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Abstract 

Type I diabetes is caused by autoimmune destruction of ß-cells. While immune therapy halts 

autoimmune attack on ß-cells, the residual ß-cell number is often insufficient for euglycemia. We 

hypothesize that addition of a growth factor to increase β-cell number will be more effective at 

reversing hyperglycemia than immune therapy alone. We chose prolactin because it stimulates ß-

cell proliferation and insulin synthesis in vivo. In this study, we found that diabetic NOD mice 

treated with anti-CD3 and prolactin achieved a higher diabetes remission rate in comparison to 

those treated with anti-CD3 alone. Mice treated with anti-CD3 and prolactin had higher 

pancreatic insulin content and secreted more insulin during a glucose tolerance test. They had 

higher ß-cell mass and number due to a higher ß-cell proliferation rate.  Furthermore, the anti-

CD3 and prolactin treated group had a higher proportion of insulitis-free islets. We found no 

evidence of ß-cell neogenesis and even the addition of exendin-4, a growth factor analagoue 

thought to be able to induce β-cell neogenesis, failed to induce β-cell neogenesis. Therefore, this 

study suggests that the paradigm of using a growth factor to stimulate ß-cell proliferation and 

expand ß-cell number in conjunction with immune therapy is potentially an effective strategy to 

treat type 1 diabetes. 
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Chapter One: Introduction 

1.1  Background: 

 Diabetes is a metabolic disease where endogenous insulin secretion is insufficient to meet 

a patient’s insulin needs in order to maintain blood glucose control. Two of the most common 

variants of diabetes are type 1 diabetes mellitus (type I diabetes) and type 2 diabetes mellitus 

(type II diabetes). Type I diabetes involves the autoimmune destruction of insulin producing β-

cells and the subsequent development of chronic hyperglycemia. On the other hand, type II 

diabetes involves an increase in insulin resistance, eventually leading to the development of 

chronic hyperglycemia and the destruction of β-cells by the accumulation of reactive oxygen 

species (ROS). Thus, both diseases are caused by insufficient β-cell mass to meet patients’ 

demand for insulin to maintain normal blood glucose (euglycemia).  

 Currently, type I diabetes is treated with the administration of exogenous insulin to 

maintain euglycemia. This treatment strategy is effective at avoiding the acute short term effects 

of diabetes, such as ketoacidosis. However, it is largely ineffective at avoiding the long term 

complications of the disease such as nephropathy, neuropathy, and retinopathy (1, 2). For 

example, despite improvements to insulin regimens 29%  of diabetic adolescents have early stage 

retinopathy (2). What is needed is a treatment strategy that addresses the cause of diabetes, 

deficient β-cell mass, rather than the symptom, hyperglycemia. 

 For type I diabetes, addressing its cause involves first addressing the autoimmune 

destruction of β-cells. To that end, many researchers have been investigating the potential of 

immune therapy to cure type I diabetes. Different strategies of immunosuppression have been 

attempted, including antigen specific immunosuppression and global immunosuppression with 

certain cytokines (3). However, currently the most promising immune therapies appear to be T-
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cell targeted (4). Specifically, the T-cell targeted anti-CD3 therapy shows promising results in 

treating newly onset diabetes in the non-obese diabetic (NOD) mouse model of type I diabetes 

(5).  

 NOD mice are considered to be one of the best models for type I diabetes (6). They 

successfully recapitulate the persistent autoimmunity characteristic of the human disease better 

than chemically induced diabetes models (7). Importantly, NOD mice share many disease 

causing genetic loci with humans who have type I diabetes (8). Since they are a mouse model, 

powerful genetic techniques exist for probing the nature of diabetes and responses to potential 

curative therapies. 

 Anti-CD3 therapy on newly diabetic NOD mice has been reported to result in cure rates 

of 37-80% of treated mice (5, 9). Anti-CD3 was initially developed as an immunosuppressant to 

treat patients following renal grafts, and its effectiveness at inducing immunological tolerance 

led researchers to investigate its potential effect on various autoimmune diseases, including type 

I diabetes (10). Anti-CD3 induces immunological tolerance of auto-antigens by forcing T-cells to 

adopt a regulatory phenotype (11). In NOD mice, the anti-CD3 mediated induction of 

immunological tolerance halts β-cell destruction which allows for some recovery of β-cell 

function that, in turn, leads to recovery of euglycemia.  

 Anti-CD3 therapy proved so effective in NOD mice that multiple phase II and III clinical 

trials have been done in humans with type I diabetes. Unfortunately, these trials have not been 

effective at curing type I diabetes in these patients (12). However, these trials were far from a 

complete failure, as anti-CD3 therapy was able to preserve some insulin production (as measured 

by C-peptide levels) and decrease insulin demands for some subjects (13). There was a variable 

response among subjects to anti-CD3 therapy and it was found that subjects responded more 
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robustly to therapy if their initial C-peptide levels were higher (14). This implied that increased 

residual β-cell mass at the start of therapy improved the outcome of anti-CD3 therapy. Thus, if β-

cell mass could be improved alongside anti-CD3 therapy, then perhaps a cure can be developed.  

 Multiple strategies for increasing β-cell mass are currently being investigated. β-cell mass 

could be potentially increased by transplanting donor islets, growing and transplanting β-cells 

made from stem cells, or by inducing endogenous expansion of β-cells via the administration of a 

growth factor. Islet transplantation faces many of the same difficulties as do other transplantation 

procedures (15). Likewise, similar to other stem cell therapies, β-cell stem cell therapy is largely 

theoretical at this point (16). On the other hand, using a growth factor to induce β-cell expansion 

is better characterized in animal models and humans. 

 β-cell mass expansion is a relatively newly observed phenomenon. Until recently β-cell 

mass was thought to be largely static in adult life, however we now know that there is basal β-

cell replication which increases dramatically in response to certain stimuli (17, 18). A pro-β-cell 

expansion stimulus of particular interest to our lab is pregnancy. During pregnancy, β-cell mass 

expands because of an increase in lactogenic signalling via the prolactin receptor (Prlr) (19).    

 Prolactin increases β-cell mass during pregnancy by significantly increasing β-cell 

proliferation (20). It has also been shown to lower the glucose stimulated insulin secretion 

(GSIS) threshold of β-cells (21). Additionally, prolactin has effects on non-endocrine cells that 

could be of potential use with respect to treating type I diabetes. During pregnancy, some 

autoimmune diseases experience remission which may be attributed to prolactin’s actions (22, 

23). Islets cultured in prolactin have significantly increased islet vascularization after transplant 

and resulted in increased endocrine mass when compared to islets that were not treated with 

prolactin (24).  Prolactin may even be able to induce β-cell neogenesis, the formation of new β-
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cells from non-endocrine progenitors, as there is evidence to suggest that β-cell neogenesis 

occurs in human and rodent pregnancies (25, 26).  

 Since type I diabetes patients have minimal β-cell mass at the onset of diabetes, it would 

be very useful if a growth factor could harness non-β-cells as a source for new β-cells. These 

new β-cells could arise from neogenesis of pancreatic progenitors, through transdifferentiation, 

or by both. The presence of progenitor cells in the pancreas is a topic of hot debate within the 

field. Under normal conditions, the vast majority of new β-cells are formed by the proliferation 

of existing β-cells (27). However, under extreme regenerative conditions, partial pancreatic duct 

ligation (PDL) for example, both transdifferentiation of α-cells to β-cells and the recruitment of 

progenitors have been observed (28, 29).  

 This study aims to determine if the addition of prolactin to anti-CD3 therapy of newly 

diabetic NOD mice improves the diabetes remission rate and how it achieves this improvement. 

To do this, we have investigated effects of the addition of prolactin on the animals on a whole 

organism level, on an organ level, and on a cellular level.   

1.2 Significance: 

 Diabetes is massive global problem of epidemic proportions. While this study focuses 

more on the less common type I diabetes, lessons learned from it with regards to the expansion 

of β-cell mass can be equally applied to the more common type II diabetes. While anti-CD3 

therapy results were so promising in mice, it failed to deliver as an effective cure for type I 

diabetes in humans (12). Improving anti-CD3 therapy with the addition of a growth factor could 

prove to be an effective treatment paradigm in the future. If the addition of prolactin to anti-CD3 

therapy improves the anti-CD3 mediated diabetes cure rate by increasing β-cell mass, it would 
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show that it is a viable treatment paradigm for type I diabetes and may lead to further likeminded 

studies in the future.  

1.3 Specific Aims: 

1.3.1 Prolactin’s Effect on Anti-CD3 Mediated Diabetes Remission: 

 In order to assess the effect of prolactin on anti-CD3 diabetes therapy, newly diabetic 

NOD mice were treated with anti-CD3 with or without the addition of prolactin. The relative 

diabetes remission rates of mice from different treatment groups were assessed using a Kaplan 

Meier survival curve. Cured mice were further assessed for any potential differences in glucose 

homeostasis between treatment groups. 

1.3.2 Prolactin’s Effect on the Endocrine Pancreas: 

 The endocrine pancreata of cured mice from different treatment groups were compared in 

various capacities to determine how the addition of prolactin achieved an increase in anti-CD3 

mediated diabetes remission rates. The amount of insulin secreted in response to a glucose load 

and the overall pancreatic insulin content were assessed and compared between treatment 

groups. β-cell fraction, number, and size were compared between treatment groups to determine 

if the increase in pancreatic insulin content reflected an increase in β-cell mass. Additionally, α-

cell populations were compared between treatment groups. In order to determine if the addition 

of prolactin affected islet vasculature, the degree of islet vascularization was assessed and 

compared between treatment groups. To investigate whether the addition of prolactin affected 

autoimmunity, the degree of islet insulitis was compared between treatment groups. 

1.3.3  How Prolactin Expands β-Cell Mass: 

 Given that the addition of prolactin to anti-CD3 therapy significantly expanded β-cell 

mass, the mechanism by which it achieved this was investigated. Proliferation and apoptosis 
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rates were assessed and compared between cured mice from different treatment groups. 

Additionally, β-cell neogenesis was assessed and compared between treatment groups and 

control mice that never developed diabetes. 

1.3.4 If the Addition of GLP-1 Increases β-Cell Neogenesis: 

 Glucagon like peptide-1 (GLP-1) is an incretin whose administration has been 

demonstrated to induce β-cell neogenesis. The GLP-1 pharmaceutical analogue exendin-4 (Ex-4) 

was used in addition to prolactin and anti-CD3 to determine if it could induce further β-cell 

neogenesis.   

1.4 Outline:        

 This thesis consists of 7 chapters describing treatment of newly diabetic NOD mice with 

a combination of prolactin and anti-CD3 and the subsequent investigation into how prolactin 

affected an improvement to the anti-CD3 mediated diabetes cure rate. Chapter 1 includes a brief 

introduction to the background of this project with highlights from the literature, a brief 

statement with regards to the significance of this research, and a concise overview of the specific 

aims addressed in chapters 3 through 6. Chapter 2 is a literature review of the relevant 

background information that formed the rationale of this study. Chapter 3 describes the effect of 

the addition of prolactin to anti-CD3 therapy on the diabetes remission rate and prolactin’s effect 

on whole organism glucose homeostasis. Chapter 4 investigates the effect of the addition of 

prolactin to anti-CD3 diabetes therapy on the endocrine pancreas by examining secreted and 

pancreatic insulin content, β-cell populations, α-cell populations, islet size and number, islet 

vascularization, and insulitis. Chapter 5 examines the mechanism by which the addition of 

prolactin to anti-CD3 therapy increases β-cell mass by assessing β-cell proliferation, apoptosis, 

and neogenesis. Chapter 6 examines whether the addition of the GLP-1 analogue Ex-4 to 
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prolactin and anti-CD3 therapy further induced β-cell neogenesis. Chapter 7 is a general 

discussion of all of the aspects of this thesis that assesses strengths and limitations, postulates 

future directions, and draws overall conclusions. References are at the end of this document.  
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Chapter Two: Literature Review 

2.1 Diabetes: 

 Diabetes is a metabolic disease that centers around unregulated glucose homeostasis 

resulting in chronic hyperglycemia. It presents primarily as one of two varieties of diabetes: type 

I diabetes mellitus and type II diabetes mellitus. Type I and type II diabetes have different 

etiology but both result in chronically elevated blood glucose. The incidences of both are rising 

precipitously on a global scale (30). Type I diabetes was previously referred to as insulin 

deficient diabetes (IDD) as it involves deficient insulin production and secretion as a result of 

autoimmune destruction of insulin producing β-cells, resulting in absolute insulin deficiency. In 

contrast, type II diabetes initially involves elevated insulin resistance rather than a lack of insulin 

secretion, resulting in relative insulin deficiency. As type II diabetes progresses, β-cell mass 

expands in an attempt to meet insulin requirements. Eventually, β-cell mass can no longer keep 

up with increased insulin demands and β-cell mass involutes. 

2.1.1  Current Therapeutic Shortcomings: 

 Current type I diabetes treatment strategies focus on maintaining blood glucose control 

with exogenous insulin. While this treatment strategy is largely effective at avoiding the acute 

effects of type I diabetes, such as ketoacidosis, it is largely ineffective at avoiding long term 

microvascular complications (1, 2). Type I diabetes therapy could therefore be improved by 

addressing the cause of diabetes, declining β-cell function (absolute for type I diabetes and 

relative to insulin resistance for type II diabetes), rather than the symptom, hyperglycemia. 

2.1.2 β-Cell Mass and Diabetes: 

 β-cell mass was previously thought to be largely static and unchanging during one’s adult 

lifespan. However, relatively recent evidence has demonstrated that β-cell mass can dynamically 
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expand in response to increases in insulin demand caused by aging, obesity, pregnancy, and 

genetic insulin resistance (31-34). Patients afflicted with diabetes showed significantly decreased 

β-cell mass and increased β-cell apoptosis when compared to healthy individuals (35, 36). Even 

for non-diabetic obese individuals, blood glucose was found to be inversely correlated with β-

cell mass (37). Therefore, increasing β-cell mass could lead to improved blood glucose control 

for individuals with both type I and type II diabetes.  

2.1.3 α-Cells and Diabetes: 

 α-cells produce glucagon, a peptide hormone that works against the effects of insulin to 

increase blood glucose, rather than decrease it. While not expressly involved in the development 

diabetes, α-cells’ actions only serve to worsen diabetes (38). It has been shown that the deletion 

of the glucagon receptor on hepatocytes can effectively prevent diabetes in insulin deficient 

mouse models (39).  

2.2 Mouse Models of Type I Diabetes: 

2.2.1 Chemically Induced Diabetes: 

 The first mouse models of type I diabetes were chemically induced β-cell ablation 

models. The commonly used diabetogenic chemicals are the toxic glucose analogues alloxan and 

streptozotocin (STZ). Alloxan was first synthesized in 1838 and came to the attention of diabetes 

researchers in the 1940s when it was reported that it could induce diabetes in animals by causing 

specific necrosis of β-cells (40). STZ was initially used as a chemotherapeutic DNA alkylating 

agent, but in 1963 it was found to have diabetogenic properties comparable to alloxan (41). 

Subsequent studies have determined that alloxan and STZ induce diabetes via similar biological 

and chemical mechanisms. 
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 Since both alloxan and STZ are glucose analogues, they are preferentially taken up by β-

cells expressing glucose transporter 2 (GLUT2). Both diabetogenic chemicals do not inhibit 

GLUT2 function and can therefore enter β-cells in an unrestricted manner. This allows for a 

significant accumulation of alloxan and STZ within β-cells. As a consequence, both alloxan and 

STZ are not toxic to insulin-producing cells that do not express GLUT2 (42, 43). Once they have 

accumulated in β-cells, they employ different chemical mechanisms that induce β-cell necrosis 

and inhibition.   

 Alloxan has a thiol group that is reduced by thiols present in β-cells (i.e. Glutathione, 

cysteine, etc.) to dialuric acid. Dialuric acid causes the generation of toxic reactive oxygen 

species (ROS) which subsequently accumulate resulting in β-cell necrosis (44). In contrast, 

STZ’s β-cell toxicity rests primarily on the DNA alkylating properties of its nitrosurea analogue 

moiety. This moiety transfers a methyl group to DNA which in turn causes significant DNA 

damage and fragmentation. In an attempt to repair this extensive DNA damage, the cell exhausts 

its energy reserves resulting in necrosis (45).  

 The increase in β-cell necrosis by alloxan or STZ treatment has been shown to cause 

insulitis (infiltration of pancreatic islets by lymphocytes), a condition that is pathologically 

similar to type I diabetes in humans (46).  However, unlike clinical type I diabetes, alloxan and 

STZ induced diabetes produces only transient insulitis and diabetes, as the blood glucose of 

treated mice slowly returns to normal even without further intervention (46). Thus, chemically 

induced diabetes is neither persistent nor immune mediated in the same manner as type I diabetes 

in humans and therefore is not the best model for investigating type I diabetes in a holistic 

manner.  
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2.2.2 NOD Mice: 

 Non-obese diabetic (NOD) mice are a commonly used model for type I diabetes. Unlike 

chemically induced models of diabetes, NOD mice spontaneously develop immune regulated 

diabetes. NOD mice were first developed by Makino et al. (1980) as part of a study to generate a 

cataract-prone mouse model. This inbreeding process produced numerous mouse lines that did 

not develop cataracts. Two of these non-cataract developing mouse lines were retained. One of 

these lines had high fasting blood glucose and the other had low fasting blood glucose. 

Interestingly, the line with low fasting blood glucose eventually developed diabetes while the 

line with higher fasting blood glucose did not (47). Shortly after their identification, these mice 

became referred to as NOD mice.   

 In NOD mice, β-cells are destroyed by cytotoxic T-cells, similar to what occurs in human 

type I diabetes (48). Much like in the human disease, NOD mice experience progressive insulitis 

and β-cell loss prior to the development of outright diabetes (7). Analysis of NOD mice’s 

pancreata has shown that they begin developing insulitis as early as three weeks of age with 

incidence peaking at around 20 weeks of age. Insulitis progresses until nearly all β-cells are 

destroyed and mice develop overt diabetes (7). Much like human type I diabetes, insulitis in 

NOD mice consists of mononuclear cell infiltrate which includes CD4/8 T-cells, natural killer 

(NK) cells, B-cells, dendritic cells (DCs), and macrophages. Similar to humans, diabetes in NOD 

mice is affected by both environmental and genetic factors. 

 NOD mice demonstrate a significant gender bias in the development of diabetes, as 

diabetes incidence in the founding NOD colony was 80% higher for females than it was for 

males. The sexually dimorphic diabetes incidence bias has been linked to environmental factors, 

since different colonies housed in different conditions have different degrees of diabetes 
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incidence gender bias (6). This gender bias has since been attributed to differences in gut bacteria 

and environmental exposure to bacteria in generally, as the gender bias is removed if mice are 

delivered via Caesarian section and incidence rates are directly related to the degree of sterility in 

different mouse housing facilities (49). A recent study further supported this hypothesis by 

demonstrating that gavaging female NOD mice with gut bacteria from male NOD mice had a 

protective effect against the development of diabetes (50). 

 In terms of the genetic component of diabetes development in NOD mice, researchers 

have identified more than 50 insulin dependent diabetes loci (Idd in mice, IDDM in humans). 

Idd1 has the strongest identified correlation with disease incidence of the currently identified 

Idds. Its counterpart in humans, IDDM1, is the best correlated IDDM for human disease as well. 

Both loci correspond to the unique major histocompatibility (MHC) haplotype called H-2IA
g7

. 

Of the other disease related loci, there are only six that are significantly correlated with disease 

incidence: insulin (IDDM2), CTLA-4 (Idd5.1, IDDM12), Ptpa8, CD25, interferon induced 

helicase-1 (IDDM19), and IL-2 locus (Idd3) (51). Overall, there is a large degree of overlap in 

genetic factors between the disease in NOD mice and the disease in humans. 

 Similar to human type I diabetes, the initial injury starting the autoimmune destruction of 

β-cells remains obscure in NOD mice. Studies in NOD mice have identified the possibility of 

endogenous viral activity or dysregulation of the neonatal apoptosis wave as potential causative 

factors (52, 53). However, once autoimmunity is initiated, the immunological progression of the 

disease is well defined.  

 Following the initial insult, changes in the microvasculature of islets and subsequent 

phagocyte invasion act as a vanguard for lymphocytic infiltration. It has been proposed that 

interleukin 1-β (IL-1β) causes macrophages to produce inducible nitric oxide synthase (iNOS), 
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which in turn leads to the production of nitric oxide. Nitric oxide then leads to changes in the 

endothelium which results in increased permeability of islets. The increase in permeability leads 

to edema and an increase in microvasculature in islets (54). It is unclear why macrophages 

become activated, but their dysfunction is likely to blame. NOD macrophages have significantly 

reduced phagocytosis of apoptotic bodies and antigen processing potentially leading to improper 

antigen presentation. This leads to an accumulation of apoptotic debris, in turn, leading to an 

increase in inflammation (55). While it is a tempting theory to explain NOD diabetes, it is 

ultimately inconclusive, as autoantigen presentation is the same in young NOD mice as it is non-

diabetic strains (56). 

 NOD mice develop a T-cell mediated disease. Treatment with anti-CD3 antibodies, 

which affect T-cell populations, has long been shown to inhibit diabetes in NOD mice (10). In 

that vein, CD4
+
 and CD8

+
 T-cells are needed specifically for disease progression as treatment 

with either anti-CD4 or anti-CD8 antibodies prevent diabetes (57, 58).  Antigen presentation is 

also critical to diabetes pathogenesis in NOD mice, as NOD mice with their pancreatic lymph 

nodes excised are prevented from developing the disease (59).  

 Impaired negative thymic selection plays a large role in the pathogenesis of diabetes in 

NOD mice. This impaired negative selection appears to be a consequence of the MHC class II 

haplotype H-2IA
g7

 which has been identified as the strongest genetic cause of diabetes in NOD 

mice and humans, Idd1 and IDDM1 respectively. Both haplotypes in mice and in humans, MHC 

class II DQ and I-A
g7

, convey diabetes susceptibility when there is a serine, alanine, or valine at 

position 57 and convey diabetes resistance when there is an aspartic acid at this position (60). 

The presentation of autoantigens on H-2IA
g7

 is unstable, resulting in a weaker negative selection 
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signal. This weaker negative selection signal is then responsible for impaired differentiation of 

FoxP3
+
 T regulatory cells (Tregs) (61).   

 As a consequence of the immunological origin of the disease in NOD mice and the 

relatively high degree of overlap in disease etiology with the human disease, NOD mice are the 

model system of choice for examining possible immune therapies with respect to type I diabetes. 

They have been used to study the effects of antigen specific immune therapies, such as anti-

glutamate decarboxylase. NOD mice have also been used in studies on global 

immunosuppression, including T-cell depletion strategies. In fact, the success of a particular T-

cell targeted therapy, anti-CD3, in NOD mice served as the basis for a number of phase II and 

phase III clinical trials in humans (12).  

2.3 Anti-CD3: 

 Anti-CD3 is a monoclonal antibody targeted to the ε chain of CD3, a component of a 

complex with the T-cell receptor (TCR) that allows for T-cell antigen recognition. It was initially 

developed to treat tissue transplant rejection and its first commercially available version, 

muromonab-CD3, was clinically tested in 1981 (62). Subsequently, interest was aroused to 

possibility of using anti-CD3 to treat autoimmune diseases such as Crohn’s disease, ulcerative 

colitis, and type I diabetes. Anti-CD3 has proven so effective at treating diabetes in NOD mice, 

that it is and has been involved in multiple clinical trials (63-65).  

2.3.1 Anti-CD3 Successfully Treats Diabetes in NOD Mice: 

 Given type I diabetes’s nature as an immunological disorder and anti-CD3’s efficacy as 

an immunosuppressant, anti-CD3 has been employed as a therapy to treat diabetes in the murine 

model of type I diabetes, NOD mice. In early studies, anti-CD3 proved surprisingly effective at 

reversing newly onset diabetes in NOD mice. Furthermore, NOD mice cured with anti-CD3 were 
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further protected from developing diabetes by the transfer of diabetogenic splenocytes from 

diabetic NOD mice (5, 66). The results of anti-CD3 therapy on newly diabetic NOD mice were 

so promising that multiple phase II and phase III clinical trials have since been initiated using the 

humanized anti-CD3 antibody Teplizumab (63-65, 67). 

2.3.2 Generation of Teplizumab: 

 The first anti-CD3 antibodies used to treat tissue transplant rejection were murine in 

origin. As a consequence, many patients treated with these antibodies experienced human anti-

mouse antibody responses and a phenomenon called cytokine release syndrome (CRS) (68, 69).  

These effects were attributed to the murine origin of these anti-CD3 antibodies and the binding 

of the Fc portions of the antibodies to Fc receptors (70-72). Subsequent studies suggested that 

CRS could be effectively avoided if only the F(ab’)2 fragments were used lacking the Fc region 

(73). Furthermore, efforts were undertaken to humanize the anti-CD3 antibody to avoid the anti-

murine immunological effect. For teplizumab, alanine substitutions were made at amino acids 

234 and 235 which decreased Fc binding to Fc receptor affinity by approximately 100-1000 fold 

(74). This humanized anti-CD3 antibody, teplizumab, has been subsequently used in multiple 

clinical trials (63-65, 67).  

2.3.3 Anti-CD3 (Teplizumab) Clinical Trials: 

 The first phase II clinical study (Study I) using teplizumab was conducted in 24 subjects 

who tested positive for at least one autoantibody. All the patients were randomized within 6 

weeks of diagnosis to receive either a 14-day course of teplizumab or placebo. One year 

following treatment, patients in the teplizumab group had better maintenance of C-peptide AUC 

in response to a glucose tolerance tests when compared to patients in the control group. This 

improvement in C-peptide levels persisted even two years after treatment. Furthermore, the 
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teplizumab treated patients had improved HbA1c levels and required less insulin. However, none 

of the patients in this trial were able to achieve exogenous insulin independence (63, 67). 

 Protégé was the first major phase III clinical trial conducted for using teplizumab to treat 

type I diabetes. It was conducted in 83 clinical centers in North America, Europe, Israel, and 

India. In total, 763 subjects participated in this trial with its primary endpoint at one year post 

treatment; though most subjects were followed two years post treatment. The primary end point 

was the proportion of patients requiring less than 0.5 U/kg of insulin per day and achieving an 

HbA1c of less than 6.5%, or experienced clinical remission. Interestingly, while this end point 

was not reached, there was a slower decline of C-peptide in patients treated with teplizumab. 

Additionally, a greater proportion of teplizumab treated individuals met a secondary endpoint of 

having less than 0.5 U/kg insulin per day requirement and less than 7% HbA1c levels at most 

times they were tested over the two year trial period (64). The best responders were children 

between the ages of 8 and 17 years old from the United States of America, while participants 

from India had lower initial C-peptide levels, higher HbA1c levels, and required more insulin. 

The variation introduced by these large regional discrepancies is thought to be why this study did 

not reach its primary endpoint and this phenomenon has been taken into account in subsequent 

studies (12). 

 The AbATE trial represents an evolution of the Protégé trial, where instead of 

administering only one course of teplizumab, two courses were administered a year apart. The 

primary endpoint was the effect on C-peptide level decline at two years following the teplizumab 

course. In this study they observed a 75% improvement in the decline of C-peptide levels in 

teplizumab treated subjects when compared to control subjects. Teplizumab treated subjects also 

had significantly lower insulin requirements than control subjects. In a post hoc analysis, 
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teplizumab treated patients were further broken down into “responder” and “non-responder” 

groups. Responders had higher initial C-peptide levels and experienced significantly less decline 

in C-peptide levels (less than 40% decline) than non-responders (65).   

 While anti-CD3 has not as of yet proved effective at ultimately curing type I diabetes in 

humans, it is evidently effective at preserving some C-peptide levels and reducing insulin 

requirement. To elucidate the mechanism by which it achieves this improvement, we must turn 

our attention to studies performed on NOD mice. 

2.3.4 Anti-CD3 Mechanism of Action in NOD Mice: 

 Anti-CD3 has two distinct modes of action that affect immunological tolerance in the 

short term and in the long term. First, anti-CD3 induces apoptosis and inactivation in the 

activated T-cells that make up the bulk of the lymphocytic infiltrate of islets, whilst sparing and 

enhancing regulatory T-cells (Tregs) (75). Tregs, formerly known as suppressor T-cells, regulate 

the activity of other T-cells and promote tolerance of self-antigens. The second phase of anti-

CD3’s effects is its induction of long term immunological tolerance by augmenting Treg 

populations. The exact mechanisms underlying this effect are still partially obscure but recent 

studies have shed some light on these processes. 

 Multiple studies have indicated that the underlying mechanism of the establishment of 

long term immunological tolerance by anti-CD3 involves the migration of active T-cells to the 

small intestine where some are destroyed and some adopt a regulatory phenotype (76, 77). When 

treated with FcR-binding and non-FcR-binding anti-CD3, secretion of interleukin-17 (IL-17A) 

by specific helper T-cells (T(H)17) was induced. Secretion of IL-17A in turn causes the 

expression of CCL20 in the small intestine which leads CCR6 expressing T-cells to migrate to 

the small intestine along the CCR6/CCL20 axis. Once in the intestine, T-cells either are 



 

18 

eliminated in the intestinal lumen or adopt a regulatory phenotype (76). The Tregs induced by 

anti-CD3 administration have been demonstrated to cause an induction of immunological 

tolerance through the production of TGF-β and IL-10 by Tregs (11, 77).   

 The immunological tolerance induced by anti-CD3 administration halts the autoimmune 

destruction of β-cells which then leads to diabetes remission in type I diabetes. Whether this 

occurs via an increase in β-cell mass or a recovery of β-cell function is of great interest. Studies 

in NOD mice suggest that anti-CD3 therapy does not affect β-cell proliferation rates but rather 

improves β-cell function, analogous to the “honeymoon” period experienced by humans shortly 

after they begin using insulin to maintain metabolic control (9, 78). 

2.3.5 Anti-CD3’s Mechanism of Action in Humans: 

 For the human trials of teplizumab, the improvement of the decline of C-peptide levels 

could not be unequivocally attributed to a decline in β-cell death without further testing. To 

examine the relative rates of β-cell death in treated individuals, Lebastchi et al. developed a 

novel assay whereby they measured the quantity of demethylated insulin DNA in serum as a 

proxy for dead β-cells. They found that there was a significant decrease in β-cell death for 

teplizumab treated patients when compared to control patients (79).  

 At first, it was thought that anti-CD3 would work similar to other T-cell targeted 

strategies by depleting circulating T-cells. However, patients treated with anti-CD3 had their 

circulating T-cell populations return to greater than 80% of baseline only two weeks following 

treatment (63). CD8
+
 T-cells isolated from serum of treated patients expressed a regulatory 

phenotype ex vivo (80). Thus, it appears that in humans, as it is in NOD mice, the main effect of 

anti-CD3 administration is the induction of tolerance by expanding the number of Tregs.  
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2.3.6 Anti-CD3 Combination Therapy: 

 While anti-CD3 therapy is effective at slowing the decline of C-peptide levels and 

lowering the insulin requirements early on in type I diabetes progression, it ultimately fails to 

produce a persistent cure for type I diabetes. This is where the potential for combination 

therapies to improve anti-CD3’s effects arises. Some combination therapies have previously 

attempted to improve anti-CD3 therapy by further enhancing immunological effects, such as the 

co-administration of specific antigens (insulin for example), IL-β antagonists, or IL-10 with anti-

CD3 (81-83). Other strategies aim to increase β-cell function and/or mass by administering 

growth factors alongside anti-CD3. For example, the glucagon like peptide-1 (GLP-1) agonist 

exendin-4 has been administered alongside anti-CD3 to NOD mice and improved upon the anti-

CD3 mediated diabetes cure rate (9).  

2.4 β-Cell Growth Factors: 

 While anti-CD3 therapy alone is sufficient to induce diabetes remission in newly diabetic 

NOD mice, it has failed to reproduce these promising results in human trials (5, 12). Despite 

their ultimate failure, human anti-CD3 trials for type I diabetes yielded promising results that 

suggest that anti-CD3 therapy could be improved significantly if β-cell function and/or mass 

were augmented concurrently anti-CD3 therapy (14). β-cell mass could potentially be augmented 

in multiple ways either by islet or pancreas transplant, by induced pluripotent stem cells (iPSCs), 

or by promoting endogenous β-cell mass expansion or functional recovery via the administration 

of a relatively β-cell specific growth factor. Islet and pancreas transplants face a number of 

difficulties including lack of donor availability, inconsistent results at different facilities, and 

transplant rejection (15). In contrast, iPSC therapies have not approached a stage of development 

where they can be considered a treatment option in humans as producing a fully differentiated β-
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cell in vitro is proving difficult (16). This leaves β-cell growth factors as a promising avenue of 

research for enhancing β-cell mass along the induction of immunological tolerance by anti-CD3. 

Multiple growth factors have been investigated for their effect on β-cell mass including 

hepatocyte growth factor (HGF), parathyroid hormone (PTH), inulin like growth factors (IGFs), 

GLP-1, and lactogens including prolactin (84). 

 It was long thought that β-cells were terminally differentiated and adult β-cell mass 

remained largely static. However, multiple studies have convincingly demonstrated that β-cells 

proliferate at a basal rate and even at an increased rate in response to various pathophysiological 

phenomena (17, 33, 85). As rodents age, β-cell mass gradually increases to meet climbing 

demands for insulin (86). β-cell proliferation is further increased during periods of increased 

insulin such as obesity, pregnancy, or partial pancreatectomy (27, 33, 85). 

2.4.1 HGF: 

 Hepatocyte growth factor (HGF) is circulating mesenchyme-derived growth factor that 

was initially identified for its effect on liver regeneration (87). Activated HGF has mitogen, 

morphogenic, and anti-apoptotic effects in a number cell types including β-cells (88). mRNA for 

HGF and its receptor, c-met, are highly upregulated in β-cells during early pancreatic 

development and expression is maintained at low levels throughout during the adult life of rats 

(89). HGF has been detected in human and rodent islets and, additionally, c-met expression in 

islets has been demonstrated to localize to insulin producing cells (90). Furthermore, HGF has 

been implicated in β-cell neogenesis during diabetes, as c-met expression on insulin positive 

ductal cells (presumptive β-cell progenitors) has been observed in diabetic NOD mice and STZ 

treated mice (91) 
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 HGF has been shown to increase β-cell proliferation in human islets cultured in 

extracellular matrices ex vivo (92). Additionally, HGF has been demonstrated to increase 

insulinoma derived β-cells (INS-1) proliferation in vitro (93). Taken together, these results 

suggest that, at least in vitro, HGF has pro-proliferative effect on β-cells. Furthermore, ectopic β-

cell specific expression of HGF in vivo leads to increased β-cell mass, increased β-cell 

proliferation, lowered glucose stimulated insulin secreation (GSIS) threshold, and improved 

glucose tolerance in mice (94). Likewise, a transgenic β-cell specific knockout of the HGF 

receptor, c-Met, had decreased glucose tolerance and reduced GSIS. However, c-Met knockout 

mice had normal β-cell mass and proliferation when compared to WT mice (95). Evidently, HGF 

maintains GSIS and glucose tolerance, but is ultimately not important for β-cell proliferation and 

mass maintenance in the basal state.  

 HGF has been investigated as potential way to improve upon immune therapy for treating 

diabetes in NOD mice. In that study HGF and interleukin-4 (IL-4) were administered together 

via gene transfer using double-stranded adeno-associated virus serotype 8 (dsAAV8). Expression 

of both genes was under the control of the mouse insulin promoter (MIP) to allow for β-cell 

specific administration of IL-4 and HGF.  IL-4 alone was not sufficient to reverse newly onset 

diabetes but, with the addition of HGF, approximately 10% of the mice experienced diabetes 

remission. HGF accomplished this improvement by decreasing insulitis and increasing β-cell 

mass when to compared to GFP gene transfer (96).  

2.4.2 IGFs: 

 The insulin-like growth factor (IGF) family of peptides includes insulin, IGF-I, and IGF-

II. They are all closely related both in structure and function sharing approximately 50% 

sequence homology. All three peptides play integral roles as regulators of growth and cell 
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proliferation during development. Insulin is secreted from the pancreas while the IGFs are 

produced mainly in the liver but are also produced in smaller quantities in practically every 

tissue type. All of these peptides can bind to each other’s receptors albeit at concentrations much 

higher than their normal agonists (84). All three peptides and their respective receptors are 

expressed in β-cells at various stages of development (97). 

 The cross reactivity of the different IGFs with their corresponding receptors makes it 

difficult to distinguish between the effects of different IGFs on β-cells. IGF-I and IGF-II have 

been shown to increase β-cell proliferation in the immortalized rat pancreatic cell line, INS-1, 

and islets in vitro, with IGF-I having a greater effect on β-proliferation than IGF-II (98). To 

investigate IGFs’ effect on β-cells in vivo, transgenic mice were generated to over-express IGF-I 

and IGF-II. β-cell specific over expression of IGF-I mice were developed on three different 

mouse backgrounds; two of these transgenic lines had no effect on their β-cells but the transgenic 

line generated on a CD1 background experienced a three-fold increase in β-cell mass (99). For 

IGF-II, transgenic mouse strains were developed for global overexpression and β-cell specific 

overexpression. Both models experienced a three to five-fold increase in β-cell and α-cell mass 

(100, 101). Interestingly, this increase in endocrine cell mass did not have any effect on blood 

glucose, circulating insulin concentration, or glucagon concentration (100). 

 To examine the effects of IGFs on basal β-cell growth and development, various 

knockout lines of mice were also developed. Interestingly, when IGF-I was deleted in a β-cell 

specific manner, it resulted in a two-fold increase in islet mass (102). Since IGF-I is produced by 

cell types other than β-cells and, thus, still persisted in circulation of these transgenic mice, it is 

unclear why knocking out IGF-I in β-cells would result in an increase in islet mass. This could be 

because IGF-I is working in a negative fashion against β-cell proliferation, but equally it could 
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be due to an increase in circulating IGF-I or islet vascularization as a compensatory mechanism 

(84).  

 Examining the effect of IGF receptor (IGFR) knockouts would hopefully alleviate the 

ambiguity raised by the IGF-I knockout mice. Whole animal knockouts of IGFRs and IRs lead to 

multiple serious organ defects and to death shortly after birth making it difficult to assess the 

effect of these knockouts on adult pancreata. For late gestational stage embryos, there was no 

significant difference in islet mass between knockout mice and controls (103). Likewise, β-cell 

specific knockouts of IR and IGFR do not result in a significant decrease in islet mass in the first 

two months of life. The β-cell specific knockout of IR and IGFR mice did experience glucose 

intolerance and eventually the development of diabetes, but this was due more to general islet 

dysfunction rather than a change in β-cell mass (104, 105).  

 IGF-I has been tried in combination with immune therapy in an attempt to reverse 

diabetes in NOD mice. Similar to the IL-4 and HGF study detailed previously, IGF-1 and IL-10 

under the control of MIP were administered to newly diabetic NOD mice via adenovirus. Unlike 

the aforementioned study, this study did not observe any diabetes remission in treated mice or 

any effect on insulitis, blood glucose, or body weight. However, they did observe an increase in 

C-peptide levels of treated mice that received IL-10 and IGF-1 (106). Still, IGFs may prove to be 

effective in combination with immune therapy if a different treatment regimen were to be 

employed.  

2.4.3 GLP-1: 

 GLP-1 is a peptide hormone sharing 50% sequence homology with glucagon. It 

stimulates insulin secretion, insulin biosynthesis, β-cell proliferation, islet neogenesis, and it 

inhibits gastric emptying and glucagon release (107-109).  Given its actions, GLP-1 has been of 
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considerable interest to the diabetes research community as a potential therapeutic for improving 

blood glucose control for patients with type 2, and potentially type 1 diabetes (110). GLP-1 has 

been shown to increase β-cell proliferation in vitro and its chronic or acute administration has 

been demonstrated to increase β-cell proliferation in vivo (108, 111)(112). However, ectopic 

expression of the pharmaceutical GLP-1 analogue exendin-4, a peptide hormone isolated from 

the saliva of the Heloderma suspectum lizard, in mouse islets does not affect β-cell mass (112, 

113).    

 In order to determine the effect of GLP-1 during normal β-cell development, β-cell 

specific GLP-1R knockout mice were developed. Interestingly, GLP-1R knockout mice had 

normal β-cell mass when compared to control mice, suggesting that GLP-1 does not play an 

essential role in β-cell development (114). Likewise, GLP-1R knockout mice on the obese ob/ob 

mouse background experienced no reduction in the increased β-cell proliferation and islet 

number normally experienced due to the increased insulin resistance of ob/ob mice (115). This 

suggests that GLP-1 is not of particular importance to increased β-cell proliferation due to 

increased insulin resistance. In contrast, β-cell proliferation in response to pancreatectomy 

appears to be dependent upon GLP-1. GLP-1R knockout mice display decreased β-cell 

regeneration in response to pancreatectomy than control mice (116).   

 GLP-1 has been used in conjunction with anti-CD3 to treat newly diabetic NOD mice. 

The combination of GLP-1 and anti-CD3 improved diabetes remission rates to 44% from 37% 

for mice treated with anti-CD3 alone. There was no significant difference in β-cell mass, 

proliferation, or apoptosis between treatment groups. However, there was an increase in insulin 

production recovery of cells that were initially GLUT2 positive and insulin negative in mice 
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treated with combination therapy (9). Thus, the addition of GLP-1 to anti-CD3 therapy 

significantly improved the anti-CD3 mediated cure rate.   

2.4.4 Lactogens: 

 During pregnancy insulin resistance increases and β-cell mass increases to meet the 

increased demand for insulin. The factors found to be responsible for this increase in β-cell mass 

are lactogens which include placental lactogens (PLs) and prolactin (Prl). These factors signal 

through a common receptor, the Prl receptor (Prlr), expressed on β-cells among numerous other 

cell types (19).  Since the addition of Prl to anti-CD3 type I diabetes therapy is the focus of this 

study, the effects and details of Prl and lactogenic signalling in general are explored in greater 

detail than that of HGF and IGFs in the following section.    

2.5 Prolactin: 

 Prolactin (Prl) is a highly pleiotropic, primarily pituitary hormone that has numerous 

effects of potential interest with respect to type I diabetes therapy. Prolactin was first identified 

in 1928 as a factor isolated from rabbit pituitary extracts capable of inducing lactation (117). In 

1933, prolactin was given its name by American researchers studying the growth of the pigeon 

crop sac (117). Numerous studies in the following years identified a plethora of biological effects 

attributed to prolactin, more than all of the other pituitary hormones combined (118).  

2.5.1 Prolactin and Prolactin Receptor Structure: 

 In mammals, prolactin is 197-199 a.a. long protein hormone similar in structure to the 

other pituitary hormones growth hormone (GH) and placental lactogens (PLs) (117). Prolactin is 

present in all vertebrates and highly conserved within Linnaean classes (119). It has 6 highly 

conserved disulfide bonds and undergoes various post translational modifications including 

glycosylation, phosphorylation, and proteolytic cleavage (120, 121).  
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 Prolactin induces its effects by binding prolactin receptors (Prlr) in its target tissues 

(118). Prlr is a member of the class I cytokine receptor sub family sharing a high degree of 

structural homology to other pituitary hormone receptors including growth hormone receptor. It 

consists of an extracellular domain (ECD) linked to an intracellular domain (ICD) by a single-

pass transmembrane chain. Prlr exists in multiple isoforms with different length ICDs that have 

different biological functions (117). 

  There are 7 different isoforms of various lengths in humans, three in rats, and four in 

mice. The mice isoforms exist in one long form variety and three short form varieties, although 

two of the short form Prlr isoforms have not been identified in protein form. The primary 

identified difference between long and short isoforms is that they can activate the JAK/STAT 

signalling pathway, while short isoforms cannot. The long isoform is expressed strongly in 

mammary glands, the small intestine, the pancreas and many others while the short isoform is 

expressed in other organs, with its expression in the liver being of particular note (122). 

2.5.2 Pregnancy’s Effect on β-cell Mass: 

 During pregnancy, β-cell mass increases to offset an increase in peripheral insulin 

resistance (123). As early as 1978, Van Assche et al. observed a significant enlargement of 

pancreatic islets and increase in β-cell hyperplasia in pregnant women (124). This led to similar 

findings in rodent models where an increase in β-cell mass of 3-4-fold was observed during 

pregnancy (33, 125).  

 The increase in β-cell mass during pregnancy in rod(22)(22)(22)(21)ents is caused by an 

increase in β-cell proliferation, as measured by BrdU incorporation, and an increase in β-cell size 

(20). β-cell proliferation peaks at around day 15.5 of gestations and returns to normal levels 

shortly after birth. The peak of β-cell proliferation coincides with increased lactogenic activity, 
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leading some to suspect that lactogenic hormones, prolactin and PLs, were responsible for this 

increase in β-cell proliferation and size during pregnancy (20).  Following birth, there is a 

decrease in β-cell mass accompanied by an increase in β-cell apoptosis and a decrease in β-cell 

size (126).  

2.5.3 Lactogenic Signalling Causes β-Cell Mass Expansion During Pregnancy: 

  As stated before, the peak of β-cell proliferation during pregnancy correlates quite well 

lactogenic hormone activities, causing researchers to suspect that prolactin and PLs, signalling 

through Prlr, are responsible for this increase in β-cell proliferation. Further studies have 

concretely demonstrated lactogenic signalling’s role in β-cell proliferation during pregnancy both 

in vitro and in vivo. 

 In vitro experiments have demonstrated prolactin’s effect on β-cell proliferation and 

survival. With regards to β-cell proliferation, INS-1 cells expand considerably in culture when 

exposed to prolactin (127). Similarly, human recombinant prolactin had increased β-cell survival 

in response to noxious stimuli of isolated human islets cultured in vitro (128). These experiments 

clearly demonstrate prolactin’s effect on β-cells during pregnancy in vitro, but in vitro results 

alone are not sufficient to demonstrate a biological relationship.  

 Vasavada et al. demonstrated lactogenic signalling’s effect on β-cell proliferation by 

expressing PL in the β-cells of transgenic mice. They observe a sizable increase in β-cell mass 

and proliferation in these transgenic mice. The increase in β-cell was so substantial that it even 

resulted in hypoglycemia for some these transgenic mice (84). Conversely, a global deletion of 

Prlr resulted in decreased β-cell mass and mildly impaired insulin secretion (129).  

 In order to test the effect of Prlr knockout on glucose homeostasis during pregnancy, 

heterozygous null (Prlr
+/-

) mice were used. Huang et al. examined glucose homeostasis of Prlr
+/-
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mice during pregnancy and found that β-cell mass expansion was significantly hindered resulting 

in impaired glucose tolerance and sometimes gestational diabetes (GDM). Interestingly, maternal 

partial Prlr knockdown had an effect on its offspring’s future pregnancies, as wild type daughters 

of Prlr
+/-

 mothers had impaired glucose tolerance during their pregnancies (19). This suggests 

that in utero exposure to elevated glucose levels modifies the epigenetic memory of β-cells. 

2.5.4 Molecular Mechanism of Prlr Induced β-Cell Proliferation: 

 Despite the clear evidence that lactogenic signalling increases β-cell mass during 

pregnancy, the precise molecular mechanisms behind this remain elusive. Prolactin binds a 

membrane bound Prlr which then dimerizes. Multiple signalling pathways are implicated in Prlr 

signalling with respect to its role in β-cell mass expansion including the JAK/STAT, MAPK, and  

phosphatidylinositol 3-kinase (PI3K) pathways (117). 

  Prlr, similar to other class I cytokine receptors, has no intrinsic kinase activity and as 

such has to recruit the non-receptor tyrosine kinase Janus kinase 2 (JAK2) to initiate the 

intracellular signal cascade. JAK2 autophosphorylates in response to receptor dimerization and 

goes on to phosphorylate signal transducer and activator of transcription 5 (STAT5), a 

transcription factor. This JAK/STAT pathway is the canonical signalling pathway for Prlr in 

most tissues and is responsible the regulation of a number of β-cell genes during pregnancy 

including glucokinase, insulin, Prlr, GLUT2, cyclin D2, Bcl6, Bcl-xl, menin, p27, and FoxM1 

(84).    

2.5.5  Prolactin and Immunity: 

 In addition to prolactin’s effect on β-cell mass, prolactin also affects the immune system 

which may be of importance to its potential effect on diabetes in NOD mice. Different lines of 

evidence suggest a pro- and anti-immune response role for Prl in different situations. For 
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example, Prlr is widely expressed by different immune cell types including monocytes, 

macrophages, T and mainly B lymphocytes, NK cells, granulocytes, and thymic epithelial cells 

(117). Conversely, different autoimmune diseases are observed to go into remission during 

pregnancy, presumably due to prolactin’s effects (22, 23).  

2.5.6 Prolactin and Islet Vascularization: 

 A further potentially useful effect of prolactin with regards to treating diabetes is its 

effect on islet vascularization. Islets cultured ex vivo with prolactin have a higher degree of islet 

vascularization following transplant in mice than islets cultured without prolactin. This lead to a 

higher success rate of engraftment of the transplanted islets and improved glucose homeostasis 

(24). However, increased islet vascularization may not be a desirable outcome as it allows for 

greater access of immune cells to vulnerable β-cells (130).   

2.5.7 Prolactin and Cancer: 

 While prolactin has many biological activities which could be potentially beneficial for 

diabetes therapy, it may carry the risk of elevated cancer incidence as a side effect. While 

hormones do not typically initiate tumorigenesis, they can serve to promote cell growth and 

division in transformed, cancerous cells. For example, there is a clear causal link between 

gonadal steroids and reproductive organ tumours. Given prolactin’s pro-proliferative effects in 

multiple tissue types, particularly mammary tissue, it stands to reason that prolactin may increase 

cancer incidence. 

 Older studies failed to establish a correlation between elevated prolactin levels and an 

increased incidence of breast cancer (131). As well, the administration of the prolactin release 

antagonist bromocriptine failed to decrease the morbidity of breast cancer patients (132). 

However, more recent large scale prospective studies have demonstrated an increased breast 
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incidence (~30%) in women with elevated serum prolactin (133, 134). Despite the correlation 

between elevated serum prolactin levels and a modest increase in breast cancer incidence, the 

administration of bromocriptine did not improve morbity for breast cancer patients. This may 

have occurred because the metastatic tumours of patients in the trial no longer needed prolactin 

to continue cell division or the effect of prolactin on tumor growth may be the result of locally 

produced prolactin, which is unaffected by bromcriptine, rather than circulating prolactin (135). 

 Prolactin is produced by the breast cancer cell lines T47D and MCF7 (131). Prolactin 

plays a mitogenic role in T47D cells as its suppression results in reduced proliferatin both in 

vitro and as transplanted tumors in nude mice in vivo (136, 137). Additionaly, prolactin can act 

as a pro-survival, anti-apoptotic agent in breast cancer cells. It does so primarly through the 

PI3K/Akt pathway as evidenced by increased Bcl2 expression cancer cell lines treated with 

prolactin and tumors derived from prolactin-overexpressing cancer cell lines (138, 139).  

 Given its antiapoptotic effects a relationship between prolactin and chemotherapy 

resistance has been proposed and demonstrated in vitro (135). It was demonstrated that breast 

cancer cell lines, when treated with prolactin, were resistant to chemotherapeutic-induced 

apoptosis. Additionally, a small study has indicated that there is a link between elevated prolactin 

levels and increased resistance to chemotherapy (140). 

 Additionally, prolactin may be involved in prostate cancer. While there does not appear 

to be a correlation between circulating prolactin levels and prostate cancer, there is a proposed 

role for locally produced autocrine prolactin in tumor growth (135, 141). However, the data from 

various human prostate cancer cell lines are conflicting, with some finding a prolactin-mediated 

increase in proliferation and others not (142, 143). Similar to breast cancer, prolactin may play 
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an anti-apoptotic role in some prostate cancers as it has been found to decrease apoptosis rates in 

PC3 (a prostate cancer cell line) via the induction of the PI3K/Akt pathway (142).     

   

2.5.8 Prolactin and Diabetes: 

 Since both type I and type II diabetes is caused by reduced β-cell mass and function, 

hormones that increase β-cell mass and function, such as prolactin, hold substantial promise as 

possible therapeutic adjunct. This theory is supported by the observation that type I diabetic 

women routinely experience periods of hypoglycemia during pregnancy, when serum levels of 

prolactin and PL are significantly elevated (145). The authors speculated that this occurred 

because β-cell mass was able to expand during pregnancy despite their overt diabetes, indicating 

that Prl could potentially expand β-cell mass in patients with type I diabetes. Additionally, 

women with certain Prlr SNPs were more likely to develop GDM as a result of failure of β-cell 

mass to expand during pregnancy, potentially due to hindered lactogenic signalling (146). 

 Prolactin has even been used to prevent diabetes in mouse diabetes models. 

Administration of prolactin to STZ-treated mice significantly decreased their diabetes rates and 

improved their β-cell mass recovery (147). Likewise, the prophylactic administration of prolactin 

to pre-diabetic NOD mice significantly lowered their chances of developing diabetes by an 

unclear mechanism (148).          

2.6 β-Cell Neogenesis: 

 Given that relatively little β-cell mass remains in patients with type I diabetes and 

patients with highly progressed type II diabetes, it would be invaluable to be able to mobilize a 

pancreatic progenitor cell to produce new β-cells by neogenesis. However, there is significant 

debate within the diabetes research community as to whether or not such pancreatic progenitors 
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in fact exist within the adult pancreas or if they are a significant source of β-cells (18, 27).  Most 

of the supporters of β-cell neogenesis theorize that β-cell neogenesis involves progenitor cells re-

engaging the differentiation pathways involved during embryogenesis (149). As a consequence, 

in order to understand the evidence for and against β-cell neogenesis it is necessary to explain the 

pathways involved in β-cell development. 

2.6.1 Prenatal and Neonatal β-Cell Development: 

 β-cells are epithelial in origin and derive from the endoderm. The pancreas buds from the 

foregut endoderm starting between E8.75 and E9.0 in an area expressing the transcription factor 

pancreas-duodenum homeobox 1 (Pdx1) (150). This region of the endoderm then expresses 

pancreas transcription factor a1 (Ptfa1) (151) All of the exocrine and endocrine cells of the 

pancreas derive from Pdx1 and Ptfa1 expressing endodermal cells dubbed multipotent pancreatic 

progenitor cells (MPCs) (151)(152)The identity of these MPCs is maintained through Notch 

signalling. Deletion of the Notch signalling component bHLH transcription factor hairy and 

enhancer of split homolog (Hes1) results in precocious endocrine differentiation and subsequent 

depletion of progenitor pool (153). Likewise, Sox9 plays a similar role in maintaining a MPC 

pool in early pancreatic development as removing it results in the same phenotype as observed in 

Hes1 knockouts (154). 

 Branching morphogenesis occurs at E11.5 when the tubular ductal network of the 

pancreas is formed and MPCs commit to either acinar or endocrine/ductal cell fates (155). The 

transcription factors Nkx 6.1/Nkx 6.2 and Ptf1a are both sufficient and necessary to suppress 

alternate cell fates and drive MPCs towards either acinar or endocrine/ductal cell fates, 

respectively (156). Midway through branching morphogenesis at E13.5 the secondary transition 

begins (the first being the formation of MPCs) (150). Over the following three days all five 
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endocrine cell lineages emerge (155). During the secondary transition, Sox9 expression becomes 

restricted to the endocrine/ductal tree within which are neurogenin 3 (Ngn3) positive cells that 

are destined for endocrine cell fates (α-, β-, δ-, PP-, and ε-cells) (154). From E15.5 until birth 

endocrine cells arise from Sox9 positive cells that briefly transition through an Ngn3 positive, 

hormone negative stage (157). 

 Ngn3 expressing cells during the secondary transition are committed to endocrine cell 

lineages. There are two competing models for endocrine cell differentiation from Ngn3 positive 

progenitor cells. The commonly accepted model proposes that Ngn3 positive progenitor cells are 

directed towards either an α-cell or a β/δ-cell lineage via the expression of Arx or Pax4, 

respectively (158). A more recent study examining the cell fates of individual Ngn3 positive 

cells found them to be already committed to a particular endocrine cell fate (unipotent) prior to 

the expression of downstream transcription factors, such as Arx and Pax4 (159).  This lead to the 

formation of an alternate model for endocrine differentiation whereby the expression of Arx or 

Pax4 maintains the α or β/δ cell fates, respectively (155).   

In the developing fetus, β-cell mass expands most dramatically just prior to birth at a rate 

of doubling every day. In rats, only approximately 10% of β-cells are actively undergoing 

proliferation during this time period meaning that the majority of β-cells formed do so by 

neogenesis rather than proliferation (160). During this period, “transitional” forms of β-cells can 

be observed expressing both insulin and cytokeratin-19, a duct-cell marker. These cells are 

thought to represent duct like cells gaining endocrine phenotypes and budding off the ducts to 

form new β-cells (18). Similarly, in humans insulin and cytokeratin-19 double positive cells can 

be observed starting at approximately 20 weeks gestation. In the fetal pancreata of humans even 

fewer β-cells are observed as undergoing proliferation than in rats (161). These initial 
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observations led to the conclusion that β-cell neogenesis is the largest contributor to the 

expansion of β-cell mass during this period of gestation.  

 During the neonatal period β-cell continue to proliferate and form by neogenesis, albeit at 

a diminished rate. During the neonatal period, duct like progenitor cells continue to divide 

rapidly when compared to islet cells (162). Neogenesis from duct like progenitor cells continues 

for the first week of life but then stops shortly thereafter (163).  However, lineage tracing 

experiments have demonstrated the β-cell neogenesis from duct like cells effectively does not 

occur during normal conditions after the perinatal time point (164).  

2.6.2  β-Cell Neogenesis in Adult Pancreas: 

 While it is an established fact that β-cell neogenesis occurs in the prenatal and neonatal 

pancreas, whether or not β-cell neogenesis occurs in the adult pancreas is a contentious subject. 

Lineage tracing studies have demonstrated that, at least in rodents, the majority of new β-cells 

during normal adult life are formed by replication of previously existing β-cells rather than β-cell 

neogenesis (27). However, evidence from various injury models suggest that β-cell neogenesis 

may occur (28, 29, 165). 

 Prior to the advent of efficient transgenic labelling technologies, evidence for neogenesis 

was purely morphological. Increased numbers of small islets and hormone positive ductal cells 

were often interpreted as evidence of β-cell neogenesis (18). This was operating under the 

assumptions that newly formed islets as the result β-cell neogenesis would be relatively small 

when compared to larger islets with increased β-cell proliferation and that β-cell neogenesis 

would occur in adults along the same duct like cell to β-cell axis that occurs during the prenatal 

and neonatal periods.   
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 While lineage tracing data convincingly show that β-cell neogenesis does not 

significantly contribute to β-cell mass during adult life under basal conditions, there is still 

conflicting evidence as to whether β-cell neogenesis occurs during when β-cells are under severe 

regenerative pressure. One of the commonly employed models of β-cell regenerative pressure is 

pancreatic duct ligation. In pancreatic duct ligation (PDL), the pancreatic duct is partially 

cinched closed with a suture resulting in a dramatic destruction of endocrine and exocrine cells. 

While some studies have observed robust evidence of β-cell neogenesis following PDL (29, 

165), others have provided evidence against β-cell neogenesis (164, 166, 167). Given the 

conflicting findings of various studies, it is unclear whether β-cell neogenesis occurs following 

PDL.   

 Partial pancreatectomy is another model of heightened β-cell regenerative pressure that is 

thought by some to induce β-cell neogenesis. The partial pancreatectomy model involves 

removal of 60-90% of the pancreas, and β-cell mass is forced to regenerate in order to keep up 

with insulin demands. Morphological studies of rats following partial pancreatectomy indicate 

evidence of β-cell neogenesis in the form of increased number of islets on ducts and of insulin 

and glucagon or somatostatin double positive cells (168). However, studies that employ lineage 

tracing fail to recapitulate these results (27, 164). Pregnancy is another example of an increased 

β-cell regeneration stimulus which will be elaborated upon below. 

2.6.3 Possible Explanation for Discrepancy of Lineage Tracing Results: 

 The ductal progenitor to endocrine cell axis present during pancreatic development has 

been the longest investigated potential axis of β-cell neogenesis (169). These ductal progenitors 

do not express insulin, or any other endocrine hormone, prior to differentiation into endocrine 
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cells. As a consequence, most lineage tracing studies use de novo expression of insulin as a way 

of assessing β-cell neogenesis (27, 164).  

 An elegant study conducted Xiao et al. in 2013 used Cre under the control of rat insulin 

promoter (RIP) to alter the transgenic expression of membrane-bound fluorescent proteins. 

Without insulin expression, cells constitutively expressed mTomato (mT), but once insulin 

expression was induced in a cell Cre was expressed causing a recombination event that made the 

cell express mGFP rather than mT. This caused the cells to shift from mT expression to mGFP 

expression experiencing a brief time period where they fluoresced yellow as a result of having 

both mT and mGFP on their surfaces. They found that there were indeed yellow cells, newly 

created by β-cell neogenesis, present during the fetal formation of the pancreas and, briefly, 

during the neonatal period. However, none of the models of increased β-cell regenerative 

pressure yielded evidence of β-cell neogenesis, evidenced by a lack of yellow cells (164). 

However, this transgenic system does not address the possibility that pancreatic progenitors may 

express or have at one time expressed insulin.  

 In 2004 pancreas-derived multipotent progenitors (PMPs) were first isolated from the 

mouse pancreas and were found to be capable of producing endocrine cells and neurons in vitro 

(170). Further study determined that these PMPs expressed insulin, although they did not display 

a mature β-cell phenotype as they did not express GLUT2 (171). β-cell neogenesis resulting from 

PMP differentiation would thus not be detected by previous lineage tracing studies (169). 

2.6.4 β-Cell Neogenesis and Pregnancy: 

 During pregnancy, β-cell mass expands dramatically largely under the control of 

lactogenic signalling. Similar to other β-cell regeneration stimuli, conflicting evidence exists for 
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the presence of β-cell neogenesis during pregnancy (25, 164, 172). Recent study performed in 

our lab demonstrated a dilution of genetic labelling of β-cells consistent with β-cell neogenesis 

(25). Interestingly, multiple studies conclude that β-cell neogenesis rather than proliferation 

appears to be the primary cause of β-cell mass expansion during pregnancy in humans on the 

basis of morphological data (26, 169). 

2.7 Summary: 

 In order to effectively reverse type I diabetes the autoimmune destruction of β-cells must 

be stopped alongside an increase in β-cell mass. The most effective currently available immune 

therapy with regardst to treating type I diabetes, anti-CD3, has proven effective at treating 

diabetes in NOD mice, but has failed to deliver on these promises in human trials. However, it 

was effective at slowing disease progression with this efficacy correlating to residual β-cell mass. 

Therefore, increasing β-cell mass alongside the induction of immunological tolerance should 

improve therapeutic outcomes. While β-cell mass was once thought to be largely static, relatively 

recent studies have demonstrated that various physiological stimuli and growth factors promote 

β-cell mass expansion. Prolactin is one such growth factor that expands β-cell mass during 

pregnancy. The focus of this study is to determine if the addition of prolactin to anti-CD3 

therapy improves diabetes remission rates in newly diabetic NOD mice and if so, how? Similar 

studies, combining immune therapy with a growth factor, have been conducted in the past but 

have only achieved modest improvements in efficacy and have failed to demonstrate significant 

expansion of β-cell mass or investigate β-cell neogenesis.   
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Chapter Three: The Effect of Prolactin on Anti-CD3 Mediated Diabetes Remission Rate 

3.1 Introduction: 

 Since the 1920s, patients afflicted with type I diabetes have been able to effectively avoid 

its acute consequences through the administration of insulin. Despite current therapies’ success 

at avoiding diabetes’ acute short term effects, severe long term vascular consequences appear to 

be unavoidable and a true cure remains elusive (173). This is the case despite the medical 

community’s confidence in the proximity of cure since they identified autoimmunity as type I 

diabetes’s cause in 1976 (174). Given the autoimmune nature of type I diabetes, 

immunosuppression has garnered interest as a possible curative treatment (4).  

 Since NOD mice develop immune-mediated diabetes, they are an ideal model system for 

testing the effectiveness of an immunosuppression therapy (7, 175). NOD mice were first 

developed accidently as an attempt to develop a cataract-prone mouse strain (47).  It was found 

that NOD mice spontaneously developed hyperglycemia after the age of approximately 10 weeks 

while remaining at normal body weight. NOD mice also develop a constellation of other 

autoimmune diseases, leading researchers to suspect that they develop diabetes that is 

comparable to human type I diabetes (6).  

 Different immunosuppression type I diabetes treatment regimens have been tested on 

NOD mice with varying degrees of success (3, 176, 177). The monoclonal anti-CD3 antibody 

has proven exceptionally effective at treating newly-onset diabetes in NOD mice with between 

30-80% of treated mice experiencing remission (9, 178). Anti-CD3 has proven to be so 

successful in treating diabetes in NOD mice that it is currently being administered to human 

patients in multiple clinical trials (13, 14, 64). While anti-CD3 has shown itself to be ultimately 

ineffective at inducing long term type I diabetes remission in patients, it has performed modestly 
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as it has been able to preserve β-cell function and reduce insulin demands of a subset of patients 

treated (14).  

 The patients that responded better to anti-CD3 therapy typically had elevated β-cell 

function, as measured by C-peptide levels, when compared to those that did not respond 

significantly to anti-CD3 therapy (65). Since anti-CD3 works by halting the autoimmune 

destruction of β-cells, researchers speculated that anti-CD3 treatment preserved β-cell mass in 

the treated patients but only patients with significant β-cell function at the start of treatment were 

able to reap any benefits from the treatment. In light of these findings, it was proposed that the 

effectiveness of anti-CD3 type I diabetes therapy could be improved by increasing β-cell mass 

and/or function in conjunction with the inhibition of autoimmune β-cell destruction (65). 

 Multiple strategies for bolstering β-cell mass have been theorized including islet 

transplantation (179), stem cell culture (180), and growth factor administration (84). While islet 

transplantation has, at times, proved promising, this method faces great difficulties as a treatment 

option including donor shortages and inefficient islet isolation (15). Similarly, while 

personalized stem cell treatment remain a tantalizing prospect, difficulties in inducing β-cell 

differentiation in vitro and their subsequent transplant mean that a practical application of this 

technology is likely a long way off (181). As the field stands at this moment, growth factors 

represent possibly the most promising avenue for increasing β-cell mass (84). Growth factors 

work by stimulating endogenous β-cell recovery by increasing proliferation and, possibly, 

through neogenesis of β-cells (149). Since β-cell growth factors represent a promising avenue for 

β-cell mass expansion, we decided to investigate the effect of the adding a growth factor to anti-

CD3 type I diabetes therapy of newly-diabetic NOD mice. 
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 The growth factor we chose to investigate was the pregnancy hormone prolactin. During 

pregnancy, insulin resistance increases and β-cell mass has to expand in order to avoid 

developing GDM (124, 182). Prolactin is a highly pleiotropic pregnancy hormone that is critical 

to multiple processes that occur during pregnancy such as inducing milk production and 

promoting blastocyst implantation (117). Of importance to our studies, prolactin and lactogenic 

signalling have been proven to be responsible for the increase in β-cell mass experienced during 

pregnancy (19). This led us to propose that the addition of prolactin to anti-CD3 type I diabetes 

therapy would improve the anti-CD3 mediated type I diabetes cure rate of newly-diabetic NOD 

mice. 

3.2 Methods: 

3.2.1 Transgenic NOD-RIP-tTA/Tet07-Cre::ROSA-tdRFP Mice: 

For the purpose of β-cell lineage tracing, a line of transgenic mice was developed by Dr. 

Pere Santamaria which allowed for persistent, inducible labelling of β-cells in NOD mice. First, 

a line mice (RIP-tTA/Tet7-Cre) was developed with tetracycline transactivator (tTA) under the 

control of the rat insulin promoter (RIP) alongside Cre recombinase under the control of the 

tet07 tetracycline operator. In the absence of tetracycline or doxycycline (DOX), tTA, expressed 

specifically in β-cells, binds tet07 allowing for the expression of Cre recombinase. 

  These RIP-tTA/Tet7-Cre mice were then crossed with NOD mice containing tandem RFP 

(tdRFP) at the ubiquitously expressed ROSA26 behind a floxed neomycin STOP cassette that 

allows for conditional non-leaky expression of tdRFP (183). The resulting NOD-RIP-tTA/Tet07-

Cre::ROSA-tdRFP (hereafter referred to as RIP-Tetoff-RFP) mice spontaneously develop 

autoimmune diabetes (7) and allow for the constitutive genetic labelling of β-cells with tdRFP in 

the absence of DOX containing food. During the treatment and monitoring periods following the 
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onset of diabetes, RIP-Tetoff-RFP mice received food containing DOX, halting the expression of 

Cre in β-cells. This meant that any β-cells formed during this period from non-β-cell sources 

would not have ever expressed Cre and therefore would not have floxed out the STOP cassette in 

front of tdRFP at the ROSA26 locus. As a consequence, no tdRFP would be expressed in β-cells 

derived from non-β-cell sources during treatment and the subsequent monitoring period (Figure 

3.1). 
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Figure 3.1: NOD-RIP-tTA/Tet07-Cre::ROSA-tdRFP Mice 

A illustrates how the transgenes operate in the presence of DOX tTA binds DOX, inhibiting its 

interaction with the Tet operator in front of Cre, thus stopping Cre expression. B illustrates how 

transgenes operate in the absence of DOX tTA binds the Tet operator, allowing for Cre 

expression, Cre excises the stop cassette flipping td-RFP at the ROSA 26 locus, and this allows 

for the expression of td-RFP. (Adapted from Luche et al. Eur. J. Immunol. 2007) 
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3.2.2 Ethics: 

 All care and use of animals was approved by the Animal Care Committee at the 

University of Calgary in accordance with standards of The Canadian Council on Animal Care 

(Permit number:M10070). 

3.2.3 Treatment and Monitoring Period: 

Female RIP-Tetoff-RFP mice were screened twice a week for diabetes starting at 13 

weeks of age. If during the semi-weekly check a mouse’s blood glucose (BG) was > 10.0 

mmol/L, its BG would be checked on the following day. Two consecutive days of BG ≥ 10.5 

mmol/L signified the onset of diabetes as defined within this study. At the onset of diabetes, 

mice were weighed and sorted into one of four possible treatment groups:  

1) Anti-CD3 (BioXCell, West Lebanon, NH, USA) + mouse albumin (mAlb) (n=20) 

2) Anti-CD3 + Prl (National Hormone & Peptide Program, Torrance, California, USA, dissolved 

in mAlb) (n=20) 

3) Hamster IgG + Prl (n=4) 

4) No treatment (n=5).  

For Mice in groups 1 and 2, 10 µg of anti-CD3 were administered i.v. over five 

consecutive days (a dosing regimen previously demonstrated to cure roughly 2/3 of newly-

diabetic NOD mice, (4)). Mice in group 3 received 10 µg of hamster IgG as a control. Groups 2 

and 3 were administered 2.7 µg of s.c. Prl dissolved in mAlb for three weeks following the onset 

of diabetes. This concentration of s.c. Prl effectively recapitulates the circulating concentration 

of Prl during pregnancy of 200-400 ng/ml (135). For the first week, Prl was injected s.c. and for 

the following two weeks of treatment it was administered via a s.c. micro-osmotic pump (model 

1004, Alzet, Coopertino, California, USA). Prl was administered via s.c. injections during the 
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first five days of treatment to avoid subjecting mice to the stress of anesthesia while they were 

being treated with anti-CD3. The three week Prl treatment regime effectively mimics the 

duration and Prl concentration of a typical rodent pregnancy. In order to confirm serum Prl 

levels, a radioimmunoassay (RIA) was performed on serum samples from mice treated with Prl 

as previously described. Serum Prl levels during treatment were typically within the 200-400 

ng/ml concentration range experience during pregnancy. Given that β-cell proliferation hits its 

peak at G15 during pregnancy, it was important that the Prl treatment last at least 15 days (184). 

Mice in group 1 received empty vehicle (mAlb) as a control.  

Following treatment, mice BG and weight were monitored on a semi-weekly (first three 

weeks) or weekly (rest of the monitoring period) basis. Group 4 mice, who received no treatment 

whatsoever, developed severe hyperglycemia and were sacrificed with their pancreata isolated at 

1-3 weeks following the onset of diabetes.   Similarly, the mice from group 3 had persistent 

hyperglycemia following prolactin treatment and were sacrificed with their pancreata isolated at 

~3 weeks following diabetes onset when they become lethargic from prolonged hyperglycemia. 

Five mice in diabetes remission(BG < 10.5 mmol/L)  from groups 1 and 2 were sacrificed five 

weeks post-diabetes onset for immunological studies and their pancreata were isolated for 

histological studies. Mice were sacrificed at five weeks in order to assess the immediate effects 

of Prl and anti-CD3 on cured mice. Five week was the earliest time point at which a mouse could 

be deemed cured as most mice experienced a hyperglycemic period during treatment. The 

remaining “diabetes-free” mice in groups 1 and 2 were monitored until age 52 weeks or for 30-

40 weeks following diabetes onset. If hyperglycemia (BG < 10.5 mmol/L) recurred in these 

mice, they were observed for 2-3 weeks following this recurrence. If they did not regain 

glycemic control and became lethargic then were sacrificed with their pancreata isolated. 
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All mice received food containing doxycycline (DOX) from the onset of diabetes until 

they were sacrificed in order to enable β-cell lineage tracing. Additionally, mice received 

drinking water containing 0.8 mg/ml 5-bromo-2’-deoxyuridine (BrdU, Sigma) for one week 

every month starting at least two weeks after the onset of diabetes. BrdU was added to their 

drinking water in order to label newly divided cells as previously demonstrated by Tuttle (185).  

In addition to the four groups previously outlined, there was also a fifth group of mice 

that never became diabetic. Approximately 60-80% of female NOD mice develop diabetes, 

resulting in 20-40% of NOD mice remaining diabetes-free (7). Once RIP-Tetoff-RFP mice 

reached an age of roughly 32 weeks, it became highly unlikely that they would develop 

persistent hyperglycemia, so it was assumed that they would remain never diabetic. These never 

diabetic mice received DOX containing food and BrdU drinking water on the same schedule as 

their treated counterparts. Three never diabetic mice were sacrificed five weeks after they began 

receiving special food and drinking water, similar to the treated diabetes-free mice that were 

sacrificed at five weeks post diabetes onset. An additional three never diabetic mice were 

sacrificed at age 52 weeks, similar to the treated mice that were kept until age 52 weeks 

following the onset of diabetes. These never diabetic mice had their pancreata isolated and 

served as controls for diabetes-free treated mice at the five-week post diabetes onset and age 52 

weeks time points. The entire treatment and monitoring periods are outlined in Figure 3.2. 

3.2.4 Metabolic Testing: 

 In order to measure glucose excursion, intraperitoneal glucose tolerance tests (IPGTT) 

were performed on all treated mice that went into diabetes remission. The mice were fasted 

overnight for 14-16 hours and were injected with 2.0 g/kg of body weight of i.p. glucose (20% 

D-glucose in normal saline, Sigma). Blood glucose was measured using a blood glucometer 
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(OneTouch Ultra) at 0, 15, 30, 45, 60, and 120 minutes post injection. Glucose excursion was 

determined as area under the curve formed by BG values at each time point and determined by 

analysis using Graph pad software (Graph Pad IV). Roughly 50 µl of blood was taken from the 

saphenous vein at 0, 15, 30, and 45 minutes post injection. The blood was allowed to clot at 

room temperature for 30 minutes, and then spun down in separation tubes at 3000 RPM for 15 

minutes at 4°C. Following centrifugation, 30 µl of separated serum was aspirated off and stored 

at -80°C for future testing of insulin concentration.  

 In order to assess insulin resistance, insulin tolerance tests (ITT) were performed on 

cured treated mice. Mice were fasted for 6 hours before they were given 0.75 units/kg of body 

weight of NovoRapid insulin (Novo Nordisk) by ip. injection. BG was measured through tail 

snips at 0, 15, 30, and 60 minutes post injection. BG was expressed at each time point as a 

fraction of BG at time 0 and was graphed with Graph pad software. 

3.2.5 Statistical Analysis: 

 Data were compared with two-tailed Student’s t-test using GraphPad Prism 5. Survival 

curve comparison was performed using Kaplan-Meier survival curve. Statistical significance was 

assumed at p < 0.05.  
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Figure 3.2: Schematic diagram of the treatment and subsequent monitoring periods of 

diabetic Tet-off-RFP mice. 

The onset of diabetes was defined as two consecutive days of BG > 10.5 mmol/L. Mice were 

then treated with a combination of anti-CD3 and/or Prl. Following treatment, mice were 

monitored for 5-35 weeks. Five cured mice per treatment group were sacrificed at 5 weeks and 

the remaining cured mice were sacrificed at ~35 weeks. During the monitoring period, mice 

received food containing DOX and BrdU drinking water for one week every four weeks. 
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3.3 Results: 

3.3.1 Mice in Both Treatment Groups Had the Same Mean Age of Diabetes Onset: 

 Given the variable age of diabetes onset in NOD mice, in order to properly compare anti-

CD3 treatment with the addition of prolactin and anti-CD3 treatment alone, we alternated sorting 

mice into both groups at the onset of diabetes. In order to verify that this sorting method yielded 

a similar mean age of diabetes onset between treatment groups, we compared the ages of onset of 

mice in both treatment groups. We found that there was no significant difference in age of 

diabetes onset between mice treated with prolactin and anti-CD3 when compared to mice treated 

with anti-CD3 alone (20.94 ± 1.084 weeks N=24 vs. 20.71 ± 1.267 weeks N=24, p=0.89, Figure 

3.3). 

3.3.2 Prolactin Improves Diabetes Remission Rates: 

 In order to determine if the addition of prolactin to anti-CD3 diabetes therapy improved 

diabetes remission in newly-diabetic NOD mice, we compared the diabetes remission rates of 

two groups of treated newly-diabetic NOD mice: one treated with anti-CD3 alone, and one 

treated with prolactin in addition to anti-CD3. Since we defined the onset of diabetes as two 

consecutive days of random fed BG ≥ 10.5 mmol/L, we designated treated mice as being 

diabetes-free if their random fed BG was < 10.5 mmol/L for at least 2 weeks.  Treated mice 

typically took the duration of the treatment period (three weeks) for their BG to revert to 

euglycemia so we only identified mice as diabetes-free three weeks after diabetes onset.  

 Interestingly, all mice treated with anti-CD3 and prolactin experienced euglycemic period 

while of the mice that were treated with anti-CD3 alone, about 30% never experienced diabetic 

remission (Figure 3.4). The treated mice were followed until 52weeks of age with their BGs and 

body weights routinely measured. Five weeks into the monitoring period, five diabetes-free mice 
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per treatment group were sacrificed for immunological and histological studies. At age 1 year, a 

significantly larger proportion of prolactin and anti-CD3 treated mice remained diabetes-free 

when compared to anti-CD3 alone treated mice (57.1% vs. 31.1%, p=0.041, Figure 3.4). 

Additionally, the control mice treated with prolactin experienced no diabetes-free period (Figure 

3.4). 
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Figure 3.3: Age of Diabetes Onset 

Age of treated mice at onset of diabetes for mice treated with anti-CD3 + Prl (squares) and mice 

treated with anti-CD3 alone (circles) (19.90 ± 1.410 N=20 vs. 20.83 ± 1.295 N=20, p=0.63).  
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Figure 3.4:  Kaplan-Meier Diabetes-Free Survival Curve 

Kaplan-Meier diabetes-free survival curve for mice treated with anti-CD3+Prl (squares) and 

mice treated with anti-CD3 alone (circles) (Logrank test, p=0.041, N=20 mice in each group). 
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3.3.3 No Difference in Mouse Body Weight between Treatment Groups: 

 Prl could be improving the anti-CD3 mediated diabetes cure rate by affecting mouse 

body weight as increased body weight leads to increased insulin demands. However, there was 

no significant difference in the weight of cured mice when they were sacrificed between 

treatment groups (25 ± 0.89g N=10 vs. 26 ± 1.2 N=10, p=0.29, Figure 3.5). 

3.3.4 Prolactin Treated Mice Have Lower Fasting BG and Higher Fasting Insulin Levels but 

There is No Effect on Fed BG or Insulin: 

 In order to determine how prolactin improves the anti-CD3 mediated type I diabetes cure 

rate of NOD mice, we collected glucose homeostasis data on mice in diabetes remission from 

both treatment groups in fed and fasting states. Mice treated with prolactin had significantly 

lower fasting BG than mice treated with anti-CD3 alone (anti-CD3+Prl: 5.6 ± 0.24mmol/L N=10 

vs. anti-CD3: 7.3 ± 0.35mmol/L N=10, p=0.0004, Figure 3.6A). Additionally, prolactin treated 

mice had fasting serum insulin concentrations accompanying the decrease in BG levels (0.33 ± 

0.038ng/ml N=10 vs. 0.19 ± 0.038ng/ml N=10, p=0.0066, Figure 3.6B). Importantly, there was 

no significant difference in homeostatic model assement insulin resistance (HOMA-IR) values 

between treatment groups (1.9 ± 0.25%B N=10, 1.3 ± 0.30%B N=7, p=0.089, Figure 3.6C). In 

contrast to fasting BG, there was no significant difference in fed BG between treatment groups 

(9.3 ± 0.81mmol/L vs. 13 ± 3.0mmol/L N=8, 6 mice per group, p=0.11, Figure 3.6D). Likewise, 

there was no significant difference in fed sera insulin concentrations between treatment groups 

(0.29 ± 0.049ng/ml vs. 0.26 ± 0.060ng/ml N=6, 4 mice per group, p=0.33, Figure 3.6E).  

Additionally, there was no significant difference in homeostatic model assement insulin 

resistance (HOMA-IR) values between treatment groups (2.8 ± 0.60%B N=6 vs. 4.0 ± 1.6%B 

N=4, p=0.23, Figure 3.6F). 
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Figure 3.5: Weight of Cured Mice 

Weight of cured mice when they were sacrificed for mice treated with anti-CD3 + Prl (squares) 

and mice treated with anti-CD3 alone (circles) (25 ± 0.89g vs. 26 ± 1.2 N=10 mice per group, 

p=0.29). 
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Figure 3.6:  Glucose Homeostasis of Treated Mice 

A) Fasting blood glucose of mice treated with anti-CD3 alone or anti-CD3+Prl. Anti-CD3+Prl 

treated mice had significantly lower fasting blood glucose (Anti-CD3+Prl: 5.6 ± 0.24mmol/L vs. 

anti-CD3: 7.3 ± 0.35mmol/L, N=10 mice per group, “***”: p<0.005). B) Fasting serum insulin 

concentration of mice treated with anti-CD3 alone or anti-CD3+Prl. Anti-CD3+Prl mice had 

significantly higher fasting insulin than mice that were treated with anti-CD3 alone (0.33 ± 

0.038ng/ml vs. 0.19 ± 0.038ng/ml N=10 mice per group, “**”: p<0.01). C) Fasting HOMA-IR 

values of mice treated with anti-CD3 alone or anti-CD3+Prl. There was no significant difference 

between treatment groups (1.9 ± 0.25%B N=10, 1.3 ± 0.30%B N=7, p=0.089) D) Fed blood 

glucose of mice treated with anti-CD3 alone or anti-CD3+Prl. There was no significant 

difference between treatment groups (9.3 ± 0.81mmol/L vs. 13 ± 3.0mmol/L N=8, 6 mice per 

group, p=0.11). E) Fed serum insulin concentration of mice treated with anti-CD3 alone or anti-

CD3+Prl. There was no significant difference between treatment groups (0.29 ± 0.049ng/ml vs. 

0.26 ± 0.060ng/ml N=6, 4 mice per group, p=0.33). F) Fed HOMA-IR values of mice treated 

with anti-CD3 alone or anti-CD3+Prl. There was no significant difference between treatment 

groups (2.8 ± 0.60%B N=6 vs. 4.0 ± 1.6%B N=4, p=0.23). 

  



 

60 



 

61 

3.3.5 The Addition of Prolactin Does Not Affect Glucose Tolerance: 

 To see if prolactin had an effect on glucose homeostasis, we tested and compared glucose 

tolerance of mice cured with prolactin and anti-CD3 with the glucose tolerance of cured mice 

treated with anti-CD3 alone. We assessed glucose tolerance by performing IPGTTs on cured 

mice from both treatment groups. Glucose excursion rates were determined by documenting the 

rise and fall of BG following ip. glucose injection and determining the area under the curve 

(AUC). We determined that there was no significant difference in glucose excursion rates 

between treatment groups (Figure 3.7AB). 

3.3.6 Prolactin Does Not Affect Insulin Resistance:  

 Given that there is some contradictory evidence about prolactin’s effect on insulin 

resistance(186, 187), it was important to test any potential effect on insulin resistance due to the 

addition of prolactin on anti-CD3 type I diabetes therapy. To that end, we investigated cured 

mice’s insulin resistance by performing ITTs on them. We measured BG at various time points 

before and after insulin injection and reported them as fractions of their BG just before injection. 

When we quantified the effect of insulin on BG, we found no difference in insulin tolerance 

between cured mice from both treatment groups (Figure 3.7C). 
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Figure 3.7: ITT and IPGTT  

A) Insulin tolerance test. Blood glucose values were expressed as a fraction of basal blood 

glucose (N=3-5 mice per group). B) Glucose excursion, expressed as area under the curve 

(min×mmol/L) during IPGTT for mice treated with anti-CD3+Prl or with anti-CD3 alone (N=10 

mice per group, p=0.26). C) Glucose excursion curves, expressed as glucose levels over the 120 

minutes time course of the IPGTT. 
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3.4 Discussion: 

 Despite anti-CD3’s effectiveness at treating newly onset diabetes in NOD mice, it has 

proven less effective at inducing long term remission in humans (64). The patients that showed 

the greatest benefit from anti-CD3 also had the highest residual β-cell function at the time of 

treatment, leading researchers to speculate that improving β-cell mass/function in addition to 

anti-CD3 therapy would be a more effective treatment strategy for type I diabetes (14). 

Therefore, we purposed that the addition of the pregnancy hormone prolactin, which has a well-

documented effect of increasing β-cell proliferation (19), to anti-CD3 type I diabetes therapy 

would improve upon the anti-CD3 mediated type I diabetes cure in NOD mice. It is our belief 

that we can demonstrate an improvement in diabetic NOD mice remission rates and this effect 

could be potentially beneficial for humans suffering from type I diabetes. 

 When we tested whether the addition of prolactin to anti-CD3 type I diabetes therapy 

could improve remission rates in NOD mice, we found a robust improvement in anti-CD3 

mediated diabetes remission rates in newly-diabetic NOD mice (Figure 3.4). In order to 

determine how the addition of prolactin improved the anti-CD3 mediated type I diabetes 

remission rate of newly diabetic NOD mice, we examined the cured mice’s glucose homeostasis. 

Firstly, we examined fed and fasting BG and sera insulin concentration. When we examined 

random fed BG of cured mice from both treatment groups, we found no significant difference in 

BG between treatment groups (Figure 3.6E). Similarly, we found no significant effect on random 

fed sera insulin concentration by prolactin (Figure 3.6F). In contrast, when we examined fasting 

BG we found that it was significantly lower in cured mice treated with prolactin when compared 

to mice treated with anti-CD3 alone (Figure 3.6A). In keeping with this finding, we found that 

fasting sera insulin concentration was significantly higher in cured mice treated with prolactin in 
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addition to anti-CD3 when compared to cured mice treated with anti-CD3 alone (Figure 3.6B). 

While insulin production is not very important for the maintenance of BG in the fasting state, 

assessing BG and insulin serum levels in the fasting state was a much more standardized 

procedure than doing so in the fed state. As a result, there was much less variation in the fasting 

data when compared to the fed data allowing for a better comparison between treatment groups. 

 Thus, it appears that the addition of prolactin to anti-CD3 treated NOD mice improves 

their ability to produce insulin, secret insulin, or both, at least in a fasting state. This 

improvement in insulin mobilization likely reflects increased β-cell function by either an increase 

in insulin secretion per β-cell or an increase in β-cell mass. An increase in β-cell function in 

response to prolactin administration is the best explanation for how the addition of prolactin 

would improve diabetes cure rates, given prolactin’s documented effect on β-cell function during 

pregnancy (19).  

 In order to further investigate the potential effects of prolactin on glucose homeostasis, 

we tested how cured mice responded to a significant glucose challenge by performing IPGTTs 

on cured mice from both treatments. We found that there was no significant difference in glucose 

excursion rates between treatment groups in response to ip. glucose (Figure 3.7A). However, 

there was a trend for increased glucose excursion rates for cured mice treated with prolactin in 

addition to anti-CD3. This finding is at odds with previous studies on the effect of prolactin 

signalling on β-cell mass, where they found that they were able to observe an improvement in 

glucose excursion rates (19, 129). This apparent discordance may be due to prolactin’s effects on 

glucose excursion being dependent on its administration. The cured mice that we examined 

glucose tolerance for were not currently being administered prolactin at the time when IPGTTs 

were performed. Interestingly, other studies that increased β-cell mass did not observe any effect 
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on glucose tolerance (33).  Perhaps the improvement in glucose tolerance observed in previous 

studies was the result of a transient effect of prolactin rather than an increase in β-cell mass.  

 A large component in glucose homeostasis is insulin resistance. In fact, the primary cause 

of type II diabetes has been demonstrated to be an increase in insulin resistance in the skeletal 

muscles and liver. Additionally, prolactin has a complex relationship with insulin resistance. 

Chronically elevated prolactin levels (concentrations higher than pregnancy concentrations with 

longer duration) have been linked to increased inflammation and, in turn, increased insulin 

resistance (187). Conversely, it has recently been shown that prolactin can lower insulin 

resistance in hepatocytes during pregnancy (186). Since elevated insulin resistance has been 

shown to increase the incidence of type II diabetes, it is imperative that we demonstrate that 

prolactin does not significantly increase insulin resistance. To that end, we examined insulin 

resistance in cured treated mice by administering ITTs. We found no significant difference in 

insulin tolerance between treatment groups indicating that prolactin appears to neither increase 

nor decrease insulin resistance in newly diabetic NOD mice treated with anti-CD3 (Figure 3.7B). 

This demonstrated that the administration of  prolactin did not improve the anti-CD3 mediated 

cure rate by affecting insulin resistance.  

 The addition of prolactin to anti-CD3 therapy significantly improved upon the anti-CD3 

mediated diabetes cure rate. This increase in cure potency was accompanied by lower fasting 

blood glucose and serum insulin concentration. In contrast, the addition of prolactin did not 

affect glucose excursion or, importantly, insulin resistance. The improved fasting insulin and 

blood glucose of prolactin treated mice coupled with the lack of effect on insulin resistance 

suggests that prolactin improves the anti-CD3 mediated cure rate by improving β-cell function. 
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3.5 Limitations: 

 While these results represent a significant improvement in the anti-CD3 mediated type I 

diabetes cure rate of newly diabetic NOD mice, this study is not without its limitations. There are 

limitations inherent in employing the NOD model system and how we determine whether or not 

they are diabetic. Additionally, there are limitations surrounding how we determined cured 

mice’s response to glucose. 

 While NOD mice are one of the most representative models of human type I diabetes, 

they are not without their problems and limitations. Firstly, NOD mice have a highly sexually 

dimorphic incidence of diabetes with a significant preference of diabetes development among 

female NOD mice(47).  While this sexual variation is dependent upon environmental factors, 

they are largely present in most mouse housing facilities, including our own (6). As a 

consequence, the vast majority of diabetes studies carried out on NOD mice are only done on 

female NOD mice (7). Since we did not use male NOD mice to test the effect of the addition of 

prolactin on anti-CD3 type I diabetes therapy, it may be inherently problematic to expand our 

findings to NOD mice of both genders, especially given that prolactin is a pregnancy hormone 

present at the concentrations we employed in primarily female mice and humans. However, 

NOD mice diabetes studies are conventionally only done on female mice and findings from those 

studies have led to the development of drugs currently employed in clinical trials so it is likely 

that our results can be applied to males as well(178). 

 Another limitation surrounding the use of the NOD mouse model of type I diabetes is the 

criteria for diabetes diagnosis. While there are clearly defined, internationally agreed upon 

diabetes diagnosis criteria for human beings, no such universal criteria exists for mice.  The 

diagnosis criteria of two random fed BGs greater than 10.5 mmol/L on two consecutive days that 
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we use in this study is largely in keeping with the criteria employed by most NOD studies(9, 

106, 130, 148, 188). However, this can be problematic as one of the diagnostic factors of type I 

diabetes in humans is an abnormally high fasting BG as opposed to an elevated random fed BG. 

This means that, in order to make our NOD model as close to the human disease as possible, we 

would need to expand our diagnostic criteria to include elevated fasting BG. However, this 

would be very inconvenient and largely impractical given the absolute necessity of treating the 

newly diabetic NOD mice as close to the onset of diabetes as possible. Given that anti-CD3 cure 

rates dramatically fall off the longer you wait from the onset of diabetes to begin treatment. 

Given that the criteria we employed were equivalent to the criteria employed in the similar 

studies to which our study draws comparison, our diagnostic criteria is not a significant problem.  

 Additionally, in order to thoroughly examine any potential changes to glucose tolerance 

resulting from the addition of prolactin to anti-CD3 type I diabetes therapy, we should have 

tested the effect of glucose concentrations on insulin secretion of isolated islets. However, it 

would have been immensely impractical to isolate islets from cured treated NOD mice. Due to 

autoimmune destruction, NOD mice have very few islets in their pancreata and even the cured 

mice have significantly lower β-cell mass than mice that are not diabetic. Given how few islets 

even cured NOD mice have, we would have to sacrifice multiple cured mice for the sole purpose 

of islet isolation to test for insulin secretion levels ex vivo. Since cure rates are not 100% in either 

treatment group at five weeks following diabetes onset, this would require us to treat many mice 

to assess glucose stimulated insulin secretion. Additionally, prolactin has previously been shown 

to lower the glucose stimulated insulin secretion in healthy mice’s islets cultured in vitro, so it is 

likely that it may have a similar effect on anti-CD3 treated NOD mice. But, given that we found 

no effect of the addition of prolactin on a whole organism level, whether or not the GSIS 
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threshold of treated mice’s islets was affected by the addition of prolactin appears to be of little 

consequence.  
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Chapter Four: The Effect of the Addition Prolactin on the Endocrine Pancreas  

4.1 Introduction: 

 In chapter 3 we demonstrated that the addition of Prl to anti-CD3 therapy improves the 

anti-CD3 mediated diabetes remission rate in newly diabetic NOD mice. Additionally, the 

prolactin-treated group had significantly lower fasting BG and higher fasting serum insulin 

concentrations. Having shown that Prl improves anti-CD3 type I diabetes therapy in NOD mice, 

we went on to investigate how Prl achieved this improvement. 

 Type 1 diabetes mellitus is the consequence of declining β-cell mass eventually resulting 

in an inability to endogenously achieve euglycemia. Thus, improving insulin secretory capacity 

by preserving or expanding β-cell mass has long been pursued as a promising therapeutic option 

for type I diabetes. Immune therapies that aim to preserve β-cell mass have proven effective at 

treating type I diabetes in NOD mice (188), however they have they proved less than successful 

at treating the same disease in humans (64). This has led some to propose the improvement of 

immune therapy by the addition of a growth factor to increase β-cell mass (9, 96, 106). 

 During pregnancy, β-cell mass expands in response to the physiologic insulin resistance 

of pregnancy, to prevent development of gestational diabetes (GDM) (182). This expansion of β-

cell mass has been largely attributed to Prl signalling in and more generally lactogenic signalling, 

through Prlr, in rodents (19, 146). Prolactin and lactogenic signalling have been shown to 

increase β-cell mass by increasing β-cell proliferation both in vivo and in vitro (33). 

Additionally, the increase in β-cell mass is reversed post-partum by the antagonistic effects of 

progesterone and cortisol, suggesting that in our treatment regime, given the lack of antagonistic 

progesterone, the increase in β-cell mass may remain following Prl administration (189, 190).  



 

71 

 In addition to Prl’s beneficial effects on β-cell mass, there are some lines of evidence that 

suggest that Prl may also increase α-cell mass which would deleterious to our intended effect on 

the endocrine pancreas. Initial investigations of the endocrine pancreas during pregnancy found 

an increase in α-cell mass as well as the increase in β-cell mass (124). This may prove 

counterproductive to the intended effect of the administration of Prl as increased α-cell mass 

with resultant increased glucagon secretion would antagonise insulin’s effect on blood glucose 

(38).  

 The addition Prl may also be improving the anti-CD3 mediated cure rate of newly 

diabetic NOD mice via its potential effects on islet vascularization. A previous study has 

demonstrated that culturing islets in Prl before transplantation with systemic Prl administration 

following transplantation significantly improves the degree of vascularization in the transplanted 

islets (24). Increased vascularization of islets would lead to greater nutrient and oxygen 

availability for β-cells within islets, potentially improving their function.  Indeed, this study 

showed that prolactin treatment improved islet engraftment and insulin secretion (24). However, 

increased islet vascularization may not in fact be wholly beneficial for in the context of type I 

diabetes. Previous study suggests that increased islet vascularization may allow for increased 

access of lymphocytes to β-cells, since inhibiting islet vascularization by deletion of vascular 

endothelial growth factor receptor (VEGFR) prevented NOD mice from developing diabetes 

(130). 

 Furthermore, Prl may have improved anti-CD3 type I diabetes through its effects on 

immunity. Prl has a complicated relationship with immunity as it has been shown to interact both 

positively and negatively with the immune system. For example, chronically elevated Prl 

concentrations have been linked to increased inflammation in lupus (23)while pregnancy, which 
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is a high prolactin state, has been shown to have positive effects on multiple sclerosis (22). 

Additionally, the prophylactic administration of Prl to pre-diabetic NOD mice has been 

demonstrated to greatly reduce the incidence of type I diabetes and, importantly, decrease the 

degree of insulitis, lymphocytic infiltrate in pancreatic islets (148). 

 There are many ways Prl could have achieved the improvement in anti-CD3 mediated 

cure of NOD mice observed in chapter 3. Prl could have increased β-cell mass, affected α-cell 

mass, increased islet vascularization, decreased insulitis, or any combination of these factors. In 

chapter 4 we will attempt to examine all of these aforementioned potential causes for Prl’s 

apparent effect on the anti-CD3 mediated cure rate of NOD mice. 

4.2 Methodology: 

4.2.1 Pancreata Isolation: 

 Pancreata were isolated from treated mice in diabetes remission and never diabetic mice 

at five and 30-40 weeks (i.e. age 52 weeks) following the beginning of treatment. Large lymph 

nodes were then stripped from the pancreas and the pancreas was then weighed. Twenty mg of 

pancreas from the tail of the pancreas was flash frozen and stored for assessment of pancreatic 

insulin content by acid-alcohol extraction (see below). The remaining pancreas was then cut in 

half longitudinally and fixed overnight in 4% PFA in diethylpyrocarbonate (DEPC) PBS at 4°C 

on a rotating platform. Additionally, two pieces of jejunum were fixed alongside the pancreas 

halves to serve as positive controls for BrdU staining given that intestinal crypt stem cells 

undergo large amounts of proliferation (191).  

After the fixation, the pancreas was washed with PBS for 3 times, 30 minutes each, and 

one half of the pancreas and an accompanying piece of jejunum were washed and then stored in 

70% EtOH in DEPC PBS at 4°C overnight. They were then dehydrated through an ethanol wash 
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series of increasing concentration (85%, 95%, 100%, anhydrous × 2 for 30 minutes at room 

temperature) followed by two xylene washes (the first at room temperature and the second at 

60°C, both for 30 minutes). The dehydrated tissue was then submerged in paraffin twice for 60 

minutes at 60°C followed a third paraffin step where the tissue was submerged in paraffin in a 

vacuum (-50 kPa) for 60 minutes or overnight at 60°C. The tissue was then embedded in a 

paraffin block and stored at room temperature until it was sectioned. 

The other pancreas half and piece of jejunum were dehydrated by serial incubations in 

10%, 20%, and then 30% sucrose/DEPC PBS containing 0.1% sodium azide at 4°C for 24 hours 

each. The tissue was then incubated in Clear Frozen Section Compound (VWR) for one hour at 

4°C, then flash frozen, and stored at -80°C. 

4.2.2 Insulin Extraction: 

 Insulin was extracted from frozen pancreatic tissue by mincing the tissue with 1 ml of 

acidic ethanol (70% EtOH/1M HCl) on ice until no solid tissue was visible, followed by an 

overnight incubation at -20 °C. Next day, the pancreas/acidic ethanol mixture was spun down at 

1000 rpm for 5 minutes to pellet the cellular debris. Then 200 µl of the supernatant were mixed 

with an equal volume of 1M Tris HCl (pH 7.5) and stored at -20 °C until their insulin 

concentration could be assessed using insulin ELISA.  

4.2.3 Insulin ELISA: 

 In order to determine the insulin concentration of blood sera samples and pancreatic 

insulin extracts, an insulin ELISA kit (ALPCO) was used. The wells contained immobilized 

monoclonal anti-insulin antibody that capture the insulin in the sample. The immobilized 

samples were then incubated with a proprietary detection antibody likely conjugated to a 
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peroxidase. The wells were then incubated with 3,3’,5,5’-tetramethylbenzidine (TMB) which 

reacts with peroxidase conjugated to the detection antibody in a chromogenic manner. 

 To perform the insulin ELISA, the kit was equilibrate to room temperature over 30 

minutes, then 25 µl of each standard or sample were added to the appropriate wells. Once the 

samples coated the bottom of each well, 100 µl of detection antibody were added to each well, 

the plate was sealed and incubated for two hours at room temperature on a microplate shaker, 

rotating at 700-900 rpm. After the 2-hour long incubation with detection antibody, excess 

unbound detection antibody was washed off by 6 rinses using 350 µl per rinse of working 

strength wash buffer.  

 Following the washing, 100 µl of TMB substrate was added to each well. The wells were 

then covered and incubated on a microplate shaker shaking at 700-900 rpm at room temperature 

for 30 minutes. During the incubation, the now immobilized detection antibody reacted with the 

TMB substrate to induce a visible color change in the TMB substrate. The reaction between the 

TMB substrate and the detection antibody was halted following the 30 minute incubation by the 

addition of 100 µl of acidic stop solution into each well along with a gentle shaking of the wells 

to ensure adequate solution mixing. The absorbance at 450 nm was then measured using a 

microplate reader. 

 In order to analyse the absorbance readings at 450 nm, a standard curve was constructed 

using the zero standard and the insulin standards of increasing concentration (0.025, 0.063, 

0.188, 0.5, 1.25 ng/ml). The standard curve was constructed by performing a 5 parameter logistic 

regression. The resulting formula was then used to determine the insulin concentration of the 

samples. Insulin content was expressed as per milligram of pancreas tissue. 
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4.2.4 Sectioning and Mounting: 

Paraffin-embedded pancreas tissues were soaked overnight in ice-cold DEPC water and 

cut to a thickness of 7 µm using a microtome. Two sections per slide were mounted on 

Superfrost Plus slides (VWR) and dried overnight at 37°C on a slide warmer. The slides were 

then kept at 4°C until they were needed for staining. These sections will hereafter be referred to 

as “paraffin sections”. 

Tissues stored in Clear Frozen Section Compound were cut in a cryostat  at -20°C to a 

thickness of 7 µm. Two sections per slide were mounted on Superfrost plus slides and were 

stored at -80°C. These sections will hereafter be referred to as “cryosections”.  

4.2.5 Insulin and Glucagon Immunofluorescence: 

  Paraffin sections were rehydrated as follows: two xylene washes for 10 minutes each, 

EtOH wash series of two minutes per concentration (100% × 2, 95%, 85%, 70%, 50%, 30%), 

0.9% saline wash for five minutes, and PBS wash for five to 20 minutes prior to 

immunostaining. Cryosections were washed in PBS three times for two minutes each prior to 

start of immunostaining.  

Tissue sections (both paraffin sections and cryosections) were permeabilized with 0.1% 

triton X-100 (TX-100) in PBS 30 minutes with one change of the TX-100 solution at 15 minutes. 

Tissue sections were then incubated with 5% donkey serum (DS)/1% bovine serum albumin 

(BSA)/0.1% TX-100 in PBS for one hour at room temperature to block non-specific binding of 

primary antibodies to the tissue. After blocking, tissue sections were incubated with the primary 

antibodies (1:750) guinea pig anti-insulin (DAKO) and (1:800) rabbit anti-glucagon (Millipore) 

in PBS containing 1% DS at 4°C overnight in a humidified chamber. Following primary 

antibody incubation, sections were washed three times with PBS for 10 minutes each. Sections 
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were then incubated with 1:300 dilution of the secondary antibodies, donkey anti-guinea pig 

conjugated with Alexa 488 (A488, Millipore) and donkey anti-rabbit conjugated with cyanine-3 

(CY-3, Jackson labs) in PBS containing 1% DS and Bisbenzimide H 33342 trihydrochloride 

(Hoest) (1g/ml; Sigma) (to stain the nucleus) for one hour at room temperature, in a humidified 

chamber and protected from light. The tissues sections were then washed with PBS three times 

for 10 minutes each. After the PBS washes excess fluid was dabbed off the tissue sections using 

Kimwipes prior to mounting using fluorescent mounting media (DAKO) and coverslips (VWR). 

4.2.6 Insulin and Glucagon Analysis and Quantification: 

 After tissue sections were stained for insulin and glucagon as detailed above, they were 

examined using a compound fluorescence microscope (Leica) and images were taken with the 

purpose of quantifying insulin and glucagon positive cells. Sections were scanned manually in a 

grid-like manner at a magnification 20X for both green (A488) and red (CY-3) fluoresence for 

the presence of insulin or glucagon staining. When a patch of or single insulin/glucagon positive 

cells were identified, images were taken for each of the three filters, 561 nm (green), 635 nm 

(red), and 488 nm (blue), with a digital camera (CoolSnap) connected to a computer using 

Quikcapture software. The image capture settings were maintained for each filter across all 

sections stained for each particular experiment. In order to assess total pancreatic area for 

individual tissue sections, images were taken of the whole pancreas in the 488 nm channel at a 

magnification of 4X. These images consisted of non-overlapping nuclear staining of pancreatic 

tissues for each section. 

 The insulin/glucagon and total pancreatic areas were assessed by examining the images 

using the program ImageJ (NIH). For insulin/glucagon 20X images, the hormone positive areas 

were identified using the freehand selection tool, and measured using the measuring function. 
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The insulin and glucagon positive areas were totalled individually per section. Likewise, the 4X 

total pancreatic area images were measured in a similar manner. The insulin/glucagon positive 

and pancreas section areas were corrected for relative image magnification, and the β-cell and α-

cell fractions were determined by dividing the total insulin and glucagon positive areas by the 

total pancreatic areas for each mouse.  

 Additionally, β-cells and α-cells were counted by overlaying insulin and glucagon 

images, respectively, with their corresponding nuclear staining images. The number of β-cells 

and α-cells were then counted using the cell counter add-in in ImageJ. The mean size of β-cells 

and α-cells was determined by dividing total insulin and glucagon positive areas, respectively, by 

the total number of each cell type per mouse.  

4.2.7 Insulin and CD31 Immunofluorescence: 

  In order to assess islet vascularization, paraffin sections and cryosections were stained for 

CD31, an endothelial cell marker (130), in addition to insulin. To do this paraffin sections were 

rehydrated as described previously while cryosections were washed with PBS three times prior 

to immunostaining. The rehydrated and washed sections were then permeabilized with 0.1% TX-

100 in PBS for 30 minutes, and then the tissue sections were incubated with 5% GS in PBS for 

45 minutes at room temperature to block non-specific binding of primary antibodies. 

 Following blocking, the tissue sections were incubated with (1:100) rat anti-CD31 

antibody (Millipore) in 1% GS PBS overnight at 4 °C. Following this primary antibody 

incubation, the tissue sections were washed three times with PBS for 10 minutes per wash, 

followed by incubation with (1:300) goat anti-rat antibody conjugated to CY-3 (Jackson) or 

(1:300) goat anti-rat antibody conjugated to A488 (Millipore) for one hour at room temperature 



 

78 

in a humidified chamber, protected from light. After a one our incubation, the unbound 

antibodies were removed by three PBS washes of 10 minutes each.   

 After this series of washes, the tissue sections were incubated with (1:750) guinea pig 

anti-insulin in 1% GS PBS overnight at 4 °C. On the following day, the tissue sections were 

washed with PBS three times for 10 minutes each time. After washing, the paraffin sections were 

incubated with (1:300) donkey anti-guinea pig antibody conjugated to A488 or (1:300) goat anti-

guinea pig antibody conjugated to CY-3 (Jackson) and (1:1000) Hoest in 1% GS for one hour at 

room temperature, in humidified chamber and protected from light. Following secondary 

antibody incubation, the tissue sections were then washed with PBS three times for 10 minutes 

per wash. The excess PBS remaining on the tissue sections was then wicked away with 

Kimwipes before they were mounted with fluorescent mounting media.  

4.2.8 Insulin and CD31 Analysis and Quantification: 

  The tissue sections stained for insulin and CD31 were then examined using a compound 

fluorescence microscope. Images were taken of islets with all three filters individually to get 

images of insulin, CD31, and nuclear staining. The degree of islet vascularity was determined by 

dividing the total CD31 positive area within the islets by the total area of the islets. The CD31 

positive area within islets was determined by overlaying CD31 images with their corresponding 

insulin images in order to identify the CD31 positive area that lies within the islets. The CD31 

positive areas within islets were then measured using the measuring function of ImageJ and total 

per section. In order to estimate the total islet area with which to divide the insulin positive area, 

insulin and their corresponding DAPI images were overlaid, the islets were then outlined, and 

measured using the measuring function in ImageJ. The total islet areas were collecting for each 

individual section. The CD31 positive area within islets and the islet area per section were then 
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summed per mouse. The resulting total CD31 positive area within islets was then divided by total 

islet area to determine the islet vascularity.  

4.2.9 Hematoxylin and Eosin Staining and Insulitis Quantification: 

 In order to assess the degree of insulitis present in cured treated mice, evenly spaced 

sections from cured mice in both treatment groups were stained with hematoxylin and eosin to 

assess islet morphology. Tissue sections from cured treated mice were selected approximately 20 

sections apart to be stained with hematoxylin and eosin. The paraffin sections were washed with 

xylene three times for three minutes each time. These xylene washes were followed by a series 

of ethanol washes: two with 100% EtOH for three minutes each, two with 90% EtOH for three 

minutes each, and one with 70% EtOH for two minutes. The slides were then washed with 

double distilled water for two minutes. Following this, the slides were stained with hematoxylin 

for three minutes. After hematoxylin staining, the slides were immersed in gently running cold 

tap water for five minutes. After the tap water wash, the slides were again washed in double 

distilled water for three minutes. The slides were then stained with eosin for 30 seconds. 

Following eosin staining, the slides were dehydrated prior to mounting. This was accomplished 

through an ethanol wash series, three times with 90% EtOH followed by twice with 100% EtOH 

for five minutes each wash, followed by two xylene washes each lasting two minutes. The 

stained, dehydrated tissue sections were then mounted using mounting fluid.  

 The stained slides were then examined using a compound light microscope. Images were 

taken of islets. These images were then scored for degree of insulitis with a score of 0 indicating 

no lymphocyte infiltrate, 1 indicating lymphocyte infiltrate that lies peri to islet, 2 indicating 

lymphocyte infiltrate that covers less than 25% of the islet by area, 3 indicating lymphocyte 

infiltrate that covers between 25-50% of the islet by area, and 4 indicating lymphocyte infiltrate 
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that covers more than 50% of the islet by area. The overall level of insulitis was analyzed in two 

different ways. The first was by comparing weighted average insulitis grade scores between 

treatment groups. This was done by multiplying the number of islets with a particular insulitis 

grade by that that grade, adding the products together, and dividing the sum by the total number 

of islets to get an average insulitis score per mouse. The second was by comparing the fraction of 

insulitis-free islets, islets with an insulitis score of 0, between treatment groups.  

4.2.10 Statistical Analysis: 

 Data were compared with two-tailed Student’s t-test and one-way ANOVA using 

GraphPad Prism 5. Statistical significance was assumed at p < 0.05.  

4.3 Results: 

4.3.1 Prl Improves Secreted Insulin and Pancreatic Insulin Content: 

  Given that the addition of Prl improved the anti-CD3 mediated diabetes cure rate of 

newly diabetic NOD mice, we decided to investigate whether this improvement was reflected in 

the concentration of secreted insulin and pancreatic insulin content. In order to assess secreted 

insulin, we examined the concentration of sera insulin in response to glucose by measuring the 

insulin concentration of blood sera taken at various time points during IPGTTs. Despite the fact 

that there was no statistically significant difference in glucose excursion during IPGTT between 

treatment groups, albeit the Prl+anti-CD3 group had slightly lower glucose excursion, we found 

that cured mice treated with Prl+anti-CD3 had higher sera insulin concentrations in response to 

glucose during an IPGTT when compared to mice that received anti-CD3 alone (anti-CD3+Prl: 

8.7 ± 3.8 ng/ml, vs. anti-CD3: 0.89 ± 0.76ng/ml, N=5-6 mice per group, p=0.0495, Figure 4.1A). 

 To determine whether the observed increase in insulin secretion during IPGTT for cured 

mice treated with Prl+anti-CD3 was due to increased overall pancreatic insulin content or insulin 
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secretory capacity of individual β-cells, we measured pancreatic insulin content by measuring the 

insulin extracted from the pancreas. We found that there was a significantly higher amount of 

insulin in pancreas from cured mice treated with Prl+anti-CD3 when compared to cured mice 

treated with anti-CD3 alone (Prl + anti-CD3:0.018 ± 0.003ng/mg of pancreas, vs. anti-

CD3:0.0056 ± 0.0011ng/mg, N=5-6 mice, p<0.05, Figure 4.1B). 
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Figure 4.1: Pancreatic insulin content and insulin secretion 

A) Pancreatic insulin content of mice treated with anti-CD3+Prl or anti-CD3 alone (n=5-6 mice 

per group, “**”: p<0.01). B) Insulin secretion in response to IPGTT, measured as integrated area 

under the curve  (AUC) across the time points (at times 0, 15, 30, and 45 minutes post glucose 

injection), in mice treated with anti-CD3+Prl or anti-CD3 alone. (n=10-11 mice per group, “*”: 

p=0.05). 
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4.3.2 β-Cell Fraction Expands in Prl Treated Mice: 

 Since Prl treated mice had elevated pancreatic insulin content when compared to anti-

CD3 alone treated mice and given prolactin’s well characterised effect on β-cell mass during 

pregnancy (21), we determined the β-cell mass in the treated NOD mice. The never treated 

diabetic mice were also assessed and act as baseline control. 

 We examined β-cell by immunofluorescence staining of insulin on pancreatic sections 

from cured mice in both treatment groups and never treated diabetic mice.  Representative 

insulin staining images of cured mice are pictured in Figure 4.2A. We observed a significant 

increase in β-cell fraction for cured mice treated with Prl + anti-CD3 when compared to mice 

treated with anti-CD3 alone (Prl + anti-CD3:0.56 ± 0.13% vs. anti-CD3:0.12 ± 0.04%, N=7 mice 

in each group, p<0.05, Figure 4.2B).  

4.3.3 Prl Increases β-Cell Hyperplasia but not Hypertrophy: 

 The Prl + anti-CD3 type I diabetes group had significantly higher β-cell fraction in 

comparison to the anti-CD3 alone group. The increase in β-cell mass during pregnancy due to 

lactogenic signaling is associated with an increase in both β-cell hyperplasia and hypertrophy 

(19). It is thus important to determine how Prl achieves this increase in β-cell fraction:  by β-cell 

hyperplasia, hypertrophy, or both. 

 We counted the number of β-cells on tissue sections stained for insulin, and used those 

counts to determine the average number of β-cells per pancreatic area and, with the total insulin 

positive data, the average β-cell size. We found that there were significantly more β-cells per 

mm
2
 of pancreas in cured mice treated with Prl and anti-CD3 when compared to cured mice 

treated with anti-CD3 alone (Prl + anti-CD3:22.55 ± 4.48 cells/mm2 vs. anti-CD3:8.86 ± 2.45, 

p<0.05, Figure 4.2C). However, there was no significant difference in β-cell size between 
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treatment groups (Prl + anti-CD3:166.1 ± 16.37µm
2
 vs anti-CD3:.129.1 ± 18.03µm

2
, p=0.081, 

Figure 4.2D), although there is a trend for the Prl+anti-CD3 group to have slightly larger -cells. 

Thus, the addition of Prl to anti-CD3 therapy appears to cause β-cell hyperplasia while not 

significantly affecting β-cell hypertrophy. 

4.3.4 No Effect on α-Cell Fraction, Hyperplasia, or Hypertrophy: 

 Given α-cells’ potentially antagonistic effect on β-cell function it was important that we 

investigate any potential effects of Prl on α-cells. We examined α-cell mass by determining the 

α-cell fraction of pancreatic sections from cured mice immunofluorescence stained for glucagon. 

We found no difference in α-cell fraction between treatment groups (0.077 ± 0.038% vs. 0.095 ± 

0.038%, N=5-6, p=0.38, Figure 4.2E). Likewise, when we examined mean α-cell number and 

size we found no significant difference between treatment groups (12 ± 6.2cells/mm
2
, 167 ± 

56µm
2
 vs. 6.5 ± 2.3cells/mm

2
, 92 ± 8.2µm

2
, N=5 mice per group, p=0.19, 0.11, Figure 4.2F-G). 
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Figure 4.2: β-cell and α-cell fractions 

A) Representative images of insulin and glucagon staining. Scale bars correspond to 100 µm. B) 

ß-cell fractions of mice treated with anti-CD3+Prl or anti-CD3 alone. (n=7 mice in each group, 

“***”: p<0.005). C) ß-cell numbers (expressed as per mm
2
 of pancreas area) of mice treated with 

anti-CD3+Prl or anti-CD3 alone. (n=6-7 per group and 17000 cells were counted in each group, 

“**”: p<0.01). D) Mean ß-cell size of mice treated with anti-CD3+Prl or anti-CD3 alone. (n=7 

mice in each group, at least 17000 cells counted in each group, p=0.081). E) α-cell fractions of 

mice treated with anti-CD3+Prl or anti-CD3 alone. (n=5-6 mice in each group, p=0.38). F) α-cell 

numbers (expressed as per mm
2
 of pancreas area) of mice treated with anti-CD3+Prl or anti-CD3 

alone. (n=5-6 mice per group and 1400 cells were counted in each group, p=0.19). G) Mean -

cell size of mice treated with anti-CD3+Prl or anti-CD3 alone. (n=5-6 mice in each group, and 

1400 cells counted in each group, p=0.11). 
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4.3.5 Prl has Little Effect on Islet Number or Size: 

 In addition to the data on α-cells and β-cells illuminated by insulin and glucagon 

immunofluorescence staining, this staining also allowed us to make insights into the number and 

size of islets of Langerhans. When comparing the average number of islets per mm
2
 of pancreas 

we found that there was no significant difference between treatment groups (Prl+anti-CD3:0.21 

± 0.04 islets/mm2 vs. anti-CD3:0.14 ± 0.04 islets/mm2, p=0.091, Figure 4.3A). Due to the 

significant increase in β-cell hyperplasia due to Prl observed, there was a significant effect of Prl 

on the average size of islets between treatment groups (57 ± 7.2 cells/islet vs. 132 ± 32 cells/islet, 

p=0.0261, Figure 4.3B). In contrast, there was no significant difference in the proportion of islets 

of different sizes between treatment groups (Figure 4.3C). 
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Figure 4.3: Islet number and size  

A) Islet density, or the mean number of islets (expressed as per mm
2
 of pancreas area) in mice 

treated with anti-CD3+Prl or anti-CD3 alone (n=7 mice per group, p=0.091). B) The average 

islet size for mice treated with anti-CD3+Prl or anti-CD3 alone () C) The number of islets of 

different sizes in mice treated with anti-CD3+Prl or anti-CD3 alone (n= 7 mice in each group, 

and at least 130 islets were counted for each group. 
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4.3.6 No Difference in Islet Vascularization: 

 Prl may be facilitating an improvement in anti-CD3 type I diabetes therapy by improving 

islet vascularization, given that it has been to shown to increase islet vascularization in cultured 

islets prior to transplant (24). We investigated Prl’s effect on islet vascularization by staining 

pancreatic sections with insulin and CD31, an endothelial cell marker. When examined these 

stained sections we found no difference in the degree of islet vascularization between treatment 

groups (4.66 ± 1.16% vs. 4.39 ± 1.84%, N=3 mice per group, p=0.45, Figure 4.4). 
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Figure 4.4: Islet vascularization 

Islet vascularization, measured as the percentage of islet area occupied by endothelial cells 

(detected by CD31-positivity), is compared between the anti-CD3 and the anti-CD3+Prl group 

(A). A representative image is shown (B). 
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4.3.7 Prl Modestly Affects Insulitis: 

 Given that prophylactic administration of Prl to pre-diabetic NOD mice reduced the 

incidence of diabetes by decreasing the grade of insulitis (148), we investigated the degree of 

insulitis to see if the addition of Prl to anti-CD3 type I diabetes therapy had a positive effect on 

insulitis. Interestingly, while we found a significant increase in the proportion of infiltrate-free 

islets in the Prl+anti-CD3 treated mice when compared to cured mice treated with anti-CD3 

alone (Figure 4.5A), there was no significant difference in weighted average insulitis scores 

between treatment groups (Figure 4.5B).  
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Figure 4.5: Insulitis  

A,B) A comparison of average grade of insulitis (A) and the percentage of infiltrate-free islets 

(B) of anti-CD3+Prl and anti-CD3 alone treated mice. The proportion of infiltrate-free islets was 

significantly greater for the anti-CD3+Prl group (13.57 ± 2.97% vs. 4.81 ± 0.68%, n=3-4 mice 

per group, ~100 islets/group, “*”: p<0.05). C) Representive images of insulitis grades 0 (no 

lymphocytic infiltrate), 1 (peri-lymphoyctic infiltrate), 2 (< 25% of islet area lymphocytic 

infiltrate), 3 (25-50% of islet area lymphocytic infiltrate), and 4 (> 50% of islet area lymphocytic 

infiltrate).    
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4.4 Discussion: 

 In chapter 3 it was demonstrated that the addition of Prl to anti-CD3 type I diabetes 

therapy dramatically improved the anti-CD3 mediated cure rate of newly onset diabetes in NOD 

mice. In chapter 4 we set out to describe how the addition of Prl achieved this improvement to 

anti-CD3 type I diabetes therapy. To do this we examined Prl’s effect on glucose homeostasis on 

a whole organism level (glucose-stimulated secreted insulin during an IPGTT), on an organ level 

(pancreatic insulin content), and on a cellular level (- and -cell fraction of the endocrine 

pancreas).  

 Despite there being no significant difference in glucose excursion rates of cured mice 

treated with or without Prl, we were able to observe a significant increase in the insulin secreted 

by cured mice treated with Prl in addition to anti-CD3 (Figure 4.1A). The increase in secreted 

insulin in response to glucose observed in the Prl+anti-CD3 group in comparison to the anti-CD3 

alone group could reflect an increase in overall pancreatic insulin content. Indeed, when we 

examined pancreatic insulin content, we found it to be elevated in cured mice treated with 

Prl+anti-CD3 when compared to mice treated without Prl (Figure 4.1B).  

 The observed increase in pancreatic insulin content of Prl treated mice could be due to an 

increase in insulin content of individual β-cells, an increase in β-cell mass, or a combination of 

both. When we compared β-cell fractions of cured mice between treatment groups, we found that 

the β-cell fraction for cured mice treated with Prl in addition to anti-CD3 was significantly 

greater than that of cured mice treated with anti-CD3 alone (Figure 4.2B). This was unsurprising 

given Prl’s robust effect on diabetes-free rates described in chapter 3 and Prl’s effect on β-cells 

during pregnancy as described in the literature (19). Given that the increase in β-cell fraction was 
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roughly proportional to the increase in pancreatic insulin content, this increase in β-cell fraction 

led to an increase in overall pancreatic insulin content which in turn contributed to the 

improvement in diabetes cure rates observed in anti-CD3 treated with the addition of Prl. 

 Prl treated cured mice had an increased β-cell fraction when compared to their anti-CD3 

alone treated counterparts, but it was necessary to determine if this was due to an increase in β-

cell hyperplasia or hypertrophy as both have been identified as effects of Prl using the pregnancy 

model (21). When we examined β-cell hyperplasia we did find a significant increase in the mean 

number of β-cells per mm
2
 of pancreas in cured mice treated with Prl+anti-CD3 when compared 

to mice treated with anti-CD3 alone (Figure 4.2C). In contrast, we observed no significant 

difference in β-cell size between treatment groups (Figure 4.2D). Therefore, β-cell hyperplasia is 

the primary factor contributing to the increase in β-cell fraction observed in the Prl+anti-CD3 

treated cured mice.  

 In contrast to the beneficial effects of expanded β-cell mass, if α-cell mass expanded in 

response to Prl it may have deleterious effect on diabetic NOD mice, since α-cells produce 

glucagon which actively works against the effects of β-cell produced insulin by causing 

hyperglycemia (38). In fact, inhibiting glucagon’s actions in STZ mouse model of type I diabetes 

ameliorates hyperglycemia (39). When we examined the α-cell population of cured treated mice, 

we did not observe any significant difference in α-cell fraction, hyperplasia, or hypertrophy 

between treatment groups (Figure 4.2E-G), this is consistent with the lack of prolactin receptor 

on -cells (Robert Sorenson, personal communication). 

 With regards to entire endocrine islets in the pancreas, the addition of prolactin to anti-

CD3 type I diabetes could be improving cure rates by affecting islet vascularization, allowing for 

better growth and function of -cells. This concept is taken from the islet transplant literature.  A 
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major difficulty facing islet transplant is failure of transplanted islets to sufficiently vascularize 

to deliver enough nutrients and oxygen to the freshly transplanted islet for it to thrive in its host 

(15). A previous study found that culturing isolated islets in Prl prior to transplantation followed 

by Prl administration to the graft recipient significantly improved islet vascularization and 

oxygen tension across islets (24). This resulted in better islet engraftment and improved islet 

function, as measured by fewer islets are required to achieve euglycemia in the group 

transplanted with islets pre-treated with prolactin in comparison to the group that was not treated 

with prolactin.  In the context of autoimmune diabetes, however, increasing islet vascularization 

may not be a desirable goal as it may allow greater access of auto-reactive lymphocytes to β-cells 

which may impair β-cell mass and function (130). Ultimately, the theoretical beneficial or 

detrimental effects of increased islet vascularization cannot explain the difference in diabetes 

remission rate between the Prl+anti-CD3 and the anti-CD3 alone groups in this study as we 

found no difference in islet vascularization between treatment groups (Figure 4.4). 

 Finally, to finish our detailed examination of prolactin’s effect on the endocrine pancreas 

of cured mice, we compared the degree of insulitis between cured mice in both treatment groups. 

Chronically elevated levels of prolactin have been previously linked to an increase immune 

system activity via an increase in inflammation (117). In contrast, prophylactic administration of 

Prl to pre-diabetic NOD mice decreased the incidence of diabetes development by decreasing the 

degree of insulitis (148). Interestingly, we observed a significant increase in the proportion of 

infiltrate-free islets in Prl treated mice but no significant effect on the overall average insulitis 

grade (Figure 4.5A/B). This suggests that the addition of Prl to anti-CD3 type I diabetes had a 

modest yet significant effect on autoimmunity. 
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4.5 Limitations: 

 With regards to insulin secretion, we were not able to directly test the effect of prolactin 

on isolated islets of the cured NOD mice. Since we would have to isolate a significant number of 

islets from cured treated mice with and without prolactin, it was too impractical to test 

prolactin’s effect on in vitro glucose-stimulated insulin secretion (GSIS). As a result, we cannot 

draw any concrete conclusions about prolactin’s possible effect on the threshold of GSIS. 

However, it is plausible that prolactin improved GSIS in these cured mice, given that it has 

shown to have that effect in vitro, and we found that the Prl+anti-CD3 group secreted more 

insulin (123). 

 We were examining these treated mice to find an expansion to β-cell mass caused by Prl, 

however we could not assess β-cell mass prior to Prl’s administration because our method of 

measuring β-cell mass requires that the animal be sacrifice. Recently, a transgenic mouse has 

been developed that allows for in vivo imaging of β-cell mass without sacrificing the animal 

(192). However, this transgenic mouse is only amenable to chemically induced diabetes models 

and not the NOD model of diabetes that is subject of our study. Instead of tracking the change in 

β-cell mass induced by Prl on an individual mouse basis, we compared the β-cell mass present in 

cured mice between treatment groups. This is complicated by the fact that, due to the nature of 

diabetes development and diagnosis in NOD mice, there is potentially a broad variation in β-cell 

present at the time of diagnosis. This variation at the time of diagnosis subsequently results in a 

large variation of β-cell mass in cured mice. The larger variation of β-cell mass statistically 

weakens the data gleaned from examining the β-cell mass of cured mice. Despite this, we found 

a significantly higher β-cell fraction for cured mice that were treated with Prl even though the 

actual mean increase in individual β-cell mass could have been an even more dramatic increase. 
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 Similar to the limitations surrounding an in depth study of GSIS, a detailed examination 

of islet vascularization would require the isolation of islets to be studied in vitro. To properly 

examine Prl’s effects on islet vascularization of islets from cured anti-CD3 treated NOD mice, 

we would have to examine the oxygen tension across the surface of the islets (24). However, this 

is likely of little consequence given that we observed no significant difference in the degree of 

islet vascularization between mice treated with Prl and anti-CD3 and mice treated with anti-CD3 

alone. 
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Chapter Five: Mechanisms of β-Cell Mass Expansion 

5.1 Introduction: 

 In Chapter 3, we reported a significantly higher rate of diabetes remission in diabetic 

NOD mice treated with Prl+ anti-CD3 in comparison to the anti-CD3 alone group. In Chapter 4, 

we reported a significant increase in β-cell mass in mice treated with prolactin and anti-CD3. 

What remains is to identify how the addition of Prl improves β-cell mass. 

 For a long time β-cell mass in adults was considered to be largely static, it was only 

relatively recently that dynamic changes to β-cell mass in adults through proliferation, apoptosis, 

and possibly neogenesis have been consistently demonstrated (163, 169). This is because, 

excepting times of increased β-cell proliferative pressure, the basal rates of proliferation and 

apoptosis are extremely low (193).  

  However, there are times in which there is a dramatic increase in β-cell proliferation and 

potentially neogenesis in response to a stimulus. These stimuli include pancreatic ductal ligation 

(PDL), the early stages of diabetes, pancreatectomy, and, importantly for this study, pregnancy 

(149). In pregnancy there is a dramatic increase in β-cell proliferation that peaks at 

approximately day 15 of gestation, largely attributed to lactogenic signalling (19, 21, 194), 

followed by an increase in β-cell apoptosis in the post-partum period, ascribed to the effect of 

progesterone and differential serotonin receptor expression patterns (189, 195).  

 Previous work conducted by our lab has shown concretely that lactogenic signalling 

increases β-cell proliferation in vivo resulting in an increase in β-cell mass with no measurable 

effect on β-cell apoptosis rates (19). Furthermore, Prl has been demonstrated to have an anti-

apoptotic effect on thymocytes in culture by up regulating the X-linked inhibitory of apoptosis 

(XIAP) (196). Additionally, constitutive expression of XIAP in β-cells has been shown to be 
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protective against apoptosis (197). Thus, if Prl could affect XIAP expression in β-cells as it does 

in thymocytes, then it may have a positive effect on β-cell mass by protecting -cells from 

apoptosis. 

 Outside of Prl’s effect on β-cell proliferation and apoptosis, Prl may be increasing β-cell 

neogenesis as well. The existence of β-cell neogenesis, i.e. the formation of β-cells from 

progenitor cells, in the adult pancreas is a subject of controversy (149). There is evidence both 

for and against the existence of β-cell neogenesis in the adult pancreas. Studies investigating 

pancreatectomy in rats cite an increased numbers of small islets near ducts as morphological 

evidence for the presence of β-cell neogenesis (198, 199). However, lineage tracing studies in 

mice suggest that β-cell neogenesis either does not exist in the adult pancreas or is at most a 

minor contribution to β-cell mass (27, 164, 167).  

 With regards to Prl’s potential effect on β-cell neogenesis, a previous study demonstrated 

that there was no evidence for β-cell neogenesis during pregnancy, with pregnancy as a state of 

persistent hyperprolactinemia (Xiao, X, 2013)(Teta, Dev Cell, 2007). However, a recent study 

performed by our lab demonstrated a modest but statistically significant contribution of β-cell 

neogenesis to the expansion of β-cell mass during pregnancy using the very same transgenic 

mouse line employed by this study (25, 172).  

 The addition of Prl to anti-CD3 therapy improved β-cell mass resulting in an 

improvement to the anti-CD3 mediated diabetes cure rate. In this chapter we aim to elucidate the 

mechanism by which this expansion of β-cell mass is achieved. To do that we investigated Prl’s 

effects on β-cell proliferation, apoptosis, and neogenesis in the diabetes-remitted mice. 
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5.2 Methodology: 

5.2.1 Immunofluorescence: 

 Pancreatic sections from cured mice were rehydrated, for paraffin sections, or washed 

with PBS, for cryosections. The tissue sections were then permeabilized with 0.1% TX-100 in 

PBS for 15 minutes twice. The permeabilized sections were then blocked with 5% GS in PBS for 

one hour at room temperature. Following blocking, tissue sections were incubated with (1:200) 

guinea pig anti-insulin in 1% GS PBS overnight at 4 °C. After primary antibody incubation, 

tissue sections were washed three times with PBS for five minutes per wash. Washed sections 

were then incubated with (1:300) CY-3-conjugated goat anti-guinea pig antibody in 1% GS PBS 

for one hour at room temperature then washed three times for 10 minutes each.   

 BrdU staining was performed on tissue sections following insulin staining. During 

treatment, mice received BrdU in their drinking water for one week every four weeks to label 

newly proliferated cells. The addition of BrdU to drinking water resulted in a transient increase 

in blood glucose, thus it was administered in a periodic manner rather than throughout the 

treatment and monitoring periods. Antigen retrieval was performed on insulin stained tissue 

sections to expose DNA incorporated BrdU for anti-body access. Antigen retrieval consisted of 

incubation of stained tissue sections with 2N HCl at 37 °C for 30 minutes. Following acid 

incubation, tissue was washed with double distilled H2O for two minutes twice. Tissue sections 

were then neutralized by two five-minute washes of 0.1 M boric acid (pH 8.5), followed by three 

5-minutes washes with PBS.  

 The tissue sections were then incubated with (1:100) rat anti-BrdU in 1% GS PBS for 

two hours at room temperature. Before secondary antibody, tissue sections were washed three 

times with PBS for 10 minutes each. Following washing, the tissue sections were incubated with 
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(1:300) goat anti-rat antibody conjugated to CY-2 and (1:1000) Hoest in 1% GS in PBS for one 

hour at room temperature. After BrdU staining, the tissue sections were washed with PBS for 10 

minutes three times then covered with anti-fade DAKO fluorescent mounting media and 

coverslip.   

5.2.2 Image analysis and Quantification: 

  Imaging was performed as described in section 4.2.6. Following imaging, islets were 

analysed for the proportion of BrdU positive β-cells. This was accomplished by overlaying 

image of nuclear staining with insulin staining to count the total number of β-cells in al islets. 

The number of BrdU positive β-cells was then counted by overlaying corresponding insulin and 

BrdU images to identify BrdU positive β-cells. The proportion of BrdU positive β-cells was 

determined on an individual mouse basis by dividing the total number of BrdU positive β-cells 

by the total number of β-cells. The mean proportions of BrdU positive β-cells were then 

compared between treatment groups. 

5.2.3 TUNEL Staining: 

 In order to assess any potential effect of Prl on the apoptosis rate of β-cells of NOD mice 

treated with anti-CD3, insulin staining was performed alongside TUNEL staining on pancreatic 

sections of cured mice in both treatment groups. First, paraffin sections and cryosections were 

rehydrated or washed with PBS, respectively. The tissue sections were then treated with (1:50) 

proteinase K (Promega) in PBS for 15 minutes at room temperature. Following proteinase K 

treatment, the tissue sections were washed twice with PBS for five minutes per wash. The tissue 

sections were then blocked with 1% GS in PBS for one hour at room temperature. The blocked 

tissue sections were then incubated with (1:750) guinea pig anti-insulin antibody in 1% GS PBS 

overnight at 4 °C. After primary antibody incubation, the tissue sections were washed three times 
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for 10 minutes each time with PBS. Following washing, the tissue sections were incubated with 

(1:300) goat anti-guinea pig antibody conjugated to CY-3 and (1:1000) Hoest in 1% GS PBS for 

one hour at room temperature. After secondary antibody incubation, the tissue sections were 

again washed three times with PBS for 10 minutes each wash.  

 Following insulin and nuclear staining, a slide was treated with DNAse I (Roche) to serve 

as a positive control for the nicked-end DNA staining that was to follow. The tissue sections 

were then incubated with TUNEL reaction mix from the Cell Death Detection Kit (Roche), 

which consisted of (1:10) TUNEL enzyme solution in TUNEL labelling solution, for one hour at 

37 °C. Following TUNEL staining, the tissue sections were washed three times with PBS for 10 

minutes per wash, mounted, and imaged. 

5.2.4 Insulin and TUNEL Analysis and Quantification: 

 As with the insulin and BrdU quantification, following imaging the islets were analysed 

for the proportion of TUNEL positive β-cells. This was determined by dividing the number of 

TUNEL positive β-cells by the total numbers of β-cells. The number of TUNEL positive β-cells 

was determined by overlaying TUNEL images with their corresponding insulin images and  

counting the cells that were both positive for insulin and TUNEL stain. The total number of β-

cells was determined as it was for the insulin and BrdU experiment, as insulin and corresponding 

nuclear staining images were overlaid to count β-cells. The total TUNEL positive β-cell count 

was divided by the total number of β-cells for individual mice and the mean proportion of 

TUNEL positive β-cells was compared between treatment groups. 

5.2.5 Insulin and RFP Staining: 

 In order to assess β-cell lineage, insulin and RFP staining was performed on pancreatic 

sections from cured treated NOD-RIP-tTA/Tet07-Cre::ROSA-tdRFP mice. Paraffin sections and 



 

108 

cryosections were rehydrated or washed with PBS, respectively. The tissue sections were then 

permeabilized with 0.1% TX-100 in PBS twice, 15 minutes each time. They were then blocked 

with 1% DS in PBS for one hour at room temperature. Following blocking, the tissue sections 

were incubated with (1:100) rabbit anti-RFP (manufacturer) and (1:750) guinea pig anti-insulin 

antibodies in 1% DS PBS overnight at 4 °C.  

 On the following day the tissue sections were washed three times with PBS to remove 

excess unbound primary antibody, followed by incubation with (1:300) donkey anti-guinea pig 

antibody conjugated to A488, (1:300) donkey anti-rabbit antibody conjugated to CY-3, and 

(1:1000) Hoest in 1% DS PBS for one hour at room temperature. After secondary antibody 

incubation, the tissue sections were washed three times with PBS for 10 minutes each time. The 

tissue sections were then mounted and imaged.  

5.2.6 Statistical Analysis: 

 Data were compared with two-tailed Student’s t-test and one-way ANOVA using 

GraphPad Prism 5. Statistical significance was assumed at p < 0.05.  

5.3 Results: 

5.3.1 Prolactin Increases β-Cell Proliferation: 

  In order to assess β-cell proliferation rates, pancreatic sections from cured mice 

sacrificed at five weeks and approximately 35 weeks after the onset of diabetes (i.e. age 52 

weeks old) from both treatment groups were stained for insulin and BrdU. The BrdU was 

administered at regular intervals throughout treatment and monitoring periods. BrdU was 

incorporated into cells that were in S-phase during the intervals in which it was administered. By 

staining for insulin and BrdU we were able to identify β-cells that were the result of cellular 

division during one of the intervals of BrdU administration. Cured mice sacrificed at five weeks 
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post diabetes onset received at least one course of BrdU before sacrifice while cured mice 

sacrificed at approximately 35 weeks post diabetes onset received about 8 courses of BrdU.  

 When we examined the proportion of BrdU positive β-cells from the two treatment 

groups, we found that it was significantly higher in the Prl+anti-CD3 treated mice than mice 

cured with anti-CD3 alone (Prl + anti-CD3:5.23 ± 0.77% vs. anti-CD3:1.42 ± 0.38% N=3-4, 

p<0.05, Figure 5.1). Interestingly, this difference was only detected early during the follow up 

period, i.e. at 5 weeks after start of treatment, as we observed no significant difference in the 

proportion of BrdU positive β-cells between treatment groups at the end of follow up period 

when the mice were ~52 weeks old (Figure 5.1). 

5.3.2 Prolactin does not Affect β-Cell Apoptosis Rates: 

 Given prolactin has anti-apoptotic effects (196), we decided to investigate whether its 

administration had any effect on β-cell apoptosis rates of the diabetes-remitted mice. When we 

compared the proportion of TUNEL positive β-cells between the Prl+anti-CD3-treated and the 

anti-CD3-treated groups, we found no significant difference between them (Figure 5.2). Thus, it 

appears that the administration of Prl therapy to NOD mice with newly onset diabetes does not 

affect β-cell apoptosis rates, and Prl’s putative anti-apoptotic effects cannot account for the 

increase in -cell number and diabetes remission rates observed here.  
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Figure 5.1: β-cell proliferation 

The fraction of BrdU positive ß-cells in mice treated with anti-CD3+Prl or anti-CD3 alone (n=3-

4 mice per group, ~6400 ß-cells per group were counted, “**”: p<0.01). 
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Figure 5.2: β-cell apoptosis 

The fraction of TUNEL positive ß-cells in mice treated with anti-CD3+Prl or anti-CD3 alone 

(n=2 mice per group, ~1300 ß-cells per group were counted, p=0.52). 
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5.3.3 No Evidence for β-Cell Neogenesis or Transdifferentiation in Cured Mice: 

 β-cell mass could potentially be affected in primarily one of four ways: β-cell 

proliferation, β-cell apoptosis, β-cell neogenesis, and transdifferentiation from another cell type. 

Having already addressed Prl’s effects on β-cell proliferation and apoptosis rates, we assessed 

whether β-cell neogenesis and transdifferentiation is occurring in the diabetes-remitted mice. To 

accomplish this, we analyzed the lineage of β-cells in cured mice with the aid of a transgenic 

mouse line (NOD-RIP-tTA/Tet07-Cre::ROSA-tdRFP) that allowed for the irreversible labelling 

β-cells present prior to therapy and their progeny with tdRFP. All new β-cell derived from pre-

existing β-cells would be RFP positive, while β-cells derived from progenitors or 

transdifferentiated from another cell type would be RFP negative. To then assess the proportion 

of RFP positive β-cells, we stained pancreatic sections from mice for insulin and RFP then 

compared the proportion of RFP positive β-cells between treatment groups and never diabetic 

mice. Evidence of β-cell neogenesis or transdifferentiation would manifest as a decrease in the 

proportion of RFP positive β-cells in the treated mice in comparison to the never diabetic mice.  

When we compared the proportion of RFP positive β-cells between treatment groups and the 

never diabetic mice, we found no significant difference between groups treated with anti-CD3 

(93.5 ± 0.73%, n=3 mice), Prl+anti-CD3 (97.8 ± 0.36%, n=3 mice) or the never diabetic mice 

(95.7 ± 0.33%, n = 3 mice) (Figure 5.3B).  

 Interestingly, upon closer examination of our data, we found that islets with grade 4 

insulitis had a low proportion of RFP positive β-cells in comparison to islets with less severe 

insulitis. This led us to suspect that the high degree of insulitis was interfering with our ability to 

accurately stain and quantify RFP in heavily lymphocyte infiltrated islets. When we amplified 

the signal intensity of the RFP staining, we found that the RFP positive β-cell proportion of islets 
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with an insulitis grade of 4 was comparable to the proportion for islets with a lesser to no degree 

of insulitis.    
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Figure 5.3: β-cell lineage tracing 

A) A representative images of RFP and insulin co-localization in mice treated with anti-CD3+Prl 

or anti-CD3 alone, or never diabetic mice. B) Fraction of ß cells that are RFP-positive in treated 

mice. (N= 3-4 mice per group, as least 2000-5000 cells counted [anti-CD3 and anti-CD3+Prl 

groups, respectively], p = 0.69). 
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5.4 Discussion: 

 The addition of Prl to anti-CD3 therapy improves the anti-CD3 mediated type I diabetes 

remission rate of newly diabetic NOD mice by increasing β-cell mass. Prl could have achieved 

this expansion of β-cell mass by increasing β-cell proliferation, decreasing β-cell apoptosis, 

facilitating β-cell neogenesis or transdifferentiation from another cell type, or any combination of 

these mechanisms. It is important to distinguish how Prl facilitates an increase in β-cell mass as 

the different mechanisms have different potential consequences. If the expansion of β-cell mass 

observed in prolactin treated mice was the consequence of an increase in β-cell proliferation 

and/or a decrease in apoptosis, then there would have to be sufficient β-cell mass present at the 

time of treatment. It has been shown that, even in patients with longstanding diabetes, some β-

cell mass does persist (35). However, even if some β-cell persists in type I diabetic patients it 

may not be enough to effectively expand by increasing proliferation and/or decreasing apoptosis. 

Instead, if a growth factor could be shown to increase β-cell mass by facilitating neogenesis 

(from progenitor cells) and/or transdifferentiation (from other differentiated pancreatic cells) 

then the amount of residual β-cell mass would be essentially irrelevant to its effectiveness in 

expanding β-cell mass. 

 Drawing parallel from -cell biology in pregnancy, since pregnancy is a high prolactin 

state, we would anticipate that the addition of prolactin to anti-CD3 therapy expanded β-cell 

mass by increasing β-cell proliferation (19). We assessed β-cell proliferation by using BrdU 

incorporation into β-cells in S-phase and found that there was a significant increase in newly 

proliferated β-cells in Prl treated cured mice than cured mice treated with anti-CD3 alone (Figure 

5.1). There was a significant difference in BrdU incorporation rates between treatment groups 

only at the time point closer to the end of the three week course of prolactin (mice in diabetes 
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remission five weeks after the onset of diabetes), while there was not at the end of the monitoring 

period (mice that were in diabetes remission and approximately 52 weeks of age).  The relative 

proliferation rate identified from examining the pancreata at the earlier time point more likely 

represents the β-cell proliferation in response to Prl administration. Since these mice received 

one week of BrdU containing drinking water while they were being treated with prolactin, 

therefore all of the proliferation measured occurred during prolactin treatment.  In contrast, the 

52 week old mice were receiving BrdU periodically throughout the monitoring period, so BrdU 

incorporation measured not only the proliferation that occurred during treatment but afterwards 

as well. Since hyperglycemia is a stimulant for -cell proliferation (200), and we found that the 

group treated with anti-CD3 alone had slightly higher blood glucose in comparison to the 

prolactin and anti-CD group, the anti-CD3 group may have experienced slightly elevated β-cell 

proliferation during the monitoring period. Therefore when the mice were approximately 52 

weeks old, the prolactin-induced increase in -cell proliferation that was initially detected at 5 

weeks after the onset of diabetes can no longer be observed. 

 Conversely, when we examined Prl’s effect on β-cell apoptosis we found that there was 

no significant difference between cured mice from both treatment groups (Figure 5.2). One of 

Prl’s documented effects on β-cells during pregnancy is to promote β-cell survival (201). 

Additionally, Prl has been shown to be protective in against apoptosis in thymocytes (196). 

However, it does not appear to make a significant difference on apoptosis rates for β-cells of 

mice treated with anti-CD3. It is possible that more -cells are apoptotic in the anti-CD3 group, 

accounting to the lower -cell numbers in this group, but since many of the islets are heavily 

infiltrated with lymphocytes, if a insulin-positive -cell under a lymphocyte is apoptotic, we 
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cannot detect it using our immunostaining method, as the infiltrating lymphocyte obscures all 

other staining. 

 β-cell proliferation and apoptosis are well established mechanisms with respect to the 

plasticity of β-cell mass in the adult pancreas. In contrast, β-cell neogenesis in the adult pancreas 

is an area of contention amongst the diabetes research community. Again, using pregnancy as a 

model of prolactin exposure, a study from our lab recently demonstrated evidence of β-cell 

neogenesis during pregnancy using the same transgenic mice employed by this study (25). There 

is mixed evidence with respect to whether or not β-cell neogenesis occurs during rodent 

pregnancy (164, 172). Abouna et al. used a tamoxifen inducible Cre-lox mouse that allowed for 

the labelling of β-cells with human placental alkaline phosphatase (HPAP). They pulsed mice 

with tamoxifen prior to pregnancy labelling 44% of β-cells with HPAP. After pregnancy they 

observed a dilution in HPAP labelling to 33%. They viewed this dilution of β-cell labelling as 

evidence of neogenesis. Xiao et al. used a complex transgenic system, outlined in detail in 

section 2.6.4, to search for evidence of β-cell neogenesis in response to various physiological 

stimuli, including pregnancy. They used the presence of yellow β-cells as evidence of neogenesis 

and found none of them in the maternal pancreas at E14.5-17. However, the data from Toselli et 

al. suggested that β-cell neogenesis peaks prior to E12, so Xiao et al. may have detected β-cell 

neogenesis if they had examined an earlier time point. 

 Interestingly, there is morphological evidence suggesting that neogenesis is the primary 

mechanism of β-cell expansion in human pregnancy (26, 202). However, when we assessed β-

cell neogenesis we found that the addition of Prl did not induce β-cell neogenesis (Figure 5.3). 

Ideally, a growth factor for treating T1DM would induce β-cell neogenesis, given how little β-

cell mass is present in patients with T1DM. 
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 Most studies that claim to support the existence of β-cell neogenesis in adult pancreata 

use morphological evidence to support this claim (111, 200). They cite an increased number of 

small islets, double hormone positive cells, and endocrine cell clusters on ducts as evidence of 

neogenesis. In our study, we did not find a difference in the number of small islets in mice 

treated with Prl+antiCD3 and those treated with anti-CD3 alone (Figure 4.3C).  We also did not 

detect a significant number of insulin-positive cells on the pancreatic duct, or double hormone 

positive cells.  It is possible that a higher dose or a longer course of prolactin may induce -cell 

neogenesis or transdifferentiation of another cell type into -cell. Borrowing from our own data 

in the pregnancy model, perhaps other components of the pregnancy milieu, i.e. high estrogen 

and/or high progesterone levels, may on their own, or in combination with prolactin, cause -cell 

neogenesis. This will require future experimentation, as this possibility has not been addressed in 

the literature. 

5.5 Limitations: 

 To assess β-cell proliferation, we used BrdU incorporation into β-cells. BrdU 

incorporation has its benefits, namely that it is cumulative rather than a reflection of only the 

cells that are actively undergoing cellular division, like Ki67 staining, but it also has its 

downsides. Particularly, BrdU administration has been shown to decrease overall cell 

proliferation rates (203). Thus, if we were to estimate the β-cell proliferation from BrdU 

incorporation it would be lower than it actually is. However, we were only interested in the 

relative proliferation rates between treatment groups and since mice in both treatment groups 

received roughly the same amount of BrdU (depending on drinking water consumption) both 

treatment groups likely had their proliferation rates inhibited by comparable amounts. 
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 Additionally, BrdU staining may be understating the effect of the addition of prolactin on 

β-cell proliferation. We only administered BrdU in the drinking water of mice after two weeks of 

treatment because BrdU administration normally resulted in elevated blood glucose which could 

be highly detrimental to a mouse’s prognosis if it happened early on during treatment. As a 

consequence, mice were only administered BrdU on the third week of treatment. Therefore, any 

β-cell proliferation prior to week three were not labelled. Thus measuring BrdU incorporation 

could be underestimating the amount of β-cell proliferation occurring during treatment. 

 For measuring prolactin’s effect on both β-cell proliferation and apoptosis, we examined 

the pancreata of cured mice sacrificed at 1-2 weeks following the end of active treatment.  We 

chose to analyse islet morphology at that time point because it typically takes 3 weeks for anti-

CD3-mediated diabetes cure to occur, and we waited an additional week to ensure that we are 

examining mice that are in diabetes remission. A more accurate way to measure the effect of 

prolactin on β-cell proliferation and apoptosis would be to assess them during treatment rather 

than two weeks after treatment. However, we are not able to determine if mice are cured robustly 

until at least two weeks after treatment. NOD mice that are not cured tend to have virtually no β-

cell mass and therefore would be impossible to assess for β-cell proliferation or apoptosis.  
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Chapter Six: Effects of GLP-1 on β-Cell Source in The Treated Mice  

6.1 Introduction: 

 While pregnancy appears to induce β-cell neogenesis in humans, the ability to induce β-

cell neogenesis is not commonly cited as one of Prl’s effects on β-cells during pregnancy (21, 

26). In contrast, GLP-1 is a β-cell growth factor that has been shown to induce β-cell neogenesis 

(111, 116). While a previous study demonstrated that the addition of GLP-1 to anti-CD3 therapy 

did not significantly affect β-cell mass, researchers were not able to assess any potential effects 

of the addition of GLP-1 on β-cell neogenesis (9).  

 GLP-1 is an incretin, a hormone secreted by the gut in response a nutrient load that 

affects glucose homeostasis (110). Incretins were first proposed to exist following the 

observation that oral glucose loads produced a different response in blood glucose than 

intravenous glucose loads. This led researchers to postulate the existence of hormones secreted 

by the gut in response to nutrients which, in turn, led to the discovery of incretins including 

GLP-1 (204). GLP-1 has various effects that influence glucose homeostasis by lowering the 

GSIS threshold, increasing insulin synthesis, inhibiting glucagon’s actions, and delaying gastric 

emptying (107, 109, 205).  In addition, GLP-1 was found to be a satiety hormone, having the 

effect of decreasing nutrient consumpti(206)(203)(195)(191)(190)(van Dijk and Thiele 406-

414)(van Dijk & Thiele, 1999)on (206).  Importantly, GLP-1 has also been shown to increase β-

cell mass by increasing β-cell proliferation and neogenesis (108, 111, 116, 207).  

 GLP-1 has been shown to induce β-cell neogenesis both in vitro and in vivo (110). In 

vitro, GLP-1 has been shown to induce β-cell neogenesis when administered in culture to 

isolated human pancreatic ductal cells. Additionally, GLP-1has been shown to induce β-cell 
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neogenesis in vivo by increasing numbers of hormone positive ductal cells and small islets, both 

considered morphological signs of neogenesis, in PDL and pancreatectomy models. 

 GLP-1 has a very short half-life in the serum, as it is degraded by dipeptidyl peptidase IV 

(DPPIV) within minutes in the circulation.  A previous study determined that GLP-1 quickly 

dissipates within one to two hours post administration from the blood stream of treated type II 

diabetes patients.  Fortunately, there exists a naturally occurring GLP-1 receptor (GLP-1R) 

agonist, Exendin-4 (Ex-4), which is more resistant to DDPIV-mediated degradation. This GLP-

1R agonist was originally isolated from the venom of the lizard Heloderma suspectum and is 

much longer lasting in vivo (113).    

               In this study we used mice that allow for β-cell lineage tracing, the NOD RIP-tetoff-

RFP mice, and we observed a significant increase in β-cell mass with the addition of Prl to the 

anti-CD3 treatment. However, we did not detect any β-cell neogenesis associated with the 

addition of Prl. We hypothesized that since GLP-1 is known to induce -cell neogenesis, perhaps 

the further addition of GLP-1, in the form the GLP1-R agonist Ex-4, will induce β-cell 

neogenesis in the Prl + anti-CD3 treated mice. 

6.2 Methods: 

6.2.1 Treatment with Ex-4: 

 In addition to the mice treated with anti-CD3 and Prl or anti-CD3 alone, 6 mice were 

treated with Ex-4 (California Peptide) in addition to Prl and anti-CD3. These mice were given 

0.075µg/day of Ex-4 intraperitoneally for 21 days, starting on day 1 of diabetes, concurrently 

with anti-CD3 and prolactin. There was an additional EX-4+anti-CD3 alone treated group 

consisting of four mice. Otherwise, the Ex-4 treated animals were treated in the same way as 

described in detail in section 3.2.3. The mice were administered doxycycline containing through 
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throughout the treatment and subsequent monitoring periods to enable β-cell lineage tracing. 

They were also administered BrdU periodically in their drinking water to enable the 

determination of β-cell proliferation. The mice were then metabolically tested with an ITT and 

an IPGTT and then sacrificed at approximately 52 weeks of age.   

6.2.2 Immunohistochemistry: 

 Insulin and glucagon, insulin and BrdU, and insulin and RFP immunostaining were 

performed as described in sections 4.2.5, 5.2.1, and 5.2.5, respectively. The stained sections were 

then analysed as described in sections 4.2.6, 5.2.2, and 5.2.5, respectively. 

6.2.3 Statistical Analysis: 

 Data were compared with two-tailed Student’s t-test using GraphPad Prism 5. Survival 

curve comparison was performed using Kaplan-Meier survival curve. Statistical significance was 

assumed at p < 0.05.  

6.3 Results: 

6.3.1 The Addition of Ex-4 Did Not Affect β-Cell Neogenesis: 

 The effect of the addition of Ex-4 to Prl+anti-CD3 therapy was examined in order to 

determine if Ex-4 could induce β-cell neogenesis in treated NOD mice, like it has been 

demonstrated to in other model systems (111, 207). However, there was evidence of β-cell 

neogenesis in mice treated with Ex-4+Prl+anti-CD3 as evidenced by a lack of dilution of RFP 

labelling (Ex-4+Prl+anti-CD3: 92 ± 0.35% vs. Prl+anti-CD3: 96 ± 1.5%, N=2-4, p=0.10, Figure 

6.1). 
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Figure 6.1:β-Cell Neogenesis with Ex-4 

Fraction of ß cells that are RFP-positive of mice treated with anti-CD3+Prl+Ex-4 or anti-CD3+ 

Prl (N= 2-4 mice per group, p = 0.10). 

  



 

127 

  



 

128 

6.3.2  Ex-4 Did Not Improve Diabetes Remission Rates of Prl+Anti-CD3 Treated Mice:  

 While a higher proportion of mice treated with Ex-4+Prl+anti-CD3  in addition to 

prolactin and anti-CD3 combination experienced diabetes remission in comparison to the 

Prl+anti-CD3 group (83.3% vs. 47.6%, N=6-14 mice per group, p=0.13, Figure 6.2), it was not 

statistically significant. However, mice treated with Ex-4+Prl+anti-CD3 had a higher diabetes 

remission rate than mice treated with anti-CD3 alone (Ex-4+Prl+anti-CD3: 83.3%, anti-CD3: 

31.1%, p=0.023, n=6-20, data not shown). Additionally, unlike mice treated with anti-CD3 

alone, and like mice treated with the combination of prolactin and anti-CD3, all mice treated 

with Ex-4 in addition to combination therapy experienced some period of diabetes remission. All 

of the four mice treated with Ex-4+anti-CD3 alone relapsed and one never experienced a period 

of diabetes remission (data not shown).  

6.3.3 Ex-4 Did Not Significantly Affect β-Cell Fraction or Proliferation: 

 To determine if the addition of Ex-4 to combination therapy had any effect β-cell mass, 

β-cell fractions were compared between treatment groups administered combination therapy with 

or without Ex-4. There was no significant difference in β-cell fraction between treatment groups 

(Ex-4+Prl+anti-CD3:0.37 ± 0.10% vs. Prl+anti-CD3: 0.41 ± 0.11%, N=4-7 mice per group, 

p=0.79, Figure 6.3A) This is consistent with a previous study which showed that while the 

addition of Ex-4 to anti-CD3 therapy improved the diabetes remission rate, it did not affect β-cell 

mass (9). Consistent with the lack of detectable effect on β-cell mass by the addition of Ex-4 to 

the prolactin and anti-CD3 therapy, we did not observe an effect on β-cell proliferation with the 

addition of Ex-4 (Ex-4+Prl+anti-CD3: 4.7 ± 1.0% vs. Prl+anti-CD3: 3.6 ± 1.2%, N=3 mice per 

group, p=0.52, Figure 6.3B).  
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Figure 6.2: Kaplan-Meier Diabetes-Free Survival Curve with Ex-4 

 Kaplan-Meier diabetes-free survival curve for mice treated with anti-CD3+Prl+Ex-4 (inverted 

triangles) and mice treated with anti-CD3+ Prl (squares) (Logrank test, p=0.27, N=6-20 mice in 

each group). 
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Figure 6.3: β-Cell Fraction and Proliferation with Ex-4 

A) ß-cell fractions of mice treated with anti-CD3+Prl+Ex-4 or anti-CD3+P Prl (n=4-7 mice in 

each group, p=0.79). B) The fraction of BrdU positive ß-cells in mice treated with anti-

CD3+Prl+Ex-4 or anti-CD3+ Prl (n=3 mice per group, p=0.52).   
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6.4 Discussion: 

 A previous study used the GLP-1R agonist Ex-4 in addition to anti-CD3 improved the 

anti-CD3 mediated diabetes remission rate (9). GLP-1 is also thought to be a potent β-cell 

growth factor capable of inducing β-cell neogenesis (111, 116, 207-209). Previous studies have 

indicated that β-cells arise from non-β-cell sources and lactogenic signalling has been implicated 

in this process (25, 172). Despite these findings, we did not observe any evidence of β-cell 

neogenesis in mice treated with Prl+anti-CD3 (Figure 5.3). Thus, we added GLP-1 to the 

Prl+anti-CD3 treated mice to see if the addition of a growth factor known to induce β-cell 

neogenesis may induce β-cell neogenesis in our transgenic NOD mice.  

 We expected that the addition of Ex-4 to Prl+anti-CD3 therapy would induce β-cell 

neogenesis, given its reported effects on β-cell neogenesis (111, 207). However, we did not 

observe evidence of β-cell neogenesis in the Ex-4+Prl+anti-CD3 treated mice (Figure 6.1). It 

could be that transgenic NOD mice are not a model system amenable to the induction of β-cell 

neogenesis by the administration of Ex-4. The previous studies that examined the effect of Ex-4 

on β-cell neogenesis were carried out on rat models, so perhaps Ex-4 is incapable of inducing β-

cell neogenesis in mice (111, 207). Additionally, the increased β-cell proliferation we observed 

in mice treated with Prl+anti-CD3 could have lessened the β-cell regenerative pressures that 

appear to be required alongside the administration of Ex-4 to induce β-cell neogenesis.   

 Additionally, the addition of Ex-4 to prolactin and anti-CD3 combination therapy did not 

significantly improve the diabetes remission rate (Figure 6.2). However, a higher proportion of 

Ex-4+Prl+anti-CD3 treated mice were in diabetes remission than mice treated with Prl+anti-CD3 

alone (83.3% vs. 47.6%). It may be that we simply did not treat enough mice with Ex-

4+Prl+anti-CD3 to achieve statistical significance, although we cannot assume that the pattern of 
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diabetes remission we observed for 6 mice would hold true for more. The lack of significant 

improvement of diabetes remission rates with the addition of Ex-4 is not unexpected. While 

Sherry et al. observed a significant increase in diabetes remission rates with the addition of Ex-4 

to anti-CD3, the increase was from 33% to 44% which is considerably more modest than the 

increase in diabetes remission rates we observed with the addition of prolactin to anti-CD3 

therapy, from 31.1% to 57.1% (Figure 3.4). The Sherry study also used many more animals for 

each treatment group than we did, 71 for their anti-CD3 alone group and 45 for their group with 

Ex-4 added, to observe this modest increase (9). Additionally, had we monitored the treated mice 

for only 16 weeks following diabetes onset, closer to the 10 weeks done by the Sherry study, we 

would have observed a significant improvement in diabetes remission rates for the Ex-

4+Prl+anti-CD3 group (data not shown).  

 Given that we did not observe a significant difference in diabetes remission rates with the 

addition of Ex-4 to combination therapy, it was unsurprising that we likewise did not observe a 

difference in β-cell fraction (Figure 6.3A). Similarly, while Sherry et al. observed a significant 

improvement to the anti-CD3 mediated diabetes remission rate by the addition of Ex-4, they did 

not observe a significant effect on β-cell mass (9). Given the lack of a significant difference in β-

cell fraction between treatment groups, one would not suspect there to be any significant 

difference in β-cell proliferation and, indeed, there was not (Figure 6.3B). While there are some 

lines of in vitro and in vivo evidence that GLP-1 and thus Ex-4 by extension induce an increase 

in β-cell mass via an increase in proliferation (108-110), there is little evidence to suggest that it 

significantly increases β-cell mass and proliferation in the context of the treatments protocol of 

this study.  It is possible that there is simply no additive effect of Ex-4 on -cell proliferation 

above and beyond that induced by prolactin. Interestingly, we were not able to improve anti-
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CD3-mediated diabetes remission rate by adding Ex-4 alone, as only one out of four mice treated 

with Ex-4+anti-CD3 achieved diabetes remission (data not shown).   

6.5 Limitations: 

 Unlike the other treatment groups, a subset of cured mice treated with Ex-4 were not 

assessed at five weeks and therefore, we could not assess any of the more immediate effects of 

Ex-4 shortly following treatment. This means that we could not assess any immediate effects on 

β-cell proliferation or apoptosis. However, since there was no significant effect on β-cell mass, it 

is unlikely that we would have observed a significant effect on β-cell proliferation or apoptosis in 

mice sacrificed shortly after treatment.  
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Chapter Seven: General Discussion and Conclusion 

7.1 Introduction: 

 Diabetes is a global epidemic, with the incidence of both common variants type I diabetes 

and type II diabetes on the rise. At its core, diabetes is a disease where β-cells cannot keep up 

with the organism’s demand for insulin. Thus, finding a way to increase insulin synthesis 

capacity would prove greatly beneficial to patients with diabetes. T1DM is an autoimmune 

disease, so in order to increase β-cell mass, one also has to stop the immune attack on -cells by 

inducing immunological tolerance. To that end, we investigated the hypothesis that in diabetic 

NOD mice, the addition of Prl to anti-CD3 therapy improves upon the anti-CD3 mediated 

diabetes remission rate. The examination of this hypothesis was split into four main objectives 

that make up chapters 3-6 of this thesis. These objectives are as follows: 

1) To determine if the addition of Prl to anti-CD3 therapy improves the diabetes remission rate of 

newly diagnosed diabetic NOD mice. 

2) To determine how Prl improves the anti-CD3 mediated diabetes remission rate by examining 

its effects on the endocrine pancreas. 

3) To determine how Prl increases β-cell mass by examining β-cell proliferation, apoptosis, and 

neogenesis. 

4) To determine if the further addition of Ex-4 would induce β-cell neogenesis.  

7.2 Strengths and Limitations: 

7.2.1 NOD Mice: 

 NOD mice are one of the best models of human T1DM. Not only do they effectively 

mimic the autoimmune nature of T1DM better than chemically induced models of diabetes, but 
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they also share a number of highly correlated disease causing genetic loci with type 1 diabetic 

humans (8). Given that they are a mouse model, this allows for the use of powerful transgenic 

techniques to examine the effects of specific genes or to enable lineage tracing.  

 However, there are some limitations inherent in using NOD mice as a diabetes model. 

There is a significant gender bias in the incidence of diabetes in NOD mice. Female NOD mice 

have a diabetes incidence of greater than 60%, while less than 30% of male NOD mice develop 

diabetes (7). This means that most studies using NOD mice, including our own, use solely 

female mice. As a consequence, we cannot be certain that the addition of Prl to anti-CD3 would 

have the same effect that we observed in female mice in male mice.  However, male mice 

express Prlr on β-cells at comparable levels to female mice. When Freemark et al. studied Prlr 

null mice, they found that the mutant mice had reduced β-cell mass and, importantly, male mice 

more affected than female mice (129). Thus, there is no reason to suspect that prolactin would 

not have biological effect on β-cells of male NOD mice. In addition to the gender bias of 

diabetes incidence, diabetes incidence can be affected by the housing facilities in which the mice 

are raised (7). While it is unlikely that this would cause a significant discrepancy in the 

progression of diabetes, it does call into question whether the findings of NOD experiments at a 

particular facility are universally translatable.  

 The spontaneous nature of diabetes in NOD mice poses another potentially limiting 

problem. Since NOD mice develop diabetes aged 10 to approximately 30 weeks, it is possible 

that experimental mice could experience variable conditions prior to disease development, during 

treatment, and during monitoring periods (47). For example mice from the same litter could be 

exposed to different seasonal conditions or different levels treatment proficiency depending on 

when they are diagnosed. This possibility is ameliorated somewhat by the fact that we alternated 
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sorting mice into one treatment or the other, so there is no particular systemic bias against one 

group or another. However, if conditions varied significantly over the diagnosis period then we 

may be introducing extra variation within treatment groups.  

 NOD mice have variable β-cell mass at the time of diagnosis as a consequence of both 

the spontaneous nature of their diabetes and how we diagnose them. We diagnose their diabetes 

by assessing their blood glucose twice between the ages of 13 and 30 weeks old. Since we 

measure blood glucose on average once every three days it is possible that we catch some mice 

developing diabetes earlier than others. This does not introduce variation between treatment 

groups but rather within them.  

 Overall, NOD mice were a prudent choice of model system to test our hypothesis, as it is 

the best autoimmune diabetes mouse model available. Their similarity to human disease is 

without compare among animal diabetes models. Most of their limitations only serve to 

underscore the significance of the differences between treatment groups that we observed. The 

only real caveats of using NOD mice are that we cannot effectively test our treatment paradigm 

on male mice. 

7.2.2 Experimental Design: 

7.2.2.1 Treatment Groups:  

 Sorting mice randomly into alternating treatment groups when the mice developed 

diabetes was a considerable strength of this study. The alternating assortment of mice to 

treatment groups avoided the possibility of inadvertently inserting a bias into the study.  In terms 

of controls, giving empty Prl vehicle (mAlb) and hamster IgG to anti-CD3 alone and Prl alone 

treated mice respectively effectively controlled for any effects that the action of administration 

itself may have had on the treated mice. 
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7.2.2.2 Anti-CD3 Treatment: 

 The anti-CD3 treatment course we employed was the same as the treatment courses used 

in comparable studies (9, 82). We experienced an anti-CD3 alone mediated cure rate on the 

lower end of the cure rates in comparison to published studies, which is both a strength and 

limitation. It is a strength insomuch as a lower diabetes remission rate with anti-CD3 alone 

allows us to detect the potential beneficial effect of adding prolactin to the therapeutic regimen. 

If the anti-CD3 alone mediated diabetes remission rate was closer to the upper limit of reported 

anti-CD3 cure rates in the literature (~80%), then any prolactin-mediated effects would be 

difficult to detect.  

 For precisely the same reasons that the lower anti-CD3 cure rate observed in this study 

could be considered a strength it could also be considered a limitation. It could be argued that, 

since the anti-CD3 cure rates observed in this study were relatively low, the addition of prolactin 

would have a negligible effect on a more successful anti-CD3 therapy regime. That is, however, 

purely speculative and the addition of prolactin could just as well improved significantly upon a 

more effective anti-CD3 mediated diabetes treatment. 

7.2.2.3 Prolactin Treatment: 

 A considerable strength of our prolactin treatment regime was that we delivered a dose 

that achieved a serum prolactin level similar to lactogen levels observed during pregnancy, and 

we delivered it over 3 weeks, a duration nearly identical to that of rodent pregnancy.  The 

rationale is that, since pregnancy is a healthy state, delivering a dose and duration of prolactin 

similar to what is observed during pregnancy should not cause adverse health effects.  

Furthermore, given that there is typically an approximately two-fold increase in β-cell mass 

during rodent pregnancy, being able to recreate those conditions made it considerably more 
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likely for us to observe an increase in β-cell mass with prolactin adminstration. Another strength 

of this study with respect to prolactin treatment involves how we similarly treated anti-CD3 

alone treated mice. Mice in the prolactin and anti-CD3 treated group had a micro osmotic pump 

surgically implanted subcutaneously after the first week of treatment in order to ensure a steady 

release of prolactin over the following two weeks. As a control for the possible effects of 

undergoing surgery, mice treated with anti-CD3 alone were implanted with micro osmotic 

pumps that dispensed mAlb instead of prolactin. This allowed us to effectively control for the 

effects of s.c. administration of prolactin via microosmotic pump. 

 Conversely, a limitation of our prolactin treatment regime was its systemic nature 

meaning that we could not know the exact concentration of prolactin that the endocrine pancreas 

and immune cells were exposed to. However, this does leave the possibility of repeating this 

study with pancreas-targeted delivery of prolactin. Similarly, since prolactin administration was 

systemic and multiple cell types express Prlr (118), there is a chance that prolactin is causing its 

effect on β-cells in a non-β-cell autonous manner.  

 With regards to prolactin’s effect on cancer incidence, a concentration of prolactin 

similar to those found during pregnancy was employed in this study. Therefore, administration 

prolactin in this manner to treat diabetes carries no more risk of elevated cancer risk than a 

pregnancy would. In fact, it would likely be less risky in terms of elevated cancer incidence than 

pregnancy is given that it is not accompanied by elevated estrogen levels which are conclusively 

linked to increased breast cancer incidence (144). Even still, many individuals are willing to risk 

the increase in cancer incidence to undergo a pregnancy; so many individuals may see potentially 

curative diabetes therapy as worth the risk as well. 
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7.2.2.4 Mouse Sacrifices at 5 Weeks: 

 In order to determine the immediate effects of treatment, mice underwent metabolic 

testing and were sacrificed at five weeks after the onset of diabetes, which was two weeks 

following the end of treatment. This allowed us to examine the effects of the addition of 

prolactin shortly after it was administered. However, we would have ideally examined mice 

while they were being treated in order to determine prolactin’s immediate more transient effects. 

Unfortunately, anti-CD3-mediated resolution of hyperglycemia usually takes about 3 weeks to 

achieve, and we decided to wait an additional 1-2 weeks after the end of treatment to ensure that 

the mice had entered diabetes remission. Thus, it would be impossible to determine if these 

would experience any diabetes remission at all while they were receiving treatment and, given 

the high degree of variability of β-cell mass present at the start of treatment, it would not be 

informative to examine mice during treatment.  

7.2.2.5 Monitoring Period: 

 After mice were treated, they were monitored until they reached 52 weeks of age which 

was sometime between approximately 30 and 40 weeks following the onset of diabetes. This was 

a particular strength of our study as most similar studies only follow mice until at most 16 weeks 

post-diabetes onset (9, 96, 210). The longer period of diabetes remission experienced 

demonstrated in our study suggests a more robust cure than reported in previous studies. 

However, it could be viewed as a possible weakness of this study. Since some of our treated and 

initially “cured” mice experienced a relapse of their diabetes, i.e. after at least 4 weeks of 

diabetes remission, they developed hyperglycemia again; our diabetes remission rate may be 

lower relative to other studies.  Indeed, if we end our follow up period at 10 weeks like the 
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Sherry et al study, we would have reported a 70% and 33% cure rate in our Prl+anti-CD3 and 

Anti-CD3 alone groups, respectively as opposed to 57.1% and 31.1% (Figure 3.4).   

7.2.3 Metabolic Testing: 

7.2.3.1 Insulin Secretion: 

 In order to test if the addition of prolactin to anti-CD3 therapy affected insulin secretion, 

we measured insulin secretion in response to a glucose load during an IPGTT. This allowed us to 

test if the addition of prolactin had a meaningful effect on insulin secretion on a whole organism 

level, but it did not allow us to measure insulin secretion in at the level of the individual islet. In 

order to draw any conclusions as to prolactin’s direct effect on insulin secretion in the treated 

mice, we would have had to isolate islets and examine the effect that different concentrations of 

glucose had on insulin secretion. To do this we would have had to isolate islets from cured mice 

from both treatment groups. Given the nature of the islet isolation procedure (digestion of the 

exocrine pancreas with collagenase), pancreata used for islet isolation would not be amenable to 

the further histological studies employed in this thesis. Since we would be comparing mice in 

diabetes remission from each treatment group, we would have had to treat all of these mice and 

keep them for at least five weeks in order to determine if they were experiencing diabetes 

remission. Even then, not all of the treated mice would be in diabetes remission. Since the cured 

mice have very few islets, we would likely need to isolate islets from multiple mice, it would be 

a largely impractical endeavour.     

7.2.3.2 Insulin Resistance: 

 Similar to insulin secretion, insulin resistance was tested on a whole organism level rather 

than at the tissue level. Therefore, we were not able to observe a difference in insulin sensitivity 

for individual tissues such as fat, muscle, or liver between the two treatment groups.  However, if 
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there was any difference in insulin resistance of individual tissues between treatment groups the 

net difference in insulin resistance on a whole organism level was negligible. 

7.2.4 Endocrine Pancreas Analysis 

7.2.4.1 β-Cell Mass:  

 By comparing -cell mass of the Prl+anti-CD3 versus the anti-CD3 alone group, we 

concluded that Prl improved anti-CD3-mediated diabetes remission in part by increasing -cell 

proliferation hence -cell number.  However, since we were not able to measure -cell mass 

prior to start of the treatment, we were not directly measuring what we were actually interested 

in, i.e. the change in β-cell number by prolactin. This would not be a problem if all of the treated 

mice had a similar initial β-cell mass.  However, since NOD mice have highly variable β-cell 

mass at the onset of diabetes, we cannot rule out the possibility that the Prl+anti-CD3 treated 

mice had a higher -cell mass to begin with. However, since there was no significant difference 

in initial body weight or age of diabetes onset of mice between treatment groups (Figure 3.3, 

3.5), it seems unlikely that one group would have had significantly higher  β-cell mass at the start 

of treatment. There is a mouse model that exists now that allows for the tracking of β-cell mass 

over a treatment or monitoring period, albeit not on a NOD background although it could be bred 

in (192). If a future study was to employ this model it could effectively track β-cell mass over the 

course of treatment and monitoring periods.  

7.2.4.2 Islets: 

 The number and size of islets of Langerhans were determined by counting the number of 

islets within stained pancreatic sections and counting the number of β-cells within individual 

islets. Estimating the size of islets was particularly difficult in this study. The size of islets in 

healthy mice are typically reported as their measured diameters (211). However, due to the 
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relatively high grade of insulitis in mice from both treatment groups (Figure 4.5B) most islets 

were not close circular as they are in healthy mice. Even if we were to interpolate a diameter 

mathematically using the areas of islets this would be problematic, as most of the islets have 

significant insulitis so it is hard to determine if the insulin positive area reflects the total islet or if 

the lymphocytic infiltrate should be included in islet area calculations. Classifying islet size by 

cell counts partially ameliorates this problem. However, small islets with a low cell count, 

typically used as evidence of β-cell neogenesis, may in fact be larger islets that suffered great β-

cell loss as a result of severe insulitis.  

7.2.4.3 Insulitis: 

 This study included a thorough analysis of insulitis. We reported not only the average 

insulitis grade but the proportion of infiltrate-free islets as well. Because we reported the latter 

metric, we were able to detect a modest difference in insulitis between treatment groups where 

we would not have been able to if we had only examined average grade of insulitis.  However, 

we did not investigate the composition of cells making up the mononuclear cell infiltrate of the 

islets. If we had done this we could have described any potential change to the lymphocytic 

infiltrate induced by Prl. This is likely of little consequence, as additional flow cytometry 

experiments performed on cured mice from both treatment groups (data not shown) showed little 

difference in the immune cell composition of cells isolated from pancreatic lymphnodes, the 

spleen, and circulation.   

7.2.4.4 Islet Vascularization: 

 In this study, islet vascularization was examined by staining for endothelial cells within 

islets and determining what percentage of the total area of the islet they made up. While this is a 

satisfactory method for estimating the degree of islet vascularization using histological samples, 
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it does not address the functional significance of islet vasculature. Other more in depth studies of 

islet vascularization measure the oxygen tension across the surface of isolated islets in vitro to 

determine how much oxygen is being delivered to islet endocrine cells by the islet vasculature 

(130). This would have required the isolation of islets from cured mice and was thus outside the 

scope of this study.  

7.2.5 Mechanism of β-Cell Expansion: 

7.2.5.1 β-Cell Proliferation: 

 In order to assess β-cell proliferation, we stained for insulin and BrdU, the latter being 

administered to mice at monthly intervals over the course of follow up. BrdU incorporation 

enables the observation of all cells that underwent cellular division while it was being 

administered instead of just the cells that were currently undergoing cellular division at the time 

the mouse was sacrificed. This means that we were able to effectively assess the cumulative 

effect of Prl administration on β-cell proliferation rather than its possible lingering effects two 

weeks after it was no longer being administered.  

 BrdU is not, however, without its pitfalls.   A recent study found that BrdU 

administration decreases β-cell proliferation rates (203). However, since we administered BrdU 

equally to mice from both treatment groups, the lowering of β-cell proliferation is should affect 

both groups equally. Additionally, since we only gave mice BrdU containing drinking water for 

one week every four weeks, BrdU incorporation only occurs in approximately one quarter of the 

cells that divided over the course of treatment and following monitoring period. 

7.2.5.2 β-Cell Neogenesis: 

 To assess β-cell neogenesis we used NOD-RIP-tetoff-RFP to label β-cells with RFP to 

enable lineage tracing. Lineage tracing strategies for determining whether or not β-cell 
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neogenesis occurs have proved problematic in the past. Dilution of genetically labelled cells 

labelling is not considered good evidence of β-cell neogenesis, especially when labelling 

efficiencies are low (<50%) and therefore it is difficult to tell if a dilution is truly due to cell 

origin of a different lineage or the unknown factors that cause the low labelling efficiency (149). 

However, our transgenic mouse line has an extremely high labelling efficiency of approximately 

94% in never diabetic control mice (Figure 5.3B). Additionally, non-inducible Cre labelling is 

not an effective method of lineage tracing, since it allows the use of β-cell specific promoters to 

induce labelling (149). Our transgenic mouse line is inducible, however, using the tet operator 

system. This allowed us to identify newly formed β-cells from any non-β-cell source by using 

the RIP to label previously existing β-cells and their progeny. 

7.3 Overall Summary and Interpretation of Results: 

 The aim of this study was to determine whether the addition of prolactin to anti-CD3 

therapy would improve the anti-CD3 mediated cure rate of newly diabetic NOD mice and if so, 

then by what mechanism. To investigate this hypothesis we treated mice with either prolactin 

and anti-CD3 or anti-CD3 alone and compared the diabetes remission rates between these 

treatment groups. We then examined how the addition of Prl improved the anti-CD3 mediated 

cure rate by investigating glucose homeostasis and the endocrine pancreas.  

 A number of similar studies where a growth factor was administered simultaneously with 

immune therapies have been performed in the past (9, 96, 106). Of particular interest to this 

study is the one conducted by Sherry et al. in 2007 where Ex-4 was administered to newly 

diabetic NOD mice alongside anti-CD3 therapy. They observed an increase in diabetes remission 

rates from 33% to 44% with the addition of Ex-4 to anti-CD3 therapy. In this study we observed 

an increase in diabetes remission rates from 31.1% to 57.1% with the addition of prolactin to 
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anti-CD3 therapy (Figure 3.4). Their study found no significant effect of the addition of Ex-4 on 

β-cell mass while we observed a significant increase in β-cell fraction associated with the 

administration of prolactin (Figure 4.2B). Similarly, they did not observe any effect on β-cell 

proliferation while we observed an increase in β-cell proliferation (Figure 5.1). Sherry et al. 

attributed the improvement in diabetes remission rate of mice treated with Ex-4 in addition to 

anti-CD3 to an improved recovery of insulin expression by GLUT2 positive, insulin negative 

cells (9). In contrast, we did not examine insulin expression recovery in β-cells of treated mice. 

However, we were able to demonstrate a significant improvement in β-cell fraction and 

pancreatic insulin content correlated with the administration of prolactin that likely explains the 

improvement in diabetes remission rates. 

 The other combination studies are not as readily comparable to this study as the 2007 

Sherry et al. paper is. Both of these studies use interleukins as immunosuppression, as opposed 

to anti-CD3, and deliver their immune therapies and growth factors via gene transfer, using 

adenoviruses (96, 106). The 2010 study by Gaddy et al. administered IL-4 and HGF to newly 

diabetic NOD mice using adenovirus. They found that IL-4 by itself was not able to induce 

diabetes remission but combining it with HGF induced diabetes remission in 11% of treated 

mice. They did observe a significant increase in β-cell mass in mice in diabetes remission treated 

with the combination of HGF and IL-4. However, diabetic NOD mice have practically no β-cell 

mass and none of the mice treated with IL-4 alone experienced diabetes remission, so it is 

impossible to tell if HGF induced an expansion of β-cell mass or simply improved the immune 

aspect of the therapy. Especially since they observed an improvement in insulitis associated with 

the addition of HGF (96).  
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 The 2014 Zhang et al. study investigated whether gene transfer therapy of IGF-1 

alongside IL-10 could induce diabetes remission in NOD mice. Unlike the Sherry and Gaddy 

studies, as well as this study, they were not able to induce diabetes remission in NOD mice with 

the administration of IGF-1 and IL-10 or either of those genes alone. They did, however, observe 

an increase in C-peptide levels in mice treated with IGF-1 and IL-10 (106). 

  In contrast both gene transfer studies, the addition of prolactin to anti-CD3 therapy 

significantly improved the anti-CD3 mediated cure and increased β-cell mass. However, this 

study uses anti-CD3 therapy, which has been proven to be effective at inducing diabetes 

remission in at least 30% of NOD mice, and the gene transfer studies used interleuklins, which 

were not able to induce diabetes remission by themselves. Additionally, these studies used 

adenovirus mediated gene transfer while the prolactin study used intravenous and subcutaneous 

administration. Thus, there cannot be a direct comparison between the efficacies of these gene 

transfer studies and the prolactin study. The growth factors they employed, HGF and IGF-1, may 

be effective at treating NOD in combination and, conversely, prolactin may not induce diabetes 

remission when administered via adenovirus alongside IL-4 or IL-10. Despite this, the 

combination therapy of prolactin and anti-CD3 induced a more robust improvement in NOD 

mice’s outcomes than either of the gene transfer approaches. 

 The addition of prolactin effectively improved the anti-CD3 mediated diabetes remission 

and increased β-cell mass. The question still remains as to how this expansion of β-cell mass was 

achieved. β-cell regeneration is a controversial field, specifically with regards to whether or not 

β-cell neogenesis is a significant contributor (18).  For pregnancy, which is a state of elevated 

lactogenic signalling, there is conflicting evidence as to whether or not β-cell neogenesis occurs 

(25, 164, 172). However, β-cell proliferation is largely regarded as the primary mechanism of β-
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cell expansion during pregnancy in response to lactogenic signalling (19, 127). A recent study 

from our lab, using the transgenic mice employed by this study, found that approximately 10% 

of β-cells present in pregnant mice arose from β-cell neogenesis (25). However, using the same 

mice we were not able to detect any evidence of β-cell neogenesis in prolactin treated mice while 

we were able to identify evidence of increased β-cell proliferation (Figure 5.1, 5.3B). It may be 

that there are factors present during pregnancy that induce β-cell neogenesis that were missing 

from the treatment regimen used by this study. Conversely, there could be factors present in 

treated NOD mice that are actively suppressing β-cell neogenesis that are not present in pregnant 

mice. Whatever the reason, we found that the addition of prolactin to anti-CD3 therapy increased 

β-cell mass by increasing proliferation rather than inducing β-cell neogenesis.  

7.4 Future Directions: 

 In future we could see if a pancreas specific delivery of prolactin would further improve 

upon the anti-CD3 mediated cure rate. This could be accomplished by expressing Cre in an 

inducible manner under the control of a pancreas specific promoter along with prolactin behind a 

floxed stop cassette at a ubiquitously expressed genetic locus. Additionally, the β-cell specific 

administration of prolactin could be achieved by adenovirus mediated gene transfer similar to the 

Gaddy and Zhang studies.  

7.5 Conclusion and Significance: 

 This study represents the first time that prolactin has been used to reverse diabetes in 

NOD mice, albeit with the aid of anti-CD3. Prolactin’s ability to expand β-cell mass has made it 

the subject of diabetes related studies in the past (147, 148). Holstad et al. investigated the effect 

of administering prolactin to STZ-induced diabetic mice. They found that mice treated with 

prolactin and STZ had significantly improved blood glucose when compared to STZ alone 



 

150 

treated mice. They were able to attribute the lowering of blood glucose mediated by prolactin’s 

administration to a decrease in insulitis, which is consistent with our findings of a mildly 

increased proportion of infiltrate-free islets in mice treated with prolactin and anti-CD3 

(147)(Figure 4.5B). However, NOD spontaneous diabetes is a better model of type I diabetes 

than STZ-induced diabetes (for reasons outlined in detail in section 2.2.1) since STZ treated mice 

experienced some endogenous recovery without the administration of prolactin.  

 The 2002 Atwater study involved the prophylactic administration of prolactin or a 

cocktail of pregnancy hormones to pre-diabetic NOD mice. They found that both the pregnancy 

hormone cocktail and prolactin by itself significantly decreased the incidence of diabetes when 

administered to pre-diabetic NOD mice. They did not examine β-cell mass, proliferation, or 

apoptosis and did not observe a significant effect on insulitis. This meant they were not able to 

draw any solid conclusions as to how prolactin decreased the incidence of diabetes (148). The 

Atwater study was not able to demonstrate reversal of diabetes in NOD mice while the 

combination of prolactin and anti-CD3 was shown to reverse diabetes at a significantly higher 

rate than anti-CD3 alone (Figure 3.4). Thus, while this study is not the first to examine 

prolactin’s potential to affect diabetes, it is the first to demonstrate the reversal of diabetes by a 

treatment involving the addition of prolactin. 

 As stated before, this study is not the first to test the treatment paradigm of adding a 

growth factor to immune therapy to improve its diabetes remission rates in NOD mice. Other 

studies have used different growth factors, immune therapies, and even delivery methods. The 

2007 Sherry study, the study on which this prolactin study is modelled, observed an increase in 

diabetes remission associated with the administration of Ex-4 in addition anti-CD3 but did not 

observe an effect on β-cell mass. Ultimately, they attributed the increase in diabetes remission to 
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an increase in the recovery of insulin production by β-cells (9). In contrast, not only did we 

observe a significant improvement in diabetes remission associated with the administration of 

prolactin, but we also observed a significant increase in pancreatic insulin content and β-cell 

mass (Figure 4.1A, 4.2B).  

 The other notable immune therapy combined with growth factor to treat diabetes in NOD 

mice studies both employed interleukins as immune therapy and gene transfer as a method of 

delivery (96, 106). Both of these studies yielded modest if any increases to diabetes remission 

rates. However, it is difficult to tell if this is because of the growth factors they administered 

(HGF and IGF-1) being inherently ineffective or if it is due to their immune therapy or 

adenovirus mediated delivery being ineffective. Regardless, the administration of prolactin in 

addition to anti-CD3 produced a more substantial improvement to diabetes remission and 

increase to β-cell mass than either of those studies did. Thus, this study represents one of the 

more successful studies employing the immune therapy and growth factor combination paradigm 

to treat diabetes in NOD mice. 

 Diabetes affects millions worldwide and, while current therapies mitigate some of its 

effects, the need for a cure still remains because of serious long term complications (1, 2). 

Treatment paradigms that focus on increasing β-cell mass are potential cures for both type I and 

type II diabetes as both are caused by a deficiency of β-cell mass (absolute and relative, 

respectively). Thus, testing the validity of treatment paradigms that aim to increase β-cell mass 

on mouse models of diabetes is the first step towards developing similar treatments for humans. 

As such, this study demonstrated that the addition of prolactin to anti-CD3 therapy significantly 

improved upon the anti-CD3 mediated diabetes remission rate and resulted in an increase in β-

cell mass.   
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