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Abstract 

Patients with type 2 diabetes experience an inevitable deterioration of glycemic control 

leading to long-term complications and dependence on exogenous insulin. Amyloid deposition, 

macrophage infiltration, and upregulation of pro-inflammatory cytokines are common 

pathological features of both type 2 diabetic and transplanted islets. Islet amyloid is comprised 

primarily of aggregates of islet amyloid polypeptide (IAPP), a peptide that is co-secreted with 

insulin by beta cells. IAPP fibrils share a common cross-β-sheet structure with other amyloids of 

mammalian and microbial origin that activate innate immune cells via interaction with pattern 

recognition receptors. We therefore hypothesized that IAPP aggregation acts as a local trigger for 

islet inflammation. 

We found that human IAPP, but not non-amyloidogenic rodent IAPP, induced a potent 

pro-inflammatory response in islets and macrophages that was amplified by autocrine/paracrine 

induction of interleukin-1 (IL-1). Pre-fibrillar IAPP activated the membrane-associated pattern 

recognition receptor Toll-like receptor 2 (TLR2) to induce expression of proIL-1β. Secretion of 

mature IL-1β required fibrillar IAPP and was attenuated by inhibitors of caspase-1 and the 

cytosolic NLRP3 inflammasome. Pancreatic islets from transgenic mice with beta cell expression 

of human IAPP expressed higher levels of pro-inflammatory cytokines than islets from wild-type 

littermates. Transgenic expression of human IAPP also altered the activation state of resident 

islet macrophages, the primary cell type responsible for IAPP-induced upregulation of IL-1β. 

Clodronate liposome-mediated macrophage depletion improved islet function in human IAPP 

transgenic mice. Moreover, administration of IL-1 receptor antagonist improved human IAPP-

induced glucose intolerance in mouse models of islet transplantation and type 2 diabetes. 

Inhibition of a local IAPP-induced pro-inflammatory response mediated by islet macrophages 

may therefore help to explain the islet-specific effects of anti-IL-1 therapies in patients with type 

2 diabetes. 

Collectively, these data suggest a novel – and potentially reversible – mechanism by 

which IAPP aggregation contributes to beta cell dysfunction and implicate the resident islet 

macrophage as a critical mediator of chronic islet inflammation in the setting of amyloid 

formation. Strategies to block TLR2 or NLRP3 activation, inhibit IL-1 signalling, or alter 
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macrophage polarization may improve IAPP-induced islet dysfunction in type 2 diabetes and 

islet transplantation. 
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Chapter 1: Introduction 

 

1.1 Diabetes mellitus 

1.1.1 Disease burden 

Diabetes mellitus is a heterogeneous group of conditions characterized by hyperglycemia. 

Approximately 5-10% of affected individuals have type 1 diabetes (1), which remains the most 

common form of the disease among children and adolescents (2). Most of the remaining 90% 

have been diagnosed with type 2 diabetes, a condition that has now reached pandemic 

proportions due to increasingly sedentary lifestyles and rising rates of obesity. Worldwide, 

diabetes represents one of the most common and devastating non-communicable diseases, 

affecting over 382 million people (1). An additional 316 million have impaired glucose tolerance 

and are at high risk for progression to diabetes. This figure is projected to reach 471 million by 

2035 (1). Importantly, 80% of individuals with diabetes live in low- and middle-income 

countries, where limited resource availability contributes to a disproportionate impact on 

morbidity and mortality (3). Economic development in the Middle East, Western Pacific, sub-

Saharan Africa, and South-East Asia has led to significant lifestyle changes in recent years, 

making these regions emerging hotspots for the disease (1). In May 2013, the 66
th

 World Health 

Assembly adopted a global action plan for the prevention and control of non-communicable 

diseases aimed at achieving nine targets by 2025, including a halt in the rising prevalence of 

diabetes and obesity (4). 

In Canada, diabetes rates have doubled over the past decade. Close to 2.4 million adults 

(6.8% of the population) had been diagnosed with type 1 or type 2 diabetes in 2009, a figure 

expected to grow to 3.7 million by 2019 (5). It is estimated that by 2020, one in three Canadians 

will have either pre-diabetes or diabetes (6). Almost 50% of people newly diagnosed with 

diabetes are between 45 and 64 years old (6). Without optimal glycemic control, diabetes leads 

to devastating micro- and macrovascular complications that impact an individual’s quality of life 

and – in Canada – shorten lifespan by 5-15 years. These complications include heart disease, 

stroke, blindness, kidney failure, and limb amputations. Consequently, diabetes causes a 

considerable financial burden, with an estimated cost to the Canadian healthcare system of $16.9 

billion per year by 2020 (6). Vulnerable populations are most severely affected by diabetes; 
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Aboriginal people are three to five times more likely than the general population to develop the 

disease (7). Other high-risk populations for type 2 diabetes include those of Hispanic, Asian, 

South Asian, and African descent (6). Caucasians of northern European descent are more likely 

to develop type 1 diabetes (1).  

 

1.1.2 Diagnosis 

The Canadian Diabetes Association (CDA) Clinical Practice Guidelines were updated in 

April 2013 (8). These guidelines provide a national standard for evidence-based care of patients 

with diabetes and are aimed at promoting diabetes prevention efforts, enhancing quality of life 

for individuals living with diabetes, and reducing the social and economic burden of the disease 

(9). A major theme emphasized by this recent guideline update is the need for individualized 

glucose targets and management strategies. Another significant change is the addition of 

glycated hemoglobin (A1C) levels to the diagnostic parameters, which are determined based on 

their capacity to predict the development of retinopathy, a significant long-term microvascular 

complication of chronic hyperglycemia (8).  

The diagnosis of diabetes can be made based on (a) a fasting plasma glucose of  ≥7.0 

mmol/L; (b) a two-hour plasma glucose of ≥11.1 mmol/L in a 75 g oral glucose tolerance test; 

(c) an A1C value of ≥6.5%; or (d) a random plasma glucose of 11.1 mmol/L. In the absence of 

symptoms, a repeat confirmatory laboratory test must be performed on another day. The term 

“prediabetes” refers to impaired fasting glucose (6.1-6.9 mmol/L), impaired glucose tolerance 

(7.8-11.0 mmol/L at two hours in a 75 g oral glucose tolerance test), or an A1C of 6.0-6.4%, 

each of which is associated with a high risk of progression to diabetes (8). 

In addition to the 6.8% of Canadians diagnosed with diabetes, it is estimated that 1.4% 

are unaware that they have the disease. Patients with type 1 diabetes are more likely to present 

with classic symptoms of hyperglycemia: polyuria, polydipsia, polyphagia, weight loss, and 

ketoacidosis. Patients with type 2 diabetes can be asymptomatic or present with non-specific 

complaints. Screening of asymptomatic adults at high risk of diabetes as determined by a 

validated risk calculator (Finnish Diabetes Risk Score or Canadian Diabetes Risk Questionnaire) 

is recommended every 3-5 years, while those at very high risk should be screened annually (10). 

Risk calculators take into account age, obesity, history of elevated glucose levels, history of 
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hypertension, family history of diabetes, limited activity levels, and a diet with limited intake of 

fruits and vegetables (10). 

 

1.1.3 Etiology and pathogenesis 

The American Diabetes Association (ADA) classifies diabetes into one of four categories 

based on etiology: type 1 diabetes, type 2 diabetes, gestational diabetes, and other specific types 

(11). However, recent studies suggest that the distinction between type 1 and type 2 diabetes is 

far less clear – and the disease far more heterogeneous – than this categorization implies (12). 

Moreover, the clinical distinction based on characteristics such as age, abruptness of onset, 

ketosis, obesity, and insulin dependence is not always clear (13). Diabetes is perhaps more 

accurately described as a continuum, with the autoimmunity of type 1 diabetes at one end and the 

metabolic dysfunction of type 2 diabetes at the other (12,14).  

 

1.1.3.1 Type 1 diabetes 

Type 1 diabetes is characterized by autoimmune-mediated destruction of insulin-

producing beta cells, leaving patients dependent on exogenous insulin (8). The incidence of type 

1 diabetes varies based on geography, age, gender, and family history and has increased over the 

past 30 years, primarily in younger children (1). This observation has been attributed to changes 

in environmental factors – including possible increases in enteroviral infection, exposure to 

dietary toxins, shorter duration of breastfeeding, increasing childhood obesity, and insufficient 

vitamin D – although attempts are currently underway to remedy the lack of high-quality 

environmental data (15). Both the hygiene hypothesis and the accelerator hypothesis provide 

conceptual frameworks to explain the increasing incidence of disease. The hygiene hypothesis 

suggests that reduced exposure to infectious agents impairs the development of immune-

regulatory mechanisms that protect from allergy and autoimmunity (16). The accelerator 

hypothesis points to insulin resistance associated with increasing average body weight as a cause 

for earlier diabetes onset in children (17). Further evidence supporting a role for environmental 

modulation comes from the observation that both disease incidence and autoantibody production 

vary with changes in season (18,19).  
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Both geography and ethnicity are important determinants of prevalence: type 1 diabetes is 

more common among children of northern European descent, and Canada has one of the highest 

rates of disease in the world (6). The risk of type 1 diabetes is increased in relatives of patients 

with the disease, with a lifetime risk of 50% for monozygotic twins compared to ~10% for 

dizygotic twins (20). Discordance is more likely between twins with fewer susceptibility genes 

(21). Over 40 known loci contribute to type 1 diabetes susceptibility (22). At least 30% of 

genetic susceptibility can be explained by association with the human leukocyte antigen (HLA) 

region on chromosome 6, the IDDM1 locus, and in particular the HLA-DRB1, -DQA1, and -

DQB1 loci (23). Non-HLA chromosomal regions such as the insulin gene hypervariable region 

have also been consistently implicated (24). Genetic studies have provided insight into the innate 

and adaptive immune dysregulation that leads to disease development, and in particular the 

mechanisms leading to loss of self-tolerance (25). In individuals with an immune-related genetic 

predisposition, precipitating events may occur in utero or later in life, perhaps in association with 

normal beta cell turnover or immune system development, ultimately leading to overt 

immunological abnormalities and beta cell loss (26). 

Histological analyses of pancreata soon after disease onset suggest that ~60-90% of 

insulin-expressing beta cell mass may have been lost (27), although this figure is age-dependent 

and likely an overestimate for most patients (28). A significant proportion of islets lack immune 

cell infiltrates and appear normal, with insulitic lesions found throughout the pancreas in a 

lobular distribution (29). Differences in histological patterns among patients may also suggest 

the possibility of distinct subsets of type 1 diabetes (30). The amount and progression of insulitis 

appears to be highly variable, even among islets within a single pancreas (25), and some have 

suggested that beta cell loss can show a relapsing or remitting pattern throughout the natural 

history of the disease (26).  

Autoantibodies to islet cell antigens, either alone or in combination, can predict diabetes 

onset among relatives of patients with type 1 diabetes (31). Up to 90% of patients have 

antibodies to one or more islet antigens, including glutamic acid decarboxylase (GADA), insulin 

(IAA), insulinoma-associated autoantigen 2 (IA2A), and zinc transporter 8 (ZnT8A) (32). 

Autoantibodies can be detected months to years before onset of symptoms and are thought to 

arise secondary to beta cell damage (12). While another traditional hallmark of type 1 diabetes is 
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a very low C-peptide level at diagnosis, indicative of minimal endogenous insulin secretion, 

recent data using more sensitive assays suggests considerably more residual beta cell function 

than previously thought (33). A recent study of 50-year Joslin Medalists – awarded this 

distinction by the Joslin Diabetes Institute for having lived with diabetes for at least 50 years – 

included C-peptide measurements in 411 individuals and postmortem examination of nine 

pancreata. Both analyses provided support for the persistence and function of insulin-producing 

beta cells (34). These data point to the possible utility of therapies designed to preserve or 

enhance existing beta cell function rather than a sole focus on replacement of lost beta cell mass. 

One less common class of patients included under the ADA’s diagnostic umbrella of type 

1 diabetes are those with so-called latent autoimmune diabetes of adulthood, or LADA (35). 

These patients are typically diagnosed as adults, have detectable islet cell antibodies, and present 

without ketoacidosis (13). Thus, their clinical presentation is similar to that of type 2 diabetes, 

although they become insulin dependent more rapidly. This condition has also been termed 

“latent type 1 diabetes,” “double diabetes,” and “type 1.5 diabetes” (36). Another group of 

patients with phenotypic type 2 diabetes but negative for islet autoantibodies exhibit T cells that 

are reactive to islet proteins (T-LADA). The presence of T cell responses in patients with type 2 

diabetes may be associated with a more severe beta cell lesion (37). 

 

1.1.3.2 Type 2 diabetes 

Type 2 diabetes is a complex polygenic disease characterized by insufficient secretion of 

insulin to compensate for insulin resistance, which is typically associated with obesity. Patients 

who do not fulfill the criteria for type 1 diabetes, LADA, secondary diabetes, or monogenic 

forms of the disease (see below) are considered to have type 2 diabetes, although islet 

autoantibodies and autoreactive T cells are rarely measured in phenotypic type 2 diabetes.  

Concordance rates for type 2 diabetes in monozygotic twins are over 75%, compared to 

20-30% in dizygotic twins (38), emphasizing the importance of genetic risk factors. Genome-

wide association studies have identified close to 75 susceptibility loci (39), most of which are 

linked with beta cell function rather than obesity and insulin resistance (40). Nevertheless, 

known susceptibility loci account for only a small proportion of the estimated heritability (39), 

and changes in genetics cannot explain the rapidly increasing prevalence of type 2 diabetes.  
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There is a clear association between obesity and type 2 diabetes: 80 to 90% of individuals 

with type 2 diabetes are obese (8). Increased caloric intake, decreased energy expenditure, and 

changes in dietary nutrient composition may all contribute to increased adipose tissue mass and 

adipose tissue remodelling. A recent study in rodents suggested that hyperinsulinemia may also 

be a cause of obesity (and not simply a result of beta cell compensation for insulin resistance) 

(41); in humans, such hyperinsulinemia might be associated with certain patterns of nutrient 

consumption, although this hypothesis remains to be tested. Obesity is also associated with 

hypothalamic injury in rodent models (42), and pathology in the hypothalamus, including 

inflammation leading to insulin and leptin resistance, may contribute to the pathogenesis of 

obesity (43). The gut microbiome is also a critical environmental mediator of energy 

homeostasis. Recent metagenome-wide association studies point to microbial dysbiosis 

predictive of type 2 diabetes (44,45). Notably, fecal transplantation from lean donors into 

individuals with metabolic syndrome can improve insulin sensitivity (46). In addition, 

environmental factors in utero, affected by overnutrition in the mother, may cause epigenetic 

changes that determine the offspring’s metabolic risk as an adult (47). An increased amount of 

dysfunctional adipose tissue – and in particular, increased visceral fat (48) – leads to the release 

of adipokines, including pro-inflammatory cytokines (49), that impair insulin signalling and may 

also directly affect islet function. Adipose tissue also produces hormones that regulate energy 

balance, including leptin, adiponectin, and resistin (50). The role of adipose tissue inflammation 

in type 2 diabetes is discussed in Chapter 1.3. 

Despite the association between obesity and type 2 diabetes, most obese individuals do 

not develop the disease. While the relative contributions of insulin resistance and beta cell 

dysfunction to the pathogenesis of type 2 diabetes was a subject of early debate, it is now clear 

that glucose homeostasis requires integrated crosstalk between beta cells and insulin-sensitive 

tissues (51). Indeed, beta cells themselves can become insulin resistant (52). Even for glucose 

levels within the normal range, progression toward impaired glucose tolerance appears to be due 

to a continuous decline in beta cell function (53) that eventually leads to type 2 diabetes (54,55). 

Other factors contributing to disease progression include the dysregulated release of glucagon by 

alpha cells (56,57). Indeed, patients with type 2 diabetes have chronically elevated plasma 

glucagon levels (58) and antagonism of glucagon can lower glycemia in diabetic rodents (59,60). 
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Data from rodent models also suggest that hypothalamic glucagon signalling may be involved in 

counter-regulation of hepatic glucose production and is suppressed in obesity (61). Other 

important contributors to beta cell insulin secretion that may be dysregulated in type 2 diabetes 

include the incretin hormones, glucose-dependent insulinotropic polypeptide (GIP) and 

glucagon-like peptide 1 (GLP-1) (62), and neuronal inputs to the pancreas and liver. The vagus 

nerve is important in regulating islet function (63) as well as many other processes, including 

chronic inflammation (64).  Finally, the hypothalamus contributes to the regulation of insulin 

secretion by integrating multiple signals, including glucoregulatory hormones and nutrient 

stimuli such as lipids (65,66). 

 Beta cells exhibit several functional defects in patients with type 2 diabetes. First-phase 

glucose-stimulated insulin secretion is already lower than in normal controls in individuals with 

impaired fasting glucose or impaired glucose tolerance (67). By the time of clinical diabetes 

onset, insulin secretion in response to glucose is nearly absent and is also reduced in response to 

other secretagogues such as arginine (67). Other abnormalities include impaired pulsatile insulin 

release leading to decreased diurnal and ultradian oscillations in serum insulin (68). Furthermore, 

proinsulin levels and the plasma proinsulin:insulin ratio are significantly elevated in patients with 

type 2 diabetes, pointing to a defect in proinsulin processing by the beta cell (69). Autopsy 

studies have also revealed a decrease in beta cell mass associated with increased beta cell 

apoptosis (70). One such study reported that beta cell volume was decreased by 40% in obese 

humans with impaired glucose tolerance and by 63% in those with diabetes compared to non-

diabetic obese controls (70), and other studies have suggested a range of reduction in beta cell 

mass from 20-65% (71).  However, this decrease in mass cannot fully explain the absence of 

first-phase insulin release, emphasizing the combined contribution of decreased mass and a 

functional impairment in the remaining viable beta cells (67). 

Multiple mechanisms contribute to progressive beta cell dysfunction. Increased secretory 

demand on beta cells in the face of insulin resistance promotes beta cell endoplasmic reticulum 

(ER) and oxidative stress (72-74). The synergistic toxic effect of hyperglycemia and lipids, or 

glucolipotoxicity (75,76), is also a likely contributor. Increasing evidence suggests that islet 

amyloid (70,77,78) and islet inflammation (79) both play an important role in the progressive 

decline in insulin secretion; this thesis examines the potential relationship between these two 
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factors, which are discussed further below. Figure 1.1 provides a simplified schematic showing 

major pathways that contribute to the development of obesity, insulin resistance, and impaired 

beta cell function in type 2 diabetes. 

 

1.1.3.3 Other forms of diabetes mellitus 

The third ADA classification is gestational diabetes, which affects 3-20% of pregnant 

women (9). Risk factors include age over 35, ethnicity (Aboriginal, Hispanic, South Asian, 

Asian, and African populations are at higher risk), obesity, use of corticosteroids, prediabetes, a 

family member with type 2 diabetes, and conditions associated with insulin resistance (8). While 

there is some controversy over the appropriate diagnostic criteria for this condition (80), it is 

clear that significant hyperglycemia during pregnancy increases the risk of fetal macrosomia and 

is also a risk factor for subsequent development of type 2 diabetes in the mother (8). 

The fourth ADA category includes all other specific etiologies (11). The most common, 

maturity onset diabetes of the young (MODY), accounts for 1-2% of individuals with diabetes 

and results from autosomal dominant genetic defects that impair beta cell function. For example, 

hepatocyte nuclear factor-1α, also known as MODY type 3, is the most common single-gene 

cause of diabetes (36). Other forms of the disease are associated with genetic defects in insulin 

action or are secondary to disease of the exocrine pancreas, endocrinopathies, drug or chemical 

triggers, infections, or other genetic syndromes. Lean individuals with no evidence of insulin 

resistance, dyslipidemia, or other cardiovascular risk factors typically associated with type 2 

diabetes may present a significant diagnostic challenge (36), but an understanding of the specific 

pathophysiology is important in determining optimal treatment. 

 

1.1.4 Treatment 

1.1.4.1 Type 1 diabetes 

Preservation of insulin secretion following disease onset is an important therapeutic goal 

in type 1 diabetes, as endogenous secretion is associated with less retinopathy and reduced 

severity of iatrogenic hypoglycemia later in the disease (81). Multiple methods for glucose 

monitoring and insulin delivery exist. Daily injections using a combination of a long-acting 

insulin analogue to provide basal insulin and rapid-acting insulin administered before meals is a 
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common approach (8). Pumps that deliver a continuous subcutaneous insulin infusion are also 

increasingly utilized (82). The combination of insulin pump and continuous glucose monitoring 

is known as sensor-augmented pump therapy. Devices that integrate both systems are available 

for clinical use in Europe but are still under evaluation in North America (26). 

Other potential therapies for type 1 diabetes include new insulin analogues, incretins, and 

other hormones such as pramlintide (an analogue of islet amyloid polypeptide, or IAPP) and 

leptin (26). Previously proposed immunomodulatory therapies include anti-CD20 (rituximab); 

anti-CD3 (teplizumab, otelixizumab); a CTLA4-immunoglobulin fusion protein (abatacept); and 

antigen therapies with glutamic acid decarboxylase 65, heat shock protein-60, or an altered 

peptide ligand of the insulin B chain (26). None of these monotherapies has achieved phase three 

endpoints, despite some evidence of temporary C-peptide preservation. Approaches that involve 

limiting innate immune activation, such as blockade of the type 1 IL-1 receptor (IL-1R) with the 

IL-1R antagonist (IL-1Ra) anakinra, also failed to demonstrate efficacy in recent-onset diabetes 

(83). Combination immunotherapy targeting multiple aspects of immune activation and 

regulation may prove more successful.  

An alternative approach to therapy in type 1 diabetes is the replacement of beta cells with 

whole pancreas grafts (typically performed as a combined kidney/pancreas transplant) or with 

transplanted islets. Significant advances in clinical islet transplantation over the past 15 years are 

attributable to enhanced surgical methods for islet isolation and transplantation, engraftment of a 

large number of healthy islets, and an improved glucocorticoid-free immunosuppressive regime 

(84). However, an international trial of the Edmonton protocol revealed that approximately 75% 

of patients returned to exogenous insulin therapy within two years (85). The Collaborative Islet 

Transplant registry recently reported a 52% rate of insulin-independence after two years (86). 

Even among patients requiring exogenous insulin, islet transplantation can slow the progression 

of micro- and macrovascular complications (87). Moreover, at the time of graft failure, many 

patients have serum C-peptide above pre-transplant levels, suggesting residual graft function 

(85). Many factors contributing to beta cell dysfunction in transplanted islets may be independent 

of specific allo- and autoimmune responses and are likely shared with islets in type 2 diabetes 

(88). 
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1.1.4.2 Type 2 diabetes 

Initial management of type 2 diabetes requires lifestyle intervention, including nutrition 

therapy and physical activity. The biguanide metformin is often started immediately in patients 

with A1C ≥8.5%, and insulin (potentially in combination with metformin) is initiated in patients 

with symptomatic hyperglycemia and metabolic decompensation (8). In patients unable to 

achieve glycemic targets with initial therapy, an additional agent should be added, taking into 

consideration its blood glucose-lowering efficacy, risk of inducing hypoglycemia, effect on 

weight, contraindications, side effects, and cost. Agents included in the 2013 CDA treatment 

guidelines include the alpha-glucosidase inhibitor acarbose; incretin agents, including dipeptidyl 

peptidase-4 (DPP-4) inhibitors and GLP-1 receptor agonists; insulin; the insulin secretagogues, 

meglitinides and sulfonylureas; thiazolidinediones; and the weight loss agent orlistat (8). 

Additional therapeutic classes include sodium/glucose cotransporter-2 inhibitors (e.g. 

canagliflozin), bile-acid-binding resins (e.g. colesevelam), dopamine receptor agonists (e.g. 

bromocriptine), and pramlintide (89). 

 The progressive nature of type 2 diabetes is due to increasing beta cell dysfunction over 

the course of the disease. The Diabetes Outcome Progression Trial (ADOPT), in which recently 

diagnosed and previously untreated patients were placed on glibenclamide, metformin, or 

rosiglitazone for four years, demonstrated the most sustained glucose-lowering effects with 

rosiglitazone and intermediate maintenance of glycemic control with metformin. Trials focused 

on prevention of type 2 diabetes onset in individuals with impaired glucose tolerance, including 

the Diabetes Prevention Program (DPP) study (90), have shown that lifestyle modifications are 

more effective than any drug except thiazolidinediones, but that many drugs slow progression to 

diabetes. It is unclear whether short-term improvements in beta cell function can offer sustained 

benefit after withdrawal of therapy, although such effects have been suggested for troglitazone in 

DPP and insulin glargine in the Outcome Reduction with Initial Glargine Intervention (ORIGIN) 

trial (89). Additional studies are currently underway to evaluate changes in beta cell function 

associated with medical and surgical approaches to treatment in both adults and children with 

impaired glucose tolerance or recently diagnosed diabetes (90). 

Alternate approaches to slow the loss of beta cell function are urgently needed. Anti-

inflammatory agents such as anti-IL-1 therapies have shown promising improvements in A1C in 
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early clinical trials (79). Bariatric surgery has also received recent attention for glucose-lowering 

effects beyond those attributable to caloric restriction (91). Gastric bypass in combination with 

medical therapy restores beta cell function as measured by oral disposition index relative to 

medical therapy alone or medical therapy with sleeve gastrectomy (92). Other experimental 

approaches are aimed at increasing insulin sensitivity, including the salicylic acid derivative 

salsalate (93) and interventions that manipulate the gut microbiota (94). 

 

1.1.5 Complications 

The long-term consequences of both type 1 and type 2 diabetes include microvascular 

(retinopathy, nephropathy, neuropathy) and macrovascular (stroke, myocardial infarction) 

complications (95). These result from the death and dysfunction of cells that accumulate high 

amounts of intracellular glucose in the presence of hyperglycemia, including endothelial and 

mesangial cells. Toxicity arises from several mechanisms, including increased flux through the 

polyol pathway leading to oxidative stress, intracellular production of advanced glycation end 

products, activation of the protein kinase C pathway, and increased hexosamine pathway activity 

leading to pathological changes in gene expression (96).  

Up to 70-80% of people with diabetes die of a cardiovascular event, often without prior 

signs or symptoms of cardiovascular disease (97). Indeed, patients with type 1 diabetes have a 

ten-fold higher risk of cardiovascular events than non-diabetic individuals of the same age (98). 

Several large studies have evaluated long-term complications in patients with type 1 diabetes. 

The Epidemiology of Diabetes Interventions and Complications (EDIC) study of the Diabetes 

Control and Complications Trial (DCCT) found that intensive treatment reduced the risk of 

cardiovascular events by 42% compared with conventional treatment (99); similarly, the risk for 

retinopathy and nephropathy decreased with intensive therapy in patients with type 1 diabetes 

(100). The same study found beneficial effects of intensive therapy on cardiac autonomic 

neuropathy (101) and progression of diabetic retinopathy (102). The EDIC study also found 

fewer long-term renal complications in patients with intensive glycemic control, blood pressure 

control, and favourable lipid panels (103). The Finnish Diabetic Nephropathy Study (FinnDiane) 

found that variations in A1C predicted the incidence of progression to renal disease and the 
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incidence of cardiovascular disease (104). FinnDiane also identified an association between the 

severity of kidney disease and premature mortality in type 1 diabetes (105).  

 In type 2 diabetes, the UK Prospective Diabetes Study (UKPDS) reported that improved 

glucose control with sulfonylureas and insulin reduced microvascular complications with no 

clear benefit for macrovascular disease (106). This led to the design of four interventional trials 

to examine the effects of more intensive therapy on cardiovascular outcomes. The Action to 

Control Cardiovascular Risk in Diabetes (ACCORD) trial (107), the Veterans Affairs Diabetes 

Trial (VADT) (108), and the ORIGIN trial (109) used insulin as a major component of glucose-

lowering interventions, while patients in the Action in Diabetes and Vascular Disease 

(ADVANCE) trial (110) received the sulfonylurea gliclazide. In all four studies, intensive 

glucose lowering did not reduce cardiovascular events, and in some patients was associated with 

potential harmful effects. Microvascular benefits were demonstrated in ACCORD and 

ADVANCE. Thus, intense glucose control can reduce microvascular complications but – unlike 

in type 1 diabetes – does not appear to reduce cardiovascular events. Additional therapeutic 

agents to reduce blood pressure and lipids appear to have more of a risk-modifying effect on 

cardiovascular outcomes in type 2 diabetes (111). Additional studies are underway to examine 

changes in cognitive function – a poorly characterized long-term complication of diabetes – 

among participants in the DPP study (89). 

 

1.2 Amyloid 

1.2.1 Definition and structure 

Amyloids are composed of protein monomers that convert from a soluble native state to 

an insoluble, non-branching fibril 2-20 nm in diameter and several microns in length (112). 

Described as “waxy” deposits in the spleen, liver, and kidneys as early as the 1700’s, amyloid 

(from the Latin amylum, for starch) was named by Rudolph Virchow in the early 1900’s based 

on the erroneous conclusion that it contained starch (113). Traditionally, amyloid fibrils have 

been identified within plaques in human disease based on their tinctorial properties, including the 

appearance of apple-green birefringence under polarized light when the deposit is stained with 

the dye Congo Red (114). Based on this histological definition, more than 20 amyloid-forming 

proteins have been associated with disease in humans. 
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The contemporary biophysical definition of amyloid (115) encompasses all ordered 

arrangements of peptides or proteins with a cross-β-sheet conformation as determined by X-ray 

diffraction (116). The cross-β-sheet structure is defined by β-strands that lie perpendicular to the 

axis of the fibril with a central steric zipper formed by the side chains of apposing β-sheets (117). 

According to this definition, amyloids need not be associated with extracellular pathological 

deposits (118). Indeed, many proteins are likely capable of forming amyloid-like structures under 

specific conditions (119). There are no shared amino acid sequences among amyloid-forming 

proteins, although the propensity of a peptide to form amyloid can be predicted based on 

hydrophobic residues and intrinsic disorder that drive aggregation into this lower-energy state 

(120). The presence of short sequences with self-complementary side chains is also thought to be 

a determinant of amyloid formation, allowing interlocking of adjacent β-sheets (121). Hydrogen 

bonding between glutamine or asparagine side chains and intersheet ionic bonds between 

charged side chains also stabilize the fibril structure (122). 

Recent advances in biophysical techniques – including hydrogen-deuterium exchange, X-

ray crystallography, solid-state nuclear magnetic resonance, and cryoelectron microscopy – have 

revealed that amyloids display a wider structural diversity than previously thought (123). Fibril 

morphologies and stacking patterns differ among peptides (124), and there is also substantial 

polymorphism among fibrils derived from the same monomer (123). Peptide strands may stack 

in either parallel or antiparallel sheets; the parallel in-register β-sheet structure is most common 

in pathological amyloid and yeast prions. In other amyloids, the peptide alone may form distinct 

folded subunits (125). Although many protein aggregates exhibit an amyloid-like conformation, 

proteins can also assemble into ordered aggregates via other pathways, including domain-

swapping, end-to-end stacking, and silk-type β-sheet polymerization (126). 

The polymerization of amyloidogenic peptides in vitro is typically characterized by three 

phases: an initial lag phase during formation of fibril nuclei, an elongation phase, and a steady-

state phase during which fibrils and monomers are in equilibrium (127). Many amyloid-forming 

peptides appear to follow similar aggregation pathways (128) with intermediate aggregates (or 

pre-fibrillar oligomers) that display common exposed epitopes (129,130). For example, yeast 

prion proteins sample at least two conformational states similar to those of amyloid-β (Aβ), as 

determined by binding of an antibody (“A11”) raised in rabbits against soluble Aβ oligomers. 
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Another antibody raised against Aβ fibrils (“OC”) (131) also binds some species of yeast prion 

protein aggregates. Although controversial due to the ability of these antibodies to bind multiple 

antigens and poor validation in many studies (132), A11-immunoreactive aggregates have been 

described for IAPP, α-synuclein, and prion protein. These are presumably pre-fibrillar oligomers 

on the path to fibril formation (133), although such species could also represent off-pathway 

aggregates that lack the capacity to become fibrils. A cylindrical barrel structure containing 

antiparallel strands has been suggested as a generic oligomeric structure (134), although others 

have argued that the very different fibril structures of diverse amyloids makes it unlikely that 

they all transition through similar intermediates (125).  

Soluble oligomeric species – rather than amyloid fibrils – are thought to be the primary 

species that effect tissue damage (132), largely based on evidence that soluble aggregates 

correlate better with cognitive impairment than amyloid plaque load in Alzheimer’s disease 

(135). However, disruption of the tissue architecture by fibrillar deposits is likely to impair 

nutrient and oxygen delivery to cells and consequently also contribute to parenchymal 

dysfunction. Indeed, amyloid deposits in type 2 diabetes are associated with beta cell apoptosis 

(136). Importantly, rapid nucleation with subsequent consumption of oligomers on the path to 

fibril formation is a key property of functional amyloids that distinguishes them from the 

amyloid assembly in disease, in which there is no selection pressure for efficient amyloid 

formation (131).  

Hydrophobic interactions help drive the conversion of native proteins to an amyloid-like 

state (137), a process proposed to occur according to one of three general models (122). First, the 

protein may unfold and then refold into a different structure stabilized by backbone hydrogen 

bonds. Second, natively disordered peptides may give rise to cross-β-sheet structure derived from 

segments with little structure in the native state. Third, a change in the conformation of a protein 

may leave a segment free for interaction with other monomers (122). Surface exposure of 

hydrophobic residues may also explain the toxicity of oligomers (138). At least in vitro, 

oligomeric aggregates appear to damage cells via common mechanisms, including membrane 

disruption, calcium dysregulation, accumulation of reactive oxygen species, and induction of 

apoptosis (131). Recent studies (reviewed below) also suggest that amyloids can activate innate 
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immune pathways, causing indirect damage to nearby cells by inducing a chronic pro-

inflammatory state.  

An understanding of amyloid structure is critical in the design of therapeutics aimed at 

inhibiting amyloid formation, deposition, and toxicity. The transient nature of amyloid oligomers 

makes them difficult to study, and most structural characterization of amyloid has been restricted 

to fully-formed fibrils. Moreover, the amyloid deposits found in human tissue are often too large 

and heterogeneous to allow high-resolution structural studies, so most structural analyses have 

been carried out on fragments of disease-related peptides. A recent analysis of amyloid fibrils 

seeded from brain lysates of patients with Alzheimer’s disease has opened the door to new 

possibilities for understanding the nature of amyloidogenic peptide aggregates and their 

contribution to human disease (139). 

 

1.2.2 Functional amyloids 

Many organisms have evolved to make use of the amyloid fold. Functional amyloids 

appear to transition through some of the same oligomeric intermediates as pathogenic amyloids 

on the pathway to amyloid formation (131). However, they assemble more efficiently, with rapid 

consumption of monomers and oligomers (140,141). Thus, amyloids that have evolved to make 

use of the cross-β-sheet fold may spend very little time in a pre-fibrillar state. On the other hand, 

pathogenic amyloids – many of which are associated with age-related diseases – accumulate as a 

heterogeneous population of pre-fibrillar species with no selective pressure for efficient 

aggregation. Functional amyloids were first identified in bacteria, fungi, and insects prior to their 

discovery in humans (142). They are found in many organisms, from bacteria to mammals and 

exhibit remarkable diversity of function. 

 

1.2.2.1 Functional amyloids in mammals 

Many mammalian proteins can form amyloids under certain physical conditions, a 

property that has been suggested to allow their controlled release from secretory granules (143). 

This proposal arose from a study demonstrating that 25% of randomly selected peptide hormones 

spontaneously formed amyloid fibrils in vitro, and the majority of hormones formed fibrils in the 

presence of heparin (143). The authors suggested that aggregation of prohormones may facilitate 
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the formation of dense granule cores that exclude non-aggregating, constitutively-secreted 

proteins. The inherent membrane-binding property of amyloid aggregates may also promote the 

formation of a granule membrane (143).  

The prototypical functional amyloid in mammals is formed by aggregation of the protein 

Pmel17, which facilitates melanin synthesis (144). Pmel17 provides a template to accelerate the 

polymerization of melanin, a process that is tightly controlled by membrane sequestration and 

proteolytic processing (145). Fibrin-related peptides also form amyloid fibrils that act as a 

scaffold to activate plasmin, a key regulatory element in coagulation (146). Other functional 

mammalian amyloids include some forms of endostatin, which have antiangiogenic activity 

(147).  

The recent addition of several anti-microbial peptides (AMPs) to the list of mammalian 

amyloids raises the intriguing possibility that amyloidogenic peptides contribute to host defense. 

Most AMPs contain both hydrophobic and cationic domains arranged in a variety of structures 

from α-helices to antiparallel β-sheets, and oligomerization is important in the targeting and 

permeabilization of bacterial membranes. The well-characterized AMP LL-37 forms amyloid-

like aggregates (148) and shares a similar anti-microbial profile with the pathogenic amyloid-β 

(Aβ) peptide involved in Alzheimer’s disease (149). Moreover, corneal amyloidosis, a local 

amyloid disease in humans, is characterized by subepithelial accumulation of the AMP 

lactoferrin (150). Finally, AMPs derived from semenogelin may form a major component of 

seminal vesicle amyloid (151). It has therefore been proposed that amyloid formation by these 

peptides is a consequence of their increased concentration during innate immune responses to 

infectious or endogenous pro-inflammatory triggers (149).  

 

1.2.2.2 Functional amyloids in other organisms 

Most known amyloids from bacteria and fungi serve important functions in biofilm 

formation, the fungal life cycle, virulence, and epigenetic inheritance (152). These functions 

exploit the strength of amyloid fibrils and their capacity for self-propagation. Multiple 

mechanisms for regulation of amyloid formation exist among different organisms. For example, 

yeast have evolved chaperone networks that enable the propagation and degradation of prions 

while preventing toxicity (142). However, further studies are needed to understand other 
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microbial regulatory mechanisms, which may have implications for the development of drugs 

that target pathogenic amyloids in humans. Evidence for four major functions of amyloid in 

bacteria and fungi is summarized below. 

 

1.2.2.2.1 Adhesion and biofilm formation 

Amyloid-forming adhesins, cell-surface proteins that facilitate binding to other cells and 

surfaces, are widespread in biofilms of many phyla (153). Pathogenic fungi such as Candida, the 

most frequent cause of invasive fungal infections, adhere tightly to endothelial and epithelial 

surfaces due to amyloid formation by the Als family of adhesins (154). These cell-surface 

glycoproteins enable zipper-like interactions between cells in response to mechanical stimuli 

(155). Similarly, Staphylococcus aureus, the cause of diseases ranging from mild skin conditions 

to fatal systemic infections, forms biofilms containing phenol-soluble modulins (PSMs), 

virulence factors conserved across strains. Ordered aggregation of PSMs into amyloid promotes 

biofilm stability (156). Dissociation of fibrils stored as amyloids may liberate monomers, which 

contribute to further biofilm disassembly, antimicrobial activity against normal flora, and lysis of 

neutrophils (156). In Bacillus subtilus, the antimicrobial and spore coat protein TasA also 

assembles into amyloid-like fibrils during biofilm growth. 

Curli fibrils produced by enteric bacteria were the first characterized functional amyloids 

and also participate in biofilm formation. The major subunit of curli, CsgA, contains five repeats 

that fold into the cross-β-sheet structure. Escherichia coli and Salmonella spp secrete CsgA in a 

soluble form, and its fibrillization is then nucleated by CgsB through a highly regulated process 

affected by temperature, salt, and nutrient concentration. Curli fibers are thought to be involved 

in host invasion and pathogenesis through the activation of host extracellular matrix remodeling 

enzymes (157).  

 

1.2.2.2.2 Virulence factor regulation 

Amyloidogenic peptides contribute to unique virulence mechanisms in addition to 

biofilm formation. Harpins are heat-stable type III-secreted proteins produced by Gram-negative 

bacteria pathogenic to plants. They cause a hypersensitive response in plants leading to 

programmed cell death. For example, HpaG is a harpin produced by Xanthomonas (158).  It 
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forms a functional, toxic amyloid similar in structure to yeast prion proteins, and – like 

pathogenic amyloids – may cause membrane destabilization and pore formation. Similarly, the 

Gram-positive bacterium Klebsiella pneumoniae produces the amyloidogenic bacteriocin 

microcin E492, which has antimicrobial activity against related strains, a property that can be 

turned off through assembly into a stable amyloid. Interestingly, the cytotoxic properties of 

microcin E492 and its potential for slow release from a stable fibrillar depot has led some to 

suggest its development as an anti-tumour therapy (159).  

 

1.2.2.2.3 Sporulation 

Recent studies suggest that amyloid fibril production is much more widespread among 

Gram-positive bacteria than previously thought (160). It likely acts as an important structural 

component of the spore and cell envelope in many Actinobacteria and Firmicutes. Multicellular 

organisms, including insects and fish, also take advantage of the mechanical strength of amyloid 

for the protection of larvae; for example, the chorion protein within the eggshell forms amyloid 

fibers (161). The process of sporulation is made more efficient by amyloidogenic proteins. For 

example, Streptomyces coelicolor produces several small proteins known as chaplins that 

aggregate to form an amphipathic film at air-water interfaces (162). This film reduces surface 

tension, conferring hydrophobicity to submerged hyphae that allow them to grow into the air and 

form spores (142). Similarly, most fungi employ hydrophobins to enable formation of aerial 

structures. Like chaplins, these assemble into monolayers of amphipathic fibrils at 

hydrophobic/hydrophilic interfaces (163). 

 

1.2.2.2.4 Epigenetic inheritance 

Prions are proteins that can exist in at least two forms, one of which is capable of 

recruiting other members. They were first discovered as the causative agent of Creutzfeld-Jacob 

disease and Kuru (164). The yeast proteins Sup35, Ure2, Rnq1, Swi1, and Mot3 contain prion 

domains, large segments with high hydrophilic amino acid content and fewer charged and 

hydrophobic amino acids (142). Most are thought to share a common structure comprised of 

parallel in-register β-sheets. Yeast prions reversibly form cytoplasmic amyloid, leading to a 
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phenotype that is passed from mother to daughter cells upon division. The prion aggregation 

state and resulting phenotype is thus a form of epigenetic inheritance in yeast (164). 

 

1.2.3 Pathogenic amyloids in humans 

Amyloid diseases are the most common protein misfolding diseases, and at least 28 

amyloidogenic proteins have been linked to hereditary and acquired disorders (165). Increasingly 

frequent reports of previously uncharacterized amyloid-like structures raises the possibility that 

there are more. While not all misfolded proteins involved in disease adopt an amyloid state, the 

cross-β-sheet structure confers several distinguishing features to pathogenic proteins: self-

propagation, protease resistance, and – in some cases – transmissibility (165). Amyloid diseases 

are divided into two general classes based on the location of amyloid deposits. Systemic 

amyloidoses are characterized by extracellular amyloid deposits at one or more sites that are 

distinct from the location of precursor protein synthesis. Often, multiple organs and systems are 

affected (166). In localized amyloidosis, intra- or extracellular amyloid deposits occur only in the 

tissue in which the precursor protein is synthesized. 

 

1.2.3.1 Systemic amyloidoses 

At least 14 systemic amyloid diseases have been described to date (167). They often 

share common non-specific presenting symptoms including fatigue, weakness, loss of appetite, 

and weight loss. In recent years, the combination of laser microdissection and mass spectrometry 

has allowed for identification of the specific protein in biopsy specimens, improving the 

accuracy of diagnosis (168). Many systemic amyloidoses involve mutations in amyloidogenic 

proteins that render them unstable prior to aggregation, overproduction of a protein by expansion 

of a secretory cell population, or loss of effective chaperones for the protein (167).  

 The most common systemic amyloidosis is light chain amyloidosis, in which 

immunoglobulin light chain deposits in the heart, kidney, and liver following clonal expansion of 

plasma cells (169). Other systemic amyloid diseases include heavy chain amyloidosis, associated 

with myeloma; senile systemic amyloidosis, characterized by gradual accumulation of 

transthyretin aggregates in the heart; secondary amyloidosis associated with chronic 

inflammatory disease, in which fragments of serum amyloid A (SAA) accumulate in the kidney, 
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liver, and spleen; dialysis-related amyloidosis, a complication of long-term hemodialysis due to 

aggregation of β2 microglobulin; and other amyloidoses caused by hereditary mutations in 

transthyretin, apolipoprotein AI, apolipoprotein AII, apolipoprotein AIV, fibrinogen, gelsolin, 

cystatin C, and BriPP (167). Most of these conditions have no cure, and many questions remain 

regarding the mechanisms of protein aggregation and tissue damage. Existing animal models of 

systemic amyloidosis generally do not recapitulate the pathology of human disease (170). 

 

1.2.3.2 Local amyloidoses 

In the local amyloidoses, amyloid aggregates may be found either intra- or extracellularly 

within the tissue in which the precursor protein is synthesized (167). Many local amyloid 

diseases are associated with neurodegeneration and neuroinflammation (171), but sub-acute and 

rarer forms of local amyloid can be found in many tissues (172). Amyloidogenic proteins 

involved in neurodegeneration include Aβ in Alzheimer’s disease, tau in Alzheimer’s disease 

and frontotemporal dementia, and prion protein in the spongiform encephalopathies. Prion 

protein exists in a normal, cellular prion protein isoform (PrP
C
) and in an abnormal, misfolded 

form (PrP
Sc

). The misfolded form accumulates in extracellular aggregates and is transmissible by 

ingestion. Interestingly, a series of recent reports suggests that other amyloidogenic proteins 

might also transmit misfolded structure by a prion-like mechanism (173). Although not initially 

identified as amyloids in vivo, two other peptides involved in neurodegenerative disease can 

form amyloid fibrils: α-synuclein, a protein found in Lewy bodies in Parkinson’s disease (174), 

and huntingtin with a polyglutamine expansion, the cause of Huntington’s disease (175). Some 

protein misfolding diseases affecting the nervous system are caused by the formation of 

amorphous aggregates that are not characterized by the cross-β-sheet amyloid structure. These 

include inherited forms of amylotrophic lateral sclerosis, for example, in which intracellular 

inclusions contain misfolded superoxide dismutase (176).  

In Alzheimer’s disease, Aβ is a product of proteolytic cleavage of amyloid precursor 

protein and exists as two species, Aβ1-40 and Aβ1-42, the latter of which has a greater propensity to 

form amyloid fibrils. Monomeric Aβ has several proposed physiological roles, although the 

aggregates are neurotoxic (177). The familial form of Alzheimer’s disease is associated with 

mutations that alter the rate of production or the primary structure of Aβ (178), and the sporadic 
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form is also associated with altered processing of amyloid precursor protein giving rise to 

increased levels of A1-42 (179).  Other amyloidogenic peptides that form deposits in the tissues 

in which they are synthesized include IAPP in the islets of Langerhans (see below), associated 

with type 2 diabetes and insulinomas; atrial natriuretic factor in the cardiac atria; prolactin in the 

aging pituitary and prolactinomas; exogenous insulin at injection sites; lactadherin in the aorta; 

procalcitonin in C-cell thyroid tumours; keratoepithelin and lactoferrin in the cornea; 

semenogelin I in the seminal vesicles; and leukocyte chemotactic factor 2 in the kidney (115).  

Notably, patients with Alzheimer’s disease and type 2 diabetes share similar 

cardiometabolic risk factors (180,181). The risk of developing late-onset Alzheimer’s is 1.4- to 

4.3-fold higher among patients with type 2 diabetes, and it has been suggested that cognitive 

function should be included as a standard end-point in the evaluation of potential therapies for 

type 2 diabetes (182). Metabolic and vascular dysfunction may affect innate immune activity in 

both disease states, which in turn appears to play a central role in the formation and clearance of 

amyloid plaques (183). The epidemiological link between Alzheimer’s disease and type 2 

diabetes and the potential for common pathogenic mechanisms – including inflammation, insulin 

resistance, and amyloidosis (184) – raises the possibility of common therapeutic approaches 

(185).  

 

1.2.4 Islet amyloid in type 2 diabetes 

Up to 90% of patients with type 2 diabetes have visible islet amyloid at autopsy (186-

188), a finding that is uncommon in pancreata of non-diabetic humans (136). The degree of 

amyloid deposition correlates with disease severity (189), reduced beta cell mass (77,190,191), 

and development of hyperglycemia in transgenic mice (192-195). Islet amyloid deposits form by 

aggregation of IAPP (196,197), also called amylin (198), a 37-amino-acid peptide that is 

synthesized, processed, and secreted with insulin by beta cells (199-203). The monomeric form 

of IAPP appears to contribute to glucose homeostasis by regulating gastric emptying and satiety, 

among other proposed functions (204), and is available in non-amyloidogenic form as the drug 

pramlintide (see above). The amyloidogenic and cytotoxic properties of IAPP are conferred by a 

region in the mid-portion of the molecule that participates in β-sheet formation (189). In rodents, 

three proline substitutions between amino acids 20 and 29 disrupt the β-sheet formation required 



 

 

22 

for aggregation (Figure 1.2A). Consequently, synthetic rodent IAPP (rIAPP) is soluble, non-

toxic (205), and does not form fibrils in vitro (205,206). Thus, mice and rats do not develop islet 

amyloid except with transgenic expression of human IAPP (hIAPP) (207).  

A missense mutation (serine to glycine) at position 20 of IAPP occurs at a higher 

frequency in a subpopulation of type 2 diabetic patients compared to nondiabetic controls and is 

associated with a more severe form of the disease (208). Mutations in the IAPP gene promoter 

may also predispose to the development of type 2 diabetes in some populations (209). 

Furthermore, the increased diabetes susceptibility observed in hIAPP transgenic mice suggests 

that IAPP aggregation is a cause and not merely a consequence of beta cell dysfunction 

(192,210,211). Indeed, pre-fibrillar aggregates of synthetic IAPP are directly toxic to beta cells 

in vitro (212,213). IAPP aggregation is also associated with beta cell death in cultured human 

islets (214,215) and with recurrence of hyperglycemia following islet transplantation (216,217). 

While definitive evidence for a causative role of IAPP in diabetes will require testing of 

inhibitors of amyloid formation for their capacity to ameliorate disease, a hexapeptide inhibitor 

of IAPP aggregation can improve beta cell survival in cultured human islets (214), and siRNA-

mediated inhibition of IAPP expression has a similar protective effect (215). 

Structural studies of IAPP in solution are difficult because it rapidly forms fibrils under 

physiological conditions. Some reports suggest that IAPP is natively disordered (218), but it may 

also adopt a transient helical structure (219). Crystallographic studies are hindered by its 

propensity to aggregate, but structural data have been obtained by generating a fusion protein 

with maltose binding protein (220). This study identified α-helical structure at residues 8-18 and 

22-27, consistent with previous nuclear magnetic resonance measurements (219,221,222). The 

structure also suggests that IAPP can dimerize by interacting at a helical interface centered 

around an aromatic stack of two phenylalanine residues. The authors suggest that parallel 

orientation of the two helices may orient the C-terminal residues of both IAPP molecules to 

permit stacking in a two-stranded β-sheet, forming a tetrameric fibril nucleus (220). 

While the presence of an amyloidogenic sequence is essential for amyloid formation, 

other factors contributing to IAPP aggregation in type 2 diabetes are poorly understood. Elevated 

IAPP production and secretion likely contribute (210), but minimal deposition of extracellular 

islet amyloid resembling that in human islets has been observed in most transgenic lines (207), 
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suggesting that simple overproduction of an amyloidogenic form of IAPP is insufficient for 

amyloid formation (223). Most models require additional factors to drive amyloid formation, 

such as insulin resistance due to leptin deficiency (224), expression of the agouti viable yellow 

allele (194), glucocorticoid deficiency (225), or high fat feeding (211). Male mice are more 

susceptible to hIAPP-induced islet amyloid and hyperglycemia, perhaps due to decreased insulin 

sensitivity relative to female mice (226). In each of these models, increased stress on the beta cell 

may affect the trafficking and processing of the IAPP precursor, proIAPP. 

Impaired proIAPP processing and increased secretion via the constitutive pathway may 

promote the extracellular secretion of proIAPP, which can interact with heparan sulphate 

proteoglycans to form a seed for further (pro)IAPP aggregation (227-229). Like proinsulin, 

proIAPP is processed by sequential cleavage at two dibasic residues, first at its C-terminus by 

prohormone convertase (PC) 1/3 to produce an N-terminally extended intermediate, followed by 

PC2 cleavage at its N-terminus (230-232). Residual C-terminal basic residues following PC1/3 

cleavage are removed by carboxypeptidase E (233). A schematic of proIAPP processing is 

shown in Figure 1.2B, and possible pathways to extracellular amyloid formation are outlined in 

Figure 1.3. Cytokines such as IL-1, alone or in combination with TNF-α or IL-6, impair 

proinsulin processing by downregulation of PC1/3 and PC2 (234,235). Islet inflammation may 

also contribute to the impaired processing of proIAPP, a hypothesis tested in Chapter 5 of this 

thesis. 

 

1.2.5 Amyloid in islet transplantation 

As described in Chapter 1.1, replacement of beta cells by islet transplantation is a 

potential therapeutic approach to treat type 1 diabetes. Since the initial publication of the 

Edmonton protocol almost 15 years ago (84), over 400 islet transplants have been performed by 

other groups (236). The procedure continues to be limited by a shortage of donor pancreata and 

loss of beta cells during the pre-transplant culture period and following transplantation 

(236,237). While islet amyloid may takes years to develop in type 2 diabetes (77,238), it forms in 

human islets within two weeks of transplantation into non-obese diabetic/severe combined 

immunodeficiency (NOD/SCID) mice (239) and is associated with hyperglycemia in the 

recipient (217). Moreover, islets from hIAPP transgenic mice rapidly develop amyloid following 
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transplantation into diabetic syngeneic recipients and fail to maintain normoglycemia (216). A 

recent case report identified extensive amyloid deposits in islets from a human recipient five 

years following transplantation (240). Thus, therapeutic approaches that limit IAPP-induced islet 

dysfunction may protect the beta cell in both type 2 diabetes and islet transplantation. 

 

1.3 Amyloid-induced inflammation 

1.3.1 Evidence for amyloid-induced inflammation 

Inflammation is a complex physiological response to potentially harmful stimuli and 

represents one of the first lines of host defense against infection (241). The cardinal signs of 

inflammation – swelling, redness, heat, and pain – result from local production of cytokines and 

chemokines, increased vascular permeability, and infiltration of immune cells such as 

neutrophils and monocytes. Persistence of the stimulus or dysregulation of the innate immune 

response may lead to chronic inflammation that causes irreversible tissue damage. Classical 

instigators of the inflammatory response include microbial motifs common to certain classes of 

pathogens (called pathogen-associated molecular patterns, or PAMPs) and – in sterile 

inflammation – products released from dysfunctional or dying cells (called danger-associated 

molecular patterns, or DAMPs) (242,243). These stimuli are sensed by cells of the innate 

immune system and by a variety of other cell types equipped with pattern recognition receptors 

(PRRs) that recognize PAMPs and DAMPs. Increasing evidence suggests that amyloid-forming 

peptides of both microbial and mammalian origin can activate innate immune cells by interacting 

with PRRs. This section reviews the evidence for chronic inflammation as a mediator of tissue 

damage in amyloid disease.  

Early evidence for amyloid-associated inflammation was based on autopsy specimens 

from patients with Alzheimer’s disease. Activated microglia and increased expression of pro-

inflammatory mediators – such as IL-1, IL-6, TNF-α, CC chemokine ligand (CCL) 4, 

complement, and oxygen radicals – are associated with amyloid deposition (244-246). Indeed, 

microglia are found in the vicinity of compact plaques in both the brains of patients with 

Alzheimer’s disease and in transgenic mouse models (247). Rapid plaque formation is 

accompanied by the appearance of activated microglia (248), with increasing numbers over time 

due to proliferation and/or infiltration (249). While microglia may exhibit an alternatively 
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activated (anti-inflammatory) phenotype at some stages of disease, classically activated 

microglia are more prevalent in older animals (250).  

Like Alzheimer’s disease, prion disease is characterized by activation of microglia and 

astrocytes. Microglia appear to be early responders to neurodegeneration (251), proliferate in 

response to prion deposition (252), and release pro-inflammatory cytokines such as IL-1β 

(253,254). Network analysis of gene expression in rodent models of prion disease identified a 

core of immune response-related genes - including Tgfb1, Csf1, Tlr2, Cebpa, Lgals3 and Stat3 - 

that regulate prion protein replication, accumulation, and neuronal cell death (255). Similarly, 

neuroinflammation is a common finding in patients with Parkinson’s disease (256). Inclusions 

containing intracytoplasmic aggregates of α-synuclein are found principally within the substantia 

nigra, with significant loss of dopaminergic neurons. Rare mutations in familial Parkinson’s 

disease include mutations in α-synuclein, which aggregates to form toxic intermediates on the 

pathway to amyloid formation (257). Neurons release α-synuclein into the extracellular space 

(258), where it activates microglia (259) and astrocytes (260). Since the initial observation of 

upregulated major histocompatibility complex (MHC) class II expression in tissue from 

Parkinson’s disease patients (261), additional studies have reported elevated expression of pro-

inflammatory cytokines such as IL-1, TNF-α, and IL-6 within the basal ganglia and 

cerebrospinal fluid (256).  

Amyloid A (AA) amyloidosis occurs secondary to chronic inflammatory disease. SAA is 

an acute phase reactant produced by the liver that complexes with apolipoprotein A, is taken up 

by macrophages, and is cleaved into AA fragments that form amyloid (262). One recent study 

suggested that SAA overexpression leading to amyloid accumulation in mice was not associated 

with an innate immune response (263). Other studies have found elevated expression of 

cytokines such as IL-6 and macrophage colony-stimulating factor (M-CSF) at sites of amyloid 

deposition in systemic AA amyloidosis (42), although it is unclear whether the amyloid or the 

underlying inflammatory condition is the major cause. Mononuclear cell activation in some 

models of AA amyloidosis may represent an attempt by these cells to clear the deposits (264) but 

could also contribute to fibril formation by macrophage cleavage of SAA (265). Epithelioid 

granulomas also contain AA aggregates, which may play a central role in the pathobiology of 

sarcoidosis (266). In this disease, SAA is initially synthesized in response to mycobacterial 
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antigens but subsequently aggregates within granulomas to stimulate macrophage PRRs. 

Ineffective degradation and clearance of SAA may lead to chronic inflammation and fibrosis 

(266).  

Amyloid formation is also associated with inflammation in other tissues, including the 

prostate (267). The amyloidogenic S100A8 and S100A9 proteins are major components of 

corpora amylacea inclusions from prostate glands of patients with prostate cancer and are found 

in deposits associated with activated macrophages (267). Furthermore, the enterobacterial 

amyloid curli contributes to nitric oxide production in vivo: fibrillogenic curli fibrils are 

important for the fall in blood pressure in response to systemic E. coli infection in mice (268). 

Other microbial amyloids appear to be relatively inert; indeed, hydrophobins may help fungal 

conidia avoid clearance by neutrophils and macrophages in the early stages of infection (142).  

IAPP fibrils are found within macrophage lysosomes in type 2 diabetes and in hIAPP-

expressing transgenic mice (269). Uptake of IAPP fibrils occurs by phagocytosis (270,271), 

leading to accumulation of amyloid in lysosomes due to its resistance to intracellular proteolysis 

(270). While it has been suggested that islet macrophages do not contribute to clearance of islet 

amyloid plaques in vivo (270), islet macrophages may effectively clear smaller aggregates or 

oligomers (272). Like Aβ, IAPP induces IL-6 and IL-8 secretion by human astrocytoma cells 

(273) and release of IL-1β, TNF-α, IL-6, IL-8, CCL3, and CCL4 by lipopolysaccharide- (LPS-) 

activated THP-1 monocytes (274). Whether transgenic mouse models of IAPP-induced 

hyperglycemia show evidence of chronic islet inflammation has not been addressed. In this 

thesis, we evaluate the effect of IAPP aggregation on pro-inflammatory cytokine secretion by 

macrophages and islets (Chapter 3) and determine the contribution of islet macrophages (Chapter 

4) and IL-1 (Chapter 5) to IAPP-induced inflammation and islet dysfunction.    

 

1.3.2 Activation of pattern recognition receptors 

Pattern recognition receptors (PRRs) include membrane-bound receptors (Toll-like 

receptors, or TLRs, and scavenger receptors), intracellular PRRs (RIG-like helicases and the 

DNA sensors DA1 and AIM2), and the intracellular nucleotide binding oligomerization domain- 

(NOD-) like receptors (NLRs), which detect both PAMPs and DAMPs (275). Emerging evidence 

suggests that many amyloidogenic peptides are recognized by complexes of cell surface 
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receptors, including scavenger receptors. This initial recognition event facilitates subsequent 

activation of membrane-bound and cytosolic PRRs (266,276-282). 

 

1.3.2.1 Scavenger receptors 

Macrophage uptake of amyloid fibrils is thought to occur by phagocytosis, a process 

dependent on scavenger receptor-mediated particle recognition (270,271). Macropinocytosis is 

responsible for clearance of soluble (pre-fibrillar/oligomeric) Aβ from the extracellular space in 

Alzheimer’s disease (272), and may involve different cell surface receptors. Whether this is also 

the case for oligomeric forms of other amyloidogenic peptides is unclear, but an understanding 

of the mechanisms of peptide uptake at different stages of aggregation may inform the 

development of anti-amyloid and anti-inflammatory therapies. 

Originally identified based on their capacity to bind and internalize oxidized low density 

lipoprotein, scavenger receptors are now known to interact with diverse ligands, including 

microbial components such as LPS (283). They are structurally heterogeneous and divided into 

nine classes based on their domain architecture (283). It is generally thought that ligand binding 

to scavenger receptors induces endocytosis or phagocytosis followed by lysosomal degradation 

(284), while engagement of TLRs (see below) transmits transmembrane signals to activate NF-

κB and mitogen-activated protein kinase (MAPK) pathways (285). However, many scavenger 

receptors also activate signalling pathways upon ligand binding, including the class B scavenger 

receptor CD36 (286).  

Several amyloidogenic peptides bind to CD36. The integrin α6β1, the integrin-associated 

protein CD47, and CD36 form a complex that recognizes fibrillar Aβ (119). A recent study 

demonstrated that CD36 binding to soluble Aβ and IAPP aggregates is required for their 

subsequent activation of NACHT, leucine rich repeat, and PYD domain-containing protein 3 

(NLRP3; see below) (287). Uptake of SAA (286), α-synuclein (288), and a neurotoxic prion 

protein fragment (289)
 
also involves CD36. A number of other mechanisms for Aβ uptake have 

been described, including interaction with formyl-peptide-receptor-like-1 (FPRL1) (290), a 

mechanism shared by the prion protein fragment PrP106-126 (291). Figure 1.4 summarizes the 

common cell surface receptors implicated in innate immune cell activation by amyloidogenic 

peptides. 
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1.3.2.2 Toll-like receptors 

Initially identified by their homology with the transmembrane Toll protein involved in 

Drosophila host defense, mammalian TLRs are a family of membrane-bound pattern recognition 

receptors that recognize common microbial structural motifs, in addition to endogenous ligands 

(242). For example, TLR2 complexes with TLR1 or TLR6 to recognize bacterial lipoproteins 

and is also activated by endogenous free fatty acids (292). Other TLR ligands include double-

stranded RNA (TLR3), LPS (TLR4), single-stranded RNA (TLR7 or TLR8), and bacterial DNA 

(TLR9) (293). TLR activation by ligand recognition at extracellular leucine-rich repeats induces 

receptor homo- or heterodimerization leading to recruitment of adaptor proteins such as myeloid 

differentiation factor-88 (MyD88) and, for TLR3 and TLR4, Toll/IL-1R domain-containing 

adapter inducing interferon-β (IFN-β), or TRIF. In the MyD88-dependent pathway of TLR4 

signalling, IL-1 receptor-associated kinases (IRAKs) 1 and 4 are recruited to the complex and 

phosphorylated, leading to activation of TNF receptor-associated factor 6 and downstream 

MAPK and inhibitor of κB kinase (IKK) signalling (294). Activation of TRIF leads to 

phosphorylation of IFN response factor 3 (IRF3) and expression of type 1 IFN-inducible genes, 

as well as a delayed NF-κB response. Activation of the transcription factors NF-κB, activator 

protein 1 (AP-1), and IRF family members (295) causes expression of pro-inflammatory 

cytokines, chemokines, and costimulatory molecules in innate immune cells (293,296). Thus, 

TLRs can provide the priming signal required to induce Il1b transcription and proIL-1β 

synthesis, the first of two steps required for the secretion of IL-1β (297). In addition, TLR 

activation increases expression of inflammasome components required for formation of mature 

IL-1β (see below) and may contribute to their post-translational modification, including 

deubiquitination of NLRP3 (298), phosphorylation of apoptosis speck-like protein containing a 

caspase-recruitment domain (ASC) (299), and post-translational activation of NLRP3 mediated 

by IRAK1 (300).  

To date, TLR1, TLR2, TLR4, and TLR6 have all been implicated in the inflammatory 

response to amyloids (Figure 1.4). Activation of TLR1/2 has also been described as a pro-

inflammatory mechanism for Aβ (276,301), SAA (302), lysozyme fibrils (303), curli fibrils 

(304), and α-synuclein (305). While lysozyme may also activate TLR2/6 (303), for other 

peptides the TLR2/6 heterodimer is either not required for NF-κB activation in macrophages or 
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suppresses the TLR2-mediated response. TLR4/6 appears to be activated by Aβ (50). One study 

suggested that nitric oxide production by macrophages in response to SAA may dependent on 

TLR4 but is independent of the adaptor protein MyD88 (281). Prion disease pathogenesis is 

accelerated in TLR4-deficent mice, suggesting a role for TLR4-induced microglial activation but 

not necessarily an interaction between fibrillar prion peptides and this PRR (306). TLR4 

activation is also involved in α-synuclein clearance (307). In addition to CD36, other membrane-

bound receptors partner with the TLRs to enhance ligand recognition. These include CD14, a co-

receptor for multiple cell-surface and endosomal TLRs (308,309). CD14 interacts with Aβ (277) 

and curli fibrils (310) and may be involved in the progression of prion disease (311). CD14 does 

not seem to be required for NF-κB activation by lysozyme (303) or SAA (312). The activation of 

TLRs by both microbial and endogenous amyloids suggests that inflammation in amyloid disease 

may be a consequence of the evolution of the innate immune system to respond to foreign 

peptide aggregates with similar structural motifs.  

 

1.3.2.3 NACHT, LRR and PYD domains-containing protein 3   

Inflammasomes are a group of multiprotein complexes that process pro-IL-1β and proIL-

18 into their mature forms. Most include three major components: an NLR, involved in sensing 

the activating stimulus; pro-caspase-1, which cleaves proIL-1β; and ASC, which bridges pro-

caspase-1 and the NLR (313). While NLRP3 activation has received considerable attention as a 

critical mechanism required for cleavage of proIL-1β into its active form (313), other 

mechanisms for proIL-1β processing have been described and are summarized in Figure 1.5. 

Multiple protein aggregation diseases are associated with activation of NLRP3 (314). 

Importantly, several diseases associated with protein aggregation but not necessarily amyloid 

formation appear to be IL-1-mediated, suggesting that the unique structure of amyloid or its 

oligomers is not required for this response (314). Given the general capacity of NLRP3 to 

respond to particulate ligands, this is not surprising. However, not all amorphous aggregates are 

capable of activating NLRP3; for example, lysozyme fibrils but not non-fibrillar aggregates 

trigger NLRP3 (303). Activation of NLRP3 also occurs in response to Aβ (315) and contributes 

to disease pathogenesis in a transgenic mouse model of Alzheimer’s disease (316). Similarly, 

SAA activates NLRP3 to promote allergic sensitization in mice (317,318). Prion protein also 
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activates NLRP3 in macrophage cell lines and microglia (319), a mechanism that contributes to 

neurotoxicity (320). In Chapter 3 of this thesis, we assess the capacity of IAPP to induce pro-

inflammatory cytokine secretion by macrophages and evaluate the contribution of caspase-1-

dependent IL-1β secretion to this response. Recent work by Masters et al. provides direct 

evidence for IAPP-induced NLRP3 inflammasome activation in bone marrow-derived dendritic 

cells (297). In Chapters 4 and 5, we show that this mechanism may be relevant in the islet in type 

2 diabetes. 

 

1.3.3 Nature of the pro-inflammatory species 

Hydrophobic interactions help drive protein aggregation to form amyloids (137). As the 

ability of CD14, TLR2, and TLR4 to bind multiple ligands has been attributed to broad 

recognition of exposed hydrophobic domains (321), such interactions may also contribute to 

TLR binding by pre-fibrillar oligomeric aggregates. Importantly, A oligomers (but not fully-

formed fibrils) induce TNF- expression in monocytes (279). Given similar exposed epitopes in 

other oligomeric peptides (322), it is possible that the TLR-binding capacity of amyloidogenic 

peptides could be conferred by shared structural characteristics of pre-fibrillar species.  

The nature of the species involved in these activities is of critical importance for the 

development of therapies that target such interactions without stabilizing toxic or pro-

inflammatory intermediates. Many studies to date have attributed pro-inflammatory effects to the 

fibrillar form of the peptide and have provided some evidence for direct binding to TLRs, 

although these assays are challenging given the tendency of amyloidogenic peptides to bind non-

specifically to many proteins and the frequent lack of appropriate controls in published binding 

assays. A recent study suggests that CD36 binds both fibrillar and soluble Aβ as well as soluble 

IAPP, promoting uptake of these peptides and their subsequent aggregation within and disruption 

of the macrophage lysosome (287).  However, it is important to note that fibrillar Aβ was just as 

effective as oligomeric Aβ at inducing IL-1β secretion following LPS stimulation, suggesting 

that NLRP3 activation occurs in response to fibrils. Indeed, previous studies by the same group 

demonstrating NLRP3 activation used fibrillar Aβ peptide that had been prepared by allowing it 

to aggregate in water for one week (315). Similarly, only fibrillar prion protein activates NLRP3 

and causes lysosomal destabilization, a process not triggered by amorphous aggregates or soluble 
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oligomers (320). This is in contrast to the observations of Masters et al., who reported increased 

NLRP3 activation due to soluble vs. fibrillar IAPP preparations (314). These authors performed 

critical experiments using size-exclusion columns and fully-solubilized monomers, but these 

species were applied to cells over a time course that likely allowed subsequent fibril formation, 

both in culture media and within the macrophage lysosome. While the nature of the SAA 

aggregate responsible for NLRP3 activation has not been characterized, it does not cause 

lysosomal destabilization (318), suggesting that amyloid-induced inflammasome activation may 

occur by distinct mechanisms for different peptides. 

Given the dramatic differences in geometry, exposure of hydrophobic residues, and 

inherent stability of oligomers vs. fibrils, it seems unlikely that common receptors exist for both 

species, but this requires further study. One recent publication has attempted to shed light on the 

pro-inflammatory species of lysozyme aggregates, reported to activate both TLR2 and NLRP3 

(303). These authors used thioflavin T binding, transmission electron microscopy, and Fourier 

transform infrared spectroscopy to characterize fibrils generated by incubation followed by 

repeated centrifugation to eliminate soluble species. These data suggest that the fibrillar peptide 

is involved in activation of both NLRP3 and TLR2. Importantly, amorphous aggregates were 

unable to induce these responses, suggesting a property specific to the amyloid is required – 

although the exact species that interacts with the receptor is unclear. Similarly, curli fibrils (as 

confirmed by thioflavin T binding and circular dichroism) interact with TLR2 (304), whereas for 

Aβ both the oligomeric and fibrillar forms have been implicated in the activation of TLR2 

(276,312) and TLR4/6 (276,287) and the fibrillar form may interact with CD14 (277).  

 Thus, existing evidence suggests that both oligomers and fibrils can activate PRRs. 

Several models of amyloid formation describe fibrils in equilibrium with monomers that are 

capable of aggregation when concentrated (127), raising the possibility that – in the presence of 

certain binding partners – monomers in fibrillar preparations might aggregate to form smaller 

oligomeric species. While our understanding of the mechanisms of NLRP3 activation is very 

limited, several studies have suggested a role for protease-resistant fibrils in disrupting lysosomal 

integrity. Other potential mechanisms including mitochondrial dysfunction and oxidative stress 

could also explain NLRP3-induced inflammasome activation by amyloidogenic peptides. In 
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addition, TLR and NLRP3 activation may be secondary to the release of endogenous DAMPs 

due to direct oligomer- or amyloid-induced membrane disruption. 

 

1.3.4 Consequences of amyloid-induced inflammation 

In vitro studies suggest that macrophages and microglia take up and degrade both soluble 

and fibrillar peptide aggregates, leading to secretion of pro-inflammatory cytokines. Studies in 

mouse models of amyloidoses have similarly pointed to a dual role for amyloid-induced TLR 

signalling: to induce amyloid clearance by facilitating removal of extracellular protein 

aggregates (323), and to promote the chronic release of pro-inflammatory cytokines linked to 

tissue degeneration (324-326). Microglia from transgenic models of Alzheimer’s disease display 

a decrease in scavenger receptor expression and an increase in IL-1β and TNF-α release (327), 

suggesting an inverse correlation between cytokine production and phagocytosis (328). Indeed, 

signalling via a single TLR can induce expression of hundreds of genes with distinct functions, 

including pro-inflammatory cytokines, anti-inflammatory mediators, AMPs, metabolic 

regulators, antimicrobial proteins, and proteins involved in regulation of adaptive immunity. 

Each of these genes has different regulatory requirements according to its anti-microbial activity 

and potential for tissue damage. Both negative feedback and epigenetic regulation contribute to 

distinct expression profiles and cellular activities downstream of TLR activation (294). Possible 

consequences of amyloid-induced PRR activation and factors that may modify the response are 

discussed in Chapter 6. 

Evidence from some animal models of amyloid disease suggests that TLRs play a 

neuroprotective role, at least in the early stages. In fact, TLR activation may be of therapeutic 

benefit in clearing cerebral amyloid deposits (329-331), and TLR signalling can enhance 

phagocytosis by upregulation of complement and scavenger receptors (332). Indeed, activation 

of microglia with TLR2 or TLR9 ligands promotes Aβ uptake in vitro by increasing expression 

of the G protein-coupled formyl peptide receptor 2 in an NF-κB-dependent manner (333). In 

anti-microbial responses to enterobacteria, curli fibrils produced by Salmonella may aid in the 

maintenance of intestinal barrier function (334). Bacterial entry into the mucosa leads to the 

generation of IL-17A and IL-22 in a TLR2-dependent manner (335) and may be important in 

host defense against amyloid-producing enteric pathogens. 
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In one study of TLR2 deficiency in a transgenic mouse model of Alzheimer’s disease, 

mice lacking TLR2 had increased Aβ accumulation and accelerated memory impairment. 

Cognitive impairment could be rescued by expression of TLR2 in bone marrow-derived cells 

(336). In contrast, a recent study in younger mice suggests that hematopoietic TLR2 deficiency is 

neuroprotective (337). Interestingly, in a transgenic mouse model of Alzheimer’s disease with 

dysfunctional TLR4, attenuated pro-inflammatory cytokine expression (338) and increased 

insoluble Aβ accumulation (339) were both observed. TLR4-deficient mice also exhibit 

accelerated scrapie pathogenesis (306) and increased accumulation of transgenic α-synuclein in 

association with neuronal loss (307). These data support a role for TLR2 and TLR4 signalling in 

protection against extracellular protein aggregates. However, PRR activation in distinct cell 

types may have different effects, making it difficult to interpret the results of global knockout 

models. For example, TLR signalling in neurons may increase their vulnerability to Aβ and 

oxidative stress (340). Similarly, TLR activation in beta cells within the pancreatic islet may 

impair their capacity to secrete insulin in response to glucose (341-345). 

The consequences of innate immune activation in local amyloid diseases are likely 

dependent on the extent of amyloid formation and age of the host (171,346). Transient 

overexpression of IL-1β in a transgenic mouse model of Alzheimer’s disease lowers Aβ 

deposition in the hippocampus in association with increased microglial activation (347). Acute 

application of LPS can also reduce plaque load, while chronic intracranial delivery increases 

amyloid deposition (348). Similarly, the concentration of the stimulus may be relevant: lower 

concentrations of Aβ promote CD14-mediated binding and internalization of fibrils, while higher 

concentrations induce IL-6 secretion and increased neurotoxicity (277). The principle 

aggregation state of the peptide is likely a further determinant: the phagocytic capacity of 

microglia is decreased in the presence of oligomeric Aβ (349), and this is likely due to the 

inhibition of phagocytosis by induction of pro-inflammatory cytokines and suppression of 

scavenger receptors (271). Finally, the function of the innate immune system changes with age in 

the presence of increased endogenous danger signals, impaired responsiveness to infection (350), 

dysregulation of TLR signalling (351), and increased NLRP3 activation (352). The consequence 

is an altered balance of pro- to anti-inflammatory cytokines leading to systemic low-grade 

inflammation, also termed “inflammaging” (353). This process is particularly relevant to 
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amyloid diseases in which the onset of symptoms occurs later in life, including Alzheimer’s 

disease and type 2 diabetes.  

 

1.4 Inflammation in type 2 diabetes 

1.4.1 Type 2 diabetes as an autoinflammatory disease 

Autoinflammatory diseases are defined by sterile inflammation mediated primarily by 

cytokines of the innate immune system, in particular IL-1β. Unlike autoimmune diseases, in 

which the defect is more pronounced in cells of the adaptive immune system, there is no 

initiating antigen-specific B cell or T cell response. However, given the critical interaction 

between innate and adaptive immunity, autoinflammatory and autoimmune diseases are perhaps 

better represented as two ends of a continuum of immunological disease (354). A hallmark of 

autoinflammatory diseases is the induction of inflammation by products of the inflammatory 

response itself: for example, IL-1 signals via the IL-1R to induce more IL-1 (355). Indeed, the 

dominant cytokines in autoinflammatory diseases appear to be IL-1α and IL-1β, as determined 

by clinical outcomes using anti-IL-1 agents such as IL-1Ra (anakinra), an IL-1Ra-IL-1β chimera 

(EPI-005), anti-IL-1β monoclonal antibodies (mAbs; rilonacept, canakinumab, gevokizumab), 

the anti-IL-1α mAb MABp1, the anti-IL-1R mAb MEDI-78998, the oral caspase-1 inhibitor VX-

765, and inhibitors of ATP-induced inflammasome activation (354). IL-1 signalling is tightly 

regulated; activation of the type 1 IL-1R is antagonized by endogenous IL-1Ra and by the type 2 

IL-1R, which acts as a decoy receptor. 

 The classic autoinflammatory diseases are rare genetic disorders characterized by 

recurrent systemic and local episodes of inflammation. Symptoms can include recurrent fevers, 

general fatigue, muscle and joint pain, loss of appetite, poor sleep, gastrointestinal disturbances, 

and skin rashes (356). Inflammatory episodes are also characterized by neutrophilia and 

elevation of acute phase proteins in serum. The major cause appears to be increased release of 

IL-1β from circulating monocytes (354). Perhaps the most common autoinflammatory disease is 

Familial Mediterranean Fever (FMF), caused by a mutation in the gene encoding pyrin, a protein 

that controls the activation of caspase-1 (357). Patients with FMF suffer lifelong, recurrent bouts 

of fever and abdominal pain. In cryopyrin-associated periodic syndrome (CAPS), a mutation in 

NLRP3 (initially called cryopyrin) causes symptoms resembling those of FMF following 
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exposure to cold temperatures (358). CAPS represents a continuum of diseases, including 

Muckle-Wells syndrome and neonatal-onset multisystem inflammatory disease. Other 

autoinflammatory diseases include TNF receptor-associated periodic syndrome (TRAPS), an 

autosomal dominant disease caused by mutations in the TNF receptor that cause it to accumulate 

intracellularly and induce IL-1 synthesis (359). Hyper-IgD syndrome is an autosomal recessive 

disorder in which episodes of fever, muscle aches, skin rashes, and painful oral ulcers result from 

mevalonate kinase deficiency, which among other consequences can lead to inappropriate 

activation of caspase-1 (360). Many other local and systemic inflammatory conditions may be 

improved with anti-IL-1 therapy. These include acute-onset ischemic diseases such as 

myocardial infarction and stroke, cardiac remodeling following myocardial infarction, gout, 

pseudogout, osteoarthritis, rheumatoid arthritis, and diabetes (354). 

In type 2 diabetes, preclinical evidence suggests that chronic inflammation affects 

multiple organs that regulate glucose metabolism. These include the hypothalamus, insulin 

sensitive tissues (liver, skeletal muscle, adipose tissue), and the pancreatic islet. The first clinical 

study targeting IL-1 in type 2 diabetes showed improved A1C after 13 weeks of treatment with 

anakinra (361). Notably, there was a sustained improvement in proinsulin:insulin ratios 39 weeks 

following cessation of treatment (362). Multiple clinical trials have now demonstrated improved 

insulin secretion in response to anti-IL-1 therapy with minimal effects on insulin resistance (79), 

although relative effects on the islet and peripheral tissues may be determined by the dose and 

duration of treatment. These trials have included the IL-1Ra anakinra and the anti-IL-1β mAbs 

gevokizumab, canakinumab, and LY2189102 (79). An ongoing, large-scale trial of the anti-IL-

1 mAb canakinumab will evaluate cardiovascular risk in 17,200 patients over four years, with 

diabetes as a secondary endpoint (363). Other lines of evidence supporting a role for IL-1-

mediated inflammation in type 2 diabetes are summarized below and have led to the 

categorization of type 2 diabetes as a metabolic autoinflammatory disease (364). 

 

1.4.2 Systemic markers of inflammation 

Patients with type 2 diabetes have elevated circulating levels of IL-6, IL-1β, C-reactive 

protein (CRP), and other acute phase reactants (365,366). Combinations of these markers can 

predict the risk of progression to type 2 diabetes, including IL-1 (367) and IL-18 (368) in 
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combination with IL-6. Similarly, IL-1 gene polymorphisms and circulating levels of IL-1Ra 

may be associated with progression to type 2 diabetes in individuals with metabolic syndrome 

(369), whereas those with high levels of the anti-inflammatory adipokine adiponectin have a 

lower risk of developing the disease (370). 

Peripheral blood mononuclear cells from patients with type 2 diabetes display increased 

IL-1β secretion in response to NLRP3 stimuli (371) and are also hyper-responsive to TLR2 and 

TLR4 ligands (372). It is unclear whether these changes are secondary to hyperglycemia, which 

may itself regulate TLR expression (373) and induce NLRP3 activation (374). Nevertheless, 

other potential systemic stimuli for TLR2 and TLR4 are also elevated in type 2 diabetes, 

including the heat shock proteins HSP60 and HSP70, high mobility group box-1, endotoxin, and 

hyaluronan (372). Other changes in innate and adaptive immune status are associated with 

obesity; for example, monocytes, neutrophils, and T cells in the circulation of obese individuals 

are polarized toward a pro-inflammatory phenotype, an observation that correlates with the 

degree of insulin resistance (375). Moreover, B cells from the circulation of patients with type 2 

diabetes interact with T cells to induce pro-inflammatory cytokine secretion, whereas those from 

normal controls do not (376). 

 Biomarkers to monitor the efficacy of anti-inflammatory therapies in type 2 diabetes have 

traditionally included plasma IL-1, IL-6, TNF-α, CRP, and adiponectin, but they may not 

reliably predict the efficacy of treatment (377,378). Other potential biomarkers include serum IL-

1Ra (361) and plasma microRNAs, which generate a unique signature in patients with type 2 

diabetes (379). Measurement of T cell autoreactivity can identify autoantibody negative patients 

with phenotypic type 2 diabetes who have more severe beta cell dysfunction (37). 

 

1.4.3 Adipose tissue inflammation 

While a role for inflammation in type 2 diabetes was initially inferred based on the 

capacity of pro-inflammatory markers to predict disease and the efficacy of therapies with anti-

inflammatory effects, the first supporting mechanistic studies showed a role for adipose tissue-

derived TNF-α in the pathogenesis of insulin resistance (49). The accumulation of fat, 

particularly within visceral adipose tissue, alters the differentiation state and size of the 

adipocyte. This leads to changes in blood flow, hypoxia, and mechanical stress that induce the 
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release of pro-inflammatory cytokines and adipokines (380). Fat deposition within the liver may 

also potentiate the systemic inflammatory response. Circulating pro-inflammatory cytokines can 

impair insulin signalling in the liver, skeletal muscle, fat, islet, and hypothalamus (364). The 

major mechanisms for this effect include induction of suppressors of cytokine signalling that 

interfere with the insulin receptor’s tyrosine kinase activity and cause ubiquitination of the 

insulin receptor substrates IRS1 and IRS2 (381,382). Both adipocytes and immune cells in the 

stromal vascular fraction of adipose tissue secrete pro-inflammatory cytokines and chemokines, 

leading to further recruitment and activation of macrophages (383) and B cells (384). Regulatory 

cell populations are diminished in visceral adipose tissue from obese humans compared to lean 

controls (385), and other adipose-tissue-resident cell populations such as invariant natural killer 

T cells may also maintain insulin sensitivity under physiological conditions (386). 

 Expression and activation of NLRP3 in adipose tissue may be an early event in the 

pathogenesis of insulin resistance (364). NLRP3 or caspase-1 deficiency limits diet-induced 

obesity and insulin resistance (387) in association with changes in effector T cell populations in 

adipose tissue (388). In humans with type 2 diabetes, weight loss improves insulin sensitivity in 

association with reduced adipose tissue NLRP3 expression and reduced circulating IL-18 (388). 

Free fatty acids increase intracellular ceramide in macrophages (388), which may also contribute 

to NLRP3 activation as an early initiating event in insulin resistance (389). 

 Despite the therapeutic efficacy of anti-IL-1 and anti-TNF therapies in preclinical 

models, they have generally failed to improve insulin sensitivity in patients with type 2 diabetes.  

While in some cases the human studies were poorly designed and underpowered (79), it is 

possible that circulating adipokines induce local autoinflammatory processes in multiple tissues 

at the very early stages of obesity, prior to practical therapeutic intervention in humans (364). 

This is consistent with the observation that systemic markers of inflammation do not correlate 

with improved beta cell function following IL-1Ra therapy (361,362), implicating local islet 

inflammation in the pathogenesis of type 2 diabetes. 

 

1.4.4 Islet inflammation 

Chronic exposure to elevated IL-1α or IL-1β is toxic to beta cells, with effects that have 

been well characterized in the context of type 1 diabetes (390,391). IL-1 impairs beta cell 
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function by decreasing the transcription of proteins required for glucose-sensing and hormone 

secretion (392). The toxic effects of IL-1 are mediated by the induction of reactive oxygen 

species (393), which damage macromolecules and alter gene transcription (Figure 1.6). Other 

stimuli within the islet, including ER stress (394), may enhance the damaging effects of pro-

inflammatory cytokines on the beta cell. While much work has focused on the pro-apoptotic 

effects of IL-1β, studies in rodent models of type 2 diabetes suggest that the effects of IL-1 

inhibition on insulin secretion and processing can occur independently of effects on beta cell 

mass (395,396), emphasizing the importance of potentially reversible functional deficits induced 

by activation of these signalling pathways. 

The first evidence that chronic inflammation affects pancreatic islets in type 2 diabetes 

emerged in 2002, when Maedler et al. demonstrated increased IL-1β mRNA and protein 

expression in islets isolated from patients with type 2 diabetes (397,398). The elevated ratio of 

IL-1 to the endogenous antagonist IL-1Ra further enhances beta cell susceptibility to this pro-

inflammatory cytokine (398,399). Consistent with these studies, recent unbiased global gene 

expression analysis has identified a group of IL-1-related genes highly expressed in islets from 

patients with type 2 diabetes and associated with reduced insulin secretion (400).  

Both high glucose and saturated fatty acids, nutrient stimuli that are elevated in the 

systemic circulation in obesity, stimulate proIL-1β expression and chemokine secretion by 

human islets (401). Beta cells from patients with type 2 diabetes also have increased expression 

of IL-6 and the chemokines CCL2, CCL13, CCL11, and chemokine (CXC motif) ligand (CXCL) 

1 (402), which may be induced by autocrine/paracrine IL-1 signalling (292,395). Free fatty acids 

activate pro-inflammatory pathways by interaction with TLRs, in particular TLR2 (403,404), and 

other stimuli for proIL-1β gene expression – such as metabolic endotoxemia (405) – may also 

activate TLRs within the islet, which are expressed by both innate immune cells and beta cells 

(Figure 1.7). The second stimulus for IL-1β secretion may be provided by NLRP3 activation in 

response to hyperglycemia (374), extracellular ATP (406) (perhaps following release from the 

insulin granule), DAMPs released from dying beta cells, endocannabinoids (407), and/or lipids 

(389) (Figure 1.8). NLRP3 acts as a sensor for diverse stimuli that disturb cellular homeostasis, 

many of which are associated with changes in oxidative state, disruption of plasma and 

lysosomal membrane integrity, oxidative and ER stress, impaired autophagy, mitochondrial 



 

 

39 

damage, increased osmotic pressure, potassium efflux, and calcium signalling (408). How 

NLRP3 senses these disturbances is unclear, although proposed mechanisms include its direct 

interaction with thioredoxin interacting protein (TXNIP) (374) and oxidized mitochondrial DNA 

(409). Mice deficient in the inflammasome proteins NLRP3 and ASC show improved beta cell 

insulin secretion compared to wild-type mice, with reduced islet IL-1β protein expression, 

macrophage infiltration, and fibrosis (410).  

Macrophages are phagocytic innate immune cells that display remarkable plasticity 

depending on the tissue microenvironment (411-413). Macrophage activation is often 

conceptualized along a continuum with classically activated M1 macrophages on one end and 

alternatively activated M2 macrophages at the other (411-413). Healthy mouse islets each 

contain 8-10 macrophages in close association with the vascular epithelium (414,415). These 

cells express the plasma membrane glycoproteins F4/80, CD11b, and CD11c that are common to 

both dendritic cells and macrophages and likely play an important role in tissue repair, 

angiogenesis, and immune surveillance (415-417). In type 2 diabetes, there is a modest increase 

in intra-islet CD68
+ 

macrophages (401,418), and evidence from rodent models also supports an 

important role for intra-islet macrophages in the pathogenesis of the disease. Eguchi et al. 

demonstrated recruitment of M1 macrophages to the islet following ethyl palmitate infusion 

(419). In this model, macrophage depletion increased islet Ins1, Ins2, and Pdx1 mRNA 

expression and glucose-stimulated insulin secretion (419). Another recent study suggested that 

infiltrating macrophages respond to endocannabinoids in the islets of the Zucker diabetic fatty rat 

via the peripheral endocannabinoid receptor CB1 and NLRP3 (407). A recent study by Cucak et 

al. characterized resident and infiltrating macrophage subsets within the islet in the db/db mouse 

model of type 2 diabetes (420). They found a shift toward an M1-like phenotype that preceded a 

systemic shift in macrophage polarization. Recent work on islets isolated from cadaveric human 

donors with type 2 diabetes provides the first characterization of other immune cell subsets, 

suggesting an elevation in total CD45
+
 leukocytes, including CD11b

+ 
myeloid cells, CD3

+
 T 

cells, and B220
+
 B cells compared to non-diabetic controls (421). Further studies are needed to 

fully characterize the phenotype and function of intra-islet leukocytes. 

Finally, recent contrast-enhanced magnetic resonance imaging studies have demonstrated 

changes in vascular permeability in a rodent model of type 2 diabetes, consistent with the actions 
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of pro-inflammatory mediators on the endothelium (422). Future studies using a non-invasive 

magnetic resonance imaging nanoparticle approach that identifies insulitis in humans with type 1 

diabetes based on increased microvascular leakiness (423) may be informative for the monitoring 

of islet inflammation in patients with type 2 diabetes. 

Thus, as in other organs, multiple systemic stimuli trigger islet cytokine and chemokine 

synthesis leading to recruitment of macrophages. Many of these stimuli likely activate TLRs (in 

particular TLR2 and TLR4) and NLRP3, leading to the synthesis and secretion of IL-1β. 

However, the relative contributions of endocrine cells and macrophages to islet cytokine 

synthesis is unclear. Human beta cells express increased proIL-1β protein in type 2 diabetes 

(397), and laser-captured beta cells from individuals with type 2 diabetes have increased Il1b 

mRNA (398). Some beta cell lines secrete mature IL-1 in response to ER stress (424), and 

purified rat beta cells can also secrete mature IL-1 (425). However, no study to date has provided 

direct evidence for NLRP3-induced caspase-1 activation in isolated beta cells, emphasizing the 

need for further studies to understand the cellular sources and mechanisms of islet IL-1 

synthesis. 

It is also unclear whether there are islet-specific pro-inflammatory stimuli prior to the 

onset of hyperglycemia. In human studies, anti-IL-1 therapies appear to improve islet function 

with relatively little impact on insulin sensitivity (79), and rodent models of diet-induced obesity 

show only small changes in islet pro-inflammatory gene expression (404). This raises the 

possibility of an islet-localized trigger for IL-1β. In this thesis, we propose that local amyloid 

formation by IAPP provides such a stimulus by activating both TLR2 and NLRP3. 

 

1.4.5 Anti-inflammatory therapy in type 2 diabetes 

Because similar pathways may contribute to both adipose tissue and islet inflammation, 

they represent attractive therapeutic targets to treat type 2 diabetes and its complications (426). 

Agents currently in use that likely modulate pro-inflammatory signalling in diabetes include 

statins, peroxisome-proliferator-activated receptor- (PPAR) agonists (427), and angiotensin 

receptor blockers. Metformin was recently shown to inhibit NLRP3 inflammasome activity in 

monocyte-derived macrophages from individuals with type 2 diabetes via activation of the AMP 

kinase pathway (371). Other studies have shown anti-inflammatory effects of DPP-4 inhibitors 
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(428) and salsalate (93), although the effects of salsalate on islet function are unclear. Anti-

inflammatory therapies that have shown promise in preclinical models include lysine deacetylase 

(KDAC) inhibitors, which may both inhibit innate immune cell activation and protect the beta 

cell (429,430). Evidence in rodent models also points to potential therapeutic benefits of resolvin 

D1, an enzyme that alters the phenotype of tissue macrophages (431); TLR inhibitors; and 

strategies that target T and B lymphocytes (432), although the side effects of such non-specific 

approaches require careful consideration. In addition to a number of anti-IL-1 therapies that have 

not yet been evaluated in type 2 diabetes (see above), further evaluation of anti-TNF-α therapies 

in properly designed clinical trials may be warranted (79). Recent clinical studies suggest that the 

efficacy of immunotherapy may be greater in patients with active inflammation or autoreactivity 

(432), pointing to benefits of stratifying patients based on their inflammatory or autoimmune 

status and comorbid conditions.  

 

1.4.6 Similarities with islet transplantation 

As in type 2 diabetes, IL-1 secretion by infiltrating innate immune cells may impair beta 

cell function and survival following islet transplantation. IL-1Ra enhances the survival of human 

islets during culture (433), is reportedly used as a peri-transplant therapy at multiple islet 

transplant centers (434), and works in combination with the anti-TNF agent etanercept to 

preserve the mass of marginal human islet grafts in immunodeficient mice (435). Stimuli for pro-

inflammatory cytokine secretion during pre-transplant culture include hypoxic and mechanical 

injury. Activation of MAPK and NF-κB signalling during islet isolation likely promotes the 

secretion of cytokines and chemokines (436), levels of which are modulated by components of 

culture media (437).  

The quality of the islet preparation may determine the extent of graft loss due to the 

instant blood-mediated inflammatory response (IBMIR) in humans (438). Triggered by islet 

expression of tissue factor and CCL2 upon contact with blood in the portal vein, the IBMIR is 

characterized by rapid consumption and activation of platelets, consumption of neutrophils and 

monocytes, and activation of the coagulation and complement systems. IBMIR may underlie loss 

of up to 60% of transplanted graft mass in the first week following transplantation (439). 

However, even in mice, which do not exhibit an IBMIR, syngeneic islet grafts express high 
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levels of cytokines and chemokines (440), including IL-1β (441), and blockade of IL-1β, TNF-α, 

and IFN-γ with neutralizing antibodies can reduce the number of human islets required to 

achieve normoglycemia (442).  Following transplantation, chemokines secreted by macrophages 

(443), ductal cells (444), endothelial cells (445), and damaged beta cells (446) likely contribute 

to the observed recruitment of monocytes to syngeneic grafts (447). Infiltrating 

monocytes/macrophages activated by islet-derived cytokines (448) also play a critical role in the 

early function of allografts and xenografts in rodents (449-452). 

 It is unclear whether current immunosuppressive regimens, which are designed to target 

allograft rejection, impact innate immune responses in islet transplants (maintenance 

immunosuppression at Vancouver General Hospital includes tacrolimus and mycophenolate 

mofetil). Treatments aimed at reducing non-specific inflammation can prevent primary 

dysfunction of islets following transplantation, but addition of a low-dose immunosuppressant is 

needed to overcome allorejection (51-58).  Nevertheless, anti-inflammatory therapy may 

preserve early beta cell function enough to reduce the number of islets required to achieve 

insulin-independence. Further studies are needed to understand the nature of the pro-

inflammatory response in failing human islet grafts and the potential benefits of long-term anti-

inflammatory therapy in islet transplant recipients. 

 

1.5 Thesis hypothesis and objectives 

1.5.1 Summary of rationale 

Pancreatic islets from patients with type 2 diabetes exhibit progressive beta cell death and 

dysfunction, likely due in part to increased expression of pro-inflammatory cytokines, 

macrophage infiltration, and islet amyloid deposition. Islet amyloid deposits form in both type 2 

diabetic and transplanted islets by aggregation of IAPP, a peptide that is co-secreted with insulin 

by beta cells. IAPP aggregates share a common cross-β-sheet structure with those of other 

amyloidogenic peptides known to induce a potent pro-inflammatory response by activation of 

both TLRs and the NLRP3 inflammasome, leading to release of the cytokine IL-1β. Blockade of 

IL-1 signalling can improve beta cell function in individuals with type 2 diabetes with no effect 

on insulin sensitivity, although it is unclear whether there are islet-specific triggers for IL-1 

synthesis. Given that the aggregation intermediates formed by amyloidogenic peptides share 
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common structural features, we speculate that IAPP acts as a trigger for islet inflammation by 

activating similar innate immune pathways. 

 

1.5.2 Hypothesis and objectives 

We hypothesize that IAPP aggregates activate islet macrophages via interaction with 

innate immune receptors, resulting in secretion of IL-1β and other pro-inflammatory cytokines 

that promote beta cell dysfunction and worsen hyperglycemia. A schematic of this hypothesis is 

shown in Figure 1.9. The overall objective of this work is to understand the major mechanisms 

by which IAPP interacts with the innate immune system and the consequences for beta cell 

function and glucose homeostasis. Three objectives were addressed with the specific aims 

described below. 

 

Objective 1: To characterize the pro-inflammatory effects of IAPP in macrophages and 

islets (Chapter 3). 

Aim 1.1.  To determine whether IAPP aggregates induce pro-inflammatory 

cytokine/chemokine secretion by macrophages and islets. 

Aim 1.2.  To determine the role of IL-1 receptor signalling in amplification of IAPP-induced 

cytokine/chemokine secretion.  

Aim 1.3.  To determine whether IAPP acts as an endogenous TLR ligand. 

 

Objective 2: To understand the functional consequences of the interaction between IAPP 

and islet macrophages (Chapter 4). 

Aim 2.1.  To determine the relative contribution of macrophages to IAPP-induced islet  

  cytokine/chemokine expression. 

Aim 2.2.  To evaluate the phenotype of intra-islet macrophages in a mouse model of type 2  

  diabetes with islet amyloid formation. 

Aim 2.3.  To determine the effect of macrophage depletion on islet amyloid formation,  

  IAPP-induced islet inflammation, and beta cell dysfunction in vivo. 
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Objective 3: To determine whether IL-1 receptor blockade improves IAPP-induced islet 

inflammation and dysfunction (Chapter 5). 

Aim 3.1.  To determine the effects of IL-1 receptor antagonist on IAPP-induced islet 

inflammation and beta cell dysfunction in vivo. 

 Aim 3.2.  To determine the effects of IL-1 receptor antagonist on islet amyloid formation. 

 

1.5.3 Significance 

These studies contribute to our understanding of the mechanisms by which IAPP induces 

beta cell dysfunction and suggest an islet-localized trigger for innate immune activation in type 2 

diabetes. This work may aid in the development of therapeutic strategies to preserve beta cell 

function in patients with type 2 diabetes and in islet transplant recipients. Moreover, these studies 

point to several conserved mechanisms by which protein aggregates interact with the innate 

immune system, a finding of broad relevance to diabetes and other aging-associated amyloid 

diseases.  
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Figure 1.1. Factors contributing to beta cell dysfunction in type 2 diabetes. Excess caloric intake contributes to 

the development of the obesity that is associated with type 2 diabetes. In rodent models, pathology in the 

hypothalamus initiated by nutrient stimuli causes dysregulation of many aspects of energy metabolism, including 

food intake. Diet also affects the diversity of intestinal microbiota, which in turn may regulate body weight and – 

due to increased intestinal permeability and the presence of microbial components in the blood – drive inflammation 

in multiple tissues including the islet. Hyperlinsulinemia associated with certain patterns of nutrient intake may also 

contribute to the pathogenesis of obesity (grey pathway). Insulin resistance in multiple tissues results at least in part 

from adipose tissue remodeling and secretion of adipokines that interfere with insulin receptor signalling, leading to 

both an increased requirement for insulin and defective autocrine/paracrine insulin signalling in the beta cell. Most 

obese individuals do not develop type 2 diabetes, and a defect in beta cell insulin secretion (associated with genetic 

or epigenetic predisposition) is required for clinical onset. Multiple stimuli including hyperglycemia and 

hyperlipidemia cause beta cell ER and oxidative stress, which further impair insulin secretion and may also drive 

islet inflammation. Dysfunctional beta cells have impairments in proinsulin and proIAPP processing, which in turn 

may contribute to islet amyloid formation due to the aggregation propensity of partially processed proIAPP. 

Aggregation of IAPP is also a cause of oxidative stress and in some models of intracellular aggregation may 

contribute to ER stress, which has been linked to islet IL-1 secretion. Pro-inflammatory cytokines such as IL-1 can 

also induce ER and oxidative stress. This thesis examines the relationship between amyloid formation and islet 

inflammation. Note that other causative relationships are possible and only those discussed in the text are shown. 
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Figure 1.2. ProIAPP processing in beta cells. (A) Sequences of human and mouse proIAPP, the N-terminal 

intermediate produced during proIAPP processing, and mature IAPP. (B) Schematic of proIAPP processing. 

Prohormone convertase (PC) 1/3 cleaves proIAPP, followed by carboxypeptidase E- (CPE-) mediated removal of 

two basic C-terminal residues to produce an N-terminally extended intermediate. Subsequent cleavage by PC2 and 

amidation by peptidylglycine alpha-amidating monooxygenase (PAM) produces mature IAPP. Adapted from (232). 
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Figure 1.3. IAPP secretion and extracellular amyloid formation. Processing of proIAPP is initiated in the trans-

Golgi, where PC1/3 cleaves the C-terminal end to produce an N-terminal intermediate. Constitutive IAPP secretion, 

which may be a more significant pathway under pathological conditions including high glucose, results in 

extracellular release of intact proIAPP and the N-terminally extended intermediate. Regulated secretion occurs in 

response to insulin secretagogues. PC2 cleaves the N-terminal intermediate in the secretory granule, which then 

releases mature IAPP along with small amounts of proIAPP and the N-terminally extended form, which may form a 

nucleus that acts as a seed for IAPP aggregation. Other components of amyloid deposits include serum amyloid P, 

heparan sulphate proteoglycans, and apolipoprotein E (apoE). Adapted from (230). 
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Figure 1.4. Current knowledge of PRRs involved in pro-inflammatory responses to amyloidogenic peptides. 

Multiple peptides in either fibrillar or pre-fibrillar oligomeric form (green boxes) interact with cell-surface 

scavenger receptors or TLR co-receptors (blue boxes) leading to enhanced phagocytic uptake and/or pro-

inflammatory cytokine secretion. The exact nature of the pro-inflammatory species is not known, but multiple 

amyloidogenic peptides induce TLR1/2, TLR2/6, TL4, and NLRP3 (orange boxes). The outcome of genetic TLR, 

MyD88, or NLRP3 deficiency in mouse models of disease (red boxes) appears to depend on the stage of disease and 

the relative contribution of the signalling pathway to aggregate clearance vs. pro-inflammatory cytokine-induced 

tissue damage. 
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Figure 1.5. Mechanisms of proIL-1β processing. Components implicated in the response to amyloidogenic 

peptides are shown in red (note that some may be cell-type-specific). Signalling to NF-κB downstream of TLRs or 

cytokine receptors leads to synthesis of proIL-1 and increased expression (and/or post-translational modification) of 

inflammasome components. (1) The canonical NLRP3 inflammasome is a cytosolic complex comprised of the 

sensor NLRP3, the adaptor protein ASC, and caspase-1, which cleaves proIL-1β into its mature form. (2) The IFN-

activated caspase-11-induced non-canonical NLRP3 inflammasome is triggered by Gram-negative bacteria and may 

involve caspase 11-mediated fusion of lysosomes to phagosomes and leakage of bacterial mRNA into the cytoplasm 

to activate NLRP3. (3) The non-canonical caspase-8 inflammasome consists of mucosa-associated lymphoid tissue 

lymphoma translocation protein 1 (MALT1), caspase 8, and ASC and is formed in response to stimulation of the 

lectin receptor dectin-1. Caspase-8 cleaves proIL-1β. (4) The formation of the ripoptosome – consisting of Fas-

associated death domain protein (FADD) and receptor-interacting protein 1 (RIP1) – occurs with downregulation of 

inhibitor of apoptosis proteins (IAPs) and also activates caspase-8. (5) TNF receptor (TNFR) family members such 

as CD95 (Fas) also activate caspase-8 leading to proIL-1β cleavage. Reviewed in (408).  
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Figure 1.6. Consequences of beta cell exposure to pro-inflammatory cytokines. Short-term exposure to low 

concentrations of IL-1 can stimulate beta cell insulin secretion via activation of phospholipase D (PLD) and protein 

kinase C (PKC) signalling pathways. Chronic exposure to high levels of pro-inflammatory cytokines impairs beta 

cell function by altering transcription, translation, and protein activity. IL-1 and TNF-α signalling initiated by 

activation of MAPKs and IκB/NF-κB signalling can directly decrease expression of genes required for optimal 

glucose sensing and insulin secretion. Induction of reactive oxygen species (ROS) leads to subsequent oxidative 

damage to proteins and nucleic acids. Adapted from (392) and (453).  
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Figure 1.7. Proposed mechanisms of TLR-induced islet inflammation. Systemic stimuli for TLR2 and TLR4 are 

increased in type 2 diabetes and include microbe-derived PAMPs such as LPS and lipoproteins and endogenous 

DAMPs such as the heat shock proteins HSP60 and HSP70, high mobility group box-1 (HMGB1), hyaluronan, and 

saturated fatty acids. Local islet-derived TLR2 and/or TLR4 stimuli may include HMBG1, necrotic cell debris, and 

IAPP deposits. These endogenous ligands act on islet cells to induce secretion of pro-inflammatory cytokines and 

chemokines that may recruit monocytes. Recruited monocytes/ macrophages activated by systemic or islet-derived 

PAMPs and DAMPs may subsequently contribute to impaired beta cell insulin secretion. Chapter 3 of this thesis 

evaluates the capacity of IAPP to activate TLRs in islets and macrophages.  
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Figure 1.8. Proposed mechanisms of NLRP3-induced islet inflammation. NLRP3 stimuli are increased 

systemically and locally within islets in type 2 diabetes. These agents act on beta cells (e.g. glucose, fatty acids) and 

macrophages (e.g. endocannabinoids) to induce secretion of mature IL-1 causing beta cell dysfunction and death. 

NLRP3 activation may also be modulated by other islet-derived stimuli (e.g. ATP, oxidized mitochondrial DNA, 

ceramide) or cellular processes (e.g. impaired autophagy, ER stress, oxidative stress, osmotic pressure, membrane 

damage, and ion flux). IL-1 also acts in a paracrine manner on beta cells and macrophages to induce chemokine 

production and the secretion of other pro-inflammatory cytokines (e.g. IL-6 and TNF-α). Chapters 3-5 of this thesis 

examine the ability of IAPP to induce islet IL-1 synthesis and evaluate the consequences for glucose homeostasis in 

rodent models of amyloid formation.    
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Figure 1.9. Schematic of hypothesis. IAPP secreted by beta cells aggregates to form fibrils in type 2 diabetes. 

Intermediate aggregates may interact with TLRs expressed by macrophages to induce release of IL-1β, which when 

present chronically at high concentrations impairs beta cell function. Macrophages may be resident within the islet 

or recruited by hIAPP-induced chemokines. 
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Chapter 2: Materials and Methods 

 

2.1 Animals 

2.1.1 Rodents 

Mouse strains are described in Table 2.1. All strains were initially purchased from The 

Jackson Laboratory (Bar Harbour, ME). Mice were bred in-house to generate experimental 

animals and littermate controls, with the exception of the NOD/SCID mice used in transplant 

experiments, which were used 2-4 weeks after arrival from The Jackson Laboratory. FVB/N-

Tg(Ins2-IAPP)RHFSoel/J mice have been described previously (210) and were maintained as 

hemizygotes (hIAPP
Tg/o

) by breeding of female hIAPP
Tg/o

 mice with male wild-type FVB mice. 

Female FVB mice were used in high fat feeding experiments (Chapter 4) as they have no 

detectable metabolic phenotype up to 24 weeks of age and develop mild hIAPP-induced glucose 

intolerance after 12-14 weeks on high fat diet (HFD; see below), allowing comparison of 

normoglycemic mice on a normal chow diet (NCD) with mildly hyperglycemic HFD-fed mice 

and analysis of early islet dysfunction. No thioflavin-S-positive amyloid deposits can be detected 

in female FVB hIAPP
Tg/o

 mice, although isolated islets develop amyloid after 4 days of culture at 

22 mM glucose (Figure 3.13A), providing an ex vivo model of amyloid formation. 

To generate hIAPP
Tg/o

 mice and wild-type littermate controls with an agouti viable 

yellow allele (A
vy

) at the agouti locus, female hIAPP
Tg/o

 mice were crossed with male B6.C3-

A
vy

/J mice as described previously (194). Male A
vy

-hIAPP
Tg/o 

mice were employed in 

experiments to evaluate the role of islet macrophages (Chapter 4) and IL-1 (Chapter 5) in 

amyloid formation, as they develop extensive islet amyloid by 24 weeks of age (Figure 5.1). 

Agouti allele status was inferred based on coat colour (i.e. phenotype); only mice with a yellow 

coat colour (associated with obesity and insulin resistance) were designated A
vy

-hIAPP
Tg/o 

or A
vy

-

WT. Mice were designated a-hIAPP
Tg/o 

or a-WT based on brown coat colour; this group includes 

mice with epigenetic silencing of the A
vy

 allele (454).  

Homozygous hIAPP transgenic Sprague-Dawley rats from transgenic Line 9 generated 

by Butler et al. (455) were obtained from Pfizer (New York, NY). Transgenic rats were bred 

with wild-type Sprague-Dawley rats obtained from the Centre for Disease Modelling (University 
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of British Columbia, Vancouver, BC) to generate hemizygous hIAPP
Tg/o

 rats and wild-type 

littermates, which were maintained for islet isolation and culture experiments. 

 

2.1.2 Diets 

Mice and rats were maintained on normal chow diet (NCD, 13 kcal% fat, PicoLab 

Rodent Diet 20-5053, Lab Diet, St. Louis, MO). For high fat feeding, FVB mice were 

maintained on high fat diet (HFD, 45 kcal% fat; D12451, Research Diets, New Brunswick, NJ). 

Breeder pairs and pups prior to weaning were maintained on PicoLab Mouse Diet 20-5058 (22 

kcal% fat; Lab Diet).  

 

2.1.3 Ethics 

Mice and rats were maintained in compliance with Canadian Council on Animal Care 

guidelines. Studies were approved by the University of British Columbia Committee on Animal 

Care under current protocols A11-0202 (Breeding), A12-0260 (Amyloid-induced islet 

inflammation and beta cell dysfunction), A12-0049 (Processing of proIAPP: role in islet amyloid 

formation), and A11-0419 (Islet amyloid and transplant failure).  

 

2.2 Cell culture 

2.2.1 Bone marrow-derived macrophages 

To generate bone marrow-derived macrophages (BMDMs), bone marrow was flushed out 

of mouse femurs and plated in DMEM supplemented with 100 U/ml penicillin, 100 μg/ml 

streptomycin, 2 mM GlutaMAX™, 1 mM sodium pyruvate, and 10% fetal bovine serum (FBS; 

all from Invitrogen, Burlington, ON). Freshly-thawed L929-conditioned media (AbLab, 

Biomedical Research Centre, UBC) was passed through a 0.2 μm filter to remove precipitate and 

added to media at 15% v/v immediately prior to use. After 24 h, non-adherent cells were 

transferred to 10 cm tissue culture plates and incubated for 7 days, with addition of fresh media 

on days 3 and 6. Alternatively, cells were transferred to 6-well plates for experiments requiring 

subsequent preparation of protein lysates. Adherent BMDMs were detached by incubation with 

phosphate-buffered saline (PBS) containing 1 mM ethylenediaminetetraacetic acid (EDTA) for 3 
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min at 37°C followed by gentle pipetting and plated at a density of 100,000 cells per well of a 

96-well plate. After 24 h, cells were starved of L929 media for 10-12 h prior to each experiment. 

 

2.2.2 THP-1 cells 

THP-1 monocytes (ATCC TIB-202, passages 5-15) were maintained in suspension 

culture in RPMI 1640 medium supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 

2 mM GlutaMAX™, 10 mM HEPES, 1 mM sodium pyruvate, and 10% FBS. 

 

2.2.3 RAW 264.7 cells 

RAW 264.7 macrophages (ATCC TIB-71, passages 11-16) were maintained in high-

glucose DMEM supplemented with 10% FBS, 2 mM GlutaMAX™, and 1 mM sodium pyruvate. 

For passaging, cells were removed from plates by gentle pipetting in PBS. 

 

2.2.4 MIN6 cells 

MIN6 cells (gift from Francis Lynn, UBC, passages 30-40) were maintained in high-

glucose DMEM supplemented with 10% FBS, 2 mM GlutaMAX™, and 1 mM sodium pyruvate. 

For passaging, cells were removed from plates by 5 min incubation with 0.05% trypsin-EDTA at 

37°C. 

 

2.2.5 HEK 293 reporter cells 

HEK 293 cells co-transfected with mouse TLR2/CD14 or human TLR2/CD14, TLR3, 

TLR4/CD14, TLR7, or TLR9 and an NFkB/AP-1 SEAP reporter construct were purchased from 

InvivoGen (San Diego, CA). The parental cell lines, Null1 and Null2, were transfected only with 

the reporter construct. HEK 293 cells express endogenous TLR1, TLR3, TLR5, TLR6, and 

NOD1. Cells were maintained in high-glucose DMEM supplemented with 2 mM GlutaMAX™, 

10% FBS, 50 U/ml penicillin, 50 μg/ml streptomycin, 100 μg/ml Normocin, and additional 

antibiotics as per the manufacturer’s instructions (TLR2 and TLR4: HEK Blue Selection, a 

proprietary mixture of Blasticidin, Hygromycin, and Zeocin; TLR3: 30 μg/ml Blasticidin and 

100 μg/ml Zeocin; TLR7 and TLR9: 10 μg/ml Blasticidin and 100 μg/ml Zeocin). Secreted 

alkaline phosphatase activity was measured in cell supernatants using QUANTI-Blue™ 
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detection media (Invivogen) according to the manufacturer’s instructions. For passaging, cells 

were removed from plates by gentle pipetting with PBS.  

 

2.2.6 Assays for viability and cell death 

To evaluate mitochondrial activity, supernatants were replaced with fresh media 

containing 9% Alamar Blue (Invitrogen). BMDMs were incubated for 4-6 h and fluorescence 

was quantified on a Fluoroskan Ascent Reader (excitation 530 nm; emission 590 nm; Thermo 

Fisher Scientific, Waltham, MA). To evaluate apoptotic death, BMDMs were fixed in 10% 

formalin (Anatech, Battle Creek, MI) and stained with terminal deoxynucleotidyl transferase 

dUTP nick end labelling (TUNEL; Roche Diagnostics, Laval, QC) according to the 

manufacturer’s instructions. TUNEL positivity and the number of cells per 10 objective field 

were determined using an ArrayScan VTI HCS reader (Thermo Fisher Scientific, Waltham, 

MA). To assess loss of cell membrane integrity, lactate dehydrogenase (LDH) in cell 

supernatants was quantified with a colorimetric LDH assay according to the manufacturer’s 

instructions (G-Biosciences, St. Louis, MO). 

 

2.3 Islet isolation and culture 

2.3.1 Murine islet isolation 

Mouse and rat islets were isolated by ductal collagenase injection and filtration as 

described previously (456). Mice were anesthetized with isofluorane and euthanized by cervical 

dislocation. Pancreata were perfused via the pancreatic duct with collagenase (1000 U/ml, type 

XI, Sigma) dissolved in Hank’s Balanced Salt Solution (HBSS; Gibco), then kept on ice until 

further digestion. Pancreata were incubated at 37°C for 13-15 min, then shaken by hand to 

disrupt the pancreas until the solution became homogeneous. Digestion was stopped by addition 

of HBSS with 1 mM CaCl2 on ice. Islets were washed and purified by filtration using a 70 μm 

nylon cell strainer. Islets were hand-picked and cultured overnight to allow recovery, unless 

otherwise stated. Islet yield from A
vy

-hIAPP
Tg/o

 mice with significant amyloid deposition was 

reduced by ~50% compared to that of wild-type controls; otherwise there was no difference in 

the islet yield among strains and treatment groups compared in these studies. 
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2.3.2 Murine islet culture 

Islets were maintained at 37°C with 5% CO2 in RPMI 1640 supplemented with 100 U/ml 

penicillin, 100 μg/ml streptomycin, 2 mM GlutaMAX™, and 10% FBS. For analysis of cytokine 

and chemokine release, islets were incubated overnight prior to the start of each experiment. 

Where required, consistency in islet size and number was verified by comparison of Alamar Blue 

reduction among treatments at the end of each experiment. Following culture, islets were washed 

and lysed for RNA or protein isolation, dispersed for flow cytometric analysis, or fixed in 10% 

formalin and preserved in agar prior to paraffin processing for immunohistochemistry. 

 

2.3.3 Human islet culture 

Human islets were obtained at 22°C in CMRL-1066 from the Ike Barber Human Islet 

Transplant Laboratory (Vancouver General Hospital, Vancouver, BC). Prior to experiments, 

islets were cultured overnight at 37°C with 5% CO2 in CMRL-1066 (Gibco) supplemented with 

100 U/ml penicillin, 100 μg/ml streptomycin, 50 μg/ml gentamycin, and 2 mM GlutaMAX™. 

 

2.4 Peptides and inhibitors 

Synthetic hIAPP and rIAPP (Bachem, Torrance, CA) were dissolved in hexafluoro-2-

propanol, lyophilized, and stored at -20°C. Immediately prior to each experiment, IAPP was 

dissolved in 0.1 M acetic acid and diluted in culture media. Neither rIAPP nor hIAPP induced 

NF-κB activation in TLR4-expressing HEK 293 cells, evaluated as described in Section 2.2, 

suggesting minimal endotoxin contamination. Inhibitors described in Table 2.2 or antibodies 

described in Table 2.4 were added to BMDMs, HEK 293 cells, or islets 1 h prior to treatment 

with IAPP.  

 

2.5 Thioflavin assays 

To assess amyloid fibril formation, IAPP aggregation was monitored by thioflavin T 

fluorescence as described previously (229). Peptide was dissolved in DMEM containing 10 μM 

thioflavin T. Fluorescence emission was evaluated on a Fluoroskan Ascent reader (excitation 444 

nm; emission 485 nm). For detection of hIAPP aggregates in cultured cells, BMDMs were grown 

on chamber slides coated with poly-L-lysine (Sigma). Cells were fixed in 10% formalin for 20 
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min, permeabilized with 0.2% TritonX-100 at room temperature for 5 min, and stained with 

0.01% w/v thioflavin S for 10 min at room temperature followed by three washes in 70% 

ethanol. Cells were wet-mounted using Vectashield mounting medium with DAPI (Vector 

Laboratories, Burlingame, CA) and visualized on a BX61 microscope (Olympus, Center Valley, 

PA). Image analyses, including deconvolution of z-stacks, was performed using Image-Pro 

software (MediaCybernetics, Bethesda, MD). 

 

2.6 Analyses of cytokine and chemokine secretion 

2.6.1 Multiplexed analysis 

Cell culture media was centrifuged following collection to remove debris and 

supernatants were stored at -80C prior to analysis. An array of 12 cytokines and chemokines 

(CCL2, CCL3, CCL4, CCL5, CXCL1, CXCL2, CXCL10, IL-1α, IL-1β, IL-6, TNF-α, IL-12p70) 

was assessed by multiplex assay (Millipore, Bedford, MA) and analyzed on a Luminex-100 

system according to the manufacturer’s instructions (Luminex Corporation, Austin, TX). 

 

2.6.2 Enzyme-linked immunosorbent assay 

For single cytokine analysis in BMDM and islet supernatants, TNF-α, IL-1β, and CCL2 

levels were determined by enzyme-linked immunosorbent assay (ELISA) according to the 

manufacturer’s instructions (eBioscience, San Diego, CA, or BioLegend, San Diego, CA). To 

evaluate the IAPP species required for IL-1 secretion, BMDMs were treated with a priming 

stimulus for 3 h to induce proIL-1β synthesis. Cells were then exposed to an NLRP3 activator for 

1-16 h. ATP (5 mM; MP Biomedicals, Santa Ana, CA) was used as a positive control for NLRP3 

activation. IL-1β in cell supernatants was measured by ELISA according to the manufacturer’s 

instructions (BioLegend). 

 

2.7 Chemotaxis assay 

Human islets were plated in CMRL-1066 at a density of 200 islets per well of a 24-well 

plate and treated with IAPP as indicated (Figure 3.12). Supernatants were centrifuged to remove 

debris and stored at -80ºC until analysis. Thawed supernatants were diluted 1:1 with RPMI 1640 

and 275 μl was added to the bottom chamber of a 96-well Transwell plate (Corning Incorporated, 
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NY). THP-1 monocytes were suspended at a concentration of 110
6
 cells/ml in RPMI containing 

0.1% bovine serum albumin (BSA) and 70 μl of the suspension was added to the upper chamber 

of the Transwell plate. After 4 h, the media in the bottom wells were collected and the number of 

cells was determined by analyzing each sample on a flow cytometer for 15 s and interpolating 

from a standard curve. The chemotactic index was the ratio of the concentration of migrated cells 

in the test sample to that in the media control, since in preliminary experiments IAPP alone did 

not induce monocyte chemotaxis.  

 

2.8 Gene expression analyses 

2.8.1 Global gene expression 

C57BL/6 BMDMs were treated with hIAPP or rIAPP for 12 h. RNA was isolated using 

an RNeasy mini kit (Qiagen Inc., Mississauga, ON) and quality was assessed using an Agilent 

2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA). All samples had RNA integrity 

number scores >9.2. Global gene expression was evaluated with an Illumina MouseRef-8 v2 

Expression Bead Chip with an Illumina BeadStation 500GX BeadArray Reader (Illumina Inc., 

San Diego, CA). Data were analyzed with Bead Studio software using rank-invariant 

normalization. Only transcripts with detection and differential expression p-values < 0.05 were 

included in the analysis. Differentially-expressed genes (absolute fold-difference > 1.5) were 

uploaded to the Database for Annotation, Visualization and Integrated Discovery (DAVID) 

functional clustering tool (34). Functional annotation analysis was used to evaluate 

overrepresentation of biological pathways based on Gene Ontology (GO) terms and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathways. Data were also uploaded to InnateDB 

(457) for transcription factor binding site overrepresentation analysis (using the CisRED 

database) and pathway overrepresentation analysis using the KEGG, Integrating Network 

Objects with Hierarchies (INOH), and Reactome databases. The significance of over-represented 

terms was determined by a Benjamini p-value to correct for multiple comparisons. Array data 

were deposited in NCBI’s Gene
 
Expression Omnibus database as series GSE23534 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23534). 
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2.8.2 RNA isolation 

RNA was isolated with a Purelink RNA micro kit (Invitrogen) according to the 

manufacturer’s instructions. For analysis of islet gene expression without in vitro treatment, 

islets were allowed to recover for 4 h following isolation prior to lysis, unless otherwise stated.  

 

2.8.3 Reverse transcription quantitative PCR 

Synthesis of cDNA was performed using 100-400 ng RNA and a qScript™ cDNA 

synthesis kit (Quanta Biosciences, Gaithersburg, MD) or a Superscript VILO™ cDNA synthesis 

kit (Invitrogen), both with a combination of oligo(dT) primers and random hexamers. Reverse 

transcription quantitative PCR (RT-qPCR) was performed using Power SYBR® Green PCR 

Master Mix or Fast SYBR® Green Master Mix (ABI, Warrington, UK). Reactions were run on 

an ABI 7500 Fast or Viia™ 7 Real-Time PCR System. Most primer sequences and cycle 

protocols were obtained from the public database PrimerBank (458) and are listed in Table 2.3. 

Differential expression was determined by the 2
-ΔΔCT

 method (459) with Gapdh (Figure 3.3) or 

Rplp0 (all other experiments) as the internal control. 

Gene expression in islets isolated from 24-week-old A
vy

-hIAPP
Tg/o

 and control mice was 

assessed using a mouse Inflammatory Response and Autoimmunity array (SA Biosciences, 

Qiagen). Data were analyzed online using SA Biosciences RT
2
 Profiler PCR Array Data 

Analysis version 3.5. Volcano plots were generated based on a p-value threshold of 0.05 

(determined by Student’s t-test) and a fold-change threshold of 2. 

 

2.9 Western blotting 

For analysis of IL-1β protein expression (Figure 4.6), BMDMs and islets were treated 

with IAPP as indicated, rinsed with ice-cold PBS, and lysed on ice with 

radioimmunoprecipitation assay (RIPA) buffer containing protease and phosphatase inhibitors 

(Cell Signaling Technology, Danvers, MA).  For analysis of IAPP, PC1/3, and PC2 expression, 

MIN6 cells (Figure 5.13) or islets (Figure 5.14) were treated with recombinant IL-1β 

(eBioscience, San Diego, CA) for 24 h prior to lysis. Protein concentration in lysates was  

quantified by bicinchoninic acid (BCA) assay according to the manufacturer’s instructions. 

Lysates were diluted in Laemmli buffer and loaded into 15% tris-tricine gels for detection of 
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IAPP; 4-20% tris-glycine gradient gels (Bio-Rad Laboratories, Mississauga, ON) for detection of 

IL-1; or 12% gels for detection of IL-1, PC1/3, and PC2. Proteins were separated by SDS-PAGE 

and blotted onto nitrocellulose. Blots were blocked with 5% skim milk for 2 h at room 

temperature and incubated overnight with primary antibody at 4°C in 5% skim milk, as indicated 

in Table 2.5. HRP-conjugated secondary antibodies (1:10,000; GE Healthcare, Baie d’Urfe, QC) 

were applied for 1 h at room temperature. Blots were incubated with electrochemiluminescent 

substrate (BioRad) and exposed to X-ray film. Band densitometry was performed with ImageJ 

(460).  

 

2.10 Islet transplantation 

Islets were isolated from 12- to 16-week-old hIAPP
Tg/o

 mice or wild-type FVB littermate 

controls and allowed to recover overnight prior to transplantation. Eleven-week-old male 

NOD/SCID islet transplant recipients were rendered hyperglycemic by a single intraperitoneal 

(i.p.) injection of 200 mg/kg streptozotocin (Sigma) in citrate buffer. Recipient mice were 

transplanted with 150 islets into the left renal subcapsular space 4 days after streptozotocin 

injection, when blood glucose levels were between 20-30 mmol/L. Animals were monitored for 

non-fasting tail vein blood glucose levels using a glucometer (OneTouch, Burnaby, BC), daily 

for one week following transplantation and twice weekly for the rest of the experiment. After 

evaluation of glucose tolerance 8 weeks following transplantation, removal of the islet graft-

bearing kidney was performed to rule out effects of residual pancreatic islet function. All mice 

included in our analyses returned to hyperglycemia within 24 h. Grafts were fixed in 10% 

formalin and embedded in paraffin for histology.  

 

2.11 IL-1Ra administration 

2.11.1 Islet transplant recipients 

One day prior to transplantation, NOD/SCID recipient mice were implanted 

subcutaneously with an ALZET mini-osmotic pump (Durect Corporation, Cupertino, CA) 

containing PBS or IL-1Ra (anakinra), released at a continuous dose of 100 mg/kg per day. 

Pumps were replaced every two weeks for a total of eight weeks of IL-1Ra treatment. 
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2.11.2 Agouti viable yellow mice 

Sixteen-week-old male A
vy

-hIAPP
Tg/o

 mice and control littermates were injected 

subcutaneously with 50 mg/kg per day IL-1Ra. The drug could not be sufficiently concentrated 

to allow for continuous release given the body weights of these mice. Metabolic testing was 

performed between 7-8 following the start of IL-1Ra treatment. After 8 weeks, a small piece of 

the tail of the pancreas was fixed in 10% formalin and embedded in paraffin for histology. Islets 

were isolated from the remaining pancreas, allowed to recover overnight, and lysed for RNA 

isolation and gene expression analysis. 

 

2.12 Clodronate liposome-mediated macrophage depletion 

2.12.1 Cultured islets 

For in vitro macrophage depletion, isolated islets were treated with 1 mg/ml clodronate 

delivered in liposomes prepared with phosphatidylcholine and cholesterol (461) (ClodLip BV, 

Amsterdam, The Netherlands). Islets were washed three times after 24-36 h to remove residual 

liposomes and depletion of macrophages was verified by immunostaining and RT-qPCR (Figure 

4.4). 

 

2.12.2 Human IAPP transgenic mice 

For in vivo macrophage depletion, female HFD-fed hIAPP
Tg/o

 mice and wild-type FVB 

littermate controls (Figure 4.15, Figure 4.16) or male A
vy

-hIAPP
Tg/o 

mice and wild-type 

FVB×C57BL/6 littermate controls (Figure 4.18) were injected i.p. with 100 mg/kg clodronate in 

liposomes or PBS control liposomes every 4 days for 4 weeks, starting at 20 weeks of age. 

 

2.13 In vivo metabolic testing 

2.13.1 Glucose tolerance test 

To assess glucose tolerance, mice were fasted for 4 h prior to i.p. injection with glucose 

at a dose of 0.75 g/kg (FVB mice), 1 g/kg (FVB×C57BL/6 mice), or 1.5 g/kg (NOD/SCID mice). 

Tail vein glucose was monitored at 0, 15, 30, 60, and 120 min by glucometer. Blood was 

collected from the saphenous vein at 0, 15, and 30 min for plasma insulin measurement by 

ELISA (ALPCO Diagnostics, Salem, NH). 
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2.13.2 Insulin tolerance test 

To assess insulin sensitivity, mice were fasted for 4 h prior to i.p. injection with 0.5 U/kg 

(FVB) or 1 U/kg (FVB×C57BL/6) insulin (Novolin®ge Toronto; Novo Nordisk, Mississauga, 

ON). Glycemia was measured at 0, 15, 30, 60, and 90 min by glucometer. 

 

2.14 In vitro analysis of glucose-stimulated insulin secretion 

Glucose-stimulated insulin secretion in isolated islets was assessed as described 

previously (462). Isolated islets were pre-incubated in Krebs-Ringer bicarbonate buffer (KRB) 

supplemented with 10 mM HEPES, 0.25% BSA, and 1.67 mM glucose for two hours. Islets were 

transferred to fresh KRB buffer supplemented with either 1.67 or 16.7 mM glucose for 1 h, with 

a density of 20 islets per well of a 96-well plate. Islets and supernatants were collected from each 

well and stored at -80°C until further analysis. Islets were lysed with RIPA buffer and insulin 

content in media and islets was analyzed by ELISA (ALPCO Diagnostics). Insulin content was 

normalized to total protein content in islet lysates as determined by BCA assay.  

 

2.15 Immunostaining 

2.15.1 Immunohistochemistry 

Formalin-fixed, paraffin-embedded sections (5 μm) from 2-3 areas of the pancreas or 

graft were deparaffinized and rehydrated. Antigen retrieval was performed as indicated in Table 

2.6 in a vegetable steamer for 20 min. Sections were blocked with 10% normal serum (Vector 

Laboratories) or 0.25% casein (Protein Block; Dako) for 30 min. Primary antibodies were diluted 

according to Table 2.6 in 0.1% BSA in PBS and applied to sections overnight at 4°C or at room 

temperature (MafA and Pdx1). For nuclear staining, sections were permeabilized with 0.25% 

Triton-X100 (Sigma) for 15 min prior to blocking. Alexa 594 goat anti-guinea pig and Alexa 488 

goat anti-rat secondary antibodies (1:100; Invitrogen) were applied for 1 h at room temperature. 

For thioflavin S staining, sections were incubated with 0.1% thioflavin S for 2 min followed by a 

brief wash in 70% ethanol. Slides were mounted using Vectashield mounting medium with DAPI 

(Vector Laboratories) and imaged on a BX61 microscope (Olympus, Center Valley, PA). 

Quantification was performed using Image-Pro software (MediaCybernetics, Bethesda, MD). 
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2.15.2 Immunocytochemistry 

Cells were seeded in black 96-well clear-bottom plates and cultured as indicated. Cells 

were fixed with 10% formalin for 15 min at room temperature, permeabilized with 1% Triton X-

100 for 15 min, and blocked using a commercial blocking solution optimized for HCS Arrayscan 

assays (Thermo Fisher Scientific, Waltham, MA). Cells were stained with rabbit anti-mouse NF-

κB (1:230, Pierce) for 1 h followed by Dylight 549 goat anti-rabbit IgG (1:400, Pierce) and 

Hoechst (1 μg/ml) for 1 h. Staining was quantified using an ArrayScan VTI HCS reader and 

Molecular Translocation BioApplication Software Module (Thermo Fisher Scientific).  

 

2.16 Flow cytometry 

2.16.1 Conventional flow cytometry 

Islets were dispersed in enzyme-free dissociation buffer (Invitrogen) and passed through 

a 70 μm nylon strainer. Cells were incubated with Fc block (1:50; eBioscience) for 10 min on 

ice. For analysis on Aria and Canto instruments (BD Biosciences, San Jose, CA), staining was 

performed for 30 min on ice with antibodies as described in Table 2.7. Cells were stained with 

fixable viability dye (1:1000; eFluor450 or 780, eBioscience) for 30 min and fixed with 2% 

formaldehyde prior to analysis. Gating was performed as in Figure 5.1.  

 

2.16.2 Imaging flow cytometry 

For image analysis using the ImageStream
X
 (Amnis Corporation, Seattle, WA), dispersed 

islet cells were incubated with 1 μg/ml Hoechst for 5 min at 37°C prior to staining with anti-

CD11b antibodies as for conventional flow cytometry. For detection of caspase-1 activity, islets 

were incubated with FLICA 660-YVAD-FMK (1:30, ImmunoChemistry Technologies, 

Bloomington, MN) for the final hour of IAPP stimulation. For analysis of IL-1β content, cells 

were permeabilized with BD Cytofix/Cytoperm and incubated with rabbit anti-mouse total IL-1β 

(1:100; Santa Cruz Biotechnology, Dallas, TX) for 1 h followed by Alexa 488 goat anti-rabbit 

secondary antibody (1:100; Invitrogen).  
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2.16.3 Cell sorting 

Dispersed islet cells were prepared as for conventional flow cytometry but without 

fixation. Sorting of CD11b
+
F4/80

+
 cells was performed on a FACSAria II cell sorter (BD 

Biosciences). Cells were collected into lysis buffer for subsequent RNA isolation (Purelink, 

Invitrogen). 

 

2.17 Statistical analysis 

Data were analyzed with Prism Version 5.0a (GraphPad Software Inc., La Jolla, CA) and 

are expressed as mean±SEM of the indicated number of trials or mean±SD of the indicated 

number of replicates, as described in figure legends. Differences between two groups were 

evaluated with a two-tailed t-test. Differences among three or more groups were evaluated with a 

one-way or two-way ANOVA and Bonferroni post-tests. For figures in which representative 

experiments are shown, data from other experiments showed the same statistically significant 

differences but with different absolute values due to variation in IAPP activity among lots of 

peptide. A p-value <0.05 was considered significant. 
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Table 2.1. Mouse strains and uses.  

Strain name Abbreviation Jax strain  Studies 

FVB/N-Tg(Ins2-

IAPP)RHFSoel/J 

hIAPP
Tg/o 

(hemizygote) 

008232 Islet culture for in vitro modelling of amyloid 

formation (Chapter 3); analysis of glucose 

homeostasis after HFD (Chapter 4); islet 

macrophage phenotyping (Chapter 4); response 

to clodronate treatment (Chapter 4) 

FVB/NJ FVB 001800 Breeding with hIAPP
Tg/o

 mice to generate 

hemizygotes and wild-type littermate controls  

B6.C3-A
vy

/J A
vy

 000017 Breeding with hIAPP
Tg/o

 mice to generate A
vy

-

hIAPP
Tg/o

 mice and littermate controls for 

analysis of glucose homeostasis (Chapter 5), 

analysis of in vivo amyloid formation with 

clodronate treatment (Chapter 4); analysis of in 

vivo glucose homeostasis and amyloid 

formation with IL-1Ra treatment (Chapter 5) 

C57BL/6J C57BL/6 000664 Propagation of BMDMs for analysis of response 

to IAPP in vitro (Chapter 3); breeding with 

B6.C3-A
vy

/J mice to maintain the strain; islet 

culture for IAPP treatment (Chapter 3); analysis 

of macrophage content (Chapter 4); analysis of 

IAPP processing (Chapter 5) 

B6.129P2(SJL)-

Myd88
tm1.1Defr

/J 

Myd88
-/-

 009088 Propagation of BMDMs for analysis of response 

to IAPP in vitro (Chapter 3) 

B6.129-Tlr2
tm1Kir

/J Tlr2
-/-

 004650 Propagation of BMDMs and isolation of 

isletsfor analysis of response to IAPP in vitro 

(Chapter 3) 

NOD.CB17-

Prkdc
scid

/J 

NOD/SCID 001303 Islet transplant recipients treated with IL-1Ra or 

PBS (Chapter 5) 

    

 

 
Table 2.2. Compounds tested for ability to inhibit IAPP-induced cytokine secretion in vitro. 

Inhibitor Source Target  Concentration  

Polymyxin B Sigma LPS lipid A 10 g/ml 

MyD88 inhibitory and 

control peptides 

Imgenex
1 

Homodimerization of MyD88 100 M 

Z-YVAD-FMK Sigma Caspase-1 40 M 

Cytochalasin D Sigma Actin polymerization 5 M 

CA-074-Me EMD Chemicals
2 

Cathepsin B 80 M 

Glibenclamide Sigma NLRP3 activation 200 M 

Bay 11-7082 Sigma NF-κB and NLRP3 activation 5 M 

Congo Red Sigma IAPP aggregation and interaction 

with membranes 

200 mM 

IL-1Ra Biovitrum AB
3 

type 1 IL-1R 4 g/ml 
1
Imgenex Corp, San Diego, CA; 

2
EMD Chemicals, Gibbstown, NJ; 

3
Biovitrum AB, Stockholm, Sweden 
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Table 2.3. Primers used for RT-qPCR. 

Gene Sequence (5’-3’); forward(F), reverse (R) Primer Bank Reference 

Casp1 F: ACAAGGCACGGGACCTATG 

R: TCCCAGTCAGTCCTGGAAATG 
6753282a1 

Ccl2 F: TTAAAAACCTGGATCGGAACCAA 

R: GCATTAGCTTCAGATTTACGGGT 
6755430a1 

Ddit3 F: CTGGAAGCCTGGTATGAGGAT 

R: CAGGGTCAAGAGTAGTGAAGGT 
31982415a1 

Emr1 F: GCCCTGAACATGCAACCTG 

R: CTCCTCCACTAGATTCAAGTCCT 
2078512a1 

Gadph F: AGGTCGGTGTGAACGGATTTG 

R: TGTAGACCATGTAGTTGAGGTCA 
6679937a1 

Hspa5 F: ACTTGGGGACCACCTATTCCT 

R:ATCGCCAATCAGACGCTCC 
31981722a1 

Iapp F: CCACTTGAGAGCTACACCTGT 

R: GAACCAAAAAGTTTGCCAGGC 
6754272a1 

Il10 F: CCCATTCCTCGTCACGATCTC 

R: TCAGACTGGTTTGGGATAGGTTT 
6680389a1 

Il12b F: TGGTTTGCCATCGTTTTGCTG 

R:ACAGGTGAGGTTCACTGTTTCT 
6680397a1 

Il18 F: GACTCTTGCGTCAACTTCAAGG 

R: CAGGCTGTCTTTTGTCAACGA 
6680413a1 

Il18bp F: CCTACTTCAGCATCCTCTACTGG 

R: AGGGTTTCTTGAGAAGGGGAC 
6754314a1 

Il1a F: CGAAGACTACAGTTCTGCCATT 

R: GACGTTTCAGAGGTTCTCAGAG 
52669a1 

Il1b F: GCAACTGTTCCTGAACTCAACT 

R: ATCTTTTGGGGTCCGTCAACT 
6680415a1 

Il1rn F: GCTCATTGCTGGGTACTTACAA 

R: CCAGACTTGGCACAAGACAGG 
13624317a1 

Il6 F: TAGTCCTTCCTACCCCAATTTCC 

R: TTGGTCCTTAGCCACTCCTTC 
13624311a1 

Ins1 F: CTCAGGTGGGAATATGGGAGT 

R: CACCGAGGCAAAAAGTGCTG 
12850278a1 

Ins2 F: GCTTCTTCTACACACCCATGTC 

R: AGCACTGATCTACAATGCCAC 
6680463a1 

Itgam F: CCATGACCTTCCAAGAGAATGC 

R: ACCGGCTTGTGCTGTAGTC 
132626288b1 

Itgax F: CTGGATAGCCTTTCTTCTGCTG 

R: GCACACTGTGTCCGAACTCA 
10946646a1 

Mafa F: AGGAGGAGGTCATCCGACTG 

R: CTTCTCGCTCTCCAGAATGTG 
23503735a1 

Nlrp3 F: ATTACCCGCCCGAGAAAGG 

R: TCGCAGCAAAGATCCACACAG 
22003870a1 

Pcsk1 F: CTTTCGCCTTCTTTTGCGTTT 

R: TCCGCCGCCCATTCATTAAC 
26335877a1 

Pcsk2 F: AGAGAGACCCCAGGATAAAGATG 

R: CTTGCCCAGTGTTGAACAGGT 
6679229a1 

Pdx1 F: GAGGTGCTTACACAGCGGAA 

R: GGGGCCGGGAGATGTATTT 
158518428c3 

Pycard F: CTTGTCAGGGGATGAACTCAAAA 

R: GCCATACGACTCCAGATAGTAGC 
31560222a1 

Rplp0 F: AGATTCGGGATATGCTGTTGGC 

R: TCGGGTCCTAGACCAGTGTTC 
6671569a1 

Tnf F: CCCTCACACTCAGATCATCTTCT 

R: GCTACGACGTGGGCTACAG 
7305585a1 
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Table 2.4. Antibodies used for neutralization experiments.  

Target Manufacturer 

TLR2 Invivogen (mab-mtlr2) 

TLR1 Invivogen (mabg-htlr1) 

TLR6 Invivogen (mabg-htlr6) 

CD14 Invivogen (maba-hcd14) 

Isotype control (mouse IgG1κ) BD Biosciences (554721) 

 

 
Table 2.5. Antibodies used for western blotting.  

Target Manufacturer Host Concentration 

IL-1β (total) R&D Systems (AF-401-NA) goat 1:4000 

IL-1β (mature) Novus (NBP1-42767) rabbit 1:2000 

β-actin Sigma (A2228) mouse 1:10,000 

IAPP (total) Bachem (4145) rabbit 1:1000 

PC1/3 

(“Thumpa”) 

Gift from C. Rhodes 

University of Washington 

rabbit 1:1000 

PC2 Thermo Fisher Scientific (PIPA512199) rabbit 1:1000 

 

 
Table 2.6. Antibodies used for immunostaining. 

Target Manufacturer Host Concentration Antigen retrieval 

Insulin Dako (A0565) guinea pig 1:200 None 

F4/80 Cedarlane (CL89170AP) rat 1:75 Sodium citrate pH 6.0
1
 

Pdx1 Abcam (ab47267) rabbit 1:200 Tris-EDTA pH 9.0 

MafA Bethyl Laboratories 

(IHC-00352) 

rabbit 1:200 Tris-EDTA pH 9.0 

CCL2 Abcam (ab9669) rabbit 1:100 Sodium citrate pH 6.0
1
 

NF-κB 

(p65) 

Thermo Fisher Scientific 

Pierce (PIPA516545) 

rabbit 1:230 N/A (permeabilized with 1% 

Triton X-100) 
1
Dako Target Retrieval Solution 

 

 
Table 2.7. Antibodies used for flow cytometry. 

Target Fluorochrome Manufacturer Concentration 

CD11b Alexa-700 eBioscience (56-0112-82) 1:150 

CD11b PE eBioscience (12-1152-82) 1:200 

F4/80 APC eBioscience (17-4801-82) 1:200 

CD11c PerCPCy5.5 eBioscience (45-0114-82) 1:100 

IL-1β Unconjugated Santa Cruz (sc-7884) 1:100 

I-A/E APC eBioscience (17-5321-81) 1:200 

I-A/E PerCP-eFluor 710 eBioscience (46-5321-80) 1:200 

Ly6C BV 570 Biolegend (128029) 1:100 
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Chapter 3: IAPP Aggregates Induce Pro-inflammatory Cytokine Secretion by 

Islets and Macrophages 

 

3.1 Background 

Patients with type 2 diabetes are unable to secrete sufficient insulin to compensate for 

increased peripheral insulin resistance (463). Their pancreatic islets exhibit progressive beta cell 

loss (70), likely due in part to increased expression of pro-inflammatory cytokines (398,464), 

macrophage infiltration (401,418), and islet amyloid deposition (77). Similarly, immune cell 

infiltration and pro-inflammatory cytokine release impair beta cell function following islet 

transplantation (237), and isolated islets develop amyloid rapidly during pre-transplant culture 

(213) and following engraftment (214,216,217,465,466). Anti-inflammatory drugs such as 

IL-1Ra or anti-IL-1β mAbs can preserve beta cell function in type 2 diabetic patients 

(361,362,467) and in cultured human islets (397). 

Aggregates of hIAPP share a common cross β-sheet structure with those of other 

amyloidogenic peptides known to induce a potent pro-inflammatory response. The structure of 

oligomeric and fibrillar peptide aggregates is discussed in Chapter 1.2. Peptides such as 

enterobacterial CsgA and mammalian Aβ, which forms amyloid plaques in Alzheimer’s disease, 

induce TLR signalling in monocytes (304), providing one potential pathway for amyloid-induced 

pro-IL-1β synthesis (274,468). Figure 1.4 provides an overview of TLRs activated by other 

amyloidogenic peptides, as discussed in Chapter 1.3. Several such peptides, including Aβ, also 

promote proIL-1β cleavage (the second signal required for secretion of mature IL-1β) via 

activation of the NLRP3 inflammasome (315). We therefore hypothesized that hIAPP may 

contribute to islet inflammation by activating the same innate immune pathways leading to IL-1β 

secretion. To address this hypothesis, we first characterized the effects of hIAPP aggregation on 

cytokine release by BMDMs and chemokine release by islets. We next assessed the contribution 

of IL-1R and TLR signalling to hIAPP-induced inflammation and determined the form of IAPP 

aggregate required for the synthesis and secretion of IL-1β.   
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3.2 Results 

3.2.1 IAPP promotes BMDM survival in the absence of M-CSF 

To evaluate the effect of hIAPP on macrophage viability, BMDMs were treated with 

hIAPP or rIAPP (15 μM) in the absence of M-CSF for 12 h. Aggregated peptide was observed as 

thioflavin S staining of hIAPP- but not rIAPP-treated cells, often in association with cell 

membranes (Figure 3.1A). Interestingly, both hIAPP and rIAPP inhibited cell death associated 

with M-CSF deprivation as assessed by LDH release, with a reduction to 83±7% of the vehicle 

control for rIAPP and 62±3% for hIAPP after 12 h (Figure 3.1B). Similarly, IAPP protected 

against M-CSF deprivation-induced macrophage loss, with an average cell number per field of 

175±26 for hIAPP and 80±14 for rIAPP compared to 57±2 in the control after 12 h (Figure 

3.1C). Since both non-amyloidogenic rIAPP and amyloidogenic hIAPP improved macrophage 

survival during M-CSF deprivation, these data suggest that IAPP can provide a pro-survival 

signal to macrophages even in the absence of aggregation; however, the more dramatic effect of 

hIAPP compared to rIAPP suggests that peptide aggregation provides an additional survival 

stimulus, similar to pro-inflammatory agents such as LPS. 

 

3.2.2 Functional annotation analysis of global gene expression reveals upregulation of 

pro-inflammatory pathways in macrophages treated with human vs. rodent IAPP 

 To determine whether hIAPP affects expression of genes associated with an innate 

immune response, we performed global gene expression analysis to compare expression profiles 

of hIAPP- and rIAPP-treated BMDMs after 12 h. Approximately 1000 genes were differentially 

regulated at least 1.5-fold in hIAPP- vs. rIAPP-treated BMDMs (319 were downregulated and 

696 were upregulated with p<0.05). Functional annotation analysis using DAVID (469,470) 

revealed significant enrichment of GO terms and KEGG pathways (471) among genes that were 

differentially expressed in response to hIAPP. Twelve functional annotation clusters enriched 

more than two-fold were identified, representing pathways involved in angiogenesis, the 

inflammatory response, apoptosis, lysosomes, nucleotide binding, regulation of cytokine 

production, leukocyte activation, phagocytosis, and the response to hypoxia. Genes from 

significantly overrepresented pathways identified in DAVID are shown in Table 3.1.  
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Differentially expressed genes were also uploaded to InnateDB (457) for transcription 

factor binding site overrepresentation analysis (using the CisRED database) and pathway 

overrepresentation analysis using the KEGG, INOH, and Reactome databases. Genes from 

significantly overrepresented pathways identified in InnateDB are shown in Table 3.2. Only one 

transcription factor class, activating transcription factor (ATF), was significantly overrepresented 

following correction for multiple comparisons (p=0.013). Figure 3.2 highlights differentially 

expressed genes in the KEGG TLR signalling pathway, which was the mostly highly 

overrepresented KEGG pathway identified by both DAVID and InnateDB. 

 

3.2.3 Human IAPP induces pro-inflammatory cytokine secretion by BMDMs 

 To explore further the cytokine profile of hIAPP-treated cells, we analyzed supernatants 

from BMDM cultures treated with hIAPP for 12 h (Figure 3.3A). hIAPP but not rIAPP induced 

significant levels of IL-1α (11.7±2.3 vs. <2.9 pg/ml), IL-1β (27.2±2.7 vs. 2.6±1.4 pg/ml), TNF-α 

(134±23 vs. 5.9±0.4 pg/ml), CCL2 (169±8 vs. 18±2 pg/ml), CXCL1 (522 ±110 vs. 91±23 

pg/ml), CCL3 (6.96±2.21 vs. 0.10±0.01 ng/ml), CCL4 (4.97±1.41 vs. 0.08±0.01 ng/ml), CCL5 

(7.6±5.9 vs. <3.0 pg/ml), and CXCL2 (5.95±0.64 vs. 1.92±0.25 ng/ml). A trend toward increased 

IL-6 was observed but did not reach statistical significance. Induction of mRNA encoding IL-1α, 

IL-1β, and TNF-α was confirmed by RT-qPCR (Figure 3.3B). hIAPP also induced nitric oxide 

production as determined by a six-fold elevation in nitrite levels in cell supernatants (Figure 

3.3C).  

 Since the combination of TNF-α and IL-1β has well-characterized inhibitory effects on 

insulin secretion and at high concentrations promotes beta cell apoptosis (391), we chose to 

measure these cytokines in further mechanistic studies. TNF-α induction in BMDMs after 24 h 

by hIAPP was concentration-dependent (Figure 3.4A) and associated with increased cell viability 

(as measured by mitochondrial activity) relative to rIAPP-treated cells (181±5 vs.142±5% of the 

vehicle control, respectively; Figure 3.4B). No apoptotic death of hIAPP-treated BMDMs was 

observed at concentrations up to 15 μM after 24 h (Figure 3.4C). The LPS inhibitor polymyxin-B 

had no effect on hIAPP-induced TNF-α release (Figure 3.4D), suggesting that these effects were 

not due to endotoxin contamination.  
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3.2.4 Aggregation intermediates are required for induction of TNF-α and IL-1β 

To determine which state of hIAPP fibrillogenesis is responsible for TNF-α and IL-1β 

induction, IAPP was dissolved in media and aggregation was monitored by thioflavin T 

fluorescence (Figure 3.5A). Thioflavins undergo a red shift in their emission spectra upon 

binding to β-sheet motifs present in fibrillar hIAPP aggregates (472). BMDMs were treated with 

freshly-dissolved (soluble) peptide or peptide that had been allowed to aggregate prior to the 

experiment. Maximal release of TNF-α (Figure 3.5B), IL-1α (Figure 3.5C), and IL-1β (Figure 

3.5D) was observed with freshly-dissolved peptide presumably containing primarily pre-fibrillar 

aggregates (oligomers), whereas hIAPP that had been allowed to aggregate for 6 h prior to 

addition to BMDMs induced much smaller increases in cytokine levels (TNF-α: 260±43 vs. 

968±235 pg/ml; IL-1α: <3.2 vs. 199±68 pg/ml; IL-1β: 160±22 vs. 451±127 pg/ml). Following 7 

days of aggregation, induction of both IL-1α and IL-1β by hIAPP fibrils was even further 

reduced (Figure 3.5C,D). Consistent with these observations, TNF-α secretion induced by 

freshly-dissolved hIAPP did not follow the kinetics of LPS-induced release (Figure 3.5E), 

suggesting a mechanism distinct from immediate cell surface TLR activation and a delay in 

response until the pro-inflammatory species was formed. Furthermore, hIAPP-induced TNF-α 

release was almost completely inhibited by Congo red (Figure 3.5F), an inhibitor of IAPP fibril 

formation (473). Taken together, these data suggest that exposure of macrophages to 

intermediate hIAPP species is required for maximal cytokine secretion.  

 

3.2.5 Pre-fibrillar and fibrillar hIAPP aggregates have distinct effects on the synthesis 

and secretion of IL-1β 

Because secretion of mature IL-1β requires induction of proIL-1β synthesis (signal 1, 

which can be provided by TLR2 activation) and cleavage of proIL-1β (signal 2, which can be 

provided by NLRP3-induced caspase-1 activation), we next assessed the relative contributions of 

pre-fibrillar and fibrillar hIAPP aggregates to each of these processes. Amyloid fibrils were 

prepared by pre-incubation of hIAPP at 37°C for 16 h and confirmed to contain β-sheet structure 

by increased thioflavin T fluorescence (Figure 3.6A), which reaches a maximum within ~3 h in 

culture (Figure 3.5A). First, to determine the kinetics of hIAPP-induced IL-1β secretion 

following delivery of a distinct stimulus for proIL-1β, BMDMs were treated with LPS for 3 h 
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(signal 1) followed by rIAPP, freshly-dissolved hIAPP, or pre-aggregated hIAPP for 1 or 16 h 

(signal 2). BMDMs primed with LPS and then treated with freshly-dissolved or pre-aggregated 

hIAPP produced similar levels of IL-1β after 16 h (Figure 3.6B), suggesting that fibrillar hIAPP 

(also formed after ~3 h in cultures treated with freshly-dissolved hIAPP) is the primary stimulus 

for signal 2, i.e. NLRP3 activation and proIL-1β cleavage. Of note, neither form of hIAPP was 

able to induce IL-1β secretion after only 1 h of treatment, consistent with a mechanism for 

NLRP3 activation that requires more time than the response to ATP and may involve 

phagocytosis with subsequent lysosomal disruption (see below). 

Second, we evaluated the capacity of rIAPP, hIAPP, and pre-aggregated hIAPP to induce 

IL-1β secretion when delivered in sequential combinations as both the priming and activation 

stimulus. BMDMs were treated with rIAPP, hIAPP, or pre-aggregated hIAPP as a priming 

stimulus (signal 1) for 3 h followed by 1 h (Figure 3.6C) or 16 h (Figure 3.6D) activation with 

one of the same three forms of IAPP to provide signal 2. BMDMs treated for 3 h with freshly-

dissolved hIAPP but not rIAPP or pre-aggregated hIAPP provided a stimulus for subsequent 

ATP-induced IL-1β secretion (Figure 3.6C). When the 1 h activation period was increased to 16 

h, both soluble and freshly-dissolved hIAPP stimulated IL-1β secretion in cells primed with 

hIAPP (Figure 3.6D). Cells exposed to additional freshly-dissolved hIAPP for 16 h produced 

3.5-fold more IL-1β than those treated with pre-aggregated peptide, suggesting that pro-IL-1β 

synthesis or NLRP3 priming by soluble hIAPP may be the limiting factor for IL-1β secretion 

under these conditions, given that rapid aggregation of soluble hIAPP would lead to similar 

amounts of fibrillar peptide in each case. Delivery of soluble and fibrillar peptide in the opposite 

order (i.e. pre-aggregated hIAPP prior to freshly-dissolved hIAPP) resulted in two-fold less 

IL-1β, consistent with soluble aggregates being primarily responsible for priming and suggesting 

that the aggregation process generates stimuli in the optimal order for a maximal IL-1β response. 

 

3.2.6 IAPP-induced TNF-α secretion by macrophages is dependent on MyD88 and 

amplified by IL-1R signalling 

To determine whether the TLR and IL-1R adaptor protein MyD88 is involved in the 

macrophage response to hIAPP, we evaluated TNF-α induction in BMDMs from MyD88-

deficient mice. hIAPP-induced TNF-α release was markedly attenuated in BMDMs lacking 
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MyD88 (0.13±0.01 vs. 5.27±0.69 ng/ml, Figure 3.7A). A specific peptide inhibitor of MyD88 

homodimerization also reduced hIAPP-elicited TNF-α release in wild-type BMDMs from 

3.66±0.28 to 1.68±0.53 ng/ml (Figure 3.7B). Because the IL-1R uses the adaptor protein 

MyD88, and IL-1 is known to induce TNF-α (474), we evaluated the effect of IL-1 signalling 

inhibition on hIAPP-induced TNF-α release. Inhibition of proIL-1β cleavage with a caspase-1 

inhibitor and blockade of IL-1 signalling with IL-1Ra significantly attenuated hIAPP-induced 

TNF-α release (Figure 3.7C). To determine whether NLRP3 inflammasome signalling might be 

involved in caspase-1 activation leading to IL-1β secretion, we evaluated the effects of NLRP3 

inflammasome inhibitors on hIAPP-induced IL-1β and TNF-α secretion (Figure 3.7D). Cytokine 

induction was significantly reduced by Bay 11-7082, an inhibitor of both NF-κB and the NLRP3 

inflammasome (475), and by glibenclamide, an inhibitor of ATP-sensitive potassium channels 

that also blocks NLRP3 activation (476). Cytokine release was dependent on actin 

polymerization, since it was blocked by cytochalasin D. The potential requirement for 

phagocytosis is further supported by the significant over-representation of genes related to 

endosomes/phagosomes in our microarray study (Table 3.2). As described for other 

inflammasome activators, cytokine release was blocked by CA-074-Me, an inhibitor of the 

lyososomal enzyme cathepsin B. Thus, hIAPP can provide both signals required for IL-1β 

secretion, and autocrine or paracrine signalling by IL-1α or IL-1β appears to be at least partially 

responsible for amplification of TNF-α release. 

 

3.2.7 hIAPP aggregation intermediates activate a TLR2/6 heterodimer 

To determine whether the initial signal for induction of proIL-1β synthesis by hIAPP is 

provided by TLR activation, we next screened a panel of human TLR-expressing HEK 293 cells 

co-transfected with an NF-κB/AP-1 SEAP reporter construct. hIAPP induced NF-κB/AP-1 

activation in HEK 293 cells expressing TLR2 and CD14 but not in the parental cell line or in 

cells expressing TLR3, TLR4 and CD14, TLR7, or TLR9 (Figure 3.8A). Freshly-dissolved 

hIAPP but not rIAPP or pre-aggregated fibrillar hIAPP was able to induce this response (Figure 

3.8B), which was also observed in HEK 293 cells expressing mouse TLR2 and CD14 (Figure 

3.8C). Because TLR2 can form heterodimers with either TLR1 or TLR6, both expressed 

endogenously by HEK 293 cells, we evaluated the effect of neutralizing antibodies targeting 
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TLR1, TLR2, and TLR6 on hIAPP-induced reporter activity. NF-κB/AP-1 activation was 

blocked in cells treated with anti-TLR2 or anti-TLR6 neutralizing antibody, suggesting that 

IAPP activates a TLR2/6 heterodimer (Figure 3.8D). Blockade of CD14, required for a maximal 

response to both the TLR1/2 ligand Pam3CSK4 and the TLR2/6 ligand FSL-1 (synthetic tri- and 

diacylated lipoproteins, respectively), did not significantly affect the response to hIAPP (Figure 

3.8D), suggesting that this co-receptor is not required for hIAPP-induced TLR2 activation. 

 

3.2.8 TLR2 is required for IAPP-induced NF-κB activation and cytokine secretion by 

macrophages 

To determine whether TLR2 is required for hIAPP-induced pro-inflammatory cytokine 

secretion by macrophages, we assessed nuclear translocation of the NF-κB p65 subunit in 

BMDMs from wild-type and TLR2-deficient mice. p65 was observed in the nucleus of wild-type 

but not Tlr2
-/- 

cells 1 h following treatment with hIAPP (Figure 3.9A,B). TLR2 deficiency also 

prevented IL-1β release in response to 3 h incubation with hIAPP (to induce proIL-1β synthesis) 

followed by 1 h treatment with ATP (to induce NLRP3 activation and IL-1β secretion; Figure 

3.9C). Moreover, hIAPP-induced Il1b, Tnf, and Il6 expression was significantly attenuated in 

BMDMs from Tlr2
-/-

 mice (Figure 3.10A) and in RAW 264.7 cells treated with an anti-TLR2 

neutralizing antibody (Figure 3.10B). Because hIAPP also induces the secretion of mature IL-1β 

after a longer time course of exposure (Figure 3.5E) and others have demonstrated NLRP3 

activation by hIAPP (477), we next evaluated the requirement for TLR2 and its downstream 

adaptor protein MyD88 in hIAPP-induced cytokine and chemokine secretion over a 24 h time 

course without a second distinct stimulus for NLRP3. Both TLR2 and MyD88 were required for 

hIAPP-induced secretion of IL-1β, TNF-α, IL-6, CCL2, CCL3, CCL4, CCL5, CXCL1, and IL-

10 (Figure 3.11). Thus, both hIAPP-induced TLR2 signalling and autocrine/paracrine 

amplification via IL-1Ra mediate the pro-inflammatory response to hIAPP in BMDMs. 

 

3.2.9 hIAPP promotes islet chemokine release and monocyte recruitment 

To determine whether hIAPP aggregation causes chemokine release from islets, we 

measured CCL2 and CXCL1 release by whole islets treated with rIAPP or hIAPP for 24 h. We 

found that both chemokines were markedly upregulated in response to hIAPP but not rIAPP 
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(Figure 3.12A). To evaluate directly monocyte chemotaxis in vitro, we assessed THP-1 cell 

migration in response to conditioned media from human islets treated with varying 

concentrations of synthetic IAPP.  Media from hIAPP- but not rIAPP-treated human islets 

induced THP-1 cell chemotaxis, with a chemotactic index of 3.3±0.7 vs. 1.7±0.3 for media from 

islets treated with hIAPP (Figure 3.12C).  These results are consistent with the hypothesis that 

chemokines produced by resident islet cells attract immune cells to sites of hIAPP aggregation. 

 To assess the effect of endogenously-produced hIAPP on CCL2 and CXCL1 release, we 

cultured islets from transgenic mice expressing hIAPP under the control of a beta cell-specific 

promoter. Male homozygous FVB/N-Tg(Ins2-IAPP)RHFSoel/J mice spontaneously develop 

diabetes by 8 weeks of age (210), whereas hemizygous animals (hIAPP
Tg/o

) are phenotypically 

normal and do not develop detectable amyloid deposits (225). However, isolated hemizygous 

islets form extracellular amyloid deposits after 8 days of culture with high glucose (478). In our 

experiments, a small amount of thioflavin-S-positive material was also observed in islets 

cultured with 11 mM glucose for 7 days, but not in freshly isolated islets (Figure 3.13A).  After 

96 h in culture, we observed higher levels of CCL2 (288±45 vs. 170±34 pg/ml) and CXCL1 

(1294±135 vs. 558±116 pg/ml) in supernatants from transgenic islets compared to wild-type 

littermate controls (Figure 3.13B). Consistent with the macrophage depletion experiments, 

immunostaining of cultured islets for CCL2 revealed co-localization of this chemokine with 

insulin (Figure 3.13C). These data suggest that hIAPP could trigger recruitment of macrophages 

to the site of aggregation by induction of beta cell chemokines. Addition of IL-1Ra to islet 

cultures reduced both basal and hIAPP-induced release of CCL2 and CXCL1 (Figure 3.13D), 

suggesting that blockade of IL-1 signalling may not only inhibit hIAPP-induced macrophage 

cytokine release but may also limit beta cell chemokine secretion and macrophage recruitment to 

islets, a hypothesis tested in Chapter 5. 

 

3.2.10 TLR2 is required for maximal hIAPP-induced islet cytokine expression 

Finally, we assessed the capacity of hIAPP to induce pro-inflammatory cytokine 

expression in cultured islets, which contain resident macrophages. Synthetic hIAPP caused 

upregulation of mRNA encoding the pro-inflammatory cytokines IL-1β and TNF-α in isolated 

islets after 4 h (Figure 3.14A). Expression of both IL-1β and TNF-α was reduced by 
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approximately 50% in islets from TLR2-deficient mice (Figure 3.14A). Expression of Il1b but 

not Tnf was also elevated in hIAPP
Tg/o 

islets expressed after 7 days of culture at 22 mM glucose; 

both cytokines were significantly inhibited by anti-TLR2 neutralizing antibody (Figure 3.14B). 

Blockade of TLR2 also preserved insulin content in cultured hIAPP
Tg/o 

islets (Figure 3.14C). 

Clodronate-liposome-mediated islet macrophage depletion (as confirmed by a decrease in Itgam 

expression) significantly reduced islet Tnf and Il1b expression (Figure 3.14D), suggesting that 

macrophages are the major source of these cytokines in both wild-type and hIAPP-expressing 

islets. 

 

3.3 Discussion 

hIAPP fibrils are present within the lysosomes of pancreatic macrophages in type 2 

diabetic humans, monkeys, and hIAPP-expressing transgenic mice (479). Autopsy studies have 

also demonstrated an increased number of islet macrophages together with increased IL-1β 

expression in type 2 diabetic islets compared to non-diabetic controls (397,398,401,418). The 

data in this chapter indicate a link between hIAPP aggregation and islet inflammation, with four 

novel findings: (1) pre-fibrillar hIAPP species induce cytokine/chemokine expression and proIL-

1β synthesis in BMDMs; (2) hIAPP-induced TNF-α release is almost entirely dependent on 

TLR2 and is amplified by the autocrine/paracrine effects of IL-1; (3) freshly-dissolved 

preparations of hIAPP activate proIL-1β processing and secretion; and (4) hIAPP expression is 

associated with TLR2- and IL-1Ra-dependent cytokine release by islets ex vivo. 

 We initially analyzed global gene expression in hIAPP- vs. rIAPP-treated BMDMs in an 

attempt to understand the nature of the macrophage response to hIAPP. This analysis supported 

the hypothesis that hIAPP aggregates are phagocytosed by macrophages and alter expression of 

pro-inflammatory cytokines, including IL-1β and TNF-α, a combination that is toxic to beta cells 

(Figure 1.6) (391). While there are limitations to these microarray data – including the lack of 

information regarding non-coding RNAs now known to be important in regulating innate 

immunity (480) – they provide the first evidence that hIAPP can trigger pro-inflammatory 

signalling pathways in macrophages and suggest important pathways for further analysis. While 

subsequent experiments in this thesis have helped to define the mechanisms by which hIAPP 
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activates islet macrophages, additional work will be required to understand the mechanisms 

involved in hIAPP uptake and the consequences for macrophage phenotype.  

Consistent with our pathway overrepresentation analysis, uptake of amyloid fibrils is 

thought to occur by phagocytosis, a process dependent on scavenger receptor-mediated particle 

recognition (270,271). For example, the scavenger receptor CD36 and the integrin-associated 

protein CD47 are necessary for phagocytosis of both A and IAPP aggregates in microglia 

(271,481). Interestingly, cell surface integrins and the inhibitory FcγRII were upregulated in our 

global gene expression analysis and are involved in Aβ uptake and neuronal toxicity (482). 

Macropinocytosis (and not phagocytosis) is responsible for clearance of soluble (pre-

fibrillar/oligomeric) A from the extracellular milieu in Alzheimer’s disease (272). Whether this 

is also the case for oligomeric forms of IAPP is unclear, but an understanding of the processes 

involved in IAPP uptake at different stages of aggregation may inform the development of anti-

amyloid and anti-inflammatory therapies.  

Our observation that hIAPP aggregation induces release of multiple pro-inflammatory 

cytokines and chemokines by BMDMs is consistent with previous studies in neurons and glial 

cells. Like Aβ, hIAPP induced IL-6 and IL-8 secretion by human astrocytoma cells (273) and 

release of IL-1β, TNF-α, IL-6, IL-8, CCL3, and CCL4 by LPS-activated THP-1 monocytes, a 

model for human microglia (274). Our data suggest that hIAPP induces pro-inflammatory 

cytokine release by both macrophages and islets in the absence of priming by a distinct TLR 

ligand, consistent with previously reported increases in monocyte IL-1β and TNF-α mRNA in 

response to hIAPP alone (274) and in response to Aβ (315). Unlike monocytes, macrophages do 

not express constitutively active caspase-1 (354), and we found that hIAPP mediates IL-1β 

secretion in a caspase-1-dependent manner. hIAPP-induced NLRP3 activation in dendritic cells 

has since been described by Masters et al. (477), although the lack of significant TNF-α and 

proIL-1β induction reported by these authors may be explained by peptide handling affecting the 

aggregation state of the peptide or by cell-type-specific effects. That amplification of hIAPP-

induced TNF-α release was inhibited not only by MyD88 deficiency but also by blockade of 

caspase-1 and IL-1R suggests a role for IL-1α or IL-1β release in the autocrine or paracrine 

amplification of other cytokines. The capacity of IL-1Ra to inhibit hIAPP-induced chemokine 

secretion by islets and cytokine secretion by BMDMs suggests that anti-IL-1 therapies have the 
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potential to suppress a central mediator of IAPP-induced islet inflammation. This possibility is 

further explored in in vivo models of amyloid formation in Chapter 5. 

 Among many potential mechanisms for IAPP-induced pro-inflammatory gene expression 

and proIL-1β synthesis, we found that activation of a TLR2/6 heterodimer serves as a critical 

trigger in both BMDMs and cultured islets. Thus, diverse amyloidogenic peptides (summarized 

in Figure 1.4 and reviewed in Chapter 1.3), including IAPP, appear to act as endogenous ligands 

for TLR2. While we found that an anti-TLR2 blocking antibody could preserve insulin content in 

cultured hIAPP
Tg/o

 islets, additional studies are needed to evaluate the physiological relevance of 

hIAPP-induced TLR2 activation. Small molecule inhibitors of TLR2 that are currently under 

development may be helpful in this regard (483,484), although many therapeutic strategies might 

also interfere with pathways leading to hIAPP-induced NF-κB activation (Figure 6.1). 

Importantly, studies in mouse models of amyloidoses have suggested a dual role for TLR 

signalling: to facilitate removal of extracellular protein aggregates (323), and to promote the 

chronic release of pro-inflammatory cytokines linked to tissue degeneration (324-326). TLR2 

stimulation early in the disease may help clear hIAPP aggregates and delay the progression to 

overt diabetes, but chronic TLR activation may promote pro-inflammatory cytokine release and 

inhibit amyloid clearance. 

 The cytotoxicity of synthetic hIAPP toward beta cells depends on the peptide’s 

aggregation state and on the association of growing fibrils with the plasma membrane (212). 

Inhibitors of hIAPP aggregation, which protect cultured human islets from hIAPP-induced cell 

death (214), may achieve this effect in part by limiting IL-1β secretion. Understanding the nature 

of the toxic, TLR2-activating, NLRP3-activating, and inert hIAPP species is critical in the 

development and screening of aggregation inhibitors. Our data support the hypothesis that pre-

fibrillar hIAPP aggregates act as the principal stimulus for NF-κB activation and proIL-1β 

synthesis. Indeed, the ability of hIAPP to induce both TNF-α and IL-1β release declined when 

the peptide was added to macrophages in a more aggregated form, and pre-aggregated hIAPP 

was unable to induce TLR2 activation in HEK 293 cells or NLRP3 priming in BMDMs. This 

finding is consistent with a previous report of maximal TNF-α induction by pre-fibrillar Aβ 

species (485). We also found that fibrillar hIAPP preparations are sufficient to induce IL-1β 

secretion in macrophages primed with LPS, and that exposure of cells to pre-fibrillar aggregates 
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does not lead to a further increase in IL-1β secretion. It is therefore likely that a fibrillar form of 

hIAPP is the principle species responsible for activating caspase-1. Thus, hIAPP – in two distinct 

forms – appears to provide sequential signals for priming and activation of the NLRP3 

inflammasome. Masters et al.(477) reported NLRP3 activation by prefibrillar hIAPP oligomers; 

however, these authors compared IL-1β release induced by pre-aggregated fibrils and soluble 

peptide after overnight culture. Since hIAPP rapidly aggregates to form fibrils during the first 

few hours of culture, it is likely that cells in those studies were primarily exposed to fibrillar 

species and not only the intended smaller aggregates. Other studies have suggested that fibrillar 

aggregates of amyloidogenic peptides such as lysozyme are responsible for activation of TLR2 

(303); whether fibrils exist in equilibrium with smaller species that interact with the receptor or 

whether indirect mechanisms for TLR2 activation are involved (e.g. liberation of other TLR2-

activating DAMPs) should be addressed by future work. 

Recent data suggest that hIAPP-induced NLRP3 activation, like that of Aβ, is associated 

with lysosomal damage in dendritic cells (477), and hIAPP fibrils condense within macrophage 

lysosomes to form proteolysis-resistant protofilaments (270). Consistent with these reports, we 

have shown that hIAPP-induced IL-1β secretion in macrophages is blocked by the cathepsin B 

inhibitor CA-074-Me. Since CA-074-Me and the inhibitor of actin polymerization cytochalasin 

D also attenuated TNF-α release, lysosomal damage may be a major mechanism mediating the 

pro-inflammatory activity of hIAPP. However, further studies are needed to elucidate the 

mechanisms by which IAPP aggregates – and indeed, numerous other particulate stimuli – 

induce NLRP3 activation.  

 Hemizygous expression of the hIAPP transgene in beta cells induces islet amyloid 

formation under conditions that increase beta cell secretory demand and dysfunction, including 

high fat feeding (211), ex vivo culture (478), and islet transplantation (216). Here, we have 

shown that both synthetic and endogenously-produced hIAPP potentiate islet chemokine release 

ex vivo. Migration of monocytes toward media conditioned by hIAPP-treated human islets 

suggests that the chemokine release observed in transgenic islets has functional implications. 

One previous study reported no difference in macrophage density between amyloid-containing 

and amyloid-free human and monkey islets (479); however, immune cell recruitment may occur 

prior to formation of extensive fibrillar deposits, which likely accompany resolution of the 
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inflammatory response. This hypothesis is consistent with our finding of maximal pro-

inflammatory activity of pre-fibrillar hIAPP in BMDM cultures and with chemokine release by 

transgenic islets in the absence of widespread amyloid deposition. Chapter 5 provides further 

evidence for recruitment of monocytes/macrophages in vivo to hIAPP
Tg/o 

islet grafts, although 

not all in vivo models of hIAPP-induced islet inflammation discussed in this thesis display an 

increase in intra-islet macrophage content (despite altered resident macrophage phenotype). The 

stage of amyloid formation and disease progression are likely important variables in this 

response. 

 Finally, a number of potential macrophage-independent mechanisms for IAPP-induced 

inflammation must be considered in future studies, some of which may involve fibrils rather than 

pre-fibrillar species.  For example, fibrillar IAPP induces complement activation and may 

contribute to beta cell death via anaphylotoxin release or membrane attack complex formation 

(486). In addition to islet macrophages, endocrine cells, endothelial cells, and dendritic cells may 

modulate hIAPP-induced effects in vivo. Our data demonstrate that hIAPP aggregation causes 

release of chemokines such as CCL2 by whole islets, including beta cells. Our clodronate-

mediated islet macrophage depletion study suggests that islet macrophages are a major source of 

the pro-inflammatory cytokines TNF-α and IL-1β and may therefore be required for hIAPP-

induced inflammation leading to beta cell dysfunction. This hypothesis is tested in Chapter 4. 

 In conclusion, this study points to a novel role for IAPP in triggering macrophage 

activation and islet chemokine secretion, suggesting that IAPP aggregates can act as endogenous 

danger signals to trigger activation of both TLR2/6 and NLRP3. Thus, hIAPP aggregates may 

promote islet dysfunction not only via direct toxicity to beta cells but also by triggering a 

localized inflammatory response. Strategies aimed at reducing hIAPP expression and 

aggregation may ameliorate deficits in insulin secretion associated with pro-inflammatory 

cytokine release. Since IL-1R signalling contributes to the amplification of hIAPP-induced 

cytokine and chemokine secretion by islets and macrophages, these data suggest a possible 

mechanism by which blockade of TLR2, IL-1R, or hIAPP aggregation may significantly alter the 

inflammatory milieu of the pancreatic islet to improve beta cell function. 
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Table 3.1. Functional annotation analysis of differentially expressed genes using GO pathways in DAVID.
1
 

Pathway FE p Genes 

Immune response  

(GO 6955) 

2.3 0.0001 Tollip, Ly86, Tlr4, Il15, Tlr8, Klhl6, Clec4e, Oasl2, Ticam2, Il1b, Fas, Il1a, Gm6097, 
Cnpy3, Nlrp3, Loc100046097, Lat2, Tnfsf13b, Gadd45g, Lilrb4, Cx3cr1, Oas1a, Clec5a, 

Oas1g, Lcp1, Tnfaip1, Cd300ld, Tnfaip8l2, Cxcl1, Ccl3, Tnf, Gm8762, Ccl2, Cxcl2, Hfe, 

Rsad2, Il7r, Ccl4, Ccl7, Mif, Gp49a, Sqstm1, Loc641240, Pou2f2, Gm16379, Msh6, 
Rmcs2, H2-M2, Loc100047704, Gm10169, Il1rn, Tlr13, H2-Ab1, Malt1, Tnfsf9, Fcgr1, 

Vav1, Cd180, Loc100048875, Fcgr2b, P2ry14, H2-Dma, Loc100044948, Cd14 

Response to wounding  

(GO 9611) 

2.4 0.0007 Cxcl1, Gna13, Ccl3, Gm8762, Tnf, Ccl2, Nfkbid, Tollip, Ly86, Pparg, Cxcl2, Tlr4, 
Sgms1, Ccl4, Tlr8, Ccl7, Mif, Cd44, Mtpn, Bcl2, Map3k1, Cnr2, Ticam2, Il1b, 

Gm16379, Il1a, Klf6, Gm3655, F10, Plek, Gm6097, Pik3cb, Gm10169, Map2k3, Tlr13, 

Sphk1, Anxa5, Nlrp3, Fcgr1, Cd180, Plaur, Hbegf, Id3, Loc100044948, Cd14, Igfbp4, 
Lcp1 

Regulation of cell 

proliferation  

(GO 42127) 

2.1 0.0005 Apobec1, Pdgfb, Marcksl1, Pdgfa, Pparg, Edn1, Tlr4, Il15, Pnp, Slfn2, Cdca7, Ptges, 

Gm15645, Hmox1, Hlx, Chst11, Gm6742, Gnl3, Irs2, Ptger2, Gm3655, Gtpbp4, 

Ccdc88a, Gm6097, Gm7278, Loc676173, Il11ra1, Cd40, Vegfc, Hhex, Cd80, Tnfsf13b, 
Jun, Eif2ak2, Smarca2, Ccl2, Tnf, Gm8762, Csf1, Bcl2l1, Timp2, Mif, Cd9, 

Loc100044675, Bcl2, Gm7993, Tgm2, B4galt7, Gm16379, Tes, Col18a1, Odc1, 

Gm9115, Loc100045567, Marcksl1-Ps3, Gm10169, Sphk1, Anxa1, Igf1, Pold4, Notch1, 
Fcgr2b, Dbp, Eef1e1, Cd274, Hbegf, Loc100044948, Klf4, Sash3, Plau 

Vasculature development  

(GO 1944) 

2.5 0.0043 Gna13, Mef2c, Pdgfa, Tnfrsf12a, Edn1, Anpep, Srf, Cited2, Zfp36l1, Arhgap22, 

Loc100048867, Hmox1, Itgav, Tgm2, Il1b, Zc3h12a, Rhob, Lox, Angpt2, Rapgef1, 

Ppap2b, Col18a1, Pdpn, Sphk1, Mmp14, Junb, Anxa2, Vegfc, Notch1, Jmjd6, Mapk14, 
Hbegf 

Blood vessel development  

(GO 1568) 

2.5 0.0059 Gna13, Mef2c, Pdgfa, Tnfrsf12a, Edn1, Anpep, Srf, Cited2, Zfp36l1, Arhgap22, 

Loc100048867, Hmox1, Itgav, Tgm2, Il1b, Zc3h12a, Rhob, Lox, Angpt2, Rapgef1, 
Ppap2b, Col18a1, Sphk1, Mmp14, Junb, Anxa2, Vegfc, Notch1, Jmjd6, Mapk14, Hbegf 

Cell activation  

(GO 1775) 

2.5 0.0058 Gna13, Tnf, Tlr4, Il15, Il7r, Bcl2, Wwp1, Pou2f2, Ndrg1, Fas, Gm13416, Egr1, Fyb, 

Msh6, Gm3655, Gm12141, Plek, Pik3cb, Loc100047704, Il11ra1, Malt1, Cd40, Nfam1, 

Vav1, Bcl2a1d, Lat2, Cd86, Fcgr2b, Loc100048875, Jmjd6, Cx3cr1, Gadd45g, Hspd1, 
H2-Dma, Lcp1 

Endosome  

(GO 5768) 

2.5 0.0034 Vps29, Slc9a9, Cytip, Tnf, Chmp4b, Mmd, Vps37b, Arf6, Rhov, Atp6v0b, Gm5884, Cd68, 

Sqstm1, Rabgef1, Rhob, Ehd1, Atp6v0d1, Vps18, Rmcs2, H2-Ab1, Ldlrap1, Abcg1, Anxa2, 
Tmem55a, Atp6v1e1, Sort1, Tom1, Arl8a, Arl8b, H2-Dma, Rin3 

Toll-like receptor 

signalling pathway 

(KEGG 4620) 

3.3 0.0030 Ccl3, Tnf, Pik3cb, Tollip, Map2k3, Tlr4, Cd40, Ccl4, Tlr8, Cd86, Cd80, Mapk14, Jun, 
Map3k8, Ticam2, Il1b, Cd14, Spp1 

Inflammatory response  

(GO 1525) 

2.5 0.0062 Cxcl1, Ccl3, Gm8762, Ccl2, Tnf, Nfkbid, Tollip, Ly86, Cxcl2, Pparg, Tlr4, Sgms1, Ccl4, 

Ccl7, Tlr8, Mif, Cd44, Cnr2, Ticam2, Il1b, Gm16379, Il1a, Gm6097, Gm10169, 

Map2k3, Tlr13, Sphk1, Nlrp3, Fcgr1, Cd180, Loc100044948, Igfbp4, Cd14 

Angiogenesis  

(GO 1525) 

3.0 0.0087 Col18a1, Gna13, Pdgfa, Tnfrsf12a, Edn1, Anpep, Mmp14, Srf, Anxa2, Arhgap22, Vegfc, 

Notch1, Loc100048867, Hmox1, Mapk14, Itgav, Il1b, Zc3h12a, Rhob, Hbegf, Angpt2 

1
Cells were treated with hIAPP or rIAPP for 12 h (n=4 per treatment). Global gene expression was analyzed by 

Illumina microarray. Pathway overrepresentation analysis was performed on genes differentially expressed by at 

least 1.5-fold using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) functional 

annotation tool. Enriched Gene Ontology (GO) terms with a Benjamini corrected p-value <0.01 and fold enrichment 

(FE) >2.0 are shown. 
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Table 3.2. Functional annotation analysis of differentially expressed genes using KEGG, INOH, and 

Reactome pathways in InnateDB.
1
 

Pathway Name Ratio p Gene Symbols 

Phagosome (KEGG)  15 0.0009 5430435G22Rik, Actb, Atp6v0b, Atp6v0d1, Atp6v0e, Atp6v1c1, 

Atp6v1d, Atp6v1e1, Atp6v1h, Cd14, Fcgr1, Fcgr2b, Fcgr4, H2-Ab1, 

H2-DMa, H2-M2, Itga5, Itgav, Itgb5, Tcirg1, Tlr4, Tuba1a, Tuba1b, 
Tubb4b, Tubb6 

Toll-like receptor signalling 

pathway (KEGG)  

19 0.0011 Ccl3, Ccl4, Cd14, Cd40, Cd80, Cd86, Ctsk, Il1b, Jun, Map2k3, 

Map3k8, Mapk14, Pik3cb, Spp1, Ticam2, Tlr4, Tlr8, Tnf, Tollip 

Systemic lupus erythematosus 

(KEGG) 

20 0.0012 Actn1, Actn4, Cd40, Cd80, Cd86, Fcgr1, Fcgr2b, Fcgr4, H2-Ab1, H2-

DMa, Hist1h2af, Hist1h2ak, Hist2h2bb, Hist2h2be, Snrpd1, Tnf 

Insulin receptor recycling 

(REACTOME) 

41 0.0016 Atp6v0b, Atp6v0d1, Atp6v0e, Atp6v1c1, Atp6v1d, Atp6v1e1, Atp6v1h  

Neurotrophin signalling pathway 

(KEGG) 

16 0.0020 Atf4, Bcl2, Camk2d, Gab1, Gsk3b, Irak2, Irs2, Jun, Kras, Map3k1, 

Mapk14, Mapkapk2, Nfkbie, Ngfrap1, Pik3cb, Rapgef1, Rps6ka2, 

Sort1, Ywhag, Ywhah   

Transferrin endocytosis and 

recycling (REACTOME) 

37 0.0028 Atp6v0b, Atp6v0d1, Atp6v0e, Atp6v1c1, Atp6v1d, Atp6v1e1, Atp6v1h 

MAPK signalling pathway 

(KEGG) 

12 0.0028 Atf4, Cd14, Ddit3, Dusp1, Dusp16, Dusp3, Dusp4, Dusp7, Dusp8, Fas, 

Gadd45b, Gadd45g, Il1a, Il1b, Jun, Kras, Map2k3, Map3k1, Map3k11, 

Map3k14, Map3k8, Mapk14, Mapk6, Mapkapk2, Mef2c, Pdgfa, Pdgfb, 
Prkx, Rasa2, Rps6ka2, Srf, Tnf  

Activation of Genes by ATF4 

(REACTOME) 

50 0.0049 Asns, Atf3, Atf4, Ddit3, Herpud1  

Phagosomal maturation 

(REACTOME) 

29 0.0055 Atp6v0b, Atp6v0d1, Atp6v0e, Atp6v1c1, Atp6v1d, Atp6v1e1, Atp6v1h, 

Tcirg1   

Activation of Matrix 

Metalloproteinases (REACTOME) 

38 0.0056 Col18a1, Mmp10, Mmp13, Mmp14, Mmp3, Timp2  

Hematopoietic cell lineage 

(KEGG) 

17 0.0061 Anpep, Cd14, Cd33, Cd44, Cd9, Csf1, Fcgr1, Il11ra1, Il1a, Il1b, Il6ra , 

Il7r, Itga5, Tnf   

Meiotic Synapsis (REACTOME) 19 0.0083 H3f3b, Hist1h2af, Hist1h2ah, Hist1h2ai, Hist1h2ak, Hist1h2be, 

Hist2h2aa2, Hist2h2bb, Hist2h2be, Lmna, Lmnb1  

Osteoclast differentiation (KEGG) 15 0.0084 Csf1, Ctsk, Fcgr1, Fcgr2b, Fcgr4, Il1a, Il1b, Irf9, Jun, Junb, Map3k14, 

Mapk14, Nfatc1, Pik3cb, Pparg, Sqstm1, Tnf 

Interleukin-1 signalling 

(REACTOME) 

23 0.0094 Cul1, Il1a, Il1b, Il1rn, Irak2, Map3k8, Peli2, Sqstm1, Tollip  

1
Cells were treated with hIAPP or rIAPP for 12 h (n=4 per treatment). Global gene expression was analyzed by 

Illumina microarray. Pathway over-representation analysis was performed on genes differentially-expressed by at 

least 1.5-fold using the InnateDB pathway overrepresentation tool. Enriched terms with a Benjamini corrected p-

value <0.01 are shown. Ratio: % of curated genes differentially expressed. 

 
 

  



 

 

85 

 
Figure 3.1. IAPP aggregates preserve BMDM viability in the absence of M-CSF. (A) BMDMs were deprived of 

M-CSF for 12 h, cultured with hIAPP or rIAPP (15 μM) for the indicated time period, fixed in formalin, and stained 

with thioflavin S to detect amyloid fibrils (green fluorescence, overlaid on brightfield). Scale bar: 5 M. (B) LDH 

content in culture supernatants was analyzed by a colorimetric assay as a measure of cell death. (C) The number of 

cells per field was determined at each time point for cells treated with IAPP or LPS (100 ng/ml) using a Thermo 

Fisher ArrayScan VTI HCS instrument. Statistical significance is shown relative to the vehicle control. Data 

represent mean±SD of 3-4 replicates per treatment and are representative of 3 independent experiments. veh: vehicle 

control. ** p<0.01, *** p<0.001. 
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Figure 3.2. KEGG TLR pathway genes upregulated in hIAPP- vs. rIAPP-treated BMDMs. BMDMs were treated with hIAPP or rIAPP for 12 h 

(n=4 per treatment). Global gene expression was analyzed by Illumina microarray. Pathway over-representation analysis was performed on genes 

differentially expressed by at least 1.5-fold (p<0.05) using the InnateDB functional annotation tool. TLR signalling was one of two significantly over-

represented KEGG pathways and was also identified by analysis using DAVID. Complexes that include upregulated genes are outlined in red (none was 

downregulated). The mouse homologue of IL-8 is CXCL1, which was upregulated. Pathway diagram was generated using KEGG (471). 
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Figure 3.3. hIAPP induces pro-inflammatory cytokine secretion by BMDMs. (A) Cells were incubated with 

hIAPP or rIAPP (15 μM) for 12 h. Supernatants were assessed for pro-inflammatory cytokines and chemokines with 

a Luminex assay. (B) Gene expression was evaluated by RT-qPCR and normalized to Gapdh as the internal control. 

(C) Nitrite content in supernatants was measured by Griess assay. Data represent mean±SD of 4 replicates per 

treatment and are representative of 3 independent experiments. veh: vehicle control. ** p<0.01, *** p<0.001 
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Figure 3.4. hIAPP-induced TNF-α release is independent of cell death and endotoxin contamination. (A) 

TNF- production in response to treatment with 5-20 μM IAPP for 24 h was determined by ELISA. (B) Viability 

was assessed by Alamar Blue fluorescence. (C) Cells were fixed after 24 h and cell death was evaluated by 

ArrayScan VTI HCS analysis of TUNEL staining. (D) hIAPP-induced TNF- release was evaluated in the presence 

of the cationic peptide polymyxin-B (10 g/ml). Data represent mean±SD of 3 replicates per treatment and are 

representative of 5 independent experiments. veh: vehicle control. *** p<0.001. 
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Figure 3.5. hIAPP aggregation intermediates induce maximal TNF-α and IL-1 secretion by BMDMs. 

 (A) hIAPP or rIAPP (15 M) was dissolved in DMEM and fibril formation was monitored by thioflavin T 

fluorescence. Peptide was removed at the indicated time points and added to BMDM cultures for 24 h.  Levels of 

(B) TNF-, (C) IL-1, and (D) IL-1 in cell supernatants were determined by Luminex assay.  (E) Freshly-

dissolved hIAPP was evaluated for TNF- induction after 6, 12, and 24 h and compared with the kinetics of 

induction by LPS (100 ng/ml). (F) TNF- levels were assessed following co-incubation with Congo red (200 mM, 

CR), an inhibitor of hIAPP fibrillogenesis. Data represent mean±SD of 3 replicates per treatment and are 

representative of 3 independent experiments. veh: vehicle control. ** p<0.01, *** p<0.001. 
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Figure 3.6. Pre-fibrillar and fibrillar hIAPP aggregates have distinct effects on the synthesis and secretion of 

IL-1β. (A) Amyloid fibril content was determined by measurement of thioflavin T fluorescence in freshly-dissolved 

preparations of rIAPP or hIAPP (10 M) or in hIAPP that was allowed to pre-aggregate for 24 h at 37°C (Agg). (B) 

BMDMs were treated with LPS for 3 h (signal 1, to induce proIL-1β synthesis) followed by treatment with the 

indicated activation stimulus for 1 or 16 h (signal 2, to induce proIL-1β cleavage and mature IL-1β secretion). IL-1β 

in supernatants was measured by ELISA as an indicator of NLRP3 activation. (C) BMDMs were treated with the 

indicated priming stimulus (signal 1) for 3 h followed by 1 h or (D) 16 h activation (signal 2) with the indicated 

form of IAPP (10 M) or ATP (5 mM). IL-1β in supernatants was measured by ELISA as an indicator of combined 

proIL-1β synthesis and NLRP3 activation. veh: vehicle control. Data represent mean±SD of 3 replicates per 

treatment and are representative of 2 independent experiments. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 3.7. hIAPP-induced TNF-α release by BMDMs is dependent on MyD88 and IL-1R. (A) C57BL/6 wild- 

and Myd88
-/-

 BMDMs were evaluated for TNF- release by ELISA after 24 h incubation with IAPP (15 M) or the 

TLR agonists LPS (100 ng/ml) and polyI:C (10 g/ml). (B) Wild-type BMDMs were pre-treated with MyD88 

homodimerization inhibitory peptide (MyD88i) or control peptide (both 100 M) for 12 h prior to addition of IAPP 

(15 M) or LPS (10 ng/ml) for 24 h. TNF- levels were determined by ELISA. (C) The caspase-1 inhibitor Z-

YVAD-FMK (40 M) and IL-1Ra (4 g/ml) were added to BMDM cultures 2 h prior to treatment with hIAPP for 

24 h. TNF- levels were determined by ELISA. (D) TNF- and IL-1 levels were determined by Luminex assay 

following 24 h culture with hIAPP in the presence of the NLRP3 inhibitors Bay 11-7082 (Bay, 5 M), 

glibenclamide (GLB, 200 M), cytocholasin D (CD, 5 M), or CA-074 Me (CA-074, 80 M). Data represent 

mean±SD of 3 replicates per treatment and are representative of 3 (B-D) or 6 (A) independent experiments. veh: 

vehicle control. ** p<0.01, *** p<0.001 relative to vehicle control.  
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Figure 3.8. hIAPP activates a TLR2/6 heterodimer. (A) Human embryonic kidney (HEK 293) cells co-

transfected with the indicated human TLR, CD14 (TLR2- and TLR4-expressing cells), and a secreted alkaline 

phosphatase (SEAP) NF-κB/AP-1 reporter gene were treated with freshly-dissolved hIAPP for 24 h. SEAP activity 

was determined by colorimetric assay. Null1 and Null2 represent the parental cell lines. (B) TLR2-overexpressing 

cells were treated with rIAPP or hIAPP (10 μM) or the mass equivalent of hIAPP that had pre-aggregated for 24 h. 

(C) HEK 293 cells expressing mouse TLR2 were treated with freshly-dissolved hIAPP (10 μM) for 24 h to confirm 

similar results with the rodent receptor. (D) Human TLR2-overexpressing HEK cells (with endogenous TLR1 and 

TLR6 expression) were pre-treated with anti-TLR1, TLR2, TLR6, or CD14 neutralizing antibody (5 μg/ml) or 

mouse IgG isotype control for 1 h prior to addition of hIAPP (10 μM) or control ligands for TLR1/2 (Pam3CSK4) or 

TLR2/6 (FSL-1) at 10 ng/ml. veh: vehicle control. *** p<0.001 relative to vehicle control (A-C) or isotype control 

(D). Data represent mean±SD of 3 replicates per treatment and are representative of 3 independent experiments. 
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Figure 3.9. hIAPP-induced NF-κB activation and priming for IL-1β secretion require TLR2 in BMDMs. 

BMDMs from wild-type (WT) or Tlr2
-/-

 C57BL/6 mice were treated with IAPP (10 μM) or LPS (10 ng/ml) for 1 h. 

(A) Representative staining of BMDMs for the NF-κB p65 subunit (red) and DAPI (blue) overlaid on brightfield 

images. Scale bar: 5 μm. (B) The difference in staining intensity between nucleus and cytoplasm was quantified with 

a Thermo Fisher ArrayScan VTI HCS instrument.  (C) IL-1β was measured by ELISA in supernatants of BMDMs 

treated with IAPP (10 μM) or LPS (10 ng/ml) for 3 h with or without an additional 1 h of ATP (5 mM) to induce 

NLRP3 activation. veh: vehicle control. *** p<0.001 relative to WT or isotype control. Data represent mean±SD of 

3 replicates per treatment and are representative of 2 independent experiments.  
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Figure 3.10. Deficiency or neutralization of TLR2 attenuates hIAPP-induced pro-inflammatory gene 

expression in macrophages. (A) BMDMs from wild-type (WT) or Tlr2
-/- 

C57BL/6 mice were treated with IAPP 

(10 μM) or FSL-1 (10 ng/ml) for 4 h. (B) RAW 264.7 macrophages were pre-incubated with anti-TLR2 neutralizing 

antibody (5 μg/ml) or mouse IgG isotype control for 30 min prior to addition of hIAPP or FSL-1 for 4 h. mRNA 

expression of pro-inflammatory cytokines was assessed by RT-qPCR. Expression levels were normalized to the 

housekeeping gene Rplp0. veh: vehicle control. * p<0.05, ** p<0.01, *** p<0.001 relative to WT. Data represent 

mean±SD of 4 replicates per treatment and are representative of 3 independent experiments. 
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Figure 3.11. Deficiency of TLR2 or MyD88 prevents hIAPP-induced cytokine secretion by BMDMs. BMDMs 

from wild-type (WT), Myd88
-/-

, or Tlr2
-/-

 C57BL/6 mice were treated with hIAPP (10 μM) for 0-24 h. Cytokine 

secretion was measured by Luminex assay. Data represent mean±SD of 3 replicates and are representative of 3 

independent experiments. All cytokines/chemokines shown were significantly induced by hIAPP by 8-12 h. 
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Figure 3.12. Synthetic hIAPP induces islet chemokine secretion and THP-1 monocyte recruitment to cultured 

human islets. (A) Pancreatic islets were isolated from 12-week-old C57BL/6 mice, allowed to recover overnight, 

and treated with hIAPP or rIAPP (15 μM) or LPS (100 ng/ml) for 24 h. Supernatants were collected and analyzed 

for the chemokines CCL2 and CXCL1 by Luminex assay. (B) Human islets from a single cadaveric donor were 

treated with varying concentrations of synthetic IAPP for 24 h. THP-1 cell chemotaxis in response to islet-

conditioned media was evaluated in triplicate in a transwell assay. Data represent mean±SEM of islets from 3 mice 

per treatment and are representative of 2 independent experiments. veh: vehicle control. * p<0.05, ** p<0.01, *** 

p<0.001. 
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Figure 3.13. Aggregation of endogenous hIAPP promotes islet chemokine secretion. (A) Islets were isolated 

from 12-week-old hIAPP
Tg/o

 mice and wild-type (WT) littermate controls and cultured for 7 days in RPMI 

containing 11 mM glucose. Formalin-fixed, paraffin-embedded islet sections were stained for insulin (red), amyloid 

(thioflavin S), and DAPI (blue). Scale bar: 25 μm. (B) Supernatants were analyzed for CCL2 and CXCL1 by 

Luminex assay. (C) Islet sections were stained for insulin (red), CCL2 (green), and DAPI (blue). Scale bar: 25 M. 

(D) CCL2 and CXCL1 release by WT and hIAPP
Tg/o

 islets were evaluated after 7-day culture in the presence or 

absence of 4 μg/ml IL-1Ra. Data represent mean±SEM of islets from 3-5 mice per treatment and are representative 

of 3 independent experiments. veh: vehicle control. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 3.14. Blockade of TLR2 prevents upregulation of islet pro-inflammatory cytokine expression in 

response to synthetic and endogenous hIAPP. (A) Islets were isolated from 12-week-old wild-type (WT) or Tlr2
-/-

 

C57BL/6 mice. After overnight recovery, islets were treated with hIAPP (10 μM) for 4 h. Tnf and Il1b expression 

were assessed by RT-qPCR. Expression levels were normalized to the housekeeping gene Rplp0. (B) Islets from 

hIAPP
Tg/o

 mice and WT littermate controls were cultured with 10 μg/ml anti-TLR2 neutralizing antibody or isotype 

control for 7 days at 22 mM glucose to promote amyloid formation. mRNA expression was assessed by RT-qPCR. 

(C) Insulin content was assessed by ELISA. (D) WT and hIAPP
Tg/o

 islets were treated with clodronate-containing 

liposomes (CLOD-lip, 1 mg/ml clodronate) or control liposomes (PBS-lip) for 36 h immediately following isolation 

to determine whether islet phagocytes are a major source of Tnf and Il1b expression. Islets were subsequently 

cultured at 22 mM glucose for 4 days to promote amyloid formation. mRNA expression was assessed by RT-qPCR. 

Data represent mean±SEM of islets from 3 mice per treatment and are representative of 3 independent experiments. 

veh: vehicle control. * p<0.05, ** p<0.01, *** p<0.001. 
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Chapter 4: Islet Macrophages Mediate IAPP-induced Islet Inflammation and 

Dysfunction 

 

4.1 Background 

Islet amyloid formation (487), macrophage infiltration (401), and elevated expression of 

pro-inflammatory cytokines (464) are associated with beta cell dysfunction in patients with type 

2 diabetes. Emerging evidence suggests that early aggregates of IAPP, the principal component 

of islet amyloid, interact directly with innate immune cells to promote the synthesis of pro-

inflammatory cytokines, in particular IL-1β(477,488). Other amyloidogenic peptides also trigger 

an innate immune response by activating cell-surface pattern recognition receptors (276) in 

addition to the NLRP3 inflammasome (314). In Chapter 3, we found that early aggregates of 

hIAPP (but not non-amyloidogenic rIAPP) induce Il1b mRNA in BMDMs and islets in a TLR2-

dependent manner. hIAPP also activates NLRP3 leading to proIL-1β cleavage by caspase-1 

(477), an effect likely due to thioflavin-T-positive fibrillar aggregates. Consistent with an 

important role for IAPP-induced IL-1 signalling in islet inflammation, IL-1Ra limited hIAPP-

induced secretion of chemokines by islets and cytokines by BMDMs. Notably, differential 

expression of IL-1-related genes is a marked characteristic of islets from patients with type 2 

diabetes (400), and recent clinical studies suggest improved insulin secretion in response to anti-

IL-1 therapy in these patients (79). 

Both beta cells (374,397,398,425) and macrophages (419,489) are potential sources of 

pro-inflammatory cytokines within the islets of patients with type 2 diabetes. Healthy mouse 

islets each contain 8-10 macrophages in close association with the vascular endothelium. These 

cells are characterized by cell surface expression of CD11b, CD11c, F4/80, and MHC class II 

(415). Highly phagocytic and with limited migratory capacity, islet-resident monocyte-derived 

cells are functionally more similar to macrophages than dendritic cells (490) and play an 

important role in immune surveillance (415). Amyloid-associated macrophages are a major 

source of cytokines such as IL-1β in other amyloid diseases (491,492), and IAPP fibrils have 

been observed within human islet macrophage lysosomes (269). In Chapter 3, we found that 

clodronate liposome-mediated depletion of islet phagocytes eliminated a major source of Il1b 

mRNA expression in cultured hIAPP
Tg/o

 islets, pointing to macrophages as potential mediators of 
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hIAPP-induced islet inflammation. The aim of this study was to determine whether hIAPP 

aggregates alter the phenotype of resident islet macrophages and to assess the consequences for 

islet function. 

 

4.2 Results 

4.2.1 Macrophages survive in islets cultured at 37°C in RPMI 

To determine whether macrophages are present in cultured islets and might contribute to 

islet gene expression, we evaluated the proportion of F4/80
+
CD11b

+
 cells in isolated islets after 1 

and 5 days in suspension culture in RPMI at 37°C (since 22°C culture has been shown to cause 

macrophage depletion (493)). Islets were dispersed and analyzed by flow cytometry according to 

the gating strategy in Figure 4.1. F4/80
+
CD11b

+
 cells comprised 1-2% of viable islet cells, a 

proportion that remained unchanged with culture (Figure 4.2A,B). Expression of MHC class II 

but not CD11b or F4/80 was significantly decreased after 5 days (Figure 4.2C), suggesting a 

phenotypic change but no alteration in cell number. Consistent with these data, expression of the 

macrophage genes Emr1 and Itgam and the beta cell genes Pdx1, Ins1, and Ins2 did not change 

during the culture period (Figure 4.2D).  

 

4.2.2 Resident macrophages are required for stimulation of pro-inflammatory gene 

expression in pancreatic islets by synthetic hIAPP 

To determine the effect of hIAPP on islet pro-inflammatory gene expression, we treated 

isolated islets with synthetic IAPP for 4 h. Both hIAPP and the TLR2/6 ligand FSL-1 induced 

expression of genes encoding the chemokines CCL2 and CXCL1 and the pro-inflammatory 

cytokines TNF-α, IL-6, IL-1α, and IL-1β in islets compared to non-amyloidogenic rIAPP (Figure 

4.3A). We did not observe effects of hIAPP on IL-12 family members such as IL-12p40 (Il12b) 

or on the IL-1 family member IL-18, which like IL-1β is cleaved by the NLRP3 inflammasome 

(Figure 4.3A). Like FSL-1, hIAPP also caused increased expression of the anti-inflammatory 

genes Il1rn and Il10 (encoding IL-10 and IL-1Ra, respectively), with no effect on IL-18bp, an 

endogenous antagonist at the IL-18 receptor. These data are consistent with previously-reported 

upregulation of anti-inflammatory cytokines in response to other acute pro-inflammatory stimuli 

and with their transcriptional regulation by NF-κB (494,495). 
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To determine the contribution of macrophages to hIAPP-induced islet inflammation, 

freshly-isolated islets were treated with clodronate-containing liposomes, which are selectively 

toxic to phagocytes (461). Clodronate reduced the number of F4/80-expressing islet cells as 

determined by immunostaining (Figure 4.4A) and reduced expression of macrophage but not 

beta cell markers (Figure 4.4B,C). Notably, phagocyte depletion completely prevented hIAPP-

induced expression of both pro- and anti-inflammatory cytokines (Figure 4.3). Ccl2 expression 

was reduced by only 80%, suggesting that non-phagocytic cells, likely beta cells as suggested in 

Chapter 3, also contribute to islet hIAPP-induced CCL2 production.  

Phagocyte depletion also prevented hIAPP-induced upregulation of genes encoding the 

pattern recognition receptor TLR2 and the inflammasome components NLRP3 and caspase-1, 

with no effect on expression of the adaptor protein ASC (Pycard) (Figure 4.5A). These data 

indicate that macrophages are major contributors to hIAPP-induced expression of both pro- and 

anti-inflammatory cytokines in cultured islets and – at least in the presence of hIAPP or FSL-1 – 

the major source of innate immune receptors for hIAPP. Neither hIAPP nor clodronate liposome 

treatment affected expression of the ER stress markers CHOP (Ddit3) or BiP (Hspa5) (Figure 

4.5B).  

 

4.2.3 Synthetic hIAPP induces synthesis of mature IL-1β in macrophages but not other 

islet cell types 

We next assessed the kinetics of IL-1β production in response to aggregating hIAPP. 

hIAPP but not rIAPP formed amyloid fibrils, as determined by a red shift in the thioflavin T 

emission spectrum (Figure 4.6A). ProIL-1β was markedly increased in hIAPP-treated BMDMs 

compared to rIAPP-treated cells within 2 h of exposure to freshly-dissolved peptide (Figure 

4.6B,C), suggesting induction of proIL-1β synthesis by pre-fibrillar aggregates prior to the 

plateau phase of the hIAPP aggregation curve. IL-1β was detected by ELISA in BMDM 

supernatants after 24 h (Figure 4.6E) and confirmed by western blot to comprise the mature 17 

kDa form (Figure 4.6F).  Significant levels of mature IL-1β were not detected until 4-24 h after 

dissolution of the peptide (Figure 4.6F), suggesting that the NLRP3 inflammasome is activated 

by a fibrillar hIAPP species following stimulation of proIL-1β synthesis and inflammasome 

priming by pre-fibrillar hIAPP aggregates. No induction of IL-1β was detected in whole islets, 
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consistent with synthesis by a rare non-beta-cell population (Figure 4.6D,E). Indeed, total IL-1β 

protein was induced by hIAPP in CD11b
+
 but not CD11b

-
 islet cells, as determined by imaging 

flow cytometry (Figure 4.7A,B), suggesting that sub-toxic concentrations of hIAPP do not cause 

proIL-1β synthesis in beta cells. Furthermore, hIAPP caused a modest increase in caspase-1 

activation only in CD11b
+
 cells, as determined by both conventional (Figure 4.7E) and imaging 

(Figure 4.7C,D) flow cytometry, with caspase-1 puncta delineated by the fluorescent probe 

YVAD-FMK. Because over 98% of CD11b
+
 islet cells were triple-positive for CD11b, F4/80, 

and CD11c (Figure 4.12B), CD11b
+
 islet cells are primarily comprised of islet macrophages. 

Taken together, these data provide the first direct evidence that resident macrophages are the 

major islet cell type in which hIAPP stimulates IL-1β synthesis and secretion. 

 

4.2.4 Transgenic mice with beta cell hIAPP expression have impaired islet function 

associated with an elevated ratio of pro- to anti-inflammatory cytokines 

To determine whether hIAPP aggregation contributes to islet inflammation in vivo, 

female FVB mice expressing hIAPP under the control of the rat insulin promoter (hIAPP
Tg/o

) 

were placed on HFD for 14 weeks, conditions that promote hIAPP aggregation but no detectable 

amyloid formation until approximately six months of age (211). HFD but not NCD caused 

elevated fasting glucose (Figure 4.8A) and impaired glucose tolerance (Figure 4.8B,C) in 

hIAPP
Tg/o

 but not wild-type mice. Consistent with the previously reported resistance of FVB 

mice to weight gain on HFD (496), there was no significant difference in body weight among the 

four groups (Figure 4.8D). While no HFD-induced insulin resistance was detected by insulin 

tolerance testing (Figure 4.8E,F), HFD was associated with increased plasma insulin following 

i.p. glucose compared to NCD in wild-type mice (Figure 4.8G). hIAPP
Tg/o 

mice did not exhibit 

this glucose-induced rise in plasma insulin on HFD vs. NCD, suggesting inadequate beta cell 

compensation (Figure 4.8G). Similarly, isolated islets from HFD-fed hIAPP
Tg/o

 mice had reduced 

glucose-stimulated insulin secretion ex vivo compared to islets from wild-type mice (Figure 

4.8H).  

Expression of hIAPP in mice on both NCD and HFD was associated with upregulation of 

the macrophage markers Emr1 and Itgam in isolated islets (Figure 4.9B), with no change in other 

immune cell markers including Cd5, Cd19, Cd3ε, and Cd49b (Figure 4.9A) or in the beta cell 
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genes Pdx1 and Ins2 (Figure 4.9C). HFD caused a marked decrease in expression of the anti-

inflammatory cytokines Il10 and Il1rn in both wild-type and hIAPP
Tg/o 

islets (Figure 4.10B) and 

also decreased Ccl2 expression (Figure 4.10A), with no other significant effects on islet gene 

expression. hIAPP
Tg/o 

mice on HFD had increased islet expression of Il1b (Figure 4.10A) and 

Nlrp3 (Figure 4.11A) compared to wild-type mice, with no other effects on pro-inflammatory 

cytokines (Figure 4.10A), TLR2 and inflammasome-related proteins (Figure 4.11A), or ER stress 

markers (Figure 4.11B). These data suggest that hIAPP aggregation is primarily associated with 

changes in the regulation of IL-1β synthesis. The ratio of Il1b to Il1rn was significantly increased 

in islets from hIAPP
Tg/o

 HFD-fed mice compared to both hIAPP
Tg/o

 and wild-type NCD-fed mice 

(Figure 4.10C), suggesting that conditions that promote IAPP aggregation alter the balance of 

islet pro- and anti-inflammatory mediators toward a pro-inflammatory milieu. 

 

4.2.5 Transgenic hIAPP expression affects the phenotype but not the number of resident 

islet macrophages in HFD-fed FVB mice 

Because hIAPP
Tg/o

 islets express elevated mRNA encoding the macrophage markers 

CD11b and CD11c (Figure 4.9B), we next characterized intra-islet macrophages by flow 

cytometry. HFD caused a modest increase in the number of CD11b
+
F4/80

+
 cells relative to total 

islet cells, consistent with previous studies (401), while hIAPP expression had no effect on the 

proportion of CD11b
+
F4/80

+
 cells (Figure 4.12A,B), most of which were also CD11c

+
 (Figure 

4.12C). In HFD-fed mice, increased cell-surface expression of CD11b within the CD11b
+
F4/80

+
 

population (Figure 4.12D,E) was consistent with the increase in Itgam expression in hIAPP
Tg/o

 

islets (Figure 4.12F). Both CD11c and Ly6C, expressed by inflammatory monocytes in other 

tissues (383,497), were upregulated in macrophages from hIAPP
Tg/o

 mice along with CD11b 

(Figure 4.12D,E), with no evidence of a distinct CD11c
+
 infiltrating population. No differences 

in CD11b or CD11c expression were observed in cells from the spleen or peripheral blood 

(Figure 4.14). Fluorescence-activated cell sorting (FACS) of CD11b
+
F4/80

+ 
islet macrophages 

from HFD-fed mice (Figure 4.13A) revealed that these cells are the major source of TNF-α, 

IL-1β, and IL-1Ra, but not the sole source of CCL2, IL-6, or IL-10 (Figure 4.12B). The 

CD11b
+
F4/80

+
 population also expressed higher levels of mRNA encoding TLR2 and NLRP3 

(Figure 4.13B) compared to other cell types. The increase in islet expression of Il1b and the 
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decrease in Il10 and Il1rn in hIAPP
Tg/o

 vs. wild-type islets were attributable to differential 

expression of these genes in islet macrophages (Figure 4.13B).  

 

4.2.6 Systemic macrophage depletion improves IAPP-induced islet inflammation and 

glucose intolerance while increasing islet amyloid 

To determine whether macrophage depletion alters hIAPP-induced islet gene expression 

in vivo, we treated HFD-fed hIAPP
Tg/o

 and wild-type mice with clodronate liposomes or PBS 

control liposomes. Clodronate liposome administration caused a 3-4-fold reduction in islet Itgam 

and Emr1 and a modest increase in beta cell Pdx1 expression, with no effect on Ins1 or Ins2 

mRNA (Figure 4.15A). Consistent with our in vitro macrophage depletion, clodronate liposome 

administration reduced islet expression of Il1b and Tnf, and to a lesser extent Il6 and Ccl2 

(Figure 4.15B). Macrophage depletion also reduced islet expression of the anti-inflammatory 

cytokines Il1rn and Il10 (Figure 4.15B), although the latter was not affected in hIAPP
Tg/o 

mice in 

which its expression was already significantly reduced relative to wild-type. Clodronate 

liposome treatment also significantly decreased islet Nlrp3 expression but had no effect on Tlr2, 

suggesting significant expression (but not necessarily hIAPP-induced activation) of this pattern 

recognition receptor by other islet cell types.  

Clodronate liposome administration did not significantly affect fasting glycemia (Figure 

4.16A) but dramatically improved glucose tolerance in hIAPP
Tg/o

 but not wild-type mice (Figure 

4.16B,C). Clodronate liposomes also caused a mild improvement in insulin sensitivity in both 

hIAPP
Tg/o

 and wild-type mice (Figure 4.16E,F), with no change in body weight (Figure 4.16D). 

Importantly, islets isolated from clodronate-liposome-treated hIAPP
Tg/o

 mice displayed improved 

ex vivo glucose-stimulated insulin secretion compared to islets from mice treated with control 

liposomes, with no change in insulin content (Figure 4.16G, H). Moreover, islets pre-treated with 

clodronate liposomes prior to culture under conditions that promote amyloid formation had 

increased insulin content (Figure 4.17A) and improved glucose-stimulated insulin secretion 

(Figure 4.17B), providing further evidence that macrophage depletion affects islet function 

independent of systemic effects. Taken together, these data suggest that islet macrophages impair 

islet function in the presence of hIAPP and that they are the major source of both pro- and anti-

inflammatory cytokines in islets in vivo. 
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Because islet macrophages could contribute to either the formation of islet amyloid (by 

inducing beta cell dysfunction) or its clearance (by removing IAPP aggregates), we next asked 

whether macrophage depletion affects amyloid severity. We generated obese hIAPP
Tg/o

 mice 

expressing the agouti viable yellow allele (A
vy

-hIAPP
Tg/o

), since these mice develop extensive 

islet amyloid associated with beta cell dysfunction (194). Islet macrophages were frequently 

found associated with thioflavin-S-positive amyloid fibrils in A
vy

- hIAPP
Tg/o

 mice (Figure 

4.18A). Clodronate liposome treatment significantly reduced fasting hyperglycemia in A
vy

-

hIAPP
Tg/o

 mice but not wild-type littermate controls (Figure 4.18B). As in the HFD-fed FVB 

mice, clodronate liposome administration reduced islet Il1b and increased Pdx1 expression 

(Figure 4.18C). Interestingly, the improved glycemia in clodronate-liposome-treated mice was 

associated with increased, rather than decreased, amyloid severity (Figure 4.18D,E) and an 

increase in the average area of each amyloid deposit (Figure 4.18F) with no change in islet area 

(Figure 4.18G). These data point to a discordance between amyloid deposition and islet function 

and suggest that pre-fibrillar hIAPP aggregates (present in the absence of thioflavin-S-positive 

plaques) rather than mature fibrils are the major species associated with islet dysfunction in this 

model. 

 

4.3 Discussion 

Anti-inflammatory agents represent a promising approach to treat type 2 diabetes, and 

several recent clinical trials have suggested that targeting IL-1 signalling can improve insulin 

secretion (79). Indeed, recombinant IL-1Ra improves beta cell function in patients with type 2 

diabetes without altering insulin sensitivity (361), suggesting that islets are particularly 

susceptible to IL-1-mediated damage. In Chapter 3, we provided evidence that hIAPP acts as a 

potent stimulus for macrophage activation and islet chemokine release, with a critical role for 

IL-1β in amplification of this response. Because phagocytic cells help clear other amyloidogenic 

peptides (327), resident islet macrophages might also protect beta cells from IAPP aggregates. 

The major finding of the current study is that phagocytic cells – despite their possible role in 

limiting extracellular amyloid – are required for IAPP-induced islet inflammation and 

dysfunction.  
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Previous studies have demonstrated depletion of up to 98% of islet macrophages after 4-7 

days of low temperature culture at 22-24°C in CMRL (489,493,498). Macrophage depletion in 

RPMI at 37°C has also been reported based on reduced MHC class II staining (499,500). Our 

data suggest no change in the size of the islet macrophage population based on CD11b and F4/80 

expression after 5 days in RPMI at 37°C, despite decreased MHC class II expression. Thus, 

macrophages must be considered a major source of both pro- and anti-inflammatory cytokines in 

cultured islets. Indeed, macrophages were required for islet cytokine induction by both hIAPP 

and the TLR2 ligand FSL-1, although Ccl2 expression levels were similar in FACS-sorted 

macrophages compared to other cell types, consistent with beta cell production of CCL2 

(419,488). 

These data provide the first direct evidence that resident macrophages are the major 

source of hIAPP-induced islet IL-1β. Masters et al. were unable to detect IL-1β in supernatants 

from hIAPP-treated islets (477), consistent with our western blot and ELISA data suggesting that 

the islet macrophage population is too small to significantly affect total islet IL-1β. One previous 

report used immunocytochemistry to demonstrate IL-1β expression induced by LPS and TNF-α 

in islet macrophages but not beta cells (498), although beta cells may be an important source of 

IL-1β in response to other stimuli, including double-stranded RNA and elevated glucose 

(374,397,398,425,501). Our data point to a model in which pre-fibrillar IAPP aggregates 

contribute to priming of the NLRP3 inflammasome and induction of Il1b mRNA in resident 

macrophages but not beta cells. NLRP3 activation by larger IAPP species likely occurs later in 

the course of hIAPP aggregation, when we observed cleavage of proIL-1β. Thus, like other 

amyloidogenic peptides, hIAPP delivers both signal 1 (for proIL-1β expression) and signal 2 (for 

proIL-1β processing) required for IL-1β secretion. Interestingly, we also observed limited 

induction of proIL-1β in BMDMs treated with non-amyloidogenic rIAPP (Figure 4.6). 

Monomeric IAPP is a weak agonist for the calcitonin gene-related peptide (CGRP) receptor 

(502), and since CGRP can enhance IL-1β synthesis (503), it is possible that rIAPP may also 

exert its effects via this pathway. This observation is unlikely to be due to microbial 

contaminants in the synthetic peptide as rIAPP did not activate TLR2 and neither rIAPP nor 

hIAPP activated TLR4 (Figure 3.8). Furthermore, proIL-1β induction was not observed in 
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rIAPP-treated islet macrophages by imaging flow cytometry and may therefore be cell-type- 

specific. 

The most striking differences in gene expression in islets from hIAPP
Tg/o

 vs. wild-type 

mice were increased expression of Itgam, Emr1, and Il1b concomitant with decreased Il1rn and 

Il10 expression. This gene expression profile resembles that in the cerebral cortex of a mouse 

model of Alzheimer’s disease (504). Notably, while IL-1 induces other islet cytokines and our 

analyses in Chapter 3 point to an important role for regulation of IL-1 family members by 

hIAPP, amyloid formation cannot explain all changes in islet cytokine content associated with 

type 2 diabetes, including upregulation of IL-12 (505). Moreover, upregulation of some 

cytokines in response to acute stimulation with hIAPP in vitro did not completely mimic the 

effects of chronic hIAPP aggregation in vivo. For example, although Il1b and Nlrp3 expression 

were elevated in both situations, hIAPP
Tg/o

 islets did not express increased Tlr2, Tnf, or Ccl2 

mRNA, unlike hIAPP-treated BMDMs. Furthermore, both Il10 and Il1rn – decreased in islets 

from hIAPP
Tg/o

 mice, particularly on HFD – were induced acutely in culture, consistent with 

shared signalling pathways concomitantly mediating both pro- and anti-inflammatory gene 

expression in response to other stimuli such as LPS (494). As both the extent of IAPP 

aggregation and the activation state of the macrophage population likely determine the nature of 

the local inflammatory response, further work is required to evaluate the mechanisms responsible 

for alterations in cytokine expression at different stages of amyloid formation and their 

implications for macrophage function during disease progression.  

Interestingly, altered expression of Il1b, Il1rn, and Il10 was observed in NCD-fed 

hIAPP
Tg/o

 mice with no detectable metabolic abnormality, suggesting that hyperglycemia was 

not a cause of this phenotype. That these changes did not correlate with islet dysfunction except 

in mice on HFD suggests that (a) some hIAPP aggregation occurs in hIAPP
Tg/o

 mice on NCD, 

and precedes the development of glucose intolerance; and (b) HFD may both promote amyloid 

formation and alter the phenotype of macrophages leading to decreased expression of cytokines 

such as IL-10 and IL-1Ra that inhibit the synthesis or antagonize the actions of IL-1β (506). 

While we cannot be certain that altered macrophage cytokine secretion is the cause of beta cell 

dysfunction in this model, Chapter 5 of this thesis suggests that hIAPP-induced islet dysfunction 

is improved with IL-1Ra treatment, both in cultured islets and in hIAPP
Tg/o 

mice. Moreover, the 
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improvement in glucose tolerance in hIAPP
Tg/o

 mice lacking islet macrophages suggests that 

these cells play a critical role in hIAPP-induced islet dysfunction.  

Eguchi et al. reported that the majority of resident CD11b
+
 islet cells did not express the 

granulocyte marker Ly6G, were positive for the macrophage/monocyte marker F4/80, and 

expressed increased Il10 and decreased Il1b compared to infiltrating monocytes following 

palmitate infusion (419). We did not observe a distinct infiltrating population in our model, but 

instead a skewing in the resident population away from a physiological M2-like phenotype (419). 

Ly6C
high

 monocytes are recent immigrants from the bone marrow and have the capacity to 

migrate to sites of acute peripheral inflammation (507). The beta-2 integrins CD11b and CD11c 

have diverse functions including adhesion and phagocytosis (508). We observed increased 

expression of these three cell-surface glycoproteins in macrophages from hIAPP
Tg/o

 islets, 

associated with elevated Il1b and decreased Il1rn and Il10 expression. Macrophages that migrate 

into adipose tissue during high fat feeding also express elevated CD11b, CD11c, F4/80, and 

Ly6C compared to resident tissue macrophages, and this M1-like subpopulation is highly pro-

inflammatory (383,509). Our data suggest that hIAPP aggregation may affect the differentiation 

state of monocytes entering the islet and that hIAPP skews resident cells toward a pro-

inflammatory phenotype, consistent with the microenvironment driving macrophage plasticity 

(510). Although we did not detect changes in granulocyte, lymphocyte, or NK cell markers 

associated with hIAPP expression, further work will be required to fully characterize other intra-

islet leukocyte populations associated with amyloid formation, including infiltrating F4/80
-

CD11b
-
CD11c

-
 macrophages (420). 

Other studies have demonstrated improved insulin sensitivity in response to clodronate 

liposomes (511). While we cannot rule out effects on the islet secondary to macrophage 

depletion in other tissues, wild-type mice displayed no change in glucose tolerance in response to 

clodronate liposomes, suggesting a unique role for macrophages in the setting of hIAPP 

aggregation. We observed improved glucose-stimulated insulin secretion in isolated islets from 

clodronate-liposome-treated hIAPP
Tg/o 

mice and in clodronate-liposome-treated hIAPP
Tg/o

 islets 

cultured in high glucose, conditions demonstrated by others to promote amyloid formation (512). 

Thus, we believe that improved beta cell function caused by macrophage depletion in vivo is 

largely independent of peripheral effects. Interestingly, despite improved glucose tolerance, 
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macrophage depletion was associated with increased islet amyloid in hIAPP
Tg/o

 mice. This 

observation may be attributed to increased fibril formation - perhaps due to reduced clearance of 

pre-fibrillar oligomers - or to decreased clearance of mature fibrils, which are phagocytosed by 

macrophages (270). Importantly, mature IAPP fibrils may be less damaging to the islet than pre-

fibrillar oligomers (212), consistent with the discordance between increased fibril deposition and 

reduced fasting glycemia in our model. The extent of amyloid deposition at the beginning of 

treatment and macrophage activities other than cytokine secretion are likely critical in 

determining the islet amyloid burden. 

In Chapter 3, we found that both TLR2 and caspase-1 are activated by hIAPP (with direct 

evidence for NLRP3 activation provided by Masters et al. (477)). Here, we found that both Tlr2 

and Nlrp3 are upregulated in islets treated with synthetic hIAPP, and that in the presence of a 

stimulus such as hIAPP or FSL-1 the islet macrophage is the major islet source of their gene 

expression. Similarly, FACS-sorted islet macrophages from both wild-type and hIAPP
Tg/o

 mice 

expressed higher levels of both receptors than other islet cell types, although only Nlrp3 was 

upregulated in islets from hIAPP
Tg/o

 mice. Clodronate liposome administration in vivo caused 

significant depletion of Nlrp3 but not Tlr2 expression. Thus, islet macrophages are likely a major 

source of NLRP3 activity within the islet, and they upregulate NLRP3 expression – a limiting 

step in inflammasome activation and proIL-1β processing – in the presence of hIAPP. On the 

other hand, endocrine cells appear to make a significant contribution to islet TLR2 expression, 

which is unaffected by hIAPP aggregation in vivo, perhaps reflecting an inability of these cells to 

mount a pro-inflammatory response to hIAPP. In some instances, relative gene expression levels 

determined by different methods gave discordant results; for example TLR2 expression was 

increased in response to hIAPP in the CD11b
+
F4/80

+
 population when assessed by FACS, even 

though TLR2 expression was not affected by clodronate liposome-mediated macrophage 

depletion. This apparent discrepancy may reflect activation of cells during FACS or a response 

to necrotic debris generated by clodronate liposome-mediated macrophage cell death. 

Islet macrophages contribute to beta cell dysfunction by secreting IL-1β and other 

cytokines (489,493,498), although low levels of IL-1β are also important for normal beta cell 

function (425,513). Our findings suggest that resident islet macrophages, by chronic production 

of IL-1β in response to IAPP aggregates, may be important contributors to the pathogenesis of 
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type 2 diabetes. Indeed, our data point to islet macrophages as the major source of islet IL-1β in 

response to IAPP aggregation. The studies presented in Chapter 5 of this thesis provide further 

evidence that IL-1 contributes to IAPP-induced islet inflammation and dysfunction in vivo. Thus, 

despite their apparent capacity to limit extracellular amyloid fibrils, inhibition of the interaction 

between macrophages and IAPP and suppression of macrophage IL-1β synthesis are potential 

therapeutic strategies to improve beta cell function in type 2 diabetes. 
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Figure 4.1. Gating strategy for flow cytometric analysis of islet macrophages. Islets were dispersed and 

analyzed by flow cytometry. (A) Events were gated to exclude debris. (B) Events were gated to exclude doublets. 

(C) Single cells were gated for analysis of viable CD11b
+
 and CD11b

-
 islet cells. 
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Figure 4.2. Resident macrophages survive in cultured mouse islets. Islets were isolated from 12-week-old 

C57BL/6 mice and cultured for 1 or 5 days in RPMI at 37°C. (A) Islets were dispersed for analysis of F4/80 and 

CD11b expression by flow cytometry. (B) The proportion of CD11b
+
F4/80

+
 cells among all viable islet cells and (C) 

the mean fluorescence intensity of the indicated cell surface marker were assessed at each time point. (D) mRNA 

expression of macrophage and beta cell genes was assessed by RT-qPCR. Expression levels were normalized to the 

housekeeping gene Rplp0. *** p<0.001. Data represent mean±SEM of islets from 3 mice and are representative of 2 

independent experiments. 
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Figure 4.3. Induction of islet pro-inflammatory gene expression by hIAPP is dependent on resident 

macrophages. Islets were isolated from 12-week-old C57BL/6 mice and immediately treated with clodronate-

containing liposomes (CLOD-lip, 1 mg/ml clodronate) or control liposomes (PBS-lip) for 36 h. Islets were washed 

and allowed to recover for 6 h prior to incubation with hIAPP (10 M) or the TLR2 ligand FSL-1 (10 ng/ml) for 4 h. 

mRNA expression of (A) pro-inflammatory and (B) anti-inflammatory cytokines was assessed by RT-qPCR and 

expression levels were normalized to the housekeeping gene Rplp0. Data represent mean±SEM of islets from 4 mice 

and are representative of 3 independent experiments. * p<0.05, ** p<0.01, *** p<0.001.  
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Figure 4.4. Clodronate treatment of islets depletes resident macrophages in vitro. Islets were isolated from 12-

week-old C57BL/6 mice and immediately treated with clodronate-containing liposomes (CLOD-lip, 1 mg/ml 

clodronate) or control liposomes (PBS-lip) for 36 h. (A) Islets were fixed with 10% formalin and sections were 

stained for insulin (red), F4/80 (green), and DAPI (blue). Scale bar: 25 m. Remaining islets were washed and 

allowed to recover for 6 h prior to incubation with hIAPP (10 M) or the TLR2 ligand FSL-1 (10 ng/ml) for 4 h. 

mRNA expression of (B) macrophage and (C) beta cell markers was assessed by RT-qPCR and expression levels 

were normalized to the housekeeping gene Rplp0. Data represent mean±SEM of islets from 4 mice and are 

representative of 3 independent experiments. * p<0.05, ** p<0.01, *** p< 0.001.  
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Figure 4.5. hIAPP induces macrophage-dependent expression of PRRs but not ER stress markers in cultured 

islets. Islets were isolated from 12-week-old C57BL/6 mice and immediately treated with clodronate-containing 

liposomes (CLOD-lip, 1 mg/ml clodronate) or control liposomes (PBS-lip) for 36 h. Islets were washed and allowed 

to recover for 6 h prior to incubation with hIAPP (10 M) or the TLR2 ligand FSL-1 (10 ng/ml) for 4 h. mRNA 

expression of (A) inflammasome proteins and (B) ER stress markers was assessed by RT-qPCR and expression 

levels were normalized to the housekeeping gene Rplp0. Data represent mean±SEM of islets from 4 mice and are 

representative of 3 independent experiments. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.6. hIAPP induces detectable proIL-1β synthesis and mature IL-1β secretion by BMDMs but not 

whole islets. (A) IAPP (10 µM) was dissolved in DMEM and fibril formation was monitored by thioflavin T 

fluorescence. (B) hIAPP or rIAPP was added to BMDMs immediately following dissolution and cells were lysed at 

the indicated time points for analysis of IL-1β expression by western blot using an antibody that detects both proIL-

1β (~35 kDa) and mature IL-1β (~17 kDa). (C) Expression of proIL-1β relative to β-actin was quantified by band 

densitometry and was significantly upregulated by hIAPP after 120 min (p<0.001; no mature IL-1β was detected 

during this time course). (D) IL-1β protein expression was evaluated in BMDMs and whole islets following 1 or 4 h 

culture with rIAPP or hIAPP (10 M). (E) IAPP-induced secretion of IL-1β by BMDMs and islets was evaluated by 

ELISA after 24 h. (F) Lysates and media were assessed for proIL-1β and mature IL-1β content by western blot. veh: 

vehicle control. ** p<0.01, *** p<0.001. Data represent mean±SD of 3 replicates (A,C,E) and are representative of 

3 independent experiments. 

Figure 4.6. hIAPP induces detectable proIL-1β synthesis and mature IL-1β 

secretion in BMDMs but not whole islets. 
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Figure 4.7. Islet macrophages are the major source of hIAPP-induced IL-1β. (A,B) Total IL-1β protein levels in 

whole islets treated for 4 h with IAPP (10 µM) or FSL-1 (10 ng/ml) were determined by immunofluorescence 

staining and ImageStream
X
 analysis with representative images of CD11b

+
 cells shown in (A). Plots in (B) show all 

single islet cells. Caspase-1 activation in dispersed islets was analyzed by quantification of FLICA binding by (C,D) 

ImageStream
X
 analysis and (E) conventional flow cytometry, with representative examples of caspase-1-positive 

CD11b
+
 cells shown in (C). Data represent mean±SEM of 3 independent experiments (E). Images are representative 

of 3 independent experiments. veh: vehicle control. *** p<0.001. 
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Figure 4.8. Transgenic mice with beta cell hIAPP expression have impaired islet function on HFD. Female 

FVB hIAPP
Tg/o

 mice and wild-type littermate controls (WT) were placed on NCD (13% kcal from fat) or HFD (45% 

kcal from fat) for 14 weeks starting at 10 weeks of age. (A) Fasting glycemia and (B) glucose tolerance were 

assessed at 14 weeks following i.p. injection of 0.75 g/kg glucose and evaluation of (C) area under the glycemia 

curve up to 120 min (baseline = fasting glycemia). FVB mice were resistant to weight gain on HFD, as determined 

by (D) body weight assessed at 24 weeks of age. (E) Insulin sensitivity was evaluated by i.p. injection of 1 U/kg 

insulin and (F) evaluation area under the glycemia curve up to 60 min (baseline = 1.0). (G) Plasma insulin during 

IPGTT was measured by ELISA. (H) Glucose-stimulated insulin secretion in isolated islets was measured by ELISA 

and normalized to insulin content, which did not differ among groups. Data represent mean±SEM of 9-14 mice per 

group and are representative of 3 independent experiments. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.9. Islets from hIAPP

Tg/o 
mice express increased macrophage markers. Female FVB hIAPP

Tg/o
 mice and 

wild-type littermate controls (WT) were placed on NCD (13% kcal from fat) or HFD (45% kcal from fat) for 14 

weeks starting at 10 weeks of age. Islets were isolated and allowed to recover for 4 h prior to gene expression 

analysis. mRNA expression of (A) leukocyte markers, (B) macrophage markers, and (C) beta cell genes was 

assessed by RT-qPCR. Expression levels were normalized to the housekeeping gene Rplp0. Data represent 

mean±SEM of 9-14 mice per group and are representative of 3 independent experiments. * p<0.05, ** p<0.01, *** 

p<0.001. 
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Figure 4.10. Islets from hIAPP

Tg/o 
mice express an elevated ratio of pro- to anti-inflammatory cytokines. 

Female FVB hIAPP
Tg/o

 mice and wild-type littermate controls (WT) were placed on NCD (13% kcal from fat) or 

HFD (45% kcal from fat) for 14 weeks starting at 10 weeks of age. Islets were isolated and allowed to recover for 4 

h prior to gene expression analysis. mRNA expression of (A) pro-inflammatory cytokines and chemokines, (B) anti-

inflammatory cytokines, and (C) the ratio of Il1b to the endogenous antagonist encoded by Il1rn was assessed by 

RT-qPCR. Expression levels were normalized to the housekeeping gene Rplp0. Data represent mean±SEM of 9-14 

mice per group and are representative of 3 independent experiments. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.11. Islets from hIAPP
Tg/o 

mice express increased Nlrp3 with no change in other inflammasome 

components or ER stress markers. Female FVB hIAPP
Tg/o

 mice and wild-type littermate controls (WT) were 

placed on NCD (13% kcal from fat) or HFD (45% kcal from fat) for 14 weeks starting at 10 weeks of age. Islets 

were isolated and allowed to recover for 4 h prior to gene expression analysis. mRNA expression of (A) 

inflammasome-related proteins and (B) ER stress markers was assessed by RT-qPCR. Expression levels were 

normalized to the housekeeping gene Rplp0. Data represent mean±SEM of 9-14 mice per group and are 

representative of 2 independent experiments. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.12. Beta cell expression of hIAPP has no effect on size of the CD11b
+
F4/80

+
 population but alters 

islet macrophage phenotype. Female FVB hIAPP
Tg/o

 mice and wild-type littermate controls (WT) were placed on 

NCD (13% kcal from fat) or HFD (45% kcal from fat) for 14 weeks starting at 10 weeks of age. Islets were isolated 

and dispersed for flow cytometric analysis. (A) Representative plots show staining of macrophages from HFD-fed 

mice gated on all islet cells, (C) CD11b
+
 cells, and (D) CD11b

+
F4/80

+
 cells. (B) Proportion of CD11b

+
F4/80

+
 cells 

relative to all viable islet cells. (E) Mean fluorescence intensity of the indicated cell surface marker. Data represent 

mean±SEM of 6-9 mice per group and are representative of 2 independent experiments. * p<0.05, ** p<0.01, *** 

p<0.001. 
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Figure 4.13. Islet macrophages are the major source of altered pro- and anti-inflammatory gene expression in 

hIAPP
Tg/o 

mice. Female FVB hIAPP
Tg/o

 mice and wild-type littermate controls (WT) were placed on HFD (45% 

kcal from fat) for 14 weeks starting at 10 weeks of age. Islets were isolated and CD11b
+
F4/80

+
 cells were sorted 

from other islet cells. mRNA expression of (A) macrophage markers and (B) cytokines and hIAPP-sensing pattern 

recognition receptors in the sorted populations was assessed by RT-qPCR. Expression levels were normalized to the 

housekeeping gene Rplp0. Data represent mean±SEM of 6-9 mice per group. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.14. Beta cell hIAPP expression increases CD11c expression in CD11b
+
F4/80

+
 cells from islets but not 

peripheral blood or spleen. Female FVB hIAPP
Tg/o

 mice and wild-type littermate controls (WT) were placed on 

HFD (45% kcal from fat) for 14 weeks starting at 10 weeks of age. Dispersed islets, splenocytes, and peripheral 

blood leukocytes were analyzed for F4/80 and CD11c expression within the CD11b
+
 population. Flow cytometry 

plots are representative of 4-6 mice per group in each of 3 independent experiments. 
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Figure 4.15. Clodronate-liposome-mediated macrophage depletion limits hIAPP-induced islet inflammation. 

Female FVB hIAPP
Tg/o

 mice and wild-type littermate controls (WT) were placed on HFD (45% kcal from fat) for 14 

weeks starting at 10 weeks of age. Mice were treated with 100 mg/kg clodronate- or PBS- containing liposomes 

(CLOD-lip or PBS-lip, respectively) i.p. every 4 days for the final 4 weeks of HFD. Islets were isolated from 24-

week-old mice to evaluate mRNA expression of (A) macrophage and beta cell markers and (B) cytokines and 

hIAPP-sensing pattern recognition receptors by RT-qPCR. Expression levels were normalized to the housekeeping 

gene Rplp0. Data represent mean±SEM of 6-9 mice per group. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.16. Clodronate liposome-mediated macrophage depletion improves hIAPP-induced glucose 

intolerance. Female FVB hIAPP
Tg/o

 mice and wild-type littermate controls (WT) were placed on HFD (45% kcal 

from fat) for 14 weeks starting at 10 weeks of age. Mice were treated with 100 mg/kg clodronate- or PBS- 

containing liposomes (CLOD-lip or PBS-lip, respectively) i.p. every 4 days for the final 4 weeks of HFD. (A) 

Fasting glycemia was measured at 24 weeks. (B) Glucose tolerance was assessed following i.p. injection of 0.75 

g/kg glucose and evaluation of (C) area under the glycemia curve up to 120 min (baseline = fasting glycemia). (D) 

Body weight and was assessed at 23 weeks of age. (E) Insulin tolerance was assessed following i.p. injection of 0.5 

U/kg insulin and (F) evaluation of area under the glycemia curve up to 60 min (baseline = 1.0). (G) Islets were 

isolated for analysis of insulin content and (H) glucose-stimulated insulin secretion. Data represent mean±SEM of 6-

9 mice per group and are representative of 2 independent experiments. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.17. Treatment of hIAPP-expressing islets with clodronate liposomes improves insulin secretion in 

vitro. Islets were isolated from 10-week-old wild-type or hIAPP
Tg/o

 FVB mice and immediately treated with CLOD-

lip (1 mg/ml clodronate) or PBS-lip for 36 h. Islets were washed and allowed to recover for 6 h prior to culture in 

RPMI containing 16.7 mM glucose for 5 days to promote amyloid formation. (A) Insulin content and (B) glucose-

induced insulin secretion were determined by ELISA. Data represent mean±SEM of 4 mice per group and are 

representative of 2 independent experiments. 

 

 
 



 

 

128 

 
 
Figure 4.18. Improvement of hIAPP-induced hyperglycemia is accompanied by accumulation of mature 

amyloid fibrils in clodronate-liposome-treated mice. (A) Islets from 24-week-old FVB×C57BL/6 mice 

expressing the agouti viable yellow allele were examined to confirm amyloid formation. Representative low power 

(left) and high power (right) magnification fluorescence micrographs showing staining for F4/80 (red), amyloid 

(thioflavin S, green), and nuclei (DAPI, blue). Note that due to the broad emission spectrum of thioflavin S there is 

some detection of this dye by the blue filter. Scale bar: 30 μm (left) or 5 μm (right). (B) 20-week-old FVB×C57BL/6 

mice expressing the agouti viable yellow allele were treated with 100 mg/kg clodronate- or PBS-containing 

liposomes (CLOD-lip or PBS-lip, respectively) i.p. every 4 days for 4 weeks. Fasting blood glucose was assessed at 

24 weeks of age. (C) Islets were isolated at 24 weeks of age and mRNA expression of the indicated markers was 

assessed by RT-qPCR. Expression levels were normalized to the housekeeping gene Rplp0. (D) Pancreata were 

fixed at 24 weeks of age and assessed for amyloid severity. Representative fluorescence micrograph showing 

staining for insulin (red), amyloid (thioflavin S, green), and nuclei (DAPI, blue). Scale bar: 50 μm. (E) Thioflavin-S-

positive area relative to total islet area, (F) average amyloid deposit area, and (G) average islet size were determined 

by image analysis. Data represent mean±SEM of 4-7 mice per group. * p<0.05, ** p<0.01, *** p<0.001. 
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Chapter 5: IL-1 Receptor Antagonist Improves IAPP-induced Islet 

Dysfunction and Limits Amyloid Formation 

 

5.1 Background 

Early evidence for islet inflammation in type 2 diabetes came from studies demonstrating 

elevated IL-1β mRNA and protein expression in islets from patients with type 2 diabetes 

(397,398). More recently, global gene expression studies have identified a group of IL-1-related 

genes highly expressed in islets from patients with type 2 diabetes and associated with reduced 

insulin secretion (400). Both high glucose and saturated fatty acids, nutrient stimuli that are 

frequently elevated in the systemic circulation, stimulate IL-1 expression and chemokine 

secretion by human islets (401). Beta cells respond to these stimuli by upregulation of Il1b gene 

expression, which in turn promotes IL-1-induced chemokine secretion and may explain the 

increase in islet-associated CD68
+ 

macrophages in type 2 diabetes (401,418). While the relative 

contributions of endocrine cells and innate immune cells to islet IL-1 synthesis is unclear, our 

work presented in Chapter 4 suggests that islet macrophages are a major source of Il1b gene 

expression in mouse islets, and that transgenic beta cell expression of hIAPP causes upregulation 

of Il1b in macrophages but not other islet cell types. 

Clinical studies have also supported a role for IL-1 in islet dysfunction in type 2 diabetes. 

IL-1Ra reduced glycated A1C without affecting insulin resistance as determined by 

hyperinsulinemic euglycemic clamp (361), with a sustained reduction in plasma 

proinsulin:insulin up to 39 weeks after cessation of treatment (362).  Remarkably, multiple 

clinical trials have now demonstrated improved insulin secretion in response to anti-IL-1 therapy 

with no detectable effects on insulin resistance (79). These include studies using anti-IL-1β 

mAbs (514-516) and a small clinical study in non-diabetic subjects with the metabolic syndrome 

(517). That anti-IL-1 agents can improve islet function without obvious systemic effects supports 

a role for IL-1-induced beta cell dysfunction early in disease development and suggests that the 

islet may be particularly susceptible to IL-1-induced inflammation. This may be explained both 

by high IL-1R expression on beta cells (292) and by the presence of an islet-localized stimulus 

for IL-1 such as hIAPP aggregation.  
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As in type 2 diabetes, IL-1 secretion by infiltrating innate immune cells may impair beta 

cell function and survival following islet transplantation. IL-1Ra enhances the survival of human 

islets during culture (433), is reportedly used routinely as a peri-transplant therapy at some islet 

transplant centers (435), and works in combination with etanercept to preserve the mass of 

marginal human islet grafts in immunodeficient mice (435). Amyloid deposits have been 

reported in human islet graft recipients (240), form within two weeks after transplantation into 

diabetic immune-deficient mice (239), and are associated with graft failure (217). Islets from 

hIAPP
Tg/o 

mice also develop amyloid following transplantation into syngeneic mice, 

corresponding with progressive graft dysfunction (216). Thus, hIAPP aggregation may be a 

common trigger for islet inflammation in type 2 diabetic and transplanted islets. 

In Chapter 3, we found that hIAPP activates the pattern recognition receptors TLR2 and 

NLRP3 to induce IL-1β secretion by macrophages. Moreover, IL-1Ra limits hIAPP-induced 

cytokine secretion by BMDMs and chemokine secretion by islets. We propose two potential 

mechanisms by which IL-1Ra could improve islet function in vivo. First, IL-1Ra may suppress 

IL-1-induced amplification of the inflammatory response to hIAPP as well as the direct 

inhibitory effect of IL-1 on insulin secretion by beta cells (390,391,397,399,489). Second, 

improving beta cell function by blocking beta cell IL-1R could reduce the formation of IAPP 

aggregates. Since impaired proIAPP processing may promote islet amyloid formation (227), it is 

possible that IL-1-induced beta cell dysfunction alters the processing of proIAPP leading to 

increased amyloid. Indeed, IL-1β and TNF-α impair proinsulin processing (234), which occurs in 

parallel with that of proinsulin (230-233). In this chapter, we evaluate the effect of IL-1Ra on 

glucose homeostasis, islet inflammation, and amyloid deposition in hIAPP
Tg/o

 mice and 

recipients of hIAPP
Tg/o 

islet grafts.  

 

5.2 Results 

5.2.1 Beta cell expression of hIAPP in obese A
vy

-expressing mice promotes amyloid 

formation and glucose intolerance 

We generated obese, insulin-resistant hIAPP
Tg/o

 mice by crossing obese agouti viable 

yellow C57BL/6 mice (B6.C3-A
vy

/J; A
vy

/a at the agouti locus) with hemizygous FVB hIAPP
Tg/o

 

mice (A/A at the agouti locus) as described previously (194) and in Chapter 4. We compared the 
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phenotypes of A
vy

-expressing mice (yellow, obese; A
vy

-hIAPP
Tg/o 

or A
vy

-WT) to their brown, 

leaner littermates (a-hIAPP
Tg/o 

or a-WT). hIAPP transgene expression in beta cells of obese male 

A
vy

-expressing mice caused islet amyloid formation, with small flecks of amyloid in ~15% of 

islets at 12 weeks of age and larger pericapillary deposits affecting ~60% of islets and 

comprising 20% of islet area by 24 weeks of age (Figure 5.1A-C). Expression of the A
vy

 allele in 

non-transgenic mice was associated with an increase in body weight from 30.0±0.6 to 40.6±1.2 g 

at 12 weeks of age (Figure 5.1D) and 36.0±1.9 to 49.2±1.9 g at 24 weeks of age (Figure 5.1E; 

both p<0.001). hIAPP transgene expression had no effect on body weight. Amyloid deposition 

was associated with hyperglycemia in A
vy

-hIAPP
Tg/o

 but not a-hIAPP
Tg/o

 mice, with fasting 

glycemia of 15.7±1.5 mM vs. 10.6±0.4 mM at 12 weeks of age (A
vy

-hIAPP
Tg/o  

vs. A
vy

-WT; 

Figure 5.1D) and 20.5±2.0 vs. 10.0±0.5 mM at 24 weeks (Figure 5.1E; both p<0.001). At 12 

weeks of age, A
vy

 expression caused impaired glucose tolerance, with no significant effect of 

hIAPP
Tg/o

 expression on glucose tolerance (relative to baseline) except that attributable to 

elevated fasting glycemia (Figure 5.2A,B). The hIAPP-associated hyperglycemia under fasting 

conditions (preserved throughout the IPGTT) could not be attributed to increased insulin 

resistance, as A
vy

-hIAPP
Tg/o

 mice were more sensitive to insulin than their wild-type littermates 

(Figure 5.2C,D).  

 

5.2.2 Amyloid accumulation in obese A
vy

-hIAPP
Tg/o 

mice is associated with upregulation 

of islet pro-inflammatory cytokines 

To determine whether amyloid deposition is associated with changes in expression of 

pro-inflammatory genes, we used an RT-qPCR array (Mouse Inflammatory Response and 

Autoimmunity; SA Biosciences) to analyze gene expression in isolated islets from 24-week-old 

a-hIAPP
Tg/o

 mice, A
vy

-hIAPP
Tg/o

 mice, and their wild-type littermates. Of 84 inflammation-

related genes evaluated in the array, 66 could be detected in islets (Table 5.1). Differentially 

expressed genes significantly up- or downregulated by at least two-fold are shown in volcano 

plots in Figure 5.3. In lean a-hIAPP
Tg/o 

mice, only Itgb2, which together with Itgam encodes the 

αMβ2 integrin, was significantly upregulated compared to control a-WT littermates (Figure 

5.3A). Indeed, other pro-inflammatory cytokines, as well as the anti-inflammatory cytokines 

Il1rn and Il10, were downregulated, consistent with our observations in HFD-fed FVB mice 
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described in Chapter 4. The obese, insulin-resistant state caused by A
vy

 expression in wild-type 

mice also had minimal effects on gene expression, inducing upregulation of Tlr5, C3, Fos, and 

Il17a, and downregulation of several chemokines (Figure 5.3B). However, islets from obese A
vy

-

hIAPP
Tg/o

 mice with extensive amyloid deposition showed upregulation of 33 inflammation-

related genes (Figure 5.3C), including anti-inflammatory cytokines (such as Il1rn, encoding 

IL-1Ra) that are often induced in parallel, pointing to hIAPP aggregation as an inciting 

mechanism for islet inflammation. 

Because both Il1b and Il1rn were among the amyloid-associated upregulated genes, we 

validated these results with a second set of primers and also assessed expression of other IL-1-

related genes. Islets from A
vy

-hIAPP
Tg/o 

mice expressed elevated Il1a, Il1b, Il1rn, Casp1, and 

Nlrp3 compared to islets from wild-type littermates, while expression of Il18, Il1r1, Il1rap, and 

Pycard were unchanged (Figure 5.4A). There was no change in expression of IL-1-related genes 

in livers from the same mice, suggesting an islet-specific pro-inflammatory response (Figure 

5.4C). In wild-type mice, A
vy

 expression was associated with downregulation of the beta cell 

transcription factors Pdx1 and Mafa as well as the prohormone processing enzymes Pcsk1 and 

Pcsk2, with no effect on Ins1 or Ins2 expression (Figure 5.4B). Expression of hIAPP in lean 

mice also caused downregulation of Pdx1, Mafa, and Pcsk1, while islets from A
vy

-hIAPP
Tg/o 

vs. 

A
vy

-WT mice displayed significantly reduced expression of all beta cell genes analyzed (Figure 

5.4B). Thus, obese, insulin-resistant A
vy

-hIAPP
Tg/o 

mice show evidence of islet-localized 

inflammation associated with amyloid deposition, reduced expression of key genes required for 

beta cell function, and hyperglycemia relative to their A
vy

-WT littermates. 

 

5.2.3 IL-1Ra improves glucose tolerance in both lean a-hIAPP
Tg/o 

and obese A
vy

-hIAPP
Tg/o 

mice 

Because our previous studies identified IL-1 as a central mediator of hIAPP-induced islet 

cytokine expression (Chapter 3) and both Il1a and Il1b were upregulated in islets from 

A
vy

-hIAPP
Tg/o 

mice (Figure 5.4A), we next evaluated the effects of IL-1R blockade on glucose 

homeostasis and islet inflammation in hIAPP
Tg/o

 mice. For these studies, we treated 24-week-old 

lean mice (a-hIAPP
Tg/o

 and a-WT; Figure 5.5) and obese mice (A
vy

-hIAPP
Tg/o

 and A
vy

-WT; 

Figure 5.6) with IL-1Ra (50mg/kg/day subcutaneously) or PBS for 8 weeks. IL-1Ra had no 
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effect on body weight or fasting glycemia (Figure 5.5A; Figure 5.6A), although both were lower 

in A
vy

-expressing mice (Figure 5.6A-C) compared to the initial cohort (Figure 5.1E). hIAPP 

expression caused impaired glucose tolerance in both lean a-hIAPP
Tg/o

 (Figure 5.5B,C) and 

obese A
vy

-hIAPP
Tg/o

 (Figure 5.6B,C) mice relative to wild-type littermates. IL-1Ra improved 

glucose tolerance in hIAPP
Tg/o

 but not wild-type mice, with no detectable effect on insulin 

sensitivity in either lean (Figure 5.5D) or obese (Figure 5.6D) mice. Fasting plasma insulin was 

not significantly decreased in PBS-treated hIAPP
Tg/o 

vs. wild-type mice and was unaffected by 

IL-1Ra (Figure 5.5E, Figure 5.6E). However, hIAPP expression caused increased plasma 

proinsulin:insulin ratios in both lean (Figure 5.5F) and obese (Figure 5.6F) mice, which were 

reduced by IL-1Ra treatment (a-hIAPP
Tg/o

: 8±3% vs. 31±10%; A
vy

-hIAPP
Tg/o

: 6±1% vs. 12±2%; 

p<0.01), consistent with an improvement in hIAPP-induced beta cell dysfunction. We were 

unable to demonstrate impaired insulin secretion during IPGTT in hIAPP
Tg/o 

mice, unlike in 

HFD-fed FVB mice (Figure 4.8G), likely due to timing of blood sampling, low levels of 

detectable insulin, and potential differences in insulin release kinetics among groups. To 

determine the effects of IL-1Ra on islet function during amyloid formation in vitro, we cultured 

a-hIAPP
Tg/o

 islets for 7 days at 16.7 mM glucose. IL-1Ra restored glucose-stimulated insulin 

secretion in hIAPP
Tg/o

 islets (Figure 5.7A), with no significant effect on insulin content (Figure 

5.7B). Thus, IL-1Ra improves hIAPP-induced glucose intolerance and islet dysfunction with no 

detectable effects on insulin sensitivity. 

 

5.2.4 IL-1Ra limits hIAPP-induced islet inflammation in A
vy

-hIAPP
Tg/o 

mice 

To determine the effect of IL-1Ra on hIAPP-induced islet inflammation, we evaluated 

expression of pro-inflammatory cytokines and macrophage markers in islets isolated from PBS- 

and IL-1Ra treated mice following overnight recovery. Of note, islet yield was reduced by an 

average of  ~50% in mice with significant amyloid formation, which may bias the population of 

isolated islets toward those with less amyloid. Beta cell expression of hIAPP caused modest 

upregulation of both Il1a and Il1b but not Tnf or Ccl2 in islets of a-hIAPP
Tg/o

 mice and 

significant upregulation of all four cytokines in association with amyloid deposition in islets of 

A
vy

-hIAPP
Tg/o

 mice, an effect that was blocked with IL-1Ra (Figure 5.8A). Expression of the 

macrophage markers Itgam (encoding CD11b) and Emr1 (encoding F4/80) was upregulated in 
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both a-hIAPP
Tg/o

 and A
vy

-hIAPP
Tg/o

 mice (Figure 5.8A), consistent with our observation of 

increased macrophage glycoprotein expression by resident macrophages in HFD-fed hIAPP
Tg/o 

FVB mice (Figure 4.12E). IL-1Ra did not prevent this upregulation, suggesting that changes in 

pro-inflammatory gene expression are not due to significant changes in the size of the islet 

macrophage population. hIAPP expression was also associated with decreased expression of the 

beta cell genes Ins2, Pdx1, and Mafa expression in PBS- but not IL-1Ra-treated mice (Figure 

5.8B). One previous study in db/db mice showed that IL-1Ra improves beta cell function by 

preventing translocation of the transcription factor Pdx1 from the nucleus to the cytoplasm (518). 

However, other groups have observed loss of nuclear MafA in db/db mice with no change in 

Pdx1 (519). We did not detect a significant decrease in nuclear Pdx1 staining intensity with 

hIAPP transgene expression. However, nuclear MafA intensity was markedly decreased in islet 

sections from both a-hIAPP
Tg/o

 and A
vy

-hIAPP
Tg/o 

mice relative to wild-type littermates (Figure 

5.9A,B). IL-1Ra limited the hIAPP-induced loss of nuclear MafA in obese A
vy

-expressing mice, 

consistent with improved beta cell function. 

 

5.2.5 IL-1Ra limits islet amyloid formation in a-hIAPP
Tg/o 

but not A
vy

-hIAPP
Tg/o 

mice 

To determine whether improved glucose tolerance and reduced islet inflammation were 

associated with changes in amyloid deposition, we analyzed thioflavin S staining in islets from 

IL-1Ra- and PBS-treated hIAPP
Tg/o 

mice (Figure 5.10A). IL-1Ra reduced amyloid severity 

(proportion of islet area occupied by amyloid; Figure 5.10B) and prevalence (proportion of islets 

containing amyloid; Figure 5.10C) in a-hIAPP
Tg/o 

but not obese A
vy

-hIAPP
Tg/o 

mice. These data 

suggest that – at least early in disease progression – islet IL-1Ra may act on the beta cell IL-1R 

to limit IL-1-induced beta cell dysfunction leading to amyloid formation. However, in mice with 

more extensive amyloid deposits, IL-1Ra improved glucose homeostasis and limited islet 

inflammation independently of amyloid deposition. To rule out possible peripheral effects of IL-

1Ra in the context of amyloid formation, we also evaluated the effects of IL-1Ra on amyloid 

formation and insulin secretion in cultured hIAPP
Tg/o

 rat islets, which develop islet amyloid after 

7 days of culture with 22 mM glucose (Figure 5.11A,B). Islets treated with IL-1Ra showed a 

two-fold reduction in amyloid severity (Figure 5.12A). As in cultured mouse islets (see above), 

IL-1Ra also improved glucose-stimulated insulin secretion in hIAPP
Tg/o

 but not wild-type rat 
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islets (Figure 5.12B). Thus, IL-1Ra can act directly on the islet to limit amyloid formation under 

conditions of low initial amyloid severity. 

 

5.2.6 IL-1β impairs proIAPP processing in MIN6 cells and islets 

To determine whether IL-1 might contribute to islet amyloid formation by impairing 

proIAPP processing, we evaluated the effect of recombinant IL-1β on MIN6 cell proIAPP 

expression. We found that 100 pg/ml IL-1β induced significant Ccl2 expression with no effect on 

Ins2 (Figure 5.13A). At this concentration, IL-1β increased expression of both intact proIAPP 

(proIAPP1-67) and the partially processed N-terminally-extended intermediate form (proIAPP1-48) 

while decreasing expression of the mature peptide (IAPP1-37; Figure 5.13B,C). The ratios of 

proIAPP1-67 (Figure 5.13D) and proIAPP1-48 (Figure 5.13E) to mature IAPP were significantly 

increased by IL-1β, which also decreased expression of the proIAPP processing enzymes PC1/3 

and PC2 (Figure 5.13F,G). Similarly, isolated islets from C57BL/6 mice expressed increased 

Ccl2 following 24 h culture with 100 pg/ml IL-1β; however, unlike in MIN6 cells, Ins2 and Pdx1 

expression were decreased by ~70% at this concentration (Figure 5.14A). IL-1β at 1 pg/ml had 

no effect on Pdx1, IAPP, or Pcsk1, despite reduced Ins2 and Pcsk2 expression, and IAPP 

expression was unaffected at up to 10 pg/ml IL-1β (Figure 5.14A). Consistent with our 

observations in MIN6 cells, IL-1β increased expression of proIAPP1-67 and proIAPP1-48 while 

decreasing expression of mature IAPP (Figure 5.14B,C). The ratio of proIAPP1-67 (Figure 5.14D) 

and proIAPP1-48 (Figure 5.14E) to IAPP was lower in islets than in MIN6 cells, but as in MIN6 

cells was significantly increased by IL-1β. These data suggest one possible mechanism by which 

IL-1 may contribute to islet amyloid formation– namely, by impairing proIAPP processing. 

 

5.2.7 IL-1Ra attenuates islet graft dysfunction and limits amyloid formation in hIAPP 

transgenic islet grafts 

To test the effect of IL-1Ra on glucose tolerance in a mouse model of islet 

transplantation, we transplanted islets from FVB hIAPP
Tg/o

 and wild-type littermate control mice 

into diabetic NOD/SCID recipients treated with 50 mg/kg/day IL-1Ra or PBS. Neither graft 

expression of hIAPP nor IL-1Ra treatment affected recipient body weight 8 weeks following 

transplantation (Figure 5.15A). Recipients of transgenic islet grafts displayed elevated non-
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fasting glycemia (Figure 5.15B) and impaired glucose tolerance (Figure 5.15C,D) compared to 

recipients of wild-type grafts. Administration of IL-1Ra reduced hyperglycemia associated with 

islet hIAPP expression and significantly improved graft function in recipients of transgenic grafts 

(Figure 5.15B-D). Quantification of intra-graft staining for the macrophage glycoprotein F4/80 

demonstrated that hIAPP-expressing grafts contained 50% more macrophages than wild-type 

grafts, an effect that was significantly inhibited by IL-1Ra (Figure 5.16A,B). Furthermore, a 5-

fold reduction in amyloid severity was observed in transgenic grafts from IL-1Ra-treated 

recipients (Figure 5.16C,D), with no difference in insulin staining among grafts. Interestingly, 

most thioflavin-S-positive amyloid deposits in transgenic grafts were closely associated with 

F4/80-expressing macrophages, with thioflavin S staining apparent both within cells and 

extracellularly, as determined by deconvolution of z-stack images (Figure 5.16E,F). These data 

suggest that, as in obese, insulin resistant mice with hIAPP expression, IL-1Ra improves islet 

function and limits amyloid formation. Whether IL-1Ra affects the size of the population of 

resident or infiltrating islet macrophages may depend on variables specific to each model, 

including the presence of other stimuli such as tissue damage associated with surgery. 

 

5.3 Discussion 

Chronic exposure to elevated IL-1 causes beta cell death and dysfunction due to altered 

gene transcription, changes in protein activity, and induction of oxidative stress (Figure 1.6). 

Data from clinical studies suggest that anti-IL-1 agents – at least with the dosing regimens and 

relatively short treatment periods tested to date – can improve beta cell function without 

affecting insulin sensitivity. The data presented in Chapter 3 show that hIAPP induces IL-1 

synthesis and secretion by cultured macrophages. Chapter 4 of this thesis demonstrates that islet 

macrophages are the major source of hIAPP-induced IL-1β in islets, and that islet macrophage 

depletion can improve hIAPP-induced islet dysfunction. Here, we present data in support of the 

hypothesis that IL-1 mediates hIAPP-induced islet inflammation and dysfunction, which – at 

least at the early stages of disease – may participate in a feed-forward cycle leading to enhanced 

amyloid formation.  

 In Chapter 4, we showed that hIAPP
Tg/o

 mice on an FVB background express elevated 

islet Il1b and Nlrp3 with few other changes in islet pro-inflammatory gene expression. While 
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these mice serve as a model of early hIAPP-induced islet dysfunction, they do not develop 

extensive amyloid deposits, even on HFD, consistent with some other transgenic strains (520). 

Indeed, the background strain appears to be critical to the phenotype and amyloid status of 

hIAPP transgenic mice (521). Furthermore, homozygous hIAPP
Tg/Tg 

mice spontaneously develop 

diabetes without extracellular amyloid formation (210), raising the possibility that other 

mechanisms such as ER stress (522) rather than macrophage activation may be more important 

mediators of disease in some models. Most strains of hIAPP
Tg/o

 mice develop extracellular islet 

amyloid resembling that found in type 2 diabetes under conditions that promote beta cell 

dysfunction, including ex vivo culture (488,512,523), treatment with growth hormone and 

steroids (193), or obesity due to leptin deficiency (520) or expression of the A
vy

 allele (194). 

Soeller et al. showed that A
vy

-hIAPP
Tg/o 

mice develop slow-onset diabetes associated with 

extracellular amyloid deposits, decreased plasma insulin and pancreatic insulin content, and 

decreased beta cell mass by 41-52 weeks of age (194). Here, we show that impaired glucose 

tolerance is present by 12 weeks of age in the presence of small extracellular flecks of amyloid 

and becomes more pronounced by 24 weeks of age, in association with increased amyloid 

severity.  

Extensive amyloid deposition and hyperglycemia in A
vy

-hIAPP
Tg/o 

mice was associated 

with increased islet expression of a number of pro-inflammatory cytokines and chemokines that 

were not upregulated in a-hIAPP
Tg/o 

mice with low amyloid severity and normoglycemia. In 

Chapter 3, we showed that both pre-fibrillar and fibrillar hIAPP aggregates are required for 

increased Il1b expression and proIL-1β processing, respectively. Thus, mice with few detectable 

thioflavin-S-positive amyloid deposits (i.e. lean a-hIAPP
Tg/o 

mice) may have insufficient fibrillar 

hIAPP present to induce maximal NLRP3 activation and IL-1β secretion by islet macrophages, 

limiting the autocrine/paracrine induction of other pro-inflammatory mediators in the early 

stages of disease. Alternatively, it is possible that hyperglycemia per se and not islet amyloid is 

the major driver of pro-inflammatory gene expression, either directly or via systemic release of 

pro-inflammatory cytokines (524). However, several lines of evidence point to a specific role for 

hIAPP aggregation in islet inflammation. First, hIAPP transgene
 
expression was not associated 

with the same pro-inflammatory response in liver, a tissue with high content of macrophages that 

respond to systemic stimuli (525). Second, both synthetic and endogenous hIAPP induced Il1b 
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expression in isolated islets under the same culture conditions as rIAPP-treated or wild-type 

islets. Third, IL-1Ra improved the function of hIAPP
Tg/o

 but not wild-type rodent islets in high-

glucose culture. Finally, A
vy

 expression alone (i.e. in A
vy

-WT mice) was not associated with 

elevated expression of IL-1-related genes despite impaired glucose tolerance relative to a-WT 

mice. Careful glycemic control with insulin administration to render hIAPP
Tg/o 

mice 

normoglycemic would help to rule out the effects of hyperglycemia on islet pro-inflammatory 

gene expression. 

It is also possible that amyloid-associated pro-inflammatory gene expression is due to 

liberation of stimuli produced by beta cells directly damaged by hIAPP. Whether the in vivo 

action of hIAPP on macrophages is due to direct interaction (e.g. with TLR2) or due to liberation 

of other pro-inflammatory stimuli requires further study. Indeed, hyperglycemia caused by the 

beta cell toxin streptozotocin can also be prevented with IL-1Ra (526), and other rodent models 

of type 2 diabetes that are protected by IL-1Ra, such as the db/db mouse (527,528) and Goto-

Kakizaki rat (395), demonstrate a similar elevation of islet cytokine expression. It may be 

difficult to uncouple the toxic and pro-inflammatory effects of hIAPP given that pre-fibrillar 

oligomers are critical participants in both hIAPP-induced cell death and pro-inflammatory 

cytokine synthesis. However, we found protective effects of IL-1Ra in two models in which 

insulin-positive beta cell area is preserved, the a-hIAPP
Tg/o 

mouse (194) and the NOD/SCID 

recipient of hIAPP-expressing islet transplants. Changes in the ratio of proinsulin:insulin provide 

further evidence for hIAPP-induced islet dysfunction independent of beta cell death. Analysis of 

beta cell mass and apoptosis at early and advanced stages of amyloid formation may further 

elucidate the nature of the beta cell defect in the presence of hIAPP aggregates. However, we 

found no significant differences in the number of TUNEL-positive beta cells among the 

treatment groups eight weeks following transplantation, suggesting that extensive hIAPP-

induced cell death is not a requirement for graft inflammation. Furthermore, we have 

demonstrated hIAPP-induced chemokine release from transgenic mouse islets ex vivo in the 

absence of significant changes in cell viability as confirmed by Alamar Blue reduction and 

insulin staining of histological sections. Taken together, these data suggest that hIAPP is likely to 

act directly on islet macrophages without a requirement for beta cell death. 



 

 

139 

The transcription factor Pdx1 regulates beta cell function and survival by controlling 

expression of critical genes such as those encoding insulin, Glut2, and glucokinase (529). Pdx1 

deficiency contributes to reduced proliferation and enhanced apoptosis in mouse models of type 

2 diabetes such as Psammomys obesus and db/db mice (530), and overexpression of Pdx1 can 

restore beta cell mass in Irs2 knockout mice (531). IL-1β reduces Pdx1 expression (532), and a 

previous study reported that IL-1Ra can prevent nuclear exclusion of Pdx1 – which can occur in 

response to stimuli such as oxidative stress and free fatty acids – in islets from db/db mice (528). 

Others have reported a loss of intranuclear MafA with preservation of Pdx1 (519) or a loss of 

both transcription factors (533) in beta cells of db/db mice. Like Pdx1, MafA is a critical 

regulator of beta cell genes and is required for normal insulin gene expression (534). We found a 

significant decrease in both Mafa and Pdx1 expression in A
vy

-hIAPP
Tg/o 

and a-hIAPP
Tg/o 

islets 

relative to wild-type controls, although this effect was more pronounced for Mafa. The marked 

decrease in nuclear MafA expression (not observed for Pdx1), which was partially rescued by 

IL-1Ra, suggests that this transcription factor is a sensitive indicator of beta cell dysfunction in 

the setting of amyloid formation. A recent study suggested that beta cell de-differentiation (and 

loss of detectable insulin) rather than death is the major contributor to the apparent loss of beta 

cell mass in rodent models of type 2 diabetes (533), and that FoxO1 is required to maintain beta 

cells in a differentiated state. Examination of this and other transcription factors – in addition to 

analysis of beta cell mass, apoptosis, and proliferation – may further elucidate the nature of the 

beta cell defect in the presence of hIAPP aggregates. 

 The data presented in Chapter 4 suggest that islet macrophages are the major source of 

hIAPP-induced islet IL-1β. Whether the effects of IL-1Ra are due to blockade of IL-1R 

signalling in macrophages or in beta cells – or a combination of these effects – remains to be 

addressed. Future studies should therefore employ models with cell-specific IL-1R deficiency. 

This can be achieved with either bone marrow transplantation (for reconstitution of islet 

macrophages) or genetic approaches (e.g. expression of a conditional knockout Il1r1 allele in 

macrophages or beta cells in hIAPP
Tg/o 

mice). Moreover, signalling via the IL-1R can be induced 

not only by IL-1 but also by IL-1 and IL-18 (535). Although we did not observe upregulation 

of IL-18 expression in A
vy

-hIAPP
Tg/o 

islets (Figure 5.4A), the relative contributions of IL-1α and 

IL-1β to IL-1R-mediated islet inflammation requires further study. We attempted several studies 
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using anti-IL-1β antibody in syngeneic FVB transplant recipients but encountered technical 

challenges due to poor engraftment rates with this recipient strain. Given current clinical trials 

underway using anti-IL-1α and anti-IL-1β antibodies (79), which have a longer half-life than IL-

1Ra and may be better tolerated due to the absence of injection site reactions, this distinction 

between IL-1α and IL-1β may be clinically relevant. Other compounds that limit IL-1 secretion, 

including NLRP3 inflammasome inhibitors and inhibitors of proIL-1β synthesis, are currently 

under development. Some existing therapies may also limit islet inflammation, including 

metformin, which inhibits the NLRP3 inflammasome (371); thiazolidinediones, which act via 

PPARγ to alter macrophage phenotype (427); and DPP-4 inhibitors, which have anti-

inflammatory effects (428).  

Consistent with hIAPP-induced monocyte recruitment to the islet as reported in vitro in 

Chapter 3, we observed more macrophages within hIAPP
Tg/o 

grafts compared to wild-type grafts, 

and these cells were present in close association with amyloid plaques. Whereas the number of 

macrophages in hIAPP
Tg/o 

grafts was reduced when recipients were treated with IL-1Ra, we did 

not observe a significant change in F4/80 gene expression with IL-1Ra treatment in hIAPP
Tg/o 

mice. This difference between models may be due to the presence of other graft-associated 

stimuli or to differences in the kinetics of amyloid deposition. Alternatively, our study may be 

insufficiently powered to detect small changes in gene expression given the technical challenges 

in isolating amyloid-laden islets and the bias introduced by studying only islets that can be 

isolated. Further studies are also required to understand the source of intra-graft macrophages 

(donor vs. recipient) and the kinetics of islet macrophage turnover; for example, it is possible 

that turnover rates might increase with no net effect on the size of a cell population. Additional 

characterization of islet macrophage subsets using other markers is also required, including M1-

polarized F4/80
-
 populations (420) not detected in these analyses. 

 Interestingly, IL-1Ra limited amyloid formation in a-hIAPP
Tg/o 

mice, FVB hIAPP
Tg/o 

islet 

grafts, and cultured hIAPP
Tg/o 

rat islets, all models with low amyloid severity. Thus, protection of 

the beta cell – either by directly inhibiting beta cell IL-1R signalling or by altering the pro-

inflammatory milieu – may limit islet amyloid formation. Similarly, the GLP-1R agonist 

exenatide, which improves beta cell function in cultured islets, may restore proIAPP processing 

and reduce amyloid formation (536), although this is controversial (537). No effect of IL-1Ra on 
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amyloid deposition was detected in A
vy

- hIAPP
Tg/o 

mice, despite improved glucose tolerance, 

suggesting either a reduction in pre-fibrillar hIAPP aggregates that cannot be detected with 

thioflavin S or a dominant effect of IL-1Ra on protecting the beta cell from hIAPP-induced IL-1, 

despite a persistent stimulus. In this more advanced stage of hIAPP deposition, IL-1Ra may be 

unable to prevent further amyloid formation given the presence of extensive deposits that act as 

seeds for aggregation. However, in less severe disease, IL-1Ra-mediated improvement in beta 

cell function may limit amyloid formation, supporting a model in which cytokine production 

begets amyloid formation (which, in turn, leads to further inflammation) in a feed-forward cycle. 

This model of our data points to the importance of amyloid and islet inflammation as therapeutic 

targets in type 2 diabetes and islet transplantation. 

We found that IL-1β impairs proIAPP processing in cultured MIN6 cells and islets, 

pointing to one possible mechanism for reduced amyloid formation in IL-1Ra-treated islets. 

NH2-terminally unprocessed proIAPP, which may be secreted at an increased ratio to mature 

IAPP under conditions of beta cell stress (538), binds to heparan sulphate proteoglycans to create 

a nidus for extracellular amyloid formation (229). We found that both PC1/3 and PC2, enzymes 

involved in proIAPP processing (Figure 1.2), are downregulated by IL-1β without a concomitant 

decrease in IAPP expression. Other enzymes that contribute to proIAPP processing, such as 

carboxypeptidase E (233), may also be affected and require further study. Our data are consistent 

with previously reported impairment of proIAPP processing in response to the pro-inflammatory 

cytokine TNF-α (539) and the chemokine MCP-1 (540), although we did not observe the 

cytokine-induced upregulation of Iapp expression reported in these studies. Further work is 

required to confirm the effect of IL-1Ra on proIAPP content and secretion in human islets under 

conditions that promote endogenous IL-1 secretion. 

In contrast to IL-1Ra treatment, macrophage depletion by clodronate liposome 

administration was associated with increased amyloid severity (Chapter 4.2.6), suggesting 

distinct roles for islet macrophage activity and IL-1β in disease progression. Islet macrophages 

may play dual roles in the setting of hIAPP aggregation, contributing both to the clearance of 

hIAPP aggregates and to the secretion of pro-inflammatory cytokines. In each model examined 

in this thesis, the net effect appears to be detrimental to the beta cell. For example, anti-TLR2 

antibody prevented hIAPP-induced upregulation of islet cytokine expression and preserved 
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insulin content in cultured hIAPP
Tg/o 

mouse islets (Figure 3.14C). Similarly, in vitro macrophage 

depletion preserved insulin content and secretion in FVB hIAPP
Tg/o 

islets (Figure 4.17A), and IL-

1Ra also prevented hIAPP-induced reduction in insulin secretion in cultured hIAPP
Tg/o 

mouse 

and rat islets. In vivo clodronate liposome treatment had no effect on islet insulin content or Ins1 

and Ins2 gene expression (Figure 4.15A), but increased Pdx1 expression and glucose-stimulated 

insulin secretion in isolated islets (Figure 4.16G). In hIAPP
Tg/o 

rat islets, which did not exhibit a 

decrease in insulin content with culture, IL-1Ra nevertheless rescued the impairment in glucose-

stimulated insulin secretion. Thus, all three anti-inflammatory approaches can either preserve 

insulin content or improve glucose responsiveness, an effect that is likely modulated by other 

factors such as the extent of hIAPP aggregation and the presence of other pro-inflammatory 

stimuli. 

While our in vitro studies suggest that interaction of hIAPP with macrophages induces 

release of cytokines such as IL-1β that at high local concentrations are known to cause beta cell 

dysfunction, it is likely that IL-1 also plays an important physiological role in regulating islet 

homeostasis. For example, low concentrations of IL-1β promote beta cell proliferation, and 

IL-1β knockout mice have impaired glucose tolerance and decreased islet Pdx1 expression (513). 

Other classically pro-inflammatory cytokines such as IL-6 may also enhance beta cell insulin 

secretion under some conditions (541). That IL-1Ra failed to improve glucose tolerance in wild-

type mice suggests that blockade of this pathway under physiological conditions provides no 

benefit, nor causes harm. Moreover, we have found in preliminary experiments that 24 h 

stimulation of cultured islets with synthetic hIAPP, while inducing upregulation of pro-

inflammatory cytokines, enhances rather than impairs insulin secretion. This observation points 

to the importance of the timing and dose in determining the functional consequents of islet 

exposure to pro-inflammatory cytokines. 

The improved glucose tolerance in IL-1Ra-treated recipients of hIAPP transgenic islet 

grafts suggests a common mechanism of hIAPP-induced beta cell dysfunction in type 2 diabetic 

and transplanted islets. Inhibition of hIAPP-mediated IL-1 signalling may partially explain the 

improvement in beta cell secretory function in type 2 diabetic patients receiving anakinra (15), 

and our data suggest that blockade of IL-1 signalling may also promote long-term islet graft 

function. As there was no significant effect of IL-1Ra on glucose tolerance in recipients of wild-
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type grafts in our NOD/SCID transplant model, our data suggest a specific effect on hIAPP-

associated islet pathology. As in IL-1Ra-treated a-hIAPP
Tg/o 

mice, we observed decreased 

amyloid deposition in hIAPP-expressing grafts in recipients of IL-1Ra, suggesting that IL-1-

mediated islet inflammation may not only be a consequence but also a cause of hIAPP 

aggregation.  

Collectively, these findings provide a mechanistic link between two important islet 

pathologies in type 2 diabetes and islet transplant failure: amyloid and inflammation. They 

provide the first in vivo evidence that IL-1 is an important mediator of hIAPP-induced islet 

dysfunction and point to hIAPP as an islet-localized trigger for inflammation in type 2 diabetes 

and islet transplantation. Importantly, our data suggest that hIAPP-induced beta cell dysfunction 

can be ameliorated even in the presence of widespread amyloid deposition. While no current 

therapies are available that specifically target islet amyloid formation, anti-TLR2, NLRP3, or IL-

1 agents may provide an alternative approach for protecting the beta cell against hIAPP 

aggregates. 
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Table 5.1. Differentially-expressed islet pro-inflammatory genes associated with hIAPP expression.
1 

Group Gene FC p-value 

a-hIAPPTg/o vs. a-WT Cxcl10 -8.3 0.0105 

 
Ccl4 -6.7 0.0008 

 
Il10 -5.2 0.0123 

 
Tnf -3.9 0.0005 

 
Ccl12 -3.0 0.0192 

 
Ccl3 -3.0 0.0005 

 
Il1rn -2.7 0.0241 

 
Tlr9 -2.3 0.0037 

 
Lta -2.2 0.0410 

 
Itgb2 3.8 0.0564 

Avy -WT vs. a-WT Cxcl10 -4.3 0.0112 

 
Ccl7 -4.1 0.0449 

 
Ccl2 -3.6 0.0265 

 
Ccl22 -3.0 0.0135 

 
Il10 -2.3 0.0279 

 
Csf1 -2.2 0.0012 

 
Lta -2.2 0.0059 

 
Tlr5 7.0 0.0111 

 
C3 4.8 0.0182 

 
Fos 3.1 0.0011 

 
Il17a 2.3 0.0313 

Avy-hIAPPTg/o vs. Avy-WT Fos -2.6 0.0005 

 
Ccl7 63.4 0.0213 

 
Ccl2 40.2 0.0149 

 
Ccl17 34.5 0.0111 

 
Ccl22 25.7 0.0079 

 
C4b 21.2 0.0008 

 
Ccr7 19.5 0.0134 

 
C3ar1 17.0 0.0120 

 
Sele 14.8 0.0272 

 
Cxcl1 13.9 0.0216 

 
Ccl19 13.4 0.0107 

 
Il1b 12.8 0.0043 

 
Itgb2 12.6 0.0178 

 
Ccl11 12.5 0.0077 

 
Cd14 11.4 0.0006 

 
Ptgs2 11.2 0.0417 

 
Ltb 10.1 0.0258 

 
Cxcl10 10.1 0.0269 

 
Il6 9.2 0.0112 

 
Tlr1 7.9 0.0346 

 
Tlr7 7.8 0.0164 

 
Ccl5 6.9 0.0349 

 
Ccl3 6.4 0.0340 

 
Il1rn 6.0 0.0306 

 
Tnf 5.3 0.0355 

 
Cxcl2 4.9 0.0183 

 
B2m 4.6 0.0008 

 
Ccl4 4.6 0.0466 

 
Cd40 4.2 0.0305 

 
Il10 3.9 0.0495 

 
Csf1 3.6 0.0187 

 
Il7 3.5 0.0234 

 
Tlr4 3.4 0.0180 

 
Lta 2.1 0.0071 

    
1
Islets were isolated from 24-week-old male a-hIAPP

Tg/o
, A

vy
-hIAPP

Tg/o
, and wild-type (WT) littermates. Islet gene 

expression was evaluated by RT-qPCR using an SABiosciences Inflammatory Response and Autoimmunity array. 

Gene expression was normalized to a panel of housekeeping genes (Actb, Gapdh, Gusb, Hsp90ab1). Data represent 

the average fold-change (FC) of 4 mice per group. p-values were determined by Student’s t-test. 
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Figure 5.1. Beta cell expression of hIAPP in obese A

vy
-expressing mice promotes amyloid accumulation and 

hyperglycemia between 12 and 24 weeks. (A) Pancreata were isolated from 12- and 24-week-old male hIAPP
Tg/o

 

or wild-type (WT) mice (C57BL/6×FVB) with or without expression of the agouti viable yellow allele (represented 

by A
vy 

and a, respectively). Sections of formalin-fixed, paraffin-embedded pancreas were stained for insulin (red), 

amyloid (green, thioflavin S), and DAPI (blue). Note that due to the broad emission spectrum of thioflavin S there is 

some detection of this dye by the blue filter. Scale bar: 50 μm. (B) Amyloid prevalence (proportion of islets 

containing amyloid) and (C) amyloid severity (proportion of islet area occupied by amyloid) were assessed at each 

time point. Body weight and fasting blood glucose (FBG) were assessed at (D) 12 and (E) 24 weeks. Data represent 

mean±SEM of 7-11 mice per group. ** p<0.01, *** p<0.001. 
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Figure 5.2. Obese A
vy 

mice have impaired glucose tolerance at 12 weeks of age. (A) Glucose tolerance was 

assessed by i.p. injection of 0.75 g/kg glucose and (B) evaluation of area under the glycemia curve (baseline = 

fasting glycemia) up to 120 min. (C) Insulin sensitivity was assessed by i.p. injection of 1 U/kg insulin and (D) 

evaluation of area under the glycemia curve (baseline = 1.0) up to 60 min. Data represent mean±SEM of 7-11 mice 

per group. * p<0.05, ** p<0.01. 

 

Figure 5.2. hIAPP transgenic mice have impaired glucose tolerance and increased 

insulin sensitivity at 12 weeks of age regardless of agouti allele expression. 
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Figure 5.3. hIAPP-induced islet dysfunction in obese A

vy
-expressing mice is associated with upregulation of 

islet pro-inflammatory gene expression. Islets were isolated from 24-week-old male hIAPP
Tg/o

 or wild-type (WT) 

mice (C57BL/6×FVB) with or without expression of the agouti viable yellow allele (represented by A
vy 

and a, 

respectively). Islets were lysed for RNA purification 4 h following isolation and gene expression was evaluated by 

RT-qPCR using an SABiosciences Inflammatory Response and Autoimmunity array. Volcano plots showing 

differential gene expression in (A) a-hIAPP
Tg/o

 vs. a-WT mice, (B) A
vy

-WT vs. a-WT mice, and (C) A
vy

-hIAPP
Tg/o

 

vs. A
vy

-WT mice show the log2 fold change in gene expression (x-axis, threshold set at 2) relative to the log10 p-value 

as determined by Student’s t-test (y-axis, threshold set at 0.05). Gene expression was normalized to a panel of 

housekeeping genes (Actb, Gapdh, Gusb, Hsp90ab1). FC: fold change. Data represent the average fold-change of 4 

mice per group. 
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Figure 5.4. hIAPP-induced islet dysfunction is associated with increased expression of IL-1 family members. 

Islets were isolated from 24-week-old male hIAPP
Tg/o

 or wild-type (WT) mice (C57BL/6×FVB) with or without 

expression of the agouti viable yellow allele (represented by A
vy 

and a, respectively). Islets were lysed for RNA 

purification 4 h following isolation and expression of (A) IL-1 family genes and (B) beta cell genes was evaluated 

by RT-qPCR. (C) Expression of IL-1-related genes in liver was evaluated by RT-qPCR. Expression levels were 

normalized to the housekeeping gene Rplp0. * indicates comparison with WT islets with the same agouti phenotype. 

# indicates comparison between A
vy

-WT and a-WT mice. */# p<0.05, **/## p<0.01, ***/### p<0.001. 
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Figure 5.5. IL-1Ra improves islet function in lean a-hIAPP
Tg/o 

mice. 16-week-old lean male hIAPP
Tg/o

 or wild-

type (WT) mice were treated with 50 mg/kg/day IL-1Ra delivered subcutaneously for 8 weeks. (A) Body weight 

was assessed at 24 weeks of age. (B) Glucose tolerance was assessed by i.p. injection of 1 g/kg glucose and (C) 

calculation of area under the glycemia curve (baseline = fasting glycemia). (D) Insulin sensitivity was evaluated 

following i.p. injection of 1 U/kg insulin. (E) Fasting plasma insulin and (F) the ratio of proinsulin:insulin was 

determined by ELISA. Data represent mean±SEM of 4-6 mice per group. * p<0.05, ** p<0.01. 
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Figure 5.6. IL-1Ra improves glucose tolerance in obese A
vy

-hIAPP
Tg/o 

mice. 16-week-old obese male hIAPP
Tg/o

 

or wild-type (WT) mice (A
vy

 at the agouti locus) were treated with 50 mg/kg/day IL-1Ra delivered subcutaneously 

for 8 weeks.  (A) Body weight was assessed at 24 weeks of age. (B) Glucose tolerance was assessed by i.p. injection 

of 1 g/kg glucose and (C) calculation of area under the glycemia curve (baseline = fasting glycemia). (D) Insulin 

sensitivity was evaluated following i.p. injection of 1 U/kg insulin. (E) Fasting plasma insulin and (F) the ratio of 

proinsulin:insulin was determined by ELISA. Data represent mean±SEM of 4-6 mice per group. * p<0.05, ** 

p<0.01. 
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Figure 5.7. IL-1Ra improves glucose-stimulated insulin secretion in cultured hIAPP transgenic islets. Islets 

were isolated from 12-20-week-old C57BL/6×FVB hIAPP
Tg/o

 mice or wild-type (WT) littermate controls. Islets 

were cultured for 7 days at 16.7 mM glucose to promote amyloid formation, in the presence or absence of IL-1Ra (2 

μg/ml). (A) Glucose-stimulated insulin secretion and (B) insulin content were determined by ELISA. Data represent 

mean±SEM of islets from 4 mice per group and are representative of 2 independent experiments. * p<0.05, ** 

p<0.01, *** p<0.001. 



 

 

152 

 
 

Figure 5.8. IL-1Ra limits islet inflammation in hIAPP
Tg/o 

mice.16-week-old male hIAPP
Tg/o

 or wild-type (WT) 

mice with or without expression of the agouti viable yellow allele (represented by A
vy 

and a, respectively) were 

treated with 50 mg/kg/day IL-1Ra delivered subcutaneously. Islets were isolated after 8 weeks and lysed for RNA 

isolation after overnight recovery. Expression of (A) pro-inflammatory genes and (B) beta cell genes was assessed 

by RT-qPCR and expression levels were normalized to the housekeeping gene Rplp0. Data represent mean±SEM of 

4-6 mice per group. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 5.9. IL-1Ra limits loss of nuclear MafA expression in islets of hIAPP

Tg/o 
mice.16-week-old male 

hIAPP
Tg/o

 or wild-type (WT) mice with or without expression of the agouti viable yellow allele (represented by A
vy 

and a, respectively) were treated with 50 mg/kg/day IL-1Ra delivered subcutaneously for 8 weeks. (A) Nuclear 

MafA content was assessed by staining of islets from formalin-fixed, paraffin-embedded pancreas sections with 

insulin (green) and MafA (red). Scale bar: 50 μm. (B) Nuclear staining intensity of MafA was quantified by image 

analysis of staining represented in (A). Data represent mean±SEM of 4-6 mice per group. * p<0.05, ** p<0.01. 
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Figure 5.10. IL-1Ra limits islet amyloid severity in lean a-hIAPP

Tg/o 
but not obese A

vy
-hIAPP

Tg/o 
mice. 16-

week-old male hIAPP
Tg/o

 or wild-type (WT) mice with or without expression of the agouti viable yellow allele 

(represented by A
vy 

and a, respectively) were treated with 50 mg/kg/day IL-1Ra delivered subcutaneously. Pancreata 

were isolated after 8 weeks and formalin-fixed, paraffin-embedded sections were stained for insulin (red), amyloid 

(thioflavin S, green), and DAPI (blue) to assess (B) amyloid severity (proportion of islet area occupied by amyloid) 

and (C) amyloid prevalence (proportion of islets containing amyloid). Scale bar: 50 μm. Data represent mean±SEM 

of 4-6 mice per group. ** p<0.01. 

 

 

 

 
Figure 5.11. hIAPP transgenic rat islets develop amyloid in vitro in high-glucose culture. Islets were isolated 

from 8-week-old hemizygous hIAPP
Tg/o

 mice Sprague-Dawley rats and cultured for 7 days in medium containing 

either 11 or 22 mM glucose. (A) Sections of formalin-fixed, paraffin-embedded islets were stained for insulin (red), 

amyloid (thioflavin S, green), and nuclei (DAPI, blue). (B) Thioflavin-S-positive area was quantified as a proportion 

of total islet area. Data represent mean±SEM of islets from 4 rats. * p<0.05. 
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Figure 5.12. IL-1Ra limits islet amyloid formation in cultured hIAPP transgenic rat islets. Islets were isolated 

from 8-week-old hemizygous hIAPP
Tg/o

 Sprague-Dawley rats and cultured in 22 mM glucose for 7 days in the 

presence or absence of IL-1Ra (2 μg/ml). (A) Islets were fixed and stained for insulin (red), amyloid (thioflavin S, 

green), and DAPI (blue) and (B) amyloid area was expressed as a proportion of total islet area. (C) Glucose-

stimulated insulin secretion was evaluated by ELISA and expressed relative to insulin content, which did not vary 

among groups. Scale bar: 50 μm. Data represent mean±SEM of islets from 4 rats. * p<0.05, ** p<0.01. 
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Figure 5.13. IL-1 impairs proIAPP processing in MIN6 cells. MIN6 beta cells were treated with recombinant IL-

1β for 24 h. (A) Gene expression was assessed by RT-qPCR with Rplp0 as the internal control. (B) Expression of 

proIAPP1-67, partially processed proIAPP1-48, and mature IAPP1-37 in response to 100 pg/ml IL-1β was assessed by 

western blot. (C) Expression of each species relative to total IAPP (normalized to β-actin), (D) the ratio of 

proIAPP1-67  to mature IAPP, and (E) the ratio of proIAPP1-48 to mature IAPP were determined by band densitometry. 

(F) Levels of active PC1/3 and PC2 in IL-1-treated cells were determined by western blot and (G) expressed relative 

to vehicle control (normalized to β-actin). Data represent mean±SEM of 4 independent experiments. * p<0.05, ** 

p<0.01, *** p<0.001. 
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Figure 5.14. IL-1 impairs proIAPP processing in cultured islets. Islets were treated with recombinant IL-1β for 

24 h. (A) Gene expression was assessed by RT-qPCR with Rplp0 as the internal control. (B) Expression of 

proIAPP1-67, partially processed proIAPP1-48, and mature IAPP1-37 was assessed by western blot. (C) Expression of 

each species relative to total IAPP (normalized to β-actin), (D) the ratio of proIAPP1-67  to mature IAPP, and (E) the 

ratio of proIAPP1-48 to mature IAPP were determined by band densitometry. Data represent mean±SEM of islets 

from 3 mice and are representative of 2 independent experiments. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 5.15. IL-1Ra attenuates IAPP-induced islet graft dysfunction. 150 islets from 12- to 16-week-old 

hIAPP
Tg/o

 mice or wild-type (WT) littermates were transplanted into NOD/SCID recipients implanted with a mini-

osmotic pump releasing PBS or IL-1Ra (50 mg/kg/day) for the duration of the experiment. (A) Body weight and (B) 

fasting glycemia were measured 8 weeks following transplantation. (C) Glucose tolerance was assessed by 

monitoring tail vein glucose following i.p. injection of 0.75 U/kg glucose, and evaluation of (D) area under the 

glycemia curve up to 120 min (baseline = 0 mmol/L). Data represent mean±SEM of 7-9 mice per group. * p<0.05, 

*** p<0.001. 
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Figure 5.16.  IL-1Ra limits amyloid accumulation following islet transplantation. 150 islets from 12- to 16-

week-old hIAPP
Tg/o

 mice or wild-type (WT) littermates were transplanted into NOD/SCID recipients implanted with 

a mini-osmotic pump releasing PBS or IL-1Ra (50 mg/kg/day) for the duration of the experiment. (A) Grafts were 

stained for insulin (red), F4/80 (green), and DAPI (blue). (B) The number of F4/80-positive cells was expressed 

relative to the insulin-positive area in each graft, which did not differ among groups. (C) Grafts were stained for 

insulin (red), amyloid (thioflavin S, green), and DAPI (blue). The amyloid area was expressed relative to the insulin-

positive area in each graft. (E) Grafts were stained for F4/80 (red), amyloid (thioflavin S, green), and DAPI (blue). 

F4/80
+
 cells, at higher magnification in (F), were found associated with most thioflavin-S-positive deposits. Scale 

bars: 25 μm (A,C,E) or 10 μm (F). Data represent mean±SEM of 7-9 mice per group. * p<0.05. 
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Chapter 6: Conclusions 

 

Islet amyloid deposition and pro-inflammatory cytokine secretion are associated with 

beta cell dysfunction in type 2 diabetes. The data presented in this thesis address two critical 

questions: (a) how does islet amyloid cause beta cell dysfunction; and (b) what are the triggers 

for islet inflammation? These studies identify IAPP, the principal component of islet amyloid, as 

an islet-localized trigger for innate immune activation. In Chapter 3, we show that the pro-

inflammatory cytokine IL-1 acts as a critical mediator of IAPP-induced macrophage activation 

and islet cytokine expression. Indeed, IAPP induces at least two major pathways contributing to 

IL-1β synthesis and secretion: (a) activation of NF-κB via TLR2/6, leading to proIL-1β 

synthesis; and (b) activation of caspase-1 leading to the maturation and secretion of IL-1β. In 

Chapter 4, we show that CD11b
+
F4/80

+
 islet macrophages are the major islet cell type in which 

this response occurs, and that depletion of islet phagocytes both in vivo and in vitro improves 

IAPP-induced islet dysfunction. Finally, Chapter 5 supports an important role for IAPP-induced 

IL-1 synthesis by demonstrating a therapeutic effect of IL-1Ra in transgenic hIAPP-expressing 

mouse models of type 2 diabetes and islet transplantation. A schematic overview of the pathways 

activated by soluble and fibrillar IAPP is shown in Figure 6.1, together with potential targets for 

therapeutic intervention. 

Intriguingly, other amyloidogenic peptides of both bacterial and mammalian origin also 

activate TLR2 and NLRP3, although in each case it is unclear whether the responsible species is 

an oligomeric or fibrillar aggregate. An understanding of the nature of the IAPP aggregates that 

activate TLR2/6 and NLRP3 is important in the development of amyloid inhibitors, which may 

stabilize on- or off-pathway pre-fibrillar species. Further analysis of IAPP aggregate structure 

throughout a detailed time course of immune cell activation may provide additional information, 

making use of methods such as Fourier transform infrared spectroscopy, X-ray diffraction, and 

atomic force microscopy. While additional studies are also required to determine the nature of 

the interaction between IAPP and TLR2, screening of candidate aggregation inhibitors for their 

capacity to stabilize intermediates that activate each pathway may be of some utility. 

Nevertheless, the physiological significance of IAPP-induced TLR2 activation remains to be 

determined. It is also unclear whether IAPP interacts directly with TLR2 or whether TLR2/6 
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activation occurs indirectly via other mechanisms, such as liberation of endogenous DAMPs. In 

Chapter 3, we provide the first evidence for distinct actions of pre-fibrillar oligomers and 

amyloid fibrils on TLR2 and NLRP3. An outline of this model is provided in Figure 6.2. 

Specifically, early IAPP aggregates are the major species responsible for TLR2 activation, 

whereas fibrils efficiently induce proIL-1β maturation and secretion and are likely the species 

required for NLRP3 activation. Given increasing evidence for cross-talk between TLR and 

NLRP3 signalling pathways, IAPP and other amyloidogenic peptides may act as particularly 

potent pro-inflammatory stimuli because of their capacity to activate both pathways.  

Existing methods for isolation and characterization of endogenous amyloid from 

pancreatic islets are extremely limited; our analysis of IAPP aggregation within the islet was 

therefore restricted to detection of fibrils with thioflavin S in these studies. While thioflavin 

staining provides a general indication of the amount and severity of IAPP aggregation, it is 

unclear how macrophage depletion and IL-1Ra administration affect the formation of pre-

fibrillar aggregates in vivo. Unfortunately, the A11 antibody that recognizes oligomeric but not 

fibrillar forms of other amylodogenic peptides (322) has not yielded convincingly specific 

staining in our hands. Indeed, this antibody recognizes a variety of other proteins, including 

many molecular chaperones (132). Moreover, while the toxic properties of pre-fibrillar 

oligomers have been well characterized in vitro, the nature of the IAPP species that is toxic to 

beta cells in vivo is unknown. Our data suggest that fibril formation is required for IL-1β 

secretion. Thus, while smaller aggregates may provide a stimulus for proIL-1β synthesis (as in 

our models of early IAPP aggregation with limited fibril deposition), a dramatic increase in the 

expression of other islet pro-inflammatory cytokines was observed only in mice with extensive 

islet amyloid deposits. This is consistent with an IAPP-induced auto-inflammatory process 

within the islet mediated by secretion of IL-1. 

Our data have several additional therapeutic implications. First, the improved glucose 

tolerance in clodronate liposome- and IL-1Ra-treated hIAPP
Tg/o 

mice and the improved insulin 

secretion in cultured islets suggest that IAPP-induced beta cell dysfunction can be prevented 

without the use of amyloid inhibitors, which – although an area of intensive research – do not yet 

exist for clinical use. Moreover, in models of early amyloid formation with no defect in beta cell 

mass – in particular the FVB hIAPP
Tg/o 

mouse, NOD/SCID recipients of FVB hIAPP
Tg/o 

islet 
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grafts, and the C57BL/6×FVB a-hIAPP
Tg/o 

mouse – the protective effects of IL-1Ra and/or 

macrophage depletion suggest that anti-inflammatory drugs can protect the islet from IAPP 

aggregates. Our analyses of pancreatic tissue was limited in these studies, as two pieces of 

pancreas were collected from each mouse (one each for islet isolation and histology), making it 

difficult to provide accurate measurements of total beta cell mass. Additional evaluation of beta 

cell mass, death, and markers of cytokine action such as iNOS expression are needed to fully 

characterize the effects of IL-1Ra and clodronate liposome treatment in our hIAPP
Tg/o 

mice. In 

addition, while clodronate liposome administration improved glucose tolerance in hIAPP
Tg/o 

mice compared to the pre-treatment phenotype, it is unclear whether the effects of IL-1Ra were 

due to improvement of already impaired islet function or to prevention of disease progression. 

Additional cohorts of animals at later stages of disease (i.e. beyond the 12-24 week period during 

which extensive amyloid deposits form) would be informative in this regard. Further studies 

making use of control mice overexpressing rIAPP are also needed to rule out an effect of 

elevated levels of monomeric IAPP; based on our in vitro studies, this possibility seems unlikely 

but nevertheless must be considered. 

Second, Chapters 4 and 5 suggest that anti-inflammatory therapies can limit IAPP 

aggregation at the early stages of disease, providing an alternate (or additional) explanation for 

improved islet function. However, this was not the case in A
vy

-hIAPP
Tg/o 

mice, despite markedly 

improved glycemia with both clodronate liposome and IL-1Ra treatment. Thus, clearance of 

amyloid fibrils is not a requirement for improved islet function, an observation that is 

particularly relevant in determining the ideal mechanism of action of IAPP aggregation 

inhibitors. However, it is possible that IL-1Ra affects the accumulation of pre-fibrillar species 

that are not detectable with thioflavin S staining, and consequently that the therapeutic response 

can be partially attributed to a decrease in the pro-inflammatory stimulus. Another likely 

possibility supported by our in vitro data is that an intervention that blocks the cycle of IL-1-

induced IL-1 secretion initated by IAPP has protective effects on the beta cell despite the 

persistence of the initiating stimulus.  

Third, anti-inflammatory drugs – including TLR antagonists – are proposed therapeutic 

agents for increasing insulin sensitivity in type 2 diabetes. However, TLR agonist administration 

has also been suggested as an approach to amyloid plaque clearance in Alzheimer’s disease, 
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raising the possibility that manipulation of the innate immune response could be detrimental to 

the function of amyloid-containing tissues. The success of such therapies depends on the 

maintenance of an appropriate balance between an effective phagocytic response and chronic 

secretion of toxic pro-inflammatory cytokines. Our data suggest that inhibition of IL-1 or its 

major intra-islet source, the macrophage, can improve IAPP-induced islet dysfunction. However, 

since we also show that macrophages may limit the prevalence and severity of islet amyloid, the 

contribution of each pathway at different stages of disease and in other models of islet amyloid 

formation requires further evaluation. It is likely that under physiological conditions, 

macrophages – and indeed, low levels of IL-1β – are critical to maintenance of islet homeostasis. 

Given the dramatic effects of hIAPP aggregation on the islet inflammatory milieu, existing 

rodent models of obesity and type 2 diabetes may lack a central trigger for islet inflammation 

that contributes to beta cell dysfunction. These models may therefore be inadequate for the 

evaluation of anti-inflammatory therapies, and arguably for any type 2 diabetes therapy. 

Fourth, given the central role of IL-1 in mediating IAPP-induced inflammation and the 

capacity for TLR stimuli to enhance NLRP3 activation, NLRP3 inhibitors or similar therapies 

may hold promise for limiting IAPP-induced IL-1β secretion and improving islet function. Our 

data suggest a possible explanation for why anti-IL-1 therapies – at least with the dosing 

regimens employed in several clinical trials – cause apparent improvement in islet function 

without affecting insulin sensitivity. The particularly high expression of IL-1R on the beta cell 

combined with a potent local stimulus for IL-1 may make the islet especially susceptible to this 

cytokine. Although the short half-life of IL-1Ra and transient injection site reactions make it less 

likely to be approved for type 2 diabetes, it may be appropriate in some patients with comorbid 

conditions such as gout, rheumatoid arthritis, or cardiovascular disease. In fact, the Canakinumab 

Anti-inflammatory Thrombosis Outcomes Study (CANTOS) is currently underway to evaluate 

the effects of anti-IL-1β antibody on cardiovascular risk in 17,200 patients over four years, with 

diabetes as a secondary endpoint (363). Other potential targets with therapeutics under 

development are described in Figure 6.1. While the elevation of islet Il1b but not Il1a expression 

appears to precede glucose intolerance in the early model of hIAPP-induced islet dysfunction 

described in Chapter 4, IL-1α secretion is regulated by other processes and is independent of 

NLRP3, suggesting that pre-fibrillar hIAPP species may be sufficient for its secretion. As 
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discussed in Chapter 5, the efficacy of IL-1Ra points to a potential effect of hIAPP on the 

secretion of IL-1α as well as IL-1β, a distinction that remains to be evaluated. 

Finally, preproIAPP has been previously described as a CD8
+
 T cell epitope in HLA-

A*0201 patients with type 1 diabetes (542), suggesting that IAPP may fill dual roles as both a 

stimulus for activation of antigen-presenting cells and as a beta cell autoantigen. Further work is 

needed to determine whether hIAPP aggregation accelerates auto- or alloimmunity in mouse 

models of type 1 diabetes and islet transplantation. To our knowledge, the presence of IAPP 

aggregates in islets from patients with type 1 diabetes has not been thoroughly investigated and 

may contribute to beta cell failure by activation of both innate and adaptive immunity. 

Among innate immune cells potentially affected by IAPP aggregation, we focused on 

resident islet macrophages because (a) we found no evidence of increased expression of other 

leukocyte markers in islets from hIAPP
Tg/o

 mice, (b) the F4/80
+
CD11b

+
CD11c

+
 islet population 

was the major source of islet Il1b expression, and (c) islet macrophages/dendritic cells are the 

only immune cell population characterized in mouse models of type 2 diabetes and found to be 

present at increased frequency in islets from humans with the disease. However, limited data are 

available on immune cell populations in islets from human donors. One recent publication 

provided the first characterization of islet leukocytes, suggesting an increase in the total number 

of CD45
+
 cells in islets from patients with type 2 diabetes and an increase in the proportion of B 

cells relative to other leukocytes (421). Further information regarding immune cell subsets and 

their activation states will help answer questions regarding the nature and consequences of islet 

inflammation in type 2 diabetes. 

Epidemiological trends toward excess caloric intake and increased life expectancy have 

emerged only over the last 100 years, in comparison with the evolutionarily ancient mechanisms 

of innate immunity. That inflammation and infection can drive changes in metabolism is perhaps 

unsurprising, as increased activity of certain immune cell subsets changes their nutrient and 

energy requirements. In contrast, innate immune activation in response to diabetes-associated 

stimuli – including islet amyloid – is a more recent phenomenon, reaches highest prevalence 

after the peak reproductive years, and seems unlikely to contribute to adaptive fitness. Indeed, 

the capacity of the immune system to respond to amyloidogenic peptides produced in the setting 

of metabolic disease may be a consequence of its response to similar motifs produced by 
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pathogenic bacteria and fungi. Figure 6.3 provides an overview of the possible outcomes of PRR 

activation by amyloidogenic peptides of either microbial or endogenous origin. 

This is an exciting time in the emerging field of immunometabolism, which over the past 

ten years has provided significant insight into the pathogenesis of diseases involving 

perturbations in both metabolic and immune homeostasis. Perhaps no other disease at the 

interface of metabolism and innate immunity poses a threat to global health comparable to that of 

type 2 diabetes. It is our hope that an increased understanding of the triggers for pancreatic islet 

inflammation will lead to the development of targeted therapeutic strategies to prevent the onset 

and limit the progression of beta cell dysfunction. Because increasing evidence suggests an 

epidemiological and pathological link between type 2 diabetes and neurodegenerative disease, an 

understanding of the general mechanisms of amyloid-induced innate immune activation may 

lead to common approaches to the treatment of multiple aging-associated amyloidoses. 
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Figure 6.1. Mechanisms of IAPP-induced islet inflammation and potential targets of therapeutic intervention 

in type 2 diabetes. Aggregates of IAPP formed early during the aggregation process activate TLR2 and its 

downstream adaptor protein MyD88, leading to nuclear translocation of the transcription factor NF-κB required for 

synthesis of pro-IL-1β (Chapter 3). Other studies have demonstrated that TLR signalling also promotes NLRP3 

activation by increasing expression and post-translational modification of inflammasome components (299,300). 

Mature IAPP aggregates activate NLRP3 (suggested by us in Chapter 3 and demonstrated directly in (477)), leading 

to caspase-1-mediated proIL-1β cleavage. Autocrine/paracrine signalling via the IL-1R can directly impair beta cell 

function and promote chemokine secretion leading to monocyte recruitment (demonstrated in vitro in Chapter 3 and 

in islet transplant recipients in Chapter 5, although we found no change in the number of intra-islet 

CD11b
+
F4/80

+
CD11c

+
 cells within the islets in Chapter 4). Potential therapeutic agents to block amyloid-induced 

inflammation include inhibitors of IAPP aggregation (e.g. conformation-dependent antibodies or small molecule 

inhibitors), TLR2 inhibitors (e.g. neutralizing antibodies or small molecules), drugs that modulate macrophage 

phenotype (e.g. some existing anti-inflammatory and oral anti-diabetic therapies), inhibitors of NLRP3 or caspase-1, 

anti-IL-1 neutralizing antibodies, modulators of NF-κB activation (e.g. salsalate, KDAC inhibitors), compounds that 

block cytokine/chemokine receptor activation or signalling (e.g. IL-1Ra), and beta cell cytoprotective agents (e.g. 

ROS or KDAC inhibitors). 
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Figure 6.2. Model for PRR activation by oligomeric and fibrillar IAPP. Most models of IAPP aggregation 

suggest that fibrils exist in equilibrium with monomers, which may aggregate under certain conditions (e.g. in the 

presence of membrane lipids or certain receptors) to form pre-fibrillar oligomers. TLR2 activation by pre-fibrillar 

aggregates leads to the synthesis of proIL-1β in macrophages (Chapter 3). Aggregation of monomers can occur 

extracellularly, leading to phagocytosis of the fibril and NLRP3 activation (477), or aggregation may occur 

intracellularly within endosomes or lysosomes prior to triggering of NLRP3 (287). Active NLRP3 leads to proIL-1β 

processing and secretion. IL-1-induced beta cell dysfunction may lead to impaired proIAPP processing and 

increased secretion of partially processed intermediates that promote amyloid formation. Alternatively, direct 

damage to beta cells by hIAPP (e.g. via membrane damage, CD95 signalling, oxidative damage, or altered calcium 

signalling) may lead to release of endogenous DAMPs that activate PRRs (grey pathway). 
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Figure 6.3. Possible outcomes of PRR activation by amyloidogenic peptides. Peptide aggregation may occur 

intra- or extracellularly, leading to activation of cell-surface scavenger receptors, TLR2 (or TLR4), and the cytosolic 

NLRP3 inflammasome. Scavenger receptors may facilitate aggregate uptake, promote TLR dimerization, and seed 

fibril formation within phagosomes (477). IL-R activates the same signalling pathways downstream of the TLRs, 

and IL-1-induced IL-1 synthesis is a common attribute of many autoinflammatory diseases. The nature of the pro-

inflammatory response to amyloidogenic peptides is determined by epigenetic modifications, altered gene 

transcription, changes in protein activity, and changes in the metabolic state of the cell. The net outcome depends on 

the nature and duration of the stimulus, the tissue environment, the cell type, and other modifying factors such as the 

age of the host and the presence of other pro-inflammatory stimuli. In the case of infection with an amyloid-

producing microbe, effective phagocytosis and induction of anti-microbial mediators may lead to resolution of 

infection. However, chronic exposure to endogenous aggregates that are continuously produced in amyloid disease 

may impair phagocytosis and promote chronic pro-inflammatory cytokine secretion leading to parenchymal 

dysfunction. Outcomes of the response to TLR stimulation are reviewed in (294) and implications for microglia in 

Alzheimer’s disease are reviewed in (346). 
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