L of luria broth 

containing 100 Jlg/mL of ampicillin and grown 0/N at 3 7 oc with shaking at 260 rpm 

(Orbital Mixer Incubator, Ratek). The culture was then centrifuged at 8,000 rpm for 15 min 

(Sorvall Super T-21 centrifuge). The supernatants were disposed of aseptically and the 
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plasmid pellets were treated according to Invitrogen's Purelink HiPure Plasmid Gigaprep 

kit for plasmid isolation. In brief, the bacterial pellet was resuspended in 125 mL of 

Resuspension Buffer R3 until the solution became homogeneous. The bacterial cells were 

lysed by adding 125 mL of Lysis Buffer L 7 and gently mixed until homogeneous and 

incubated at RT for a maximum of 4.5 min. The lysate was neutralised by adding 125 mL 

of Precipitation Buffer N3, gently mixed until homogeneous and poured directly into the 

gigaprep lysate filtration cartridge that was attached to a 1000 mL bottle. After 5 min 

incubation at RT, a vacuum source was connected and applied to the filtration cartridge 

until all the liquid was drained. Wash Buffer W8 (50 mL) was added to the filtration 

cartridge and gently stirred and the vacuum applied until all the liquid was drained. Next, 

the Gigaprep DNA Binding Cartridge was connected to a 1000 mL bottle and 200 mL of 

Equilibration Buffer EQ 1 was passed through the cartridge by applying the vacuum and 

discarding the flow-through. Following this, the filtered lysate fron1 the Filtration Cartridge 

was added and passed through the DNA Binding Cartridge by vacuum pressure. Passing 

through 275 mL of Wash Buffer W8, twice, washed the DNA Binding Cartridge and the 

flow-through was discarded . The DNA Binding Cartridge was removed and attached to a 

sterile 250 mL bottle. Through a soft vacuum pressure, 100 mL of Elution Buffer E4 eluted 

the plasmid frmn the DNA Binding Cartridge followed by precipitating the plasmid by 

adding 0.7 volume of isopropanol per total eluted volume. The precipitate was then pelleted 

at 11,500 rp1n for 30 1nin at 4°C (Sorvall Super T -21 centrifuge). The supernatant was 

discarded and the pellet washed with 20 rnL of 70 % ethanol followed by centrifugation at 

11,500 rptn for 15 min at 4°C (Sorvall Super T-21 centrifuge). The ethanol was removed 

and the pellet was dried _ in a lan1inar flow biological safety cabinet for 20-30 min. The 

pellet was resuspended in 3-5 mL of sterile H20. 

To ensure the plasmids were sterile before viral vector transfection (Section 2.2.4), 500 J.!L 

of plasmid was inverted gently with 50 J.!L of sodium acetate (3 M, pH 4.8), 1.3 J..!L of 

glycogen (20 mg/mL) and 1000 J..!L of 95~1o ethanol, in 2 n1L microcentrifuge tubes. The 

tubes were placed at -20°C 0/N followed by centrifugation at 14, 000 rpm (Centrifuge 

5417R, Eppendorf) for 20 min. The supernatant was thoroughly removed and air dried for 

20 min in sterile Class II laminar flow biological safety cabinet. The pellets were 
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resuspended in 500 J..LL of sterile Baxter H20. All purified plasmids were analysed on the 

NanoDrop® ND-1 000 Spectrophotometer (Section 2.2.3.1) for purity and plasmid DNA 

quantification and stored at -20 °C until required for viral vector transfection (Section 

2.2.4). 

2.2.3 Quantification and analysis of nucleic acid samples 

2.2.3.1 Nucleic acid quantification 

All quantifications of nucleic acid samples, including total RNA and plasmid DNA, were 

carried out using the N anoDrop® ND-1 000 Spectrophotometer (NanoDrop Technologies, 

Inc, USA). Absorbance (A) readings were obtained from 2 j..!L aliquots of each sample and 

the concentration (ng/J..LL) was recorded based on the A26o, using the default settings for 

either DNA or RNA samples. A ratio of ~1.8 and --2.0 at A2601280 for DNA and RNA, 

respectively, was used as an indication of nucleic acid purity. Much lower ratio value was 

used as an indication of contaminates (for example protein and phenol that absorb at A26o), 

which were not used in later experin1ents. 

2.2.3.2 Agarose gel electrophoresis 

Agarose gel electrophoresis was carried out to determine the integrity and confirm the 

concentration of isolated RNA samples, to confirm plasmid preparations and restriction 

digests were of expected band size without contamination and for determining the presence 

of RT -PCR products of transcription factors from various tissue samples. Agarose gel 

concentrations ranged between 1-l.So/o (w/v) agarose in TBE buffer and were stained with 

2.5-5 J..LL of either ethidium br01nide (1 0 mg/mL) or GelRed (1 0 OOOx in H20). The nucleic 

acid samples and molecular markers were diluted in 6x blue/orange loading dye prior to 

loading into agarose gel wells. Electrophoresis was performed in TBE buffer, generally at 

80-85 V for 45-80 min using either the BioRad Mini-Sub® Cell GT or BioRad Wide Mini-

Sub® Cell GT electrophoresis unit followed by visualisation on the UV transilluminator 
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(UVitec) and the Kodak EDAS 290 camera. The images were recorded using Kodak 

Molecular Imaging software. 

2.2.4 Calcium phosphate transfection of HMD and HMD/INS-FUR viral vectors 

2-layer Cell STACK® culture chambers were each treated with 1 Oo/o v/v poly-1-lysine in 

PBS for 30 min prior to the seeding of cells to aid cell adherence throughout transfection 

procedure. The poly-1-lysine was removed and each CellST ACK® was seeded with 1.8 x 

108 human embryonic kidney (293T) cells in 150 mL of DMEM (supplemented with 1 Oo/o 

v/v FBS and 1 o/o PS) and incubated for 24 h at 37 °C with 5o/o C0 2. In order to prepare 

293T cells for viral vector transfection, DMEM (suppletnented with 1 Oo/o v/v FBS and 1% 

PS) media was replaced with 150 mL of OPTI-MEM® + GlutaMAX™-1 (supplemented 

with 4% v/v FBS and 1% PS) media for 45 min at 37 °C with 5o/o C02• 

The calcium phosphate transfection of HMD or HMD/INS-FUR was prepared by the 

addition of 600 Jlg of either HMD or HMD/INS-FUR v1ith 400 Jlg of VSV -G, 800 Jlg of 

L1R8.2 , 2 M of CaCb in a total volume of 8 mL with sterile H 20 in a 50 n1L Falcon tube, 

labelled tube 1 for HMD or HMD/INS-FUR transfection, for each CellSTACK®. In a 

second 50 mL Falcon tube, labelled tube 2 for HMD or HMD/INS-FUR transfection, 1 M 

HEPES, 2 M NaCl, 150 mM Na2HP04 was added and made to a total volume of 8 mL with 

sterile H 20 for each CellST ACK®. The contents of tube 1 were slowly added, in a 

dropwise fashion, to the contents of tube 2 and the mixture was agitated to form the 

transfection precipitate. The mixture was incubated at RT for 30 min. The transfection 

precipitate was slowly added to 100 mL of OPTI-MEM® + GlutaMAX™-1 (supplemented 

with 1% PS) media per CellSTACK®. The OPTI-MENI® + GlutaMAX™-1 media in each 

CellST ACK® was removed followed by the addition of the transfection mixture, ensuring 

equal volumes of transfection mixture between the 2 layers of the CellST ACK®, which 

was then returned to the incubator at 3 7 oc with 5% C02• The CellST ACK® was observed 

hourly under 40x magnification on a Leica DMIL microscope to check for cell 

abnormalities (for exmnple increased intracellular granules, change of rrwrphology or cell 

death) in which case the trm1sfection medium was replaced with 150 mL of OPTI-MEM® 
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+ GlutaMAX™-1 (supplemented with 1% PS) media, otherwise after 4 h incubation the 

transfection medium was replaced and incubated for 24 hat 37 °C with 5% C02• After 24h 

the cells were viewed under the Leica DMIL microscope with fluorescence ( 488excitiation, 

509emission) to assess the transfection efficiency by visualising EGFP positive cell 

populations. If no EGFP was present or of low counts of fluorescent cells (<10 EGFP 

positive cells in a single x40 field of view), the CellST ACK® was disposed of and the 

experiment repeated. If EGFP was present, the viral vector media from each CellST ACK® 

was harvested and replaced with 150 mL of OPTI-MEM® + GlutaMAX™-1 

(supplemented with 1 o/o PS) medium. The collected media was passed through a 0.2J.lm 

1000 mL vacuum filter unit to remove cell debris and this procedure was repeated daily for 

3-4 consecutive days. Each filtered viral vector medium was stored at -80 oc until required 

for viral vector putification and concentration by Tangential Flow Filtration (TFF), as 

detailed in Section 2.2.5. 

2.2.5 Viral vector purification by Tangential Flow Filtration (TFF) 

2.2.5.1 Assen1bly of TFF unit for the use in TFF system 

The TFF unit was assembled by placing a single silicone gasket on the TFF base, follo\ved 

by the Centramate ™ filtration membrane cassette and the second silicone gasket on top, 

ensuring that the inlet/outlet slots on the TFF base were not covered by the rnetnbrane 

cassette or silicone gaskets (Figure 2.1 A). The lid of the TFF unit was placed over bolts 

and secured with washers and nuts, tightening the nuts in sequence from 1-4 (Figure 2.1 B), 

using a Snap-on torque wrench (set on 80). All work from this point was cornpleted within 

a sterile Class II laminar flow biological safety cabinet, unless otherwise stated. The 

feed/retentate side of the filtration membrane unit was connected to the tubing leading to 

the reservoir, ensuring there were no cracks in the tubing lines or connection ports. 

55 



A 

B 

Silicone 
gaskets 

Silicone 
gaskets 

Bolt 

Inlet port to 
Centramate ™ filtration 

membrane cassette 

ports 

Return to 
reservoir 

outlet port 

Filtrate 

Feed I Retentate 

Waste 
collection 
outlet port 

Inlet port 
from reservoir 

ports 

TFF base 
inlet/outlet slots to 

Centramate TM 

cassette 

TFF 
base 

Centramate ™ 
filtration 

membrane 
cassette 

Figure 2.1: Tangential Flow Filtration unit. Positioning of the silicone gasket (green) 
and Centramate TM filtration membrane cassette (orange) on the Tangential Flow Filtration 
(TFF) base (purple), permitting clearance over the inlet/outlet holes of the TFF base to 
allow the flow of viral vector media in and out of the Centramate ™ filtration membrane 
cassette (A). The asse1nbled TFF in 3-dimentions, with the order of sequence of nut 
fastening. The assembled unit consists of the TFF base (purple) followed by a silicone 
gasket (green), a Centramate™ filtration membrane cassette (orange), a second silicone 
gasket (green) and the TFF lid (purple). The unit is secured by 4 washers and nuts, 
tightened in order from 1 to 4, which seals the Centramate™ filtration membrane cassette 
to create the necessary pressure required to purify and concentrate the viral vector (B). 
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2.2.5.2 Preparation of a new membrane cassette for the use in TFF machine 

The TFF unit was assembled according to Section 2.2.5.1 with a new Centramate™ 

filtration membrane cassette with the waste and collection valves closed (Figure 2.2), 

300mL of heated (55°C) 0.1M NaOH/200ppm NaOCl solution was added the reservoir and 

the solution was circulated through the TFF unit and back into the reservoir at a pressure of 

1 Barr for 45min. Through the waste port 150 mL was drained and the remaining 150mL 

was sent through the collection port. This washing procedure of the filtration membrane 

was repeated. Next, 1 L of sterile Baxter H20 was flushed through the waste port, followed 

by 1 L of sterile Baxter H20 through the collection port. Finally, 100 mL of O.lM NaOH 

without NaOCl at RT was circulated throughout the TFF system, followed by draining all 

the liquids out the collection port and all channels were closed. The TFF unit was then 

dismantled and the membrane cassette and silicone gaskets were placed in a sealable 

container covered in O.IM NaOH without NaOCl at 4°C. This procedure was completed 

when membrane cassettes were replaced. 
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Figure 2.2: Schematic of TFF system. The TFF system purifies and concentrates the viral 
vector by applying pressure within the TFF unit. The reservoir was filled with the harvested 
viral vector media (light pink), which the pump (brown) circulated the viral vector media 
throughout the system. The viral vector was purified and concentrated by employing the 
clamp (red) to create pressure of 1.5 Barr at the feed pressure gauge (green) and 0.5 Barr at 
the filtrate pressure gauge (green), creating an overall 1 Barr system pressure within the 
TFF unit. The viral vector was retained within the TFF unit, while stnall volumes of bio-
nlolecules and impurities were disposed in the waste collection (dark pink) thus 
concentrating the viral vector into a smaller volume. The concentrated viral vector was 
recovered by removing the clamp pressure to allow the free circulation of viral particles and 
collection via the collection tube (black outline) channel. 
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2.2.5.3 Preparation of the membrane cassette for viral vector concentration 

The filtration membrane unit was dismantled using Snap-on torque wrench (set on 80) 

releasing the nuts in sequence (Figure 2.1 ). Next, 0.1 M NaOH was added to the membrane 

cassette followed by the silicone gaskets and into the inlet/outlet ports of the TFF unit to 

ensure that there was no blockage. The TFF unit was reassembled (as described in Section 

2.2.5.I ), returned to the sterile Class II laminar flow biological safety cabinet and 

connected the feed/retentate side of the TFF unit to the tubing connected to the reservoir. 

Checking that the waste and collection ports (Figure 2.2) were closed, 500mL of heated 

(55°C) O.IM NaOH/200ppm NaOCl solution was placed into the reservoir and the solution 

was circulated through the TFF unit and back into the reservoir at 1 Barr pressure for 30 

min. Next, 250mL was drained through waste port and 240mL was drained through the 

collection port, leaving 10 mL of solution in the reservoir to stop air entering the system. 

This washing procedure was repeated. Checking that the waste and collection port were 

closed, 500 mL of heated (55°C) PBS was placed in the reservoir and this was circulated 

through the filtration membrane unit and back into the reservoir at 1 Barr of pressure for 30 

1nin. Next, 250mL was drained through waste port and the remaining 240tnL through the 

coJlection port, leaving 1 0 mL of solution in the reservoir to stop air entering the s ysten1 

and this step was repeated. 

To determine the flow rate of the system, 300 mL of PBS was placed into the reservoir and 

circulated at 1 Barr with the collection port open into a measuring cylinder for 1 min. A 

clean filtration unit with no blockages collected over I20 mL/min. To perform a membrane 

cassette integrity test, all liquid was drained fron1 the reservoir from the waste port, while 

the collection port closed. While the waste port was open and the system was still running, 

pressure was applied by clamping the tubing between the filtrate pressure gauge and the 

reservoir return channel until the feed pressure gauge read I Barr. A measuring cylinder 

full of H20 was inverted into a beaker of H20 and the waste port tube was placed under the 

measuring cylinder so that the escaping air from the waste port tube displaced the water in 

the cylinder. The volume of fbO that was displaced over I min was recorded to determine 
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the membrane cassette integrity. An efficiently working membrane cassette collected over 4 

mL/min. 

After completing the flow rate and membrane cassette integrity tests, 100 mL of PBS was 

circulated in the reservoir, ensuring that the waste and collection channels were closed. The 

TFF system was then turned off and all ports on the TFF system were closed to prevent the 

membrane cassette drying out 0/N. To relieve the pressure on the pump tubing, the tubing 

was also released. 

2.2.5.4 Viral vector purification and concentration using TFF machine 

The TFF machine was prepared for viral vector purification and concentration by 

circulating 200 mL of warmed (37°C) OPTI-MEM® + GlutaMAX™-1 media (at 1 Barr 

pressure) for 20 min, ensuring the waste and collection channels were closed. The solution 

was drained from the collection port leaving 10 mL of tnedia in the reservoir to prevent air 

entering the system. The collection port was dosed and the waste port was opened and a 

clean 1 L bottle was used to collect the impurities and unwanted media expelled from the 

waste port. The reservoir was filled with the filtered viral vector media (thawed from -80°C 

storage, Section 22.4) and the TFF was set to 1 Ban· of pressure. Without delay, pressure 

was applied by clamping the tubing between the filtrate pressure gauge and the resetvoir 

return channel (Figure 2.2) until the feed pressure gauge read 1.5 Barr and the filtrate 

pressure gauge read 0.5 Barr, creating 1 Barr overall pressure within TFF unit. As the viral 

vector media was being filtered, addit1onal non-concentrated viral vector media was added 

to the reservoir until either the all of the viral vector media had passed through the TFF or 

the filtration membrane unit was overload with virus, as indicated by a large increase in 

pressure (high pressure may cause damage to the membrane cassette). The viral vector 

media volume in the reservoir was reduced down to 15 mL and then the TFF circulation 

was stopped. The waste port was closed and the clamp was removed to release the TFF unit 

pressure. The remaining 15 mL of viral vector media was circulated through the TFF 

system (1 Barr) to free the captured virus from the membrane cassette for 15 min. The 

concentrated viral vector was collected through the collection port into a 50 mL chilled 
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ultracentrifuge collection tube, ensuring no air enters the TFF system and was kept on ice 

until all concentrated viral vector collection was completed. The collection port was closed 

and 15 mL of warmed (37°C) OPTI-MEM® + GlutaMAX™-1 media was added to the 

reservoir and circulated for another 15 min. The concentrated viral vector was circulated 

through the collection port into the chilled ultracentrifuge collection tube containing the 

first collection of concentrated viral vector, ensuring that no air entered the TFF system. 

This step was repeated until that a total of 45-50 mL concentrated viral vector media was 

collected from the TFF. The stopping seal and cap was secured onto the ultracentrifuge 

tube and placed in the cooled (4°C) Sorvall A-641 rotor. The rotor was either placed in the 

Sorvall Combi Plus or the Beckman L 7 ultracentrifuge and the viral vector was pelleted at 

70, 000 g for 2 h at -4°C. The supernatant was discarded and the viral pellet was 

resuspended in 1 mL of sterile PBS. An aliquot of the viral vector suspension was used to 

determine the viral vector titre (Section 2.2.6). The remaining viral vector suspension was 

stored at -80°C until required for transduction experiments (Section 2.2.8). 

2.2.5.5 Cleaning of the TFF apparatus 

Heated PBS (55°C, 250mL) was flushed through the waste port and then through the 

collection port, at 1 Barr of pressure. Next, 300mL of heated (55°C) 0.5Iv1 Na0H/200ppm 

N aOCl was flushed through the waste port and then through the collection port, at 1 Barr 

pressure. 500 tnL of 0.5M NaOH/200ppm NaOCl was then circulated through the TFF 

system for 45 min at 1 Barr pressure to destroy any remaining virus and then 250 mL was 

drained through the waste and collection ports. This step was repeated. Finally, 100 mL of 

O.IM NaOH (without NaOCl) at RT was circulated followed by draining all liquid out of 

the collection channel. All chatmels were then closed. The TFF unit was dismantled and the 

Centramate TM filtration membrane cassette and the silicone gaskets were placed in a 

sealable container covered in O.lM NaOH without NaOCl at 4°C. 
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2.2.6 Viral vector titre determination 

2.2.6.1 Traditional transduction method for viral vector titre determination 

Into each well of a 6-well plate, 7 x 105 293T cells were seeded in 3 mL of DMEM 

(supplemented with 1 O%v/v FBS and 1% PS) media, and incubated 0/N at 37 °C with 5% 

C02• Into a 50 mL Falcon tube, 20 mL of DMEM (supplemented with I 0% v/v FBS and 

I o/o PS) media was mixed with 24 JlL ofhexadimethrine bromide (Polybrene, 8 J..Lg/mL) and 

I 000 J..LL was ali quoted into each well after the previous DMEM media was removed. In 

duplicate, 70 J..LL, 50 J..LL, 30 J.!L, 5 JlL and 1.25 flL aliquots of the concentrated viral vector 

(Section 2.2.5) were was transferred to the corresponding labelled well and mixed 

thoroughly followed by incubation 0/N at 37 oc with 5% C02 . To each well, 2 mL of 

DMEM (supplemented with I 0% v/v FBS and 1% PS) media was transferred, the contents 

were mixed gently by tilting and incubated for a further 3 days at 37 oc with 5% C02 . The 

cells expressing EGFP were randomly quantified 4 tin1es under the fluorescent microscope 

(x40 magnification) by visual1y counting EGFP cells in a 10 x 10 square grid area eye 

piece. The average EGFP counts were used to calculate the viral vector titre by using the 

following equation: TU/n1L = [ (T n X 1 .6) X A J I v vv 

\Vhere T n was the average count of EGFP cells in the 10 x 10 square grid area, 1.6 was a 

constant, A is equal to the area of the well in millimetres (960 mm2
) and V vv was the 

volume (mL) of the viral vector added to the well. An average was taken over the duplicate 

samples to determine an approximate viral vector titre. 

2.2.6.2 Optimisation of transduction parameters for viral vector titre determination 

Into each well of two 6-well plate, 7 x 105 293T cells were seeded in 3 mL of DMEM 

(supplemented with 1 0%v/v FBS and I% PS) media, and incubated 0/N at 37 °C ·with 5o/o 

C02. Prior to transduction, media of one well was aspirated and the cell monolayer was 

removed using 400 1-1L of trypsin, followed by the addition of 600 1-1L of DMEM 

(supplemented with I Oo/o v/v FBS and 1 o/o PS) media. The ce11s were centrifuged at RT for 
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5 min at 1500 rpm (Centrifuge 5702, Eppendorf), resuspended thoroughly in 1 mL of 

DMEM (supplemented with 10% v/v FBS and 1% PS) media. The cell count was 

determined using a hemacytometer. This cell count on Day 2 was used as the starting cell 

number in the formula described in Section 2.2.7.2. 

Into a 50 mL Falcon tube, 20 mL of DMEM (supplemented with 10% v/v FBS and 1% PS) 

media was mixed with 24 ~L of hexadimethrine bromide (Polybrene, 8 J.Lg/mL) and was 

ali quoted into labelled tubes according to step 1 a, 1 b or 1 c, as detailed below: 

1a: Four 2 mL tubes were labelled 1-4 and either 500~L (tube 1) or 250 ~L (tubes 2-4) of 

DMEM/polybrene mixture was aliquoted into the tubes. Purified and concentrated viral 

vector (Section 2.2.5.4) was thawed on ice and 25 J.-LL was transferred to tube 1 and the 

contents were thoroughly mixed. Two-fold serial dilutions of viral vector were achieved by 

using a transfer volume of 250 J.!L along the series of tubes. Tube 4 contained no virus and 

was used as a negative control. 

1 b: Five 2 mL tubes were labelled 1-5 and either 600~L (tube 1) or 400 ~tL (tubes 2-5) of 

the DMEM/polybrene mixture was aliquoted into the tubes. Purified and concentrated viral 

vector (Section 2.2.5.4) was thawed on ice and 3 J.-LL was transferred to tube 1 and the 

contents were thoroughly tnixed. Three-fold serial dilutions of viral vector were achieved 

by using a transfer volume of 200 ~L along the series of tubes. Tube 5 contained no virus 

and was used as a negative control. 

1 c: Six 2 mL tubes were labelled 1-6 and either 400~L (tube 1) or 300 J.lL (tubes 2-5) of the 

DMEM/polybrene mixture was aliquoted into the tubes. Purified and concentrated viral 

vector (Section 2.2 .5.4) was thawed on ice and 20 J.lL was transferred to tube 1 and the 

contents were thoroughly mixed. Four-fold serial dilutions of viral vector were achieved by 

using a transfer volume of 100 J.lL along the series of tubes. Tube 6 contained no virus and 

was used as a negative control. 
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After serial diluting the viral vector, the media from the 6-well plates was removed and 

replaced with 900 ~L of the DMEM/polybrene mixture. In duplicate, 100 ~L of each tube 

from either step 1 a, 1 b or 1 c was transferred to the corresponding labelled well and mixed 

thoroughly followed by incubation 0/N at 37 °C with So/o C02. To each well, 2 mL of 

DMEM (supplemented with 10% v/v FBS and 1 o/o PS) media was transferred, the contents 

were mixed gently by tilting and incubated for a further 3 days at 37 °C with 5% C02. The 

cells were then prepared for flow cytometric analysis by aspirating the tnedia from each 

well and retnoving the cell monolayer using 400 1-1L of trypsin, followed by the addition of 

600 ~LL of DMEM (supplemented with 1 Oo/o v/v FBS and 1% PS) media. The cells were 

centrifuged at RT for 5 min at 1500 rpm (Centrifuge 5702, Eppendorf), resuspended 

thoroughly in 1 mL of 3 o/o paraformaldehyde and stored 0/N at 4 °C for flow cytometric 

analysis (Section 2.2.7). 

2.2.7 Determination of viral titre by flow cytometric analysis 

2.2.7.1 Acquiring data of transduced cells with viral vector by flow cytometry 

Prior to flow cytometric analysis of the viral vector transduced cells, the F ACS Cali bur™ 

(BD Diagnostics California, USA) was cleaned through a series of washes for 5 1nin using 

1 % bleach, followed by 5 1nin of Baxter H20. Using the program Cell Quest Pro version 

l.b.1f6B (BD Diagnostics California, USA), the FACS instrument settings (detector FSC: 

E- 1 voltage, 7.53 amp gain, linear mode; detector SSC: 357 voltage, 2.03 amp gain, linear 

mode; detector FLl: 440 voltage, 1.00 amp gain, log mode) were adjusted for acquiring 

data from EGFP positive events. The cells containjng no viral vector, the negative control 

cells, were briefly vortexed and passed through the cytometer, at a rate of approximately 

500-700 events/sec, until 50,000 events were collected. This was repeated for the remaining 

transduced samples. Once all data was collected, the FACS Calibur™ (BD Diagnostics 

Cahfornia, USA) was cleaned by circulating 1 % bleach for 5 min, fol1 owed by 5 min of 

Baxter H20. 
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2.2.7.2 Analysis of flow cytometric data of transduced cells with viral vector 

The acquired data from Section 2.2.6.1 was analysed within the Cell Quest Pro program 

version l.b.1 f6B (BD Diagnostics California, USA) to determine the viral vector titre. The 

negative control data was plotted on a dot graph (Figure 2.3 A) as forward scatter (FSC) 

versus side scatter (SSC). A region (R1) was selected within the dot plot population to 

exclude any cell doublets and debris. The R1 region data was used to plot a histogram 

(Figure 2.3 A) to illustrate EGFP positive cells (FL1 ), and the quantity of events (Count). 

Within the histogram, a second region (M1) was selected to score approximately 0.10% of 

the negative control data. The two region settings, R1 and M1, were used against each 

transduced sample (Figure 2.3 B) and the percentages of events gated in the M1 region of 

the histogram were recorded. 

The M1 percentages were used to calculate the titre of the concentrated viral vector. Only 

Ml percentages that were between 1 - 20 o/o were used, as readings within this range 

minimises the chance of calculating m.ultiple copies of viral vector, which ultimately would 

underestimate the viral vector titre. The formula used to calculate the viral vector titre was 

as follows: TU/mL = [(Cn x T%) I Yvv] 

Where Cn was equal to the starting cell number, counted on Day 2, transduction percentage 

(T %) was equal to the M 1 percentage readings between 1 - 20 % and V vv is the volume 

(mL) of the viral vector added to the well. An average was taken over the duplicate samples 

to determine an approxin1ate viral vector titre. 
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Figure 2.3: Analysis of flow cytometric plots to determine viral vector titre. 
Representative negative control in the form of a dot plot (FSC versus SSC) and histogram 
graph (FL1 versus Counts). \Vithin the dot plot, a region (Rl) was drawn to exclude any 
cell doublets or debris events. The R 1 region data was used to plot a histogratn graph to 
which a second region (M1) was selected to attain 0.10% of the negative control data (A). 
Representative transduced sample gated in the same manner as the negative control in A 
(B). 

2.2.8 RNA isolation 

2.2.8.1 RNeasy kit 

An RNeasy® Mini kit (Qiagen, Germany) was used to isolate RNA. from pancreas or liver 

tissue samples, according to the manufacturer's protocol with some modifications. In brief, 

the mortar and pestle were constantly kept cool by N2(1), to prevent tissue degradation. 

Disruption of tissue and homogenised lysate in Buffer RLT was completed according to 

step la, 1 b, or 1 c: 
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1 a: The frozen tissue was weighed and immediately ground in a mortar and pestle to a fine 

powder. The ground tissue was transferred to an N2 (1) cooled 50 mL tube and kept on ice. 

For every 30 mg of tissue, 600 J..tL of Buffer RLT was added immediately to the ground 

tissue and homogenised by passing the lysate through a 20 gauge needle, 10 times. 

1 b: The frozen tissue was weighed and immediately ground in a mortar and pestle to a fine 

powder. The grounded tissue was transferred to a N2 (1) cooled 50 mL tube and kept on ice. 

For every 1 0-15 mg of tissue, 600 J..tL of Buffer RL T plus 5 J..tL of RN as in® Plus RN ase 

inhibitor was added immediately to the ground tissue and homogenised by passing the 

lysate through a 18-20 gauge needle, 10 times. 

k The frozen tissue was weighed and im1nediately ground with the addition of 100 J..tL of 

RNA!ater RNA Stabilization Reagent in a mortar and pestle to a fine powder. The 

grounded tissue was transferred to a N2 (1) cooled 50 mL tube and kept on ice. For every 

10-15 mg of tissue, 600 J..tL of Buffer RL T plus 5 J..tL of RN as in® Plus RN ase inhibitor was 

added immediately to the ground tissue and homogenised by passing the lysate through a 

18-20 gauge needle, 1 0 titnes. 

After the tissue was homogenised, the lysate was aliquoted (600 J..tL) into 1.5 mL 

microcentrifuge tubes and centtifuged for 3 n1in at 14,000 rp1n (Centrifuge 5417R, 

Eppendorf). The supernatant was aliquoted (approximately 500 J.LL) into new 1.5 mL 

centrifuge tubes and equal volumes of ethanol (50% for liver or 70% for pancreas tissue 

samples) were added to each tube, which was inverted 10 times. The n1ixture was 

transferred into an RNeasy spin column and centrifuged for 15 sec at 10,000 rpm 

(Centrifuge 5417R, Eppendorf). Next, the flow through was discarded and 350 J..tL ofbuffer 

RW1 was added into each column. The columns were centrifuged for a further 15 sec at 

10,000 rpm (Centrifuge 5417R, Eppendorf) and discarded the flow through. For each 

RNeasy spin column used, 5 J..tL of DNase I stock solution (Qiagen) was added to 35 J..tL of 

Buffer RDD in a sterile n1icrocentrifuge tube and mixed by inverting. The DNase I 

incubation mix ( 40 J..tL) was transferred directly onto the membrane of each RNeasy spin 

column and left on the bench top for 10-12 min. Buffer RWl (350 J..tL) was added to each 
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column and centrifuged for 15 sec at 10,000 rpm (Centrifuge 5417R, Eppendorf) and the 

flow through was discarded. Each RNeasy spin columns were transferred into sterile 2 mL 

collection tubes followed by the addition of 500 J.!L of Buffer RPE and centrifuged for 15 

sec at 10,000 rpm (Centrifuge 5417R, Eppendorf) to wash the columns. The flow through 

was discarded followed by an addition column wash with 500 J.!L of Buffer RPE and 

centrifuged for 2 min at 10,000 rpm (Centrifuge 5417R, Eppendorf) and the flow through 

was discarded. After an additional centrifugation for 1 min at 14,000 rpm (Centrifuge 

5417R, Eppendorf) the collection tubes were discarded and the RNeasy spin columns were 

placed into sterile 1.5 1nL microcentlifuge tubes. RNase-free H20 (40 J.!L) was added 

directly to the membrane of the RNeasy spin columns and centrifuged for 1 min at 10,000 

rpm (Centrifuge 5417R, Eppendorf) to elute RNA. The RNA concentration was quantified 

on the NanoDrop® ND-1000 Spectrophot01neter (Section 2.2.3.1). The integrity of the 

RNA was confirmed by 1% agarose gel electrophoresis (Section 2.2.3.2). Samples were 

stored at -80°C until use for eDNA synthesis. 

2.2.8.2 TRizol method 

A mortar and pestle were used to grind pancreas or liver tissue, which had been snap frozen 

in N2 (1) into a fine powder. To prevent tissue degradation, the mortar and pestle were kept 

cool constantly by the use ofN2 (1) together with the addition of 100 )lL ofRNAlater RNA 

Stabilization Reagent to the tissue san1ple prior to g1inding the sample. The ground tissue 

sample was placed in a chilled 50 mL falcon tube on ice and TRizol reagent ( 4 mL for liver 

and 6 mL for pancreas tissue sample) was added to the tube and homogenised by passing 

the lysate through an 18-20 gauge needle, 10 times. The homogenised tissue was a1iquoted 

( 1 mL) into microcentrifuge tubes and incubated for 5 min at RT. Chloroform (200 J.!L) was 

added to each microcentrifuge tube and the tubes were vigorously agitated for 15 sec and 

then incubated at RT for 2-3 min. The microcentrifuge tubes were then centrifuged for 15 

min at soc at 10,000 rpm (Centrifuge 5417R, Eppendorf). The aqueous phase was 

transferred to a clean microcentrifuge tube and 500 J.!L of isopropyl alcohol was added 

followed by mixing by inversion for 10 sec. The microcentrifuge tubes were incubated at 

RT for 10 min then centrifuged for 10 min at 5°C at 10,000 rpm (Centrifuge 5417R, 
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Eppendorf). The supernatant was removed and the RNA pellet washed with I mL of 75% 

ethanol followed by centrifugation for 5 min at 5°C at 8 000 rpm (Centrifuge 5417R, 

Eppendorf). The ethanol was removed and the RNA pellet was allowed to dry for 10 min, 

until the pellet was completely dry. The pellet was then resuspended with 100 J..!L RNase-

free water and the concentration and purity was determined by NanoDrop® ND-1 000 

Spectrophotometer (Section 2.2.3.1). The integrity of the RNA was confirmed by 1% 

agarose gel electrophoresis (Section 2.2.3.2) and samples were stored at -80°C until 

required for eDNA synthesis. 

2.2.9 DNase I digest treatment of isolated RNA for RT -PCR 

Prior to eDNA synthesis, the isolated RNA (Section 2.2.8) was treated with a DNase I 

digest (Invitrogen) to remove any contaminating DNA. The digest was completed by 

adding 4 f..Lg of pancreas or liver RNA with 4 f..LL of DNase I buffer and the total volume 

was brought to 36 f..LL with RNase-free H20. Next 4 J.lL ofDNase enzyme was added to the 

tube followed by a gentle vortex and pelleting. The tubes were incubated for 15 min at RT 

after which 4 f..LL of EDT A was added to stop the enzyn1e reaction with a 10 n1in incubation 

at 65°C, and then placed on ice until eDNA synthesis was performed (Section 2.2.11 ). 

2.2.1 0 Synthesis of eDNA 

The eDNA mix with Omniscript R T was made by adding 16 J.lL of 1 Ox RT buffer, 16 J.lL of 

dNTPs, 16 f..LL of random primers, 8 J.lL of Omniscript RT, 8 J.lL of RN ase Inhibitor (diluted 

1 in 4 with 1x RT buffer) and 16 f..LL ofRNase-free H20 to make a total volume of80 J.lL in 

a 1. 7 mL microcentrifuge tube, which was then mixed gently and spun down. The mixture 

was aliquoted (10 f..LL) into 0.2 mL tubes and labelled reverse transcriptase positive (RT+) 

eDNA. The eDNA mix without Omniscript RT was made in a sitnilar manner by adding 16 

J.lL of 1 Ox RT buffer, 16 f..LL of dNTPs, 16 J.lL of random primers, 8 f..LL of RNase Inhibitor 

(diluted 1 in 4 with lx RT buffer) and 24 f..LL ofRNase -free H20 to make a total volume of 

80 f..LL into a 1.7 1nL microcentrifuge tube, mixed gently and spun down. The mixture was 

ali quoted (1 0 f..LL) into 0.2 mL tubes and labelled RT- eDNA. The DNase I treated RNA of 
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HMD or HMD/INS-FUR viral vector treated liver from NOD mice and untreated liver or 

pancreas from NOR mice was aliquoted (10 J..LL), in duplicate, into tubes labelled RT+ 

eDNA and RT- eDNA and labelled accordingly. All tubes were gently mixed, 

centrifugation (Mini Centri fuge, Spectra) for 2 sec and incubated at 37°C for 1 hand stored 

at -20°C until used RT-PCR (Section 2.2. 12). 

2.2.11 RT -PCR amplification of transcription factors 

All RT-PCR amplifications of the transcription factors listed in Table 2.1 were completed 

using an Eppendorf Mastercycler Gradient PCR machine. RT -PCR parameters consisted of 

an initial denaturation for 2 min at 94°C, followed by 40 cycles of 30 sec denaturation at 

94°C, primer annealing ranging from 53°C - 68.9°C for 1 min and extension at 72°C for 2 

min, followed by a further extension for 7 min at 72°C. An initial gradient of annealing 

temperature was co1npleted for each gene primer set followed by RT -PCR amplification at 

the optimal annealing temperature (melting temperature-T M). Table 2.1 details the forward 

and reverse primer sets used to generate amplicons of transcription factors of interest, 

alongside their T M and their expected rnolecular size. 

Each RT-PCR arnplification mixture consisted of 1x Promega Ma ·ter Mix (25 U/rnL of 

Taq DNA polymerase, 200 J.!M dATP, 2 J..LM dGTP, 200 J.!M dCTP, 200 J.!M dTTP, 1.5 n1M 

MgCh), 0.4 J.!Nl of forward and reverse primers and 1 ng of eDNA to a total volume of 25 

J.!L. Each RT -PCR amplification experiment contained a negative control consisting of 

sterile H20 in place of eDNA. After RT -PCR amplification was complete, the RT -PCR 

product was electrophoresis (Section 2.2.3.2). 
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Table 2.1: Primer sequences used to determine expression levels of genes of interest 

Gene Forward (FOR) and Reverse (REV) Amp Iicon Melting 
primer Sequence Size (bps) temperature 

(TM) 
Pdx-1 FOR CCT TCG GGC CTT AGC GTG TC 398 60°C 

REV CGC CTG CTG GTC CGT A TT G 
NeuroD1 FOR GCT CCA GGG TT A TGA GAT CG 256 60°C 

REV CTC TGC A TT CAT GGC TIC AA 
NeuroG3 FOR AAG AGC GAG TTG GCA CTG AGC 224 67°C 

REV AAG CTG TGG TCC GCT ATG CG 
Mouse insulin FOR GCA AGC AGG TCA TTG TIT CA 372 65°C 
1 REV GGG ACC ACA AAG ATG CTG G 
Mouse insulin FOR GAGTCCCACCCCACCCAG 125 68.9°C 
2 REV TCC ACT TCA CGG CGG GAC A 
Somatostatin FOR AGT TIC TGC AGA AGT CTC TGG 226 60°C 

REV AAG TTC TTG CAG CCA GCT TTG 
Glucagon FOR ACA GAG GAG AAC CCC ACG ATC 205 54°C 

REV CAT CAT GAC GTT TGG CAA TG 
Pancreatic FOR T AC TGC TGC CTC TCC CTG TT 193 60°C 
Polypeptide REV CCA GGA AGTCCACCT GTG TT 
Nkx 2.2 FOR ACA ACC CCT ACA CTG GCT GG 487 55°C --REV ATG CCT GCC TGG AAG GTG G -- --------
Nkx 6. 1 FOR ATC TIC TGG CCC GGA GTG ATG 285 50°C 

f---------------------REV GGC TGC GTG CTT CIT TCT CAA 
Pax4 FOR CCA CCT CTC TGC CTG AA.G AC 236 55.6°C 

REV CCC ACA GCA TAG CTG ACA GA - ·---- r------· Pax 6 FOR AAGAGTGGCGACTCCAGAAGTT 
r--REV I CAT ACC TGT ATT CTT GCT TCA GG 

543 60°C 

. - -----·-·-
Insulin pre- FOR GATGGCTACACAGACAGCAT 407 60°C 
proconvertase REV GGA TCA GCC -~ TCC ACC AG 
Insulin FOR TCGCCAAGTTGCAGC AGAAC 359 60°C --
proconvertase REV CTT CGG CCA CGT TCA AGT CT A 
GLUT-2 FOR GGA TAA ATT CGC CTG GAT GA 299 57.4°C 

REV TTC CTT TGG TIT CTG GAA CT 
Glucokinase FOR TAT GAA GAC CGC CAA TGT GA 245 53°C 

REV TIT CCG CCA ATG ATC TTT TC 
MAFA FOR AGG CCT TCCGGGGTC AGAG 402 60°C 

REV TGG AGC TGG CAC TTC TCG CT 
MAFB FOR CAA CAG CTA CCC ACT AGC CA 365 60°C 

REV GGC GAG m CTC GCA CTT GA ,__ ____________ 
P48 FOR GAA GGT TAT CAT CTG CCA TCG 256 64°C 

REV GGG TGG TIC GTT CTC TAT GTT r-- --
Human Insulin FOR AGC CTT TGT GAA CCA ACA CC 318 60°C 

REV CCA GTT GGT AGA GGG AGC AG 
Beta-actin FOR TTG CTG ACA GGA TGC AGA AG 250 60°C 

REV ACATCT GCTGGAAGGTGGAC 
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2.2.12 Quantitative RT-PCR amplification of transcription factor PDX-1 in HMD 

and HMD/INS-FUR treated NOD mice liver samples 

2.2.12.1 DNase I digest treatment of isolated RNA for quantitative RT-PCR 

Prior to eDNA synthesis for quantitative (q)RT-PCR, the isolated RNA was treated with 

DNase I (Invitrogen) to remove any contaminating DNA. The digest was completed by 

adding 6 ~g of RNA extracted from HMD or HMD/INS-FUR treated liver samples 

(Section 2.2.8) to 4 ~L of DN ase I buffer, which was then made up to a total volume of 36 

~L with RNase-free H20. Next, 4 ~L of DNase enzyme was added to the tube, which was 

gently vortexed and then centrifuged for 2 sec (Mini Centrifuge, Spectra). The tubes were 

incubated for 15 min at RT after which 4 ~L of EDT A was added to stop the enzyme 

reaction. The tubes were incubated for 10 min at 65°C, and then placed on ice until eDNA 

synthesis (Section 3.2.13.2). 

2.2.12.2 Synthesis of eDNA for qRT -PCR 

SuperScript® III First-Strand Synthesis SuperMix (Invitrogen, Carlsbad, USA) was used to 

create eDNA prior to qRT-PCR optimisation and qRT-PCR quantification according to the 

manufactures instructions. In brief, 0.9 J.lg of DNase treated HMD or HMD/INS-FUR 

treated NOD mouse liver RNA samples was added to 50 ng of random primers, 1 J.lL of 

annealing buffer and the solution was n1ade up to a total volun1e of 8 J.lL using 

RNase/DNase free H20 in a 0.2 mL PCR tube. The tubes were briefly centrifuged (Mini 

Centrifuge, Spectra) and incubated at 65°C for 5 min then immediately placed on ice for 1-

2 min. To each tube, 10 J.lL of 2x First-Strand Reaction Mix and 2 J.lL of SuperScript 

IIIIRNaseOUT Enzyme mix were added, vortexed briefly and then pelleted by 

centrifugation. Next, the tubes were incubated for 8 min at 25°C, 50 min at 50°C followed 

by inactivating the reaction at 85°C for 5 min. The tubes were returned to ice and stored at -

20°C until required for qRT-PCR. 
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2.2.12.3 qRT-PCR primer matrix of transcription factor Pdx-1 primer sets and 

housekeeping genes [32M and HPRT 

All qRT-PCR amplifications of transcription factor Pdx-1 and housekeeping genes beta two 

microglobulin (~2M) and Hypoxanthinephophoribosyltransferase (HPRT) (Table 2.2) were 

completed using an EppendorfMastercycler ep Realplex Real-time PCR machine. A primer 

matrix (Table 2.3) was designed to analyse the optimal forward and reverse primer 

concentration of each gene (~2M, HPRT and Pdx-1) prior to qRT-PCR analysis of the 

amplified genes, though the melt curve profile. The melt curve profile was used to 

determine primer-dimer (primer self binding) formation (primer-dimer formation decreases 

qRT-PCR efficiency and obscures analysis). The melt curve profile was also used after 

qRT -PCR amplification to determine the an1plification of any non-specific product. 

Table 2.2: qRT-PCR primers used to determine expression of pancreatic f)-cell 
transcription factor Pdx-1 

-- · 
Gene Forward (FOR) and Reverse (REV) primer Amplicon 

r--- Sequence Size (bps) 
~2M FOR 5' -CCC TGG TCT TIC TGG TGC TTG TC-3' 

REV 5'-TCA GTA TGT TCG GCT TCC CAT TC-3' 114 r-----------
HPRT FOR 5' -GAC ACT GGT AAA ACA ATG CAA ACT-3' 

REV 5 '-CAA CAC TTC GAG AGG TCC TIT TC-3' 106 
PDX-1 FOR 5'-CCA GTG GGC AGG AGG TGC TTA CA-3' 

REV 5' -GGG GCC GGG AGA TGT ATTTGTTA-3' 128 
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Table 2.3: qRT -PCR Primer matrix used to determine the optimal primer 
concentration for qRT -PCR analyses 

Forward primer Reverse primer concentration (J.!M) 
concentration 

(J.!M) 10 5 2.5 

10 10110 10 I 5 10 I 2.5 

5 5 I 10 515 5 I 2.5 

2.5 2.5 I 10 2.5 I 5 2.5 I 2.5 

Each qRT-PCR amplification mixture, in triplicate for primer matrix, consisted of 12.5 J..LL 

of SYBR® GreenER qPCR SuperMix Universal, 1 J..LL of forward and reverse primers 

(concentration determined by primer matrix Table 2.3), 0.9 J..Lg of eDNA (Section 2.2.13.2) 

and made up to a total volume of 25 J.lL with DNA/RNA-free H20. qRT-PCR parameters 

consisted of an initial incubation of 50°C for 2 min and 5 min at 95°C, followed by 55 

cycles of 30 sec blocks of denaturation at 95°C, am1ealing at 60°C (prior determined by 

gradient annealing temperature analysis) and extension at 72°C. Follo\ving this, a n1elting 

curve analysis was performed by denaturing the product for 15 sec at 95°C, annealing at 

60°C for 15 sec, followed by heating the product to 95°C for 10 min (ramp rate 0.06°Cisec). 

2.2.12.4 qRT-PCR of transcription factor PDX-1 comparing HMD and HMD/INS-

FUR viral vector transduced NOD mouse liver samples 

Each qRT-PCR amplification mixture (5 replicates for quantitative analysis of each gene 

per eDNA sample), consisted of 12.5 J..LL of SYBR® GreenER qPCR SuperMix Universal, 

1 j..!L of forward and reverse primers (5J..LM), 0.9 J..Lg of eDNA (Section 2.2.13.2) and was 

made up to a total volume of 25 J..LL with DNA/RNA-free H20 . qRT-PCR parameters 

consisted of an initial incubation of 50°C for 2 min and 5 n1in at 95°C, followed by 55 
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cycles of 30 sec blocks of denaturation at 95°C, annealing at 60°C and extension at 72°C. 

Following this, a melting curve analysis was performed by denaturing the product for 15 

sec at 95°C, annealing at 60°C for 15 sec, followed by slowly heating the product to 95°C 

for 10 min (ramp rate 0.06°C/sec ). After amplification was complete, analysis based on the 

amplification plot and melt curve profile were completed. 

2.2.13 Transformation of plasntids pWPT or pWPT/INS-FUR, plasmid isolation and 

restriction digest 

Plasmids WPT or WPT/INS-FUR were transformed into E.coli DH5a competent cells 

according to the protocol detailed in Section 2.2.2.1. Following transformation, the 

plasmids were isolated (Section 2.2 .2.2) and subjected to restriction digestion (Section 

2.2.2.3) using Xhol restriction enzyme to verify successful transformation by determining 

the correct band sizes for each plasmid. Successful transformed plasmids were then 

cultured 0/N as described in Section 2.2.2.3 and stored at -80 °C. The stored plasmids were 

used when required for large scale plasmid isolation (Section 2.2.2.4). 

2.2.14 Optimisation of calcium phosphate transfect.ion ofWPT/INS-FUR plasmid 

293T cells were seeded (3.5 x 106
) into T-25cm2 flasks, in 7 mL ofDMEM (supplemented 

with 10% v/v FBS and 1% PS) media, and incubated 0/N at 37 °C with 5% C02. The 293T 

cel1s were prepared for viral vector transfection by replacing the DMEM media with 7 mL 

of OPTI-MEM® + GlutaMAX™-1 (supplemented with 4o/o v/v FBS and 1% PS) media for 

45 min at 37 oc with 5% C02. The optimisation of calcium phosphate transfection using 

WPT/INS-FUR plasmid was prepared by the addition of either 5 J.lg, 15 J.lg or 25 J.lg 

pWPT/INS-FUR (Table 2.4), with 10 J.lg of VSV-G, 20 J.lg of ~R8 .2 , 2M of CaCh in a 

total volume of 200 1-1L with sterile H20 in a 2 mL microcentrifuge tube, labelled tube 1 

with either 5 1-1g, 15 1-1g or 25 1-1g for each incubation time (2, 4, 6, 8 and 16 h). To match 

each concentration of WPT/INS-FUR plasmid (5 J.lg, 15 J.lg or 25 ~tg) at each incubation 

time (2, 4, 6, 8 and 16 h), a second 2 mL microcentrifuge tube contained 1 M HEPES, 2 M 

NaCl, 150 mM Na2HP04 and the total volume was brought to 200 J.lL with sterile H20 , 
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labelled tube 2 with either 5 Jlg, 15 Jlg or 25 Jlg for each incubation time (2, 4, 6, 8 and 16 

h). 

Table 2.4: pWPT/INS-FUR concentrations at various time points used to determine 
the optimal parameters for pWPT/INS-FUR transfection 

Incubation T-25 Concentration of Concentration Concentration 
period (h) cm2 WPT/INS-FUR of AR8.2 ofVSV-G 

Flask Plasmid ('-'g) plasmid ('-'g) plasmid ('-'g) 
number 

1 5 - - 20 10 
2 2 - 15 - 20 10 

3 - - 25 20 10 
4 5 - - 20 10 

4 5 - 15 - 20 10 
6 - - 25 20 10 
7 5 - - 20 10 

6 r 8 - 15 - 20 10 
9 - - I 25 20 10 
10 5 - - 20 10 

--· 8 11 - 15 - 20 10 
-----f-------------- !--· 1---------

12 - - 25 20 10 

~-1_3- 5 - - 20 10 
16 r------- --

i 14 15 - 20 10 
15 - - 25 20 10 

The contents of tube 1 were slowly added, in a drop-wise fashion, to the contents of 

matching labelled tube 2 and the mixture was agitated to form the transfection precipitate. 

The mixture was incubated at RT for 30 min. Each transfection precipitate \Vas slowly 

added to 3 mL of OPTI-MEM® + GlutaMAX™-1 (supplemented with 1% PS) media per 

T-25 cm2 flask. The OPTI-MEM® + GlutaMAX™-1 media in each flask was removed 

followed by the addition of the transfection mixture, ensuring that the flasks were labelled 

with plasmid concentration and incubation time, which was then returned to the incubator 

(37 °C with 5o/o C02). The cells were incubated for 2, 4, 6, 8 or 16 h after which the 
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transfection media was removed and replaced with 7 mL of OPTI-MEM® + GlutaMAX™-

1 (supplemented with 1% PS) media. The flasks were observed and OPTI-MEM® + 

GlutaMAX™-1 (supplemented with 1% PS) media was replaced every 24 h for 4 days. The 

cells were then prepared for flow cytometric analysis by aspirating the media from each 

well and removing the cell monolayer using 1 mL of trypsin, followed by the addition of 5 

mL of DMEM (supplemented with 10% v/v FBS and 1% PS) media. The cells were 

centrifuged at RT for 5 min at 1500 rpm (Centrifuge 5702, Eppendorf), resuspended 

thoroughly in 1 mL of 3 % paraformaldehyde and stored 0/N at 4 oc for flow cytometric 

analysis (Section 2.2.7). 

2.2.15 Calcium phosphate transfection of pWPT and pWPT/INS-FUR viral vectors 

Transfection of pWPT and pWPT/INS-FUR was completed in a similar manner to the 

HMD and HMD/INS-FUR plasmids (Section 2.2.4) with the following changes. The 

concentration of pWPT and pWPT/INS-FUR were 1000 Jlg, rather than 600 Jlg, and the 

transfection tnixture was incubated with 293T cells for 6 h rather than 4 h with hourly 

observation for cell abnonnalities. 

The viral vector medimn was collected daily (3-4 days), filtered and stored at -80 oc until 

required for viral vector purification and concentration by TFF as detailed in Section 2.2.5. 

Following the purification and concentration of WPT and WPT/INS-FUR viral vectors, the 

viral titre was determined (Section 2.2.6) according to tnethod 1 c. 

2.2.16 Optimisation of transduction using Huh7 liver cell line with viral vectors 

Transduction of Huh7 cells with HMD/INS-FUR, WPT and WPT/INS-FUR alongside 

F ACS (Section 2.2. 1 8) was carried out individually to inhibit any possible cross-

contamination of cell lines. 8 x 105 Huh7 cells were seeded into each T -25 cm2 flask, in 7 

mL of DMEM (supplemented with 1 0%v/v FBS and 1 o/o PS) media, and incubated 0/N at 

3 7 °C with 5o/o C02• Transduction was achieved by adding 20 mL of DMEM 

(supplemented with 1 Oo/o v/v FBS and 1 o/o PS) media with 24 JlL of polybrene (8 Jlg/mL) in 
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a 50 mL Falcon tube. This mixture was aliquoted (2 mL) into labelled 15 mL Falcon tubes, 

according to Table 2.5, followed by thorough mixing of the corresponding amount of viral 

vector (HMD/INS-FUR, WPT or WPT/INS-FUR) TU with the DMEM/polybrene media. 

The DMEM media was removed from the flasks and replaced with the viral vector 

DMEM/polybrene mixture, ensuring all the cells in the flask are covered by the media and 

incubated 0/N at 37 oc with 5% C02• Next, 5 mL of DMEM (supplemented with 1 Oo/ov/v 

FBS and 1% PS) media was added to each flask and incubated for 3 days at 3 7 °C with 5% 

C02 . The flasks were checked daily for cell growth and abnormalities (increased 

intracellular granules, cell death). The cells were maintained for 14 days and the transduced 

populations which showed no/least cell abnormalities were taken to The Centenary Institute 

for F ACS (Section 2.2.18). 

Table 2.5: Amounts of concentrated viral vector used to transduce Huh7 liver cell line 
to determine optimal transducing units of viral vector per cell 

Tube Copy number/cell Amount of virus to DMEM/polybrene 
add (TU) (1nL) 

1 1 8 X 10.) 2 
2 25 2 X 101 2 

r-··------· -:~-----· 

3 50 4x 10 2 -- -·----------------r---
6 X 107 4 75 2 

5 100 8 X 10 1 2 -- -----------
6 (control) 0 0 2 

2.2.17 FACS of viral vector transduced Huh7 liver cell line 

The flasks containing the selected cells to sort (HMD/INS-FUR-50, HMS/INS-FUR-75, 

WPT-75 and WPT/INS-FUR-50) were grown in excess of 109 in T-75cm2 flasks . The 

media was removed fron1 the cells, washed with 5mL of Hanks' Balanced Salt Solution 

(HBSS), removed with 5mL of 0.05o/o trypsin and neutralised with 1 OmL of DMEM 

(supplemented with 1 O%v/v FBS and 1% PS) media. The neutralised cells were passed 

though a 70!-lm cell filter and centtifuged at 1000 rpm for 5 min (Centrifuge 5702, 
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Eppendorf). The cells were resuspended in Hanks' balanced salt solution (HBSS) and kept 

on ice for cell sorting. Each sample of cells was gated (Figure 2.4) and sorted using an 

FACSVantage or FACSAria according to the live single cell non-EGFP for the control cells 

(0 TU) and moderate (MOD) and high (HI) EGFP gating for the transduced cells (50 and 

75 TU/cell) into I5mL tubes with 2 mL of filtered FBS. The sorted cells were screened for 

gated purity and centrifuged at I 000 rpm for 5 min (Centrifuge 5702, Eppendorf) and 

resuspended in DMEM (supplemented with I 0%v/v FBS, I o/o PS and O.I mg/mL 

Normocin™). The cells were seeded into T-75cm2 flasks, maintained at 37°C, So/o C02 for 

I 0 days for cell recovery and expansion for long term storage for later use in insulin storage 

and secretion analyses (Section 2.2.19). 
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Figure 2.4: FACS of viral vector transduced Huh7 liver cell line: Representative plots 
of transduced cells in the form of dot plots with gating (pink) to exclude cell debris and 
death (Pl) and cell doublets (P2 and P3). Moderate (MOD) and high (HI) EGFP fluorescent 
transduced cells were gated and sorted. 
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2.2.18 Radioimmunoassay 

Human insulin standards were prepared by labelling microcentrifuge tubes with 400, 200, 

100, 50, 25, 12.5 and 6.25 ~U/mL. Next, 600 ~L of chilled RIA buffer (0.05 M EDTA, 

0.14 M NaCl, 0.01 M P04 (Na2HP04.2H20 and NaH2P04.H20), 0.01 o/o NaH3, pH 7.6] 

supplemented with 1 % w/v BSA (1 % BSA/RIA buffer), was transferred to tube labelled 

400 ~U/mL, followed by 500 ~L of 1 o/o BSA/RIA buffer in the remaining tubes and placed 

on ice. Insulin standard stock (1 000 ~U/mL) was thawed on ice and 400 ~L was transferred 

to tube 400. 2-fold serial dilutions of the insulin standard were achieved by using a transfer 

volume of 500 ~L along the series of tubes and 50 ~L of each insulin standard was 

transferred in triplicate to the corresponding tubes (Table 2.6). Next, 100 ~L of 1 o/o 

BSA/RIA buffer was delivered to the non-specific binding (NSB) tubes and 50 J..LL to the 

tubes labelled blank (Bo). No contents were transferred to the total counts (TC) tubes. Low, 

medium and high insulin control samples were prepared from the insulin standard stock 

(1 000 J..LU/mL) by diluting the insulin stock with 1 % BSA/RIA buffer to final 

concentrations of 12.5, 50 and 150 11U/mL. The insulin control samples were delivered (50 

J..LL) in duplicate to the conesponding tubes (Table 2.6). Samples to be tested for insulin 

quantification were thawed on ice and 50 11L of the sample was transferred in duplicate to 

the corresponding tubes (Table 2.6). 

Once the standards, controls and samples were placed to the corresponding tubes, 50 J..LL of 

primary anti-insulin antibody (1: 15,000 in 1 % BSA/RIA buffer) was delivered to all tubes 

except the TC and NSB tubes. The contents of each tube were vortexed, covered with 

aluminium foil and incubated at 4°C for 4 h followed by the addition of 50 1-1L of 1251 

labelled insulin (diluted in 1 % BSAIRIA buffer to an approximate 20, 000 cpm/50 ~L) to 

all tubes, including TC and NSB. The tubes were mixed thoroughly, covered with 

aluminium foil and incubated at 4°C 0/N. Next, 50 ~L of the secondary antibody (1.5 % 

w/v y-globulin in RIA buffer) was delivered to each tube except TC tubes and vortexed. To 

each tube, except TC tubes, 1 mL of 15 o/o w/v polyethylene glycol in H20 was dispensed, 

vortexed thoroughly and incubated, covered, at 4 °C for 15 min. The TC tubes were set 

aside while the remaining tubes were centrifuged at 3000 rpm (Beckman GPR) for 20 min 
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at 4 °C. The supernatants were removed, excluding TC tubes, and excess supernatant in the 

tubes were left to drain for 30 min. All tubes were subsequently passed through the gamma 

counter (1470 Wizard™ Wallac), set on RIACalc for 1251 isotope, in chronological order 

and the sample insulin concentrations were recorded. 

Table 2.6: Contents of RIA tubes 

Tube number Tube contents 

1-3 Total counts (TC) 
4-6 Non-specific binding (NSB) 
f--------- --

7-9 Blank (Bo) 
10-12 6.25 J-!U insulin/mL (6.25) 
13-15 12.5 J-!U insulin/mL (12.5) --
16-18 25 J-!U insulin/mL (25) 
19-21 50 J-!U insulin/mL (50) 1---------------------------------------------
22-24 100 J-1 U insu1in/n1L ( 1 00) -----
25-27 ----------- 200 J-!U insulin/1nL (200) 
28-30 _iQQ._H_!--1 insulin/mL ( 400) t----------------- -·--·--·-·-

31-32 ---l Low insulin controll2.5 rtU insulin/rnL (L) 
--

r---------r---
33-34 Medium insulin control 50 J-!U insulin/mL (M) 
35-36 High insulin control 150 1-1U insulin/mL (H) 

37-38 Sample 1 
39-40 Sample 2 
41-42 Sample 3 ------
43-44 Etc 
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2.2.19 Detection of insulin from FACS sorted cell lines 

The Huh7 cells transduced with HMD/INS-FUR, WPT or WPT/INS-FUR viral vector were 

F ACS cell sorted (Section 2.2.18) for moderate (MOD) and high (HI) EGFP positive cells 

to create Huh7 cell lines: 

• Huh7-HMD/INS-FUR-50-Moderate (HMD/INS-FUR-50 MOD) 

• Huh?-HMD/INS-FUR-50-High (HMD/INS-FUR-50 HI) 

• Huh?-HMD/INS-FUR-75-Moderate (HMD/INS-FUR-75 MOD) 

• Huh7-HMD/INS-FUR-75-High (HMD/INS-FUR-75 HI) 

• Huh?- WPT-75-Moderate (WPT-75 MOD) 

• Huh?-WPT-75-High (WPT-75 HI) 

• Huh7-WPT/INS-FUR-50-Moderate (WPT/INS-FUR-50 MOD) 

• Huh?-WPT/INS-FUR-50-High (WPT/INS-FUR-50 HI) 

These cell lines were tested for insulin secretion (Section 2.2.20.1 ), insulin storage (Section 

2.2.20.2), insulin stimulation (Section 2.2.20.3) and insulin stimulation visualised by 

microscope detection (Section 2.2.20.4). 

2.2.19.1 Insulin secretion 

5 x 105 of MOD and HI flow cytometric sorted Huh? cells (Section 2.2.20) were seeded 

into each well of a 6-well plate, in 3 mL of DMEM (suppletnented with 1 0%v/v FBS and 

1% PS) media and incubated 0/N at 37 °C with 5°/o C02 . The DMEM media was removed 

and replaced with 2 mL of DMEM (supplemented with 1 0%v/v FBS and 1% PS) tnedia 

carefully not to disturb the monolayer of cells and incubated for 24 h at 3 7 oc with 5% 

C02 . The volume of DMEM media of each well of the 6-well plates were recorded and 

stored at -20 oc until required for RIA (Section 2.2.20). 
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2.2.19.2 Insulin storage 

To assay stored insulin, 1 x 107 of each MOD and HI FACS sorted Huh7 cells (Section 

2.2.19) were placed into 4 microcentrifuge tubes and centrifuged at 1000 rpm for 5 min 

(Centrifuge 5417R, Eppendorf). The supernatants were removed and resuspended in 400 

~L of 1 o/o BSA/RIA buffer (Section 2.2.19). The cell suspension was passed through a 26 

gauge needle followed by 30 min in a sonicating water bath (Power Sonic 420, Thermoline 

Scientific, Australia) set on high to lysate the cells. The lysed cell were then centrifuge at 

2000 rpm for 5 min (Centrifuge 5417R, Eppendorf) and 100 ~L of the supernatant was 

diluted 1 :5 in 1 % BSA/RIA buffer (Section 2.2.19). The lysed cells and dilutions were 

stored at -20 °C until required for RIA (Section 2.2.19). 

2.2.19.3 Insulin stimulation 

Each well in 4 x 6-well plates were treated with 10% v/v poly-1-lysine in PBS for 30 min 

prior to the seeding of cells to aid cell adherence throughout insulin stimulation procedure. 

The poly-I-lysine was removed and 2 x 6-well plates (labelled control and test) were seeded 

with 2 x 106 of the HI populations of HMD/INS-FUR-75 or \VPT/INS-FUR-50 cells in 3 

mL of DMEM (supplen1ented with 1 Oo/o v/v FBS and 1 o/o PS) and incubated 0/N at 37 °C 

with 5o/o C02 . The n1edia was aspirated out of each well and \Vashed thoroughly twice with 

2 mL of PBS and replaced in the control plate with 1 mL of low glucose DMEM 

(supplemented with 1 % w/v BSA, 1% PS and 1.5 mM of glucose) media followed by 

incubation for 1 h at 3 7 °C with 5o/o C02. 'The media was collected in microcentrifuge tubes 

and replaced with 1 mL of low glucose DMEM (supplemented with 1 % w/v BSA, 1 o/o PS 

and 1.5 mM of glucose) media followed by incubation for 1 hat 37 oc with 5% C02 . This 

procedure was repeated twice, for a total incubation time of 4 h. 

In parallel with the control plates, the test plates media \Vere replaced with 1 mL of low 

glucose DMEM (supplemented with 1 % w/v BSA, 1 o/o PS and 1.5 mM of glucose) media 

followed by incubation for 1 h at 37 oc with 5% C02• The tnedia was collected and 

replaced with 1 mL of low glucose DMEM (supplemented with 1 o/o w/v BSA, 1 o/o PS and 
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1.5 mM of glucose) media followed by incubation for 1 h at 3 7 oc with 5% C02 . The media 

was collected and replaced with 1 mL of high glucose DMEM (supplemented with 1 o/o w/v 

BSA, 1% PS and 20 mM of glucose) media followed by incubation for 1 hat 37 °C with 

5% C02• The media was collected and replaced with 1 mL of low glucose DMEM 

(supplemented with 1 % w/v BSA, 1 o/o PS and 1.5 mM of glucose) media. The plate was 

incubated for 1 h at 3 7 °C with 5o/o C02 and the media was collected. All collected media 

was stored at -20 oc until required for RIA (Section 2.2.20). 

2.2.19.4 Insulin stimulation visualised by microscope detection 

FluoroDish TM 1 cm2 plates were seeded with 1 x 104 of the HI populations of HMD/INS-

FUR-75 or WPT/INS-FUR-50 cells in a total volume of 600 J.!L of DMEM (supplemented 

with 10% v/v FBS and 1 o/o PS) media and incubated 0/N at 37°C at 5o/o C02. The cells 

were washed with warmed PBS (600 J.!L) twice and replaced with 600 J.!L of low glucose 

DMEM (supplemented with 1.5 mM D-glucose, 10% v/v FBS and 1 o/o PS) media followed 

by 3 h incubation at 3 7°C at 5% C02 • Setting aside 2 FluoroDish TM plates of each cell line 

(no glucose stimulus control), the low glucose DMEM media was replaced with 600 J.!L of 

high glucose DMEM (supplemented with 20 mM D-glucose, 10% v/v FBS and 1 o/o PS) 

media and the plates were incubated at various time points (0, 0.5, 1, 2, 5, 10 and 20 1nin), 

in duplicate. After each tin1e point, including the no glucose stimulus control plates, the 

cells were gently washed 3 times with warn1ed (37°C) PBS and fixed with 300 J.!L of 4 % 

paraformaldehyde followed by 0/N incubation at 4 °C. 

The cells were washed 3 times with 250 J.!L of PBS followed by cell permeabilisation by 

the addition of 0.1 o/o Triton (250 J..LL) for I min. The cells were washed 3 times with 250 

JlL of RT PBS. Excess aldehyde was removed by incubating the cells for 5 min with 100 

mM glycine in PBS (250 J.!L) followed by 3 washes with PBS (250 J.!L). The cells were 

blocked 0/N with 2 o/o BSA in 0.1 % triton. The blocking solution was removed and 

replaced with 100 J..LL of primary anti-insulin antibody (1: 100 in 2 % BSA PBS) for 1 h, 

followed by 3 washes with 250 J..LL of PBS. All work from this point was completed in the 

dark and incubations were performed under foil. The secondary antibody (1 00 J.!L), 
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AlexFluor568 goat anti-mouse IgG, was incubated on the cells for 1 h, followed by 3 

washes with 250 J..!L of PBS. The nuclei were stained with 100 J..!L of DAPI for 15 min, 

followed by 3 washes with 250 J..!L of PBS. The cells were mounted with 200 J..!L of 80 % 

glycerol with antifade PPD and sealed with a coverslip. Cells were visualised for insulin 

storage, cell nucleus and cytoplasm on the Nikon A 1 confocal microscope and images were 

recorded and analysed on NIS Elements AR v3 .1 0 analysis software. 
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CHAPTER THREE 

Viral vector transfection, concentration and titre determination 
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3.1 Introduction 

For viral vector transduction studies, it is essential to establish the multiplicity of infection 

(MOl), which is defined as the approximate number of integrants (virons) anticipated per 

cell. Determination of the MOl ensures transduction reproducibility between experiments. 

This is of crucial significance for applications where the lentiviral vector is used to reverse 

TID in animal models where precise viral titres must be delivered to diabetic recipients. 

The process of MOl determination requires an accurate and consistent titre determination of 

infectious viral vector units, otherwise known as transducing units (TU), produced and 

concentrated over multiple transfections (Gatlin et a/2003). 

Detetmination of the viral titre is possible through the detection of EGFP, which is co-

expressed with HMD/INS-FUR in transduced cells (Section 2.2.6). Traditionally, the 

fluorescent cells within a given area were quantified by observation under a fluorescent 

microscope, to estimate the viral titre. However, this method has significant limitations 

including difficulties in accurately quantifying EGFP-positive cells among confluent cell 

mono layers when there is a high MOl (Section 3 .3). Flow cytorrwtry offers an alternative 

method for titre detennination by enabling the rapid quantification of EGFP-positive cells 

(Givan, 2004). Therefore, the specific aim was to establish a reproducible and accurate 

methodology for viral titre detem1ination using flow cytometry, and to compare this 

technique to the use of fluorescent n1icroscopy for accurate and reproducible titre 

determination. 
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3.2.1 Plasmid ~R8.2, VSV-G, HMD or HMD/INS-FUR transformation, isolation 

and restriction enzyme digestion 

In order to produce viral vectors (Section 2.2.4), it was necessary to produce a high 

concentration stock of each plasmid to enable viral vector production through calcium 

phosphate transfections. The appropriate plasmid DNA (~R8.2, VSV -G, HMD and 

HMD/INS-FUR) was transformed, purified and quantified using the NanoDrop® ND-1 000 

spectrophotometer (Table 3 .I). Quantification and purity was determined by measuring 

A260 and A26o12so of the plasmid DNA samples, respectively. The approximate plasmid 

concentration and purity differed between the plasmids and putification scale size. The 

yield and purity of plasmid DNA was dependent upon the culture conditions, including the 

incubation time and consistency of temperature, together with the copy number and size of 

the plasmid transformed into the E. coli host strain used. However, the purity of plasmid 

preparations obtained was consistently high and, as anticipated, the Giga prep yielded up to 

20-fold more plastnid as compared to the Mini prep. As shown in Table 3.1 , the yield of 

L1R8 .2 fo1lowing transformation was consistently lower as compared to the quantity of 

plastnid obtained after transfotmation with VSV -G, HMD and HMD/INS-FUR. 

Table 3.1 : Yield and purity of plasmids foUo,ving tr ansfo1·mation 
r---- -- --

QIAprep Mini Prep Purelink lliPure Plasmid 
(lmL) Gigaprep (3L) 

--
Plasmid DNA Purity Plasmid DNA Purity Plasmid yield yield 

(ng/J!L) (A260J2so) (ng/JJ.L) (A260128o) 

~R8.2 87 1.83 1496 1.87 

VSV-G 163 1.85 2422 1.91 

HMD 109 1.82 2161 1.87 
HMD/INS- 104 1.83 2088 1.88 FUR 
~-
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The plasmids were assessed for accurate plasmid transformation by agarose gel 

electrophoresis after a restriction enzytne digestion (Figure 3.1 ). As illustrated in Figure 

3.1 , the transformation and plasmid purifications were successful, as all restriction fragment 

sizes observed were of the expected size; namely L\R8.2 produced fragments of 13 kb and 

0.4kb, VSV -G produced a 6.5 kb fragment, HMD produced two fragments, 4.6 kb and 4.4 

kb, and plasmid HMD/INS-FUR produced three fragments at 4.6 kb, 4.4 kb and 0.958 kb. 

M 1 2 3 4 5 6 7 8 M 

Kb 

-10 
-5 

- 1 
-0.8 

-0.4 

Figure 3.1: Agarose gel electrophoresis of restriction enzyme digested plasmids. 
Restriction digests of L\R8.2, VSV-G, HMD and HMD/INS-FUR plasmids were analysed 
after electrophoresis (1% agarose gel). Plasmid L\R8.2 (undigested, lane 1) was digested 
with BamHI and Xhoi to produce fragments of 13 kb and 0.4kb (lane 2). Plasmid VSV-G 
(undigested, lane 3) was digested with Kpnl to produce a 6.5 kb fragment (lane 4). Plasmid 
HMD (undigested, lane 5) was digested with Ncol to produce two fragments, 4.6 kb and 
4.4 kb (lane 6). Plasmid HMD/INS-FUR (undigested, lane 7) was digested with Ncol to 
produce three fl-agments at 4.6 kb, 4.4 kb and 0.958 kb (lane 8). Hyperladder I (lanes 
labelled M) was used as a tnolecular marker, with selected band sizes shown. 
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3.2.2 Optimisation of transduction parameters for viral vector titre determination, 

following the transfection and concentration of HMD and HMD/INS-FUR viral 

vectors 

The isolated plasmids, 11R8.2 and VSV -G, together with HMD or HMD/INS-FUR (Section 

3.2.1), were used to produce HMD and HMD/INS-FUR transducing viral vectors by 

calcium phosphate precipitation transfection (Section 2.2.4). Approximately 1.5 - 2 L of 

media from HMD or HMD/INS-FUR transfected cells was collected, purified and 

concentrated ustng tangential flow filtration (TFF) (Section 2.2.5). Aliquots of the 

resuspended viral vector pellet were used to optimise viral vector titre determination 

(Section 2.2.6). 

Viral vector determination was performed by both fluorescence microscopy and flow 

cytometry and these methodologies were compared for their ability to estitnate viral titre. 

Fluorescent microscopy determination of viral titre was completed by quantifying 293T 

cells that expressed cytoplasmic EGFP. The numbers of cells expressing EGFP transduced 

with 70 f.lL, 50 JlL and 30 JlL of the concentrated viral vector were sin1ilar, having a count 

of 82 ± 6.51, 84 ± 7.24 and 79 ± 6.64, respectively. The counts were subjected to a 

repeated-n1easure ANOV A, which found no significant difference between the three vira] 

volurne counts (p = 0.879). The EGFP cell counts were used to calculate the viral titre 

(Section 2.2.6.1) yielding 1.80 x 106 ± 0.1 4, 2.58 x 106 ± 0.22 and 4.04 x 106 ± 0.34 

TU/mL, respectively. 

Fluorescent microscopy of the transduced 293T cells with the lower volumes of 

concentrated viral vector (5 JlL and 1.25 f.lL) was not possible. The titre could not be 

defined as the MOl of the viral vector on the 293T cells was low, which resulted in weak 

expression of EGFP. Although the use of low volumes of viral vector fulfilled the 

requirement of low MOl for titre determination, it was difficult to distinguish, by eye, the 

fluroescence produced from the transduced monolayer compared to the cell auto-

fluorescence, as seen in Figure 3 .2, therefore viral titre could not be determined. 
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Bright field Fluorescence 

A 

B 

c 

D 

E 

Figure 3.2: Determination of viral titre by microscopy. Images of transduced 293T cells 
were captured using a 40x dry objective on the eclipse Nikon microscope. Left and right 
panels are bright and fluorescent fields, respectively. 293T cells were transduced with 70 
J.!L (A), 50 J.!L (B), 30 J.!L (C) 5 J.!L (D) and 1.25 J.!L (E) of concentrated HMD/INS-FUR 
viral vector and incubated for 3 days. Transduced cell counts (A, B and C) were of similar 
range, 82 ± 6.51, 84 ± 7.24 and 79 ± 6.64, respectively and obtained viral titres of 1.80 x 
106 ± 0.14, 2.58 x 106 ± 0.22 and 4.04 x 106 ± 0.34 TU/mL, respectively. Transduction of 
the lower volumes of 5 f.lL and 1.25 J.!L of the viral vector (D and E) proved ineffective for 
the visualisation of green fluorescence under the microscope and thus vector titre could not 
be determined. 
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Flow cytometric analysis of the transduced cells further confirmed the limitations of viral 

titre determination by fluorescent microscopy. As illustrated in Figure 3.3, the transduced 

cells used to calculate the viral vector titre by fluorescent microscopy, were passed through 

the flow cytometer to obtain the percentage of transduced cells as compared to 293T cells 

treated with transduction reagents without plasmids (mock-transduced cells, Section 

2.2. 7.1 ). The cells transduced with 70 J.lL, 50 J.lL and 30 J.lL of viral vector resulted in 

similar fluroscent percentages and through ANOVA analysis, the percentages were found 

not to be significantly different (p = 0.344) from the various viral vector volume used. In 

additon, the similar fluorescent percentages indicated the cells reached transduction 

saturation point with the viral vector volumes used. Therefore the calculated viral titre for 

the cells transduced with 70 J.lL, 50 J.lL and 30 J.lL of viral vector were not valid due to 

saturated MOl leading to an underestimation of the true viral titre. 
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Figure 3.3: Flow cytometric fluorescence detection of viral vector transduced cell line. 
293T cells were transduced with 70 J.lL, 50 J.lL, 30 J.lL, 5 J.lL or 1.25 J.lL, in duplicate, of 
HMD/INS-FUR viral vector. Four days post transduction, flow cytometric analysis was 
used to determine the percentage of fluorescent cells in each transduced cell population. 
Test samples were completed in duplicate and values shown are means plus SEMs. 
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The fluorescent percentages determined by the flow cytometry were used to calculate the 

viral vector titre (Section 2.2.7.2) and compared to those values obtained by fluorsecent 

microscopy. As can be seen in Table 3.2, the viral vector titre calculated by flow cytometry 

was consistently 4.71 - 4.95-fold higher than the viral vector titre obtained by fluorescent 

microscopy analysis. Events which passed through the cytometer's beam of light (laser) 

were recorded based on the amount of light absorbed and emitted from each event detected. 

Subsequently, the analysis of the emitted light corresponded to the intensity of the 

fluroescence emitted by each event. Thus, the cytometer was able to individually measure 

the different intensities of flurosecence from the viral transduced cell populations, thereby 

allowing an accurate assessment of viral vector titre determination (Givan, 2004). By 

comparison, the viral vector titre determination method using the fluorescent microscope 

was somewhat subjective and lim ted by the detection limits of the eye of the operater and 

the operater' s decision as to whether a cell was deemed to be fluorescent. Thus, the viral 

vector titre for the 5 f..!L and 1.25 f..!L transduced cells by fluroescent microscopy was 

undetennined, ho\vever due to the use of the appropriate laser (blue laser 488 run) and filter 

(FLl 530/30) for EGFP, the flow cytometer rapidly detected and quantified small 

differences in fluorescence amoung cell populations (Godfrey et al, 2005) of fluorescence 

for the 5 f.lL and l .2 5 ~tL transduced cells, enabling viral vector titre detennination (Table 

3.2). The flo"w cyton1etric methodology results, from Table 3.2, indicated the use of lower 

viral volumes produced unsaturated lov1 MOI transduced cells which could be used to 

determine a more accurate viral vector titre. Given the ]imitations of vector determination 

by microscopy, a methodology using flow cytometry was developed to analyse transduced 

cells, according to the protocol described in Section 2.2.6. 

Three different methods were trialled, method 1 a, I b and 1 c, with each method comprising 

of various serial dilutions and starting volumes of concentrated viral vector. Method 1 a 

involved three, 2-fold serial dilutions, producing 5 f.lL, 2.5 f.lL and 1.25 f..!L dilutions of the 

concentrated HMD/INS-FUR viral vector, in duplicate, and each dilution was used to 

transduce the 293T cells. This resulted in a steady linear decrease in fluorescence (Figure 

3 .4), as expected. The average fluorescence needed to be within the 1-20 % range (Sastry et 
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a!, 2002). Only the last dilution of viral vector (1.25 ~L) fell within this range at 16.35 ± 

7.11 %, giving a single viral titre of 0.92 x 108 TU/mL. 

By only choosing viral transduced cells fluorescence within the 1-20 % range, the chance 

of calculating saturated or high MOl per cell is minimized, thereby calculating titres above 

this range will led to the underestimation of functional viral vector titre, as previously seen 

using higher volumes of viral vector in comparison to the use of smaller volumes (Figure 

3.3 , Table 3.2). Establishment and meticulous use of the flow cytometric methodology will 

reduce variability of functional viral vector titre determination between various vector 

stocks by minimising and controlling the use of low transducing units per cell (Gatlin eta! 

2003). 

Table 3.2: Viral vector titre and fold difference between two titre determination 
methods 

Viral Volume used to transduce 293T cells 
~---

70 J!l.~ 50 J.1L 30 1-1L 5 ptL 1.25 ~L 
r-· -- f--- -----------

Fluorescent 
microscope 1.80 X 106 2.58 X 106 4.04 X 106 

I N.D* N.D* viral titre ± 0.14 ± 0.22 ± 0.34 
(TU/mL) 

-- !--· 

Flow 
cytometer 8.85 X 106 12.14 X 106 19.60 X 106 60.48 X 106 70.84 X 106 

viral titre ± 0.16 ± 0.26 ± 0.47 ± 2.58 ± 7.67 
(TU/mL) 

Fold 
difference 4.95 4.71 4.84 - -

of the 
methods 

*Not determined 
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Figure 3.4: Flow cytometric analysis for viral vector titre optimization method la. 
293T cells were transduced with either 5 !-LL, 2.5 I-LL or 1.25 I-LL (2-fold dilution), in 
duplicate, of HMD/INS-FUR viral vector. Four days post transduction, flow cytometric 
analysis was used to determine the percentage of fluorescent cells. The viral vector titre 
(TU/n1L) was calculated from fluorescent percentages between 1- 20%. Test smnples were 
completed in duplicate and values shown are means plus SEMs. 

Method 1 b entailed five, 3-fold serial dilutions of 293T cells transduced, in duplicate, with 

0.5 !-LL, 0.167 !-LL, 0.056 j.!L, 0.019 I-LL or 0.006 j.!L of HMD/INS-F1JR viral vector. Flow 

cytometric analysis of the transduced cells yielded an initial drop in fluorescence from the 

first dilution of 0.5 I-LL to 0.167 j.!L of viral vector volume used, followed by a steady 

decrease in fluorescence with increasing dilutions (Figure 3.5). To minimize calculating 

multiple viral copies per cell, the fluorescent percentage was required to be within the 1-20 

% range, only the second and third dilutions (0.167 j.!L and 0.056 j.!L of viral vector) fell 

within the fluorescent range for titre determination ( 4.66 ± 0.02 and 2.30 ± 0.19 %, 

respectively). The valid fluorescence percentages gave a viral titre of 1.08 x 108 and 1.61 x 

108 TU/mL respectively, with an average value of 1.35 x 108 TU/mL. 
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Figure 3.5: Flow cytometric analysis for viral vector titre optimization method lb. 
293T cells were transduced with either 0.5 ~L, 0.167 IlL, 0.056 IlL, 0.019 IlL or 0.006 IlL 
(3-fold dilution), in duplicate, of HMD/INS-FUR viral vector. Four days post transduction, 
flow cytometric analysis was used to determine the percentage of fluorescent cells. The 
viral vector titre (TU/mL) was calculated from fluorescent percentages between 1 - 20o/o. 
Test samples were cmnpleted in duplicate and values shown are means plus SEMs. 

Method 1c consisted of five, 4-fold serial dilutions of 5 IlL, 1.25 IlL, 0.31 IlL, 0.08 J..LL or 

0.02 J.lL of HMD/INS-FUR viral vector, in duplicate, which were used to transduce 293T 

cells. Fluorescence analysis of the transduced cells revealed a steady decrease in the 

fluorescence percentage (Figure 3.6), with the fluorescence of the higher setial dilutions of 

viral vector (0.31 J.LL, 0.08 IlL and 0.02 J.lL) falling within the 1-20 % acceptable 

transduction percentage range (16.97 ± 0.54, 4.85 ± 0.28 and 1.40 ± 0.07 %, respectively). 

The fluorescent percentages were used to calculate the viral titres of 3.49 x 108
, 4.24 x 108 

and 4.83 x 108 TU/mL, producing an average viral vector titre of 4.19 x 108 TU/mL. 

Method 1c was pursued and used to determine the titre of HMD viral vector. A steep 

downward slope in fluorescence was detected (Figure 3. 7), two of the 4-fold dilutions (1.25 

J.lL and 0.31 J.lL) of HMD viral vector falling within the desired fluorescent percentage 

range (19.69 ± 3.57 and 1.89 ± 0.06 %, respectively). These percentages were used to 

97 



calculate the HMD viral vector titres 1.21 x 108 and 0.43 x 108 TU/mL, respectively, with 

an average of 0.82 x 108 TU/mL. 
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Figure 3.6: Flow cytometric analysis for viral vector titre optimization method lc. 
293T cells were transduced with either 5 J.!L, 1.25 J.!L, 0.31 J.!L, 0.08 J.!L or 0.02 J.!L (4-fold 
dilution), in duplicate, of HMD/INS-FUR viral vector. Four days post transduction, flow 
cytometric analysis was used to determine the percentage of fluorescent cells. The viral 
vector titre (TU/mL) was calculated from fluorescent percentages between 1 - 20%. Test 
samples were completed in duplicate and values shown are means plus SEMs. 
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Figure 3.7: Flow cytometric analysis for HMD viral vector titre. 293T cells were 
transduced with either 5 J..LL, 1.25 J..LL, 0.31 J..LL, 0.08 J..LL or 0.02 J..LL (4-fold dilution), in 
duplicate, of HMD viral vector. Four days post transduction, flow cytometric analysis was 
used to determine the percentage of fluorescent cells. The viral vector titre (TU/mL) was 
calculated from fluorescent percentages between 1 - 20%. Test samples were completed in 
duplicate and values shown are means plus SEMs. 

In summary, accurate viral titre detern1ination will reflect the reproducability of 

transduction experiments between different batches of viral vector titred and more 

ctitically, the transfer or upscale of in vitro or in vivo transduction parameters to other 

transduction studies, such as moving from cell lines to an animal1nodel (Gatlin eta! 2003). 

This study investigated the limitations of viral vector titre determination by fluorescent 

microscopy and the subjectiveness of titre determination given the inability to distinguish 

individual cells monolayer, by experiential endpoint, and also the difficultly to identify, by 

eye, the fluroescence produced from the transduced monolayer using a low MOl per cell. In 

contrast, the flow cytometric approach enabled the analysis of individual cells (known as 

events) and the ability to repetitvely detect and rr1easure low intensities of EGFP 

fluorescence, based on mock transduced control cells, which was not replicated by 

fluorescent microscopy. 
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3.3 Discussion 

The aim of this chapter was to establish a reproducible, accurate methodology for titre 

determination using flow cytometry. Thus, the first objective was to purify plasmids 

(~R8.2, VSV -G, HMD and HMD/INS-FUR) from large scale E. coli cultures and to 

transfect the 293T cells to produce HMD and HMD/INS-FUR viral vector particles. The 

correct fragment sizes of the enzyme digested plasmids were confirmed by agarose gel 

electrophoresis (Figure 3.1). The plasmid concentrations and purity varied between the 

plasmids and purification scale sizes. A contributing factor for such variations in 

concentrations may be the differing sizes of the purified plasmids: ~R8.2 (13.3 kb), VSV-G 

(6.5 kb), HMD (9 kb) and HMD/INS-FUR (9.958 kb), from E.coli DH5a host strain 

(Feinbaum, 1998). Thus, a larger kilobase plasmid size lowered the replication number 

within the bacteria resulting in a lower plasmid concentration. With regards to the purity of 

the plasmids, the presence of bacterial proteins, phenol and other contaminants used in the 

putification procedure likely decreased the purity of the plasmid, which resulted in an 

A26o128o ratio below 1.70. However, the purity of the plasmids in this study approximated 

the accepted ratio of ,...., 1.80 or above, indicating plasmids were free of bacteria] proteins and 

other contaminants. 

After the transfection and concentration of the HMD and HMD/INS-FUR viral vectors, a 

protocol to determine viral vector titre was developed. The tnethod of titre determination by 

fluorescent microscopy analysis was found to have two major limitations. Firstly, at the 

experimental endpoint, the cells had reached confluence, as can be seen in the bright field 

images in Figure 3 .2. This made it difficult to distinguish transduced cells. Inaccurate 

recording of the number of fluorescent cells resulted in an underestimation of the actual 

transducing efficiency or units (TU). Secondly, the TU titre can be further underestimated 

by the degree of MOl per cell. High MOI was seen in the fluorescent microscope titre 

determination method, as there was no significant difference in EGFP counts between the 

three transduction treatments with 70 J..LL, 50 J..LL and 30 J..LL of viral vector, as determined 

by a repeated-measures ANOV A (p = 0.879). This may have been due to the abundant 

number of transducing virons in all three treatments, each able to integrate into the majority 
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of the cells, multiple times. This was later confirmed by flow cytometric analysis (Figure 

3.3), which indicated the cells were at transduction saturation point, as the fluroscent 

percentages of the cell transduced with 70 f.!L, 50 f.!L and 30 f.!L of viral vector were found 

not to be significantly different (p = 0.344) from the various viral vector volume used. By 

reducing the amount of viral vector ( 5 f.!L and 1.25 f.!L) transferred to the same initial cell 

number, the chance of multiple viron transductions per cell should be reduced. However, a 

decrease in viral volume also decreased the fluorescence intensity of EGFP visualised 

under the fluorescent microscope, as demonstrated in Figure 3.2D and E. This low 

fluorescence made it impossible to accurately count transduced fluorescent cells and thus 

the accuracy of viral titre determination was compromised. By comparison, the use of flow 

cytometry enabled differentiation of the mock transduced cells (auto-fluorescence) and low 

volumes of viral vector, as illustrated in Figure 3.3 , for cells transduced with the 5 f.!L and 

1.25 f.!L of viral vector. 

The limitations associated with determination of viral titre by fluorescence microscopy, 

coupled with the need to accurately and reproducibly calculate viral titre demanded the 

optimisation of an alternative method. According to Sastry et al (2002), lentiviral titre 

should be determined over several dilutions via the fluorescent percentages acquired by 

flow cytmnetry. The fluorescent percentage used to establish viral titre must be within the 

1-20 o/o above the negative control to minimise the probability of calculating MOl of the 

viral vector, which would result in an underestimation of the viral titre (Sastry et a/2002). 

Three titre determination methods were assessed (Section 2.2.6). Method I a involved three 

serial dilutions of the HMD/INS-FUR viral vector, which resulted in one serial dilution 

within the 1-20o/o fluorescent range limit for low MOl titre determination (Figure 3.4). As 

only three serial dilutions were used, it was challenging to achieve two or more dilutions 

within the fluorescent percentage limit. The method was modified (Method 1 b) to involve 

five serial dilutions (Figure 3.5) of the HMD/INS-FUR viral vector, which gave a broader 

analysis of the transducing fluorescence than the initial method used, permitting two of the 

five dilutions to be within the fluorescent range for titre determination. However, the 

modified method 1 b employed less inoculating virus and gave some fluorescent readings 
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below 1 o/o. The method was optimised further in method 1 c, which used a higher volume 

of HMD/INS-FUR viral vector with a 4-fold serial dilution factor (Figure 3.6), rather than 

the 3-fold serial dilution previously used. This gave three of the five dilutions within the 1 -

20 % fluorescent percentage limit. Following optimisation, method 1 c was employed to 

titre the HMD viral vector, which yielded an average titre of 0.82 x 108 TU/mL (Figure 

3.7). 

Previous methods investigated for titre determination include the examination of the viral 

supernatants, either by qRT-PCR on the viral genomic RNA or by the quantification of the 

p24 antigen (Sastry et al 2002, Lizee et al 2003 and Geraerts et al 2006). Other studies 

investigated titre determination by post transduction analysis, including qRT-PCR using 

total RNA or direct qPCR using isolated DNA for transgene expression (Lizee et al 2003, 

Logan et a! 2004, Geraerts et a/2006). However, sotne of these methods are known as non-

functional viral titre methods and have been shown to overestimate the viral titre due to 

quantifying total antigen, RNA or DNA, regardless of whether the viral particle has 

transduced or functionally integrated into the target cell. Sastry eta/ (2002) and Lizee et al 

(2003) have previously desctibed titre determination by quantification of vector RNA 

sequences in the supernatants and showed that this n1ethod overestimated titres by 1 03 
-- 1 04 

fold, by comparison to quantification using intracellular Dl\JA and flow cytometric GFP 

detection. It is believed defective viron particles, together with plasmid contamination 

(remaining plas1nid from viron transfection), accounts for the overestimation in titre. 

Furthermore, titre quantification using the p24 antigen viral supernatant method shares the 

same disadvantages as the supernatant vector RNA sequence quantification, as the p24 titre 

can be overestimated by the detection of free non-functional viral particles or by the 

retnaining free protein from viral transfection production (Lizee et a/ 2003 and Geraerts et 

a/2006). 

Analysis of cells post-transduction for titre determination can be used to predict the 

functional viral titre, since functional titres are dependent on the transduction efficiency of 

the viral vector on the target cell (Sastry et al 2002). Although some groups state qPCR of 

proviral DNA is one of the more suitable methods of function titre determination, it must 
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be noted that portions of the transduced viral vector integrates into regions of the cell which 

are unable to transcribe the transgene and thus the functional viral titre will vary within the 

same batch of viral stock and also with the correlation of transgene expression levels. 

Therefore, the most useful functional viral titre determination is likely to be the 

measurement of trans gene expression levels. Such methods may include the expression of a 

fluorescent protein, followed by the detection and quantification of the expressed 

fluorescent protein by fl ow cytometric analysis, as described in the current study. While not 

all viral vectors encode a fluorescent protein, qPCR on transgene mRNA expression levels 

has been previously described by Geraerts et a! (2006) for functional titre determination 

and the titre established by mRNA qPCR was found to correlate well with titres achieved 

by fluorescent flow cytometric analysis (Sastry et a! 2002, Lizee et a! 2003, Geraerts et a! 

2006). 

In summary, flow cytometric analysis is advantageous and a more appropriate method than 

the fluorescent microscopy methodology for functional viral titre determination. By using 

multiple serial dilutions (method 1 c) of the viral vector for transduction, the flow cytometer 

was capable of detecting and quantifying various levels of fluorescent expression of 

individual events and thus enabling two or more dilutions within the 1-20~6 fluorescent 

limit to determine the functional viral vector titre. Overall, this study has shown the 

limitations of functional viral titre determination by fluorescent microscopy (unable to 

count confluent monolayer clusters of EGFP positive cell by experimental endpoint) and 

how with the use of flow cytometry, the limitations were overcome and a reproducable 

tnethod of viral vector titering was optimised, and subsequently used for the remainder of 

this project. 
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CHAPTER FOUR 

Expression of pancreatic markers in liver tissue after reversal of 

autoimmune diabetes in NOD mice 

104 



4.1 Introduction 

The use of lentiviral vectors to transfer genes to target cells, offers therapeutic potential for 

TID (Ren et a/ 2007a and Shaw et a/ 2009). Lentiviral vectors possess the ability to 

integrate into the genome of non-dividing cells, which is a unique feature as other retroviral 

vectors can transduce only dividing cells. Previously, the lentiviral vector containing the 

furin-cleavable human insulin gene, HMD/INS-FUR (Section 1.8.1), was used by our 

group to transduce hepatocytes of chemically (STZ)-induced diabetic Wistar rats, 

ultimately restoring normoglycaemia for up to 500 days post transduction (experimental 

endpoint) (Ren et a! 2007a). This represents a significantly longer period than previously 

reported and is the first study to successfully restore normoglycaemia using a lentiviral 

vector delivery syste1n. Transduction of diabetic animals with the HMD/INS-FUR lentiviral 

vector resulted in hepatic insulin storage in granules (analogous in appearance to pancreatic 

~ cells), restoration of glucose tolerance and liver function tests remained normal 

(indicating that the procedure did not cause sustained hepatic injury). Expression of several 

~-cell transcription factors and some pancreatic endocrine transdifferentiation (Pdx-1, 

Neurodl , Ngn3, Nkx2.2, Pax4, somatostatin and glucagon) occurred within the livers of 

HMD/INS-FUR treated diabetic Wistar rats. Importantly, pancreatic exocrine 

transdifferentiation did not occur and destruction of the liver by hepatitis was avoided 

(Section 1.8.2). 

The therapeutic potential of the HMD/INS-FUR lentiviral vector to reverse autoimmune 

diabetes via the induction of partial liver to pancreas transdifferentiation in NOD mice, a 

spontaneous model of the TID (Section 1.8.3), \Vas next investigated. Long-term 

transduction of hepatocytes in NOD mice that were treated with the HMD/INS-FUR 

lentiviral vector was achieved. Normalisation of blood glucose was observed for 150 days 

(experimental endpoint). Maintenance of normal glucose tolerance, as determined by 

IVGTT (Figure 1.14) also resulted. 
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The specific aim of this chapter was to investigate the expression of pancreatic ~-cell 

transcription factors and markers of endocrine transdifferentiation in liver tissue collected 

and snap frozen in liquid N2 from the animals in Figure 1.15. 

4.2.1 Optimisation of RNA isolation of murine tissue for expression studies 

Isolation of sufficient quantities of high quality RNA from pancreas and liver was central to 

this study, which aimed to determine the expression of genes that play a role in the liver to 

pancreas transdifferentiation process following transduction of the livers of NOD mice with 

INS-FUR. RNA is rapidly digested by RNase enzymes that can be found within tissues, 

notably pancreas, or upon contamination of equipment and work areas (Schroeder et al 

2006). Degradation results in the generation of nutnerous short fragments and produces 

low quality RNA, which is unsuitable for expression analyses by qRT-PCR or micro-arrays 

(Fleige and Pfaffl 2006). Therefore, an RNA isolation protocol to extract a high quantity of 

quality RNA from tissue samples to determine gene expression had to be optimised. The 

quality of isolated RNA was determined by spectrophotometric evaluation of absorbances 

A260/280· A purity A260I280 ratio between 1.9 - 2.1 lies within an acceptable range for RNA 

(Qiagen RNeasy mjni kit manual), with a ratio of 2 being generally accepted as 

representing 'pure ' RNA (NanoDrop® ND-1 000 Spectrophotometer manual). Further, after 

agarose gel electrophoresis the rRNA bands, 28S and 18S were used to provide a ratio of 

band strength. The integrity and quality of the RNA was determined by the measuren1ent of 

the 28S rRNA band in proportion to the 18S rRNA band, with the objective of achieving a 

ratio of 2 (or higher), indicative of high quality RNA (Schroeder et al 2006). 

Firstly, the RNeasy® Mini kit (Qiagen, Germany) was trialed to extract RNA from liver 

and pancreatic tissue samples, according to the 1nethod described by the manufacturer 

(Section 2.2.8.1) for RNA isolation from animal tissue. Quantification, purity and the 

integrity of the rRNA bands were analysed (Table 4.1 ). The approximate total RNA yield 

between the liver and pancreatic tissue samples was significantly different (p = 0.017), with 

the pancreatic tissue resulting in a 1.8 fold higher RNA concentration than liver tissue. The 

purity of the liver and pancreatic tissue RNA samples (2.11 ± 0.006 and 2.11 ± 0.006, 
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respectively) were at the outer limit of the manufacturer's range of purity (A2601280 = 1.90 -

2.1 0), indicating that the RNA extraction was of high purity. Upon assessment of the 

integrity of the rRNA bands by agarose gel electrophoresis, the RNA extracted from liver 

tissue displayed the 28S and 18S rRNA bands (Figure 4.1 A), with an integrity ratio of 1. 70 

± 0.01 (Table 4.1 ). However, the integrity of the pancreatic rRNA from the agarose gel 

electrophoresis (Figure 4.1B) could not be evaluated as the RNA smeared throughout the 

gel with no clear rRNA bands present, indicative of RNA degradation . Overall , the method 

described by the manufacturer gave sub-optimal RNA extraction of the liver, as the 28S 

and 18S rRNA bands integrity ratio (1.70 ± 0.01) was below 2. With respect to the RNA 

isolated from pancreas, total RNA degradation resulted, as indicated by the complete 

absence of rRNA bands after electrophoresis (Figure 4.1 ). The degradation of pancreatic 

RNA was likely due to the large number of digestive enzymes and RNases within the 

pancreas (Lieberman and Marks 2009). 

Consequently, to improve the quality of RNA isolated from pancreatic tissue, the 

1nanufacturer's presctibed methodology was modified to use less starting material (15 mg, 

as opposed to the suggested 30 1ng). In addition, an RNase inhibitor was included in the 

initial homogenisation buffer (Section 2.2.8.1 ), which resulted in a higher proportion of 

RNase inhibitor relative to the an1ount of pancreatic tissue utilised. Use of this 

methodology resulted in approxirnately a 2.5-fold increase in the quantity of RNA isolated, 

while maintaining the purity achieved from initially using the manufacturer's prescribed 

methodology (Table 4.1). Additionally, the quality of RNA isolated was markedly 

improved using this modified protocol, as judged by the presence of distinct rRNA bands 

(Figure 4.1 ). However, the integrity ratio ( 1.23 ± 0.02, which was less than the desired 

value of 2) indicated that further optimisation of the RNA extraction procedure for 

pancreatic tissue was required. 
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Table 4.1: Yield, purity and integrity of mouse RNA following extraction protocols, 
values given in mean ± SEM 

Extraction Method Quantification Purity rRNA 
Tissue integrity methodology protocol (ng/J.lL) (A26012so) (28S:18S) 

Liver Manufacturer 179.50 ± 5.8 2.11 ± 0.006 1.70 ± 0.01 prescribed 
r-------- protocol 

Pancreas (Section 331.38 ± 36.3 2.11 ± 0.006 No bands 2.2.8.1) 

RNeasy kit Inclusion of 
RNase inhibitor Pancreas (Section 841.44 ± 163.1 2.11 ± 0.005 1.23 ± 0.02 

(Figure 4.1) 2.2.8.1) -- ------- -------
Inclusion of 

RNase inhibitor 

Pancreas and RNA 919.36 ± 32.9 2.14 ± 0.005 1.57 :1: 0.05 stabiliser 
(Section 

1-· 
2.2.8.1) 

TRizol Liver (Section 1416.00 ± 2.05 ± 0.003 2.09 ± 0.27 2.2.8.2) 111.0 

(Figure 4.2) Pancreas (Section 1730.17 ± 2.00 ± 0.052 2.03 ± 0.15 2.2.8.2) 125.3 
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In an attempt to further increase the quality of RNA isolated from pancreatic tissue treated 

with RNase inhibitor, an additional modification to the methodology was instituted. To 

further facilitate the preservation of RNA in tissue samples, RNA stabilization reagent was 

added to the frozen pancreatic tissue prior to grinding (Section 2.2.8.1 ). The inclusion of 

RNase inhibitor and the RNA stabilization reagent together, increased the yield of 

pancreatic RNA isolated (Table 4.1 ), however it was not found to be significantly different 

from the RNA isolation using only the RNase inhibitor (p = 0.716). 

Although the resultant RNA integrity was improved by the inclusion of the RNase inhibitor 

compared to the integrity following the addition of the RNA stabilization reagent ( 1.23 ± 

0.02 and 1.57 ± 0.05 , respectively), the rRNA 28S: 18S band integrity ratio was still below 

the optimal ratio of 2. Furthermore, there was no significant difference (p = 0.053) seen 

between the rRNA band integrity with the inclusion of RNase inhibitor alone or together 

with the RNA stabilization reagent. In cmnparison to the manufacturer's prescribed 

protocol, the inclusion of RNase inhibitor together with the RNA stabilization reagent to 

the RNA isolation procedure was found to be significantly different with respect to both the 

RNA quantification (p = 0.001) and rRNA integrity (p = 0.020). Overall, the inclusion of 

RNase inhibitor together with the RNA stabilization reagent resulted in a significant 

improvement in the quantity and quality of the isolated RNA from pancreatic tissue 

smnples over the manufacturer's recommended protocol, however the RNA integrity did 

not reach the high quality RNA standard desired for expression studies (Fleige and Pfaffl 

2006). 
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Figure 4.1: Isolation of RNA from NOD ntouse liver and pancreatic samples using 
R.~easy kit methodology. RNA isolated from mouse liver (A) and pancreatic tissue (B, C 
and D) were analysed by agarose gel electrophoresis, using 3 methodologies, two of which 
represented changes made to the manufacturer's instructions for use of the RNeasy kit. 
RNA extracted fron1 liver, using the manufacturer's prescribed protocol, displayed 28S and 
18S rRNA bands with an integrity of 1.70 ± 0.01 (lanes 1 - 4, A). Pancreatic RNA 
extraction, according to the manufacturer's prescribed protocol, resulted in RNA 
degradation as indicated by the smear through the gel with no visual rRNA bands present 
(lanes 1 - 4, B). RNA extracted from pancreatic tissue with the inclusion of RNase 
inhibitor, resulted in faint rRNA 28S and 18S bands (integrity 1.23 ± 0.02) with smearing 
of degraded RNA from the 28S band down to the agarose gel (lanes 1 - 4, C) after 
electrophoresis. The integrity of RNA isolated from pancreas using the inclusion of RNase 
inhibitor and RNA stabilization reagent was still compromised, as indicated by the 28S and 
18S rRNA bands (1.57 ± 0.05), which were only faintly visible due to RNA degradation 
indicated by the smearing of the rRNA bands (lanes 1 and 2, D). RNA marker (lanes 
labelled M) and selected band sizes are shown. 
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A different methodology of RNA extraction, which used TRizol reagent, was employed in 

an attempt to improve the integrity of rRNA isolated from pancreatic tissue. The 

methodology using the TRizol reagent also included a RNA stabilization reagent. 

Additionally, the suggested volume of TRizol reagent per weight of tissue sample was 

increased (Section 2.2.8.2). This methodology considerably improved the quality of RNA 

extracted in sufficient quantities from liver and pancreatic tissue. The extracted RNA from 

liver samples increased significantly (p < 0.0001 ), with an approximate 8-fold increase, as 

compared to the RNeasy mini kit manufacturer' s prescribed protocol (Table 4.1 ). The 

purity ratio of the extracted liver (A26o/280 = 2.05 ± 0.003) shifted closer to the optimal 

absorbance ratio of 2. As detenn ined after agarose gel electrophoresis (Figure 4.2), the 

RNA isolated from liver exhibited the 2:1 ratio of rRNA bands 28S: 18S. Through the 

examination of the rRNA bands, the integrity actually achieved a ratio ~ 2 (Table 4 .1 ), 

indicating that the liver RNA extraction method using TRizol yielded high quality RNA, as 

previously repot1ed (Schroeder et a/2006). 

The RNA extraction of pancreatic tissue using the TRizo1 reagent method was found to 

have significantly ditierent quantification when compared to the tnanufacturer' s suggested 

protocol for the RNeasy kit (p = 0.005) and the optin1ised method with the inclusion of 

RNase inhjbitor and RNA stabiliser (p = 0.016), achieving approxin1ately 9.7 and 1.9 fold 

increase in yield, respectively (Table 4.1 ). The isolated RNA purity ratio gave an A26o/280 

value of 2.00 ± 0.052, which is indicative of 'pure' RNA, according to the NanoDrop® 

ND-1 000 Spectrophotometer manual. After agarose gel electrophoresis (Figure 4.2), the 

rRNA 28S: 18S bands were verified as having a 2:1 ratio (Table 4.1 ), indicating that the 

TRizol method of RNA extraction from pancreatic tissue produced high quality RNA 

(Schroeder et a/2006). 
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Figure 4.2: Isolation of RNA from NOD mouse liver and pancreatic tissue using 
TRizol reagent. RNA was isolated from mouse liver (A) and pancreatic tissue (B) using 
the TRizol methodology and were analysed for integrity and purity by agarose gel 
electrophoresis. The high integtity of rRNA isolated from liver (2.09 ± 0.27) was indicated 
by the prominent appearance of 28S and 18S rRNA bands (Lanes 1 - 3, A). After 
electrophoresis, RNA isolated from pancreas generated 28S and 18S rRNA bands with an 
integrity of 2.03 ± 0.15, indicating quality RNA (Lanes 1 -3, B). RNA marker (lanes 
labelled M) and selected band sizes are shown. 

In smn1nary, isolation of RNA of high quantity and quality from pancreatic tissue proved 

more challenging to achieve as compared to liver tissue. This was likely attlibuted to the 

high number of digestive enzymes and RNases present in the pancreas, which would have 

degraded rRNA during the isolation process (Lieberman and Marks 2009). Hence, it was 

important to optimise an RNA isolation protocol for each tissue type in order to achieve a 

sufficient yield, of high quality and intact RNA. The TRizol reagent protocol overall 

produced RNA of a higher quantity and integrity from liver and pancreatic samples, as 

compared to the use of the RNeasy kit. This was evident by the significantly higher 

quantification yield, and 1nore importantly, through the visualisation of the RNA integrity 

after agarose gel electrophoresis, with both samples exhibiting higher than the 2:1 ratio of 

the 28S: 18S rRNA bands, indicative of the presence of high quality RNA (Schroeder et al 
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2006). Therefore, the RNA isolation protocol using TRizol reagent was determined to be 

the preferred method for RNA extractions from tissue samples and was therefore used to 

isolate sufficient quantities of high quality RNA to enable the assessment of transcription 

factors induced after the transduction of the livers of spontaneously diabetic NOD mice. 

4.2.2 Expression pancreatic transcription factors and other genes in INS-FUR 

transduced liver and pancreas 

Subsequent to RNA extraction from liver and pancreas tissue isolated from untreated (both 

diabetic and non-diabetic NOD mice) and HMD and HMD/INS-FUR viral vector treated 

diabetic mice, the RNA was treated with DNase I to remove any contaminating DNA 

followed by eDNA synthesis and RT-PCR studies (Section 2.2.11). 

Of the genes investigated, normal liver tissue expressed MajB, GLUT-2 and glucokinase 

only (Figure 4.3). Delivery of the HMD viral vector to the livers of diabetic NOD mice 

induced the expression of Pdx-1, in addition to the expression of normal liver genes, such 

as MajB, GLUT-2 and glucokinase. The livers of NOD mice transduced with HMD/lNS-

FUR, expressed MajB, GLUT-2 and glucokinase. Additionally, Pdx-1, Neurodl, JVgn3, 

Nkx2--2, Pax-4, MafA, n1ouse insulin 1, somatostatin and glucagon were found to be 

expressed. Further investigation did not detect the expression of Nkx6-1, Pax-6, mouse 

insulin 2, pancreatic polypeptide, insulin pre-proconvertase, insulin proconvertase or P-48, 

after the delivery of the HMD/INS-FUR viral vector to livers of diabetic NOD 1nice. 
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Figure 4.3: RT-PCR 
amplification of pancreatic 
transcription factors. 
RT-PCR analysis for mouse P-
cell transcription factors (Pdx-1, 
Neurodl, Ngn3, Nkx2-2, Nkx6-l, 
Pax 4, Pax 6, MafA, MafB); the 
pancreatic endocrine hormones 
(mouse insulin 1 and 2, 
somatostatin, glucagon and 
pancreatic polypeptide); GLUT 2 
and glucokinase; insulin 
proconvertase (PCJ and PC2); 
exocrine marker p48 and [J-actin 
in nonnal liver (lane 1 ), HMD 
transduced NOD mouse liver 
(lane 2), HMD/INS-FUR 
transduced NOD n1ouse liver 
(lane 3) and notmal mouse 
pancreas (lane 4 ). 



4.2.3 Quantitative RT-PCR and Western blot analysis of Pdx-1 in HMD and 

HMD/INS-FUR viral vector transduced NOD mouse liver samples 

As previously discussed, transduction of the liver with the HMD viral vector alone induced 

the expression of transcription factor Pdx-1 (Figure 4.3) in diabetic NOD mice. The HMD 

viral vector alone has previously been shown to induce the expression of Pdx-1 and 

Neurad] in earlier studies using STZ-diabetic of Wistar rats (Ren et a! 2007a). In the 

current study, the relative expression of Pdx-1 was quantified by comparing the expression 

levels of the Pdx-1 gene in HMD and HMD/INS-FUR transduced NOD mouse liver 

samples by quantitative realtime RT-PCR (qRT-PCR). Prior to conducting qRT-PCR 

expression studies, a primer matrix was designed to determine the optimal forward and 

reverse primer concentration (as determined by low Ct values and high endpoint 

fluorescence). It was established that a concentration of 5J.1M, for both forward and reverse 

primer sets for all genes, was the optimal concentration. This was determined by the tight 

exponential curve amplifi cation profi les of both Pdx-1 and the housekeeping genes, P2M 

and HPRT, using eDNA generated from RNA isolated from HMD/INS-FUR (Figure 4.4A) 

and HMD (Figure 4.5A) transduced liver tissue. In addition, the melt curve profiles of each 

ampJicon produced single peaks, therefore confirming a single amplicon indicating that 

only the genes of interest were mnplified with no non-specific product or primer self 

binding (primer-dimer) formation (Figure 4.4B and 4.5B). The formation of primer-ditners 

would decrease the RT-PCR efficiency and obscure analysis (Nolan et a/2006, Tichopad et 

al 201 0). Following primer concentration optimisation, qRT-PCR was performed and the 

fold difference of Pdx-1 expression was compared between HMD and HMD/INS-FUR 

transduced liver tissue samples (Figure 4.6), relative to the housekeeping genes ~2M and 

HPRT. Expression of Pdx-1 was induced by the transduction with both the HMD/INS-FUR 

and HMD viral vector alone, 141 ± 17 and 134 ± 39, respectively. No significant difference 

of Pdx-1 expression levels was found between the two housekeeping genes (p = 0.882). 

This pennitted normalization of quantitative data to a fold difference of 138 ± 20 (mean ± 

SEM), for a more accurate variance of the expression of Pdx-1 gene in the two treated liver 

tissues. Western blot analysis* of the Pdx-1 protein (Figure 4. 7) was found in nonnal mice 

pancreas and in the HMD/INS-FUR treated NOD mice liver (*completed by Dr. Ren). 
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Figure 4.4: Relative quantification of Pdx-1 expression after HMD/INS-FUR 
transduced NOD mice liver tissue. Quantification of the transcription factor Pdx-1 and 
housekeeping genes, P2M and HPRT, from HMD/INS-FUR viral vector transduced NOD 
mice eDNA, alongside the number of cycles of RT -PCR amplifications in real-time (A). 
Melt curve analysis profile of the mnplified product through fluorescence detection 
indicated that there is a single product amplified and no amplification of primer-dimer or 
non-specific product (B). The red line indicates the threshold of this particular 
amplification, which was used to calculate the threshold cycle (Ct) number used for 
analysis. 
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Figure 4.5: Relative Quantitative of Pdx-1 expression after HMD transduced NOD 
mice liver tissue. Quantification of the transcription factor Pdx-1 and housekeeping genes, 
P2M and HPRT, frotn HMD viral vector transduced NOD mice eDNA, alongside the 
number of cycles ofRT-PCR amplifications in real-time (A). Melt curve analysis profile of 
the amplified product through fluorescence detection indicated that there is a single product 
amplified and no amplification of primer-dimer or non-specific product (B). The red line 
indicates the threshold of this particular amplification, which was used to calculate the 
threshold cycle (Ct) number used for analysis. 

117 



Reference gene 

Figure 4.6: Comparison of transcription factor Pdx-1 expression from transduced 
liver tissue samples by real-time RT-PCR quantification. Quantitative RT-PCR of 
pancreatic P-cell transcription factor Pdx-1, comparing the gene fold increase of Pdx-1 in 
HMD/INS-FUR transduced mouse liver compared to HMD transduced mouse liver 
samples in reference to P2M (mean± SEM = 141 ± 17) and HPRT (mean± SEM = 134 ± 
39) housekeeping genes. 

1 2 3 4 5 
Pdx-1 

Figure 4.7: Western blot analysis for PDX-1 protein. Expression of Pdx-1 protein was 
found in normal pancreas (lane 1) and in the liver transduced with HMD/INS-FUR (lane 2). 
However, Westen1 blot analysis of the liver transduced with HMD alone (lane 3), nom1al 
NOD liver (lane 4) and Normal NOR liver (lane 5) found no expression of mouse Pdx-1 
protein. Pdx-1 protein generated a band at 43 kDa (Westen blot analysis completeted by Dr. 
Ren after thesis submission). 
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4.3 Discussion 

Previous studies in our laboratory have shown partial liver to pancreas transdifferentiation, 

after STZ-induced diabetic rats were treated with the HMD/INS-FUR 1entivira1 vector, 

through the investigation of various pancreatic transcription factors (Ren et al 2007a). In 

the current study, the HMD and HMD/INS-FUR viral vectors were delivered to the livers 

of NOD mice, the most widely used spontaneous model of autoimmune diabetes (Aoki et al 

2005), in the same full flow occlusion (FFO) procedure as carried out in the rat study (Ren 

et al 2007a). The two studies produced similar gene expression profiles, namely the 

induced expression of Pdx-1, Neurad], Ngn3, Nkx2.2, Pax 4, somatostatin and glucagon. 

However, there were notable differences, namely the lack of expression of Neurad] within 

the HMD-treated diabetic NOD mice, as well as the induced expression of mouse insulin 1 

in HMD/INS-FUR-treated diabetic mice, alongside MajB and MafA. 

In the previous study, the liver of the rats transduced with the empty HMD viral vector 

induced the of transcription factors Pdx-1 and Neurodl at the RNA level, however neither 

were detected at the protein level (Ren et al2007a). When the empty HMD viral vector was 

delivered to the livers of NOD mice, Pdx-1 expression was detected, but not Neurad]. 

Protein expression of PD./Y-1 was however not detected in nonnal or empty HMD-treated 

liver (Ren et al 2008). By comparison, as in the rat study Pdx-1 was detected at both the 

RNA and protein level in the liver of HMD/INS-·FUR-treated NOD mice (Ren et al 2007a; 

Ren et al 2008). The current study investigated the induced expression of Pdx-1 further, by 

qRT-PCR to cotnpare the expression levels, when the empty (HMD) and furin-cleavable 

insulin (HMD/INS-FUR) containing viral vectors were delivered to diabetic NOD mice. 

The gene expression of the transduced livers was evaluated by comparing Pdx-1 expression 

to two housekeeping genes, ~2M and HPR T. After gene expression normalization for a 

more accurate variance of the two treated tissue samples (de Kok et a! 2005), it was found 

that the expression of the Pdx-1 gene was many fold higher (138 ± 20, mean ± SEM 

respectively) in tissue transduced with the HMD/INS-FUR viral vector, compared to the 

HMD viral vector alone. Furthermore, expression of Pdx-1 was found in the HMD/INS-
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FUR treated mice at the protein level by Western blot analysis (Figure 4. 7, completed by 

Dr. Ren), however was not detected in the mice treated with HMD empty. 

In the current study, the delivery of the HMD/INS-FUR viral vector into NOD mouse liver 

tissue was seen to incompletely induce transcription factors from the P-cell hierarchy. 

Factors later in the hierarchy such as Nkx6-1 and Pax-6 were not expressed. Similarly, the 

endocrine hormone (mouse insulin 2) expression was not detected. The NOD mouse 

HMD/INS-FUR-transduced liver tissue was seen to have in a similar P-cell profile to that 

shown previously in the rat study by Ren et al (2007a), in which Pdx-1, Neurodl, Ngn3, 

Nkx2-2 and Pax-4 were expressed. However the current study observed the induction of 

mouse insulin 1 expression, which may be due to the expression of MafA and MajB. Gene 

expression of MajB was found to be present in pancreatic and all liver tissue samples, 

whereas A1afA was expressed in the pancreatic and the HMD/INS-FUR transduced liver 

samples only. Recently it has been shown that expression of the MAF family proteins plays 

a crucial role in insulin expression late in the hierarchy of P-cell maturation (Keneto et al 

2005). Studies have revealed that the transcription factor MafA was an activator of the 

insulin gene in ~-cells alongside Pdx-1 and Neurodl (Keneto et al 2005, Ararnata et al 

2007). However, knockout studies have shown that the expression of MafA is initiated only 

after the expression of MafB (Artner et al 2007). Furthermore, MajB is endogenously 

expressed within normal liver (Itnaki et al, 2004), as observed in the transcription factors 

profile of the current study, which Inay have facilitated, in part the maturation of mouse 

insulin 1 producing ~-cells in the transduced hepatocytes. Further investigation found no 

expression of insulin pre-proconvertase and proconvertase, the enzyn1es required to cleave 

immature insulin into biologjcally active mature insulin (Yin and Tang 2001, Kim and 

Egan 2008). Consequently, as would be expected in the absence of the insulin 

proconvertase, the induced expression of the mouse insulin 1 gene found in the HMD/INS-

FUR viral vector transduced hepatocytes was the biologically inactive fonn (unpublished 

results). As previously discussed in Section 1.6.1 , the ~-cell differentiation hierarchy of 

transcription factors begins in progenitor cells of the pancreas, with the expression of Pdx-

1, Neurodl and Ngn3, closely followed by the intermediate transcription factors Pax 4, 

Nkx2.2, Nkx6.1 and Pax 6. The differentiation of insulin producing pancreatic ~-cells 
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results from the expression of MajB, followed by Pdx-1, Neurad] and MafA, resulting in 

the differentiation of insulin producing pancreatic ~-cells (Kaneto 2005 and Artner 2007). 

The partial pancreatic transdifferentiation in the HMD/INS-FUR transduced NOD mouse 

livers, by the induced expression of pancreatic transcription factors and hormones (Figure 

4.3), led to the development of insulin secretory granules as seen earlier in the liver 

histology micrographs (Figure 1.15) and regulated insulin secretion in response to increased 

blood glucose levels (Figure 1.14). The initial drop in blood glucose was likely attributable 

to the use of the HMD/INS-FUR viral vector at high MOl, leading to the efficient 

transduction of the INS-FUR transgene. Thus, the initial high production of insulin from 

the transgene followed by expression of ~-cell transcription factors, and concomitant 

hepatocyte to ~-cell transdifferentiation, leading to the formation of secretory granules, 

regulated insulin secretion and the reversal ofT1D. 

Other studies have attempted liver to pancreas transdifferentiation through delivering the 

pancreatic transcription factor Pdx-1 to the livers of diabetic mice. While these studies did 

show the expression of some pancreatic ~-cell transcription factors and/or hormones, the 

Pdx-1 transcription factor also induced exocrine differentiation. Induction of exocrine 

differentiation, such as the detection of exocrine 1narker p48, led to the developn1ent of 

hepatitis, multiple cystic lesions or abnormal lobe structures (Kojin1a et a! 2003, Ber et a! 

2003, Miyatsuka eta! 2003). Following the delivery of the INS-FUR construct to the liver 

of NOD 1nice in the current study, no exocrine differentiation was detected (p48 marker) 

and destruction of the liver tissue by hepatitis was avoided. 

The pancreatic hormones, somatostatin and glucagon, which control the secretion and 

inhibition of insulin, respectively (Saltiel and Kahn 2001, Rutter 2009), as described earlier 

in Section 1.6.1, were expressed in the HMD/INS-FUR viral vector transduced NOD mice 

hepatocytes. It is likely that the induced expression of blood glucose homeostasis 

hormones, somatostatin and glucagon together with the secretion of furin-cleaved insulin, 

prevented the NOD mice from developing hypoglycaemia and hyperglycaemia, over the 

150 day study (Figure 1.14). The ability of HMD/INS-FUR-treated NOD mice to control 
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blood glucose levels was shown after a glucose tolerance test, when compared to non-

diabetic mice (Figure 1.14). These studies showed that the mice which had reverted to 

normglycaemia following treatment with the HMD/INS-FUR vector exhibited glucose-

regulated insulin secretion, not significantly different from non-diabetic animals. This 

similar rapid response to elevated blood glucose levels was due to the induced storage of 

insulin secretory granules in hepatocytes found in the HMD/INS-FUR-treated NOD mice 

(Figure 1.15). As seen in the rat study (Ren et a! 2007a), after the delivery of the 

HMD/INS-FUR viral vector to the livers of NOD mice, the induced expression of 

pancreatic transcription factors and hormones led to the formation of insulin secretory 

granules, which was determined by immunohistochemistry and immunoelectron 

microscopy (Figure 1.15). The presence of insulin secretory granules corroborates an 

earlier study (Tuch et a! 2003), which reported a Huh7 liver cell line transfected with 

human insulin, which endogenously expressed P-cell transcription factors and also 

developed secretory granules that stored and secreted insulin in a regulated matmer. 

Another contributing factor to the rapid decline in blood glucose may come from the type 

of proinsulin used in the lentiviral vector. The pro insulin eDNA sequence inserted into the 

HMD viral vector (Section 1 . 7.1) was engineered at position 10 in the B-chain from 

histamine to aspartic acid. This naturally occurring variant occurs in hyperproinsulinemia 

patients, in which mutation results in a 1 0-100 fold increase in stable mature insulin 

secreted with a higher affinity to bind to the insulin receptor (Groskreutz et a! 1994). 

Therefore it is possible that the use of the engineered proinsulin contributed to the rapid 

decrease in blood glucose levels in rats (Ren et a! 2007a) and mice (Ren et a! 2008), 

compared to the prolonged reduction of blood glucose levels using proinsulin lacking the 

mutation change (Elsner and Lenzen 2008). Furthermore, this study found no evidence of 

pancreatic transdifferentiation, suggesting that the engineered hyperproinsulin contributes 

to the transdifferentiation process (Elsner and Lenzen 2008). 

The incomplete liver to pancreatic B-cell transdifferentiation may be associated with the 

rapid decrease in blood glucose levels after transfection ( < 24 h). Hepatic cells have been 

previously documented to transdifferentiate into pancreatic p cells when in a high glucose 

environment. A study by Bonner-Weir et a! (1989) observed an increase in pancreatic P-
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cell mass by 50o/o after hyperglycaemia was induced by the infusion of glucose in normal 

adult rats for 96 h. More recently, Cao and colleagues (2004) described the transfection of a 

rat hepatocyte cell line (WB cells) with an active form of Pdx-1 (Pdx1-VP16) resulting in 

only partial pancreatic ~-cell transdifferentiation. Further differentiation and maturation 

into pancreatic ~-cells was detected post-transplantation of the Pdx 1-VP 16 transfected cells 

into diabetic mice under high blood glucose conditions which gradually reduced (~400 to 

~ 100 mgldl) over a 4 month period. A later study by Jin eta/ (2008) found liver epithelial 

progenitor cells (LEPCs) transduced with Pdx-1 were induced to further differentiate into 

functional ~-cells, including the expression of the proinsulin cleavage enzyme 

proconvertase 1/3, after high glucose culture for 72 h, followed by cytokine treatment. It is 

possible that in our study the induction of transcription factors was facilitated, in part 

through a high glucose microenvironment. In the previous study, the delivery of the empty 

HMD viral vector to diabetic rats did not reduce blood glucose levels and the rats remained 

exposed to the diabetic hyperglycaemic environment for approximately 58 days. Analysis 

of pancreatic transcription factors found expression of Pdx-1 and Neurodl RNA expression 

was evident (Ren et a/2007a). The current study showed that after the delivery of the HMD 

viral vector to diabetic NOD mice, hyperglycaen1ia continued (for a period of 15 days; 

expetimenta] endpoint). Following the short high glucose microenvironment, the study 

showed expression of Pdx-1 RNA but not the later transcriptio1 facto , Neurodl. 

Furthermore, the repeated transduction impact of the FFO surgical procedure delivering the 

viral vector may have caused acute injury or insult to the liver cells, permitting the cells to 

revert to progenitor cel1s and shift to a more pancreatic-like cell type (Ren et a/ 2007a). 

Thus, the hyperglycaemia of the animals combined with the delivery of the HMD viral 

vector to the liver, may have caused a developmental shift towards pancreatic P-cells 

through the expression of pancreatic transcription factors (Ferber et a/ 2000, Habener 

2004). 

In summary, the HMD viral vector delivered to the livers of NOD mice through the novel 

FFO procedure, was shown to induce mRNA expression of Pdx-1 , however not the later P-

cell transcription factor, Neurodl, as previously seen in Wistar rats (Ren et a/ 2007a). The 

induced expression of mouse endogenous Pdx-1 in HMD treated NOD mice was found to 
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be many fold-lower than the Pdx-1 expression found in NOD mice transduced with 

HMD/INS-FUR. It is possible that the impact of the HMD viral vector caused the 

hepatocytes to dedifferentiate under the high glucose environment and attempt to 

differentiate into insulin secreting ~-cells by inducing the expression of Pdx-1 (Ferber eta! 

2000, Habener 2004). The FFO delivery procedure of the lentiviral vector improved 

transduction efficiency through the unique suspension of blood supply using the FFO 

technique. Halving blood supply allowed increased numbers of cells to be transduced in the 

liver (as opposed to being swallowed to transit to other body sites), a procedure which was 

repeated 3 times and may have amplified the cellular injury or insult, leading the liver to a 

pancreatic developmental switch (Ren et a! 2007a). The delivery of HMD/INS-FUR into 

the livers of diabetic NOD mice was seen to rapidly correct hyperglycaemia, within 24 h 

after treatment and to maintain normoglycaemia until the experimental end point of 150 

days (Figure 1.14). As seen in an earlier study (Ren et al2007a), STZ-induced diabetic rats 

transduced with the HMD/INS-FUR viral vector led to the correction of diabetic glucose 

levels through liver to pancreatic ~-cell transdifferentiation. However, analogous to the rat 

investigation, in the current study the induced expression of pancreatic ~-cell transcription 

factors was incomplete in treated NOD n1ice, which lacked the expression of Pax 6, l\Tkx 6.1 

and mouse insulin 2. Although we found the expression of mouse insulin 1, previously not 

seen to be induced in the rat study, the endogenous insulin was found to be the immature 

form of proinsulin (unpublished results), as the mouse hepatocytes were not found to 

express the cleavage enzymes to produce mature active insulin. Nonetheless, expression of 

exocrine differentiation was not detected, as seen in other studies after the delivery of the 

Pdx-1 transcription factor to hepatocytes, leading to hepatitis, multiple cystic lesions or 

abnormal lobe structures (Kojima et a! 2003, Ber et a! 2003, Miyatsuka et a/ 2003). 

Through the induced expression of several pancreatic transcription factors and hormones, 

the NOD mice were able to rapidly normalise blood glucose levels through the formation of 

insulin secretory granules and regulated insulin secretion. Therefore, this study 

demonstrated the potential application of the HMD/INS-FUR viral vector, using the novel 

FFO surgical delivery, for the reversal of patients with TID. 
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CHAPTER FIVE 

Comparison of HMD and WPT lentiviral vector promoters 
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5.1 Introduction 

The use of an efficient promoter in viral vector constructs is critical for successful 

therapeutic gene expression (Section 1.7.3). The HMD/INS-FUR viral vector is driven by 

HIV LTR/murine stem cell virus promoter/enhancer hybrid (HMD), and was seen to 

achieve high levels of insulin expression with consequent normalisation of hyperglycaemia 

in the diabetic rodents as demonstrated in the Chapter 4 in the NOD mouse model of 

autoimmune diabetes (Ren et al 2008) and as previously described using a STZ-induced 

diabetic rat model (Ren et a/2007a). 

Given the importance of construct selection, a new lentiviral vector, WPT/INS-FUR, which 

employs the human elongation factor 1 a (EF 1-a) with the woodchuck hepatitis virus 

(WPRE) post-transcriptional regulatory element as the promoter/enhancer (WPT), was used 

as an alternative to the HMD promoter/enhancer. The EF1-a promoter has previously been 

employed in a Ientiviral vector which was capable of transducing liver cells (Tang et al 

2006) and was reported to have greater transgene expression over the use of an CMV 

promoter in rat liver cell in vivo studjes, however only moderately higher (Nakai et a/1998, 

Xu et a! 2001). Furthermore, the WPRE post-transcriptional regulatory element has also 

been included in the WPT/INS-FUR lentiviral construct, which has been reported to 

enhance expressjon levels of the transgene by up to eight--fold (Zufferey et a/1999). 

In light of this evidence, the specific aitn of this chapter was to compare the ability of 

WPT/INS-FUR viral vector with the HMD/INS-FUR viral vector to transduce the Huh7 

liver cell line and to then assess the synthesis, storage and secretion of the insulin 

expressed. The investigation will facilitate in vivo studies of two vectors and give insight 

into previous in vivo methodologies using the HMD/INS-FUR viral vector. 
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5.2.1 Plasmids WPT and WPT/INS-FUR transformation, isolation and restriction 

enzyme digest 

In order to compare the HMD and WPT plasmids, it was necessary to produce a high 

concentration of the WPT plasmids, as completed previously for the ~R8.2, VSV -G, HMD 

and HMD/INS-FUR plasmids, to enable viral vector production through calcium phosphate 

transfections, as described in Section 2.2.4. The appropriate plasmid DNA (WPT and 

WPT/INS-FUR) were transformed, purified and quantified using the NanoDrop® ND-1 000 

spectrophotometer (Table 5.1 ). Quantification and purity was determined by measuring 

A260 and A260;280 of the plasmid DNA samples, respectively. As previously described in 

Section 3.2.1, the approxin1ate plasmid concentration and purity differed between plasmids 

and between the purification scale sizes. Additional variables impacting upon vector 

quantity and quality attained included the culture conditions, notably the incubation time 

and consistency of tetnperature, together with the copy number and size of the plasmid 

transformed into the E.coli host strain used. Nonetheless, the purity of the plasmid 

preparations obtained was high and the Giga prep yielded up to a 22-fold greater 

quantification than obtained from the Mini prep, as shown in Table 5.1. 

Table 5.1: Yield and purity of plasmids following transformation 

,---

QIAprep Mini Prep Purelink HiPure Plasmid 
Gigaprep 

Quantification 
Purity Quantification Purity Plasmid (A26o) in (A26o) in 

ng!J.lL (A26onso) ng/J.!L (Az60/2so) 

pWPT 103.5 1.85 2293.8 1.72 

pWPT/INS- 91.6 1.86 1668.3 1.72 FUR 
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Successful production of the appropriate plasmids was assessed by agarose gel 

electrophoresis after a restriction enzyme digestion (Figure 5.1 ). As illustrated in Figure 

5.1, the transfonnation and plasmid purifications were successful, as all restriction fragment 

sizes observed were of the expected size; specifically pWPT produced fragments of 8.380 

kb and 1.115 kb and plasn1id WPT/INS-FUR produced three fragments at 8.380 kb, 1.340 

kb and 0.604 kb. 

M 1 2 3 4 M 

Kb 

-8 

-1.5 

-1 

Figure 5.1: Agarose gel electrophoresis of restriction enzyme digested plasrnids. 
Restriction digests of WPT and WPT/INS-FUR plasmids were analysed after 
electrophoresis (1 o/o agarose gel). Plastnid WPT (undigested, lane 1) was digested with 
Xhol to produce fragtnents of 8.38 kb and 1.115 kb (lane 2). Plasmid WPT/INS-FUR 
(undigested, lane 3) was digested with Xhoi to produce 8.38 kb, 1.34 kb and 0.604 kb 
fragments (lane 4). Hyperladder I (lanes labelled M) was used as a molecular 1narker, with 
selected band sizes shown. 
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5.2.2 Optimisation of calcium phosphate transfection of 293T cells with the 

WPT/INS-FUR plasmid and titre ofWPT and WPT/INS-FUR viral vectors 

Calcium phosphate transfection was optimised for production of WPT transducing viral 

vector in order to produce a high transducing unit stock. The optimisation of calcium 

phosphate precipitation transfection was completed using different concentrations of the 

WPT/INS-FUR plasmid (5 J.lg, 15 J.lg or 25J.1g), with various precipitation incubation time 

points (2, 4, 6, 8 or 16 h) , using the 293T cell line, as described in Section 2.2.15. Flow 

cytometric analysis of the transfected cells was used to determine the optimal conditions for 

WPT/INS-FUR plasmid calcium phosphate transfection (Figure 5.2 A). The shift in 

fluorescence was greatest at 6 and 8 h, and then at 16 h, as compared to the mock-

transfected control cells. The differences in fluorescence intensity were compared and thi s 

revealed that the use of 25 J.lg of WPT/INS-FUR plasmid with an incubation time of 6 h 

yielded the highest fluorescence intensity (Figure 5.2 B). At 8 and 16 h, cell abnormalities 

(including increased intracellular granules, change in morphology and cell death) were 

evident as compared to non-transfected 293T cell s, which may have been the result of 

increased acidic pH due to the prolonged exposure to the calcium phosphate precipitate 

(Kingston et a/1996). 
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5~g lSJ.tg 25p.tg 
10.19 7.06 7.92 
16.95 19.03 19.00 
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Figure 5.2: Optimisation of WPT/INS-FUR plasmid transfection. The 5J.lg (green), 
15 J.lg (pink) and 25 J.lg (blue) of WPT /INS-FUR plasmid concentrations fluorescence were 
compared to the mock transfection control (solid purple), demonstrating the shift in 
fluorescence after transfection at various plasmid concentrations, over time (A). The 
fluorescence percentages were calculated by creating a region (Ml) in the negative control 
(scoring approximately 0.10 % positive fluorescence) and applying the M 1 fluorescent 
region to each plasmid concentration at various time points to determine the optimal 
parameters for transfection at 25 J.lg for 6 h noted by the * and bold font (B). 
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Using the optimised plasmid concentration and time of exposure, the isolated plasmids, 

~R8 .2 and VSV -G together with WPT or WPT/INS-FUR, were used to produce WPT and 

WPT/INS-FUR transducing viral vectors by calcium phosphate precipitation transfection 

(Section 2.2.15). The media was harvested from the WPT or WPT/INS-FUR transfected 

cells, purified and concentrated using the TFF technique (Section 2.2.5). Aliquots of the 

resuspended viral vector pellet were used to determine the viral vector titre (Section 2.2.6-

method 1 c) by F ACS analysis. 

Fluorescence analysis of the WPT (Figure 5.3A) and WPT/INS-FUR (Figure 5.3B) 

transduced cells revealed a steady decrease in the fluorescence percentage. As described in 

Chapter 3 (Section 3.2.2), to minimize the chance of calculating high MOl per cell and to 

reduce the variability between experiments, only viral vector fluorescent percentages 

between the 1-20 o/o range were used to determine viral vector titre. Two of the WPT viral 

vector dilutions (0.31 and 0.08 J.!L) fell within the 1-20o/o range (8.03 ± 0.30 and 2.30 ± 

0.06, respectively), and indicated viral titres of 1.81 x 108 and 2.01 x 108 TU/mL, 

respectively, thereby producing an average viral vector titre of 1.91 x 108 TU/mL. In 

comparison to the previously detennined HMD viral titre (0.82 x 108 TU/mL), no 

significant difference was found (p = 0.114), however the WPT viral titre was 2.3 fold 

higher. 

Similarly, the use of the WPT/INS-FUR viral vector resulted in two fluorescent percentages 

that fell within range (8.51 ± 0.03, 2.83 ± 0.10 corresponding to dilutions of 0.31 and 0.08 

J.!L, respectively), and producing viral titres of 1.92 x 108 and 2.48 x 108 TU/mL, 

respectively, yielding an average viral vector titre of 2.20 x I 08 TU/mL. The titre of 

WPT/INS-FUR viral vector was compared to the previously determined HMD/INS-FUR 

viral vector ( 4.19 x 108 TU/mL) and was found to be 1.9 fold lower and significantly 

different than that of the HMD/INS-FUR determined viral titre (p = 0.034). 
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Figure 5.3: Flow cytometric analysis of viral vector titre. 293T cells were transduced 
with either 5 f.!L, 1.25 f.!L, 0.31 f.!L, 0.08 f.!L or 0.02 f.!L (4-fold dilutions), in duplicate, of 
WPT (A) or WPT/INS-FUR (B) viral vector. Four days post transduction, flow cytometric 
analysis was used to determine the percentage of fluorescent cells, which corresponded to 
transduced cells expressing the construct. The viral vector titre (TU/mL) was calculated 
from fluorescent percentages that fell between 1 - 20%. Values shown are means plus 
SEMs. 
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5.2.3 Viral vector transduction of Huh7 liver cell and fluorescence activated cell 

sorting of transduced cells 

Transduction of Huh 7 liver cells with either HMD/INS-FUR, WPT or WPT/INS-FUR 

viral vectors was achieved by the addition of the titred viral vector to each flask at different 

MOl (1 MOl = 1 TU/cell). Various amounts of integrants (0, 1, 25, 50, 75 or 100 MOl) 

were used to transduce the cells to identify highly fluorescent cells (indicative of high 

levels of insulin production), in the absence of detrimental effects on the cell function and 

viability (Lee et al 2004). Transduction using a MOl of 50 and 75 of HMD/INS-FUR 

produced a significant number of highly fluorescent cells without any noticeable 

detrimental effects on cell division by comparison to mock transduced control Huh7 cells, 

as was observed for the WPT viral vector with an MOl of 75 (WPT-75). The viral vector 

carrying the proinsulin gene, WPT /INS-FUR, was found to have a detrimental effect on 

transduced Huh7 cells (lack of cell division) when used at a MOl of 75. Compared to the 

empty WPT viral vector, the extra 0.829 kb proinsulin gene in the WPT/INS-FUR viral 

vector interfered with the norma] cell metabolic function and prevented cell replication as 

no cell replication \Vas noted in contrast to the mock transduced control Huh7 cell flask. 

When a MOl of 50 was used for the WPT/INS-FUR viral no difference in cell division was 

observed in comparison to the growth of the n1ock transduced control Huh7 cells. 

Flow cytometric analysis was used to evaluate transduction efficiency of the three viral 

vectors at a timepoint of two weeks post-transduction. The HMD/INS-FUR viral vector, 

when used at a MOl of 50 or 75, gave similar transduction efficiency (90.50 and 94.90%, 

respectively), as shown in Figure 5.4A. The WPT viral vector at an MOI of 75 produced a 

transduction efficiency of 96.70 %. The WPT viral vector containing the proinsulin gene 

with a lower MOl of 50 (WPT/INS-FUR-50) produced a lower transduction efficiency of 

83.30% than the transduction efficiency of the empty viral vector WPT-75 (Figure 5.5A). 

Following the evaluation of transduction efficiencies, the viral vector transduced cells were 

sorted into moderate (MOD) and high (HI) expressing EGFP populations by F ACS. The 

MOD and HI sub-population cell populations were assessed for F ACS purity by 

determining the percentage of cells sorted in the gated regions. The MOD sort populations 
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of HMD/INS-FUR-50, HMD/INS-FUR-75 and WPT-75, all gave purity readings equal to 

or above 88.00 % (88.00, 89.70 and 92.60 o/o, respectively), while the HI EGFP sort 

populations were above 68.00 o/o (77 .50, 78.20 and 68.90 %, respectively), as shown in 

Figures 5.4B and 5.5B. The WPT/INS-FUR-50 purity percentages were found to be lower 

than the other lentiviral vectors, with a MOD and HI purity of 71.50 and 55.10 %, 

respectively (Figure 5.5B). 
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Figure 5.4: Flow cytometry analysis of HMDIINS-FUR viral vector transduced Huh7 
cells. Huh7 cells were transduced with an MOl of 50 or 75 TU/cell ofHMD/INS-FUR viral 
vector, which found 90.50 % and 94.90 % of the cell populations positive for viral vector 
transduction efficiency, respectively (A). The 50 and 75 MOl transduced cell populations 
were sorted by F ACS into MOD and HI expressing EGFP populations. Purity of gated 
MOD and HI sorted cells attained similar percentages for the MOl of 50 (88.00 % and 
77.50 o/o, respectively) and MOl of75 (89.70% and 78.20 %, respectively) transduced cells 
(B). 
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Figure 5.5: Flow cytometry analysis of WPT and WPT/INS-FUR viral vector 
transduced Huh 7 cells. Huh7 cells were transduced with an MOl of 75 TU/cell of WPT 
viral vector and an MOl of 50 TU/cell of WPT/INS-FUR viral vector, which found 96.70 
o/o and 83.30 % of the cell populations positive for viral vector transduction, respectively 
(A). The 75 and 50 MOl transduced cell lines were sorted by FACS into MOD and HI 
expressing EGFP cell populations. Purity of gated MOD and HI sorted cells attained 92.60 
% and 68.90 o/o, respectively, for the MOl of 75 and 71.50 % and 55.10 %, respectively, for 
the MOl of 50 transduced cells (B). 
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5.2.4 Quantification of secreted and stored insulin in flow cytometric sorted viral 

vector transduced cell populations 

Media allquots of the HMD/INS-FUR-50, HMD/INS-FUR-75, WPT-75 and WPT/INS-

FUR-50 fluorescently sorted MOD and HI cellllnes were assessed for insulin secretion, by 

RIA, after a 24 h culture period. Comparison of the concentration of the insulin secreted 

from the MOD and HI sorted populations were found to be significantly different, including 

the sorted populations of HMD/INS-FUR-50 (p = 0.005 ; 154.40 ± 45 .53 and 447.20 ± 

24.89 pmoles/106 cells, respectively), HMD/INS-FUR-75 (p = 0.001; 137.14 ± 10.34 and 

559.08 ± 46.40 pmoles/1 06 cells, respectively) and WPT/INS-FUR-50 (p = 0.004; 198.06 ± 

2.36 and 536.30 ± 58.17 pmoles/1 06 cells, respectively), with exception of the WPT -75 

viral vector as no insulin secretion was detected, as expected, due to the lack of insulin gene 

within the vector (Figure 5.6). 

As shown in Figure 5.6, the concentrations of insulin secreted from the HMD/INS-FUR-50 

and HMD/INS-FUR-75 transduced l\10D and HI cell populations were not found to be 

significantly different (p = 0.730 and p = 0.101 , respectively). Comparison of the MOl 50 

MOD and HI populations of HMD/INS-FUR-50 with WPT/INS-FUR-50 insulin secretion 

was not significantly different (p = 0.439 and p = 0.233, respectively), as \vas seen with the 

HI populations of HMD/INS-FUR-75 and WPT/INS-FUR-50 (p = 0.775). However, the 

comparison of the MOD sorts for HMD/INS-FUR-75 and WPT/INS-FUR-50 cell 

populations were found to be significantly different (p = 0.005). 
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Figure 5.6: Secretion of insulin from viral vector transduced cell lines. The MOD 
(solid, coloured bar) and HI (striped, coloured bar) fluorescently sorted cell lines were 
assessed for insulin secretion over a 24 h period including the HMD/INS-FUR-50 (pink), 
HMD/INS-FUR-75 (blue) and WPT/INS-FUR-50 (green) viral vector transduced cells. 
Insulin secretion between the MOD and HI of HMD/INS-FUR-50, HMD/INS-FUR-75 and 
WPT/INS-FUR-50 viral vector cell lines, were found to be significantly different (p = 
0.005; p = 0.001; and p = 0.004, respectively). The secretion of insulin from the MOD cell 
sort of HMD/INS-FUR-75 and WPT/INS-FUR-50 were significantly different (p = 0.005). 
Test satnples were completed in 3 replicates and values shown are means plus SEMs. * p < 
0.05. 
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Following quantification of secreted insulin, the transduced cell lines were analysed for 

insulin storage after lysis of 1 x 107 cells of each MOD and HI population (Figure 5.7). As 

expected, no stored insulin was detected in the WPT-7 5 transduced cells, consistent with 

the lack of insulin secreted (Figure 5.6), due to the absence of the insulin gene within the 

vector (Figure 5.7 D). Detection of insulin storage in the HI sorts for HMD/INS-FUR-50 

and HMD/INS-FUR-75 were significantly different, with storage concentrations of 0.027 ± 

0.018 and 0.153 ± 0.012 pmoles/106 cells, respectively (p < 0.0001). However, detection of 

insulin storage in the MOD sorts for HMD/INS-FUR-50 or for HMD/INS-FUR-75 was not 

found. The MOD and HI sorts of the WPT/INS-FUR-50 cell line detected 0.048 ± 0.024 

and 0.386 ± 0.041 pmoles/1 06 cells of stored insulin, respectively, which were found to be 

significantly different (p < 0.0001). Comparison of the HI sort populations indicated a 

significant difference in the amount of stored insulin founding Huh7 cells transduced with 

the HMD/INS-FUR-50 and WPT/INS-FUR-50 and the HMD/INS-FUR-75 with WPT/INS-

FUR-50 cell lines (p < 0.0001 and p = 0.001 , respectively). 
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Figure 5.7: Insulin storage of viral vector transduced Huh7 cell populations. The !\.10D 
(solid, coloured bar) and HI (striped, coloured bar) fluorescently sorted cell lines were 
assessed for insulin storage. Cell lines were suspended in RIA buffer (A) and passed 
thought a 26 gauge needle to ensure single cell suspension (B), followed by 30 min 
incubation in a sonicating water bath for complete cell lysis and release the stored insulin 
(C). Detection of stored insulin was not found in the MOD populations of the HMD/INS-
FUR-50 or HMD/INS-FUR-75. A significant difference in stored insulin was detected in 
the HI sorts ofHMD/INS-FUR-50 and HMD/INS-FUR-75 (p < 0.0001). Stored insulin was 
detected in the MOD and HI sorts of the WPT/INS-FUR-50 cell lines and was found to be 
significantly different (p < 0.0001). Significant difference in stored insulin between the HI 
sorts of WPT/INS-FUR-50 with HMD/INS-·FUR-50 and HMD/INS-FUR-75 (p < 0.0001 
and p = 0.001, respectively) were found. Test samples were completed in 8 replicates and 
values shown are means plus SEMs. * p < 0.05. 
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5.2.5 Glucose-stimulated insulin secretion by HI cell populations of the HMD/INS-

FUR-75 and WPT/INS-FUR-50 viral vectors 

As demonstrated in the previous section (Section 5.2.4), stored insulin was detected in the 

HI populations of HMD/INS-FUR-75 and WPT/INS-FUR-50 (0.153 ± 0.012 and 0.386 ± 

0.041 pmoles/1 06 cells, respectively). Therefore, the cell populations were investigated for 

insulin secretion after exposure from low to high glucose stimulation. The HI populations 

of HMD/INS-FUR-75 and WPT/INS-FUR-50 cell lines were analysed, over a 4 h period, 

with respect to insulin secretion in response to increasing glucose concentrations ( 1.5 - 20 

mM) (Figure 5.8). The HMD/INS-FUR-75 cell line exhibited no significant difference 

between the insulin secreted from the control and the stimulated cells at hour 3 (p = 0.563; 

12.010 ± 1.263 and 12.695 ± 0.943 pmoles/1 06 cells, respectively). However, the 

stimulation of high glucose (hour 3) on the HI sorted WPT/INS-FUR-50 transduced cells 

significantly decreased the concentration of insulin secreted when compared to the control 

cell line (p = 0.036; 21.488 ± 1.661 and 15.964 ± 1.900 ptnoles/1 06 cells, respectively). 
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Figure 5.8: Glucose-stimulated insulin secretion of viral vector transduced Huh7 cells: 
The HI sorted cell populations of the HMD/INS-FUR-75 (A) and WPT/INS-FUR-50 (B) 
were evaluated for insulin secretion by high glucose (20 mM) stimulation. Control 
HMD/INS-FUR-75 and WPT/INS-FUR-50 HI cell sorts (striped, white bars) were 
repeatedly treated with low glucose (1.5 rnM) stimulus for each hour, as were for hours 1, 2 
and 4 of the HMD/INS-FUR-75 (striped, blue) and WPT/INS-FUR-50 (striped, green) 
stimulated cells. HMD/fNS-FUR-75 (striped, blue) and WPT/INS-FUR-50 (striped, green) 
cells were stitnulated at hour 3 only. A significant difference in insulin secretion for 
WPT/INS-FUR-50 cells was found at hour 3 (p = 0.036). Test samples were cotnpleted in 
replicates of 18 and values sho\\rn are means plus SEMs. * p < 0.05. 
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5.2.6 Confocal microscopic analysis of stored insulin within the HI cell population 

transduced with the HMD/INS-FUR-75 viral vector 

Immunofluorescent staining was performed on the HMD/INS-FUR-75 cell line, as the 

vector construct design is not a fusion protein but contains an IRES sequence in between 

the INS-FUR and EGFP genes, allowing co-expression of the genes. The stored insulin of 

the HI population of HMD/INS-FUR-75 cells was imaged by confocal 

immunofluorescence microscopy, following the timed insulin stimulation with high glucose 

(20 mM) media. Figure 5.9 shows the stored insulin (red), the cell nucleus (blue) and the 

EGFP cytoplasm (green) images captured of the HMD/INS-FUR-7 5 HI population cell line 

prior to the high glucose stimulus (pre stimulus) and thereafter at 0.5, 1, 2, 5, 10 and 20 

min. The bound fluorescent intensity of stored insulin was measured in pre-stimulated and 

at time points 0.5 , 1, 2, 5, 10 and 20 min, as shown in Figure 5.1 0. The fluorescent intensity 

of stored insulin after 0.5 min of high glucose stimulus was significantly different to the 

intensity of stored insulin in the pre-stitnulated cells (p = 0.002; 5557 ± 680 and 14557 ± 

1694 arbitrary units, respectively) . There was a signi fi cant difference between the stimulus 

of 0.5 and 1 min (p = 0.005; 5557 ± 680 and 1156 ± 63 arbitrary units, respectively), and 

also between the 1 and 2 min exposure to high concentration of glucose (p = 0.001; 1156 ± 

63 and 5473 ± 368 arbitrary units, respectively). No significant difference was found 

between 0.5 and 2 min exposure to glucose (p =-:: 0.946; 5557 ± 680 and 5473 ± 368 

arbitrary units, respectively). 
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Figure 5.9: Confocal microscopy of the HI cell line of HMD/INS-FUR-75 viral vector: 
The HI population of the HMD/INS-FUR-75 transduced Huh7 cells were imaged on the 
confocal Nikon Al fluorescent n1icroscope for insulin storage (red), cell nucleus (blue) and 
the cytoplastn of the cell (green; EGFP of viral vector), prior to glucose stitnulus (pre 
stimulus) and thereafter high glucose (20 mM) stimulus at 0.5, 1, 2, 5, 10, and 20 min. 
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Figure 5.10: Fluorescent intensity of stored insulin: The intensity of the fluorescent 
antibody bound to the stored insulin of HMD/INS-FUR-75 HI population were measured, 
in arbitrary units, pre- and post-stilnulation of insulin secretion (pre stimulus; striped, 
white; 0.5 m, 1 m, 2 m, 5 m, 10 1n and 20 m; striped, blue), using the Nikon Al NIS 
Elements analysis software. Significant differences were found between the pre-stimulated 
cells (pre stimulus) and the first 0.5 m, between 0.5 m and 1 m, and also 1 m and 2 min (p = 
0.002; p = 0.005; p = 0.001, respectively). Test samples were completed in 5 replicates and 
values shown are means plus SEMs. * p < 0.05. 
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5.3 Discussion 

We have previously demonstrated the ability of the HMD/INS-FUR lentiviral vector to 

partially transdifferentiate hepatocytes to insulin-producing cells, when delivered to STZ-

induced diabetic Wistar rats and spontaneously diabetic NOD mice (Ren et al 2007a and 

Ren et al 2008). The aim of the current study was to determine if the type of lentiviral 

vector used, the novel FFO surgical technique or a combination of the both, underpinned 

the ability to stimulate the transdifferentiation process that led to reversal of 

hyperglycaemia (Ren et al 2007a and Ren et al 2008). To facilitate the investigation, a 

sitnilar lentiviral construct, WPT/INS-FUR with a different promoter (WPRE/EF1-a.), was 

compared to the capabilities of the HMD/INS-FUR viral vector in vitro in a liver cell line. 

The two vectors were assessed with regards to their transduction efficiency in the human 

liver cell line Huh?, based on different MOL Following FACS of moderate and high EGFP 

fluorescence of the viral vector transduced cell lines, the moderate and high fluorescent cell 

lines were compared with regards to their capability to secrete and store high 

concentrations of insulin, as well as secreting insulin in a glucose-regulated manner. 

After transfection optimisation for the WPT/INS-FUR vector and viral vector 

concentration/purification, the viral titre was determined. The WPT viral titre was found to 

be 2.3 fold higher than the HMD viral titre, however this difference was not significant (p = 

0.114). The viral vectors containing the insulin therapeutic gene were found to be 

significantly different in their viral titre, as the WPT/INS-FUR viral titre was 1.9 fold lower 

than HMD/INS-FUR viral titre (p = 0.034). Although some differences were seen in the 

determined viral titre, the inclusion of viral enhancers in the vector constn1ct, such as the 

WPRE enhancer in the WPT construct, has been previously found not to have influenced 

viral titres but has increased the expression of the transgene in the vector construct 

(Zufferey eta! 1999). A study by Kumar eta! (2001) reported that increasing the construct 

length, decreases viral titres seini-logarithmically. Kumar et al demonstrated this trend over 

3 plasmid constructs, with construct length ranging from 0.2 - 14 kb. In the current study, 

no association between construct length and viral titre could be drawn due to the close 

proxin1ity of the constructs length. Nonetheless, to investigate a correlation between 

146 



construct length and its effect on viral titre in the current study, viral vector production 

followed by titre determination was required to be repeated several times for accurate 

investigation (Kingston et a/1996). 

Transduction efficiency of the viral vectors in the liver Huh7 cells showed that the 

WPT/INS-FUR viral vector transduced 7.2% less cells than the HMD/INS-FUR viral 

vector (83.30o/o and 90.50o/o, respectively) after an MOl of 50 was applied. The HMD/INS-

FUR viral vector transduction efficiency increased slightly, by 4.40o/o, after the MOl was 

raised to 75 (94.90o/o, respectively), indicating transduction of the viral vector probably 

occurred multiple times per cell, as anticipated. This was seen in a previous study of MOl 

which generally found the higher the MOl, the higher the transduction efficiency (Zhang et 

a/ 2004). However this was not the case for the WPT/INS-FUR viral vector. While the 

WPT/INS-FUR viral vector was able to transduce cells at an MOl of 50, an MOl of 75 

resulted in a detrimental effect on the cells ability to replicate. A previous study by Lee et 

a/ (2004) showed cells transduced with a high MOl of 100, driven by the EF1-a promoter, 

displayed cell cyc1e arrest at the end of the S phase, whereas no such cell cycle arrest was 

found with a lower MOl of 50 (Lee et al 2004). Silnilar to the Lee et a! (2004) study, the 

WPT/INS-FUR viral vector was driven by the EF1-a. promoter and found cell cycle arrest 

at the high MOl of 75, yet no effect on the cell cycle was found at the lower MOl of 50. 

Conversely, investigation of the virus containing the WPT construct alone, at a MOl of 75, 

the transduced cells were seen to replicate without any visible detrimental effects on the 

cells in comparison to the 1nock transduced control cells (transduction efficiency of 96.70 

% ). The difference between the two viral vectors lies in the additional therapeutic gene 

insert in the WPT/INS-FUR viral vector over the empty WPT viral vector. The \VPT/INS-

FUR viral vector contains an extra 0.829 kb sized furin-cleavable proinsulin gene sequence 

which, in effect, may have caused chromosomal instability due to integration of several 

larger sized transgene copies into the chromosome (Zhang et a/2004). 

Following transduction MOl efficiency analysis, the HMD/INS-FUR-50, HMD/INS-FUR-

75, WPT-75 and WPT/INS-FUR-50 cell lines were sorted based on their EGFP properties. 

This was completed firstly to create an EGFP expressing cell population and to remove 
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non-EGFP expressing cells (i.e. non-transduced cells). As transduced cells direct their 

metabolic processes towards protein synthesis, the growth rate of the transduced cells was 

reduced (Browne and Al-Rubeai 2007). Therefore by FACS for EGFP positive cells, the 

non-transduced subpopulation would be removed and would not be afforded the 

opportunity to outgrow the viral vector transduced population, over multiple passages. 

Secondly, F ACS also allowed the high-throughput assessment, and collection, of moderate 

and highly transduced liver Huh7 cells from the same treated cell population by the 

evaluation of moderate (MOD) and high (HI) sorted EGFP cell populations. The 

methodology therefore offers several advantages over traditional clone selection methods, 

such as the limiting dilution cloning (LDC) method. This is because the LDC method relies 

upon diluting cell suspensions to a low density and plating to a maximum of one colony per 

\Veil, which by microscope examination, are verified and marked for single clone wells for 

later assessment. Each clone of cells which proliferates is assessed for the desired 

characteristic, followed by clone selection again, to confirm the initial clone selection was 

of single cell origin. This process is time consuming, laborious and low-throughput, which 

can increase the probability of 1nissing the desired characteristic if tens of thousands of 

cells need to be assessed (Browne and Al-Rubeai 2007). After the viral vector transduced-

cell lines were sorted into sub-populations, based on MOD and HI EGFP, the newly created 

cell populations were assessed for "ort purity in the FACS gated regions. Ideally, FACS 

purity> 98 % would be expected (Davies 2007), however the MOD and HI sorted cell lines 

gave purity efficiencies between 88.00 -- 92.60 o/o and 68.00- 78.20 o/o, respectively, for the 

HMD/INS-FUR-50, HMD/INS-FUR-75 and WPT cell lines. Furthermore, the WPT/INS-

FUR-50 resulted in a slightly lower purity for the MOD and HI sorted cell lines (71.50 o/o 

and 55.1 Oo/o, respectively). The FACS purity may have been reduced due to various 

parameters of the cytometer and the sample itself. Prior to F ACS, parameters were set 

based on each cell line to remove sorting cell doublets, dying, dead or cell debris, factors 

which decrease sort purity (Davies 2007). The WPT/INS-FUR-50 cell line produced the 

lowest sort purity, as discussed later, also stored the highest concentration of insulin . The 

release of DNA increases the adhesiveness of cells and causes cells to clump, which 

increases the event of sorting doublets and thus reduces F ACS purity (Davies 2007). 
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Following F ACS, the MOD and HI cell lines were assessed for insulin secretion and insulin 

storage for a period of 24 h. Significant differences in the concentration of insulin secreted 

were found between the MOD and HI sorted populations of the HMD/INS-FUR-50 and 

HMD/INS-FUR-75 (p = 0.005 and p = 0.001, respectively) . The HMD/INS-FUR construct 

contains an internal ribosome entry site (IRES) between the INS-FUR and EGFP sequence, 

which permits the co-expression of INS-FUR with EGFP (Allera-Moreau et al 2007). 

Therefore, as the concentration of insulin expressed is approximately proportional to the 

EGFP expression, the MOD sorted populations HMD/INS-FUR-50 and HMD/INS-FUR-75 

secreted lower concentrations of insulin than the highly fluorescent HI sorted cell 

populations, as expected. Although the HMD/INS-FUR-50 and HMD/INS-FUR-75 viral 

transduced cell lines differed by the transduction MOl of 25, no significant difference was 

found in the comparison of the HMD/INS-FUR transduced MOD populations (p = 0.730) 

in the concentration of insulin secreted, or for the HI sorted HMD/INS-FUR populations (p 

= 0.101 ). The newly acquired WPT/INS-FUR-50 viral construct also contains the IRES 

design in between the INS-FUR and EGFP sequence. Similar to the HMD/INS-FUR, there 

was a significant difference in concentration of insulin secreted between the MOD and HI 

sorted populations (p = 0.004). No significant difference in insulin secretion was detected 

between the HI populations of the HMD/INS-FUR (50 and 75 MOl) with WPT/INS-FUR-

50 p = 0.233 and p = 0.775, respectively), however the MOD populations of the 

HMD/INS-FUR-75 and WPT/INS-FUR-50 were found to be significantly different (p = 

0.005). The empty WPT-75 transduced cells did not express insulin, as anticipated from 

previous studies of the etnpty HMD viral vector (Ren et al2007a and Ren et a/2008). 

No stored insulin was found in the MOD sorted populations from the cells transduced with 

HMD/INS-FUR at 50 and 75 MOL However, the concentration of insulin storage detected 

in the HI cell line of the HMD/INS-FUR-75 was significantly higher than the HMD/INS-

FUR-50 viral vector HI cell line (p < 0.0001). Furthermore, the WPT/INS-FUR-50 MOD 

and HI sorted populations stored higher concentrations of insulin in comparison to the 

HMD/INS-FUR transduced cell lines. The HI population of the WPT/INS-FUR-50 differed 

significantly, storing a 14-fold higher amount of insulin than the HMD/INS-FUR-50 HI 

population (p > 0.0001 ), and just over 2.5-fold more insulin than the HI population of the 
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HMD/INS-FUR-75 (p = 0.001). Moreover, the MOD cell line of WPT/INS-FUR-50 was 

the only moderate viral vector cell line to have insulin storage detected and incidentally 

1.8-fold higher insulin storage than the HI cell line ofHMD/INS-FUR-50 viral vector. 

By comparison to the previous Huh7-ins cell study (Tuch et a/ 2003), the Huh7-ins cells 

were found to store 4.2 ± 0.6 to 6.9 ± 0.8 pmoles/1 06 cells, at least 1 0-fold more insulin 

than the HI sorted population WPT/INS-FUR-50, which also held the greatest amount of 

insulin storage from the current study. The Huh7-ins cells were also assessed for insulin 

secretion in response to high glucose (20 mM) stimulation, which gave a 3-fold increase in 

insulin secretion over the non-stimulated Huh7 -ins cells. Due to the small amount of insulin 

stored by the WPT/INS-FUR and HMD/INS-FUR transduced cell lines, it is not surprising 

that no regulated insulin secretion was detected by the RIA, as any insulin that was secreted 

in a regulated fashion would have been below detectable limits. Insulin storage in the 

Huh7-ins and in the current HMD/INS-FUR and WPT/INS-FUR cell lines may have been 

possible due to the presence of pancreatic ~-cell transcription factors and enzymes in the 

parental Huh7 cell line, including Pdx-1, NeuraD, Pax4, Pax6, GLUT2, glucokinase, PCl 

and PC2, with variable expression of.Ngn3 and Nkx6.1 (Lutherborrow et a/2009) . 

The previous Huh7-ins cell line study also differed to the current study by clone selection, 

followed by screening to isolate clones which gave the highest glucose-regulated secretion 

of insulin and the selective preference was maintained with the addition of the G4 18 

antibiotic throughout experimentation to maintain only cells containing the insulin eDNA 

(Tuch et a/ 2003). The current study applied the F ACS technique to remove non-viral 

transduced cells and to sort the cell lines for moderate and high insulin expression, based on 

the intensity of EGFP fluorescence. Glucose-regulated insulin secretion may have been 

achieved in the current study by limiting dilution clone selection, following F ACS, 

however traditional clone selection is time consuming and due to time restraints, screening 

for glucose stimulated insulin secreting cells was not feasible (Browne and Al-Rubeai 

2007). 
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Although stimulation of insulin secretion was not detected from media samples, confocal 

fluorescence microscopy was employed to visualise the secretion of stored insulin from the 

HI cell line of the HMD/INS-FUR -7 5 viral vector for a period of 20 min. Antibody bound 

insulin fluorescence intensity was determined and this illustrated that insulin storage 

decreased significantly at 0.5 and 1 min post stimulus with sotne restoration of storage after 

2 min. Utilisation of the confocal microscopy to visualise the stimulation of insulin 

secretion was putatively problematic for a number of reasons. Firstly, the HMD/INS-FUR 

and WPT/INS-FUR vectors contain the EGFP in the vector construct to track the 

integration of the virus in a cell population, however the EGFP is not co-localised to the 

insulin location in the cell. Therefore to track insulin in a cell, the insulin must be bound to 

an antibody, such as a fusion protein with EGFP, thereby inhibiting visualisation of insulin 

synthesis, storage and secretion trafficking in real-time due to fixation of the cells. 

Secondly, a number of different cells were analysed over various stimulated incubation 

periods, which consisted not only of different sized cells in the x, y and z axis but also the 

MOI uptake will differ cell to cell, altering the concentration of insulin synthesised, stored 

and secreted. Baltrusch and Lenzen (2008) also analysed the move1nent of insulin secretory 

granules by glucose stimulation using fluorescent microscopy. However, Baltrusch and 

Lenzen were able to track the tnovement, in single cells, of stored insulin in real-time by 

the use of fusion proteins. The group generated the fusion protein by fusing the 

photoactivatable EGFP together with the granule metnbrane phoshatase phog1in plasmid. 

The group tracked single granule movements, after the fusion protein was transfected into 

the insulin secreting MIN6 cell line, by fluorescence microscopy analysis. They discovered 

the cells which were incubated in 3 mmol/L of glucose for 48 h prior to 1 h glucose 

starvation and subsequent 25 mmol/L glucose stimulation treatment, had lower granule 

movement compared to the cell incubated in 25 mmol/L of glucose prior to glucose 

starvation and stimulation, over a 120 s analysis period (Baltrusch and Lenzen 2008). 

Similar to the Baltrusch and Lenzen investigation, the current study also incubated the cells 

in 25 mmol/L glucose containing media prior to experimentation, however the incubation 

period was only for 24 h, half of the total incubation period Baltrusch and Lenzen used. 

Also, prior to 25 mmol/L glucose stimulation, the current study differed by incubating the 

cells for 3 h in low glucose (1.5 mmol/L) containing media. Although the current study, to 

151 



some extent, illustrated insulin secretion after stimulation over time in fixed cells, the exact 

movement of insulin granules in live single cells were not captured in real-time. Baltrusch 

and Lenzen approach may have opened new avenues to complete the investigation of 

insulin secretion of the cell lines in the current study. 

From the discussed insulin secretion and storage concentrations of the viral transduced cell 

lines above, it is important to highlight key findings in the use of various viral MOl and 

vector construct design. The HMD/INS-FUR viral vector at 50 and 75 MOl secreted similar 

concentrations of insulin with notable differences in insulin storage concentrations. This 

observation may be attributable, in part, to a threshold on the amount of insulin required to 

be synthesised prior to insulin storage. Minimal concentration of insulin was detected in the 

HI cell line of the HMD/INS-FUR with a MOl of 50. By increasing the viral vector 

transduction by 25 MOl (HMD/INS-FUR-75 cell line), insulin storage increased by 5.6-

fold in the HI sorted cell lines. Hence, increasing the number of viral vector integrates per 

cell (MOl), amplifies the synthesis of insulin, cytoplasmic accumulation and formation of 

insulin storage granules. No insulin storage was seen in the MOD cell lines for the 

HMD/!1'-.JS-FUR viral vector with either 50 or 75 MOl, as less viral vector integrated these 

cells, they were unable to accumulate cytoplasmic insulin as only low amounts of insulin 

were synthesised and secreted. Moreover, insulin secretion was constitutive in the 

H~1D/JJ\TS-FUR-75 and \VPT/INS-FUR-50 cell lines, as indicated by the lack of fold-

increase of insulin secretion after stimulation by high glucose (1.5 to 20 mM, respectively). 

Constitutive insulin secretion was also found in the Huh7 -jns cells study, however the 

Huh7-ins cells were able to increase insulin secretion by 3-fold when stirnulated with low 

2.5 m~1 concentration of glucose .. Normal ~-cells secrete insulin in the physiological range 

of 4.5 to 5.0 mM of glucose. Investigation of the Huh7-ins cell line, through RT-PCR, 

found the induction of the pancreatic hormone glucagon, which may have aided insulin 

storage and glucose responsiveness of the cell. Although the Huh7-ins cell line expressed 

the liver glucokinase enzyme, upon re-engineering the Huh7-ins cells with pancreatic islet 

glucokinase, thereby creating the new Melligen cell line. It was found the 

glucokinase:hexokinase ratio in the Melligen cells became similar to that of native P-cells, 

resulting in the amelioration of constitutive secretion of insulin and the stimulation of 
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insulin secretion closer to the islet physiological at 4.25 mM of glucose (Tuch et al 2003, 

Simpson et a/201 0). The investigation of islet glucokinase in Melligen cells, in comparison 

to the parent cell line Huh7-ins confirms the need for the insulin gene with additional 

pancreatic transcription factors to be transduced or induced in order to generate 

physiological glucose-responsive insulin secretion in liver cells. 

The aim of this study was to compare the HMD/INS-FUR with WPT/INS-FUR lentiviral 

vectors ability to induce transdifferentiation of liver cells into glucose-responsive insulin 

secreting pancreatic-like P-cells. The promoter and transgene enhancer are one of the key 

factors in the expression of the therapeutic gene and the i_nsulin secretion and storage results 

from this study highlights the importance of promoter/enhancer vector construct design. 

The HMD promoter/enhancer was derived from a HIV LTR with a portion of the U3 region 

replaced with the U3 region of murine stem cell virus hybrid. The HIV /MSCV hybrid 

promoter/enhancer has previously been shown to increase expression of the trans gene due 

to the MSCV enhancer, which duplicates itself in the 3' region leading to the increased 

activity of the 5' LTR promoter region (Choi et al 2001). The WPT pron1oter consists of 

the human elongation factor 1 a (EF 1-a) \Vith the woodchuck hepatitis virus (\VPRE) post-

transcriptional regulatory element (PRE). The inclusion of the WPRE element in the HIV -1 

lentiviral vector has previously been shown to substantially improve the expression of the 

transgene post-transcriptionally, as the \:VPRE eletnent contains three specific cis-acting 

sequences, including PREa, PRE~ and PREy, resulting in an increase in nuclear export of 

mRNA and cytoplasmic accumulation of the trans gene (Zufferey et al 1999, Popa et a! 

2002). Comparison of the two promoter/enhancer's ability to synthesize and secrete insulin 

was, as stated above, of similar concentration yet differed in the concentration of stored 

insulin. Regardless of the MOl (50 or 75) of HMD/INS-FUR viral vector used, the 

WPT/INS-FUR viral vector with a MOl of 50 surpassed the HMD/INS-FUR insulin 

storage significantly. These results demonstrate that the WPT promoter/enhancer, 

containing the WPRE post-transcriptional regulatory element, significantly increased the 

cytoplasmic accumulation or concentration of stored insulin, as previously reported, over 

the HMD promoter/enhancer (Zufferey et al 1999, Popa et al 2002). However, the amount 

153 



of insulin stored after transduction with either viral vector was low and any conclusions 

must be viewed with caution. 

In summary, the WPT/INS-FUR viral vector performed equally as well as the HMD/INS-

FUR viral vector in vitro in the concentration of insulin secreted, although unexpectedly the 

WPT/INS-FUR viral vector was found to store a significantly higher concentration of 

insulin in the liver Huh7 cell line. Insulin storage in the transduced cell lines were seen due 

to the presence of pancreatic transcription factors and hormones in the parental Huh7 cell 

line, as previously investigated in the Huh7 -ins cell line study {Lutherborrow et a/ 2009). 

Both the HMD/INS-FUR and the WPT /INS-FUR transduced cell lines secreted constitutive 

insulin in vitro. If single clones had been derived from HMD/INS-FUR and the WPT/INS-

FUR transduced cell lines, it may have been possible to exactly mimic the situation seen in 

the Huh7-ins cell, such as increased amounts of insulin storage with glucose-regulated 

insulin secretion. However, in vitro does not necessarily reflect in vivo studies, as 

previously seen in the Wistar rats and the more recent, NOD 1nice study (Section 4). Both 

of these in vivo long-term HMD/INS-FUR studies have shown the livers of these rodents 

store and secrete insulin in a glucose-regulated manner due to the induction of pancreatic 

transcription factors and hormones (Ren eta/ 2007a and Ren et al 2008). The WPT/INS-

FUR viral vector may perform better in vivo to mneliorate hypoglycaemia than previous 

studies with the HMD/INS-FUR, due to the higher arnount of insulin storage seen in the 

current study. The induction of the pancreatic B-cell transcription factors is likely linked to 

the HMD vector promoter (MSCV), as the empty HMD viral vector has previously shown 

the induction of Pdx-1 and NeuraD in Wistar rats {Ren et a/ 2007a), and more r~cently 

Pdx-1 in NOD mice {Ren et al 2008). Therefore, if the empty HMD vector promoter 

(MSCV) is linked to the appearance of pancreatic ~-cell transcription factors, will the 

empty WPT vector be able to induce pancreatic ~-cell transcription factors to the same 

effect, followed by the WPT/INS-FUR viral vector being able to ameliorate hypoglycaemia 

in vivo. The investigation of the HMD/INS-FUR and WPT/INS-FUR viral vectors 

highlighted the importance of vector construct design, as the WPT/INS-FUR viral vector 

stored higher concentrations of insulin, and thus 1nay be an better vector construct for in 

vivo Tl D investigation. 
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CHAPTER SIX 

Conclusion and future direction 

155 



6.1 Conclusion 

The overall aim of this study was to more thoroughly investigate the reversal of Tl D 

following the lentiviral delivery of furin-cleavable insulin. More specifically, the project 

involved the investigation of lentiviral titre determination methodologies, the expression of 

pancreatic transcription factors after HMD and HMD/INS-FUR viral vector delivery to the 

livers of diabetic NOD mice. Finally, a comparison of the ability of the HMD/INS-FUR 

viral vector and the newly developed WPT/INS-FUR viral vector to transduce the liver cell 

line, Huh7, and resultant insulin expression was carried out. 

The use of flow cytometry, as opposed to fluorescence microscopy, to determine the titre of 

the viral vectors was found to be more accurate in quantifying transduced EGFP positive 

cells. Accurate viral titre detennination is crucial for viral vector transduction studies to 

ensure transduction reproducibility between experiments, especially when scaling up in 

vivo viral vector treatment experiments from small to larger animals. Flow cytometry 

provided a rapid method by which to quantify transduced cells exhibiting low levels of viral 

vector EGFP expression. This methodology allowed for precise determination of viral titres 

as multiple integrants per cell were reduced to a minimun1 due to the ability of flow 

cyton1etry to detect low levels of fluorescence. The flow cytometric technique also had the 

advantage of analysing single events, whereas single cell analysis using the fluorescent 

microscope was limited due to cell replication over the 4 day period, fonning cell clusters 

in the monolayer. In summary, the limitations of fluorescent microscopy to determine viral 

titres were highlighted in this study and a flow cytometric methodology to overcome the 

limitations of traditional titre determination protocols was developed to provide a 

reproducable method of viral titre determination. 

The ability of in vivo transduction of liver cells to induce hepatocyte to beta cell 

transdifferentiation via expression of pancreatic transcription factors in NOD mice was 

investigated after the surgical delivery of the HMD and HMD/INS-FUR viral vectors to the 

liver. Although transduction of liver cells using the HMD/INS-FUR viral vector has 

successfully been used for the long term (500 days) reversal of STZ-induced diabetic 
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Wistar rats and NOD mice, the temporal expression of key transcription factors had not 

previously been investigated in the latter (Ren et a/ 2007a). Investigation of this 

phenomenon in NOD mice is particularly pertinent as they are the most widely used 

spontaneous model of autoimmune diabetes, due to the similarities this model shares with 

the human disease (Andersin and Bluestone 2005, Aoki et a/ 2005). The NOD mice were 

found to reverse diabetes after delivery of the HMD/INS-FUR viral vector, via FFO 

surgical delivery, and the animals maintained normoglycaemia for 150 days (experimental 

end point) and responded to a glucose challenge comparable to nondiabetic animals, 

indicative of regulated insulin secretion. The analysis of the NOD mice transduced livers 

found partial liver to pancreatic cell transdifferentiation, similar to that of previous Wistar 

rat study (Ren eta/ 2007), with a few differences. Firstly, delivery of the HMD viral vector 

alone did not result in the expression of Neurod1 in NOD mice. Also the HMD/INS-FUR 

viral vector was found to induce the expression of mouse insulin 1, which was not found 

previously in the rat study. The HMD/INS-FUR was also found to induce the transcription 

factor MafA, of the MAF family proteins, which have been discovered to play a crucial role 

for insulin expression late in the hierarchy of P-cell maturation, a possible reason the for 

induction of mouse insulin 1. As in the rat study, the HMD viral vector alone was found to 

induce the expression of the Pdx-1 gene in the treated liver samples. Although protein 

expression of Pdx-1 was not found in either study after delivery of the empty HMD treated 

rodents, qRT-PCR revealed expression of the gene was more than 138-fold higher in the 

HMD/INS-FUR viral transduced NOD mouse livers than in the HMD viral vector alone 

transduced liver samples. In summary, this study detnonstrated the potential application of 

the HMD/INS-FUR viral vector, using the novel FFO surgical delivery, for the reversal of 

T1D. 

Vector construct design was analysed, by comparing the use of promoters with enhancers, 

in the HMD/INS-FUR (driven by the HIV LTR/murine stem cell virus promoter/enhancer 

hybrid) and WPT/INS-FUR (human elongation factor la (EFI-a) with the woodchuck 

hepatitis virus (WPRE) posttranscriptional regulatory element as the promoter/enhancer) 

vector constructs. No significant difference was seen in the concentration of insulin 

secreted between the cell lines. Unexpectedly, the WPT/INS-FUR transduced cell line, with 
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a MOl of 50, resulted in a significant increase in the amount of stored insulin in comparison 

to transduction with HMD/INS-FUR with an MOl of 50 and 75. The higher concentration 

of insulin stored in the WPT/INS-FUR may have been due to the WPRE gene enhancer, as 

in previously studies the WPRE enhancer has been shown to increase cytoplasmic 

accumulation of the transgene due to the three cis-acting sequences of the enhancer 

(Zufferey et al 1999, Popa et al 2002). Despite this, neither of the vector constructs was 

able to stimulate glucose-regulated insulin secretion after transfection. However, this was 

not a clonally expanded cell population, but rather a mixed cell population co1lected by 

F ACS, and therefore the levels of stored insulin were lower than anticipated. 

Investigation of the HMD/INS-FUR and WPT/INS-FUR viral vectors in vitro does not 

necessarily reflect in vivo studies, as the HMD/INS-FUR viral vector has previously been 

shown to conect hypoglycaemia in a glucose-regulated manner, due to the induction of 

pancreatic P-cell transcription factors and hormones (Ren et al 2007a and Ren et al 2008). 

In summary, this study illustrated the potential of the WPT/INS-FUR viral vector, using the 

novel FFO surgical delivery, to ameliorate hypoglycaemia in vivo. 

6.2 Future direction 

The first future direction in regards to determining viral titre, would be to refine the titre 

method by decreasing the acceptable flow cytometric fluorescent percentage evaluations 

from 20 % down to 10 %, followed by repeating the titre determination method in separate 

experiments. Reduction of the detected fluorescent percentage of the transduced cells and 

repeating the titre determination experiment, will allow less variability of the calculated 

viral titre and increase the accuracy for future transduction experiments were titre accuracy 

is essential (Gatlin et a/2003). 

Furthermore, the RT-PCR analysis of the transcription factors in the HMD/INS-FUR 

treated liver tissue in Chapter 4, needs to be validated by qPCR to understand the 

significants of the transdifferentiation of the liver tissue to pancreatic-like B-cells. 
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Moreover, previous studies of the empty HMD in vivo have shown the induction of 

pancreatic transcription factors, Pdx-1 and NeuraD, at the mRNA level, suggesting the 

promoter/enhancer of the empty HMD vector plays a role in the induction of the liver to 

pancreatic ~-cell transdifferentiation (Ren et al 2007a and Ren et a/2008). Considering the 

WPT/INS-FUR performed at least as well (if not better) in vitro compared to the 

HMD/INS-FUR construct, with regards to the amount of insulin stored and secreted, it 

would be interesting to see whether the WPT /INS-FUR will perform just as well in vivo in 

Wistar rats or NOD mice, with the induction of pancreatic ~-cell transcription factors and 

hormones, as previously seen with the HMD/INS-FUR vector. 
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