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Abstract

Type 1 diabetes (T1D) results from the autoimmune destruction of the insulin-producing 

-cells. As a result, people with T1D suffer from high blood glucose which 

requires exogenous insulin therapy to maintain within the normal physiological range. 

However, exogenous insulin therapy does not mimic the tightly regulated function of the 

pancreas, and as a result does not prevent the development of diabetic complications. 

Currently, the only cure is either pancreas or islet transplantation; however these treatments 

are hampered by a shortage of donors. As a result, the generation of an alternative cell 

replacement therapy would overcome the aforementioned limitations with current treatments. 

Gene therapy as a means of generating “artificial” insulin-producing cells (IPCs) is being 

considered as a potential cure for T1D. Previous research has shown that the viral-mediated 

transfer of the pancreatic transcription factor NeuroD1 and human furin-cleavable insulin

(INS-FUR) genes to hepatocytes resulted in their transdifferentiation into pancreatic-like cells 

capable of synthesising, storing and secreting insulin in response to fluctuating glucose 

concentrations. Due to their ease of isolation, ease of genetic modification and immune-

modulatory properties, the aim of this study was to evaluate the utility of ex vivo expanded 

murine bone marrow-derived mesenchymal stem cells (BMSCs) as gene therapy targets for 

the development of a T1D cell replacement therapy following the lentiviral over-expression 

of murine NeuroD1 and Pdx1, and INS-FUR.

Non-invasive bioluminescence imaging (BLI) technology is an established and sensitive tool

for accessing cell replacement therapy efficacy and treatment outcome in living preclinical 

small animal models. Furthermore, preclinical BLI results often serve as the decision point of 



a cell replacement therapy’s suitability (efficacy and safety) for clinical trial testing in 

humans.  This study utilised the Firefly luciferase reporter protein Luc2, a Luc2 specific light 

producing substrate D-luciferin and an IVIS Lumina II imaging system. First, a unique sub-

population of BMSCs were isolated from the bone marrow of non-obese diabetic (NOD)

mice. These BMSCs displayed potent clonogenicity and tri-lineage differentiation potential,

hallmark characteristics of mesenchymal stem cells, when compared to the plastic adherent 

bone marrow stromal cell starting population. Second, BMSCs were nucleofected to express

the yeast fusion cytosine deaminase uracil phosphoribosyltransferase (CDUPRT) and/or Luc2

genes (BMSC-Luc2/CDUPRT; BMSC-Luc2). Luc2 was utilised as a reporter protein for 

evaluating the in vitro and in vivo persistence of transgene expression in BMSCs and the in 

vivo persistence of gene-modified BMSCs in immune intact and immune-compromised mice. 

CDUPRT is a pro-drug converting enzyme, otherwise known as a suicide gene that was 

utilised as a cell therapy experimental ‘off’ switch. CDUPRT converts the non-toxic pro-drug 

5-fluorocytosine (5-FC) into the toxic metabolite 5-fluorouracil (5-FU) that causes BMSC

death. In vitro functional characterisation of CDUPRT using a Luc2 based cytotoxicity assay 

showed that following exposure to 5-FC, BMSC-Luc2/CDUPRT demonstrated increased cell 

death when compared to BMSC-Luc2 and parental BMSC controls. A subcutaneous 

transplant of Luc2/CDUPRT-expressing BMSCs in immune-intact (NOD; n=4) and immune-

deficient (NOD/Scid; n=4) mice persisted for 2 weeks and 12 weeks respectively. These 

results show a BMSC transplant survival providing an experimental window of 12 weeks in 

NOD/Scid mice and the rapid immune-mediated destruction of BMSC carrying non-

mammalian genes in NOD mice.

Ex vivo culture-expanded BMSCs were subsequently transduced with the HMD lentiviral 

vector (MOI=10) to express INS-FUR, and murine NeuroD1 and Pdx1 as m -cell 

differentiation. Pancreatic transdifferentiation was characterised via reverse transcriptase 



polymerase chain reaction (RT-PCR), followed by the assessment of insulin storage and 

secretion. INS-FUR-expressing BMSCs lacked glucose-responsiveness and secreted large 

amounts of human insulin chronically, whereas NeuroD1 and Pdx1-expressing BMSCs 

lacked glucose-responsiveness and insulin secretion capabilities. Furthermore, RT-PCR 

analysis showed that BMSC did not undergo pancreatic transdifferentiation when transduced 

with pancreatic transcription factors, and did not store insulin within secretory granules as 

determined by acid/ethanol extraction. A subcutaneous transplant of 1x107 and 5x107 INS-

FUR-expressing BMSCs were assessed for their ability to reverse diabetes in STZ-NOD/Scid

mice (n=5), which failed to do so upon transplantation.

This study showed ex vivo expanded BMSC multipotential differentiation into fat and bone

diminishes with increasing passage, and therefore BMSC may be more useful as gene therapy 

targets prior to expansion. This correlates with other studies where ex vivo expansion of 

MSCs is associated with a loss of MSC characteristics (phenotype, proliferative capacity, 

self-renewal, immunomodulation) and negative T1D clinical outcomes.
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Chapter 1

Gene and stem cell therapy for the 

treatment of Type 1 Diabetes Mellitus



1.1 The types of diabetes and their impact on 

society

Diabetes mellitus describes a range of conditions where the inability to produce insulin or 

utilise insulin effectively leads to elevated blood glucose levels known as hyperglycaemia1.

The three main types of diabetes are Type 1 diabetes (T1D), Type 2 diabetes (T2D) and 

gestational diabetes (GD). T1D results from the autoimmune destruction of the insulin-

-cells within the islets of Langerhans1-3. Consequently, insulin-

responsive tissues lose the ability to take up glucose for normal cell functioning, resulting in

elevated levels of unabsorbed glucose in the blood. People with T1D require multiple daily 

exogenous insulin injections to manage their glycaemia; however this does not prevent the 

long-term complications of hyperglycaemia4, 5. In Australia, people with T1D constitute ~10-

15% of all cases of diabetes, with Australia boasting one of the highest rates of T1D 

incidence in the world (Figure 1.1). Although predominantly occurring in children and young 

adults between the ages of 0-14, diagnosis of latent-onset autoimmune diabetes in adults 

(LADA) is more frequently becoming reported. Currently, the only long-term treatments for 

T1D that reduce or eliminate the requirement for exogenous insulin injections are either

whole pancreas transplantation, islet transplantation or closed-loop systems (artificial 

pancreas); however for pancreas and islet transplantation, these two treatments are hampered 

by a limited number of donors and the requirement for lifelong immunosuppression6. In the 

case of the artificial pancreas, studies have demonstrated heterogeneity in glycaemic benefit 

for people with T1D, where the system is hampered by the requirement for user interaction 

and the fact that it does not exquisitely mimic the function of the pancreas7.



T2D is the most common form of diabetes in Australia accounting for 85-90% of all cases of 

diabetes1, 8, 9. T2D results from either lower than normal insulin production or the body’s 

inability to utilise insulin effectively (also known as insulin resistance)9. Insulin resistance

leads to an accumulation of high levels of glucose in the blood, which in the case of many 

people with T2D goes unnoticed for many years. As a result, people are usually diagnosed 

with T2D once the effects of prolonged elevated blood glucose levels are manifested in the 

form of diabetic complications. The reason for the development of T2D is a complex 

combination of a number of predisposing risk factors including obesity, poor diet, physical 

inactivity, ageing, family history and ethnicity10-13. However, of these, genetics has been well 

studied and implicated in the development of T2D. The most well-recognised candidate gene 

loci associated with T2D include the nuclear receptor PPAR- (PPARG)14, the ATP-sensitive 

potassium channel (KCNJ11)15 and the transcription factor 7-like 2 (TCF7L2)16 Additionally, 

mutations in hepatocyte nuclear factor 1-alpha (HNF1- ), hepatocyte nuclear factor 4-alpha 

(HNF4- ), hepatocyte nuclear factor 1-beta (HNF1- ) and glucokinase are well characterised 

Figure 1.1: Incidence of T1D in the Australian population in 2014 Representation 

of the incidence of T1D in Australia according to age and sex. Source:AIHW analysis 

of 2014 National (insulin-treated) Diabetes Register (NDR).



in the development of the familial monogenic forms of diabetes known as mature-onset 

diabetes of the young (MODY). However, recent genome-wide association studies (GWAS)

have identified numerous candidate gene loci in specific ethnic populations associated with 

the development of T2D, highlighting the broad and complex genetic nature of the disease17, 

18.

People with newly diagnosed T2D usually do not require exogenous insulin injections and 

are encouraged to adjust their lifestyle and dietary habits as a means of preventing chronic 

hyperglycaemia. However, many progress to a phase of beta-cell dysfunction and severe 

insulin resistance where exogenous insulin therapy is thereafter prescribed. In addition,

healthcare practitioners prescribe the use of pharmaceuticals for lowering blood glucose 

levels for those with T2D who fail or are unable to maintain normoglycaemia. Currently there 

are five classes of blood glucose lowering tablets used in Australia for people with T2D. 

These are known as biguanides, sulphonylureas, thiazolidinediones (glitazones), alpha 

glucosidase inhibitors (acarbose) and dipeptidyl peptidase (DPP-4) inhibitors. The most 

commonly prescribed drugs are biguanides such as Metformin and sulphonylureas such as 

Glibenclamide. Metformin increases insulin sensitivity in vivo to improve the function of 

endogenously produced insulin, thereby increasing the uptake of glucose from the blood19.

Glibenclamide lowers blood glucose by stimulating insulin production in the pancreas20, and 

is commonly co-prescribed with Metformin in cases where endogenous insulin production is 

reduced. However, as a consequence of sulphonylurea-induced stimulation of insulin 

production, hypoglycaemic events are common in people with poor patient compliance in the 

form of over-dosage21. As a result, care must be taken when combining sulphonylureas with 

insulin-sensitising agents such as biguanides and glitazones. Since T2D is a progressive 

disease that leads to near- -cell dysfunction, insulin injections are ultimately 



required as an exogenous source of insulin in combination with sensitising agents such as 

Metformin as a life-long form of blood glucose regulation.

GD occurs in women during pregnancy due to an increase in insulin resistance that is thought 

to be associated with placental hormone production that blocks insulin function9. Normally, 

elevated blood glucose levels associated with GD disappear after birth, however if glycaemia 

is not maintained within normal physiological concentrations, pregnant women who have GD 

are at a significantly higher risk of developing T2D later in life and in subsequent 

pregnancies22. In addition, the unborn foetuses of pregnant women who have GD are at 

greater risk of developing obesity and T2D during their lifetime. Nonetheless, by engaging in 

a healthy lifestyle and moderate physical activity, uncomplicated pregnancies are the most 

likely outcome for women with gestational diabetes. In Australia, during 2009-2011, 5.8% of 

women who gave birth and did not have pre-existing diabetes were diagnosed with GD8.

The impact of diabetes in Australia can be measured both quantitatively and qualitatively.

Financial costs associated with T1D and T2D in Australia (Table 1.1) highlight the burden of 

diabetes on the Australian healthcare system. The total annual cost for Australians with T2D

is up to $6 billion including healthcare costs, the cost of carers and Commonwealth 

government subsidies23. For T1D, the total annual cost is up to $570 million24. A reduction in 

the financial burden of T2D on the Australian healthcare system can be achieved by targeting 

early prevention of T2D in pre-diabetics with intensive lifestyle changes. However, such 

preventative measures currently do not exist for T1D. In addition to the financial impact on 

society, 41% of people with diabetes report poor psychological well-being with periods of 

stress, anxiety and depression associated with having to cope with diabetes22. Despite being 

one of the top ten causes of death in Australia, the prevalence of diabetes in Australia is 

growing steadily and it is expected that by 2025, three million Australians will be diagnosed 



with diabetes22. As a result, the need for diabetes education, prevention, and treatment is of 

significant importance. The remainder of this thesis will focus on the development of a novel 

treatment for T1D.

1.2 T1D genetics and pathogenesis

1.2.1 Genetics

The genetic susceptibility of T1D has been studied for a number of decades due to the 

suspected hereditary transmission of the disease. Early studies by Eisenbarth stipulated that a 

genetic component was a primary mediator in the onset of T1D25. However, in the ensuing 

decades of research it became well accepted that T1D is a complex, multigenic disease that is 

mediated by a number of genetic and non-genetic factors, and that T1D development does not 

follow the previously suspected hereditary transmission pathway. In terms of genetic 

predisposition, a number of genes have been implicated in conferring susceptibility to T1D. 

The most recognised of these are the major histocompatibility complex (MHC) class II 

genes3, 26, 27. More recently, other susceptibility markers have been mapped to a variety of 

loci across a number of chromosomes (Table 1.2). However, they are not yet to be confirmed 

Type 1 diabetes Type 2 diabetes

No complications of diabetes $3,468 $4,025

Microvascular complications only $8,122 $7,025

Macrovascular complications only $12,105 $9,055

Micro and Macrovascular complications $16,698 $9,645

Source: Colagiuri et al, DiabCo$t Australia: Assessing the burden of Type 2 

diabetes in Australia, 2003.

Table 1.1: Annual patient healthcare costs associated with diabetic complications



as either major/minor markers of disease susceptibility. Of the susceptibility loci identified, a 

recent GWAS identified and reconfirmed a number of immune-related genes such as 

cytotoxic lymphocyte antigen-4 (CTLA-4), protein tyrosine phosphatase, non-receptor type 

22 (PTPN22), interleukin 2 receptor subunit alpha (IL2RA), chromosome locations 12q13 and

12q24, C-type lectin domain containing 16A (CLEC16A), and protein tyrosine phosphatase, 

non-receptor type 2 (PTPN2) in T1D pathogenesis. In addition, it is likely that in reality, 

expression of T1D genetic susceptibility markers will vary from individual to individual, and 

that consequently, a broad and varying expression profile of these markers will be identified.

However, due to the complex nature of the disease and our growing understanding of 

environmental stimuli that effect disease development, it is unlikely that a single genetic 

predictor will be identified.

1.2.1.1 Human leukocyte antigens 

The MHC encodes for a number of highly polymorphic molecules that are involved in 

immune recognition known as the human leukocyte antigens (HLA)1, 3, 26, 27. The HLA 

molecules that predispose an individual to T1D are further characterised into quantitative trait 

loci (QTLs) that were originally believed to be located on chromosome six. However, 

research suggested that QTL could be traced to a number of different chromosomes, and that 

certain HLA expression profiles were either associated with susceptibility or protection from 

T1D1. It was believed that HLA class II molecules collectively known as insulin-dependent 

diabetes mellitus 1 (IDDM1) were the strongest genetic contributors to T1D susceptibility28-

30. The HLA class II molecules are expressed on the surface of antigen presenting cells 

(APCs) and are involved in presenting antigenic peptides to CD4+ T lymphocytes.

Susceptible individuals commonly possess the DR3/4-DQ8 heterozygous haplotype (DR3 is 

DRB1*03-DQB1*0201, DR4 is DRB1*04-DQB1*0302, DQ8 is DQA1*0301, DQB1*0302).



However, despite expression of HLA class II molecules accounting for ~95% of T1D 

susceptibility, they are not determining factors in the development of T1D as ~50% of 

healthy individuals also express these antigens31. Conversely, the DRB1*1501-DQA1*0102-

DQB1*0602 haplotype, found in 20% of the population but only 1% of patients, confers 

dominant protection against T1D.

Class I alleles have also been associated with genetic susceptibility, albeit to a lesser extent32, 

33. Specifically, HLA-B and HLA-A genes, and most remarkably the HLA-B*39 allele was 

found to be a significant risk factor33. One of the most prevalent class I alleles (HLA-

A*0201) has also been implicated with a frequency of 60% in T1D patients. Another study 

also suggested the involvement of HLA-A*02-restricted CD8+ T cells in T1D progression34,

with the data further supported by a transgenic animal model expressing human HLA-A*02 

molecules demonstrating accelerated islet destruction35.

1.2.1.2 Insulin gene

IDDM2, a polymorphic, non-HLA associated variable number tandem repeat (VNTR) locus

near the insulin gene has also been identified as contributing to T1D susceptibility and 

protection36, 37. Variations in the repeat number that occur in VNTR alleles either confer 

susceptibility or protection to T1D. The VNTR Type I polymorphism is characterised by 

shorter repeats and confers susceptibility, whereas the VNTR Type III polymorphism, 

characterised by longer repeats protects against T1D. The estimated contribution of IDDM2 

to T1D genetic susceptibility is ~10%, yet collectively IDDM1 and IDDM2 do not 

cumulatively account for all genetic components of T1D38. Other genetic factors include the 

lymphoid protein tyrosine phosphatase gene, whose function as a negative regulator of T cell 

receptor signaling has only recently been identified as a risk factor in T1D susceptibility, and 

has also been implicated in the development of other autoimmune diseases39, 40.



Locus Chromosome Candidate Genes/Microsatellites

IDDM1 6p21.3* HLA-DQ/DR

IDDM2 11p15* INS VNTR

IDDM3 15q26 D15s107

IDDM4 11q13 MDU1, ZFM1, RT6, FADD/MORT1, LRP5

IDDM5 6q24-27 ESR, MnSOD

IDDM6 18q12-q21 D18s487, D18s64, JK (Kidd locus)

IDDM7 2q31 D2s152, IL-1, NEUROD, GALNT3

IDDM8 6q25-27 D6s264, D6s446, D6s281

IDDM9 3q21-25 D3s1303

IDDM10 10p11-q11 D10s193, D10s208, D10s588

IDDM11 14q24.3-q31 D14s67

IDDM12 2q33* CTLA-4, CD28

IDDM13 2q34 D2s137, D2s164, IGFBP2, IGFBP5

IDDM14 ? NCBI# 3413

IDDM15 6q21 D6s283, D6s434, D6s1580

IDDM16 ? NCBI# 3415

IDDM17 10q25 D10s1750- D10s1773

2p12 EILUC2AK3 -

5p11-q13 - -

16p - D16s405- D16s207

16q22-q24 - D16s515- D16s520

1q42 - D1s1617

Xp11 - DXS1068

Table 1.2: Summary of all QTL associated with predisposition to T1D



1.2.2 Inductive events leading to autoimmunity

The period preceding clinical onset of T1D is characterised by elevated levels of 

autoantibodies against islet antigens that suggests a series of inductive events that lead to 

autoimmunity. The most well characterised islet-cell autoantigens associated with T1D are

insulinoma-associated antigen-2, insulin autoantigen, glutamic acid decarboxylase 65 and 

zinc transporter 8 ZnT81, 41. However, due to the variable periods of T1D initiation and 

detection amongst individuals, identification of inductive stimuli as a direct cause of T1D is 

challenging. It may be possible that stimuli vanish following activation of autoimmunity; or 

that multiple triggers initiate pathogenesis, with a variety of multiple triggers between 

individuals. Nonetheless, epidemiological data suggests that the rising incidence of T1D is 

due to environmental stimuli such as viral or bacterial infections that trigger the autoimmune 

response42.

1.2.2.1 Viruses

Research that demonstrated the capacity of coxsackievirus B to infect -cells and induce 

insulitis provided support for environmental stimuli as triggers of T1D autoimmunity43.

Coxsackievirus B infection of -cells generates cytokines and other inflammatory mediators 

that induce the expression of adhesion molecules in pancreatic islets3. By inducing the 

expression of adhesion molecules in the endothelium of the islets, circulating leukocytes are 

targeted towards the islets where -cell antigens can be presented to lymphocytes by 

macrophages3. Consequently, studies to identify a causal relationship between viral infection 

and T1D by analysing islets for the presence of viral components were conducted44, 45.

Surprisingly, data revealed the absence of viral proteins in islet extracts, contradicting prior 

assumptions on the relationship between viral infection and the development of T1D.



However, with the development of further optimised methods of viral detection, a study 

identified the presence of viral capsid proteins in analysed -cells46. Not surprisingly, a

consensus on the relationship between viral infection and T1D is yet to be realised. To 

complicate the argument further, a study has suggested that under particular experimental 

conditions, viral infection can protect against T1D47. Other viral infections such as 

rotavirus48, cytomegalovirus (CMV)49, parvovirus50, and encephalomyocarditis virus 51 have 

also been associated with T1D; however a direct causal relationship has not been identified

and further studies are required to verify their reported links.

1.2.2.2 Bacteria

Just as important as their viral counterparts, bacteria have been acknowledged as serving an 

important role in the development of T1D. Evidence suggests that an aggravated intestinal 

microbial community can lead to T1D, with conflicting views regarding the effect of 

antibiotic administration on this process52, 53. On the other hand, it has been shown that 

administration of probiotics can prevent islet cell autoimmunity under specific conditions54.

Nonetheless, it appears that the administration of antibiotics and probiotics can influence the 

development of T1D by altering the intestinal microbial community. More recently a 

subspecies of Mycobacterium avium paratuberculosis (MAP) has been partially implicated 

with T1D due to humoral responses to MAP antigens being isolated from the blood of T1D 

patients55.

1.2.2.3 Other environmental triggers

Considering the association of an unbalanced gut microbiota on the development of T1D, 

other environmental triggers that may disturb this balance have been implicated. For 

example, proteins found in cow’s milk (specifically the albumin components) have been 



shown to possess cross-reactivity with islet-cell autoantigen-1 (a -cell surface protein) 

thereby stimulating islet autoimmunity56. To a lesser extent, wheat proteins such as gluten 

have also been implicated in islet autoimmunity, with some individuals presenting with 

increased peripheral blood T cell reactivity to gluten57. In addition, links between early infant 

exposure to cereals and subsequent islet autoimmunity have been suggested58. Additionally,

although a number of other compounds have been associated with autoimmunity, further 

evidence is required to support those claims.

1.2.3 Autoimmune process

The exact mechanisms involved in the initiation and destruction of -cells has been studied 

extensively2, 3, 59 yet remain unclear. It is believed that initially the presentation of -cell

specific autoantigens by APCs such as macrophages or dendritic cells (DC) to CD4+ helper T 

cells in association with MHC class II molecules is the first step in the initiation phase

(Figure 1.2). Macrophages subsequently secrete interleukin (IL)-12, stimulating CD4+ T cells

to release interferon gamma (IFN- ) and IL-2. IFN- induced secretion of cytokines such as 

IL-1 , tumour necrosis factor alpha (TNF- ) and free radicals by other macrophages results 

in the destruction of -cells. Additionally, IFN- -2 induce the migration of specific 

CD8+ cytotoxic T cells to the islets, and specifically the -cells expressing autoantigens.

Following migration, and in association with class II molecules, CD8+ cytotoxic T cells cause 

-cell damage by releasing perforin, granzyme and superoxides. Continued destruction of the 

-cells by Fas-mediated apoptosis subsequently results in the onset of diabetes60, 61.



Figure 1.2: Mechanism of T1D autoimmunity APCs secrete interleukin IL-12 stimulating CD4+ T cells, to 

secrete interferon IFN- and IL-2. IFN- stimulates other resting macrophages to release, in turn, other 

cytokines such as IL-1 , tumour necrosis factor (TNF)- , and free radicals, which are toxic to pancreatic -

cells. During this process, cytokines induce the migration of -cell autoantigen specific CD8+ cytotoxic T 

cells. On recognising specific autoantigens on -cells in association with class II molecules, the CD8+

cytotoxic T cells cause -cell damage by releasing perforin and granzyme and by Fas-mediated apoptosis of 

the -cells.



1.3 Diabetic complications

Upon diagnosis with diabetes, physicians most commonly recommend lifestyle or 

pharmaceutical interventions through which prevention and control of hyperglycaemia can be 

achieved. This not only ensures an adequate distribution of glucose throughout the body, it 

reduces the risk of diabetic complications as a result of uncontrolled glycaemia. Ultimately, 

the risk of developing diabetic complications is directly related to the severity and duration of 

hyperglycaemia. Consequently, routine follow-up and measurements of percentage glycated 

haemoglobin (% HbA1C) become fundamental in assessing long-term glycaemic control and 

the development of management plans in order to reduce the likelihood of the development of 

diabetic complications62. Immediate (acute) complications of diabetes such as 

hyperglycaemia, hypoglycaemia and diabetic ketoacidosis are potentially life-threatening if 

intervention is delayed. However, most people with diabetes become increasingly aware of 

the symptoms of acute complications, and as such develop an intrinsic capacity to intervene 

appropriately without severe consequences. Of more concern are the chronic complications 

arising from long-term, unregulated glycaemic control, the symptoms of which can go

undetected until the diabetic situation has deteriorated. These complications can be divided in

to two major categories: microvascular and macrovascular complications4, 63. Whilst good 

glycaemic control can reduce the risk of these complications, it does not prevent them.

The most common manifestation of diabetic microvascular complications is retinopathy. 

Most people with T1D develop evidence of retinopathy within 20yrs of diagnosis, with early 

symptoms of retinopathy correlating with poor glycaemic control following diagnosis64.

Mechanisms by which diabetes leads to retinopathy include osmotic stress as a consequence 

of increases in intracellular sorbitol concentration65,  the formation of advanced glycosylated 

end products66, oxidative stress as a consequence of the production of free radicals and 



reactive oxygen species66, and the production of growth factors such as vascular endothelial 

growth factor and transforming growth factor- 67. These mechanisms are believed to also be 

associated with diabetic nephropathy. When left untreated, people with diabetes will develop 

microalbuminuria that progressively deteriorates to renal failure68. In extreme cases, end-

stage renal failure (ESRF) results and patients who do not receive a kidney transplant are 

subsequently dependent upon dialysis. Ironically, patients with ESRF are more likely to 

receive a pancreas transplant (in combination with kidney transplantation) than those who 

have good glycaemic control, yet are also in need of a donor pancreas. This highlights the 

significance of donor shortages, limiting eligibility for pancreas transplantation to those who 

have poor quality of life due to their diabetic complications. 

In addition, a person with T1D is susceptible to diabetic neuropathy that is most commonly 

manifested as peripheral loss of sensation. Development of diabetic neuropathy, like other 

microvascular complications, is closely linked to degree and duration of hyperglycaemia, and 

similarly triggered by the same mechanisms69. Management of the symptoms of 

microvascular complications is typically through pharmaceutical intervention, although many 

are associated with adverse side effects and carry a significant financial burden. With respect 

to diabetic macrovascular complications, cardiovascular disease is the leading cause of death 

in people with T1D63, 70. In comparison to the general population, those with T1D are at an 

increased risk of suffering from heart disease and stroke70. However, intensive glycaemic 

treatment was shown to reduce the risk by 57%71. Due to the development of diabetic 

complications and their impact on quality of life, a long-term cure for T1D is required. 



1.4 Current and future treatments for T1D

Treatments for T1D can be categorised into the management of acute and chronic 

complications, and therapeutic interventions to permanently cure people with T1D. Currently, 

patients with T1D control their blood glucose levels using several daily injections of 

exogenous insulin1, however this does not  mimic the exquisite metabolic responsiveness of 

the -cell. Insulin therapy delays, but does not eliminate hyperglycaemic episodes and 

chronic complications associated with extended periods of hyperglycaemia4, 5. Of equal, if 

not more, concern to the patient are the life-threatening hypoglycaemic episodes that are 

exacerbated due to hypoglycaemia unawareness, a phenomenon which worsens with both 

disease duration and maintenance of blood glucose levels close to normal values5.

Currently whole pancreas or islet transplantation are the only clinically viable treatments for 

T1D. However, they are limited by a shortage of pancreas donors and the requirement for 

lifelong immunosuppression, which carries adverse side effects and can compromise the 

survival of transplanted tissue6. Although islet transplantation can provide insulin-

independence for a number of years, the transplanted islets lose function over time72. Further 

exacerbating this is the requirement for 2-4 donors to isolate sufficient quantities of islets to 

confer insulin-independence. To overcome the challenge of donor shortages, the sourcing of 

porcine islets due to their physiological similarity and function to human islets has been 

pursued, however the risk of human infection with porcine endogenous retroviruses is a 

deterrent for xenotransplantation73. Although successful reversal of diabetes has been 

achieved utilising porcine islets, xenotransplantation is at a greater threat of strong xeno

responses, therefore requiring extensive immunosuppression to permit survival of the graft74.

As a result, developing autologous cell and gene therapy strategies as alternative therapies 



could potentially avoid both the requirement for immunosuppression or encapsulation, and 

represent an unlimited source of cells for ex vivo gene modification.

Over the past decade, there have been several attempts to generate “artific -cells that 

produce insulin in response to glucose in a regulated manner. Several approaches have been 

explored including: (i) the dedifferentiation and directed transdifferentiation of autologous 

cells75-78 ex vivo followed by transplantation, (ii) in vivo transdifferentiation via the direct 

delivery of viral vectors to target organs; and (iii) the genetic modification and expansion of 

various stem cells ex vivo that can then be transplanted. The production of a functional 

-cell, via genetic manipulation, requires a comprehensive understanding of the 

pancreatic developmental process. The temporal expression of the various pancreatic 

transcription factors, their role in determining endocrine cell fate, and their involvement in 

- -cell.

The types of vectors used for gene delivery and the selection of an ideal candidate cell type 

for differentiation -cell phenotype are key considerations for achieving this 

objective. The ultimate goal for the cell and gene therapy of T1D is to produce a surrogate 

cell that has the ability to process, store and secrete insulin, and maintain normal glucose 

tolerance in response to fluctuating blood glucose concentrations, whilst avoiding 

autoimmune attack. This remainder of this chapter will compare putative non-pancreatic 

target cells, viral vectors and pancreatic transcription factors for gene modification to achieve 

this goal. In addition, I will comment on the utility of mesenchymal stem cells (MSCs) in pre-

clinical and clinical trials of T1D, and propose their use as target cells for T1D combinatorial 

cell and gene therapy.



1.5 Gene therapy

Due to the destruction of pancreatic -cells, people with T1D who suffer severe 

complications require whole pancreas or islet-cell transplantation and consequent 

immunosuppression. Evasion of the immune process by genetically engineering other cell 

types in the body to produce insulin is an alternative. However, this is limited by the absence 

of various unique characteristics of pancreatic -cells such as a glucose-sensing system, 

proinsulin processing enzymes, a glucose-regulatable promoter and an exocytosis system in 

many cell types. Issues concerning the production of biologically active insulin, glucose-

responsiveness and the assembly of secretory granules have all been addressed with respect 

to identifying candidate target cells for gene therapy.

1.5.1 Animals models of T1D

The use of animal models in diabetes research has been pursued extensively. Most studies are 

performed in small animal models (Table 1.3) such as rodents and mice to provide proof of 

concept for the development of a Phase I clinical trial. However, large animal models of 

diabetes in pigs, dogs and monkeys are becoming increasingly popular due to criticism that 

rodents do not adequately represent the human condition of diabetes.

In the past, one of the most popular methods for inducing diabetes in animals was by 

complete pancreatectomy79. However, this does not correctly represent the clinical 

manifestation of diabetes due to the loss of potential feedback mechanisms as a consequence 

of the absence of pancreatic hormone-producing cells, which are still present in people with 

diabetes. As a result, non-surgical methods of inducing a diabetic state in animal models via 

the administration of toxins such as streptozotocin (STZ) and alloxan are now routinely 



utilised. STZ is a nitrosurea derivative isolated from Streptomyces achromogenes80, with 

either a single high dose or multiple low dose administrations. A single high dose in mice 

ranges from 100-200mg/kg, with complete destruction of -cells and the development of 

hyperglycaemia81. Whereas with multiple low dose administrations, the dose per day ranges 

from 20-40mg/kg over a 5 day period, which leads to insulitis in mice82. Alloxan, which is 

commonly administered in mice at a dose of 50-200mg/kg, generates superoxide free radicals 

that destroy -cells as they do not possess any defence mechanisms against the chemical83, 84.

These models are particularly useful in studying the success of transplantation of pancreatic 

-cells, and cytokine-targeted therapies. However, some of the 

limitations of chemically inducing diabetes is potential toxicity to other organs and the report 

-cell regeneration after high dose STZ administration85.

Currently, the most popular choices of T1D animal model are the spontaneous non-obese 

diabetic (NOD) mouse and the biobreeding (BB) rat. These models manifest with a similar 

autoimmune diabetes that is present in the human condition, and currently dominate the 

literature. The NOD mouse was developed at the Shionogi Research Laboratories in Osaka, 

Japan in 197486. NOD mice typically develop insulitis at around 3–4 weeks of age, during 

which the pancreatic islets are infiltrated by CD4+ and CD8+ lymphocytes, and to a lesser 

degree by B cells and natural killer (NK) cells87. They develop typical diabetes between 12-

30 weeks of age. Due to the parallel in T1D clinical manifestation between NOD mice and 

humans, they have been useful in identifying pathways that lead to T1D, and are also suitable 

for testing of therapies which modulate the autoimmune response88. More recently, NOD 

mice are being used to study the success of cell therapies to either modulate the autoimmune 

response89-91 or directly control hyperglycaemia by the artificial -cells92-94. Nonetheless, 

some major differences do exist, such as the fact that due to being an inbred model of 

diabetes, the genetic susceptibility to the development of diabetes in NOD mice can be easily 



traced, and is evident by the fact that female mice are susceptible, whereas males are not95. In 

humans, susceptibility to the development of T1D is governed by a much more complex 

interaction of genetic and environmental stimuli. In addition, there is evidence that NOD 

mice develop lymphopenia, a characteristic not seen in the human situation96. An isolated 

genetic contamination of the NOD mouse outcrossed with a C57BL/6 mouse produced an 

insulitis-resistant and diabetes-free strain named the non-obese resistant mouse which is now 

routinely used as an MHC-matched control mouse for studies utilising NOD mice97. The BB 

rat which spontaneously develops autoimmune diabetes was derived from outbred Wistar rats 

in 197498. They develop diabetes between 8-16 weeks of age, and similarly to NOD mice, 

they display insulitis with the infiltration of T cells, B cells, macrophages and NK cells. 

However, like NOD mice, these animals develop lymphopenia and therefore are not as

routinely utilised as NOD mice96, 99. Other animal models of spontaneous autoimmune 

diabetes include the LEW.1AR1/-iddm rats100, the keeshond dog101, and the celebes black ape 

(Macaca nigra)102.

In addition to these main animal models of T1D, genetically-induced and virally-induced 

models are available for research purposes. The AKITA mouse was derived in Akita, Japan 

from a C57BL/6NSlc mouse with a spontaneous mutation in the insulin 2 gene which results 

in a severe insulin-dependent diabetes beginning at 3-4 weeks of age, and are used to study 

the success of islet transplantation103. Since the implication of viruses in the pathogenesis of 

T1D, viruses have been used to induce diabetes in animal models. These include coxsackie B 

virus104, encephalomyocarditis virus105 and Kilham rat virus106.



Mechanism of Induction Model Uses/Studies

Chemically-induced

High-dose STZ Drug discovery

Models of transplantation

-cell destruction

Multiple-dose STZ

Alloxan

Spontaneous diabetes

NOD mice T1D genetics and pathogenesis 

analyses

-cell destruction

Immunomodulation studies

Restoration of normoglycemia

BB rats

LEW.1AR1/IDDM rats

Keeshond dog

Celebes black ape (Macacca nigra)

Breeding/genetically

selected

AKITA mice
Drug discovery

Models of transplantation

-cell destruction

LETL (Long-Evans Tokushima Lean) 

NZ white rabbit

Chinese hamster

Pancreatectomized
Westran pigs Restoration of normoglycemia

-cell regenerationDogs

Virally-induced

Coxsackie B virus
Role of viruses in the induction of 

T1D
Encephalomyocarditis virus

Kilham rat virus

Table 1.3: Animal models of T1D



1.5.2 Selecting an ideal target cell

The first trials of T1D gene therapy were performed using somatic cells, such as monkey 

kidney cells and fibroblasts107, 108. However, these cells were unable to produce biologically 

active insulin, as they did not express proinsulin-processing enzymes. As a result, attention 

turned to autologous cells that are derived from an endodermal origin and possess 

characteristics similar to those of -cells109 (Table 1.4). -cell 

engineering would be able to sense minute changes in glucose, process proinsulin to insulin 

and C-peptide and store this mature insulin for later secretion.

Endocrine cells have been examined, in particular, pituitary cells which contain both 

proinsulin-processing enzymes and secretory granules. A murine pituitary cell line 

(AtT20MtIns-1.4) transfected in vitro with a recombinant plasmid containing human 

preproinsulin cDNA produced biologically active insulin, however, glucose-responsiveness 

was absent in these cells110. After transfection with both the glucose transporter 2 (Slc2a2)

and glucokinase (Gck) genes, the AtT20ins cells became glucose-responsive, at sub-

physiological levels. Also, the in vivo secretion of adenocorticotropic hormone stimulated 

glucocorticoid synthesis, inhibiting insulin function and therefore limiting their therapeutic 

efficacy111.

Muscle cells have been only sparingly studied due to their lack of insulin proconvertases and 

storage vesicles. As a result, they require intensive genetic manipulation to produce 

-cells, which is not optimal for therapeutic applications. Nonetheless, muscle 

targeted gene therapy for the treatment of T1D has been explored. Implantation of vascular 

smooth muscle cells transduced with furin-cleavable human insulin (INS-FUR) under the 

control of a glucose-regulatable promoter into spontaneously diabetic congenic BB rats has 

been attempted. This resulted in the reduction of blood glucose levels in two of the eight rats 



for a period of 6 weeks, however insulin therapy was still required112. Regulated insulin 

secretion resulted in markedly lower exogenous insulin requirements to sustain normal 

growth without any hypoglycaemic episodes. Another study indicated that it was possible to 

reverse diabetes in STZ-mice for greater than 4 months following the dual expression of 

insulin and glucokinase in muscle113. A synergenic action in the skeletal muscle between the 

insulin produced and the increased phosphorylation of glucokinase was established, 

preventing hyperglycaemia.

Liver cells are derived from the same endodermal origin as the pancreas and consequently are 

more amenable to pancreatic transdifferentiation when compared to other cell types114. Like 

-cells, they express the key glucose-responsive elements glucose transporter 2 

(GLUT2) and glucokinase, making hepatocytes an attractive target cell for engineering 

-cells. Although hepatocytes do not contain proinsulin-processing enzymes and 

lack secretory granules, this function may be induced via expression of insulin analogues 

cleaved by furin in the liver76, 77. However, truly regulated secretion to a glucose stimulus 

requires the presence of insulin storage granules. Within seconds of being exposed to 

glucose, the cell transports glucose across the membrane and metabolises it. The secretory 

granule migrates to the surface of the cell, fuses with the membrane and secretes its contents, 

thus regulating blood glucose levels. The result in many studies that have simply expressed 

either insulin or insulin analogues in liver cell lines or animal livers115-117 has been the 

synthesis and constitutive release of insulin, but not its storage or regulated secretion. By 

comparison, our laboratory has shown that the expression of insulin in a liver cell line 

(Huh7ins) -cell transcription factors led to pancreatic 

transdifferentiation, formation of secretory granules and a regulated response to glucose with 

reversal of diabetes76. However, glucose stimulated insulin secretion (GSIS) was at sub-

physiological levels, but further engineering to express human islet glucokinase in the cells, 



led to the development of Melligen cells, which secrete insulin in the normal physiological 

range and have shown reversal of diabetes in NOD/Scid mice without the development of 

hypoglycaemia118.

1.5.3 Vector choice for gene therapy

By exploiting the natural ability of viruses to infect and deliver genes into cells, engineered 

viral vectors that do not replicate and efficiently transduce genes into infected target cells 

have been developed. Their suitability for gene transfer into target cells is determined by 

whether they are integrating or non-integrating, the target cell-type and the nature of gene 

expression required (Table 1.5). Ideally, -cell engineering would employ integrating viral 

Characteristics
Target Cell

Liver Pituitary Muscle K cells MSC

Endodermal Origin + - - - +

-cell Transcription Factors - - - - +

Glucose-Sensing System + - - + -

Processing Enzymes - + - + -

Glucose-Regulatable Promoter + - - + -

Exocytosis System - + - + -

Autologous Use + + + + +

Allogeneic Use - - - - +

Table 1.4: Summary of target cells and de -cell similarity

-cell characteristics is denoted by “+/-“.



vectors to provide sustained gene transfer in daughter cells over the life of the patient 

resulting in a sustained therapeutic benefit.

1.5.3.1 Retroviral 

Retroviral vectors are the most widely used gene delivery vector, and are derived from 

disabled murine viruses119. The advantage of integration into the host’s genome is however 

overshadowed by the risk of insertional mutagenesis120. This was first recognised in 1999 

following the treatment of nine severe combined immunodeficiency (Scid) patients with a 

retroviral vector, which resulted in the development of leukaemia in four of the nine 

patients121. This study showed that retroviruses in general have site specific integration 

preferences in close proximity to the transcriptional regulatory sequences of proto-

oncogenes122. Retroviral gene transfer is also limited by their ability to only transduce 

dividing cells, and can therefore only be targeted towards selected cell or tissue types. This 

ultimately becomes a challenge when the target tissue is composed predominantly of non-

dividing cells, such as the liver. Xu et al,123 studied the retroviral transduction of bone 

marrow-derived mesenchymal stem cells (BMSCs) with an insulin gene under the control of

the CMV promoter; and the ability of these transduced cells to restore normoglycaemia in 

STZ-diabetic mice.

1.5.3.2 Adenoviral

Adenoviral vectors were initially studied due to their ability to transduce non-dividing cells 

with high efficiency. However, these vectors transfer their genes episomally and 

subsequently provide only transient gene expression119, 124. In addition, immune responses 

against the viral proteins and in some cases the transgene itself have been reported125, 126. To 

overcome the immunogenicity of the viral capsid proteins, a “gutless” adenovirus was 



developed, in which the majority of the viral genes were removed127. Although reduced 

immunogenicity was observed with the new generation adenoviral vectors, 

immunosuppression was required to manage immune responses activated following 

treatment128. The prevalence of pre-existing immunity to adenoviruses in humans would also 

limit the multiple administrations of vector required to maintain long-term therapeutic effects. 

These characteristics actively work against choosing adenoviral vectors to produce an 

-cell. 

1.5.3.3 Adeno-associated

Adeno-associated viral (AAV) vectors are replication-defective parvoviruses able to 

transduce both dividing and non-dividing cells. Although they show a limited gene cargo 

capacity (<5kb), they preferentially integrate into the host genome at a specific site on 

chromosome 19129. This renders AAV a safe and attractive gene delivery candidate as their 

insertion sites can be predicted and potentially oncogenic consequences avoided. AAV 

vectors have been utilised in the treatment of T1D, specifically to directly deliver the 

preproinsulin gene to livers of chemically STZ-mice130, where proinsulin was produced in the 

liver and blood glucose levels were transiently reduced. This study supports the utility of 

AAV for insulin gene transfer to non-dividing hepatocytes.

1.5.3.4 Lentiviral

Lentiviral vectors are retroviruses with the ability to transduce non-dividing cells as well as 

dividing cells, which makes them attractive candidates for the transduction of a variety of cell 

lineages131. They are derived from the human immunodeficiency virus (HIV), and, 

accordingly, biosafety was initially a concern surrounding their suitability as human 

therapeutics. Construction of self-inactivating HIV-derived vectors, with deletions in the long 



terminal repeat promoter, decreases the likelihood of generating a replication competent 

virus132, and subsequently provides greater safety for clinical application. As a result, 

lentiviral vectors have shown promise for corrective gene therapy and are currently the gene 

transfer vector of choice within our laboratory. We have successfully used a lentiviral vector 

(HMD) to deliver INS-FUR to the livers of STZ-diabetic rats77, NOD-mice133 and 

pancreatectomized Westran pigs134. In these animal models we have seen spontaneous 

-cell transcription factors, formation of granules and regulated and 

permanent correction of diabetes in a number of animal models77, 133, 134. Liver to pancreas 

transdifferentiation is relatively common in other situations135, especially when the liver is 

insulted. The pancreatic transdifferentiation in our studies was undoubtedly related to the 

combination of the surgical procedure employed, which isolates the liver from the circulation, 

the lentiviral vector and the microenvironment of diabetic hyperglycaemia, which 

collectively insulted the liver cells. By comparison the simple injection of insulin into the 

portal circulation led to unregulated constitutive insulin release, no pancreatic 

transdifferentiation and an abnormal glucose response133 as seen in a similar study by Elsner 

et al116. Whilst lentiviral expression of insulin has become a popular choice for gene therapy 

in some rodent models showing amelioration of hyperglycaemia, normal glucose tolerance 

-cell transcription factor expression and resultant 

pancreatic transdifferentiation136, 137.



Viral Vector
Packaging 

Capacity
Advantages Disadvantages

Retroviral 8-10kb

Integrates into host genome

No expression of viral proteins

Long-term expression

Only transduces dividing cells.

Limited insertion capacity

Random integration into host genome

Adenoviral <8kb

Transduces dividing and non-

dividing cells

Produces high titres of virus

High levels of expression

Immune response to viral proteins

No integration into host genome

Short-term expression

Adeno-

associated
<5kb

Transduces dividing and non-

dividing cells

Non-pathogenic and low 

immunogenicity

Long-term expression

Broad host range

Requires helper virus

Can generate neutralising antibodies

Limited insertion size

Lentiviral <10kb

Transduces dividing and non-

dividing cells

Stable, long-term expression

Can be generated into a self-

inactivating vector

Possible toxicity due to viral proteins

in packaging construct

Random integration into host genome

Table 1.5: Summary of viral vectors for gene delivery



1.5.4 Mechanism of glucose-responsive insulin secretion

Ultimately, T1D gene therapy appr -cells that reproduce the 

-cells (Figure 1.3). Normally, 

insulin is initially translated as a proinsulin precursor in the endoplasmic reticulum (ER), it is 

then transported from the ER to the Golgi Apparatus, and crosses the Golgi Network before 

being sorted into clathrin-coated immature insulin secretory granules (ISGs)138. Various 

biochemical modifications trigger the maturation of ISGs, and following glucose stimulation 

the mature ISGs secrete their insulin content into the extracellular space. GLUT2 transporters 

-cell where it is immediately converted to glucose-6-

phosphase by hexokinase IV and enters glycolysis. An increase in adenosine triphosphate 

(ATP) concentration causes ATP-gated K+ channels to close, resulting in the depolarisation 

of the membrane. Consequently, voltage-gated Ca2+ channels open, thereby increasing 

cytosolic [Ca2+]. Release of insulin from mature ISGs via exocytosis due to the increase in 

cytosolic [Ca2+] is then followed by a decrease in blood glucose. Although the pancreati -

cell contains ~10,000 ISGs, only 100-200 ISG’s are capable of quickly releasing their insulin 

content in response to increases in cytosolic [Ca2+]138. This means that there is a “reserve 

pool” of ISGs which can be induced to release insulin, resulting in the minute-to-minute 

regulation of insulin secretion in response to changes in blood glucose levels. The release of 

-cell detects a decrease in glucose flux 

through the hexokinase reaction. 



Figure 1. -cells Insulin secretion 

within the pancreatic cell is stimulated by glucose in blood plasma. Glucose is taken 

up by the cell via membrane receptors and detected in the hexokinase IV reaction that 

takes place within the cell. A series of following biochemical reactions ultimately 

results in exocytosis of insulin into the extracellular space.



One of the major hurdles for T1D therapy is the ability to reproduce the regulated mechanism 

of insulin secretion in pancreatic -cells. Pancreatic -cells use specialised structures 

(secretory granules) that many other cell types lack to perform this function. Consequently, 

the use of glucose-responsive promoters attached to the insulin gene has been investigated in 

an attempt to engineer the physiological production of insulin. The L-type pyruvate kinase 

(LPK), Spot 14 and glucose-6-phosphate promoters have been identified to regulate the 

expression of a variety of genes in the liver in response to extracellular glucose 

concentrations131. These promoters have been utilised in association with the insulin gene for 

gene transfer in attempts to reproduce the glucose-responsive production of insulin that 

occurs -cells. The glucose-responsive element (G1RE) found in the LPK promoter 

has been found to regulate transcription of proinsulin in response to glucose139, 140. In 

particular, a study by Thule et al, showed that by injecting diabetic rats with a construct

containing three copies of the G1RE from the LPK promoter, an inhibitory element from the 

insulin-like growth factor binding protein-1 promoter and a modified proinsulin gene, 

normoglycaemia was nearly achieved140, 141. STZ-induced diabetic mice expressing a human 

proinsulin gene under the control of the LPK promoter expressed proinsulin mRNA in the 

liver, with the transcription of proinsulin mRNA regulated by diet. However, STZ-induced 

diabetic mice did not increase the expression of insulin mRNA due to inhibition of 

glucokinase by glucagon142. This was overcome by inducing basal levels of expression of 

transgenic insulin with a simian virus 40 enhancer that stimulated glucokinase expression, 

which in turn activated expression of transgenic insulin via the LPK promoter139. Promising 

work utilising a glucose-6-phosphate promoter showed that glucose-responsive production of 

insulin could be induced in rat hepatoma cells, however this was limited by low levels of 

insulin production as a consequence of the negative feedback by the insulin produced143.



More recently, transcriptional analysis of BMSCs grown under varying concentrations of 

glucose identified a number of glucose-responsive promoters, and of particular interest, the 

early growth response-1 (EGR1) promoter which was capable of expressing insulin in 

transduced BMSCs in a glucose-responsive manner144. Upon implantation of the cells in 

STZ-diabetic induced NOD/Scid mice, the transduced cells were capable of restoring 

normoglycaemia, glucose tolerance and body weight in this model. Interestingly, the EGR1 

promoter was not sensitive to transgenic expression of insulin, as it is known that the EGR1 

promoter can be activated by both glucose and insulin145. However, as NOD/Scid mice are 

not a model of autoimmune diabetes, such work should ideally be performed in immune-

competent models of autoimmune diabetes such as NOD mice that intrinsically develop 

insulitis around 3-4 weeks of age, and progress to fully-fledged diabetes between 12-30 

weeks146.

Investigating tissue-specific regulation of pancreatic hormones or proteins would hopefully 

reveal the underlying mechanisms governing the expression of those factors. As a result, the 

insulin promoter which is activated by glucose has been intensively studied to identify these 

glucose-responsive elements in the hopes of better recreating the physiological regulation of 

insulin production147, 148. A study by Sander et al, discovered a strong glucose-responsive 

element (Z element) in the distal region of the human insulin promoter147, elucidating one of 

the mechanisms that provides glucose-sensitive regulation of insulin in primary cultured islet 

cells. More recently, pancreatic derived factor (PANDER), a newly discovered cytokine-like 

protein that is strictly expressed in the pancreatic islets was analysed for its glucose-

responsive nature of expression149. It revealed that the 5`-untranslated region (UTR) of the 

PANDER promoter contained the glucose-responsive elements that drive PANDER 

expression that mimic that of insulin expression, and that the PANDER promoter could 

potentially be used to drive transgenic insulin expression in alternative cell targets.



One of the limitations of transcriptionally regulated insulin production in transplanted 

alternative cell targets is their delay in responding with immediate insulin secretion when 

challenged with glucose. As insulin secretion is linked to insulin transcription, the minute-to-

-cells is not present in these engineered 

target cells. This is due to the absence of secretory granules which store and immediately 

secrete insulin in response to fluctuations in blood glucose concentrations. To overcome this 

limitation, engineering a promoter expressing high levels of insulin in response to fluctuating 

glucose concentrations, yet possessing insulin-sensitivity as a feedback mechanism could 

more closely mimic the normal physiology of insulin secretion. However, the successful 

adaptation of this technology in vivo would require the development of granules similar to 

ISGs to regulate glycaemia.

1.5.5 Gene transfer of insulin

Our laboratory has shown that the ability of liver cells to store and secrete insulin, and 

-cell 

transcription factors. We were the first to show a number of cutting-edge developments in 

this field and very importantly have never seen the development of exocrine differentiation 

and tissue destruction often seen in studies of liver-directed gene therapy where Pdx-1 was 

utilised78, 150. This is, in part, due to the alternative choice of genes used for the viral delivery 

to hepatocytes. We have shown that a human liver cell line (Huh7), which endogenously 

-cell transcription factors, upon expression of the insulin gene (Huh7ins) 

developed insulin storage granules and exhibited regulated secretion of insulin in response to 

increasing concentrations of glucose. After transplantation of Huh7ins into NOD/Scid mice, 

diabetes was reversed76.



In several animal models we have delivered INS-FUR, within the lentiviral vector HMD, to 

the liver by using a surgical technique that isolated the liver from the circulation, allowing the 

lentiviral vector to settle in the liver without the problem of excessive inactivation from the 

blood. We permanently reversed diabetes in STZ-diabetic rats77 and spontaneously-diabetic 

NOD mice133. In both studies, we reported spontaneous expression of key -cell transcription 

factors (Pdx-1, Neurog3 and NeuroD1), which are important in the development of insulin 

storage and regulated insulin expression in pancreatic -cells151-154. Some later stage 

transcription factors (Pax4 and Nkx2.2) were also expressed. Our lentiviral transduction 

procedure may have represented a cellular insult, making progenitor cells permissive to a 

pancreatic developmental shift. Consistent with this, expression of Pdx-1, but only at the 

mRNA level, was also observed after treatment with the empty vector alone. Expression of 

insulin was necessary for protein expression of transcription factors. There was also 

expression of pancreatic hormones, development of insulin secretory granules and normal 

intravenous glucose tolerance tests were observed in the STZ-diabetic rat and NOD mouse.

Furthermore, insulin expression was restricted to the liver. In the NOD mouse study, there 

was no evidence of intrahepatic inflammation or autoimmune destruction of the insulin-

secreting liver tissue. By contrast, in our NOD mouse study and a similar study by Elsner et 

al, a simple injection of insulin into the portal circulation resulted in unregulated constitutive 

release of insulin, no pancreatic transdifferentiation and an abnormal glucose response116, 133.

Pancreatic transdifferentiation of the liver has been seen in other situations; following a dose 

of the hepatotoxin carbon tetrachloride155 and when oval cells were cultured in high 

glucose156, 157. We are yet to define the mechanism that has resulted in pancreatic 

differentiation in our studies, which is being analysed at the molecular level in our laboratory.

We have also reversed diabetes in a diabetic pig model, which was characterised by normal 

glucose tolerance, together with expression of -cell transcription factors134. However, 



reproducible results were problematic in the large animal due to the complexity of the 

surgical approach. Subsequently, viral delivery of INS-FUR has become a popular choice for 

gene therapy, with a number of studies showing amelioration of hyperglycaemia in rodent 

models. However, abnormal glucose tolerance was observed due to a lack of pancreatic 

transdifferentiation and expression of -cell transcription factors136, 137, 158, 159.

Studies in our laboratory have also shown that these insulin-secreting liver cells are resistant 

to the detrimental effects of -cell cytotoxins and pro-inflammatory cytokines that play a 

principle role in the pathogenesis of T1D160, 161. In other experiments, no infiltrates of 

immune cells were observed in NOD mice engineered to express insulin in their livers133, 162.

These studies established that liver cells are appropriate candidates for the creation of 

artificial -cells, and also highlighted that dual expression of insulin and -cell transcription 

factors gave a better outcome than expression of either alone163. Xu et al, studied the 

retroviral transduction of BMSCs with an insulin gene under the control of the CMV 

promoter and their ability to restore normoglycaemia in STZ-diabetic mice123. It was found 

that these BMSCs successfully expressed insulin and were able to maintain normoglycaemia 

for at least 42 days. In addition, the transduced BMSCs were able to evade the autoimmune 

destruction that ordinarily targets pancreatic islets.

1.5.6 -cell transcription factors and their role in pancreatic development

and mature -cell function

The pancreas as a whole organ is derived from the endoderm during embryonic development. 

Transcription factors play a significant role in pancreatic embryogenesis, particularly in 

determining islet cell differentiation (Figure 1.4). During adult life, transcription factors 

regulate the expression of islet cell hormones164, 165.



Forkhead Box factor FoxA1 and FoxA2 expression is directly implicated in endodermal 

formation, with FoxA2 deletions resulting in the disruption of endoderm formation in mouse 

models166. Homeobox factor Pdx-1 is considered the “master regulator” as it plays a 

significant role in the early development of the pancreas, being expressed in both the 

endoderm and pancreatic buds164, 167. Pdx-1 expression levels are regulated by the interaction 

between the transcription factors, hepatocyte nuclear factor (HNF)- - , and SP1/3, 

and Pdx-1 itself168. Homozygous Pdx-1 -/- mice are apancreatic, and while they survive foetal 

development, they die a few days following birth169, 170. This confirms the necessity of 

embryonic Pdx-1 expression for successful pancreatic development.

Following the fusion of the dorsal and ventral buds, the differentiation of exocrine and 

endocrine pancreatic compartments occurs rapidly, with the basic helix-loop-helix factors, 

Hes-1 and Neurog3, in the pancreatic precursor directing the respective compartmental fates 

via notch signalling171. The notch signalling pathway plays a major role in the control of cell 

identity, proliferation, differentiation, and apoptosis172. Subsequent differentiation of the 

various islet cell-types ( , , and pancreatic polypeptide (PP)) is directed by the 

hierarchical expression of various transcription factors164. Lineage analyses have shown that 

all hormone-producing cells express Neurog3171. In mice, Neurog3 deletions result in the 

absence of endocrine cells173, testament to its necessity in endocrine cell development.

Neurog3 activates the persistent expression of NeuroD1 that maintains the endocrine cell 

differentiation program174. In fact, NeuroD1-/- mice show a reduction in the development of 

insulin- -cells175.

As soon as the endocrine cell fate has been programmed, the paired homeobox factors, Pax4

and Pax6, direct the fates of individual hormone-producing cells164. Studies in mice show that 

homozygous Pax4 deficiency results in a lack of and cells164, 167, and mice that are 



homozygous Pax6 deficient lack cells176. Collectively these studies suggest that Pax4 is 

required for determining and -cell fate, while Pax6 is required for determining -cell fate. 

Differentiation into -cells is ultimately driven by the NK homeobox factors, Nkx2.2 and 

Nkx6.1. Knocking out the Nkx6.1 gene in mice results in the absence of -cells177, however

all other cell types develop. Interestingly, Nkx2.2 is expressed in other cell types including 

and PP-cells, however when Nkx2.2 is knocked out, insulin-producing cells (IPCs) are 

absent178. Consequently, Nkx2.2 and Nkx6.1 are imperative in -cell differentiation. More

recently, a leucine zipper transcription factor (MafA) has been discovered downstream of 

Nkx6.1 in the lineage analysis and was found to be involved in the maintenance of -cell 

function, specifically through interactions with Pdx-1 and NeuroD1 that modulated insulin 

transcription179. The modification of transcription and subcellular localisation of fundamental 

transcription factors, such as FoxA2, MafA, NeuroD1 and Pdx-1 will alter important cellular 

-cell differentiation, cell cycle arrest and function, and accordingly 

represents an interesting potential target for the development of an artificial -cell180.



Figure 1.4: Schematic representation of the transcription factor hierarchy involved in pancreatic 

development and cellular differentiation The early endoderm of the gut receives signals from the 

mesenchyme and notochord to initiate formation of the pancreatic buds, with expression of FoxA2 and Hb9

detectable in the pancreatic precursors. Pdx-1 then drives the subsequent differentiation of the pancreatic 

precursor cells by interacting with Pbx-1. Neurog3 and Hes1, mediate endocrine and exocrine differentiation, 

respectively, with NeuroD1 functioning to maintain the endocrine cell fate. Pax6 and Pax4 then mediate the 

differentiation of -cells and -cells, -cell 

phenotype being governed by Nkx2.2 and Nkx6.1 (Adapted from Gerace et al, 2015)



Many of the transcription factors that are involved in pancreatic development and 

differentiation are also involved in the functionality of mature -cells. -cells contain specific 

and unique genes encoding for insulin, GLUT2, islet amyloid polypeptide and glucokinase

that are fundamental to their function164. It is the transcriptional regulation of these genes and 

many others that results in the morphological and phenotypical changes that occur during 

development. The method by which these factors regulate gene expression is via a 

networking system (Figure 1.5A). As a result, transcription of particular -cell genes is not 

dependent upon a single factor. Due to the redundancy in the networking approach, single 

knockout of a transcription factor can diminish but not completely abolish transcription of a 

particular gene. 

The co-operative function of various transcription factors and the complexes they form plays 

-cells (Figure 1.5B). Pdx-1 plays 

a substantial role in transcriptional activation of insulin by binding to specific DNA elements 

(A boxes) on the insulin promoter and forming complexes with other co-activators such as 

p300 and E47164. The complex formed (Pdx-1/p300-NeuroD1/E47) binds the A1 site and 

maintains basal promoter activity, simultaneously enhancing insulin transcription by 

recruiting and activating basal transcription machinery181. The complex (E47/NeuroD1) that 

binds E boxes acts as a potent transcriptional activator of the insulin and glucagon genes.

However, it has been found that overexpression of E47 results in inhibition of glucagon gene 

transcription and activation of insulin gene transcription. As a result, it can be deduced that 

the ratios of E47/NeuroD1 in the pancreatic tissue direct the transcription of islet-cell specific 

genes182. It is important to note that some of these transcription factors are present in other 

cell types and that the specific combination of factors involved in the regulation of insulin 

transcription in -cells can be similarly reproduced in other cell types. This provides the basis 

for targeting other tissues as potential sources of insulin production. 



Figure 1.5: Transcriptional gene -cells A) Model of the networking approach to 

tr -cells and B) Schematic representation of the 

insulin gene promoter, and the major transcription factors that function either individually or co-

operatively in activating insulin gene expression.
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1.5.7 -cell transcription factors 

Genetically engineering other cells within the body to produce insulin is an attractive 

alternative to pancreas and islet transplantation, as these cells would not likely express the 

same auto-antigens that caused -cell destruction in the first instance. Due to the common 

origin of the liver and pancreas109, the ability to transdifferentiate tissue from liver to 

pancreas has been studied to a greater extent than other tissues types, particularly for the 

generation of IPCs through the transfer of pancreatic transcription factors.

1.5.7.1 Pdx1

Ferber et al, demonstrated the potential of transcription factors to be directly delivered to 

liver tissue, via a recombinant adenovirus-mediated transfer of Pdx-178. Considering Pdx-1

plays a significant role in early embryonic development of the pancreas, an attempt to 

demonstrate the ability of adenovirus-mediated delivery of Pdx-1 to ameliorate 

hyperglycaemia by inducing expression of endogenous insulin was performed. Results 

showed that expression of Pdx-1 in livers of diabetic mice induced insulin expression and 

secretion leading to restoration of normoglycaemia. However, normoglycaemia was transient 

and only maintained for 8 days. In addition, exocrine differentiation of liver to pancreatic 

tissue resulted in the development of hepatitis and an increased likelihood of autoimmune 

destruction78, 183.

Similarly, Kojima et al, employed the use of a helper-dependent adenovirus (HDAD) to 

deliver Pdx-1 to the livers of STZ-diabetic mice183. These mice developed hepatitis due to 

unexpected exocrine differentiation of the transduced cells. This was likely related to the use 

of a potent ubiquitously expressed elongation factor- which resulted in 

continuous unrestricted expression of Pdx-1 at high levels. To date, several studies in which 



Pdx-1 has been transferred to hepatocytes to induce the process of transdifferentiation have 

been performed93, 184-187. In addition, direct delivery of Pdx-1 has been achieved in a variety 

of other differentiated cell types, including mouse pancreas via the bile duct188, rat intestinal 

epithelium-derived cells189 and primary duct cells190. One study showed how combinations of 

pancreatic transcription factors (Pdx-1, Neurog3 and MafA) were successful in converting 

pancreatic exocrine cells in vivo to -cells191, and thus provided evidence for 

the use of transcription factor combinations. The newly generated IPCs are indistinguishable 

from normal islets and display all the characteristic hallmarks of norma -cells, however the 

limited number of successfully converted exocrine cells and the fact they did not organise 

themselves into islet structures limited their effectiveness.

Pdx-1 continues to be utilised as a mediator of IPC production due to its proven ability to 

induce pancreatic transdifferentiation. The move to stem cells as targets has come as no 

surprise considering their plasticity and regenerative capabilities. Pdx-1 has been delivered to 

MSCs from a variety of sources, including BMSCs94, 123, 192-195, umbilical cord MSCs (UC-

MSCs)196, and adipose-derived MSCs (AD-MSCs)92, 197, 198 with varying success in the 

generation of glucose-responsive IPCs. Despite the obvious attraction of MSCs as targets for 

Pdx-1 delivery, embryonic stem cells (ESCs) have also been pursued as a potential target. A

study by Miyazaki et al, showed that a murine ESC line (EB3) could be induced to 

differentiate into IPCs following transfection with Pdx-1, however transdifferentiation was 

not substantial enough for therapeutic use due to a lack of expression of the insulin 1, 

glucagon, PP gene, or GLUT2 genes, which are all specific to the endocrine pancreas in 

vivo199. This was followed by a number of studies in other ESC lines200-202 showing their 

capacity to differentiate into IPCs.



1.5.7.2 Neurog3

The role of Neurog3 in defining endocrine cell fate would logically point towards its more 

frequent use in gene therapy; however this is not the case. Most studies have reported low 

levels of insulin production after delivery of Neurog3190, 203-206. Of the few reported attempts 

at utilising Neurog3 -cell engineering, a study using adenoviral transfer of Neurog3 and 

betacellulin to hepatic progenitor cells (oval cells) resulted in the production of insulin and 

transdifferentiation of the oval cell population207. However, as mentioned previously, the 

most successful use of Neurog3 delivery was observed using a combinatorial approach191.

1.5.7.3 NeuroD1

In order to prevent Pdx-1-induced exocrine differentiation, Kojima et al, expressed NeuroD1

in conjunction with betacellulin within a HDAD vector to the livers of STZ-treated diabetic 

mice183. It was found that NeuroD1-betacellulin delivery restored and maintained 

normoglycaemia for greater than 120 days, with associated up-regulation of the upstream and 

downstream pancreatic transcription factors, including Neurog3, Pax6, Pax4, Nkx2.2, and 

Nkx6.1. However, whilst the use of betacellulin would not likely be acceptable for clinical 

application, the use of NeuroD1 resulted in no significant hepatotoxicity or development of 

hepatitis, marking NeuroD1 as a worthy alternative transcription factor for directing 

differentiation to a -cell like phenotype. NeuroD1 is also an ideal alternative as it has been 

shown to be the strongest inducer of insulin expression (as compared to Pdx-1, Neurog3, and 

Pax4) in primary duct cells190. Similar studies showing the ability of NeuroD1 to strongly 

induce insulin expression have been performed using hepatocytes208.

Promising results using viral delivery of NeuroD1 to hepatocytes have also been reported by 

our laboratory. Specifically, a genetically modified rat liver cell line (H4IIE) which does not 



-cell transcription factors was engineered to express both insulin and NeuroD1163.

The engineered cell line developed storage granules and reversed diabetes in NOD/Scid mice 

following transplantation. It also -cell transcription factors, 

Pdx-1, NeuroD1, Pax6, Nkx2.2, and Nkx6.1, in addition to rat insulin 1 and 2, glucagon, 

somatostatin, pro-convertases 1 and 3, and pancreatic polypetpide. The engineered cells also 

regulated secretion of insulin in response to increasing concentrations of glucose.

Interestingly, the stand-alone expression of NeuroD1 in the H4IIE cells resulted in expression 

-cell transcription factors and some storage of insulin, but GSIS was absent. As a result, 

NeuroD1 could potentially be used in future gene therapy protocols to induce safe 

differentiation of target tissues.

1.5.7.4 Pax4

As mentioned earlier, Pax4 deficiencies in mice results in the lack of and cells164, 167,

therefore it can be deduced that Pax4 is required for determining -cell fate and could be 

used for the generation of IPCs. Overexpression of Pax4 in mouse embryonic stem cells 

selected for nestin expression has been shown to drive differentiation to a -cell 

phenotype209, with the resultant IPCs capable of maintaining normal blood glucose levels for 

14 days. Similarly, Liew et al, reported that overexpression of Pax4 in human ESCs enhances 

their propensity to form putative -cells210. However, the capacity for teratoma formation of 

undifferentiated ESCs limits their potential for clinical application.

1.5.7.5 Nkx6.1

The -cell specific expression of Nkx6.1 theoretically makes it an ideal choice as a factor to 

drive -cell differentiation. However a study by Gefen-Haleri et al, showed that ectopic 

expression of Nkx6.1 alone, although capable of inducing the expression of immature 



pancreatic markers, such as Neurog3 and Isl-1, was not capable of inducing expression of 

pancreatic hormones211. In addition, Nkx6.1 did not appear to be a strong inducer of 

expression of upper-hierarchy -cell transcription factors, such as Pdx-1 and NeuroD1. In 

fact, only upon co-expression with ectopic Pdx-1 was there substantial insulin expression and 

glucose regulated processed hormone secretion. Consequently, the inability to induce 

expression of the full repertoire of -cell transcription factors makes Nkx6.1 an inferior 

choice for -cell engineering.

1.5.8 Suicide gene therapy

Suicide gene therapy is grounded on the concept of delivering a bacterial or viral gene to 

cells, whose enzyme product is able to convert a non-toxic prodrug to its toxic form resulting 

in cell death212. Consequently, this controllable system of cell death has been assessed as an 

alternative therapy to traditional cancer treatments such as chemotherapy and radiation 

therapy. Suicide gene therapy has been assessed in the treatment of leukaemia213, prostate 

cancer214 and breast cancer215 amongst many others. 

A number of systems exist that function via enzymatic conversion of a prodrug to its lethal 

form. The most commonly assessed systems are the herpes simplex virus thymidine kinase 

gene216, 217 with ganciclovir as the prodrug, and the Escherichia coli cytosine deaminase gene 

(CD)218, 219 with 5-fluorocytosine (5-FC) as the prodrug. Following conversion of the toxic 

prodrug to its lethal form, apoptosis is induced in targeted cells via interference of the 

mitochondrial pathway218. The CD system has been further improved by fusion with the 

uracil phosphoribosyltransferase (UPRT) gene (CDUPRT) which facilitates the conversion of 

the toxic 5-fluorouracil (5-FU) to 5-FU monophosphate, further sensitising 5-FU-resistant 

tumour cells to low concentration of 5-FU220.



Tumour cell destruction is exacerbated further by the “local bystander” effect, a phenomenon 

which does not require complete tumour transduction with suicide genes, yet results in 

significant tumour regression via diffuse uptake of the enzyme—converted toxic product of 

the administered prodrug221. To improve the targeted delivery of the suicide gene therapy 

system to tumours, a number of cellular vehicles with homing capabilities have been targeted 

to express suicide genes and deliver the system locally to tumours222, 223. MSCs have 

demonstrated tumour-homing capabilities where they participate in tumour stroma 

formation222, and as such have been targeted for as vehicles for the delivery of CD or 

CDUPRT as a treatment for a number of cancers219, 224, 225.

The use of suicide gene therapy also holds potential in improving the safety profile of cell 

therapies for alternative diseases. Demonstrating safety in any newly developed cell therapy 

is a key checkpoint in progressing through clinical trials, and as such, suicide gene therapy 

provides a mechanism through which administered cells could be destroyed in the event of 

adverse events. Within the context of T1D this can be achieved by primarily engineering the 

selected target cells for expression of a suicide gene, e.g. CDUPRT, and thereafter 

differentiating the cells towards the pancreatic lineage. As such, the differentiated cells would

also possess the suicide therapy safety feature, whereby following transplantation, and in the 

event of any unexpected changes to the transplanted cells, they can be destroyed upon the 

administration of the non-toxic 5-FC.

In addition, determining the ability of transplanted cells to restore normoglycaemia in a 

selected model of diabetes is an essential requirement of assessing the efficacy of any cell 

therapy for T1D. This is most commonly performed via routine blood glucose monitoring, 

however in order to demonstrate that a cell transplant is directly responsible for the  

restoration of normoglycaemia, traditionally surgical removal of the graft is performed, 



followed by an expected increase in blood glucose concentrations. With respect to improving 

experimental design, the incorporation of a suicide gene therapy feature in the transplanted 

cells allows for non-invasive removal of the graft, a significant advantage over surgical graft 

removal. As such, diabetic animals transplanted with cells possessing the suicide feature 

would require fewer invasive surgical procedures and are therefore at reduced risk of post-

surgery associated complications.



1.6 Mesenchymal stem cells as a therapy for T1D

MSCs were originally identified by Friedenstein et al, in 1976 as a fibroblast-like cell 

population226. The definition of MSCs has evolved over time due to the changing 

understanding of MSC biology. Currently, the International Society for Cellular Therapies

(ISCT) has defined MSCs as a heterogeneous stem cell population characterised by; (i) 

adherence to plastic under standard culture conditions; (ii) a fibroblast-like morphology; (iii) 

the capacity to differentiate into osteocytes, chondrocytes and adipocytes; (iv) lack of 

expression of haematopoietic markers CD11b, CD14, CD34, CD19 or CD79a, CD45, HLA-

DR and the vascular marker CD31227-231; (v) expression of CD13, CD44, CD54, CD73, 

CD90, CD105, CD146, CD166, CD200, SCA-1 and STRO-1227, 229-232. However, differences 

in these characteristics are observed across strains and species, making the translation of 

preclinical animal to clinical human studies challenging. Consequently, there is a requirement

for a universal classification of MSCs to standardise their utility in the clinical setting.

Although MSCs are predominantly isolated from the bone marrow233, 234, they also reside in 

other tissues and organs such as the placenta235, cord blood236, umbilical cord Wharton’s 

jelly237, lung238 and adipose tissue233. In addition to their capacity to undergo tri-lineage 

differentiation, they show high plasticity by their ability to differentiate into cells of 

ectodermal, endodermal and mesodermal lineage239. Due to their ease of isolation, ex vivo 

expanded MSCs have been assessed in the pre-clinical and clinical setting for their benefits in 

tissue repair and regeneration. It is now well established that the effects elicited by MSCs are 

mediated by; (i) the secretion of immunomodulatory and cytoprotective factors that provide a 

protective microenvironment and; (ii) the recruitment and modulation of immune cells in 

areas of tissue damage to provide an anti-inflammatory effect240.



1.6.1 Immunomodulatory properties of MSCs

MSCs show immunomodulatory properties both in vitro and in vivo, which are facilitated by 

complex mechanisms that inhibit the function of different populations of immune cells

(Figure 6). However, reports of varying MSC regulatory function in vitro in comparison to in 

vivo complicate standard characterisation of MSC regulatory function. The most significant 

demonstration of MSC immunomodulation in vitro is their inhibitory effect on T cell 

proliferation and DC differentiation, both of which are considered to be key factors in 

activating autoimmune diseases227, 231, 241, 242. MSCs also possess the ability to modulate B 

cell proliferation and differentiation, NK cell proliferation and cytotoxicity; and T regulatory 

(Treg) cell maturation by altering the secretion of cytokines from DCs, Th1 and Th2 cells, and 

NK cells243. In addition, MSCs secrete biological factors (Table 1.6) such as growth factors, 

cytokines, chemokines and hormones that exert paracrine effects on immune cells, enhancing 

the MSC immunomodulatory repertoire244.

1.6.1.1 T cells and Tregs

The immunomodulatory properties of MSCs were initially observed through their inhibition 

of T cell proliferation via mitogens, CD3/CD28 and alloantigens245, 246. However, recent in 

vitro data has suggested that MSCs arrest T cells at the G0/G1 phase of the cell cycle by 

down-regulation of cyclin D2 and inhibition of co-stimulatory molecule expression, which 

results in T cell anergy without induction of apoptosis247, 248. These processes are mediated by 

direct cell-to-cell contact between MSCs and T cells. In particular, binding of programmed 

death 1 (PD-1) to its ligands PD-L1 and PD-L2 has been implicated in inhibition of T-cell 

proliferation via direct contact of MSCs and target cells, thereby inducing a tolerogenic 

microenvironment249. In fact, MSCs express several receptors which facilitate these 

interactions, including MHC class I, the vascular cell adhesion molecule, intercellular



adhesion molecule-1, activated leucocyte cell adhesion molecule, lymphocyte functional 

antigen-3 and some integrins250. MSCs are also able to secrete soluble factors such as 

prostaglandin E2 (PGE2), indoleamime 2,3-dioxygenase (IDO) and transforming growth 

factor beta 1 (TGF- 230. Furthermore, the 

secretion of PGE2 and TGF- leads to increases in IL-10 production by DCs, promoting the 

activation of Tregs
251, 252.

1.6.1.2 B cells

Similar to their ability to suppress T cell proliferation, MSCs block B cell proliferation 

through the induction of G0/G1 phase cell cycle arrest in a dose-dependent manner via the 

secretion of IDO, PGE2 and nitric oxide253-255. A study by Corcione et al, demonstrated that 

MSCs were capable of significantly down-regulating the expression of chemokine receptors 

CXCR4, CXCR5 and CXCR7 of B cells254. Despite these effects, no changes in B cell co-

stimulatory molecule or cytokine expression were observed. Contrary to these results, 

exposure to activated B cells increased B cell survival and proliferation256. A possible 

explanation for these conflicting reports is the difference in isolation methods and the state 

(activated or naïve) of the B cells on which the analyses were performed. Interestingly, MSCs 

activated by IFN- decrease B cell antibody production257.

1.6.1.3 Natural killer cells

NK cells are known to display cytolytic activity against cells with little-to-no expression of 

MHC class I molecules, and as a result it was believed that high levels of MHC class I 

expression on MSCs enabled MSCs to evade NK cell surveillance258. However, NK cells are 

proficient in lysing MSCs despite their high levels of MHC class I. NK cell-mediated MSC 

lysis is believed to occur via NK cell receptors which have their counterpart ligands 

expressed on MSCs.



More importantly, MSCs are able to inhibit IL-2 induced NK cell proliferation via cell-to-cell 

contact and the secretion of TGF- man leukocyte antigen-G and PGE2251, 259.

MSCs also inhibit the cytotoxic functions of NK cells via PGE2 and IDO-mediated down-

regulation of NK cell receptors, resulting in decreased IFN- secretion from NK cells260.

1.6.1.4 Dendritic cells

DCs have an important role in the presentation of antigens to naïve T cells immediately after 

their maturation. MSC-mediated inhibition of DC maturation from monocytes thereby 

indirectly inhibits T cell activation261. Zhang et al, reported that MSCs inhibited the up-

regulation of CD1a, CD40, CD80 and CD86 on DCs and in vitro DC differentiation262.

Furthermore, MSCs modulate the cytokine secretory profile of DCs by inhibiting the

production of tumour necrosis factor- , IFN- IL-12; and conversely increasing DC 

production of IL-10252, 261. Consequently, inhibition of T cell proliferation is further enhanced 

by DC maturation under the influence of MSCs. The mechanism through which this occurs is 

poorly understood, however it is potentially mediated by PGE2 secretion.



Figure 1.6: Schematic representation of the potential mechanism by which MSCs regulate the 

immune response MSCs express chemokine receptors and secrete soluble factors which regulate the 

functions of subpopulations of immune cells, thereby modulating the immune response. Abbreviations: 

HGF- hepatocyte growth factor, IDO- indoleamine 2,3- dioxygenase, sHLA-G5- soluble human 

leucocyte antigen-G5, NO- nitric oxide, PGE2- - tumou -

prostaglandin, iNOS- inducible nitric oxide synthase, HO- heme oxygenase, IL-10- interleukin 10.



Name Function

IDO Inhibition of proliferation through reduction of tryptophan

NO Inhibition of cell activation

HGF Inhibition of proliferation, cytotoxicity

sHLA-G5, TGF- Inhibition of proliferation, cytotoxicity, promotion of Treg
generation

PGE2 Inhibition of proliferation: cytotoxicity, stimulation of cell 
activation and inhibition of DC and Treg stimulation

IFN- , TNF- , IL-1 Promote chemokine production and immunosuppressive factors 
such as NO or IDO

IL-6 Regulates migration, stimulates mitosis and angiogenesis

IL-10 Inhibition of apoptosis

IL-15 Regulates T and NK cell activation and proliferation

VEGF Inhibition of apoptosis, stimulates angiogenesis

LIF Inhibition of apoptosis

SCF Supports growth and differentiation

Jagged 1 Enhances differentiation

CCLs and CXCLs Promote migration of leucocytes

M-CSF Involved in the proliferation, differentiation, and survival of 
monocytes, macrophages, and bone marrow progenitor cells

FGF Involved in angiogenesis

Ang1 Involved in vascular development and angiogenesis

GM-CSF Stimulates stem cells to produce granulocytes and monocytes

Abbreviations: IDO- indoleamine 2,3-deoxygenase, NO- nitric oxide, HGF- hepatocyte 

growth factor, sHLA-G5- soluble human leukocyte antigen G5, TGF- - transforming growth 

- prostaglandin E2,  IFN- - TNF- - IL-

- -6- interleukin 6, , IL-10- interleukin  10, IL-15- interleukin 15, VEGF-

vascular endothelial growth factor, LIF- leukaemia inhibitory factor, SCF- stem cell factor, 

CCL- chemokine ligand, CXCL- CXC-chemokine ligand,  M-CSF- macrophage colony 

stimulating factor, FGF- fibroblast growth factor, Ang1- angiopoietin 1, GM-CSF-

granulocyte macrophage colony stimulating factors.

Table 1.6: List and function of the soluble factors secreted by MSCs 



1.6.2 MSCs as an immunomodulatory therapy for T1D

MSC modulation of immune responses in vivo remains under intense investigation in 

autoimmune disease states such as Graft-vs-host disease and Crohn’s disease following 

allogeneic bone marrow transplantation263, 264. Within the context of T1D, MSCs have been 

assessed for use as an immunomodulatory therapy in small animal models of diabetes such as

NOD mice265-268 and STZ-induced diabetic animals269-273, where improvements in the 

glycaemic control of treated animals have been observed. Through these early studies, MSC 

interventions demonstrated improved T1D outcomes through two mechanisms; (i) MSC

migration to areas of pancreatic injury and modification of the islet microenvironment to 

promote the survival and regeneration of surviving -cells and; (ii) abrogating inherent 

-cells274-276. In addition, MSCs can be co-transplanted with pancreatic 

islets, thereby protecting the islets from allogeneic immune responses277, 278. The success of 

MSC immunotherapy in pre-clinical animal models of diabetes are summarised in Table 1.7.

1.6.2.1 Promotion of the survival and regenerat -cells

-cells possess the capacity to self-

duplicate and regenerate279, 280. Due to the fact that MSCs are capable of modifying the tissue 

microenvironment, MSC infusions can -

cells, -cell mass and restoration of normoglycaemia281-284. In fact, a 

number of studies have demonstrated this phenomenon following intravenous injection of 

MSCs to diabetic mice, resulting in increased insulin levels and reduced hyperglycaemia269, 

285, 286. Similarly, a single treatment of UC-MSCs in humans provided lasting reversal of 

-cells and improvement glycaemic 

control287-290. However, the success of such interventions is closely related to the time of 

diagnosis. In many cases, people with long-standing T1D would possess very little to no 



-cells, and consequently would unlikely be capable of regenerating sufficient 

quantities of de novo -cells to ameliorate their hyperglycaemia.

1.6.2.2 Modulation of autoimmunity

As previously mentioned, MSCs possess wide-ranging modulatory effects on immune cells, 

and therefore their use in abrogating autoimmune diseases has been well documented. The 

autoimmune nature of T1D unsurprisingly ignited interest in the use of MSCs as a potential

cell therapy. A number of pre-clinical diabetic animal studies showed that transplantation of 

MSCs results in glycaemic restoration as a consequence of suppressed T cell proliferation 

and increased Treg cell presence within pancreatic islets265-268, 271-273. In a recently published 

clinical trial, MSCs injected through liver puncture successfully reduced the levels of islet-

cell antibodies, glutamic acid decarboxylase, and insulin antibodies of two patients in 12 

months, suggesting immune-modulated cell tolerance291.

1.6.2.3 Pancreatic islet and MSC co-transplantation

Alternatively, MSCs recruit and increase the numbers of immunosuppressive host cells 

during co-transplantation of islets to promote graft survival. Specifically, following human 

islet transplantation in an advanced humanised mouse model, human bone marrow-derived 

MSCs increased quantities of Tregs and caused immune tolerance of the transplanted islets292.

In fact, the co-transplantation of MSCs and pancreatic islets was able to achieve a state of 

normoglycaemia in diabetic rats likely via MSC trophic factor secretion which protected the 

transplanted islets293. In addition, MSCs in close contact with pancreatic islets began to 

express Pdx-1 (a fundamental transcriptio -cell development) and to differentiate 

into IPCs293. The protective effects of MSCs on transplanted islets has also been observed in 

a diabetic model of non-human primates that resulted in significantly enhanced islet 

engraftment and function associated with increased numbers of Tregs
294.



The collective results of these pre-clinical studies265-269, 271-273, 285, 286, 292-294 demonstrate the 

success of MSCs as an immunomodulatory cell therapy for the treatment of T1D. 

Nevertheless, solutions are required to overcome the challenges of the loss of 

immunosuppressive characteristics over time and the requirement for high cell doses. In 

addition, the fact that animal studies have shown that MSCs derived from diabetic sources 

were unable to suppress immune responses in people with diabetes raises concern over the 

utility of autologously sourced MSCs295, potentially limiting the isolation of MSCs to 

allogeneic sources. 



Intervention Outcomes Fresh/Frozen Reference

Mice received 100–150×106 UC-MNCs retro-
orbitally into the venous plexus.

Treated animals displayed significantly lowered blood glucose levels, reduction in insulitis and increased 
lifespan compared to untreated mice.

Fresh 260

Mice received 1×106 AD-MSCs by i.p. 
injection.

Treated animals displayed reversal of hyperglycaemia characterised by increased serum insulin, amylin, and 
glucagon-like peptide 1 levels. This improved outcome was associated with down-regulation of the CD4+ Th1-

based immune response and expansion of regulatory T cells (Tregs) in the pancreatic lymph nodes.
Fresh 261

Mice received 1x105 MSCs either i.p. or i.v. MSCs reduced the capacity of diabetogenic T cells to infiltrate pancreatic islets. This was not associated with the 
modification of diabetogenic T cell homing, but with preferential migration of MSCs to pancreatic lymph nodes.

Fresh 262

Mice received 1x106 GFP+ bone marrow cells 
by tail-vein injection.

Treated animals displayed reduced blood glucose levels, with the majority of transplanted cells localised to 
ductal and islet structures. Their presence was accompanied by a proliferation of recipient pancreatic cells that 

resulted in insulin production.
Fresh 264

Mice received 2.5x106 hMSCs injected 
through the chest wall into the left ventricle.

Treated animals displayed lowered blood glucose levels and increases in mouse insulin as a result of increased 
numbers of islets.

Fresh 265

Mice received 0.5x106 MSCs administered 
systemically.

Treated mice exhibited significant reductions in blood glucose levels, reaching nearly normoglycaemic values 1-
month post transplantation. An increase in morphologically normal pancreatic islets was observed. Fresh 267

Rats received 2–4×106 MSCs via tail vein 
injection.

Treated animals exhibited enhanced insulin secretion and sustained normoglycaemia. Islets from treated rats 
expressed high levels of Pdx-1 and these cells were also positive for insulin staining.

Fresh 268

Mice received a co-transplantation of primary 
hBMSCs and human islets at serial ratios 

under the kidney capsule.

Treated animals exhibited good blood glucose control and increased levels of serum insulin and C-peptide when 
islets were co-transplanted with hBMSCs. hBMSCs also increased the percentage of Tregs and prevented 

cytokine-induced loss-of-function of transplanted islets.
Fresh 287

Mice received 5×105 MSC injected i.v. once a 
week for 4 weeks.

Treated animals exhibited delayed onset of diabetes. BALB/c-MSC trafficked to the pancreatic lymph nodes of 
treated animals. Administration of BALB/c-MSC temporarily resulted in reversal of hyperglycaemia in 90% of 

treated animals.
Fresh 290

Table 1.7: Summary of the major MSC immunotherapy studies in pre-clinical animal models of T1D

Abbreviations: UC-MNCs – umbilical cord mononuclear cells, NOD - non-obese diabetic, T1D - type 1 diabetes, AD-MSC - adipose derived mesenchymal stem cells, CB-MSC – cord blood mesenchymal stem 

cells, MSC - mesenchymal stem cells, Tregs – regulatory T cells, CD – cluster of differentiation, STZ – streptozotocin,  GFP, green fluorescent protein, cGy – centigray, NOR – non-obese resistant,  BMSC – bone 

marrow mesenchymal stem cells, NSG – NOD/Scid gamma, hBMSC – human bone marrow mesenchymal stem cells, PBMCs - peripheral blood mononuclear cells



1.6.3 -cells

Ex vivo generation of IPCs is commonly performed via differentiation of precursor/stem cells 

using unique chemical regimens296-300. Alternatively, IPCs can be generated via viral-

mediated gene transfer resulting in the transdifferentiation of lineage-committed cells such as 

hepatocytes76-78, 133, 134, pituitary cells75, 111 and endocrine K cells131, 301. Currently, 

encapsulation of IPCs is necessary to prevent recurrent autoimmune destruction or 

allorejection302, 303. Although micro-encapsulation technology for the most part protects IPCs 

from CD4+ T cell-mediated destruction, these capsules are not impervious to cytokine-

induced apoptosis and require improvements to maintain the survival and function of the 

encapsulated cells304. MSCs are an attractive target for generating IPCs due to their reported

immune-modulatory properties. Potentially, IPCs generated from MSCs may retain some 

MSC-like qualities that could eliminate the need for encapsulation. Currently, there are two 

methods of generating IPCs from MSCs: chemically-induced and viral-mediated 

transdifferentiation.

1.6.3.1 Chemically-induced transdifferentiation

Deriving IPCs from stem cells has most commonly been performed by adapting in vitro

transdifferentiation protocols to yield high numbers of fully functional IPCs296, 297. IPCs can 

be obtained from MSCs via the use of high glucose culture medium298, 299 or nicotinamide-

enriched medium to induce transdifferentiation300. The resulting differentiated cells express 

insulin at both the mRNA and protein level, and ameliorate hyperglycaemia in STZ-rats300.

Similarly, it is possible to induce glucose-responsive IPC transdifferentiation from BMSCs in 

vitro using a three-step protocol resulting in high expression levels of Pdx-1, insulin and 

glucagon305. In addition, BMSCs isolated for expression of primitive stage-specific 

embryonic antigen-1 (SSEA-1) and a number of MSC markers such as CXC chemokine 



receptors, octamer-binding transcription factor-4 and SCA-1 were induced to differentiate 

into IPCs in defined transdifferentiation medium306. These SSEA-1+ cells were able to further 

differentiate into islet-like clusters that stained positive with dithizone staining and were 

capable of secreting insulin in a glucose-responsive manner. MSCs derived from adipose 

tissue307-309 and umbilical cord blood/Wharton’s jelly310-312 have been subjected to similar 

chemically-defined transdifferentiation protocols that also resulted in the successful 

generation of IPCs.

1.6.3.2 Viral-mediated transdifferentiation 

Gene therapy in the form of viral-mediated gene transfer has been investigated as a method to 

re-introduce normal copies of DNA into abnormal cells, or other cell types, as a means of 

treating genetic diseases for some time. Early concerns regarding the safety of viral vectors 

for gene therapy as a consequence of the results of the 1999 severe Scid trial121 led to modern 

engineering of viral vectors that do not replicate and efficiently transduce genes into target 

cells132. Ideally, -cell engineering would employ integrating viral vectors that provide 

sustained therapeutic gene expression over the life of the patient. To this end, viral-mediated 

-cells as they would be 

less likely to express identical autoantigens against which the primary autoimmune response 

was developed.

The ability to induce pancreatic transdifferentiation has been studied mostly in hepatocytes 

due to the fact that the liver and pancreas are derived from the same endodermal origin114.

Since transcription factors play a significant role in determining islet-cell fate during 

pancreatic embryogenesis, our laboratory and many others have investigated the direct 

transfer of -cell transcription factors and insulin as mediators of pancreatic 

transdifferentiation76-78, 93, 133, 134, 150, 204. We have shown that the lentiviral delivery of INS-



FUR via intervallic infusion in full flow occlusion is as successful as the direct transfer of -

cell transcription factors in mediating transdifferentiation and reversing diabetes77, 133, 134.

Due to the success of gene transfer in generating IPCs from a number of cell types, and the 

requirement for encapsulation to translate the basic research into the clinical setting, MSCs 

have become an attractive target for combinatorial gene and cell therapy. Consequently, a 

number of studies were performed investigating the ex vivo targeting of MSCs for viral-

mediated transdifferentiation into IPCs. A study by Karnieli et al, utilised retrovirus for the 

transduction of BMSCs with the key pancreatic transcription factor Pdx-1, resulting in 

glucose-responsive production of insulin94. Furthermore, when these cells were transplanted 

under the renal capsule of STZ-diabetic Scid mice, they were able to reduce glucose levels 

after five weeks for a period of 6-8 weeks, after which abnormal glucose tolerance was 

observed. In fact, Pdx-1 has been delivered to MSCs from a variety of tissue sources, 

including BMSC123, 192-195, UC-MSC196, and AD-MSC92, 197, 198 with varying success in the 

generating glucose-responsive IPCs. 

Insulin transfer to MSCs has been performed less often when compared to transcription factor 

transfer, most likely due to the fact that ex vivo transfer of insulin alone is insufficient to 

induce pancreatic transdifferentiation, and, most commonly results in constitutive insulin 

secretion. As mentioned previously, Xu et al,123 showed that BMSCs expressing the human 

insulin were able to restore normoglycaemia in STZ-diabetic mice. The results showed that 

BMSCs successfully expressed insulin and were able to maintain normoglycaemia for at least 

42 days. In addition, transduced BMSCs were able to evade autoimmune destruction that 

ordinarily targets pancreatic islet. Similarly, AAV and retroviral vectors have been utilised to 

transduce human BMSC with insulin under the control of the CMV promoter313, 314, however 

this resulted in cells that constitutively secreted insulin. Since the engineered BMSC did not 

express the GLUT2 and islet glucokinase genes, it is unlikely that they would be glucose-



responsive. This feature would only develop following transdifferentiation rather than forced 

insulin expression. As a result, induction of pancreatic transdifferentiation for the production 

of IPCs should be mediated via transfer of specific pancreatic transcription factors, either 

alone or in combination, and in addition to the expression of insulin. The success of MSC-

derived IPCs in pre-clinical animal models of diabetes is summarised in Table 1.8.



Intervention Outcomes Fresh/Frozen Reference

Chemical-differentiation
Human BMSCs formed spheroid islet-like clusters containing IPCs that expressed multiple pancreatic genes. The clusters 

released insulin in a glucose-dependent manner and ameliorated diabetes in STZ-treated nude mice.
Fresh 291

Chemical-differentiation
BMSCs transdifferentiated into IPCs that upon transplantation acquired islet-like architecture. The aggregates developed an 
endocrine gene expression profile and demonstrated expression of proinsulin and/or secretion of active insulin upon glucose 

challenge. Sub-capsular renal transplantation of these aggregates lowered circulating blood glucose levels.
Fresh 293

Chemical-differentiation
Differentiated BMSCs expressed multiple pancreatic genes and exhibited glucose-stimulated insulin release. Upon transplanted 

into STZ-induced diabetic mice they imparted reversal of hyperglycaemia and improved metabolic profiles in response to 
IPGTT.

Fresh 294

Chemical-differentiation
Pancreatic genes were expressed in the differentiated cells. C-peptide release was increased after glucose challenge in vitro, and 

upon transplantation of differentiated cells into diabetic rats, blood sugar levels decreased.
Fresh 305

Viral-mediated
hMSCs were successfully differentiated into IPCs. The IPCs expressed multiple islet-cell genes and released insulin/C-peptide in 

a weak glucose-regulated manner. Following transplantation into STZ-induced diabetic mice, normoglycaemia was obtained 
within 2 weeks and maintained for at least 42 days.

Fresh 189

Viral-mediated
Differentiated cells expressed of all four islet hormones. However, the cells lacked expression of NeuroD1. Significant insulin 

content and glucose-stimulated insulin release was demonstrated in vitro. Cell transplantation into STZ-diabetic immune-
deficient mice resulted in further differentiation, including induction of NeuroD1 and reduction of hyperglycaemia.

Fresh 190

Viral-mediated
BMSCs self-assembled to form functional pancreatic islet-like structures. Differentiated BMSCs also expressed islet genes and 
exhibited glucose-induced insulin secretion. Grafted animals were able to maintain their body weight and survive for relatively 

longer periods of time than hyperglycaemic sham-grafted controls.
Fresh 191

Viral-mediated
Differentiated AD-MSC expressed some islet genes. Transduced cells secreted increasing amounts of insulin in response to 

increasing concentrations of glucose and upon transplantation in STZ-diabetic rats resulted in lowered blood glucose and higher 
glucose tolerance.

Fresh 193

Viral-mediated
STZ-treated mice transplanted with transduced ASCs showed significantly decreased blood glucose levels and increased survival, 
compared to control mice. Expression of Pdx1 in ASCs did not induce the pancreatic phenotype in vitro. Upon transplantation the 

cells engrafted in the pancreas, wherein they expressed insulin and C-peptide.
Fresh 86

Viral-mediated
The body weight in diabetic mice that received GFP-mMSCs expressing the human insulin gene was increased by 6% within 6 

weeks after treatment.
Fresh 117

Intervention Outcomes
Table 1.8: Summary of the major MSC-derived IPCs in pre-clinical animal models of T1D

Abbreviations: BMSC – bone marrow mesenchymal stem cells, IPCs – insulin producing cells, STZ – streptozotocin, IPGTT – intraperitoneal glucose tolerance test, hMSCs – human mesenchymal stem cells, Pdx-1 –

pancreatic and duodenal homeobox 1, NeuroD1 – neuronal differentiation 1, AD-MSC – adipose derived mesenchymal stem cells, GFP – green fluorescent protein



1.6.4 Considerations for the use of MSCs in T1D clinical trials 

Due to the success of MSC infusions and MSC-derived IPCs in pre-clinical animal models of 

diabetes, a number of human clinical trials have been undertaken and are currently in 

progress (Table 1.9). In translating pre-clinical studies to the human clinical setting, many of 

those conducting clinical trials have failed to consider the scientific basis of MSC function 

that makes their use in the pre-clinical setting so successful. Maintenance of MSC function 

for successful clinical trials is highly linked to choice of donor, preliminary ex vivo cell 

culture conditions, cryopreservation and post-storage culture conditions; four caveats that 

have been overlooked and are a hallmark of the current clinical failure of MSCs for the 

treatment of T1D and other diseases315.

Many clinical trials utilising MSCs have been harvested from a single donor, culture 

expanded and cryopreserved prior to administration to a trial participant. Donor variability is 

a concern that requires careful assessment prior to harvesting MSCs for clinical trials, as 

phenotype, age and gender can affect MSC function and growth characteristics313, 314, 316.

Consequently, the choice of a suitable donor is critical, as MSCs with a dampened 

immunomodulatory profile are less likely to perform as well in vivo as MSCs with a robust 

immunomodulatory profile. As such, profiling of multiple donors for MSC 

immunomodulatory function should be included as a necessary control step prior to the 

commencement of a clinical trial. Compounding single donor harvesting is the fact that 

MSCs constitute a small proportion of the cellular fraction of the tissue from which they are 

sourced (BMSC, 0.001-0.02% and AD-MSC, 1-10%)317, 318. As a result, culture expansion is 

required to generate clinically sufficient quantities of MSCs for transplantation, a process that 

results in phenotypic changes such as a decrease in proliferative capacity and self-renewal. In 

addition, the off-the-shelf “one harvest, multiple therapies” concept fails in the clinic, mainly



due to the extensive ex vivo culture required, referenced in the Prochymal® study (Table 1.9).

The major contributing factor to the success vs failure in pre-clinical vs clinical trials of

MSCs is that pre-clinical studies utilise freshly harvested MSCs from either single or multiple 

animal donors followed by immediate transplantation into the animals to be treated. Minor 

cell expansions are acceptable; however ongoing expansion for upscaling of cell quantities 

ultimately detrimentally affects MSCs in the clinical setting.

Naturally, storage of cell therapies is a crucial process in conducting clinical trials. With trial 

participants required to travel long distances to receive treatment, the need to preserve stocks 

of therapeutic cells in the interim is imperative. Cryopreservation is the most popular form of 

cell preservation and in the clinical setting is a practical form of bio-banking. However, a

number of studies have shown that cryopreserved MSC have an impaired immunosuppressive 

profile in comparison to fresh MSCs, explaining the failure of many clinical trials utilising 

cryopreserved, culture expanded MSCs319-321. This feature is characterised by increases in 

expression of heat shock proteins, a lack of IFN-

immunosuppressive effect on T-cell populations. Interestingly, post-cryopreservation culture 

for 24 hours reverses these effects319. As such, successful clinical use of MSC for the 

treatment of T1D (and many other diseases) requires careful trial organisation, focusing on 

the appropriate and responsible use of MSCs. In future, regulation of critical processes such 

as donor choice, minimal post-harvest expansion, and post-freeze MSC culture could result in 

more successful clinical trials that fulfil the promise of pre-clinical studies and that of the 

exciting prospect of MSCs as a cellular therapy for T1D.



Trial Number Phase Intervention Outcomes Fresh/Frozen Status Reference

NCT01068951 N/A
Intravenous, autologous transplantation of 
MSCs (approximately 2x106 cells/kg body 

weight)

Patients in the control arm showed loss in both C-peptide peak 
values and C-peptide when calculated as area under the curve 

during the first year. In MSC-treated patient, these responses were 
preserved or even increased. No side effects of MSC treatment 

were observed

Fresh
Completed 

2014 276

NCT01374854 1/2

1×106/kg UC-MSCs are infused through the 
pancreatic artery along with BM-MNCs by 

interventional therapy and another same 
dose of UC-MSCs administered one week 

post-intervention

C-peptide increased 105.7% in 20 of 21 responders versus 7.7% 
decrease in control subjects. HbA1C decreased 12.6% in treated 

versus 1.2% increase in control subjects. Daily insulin
requirements decreased 29.2% in treated versus no change in 

control subjects.

Fresh
Completed 

2012 277

NCT00703599 1/2

I.v. administration of autologous activated 
stromal vascular fraction derived from 100-

120ml lipoaspirates following mini-
liposuction of abdominal adipose tissue

Not reported Frozen
Estimated 

completion 
of 2009

278

NCT01219465 1/2 Intravenous transfusion of UC-MSCs 
(2x107 cells/kg body weight)

No reported acute or chronic side effects in MSC-treated versus 
saline control. Both HbA1c and C-peptide in MSC-treated patients 

were significantly better than either pre-therapy values or saline 
control patients during the follow-up period

Fresh Completed 
2012

279

NCT01996228 
NCT01350219 1/2

Human UC-MSCs within the Stem Cell 
Educator device

A single treatment provided lasting reversal of autoimmunity that 
-cells and improvement of metabolic 

control in subjects with long-standing T1D
Fresh Recruiting 282-285

NCT02057211 2
Transfusion of autologous MSC versus 

sham MSC transfusion vs placebo control
N/A Fresh Recruiting N/A

NCT00646724 1/2 Co-transplantation of islet allograft and 
MSC autograft

Not reported Frozen
Estimated 

completion 
of 2012

N/A

NCT01143168 1 Multiple transplantation of BM-MNC + 
UC-MSCs

Not reported Frozen
Estimated 

completion 
of 2011

Cellonis 
Biotech Pty 

Ltd.

NCT01322789 1/2
Four consecutive intravenous infusions, one 

week apart followed by four consecutive 
infusions 1 month apart

Not reported Frozen
Estimated 

completion 
of 2015

N/A

T i l N b Ph I t ti O t
Table 1.9: Summary of the major ongoing and completed clinical trials utilising MSCs as a treatment for T1D



NCT01496339 1/2
1×106/kg MenSCs are infused through the 
pancreatic artery or intravenously once a 

week in four consecutive therapies
Not reported Frozen

Estimated 
completion 

of 2014

S-Evans 
Biosciences 

Pty Ltd.

NCT02644759 1/2

Purification of autologous, leukapheresis-
derived CD34+/CD133+ stem cells and 

transplantation into the pancreatic artery and 
capillaries via interventional radiology 
techniques. Halting immune attack on 

-cells through 
immunomodulation by incubation of 

patient's leukapheresis UC-MSCs for 3-6
hours, and return of the patient's own white 
blood cells back via intravenous injection

N/A Fresh
Ongoing, 

not 
recruiting

Stem Cells 
Arabia

NCT00690066 2
Intravenous infusion of ex vivo cultured adult 

human MSCs vs placebo intravenous 
infusion of excipients of PROCHYMAL®

Not reported Frozen
Completed 

2014

Osiris/ 
Mesoblast 

International 
Sarl

NCT01157403 2/3
Intravenous autologous transplantation of 

BMSC (approximately 2.5x106 cells/kg body 
weight)

Not reported Frozen
Estimated 

completion 
of 2014

N/A

Clinical trial data was acquired from www.clinicaltrails.gov using the search terms “Mesenchymal stem cells” and “Type 1 diabetes”. Abbreviations: MSC, mesenchymal stem cells; T1D, Type 1 diabetes; UC-MSC, 

umbilical cord mesenchymal stem cells; BM-MNC, bone marrow mononuclear cells; BMSC, bone marrow derived mesenchymal stem cells; MenSCs, menstrual blood mesenchymal stem cells, AD-MSC, adipose 

tissue derived mesenchymal stem cells; CD, cluster of differentiation



1.7 Thesis research project

There are two hurdles associated with the clinical development of the current gene therapy 

approach developed in our laboratory: (i) the use of cell lines that are tumour-derived and (ii) 

the direct delivery of the insulin gene to the liver, which involves invasive surgery. To

overcome these shortcomings, I used primary bone marrow-derived mesenchymal stem cells

as targets for ex vivo gene modification that were subsequently returned to a syngeneic host at 

the less invasive subcutaneous site.

Stromal cells were first isolated from the bone marrow of NOD mice, and BMSCs were 

enriched for using antibody-based fluorescence-assisted cytometric sorting (FACS). Enriched 

BMSCs were subsequently nucleofected to express the bioluminescent luciferase (Luc2) and 

CDUPRT genes to assess the persistence of a subcutaneous transplant of BMSCs in immune-

competent (NOD) and immune-deficient (NOD/Scid) animal models of diabetes. CDUPRT is 

a pro-drug converting enzyme, otherwise known as a suicide gene that is routinely used in the 

Martiniello-Wilks laboratory219, 322. In this study CDUPRT was utilised as a cell therapy 

experimental ‘off’ switch. CDUPRT converts the largely non-toxic pro-drug 5-fluorocytosine 

(5-FC) into the toxic metabolite 5-fluorouracil (5-FU) that causes BMSC death.

Bioluminescent BMSCs were later targeted for gene transfer with the lentiviral vectors 

encoding the INS-FUR, and murine NeuroD1 and Pdx1 genes for differentiation into IPCs.

Based on the previous success of this approach in H4IIE cells, it was expected that BMSCs

forced to express INS-FUR and NeuroD1 would transd -cells that 

-cell transcription factors and GSIS. Upon 

transplantation into the STZ-NOD/Scid diabetic mouse model, it was expected that the cells 

would reverse diabetes. Suicide gene therapy in the form of the CDUPRT gene was installed 



as a clinical fail-safe switch that enabled the non-invasive removal of the transplanted cells to 

correlate restoration of normoglycaemia to the cell transplantation, and also destroy the graft 

in the event of unexpected changes in the engrafted cells.

The aims of this project were:

1. To isolate a primitive population of mesenchymal stem cells from NOD mouse bone 

marrow.

2. Monitor the persistence of a syngeneic transplant of luciferase (Luc2)-expressing

BMSCs in an immune-competent and immune-deficient model of diabetes.

3. Investigate the capacity for INS-FUR, NeuroD1 and Pdx1 to induce 

transdifferentiation in mouse BMSCs.

4. Determine the efficacy and safety of INS-FUR gene modified BMSCs to reverse 

diabetes in STZ-diabetic NOD/Scid mice.



Chapter 2

General Methods



2.1 Culture and maintenance of parental and gene-

modified BMSCs

For all parental BMSC culture purposes, the culture medium (complete medium) was 

composed of -MEM (Lifetechnologies™), 1% 100x Penicillin-Streptomycin-Glutamine

(P/S/G) (Lifetechnologies™), 10ng/ml basic fibroblast growth factor (bFGF) and 20% Foetal 

Calf Serum (FCS) (Lifetechnologies™). Prior to cryopreservation, cells were sub-passaged in 

6-well plates (BD Biosciences Falcon®) in a 4-fold serial dilution. Sub-passaging of cells 

was carried out when one well of a 6-well plate had reached 85-90% confluency. The cells 

were then expanded to 10x 175cm2 flasks at early, mid and late passage for cryopreservation 

in 10% dimethyl sulfoxide (DMSO)/FCS.

For BMSCs nucleofected to express the Luc2 and CDUPRT genes, 200 g/ml of Hygromycin 

B (Lifetechnologies™, USA) was added to the complete media for cell selection and 

maintenance. Nucleofected BMSCs gene-modified with lentiviral vectors that were sorted for 

green fluorescent protein (GFP) or mCherry expression were also maintained in complete 

media + 200 g/ml of Hygromycin B. The cells were subsequently expanded to 10 x 175cm2

flasks for cryopreservation.

2.2 Cell proliferation assays

Cells were initially expanded in T75 flasks, and subsequently 2.5x103 cells/well in triplicate 

(technical) were seeded in 24-well plates (BD Biosciences Falcon®) and grown in complete 

media for a total of 15 days. On days 0, 3, 7, 11 and 15, cells were detached with 1x 

TrypLE™ Express Enzyme (Lifetechnologies™, USA) and assessed for viability by trypan 



blue exclusion using 0.4% Trypan Blue Solution (Lifetechnologies™, USA). Total cell and 

viable cell counts were recorded, and the data represented on growth curves as mean ±

standard deviation (SD).

2.3 Clonogenicity assays

Cells were resurrected in T75cm2 flasks and cultured for a period of 1 week. Following 

detachment, the cells were resuspended in culture medium to a concentration of 5x102 

cells/ml and 1ml of cells was added to 10cm2 tissue-culture treated plates (BD Biosciences 

Falcon®) containing 9ml of culture medium in triplicate (technical and biological) (n=3). The 

plates were then incubated at 37oC/5% CO2 for 10 days, after which the media was removed 

and the cells washed with 1x Phosphate Buffered Saline (PBS). The cells were then stained 

with 0.4% methylene blue/60% methanol for 1 hour, and de-stained in a series of three 

washes with tap water and left to dry overnight. The total number of colonies per plate was 

counted by eye, with a colony described as having a minimum diameter of ~1-2 mm and 

consisting of at least 50 cells. Images of clonogenicity assays were obtained using the Epson®

Perfection 4870 Photo scanner and Epson® Scan software.

2.4 Differentiation assays

2.4.1 Adipogenic differentiation

Cells were harvested at ~85-90% confluency and resuspended in cold culture medium to a 

concentration of 2.5x104 cells/ml. Adipogenesis assays were setup in 24-well plates (BD 

Biosciences Falcon®) as described in Figure 2.1. Briefly, 2.5x104 cells/ml of each cell 

population were seeded into a 24-well plate in triplicate (technical and biological) (n=3) and 



grown to 80-90% confluency. At this point, the media was removed and replenished with 

either control medium ( -MEM, 1% P/S/G and 2% FCS) or adipogenic differentiation 

medium ( -MEM, 1% P/S/G, 2% FCS, 1 M Dexamethasone, 0.5 M 3-Isobutyl-1-methyl-

xanthine, 100 M Indomethacin and 10 g/ml Insulin). The cells were incubated at 37oC/5% 

CO2 for 10 days, during which the media was changed every 3 days.

On day 10 of the assay, the media was removed from the plates and the cells washed with 1x 

PBS. The PBS was removed and the cells fixed in 500 l of 10% neutral buffered formalin 

(Sigma-Aldrich, Australia) for 30 min. The fixative agent was removed and the cells washed 

with 1x PBS. After carefully removing the PBS, the cells were stained with 1ml of 0.2% 

(w/v) Oil Red O (Fronine®) for 15 min. Following staining, the Oil Red O was removed and 

the cells washed twice with 1x PBS. The cells were then stored in 1x PBS + 0.2% sodium 

azide (Sigma-Aldrich™, Australia) at 4oC.

2.4.2 Osteogenic differentiation

Cells were harvested at ~85-90% confluency and resuspended in cold culture medium to a 

concentration of 1.25x104 cells/ml. Osteogenesis assays were setup in 24-well plates as 

described in Figure 2.1. Briefly, 1.25x104 cells/ml of each cell population were seeded into a

24-well plate in triplicate (technical and biological) (n=3) and grown to 90-100% confluency.

At this point, the media was removed and replenished with either control medium (DMEM 

(GIBCO®, Lifetechnologies™), 1% P/S/G and 1% FCS) or osteogenic differentiation 

medium (D-MEM, 1% P/S/G, 10% FCS, 0.1 M Dexamethasone, 0.2mM ascorbic acid (asc) 

-glycerophosphate). The cells were incubated at 37oC/5% CO2 for 35 days, 

during which the media was changed every 3 days.



On day 35 of the assay, the media was removed from the plates and the cells washed with 1x 

PBS. The PBS was removed and the cells fixed in 500 l of 10% neutral buffered formalin 

(Sigma Aldrich, Australia) for 30min. The fixative agent was removed and the cells washed 

with 1x PBS. After carefully removing the PBS, the cells were stained with 1ml of 2% (w/v) 

(pH 4.1) Alizarin Red S (Fronine®) for 45 min. Following staining, the Alizarin Red S was 

removed and the cells washed twice with 1x PBS. The cells were then stored in 1x PBS + 

0.2% sodium azide (Sigma-Aldrich™, Australia) at 4oC.

Figure 2.1: Schematic representation of adipogenesis and osteogenesis 

differentiation assay Stromal cells, BMSC and double positive cells were 

compared for their capacity to undergo adipogenic and osteogenic 

differentiation. The schematic illustrates the setup of individual plates that 

were biologically repeated three times (n=3). Control assays are denoted in 

blue and differentiation assays are denoted in red.



2.4.3 Chondrogenic differentiation

Stromal cells and BMSC (2 x 105) were centrifuged at 450g for 10 min in triplicate U-bottom 

wells of a 96 well plate. Chondrogenic medium contained high glucose, serum-free DMEM 

(Lifetechnologies™, USA), 500ng/mL bone morphogenic protein-2 (R&D Systems), 

10ng/mL transforming growth factor (R&D Systems), 10 M dexamethasone (Sigma), 

50 g/mL ascorbate-2-phosphate (Sigma), 40 g/mL proline (Sigma), 100 g/mL pyruvate 

(Sigma) and 50mg/mL ITS + Pre-mix (BD Biosciences). High-glucose, serum-free DMEM 

was used as control medium. Media were replaced every 3 to 4 days for 25 days.  Cells and 

micro-mass were embedded in agar, fixed in 10% formalin for 2 hours prior to paraffin 

embedding. Sections (5 m) were stained with 1% Toluidine blue (pH 2.0-2.5) to show 

cartilage formation (purple staining). 

2.4.4 Analysis of differentiation assays

Qualitative scoring of positively stained cells was performed according to the method 

described by Wang et al237. For adipogenic differentiation, the number of positively stained 

cells in ten high power fields (40x magnification) per well of a 24-well plate were counted 

and scored according to the number and intensity of stained vesicles within individual cells. 

For osteogenic differentiation, the number of positively stained cells in ten high power fields 

(40x magnification) per well of a 24-well plate were counted and scored according to staining 

intensity correlating to immature (brown) or mature (red) osteogenesis. The data was 

analysed using GraphPad Prism 7®. Values expressed as count per cm2 represented as mean ± 

SD. A two-way ANOVA with Bonferroni’s post-hoc tests was performed (p< 0.05). 



2.5 Bacterial preparation of plasmids

2.5.1 Bacterial transformation

2.5.1.1 Mammalian expression plasmids

Purified plasmid DNA or ligation material (10-100ng) was added to 25ul of One Shot®

TOP10 Chemically competent E. coli (Lifetechnologies™) and incubated on ice for 30 min. 

The E. coli were heat-shocked at 42oC for 45 sec, and immediately transferred to ice for 2

min. S.O.C medium (Lifetechnologies™, USA) (250 l) was added to the transformation 

reactions, the bacterial suspensions transferred to 15ml falcon tubes and incubated at 37oC

with shaking at 225rpm for 1 hour. Two volumes (50 l and 100 l) of the bacterial cultures 

were then spread on selective Luria Broth (LB) agar plates (10g/L Tryptone, 5g/L Yeast 

extract, 5g/L NaCl) containing Hygromycin B (100 g/ml) and incubated overnight at 37oC.

2.5.1.2 Lentiviral expression plasmids

Purified plasmid DNA or ligation material (10-100ng) was added to 25ul of One Shot® Stbl3 

TOP10 Chemically competent E. coli (Lifetechnologies™) and incubated on ice for 30 min. 

The E. coli were heat-shocked at 42oC for 30 sec, and immediately transferred to ice for 2 

min. S.O.C medium (Lifetechnologies™, USA) (250 l) was added to the transformation 

reactions, the bacterial suspensions transferred to 15ml falcon tubes and incubated at 37oC

with shaking at 225rpm for 1 hour. Two volumes (50 l and 100 l) of the bacterial cultures 

were then spread on selective LB agar plates (10g/L Tryptone, 5g/L Yeast extract, 5g/L 

NaCl) containing Ampicillin (100 g/ml) and incubated overnight at 37oC.



2.5.2 Generation of plasmid clones

Five to ten single colonies were selected from selective LB agar plates containing and 

restreaked onto new selective LB agar plates and incubated overnight at 37oC to confirm true 

antibiotic resistance due to successful transformation. A single colony from each restreaked, 

clonal plate was inoculated in a 15ml falcon tube containing 3-5ml S.O.C medium 

(Lifetechnologies™, USA) supplemented with the appropriate antibiotic and incubated for 16 

hours at 37oC/225rpm.

2.5.3 Plasmid glycerol stocks

One 15ml falcon tube of each transformant culture was centrifuged at 12,000g for 5 min, and 

the pellet resuspended in 1ml of 1:1 1x M9 minimal salts (Lifetechnologies™)/50% Glycerol. 

The resuspended cells were then transferred to new cryovials and stored at -80oC.

2.5.4 Plasmid preparation (Miniprep)

Plasmid DNA was isolated from the bacterial pellets using the PureLink® Quick Plasmid 

Miniprep Kit (Lifetechnologies™) according to the manufacturer’s instructions. Briefly, 

cultures of plasmid transformants were centrifuged at 12,000g for 5 min and resuspended in 

250 l of Resuspension Buffer (R3) containing RNase A (20mg/ml). An equal volume of 

Lysis Buffer (L7) was added, and the mixture inverted gently and incubated for 5 min at 

room temperature. Precipitation Buffer (N4) (350 l) was added and the tube mixed 

immediately until the mixture became clear. The lysate was centrifuged at 12,000g for 10 min 

and the supernatant loaded onto a spin column in a 2ml wash tube. The supernatant was 

centrifuged through the column at 12,000g for 1 min, and the flow-through discarded. Wash 

Buffer (W10) (500 l) with ethanol was added to the column, incubated for 1 min at room 



temperature and centrifuged at 12,000g for 1 min. The flow-through was discarded, 700 l of 

Wash Buffer (W9) with ethanol was added to the column and the column centrifuged twice at 

12,000g for 1 min. Following the final centrifugation, the column was transferred to a 1.5ml 

collection tube and 20 l of Nuclease-free water (Lifetechnologies™) was added directly to the 

column and incubated for 1min at room temperature. The column was then centrifuged at 

12,000g for 2 min, and the recovered purified plasmid DNA was stored at -20oC for long-

term storage, or used immediately in subsequent experiments.

All plasmid DNA preparations were assessed for purity on a 1% (w/v) agarose gel, run at 

90V in 1x Tris/Borate/EDTA (TBE) buffer for 90 min. Plasmid quality and concentration 

was assessed using the NanoDrop™ 2000 spectrophotometer (Thermofisher Scientific™). 

Following the confirmatory diagnostic digest of the generated plasmids, plasmids identified 

as positive for the incorporation of the genes of interest were prepared for either 

nucleofection or transduction using the PureLink® Quick Plasmid Midiprep/Megaprep Kit 

(Invitrogen, Lifetechnologies™) according to the manufacturer’s instructions.



2.6 Gene expression profiling

2.6.1 RNA extraction

RNA extraction was performed from 1 x T175 flask of the respective cell populations with

TRIzol® Reagent (Life Technologies™) according to the manufacturer’s instructions with 

slight modifications. Briefly, the cells were detached with 1x TrypLE™ Express Enzyme and 

centrifuged at 1,000g for 5 min to obtain a pellet. TRIzol® Reagent (1ml) was added to the 

cell pellet and homogenised by pipetting, followed by incubation at room temperature for 5 

min. Chloroform (Sigma-Aldrich, Australia) (0.2ml) per 1ml of TRIzol® Reagent was added 

to the homogenate, then mixed by rapid shaking for 15 sec and incubated at room 

temperature for 3 min. The TRIzol® Reagent:Chloroform homogenate was subsequently 

centrifuged at 12,000g for 15 min at 4oC to separate the aqueous, inner and organic phases. 

Following phase separation, the aqueous phase was removed and transferred to a new 

microcentrifuge tube to which one volume of 100% Isopropanol (Sigma-Aldrich, Australia) 

was added. The aqueous phase:isopropanol mixture was inverted and incubated for 10 min at 

room temperature to precipitate the RNA, followed by centrifugation at 12,000g for 10 min at 

4oC to obtain an RNA pellet. The RNA pellet was washed twice with 70% Ethanol (Sigma-

Aldrich™, Australia) by centrifugation at 7,500g for 5 min at 4oC, and resuspended in 20 l of 

Nuclease-free water for storage at -80oC or for immediate use in DNaseI treatment in 

preparation for cDNA synthesis.

The purified RNA was assessed for quality on a 1% (w/v) agarose gel, run at 90V in 1x TBE

buffer for 90 min. RNA purity and concentration was assessed using the NanoDrop™ 2000

spectrophotometer.



2.6.2 DNase I treatment of RNA

To remove potential genomic DNA contamination carried over through RNA extraction, 

DNase I treatment of RNA samples was performed using DNaseI, Amplification Grade 

(Invitrogen™, Thermofisher Scientific) according to the manufacturer’s instructions. Briefly, 

RNA was DNase I treated as detailed in Table 2.1.

The reactions were incubated for 15 min at room temperature. To stop the reaction and 

inactivate the DNase I, 1 l of 25mM, pH 8.0 ethylenediaminetetraacetic acid (EDTA) was 

added and the reactions incubated for 10 min at 65oC. The DNase I treated RNA was 

subsequently stored at -80oC or used immediately in cDNA synthesis.

2.6.3 cDNA synthesis

Prior to gene expression profiling of target genes via reverse transcriptase polymerase chain 

reaction (RT-PCR), reverse transcription of the total RNA population was performed using 

SuperScript® III First-Strand Synthesis SuperMix (Invitrogen™, Thermofisher Scientific) 

according to the manufacturer’s instructions. Briefly, DNase I treated RNA was utilised as 

Component Volume ( l)

RNA (1 g) x l

DNase I Reaction Buffer (10x) 1 l

DNase I, Amp Grade (1U/ l) 1 l

dH2O x l to 10 l

Table 2.1: Components of DNase I treated RNA 
reactions



template for cDNA synthesis in simultaneous enzyme (RT-positive) vs no-enzyme (RT-

negative) reactions. cDNA synthesis reactions were setup as detailed in Table 2.2.

The reactions were incubated as follows using a Mastercycler® (Eppendorf™, Germany):

1. 25oC for 10 min

2. 50oC for 50 min

3. 85oC for 5 min

The generated cDNA was stored at -20oC or used immediately in PCR.

Component RT-positive RT-negative

DNase I treated RNA (500ng) x l x l

Random hexamers (50ng/ l) 1 l 1 l

Annealing buffer 1 l 1 l

dH2O x l to 8 l x l to 8 l

Incubate for 5 min at 65oC

2x First-Strand Reaction Mix 10 l 10 l

SuperScript™ III/RNaseOUT™ Enzyme Mix 2 l -

dH2O - 2 l

Table 2.2: Components of cDNA synthesis reactions



2.6.4 PCR amplification of target genes

The detection of gene targets from the cDNA of various cell samples was performed using 

PCR Mastermix (Promega®) according to the manufacturer’s instructions. Briefly, individual 

PCR reactions were setup as detailed in Table 2.3.

The reactions were run on a Mastercycler® with the following conditions:

1. Initial denaturation: 94oC for 2 min

2. Denaturation: 94oC for 30 sec

3. Annealing: temp specific to primer set for 30 sec

4. Extension: 74oC for 1 min

5. Final extension: 74oC for 5 min

In addition to the RT-positive, a PCR negative (dH2O only) and RT-negative PCR were set 

up as controls.

Component Final Concentration Volu

2x PCR Mastermix (Promega®) 1x 12.5

Forward Primer (10 M) 1

Reverse Primer (10 M) 1

cDNA (25ng/ l) - 1

RNase-Free Water - 9.5

Table 2.3: Components of PCR mastermix

Cycle number (30-40 depending on 
gene target)



2.6.5 Assessment of PCR products

Prior to running the PCR products on an agarose gel, all electrophoresis apparatus was 

cleaned with RNeazy® (Invitrogen™, Thermofisher Scientific) to remove any contaminating 

RNases. PCR products (10 ) were prepared for gel electrophoresis by addition of 

loading dye, Blue (6x) (NEB®, USA) and run on a 1% (w/v) agarose gel stained with 0.5% 

(v/v) GelRed™ (Biotium®) in 1x TBE buffer at 90V for 90 min. Quick-load® 100bbp DNA 

ladder and Quick-load® 1kb DNA ladder (NEB®, USA) were used as the standards. Gel 

images were obtained on the InGenius3 (Syngene®) UV transilluminator and analysed using 

the GeneSys image acquisition software (Syngene®).

2.7 Bioluminescence imaging 

BLI was performed using an IVIS Lumina II Imaging System (Perkin Elmer/Thermofisher 

Scientific). The system consists of a highly sensitive charge-coupled device (CCD) cooled 

camera (-90ºC) mounted inside a light-tight imaging chamber (Figure 2.2). The CCD chip is 

2.7cm2 consisting of 2,048 x 2,048 pixels at 13.5

a minimum radiance of 100 photons/second/cm2/steridian (p/s/cm2/sr) and can achieve a 

minimal image pixel resolution of 50 -dimensional image for 

analysis. The grey scale photographic images and bioluminescence colour images were 

superimposed using the Living Image version 3.1 software overlay (Thermofisher Scientific). 

For quantification, a region of interest (ROI) was manually selected and kept constant 

between cell culture or mouse images. The area of ROI was kept constant and the BLI 

intensity was presented as the mean Average Radiance ± SEM (p/s/cm2/sr) as recommended 

in the Living Image version 3.1 software manual.



2.8 Analytical assessment of insulin concentration

The concentration of human insulin in harvested cell supernatants was analysed using the 

ARCHITECT™ i4000SR Immunoassay Analyser (Abbott Diagnostics©). Briefly, samples 

were thawed at room temperature, vortexed and 200 l of each sample transferred to an assay 

tube. The samples were subsequently loaded on the ARCHITECT™ i4000SR Immunoassay 

Analyser pre-calibrated with the ARCHITECT™ Insulin Reagent Kit (8K41). Once loaded, 

samples, anti-insulin coated paramagnetic microparticles, and anti-insulin acridinium-labelled 

conjugate were combined. Insulin present in the sample bound to anti-insulin coated 

microparticles and anti-insulin acridinium-labelled conjugate. The sample was subsequently 

washed, incubated with pre-trigger and trigger solutions, and the resulting chemiluminescent 

reaction was measured as relative light units (RLUs). A direct relationship exists between the 

Figure 2.2: Bioluminescence signal detection (Adapted from Living Imaging Software, User’s 

Manual, Version 4.2, Caliper Life Sciences).



amount of insulin in the samples and the RLUs detected by the ARCHITECT™ Optical 

system, with resulting concentrations expressed as U/ml converted to pmol/L. The 

analytical sensitivity of the assay is <1.0 U/ml.

2.9 Statistical Analyses

All statistical analysis was performed using GraphPad Prism 7®. Values are represented as 

mean ± SD or SEM. One-way or two-way ANOVA with Tukey’s and Bonferroni’s post-hoc 

tests respectively were performed (p< 0.05).



Chapter 3

Isolation and characterisation of 

murine bone marrow derived 

mesenchymal stem cells from NOD 

mice



Introduction

MSCs reside within a number of adult tissues and organs including the placenta235, cord 

blood236, umbilical cord Wharton’s jelly237, lung238 and adipose tissue233, however they are 

predominantly isolated from the bone marrow233, 234. A number of techniques commonly used 

to isolate and enrich for MSCs include antibody-based cell sorting323, low and high-density 

culture324, positive and negative selection325, frequent media changes326 and enzymatic 

digestion327. For the purposes of this research, antibody-based positive and negative selection 

cell sorting was used to enrich for a primitive population of MSCs from the stromal fraction 

of NOD bone marrow. Two cell surface markers CD45 (also known as leukocyte common 

antigen or protein tyrosine phosphatase, receptor type C) and Ly6 (also known as stem cell 

antigen 1) were used to identify MSCs as CD45-/Ly6+ with respect to cell surface marker 

expression. 

As mentioned in Section 1.6, the current definition of MSCs by the International Society for 

Cellular Therapies characterises MSCs as (i) plastic adherent under standard culture 

conditions; (ii) fibroblast-like in morphology; (iii) possess multi-lineage differentiation 

potential; (iv) lack expression of haematopoietic markers CD11b, CD14, CD34, CD19 or 

CD79a, CD45, HLA-DR and the vascular marker CD31227-231; and (v) express CD13, CD44, 

CD54, CD73, CD90, CD105, CD146, CD166, CD200, Sca-1 and Stro-1227, 229-232. To confirm 

the identity of the sorted BMSC population, functional assays such as clonogenicity and 

multi-lineage differentiation assays were performed. In addition, native BMSCs should not 

intrinsically express pancreatic genes, therefore gene expression profiling of BMSCs was 

performed to characterise native BMCSs with respect to pancreatic gene expression.



Specific Aims

Identify and enrich a unique population of BMSCs from NOD mice via FACS 

analysis and sorting.

Confirm the identity of NOD BMSCs through via clonogenicity and multi-lineage 

differentiation functional assays.

Characterise the pancreatic gene expression profile of native NOD BMSCs via RT-

PCR.



3.2 Specific methods

3.1.1 Sourcing of animals

Twenty female NOD mice at six weeks of age (19-23g) were sourced from the Animal 

Resources Centre (WA, Australia). They were housed within the Ernst Facility at UTS in a

polycarbonate green line individually ventilated cage (IVC) system, with corncob bedding, 

irradiated rat and mouse feed (Gordon’s Specialty Stock Feeds) and unlimited reverse 

osmosis (RO) water. All bedding and housing equipment was autoclaved prior to use. The 

temperature and humidity of the animal rooms was maintained within 22-24oC and 40-60% 

respectively. A maximum of four animals were housed per cage and monitored daily by the 

Ernst Facility technicians until they were required for experimental work, after which animals 

were monitored daily by the researcher and Ernst Facility technicians. 

All animal work was approved by the UTS Animal Care and Ethics Committee (ACEC 2011-

447A; ACEC 2009-244A) and complied with the Australian code for the care and use of 

animals for scientific purposes328.

3.1.2 Surgical isolation of mesenchymal stromal cells 

This methodology was developed by Dr Martiniello-Wilks. Twenty female NOD mice were 

checked daily for eight weeks prior to euthanasia at fourteen weeks of age. Mice were 

euthanised within a CO2 chamber, followed by a cervical dislocation to confirm death and 

ensure no post-death sensation. The mice were subsequently submerged in 80% ethanol to 

ensure sterility and transferred to a biosafety hood for further manipulation.



A circumferential incision was made in the skin below the ankles of the hind legs using a 

surgical scalpel, and a subsequent perpendicular cut ~1cm in length was made proximal to 

the initial incision on the lateral side of the tibia using surgical scissors. The skin was then 

pulled back the length of the entire limb to the hip and removed, revealing the muscle belly 

beneath. The hind limbs were washed with 80% ethanol to remove any fur, and subsequently 

removed from the animals. Muscle tissue was excised from the femurs, and the femurs 

detached from the entirety of the limb. Epiphyses were cut from the proximal and distal joints 

of the femurs and retained in 1x PBS for downstream culture of mesenchymal stromal cells.

Using a 23 Gauge PrecisionGlide™ needle (BD Medical®) and 1x PBS, bone marrow was 

flushed from the femurs into a 50ml falcon tube and centrifuged at 1200g for 5 min. The cell 

pellet was then resuspended in 10ml -MEM, 1% P/S/G and 20%) 

transferred to a 75cm2 culture flask (BD Biosciences Falcon®) containing epiphyses and 

incubated at 37oC/5% CO2 for an initial period of six weeks. Plastic adherent stromal cells 

were then subcultured and expanded for two passages (with epiphyses) prior to flow-assisted

cytometric sorting (FACS) of unique stem cell populations.

3.1.3 FACS sorting a unique population of MSCs

This methodology was developed by Dr Martiniello-Wilks. Plastic adherent stromal cells

(passage 2) were washed with Hank’s Balanced Salt Solution (HBSS) (Lifetechnologies™,

USA) and incubated with 1x TrypLE™ at 37oC/5% CO2 for 10 min to detach the cells from 

the flasks. One volume of culture medium was added to the detached cells to inactivate the 

TrypLE™, and the cells subsequently centrifuged at 1200g for 5 min. The cell pellet was 

washed by resuspension in HBSS and centrifugation at 1200g for 5 min.



The stromal cells were resuspended in 1x PBS + 5% FCS to a concentration of 5x106

cells/ml, and 100 l of resuspended cells (5x105 cells/tube) aliquoted into four new 5mL 

Round Bottom Polystyrene Test Tubes with Cell Strainer Snap Caps (Corning™) on ice.

Staining of stromal cells with rat anti-mouse CD45 monoclonal antibody (mAb) conjugated

to allophycocyanin (APC) (0.2mg/ml) (BD Pharmingen™) and rat anti-mouse Ly6 (Sca-1)

mAb conjugated to phyoerythrin (PE) (0.2mg/ml) (BD Pharmingen™) was setup as per Table 

3.1. Briefly, cells were stained with each antibody individually for 30 min and washed with 

cold 1x PBS + 5% FCS. Following antibody staining, cells were resuspended in 100 l of 1x 

PBS + 5% FCS and sorted at the Advanced Cytometry Facility (Centenary Institute, Sydney,

Australia) on a BD FACSAria™ II using the voltage settings in Table 3.2. Flow cytometry 

data was analysed using BD FACSDiva™ software (Version 6.1.3). The stromal cells were 

sorted into two distinct populations based on the expression pattern of the selected markers: 

CD45-/Ly6+ (BMSC) and CD45+/Ly6+ (Double positive). Sorted cells were centrifuged at 

1200g for 5 min, resuspended in 5mls of culture medium ( -MEM + 20% FCS + 1% P/S/G) 

and transferred to a T25cm2 flask (BD Biosciences Falcon®) and incubated at 37oC/5% CO2.



Antibody Staining Volume of 
cells ( l)

Volume of CD45-APC 
conjugated antibody 

( l)

Volume of Ly6-PE 
conjugated 

antibody ( l)

[Final 
Antibody]

Unstained control 100 0 0 -

CD45-APC 
conjugated 100 2 0 4 g/ml

Ly6-PE conjugated 100 0 2 4 g/ml

CD45-APC/Ly6-PE 
conjugated 100 2 2 4 g/ml

Detector Voltage (V)

FSC 109

SSC 365

B576_D (PE) 335

R660_C (APC) 578

Vol me of CD45 APC
Table 3.1: Stromal cell antibody staining setup for FACS

D V l (V)

Table 3.2: Flow cytometry voltage 
settings for isolating BMSCs 



3.1.4 Culture and maintenance of sorted mesenchymal stromal cell 

populations

Sorted cells were centrifuged at 1200g for 5 min, resuspended in 5ml of culture medium -

MEM + 20% FCS + 1% P/S/G) and transferred to a T25cm2 flask and incubated at 37oC/5% 

CO2. Following cell attached, bFGF was added to the culture medium and subsequent cell 

culture was performed in the presence of bFGF as outlined in Section 2.1. The sorted BMSCs

and double positive cells were sub-passaged for 60 passages. Sorted cells were expanded and 

cryopreserved at early, mid and late passage. Mesenchymal stromal cells were treated 

similarly. For the purposes of this study, early, mid and late passages were defined as P3-15,

P15-30 and P30-60 respectively.

3.1.5 Cell proliferation assays

Early, mid and late passage cryopreserved single positive BMSCs, double positive cells and 

mesenchymal stromal cells were resurrected in T75cm2 flasks and cultured for a period of 1 

week. Cell proliferation assays were subsequently performed as outlined in Section 2.2.

3.1.6 Clonogenicity assays

Early, mid and late passage cryopreserved single positive BMSCs, double positive cells and 

mesenchymal stromal cells were resurrected in a T75cm2 flask and cultured for 1 week, after 

which clonogenicity assays were subsequently performed as outlined in Section 2.3.



3.1.7 Differentiation assays

3.1.7.1 Adipogenic differentiation

Early, mid and late passage cryopreserved single positive BMSCs, double positive cells and 

mesenchymal stromal cells were resurrected in a T75cm2 flask and expanded to 3x T175cm2

flasks within 2 weeks. Adipogenesis assays were subsequently performed as outlined in 

Section 2.4.1.

3.1.7.2 Osteogenic differentiation

Early, mid and late passage cryopreserved single positive BMSC, double positive cells and 

mesenchymal stromal cells were resurrected in a T75cm2 flask and expanded to 3x T175cm2

flasks within 2 weeks. Osteogenesis assays were subsequently performed as outlined in 

Section 2.4.2.

3.1.7.3 Chondrogenic differentiation

Mid passage cryopreserved single positive BMSC and mesenchymal stromal cells were 

resurrected in a T75cm2 flask and expanded to 3x T175cm2 flasks within 2 weeks.

Chondrogenesis assays were subsequently performed as outlined in Section 2.4.3.

3.1.8 Gene expression profiling of native BMSCs

Characterisation of the gene expression profile of native single positive BMSCs in 

comparison to mesenchymal stromal cells and double positive cells at early passage (P3-20) 

was performed as described in Section 2.6. A number of pancreatic genes and hormones were 

analysed including FoxA2, Pdx-1, NeuroD1, mouse insulin 1 (Ins1), mouse insulin 2 (Ins2), 

glucagon (Gcg), somatostatin (Sst), pancreatic polypeptide (Ppy), synaptophysin (Syp), 



Nkx6.1, pro-convertase 1/3 (Pcsk1), pro-convertase 2 (Pcsk2), glucose transporter 2 (Slc2a2), 

glucokinase (Gck) and -actin (Actb). The optimal PCR conditions for each primer set 

including forward and reverse primer sequences are outlined in Table 3.3. Mouse pancreas 

and mouse liver were utilised as positive and negative controls respectively.



Gene 
target Forward primer Reverse primer Annealing 

Temp (oC)
Cycle 

number
Product 
size (bp) Existing/Designed

Foxa2 GAGCAGCGGCCAGCGAGTTA CCCAGGCCGGCGTTCATGTT 61 40 131 Existing

Pdx1 CCTTCGGGCCTTAGCGTGTC CGCCTGCTGGTCCGTATTG 61 40 392 Existing

Neurod1 GCTCCAGGGTTATGAGATCG CTCTGCATTCATGGCTTCAA 53.7 40 204 Existing

Ins1 GACCAGCTATAATCAGAGACC AGTTGCAGTAGTTCTCCAGCTG 56.8 30 368 Designed

Ins2 GAGTCCCACCCCACCCAG TCCACTTCACGGCGGGACA 62 30 124 Existing

Gcg ATGAAGACCATTTACTTTGTGGCTG CGGCCTTTCACCAGCCACGC 60 35 380 Designed

Sst ATGCTGTCCTGCCGTCTCCA CTAACAGGATGTGAATGTCTTCCA 60 35 351 Designed

Ppy TACTGCTGCCTCTCCCTGTT CCAGGAAGTCCACCTGTGTT 61.2 35 268 Designed

Syp ACCTCGGTGGTGTTTGGCTTCC CCTGGAGGTGCGCGCATGAA 56.2 40 106 Existing

Nkx6.1 ATCTTCTGGCCCGGAGTGATG GGCTGCGTGCTTCTTTCTCCA 62 40 284 Existing

Pcsk1 GATGGCTACACAGACAGCAT GGATCAGCCAAATCCACCAG 52.9 40 406 Existing

Pcsk2 TCGCCAAGTTGCAGCCAGAAC CTTCGGCCACGTTCAAGTCTA 52.9 40 313 Existing

Slc2a2 GGATAAATTCGCCTGGATGA TTCCTTTGGTTTCTGGAACT 55 40 298 Existing

Gck TATGAAGACCGCCAATGTGA TTTCCGCCAATGATCTTTTC 55 40 244 Existing

Actb CCATCATGAAGTGTGACGTTG TACTCCTGCTTGCTGATCCA 61 30 243 Existing

Table 3.3: List of murine primers used for gene expression profiling



3.2 Results

3.2.1 FACS sorting and analysis

Stromal cells isolated from the femurs of NOD mice were cultured for two passages and 

subsequently stained with CD45-APC and Ly6-PE conjugated mAbs alone and in 

combination. FACS analysis histograms of unstained, single mAb and double mAb stained 

stromal cells were generated to illustrate the identification of unique stromal cell sub-

populations as characterised by their surface marker expression profiles. BMSCs identified 

by flow cytometry correspond to the CD45-/Ly6+ cell population (Figure 3.1D) (orange). 

Double positive cells are an uncharacterised hematopoietic stem cell population 

corresponding to the CD45+/Ly6+ cell population (Figure 3.1D) (red), and were sorted as a 

control population to highlight the enhanced properties of BMSCs by comparison. The raw 

cell acquisition data for the identification of BMSC and double positive cells is represented in 

Table 3.4. As can be seen in Table 3.4, the respective percentages of BMSC and double 

positive cells enriched via FACS were 33.2% and 17.3%. 

Immediately post-sorting, an aliquot of BMSC and double positive cells were tested for 

purity according to their surface marker expression profiles via FACS analysis (Figure 3.2). 

Raw data analysis of the purity check indicated that the sorted BMSCs and double positive 

cell sub-populations showed 72.5% and 40.5% purity respectively (Table 3.5). In addition, 

whilst sorted BMSC did not contain any contaminating double positive cells, purity analysis 

of the double positive cells showed a minor contamination (0.01%) with BMSCs.



Figure 3.1: Identification of NOD mouse bone marrow stromal cell subpopulations using 

immunofluorescence staining and flow cytometry Following culture for 2 passages, NOD mouse bone 

marrow stromal cells were stained with: nil antibody (Unstained; A), CD45 mAb conjugated to 

fluorochrome APC (CD45-APC; B), Ly6 MAb conjugated to fluorochrome PE (Ly6-PE; C), or both 

mAbs (CD45-APC/Ly6-PE; D).  Fluorescence dot plots of CD45-APC (y-axis) and Ly6-PE (x-axis) were 

used to identify the BMSC (CD45-/Ly6+; orange) and double positive (CD45+/Ly6+; red) cell 

subpopulations ready for cell sorting using the BD FACSAria™ II instrument.



Cell staining 
sample

All events
(%)

Viable cells
(%)

Singlets
(%)

APC events
(%)

PE events
(%)

CD45+/Ly6+

events (%)
CD45-/Ly6+

events (%)

Unstained
20,000 19,956 14,132

- - - -
100 99.8 70.7

CD45-APC
20,000 17,434 14,915 14,845

-
4

-
100 87.2 74.6 74.2 0.0

Ly6-PE
20,000 17,460 14,338

-
14,248 3 10,108

100 87.3 71.7 71.2 0.0 50.5

CD45-APC/Ly6-PE
10,000 9,092 7,753

- -
1,732 3,321

100 91.0 77.5 17.3 33.2

Table 3.4: Stained cell acquisition and analysis of NOD BMSCs and double positive cells

Stromal cells were divided into four groups for FACS analysis: Unstained, CD45-APC stained, Ly6-PE stained and CD45-APC/Ly6-PE 

stained. Two sub-populations of cells were sorted from stromal cells stained with both CD45-APC and Ly6-PE: BMSC (orange) and 

double positive cells (red). The final percentages of each sorted cell population were determined as a fraction of the total cell count.



Sorted sample
All events

(%)
Viable cells

(%)
Singlets

(%)
CD45+/Ly6+

events (%)
CD45-/Ly6+

events (%)

Double positive 
(CD45-APC+/Ly6-PE+)

679 336 326 275 4

100 49.5 48.0 40.5 0.01

BMSC               
(CD45-APC-/Ly6-PE+)

476 392 375
-

345

100 82.4 78.8 72.5

Table 3.5: Purity analysis of sorted BMSCs and double positive cells

Figure 3.2: Purity check of sorted NOD mouse bone marrow cell subpopulations Following cell 

sorting, BMSCs (CD45-APC-/Ly6-PE+) (A) and double positive (CD45-APC+/Ly6-PE+) cell (B) 

subpopulations were assessed for cell purity prior to their expansion in cell culture for BMSC functional 

assays.  Fluorescence dot plots of CD45-APC (y-axis) and Ly6-PE (x-axis) were used to identify the

BMSCs (CD45-/Ly6+; orange) and double positive (CD45+/Ly6+; red) cell subpopulations using the BD 

FACS Aria™ II instrument.

FACS sorted BMSCs (orange) and double positive cells (red) were further analysed for their purity with 

respect to CD45-APC and Ly6-PE marker expression. The final percentages for purity of each sorted cell 

population were determined as a fraction of the total cell count.



3.2.2 Cell morphology

Freshly flushed bone marrow cells were transferred to tissue-culture treated flasks in the 

presence of complete medium containing epiphyses (Section 3.1.4) and selected for plastic 

adherence over two passages in vitro. Bone marrow stromal cells are a heterogeneous 

population of cells including hematopoietic stem cells and precursors, endothelial cells, 

neuronal-like cells, fibroblasts and monocytes. The absence of basic fibroblast growth factor 

in the complete medium negatively selected for non-fibroblast like cells, whilst plastic 

adherence (a defining characteristic of MSCs) was utilised to enrich for plastic-adherent cells. 

Non-adherent cells were discarded with successive media changes and sub-passaging prior to 

the FACS enrichment of BMSC and double positive cell populations. 

To enrich for BMSCs, FACS sorting was performed on P2 adherent stromal cells to 

positively select for Ly6 and negatively select for CD45 expressing mesenchymal stem cells, 

also denoted as CD45-/Ly6+ BMSC. BMSCs displayed the characteristic fibroblast-like 

phenotype of mesenchymal stem cells (Figure 3.3), and maintained their fibroblast-like 

phenotype through successive sub-passaging. During early passage BMSC diameter varied 

(~50-150 m) and decreased with increasing passage (~20-70 m). In addition, during passage 

5-8, BMSCs entered a phase of senescence leading to a decrease in cell growth and ultimately 

increased cell death (data not shown). However, upon the addition of bFGF to the culture 

medium a proportion of BMSCs (~15-20%) that resisted senescence continued to proliferate 

up to 60 passages (maximum culture period). Senescent-resistant BMSCs maintained their 

fibroblast-like phenotype through early, mid and late passage. By comparison, double 

positive cells at early passage display a similar fibroblast-like morphology to BMSCs 

however possessed an increased cytoplasmic volume and diameter (~100-200 m). With 



increased passage the cells’ cytoplasmic volume remained constant and the length of 

peripheral extensions increased. 

Stromal cells, which did not undergo flow sorting, were maintained in culture under identical 

conditions as BMSCs and double positive cells. At early passage, the stromal cell population 

consisted of a heterogeneous population of cells with varying morphologies. Cells within the 

stromal cell population were observed to possess a greater cytoplasmic volume and diameter 

(~100-300 m) in comparison to their sorted counterparts. With increased sub-passaging, 

plastic adherent cells were enriched, in particular fibroblast-like cells. Eventually with further 

sub-passaging, two populations of cells were observed within the stromal cell fraction 

morphologically similar to BMSCs and double positive cells. 

The designated cell passage classifications were due to the fact that a pure population of 

BMSCs was obtained following an initial stromal cell culture period of 2 passages, after 

which the stromal cells were sorted into their respective populations. Upon return to culture, 

all sorted populations were P3. To obtain sufficient numbers of BMSCs for subsequent 

functional assays, BMSCs were required to be cultured through a period of senescence,

which occurred between P5-8 and resulted in high rates of cell death. The passage 

classifications were subsequently reflective of challenges encountered during early cell 

culture. 



Figure 3.3: Effect of passage on the morphological characteristics of BMSCs, double positive and stromal cells Unsorted stromal cells, and sorted BMSCs and 

double positive cells were cultured in vitro for up to 60 passages. Cells were imaged at early, mid and late passage (as defined in Section 2.1) on a Leica DM Microscope. 

Fibroblast-like BMSCs (a) and double positive cells (b) are indicated by arrowheads. Images were obtained at 10x magnification, 100 m scale.
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3.2.3 Cell proliferation

Cell proliferation assays were performed with early (P3-15), mid (P15-30) and late (P30-60) 

passage BMSCs, double positive, and stromal cells. Across all the cell populations an 

increase in the rate of proliferation was observed with increasing passage number. The 

growth curves for BMSCs, double positive and stromal cells displayed the characteristic 

features of sigmoidal mammalian cell growth with lag, log, stationary and death phases 

corresponding to Days 0-1, Day 1-7, Days 7-11 and Days 11-15 respectively. An inter-

population analysis of cell proliferation shows that at early, mid and late passage, BMSCs

demonstrate a significant increase in cell proliferation in comparison to double positive 

(p<0.001) and stromal cells (p<0.005) (Figure 3.4). In addition, there was a shift to the left in 

terms of log cell growth across all populations with increasing passage. An intra-population 

analysis of cell proliferation showed that there was a significant increase in BMSC 

proliferation at late and mid passage in comparison to early passage (p<0.005), a trend which 

was also observed in double positive (p<0.01) and stromal cells (p<0.005) (Figure 3.5). 
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Figure 3.4: Inter-population analysis of passage on cell proliferation Comparison of early (A), mid (B) and 

late (C) passage BMSCs, double positive and stromal cell proliferation. Cells were maintained in comp -

MEM for a period of 15 days, during which cell viability was assessed via Trypan Blue 0.4% exclusion on 

Days 0, 1, 3, 7, 11 and 15. Data is expressed as mean viable cells ± SD (n=3). A two-way ANOVA with 

Tukey’s post hoc was performed, *p<0.05.
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Figure 3.5: Intra-population analysis of passage on cell proliferation Comparison of BMSCs (A), 

double positive (B) and stromal cells (C) cell proliferation at early, mid and late passage. Cells were 

-MEM for a period of 15 days, during which cell viability was assessed via 

Trypan Blue 0.4% exclusion on Days 0, 1, 3, 7, 11 and 15. Data is expressed as mean viable cells ± SD 

(n=3). A two-way ANOVA with Tukey’s post hoc was performed, *p<0.05.



3.2.4 Clonogenicity assays

Clonogenicity assays were performed with early (P3-15), mid (P15-30) and late (P30-60) 

passage BMSCs, double positive and stromal cells as described in Section 2.3. Scanned 

images were obtained following methylene blue staining (Figure 3.6), and individual colonies 

were counted for a quantitative analysis of clonogenicity across all cell populations. With 

respect to methylene blue staining intensity, a qualitative visual comparison of BMSC (dark) 

and double positive (light) colonies illustrated a difference in staining intensity. At late 

passage, double positive stained colonies appeared to increase in staining intensity. This was 

likely a reflection of the minor contamination of the double positive cell population with 

BMSCs (0.01%) during the sorting process (Table 3.5). With ongoing culture BMSCs were 

enriched for, resulting in the increased frequency of dark staining colonies within the double 

positive population. In addition, stromal cells at early passage possessed a mix of BMSC 

(dark) and double positive (light) staining colonies. The number of intensely staining BMSC 

colonies increased with increasing passage, highlighting the enrichment of BMSCs simply 

through ongoing culture in defined media. 

Inter-population quantitative analysis of clonogenicity at early, mid and late passage showed 

that BMSCs possessed enhanced clonogenicity in comparison to double positive and stromal 

cells (Figure 3.7). BMSCs showed an enhanced propensity to form colonies in comparison to 

double positive cells at early passage (p<0.01), mid passage (p<0.005) and late passage 

(p<0.005). By comparison, stromal cells showed improved clonogenicity from early passage 

(p<0.001) to late passage (p<0.05), likely a reflection of the predominating BMSCs that are 

enriched for with ongoing culture. No significant difference was observed in clonogenicity 

between double positive and stromal cells at late passage, further emphasising the 

improvement in stromal cell clonogenicity with passage.



An intra-population quantitative analysis of clonogenicity showed a significantly enhanced 

propensity of BMSCs to form colonies at mid and late passage in comparison to early 

passage (p<0.01) (Figure 3.8). A similar observation was observed with stromal cells with 

increasing passage (p<0.001). However, no change was observed in the propensity of double 

positive cells to form colonies with increasing passage.

Figure 3.6: Comparative analysis of colony staining across cell populations 500 cells were seeded in 

10cm2 tissue-culture treated plates and incubated for 10 days, after which colonies were stained with 40% 

methylene blue/60% methanol. Images were obtained using the Epson® Perfection 4870 Photo Scanner.
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Figure 3.7: Inter-population quantitative analysis of clonogenicity 500 cells of BMSCs, 

double positive and stromal cells were seeded in 10cm2 tissue-culture treated plates at early 

(A), mid (B) and late (C) passage, and incubated for 10 days, after which colonies were 

stained with 40% methylene blue/60% methanol. Data is represented as mean ± SEM (n=3). 

A one-way ANOVA and Tukey’s post-hoc were performed, * p<0.05. 



Figure 3.8: Intra-population quantitative analysis of clonogenicity 500 cells of BMSCs 

(A), double positive (B) and stromal cells (C) at early, mid and late passage were seeded in 

10cm2 tissue-culture treated plates and incubated for 10 days, after which colonies were

stained with 40% methylene blue/60% methanol. Data is represented as mean ± SEM (n=3). 

A one-way ANOVA and Tukey’s post-hoc were performed, * p<0.05. 



3.2.5 Differentiation assays

3.2.5.1 Adipogenic differentiation

Adipogenic differentiation assays were performed with early (P3-15), mid (P15-30) and late 

(P30-60) passage BMSCs, double positive and stromal cells as detailed in Section 2.4.1. 

Images of each cell population under control and differentiation conditions were 

subsequently obtained at early (Figure 3.9), mid (Figure 3.10) and late passage (Figure 3.11) 

on a Leica DM microscope at 20x magnification. Qualitative assessment of adipogenic 

differentiation shows that at all passages, BMSCs were capable of differentiating into 

adipocytes as indicated by the extensive Oil Red O staining that correlates with lipid 

production. In addition, variations in Oil Red O staining intensity can also be observed within 

BMSCs that have differentiated, highlighting both immature and mature adipocyte 

differentiation. By comparison double positive cells did not undergo adipogenic 

differentiation, and stromal cells showed a diminished propensity to undergo adipogenic 

differentiation. Stromal cell adipogenesis was mainly comprised of immature adipocyte 

differentiation.

Quantitative analysis of adipogenic differentiation was assessed by scoring the degree of 

adipogenic differentiation with respect to the broad range of adipocytes (immature and 

mature) observed within a population. An inter-population comparison (Figure 3.12) showed 

that BMSCs display an enhanced propensity to undergo adipogenic differentiation in 

comparison to double positive and stromal cells across all passage ranges (p<0.001). In 

addition, stromal cells display a similar propensity to undergo adipogenic differentiation in 

comparison to double positive cells across all passage ranges (p<0.001). An intra-population 

comparison (Figure 3.13) showed that BMSCs display a diminished adipogenic 



differentiation potential with increasing passage (p<0.001). A similar trend was observed 

with stromal cells with increasing passage (p<0.001), albeit at a much lower mean cell count.

Figure 3.9: Inter-population schematic of adipogenesis at early passage 2.5x104 cells/ml of 

each cell population were seeded into a 24-well plate in triplicate and incubated in either adipogenic 

Control or Differentiation medium for 10 days. The cells were subsequently fixed with 10% 

formalin and stained with 0.2% (w/v) Oil Red O. Mature (a) and immature (b) adipocytes are 

indicated by arrowheads. Images were acquired on a Leica DM Microscope at 20x magnification, 

100 m scale.



Figure 3.10: Inter-population schematic of adipogenesis at mid passage 2.5x104 cells/ml of 

each cell population were seeded into a 24-well plate in triplicate and incubated in either 

adipogenic Control or Differentiation medium for 10 days. The cells were subsequently fixed with 

10% formalin and stained with 0.2% (w/v) Oil Red O. Mature (a) and immature (b) adipocytes are 

indicated by arrowheads.  Images were acquired on a Leica DM Microscope at 20x magnification, 

100 m scale.



Figure 3.11: Inter-population schematic of adipogenesis at late passage 2.5x104 cells/ml of 

each cell population were seeded into a 24-well plate in triplicate and incubated in either 

adipogenic Control or Differentiation medium for 10 days. The cells were subsequently fixed with 

10% formalin and stained with 0.2% (w/v) Oil Red O. Mature (a) and immature (b) adipocytes are 

indicated by arrowheads. Images were acquired on a Leica DM Microscope at 20x magnification, 

100 m scale.



Figure 3.12: Inter-population quantitative analysis of adipogenesis Quantitative data was 

obtained from BMSCs, double positive and stromal cells at early (A), mid (B) and late passage (C) 

under control and differentiation adipogenesis conditions. The data is represented as mean ± SEM 

(n=3). A two-way ANOVA and Tukey’s post-hoc were performed, * p<0.05. 



Figure 3.13: Intra-population quantitative analysis of adipogenesis Quantitative data was 

obtained from BMSC (A), double positive (B) and stromal cells (C) at early, mid and late passage 

under control and differentiation adipogenesis conditions. The data is represented as mean ± SEM 

(n=3). A two-way ANOVA and Tukey’s post-hoc were performed, * p<0.05.



3.2.5.2 Osteogenic differentiation

Osteogenic differentiation assays were performed with early (P3-15), mid (P15-30) and late 

(P30-60) passage BMSCs, double positive and stromal cells as detailed in Section 2.4.2. 

Images of each cell population under control and differentiation conditions were 

subsequently obtained at early (Figure 3.14), mid (Figure 3.15) and late passage (Figure 3.16) 

on a Leica DM microscope at 20x magnification. Qualitative assessment of osteogenic 

differentiation shows that at all passages, BMSCs were capable of differentiating into 

osteocytes as indicated by the extensive Alizarin Red S staining. By comparison double 

positive cells did not undergo osteogenic differentiation, and stromal cells show a diminished 

propensity to undergo osteogenic differentiation. This correlates with the trends observed 

with the adipogenic differentiation of each cell sub-population.

Quantitative analysis of osteogenic differentiation was assessed by scoring the degree of

osteogenic differentiation, which correlates with early matrix mineralisation (red) and 

calcification (brown) of the osteogenic lineage. An inter-population comparison (Figure 3.17) 

showed that BMSCs displayed an enhanced propensity to undergo osteogenic differentiation 

in comparison to double positive cell across all passage ranges (p<0.001). In comparison to 

stromal cells, BMSCs showed an enhanced propensity to undergo osteogenic differentiation

at early and mid-passage (p<0.001), which decreased at late passage (p<0.05). In addition, 

stromal cells displayed a similar propensity to undergo osteogenic differentiation in 

comparison to double positive cells across all passage ranges (p<0.001). An intra-population 

comparison (Figure 3.18) showed that BMSCs displayed a diminished osteogenic 

differentiation potential with increasing passage (p<0.001). This trend was also observed with 

stromal cells with increasing passage (p<0.001). Despite the negligible levels of osteogenic 



differentiation of double positive cells, a significant reduction in their potential for osteogenic 

differentiation was also observed with increasing passage (p<0.001).

Figure 3.14: Inter-population schematic of osteogenesis at early passage 1.25x104 cells/ml of 

each cell population were seeded into a 24-well plate in triplicate and incubated in either osteogenic

Control or Differentiation medium for 35 days. The cells were subsequently fixed with 10% 

formalin and stained with 2% (w/v) Alizarin Red S. Osteocytes are indicated by arrowheads. Images 

were acquired on a Leica DM Microscope at 20x magnification, 100 m scale.



Figure 3.15: Inter-population schematic of osteogenesis at mid passage 1.25x104 cells/ml of 

each cell population were seeded into a 24-well plate in triplicate and incubated in either 

osteogenic Control or Differentiation medium for 35 days. The cells were subsequently fixed with 

10% formalin and stained with 2% (w/v) Alizarin Red S. Osteocytes are indicated by arrowheads. 

Images were acquired on a Leica DM Microscope at 20x magnification, 100 m scale.



Figure 3.16: Inter-population schematic of osteogenesis at late passage 1.25x104 cells/ml of 

each cell population were seeded into a 24-well plate in triplicate and incubated in either 

osteogenic Control or Differentiation medium for 35 days. The cells were subsequently fixed with 

10% formalin and stained with 2% (w/v) Alizarin Red S. Osteocytes are indicated by arrowheads. 

Images were acquired on a Leica DM Microscope at 20x magnification, 100 m scale.



Figure 3.17: Inter-population quantitative analysis of osteogenesis Quantitative data was 

obtained from BMSC, double positive and stromal cells at early (A), mid (B) and late (C) passage 

under control and differentiation osteogenesis conditions. The data is represented as mean ± SEM 

(n=3). A two-way ANOVA and Tukey’s post-hoc were performed, * p<0.05.



Figure 3.18: Intra-population quantitative analysis of osteogenesis Quantitative data was 

obtained from BMSC (A), double positive (B) and stromal cells (C) at early, mid and late passage 

under control and differentiation osteogenesis conditions. The data is represented as mean ± SEM 

(n=3). A two-way ANOVA and Tukey’s post-hoc were performed, * p<0.05.



3.2.5.3 Chondrogenic differentiation

Chondrogenesis was assessed by exposing mid (P15-30) passage BMSC and stromal cells to 

chondrogenesis differentiation or control medium for 25 days as detailed in Section 2.4.3.

Following formalin fixation, paraffin embedding and slide mounting, cells were stained with 

Toluidine blue and assessed for cartilage formation (Figure 3.19). Mature mammalian 

cartilage showing purple staining, was included as a positive control for Toluidine blue (C). 

Stromal cells failed to form micro-masses and showed characteristics similar to BMSC 

exposed to control medium (data not shown).  BMSC exposed to control medium failed to 

form micro-masses and did not differentiate into mature cartilage (Ai and Bi).  In contrast, 

BMSC exposed to chondrogenesis medium developed into well-formed micro-masses of 3-4

mm in diameter (Aii) and underwent chondrogenesis shown with Toluidine blue staining 

(Bii). 



Figure 3.19: BMSC micro-mass chondrogenesis Mid-passage BMSC were centrifuged at 

450g for 10 min in U-bottom 96 well plates and exposed to control (i) or chondrogenesis 

differentiation (ii) medium for 25 days. BMSC were photographed using a digital dissecting 

microscope (A; Nikon, scale 1 mm) prior to fixation. Following paraffin embedding, 

sectioning (5uM) and staining with Toluidine blue, cartilage formation (purple staining) was 

assessed using inverted low power light microscopy (B; Nikon, scale 1 mm). Sections of 

mature mammalian cartilage were also stained with Toluidine blue and used as a positive 

control (C). These assays were performed by Dr Martiniello-Wilks. 



3.2.6 Gene expression profiling 

A number of pancreatic transcription factors, hormones and proteins were assessed via RT-

PCR for their intrinsic expression in BMSCs, double positive and stromal cell sub-

populations (Figure 3.20). There was a lack of expression of all assessed transcription factors, 

hormones and proteins in all cell-subpopulations (Lanes 2-4), albeit very low detection of 

Pcsk1 in double positive cells (Lane 3). By comparison, all genes that were assessed were 

detected in the mouse pancreas positive control (Lane 1). The genes that were detected in the 

negative control mouse liver (Lane 5) were FoxA2, Scl2a2 and Gck which was as expected.

Figure 3.20: RT-PCR gene expression profiling of native BMSCs, double positive and stromal cells

Pancreatic transcription factors, hormones and proteins were assessed via RT-PCR for their expression in 

the positive control mouse pancreas (Lane 1), BMSC (Lane 2), Double positive cells (Lane 3), Stromal 

cells (Lane 4) and the negative control mouse liver (Lane 5). RT-PCR products were run on a 1% (w/v) 

agarose gel at 90V for 90 min and visualised on the InGenius3 UV transilluminator.
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3.3 Discussion

The International Society for Cellular Therapy released a Position Statement in 2006 

describing the minimal criteria for defining human multi-potent mesenchymal stromal cells, 

otherwise known as MSCs229. In brief, three criteria were assigned to these cells showing a 

fibroblast-like morphology (a) plastic adherence; (b) expression of CD105 in the human or 

CD106 in the mouse, CD90, and CD73 and the lack expression of haematopoietic stem cell 

marker CD34, and leukocyte CD45, CD14, CD11b, CD79, CD19 and HLA-DR cell surface 

markers; (c) ability to differentiate into adipocytes (fat), osteoblasts (bone) and chondrocytes 

(cartilage) in vitro229.

In this study we isolated a sub-population of murine MSCs from the bone marrow of non-

obese diabetic (NOD) mice using a FACS sorting technique developed by Martiniello-Wilks.  

Martiniello-Wilks used FACS sorting to identify a subset of murine BMSC isolated from 

C57BL/6 and albino C57BL/6 mice that displayed potent proliferation, clonogenicity and tri-

lineage differentiation, when compared to the plastic adherent bone marrow stromal cell 

starting population (manuscript in preparation). Furthermore, these cells displayed a typical 

MSC phenotype of CD45- CD34-, CD31-, SCA-1 (Ly6)+, CD44+, CD90+, CD73+ and 

CD106+ (manuscript in preparation). Similarly NOD BMSC isolated in this study displayed 

potent proliferation, clonogenicity and tri-lineage differentiation, hallmark characteristics of 

mesenchymal stem cells, when compared to the plastic adherent bone marrow stromal cell 

starting population. These BMSC also maintained their clonogenicity and tri-lineage 

differentiation potential beyond 30 passages in vitro providing evidence of their ability to 

self-renew without a fundamental change in their native functional characteristics. This is an 

important consideration given the potential of adult stem cells to undergo transformation and 



the downstream devastating effects if this occurred during the development of a cell 

replacement therapy.  

MSC isolation from a variety of tissue sources has been attempted using a number of 

methodologies including antibody-based cell sorting323, low and high-density culture324,

positive and negative selection325, frequent media changes326 and enzymatic digestion327. Yet 

the success of each methodology in isolating true MSCs is limited by differences in isolated 

MSC function, molecular surface marker expression and genetic characterisation. To this day, 

and despite the growing interest in the utilisation of MSCs for regenerative medicine and the 

treatment of genetic/metabolic disorders; a single, effective, standardised method of isolating 

and enriching MSCs for clinical use has not been developed or agreed upon by the scientific 

community. As such, discrepancies in the reported characteristics and functions of MSCs are 

unsurprising.

3.3.1 Isolation and enrichment of BMSCs via FACS

This is the first study reporting BMSC isolation from the bone marrow of NOD mice, and 

enrichment using CD45-/Ly6+ FACS sorting for subsequent ex vivo expansion and gene 

modification. A variety of surface markers have previously been identified and utilised for 

the positive and negative selection of MSCs from murine bone marrow326, 329 (Table 3.6). By 

comparison to other similar studies326, 330, and using the surface markers previously 

mentioned, we report a reliable method of MSC enrichment with respect to percentage cell 

retrieval, cell morphology, cell proliferation, clonogenicity and tri-lineage differentiation into 

bone, fat and cartilage. 



Negative Moderate/Heterogeneous High

CD45, CD11b,
Ter-119,

CD31

CD73, CD51, CD61, CD71, 
CD80, CD95, CD120b, 
CD140a, MHC Class I

CD24, CD29, CD44, 
CD49e, CD81, CD106, 

Sca-1, CD105, PDGFR

Initially, flushed bone marrow (containing a heterogeneous population of bone marrow cells) 

was cultured for two passages during which the plastic adherent stromal cells were retained 

and the largely non-adherent, hematopoietic stem cells discarded. Plastic adherent cells were 

retained as plastic adherence is a defining characteristic of BMSCs. Plastic adherent stromal 

cells were subsequently utilised for FACS sorting of the CD45-/Ly6+ cell population 

corresponding to BMSCs, which constituted 33.2% of the initial adherent stromal cell 

population. FACS analysis identified that 71.2% of the stromal cell population were Ly6+ at 

passage two. By comparison, in a similar study where Ly6 was used as a positive selection 

marker for the enrichment of MSCs, increases in the frequency of Ly6 positive cells were 

observed with increasing passage, where >90% of the original stromal cell population were 

Ly6+ by passage 3330. Ly6+ cells were gated against CD45-/Ter-119- surface expression 

profiles, which are common markers used for the negative selection of murine MSCs. The 

differences in percentage retrieval of Ly6+ cells were likely a consequence of the difference 

in passage number, as it appears that surface marker expression evolves/changes rapidly with 

increasing passage. This suggests that at the time of sorting, post cell isolation is critical in 

obtaining MSCs of a particular surface expression profile, and that variations with regards to 

the timing of MSC enrichment are likely to ultimately lead to differences in enriched cell 

function. In addition, species-associated differences in MSC surface marker and gene 

expression profiles may also contribute to MSC fate and function331-333.

Table 3.6: Surface markers used for the identification of murine MSCs



3.3.2 Characterisation of BMSC morphology and function

A qualitative assessment of changes in MSCs post enrichment can be observed through 

changes in morphology observed in cell culture. It is widely accepted that MSCs possess a 

fibroblast-like morphology upon ex vivo culture in tissue culture treated dishes. The BMSCs 

enriched for in this study demonstrated a fibroblast-like morphology during all passages 

(early, mid and late). In fact, by comparison to stromal cells and double positive 

(CD45+/Ly6+) cells, BMSCs demonstrated a more stable morphology with increasing 

passage, with a reduction in cytoplasmic volume being the only discernible difference over 

time. Transient differences in BMSC morphology were observed with relation to high 

seeding densities and cell-to-cell contact, however these transient changes in morphology 

were reversible upon re-seeding at a lower density and by not allowing the cells to reach 

>90% confluency (data not shown). More importantly, the maintenance of the BMSCs’ 

fibroblast-like morphology throughout early, mid and late passage suggests that morphology 

did not contribute to changes in BMSC proliferation, clonogenicity and differentiation 

potential observed in mid and late-passage. This is in contrast to evidence in the literature, 

which suggests that MSCs undergo age-related morphological changes334-336. However, the 

maintenance of the fibroblast-like morphology of BMSCs in this study is likely due to the 

addition of bFGF to the culture media post FACS sorting, a unique feature not utilised by all 

who conduct MSC research. This highlights the impact of differences in ex vivo culture 

methods on variations in MSC characteristics that are commonly reported in the literature337, 

338.

A common understanding of ex vivo cultured MSCs is their decreasing proliferative capacity 

with increasing passage and eventual senescence339, 340. In this study, BMSCs reached a state 

of senescence and showed increased numbers of apoptotic cells between passages 5-8 (data 



not shown). However, the addition of bFGF to the culture media resulted in a number of cells 

resisting senescence and maintaining a fibroblast-like morphology with increasing passage. 

In addition, BMSCs that resisted senescence demonstrated increased proliferation rates with 

increasing passage. These results are supported by a study which showed that bFGF inhibits 

apoptosis and promotes proliferation of MSCs through a reduction in cellular oxidative 

stress341. The increase in bFGF-induced cell proliferation may also explain the increase in 

BMSC clonogenicity with increasing passage. However, improved cell proliferation and 

clonogenicity effects of bFGF were also observed with stromal and double positive cells 

suggesting that bFGF may be used to promote these characteristics in many fibroblast-like 

cell populations.

Of particular interest was the differentiation potential of culture expanded BMSCs. Despite 

demonstrating improved cell proliferation and clonogenicity (which is in contrast with the 

majority of the reported literature) the ability of BMSCs to undergo adipogenic and 

osteogenic differentiation decreased gradually with increasing passage. Although late stage 

BMSC (P30-60) in this study show less adipogenesis and osteogenesis than early passage 

cells, the fact that differentiation still occurs at these late passage numbers is remarkable.   

The majority of MSC literature reports an age-related loss of differentiation potential that 

occurs largely during early to mid-passage 342-344. Although the addition of bFGF among 

other factors have been assessed in overcoming senescence-associated loss of MSCs345-347

their use requires further investigation with respect to their impact on MSC differentiation 347.

This ultimately raises concerns over the identity of MSCs with extended culture and 

necessitates ongoing surveillance of stem-like properties amongst other defining 

characteristics. Standardised monitoring of MSC identity and function with extended culture 

is therefore paramount for the development of cell replacement therapies for the clinical 

setting. 



Considering that enriched BMSCs were to be utilised as targets for the subsequent 

differentiation into IPCs in this study, it was important to determine the native gene 

expression profile of the enriched BMSCs with respect to pancreatic gene expression. Due to 

the difference in tissue source and primordial -cells, it was expected 

that MSCs would not intrinsically express pancreatic genes which was confirmed by this 

study. However, it has been demonstrated that MSCs derived from pancreatic exocrine cell 

explants do express some pancreatic genes in a passage-dependent manner348, 349.

3.3.3 Requirement for a tissue-specific classification of MSCs

To date, the identification and characterisation of MSCs in vivo is yet to be determined, 

which consequently limits our ability to directly relate our understanding of ex vivo identified 

MSCs with in vivo MSCs. Yet, it has been shown that tissue-specific enriched MSCs have a 

propensity to perform specific and various functions in vivo350. Unsurprisingly, a consensus 

on broadly defining MSCs has not been accepted in the MSC research community due to 

these tissue-specific differences. Currently, the criteria proposed by the ISCT for the isolation 

and enrichment of MSCs is being applied in a broad sense, whereas the evidence suggests 

that phenotypically MSCs may vary depending on their tissue source and method of isolation 

amongst other factors. Experimental variability and poor clinical outcomes is therefore most 

likely related to the application of specific tissue-derived MSCs as treatment for diseases 

beyond their in vivo function. It appears reasonable to suggest that specific sub-categories of 

criteria should be utilised to characterise MSCs isolated from bone-marrow, adipose tissue, 

dental pulp, or any other adult tissue source.

Considering the encouraging assessment of NOD BMSCs at various passages in this study, 

and the fact that deriving sufficient quantities of primary cells for differentiation into IPCs is 



an ongoing challenge, culture expanded BMSCs were identified as suitable targets for 

differentiation into IPCs. The subsequent chapters assess the success of culture expanded 

BMSCs as targets for T1D gene therapy with respect to their ability to persist in immune-

competent and immune-deficient models of diabetes (Chapter 4) and their capacity to 

differentiate into functional IPCs that reverse diabetes upon transplantation (Chapter 5).     



Chapter 4

Monitoring the persistence of 

bioluminescent BMSC in immune-

competent and immune-deficient mice



Introduction

One of the challenges of T1D cell replacement therapy that has yet to be overcome is the 

requirement for encapsulation of the surrogate IPCs as a means of protecting against 

allogeneic or recurrent autoimmune responses. A viable, long-term cure for T1D requires 

ongoing graft function throughout the life-time of the patient. Despite encapsulation proving 

successful in interfering with the immunological aspect of cell transplantation; it has become 

clear that encapsulated islets or surrogate IPCs lose function over time. However, the proven 

in vitro immunomodulatory/immune-evasive capacity of MSCs presents the possibility of the 

development of a treatment for T1D without the need for encapsulation. 

Despite some success in pre-clinical models of T1D, the fate of intravenously administered 

native MSCs raises doubts over the potential for sustained effect. It has become apparent that 

the majority of intravenously administered MSCs become entrapped in the lungs351, 352, of 

which some escape and migrate to other organs such as the liver and spleen, or localise to 

areas of tissue damage. A study has shown however that 24 hours post-administration that 

MSCs are no longer viable351, which raises questions concerning the therapeutic window of 

MSCs; whether improved clinical outcomes are a consequence of MSCs that have escaped 

entrapment or if direct injection into the site of interest would further improve those 

outcomes. 

As a consequence of the conjecture, and considering the common alternative subcutaneous 

route of administration of surrogate IPCs in other animal models of diabetes, it was of 

particular interest to determine the survival of a subcutaneous graft of native BMSCs in both 

immune-competent and immune-deficient animal models of diabetes. To permit the 

visualisation of cell survival following transplantation, BMSCs were gene-modified to 



express the bioluminescent reporter Firefly luciferase (Luc2), and cell grafts monitored over 

time via in vivo bioluminescence imaging (BLI). The use of a bioluminescent reporter over 

traditional fluorescent reporters was due to the improved sensitivity, dynamic capability and 

the broad application of luciferase by comparison. Non-invasive BLI technology is an 

established and sensitive tool for assessing cell replacement therapy efficacy and treatment 

outcome in living preclinical small animal models. Furthermore, preclinical BLI results often 

serve as the decision point of a cell replacement therapy’s suitability (efficacy and safety) for 

clinical trial testing in humans. This study utilised an IVIS Lumina II imaging system (Perkin 

Elmer/Thermofisher Scientific).  

In addition, the in vivo transplantation of surrogate IPCs that successfully reverses 

hyperglycaemia is commonly confirmed via graft removal and as a consequence recurring

hyperglycaemia. To eliminate the need for invasive graft removal, BMSCs were also gene-

modified to express the suicide gene CDUPRT, which allowed for the non-invasive 

destruction of the suicide gene-expressing BMSCs following administration of the non-toxic 

prodrug 5-FC. As a result, BMSC-Luc2/CDUPRT cells that were used as targets for 

differentiation into surrogate IPCs could be eliminated in a safer and more efficient manner. 

Specific Aims

Generate mammalian expression vectors encoding the Luc2 and CDUPRT genes.

Gene-modify BMSCs to express Luc2 and CDUPRT via nucleofection.

To monitor the survival of a syngeneic transplant of BMSC-Luc2/CDUPRT in NOD 

and NOD/Scid mice via BLI.



4.1 Specific methods

4.1.1 Bacterial preparation of plasmids

The manipulation of genetic material and generation of genetically modified organisms was 

approved by the UTS Biosafety Committee (2001-19-R-GC; 2009-02-R-GC). The 

mammalian dual expression plasmid pVITRO2-hygro®-mcs (InvivoGen®, USA) (Figure 

4.1), a vector encoding the luciferase reporter gene Luc2 (Photinus pyralis) pGL4.20 

(Luc2/Puro) (Promega®) (Figure 4.2) and a vector encoding CDUPRT pORF5-Fcy::Fur 

(InvivoGen®) (Figure 4.3) were transformed in One Shot® TOP10 Chemically competent E. 

coli (Lifetechnologies™) according to the manufacturer’s instructions and described in 

Chapter 2, Section 2.5.1. Of the four plasmid cultures for each plasmid transformant, one 

culture was used for glycerol stocks and three cultures were used for plasmid mini-prepping 

as described in Section 2.5.2 and Section 2.5.3 respectively.



Figure 4.1: Diagrammatic representation of the pVITRO2-hygro-mcs mammalian expression plasmid

pVITRO2-hygro-mcs allows the ubiquitous and constitutive co-expression of two genes of interest. The

plasmids carry two human ferritin composite promoters, FerH (heavy chain) and FerL (light chain). To 

eliminate the iron regulation, their 5’UTRs have been replaced by the 5’UTR of the mouse and chimpanzee 

EF- -hygro-mcs possesses the Hygromycin B antibiotic resistance selectable marker that 

is active both in E. coli and mammalian cells. The plasmid contains two multiple cloning sites (MCS) for the 

convenient cloning of the cDNAs of interest.



Figure 4.2: Diagrammatic representation of the pGL4.20 mammalian expression plasmid 

pGL4.20[luc2/Puro] encodes the luciferase reporter gene luc2 (Photinus pyralis) and is designed for high 

expression and reduced anomalous transcription. This vector also contains a mammalian selectable 

marker for Puromycin resistance in which the number of transcription factor binding sites has been 

reduced and mammalian codon-optimised. The pGL4.20[luc2/Puro] plasmid is a basic vector with no 

promoter. It contains an MCS to allow for the cloning of a promoter of choice.



Figure 4.3: Diagrammatic representation of the pORF5-Fcy::Fur mammalian expression plasmid 

pORF5-Fcy::Fur allows the constitutive expression of the fusion of yeast fcy1and fur1genes encoding 

cytosine deaminase and uracil phosphoribosyl-transferase (CDUPRT) respectively. Restriction sites 

flanking the CDUPRT gene allow for sub-cloning into many compatible destination vectors. 



4.1.2 Bioluminescent tracking and suicide plasmid cloning

4.1.2.1 Restriction digestion of pVITRO2-mcs and pGL4.20

In preparation for the ligation of the pVITRO2-mcs plasmid and Luc2 gene, both pVITRO2-

mcs and pGL4.20 were digested with the restriction enzymes EcoRV-HF (New England 

Biolabs®) and BamHI-HF (New England Biolabs®) according to Table 4.1. All reactions 

were incubated at 37oC for 2 hours.

Components pVITRO2-mcs ( l) pGL4.20 ( l)

Plasmid DNA (~200ng/ l) 15 30

Cutsmart Buffer (10x) 5 5

EcoRV-HF (20U/ l) 1 1

BamHI-HF (20U/ l) 1 1

dH2O 28 13

Total volume 50 50

Table 4.1: EcoRV-HF/BamHI-HF digest of pVITRO2-mcs and pGL4.20



4.1.2.2 Gel extraction of digested pVITRO2-mcs and Luc2

The restriction digest reactions were run on 1% (w/v) agarose gels at 90V in 1x TBE buffer

for 90 min. The bands corresponding to digested pVITRO2-mcs, Luc2 and CDUPRT were 

excised from the gel and transferred to 2ml microfuge tubes. DNA was then extracted from 

the gel pieces using the PureLink® Quick Gel Extraction Kit (Lifetechnologies™) according 

to the manufacturer’s instructions. Briefly, gel pieces were solubilised in three volumes of 

Gel Solubilisation Buffer (L3) at 50oC for 10 min. To improve DNA yields, one volume of 

100% isopropanol was added to the dissolved gel pieces. The dissolved gel pieces were then 

transferred to Quick Gel Extraction Columns inside wash tubes and centrifuged at 12,000g 

for 1 min. The bound DNA was washed twice with 500 l of Wash Buffer (W1) containing 

ethanol, and eluted from the column in 20 l of Nuclease-free water. The gel purified DNA 

was stored at -20oC for long-term storage, or used immediately in subsequent experiments.

To confirm purity of the DNA fragments, a sample of the gel purified DNA was run on a 1% 

(w/v) agarose gel at 90V in 1x TBE buffer for 90 min. DNA quality and concentration was 

assessed using a NanoDrop™ 2000 spectrophotometer (Thermofisher™).

4.1.2.3 Ligation of pVITRO2-mcs and Luc2

Digested pVITRO2-mcs (EcoRV-HF/BamHI-HF) was dephosphorylated using recombinant 

Shrimp Alkaline Phosphatase (rSAP) (New England Biolabs®) according to the 

manufacturer’s instructions. Briefly, 2 g of digested plasmid DNA was incubated with 10x 

rSAP Buffer (New England Biolabs®) and 1U/ml rSAP at 37oC for 30 min, followed by rSAP 

inactivation at 65oC for 5 min. In addition, purified Luc2 was diluted to 50ng/ l with dH2O in

preparation for use in the ligation reactions. Ligation of dephosphorylated pVITRO2-mcs 

(EcoRV-HF/BamHI-HF) and Luc2 was performed at three insert:vector backbone ratios as 



outlined in Table 4.2, and incubated at 16oC for 16 hours (overnight). A negative control of 

dephosphorylated pVITRO2-mcs (EcoRV-HF/BamHI-HF) was setup to account for potential 

vector backbone re-ligation. 

4.1.2.4 Restriction digestion of pVITRO2-Luc2 and pORF5-Fcy::Fur

Following the ligation of pVITRO2-mcs and Luc2 to generate pVITRO2-Luc2, and in 

preparation for the ligation of pVITRO2-Luc2 and the CDUPRT gene, both pVITRO2-Luc2

and pORF5-Fcy::Fur were digested with the restriction enzymes EcoRI-HF (New England 

Biolabs®) and NheI-HF (New England Biolabs®) according to Table 4.3. All reactions were 

incubated at 37oC for 2 hours.

Component 3:1 
( l)

6:1 
( l)

10:1 
( l)

-ve control 
( l)

Luc2 (50ng/ l) 1 2 3 -

Dephosphorylated pVITRO2-mcs
(50ng/ l) 1 1 1 1

Ligase buffer (10x) 1 1 1 1

T4 DNA Ligase (400U/ l) 1 1 1 1

dH2O 6 5 4 7

Total 10 10 10 10

Table 4.2: Ligation of pVITRO2-mcs and the Luc2 gene



Components pVITRO2-Luc2 ( l) pORF5-Fcy::Fur ( l)

Plasmid DNA (~500ng/ l) 10 20

Cutsmart Buffer (10x) 5 5

EcoRI-HF (20U/ l) 1 1

NheI-HF (20U/ l) 1 1

dH2O 33 23

Total volume 50 50

4.1.2.5 Gel extraction of digested pVITRO2-Luc2 and CDUPRT

The restriction digest reactions were run on a 1% (w/v) agarose gel at 90V in 1x TBE buffer

for 90 min. The bands corresponding to digested pVITRO2-Luc2 and CDUPRT were excised 

from the gel and transferred to 2ml microfuge tubes. DNA was then extracted from the gel 

pieces using the PureLink® Quick Gel Extraction Kit (Lifetechnologies™) according to the 

manufacturer’s instructions and as described in Section 4.1.2.2.

4.1.2.6 Ligation of pVITRO2-Luc2 and CDUPRT

Digested pVITRO2-Luc2 (EcoRI-HF/NheI-HF) was dephosphorylated using recombinant 

Shrimp Alkaline Phosphatase (rSAP) (New England Biolabs®) according to the 

manufacturer’s instructions. Briefly, 2 g of digested plasmid DNA was incubated with 10x 

rSAP Buffer (New England Biolabs®) and 1U/ml rSAP at 37oC for 30 min, followed by rSAP 

Table 4.3: EcoRI-HF/NheI-HF digest of pVITRO2-Luc2 and pORF5-Fcy::Fur



inactivation at 65oC for 5 min. In addition, purified CDUPRT was diluted to 50ng/ l with 

dH2O in preparation for use in ligation reactions.

Ligation of dephosphorylated pVITRO2-Luc2 (EcoRI-HF/NheI-HF) and CDUPRT were 

performed at three insert:vector backbone ratios as outlined in Table 4.4, and incubated at 

16oC for 16 hours (overnight). A negative control of dephosphorylated pVITRO2-Luc2

(EcoRI-HF/NheI-HF) was setup to account for potential vector backbone re-ligation. 

4.1.2.7 Transformation of ligation reactions in TOP10 E.coli

Transformation of ligation reactions was performed as outlined in Section 2.5.1.1. Selection 

of E.coli expressing pVITRO2 plasmids was performed using Hygromycin B (100 g/ml) as 

outlined in Section 2.5.2. Successfully generated plasmids were subsequently mini-prepped 

as described in Section 2.5.4 following confirmation of transgene function.

4.1.2.8 In vitro bioluminescence imaging of putative pVITRO2-Luc2 clones

To confirm successful ligation of the Luc2 gene into the pVITRO2-mcs backbone, an 

alternative technique to confirmatory restriction enzyme digestion that assesses Luc2 function 

Component 3:1 
( l)

6:1 
( l)

10:1 
( l)

-ve control 
( l)

CDUPRT (50ng/ l) 1 2 3 -

Dephosphorylated pVITRO2-Luc2
(50ng/ l) 1 1 1 1

Ligase buffer (10x) 1 1 1 1

T4 DNA Ligase (400U/ l) 1 1 1 1

dH2O 6 5 4 7

Total 10 10 10 10

3:1 6:1 10:1 ve
Table 4.4: Ligation of pVITRO2-Luc2 and the CDUPRT gene



was employed. In vitro BLI of the putative pVITRO2-Luc2 E. coli clones was performed.

BLI imaging allows for the detection of the bioluminescent signal produced following the 

addition of the Luc2 substrate D-luciferin (Gold Biotechnology®, USA). Briefly, 100 l of the 

putative pVITRO2-Luc2 E. coli clone cultures was aliquoted in triplicate into a 96-well plate 

(PerkinElmer®, USA). Negative controls of 1x D-PBS and pVITRO2-mcs E. coli culture 

(100 l of each in triplicate) were included in the assay. BMSC-LacZ/Luc2 (1x105 cells/well)

that co-expresses Luc2 an -galactosidase gene LacZ were used as a positive control.

The BMSC-LacZ/Luc2 cell line was previously generated in Dr Rosetta Martiniello-Wilks’ 

laboratory via nucleofection of a pVITRO2-mcs plasmid possessing the Luc2 and LacZ genes 

in a similar fashion to the nucleofection procedure described in Section 4.1.3. Imaging of the 

96-well plate was performed on the IVIS Lumina II (Caliper Life Sciences, USA) both prior 

to and following addition of the D-luciferin (30mg/ml) substrate. D-luciferin (300 g/ml) was 

added to the wells of the plate (1:1) that contained controls and experimental samples, and the 

plate imaged according to the in vitro BLI acquisition settings (Table 4.5).

Incubation time (min) Exposure time (sec) F stop (F/s) Field of View (FoV) Binning

2 10 1 D Small

4.1.2.9 Confirmation of CDUPRT ligation into pVITRO2-Luc2

To confirm the successful ligation of the CDUPRT gene into the pVITRO2-Luc2 backbone, 

confirmatory restriction enzyme digestion was performed using EcoRI-HF (New England 

Biolabs®) and NheI-HF (New England Biolabs®) on miniprepped plasmid DNA of the 

putative pVITRO2-Luc2/CDUPRT clones. Confirmatory restriction enzyme digestion 

Table 4.5: In vitro BLI acquisition settings



reactions were setup as outlined in Table 4.6 and incubated at 37oC for 2 hours. The products 

from the restriction digest were subsequently run on a 1% (w/v) agarose gel at 90V in 1x

TBE buffer for 90 min. To re-confirm the function of the Luc2 gene in the newly generated 

pVITRO2-Luc2/CDUPRT construct, BLI was performed as outlined in Section 4.1.2.8.

Component Volume ( l)

Plasmid DNA (500ng/ul) 1

Cutsmart Buffer (10X) 1

EcoRI-HF (20U/ l) 1

NheI-HF (20U/ l) 1

dH2O 6

Total 10

4.1.3 Generation of tracking and suicide BMSC via nucleofection

4.1.3.1 Antibiotic sensitivity assay

To determine the optimal concentration of Hygromycin B (Lifetechnologies™) with which to 

select stable tracking BMSC-Luc2 and suicide BMSC-Luc2/CDUPRT clones, a preliminary 

antibiotic sensitivity assay utilising parental BMSCs that do not possess Hygromycin B

antibiotic resistance were cultured in the presence of increasing concentrations of 

Hygromycin B, ranging from 0-500 g/ml. Initially, 5x105 parental BMSCs were seeded in 

triplicate in complete media in 6-well plates per concentration of Hygromycin B (0 g/ml, 

62.5 g/ml, 125 g/ml, 250 g/ml and 500 g/ml). Following cell adherence, the media was 

removed and replenished with complete media containing Hygromycin B at the 

Component Volume ( l)

Table 4.6: Diagnostic digest of pVITRO2-Luc2/CDUPRT



aforementioned concentrations. The assays were subsequently incubated at 37oC/5% CO2 for 

14 days. Cell viability was assessed at Day 0, 1, 3, 5, 7, 10 and 14 via Trypan Blue exclusion 

with 0.4% Trypan Blue solution (Lifetechnologies™). The optimal concentration was 

determined as the concentration at which >90% cell death was observed within 5-7 days.

4.1.3.2 Nucleofection of BMSCs

Early passage single positive BMSCs were cultured in complete medium as outlined in 

Section 2.1, and thereafter expanded to 85% confluency in 5 x 175cm2 flasks. On the day of 

nucleofection, the cells were detached with 1x TrypLE™, washed twice with 1x HBSS, and 

assessed for viability by Trypan Blue exclusion with 0.4% Trypan Blue Solution. The cells 

were subsequently reconstituted in 1x HBSS to a concentration of 1x106 viable cells/ml, and 

1ml (1x106 cells) transferred to an Amaxa® certified cuvette (Lonza™). 

In preparation for the setup of the nucleofection reactions, 0.5ml of Nucleofection 

Supplement® (Lonza™) was added to 2.25ml of Nucleofector Solution® (Lonza™) to generate 

a working Nucleofector solution® which is stable for 3 months at 4oC. To setup a 

nucleofection reaction, 100 l of working Nucleofector Solution® and 5 g of either 

pVITRO2-Luc2 or pVITRO2-Luc2/CDUPRT was added to the cuvette containing 1x106

cells. An additional positive control nucleofection reaction was setup with 2 g pmax-GFP®

(Lonza™).

The appropriate program for nucleofection of BMSCs was selected on the Nucleofector®

(Lonza™) prior to running the program. The cuvette was subsequently transferred to the 

cuvette holder of the Nucleofector® and the nucleofection program started. Once the program 

was complete, the cuvette was removed from the Nucleofector® and 500 l of pre-warmed 

complete media was added to the cells with an Amaxa certified pipette (Lonza™). The cells 



were subsequently transferred to a well of a 6-well plate containing 2ml of complete media 

and incubated at 37oC/5% CO2. GFP expression from BMSCs nucleofected with pmax-GFP®

can be detected within 3-8 hours post-nucleofection via fluorescence microscopy. For BMSC 

nucleofected with pVITRO2-Luc2 or pVITRO2-Luc2/CDUPRT that did not possess a 

fluorescent reporter, nucleofection efficiency was unable to be assessed post-nucleofection.

4.1.3.3 Antibiotic selection of stable BMSC-Luc2 and BMSC-Luc2/CDUPRT clones

The nucleofected cells were cultured for one week with a single media change prior to the 

selection of stable clones. To select for stable clones, nucleofected BMSCs were detached 

with 1x TrypLE™ Express Enzyme and resuspended in 12ml of complete media containing 

200 g/ml Hygromycin B. The resuspended BMSCs were subsequently transferred to 12 

wells of a 24-well plate, with each well receiving 1ml of cells. Antibiotic selection of stable 

BMSC-Luc2 and BMSC-Luc2/CDUPRT clones was performed for a period of 2 weeks; after 

which individual clones were expanded and assessed for functional expression of Luc2 and 

CDUPRT.

4.1.4 In vitro functional determination of Luc2 expression in BMSCs

To determine the in vitro luciferase activity of BMSC-Luc2, BMSC-Luc2 and BMSC-

LacZ/Luc2 (positive control) were transferred to a tissue culture treated 96-well ViewPlate 

microplate (PerkinElmer®) in a linear concentration in triplicate as outlined in Figure 4.4. The 

cells were allowed to attach overnight, washed twice with 1x HBSS and 100 l of PBS added 

to all wells prior to the addition of the bioluminescent substrate D-luciferin (300 g/ml) 1:1 

(final concentration 150 g/ml). BLI was performed at multiple time-points (t=0, 15, 30, 60, 

90, 120 and 180 min) to determine the stability of luciferase activity over a 3-hour period. To 



determine the in vitro luciferase activity of BMSC-Luc2/CDUPRT, BLI was performed as 

outlined in Figure 4.4; however, BMSC-Luc2 were substituted as the positive control.

4.1.5 In vitro functional determination of CDUPRT expression in BMSCs

Mid-passage BMSC-Luc2 (negative control) and BMSC-Luc2/CDUPRT were cultured to 80-

90% confluency in a T175 flask, detached with 1x TrypLE™ Express Enzyme and 

resuspended to 5x103 cells/ml in complete media containing 200 g/ml Hygromycin B.

BMSC-Luc2 and BMSC-Luc2/CDUPRT (5x102 cells/well) were transferred to half of a 96-

well ViewPlate microplate in preparation for 5-FC (Invivogen®) and 5-FU (Invivogen®) drug 

Figure 4.4: Schematic representation of 96-well microplate for determination of Luc2 function 

BMSC-Luc2 or BMSC-Luc2/CDUPRT (green) were seeded in a linear concentration alongside BMSC-

LacZ/Luc2 (red) which were seeded at the highest and lowest concentration of the linear range. D-PBS 

was used as the solvent for D-luciferin (30mg/ml) and was subsequently used as an auto-bioluminescent 

control (blue). Empty wells (black). The cells were incubated with 1:1 D-luciferin (300 g/ml)/HBSS and 

imaged on the IVIS Lumina II according to the in vitro BLI acquisition settings (Table 4.5).



sensitivity assays as outlined in Figure 4.5A and Figure 4.5B respectively. Three biological 

replicates were setup per assay.

A

B

Figure 4.5: Schematic representation of 96-well microplate for 5-FC and 5-FU drug 

sensitivity assays BMSC-Luc2 (blue) were seeded alongside BMSC-Luc2/CDUPRT

(red) at 5x102 cells/well. A serial dilution of 5-FC (A) (n=3) and 5-FU (B) (n=3) was 

added to the appropriate wells, the plates incubated for 5 days and BLI performed on the 

IVIS Lumina II following the addition of 1:1 D-luciferin (300 g/ml) and 1x HBSS. 

Image acquisition settings were as described for in vitro BLI studies.



Following cell attachment, a 2-fold serial dilution of 5-FC and a 10-fold serial dilution of 5-

FU was setup in complete media containing 200 g/ml Hygromycin B and added to the 

respective wells of the 96-well ViewPlate microplate as outlined in Table 4.7.

The plates were subsequently incubated at 37oC/5% CO2 for 5 days, after which the plates 

were imaged for Luc2 expression on the IVIS Lumina II for viable cells following the 

addition of 1:1 D-luciferin (300 g/ml) according to the in vitro BLI acquisition settings.

Well
5-FC stock: 20mg/mL 5-FU stock: 10mg/ml

Final conc. of 5-FC ( g/mL) Final conc. of 5-FU ( g/ml)

1 0 0

2 2 0.01

3 4 0.1

4 7.8 1

5 15.6 10

6 31.3 100

7 62.5 -

8 125 -

9 250 -

10 500 -

11 1000 -

12 2000 -

Table 4.7: Serial dilution of 5-FC and 5-FU drug sensitivity assays



4.1.6 Monitoring the persistence of BMSC-Luc2/CDUPRT in NOD and 

NOD/Scid mice

4.1.6.1 Sourcing of animals

Six female NOD and NOD/Scid mice at six weeks of age (19-23g) were sourced from the 

Animal Resources Centre (WA, Australia). They were housed within the Ernst Facility at 

UTS in a polycarbonate green line IVC system, with corncob bedding, irradiated rat and 

mouse feed (Gordon’s Specialty Stock Feeds) and unlimited RO water. All bedding and 

housing equipment was autoclaved prior to use. The temperature and humidity of the animal 

rooms was maintained within 22-24oC and 40-60% respectively. A maximum of four animals 

were housed per cage and monitored daily by the Ernst Facility technicians until they were 

required for experimental work, after which animals were monitored daily by the researcher 

and Ernst Facility technicians.

All animal work was approved by the UTS Animal Care and Ethics Committee (ACEC 2011-

447A; ACEC 2009-244A) and complied with the Australian code for the care and use of 

animals for scientific purposes328.

4.1.6.2 Subcutaneous transplantation of BMSC-Luc2/CDUPRT in NOD and NOD/Scid 

mice

Mid-passage BMSC-Luc2 were cultured to 80-90% confluency in ten T175cm2 flasks, 

washed three times with 1x HBSS to remove all traces of media and FCS, detached with 1x 

TrypLE™ Express Enzyme and resuspended in 1x HBSS for transplantation into NOD and 

NOD/Scid mice. Following assessment of cell viability via 0.4% Trypan Blue exclusion, the 

cells were resuspended in 1x HBSS to a working concentration of 1x107 cells/ml, and 



subsequently diluted 10-fold to additional working concentrations of 1x106 and 1x105

cells/ml. NOD (n=4) and NOD/Scid (n=4) mice of 6-10 weeks of age received 1x104, 1x105

and 1x106 cells in duplicate per animal as illustrated in Figure 4.6. Age matched NOD (n=2) 

and NOD/Scid (n=2) mice receiving no cells were utilised as negative controls. Two control 

mice were used due to the imaging setup that was implemented. Three animals comprising of 

two experimental and one control were imaged simultaneously, which allowed for the 

visualisation of the difference in bioluminescence between experimental and control animals 

in the same image acquisition.

Mice receiving cell injections were initially anaesthetised with Isoflurane and O2 on the 

Stinger™ Research Anaesthesia System (Advanced Anaesthesia Specialists®), transferred to a 

Class II Biosafety Cabinet under sterile and aseptic conditions, and maintained under stable 

anaesthesia with a mobile breathing circuit. Delivery of Isoflurane (VCA®) and O2

throughout the procedure was maintained at 2.5 L/min Isoflurane and 1.5 L/min O2. Whilst 

animals were maintained under anaesthesia on the breathing circuit, using a 1ml Ultra-Fine 

Insulin Syringe (BD Medical®) and 26 Gauge PrecisionGlide™ needle, 1x104, 1x105 and 

1x106 BMSC-Luc2 were injected in duplicate subcutaneously under the abdomen. Following 

cell injection, the animals were transferred to fresh IVC with an unlimited supply of RO 

water and feed for recovery and post-procedure care. 



4.1.6.3 In vivo BLI of transplanted BMSC-Luc2/CDUPRT in NOD and NOD/Scid mice

BMSC-Luc2/CDUPRT were imaged with D-luciferin (Perkin Elmer/Thermofisher Scientific)

in vitro and in vivo using pre-optimised substrate concentrations, optimal imaging time and 

Lumina II settings. In viable cells displaying the presence of oxygen and ATP, firefly 

luciferase converts the substrate D-luciferin to oxyluciferin producing light, CO2, AMP and 

inorganic phosphate as by-products. 

The mice receiving BMSC-Luc2/CDUPRT injections were subsequently imaged on the IVIS 

Lumina II for a period of 12 weeks at 3-4 day intervals, beginning on Day 0 and concluding 

on Day 84 (Week 12). Prior to imaging, the mice were anaesthetised on the Stinger™

Research Anaesthesia System at 2.5 L/min Isoflurane and 1.5 L/min O2. Mice were imaged in 

two groups of three consisting of two experimental and one control that were subsequently 

transferred to the IVIS Lumina II stage and maintained under anaesthesia via the multi-

animal breathing manifold. BLI images were subsequently acquired following the 

Figure 4.6: Illustration of BMSC-Luc2/CDUPRT injections in NOD and NOD/Scid mice NOD and 

NOD/Scid mice (n=4) received 1x104 (red), 1x105 (green) and 1x106 (blue) BMSC-Luc injections 

subcutaneously in duplicate. Age matched negative control NOD and NOD/Scid (n=2) received no cells. 

Following cell injection, animals were imaged for a period of 12 weeks on the IVIS Lumina II for Luc2

expression following the administration of D-luciferin (15mg/ml) at 150mg/kg or 10 l/g. Image 

acquisition settings were as described for in vivo BLI studies.



intraperitoneal administration of D-luciferin (15mg/ml) at 150mg/kg or 10 l/g according to 

the in vivo BLI image acquisition settings (Table 4.8).

4.1.6.4 Analysis of BLI data

Qualitative and quantitative analysis of BLI data was performed via the processing of images 

acquired on the IVIS Lumina II. Qualitative analysis of individual animal BLI data involved 

observing Luc2 expression over a period of 12 weeks, specifically identifying variations in 

bioluminescence with respect to time post cell injection. Quantitative analysis of BLI data 

required the generation of regions of interest in areas where bioluminescent signal is 

observed which simultaneously correlates to the site of cell injection. Quantitative BLI data is 

represented as surface radiance units (photons/sec/cm2/sr) and was analysed on GraphPad 

Prism 7®.

Incubation time (min) Exposure time (sec) F stop (F/s) Field of View (FoV) Binning

5 30 1 D Medium

Table 4.8: In vivo BLI acquisition settings



4.2 Results

4.2.1 Generation of the bioluminescent tracking and suicide plasmids

The generation of the bioluminescent tracking plasmid (pVITRO2-Luc2) and the 

bioluminescent suicide plasmid (pVITRO2-Luc2/CDUPRT) was performed according to the 

cloning strategy outlined in Figure 4.7.

A

B

Figure 4.7: Cloning strategy for the generation of bioluminescent tracking and suicide plasmids A) The 

luciferase gene was excised from the pGL4.20 plasmid and sub-cloned into MCS1 of pVITRO2-hygro-mcs to 

generate the tracking plasmid pVITRO2-Luc2. B) CDUPRT was excised from the pORF5-Fcy::Fur plasmid 

and sub-cloned into MCS2 of the pVITRO2-Luc2 plasmid to generate the suicide plasmid pVITRO2-

Luc2/CDUPRT.



4.2.1.1 Cloning of the bioluminescent plasmid pVITRO2-Luc2

In order to clone the Luc2 gene into the pVITRO2-mcs plasmid as outlined in Figure 4.7A, 

both the pGL4.20 and pVITRO2-mcs plasmids were digested with EcoRV-HF and BamHI-

HF restriction enzymes, the products of which were run on a 1% (w/v) agarose gel (Figure 

4.8). As can be seen in Lane 2, digest of the pVITRO2-mcs plasmid with EcoRV-HF and 

BamHI-HF generated two products of 6317bp and 4bp, the smaller of which could not be 

detected. Digest of the pGL4.20 plasmid generated two products of 3426bp and 1978bp, the 

larger of which corresponded to the pGL4.20 digested plasmid backbone and the smaller of 

which corresponded to the Luc2 gene. Following gel purification of the pVITRO2-mcs 

backbone and the Luc2 gene, the purified products were run on a 1% (w/v) agarose gel to 

confirm the purity of the fragment extraction (Figure 4.9). Both the purified pVITRO2-mcs 

backbone and the Luc2 gene were ~200ng/ l as quantified by NanoDrop™ 2000

spectrophotometry.

The purified and dephosphorylated pVITRO2-mcs backbone (EcoRV-HF/BamHI-HF cut) 

and Luc2 gene were subsequently ligated as described in Section 4.1.2.3 and Figure 4.7A. 

The ligation products were diluted 1 in 2 with dH2O, transformed into TOP10 E. coli and 

selected for antibiotic resistance on Hygromycin B containing LB agar plates. Of the three 

insert:backbone molar ratios assessed during ligation, the molar ratio of 10:1 ligation 

transformation resulted in the generation of five bacterial colonies. Both the 3:1 and 6:1 

ligation transformations did not produce colonies. The dephosphorylated pVITRO2-mcs 

backbone (EcoRV-HF/BamHI-HF cut) assessed as a negative ligation control did not result in 

any bacterial colonies, whereas transformation of uncut pVITRO2-mcs resulted in >100 

colonies.



Figure 4.8: EcoRV-HF/BamHI-HF digest of pVITRO2-mcs and pGL4.20 The pVITRO2-mcs and 

pGL4.20 plasmids were digested with EcoRV-HF and BamHI-HF restriction enzymes, and the products run 

on a 1% (w/v) agarose gel containing 0.5% (v/v) GelRed™ at 90V for 90 min. The gel image was captured 

using an InGenius3® UV transilluminator. Lane 1: pVITRO2-mcs (EcoRV-HF/BamHI-HF), Lane 2: empty, 

Lane 3: pGL4.20 (EcoRV-HF/BamHI-HF), Lane 4-5: empty, Lane 6: pVITRO2-mcs (EcoRV-HF), Lane 7: 

pGL4.20 (BamHI-HF), Lane 8: empty, Lane 9: pVITRO2-mcs (uncut), Lane 10: pGL4.20 (uncut), Lane 11: 

empty, Lane 12: 1kb DNA ladder (NEB®).
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Figure 4.9: Gel extraction of EcoRV-HF/BamHI-HF digested 

fragments The fragments corresponding to the pVITRO2-mcs 

backbone (EcoRV-HF/BamHI-HF cut) and the Luc2 gene were gel 

purified and re-run on a 1% (w/v) agarose gel containing 0.05% 

GelRed™ at 90V for 90 min. The gel image was captured using an 

InGenius3® UV transilluminator. Lane 1: 1kb DNA ladder (NEB®), 

Lane 2: pVITRO2-mcs backbone (EcoRV-HF/BamHI-HF cut), Lane 

3: Luc2 gene.
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To assess the success of Luc2 ligation into the pVITRO2-mcs plasmid, the five bacterial 

colonies that resulted from selective LB-agar growth were re-streaked onto new selective LB-

agar plates to confirm true antibiotic resistance, of which all successfully developed clonal 

bacterial spread plates. A single colony from each clonal spread plate was grown overnight in 

selective LB media, and each clonal bacterial culture subsequently utilised in BLI as 

described in Section 4.1.2.8 to determine Luc2 function and consequently successful ligation 

into the pVITRO2-mcs plasmid (Figure 4.10). As can be seen in Figure 4.10, the five putative 

pVITRO2-Luc2 E. coli clones all expressed moderate luciferase activity in comparison to the 

positive control (Lane 8), of which Clone 1 was subsequently midi-prepped and utilised in 

downstream cloning and nucleofection of BMSCs. The successfully generated pVITRO2-

Luc2 bioluminescent tracking plasmid schematic is represented in Figure 4.11.
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Figure 4.10: In vitro BLI of putative pVITRO2-Luc2 E. coli clones Overnight cultures of putative clones 

of E. coli (100 l) transformed with pVITRO2-Luc2 were assessed via BLI for luciferase activity. The cells 

were incubated with 1:1 D-luciferin (300 g/ml) and imaged on the IVIS Lumina II according to the in vitro

BLI acquisition settings. Lane 1: D-PBS, Lane 2-6: pVITRO2-Luc2 E. coli clones 1-5, Lane 7: pVITRO2-

mcs E. coli, Lane 8: BMSC-LacZ/Luc2.



Figure 4.11: Schematic representation of the pVITRO2-Luc2 bioluminescent tracking plasmid The 

bioluminescent tracking plasmid generated following cloning of the Luc2 gene (orange) from the pGL4.20 

plasmid into multiple cloning site 1 of the pVITRO2-mcs plasmid. Hygromycin antibiotic resistance allows for 

both bacterial and mammalian cell selection of the plasmid, whilst Luc2 gene expression is driven by the 

composite ferritin/mouse EF-



4.2.1.2 Cloning of the suicide plasmid pVITRO2-Luc2/CDUPRT

In order to clone the CDUPRT gene into the pVITRO2-Luc2 plasmid as outlined in Figure 

4.7B, both the pORF5-Fcy::Fur and pVITRO2-Luc2 plasmids were digested with EcoRI-HF 

and NheI-HF restriction enzymes, the products of which were run on a 1% (w/v) agarose gel 

(Figure 4.12). As can be seen in Lane 3, the digest of the pVITRO2-Luc2 plasmid with 

EcoRI-HF and NheI-HF generated two products of 8277bp and 18bp, the smaller of which 

could not be detected. Digest of the pORF5-Fcy::Fur plasmid generated two products of 

3093bp and 1175bp, the larger of which corresponded to the pORF5-Fcy::Fur digested 

plasmid backbone and the smaller of which corresponded to the CDUPRT gene. Following 

gel purification of the pVITRO2-Luc2 backbone and the CDUPRT gene, the purified 

products were run on a 1% (w/v) agarose gel to confirm the purity of the fragment extraction 

(Figure 4.13). The concentration of the purified pVITRO2-Luc2 backbone and the CDUPRT

gene were ~100ng/ l as quantified by NanoDrop™ 2000 spectrophotometry.

The purified and dephosphorylated pVITRO2-Luc2 backbone (EcoRI-HF/NheI-HF cut) and

the CDUPRT gene were subsequently ligated as described in Section 4.1.2.6 and Figure 4.7B. 

The ligation products were diluted 1 in 2 with dH2O, transformed into TOP10 E. coli and 

selected for antibiotic resistance on Hygromycin B containing LB agar plates. Of the three 

insert:backbone molar ratios assessed during ligation, the molar ratios of 6:1 and 10:1 ligation

transformations resulted in the generation of one and nine bacterial colonies respectively. The 

3:1 ligation transformations did not produce colonies. The dephosphorylated pVITRO2-Luc2

backbone (EcoRI-HF/NheI-HF cut) assessed as a negative ligation control did not result in 

any bacterial colonies, whereas transformation of uncut pVITRO2-Luc2 resulted in >100 

colonies.
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Figure 4.12: EcoRI-HF/NheI-HF digest of pVITRO2-Luc2 and pORF5-Fcy::Fur The pVITRO2-Luc2

and pORF5-Fcy::Fur plasmids were digested with EcoRI-HF and NheI-HF restriction enzymes, and the 

products run on a 1% (w/v) agarose gel containing 0.5% (v/v) GelRed™ at 90V for 90 min. The gel image 

was captured using an InGenius3® UV transilluminator. Lane 1: pVITRO2-Luc2 (uncut), Lane 2: pORF5-

Fcy::Fur (uncut), Lane 3: pVITRO2-Luc2 (EcoRI-HF/NheI-HF), Lane 4: pORF5-Fcy::Fur (EcoRI-HF/NheI-

HF), Lane 5-6: empty, Lane 7: 1kb DNA ladder (NEB®).
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Figure 4.13: Gel extraction of EcoRI-HF/NheI-HF digested 

fragments The fragments corresponding to the pVITRO2-Luc2

backbone (EcoRI-HF/NheI-HF cut) and the CDUPRT gene were gel 

purified and re-run on a 1% (w/v) agarose gel containing 0.05% 

GelRed™ at 90V for 90 min. The gel image was captured using an 

InGenius3® UV transilluminator. Lane 1: 1kb DNA ladder (NEB®), 

Lane 2: pVITRO2-Luc2 backbone (EcoRI-HF/NheI-HF cut), Lane 3: 

CDUPRT gene.
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To assess the success of CDUPRT ligation into the pVITRO2-Luc2 plasmid, the ten bacterial 

colonies that resulted from selective LB-agar growth were re-streaked onto new selective LB-

agar plates to confirm true antibiotic resistance, of which all successfully developed clonal 

bacterial spread plates. A single colony from each clonal spread plate was grown overnight in 

selective LB media, and a 2ml aliquot of overnight bacterial culture utilised for plasmid 

isolation. A diagnostic restriction digest with EcoRI-HF and NheI-HF was conducted on the 

ten putative pVITRO2-Luc2/CDUPRT plasmids, the products of which were run on a 1% 

(w/v) agarose gel (Figure 4.14). As can be seen, nine of the ten plasmids possessed the 

CDUPRT gene, which was released following restriction digestion.
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Figure 4.14: Diagnostic digest of putative pVITRO2-Luc2/CDUPRT plasmids Ten putative 

pVITRO2-Luc2/CDUPRT plasmids were isolated from their respective overnight bacterial cultures and 

subsequently digested with EcoRI-HF and NheI-HF, and the products run on a 1% (w/v) agarose gel 

containing 0.5% (v/v) GelRed™ at 90V for 90 min. The gel image was captured using an InGenius3® UV

transilluminator. Lane 1: 1kb DNA hyperladder (Bioline®), Lanes 2-11: Putative pVITRO2-

Luc2/CDUPRT #1-10 (EcoRI-HF/NheI-HF cut).
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With the remaining bacterial culture of the ten putative pVITRO2-Luc2/CDUPRT clones, 

BLI was performed as described in Section 4.1.2.8 to re-confirm Luc2 function (Figure 4.15). 

As can be seen in Figure 4.15, seven of the ten putative pVITRO2-Luc2/CDUPRT E. coli

clones demonstrated moderate luciferase activity and three clones demonstrated weak 

luciferase activity in comparison to the positive control (Lane 12). Clone 3, which 

demonstrated the strongest luciferase activity was subsequently midi-prepped and utilised in 

downstream nucleofection of BMSCs. The successfully generated pVITRO2-Luc2/CDUPRT

suicide plasmid schematic is represented in Figure 4.16.
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Figure 4.15: In vitro BLI of putative pVITRO2-Luc2/CDUPRT E. coli clones Overnight cultures of 

putative clones of E. coli (100 l) transformed with pVITRO2-Luc2/CDUPRT were assessed via BLI for 

luciferase activity. The cells were incubated with 1:1 D-luciferin (300 g/ml) and imaged on the IVIS 

Lumina II according to the in vitro BLI acquisition settings. Lane 1: D-PBS, Lane 2-11: pVITRO2-

Luc2/CDUPRT E. coli clones 1-10, Lane 12: BMSC-LacZ/Luc2.



Figure 4.16: Schematic representation of the pVITRO2-Luc2/CDUPRT suicide plasmid The 

bioluminescent tracking plasmid generated following cloning of the CDUPRT gene (red) from the pORF5-

Fcy::Fur plasmid into multiple cloning site 2 of the pVITRO2-Luc2 plasmid. Hygromycin antibiotic resistance 

allows for both bacterial and mammalian cell selection of the plasmid. Both Luc2 (orange) and CDUPRT gene 

expression are driven by composite ferritin/mouse EF-



4.2.2 Generation of tracking and suicide BMSCs via nucleofection

4.2.2.1 Determination of Hygromycin B sensitivity of native BMSCs 

To select for stable BMSCs expressing the tracking and suicide genes, an antibiotic 

sensitivity assay was performed on native BMSCs to determine the optimal concentration of 

Hygromycin B to utilise in the culture medium post-nucleofection (Figure 4.17). The optimal 

antibiotic concentration was designated as the concentration at which >90% cell death was 

observed, corresponding to between 125-250 g/ml. As a result, 200 g/ml of Hygromycin B

was thereafter used in the selection of BMSC nucleofected with the tracking and suicide 

plasmids, and in the ongoing culture of BMSC-Luc2 and BMSC-Luc2/CDUPRT.

Figure 4.17: BMSC antibiotic sensitivity assay BMSC were seeded at a concentration of 5x105

cells/well in triplicate of a 6-well plate, and cultured for 14 days in the presence of varying 

concentrations of Hygromycin B. Cell viability was assessed at Day 0, 1, 3, 5, 7, 10 and 14 via 

Trypan Blue exclusion. Data is represented as mean ± SD (n=3).

0

2 5

5 0

7 5

1 0 0

T im e  (D a y s )

V
ia

b
il

it
y

 (
%

)

0 g /m l

6 2 .5 g /m l

1 2 5 g /m l

2 5 0 g /m l

5 0 0 g /m l

0 1 3 5 7 1 0 1 4



4.2.2.2 Nucleofection and selection of BMSC-Luc2 and BMSC-Luc2/CDUPRT

The nucleofection efficiency of BMSC nucleofected with the pVITRO2-Luc2 and pVITRO2-

Luc2/CDUPRT plasmids was not determined due to a lack of a fluorescent reporter for 

downstream analysis. However, BMSCs that were nucleofected with pmax-GFP® (positive 

control) and analysed by Trypan blue exclusion and fluorescence microscopy showed that 

~50% of viable BMSCs were GFP+ at 6 hours post-nucleofection, which increased to ~70-

75% GFP+ at 24 hours post-nucleofection (Figure 4.18). Variations in GFP fluorescence 

intensity were also observed amongst GFP+ BMSCs.

Figure 4.18: Nucleofection of BMSCs with pmax-GFP® BMSCs nucleofected with pmax-GFP® were 

transferred to a T75 flask contai -MEM and imaged at 8 and 24 hours post nucleofection. 

Phase and fluorescent images were obtained using a Nikon Eclipse TS100 microscope at 20x magnification, 

100 m scale.



Nucleofection of early-passage BMSCs with pVITRO2-Luc2 and pVITRO2-Luc2/CDUPRT

yielded one and two stable clones respectively following Hygromycin B selection (Figure 

4.19). By comparison to parental BMSCs (~50-150 m), and despite retaining a fibroblast-

like morphology, nucleofected BMSC demonstrated a reduced cytoplasmic volume and 

diameter (~30-100 m). Each clone of nucleofected BMSC was culture expanded in complete 

-MEM containing 200 g/ml Hygromycin B, cryopreserved and utilised in subsequent 

functional transgene analysis. 
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Figure 4.19: Nucleofection of BMSCs with tracking and suicide plasmids BMSCs nucleofected 

with the tracking and suicide plasmids were selected for with Hygromycin B and culture expanded in 

-MEM containing 200 g/ml Hygromycin B. Images are of parental BMSC (A), BMSC-

Luc2 (B), BMSC-Luc2/CDUPRT clone 1 (C) and BMSC-Luc2/CDUPRT clone 2 at equivalent passage 

(P15). Images were acquired on a Leica DM Microscope at 10x magnification, 100 m scale.



4.2.2.3 In vitro characterisation of functional Luc2 activity in tracking and suicide 

BMSCs

Functional luciferase activity was assessed in BMSC-Luc2 (Figure 4.20A), and BMSC-

Luc2/CDUPRT clone 1 and clone 2 (Figure 4.21A and Figure 4.22A) via BLI at multiple 

time-points following incubation with D-luciferin. A linear regression analysis of 

luminescent signal represented as average radiance (photons/sec/cm2/sr) was performed, 

demonstrating a linear correlation between cell concentration and units of luminescence in 

each of the Luc2-expressing BMSC cell lines (Figure 4.21B, Figure 4.22B and Figure 4.23B).

All Luc2-expressing BMSC clones demonstrated R2 values of >0.98 at each time point 

between t=0 and t=3 hours. The linear correlation between cell concentration and 

luminescence confirmed the selection of clonal populations of Luc2-expressing BMSCs. In 

addition, the overlapping linear regression at multiple time-points demonstrated stability in 

luminescent signal up to 3 hours post incubation with D-luciferin. As can be seen from the 

BLI image in Figure 4.20, the luminescent signal from BMSC-Luc2 was significantly 

stronger (p<0.001) than in the previously generated BMSC-Luc2/LacZ (1D7) cell line. By 

comparison, no significant difference was observed in luminescent signal between BMSC-

Luc2 and the two BMSC-Luc2/CDUPRT clones. At 24 hours post addition of D-luciferin, 

bioluminescent signal in BMSC-Luc2 and BMSC-Luc2/CDUPRT clone 1 fell below the 

baseline (background) luminescence. Due to the improved stability of luminescence 

determined by tightly overlapping linear regression analysis of BMSC-Luc2/CDUPRT clone 

1 (Figure 4.21) in comparison to clone 2, clone 1 was utilised as the target for downstream 

lentiviral gene modification.



Figure 4.20: In vitro functional characterisation of luciferase activity in BMSC-Luc2 (A) BLI 

was utilised to assess luciferase activity in BMSC-Luc2 over a linear cell concentration range in 

comparison to an existing Luc2-expressing BMSC cell line (BMSC-Luc2/LacZ (1D7)). The cells 

were incubated with 1:1 D-luciferin (300 g/ml) and imaged on the IVIS Lumina II according to 

the in vitro BLI acquisition settings. The image represented is at t=30. Lane 1: D-PBS, Lane 2-10: 

BMSC-Luc2 and BMSC-Luc2/LacZ (control). (B) Linear regression analysis of luminescent 

signal at multiple time-points post incubation with D-luciferin was performed using GraphPad 

Prism 7®. Data is represented as mean ± SD of triplicates.
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Figure 4.21: In vitro functional characterisation of luciferase activity in BMSC-

Luc2/CDUPRT clone 1 (A) BLI was utilised to assess luciferase activity in BMSC-

Luc2/CDUPRT clone 1 over a linear cell concentration range in comparison to BMSC-Luc2. The 

cells were incubated with 1:1 D-luciferin (300 g/ml) and imaged on the IVIS Lumina II 

according to the in vitro BLI acquisition settings. The image represented is at t=30. Lane 1: D-

PBS, Lane 2-10: BMSC-Luc2/CDUPRT clone 1 and BMSC-Luc2 (control). (B) Linear regression 

analysis of luminescent signal at multiple time-points post incubation with D-luciferin was

performed using GraphPad Prism 7®. Data is represented as mean ± SD of triplicates.
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Figure 4.22: In vitro functional characterisation of luciferase activity in BMSC-

Luc2/CDUPRT clone 2 (A) BLI was utilised to assess luciferase activity in BMSC-

Luc2/CDUPRT clone 2 over a linear cell concentration range in comparison to BMSC-Luc2. The 

cells were incubated with 1:1 D-luciferin (300 g/ml) and imaged on the IVIS Lumina II 

according to the in vitro BLI acquisition settings. The image represented is at t=30. Lane 1: D-

PBS, Lane 2-10: BMSC-Luc2/CDUPRT clone 2 and BMSC-Luc2 (control). (B) Linear regression 

analysis of luminescent signal at multiple time-points post incubation with D-luciferin was 

performed using GraphPad Prism 7®. Data is represented as mean ± SD of triplicates.
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4.2.2.4 In vitro characterisation of functional CDUPRT activity in suicide BMSCs

Functional CDUPRT activity was assessed in BMSC-Luc2/CDUPRT clone 1 following the 

addition of 5-FC (Figure 4.23A) and 5-FU (Figure 4.23B) via BLI. Bioluminescence 

correlates to cell viability353, and therefore decreases in bioluminescence correlated with a 

decrease in cell viability. There was a significant decrease in bioluminescence in BMSC-

Luc2/CDUPRT clone 1 in comparison to parental BMSC-Luc2 following the addition of 5-

FC ranging from 31.3-2000 g/ml (p<0.005), confirming functional CDUPRT activity in 

BMSC-Luc2/CDUPRT clone 1. The concentrations at which there is a >90% reduction in 

bioluminescent signal following addition of 5-FC for BMSC-Luc2 and BMSC-

Luc2/CDUPRT clone 1 in comparison to their untreated controls were 500 g/ml and 

31.25 g/ml respectively. A similar trend is observed following the addition of 5-FU, where

there was a significant decrease in bioluminescence in BMSC-Luc2/CDUPRT clone 1 in 

comparison to parental BMSC-Luc2 following the addition of 5-FU ranging from 1-

1000 g/ml (p<0.005), and re-confirming functional CDUPRT activity in BMSC-

Luc2/CDUPRT clone 1. The concentrations at which there was a >90% reduction in 

bioluminescent signal following the addition of 5-FU for BMSC-Luc2 and BMSC-

Luc2/CDUPRT clone 1 in comparison to their untreated controls were 1000 g/ml and 1 g/ml 

respectively. BMSC-Luc2/CDUPRT clone 1 will be referred to as BMSC-Luc2/CDUPRT

hereafter.



Figure 4.23: In vitro functional characterisation of CDUPRT activity BMSC-Luc2 and BMSC-Luc2/CDUPRT clone 1 (5x102 cells/well) were 

plated in 96-well ViewPlates, and the functional activity of CDUPRT assessed following the addition of 5-FC (A) and 5-FU (B) via BLI. For 5-FC BLI 

data: Lanes 1-12 contains 2-fold serial dilutions of 5-FC from 0-2000 g/ml. For 5-FU BLI data: Lanes 1-7 contains 10-fold serial dilutions of 5-FU 

from 0-1000 g/ml. Graphical data is represented as mean radiance ± SEM (n=3). A two-way ANOVA and Sidak’s post-hoc were performed, * p<0.05.
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4.2.3 Persistence of BMSC-Luc2/CDUPRT in NOD and NOD/Scid mice 

The persistence of BMSC-Luc2/CDUPRT was assessed in immune-competent (NOD) and 

immune-deficient (NOD/Scid) models of diabetes via BLI (Figure 4.24). Cells were 

transplanted at 1x104, 1x105 and 1x106 cells/injection to determine the lowest cell 

concentration and the length of time for which bioluminescent signal can be detected. As can 

be seen in Figure 4.24, bioluminescent signal can be detected in immune-deficient NOD/Scid

mice for 12 weeks. By comparison, the bioluminescent signal persisted for a period of 3 

weeks in immune-competent NOD mice. Quantitative analysis of BLI data shows that in both 

NOD/Scid (Figure 4.25) and NOD mice (Figure 4.26), there was an increase in 

bioluminescent signal with increase in cell dose as expected. Bioluminescence detected at the 

highest cell dose (1x106 cells) was significantly stronger (p<0.001) than that detected at the 

lowest cell dose (1x104 cells) and in the negative control. As a consequence, bioluminescence 

was detected for a longer period of time at the highest cell dose. In addition, bioluminescent 

signal at the lowest cell dose (1x104 cells) was not detected using the optimal in vivo BLI 

settings outline in Table 4.8. This was due to the intensity of bioluminescence at the lowest 

cell dose being only slightly higher than background bioluminescence. In order to detect 

bioluminescence from the lowest cell dose, the minimum and maximum were required to be 

reduced; however, this resulted in the detection of background bioluminescence, which was 

not desirable. 

However, a significant decrease in bioluminescence was observed at the highest cell dose 

when comparing t=0 to the experimental endpoint of control animals (NOD, p<0.001;

NOD/Scid, p<0.001). In NOD/Scid animals specifically (Table 4.9), bioluminescence from 

low and mid cell doses (1x104 and 1x105 cells respectively) significantly decreased within a 

period of 2 weeks (p<0.005), yet in comparison to control animals a significant difference in 



bioluminescence was observed until week 9, after which there was no significant difference 

in bioluminescence in comparison to control animals. In addition, the higher than expected

Day 0 control data point can be attributed to bioluminescence spill-over as a consequence of 

imaging control and treated animals in the same image capture.

In NOD animals specifically (Table 4.10), bioluminescence from low and mid cell doses 

significantly decreased at one and two weeks post transplantation respectively (1x104; p=ns, 

1x105; p<0.01), after which there was no significant difference in bioluminescence between 

low and mid cell doses with that of control animals. Bioluminescent signal was significantly 

higher than control animals at the highest cell dose two weeks post transplantation; however 

there was no significant difference observed by week 3.                                         
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Figure 4.24: In vivo BLI of BMSC-Luc2/CDUPRT in NOD and NOD/Scid mice BMSC-Luc2/CDUPRT were transplanted subcutaneously at three cell 

concentrations (1x104, 1x105 and 1x106 cells/inj) in duplicate into NOD and NOD/Scid mice (n=4) (each mouse received six injections in total as described in 

Section 4.1.6.2 and illustrated in Figure 4.6). Animals receiving no cells (data not shown) were run alongside as a negative control (n=2). BLI images were 

subsequently acquired following the intraperitoneal administration of D-luciferin (15mg/ml) at 150mg/kg or 10 l/g according to the in vivo BLI image acquisition 

settings. Regions of interest were setup using the Living Image 3.1 (PerkinElmer™) corresponding to the location of the cell injections for BLI data to be acquired. 

All images are representative of a single experimental NOD/Scid and NOD animal.



Week

0 1 2 3 4 5 6 7 8 9 10 11 12

1x104 cells **** *** ns ns ns ns ns ns ns ns ns ns ns

1x105 cells **** **** **** *** *** *** *** *** *** ** ns * ns
1x106 cells **** **** **** **** **** *** **** *** *** *** ** ** *

Figure 4.25: Analysis of in vivo BLI data in NOD/Scid mice

BMSC-Luc2/CDUPRT were transplanted subcutaneously at three 

cell concentrations (1x104, 1x105 and 1x106 cells/inj) in duplicate 

in NOD/Scid mice (n=4). Animals receiving no cells were run 

alongside as a negative control (n=2). Following the capture of 

bioluminescent images, regions of interest were drawn 

surrounding the areas corresponding to the sites of cell 

transplantation. Quantitative data was subsequently analysed 

using GraphPad Prism 7®. Data is represented as average radiance 

± SEM. A two-way ANOVA and Tukey’s post hoc test were 

performed, * p<0.05.

Table 4.9: Significance in the change in bioluminescent signal in NOD/Scid mice

A two-way ANOVA with Sidak’s post-hoc was performed comparing BLI of animals transplanted with tracking BMSCs in comparison to normal animals for the duration of 

the experiment. Data is represented as significance, * p<0.05.



Week

0 1 2 3

1x104 cells **** ns ns ns

1x105 cells **** * ns ns

1x106 cells **** **** * ns

A two-way ANOVA with Sidak’s post-hoc was performed comparing BLI of animals 

transplanted with tracking BMSCs in comparison to normal animals for the duration of the 

experiment. Data is represented as significance, * p<0.05.

Table 4.10: Significance in the change in bioluminescent signal in NOD mice

Figure 4.26: Analysis of in vivo BLI data in NOD mice BMSC-

Luc2/CDUPRT were transplanted subcutaneously at three cell 

concentrations (1x104, 1x105 and 1x106 cells/inj) in duplicate in 

NOD mice (n=4). Animals receiving no cells were run alongside 

as a negative control (n=2). Following the capture of 

bioluminescent images, regions of interest were drawn 

surrounding the areas corresponding to the sites of cell 

transplantation. Quantitative data was subsequently analysed 

using GraphPad Prism 7®. Data is represented as average radiance 

± SEM. A two-way ANOVA and Tukey’s post hoc test were 

performed, * p<0.05.



4.3 Discussion

4.3.1 Gene-modification of BMSCs via nucleofection

The dual promoter mammalian expression vector pVITRO2-mcs was successfully cloned to 

contain the Luc2 and CDUPRT genes for nucleofection into NOD BMSCs. Nucleofection 

was utilised as a non-viral method of BMSC gene modification due to its reported success in 

modifying MSCs without affecting proliferation, phenotype or differentiation potential354, 355.

Nucleofection of BMSCs with the pmaxGFP plasmid showed a transfection efficiency of

~70% at 24 hours post-nucleofection which is similar to that reported in the literature354, 355.

In fact, nucleofection outperforms other transfection methods such as calcium phosphate 

precipitation, cationic polymer and standard electroporation with respect to gene-

modification of MSCs354, 356. For the purpose of short-term/transient ectopic gene expression 

in difficult to transfect cells such as adult stem cells, nucleofection is a suitable alternative to 

tradition physical, non-viral methods of gene-modification. However, despite this success, 

variations in the transduction efficiency of MSCs have been observed across species357. In 

addition, stable transfection as a consequence of successful genomic integration is limited by 

the poor rate of integration (600 per million cells (0.06%)) with a ~5kb plasmid. With 

increasing plasmid size, integration events decrease further. As a result, due to higher 

transduction efficiency and genomic integration events, viral-mediated transduction remains 

the mainstay in generating gene-modified cells that stably express transgenes of interest358-360.



4.3.2 Effect of 5-FC on native and CDUPRT-expressing BMSCs

The preliminary in vitro characterisation of luciferase expression from stably selected 

BMSC-Luc2 and BMCS-Luc2/CDUPRT was equivalent (Figure 4.21 and 4.22). As a result, 

luciferase expression was utilised as a reporter for cell survival during the in vitro

characterisation of CDUPRT function. The ability of CDUPRT to convert a non-toxic 

concentration of 5-FC to the toxic metabolite 5-FU was assessed by exposing parental 

BMSC-Luc2 and BMCS-Luc2/CDUPRT to various concentrations of 5-FC in vitro. BMSCs

expressing CDUPRT (BMCS-Luc2/CDUPRT) demonstrated a significant decrease in cell 

survival when compared with parental BMCSs (BMSC-Luc2) following the addition of 

>31.3ug/mL 5-FC, confirming the in vitro functional activity of CDUPRT (Figure 4.23). 

Owing to the toxicity of 5-FC >125ug/mL to parental BMSC-Luc2 cells, 5-FC was routinely 

used at <100ug/mL in vitro. In fact, at equivalent doses, 5-FU demonstrated significantly 

higher toxicity than 5-FC in cells expressing CDUPRT. This is due to the combined 

inhibition of DNA and RNA synthesis in BMSC-Luc2/CDUPRT as opposed to DNA 

inhibition alone in BMSC-Luc2 following addition of 5-FU. Research conducted in rat 

prostate adenocarcinoma cells that were transduced to express the CDUPRT gene showed 

similar results361. In addition, the known metabolic pathway involved in the conversion of 5-

FC to 5-FU and its toxic metabolites supports the results of this study (Figure 4.27A)362, 363.

Due to the intracellular requirement of CD to convert 5-FC to 5-FU prior to the generation of 

5-FU toxic metabolites, additional steps (both mechanical and enzymatic) are required for 5-

FC killing of CDUPRT expressing cells in comparison to 5-FU. As a result, 5-FC toxicity is 

likely affected by its rate of cellular uptake, CD conversion and degradation, resulting in the 

observed differences in toxicity of 5-FC and 5-FU in CDUPRT-expressing cells. 



However, of particular interest was the effect of 5-FC on parental BMSCs (BMSC-Luc2) that 

do not express the CD or CDUPRT genes, which are necessary for 5-FC conversion to 5-

FU364, and as such would not be susceptible to 5-FC mediated toxicity. Most data on the 

effect of 5-FC on mammalian cells that are engineered to express CD or CDUPRT are 

expressed as a function of cytotoxicity, which as expected increases in comparison to cells 

that do not express CD or CDUPRT361, 362. Following the addition of 5-FC to BMSC-Luc2

that do not express CDUPRT, the observed decrease in bioluminescence in comparison to 

untreated BMSC-Luc2 suggested that 5-FC may be involved in the inhibition of mammalian 

cell proliferation, or demonstrates cytotoxic effects at high doses (Figure 4.27B). In a similar 

study by Harrell et al365 using primary vascular smooth muscle cells (VSMCs), treatment of 

parental VSMCs with 5-FC at a single concentration of 1mmol/L (equivalent to129 g.ml) did 

not result in a significant difference in cell numbers in comparison to untreated parental 

VSMCs, suggesting the absence of a cytotoxic effect of 5-FC on VSMCs. However, the lack 

of a dose-response curve failed to determine whether a cytotoxic effect would be observed at

higher concentrations of 5-FC. Thus, the unique results reported in this study may be 

explained by cell-type dependent sensitivity to 5-FC. The significance of this finding 

highlights the potential for unintended effects of the co-delivery of 5-FC with CD or 

CDUPRT-engineered MSCs for the treatment of cancer for which it is currently assessed. 



Figure 4.27: Mechanism of action of 5-FC and 5-FU in BMSCs In cells expressing CDUPRT (A), 5-FC is transported into the cell where it is converted into 5-FU 

by the CD component of CDUPRT. UPRT subsequently converts 5-FU into FUMP which is further processes into FdUMP and FUTP which inhibit DNA synthesis 

and RNA function respectively, leading to apoptosis. Endogenous DPD degrades 5-FU into non- -Alanine, which ultimately becomes the rate-limiting step in 

the conversion of 5-FU to its toxic metabolites. In cells that do not express CDUPRT (B), 5-FU toxicity is mediated by direct conversion to FdUMP via TK, leading to 

inhibition of DNA synthesis and apoptosis. In the absence of CDUPRT, 5-FC cannot be converted to 5-FU, and may result in the inhibition of cell proliferation or 

cytotoxicity through an unknown mechanism. Thickness of arrows is reflective of the predominating pathway or effect. Abbreviation: CDUPRT; cytosine 

deaminase::uracil phosphoribosyltransferase, CD; cytosine deaminase, FUMP; 5-fluorouridine monophosphate, FdUMP; 5-fluorodeoxyuridine monophosphate, 

FUTP; 5-fluorouridine triphosphate, DPD; dihydropyrimidine dehydrogenase.

A B



4.3.3 Persistence of BMSCs in NOD and NOD/Scid mice

In vivo bioluminescence imaging as a means of tracking MSC survival and/or migration has 

been performed in a number of animal models of disease366-368. In this study, luciferase-

expressing BMSCs were assessed for their ability to persist in immune-competent (NOD) and 

immune-deficient (NOD/Scid) models of diabetes. In immune-competent NOD mice, 

bioluminescence was detected from an autologous, subcutaneous transplant of BMSC-

Luc2/CDUPRT up to 14 days post-transplantation, after which bioluminescence was no 

longer detected. Similarly, MSCs that were transduced to co-express luciferase and GFP, and 

subsequently transplanted via the kidney artery in Balb/c mice, were detected via BLI up to 

14 days post transplantation368. This demonstrates that the site of cell administration in 

immune-competent models does not affect cell survival. In addition, the data from this study

suggests that autologous BMSCs are not immune-privileged369. This may be due to a number 

of reasons including the over-expression of the non-mammalian Luc2 and CDUPRT

transgenes and contaminating foetal calf serum. Previous studies have demonstrated that 

sustained levels of high luciferase expression induce luciferase-specific immune responses in 

immune-competent animal models, limiting the utility of luciferase as an in vivo reporter370, 

371. In addition, experiments in rats showed that rat MSCs grown in 20% FCS induce a 

substantial humoral response after repeated administrations, whereas cells grown under low 

FCS conditions reduce the immunogenicity in terms of IgG response over 1000-fold to barely 

detectable levels372.

In immune-deficient NOD/Scid mice, bioluminescence was detected from a syngeneic, 

subcutaneous transplant of BMSC-Luc2/CDUPRT up to 12 weeks post-transplantation, after 

which bioluminescence was no longer detected. During the 12-week period post-

transplantation, bioluminescence gradually decreased over time. Due to the nature of the 



immune-deficient NOD/Scid model, loss of bioluminescence (and therefore BMSCs) was not 

immune-mediated as was likely the case in the immune-competent NOD model. These results 

are supported by similar studies, which show loss of MSCs in immune-deficient animal 

models373-375. However, these results should be carefully considered with respect to the 

common conditions of ex vivo MSC culture that does not recapitulate the MSC niche 

environment in vivo. MSCs are commonly cultured under normoxic (21% oxygen) 

conditions, which differs significantly from the hypoxic (<1% oxygen) in vivo conditions in 

which they reside. As a result, ex vivo cultured MSCs pre-conditioned under hypoxic (1-3% 

oxygen) conditions improves their migration and tissue regeneration potential373.

However, it is well established within the field that the protective effects of MSCs are well 

observed following site-specific transplantation376, 377 in comparison to intravenous (i.v.) 

transplantation378 due to the entrapment of MSCs within the lung capillaries. Following i.v. 

administration of MSCs, the primary location of MSC migration is the lungs, where they 

become entrapped due to their large size and expression of adhesion molecules which 

determines the rate at which they are cleared352, 379. This ultimately diminishes the therapeutic 

effect of MSCs as the cells do not accumulate at the site of injury/disease in sufficient 

numbers. As a result, modulation of the expression of particular adhesion molecules 

represents a potential target for improving the therapeutic effectiveness of MSCs 

administered intravenously. The data presented highlights the limited timeframe within which 

the evaluation of the therapeutic effects of MSCs should occur in immune-competent and 

immune deficient animal models of diabetes. Evaluation of MSCs in short-term studies has 

demonstrated the protective benefits of MSCs380, whereas long-term studies have shown little 

or no protection381, which is reflective of their persistence in immune-competent models. 



In summary, a mammalian dual expression vector possessing the Luc2 and CDUPRT genes 

was successfully generated. Nucleofection of BMCSs with the pVITRO2-Luc2 and 

pVITRO2-Luc2/CDUPRT plasmids was successful, however the low number of stable cell 

clones generated highlighted the limitations of nucleofection with regards to generating stable 

transgene-expressing cell lines. In vitro characterisation of the Luc2 and CDUPRT genes 

demonstrated that both genes were functional in the selected BMSC clones. In addition, 

BMSC-Luc2/CDUPRT cells showed functional CDUPRT in the presence of 5-FC in vitro.

Following transplantation, BMSCs persisted in immune-competent NOD mice for 2 weeks 

and in immune-deficient NOD/Scid mice for ~12 weeks (albeit with decreasing survival over 

time). This suggested an immune-mediated destruction of transplanted BMSCs in NOD mice, 

confirming that BMSCs are not immune-evasive when modified with non-mammalian genes. 

In fact, upon transplantation of a second injection of BMSCs, bioluminescence detected from 

transplanted cells disappeared within 5 days (data not shown). This was indicative of a strong 

secondary immune response and pointed strongly to an immune-mediated destruction of 

transplanted BMSCs as the likely cause of transplanted cell death. 

In NOD/Scid mice, although BMSCs could be detected for a longer period of time, BMSC 

survival decreased during the observation period. This suggested that the site of 

transplantation contributed to the poor survival of BMSCs in vivo. The immune-deficient 

STZ-NOD/Scid model was therefore selected as the model of choice for evaluating the ability 

of lentiviral gene-modified BMSCs to reverse diabetes (Chapter 5), as the transplanted cells 

would survive for a sufficient period of time to observe a reduction in blood glucose levels. 

The intended purpose of the in vivo use of 5-FC in Chapter 5 was to demonstrate the success 

of the reversal of diabetes as a direct consequence of the transplanted BMSCs without 

requiring invasive graft removal. However, due to the observed death of BMSCs in the 



chosen animal model of diabetes (NOD/Scid) in this study, 5-FC was not assessed for use in 

vivo as it was no longer required to destroy the cell graft to confirm diabetes reversal.  



Chapter 5

Gene-modification of BMSC-

Luc2/CDUPRT via the lentiviral transfer 

of human furin-cleavable insulin (INS-

FUR), murine NeuroD1 and Pdx-1



Introduction

The limitations of current target cell types for T1D gene therapy have resulted in the 

evaluation of alternative cell types for the generation of IPCs. MSCs represent an interesting 

alternative target for the treatment of T1D due to their ease of isolation, ability to be 

expanded ex vivo, high plasticity, immunomodulatory properties and capacity to function as 

biofactories239, 240. Previous research has shown that gene therapy can be utilised to direct the 

differentiation of MSCs towards the pancreatic lineage ( -cells) which upon 

transplantation corrected hyperglycaemia for a short periods94, 123, 192-195, 92, 197, 198. However, 

despite the short-term success of MSC-derived surrogate IPCs upon transplantation, a number 

of practical challenges are yet to be overcome such as the generation of sufficient starting 

quantities of MSCs and the lack of cell proliferation following differentiation into IPCs, all of 

which prohibit the large-scale manufacture of a potential T1D cell therapy.

The advantage of tumour-derived liver cell lines such as Huh7 and the H4IIE previously 

investigated within our lab as targets for surrogate IPC generation is their capacity to generate 

large quantities of cells for gene-modification, and the ability of transdifferentiated cells to 

-cells. However, the use of tumour-derived cell lines in 

the clinical setting is hampered by their safety concerns. Considering that BMSCs are 

primary stem cells, their eventual differentiation into sur -cells would result in the loss 

of early proliferative function. As a consequence, significant quantities are required prior to 

differentiation, as ex vivo expansion post-differentiation into IPCs is not possible. To 

overcome this, in this chapter I have evaluated the potential of ex vivo culture expanded 

BMSCs as targets for the generation of surrogate IPCs. 



Ex vivo expanded BMSCs were initially gene-modified to express the pancreatic transcription 

factor NeuroD1 and a modified form of human insulin known as furin-cleavable insulin (INS-

FUR). NeuroD1 is a pancreatic transcription factor involved in defining and maintaining 

endocrine cell fate during embryonic development of the pancreas, and has been shown to 

induce pancreatic transdifferentiation of liver tissue in vivo150 and to rat hepatocytes in 

vitro163, however has yet to be assessed in MSCs. Despite the success of exogenous 

pancreatic transcription factor transfer in inducing transdifferentiation in a variety of cell 

types, most cells fail to produce insulin in quantities similar to those observed in islets. 

Therefore, over-expression of INS-FUR that contains furin cleavage sites allows for the 

production of biologically active insulin in non-pancreatic tissues/cells that do not 

endogenously possess the proinsulin processing pro-convertase enzymes, as the furin 

cleavage sites allows the processing of proinsulin into insulin and c-peptide via the furin 

enzyme which is present in most cell types, including BMSCs. Following the assessment of 

NeuroD1/INS-FUR combinatorial gene therapy in inducing pancreatic differentiation of 

BMSCs, the transcription factor (Pdx1) known to successfully induce pancreatic 

differentiation of BMSCs in the literature94, 123, 192-195, 92, 197, 198, was assessed in combination 

with INS-FUR as an alternative combinatorial therapy in an attempt to successfully generate

surrogate IPCs from culture expanded BMSCs. 

Specific Aims

Generate novel lentiviral vectors expressing murine NeuroD1, INS-FUR and Pdx1.

Characterise the gene expression profile of culture expanded BMSCs following 

lentiviral transduction with NeuroD1 and INS-FUR via RT-PCR.



Determine the ability of BMSCs expressing NeuroD1 and INS-FUR to secrete insulin 

in a chronic and regulated manner.

Characterise the gene expression profile of culture expanded BMSCs following 

lentiviral transduction with Pdx1.

Determine the ability of BMSCs expressing Pdx1 and INS-FUR to secrete insulin in a 

chronic and regulated manner.

Determine whether BMSCs are capable of forming islet-like spheroids.

Assess the ability of BMSCs expressing INS-FUR to reverse diabetes in STZ-diabetic 

NOD/Scid mice.



5.1 Specific methods

5.1.1 Generation of lentiviral plasmids containing INS-FUR and NeuroD1

The manipulation of genetic material and generation of genetically modified organisms was 

approved by the UTS Biosafety Committee (2001-19-R-GC; 2009-02-R-GC). The existing 

HMD (empty vector control) and HMD-INS-FUR lentiviral plasmids (Figures 5.1 and 5.2 

respectively) used previously in our laboratory77, 133, 134 were subsequently modified to 

express either NeuroD1 alone (HMD-NeuroD1) or INS-FUR and NeuroD1 in combination 

(HMD-INS-FUR/NeuroD1) prior to packaging. As illustrated in Figures 5.1 and 5.2, the 

existing lentiviral plasmids possess the enhanced green fluorescent protein (eGFP) reporter 

which allowed for the visualisation of transduction success, determination of transduction 

efficiency and FACS of positively transduced cells. 

5.1.1.1 Synthesis and plasmid preparation of the NeuroD1-T2A-eGFP construct

Prior to cloning the HMD-NeuroD1 and HMD-INS-FUR/NeuroD1 lentiviral plasmids, the 

mouse (Mus musculus) NeuroD1 cDNA was custom synthesised lacking a TAG stop codon, 

and contained a T2A peptide and eGFP at the 3` end using the GeneArt Gene Synthesis™

service (Thermofisher®) (Figure 5.3). Incorporation of a T2A peptide in the construct resulted 

in ribosomal skipping and the translation of two separate proteins (NeuroD1 and eGFP) from

a single mRNA template. The NeuroD1 gene coding sequence was obtained from the 

National Centre for Biotechnology Information (NCBI) nucleotide database and was derived 

from the sequence with accession number NM_010894. The length of the custom NeuroD1-

T2A-eGFP sequence is 1854bp. The custom synthesised pND1-T2A-eGFP plasmid was 

subsequently prepared for further manipulation as described in Section 2.5.



Figure 5.1: Diagrammatic representation of the existing HMD lentiviral plasmid The HMD 

lentiviral plasmid possesses features such as a hybrid murine stem cell virus (MSCV) promoter, an 

IRES allowing for dual expression of two upstream and downstream genes of interest (of which 

the GFP fluorescent reporter is one) and bacterial ampicillin resistance. The HMD lentiviral 

plasmid is utilised as the backbone for sub-cloning of genes of interest upstream and downstream 

of the IRES and as the empty vector when packaged for lentiviral transduction.



Figure 5.2: Diagrammatic representation of the existing HMD-INS-FUR lentiviral plasmid 

The HMD-INS-FUR plasmid was developed by sub-cloning the human furin-cleavable insulin (INS-

FUR) gene into the EcoRI site upstream of the IRES of the HMD plasmid. The GFP fluorescent 

reporter is co-expressed allowing for fluorescent detection of positively transduced cells expressing 

INS-FUR.



Figure 5.3: Diagrammatic representation of the pND1-T2A-eGFP sub-cloning plasmid 

The pND1-T2A-eGFP sub-cloning plasmid was designed using the GeneArt Gene Synthesis™

service. A synthetic sequence encoding the murine NeuroD1 cDNA linked to the eGFP gene 

via a T2A peptide was synthesised in a basic sub-cloning plasmid possessing bacterial 

ampicillin resistance. The NeuroD1-T2A-eGFP sequence was subsequently PCR amplified 

from pND1-T2A-eGFP for sub-cloning into the HMD lentiviral vectors.



5.1.1.2 PCR amplification of NeuroD1-T2A-eGFP

The forward primer was designed to contain a 5` MscI restriction site (yellow), and to overlap 

the ATG start codon (green) of the NeuroD1 sequence. The addition of a spacer nucleotide 

(blue) between the MscI restriction site and the ATG start codon allowed for the inframe sub-

cloning of NeuroD1-T2A-eGFP into the HMD vector. The reverse primer was designed to 

bind downstream of the 3` end of the eGFP sequence, with subsequent PCR amplification 

incorporating the existing PacI restriction site into the amplified NeuroD1-T2A-eGFP PCR 

product. The primer sequences were as follows:

Forward: 5` GATACTTGGCCATATGACCAAATCATACAGCGA 3`

Reverse: 5` CCATGAGGCCCAGTTAAT 3`

Briefly, NeuroD1-T2A-eGFP was amplified from the pND1-T2A-eGFP plasmid using 

Phusion® High-Fidelity PCR Mastermix with HF Buffer (New England Biolabs®) and the 

primers mentioned above according to the manufacturer’s instructions (Table 5.1) in an 

Eppendorf™ Thermalcycler for 30 cycles with an optimal primer annealing temperature of 

60oC. The amplified NeuroD1-T2A-eGFP product (1854bp) was subsequently run on a 0.7% 

(w/v) agarose gel in 1x TBE buffer at 90V for 90 min and gel purified using the Wizard® SV 

Gel and PCR Clean-up System (Promega®) according to the manufacturer’s instructions. 

Briefly, the excised gel slice containing NeuroD1-T2A-eGFP was solubilised in 1:1 (w/v) 

Membrane Binding Solution at 60oC for 10 min. The gel mixture was subsequently 

transferred to a SV Minicolumn assembly and centrifuged at 16,000g for 1 min. Bound 

product was washed with 700 l Membrane Washing Solution (16,000g, 1min) and repeated 

with 500 l (16,000g, 5 min). To elute the bound product 30 l of dH2O was added to the 

column, incubated at room temperature for 1 min and centrifuged at 16,000g for 1 min. The 



eluted DNA quality and concentration was assessed using a NanoDrop® 2000

spectrophotometer (Thermofisher®) and stored at -20oC prior to use in cloning.

5.1.1.3 Restriction digestion of NeuroD1-T2A-eGFP and HMD-INS-FUR

In preparation for the ligation of NeuroD1-T2A-eGFP into the HMD-INS-FUR vector, both 

HMD-INS-FUR and NeuroD1-T2A-eGFP were digested with MscI (New England Biolabs®)

and PacI (New England Biolabs®) according to Table 5.2. All reactions were incubated at 

37oC for 2 hours. Both digested HMD-INS-FUR and NeuroD1-T2A-eGFP were subsequently 

run on a 0.7% (w/v) agarose gel and gel purified using the Wizard® SV Gel and PCR Clean-

up System (Promega®) as described in Section 5.1.1.2.

Component Final Concentration

Phusion® High-Fidelity PCR 
Mastermix with HF Buffer 1x 12.5

Forward Primer (10 M) 1.25

Reverse Primer (10 M) 1.25

pND1-T2A-eGFP plasmid (10ng/ l) - 1

RNase-Free Water - 9

Table 5.1: Phusion® HF PCR amplification of NeuroD1-T2A-eGFP



Components HMD-INS-FUR ( l) NeuroD1-T2A-eGFP ( l)

HMD-INS-FUR (~200ng/ l) 15 -

NeuroD1-T2A-eGFP (200ng/ l) - 30

Cutsmart Buffer (10x) 5 5

MscI (5U/ l) 1 1

PacI (10U/ l) 1 1

dH2O 28 13

Total volume 50 50

5.1.1.4 Ligation of NeuroD1-T2A-eGFP and HMD-INS-FUR

The HMD-INS-FUR backbone was digested with MscI and PacI, and dephosphorylated using 

recombinant rSAP (New England Biolabs®) according to the manufacturer’s instructions. In 

addition, purified NeuroD1-T2A-eGFP was diluted to 50ng/ l with dH2O in preparation for 

use in the ligation reactions. Ligation of dephosphorylated HMD-INS-FUR (MscI/PacI) and 

NeuroD1-T2A-eGFP was performed at three insert:vector backbone ratios (3:1, 6:1 and 10:1) 

using T4 DNA ligase (400U/ l) as outlined in Table 5.3, and incubated at 16oC for 16 hours 

(overnight). A negative control of dephosphorylated HMD-INS-FUR (MscI/PacI) was setup 

to account for potential vector backbone re-ligation. 

Table 5.2: MscI/PacI digest of HMD-INS-FUR and NeuroD1-T2A-eGFP



5.1.1.5 Restriction digestion and Quick Ligation™ of HMD-INS-FUR-NeuroD1 

The resulting HMD-INS-FUR/NeuroD1 vector was subsequently digested with EcoRI-HF 

(New England Biolabs®) to excise the INS-FUR gene according to Table 5.4, run on a 0.7% 

(w/v) agarose gel and gel purified using the Wizard® SV Gel and PCR Clean-up System 

(Promega®) as described in Section 5.1.1.2. Digested HMD-INS-FUR/NeuroD1 (EcoRI-HF) 

was subsequently re-ligated using the Quick Ligation Kit™ (New England Biolabs®)

according to the manufacturer’s instructions to generate HMD-NeuroD1. Briefly, digested 

HMD-INS-FUR/NeuroD1 (EcoRI-HF) was diluted to 50ng/ l and incubated in the presence 

of 1x Quick Ligase Reaction Buffer (2x) (New England Biolabs®), 2000U/ l Quick Ligase 

(New England Biolabs®) at 25oC for 5 min. The reaction was subsequently transferred to ice 

and used immediately in plasmid transformation reactions. 

Component 3:1 
( l)

6:1 
( l)

10:1 
( l)

-ve control 
( l)

NeuroD1-T2A-eGFP (50ng/ l) 1 2 3 -

Dephosphorylated HMD-INS-FUR
(50ng/ l) 1 1 1 1

Ligase buffer (10x) 1 1 1 1

T4 DNA Ligase (400U/ l) 1 1 1 1

dH2O 6 5 4 7

Total 10 10 10 10

Table 5.3: Ligation of HMD-INS-FUR and NeuroD1-T2A-eGFP



5.1.1.6 Transformation of Stbl3 E.coli with HMD-INS-FUR-NueroD1 and HMD-

NeuroD1 plasmids

Transformation of ligation reactions was performed as outlined in Section 2.5.1.2. Selection 

of E.coli expressing lentiviral plasmids was performed using Ampicillin (100 g/ml) as 

outlined in Section 2.5.2. Bacterial colonies arising following transformation were 

subsequently mini-prepped as described in Section 2.5.4 for downstream diagnostic digest.

5.1.1.7 Diagnostic digest of putative HMD-INS-FUR-NueroD1 and HMD-NeuroD1

plasmids

To confirm successful ligation of NeuroD1-T2A-eGFP in putative E.coli clones expressing 

HMD-INS-FUR-NeuroD1, plasmid DNA isolated from each clone was digested with MscI 

and PacI according to Table 5.5. To confirm successful excision of INS-FUR in putative 

E.coli clones expressing HMD-NeuroD1, plasmid DNA isolated from each clone was 

digested with EcoRI-HF according to Table 5.6. 

Components HMD-INS-FUR/NeuroD1

HMD-INS-FUR/NeuroD1 (~200ng/ l) 1

Cutsmart Buffer (10x) 1

EcoRI-HF (20U/ l) 1

dH2O 7

Total volume 10

Table 5.4: EcoRI-HF digest of HMD-INS-FUR/NeuroD1



Components HMD-INS-FUR/NeuroD1

HMD-INS-FUR/NeuroD1 (~200ng/ l) 1

Cutsmart Buffer (10x) 1

MscI (5U/ l) 1

PacI (10U/ l) 1

dH2O 6

Total volume 10

Components HMD-NeuroD1

HMD-NeuroD1 (~200ng/ l) 1

Cutsmart Buffer (10x) 1

EcoRI-HF (10U/ l) 1

dH2O 7

Total volume 10

Table 5.5: Diagnostic digest of HMD-INS-FUR/NeuroD1

Table 5.6: Diagnostic digest of HMD-NeuroD1



5.1.2 Generation of the lentiviral plasmid containing Pdx1

The existing HMD lentiviral plasmid was subsequently modified to contain the codon-

optimised murine Pdx1 cDNA via sub-cloning from the AAV-Pdx1 plasmid (Figure 5.4)

kindly donated by Dr Grant Logan (Children’s Medical Research Institute, Westmead 

Children’s Hospital, Sydney, Australia) to generate HMD-Pdx1. The codon-optimised Pdx1

cDNA was derived from the NCBI nucleotide database murine Pdx1 sequence with accession 

number NM_008814.3.

Figure 5.4: Diagrammatic representation of the AAV-Pdx1 plasmid The AAV-Pdx1 plasmid possesses the 

codon-optimised murine Pdx1 cDNA upstream of the IRES element, and is co-expressed with the mCherry 

fluorescent reporter. The bacterial ampicillin resistance gene allows for bacterial selection of the plasmid.



5.1.2.1 PCR amplification of Pdx1-IRES-mCherry

The forward primer was designed to contain a 5` BamHI restriction site (yellow), and to 

overlap with the ATG start codon (green) of the codon-optimised Pdx1 sequence for the 

inframe sub-cloning of Pdx1-IRES-mCherry into the HMD vector. The reverse primer was 

designed to contain a 3` PacI restriction site (blue), and to overlap with the TAA stop codon 

(red) of the mCherry sequence. The primer sequences were as follows:

Forward: 5` GATACTGGATCCATGAACAGCGAGGAACAG 3`

Reverse: 5` GCGCCGTTAATTAATTACTTGTACAGCTCGTC 3`

Briefly, Pdx1-IRES-mCherry was amplified from the AAV-Pdx1 plasmid using Phusion® 

High-Fidelity PCR Mastermix with HF Buffer (New England Biolabs®) and the primers 

mentioned above according to the manufacturer’s instructions (Table 5.7) in an Eppendorf™

Thermalcycler for 30 cycles with an optimal primer annealing temperature of 60oC. The 

amplified Pdx1-IRES-mCherry product (2194bp) was subsequently run on a 0.7% (w/v) 

agarose gel in 1x TBE buffer at 90V for 90 min and gel purified using the Wizard® SV Gel 

and PCR Clean-up System (Promega®) according to the manufacturer’s instructions and as 

described in Section 5.1.1.2.

Component Final Concentration

Phusion® High-Fidelity PCR 
Mastermix with HF Buffer 1x 12.5

Forward Primer (10 M) 1.25

Reverse Primer (10 M) 1.25

AAV-Pdx1 plasmid (10ng/ l) - 1

RNase-Free Water - 9

Table 5.7: Phusion® HF PCR amplification of Pdx1-IRES-mCherry



5.1.2.2 Restriction digestion of Pdx1-IRES-mCherry and HMD

In preparation for the ligation of Pdx1-IRES-mCherry into the HMD vector, both the HMD 

plasmid and the Pdx1-IRES-mCherry product were digested with BamHI-HF (New England 

Biolabs®) and PacI (New England Biolabs®) according to Table 5.8. All reactions were 

incubated at 37oC for 2 hours. Both digested HMD and Pdx1-IRES-mCherry were 

subsequently run on a 0.7% (w/v) agarose gel and gel purified using the Wizard® SV Gel and 

PCR Clean-up System (Promega®) as described in Section 5.1.1.2.

5.1.2.3 Ligation of Pdx1-IRES-mCherry and HMD

HMD backbone was digested with BamHI-HF and PacI, and dephosphorylated using 

recombinant rSAP (New England Biolabs®) according to the manufacturer’s instructions. In 

addition, purified Pdx1-IRES-mCherry was diluted to 50ng/ l with dH2O in preparation for 

use in the ligation reactions. Ligation of dephosphorylated HMD (BamHI-HF/PacI) and 

Components HMD ( l) Pdx1-IRES-mCherry ( l)

HMD (~200ng/ l) 15 -

Pdx1-IRES-mCherry (200ng/ l) - 30

Cutsmart Buffer (10x) 5 5

BamHI-HF (20U/ l) 1 1

PacI (10U/ l) 1 1

dH2O 28 13

Total volume 50 50

Table 5.8: BamHI-HF/PacI digest of HMD and Pdx1-IRES-mCherry



Pdx1-IRES-mCherry was performed at three insert:vector backbone ratios (3:1, 6:1 and 10:1) 

using T4 DNA ligase (400U/ l) as outlined in Table 5.9, and incubated at 16oC for 16 hours 

(overnight). A negative control of dephosphorylated HMD (BamHI-HF/PacI) was setup to 

account for potential vector backbone re-ligation. 

5.1.2.4 Transformation of Stbl3 E.coli with HMD-Pdx1 plasmid

Transformation of ligation reactions was performed as outlined in Section 2.5.1.2. Selection 

of E.coli expressing lentiviral plasmids was performed using Ampicillin (100 g/ml) as 

outlined in Section 2.5.2. Bacterial colonies arising following transformation were assessed 

for mCherry expression via fluorescence microscopy, and mCherry+ colonies were 

subsequently mini-prepped as described in Section 2.5.4 for downstream diagnostic digest.

5.1.2.5 Diagnostic digest of putative HMD-Pdx1 plasmid

To confirm the successful ligation of Pdx1-IRES-mCherry in the putative E.coli clones 

expressing HMD-Pdx1, Plasmid DNA isolated from each clone was digested with BamHI-

HF and AsiSI (New England Biolabs®) according to Table 5.10. 

Component 3:1 
( l)

6:1 
( l)

10:1 
( l)

-ve control 
( l)

Pdx1-IRES-mCherry (50ng/ l) 1 2 3 -

Dephosphorylated HMD (50ng/ l) 1 1 1 1

Ligase buffer (10x) 1 1 1 1

T4 DNA Ligase (400U/ l) 1 1 1 1

dH2O 6 5 4 7

Total 10 10 10 10

Table 5.9: Ligation of HMD and Pdx1-IRES-mCherry



5.1.3 Packaging of lentiviral plasmids

Prior to packaging of the HMD-NeuroD1, HMD-INS-FUR/NeuroD1 and HMD-Pdx1

lentiviral plasmids, all plasmids were midi-prepped using the PureLink® Quick Plasmid 

Midiprep/Megaprep Kit (Invitrogen, Lifetechnologies™) according to the manufacturer’s 

instructions. The concentration and purity of purified lentiviral plasmids was assessed using a 

NanoDrop® 2000 spectrophotometer (Thermofisher®).

5.1.3.1 Lentiviral plasmid transfection via calcium phosphate precipitation

The lentiviral plasmids were transfected using calcium phosphate precipitation in HEK293T 

cells (passages 5-10). On Day 1, HEK293T cells (passages 5-10) were split to obtain 80-90% 

confluency on Day 2. HEK293T cells were seeded in one T175 flask in complete high 

glucose DMEM (high glucose DMEM (Lifetechnologies™) containing 10% FCS and 1% 

100x PenStrep (P/S) (Lifetechnologies™)). The following day (Day 2), the media was 

removed from the flask and replenished with 20ml of fresh complete high glucose DMEM. In

Components HMD-Pdx1

HMD-Pdx1 (~200ng/ l) 1

Cutsmart Buffer (10x) 1

BamHI-HF (20U/ l) 1

AsiSI (10U/ l) 1

dH2O 6

Total volume 10

Table 5.10: Diagnostic digest of HMD-Pdx1



addition, two tubes containing the transfection reagents were prepared as outlined in Table 

5.11 and 5.12 respectively.

Plasmid/Reagents
Concentration/Volume

Lentiviral plasmid

VSV-G plasmid

2M CaCl2

dH2O X l

Total 1400 l

Reagents Volume ( l)

1M HEPES 70

2M NaCl 175

150mM Na2HPO4 16.1

dH2O 1138.9

Total 1400

Using a transfer pipette, the contents of Tube 1 was transferred to Tube 2 and mixed by 

releasing bubbles. The mixture was incubated at room temperature for 30 min for complete 

precipitation, and subsequently transferred to one T175 flask containing 80-90% confluent 

HEK293T cells. The flasks were incubated for 3-4 hours at 37oC/5% CO2, after which the 

medium was removed; the cells were washed twice with 1x PBS and fresh complete high 

glucose DMEM added to the flasks. The cells were subsequently incubated for a further 2-3

Pl id/R t
Table 5.11: Transfection Tube 1

Table 5.12: Transfection Tube 2



days at 37oC/5% CO2, during which time the supernatant was initially harvested at 36 hours 

post transfection, and replenished/harvested every 12 hours thereafter. The harvested medium 

containing lentiviral particles was stored at 4oC prior to filtration and concentration.

5.1.3.2 Lentivirus filtration and concentration

The harvested lentiviral particles stored at 4oC were filtered through a Millex-HV 0.45 M 

polyvinylidene fluoride syringe filter (EMD Millipore©) to remove viral and cellular debris 

prior to centrifugation. Filtered lentivirus was subsequently concentrated using Amicon Ultra 

100 kDa filters (EMD Millipore©) via centrifugation at 3000g for 30 min. The concentrated 

lentivirus was subsequently aliquoted in 1ml volumes into 1.5ml microcentrifuge tubes and 

stored at -80oC prior to viral titration.

5.1.4 Titration of lentiviral plasmids

5.1.4.1 Transduction of NIH3T3 cells

Twenty-four hours prior to titration, 5x104 NIH3T3 cells/well (P5-10) were seeded in each 

well of a 24-well plate to obtain 30-50% confluency on the day of transduction. On the day of 

transduction, cells in three wells were detached, counted and the average number used in viral 

titration calculations. In addition, 2-fold dilutions ranging from 1/2-1/128 of each lentiviral 

preparation (HMD-NeuroD1, HMD-INS-FUR/NeuroD1 and HMD-Pdx1) were setup in 

complete high glucose DMEM + 8 g/ml Polybrene (Sigma-Aldrich©). The medium was 

removed from each well of the 24-well plate and 200 l of each viral dilution added to a well 

in triplicate. The 24-well plate was incubated for 4 hours at 37oC/5% CO2, after which the 

virus was removed from the wells, and the cells were washed twice with 1 x PBS and 500 l 

of complete high glucose DMEM added to each well. The 24-well plate was subsequently 



incubated for 72 hours at 37oC/5% CO2, after which the cells were detached and fixed in 

100 l of 4% paraformaldehyde for FACS analysis to analyse fluorescence expression. For 

HMD-NeuroD1 and HMD-INS-FUR/NeuroD1 transduced cells GFP expression was 

analysed, and for HMD-Pdx1 transduced cells mCherry expression was analysed. 

5.1.4.2 FACS analysis of transduced NIH3T3 cells

Fixed NIH3T3 cells transduced with HMD-NeuroD1, HMD-INS-FUR/NeuroD1 and HMD-

Pdx1 were transferred to new individual 5mL Round Bottom Polystyrene Test Tubes with 

Cell Strainer Snap Caps (Corning™), and the strainer caps subsequently replaced with 

regular round bottom polystyrene tube caps. FACS analysis of eGFP expression in NIH3T3 

cells transduced with HMD-NeuroD1 and HMD-INS-FUR/NeuroD1 was performed on a BD 

LSR II™ in the Microbial Imaging Facility (UTS, Sydney, Australia) which possesses 

combined flow cytometry and high-content resolution imaging units. Flow cytometry data 

was analysed using BD FACSDiva™ software (Version 8.0.1). FACS analysis of mCherry 

expression in NIH3T3 cells transduced with HMD-Pdx1 was performed on a BD LSR 

Fortessa™ at the Advanced Cytometry Facility (Centenary Institute, Sydney, Australia). Flow 

cytometry data was analysed using BD FACSDiva™ software (Version 8.0.1).

5.1.5 Gene modification of BMSC-Luc2/CDUPRT with lentiviral plasmids

5.1.5.1 Lentiviral transduction of BMSC-Luc2/CDUPRT

Mid-passage (P15-30) BMSC-Luc2/CDUPRT cells were cultured in T175 flasks as described 

in Section 2.1. In preparation for transduction, the cells were detached and seeded at 2x105

cells per T25cm2 flask in complete -MEM containing 200 g/ml Hygromycin B and 

incubated overnight at 37oC/5% CO2. On the day of transduction the cells were washed twice 



-MEM containing 200 g/ml Hygromycin B and 8 g/ml 

Polybrene was added to the cells. Concentrated viral supernatant was added to the cells at a 

multiplicity of infection (MOI) of 10 and the cells incubated overnight at 37oC/5% CO2. A 

negative control of 2x105 untransduced BMSC-Luc2/CDUPRT was run alongside transduced 

BMSC-Luc2/CDUPRT. The variation of transductions with lentiviral vectors was as follows:

1. BMSC-Luc2/CDUPRT + HMD (1.8x107 TU) (Round 1 and 2)

2. BMSC-Luc2/CDUPRT + HMD-INS-FUR (1.2x108 TU) (Round 1 and 2)

3. BMSC-Luc2/CDUPRT + HMD-INS-FUR/NeuroD1 (Round 1 and 2)

4. BMSC-Luc2/CDUPRT + HMD-NeuroD1 (Round 1 and 2)

5. BMSC-Luc2/CDUPRT + HMD-Pdx1 (Round 3)

6. BMSC-Luc2/CDUPRT-INS-FUR + HMD-Pdx1 (Round 3)

The following day (16 hours) post-transduction, the medium containing the lentiviral vectors 

was discarded, the cells washed twice with 1x HBSS, the medium replenished with fresh 

-MEM containing 200 g/ml Hygromycin B and the cells incubated for a further 

72 hours at 37oC/5% CO2. Confirmation of successful transduction was performed via 

fluorescence microscopy of eGFP and mCherry expression.

In addition, a further set of transductions (Round 2) was performed where BMSC-

Luc2/CDUPRT were cultured for a period of 2 weeks in complete high glucose DMEM (-

bFGF) containing 200 g/ml Hygromycin B, followed by transduction with lentiviral vectors 

as described above. This was setup to observe the effect of high glucose and the absence of a 

fibroblast-stimulating growth factor on the differentiation of transduced BMSC-

Luc2/CDUPRT. Further to this, BMSC-Luc2/CDUPRT and BMSC-Luc2/CDUPRT-INS-FUR

were transduced with HMD-Pdx1 -MEM containing 200 g/ml 



Hygromycin B and 8 g/ml Polybrene) as a consequence of the results obtained following the 

overexpression of INS-FUR and NeuroD1 in BMSC-Luc2/CDUPRT.

5.1.5.2 FACS analysis and sorting of transduced BMSC-Luc2/CDUPRT

Transduced and untransduced (negative control) cells were cultured for 1 week post-

transduction as described in Section 2.1. During this period, the media was changed and 

replenished twice to remove any remaining viral particles. On the day of FACS sorting, the 

transduced cells were washed twice with 1x HBSS, detached and resuspended in 1ml of cold 

1x HBSS + 5% FCS. The cells were transferred to individual 5mL Round Bottom 

Polystyrene Test Tubes with Cell Strainer Snap Caps to dissociate cell aggregates, and the 

strainer caps subsequently replaced with regular round bottom polystyrene tube caps for 

transport to the Advanced Cytometry Facility (Centenary Institute, Sydney, Australia). eGFP+

cells transduced with HMD, HMD-INS-FUR, HMD-INS-FUR/NeuroD1 and HMD-NeuroD1

were FACS sorted on the BD FACSAria™ II into 5mL Round Bottom Polystyrene Test 

Tubes containing 1ml of FCS. The tubes were kept on ice and a 100 l sample of each sorted 

eGFP+ population was assessed for purity post sorting. The sorted eGFP+ populations of cells 

were denoted as BMSC-Luc2/CDUPRT-HMD, BMSC-Luc2/CDUPRT-INS-FUR, BMSC-

Luc2/CDUPRT-INS-FUR/NeuroD1 and BMSC-Luc2/CDUPRT-NeuroD1.

mCherry+ cells were sorted on the BD Influx™ into 5mL Round Bottom Polystyrene Test 

Tubes containing 1ml of FCS. The tubes were kept on ice and a 100 l sample of each sorted 

mCherry+ population was assessed for purity post sorting. The sorted mCherry+ populations 

of cells were denoted as BMSC-Luc2/CDUPRT-Pdx1. In addition, BMSC-Luc2/CDUPRT-

INS-FUR cells that were transduced with HMD-Pdx1 were sorted on the BD Influx™ as dual 

eGFP+/mCherry+ and were denoted as BMSC-Luc2/CDUPRT-INS-FUR-Pdx1.



5.1.5.3 Cell culture of transduced cells post-sorting

Post-sorting, half the volume of each sorted cell population that were transduced in complete 

-MEM containing 200 g/ml Hygromycin B during Round 1 were returned to culture in 

individual T25cm2 -MEM containing 200 g/ml 

Hygromycin B as described in Section 2.1, and the other half were maintained in complete 

high glucose DMEM (-bFGF) containing 200 g/ml Hygromycin B for a period of 4 weeks. 

Cells that were transduced in complete high glucose DMEM (-bFGF) containing 200 g/ml 

Hygromycin B during Round 2 and sorted as described in Section 5.1.5.3 were returned to 

culture in high glucose DMEM (-bFGF) containing 200 g/ml Hygromycin B for a period of 

-MEM containing 

-MEM containing 200 g/ml

Hygromycin B for a period of 4 weeks.

5.1.5.4 Cell proliferation assays

Cell proliferation assays were setup for each population of transduced cells as described in 

Sections 2.2.

5.1.6 -cell differentiation 

5.1.6.1 Microscopic evaluation of morphological changes in transduced BMSC-

Luc2/CDUPRT

Transduced and untransduced BMSC-Luc2/CDUPRT cells were assessed at 28 days post-

-

cell differentiation. Images were acquired using a Leica© DM microscope (Leica 



Microsystems©) and processed using image processing software Leica Application Suite 

(V4.4.0) (Leica Microsystems©).

5.1.6.2 Gene expression profiling of transduced BMSC-Luc2/CDUPRT

Gene expression profiling of transduced and untransduced BMSC-Luc2/CDUPRT was 

performed as described in Section 2.6. Specifically, RNA was extracted from transduced and 

untransduced cells at 28 days post-transduction, and utilised to generate cDNA for 

subsequent RT-PCR. The list of endogenous pancreatic genes assessed and the primers 

utilised are outlined in Table 3.3. In addition, specific primers were designed for the detection 

of the ectopically expressed NeuroD1-T2A-eGFP and codon-optimised Pdx1 as outlined 

below. RT-PCR for NeuroD1-T2A-eGFP and codon-optimised Pdx1 RT-PCR was run at 

58oC and 60oC respectively for 40 cycles, and generated 1081bp and 180bp respectively.

NeuroD1-T2A-eGFP Forward: 5` TCAACCCTCGGACTTTCTTG 3`

NeuroD1-T2A-eGFP Reverse: 5` ATGTTGTGGCGGATCTTGAAG 3`

Codon-optimised Pdx1 Forward: 5` CCCCCACAGTTCACATCTAGC 3`

Codon-optimised Pdx1 Reverse: 5` CTCTGTGCCGTTAGGGAATG 3`

5.1.6.3 In vitro chronic insulin secretion assay

To assess the ability of transduced BMSC-Luc2/CDUPRT to secrete INS-FUR, a 24-hour 

chronic insulin secretion assay was established. To determine the optimal concentration of 

cells required, 5x104, 1x105 and 5x105 BMSC-Luc2/CDUPRT-INS-FUR cells/ml were 

resuspended in complete -MEM containing 200 g/ml Hygromycin B, and 1ml of each 

concentration was seeded in duplicate in a 6-well plate and incubated for 24 hours at 

37oC/5% CO2. The following day (post 24hours) the medium was harvested from each well, 



transferred to a 1.5ml microfuge tube and stored at -20oC until the insulin concentration of 

the samples was analysed. 

Following determination of the optimal seeding concentration of cells, the assay was repeated 

as above by seeding 1x105 cells/well of BMSC-Luc2/CDUPRT, BMSC-Luc2/CDUPRT-INS-

FUR, BMSC-Luc2/CDUPRT-INS-FUR/NeuroD1, BMSC-Luc2/CDUPRT-NeuroD1, BMSC-

Luc2/CDPRT-Pdx1 and BMSC-Luc2/CDUPRT-INS-FUR-Pdx1 in triplicate (n=4). The 

insulin concentration of the harvested samples was assessed as described in Section 2.7.

5.1.6.4 In vitro acute stimulation insulin secretion assay

BMSC-Luc2/CDUPRT transduced to express INS-FUR and NeuroD1 were assessed for their 

ability to secrete insulin in response to acute glucose stimulation. Untransduced BMSC-

Luc2/CDUPRT cells were assessed as a negative control. Cells were seeded in complete -

MEM containing 200 g/ml Hygromycin B at a concentration of 1x105 cells/well in triplicate 

of a 6 well-plate (n=3). Following cell attachment (~4-6 hours), the cells were washed twice 

with basal medium (0.14M NaCl, 2.7mM KCl, 1.5mM KH2PO4, 10mM Na2PO4, 0.9mM 

CaCl2, 0.5mM MgCl2, 27mM NaHCO3, 20mM N-(2-hydroxyethyl) piperazine-N’-(2-

ethanesulphonic acid) HEPES, 2g/L BSA and 1.5mM D-Glucose, pH 7.4). The cells were 

subsequently incubated with 1ml of basal medium for two sequential periods of 1 hour at 

37oC/5% CO2. After each hour the medium was collected (labelled basal 1 and basal 2) and 

replenished, allowing for a basal level of insulin secretion to be established. The cells were 

subsequently stimulated with basal media containing 20mM D-Glucose for 1 hour and the 

medium collected and labelled “stimulation”. A final basal incubation (basal 3) was 

performed to determine if insulin secretion returned to basal levels following the removing of 

the glucose stimulus. The samples were transferred to 1.5ml microfuge tubes and stored at     

-20oC until the insulin concentration was analysed as described in Section 2.7.



5.1.6.5 Quantification of insulin storage within secretory granules

BMSC-Luc2/CDUPRT transduced to express INS-FUR and NeuroD1 were assessed for their 

ability to store insulin within storage granules. Untransduced BMSC-Luc2/CDUPRT cells 

were assessed as a negative control. Cells were grown in T175 flasks in -MEM containing 

200 g/ml Hygromycin B at 37oC/5% CO2. Insulin storage was subsequently determined 

following a 48-hour insulin extraction of 1x106 cells (n=4) per cell population. Briefly, 1x106

cells were resuspended in 400 l of acid/ethanol (0.18M HCl in 70% ethanol) for 48 hours at 

4oC. Insulin content was thereafter quantified as described in Section 2.7. 

5.1.7 Generation of BMSC-Luc2/CDUPRT-INS-FUR spheroids

5.1.7.1 Spheroid cell culture

Mid-passage (P15-30) parental BMSC-Luc2/CDUPRT, BMSC-Luc2/CDUPRT-HMD and 

BMSC-Luc2/CDUPRT-INS-FUR were expanded in culture as described in Section 2.1. To 

induce aggregation the cells were washed twice with 1x HBSS, detached and resuspended to 

a concentration of 1x106 cells/ml in serum-free DMEM/F12 (17.5mM D-glucose, 1% BSA, 

1% 100x insulin-transferrin-selenium and 1% 100x P/S). 1x106 cells were seeded in a well of

a Corning™ Cellstar™ Ultra-low attachment 6-well plate (Sigma-Aldrich©) and incubated 

overnight at 37oC/5% CO2. Light and fluorescent images of spheroids were acquired 16-24 

hours post seeding using a Leica© DM microscope (Leica Microsystems©) and processed 

using image processing software Leica Application Suite (V4.4.0) (Leica Microsystems©).

5.1.7.2 Time-lapse microscopy

Mid-passage (P15-30) BMSC-Luc2/CDUPRT-INS-FUR were seeded in a well of a Corning™

Cellstar™ Ultra-low attachment 6-well plate as described in Section 5.1.7.1. Prior to the 



commencement of the time-lapse imaging, the spheroids were incubated with ReadyProbes®

Cell Viability Imaging Kit, Blue/Red (Thermofisher©). Briefly, NucBlue® Live reagent and 

propidium iodide (PI) were added to freshly seeded cells at a concentration of 2 drops/ml of 

media. The 6-well plate was subsequently transferred to the incubation chamber of a Nikon 

A1 confocal microscope (Nikon©) maintained at 37oC/5% CO2 for 16 hours, during which 

time light and fluorescent images were obtained at 30 min intervals. Fluorescent images of 

nuclei, INS-FUR-expressing BMSCs and dead cells were captured using DAPI, GFP and 

Texas Red filters respectively. Acquired images were processed and analysed on NIS-

Elements Advanced Research (Nikon©) software. 

5.1.8 Reversal of diabetes in STZ-diabetic NOD/Scid mice

5.1.8.1 Sourcing of animals

Twenty-five female NOD/Scid mice at six weeks of age (19-23g) were sourced from the 

Animal Resources Centre (WA, Australia). They were housed within the Ernst Facility at 

UTS in a polycarbonate green line IVC system, with corncob bedding, irradiated rat and 

mouse feed (Gordon’s Specialty Stock Feeds) and unlimited RO water. All bedding and 

housing equipment was autoclaved prior to use. The temperature and humidity of the animal 

rooms was maintained within 22-24oC and 40-60% respectively. A maximum of five animals 

were housed per cage and monitored daily by the Ernst Facility technicians until they were 

required for experimental work, after which animals were monitored daily by the researcher 

and Ernst Facility technicians. 

All animal work was approved by the UTS Animal Care and Ethics Committee (ACEC 2011-

447A; ACEC 2009-244A) and complied with the Australian code for the care and use of 

animals for scientific purposes328.



5.1.8.2 Preparation of STZ for diabetes induction

Acetate buffer was prepared by diluting 17.4M glacial acetic acid to 0.1M (pH 5.2) with 

dH2O to a final volume of 100ml. Sodium acetate anhydrous (166mg) was dissolved in 0.1M 

(pH 5.2) glacial acetic acid and filtered through a 0.2 M Minisart® syringe filter (Merk-

Millipore©). Acetate buffer was subsequently stored in 5ml aliquots at -20oC until required 

for preparation of STZ solution, which was performed on the day of diabetes induction.

On the day of diabetes induction, a 5ml aliquot of acetate buffer was thawed and a 20mg/ml 

solution of STZ was prepared by dissolving 80mg of STZ (Alexis® Biochemicals) in 4ml 

acetate buffer. The STZ solution was filtered through a 0.2 M Minisart® syringe filter and 

kept on ice until injection into NOD/Scid mice for diabetes induction.

5.1.8.3 STZ induction of diabetes in NOD/Scid mice

On the day of diabetes induction, eighteen NOD/Scid mice had body weights and blood 

glucose concentration measured prior to injection of STZ solution. Body weight 

measurements were utilised to determine the volume of STZ solution to administer per 

animal, with each animal receiving 170mg/kg of STZ solution (20mg/ml) via intraperitoneal 

injection using a 0.5ml Ultra-Fine Insulin Syringe (BD Medical®) and 26 Gauge 

PrecisionGlide™ needle. All animals, including non-diabetic controls, had their body weight 

and blood glucose concentration measured daily thereafter to monitor for the development of 

hyperglycaemia. Animals that did not develop hyperglycaemia (blood glucose concentration 

>8mmol/L) within 1-week post STZ-injection received a second low dose (40mg/kg) STZ-

injection to induce diabetes. Only animals that displayed hyperglycaemia (blood glucose 

concentration >8mmol/L) for a period of four consecutive days were considered diabetic and 

utilised in in vivo experiments. 



5.1.8.4 In vivo transplantation of BMSC-Luc2/CDUPRT-INS-FUR in STZ-diabetic 

NOD/Scid mice

Late passage (P40-60) BMSC-Luc2/CDUPRT-INS-FUR cells were expanded in culture as 

described in Section 2.1 to a total of 50 x T175 flasks for in vivo cell transplantation. On the 

day of cell transplantation, the cells were washed twice with 1x HBSS, detached and assessed 

for viability via Trypan Blue (0.4%) exclusion. A viability of >90% was established as the 

minimum cut-off for progressing with cell transplantation. The cells were subsequently 

resuspended in 1x HBSS + 5% FCS to a concentration of 1x108 cells/ml and maintained on 

ice until injections were performed.

Animals were divided into 4 groups (n=6) as outlined below:

1. Non-diabetic control (NOD/Scid)

2. Treated Diabetic (STZ-NOD/Scid) + 1x107 BMSC-Luc2/CDUPRT-INS-FUR

3. Treated Diabetic (STZ-NOD/Scid) + 5x107 BMSC-Luc2/CDUPRT-INS-FUR

4. Diabetic control (STZ-NOD/Scid)

Using 0.5ml Ultra-Fine Insulin Syringe (BD Medical®) and 23 Gauge PrecisionGlide™

needle, treated diabetic STZ-NOD/Scid mice received a single subcutaneous injection of 

BMSC-Luc2/CDUPRT-INS-FUR on the cervical posterior. The animals were returned to IVC 

cages according to their respective groups, with body weight and blood glucose concentration 

measurements obtained daily using a glucometer (Accu-Chek® Performa). Animals that 

displayed hypoglycaemia (blood glucose concentration <3mmol/L) or body weight loss 

(>10%) for two consecutive days were euthanised by CO2 asphyxiation and cervical 

dislocation. 



5.1.8.5 Intraperitoneal glucose tolerance test (IPGTT)

At 4 weeks post BMSC-Luc2/CDUPRT-INS-FUR transplantation, animals were fasted for a 

period of 6 hours with access to RO water. Following fasting, the animals’ body weights 

were measured to determine the required volume of 50% liquid glucose (0.5g/ml) to 

administer per animal (2g/kg). The animals were transferred to a ZDS Qube Manifold 5 

Station (Advanced Anesthesia Specialists®) and maintained under stable anaesthesia, with 

delivery of Isoflurane (VCA®) and O2 throughout the procedure maintained at 2.5 L/min 

Isoflurane and 1.5 L/min O2. Using 0.5ml Ultra-Fine Insulin Syringe (BD Medical®) and 26 

Gauge PrecisionGlide™ needle, the mice received an intraperitoneal injection of 2g/kg 50% 

liquid glucose (0.5g/ml). The animals blood glucose concentrations were measured at t=0 and 

t=5, 15, 30, 60, 90 post injection. Following the IPGTT, the animals were euthanised by CO2

asphyxiation and cervical dislocation, which coincided with the 4-week experimental 

endpoint.



5.2 Results

5.2.1 Generation of the HMD-INS-FUR/NeuroD1 and HMD-NeuroD1

lentiviral plasmids

The generation of the HMD-NeuroD1 and HMD-INS-FUR-NeuroD1 lentiviral plasmids was 

performed according to the cloning strategy outlined in Figure 5.5. 

Figure 5.5: Cloning strategy for the generation of the HMD-NeuroD1 and HMD-INS-FUR-NeuroD1

lentiviral plasmids The NeuroD1-T2A-eGFP sequence PCR amplified from the pND1-T2A-eGFP and the 

HMD-INS-FUR plasmid were digested with MscI and PacI restriction enzymes. Ligation of the NeuroD1-

T2A-eGFP sequence in the HMD-INS-FUR plasmid resulted in the generation of the HMD-INS-

FUR/NeuroD1 plasmid. The INS-FUR sequence was subsequently excised from the HMD-INS-FUR/NeuroD1

plasmid and re-ligated to generate HMD-NeuroD1.



In order to clone the NeuroD1-T2A-eGFP sequence into the HMD-INS-FUR lentiviral 

plasmid, the NeuroD1-T2A-eGFP sequence was PCR amplified from the pND1-T2A-eGFP 

plasmid and digested with MscI and PacI restriction enzymes, the products of which were run 

on a 0.7% (w/v) agarose gel (Figure 5.6, Lane 2). The destination vector (HMD-INS-FUR)

was similarly digested with MscI and PacI restriction enzymes, the products of which were 

run on a 0.7% (w/v) agarose gel (Figure 5.6, Lane 3). As can be seen from Figure 5.6, a 

single product of ~1900bp corresponding to the NeuroD1-T2A-eGFP fragment was amplified 

and successfully digested. The DNA staining intensity of the NeuroD1-T2A-eGFP fragment 

reflects the multiple PCR reactions that were run to increase the quantity of PCR amplified 

starting material for subsequent restriction digest. Following the digest of HMD-INS-FUR

with MscI/PacI, fragments of ~780bp and ~9000bp were released, corresponding to the 

existing eGFP sequence and the remaining HMD-INS-FUR backbone. The gel purified

NeuroD1-T2A-eGFP fragment and the HMD-INS-FUR backbone were subsequently run on a 

1% (w/v) agarose gel to confirm the purity of the fragment extraction (Figure 5.7). The 

concentrations of purified NeuroD1-T2A-eGFP and HMD-INS-FUR backbone were 

~800ng/ l and 500ng/ l respectively as quantified by NanoDrop™ 2000 spectrophotometry.



Figure 5.6: MscI/PacI restriction digest of NeuroD1-T2A-eGFP and HMD-INS-FUR NeuroD1-T2A-

eGFP was PCR amplified from pND1-T2A-eGFP and digested with MscI/PacI, whilst HMD-INS-FUR

plasmid was digested with MscI/PacI. Both were run on a 0.7% (w/v) agarose gel. Lane 1: 1kb DNA 

ladder (NEB), Lane 2: NeuroD1-T2A-eGFP (MscI/PacI digested), Lane 3: HMD-INS-FUR (MscI/PacI 

digested). All gels contained 0.5% (v/v) GelRed™ and were run at 90V for 90 min. The gel images were 

captured using an InGenius3® UV transilluminator.
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Figure 5.7: Gel extraction of MscI/PacI digested fragments The 

fragments corresponding to the HMD-INS-FUR (MscI/PacI cut) and 

the NeuroD1-T2A-eGFP sequence were gel purified and re-run on a 

1% (w/v) agarose gel containing 0.05% GelRed™ at 90V for 90 min. 

The gel image was captured using an InGenius3® UV 

transilluminator. Lane 1: 1kb DNA ladder (NEB®), Lane 2: HMD-

INS-FUR backbone (MscI/PacI cut), Lane 3: NeuroD1-T2A-eGFP.
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The purified and dephosphorylated HMD-INS-FUR backbone (MscI/PacI cut) and NeuroD1-

T2A-eGFP sequence were subsequently ligated as described in Section 5.1.1.4 and Figure 

5.5. The ligation products were diluted 1 in 2 with dH2O, transformed into One Shot® Stbl3 

TOP10 E. coli and selected for antibiotic resistance on Ampicillin containing LB agar plates. 

Of the three insert:backbone molar ratios assessed during ligation, the molar ratios of 3:1 and 

6:1 resulted in six and five colonies respectively, all of which expressed eGFP when assessed 

by fluorescence microscopy (data not shown). No colonies developed from the 10:1 ligation 

transformation, whilst one colony was observed on the negative control plate. Transformation 

with uncut HMD-INS-FUR resulted in >100 colonies.

To assess the success of NeuroD1-T2A-eGFP ligation into the HMD-INS-FUR plasmid, the 

eleven bacterial colonies that resulted from selective LB-agar growth were re-streaked onto 

new selective LB-agar plates to confirm true antibiotic resistance, of which all successfully 

developed clonal bacterial spread plates. A single colony from each clonal spread plate was 

grown overnight in selective LB media containing Ampicillin, and plasmid DNA 

subsequently isolated from all putative HMD-INS-FUR/NeuroD1 clones. A diagnostic digest 

with MscI and PacI was performed to confirm successful ligation of the NeuroD1-T2A-eGFP

sequence into the HMD-INS-FUR plasmid (Figure 5.8). As can be seen in Figure 5.8, seven 

of the eleven putative clones were positive for the incorporation of the NeuroD1-T2A-eGFP

sequence. HMD-INS-FUR/NeuroD1 clone 1 (Figure 5.8, Lane 2) was utilised for the 

subsequent generation of the HMD-NeuroD1 plasmid and for lentiviral packaging.



The INS-FUR sequence was subsequently excised from the HMD-INS-FUR/NeuroD1

lentiviral plasmid following digestion with EcoRI-HF as outlined in Figure 5.5, the products 

of which were run on a 0.7% (w/v) agarose gel (Figure 5.9A). As can be seen from Figure 

5.9A, fragments of ~400bp and ~10.8kb were observed corresponding to the INS-FUR gene 

and the HMD-INS-FUR/NeuroD1 digested backbone. The digested HMD-INS-FUR/NeuroD1

backbone was gel purified and re-ligated using the Quick Ligation Kit™. The ligation 

products were diluted 1 in 2 with dH2O, transformed into One Shot® Stbl3 TOP10 E. coli and 

selected for antibiotic resistance on Ampicillin containing LB agar plates, from which >100 

colonies were obtained. 
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Figure 5.8: Diagnostic digest of putative HMD-INS-FUR/NeuroD1 lentiviral plasmids

Eleven putative HMD-INS-FUR/NeuroD1 lentiviral plasmids were isolated from their 

respective overnight bacterial cultures and subsequently digested with MscI and PacI, and the 

products run on a 0.7% (w/v) agarose gel containing 0.5% (v/v) GelRed™ at 90V for 90 min. 

The gel image was captured using an InGenius3® UV transilluminator. Lane 1: 1kb DNA ladder 

(NEB), Lanes 2-12: Putative HMD-INS-FUR/NeuroD1 clones #1-11 (MscI/PacI cut).

kb



To assess the success of HMD-NeuroD1 re-ligation, five bacterial colonies that resulted from 

selective LB-agar growth were re-streaked onto new selective LB-agar plates to confirm true 

antibiotic resistance, of which all successfully developed clonal bacterial spread plates. A 

single colony from each clonal spread plate was grown overnight in selective LB media 

containing Ampicilin, and plasmid DNA subsequently isolated from all putative HMD-

NeuroD1 clones. A diagnostic digest with EcoRI-HF was performed to confirm successful re-

ligation of the HMD-NeuroD1 plasmid (Figure 5.9B). As can be seen in Figure 5.9B, all of 

the putative HMD-NeuroD1 plasmids did not release the INS-FUR gene of ~400bp as would 

be expected if the HMD-NeuroD1 backbone was successfully re-ligated. HMD-NeuroD1

clone 1 (Figure 5.9B, Lane 2) was utilised for subsequent lentiviral packaging. The 

successfully generated HMD-INS-FUR/NeuroD1 and HMD-NeuroD1 lentiviral plasmid 

schematics are represented in Figure 5.10 and 5.11 respectively. 

Figure 5.9: EcoRI-HF restriction digest of HMD-INS-FUR/NeuroD1 and diagnostic digest of putative 

HMD-NeuroD1 lentiviral plasmids (A) EcoRI-HF digest of HMD-INS-FUR/NeuroD1 run on a 0.7% (w/v) 

agarose gel. Lane 1: 1kb DNA ladder (NEB), Lane 2: HMD-INS-FUR/NeuroD1 (EcoRI-HF digested). (B) 

Diagnostic digest of putative HMD-NeuroD1 lentiviral plasmid clones run on a 0.7% (w/v) agarose gel. Lane 1-

5: Putative HMD-NeuroD1 clones #1-5 (EcoRI-HF digested), Lane 6: 1kb DNA ladder (NEB). All gels 

contained 0.5% (v/v) GelRed™ and were run at 90V for 90 min. The gel images were captured using an 

InGenius3® UV transilluminator.
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Figure 5.10: Diagrammatic representation of the HMD-INS-FUR/NeuroD1 lentiviral plasmid

NeuroD1-T2A-eGFP was cloned downstream of the IRES to replace eGFP. The IRES allows for co-

expression of two genes of interest upstream (INS-FUR) and downstream (NeuroD1-T2A-eGFP). The eGFP 

fluorescent reporter is co-expressed with NeuroD1 as a consequence of the T2A peptide which allows for 

two genes to be expressed from a single mRNA.



Figure 5.11: Diagrammatic representation of the HMD-NeuroD1 lentiviral plasmid The INS-FUR gene 

was excised from the HMD-INS-FUR/NeuroD1 lentiviral plasmid, and the resulting backbone re-ligated to 

generate HMD-NeuroD1. The eGFP fluorescent reporter is co-expressed with NeuroD1 as a consequence of 

the T2A peptide which allows for two genes to be expressed from a single mRNA.



5.2.2 Generation of the HMD-Pdx1 lentiviral plasmid

The generation of HMD-Pdx1 was performed according to the schematic illustrated in Figure 

5.12, where the existing IRES-eGFP sequence of the HMD lentiviral plasmid was excised 

and replaced with the Pdx1-IRES-mCherry sequence from the AAV-Pdx1 plasmid.

Figure 5.12: Cloning strategy for the generation of the HMD-Pdx1 lentiviral plasmid The Pdx1-

IRES-mCherry sequence PCR amplified from the AAV-Pdx1 plasmid and the HMD lentiviral plasmid 

were digested with BamHI-HF and PacI restriction enzymes. Ligation of the Pdx1-IRES-mCherry

sequence in the HMD plasmid resulted in the generation of the HMD-Pdx1 lentiviral plasmid.



In order to clone the Pdx1-IRES-mCherry sequence into the HMD lentiviral plasmid, the 

Pdx1-IRES-mCherry sequence was PCR amplified from the AAV-Pdx1 plasmid and digested 

with BamHI-HF and PacI restriction enzymes, the products of which were run on a 0.7%

(w/v) agarose gel (Figure 5.13, Lane 2). The destination vector (HMD) was similarly digested 

with BamHI-HF and PacI restriction enzymes, the products of which were run on a 0.7%

(w/v) agarose gel (Figure 5.13, Lane 3). As can be seen from Figure 5.13, a single product of 

~2000bp corresponding to the Pdx1-IRES-mCherry fragment was amplified and successfully 

digested. The U-shaped band formation of the Pdx1-IRES-mCherry fragment was an artifact 

of gel overloading. Following the digest of HMD with BamHI-HF/PacI, fragments of 

~1300bp and ~8700bp were released, corresponding to the existing IRES-eGFP sequence and 

the remaining HMD backbone. The concentration of the purified Pdx1-IRES-mCHerry

fragment and the HMD backbone were ~600ng/ l and 500ng/ l respectively as quantified by 

NanoDrop™ 2000 spectrophotometry.

The purified and dephosphorylated HMD backbone (BamHI-HF/PacI cut) and Pdx1-IRES-

mCherry sequence were subsequently ligated as described in Section 5.1.2.3 and Figure 5.12. 

The ligation products were diluted 1 in 2 with dH2O, transformed into One Shot® Stbl3 

TOP10 E. coli and selected for antibiotic resistance on Ampicillin containing LB agar plates. 

Of the three insert:backbone molar ratios assessed during ligation, the molar ratio of 3:1 

resulted in three colonies, of which two expressed mCherry and one eGFP when assessed by 

fluorescence microscopy (data not shown). No colonies developed from the 6:1, 10:1 and 

negative control ligation transformations. Transformation with uncut HMD resulted in >100 

colonies.

To re-confirm the success of Pdx1-IRES-mCherry ligation into the HMD plasmid, the two 

mCherry-expressing colonies were re-streaked onto new selective LB-agar plates to confirm 



true antibiotic resistance, both of which successfully developed clonal bacterial spread plates. 

A single colony from each clonal spread plate was grown overnight in selective LB media 

containing Ampicillin, and plasmid DNA subsequently isolated from all putative HMD-Pdx1

clones. A diagnostic digest with BamHI-HF and PacI was performed to confirm successful 

ligation (Figure 5.14). As can be seen in Figure 5.14, the two putative colonies were positive 

for the incorporation of the Pdx1-IRES-mCherry sequence. HMD-Pdx1 clone 1 (Figure 5.14, 

Lane 2) was utilised for the subsequent generation of the HMD-Pdx1 plasmid and for 

lentiviral packaging. The successfully generated HMD-Pdx1 schematic is represented in 

Figure 5.15.

Figure 5.13: BamHI-HF/PacI restriction digest of Pdx1-IRES-mCherry and HMD Pdx1-IRES-

mCherry was PCR amplified from AAV-Pdx1 and digested with BamHI-HF/PacI. HMD was similarly 

digested. Both were run on a 0.7% (w/v) agarose gel. Lane 1: 1kb DNA ladder (NEB), Lane 2: Pdx1-

IRES-mCherry (BamHI-HF/PacI digested), Lane 3: HMD (BamHI-HF/PacI digested). All gels contained 

0.5% (v/v) GelRed™ and were run at 90V for 90 min. The gel images were captured using an InGenius3®

UV transilluminator.
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Figure 5.14: Diagnostic digest of putative HMD-Pdx1

lentiviral plasmids Two putative HMD-Pdx1 lentiviral 

plasmids were isolated from their respective overnight bacterial 

cultures and subsequently digested with BamHI-HF and PacI, 

and the products run on a 0.7% (w/v) agarose gel containing 

0.5% (v/v) GelRed™ at 90V for 90 min. The gel image was 

captured using an InGenius3® UV transilluminator. Lane 1: 1kb 

DNA ladder (NEB), Lanes 2-3: Putative HMD-Pdx1 clones #1-2

(BamHI-HF/PacI cut).

kb



Figure 5.15: Diagrammatic representation of the HMD-Pdx1 lentiviral plasmid The IRES-eGFP 

sequence was excised from the HMD lentiviral plasmid, and the Pdx1-IRES-mCherry sequence ligated 

into the HMD backbone to generate HMD-Pdx1. The mCherry fluorescent reporter allows for the 

determination of transduction efficiency and FACS of Pdx1-expressing cells.



5.2.3 Packaging and titration of lentiviral vectors HMD-NeuroD1, HMD-

INS-FUR/NeuroD1 and HMD-Pdx1

Lentiviral vectors were packaged in HEK293T cells (P5-10), and fluorescent images obtained 

on the Leica DM microscope at 24 and 48 hours post calcium phosphate precipitation. Cells 

transfected with the HMD-NeuroD1 and HMD-INS-FUR/NeuroD1 lentiviral plasmids that 

co-expressed eGFP were imaged using the Leica GFP filter set (BP 470/40). Cells transfected 

with the HMD-Pdx1 lentiviral plasmid that co-expresses mCherry were imaged using the 

Leica Texas Red filter set (BP 560/40). As can be seen from Figure 5.16, increasing 

fluorophore expression can be observed from all lentiviral plasmids at 24 and 48 hours post 

transfection. 

Viral supernatants were harvested at 36 hours post transfection and every 12 hours thereafter; 

pooled, and stored at 4oC prior to purification. Following purification, viral supernatants were 

concentrated using Amicon Ultra 100 kDa filters and titrated using NIH3T3 (P5-10) cells. 

FACS analysis of transduced NIH3T3 cells determined the concentration of the packaged 

HMD-NeuroD1, HMD-INS-FUR/NeuroD1 and HMD-Pdx1 lentiviral vectors as 1.8x106,

2.05x106 and 1.4x105 TU/ml respectively (Table 5.13). The concentration of the existing 

HMD and HMD-INS-FUR lentiviral vectors as produced and determined by Dr Binhai Ren 

were 1.8x107 and 1.2x108 TU/ml respectively.



Figure 5.16: Fluorescence imaging of lentiviral packaging in HEK293T cells Fluorescence images were acquired at 24 and 48 hours post calcium phosphate 

precipitation of HEK293T cells (P5-10) with HMD-NeuroD1, HMD-INS-FUR/NeuroD1 and HMD-Pdx1 lentiviral plasmids. Images were acquired on the Leica 

DM microscope (Leica Microsystems) at 10x magnification using the GFP and Texas Red filter sets. 100 m scale.
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HMD-NeuroD1
(% GFP+)

HMD-INS-FUR/NeuroD1
(% GFP+)

HMD-Pdx1
(% mCherry+)

Untransduced 0.8 ± 0.2 0.9 ± 0.2 0.6 ± 0.1

1/2 30.3 ± 0.9 40.5 ± 0.9 8.5 ± 0.3

1/4 25.2 ± 0.7 28.8 ± 0.6 6 ± 0.3

1/8 15 ± 1.2 19.7 ± 0.4 3.8 ± 0.4

1/16 13 ± 1.7 15 ± 1 2.5 ± 0.4

1/32 10.2 ± 1.2 11.7 ± 1.3 1.6 ± 0.4

1/64 7.4 ± 0.8 9 ± 0.1 1 ± 0.1

1/128 7.5 ± 0.9 8.3 ± 0.8 0.6 ± 0.1

Concentration (TU/ml) 1.8x106 2.05x106 1.4x105

Table 5.13: Determination of lentivirus concentration via FACS analysis of transduced NIH3T3 cells

Values are average (%) ± SD (n=3). Cells highlighted in green were used to determine lentivirus 

concentration.



5.2.4 Lentiviral gene-modification of suicide BMSCs to express INS-FUR

and murine NeuroD1

5.2.4.1 FACS sorting of suicide BMSCs lentivirally transduced to express INS-FUR and 

murine NeuroD1

Suicide BMSC-F2/CDUPRT cells were transduced with lentiviral vectors encoding the INS-

FUR and murine NeuroD1 genes as described in Section 5.1.5.1. The transduced cells were 

subsequently incubated for a period of 1 week, after which the transduced cells were analysed

via FACS analysis and sorted into eGFP+ populations corresponding to BMSC-

Luc2/CDUPRT-HMD, BMSC-Luc2/CDUPRT-INS-FUR, BMSC-Luc2/CDUPRT-NeuroD1

and BMSC-Luc2/CDUPRT-INS-FUR/NeuroD1. The FACS analysis plot represented in 

Figure 5.17 corresponds to suicide BMSC transduced during Round 1, which were the 

primary experimental conditions assessed. Transduced cells that were sorted during this 

FACS analysis were utilised in the downstream in vivo experiments. The cell acquisition and 

purity data for suicide BMSC transduced during Round 1 are detailed in Tables 5.14 and 5.15 

respectively. The cell acquisition and purity data for suicide BMSC transduced during Round 

2 in high glucose DMEM (-bFGF) are detailed in Tables 5.16 and 5.17 respectively. As can 

be seen from Tables 5.15 and 5.17, purity analysis showed that the purities of the sorted 

populations were lower than expected, a result of contaminating eGFP- cells and debris from 

FCS in the collection tubes.



Figure 5.17: FACS analysis of suicide BMSCs transduced to express INS-FUR and NeuroD1 (Round 1) 

Following culture for 1 week, suicide BMSCs that were transduced with HMD, HMD-INS-FUR, HMD-NeuroD1

and HMD-INS-FUR/NeuroD1 (B-E) at an MOI of 10 were sorted into eGFP+ populations. Untransduced suicide 

BMSCs were analysed as a negative control (A). Fluorescence dot plots of B576 D_A (y-axis) and GFP (x-axis) 

were used to identify eGFP+ cells for cell sorting using the BD FACSAria™ II instrument.



Transduction All events 
(%)

Viable cells 
(%)

Singlets 
(%)

GFP+

(%)

Untransduced
10,000 8,996 8,755 15

100 90.0 87.6 0.0

HMD
10,000 4,732 3,723 788

100 47.3 37.2 7.9

HMD-INS-FUR
10,000 7,582 7,123 5,995

100 75.8 71.2 60.0

HMD-NeuroD1
10,000 8,832 5,854 1,149

100 88.3 58.5 11.5

HMD-INS-FUR/NeuroD1
10,000 6,081 5,297 2,465

100 60.8 53.0 24.7

Sorted cells All events
(%)

Viable cells
(%)

Singlets
(%)

GFP+

(%)

BMSC-Luc2/CDUPRT-HMD
147 80 72 45

100 54.4 49.0 30.6

BMSC-Luc2/CDUPRT-INS-FUR
118 89 84 73

100 75.4 71.2 49.7

BMSC-Luc2/CDUPRT-NeuroD1
208 162 160 93

100 77.9 76.9 44.7

BMSC-Luc2/CDUPRT-INS-
FUR/NeuroD1

119 87 81 68

100 73.1 68.1 57.1

Table 5.14: Cell acquisition analysis of transduced suicide BMSCs (Round 1)

Table 5.15: Sorted cell purity analysis of transduced BMSCs (Round 1)

Untransduced and transduced suicide BMSCs were assessed for GFP expression via 

FACS analysis. The final percentages of each sorted cell population were determined as a 

fraction of the total cell count.

Transduced suicide BMSCs were sorted in to four distinct GFP+ cell populations via FACS 

analysis. The final purity percentages of each sorted cell population were determined as a 

fraction of the total cell count.



Transduction All events
(%)

Viable cells
(%)

Singlets
(%)

GFP+

(%)

Untransduced
10,000 7,259 5,978 4

100 72.6 59.8 0.0

HMD
10,000 8,476 6,624 6,480

100 84.8 66.2 64.8

HMD-INS-FUR
10,000 7,630 5,662 5,127

100 76.3 56.6 51.3

HMD-NeuroD1
10,000 8,767 6,904 1,047

100 87.7 69.0 10.5

HMD-INS-FUR/NeuroD1
10,000 8,552 7,115 3,383

100 85.5 71.2 33.9

Sorted cells All events
(%)

Viable cells
(%)

Singlets
(%)

GFP+

(%)

BMSC-Luc2/CDUPRT-HMD
243 198 181 160

100 81.5 74.5 65.8

BMSC-Luc2/CDUPRT-INS-FUR
184 118 111 83

100 64.1 60.3 45.1

BMSC-Luc2/CDUPRT-NeuroD1
127 101 94 28

100 79.5 74.0 22.0

BMSC-Luc2/CDUPRT-INS-
FUR/NeuroD1

284 213 196 142

100 75.0 69.0 50.0

Table 5.16: Cell acquisition analysis of transduced suicide BMSCs (Round 2)

Table 5.17: Sorted cell purity analysis of transduced BMSCs (Round 2)

Untransduced and transduced suicide BMSCs were assessed for GFP expression via 

FACS analysis. The final percentages of each sorted cell population were determined as a 

fraction of the total cell count.

Transduced suicide BMSCs were sorted in to four distinct GFP+ cell populations via FACS 

analysis. The final purity percentages of each sorted cell population were determined as a 

fraction of the total cell count.



A comparison of BMSC transduction efficiencies (Figure 5.18) during Round 1 and Round 2 

showed that transduction with the existing HMD and HMD-INS-FUR lentiviral vectors 

resulted in higher transduction efficiencies in comparison to the newly generated HMD-

NeuroD1 and HMD-INS-FUR/NeuroD1 lentiviral vectors. However, Round 1 transduction 

with HMD was unexpectedly low in comparison to its Round 2 counterpart, likely a result of 

human error. There were no differences in the lentiviral transduction efficiencies of BMSCs

between Round 1 and Round 2 with respect to the HMD-INS-FUR, HMD-NeuroD1 and 

HMD-INS-FUR/NeuroD1 lentiviral vectors.

The sorted cells were returned to culture and imaged under fluorescence microscopy (Figure 

5.19), showing the intensity of eGFP expression in transduced suicide BMSCs. As can be 

seen, eGFP expression in suicide BMSCs transduced with the newly generated HMD-

NeuroD1 and HMD-INS-FUR/NeuroD1 was lower than in cells transduced with the existing 

HMD and HMD-INS-FUR lentiviral vectors. 

Figure 5.18: Effect of media composition on the transduction efficiency of suicide BMSCs Suicide 

BMSCs were transduced with lentiviral vectors in the presence of low glucose/+bFGF (red) and high 

glucose/-bFGF (blue) containing media (n=1). A comparison of transduction efficiency with each lentiviral 

vector HMD (EV), HMD-INS-FUR (IF), HMD-NeuroD1 (ND1) and HMD-INS-FUR/NeuroD1 (IFN) is 

represented as percentage of eGFP+ cells. Untransduced suicide BMSCs are represented as the negative 

control (F2).
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Figure 5.19: Fluorescence imaging of suicide BMSCs transduced to express INS-FUR and NeuroD1

BMSC-Luc2/CDUPRT-HMD (A), BMSC-Luc2/CDUPRT-INS-FUR (B), BMSC-Luc2/CDUPRT-NeuroD1 (C) 

and BMSC-Luc2/CDUPRT-INS-FUR/NeuroD1 (D) were returned to culture post-sorting and imaged for GFP 

expression (Day 7 post transduction) on the on the Leica DM microscope (Leica Microsystems) at 10x

magnification under brightfield and GFP fluorescence filter sets. Scale 100 m.
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5.2.4.2 Morphological characterisation of INS-FUR and NeuroD1-expressing suicide 

BMSCs

Suicide BMSCs that were transduced in Round 1 -

MEM and cultured for 4 weeks, after which the cells were imaged and RNA samples 

acquired for gene expression profiling (Figure 5.20A). Suicide BMSCs transduced during 

Round 1 that were returned to culture in high glucose DMEM (-bFGF) were imaged and 

RNA samples acquired at 1, 2 and 4 weeks post-media change for gene expression profiling 

(Figure 5.20B). Suicide BMSCs that were pre-conditioned in high glucose DMEM (-bFGF) 

and transduced during the Round 2 transductions were returned to culture in high glucose 

DMEM (-bFGF) for 4 weeks, after which the cells were imaged and RNA samples acquired 

for gene expression profiling (Figure 5.20C). 

As can be seen from Figure 5.20, suicide BMSCs transduced with all lentiviral vectors in 

-MEM retained a fibroblast-like morphology in comparison to their untransduced 

counterparts, demonstrating no change in morphology due to transgene over-expression 

(Figure 5.20A). By comparison, untransduced and transduced suicide BMSCs that were 

returned to culture in high glucose DMEM (-bFGF) developed a cuboidal morphology. These 

results indicated that the change in morphology from fibroblast-like to cuboidal was a 

consequence of the change of culture conditions to high glucose DMEM (-bFGF), rather than

of transgene over-expression (Figure 5.20B). Suicide BMSCs transduced following pre-

conditioning in high glucose DMEM (-bFGF) displayed a similar cuboidal morphology to 

those that were switched to high glucose DMEM (-bFGF) at 28 days post-transduction, yet 

also displayed no difference in morphology to their untransduced counterparts (Figure 

5.20C). This suggests bFGF may be a possible contributor to the maintenance of the 

fibroblast-like morphology of transduced cells when cultured in the presence of bFGF. In 



summary, across all media conditions assessed for the transduction of suicide BMSCs with 

lentiviral vectors, no difference in morphology was observed due to the over-expression of 

INS-FUR or NeuroD1.



Figure 5.20: Morphological characterisation of suicide BMSCs post transduction with INS-FUR and NeuroD1 Brightfield microscopy of suicide BMSC (F2) that 

were transduced with HMD (EV), HMD-INS-FUR (IF), HMD-NeuroD1 (ND1) and HMD-INS-FUR/NeuroD1 - -

MEM (Round 1) and returned to culture in high glucose DMEM (-bFGF) (B) and high glucose DMEM (Round 2) (-bFGF) (C) at 28 days post transduction. The Images 

were acquired on a Leica DM microscope (Leica Microsystems) at 10x magnification under brightfield setting. Arrowheads indicate morphology of parental suicide BMSC 

-MEM (a) and in high glucose DMEM (-bFGF) (b). Scale 100 m.
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5.2.4.3 Gene expression profiling of INS-FUR and NeuroD1-expressing suicide BMSCs

To determine whether over-expression of INS-FUR and NeuroD1 in suicide BMSCs resulted 

in pancreatic transdifferentiation, gene expression profiling of transduced suicide BMSCs at 

28 days post-transduction was performed to characterise the cells’ pancreatic gene expression 

profile (Figure 5.21). The upper-hierarchy transcription factors involved in early pancreatic 

cell development such as Pdx-1, and endogenous and exogenous NeuroD1 -

cell specific transcription factor Nkx6.1 were assessed. In addition, genes involved in insulin 

secretion such Scl2a2, Ins1 and Ins2 were assessed. 

As can be seen from Figure 5.21A, exogenous murine NeuroD1 that was over-expressed in 

suicide BMSC was detected at 28 days post-transduction both in cells transduced in complete 

-MEM (Round 1) and in high glucose DMEM (-bFGF) (Round 2). As expected, exogenous 

NeuroD1 was not detected in the parental suicide BMSCs, suicide BMSC transduced with

HMD and HMD-INS-FUR, and the positive control (mouse pancreas). Interestingly, 

exogenous NeuroD1 expression resulted in endogenous NeuroD1 expression. However, 

neither Pdx1, Nkx6.1, Scl2a2, Ins1 nor Ins2 were detected in parental and transduced suicide 

BMSCs, confirming a lack of pancreatic transdifferentiation. Suicide BMSCs transduced in 

comp -MEM and returned to culture in high glucose DMEM (-bFGF) demonstrated a 

similar gene expression profile (Figure 5.21) as those the cells profiled in Figure 5.21B. 

Differences were observed with diminished expression of endogenous NeuroD1 in cells 

switched to high glucose DMEM (-bFGF) post-transduction in comparison to those pre-

conditioned, transduced and returned to culture in the same media formulation; and the 

transient detection of Nkx6.1 in suicide BMSC transduced with NeuroD1 alone at Day 28.



Figure 5.21: Gene expression profiling of INS-FUR and NeuroD1-expressing suicide BMSCs cDNA was 

synthesised from RNA extracted from untransduced suicide BMSCs (F2) and transduced with HMD (EV), 

HMD-INS-FUR (IF), HMD-NeuroD1 (ND1) and HMD-INS-FUR/NeuroD1 -MEM or 

high glucose DMEM (-bFGF) (A) at 28 days post-transduction; or switched to high glucose DMEM (-bFGF) (B) 

at 7, 14 and 28 days post-transduction. Mouse pancreas (+) was used as a positive control. All products were run 

on a 1% (w/v) agarose gel containing 0.5% (v/v) GelRed™ at 90V for 90 min, and were visualised on the 

InGenius3® UV transilluminator.
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5.2.4.4 Insulin secretion and storage assays

Suicide BMSCs transduced during Round 1 (which were the primary conditions under 

investigation) were assessed for their ability to secrete insulin in a chronic (Figure 5.22) and 

acute-regulated manner (Figure 5.23) as described in Section 5.1.6.3 and 5.1.6.4 respectively.

As can be seen from Figure 5.22, a significant quantity of secreted human insulin was 

detected in the culture medium of suicide BMSCs transduced with HMD-INS-FUR (p<0.001) 

and HMD-INS-FUR-NeuroD1 (p<0.05) in comparison to untransduced suicide BMSC, where 

insulin was not detected. Similarly, no insulin was detected in culture medium from suicide 

BMSCs transduced with HMD and HMD-NeuroD1. As expected, there was a significant 

difference in the quantity of insulin secreted between BMSC-Luc2/CDUPRT-INS-FUR and 

BMSC-Luc2/CDUPRT-INS-FUR/NeuroD1, which directly correlated with a difference in the 

level of fluorescent reporter expression. The detected insulin was a consequence of the over-

expression of INS-FUR rather than of endogenous mouse insulin expression, which was 

confirmed to not be expressed in suicide BMSCs transduced to express both INS-FUR and 

NeuroD1 via RT-PCR (Figure 5.21).

Acute stimulation assays were performed as described in Section 5.1.6.4, and secreted insulin 

subsequently quantified as described in Section 2.7. As can be seen from Figure 5.23, an 

increase in insulin secretion following the addition of a 20mM glucose stimulus was not 

observed in either of the suicide BMSCs transduced to express INS-FUR. In addition to the 

significant difference in hourly insulin secretion detected between BMSC-Luc2/CDUPRT-

INS-FUR and BMSC-Luc2/CDUPRT-INS-FUR/NeuroD1 (p<0.001), there is also a 

significant decrease in hourly insulin secretion across cell lines between basal 1, 2, stimulus 

and basal 3 (p<0.001). The lack of stimulated insulin secretion was expected due to the lack 

of Slc2a2 detected via RT-PCR (Figure 5.21).



Figure 5.22: Chronic insulin secretion from suicide BMSCs transduced to express INS-FUR and 

NeuroD1 Suicide BMSCs that were untransduced (F2) and transduced with HMD (EV), HMD-INS-FUR

(IF), HMD-NeuroD1 (ND1) and HMD-INS-FUR/NeuroD1 (IFN) were plated at 1x105 cells/well of a 6-well 

in triplicate (n=4). Culture medium was obtained 24 hours post-seeding and human insulin was quantified via 

ARCHITECT™ i4000SR Immunoassay Analyser (Abbott Diagnostics©). Data is represented as mean ± SD. A 

one-way ANOVA with Sidak’s post-hoc test was performed, * p<0.05.

F2 EV IF N D 1 IFN
0

1

2

3

4

5

In
s

u
li

n
 c

o
n

c
e

n
tr

a
ti

o
n

(p
m

o
l/

m
l/

1
x

1
0

5  c
e

ll
s

/2
4

h
r)

* * * *

*

Figure 5.23: Acute stimulated insulin secretion from suicide BMSCs transduced to express INS-FUR

and NeuroD1 Suicide BMSCs that were untransduced (F2) and transduced with HMD-INS-FUR (IF), and 

HMD-INS-FUR/NeuroD1 (IFN) were plated at 1x105 cells/well of a 6-well in triplicate (n=3). Culture 

medium was obtained hourly post incubation with basal and stimulus (20mM glucose) medium, and human 

insulin quantified via ARCHITECT™ i4000SR Immunoassay Analyser (Abbott Diagnostics©). Data is 

represented as mean ± SD. A two-way ANOVA with Tukey’s post-hoc test was performed, * p<0.05.
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The ability of -cells to secrete insulin in response to a glucose stimulus is in part possible 

due to their ability to store insulin within secretory granules. Storage of insulin within 

granules facilitates a rapid insulin secretion response in the presence of fluctuating glucose 

concentrations. As a result, detection of insulin stored within secretory granules provides 

evidence of the cells ability to secrete insulin in response to a glucose stimulus. In the 

absence of secretory granules, the ability of a cell to secrete insulin in response to a glucose 

stimulus would be tightly linked to the regulatory processes involved in the transcription and 

translation of mature insulin, which is a timely process that would not facilitate rapid insulin 

secretion. Therefore, the results of the acute stimulation obtained in Figure 5.23 provide 

preliminary evidence for the absence of secretory granules in BMSC transduced to express 

INS-FUR and NeuroD1. To confirm these results, quantification of insulin stored within 

secretory granules (Figure 5.24) was performed as described in Section 5.1.6.5.

As can be seen in Figure 5.24, very little insulin was detected in suicide BMSCs transduced 

to express INS-FUR and INS-FUR/NeuroD1 in comparison to the quantity of insulin secreted 

over a 24-hour period. In fact, the quantity of insulin detected following acid/ethanol 

extraction constitutes ~1% of the total quantity of insulin secreted over 24 hours. This 

suggests that insulin was not stored within secretory granules, and confirms the lack of 

glucose-stimulated insulin secretion d -cell 

differentiation. The insulin detected in these assays is therefore likely an artefact of free 

cytoplasmic insulin rather than insulin stored within secretory granules.
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Figure 5.24: Insulin storage in transduced suicide BMSCs Untransduced suicide BMSCs (F2) and 

suicide BMSC transduced with HMD (EV), HMD-INS-FUR (IF), HMD-NeuroD1 (ND1) and HMD-INS-

FUR/NeuroD1 (IFN) (1x106 cells/assay) (n=4) were incubated for 48 hours in acid/ethanol, and insulin 

in the supernatants quantified via ARCHITECT™ i4000SR Immunoassay Analyser (Abbott 

Diagnostics©). Data is represented as mean ± SD (n=3). A one-way ANOVA with Dunnett’s post-hoc 

was performed, * p<0.05.



5.2.4.5 BMSC proliferation following lentiviral transduction

Cell proliferation assays were performed using mid-passage suicide BMSCs that were 

transduced during Round 1 as described in Section 2.2. As can be seen in Figure 5.25, there 

was no significant difference in the proliferation of transduced suicide BMSCs in comparison 

to their parental counterpart.

Figure 5.25: Cell proliferation of transduced suicide BMSCs Untransduced suicide BMSCs (F2) and 

suicide BMSC transduced with HMD (EV), HMD-INS-FUR (IF), HMD-NeuroD1 (ND1) and HMD-INS-

FUR/NeuroD1 (IFN) were seeded at 2.5x103 cells/well in triplicate of a 24-well plate (n=3), and viable 

cells were counted via Trypan blue exclusion at Days 0, 3, 7, 11 and 15. Data is represented as mean ± 

SD (n=3). A two-way ANOVA with Tukey’s post-hoc was performed, * p<0.05.
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5.2.5 Lentiviral gene-modification of suicide BMSCs to express murine 

codon-optimised Pdx1

5.2.5.1 FACS sorting suicide BMSCs lentivirally transduced to express murine codon-

optimised Pdx1

Following the morphological and genetic characterisation of suicide BMSC transduced 

during Round 1 and 2 that showed a lack of pancreatic transdifferentiation, BMSC-

Luc2/CDUPRT-INS-FUR and their parental counterparts (BMSC-Luc2/CDUPRT) were 

further transduced with a lentiviral vector encoding the murine Pdx1 gene (HMD-Pdx1) as 

described in Section 5.1.5.1. BMSC-Luc2/CDUPRT-INS-FUR cells were chosen as targets 

for Pdx-1 over-expression due to the increased quantities of INS-FUR that were secreted from 

these cells in comparison to BMSC-Luc2/CDUPRT-INS-FUR/NeuroD1. The transduced cells 

were subsequently incubated for 1 week, after which the transduced cells were analysed via 

FACS analysis and sorted into mCherry+ and GFP+/mCherry+ populations corresponding to 

BMSC-Luc2/CDUPRT-Pdx1 and BMSC-Luc2/CDUPRT-INS-FUR-Pdx1 (Figure 5.26). The 

cell acquisition and purity data for suicide BMSC transduced with HMD-Pdx1 are detailed in 

Tables 5.18 and 5.19 respectively. 

As can be seen in Table 5.18, parental suicide BMSC and BMSC-Luc2/CDUPRT-INS-FUR

transduced with HMD-Pdx1 display transduction efficiencies of 36.0% and 30.4% 

respectively, of which 20.3% were GFP+/mCherry+ in the former population. Purity analysis 

following sorting of BMSC-Luc2/CDUPRT-Pdx1 and BMSC-Luc2/CDUPRT-INS-FUR-

Pdx1 into distinct populations showed purities of 97.0 and 88.6% respectively.  The sorted 

cells were returned to culture -MEM and imaged under brightfield and 



fluorescence settings (Figure 5.27), showing the intensity and co-expression of eGFP and 

mCherry in transduced suicide BMSC. 

Figure 5.26: Transduction of suicide BMSCs with Pdx1-expressing lentiviral vector Following culture for 

1 week, BMSC-F2/CDUPRT (B) and BMSC-F2/CDUPRT-INS-FUR (C) that were transduced with HMD-

Pdx1 at an MOI of 10 were sorted into mCherry+ (Q4) and eGFP+/mCherry+ (Q2) populations respectively. 

Untransduced suicide BMSCs were analysed as a negative control (A). Fluorescence dot plots of GFP (y-axis) 

and mCherry (x-axis) were used to identify eGFP+/mCherry+ cells for cell sorting using the BD FACSAria™ II

instrument.
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Transduction All events 
(%)

Viable cells 
(%)

Singlets 
(%)

GFP+

(%)
mCherry+

(%)
GFP+/mCherry+

(%)

Untransduced BMSC-
Luc2/CDUPRT

10,000 8,041 7,887 149 1 15

100 80.4 98.1 0.02 0.0 0.2

BMSC-Luc2/CDUPRT + HMD-
Pdx1

10,000 8,623 8,568 17 3,081 28

100 86.2 99.4 0.0 36.0 0.0

BMSC-Luc2/CDUPRT-INS-FUR
+ HMD-Pdx1

10,000 7,444 7,384 3,559 2,245 1,500

100 74.4 99.2 48.2 30.4 20.3

Sorted cells All events 
(%)

Viable cells 
(%)

Singlets 
(%)

GFP+

(%)
mCherry+

(%)
GFP+/mCherry+

(%)

BMSC-Luc2/CDUPRT-Pdx1
1000 930 916 0 888 5

100 93 98.5 0 97.0 0.5

BMSC-Luc2/CDUPRT-INS-
FUR-Pdx1

1014 955 941 43 801 834

100 94.2 98.5 4.6 85.1 88.6

Table 5.18: Cell acquisition analysis of suicide BMSCs transduced with Pdx1

Table 5.19: Sorted cell purity analysis of suicide BMSCs transduced with Pdx1

Transduced suicide BMSCs were divided into three groups for FACS analysis: Untransduced BMSC-Luc2/CDUPRT, BMSC-

Luc2/CDUPRT transduced with HMD-Pdx1 and BMSC-Luc2/CDUPRT-INS-FUR transduced with HMD-Pdx1. BMSC-

Luc2/CDUPRT-Pdx1 and BMSC-Luc2/CDUPRT-INS-FUR-Pdx1 were sorted dependent on their fluorescent profiles as mCherry+ (red) 

and GFP+/mCherry+ (orange) respectively. The final percentages of each sorted cell population were determined as a fraction of the 

total cell count.

Transduced suicide BMSCs were sorted in to two distinct mCherry+ (red) and GFP+/mCherry+ (orange) cell populations via 

FACS analysis. The final purity percentages of each sorted cell population were determined as a fraction of the total cell count.
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Brightfield GFP mCherry GFP/mCherry

Figure 5.27: Fluorescence imaging of suicide BMSCs transduced to express Pdx1 BMSC-Luc2/CDUPRT-Pdx1 (A) and BMSC-Luc2/CDUPRT-INS-FUR-Pdx1(B) 

were returned to culture post-sorting and imaged for GFP and mCherry expression (Day 7 post transduction) on the Leica DM microscope (Leica Microsystems) at 10x

magnification under brightfield and GFP fluorescence filter sets. Composite GFP/mCherry images were generated using ImageJ software. Arrowhead indicates 

overlapping GFP/mCherry expression (yellow) in BMSC-Luc2/CDUPRT-INS-FUR-Pdx1. Scale 100 m.



5.2.5.2 Morphological characterisation of INS-FUR and Pdx1-expressing suicide BMSCs 

Suicide BMSCs that were transduced during Round 3 transductions with HMD-Pdx1 were 

returned to culture -MEM and cultured for 4 weeks, after which the cells were 

imaged and RNA samples acquired for gene expression profiling (Figure 5.29). As can be 

seen from Figure 5.28, parental suicide BMSCs and suicide BMSCs expressing INS-FUR

transduced with HMD-Pdx1 retained a similar fibroblast-like morphology at 28 days post 

transduction in comparison to their untransduced parental counterparts. Cell cycle stage and 

confluency associated differences in morphology can also be observed between cell 

populations. 

Figure 5.28: Morphological characterisation of suicide 

BMSCs post transduction with Pdx1 Untransduced 

suicide BMSCs (A), and suicide BMSCs (B) and suicide 

BMSC-INS-FUR (C) were transduced with HMD-Pdx1 and 

-MEM for 28 days, after 

which brightfield images were acquired. The images were 

acquired on a Leica DM microscope (Leica Microsystems) 

at 10x magnification. Scale 100 m.
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5.2.5.3 Gene expression profiling of INS-FUR and Pdx1-expressing suicide BMSCs

Suicide BMSCs transduced to over-express codon-optimised murine Pdx1 indicated that 

pancreatic transdifferentiation did not occur. To confirm this observation, gene expression 

profiling of BMSCs transduced with HMD-Pdx1 at 28 days post-transduction was performed 

to characterise the cells’ pancreatic gene expression profile (Figure 5.29). The upper-

hierarchy transcription factors involved in early pancreatic cell development such as Pdx-1

(endogenous and exogenous) and NeuroD1, and genes involved in insulin secretion such 

Scl2a2, Ins1 and Ins2 were assessed. 

As can be seen from Figure 5.29, exogenous murine codon-optimised Pdx1 that was over-

expressed in suicide BMSCs was detected at 28 days post-transduction. As expected, 

exogenous codon-optimised Pdx1 was not detected in the positive control (mouse pancreas). 

Interestingly, in contrast to the previous results with respect to over-expression of exogenous 

NeuroD1 in suicide BMSCs, over-expression of exogenous Pdx1 did not result in 

endogenous Pdx1 expression. In addition, NeuroD1, Scl2a2, Ins1 or Ins2 were detected in 

transduced suicide BMSCs, confirming a lack of pancreatic transdifferentiation. 

Figure 5.29: Gene expression profiling of INS-FUR and Pdx1-expressing suicide BMSCs cDNA was 

synthesised from RNA extracted from suicide BMSCs (Pdx1) and BMSC-Luc2/CDUPRT-INS-FUR (IFP)   

transduced with HMD-Pdx1 -MEM at 28 days post-transduction. Mouse pancreas (+) 

was used as a positive control. All products were run on a 1% (w/v) agarose gel containing 0.5% (v/v) GelRed™

at 90V for 90 min, and were visualised on the InGenius3® UV transilluminator.
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5.2.5.4 Chronic insulin secretion assay

Parental suicide BMSCs and those engineered to over-express INS-FUR that were 

subsequently engineered to express murine codon-optimised Pdx1 were assessed for their 

ability to chronically secrete human insulin via quantitation of secreted insulin over a 24 hour 

period as described in Section 5.1.6.3 and Section 2.7. As can be seen from Figure 5.30, a 

significant quantity of secreted human insulin was detected in the culture medium of suicide 

BMSCs expressing INS-FUR and Pdx1 (p<0.001) in comparison to untransduced and suicide 

BMSCs expressing Pdx1 alone, where no insulin was detected. As with the previous assays, 

detected insulin was a consequence of the over-expression of INS-FUR rather than of 

endogenous mouse insulin expression, which was not expressed in suicide BMSCs 

transduced to express both INS-FUR and Pdx1 via RT-PCR. Acute stimulation and insulin 

storage assays were not performed with suicide BMSCs expressing Pdx1 and INS-FUR, as no 

evidence of pancreatic transdifferentiation characterised by expression of pancreatic 

transcription factors was detected by RT-PCR. 

Figure 5.30: Chronic insulin secretion from suicide BMSCs transduced to express INS-FUR and Pdx1

Untransduced suicide BMSCs (UT), suicide BMSCs transduced with HMD-Pdx1 (Pdx1) and suicide BMSCs 

expressing INS-FUR transduced with HMD-Pdx1 (IFP) were plated at 1x105 cells/well of a 6-well in triplicate 

(n=4). Culture medium was obtained 24 hours post-seeding and human insulin was quantified via 

ARCHITECT™ i4000SR Immunoassay Analyser (Abbott Diagnostics©). Data is represented as mean ± SD. A 

one-way ANOVA with Sidak’s post-hoc test was performed, * p<0.05.
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In summary, BMSCs engineered to over-express INS-FUR secreted significant amounts of 

insulin in an unregulated constitutive manner. The over-expression of th -cell transcription 

factors NeuroD1 and Pdx1 did not result in pancreatic transdifferentiation with storage of 

insulin, and thus no glucose-responsive insulin secretion was demonstrated. Due to the higher 

quantities of insulin secreted from suicide BMSCs expressing INS-FUR alone in comparison 

to those co-expressing pancreatic transcription factors, BMSC-Luc2/CDUPRT-INS-FUR

were utilised in subsequent cell aggregation and in vivo experiments.

The purpose of the cell aggregation study was to determine whether BMSCs undergo 

spheroid formation in a similar manner to human islet-derived progenitor cells (hIPCs),

which were a primary cell line of interest in our laboratory. hIPCs are mesenchymal-like 

primary cells derived from the ex vivo culture of pancreas explants, that when cultured 

through a 14 day chemically-defined differentiation protocol form islet cell-like aggregates 

(ICAs) containing cells that express human Ins, Pdx1, Slc2a2 and Sst382. However, ICAs 

secrete small quantities of insulin that would not be sufficient to reverse hyperglycaemia. 

Considering the mesenchymal similarity of BMSCs and hIPCs, BMSCs over-expressing INS-

FUR were considered as a more suitable target for ICA formation and differentiation. Prior to 

culturing BMSC-Luc2/CDUPRT-INS-FUR cells through the 14-day differentiation protocol, 

their ability to form ICA-like spheroids was assessed. Mr. Vijit Saini (an undergraduate 

Honours student) assisted with the assessment of BMSC-Luc2/CDUPRT-INS-FUR

differentiation into mature ICAs by culturing BMSC-Luc2/CDUPRT-INS-FUR spheroids 

through the 14-day differentiation protocol.



5.2.6 Spheroid formation of suicide BMSCs expressing INS-FUR

The ability of parental suicide BMSCs and those transduced to over-express INS-FUR to 

form spheroids similar to islet-cell aggregates in culture was assessed via brightfield and 

fluorescence microscopy (Figure 5.31). As can be seen in Figure 5.31A, following over-night 

(24 hours) culture in low-attachment culture plates, both parental suicide BMSCs and those 

transduced with HMD and HMD-INS-FUR tightly aggregated to form spheroids ranging in 

size from 50-200 m. In addition, spheroid formation did not affect fluorescent reporter 

expression. Triple-immunofluorescent staining of BMSC-Luc2/CDUPRT-INS-FUR spheroids 

at 24 hours post-seeding qualitatively showed the proportion of live/dead cells within formed 

spheroids (Figure 5.31B). As can be seen, a number of dead cells were observed within the 

formed spheroids. This was likely due to the adherent property of BMSCs and their

preferential growth as adherent monolayers rather than in suspension, which resulted in an 

increase in cell death.



Figure 5.31: Suicide BMSC spheroid formation Parental suicide BMSCs and suicide BMSCs transduced with HMD and HMD-INS-FUR were seeded at 1x106

cells/well of a low-attached 6-well plate in triplicate for 24 hours. Brightfield and GFP fluorescence images (A) were obtained at 24 hours post-seeding. Triple-

immunofluorescent imaging of INS-FUR (GFP), dead cells (PI/Texas Red), live cells (NucBlue®/DAPI) highlight the co-localisation of fluorescent signal acquired from 

BMSC-Luc2/CDUPRT-INS-FUR spheroids (B). All images were acquired on the Leica DM microscope (Leica Microsystems) at 10x magnification. Scale 100 m.
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A double-immunofluorescent time-lapse analysis of BMSC-Luc2/CDUPRT-INS-FUR

spheroid formation (Figure 5.32) captured the period over which cell aggregation occurred.

As can be seen in Figure 5.32, complete spheroid formation occurred by 12 hours post 

seeding (Figure 5.32M), during which time individual cells aggregated to form seed clusters 

of ~5-75 m (Figure 5.32D), and then fused over the following 9 hours to form mature 

spheroids of ~150-200 m. This was observed within the highlighted field of interest, which 

shows three seed clusters migrating in suspension and fusing to form a mature spheroid from 

t=0 to t=15 hours. PI staining visualised via immunofluorescence (Texas Red filter set) 

qualitatively showed the proportion of dead cells (red) within the seeded cell population over 

the 16-hour imaging period. As can be seen, there appeared to be an increased number of 

individual dead cells at t=0 in comparison to t=15 hours. PI stained dead cells appeared to 

move in suspension, specifically in conjunction with live cells and as aggregation targets

mature spheroids. As a result, the majority of dead cells after 16 hours are localised within 

spheroids rather than as individual cells in suspension.



Figure 5.32: Time-lapse imaging of spheroid formation BMSC-Luc2/CDUPRT-INS-FUR were seeded at 

1x106 cells/well of a low-attachment 6-well plate, stained with ReadyProbes® propodium iodide (2 drops/ml) 

and incubated in the incubation chamber of the Nikon A1 confocal microscope (Nikon©). Double-fluorescent 

images (GFP and Texas Red) represented were acquired at one hour intervals from t=0 to t=15 (A-P). Field 

of interest (white dotted box) highlights the movement and aggregation of seed clusters in suspension to form 

a mature spheroid. Images were acquired at 10x magnification. Scale 100 m.



5.2.7 In vivo transplant of BMSC-Luc2/CDUPRT-INS-FUR in STZ-

diabetic NOD/Scid mice

NOD/Scid mice were rendered diabetic as described in Section 5.1.8.3 via intraperitoneal 

injection of STZ (170mg/kg). Hyperglycaemia induced via STZ injection in all induced 

animals was observed within 3-6 days post injection, and on Day 8 post STZ-injection the 

animals received a subcutaneous transplant of either 1x107 (n=5) or 5x107 (n=5) 

cells/injection behind the neck. Blood glucose concentration (Figure 5.33) and body weight 

(Figure 5.34) was measured daily for up to 28 days post cell transplantation. As can be seen 

from Figure 5.33, immediately following transplantation of 1x107 and 5x107 cells (Day 9),

there was a significant decrease in blood glucose concentrations compared to pre-

transplantation, albeit still significantly higher than normal controls (p<0.001; 1x107 cells and

p<0.05; 5x107 cells). The reduction in blood glucose concentration following transplantation 

of 5x107 cells persisted for ~15 days post transplantation, after which blood glucose 

concentrations returned to pre-transplant values and significance in comparison to normal 

controls (p<0.001). By comparison, the reduction in blood glucose concentration in animals 

treated with 1x107 cells remained significantly higher than normal controls (p<0.001) for the 

duration of the experiment. Most importantly, animals treated with either 1x107 or 5x107 cells 

did not normalise blood glucose at any time.

In addition, there was a significant difference in the body weights of treated animals 

(p<0.001; 5x107, p<0.01; 1x107) in comparison to normal controls pre and post 

transplantation despite random allocation of animals to the different groups (Table 5.21). 

However, as can be seen in Figure 5.34, there was a similar increasing trend in the body 

weights of diabetic and treated animals post transplantation. At no point was a significant 

decrease in body weight observed over the course of the experiment.



Days

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Diabetic ns ns ns ns ns **** ns **** **** **** *** **** **** **** **** **** **** **** ****

1x107 ns ns **** **** **** **** **** **** **** **** **** **** **** **** **** **** **** **** ****

5x107 ns ns * **** **** **** *** **** **** * ** **** **** ** ** ** ns * * 

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Diabetic **** **** **** **** **** - - - - - - - - - - - - - 

1x107 **** **** **** **** **** **** **** **** **** **** **** **** **** **** **** **** **** ****

5x107 ** ns ** ** *** *** **** **** *** **** **** **** ** ns **** *** *** ****

Table 5.20: Comparison of significance in blood glucose concentration following cell transplant

Figure 5.33: Blood glucose concentration of treated STZ-NOD/Scid

mice NOD/Scid mice had diabetes induced following a peritoneal 

injection of STZ (170mg/kg), after which diabetic animals received either 

1x107 (n=5) or 5x107 (n=5) BMSC-Luc2/CDUPRT-INS-FUR

subcutaneously behind the neck. Diabetic (n=5) and normal control (n=5) 

animals were assessed in comparison. The arrowhead indicates the day on 

which cells were transplanted (Day 8 post STZ-injection). Blood glucose 

measurements were recorded daily post STZ-injection for the duration of 

the experiment (36 days). Data is represented as mean ± SEM. A two-way 

ANOVA was performed with Sidak’s post-hoc, * p<0.05.
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A two-way ANOVA with Sidak’s post-hoc was performed comparing blood glucose concentrations of diabetic and treated animals in comparison to normal animals for the 

duration of the experiment. Data is represented as significance, * p<0.05.



Days

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Diabetic ns ns ns * ns * *** ns * ** *** * ns ns * ns ns ns ns

1x107 *** * ** *** *** *** **** *** *** *** **** ** ** * ** * * * ns

5x107 **** **** **** **** **** **** **** **** **** **** **** **** **** *** **** ** *** *** * 

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Diabetic ns * ns ns ns - - - - - - - - - - - - - 

1x107 ** ** ** *** ** * ns ns ns ns ns ns ns ns ns ns ns ns

5x107 *** **** **** **** **** **** ** **** **** **** *** ** **** ** ** * ns ns

Table 5.21: Comparison of significance in body weight following cell transplant
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Figure 5.34: Body weight of treated STZ-NOD/Scid mice NOD/Scid

mice had diabetes induced following a peritoneal injection of STZ 

(170mg/kg), after which diabetic animals received either 1x107 (n=5) or 

5x107 (n=5) BMSC-Luc2/CDUPRT-INS-FUR subcutaneously behind the 

neck. Diabetic (n=5) and normal control (n=5) animals were assessed in 

comparison. The arrowhead indicates the day on which cells were 

transplanted (Day 8 post STZ-injection). Body weight measurements were 

recorded daily post STZ-injection for the duration of the experiment (36 

days). Data is represented as mean ± SEM. A two-way ANOVA was 

performed with Sidak’s post-hoc, * p<0.05.

A two-way ANOVA with Sidak’s post-hoc was performed comparing body weights of diabetic and treated animals in comparison to normal animals for the duration of the 

experiment. Data is represented as significance, * p<0.05.



Of the five diabetic animals that received 5x107 cells, one animal’s blood glucose decreased 

to within 5-10mmol/L six days post cell transplantation and maintained normoglycaemia for 

a period of three weeks, after which the animal was found deceased unexpectedly. A second 

animal that received 5x107 cells had blood glucose levels reduced to 5-10mmol/L three 

weeks post transplantation, after which blood glucose continued to decrease to below 

2mmol/L at which point the animal was sacrificed. However, prior to sacrificing, treated 

animals were tested for glucose tolerance via an IPGTT (Figure 5.35). As can be seen from 

Figure 5.35, treated animals receiving 5x107 cells (n=3) displayed an abnormal glucose 

tolerance in comparison to normal control. The high degree of error in the treated group’s 

glucose tolerance was due to one treated animal beginning the IPGTT at a significantly lower 

blood glucose concentration than the other treated animals, a consequence of the cell 

transplant having successfully reduced blood glucose levels. Consequently, this resulted in no 

significant difference in the treated mean blood glucose values in comparison to control 

animals by two-way ANOVA. Although this is not representative of normal glucose 

tolerance, as blood glucose levels remain high in the treated group compared to the control at 

90 min post glucose bolus.

Organs harvested from the animal that was unexpectedly discovered deceased included the

lungs, heart, liver and spleen, which underwent external histological assessment by Cerberus 

Sciences©. The results of the report showed no abnormalities in the lung or heart. The liver 

presented with a few dilated portal veins; whilst the spleen was congested, and displayed 

extramedullary haemopoeisis and follicular depletion. In addition, the transplanted cells 

recovered from the transplant site behind the neck as a mass were histologically processed. 

The results indicated that the cell mass was a mesenchymal tumour composed of a 

heterogeneous population of elongated, spindle-shaped cells with greatly varying nuclear size 

and shape, and a variable amount of eosinophilic cytoplasm. A high mitotic rate was 



observed. Some cells were large and muscle-like (strap cells), while others were more ovoid 

in shape with nuclear caps at one end (racket cells); in these cells, the nuclei were often 

bizarre in appearance. The report indicated that the mesenchymal tumour resembled a

rhabdomyosarcoma, or malignant tumour of skeletal muscle origin.

Figure 5.35: IPGTT in treated STZ-diabetic NOD/Scid mice An IPGTT was performed on normal animals 

(n=5) and animals that received a subcutaneous injection of 5x107 cells (n=3). Animals were fasted for 6 

hours and subsequently received an intraperitoneal bolus of 50% liquid glucose (0.5g/ml) at 2g/kg. Blood 

glucose measurements were obtained at 0, 5, 15, 30, 60 and 90min post glucose injection. Data is represented 

as mean ± SEM. A two-way ANOVA with Sidak’s post-hoc test was performed, * p<0.05.
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5.3 Discussion

Previous studies using non-pancreatic tissues/cells as targets for T1D gene therapy has

yielded encouraging results as detailed in Section 1.5.7. However, translation of these 

findings into the clinical setting has proved challenging due to the nature of the target cells 

(i.e. tumourigenic cells lines, ESC safety profile), the requirement of immune suppression or 

encapsulation for transplantation, variability in the differentiated target cell phenotype and 

function, and difficulties in generating sufficient quantities of target cells for 

differentiation383, 384. To overcome many of these limitations, MSCs have been considered as 

an attractive alternative target cell due to their ease of gene modification, immunomodulatory 

properties and ability to be culture-expanded ex vivo. However, BMSCs constitute a small 

proportion of the heterogeneous population of cells within the bone marrow. As a result, 

obtaining sufficient quantities of BMSCs at early passage is challenging and would not be 

clinically scalable. In addition, early-passage stem cells (whether MSCs, ESCs or iPSCs)

once terminally differentiated into replacement -cells, would reduce their rate of 

proliferation385, thus limiting the number of terminally-differentiated, functional replacement 

-cells available for transplantation.  As a result, ex vivo culture-expanded murine BMSCs 

were assessed for their ability to differentiate into IPCs via the lentiviral over-expression of 

pancreatic transcription factors NeuroD1 and Pdx1, and the modified pancreatic hormone 

INS-FUR, as a means of overcoming the limitation of early-passage shortage of primary stem 

cells.

5.3.1 Lentiviral transduction of BMSCs

The murine NeuroD1 and the codon-optimised murine Pdx1 genes were successfully cloned 

into the existing HMD and HMD-INS-FUR lentiviral plasmids for their assessment as 



mediato -cell differentiation in BMSCs. The co-expression of eGFP and mCherry

fluorescent reporters facilitated the analysis of lentiviral transduction efficiency and 

enrichment of positively transduced BMSCs via FACS for downstream cell culture and 

analysis of -cell differentiation. The existing HMD and HMD-INS-FUR lentiviral vectors 

were packaged and concentrated by Dr Binhai Ren for previous in vivo studies performed in 

our laboratory. Specifically, the HMD and HMD-INS-FUR lentiviral vectors were packaged

in cell factories to accumulate large volumes of viral supernatant, and subsequently 

concentrated for in vivo purposes via tangential flow filtration (TFF)77, 133. The remaining 

lentiviral vector preparations from these previous studies was stored at -80oC, and 

subsequently used for in vitro transduction of BMSCs in this study. By comparison to the 

HMD-NeuroD1, HMD-INS-FUR/NeuroD1 and HMD-Pdx1 lentiviral vectors packaged 

during this study for in vitro purposes, the HMD and HMD-INS-FUR vector preparations 

were of much higher titer; a direct consequence of the scale of vector production and 

purification by TFF.

BMSCs were transduced with each lentiviral vector at an MOI of 10, and as shown in Figure 

5.18, there were titer-related differences in the transduction efficiencies of BMSCs. The high 

titer HMD and HMD-INS-FUR lentiviral vectors resulted in comparable transduction 

efficiencies of ~50-60%. By comparison, the HMD-NeuroD1 and HMD-INS-FUR/NeuroD1

lentiviral vectors demonstrated lower BMSC transduction efficiency of ~10-30%. In addition, 

it was demonstrated that high glucose concentration and the addition of bFGF did not have an 

effect on the transduction efficiency of BMCSs. The results of lentiviral transduction of

BMSCs in this study are comparable to similar studies utilising lentiviral vectors to gene 

modify MSCs386-388. In addition, as would be expected an increase in transduction efficiency 

was observed with an increase in MOI, suggesting that at higher MOIs, improved 

transduction efficiency of BMSCs could have been achieved in this study. The cumulative 



results of lentiviral transduction of MSCs reported in this study and in the literature

demonstrate that lentiviral vectors are the method of choice for MSC gene modification.

Nucleofection was initially used in this study as a means of genetically modifying murine 

BMSCs due to its reported success in previous work conducted by Martiniello-Wilks et al389.

However, a direct comparison of non-viral and viral methods of gene transfer in rat MSCs 

highlights the improved transduction efficiency and level of transgene expression in MSCs 

using lentiviral vectors390. In fact, a comparison of the two methods of gene-modification 

utilised in this study (nucleofection and lentiviral gene transfer) demonstrates the advantages 

of lentiviral gene transfer over nucleofection. In particular, the ease of generating stable 

transgene-expressing cell lines with fewer physico-chemical limitations observed with 

nucleofection. Consequently, if the experiments were to be repeated, lentiviral transduction 

would be the method of choice for all BMSC gene modification.

5.3.2 NeuroD1, Pdx1 and INS-FUR as -cell differentiation

in ex vivo expanded BMSCs

-cell transcription factors NeuroD1163, 183, 190 and Pdx178, 87, 183, 93, 184-187 as 

-cell transdifferentiation in non-pancreatic tissues has been performed in a 

number of studies. At the commencement of this study, NeuroD1 was yet to be assessed as a 

-cell differentiation in MSCs. Considering the success of NeuroD1 as a 

-cell differentiation in non-pancreatic tissues and the lack of research on its 

effects in MSCs, elucidating the potential of NeuroD1 -cell differentiation of 

MSCs was determined to be of significant interest.

Murine BMSCs were therefore transduced using lentiviral vectors in the first instance to 

over-express murine NeuroD1 and INS-FUR. -cell differentiation 



from a morphological perspective is the observation of a cuboidal phenotype, followed by 

stage-specific aggregation of individual cells into islet-like aggregates391. Surprisingly, over-

expression of NeuroD1 and INS-FUR did not result in any observed morphological changes 

-cell differentiation. In addition, gene expression 

-cell differentiation in transduced BMSCs due to the absence 

of expression of endogenous pancreatic transcription factors and insulin. However, 

exogenous expression of NeuroD1 resulted in the expression of endogenous NeuroD1,

indicating a potential role of NeuroD1 in the auto-regulation of its expression. This study is 

the first study to identify a potential role of NeuroD1 as an auto-regulator. Alternatively, 

exogenous NeuroD1 expression may have initiated differentiation of a neuronal phenotype as 

has been reported in ESCs392, however transduced BMSCs did not display a neuronal 

phenotype, nor was gene expression profiling of genes involved in neuronal development 

performed to confirm this possibility. However, a recent study by Qing-Song et al, that 

assessed the effect of Pdx1, NeuroD1 and MafA over-expression in BMSCs showed that 

NeuroD1 was a weak inducer of endogenous Pdx1 and Ins2 expression, and that only in 

combination with Pdx1 and MafA -cell differentiation and 

insulin secretion393.

-cell differentiation following BMSC transduction with NeuroD1 was surprising 

considering its success in other non-pancreatic tissues. A potential explanation for this 

observation was the use of bFGF in the culture of transduced BMSCs, which may have 

inhibited the inductive effects of NeuroD1 by promoting a fibroblast-like morphology. As 

such, the transduction of BMSCs was repeated in the absence of bFGF, the results of which 

excluded an inhibitory effect of b - -cell 

differentiation, INS-FUR and NeuroD1/INS-FUR transduced BMSCs were capable of 

synthesising and secreting significant quantities of human insulin. However, both INS-FUR



and NeuroD1/INS-FUR-expressing BMSCs were not glucose-responsive and secreted insulin 

-cell replacement 

therapy. 

A number of studies have shown that Pdx1 over- -cell 

differentiation characterised by the expression of pancreatic transcription factors and insulin 

secretion94, 123, 192-195, 196, 92, 197, 198. -cell differentiation 

mediated by NeuroD1 over-expression, culture-expanded native BMSCs and BMSCs 

expressing INS-FUR were subsequently transduced with codon-optimised murine Pdx1 with 

-cell differentiation. Surprisingly -cell differentiation 

following over-expression of Pdx1 in native BMSCs and BMSCs expressing INS-FUR

indicated that culture-expanded BMSCs were defective in their ability to differentiate into 

IPCs. Upon further examination of the literature, all reported studies of successful 

-cells (both chemically-induced and viral-

mediated) were performed using early-passage MSCs. 

Collectively, this study (and those previously mentioned), suggest that a combination of 

pancreatic transcription factors, in combination with INS-FUR, may be a more suitable gene 

therapy regimen for the differentiation of BMSCs into IPCs. However, of critical importance 

for successful differentiation is the passage at which BMSCs are induced to undergo 

differentiation. This study highlighted the limitations of targeting culture-expanded BMSCs 

-cell differentiation, specifically their loss of differentiation potential with increasing 

passage. Although this study demonstrated that at late passage BMSCs are capable of 

undergoing intrinsic adipogenic and osteogenic differentiation, their propensity for doing so 

decreased with passage. Ideally, determining the specific passage at which loss of 

differentiation potential is first observed would provide a time frame for the optimal targeting 



of BMSCs for differentiation. It is therefore fitting to speculate that the potential for BMSCs 

to undergo differentiation towards alternative cell lineages (endodermal in this instance), is

diminished with increasing passage. -

cells should be performed immediately following isolation and enrichment.

5.3.3 BMSC spheroid formation as a model for islet-cell aggregation

A preliminary study conducted during this project was the assessment of BMSCs expressing 

INS-FUR to undergo islet-like spheroid formation as reported in a previous study utilising

PANC-1 cells and hiPCs382. The aggregation of hiPCs is an essential process in their 

subsequent differentiation into islet-like aggregates capable of secreting insulin in a glucose-

responsive manner. However, islet-like aggregates derived from hiPCs synthesise and secrete 

small quantities of insulin that would not be sufficient to reverse diabetes upon 

transplantation. Thus, our laboratory was interested in determining whether BMSCs 

expressing INS-FUR could be differentiated into similar islet-like aggregates when subjected 

to a similar chemical-differentiation protocol, a study conducted with assistance of Mr. Saini.

However, prior to culturing INS-FUR-expressing BMSCs through the complete 

differentiation protocol, their ability to undergo spheroid formation was first assessed. The 

results of this study showed that both native BMSCs and INS-FUR-expressing BMSCs 

underwent spheroid formation similar to those derived from hiPCs. However, during the 

overnight aggregation period (~12-16 hours), an increase in the number of dead cells was

observed with increasing time. This was likely due to the adherent property of MSCs, which 

dictates their preference for adherent tissue culture as opposed to suspension culture.

Despite the success in generating spheroids derived from BMSCs expressing INS-FUR, it 

remains to be seen whether they also undergo differentiation into islet-like aggregates that 



express pancreatic transcription factors with regulated insulin secretion. Considering the 

demonstrated diminished ability of culture-expanded BMSCs to undergo differentiation into 

-cells following the expression of pancreatic transcription factors known to induce 

pancreatic differentiation, it is fitting to hypothesise that culture-expanded BMSCs will not 

undergo islet-cell differentiation after having formed spheroids and cultured through the 

specific chemically-defined differentiation protocol described in Hardikar et al382. However, 

as previously mentioned, this could be overcome by using early passage BMSCs.

5.3.4 INS-FUR-expressing BMSCs fail to reverse diabetes in STZ-

NOD/Scid mice

Effective reduction in blood glucose levels is also dependent on the site of cell 

transplantation. Transplantation sites with poor access to vascular networks are associated 

with negative transplant outcomes, in particular with relation to correction of hyperglycaemia 

and graft survival394. BMSC persistence studies discussed in Chapter 4 support this 

observation, with poor BMSC survival following subcutaneous transplantation. However, 

previous studies conducted in our laboratory have shown that transplantation of liver-derived 

IPCs behind the neck result in long-term correction of hyperglycaemia76, 118, 163. The 

improved graft survival in these studies was however likely due to the fact that the cells in 

question had shown significant pancreatic transdiffereniation with both storage of insulin and 

its secretion in a regulated manner to glucose and other secretogogues. They were also cell 

lines which may have proliferated in the animal models secreting increased levels of insulin 

over the experimental period. As a result of the successful correction of hyperglycaemia in 

these previous studies, the same site was chosen for the transplantation of BMSCs in the 

current study.



With the in vitro characterisation of culture-expanded BMSCs expressing NeuroD1, INS-

FUR and Pdx1 -cell transdifferentiation showing no expression of 

-cell transcription factors or regulated insulin secretion, BMSCs expressing INS-FUR were 

determined to be the most suitable candidates for transplantation into STZ-NOD/Scid mice

due to their enhanced insulin secretion in comparison to the other transduced BMSCs. A

previous study showed that in vivo -cell 

maturation395, therefore INS-FUR-expressing BMSCs were assessed for their ability to 

reverse diabetes following transplantation into STZ-NOD/Scid mice. The results of this study 

showed that a transplantation of 5x107 cells was able to reduce blood glucose levels 

immediately following transplantation to ~15-20mmol/L (Figure 5.32), however blood 

glucose levels were not reduced to within the normal physiological range (5-7mmol/L). The 

reduction in blood glucose concentration was maintained for ~2 weeks, after which blood 

glucose concentrations began to steadily increase. The increase in blood glucose correlated

with the results of the persistence studies conducted in Chapter 4, which showed that in 

NOD/Scid mice, death of transplanted BMSCs began at ~2-3 weeks post transplantation. 

Consequently, the increase in blood glucose observed in this study was likely a direct 

consequence of cell death. By comparison to the high cell dose, no decrease in blood glucose 

levels was observed following transplantation of 1x107 cells. The failure to reduce blood 

glucose levels to within the normal range could be a result of the severe diabetes induced in 

the NOD/Scid mice, thereby rendering a reduction in blood glucose to within the normal 

range more challenging. 

In addition, an IPGTT was performed on treated animals at 4 weeks post-transplantation to 

determine their ability to tolerate a bolus of glucose. As expected the treated animals 

displayed an impaired glucose tolerance in comparison to normal controls, indicating that the 

transplant had not improved their ability to manage acute episodes of hyperglycaemia, 



showing no indication that the in vivo environment had stimulated any process that resulted in 

pancreatic transdifferentiation. By comparison, constitutive secretion of insulin from mouse 

livers transduced with INS-FUR, whilst not inducing normal glucose tolerance did maintain 

animal blood glucose levels in the 8-10 mmol/L range for several months, with relatively 

healthy animals116, 133. Following graft removal, histological analysis also revealed that the 

transplanted BMSCs had formed mesenchymal tumours, a deleterious outcome for any 

potential cell therapy. This is in contrast to many pre-clinical and clinical studies reporting 

the safety of MSCs396-398. However, species-specific differences may contribute to the 

increased propensity of murine MSCs to form tumours in comparison to human MSCs399-401.

More importantly, the requirement for ex vivo expansion in this study increases the risk of 

acquired mutations that may have led to BMSC transformation. This highlights the age-

dependent utility of MSCs for their use in regenerative medicine, and in particular as targets 

for gene therapy.

In summary, culture-expanded BMSCs were successfully transduced to over-express the 

pancreatic transcription factors NeuroD1 and Pdx1 -cell 

differentiation. BMSCs transduced to express INS-FUR were capable of synthesising and 

secreting significant quantities of bioactive insulin, however these cells were not glucose-

responsive and secreted insulin in a constitut -cell differentiation 

was due to the reduced differentiation potential of culture-expanded BMSCs, which were 

likely to also have lost other intrinsic functions. Upon transplantation in STZ-NOD/Scid 

mice, INS-FUR-expressing BMSCs were capable of reducing blood glucose levels for a 

period of 2 weeks (albeit not to within the normal physiological range). The animals 

receiving cell transplants displayed abnormal glucose tolerance and at least one of the cell 

grafts developed into a mesenchymal tumour. Cumulatively, this data suggests that culture-

expanded BMSCs are not an ideal candidate for T1D gene therapy, and although early 



passage BMSCs may be a more suitable target, the inability to culture sufficient numbers at 

low passage makes this approach problematic for large-scale production needed for gene 

therapy.



Chapter 6

General Discussion



Introduction

The overall aim of the studies presented in this thesis was to generate an alternative cell 

replacement therapy via gene therapy for the treatment of T1D. MSCs were conceived as a 

promising target cell for this purpose due to their ease of isolation and gene modification, 

capacity to be cultured ex vivo, and their ability to differentiate towards both the endodermal

and mesodermal lineages. 

In this study, MSCs were successfully isolated from the bone marrow of NOD mice, and 

were shown to possess the well-established functional properties of MSCs. In addition, 

BMSCs demonstrated high-levels of stable transgene expression following gene-modification 

via both nucleofection and lentiviral transduction. Nucleofection was successfully utilised to 

express the Luc2 and CDUPRT genes in ex vivo expanded BMSCs, after which 5-FC 

cytotoxicity assays revealed functional CDUPRT suicide gene activity in vitro. Lentiviral 

transduction was successfully utilised to over-express INS-FUR, NeuroD1 and Pdx1 in ex

vivo expanded BMSCs, after which it was demonstrated that although INS-FUR-expressing 

BMSCs secreted significant quantities of mature human insulin, the over-expression of 

NeuroD1 and Pdx1 - -cell 

transcription factor expression or regulated insulin secretion. The cumulative results of these 

studies suggested that ex vivo culture-expanded BMSCs were not suitable targets for T1D 

gene therapy, and that a number of limitations associated with their ex vivo expansion 

ultimately diminished their utility for gene therapy purposes in general. 

The remainder of this chapter discusses the limitations of BMCSs as targets for T1D gene 

and cell therapy identified in this study, and suggests the application of novel technologies 

that were unavailable at the commencement of this study to overcome these challenges.



6.1 Limitations of ex vivo culture expanded BMSCs as targets for T1D 

gene therapy

For the purposes of this study, ex vivo culture expansion of BMSCs was required to generate 

sufficient quantities of cells for subsequent gene-modification and differentiation into IPCs. 

This was due to the fact that BMSCs constitute a very small proportion of the total cell 

population within the bone marrow, and that they also undergo senescence at early passage 

which significantly inhibited our capacity to rapidly generate large cell quantities. As a 

consequence, age-related loss of MSC characteristics as demonstrated in this study was likely

to be the predominating reason for the lack of success with respect to BMSC survival, 

differentiation and reversal of diabetes. Although the methods used in this study were suitable 

to isolate and enrich for a population of cells that displayed many of the characteristic 

phenotypic and functional properties of MSCs, the results of this study highlighted the 

limitations of culture-expanded BMSCs as targets for T1D gene therapy.

The lack of immuno-phenotyping, amongst other assays, limited the specific characterisation 

of culture expanded BMSCs. This highlighted the need for ongoing genetic, phenotypic and 

functional characterisation of MSCs at multiple stages of MSC therapy development, in 

particular throughout ex vivo culture and manipulation. As a result, changes in MSC 

characteristics could be identified earlier. However, the results of murine MSC research are 

not truly representative of human MSCs due to a number of species and strain-specific 

differences such as the difficulty in growing murine MSCs during early passage without the 

use of growth factors or co-culture with hematopoietic cells402, 403, surface marker 

expression331, 404, proliferation and differentiation potential405, 406 and the tendency of murine 

MSCs tendency to transform ex vivo399-401.



As mentioned previously, MSC research is confounded by accumulating evidence of 

variation in MSC characterisation and function. Therefore, a broad classification system is 

destined to continue to yield conflicting data; and highlights the need to generate species, 

strain and tissue-specific MSC classifications. In spite of this clear necessity, our limited 

understanding of the role of MSCs in vivo will ultimately hamper our ability to connect the in 

vivo situation with that observed in vitro. As a result, research conducted to comprehensively 

understand and clarify these key points may assist in advancing MSC-derived therapies for 

the treatment of human disease.

With respect to assessing combinatorial gene and MSC therapy for the treatment of T1D, the 

use of murine MSCs is not the best model due to the aforementioned reasons. Clinically, 

human MSCs would be the eventual targets for T1D gene therapy; therefore human MSCs 

are the appropriate target cells to assess in pre-clinical studies. However, a cell replacement 

therapy for T1D requires large numbers of cells for transplantation, and as such a number of 

hurdles remain to be overcome for MSCs to become a realistic gene therapy target for T1D.

These hurdles include:

1. Scale-up of initial MSC numbers for subsequent genetic modification and 

differentiation into IPCs without compromising MSC function.

2. Prevention or circumvention of extended cell culture or age-related changes 

(especially loss of differentiation potential), which severely diminishes their utility as 

gene therapy targets.

3. Improving efficiency of gene-modification to maximise the quantity of differentiated 

IPCs.

4. Abrogating recurrent autoimmunity to autologous MSC-derived IPCs.



6.2 Future Directions

The results of this study highlighted that the extended cell culture or age-related limitations of 

MSCs must be considered prior to targeting MSCs for the application of novel gene 

therapies. To address this issue, gene modification of MSCs should occur immediately 

following MSC isolation. This would improve the likelihood of extending their intrinsic 

pr -cells. The results from this study do 

not conclusively exclude the potential of NeuroD1 or Pdx1 -cell differentiation in 

MSCs due to the late passage at which gene-modification was performed. As a result, was 

this study to be repeated, the utilisation of the deactivated clustered regularly interspaced 

short palindromic repeat (CRISPR) system407, 408 to activate endogenous NeuroD1 expression 

in P1-5 MSCs could yield results that more reliably indicate the success of NeuroD1 in 

-cell differentiation. In addition, the deactivated CRISPR system would easily 

-cell transcription factors without the need to 

introduce full-length cDNA. This overcomes the transduction efficiency limitation of 

lentiviral vectors, which decreases with increasing insert size.

Early studies showed that single sgRNAs targeted to the promoter region of target genes 

activate negligible levels of endogenous gene expression. However, multiplexing with three 

or more sgRNAs results in synergistic activation of target genes with significant increases in 

gene expression.  More importantly, sgRNA multiplexing can be designed for multiple gene 

activation thereby eliminating the need to deliver multiple transcription factor cDNAs for 

robust gene expression to induce differentiation409. Improvement in dCas9-transcriptional 

activator fusions have led to novel gene activators with enhanced activation capabilities 

compared to early dCas9-VP64 activators.  Fusions of dCas9 to multiple co-activators such as 

the VPR domain (consisting of VP64, p65 and Rta), or specifically engineered dCas9 



proteins that utilise modified sgRNAs in conjunction with a synergistic activator complex 

have been shown to induce robust gene activation410.  In fact, several recent studies have 

demonstrated CRISPR-mediated activation of endogenous gene expression for controlled 

differentiation into diverse cell types411-413.

By utilising dCas9 activators and multiple sgRNAs to target the endogenous activation of 

pancreatic transcription factors and/or MSC chemokine receptors in MSCs, it may be 

possible to direct the differentiation of MSCs into surrogate IPCs capable of maintaining their 

immunomodulatory properties through ex vivo expansion and transplantation (Figure 6.1).  

To this end, one study in particular has demonstrated success in activating endogenous 

human insulin transcription utilising the dCas9-VP160 fusion and multiple insulin promoter 

targeting sgRNAs in HEK293T, Hela and human fibroblasts414. The success of this study 

supports the proposed novel application of activating transcription of endogenous genes 

involved in pancreatic development such as Pdx1, Neurod1 and MafA -cell 

differentiation in MSCs. In addition, this strategy could be combined with the targeted 

activation and maintenance of genes involved in MSC immunomodulation such as 

chemokine receptors and soluble factor production.



Figure 6.1: CRISPR-mediated generation of IPCs and enhanced MSC-derived immunotherapies Expression of the nuclease-deficient dCas9 fused to a 

transcriptional activator in MSCs facilitates the activation of endogenous gene expression. To drive the differentiation of MSCs into IPCs (blue boxes), sgRNAs 

targeting the promoter of target genes such as Pdx-1, NeuroD1, MafA, etc., are delivered to MSCs expressing the dCas9-transcription activator fusion. Additional 

sgRNAs targeting the promoter of genes involved in MSC immunomodulation (red boxes) are delivered in combination to maintain the immunomodulatory phenotype 

of MSCs through multiple cell expansions for the development of therapeutic doses of cell therapy. CCL chemokine ligand, CXCR chemokine receptor, dCas9 nuclease-

deficient CRISPR-associated protein 9, GCG glucagon, IDO indoleamine 2,3-deoxygenase, IFN interferon, IL interleukin, INS insulin, MafA v-maf musculoaponeurotic 

fibrosarcoma A, M-CSF macrophage colony stimulating factor, Neurod1 neuronal differentiation 1, Ngn3 neurogenin 3, Nkx6.1 NK6 homeobox 1, NOS nitric oxide 

synthase, Pdx1 pancreatic and duodenal homeobox 1, sgRNA short guide RNA, SST somatostatin, VEGF vascular endothelial growth factor



Nonetheless, despite the demonstrated success in targeting early passage MSCs for 

-cells94, 123, 192-195, 196, 92, 197, 198, the overwhelming challenge remains  our 

inability to produce sufficient quantities of transplantable -cells from MSCs due to the small 

cellular fraction they represent. Although sourcing MSCs from alternative tissues richer in 

the abundance of MSCs such as adipose tissue is a popular alternative, their tissue-specific 

functional differences may limit the -cells. 

Ex vivo expansion as a means of overcoming the challenge of MSC shortages proved 

unsuccessful in this study, as it highlighted MSC age-related deficiencies. Extending the life-

span (and potentially the early passage characteristics) of MSCs via the conditional over-

expression of genes involved in immortalisation such as the simian virus 40 (SV40T) 

antigen415 or human telomerase reverse transcriptase (hTERT)416 has been shown to 

overcome the senescence-related limitations of MSCs, whilst demonstrating the maintenance 

of early passage MSC phenotype and multi-lineage differentiation potential. As a result, MSC 

immortalisation would allow for the ex vivo expansion of MSCs (without the loss of their 

intrinsic properties), whilst producing sufficient starting quantities of target cells to 

-cells. 

However, the immortalisation of primary stem cells remains controversial as the 

immortalised cells have the potential to spontaneously transform into malignant cells. 

Therefore, novel bioprocessing methods such as bioreactors (which remove the 

transformation-associated risk of immortalised cells) represent a tool that may allow for the 

optimisation and development of efficient, cost-effective, and easily scalable expansion of 

MSCs at early passage for human therapy417, 418. The integration of viral-mediated gene 

modification and large-scale MSC production in a combined bioreactor system could 

potentially represent a new frontier for human T1D gene and cell therapy.



In conclusion, gene and cell therapy for the treatment of T1D is an encouraging alternative to 

current treatment options. Through careful in vitro and pre-clinical experimental design (in 

particular acknowledging the benefits and limitations of particular cell types), and by 

implementing the aforementioned strategies, the use of MSCs as targets for T1D gene and 

cell therapy may become a realistic outcome.
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