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ABSTRACT 

 

Uncovering the primary antigen targets in type 1 diabetes (T1D) is essential to our understanding 

of disease pathophysiology. Despite the clear role of CD4+ T cells in orchestrating the immune 

destruction of the pancreatic ! cells, what they are targeting in human T1D has remained poorly 

defined. Most knowledge of in vivo T-cell responses in T1D derives from studies in mouse 

models, and translating results to humans has been limited to analysis of peripheral blood. 

However, only 3% of the total T cells in the body reside in the peripheral blood. Prior work at 

this institute by Mannering and colleagues on islet-infiltrating CD4+ T cells in humans, 

complemented by other similar studies, provided insight into the resident T-cell population of the 

target organ in subjects with T1D. These studies have concurred that a cleavage product of 

proinsulin, C-peptide, is a target antigen of islet-infiltrating CD4+ T cells. Because these studies 

were done in just a handful of deceased organ donors with T1D, they led to the question how 

relevant is C-peptide as an autoantigen in T1D more generally?  

 

Given the pancreas is not routinely accessible, to address this question, evidence of C-peptide as 

a target of CD4+ T cells was sought from the peripheral blood in subjects with T1D. The main 

obstacle to assessing T-cell targets in the peripheral blood is the lack of a sufficiently sensitive 

and reproducible T-cell assay. In Chapter 3, the CFSE-based proliferation assay was optimised 

for detection of C-peptide-specific CD4+ T-cell responses. The CFSE-based proliferation assay 

was demonstrated to have comparable reproducibility as compared to other currently available T-

cell assays, and greater sensitivity than the commonly used ELISpot assay. In Chapter 4, using 

the CFSE-based proliferation assay, >60% of people with recent-onset T1D were shown to have 

a detectable peripheral C-peptide-specific CD4+ T-cell response. The response was disease 

specific because few control subjects were positive. Analysis of cloned C-peptide-specific CD4+ 

T cells revealed they were restricted by HLA alleles strongly associated with T1D risk, namely 

HLA-DQ8, -DQ2, -DQ8trans, -DQ2trans and HLA-DR4. This added further support to the 

notion that they were pathogenic. In Chapter 5, the hypothesis that autoantibodies to C-peptide 

may be detected in the serum of people with T1D, was tested. Using solid-phase ELISA, it was 

found, unlike C-peptide-specific CD4+ T cells, C-peptide autoantibodies are not detectable in the 

serum of subjects with T1D in a disease-specific manner.  
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Together, these findings indicate that proinsulin C-peptide is commonly a target of autoreactive 

CD4+ T cells in newly-diagnosed T1D. Hence, C-peptide is a promising candidate for biomarker 

development and antigen-specific immunotherapy.  
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1.1  TYPE 1 DIABETES - INTRODUCTION 
1.1.1 The discovery of diabetes mellitus 
 “Diabetes is a remarkable affliction, not very frequent among men… The nature of the disease, 

then, is chronic, and it takes a long period to form; but the patient is short-lived, if the 

constitution of the disease be completely established; for the melting is rapid, the death speedy. 

Moreover, life is disgusting and painful; thirst, unquenchable; excessive drinking, which, 

however, is disproportionate to the large quantity of urine, for more urine is passed; and one 

cannot stop them either from drinking or making water…and the emaciation is dreadful…and 

many parts of the flesh pass out along with the urine…” 

~ Aretaeus, 2 A.D. (1) 

 

This remarkably accurate and insightful report constitutes the first extensive description of 

diabetes, from the Greek verb “diabaino” meaning to run through, by Greek physician Aretaeus 

around the second century AD. Thomas Willis added the term “mellitus” meaning honeyed or 

sweet in Latin to the name in 1675 in reference to the sweet tasting urine that had been 

recognised as a feature of those afflicted by the condition (2). A century later, Matthew Dobson 

was able to attribute the sweet taste of the urine to a measurable increase in concentration of 

glucose (3).  

 

The first clue to the pathogenesis of this disease came in 1889, when Joseph von Mering and 

Oskar Minkowski caused fatal diabetes in dogs by removing their pancreas (4). In 1895, Edward 

Albert Sharpey-Schafer (5) predicted the existence of a single chemical secreted by the pancreas 

and originating from the clusters of cells which made up islets in the pancreas, otherwise known 

as “islets of Langerhans”.  His hypothesis stemmed from observing that ligating the pancreatic 

duct caused destruction of pancreatic exocrine function but not diabetes, whilst removal of the 

ligated segment did result in diabetes. Furthermore, reimplantation of the ligated segment 

reversed diabetes. He proposed a chemical he called insulin (from the Latin word insula, i.e. 

island, in reference to the islets) was deficient in diabetes. This hypothesis was confirmed in 

1921 when Fredrick Banting and Charles Best (6) reversed diabetes in dogs with an extract from 

the pancreatic islet cells of healthy dogs, demonstrating the existence of insulin. The purification 
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of bovine insulin allowed rapid translation of this discovery to the bedside and in 1922, the once 

universally fatal disease was successfully treated in a human patient (Figure 1.1) (7).  

 

 

 
Figure 1.1 Physical effects of insulin treatment in a girl with T1D (8) 
This case was described by Geylin in 1922 of a girl with T1D treated with insulin. The photos 
demonstrate her appearance before (Panel A) and after (Panel B) commencement of insulin. 
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1.1.2 Biosynthesis of insulin  

Following its discovery, insulin became the focus of intense research. Analysis of its structure 

and biology led to, not only an understanding of the biochemistry of insulin, but to the 

pathogenesis of diabetes itself (8). It is now understood that insulin is produced by the ! cells of 

the islets of Langerhans, situated in the pancreas (Figure 1.2). Insulin consists of a 21 amino-acid 

A chain and a 30 amino-acid B chain bound by disulfide linkages (9). Insulin is synthesised as a 

larger precursor, preproinsulin, which is rapidly cleaved to proinsulin in the endoplasmic 

reticulum of the pancreatic ! cells. The prohormone, proinsulin, is packaged into secretory 

vesicles where mature insulin is synthesised by proteolytically excising a 31 amino-acid peptide 

connecting the A chain and B chain, otherwise known as connecting, or C-peptide (10) (Figure 

1.3). Insulin is an anabolic peptide hormone, its effects are pleotropic and widespread, signaling 

most cells in the body (11). However, its main role is in glucose homeostasis. 

 
 

 
Figure 1.2 Pancreatic islets and beta cells. (12) 
Schematic diagram demonstrating anatomical position of the human pancreas, behind the lower 
stomach. Pancreatic islets, otherwise known as islets of Langerhans, are clusters of endocrine 
cells that are located throughout the pancreas, constituting 1-2% of the pancreatic volume. Beta 
cells make up 60% of the islet. 



Chapter 1: Introduction 

 5 

 
Figure 1.3 Structure of proinsulin  
Proinsulin results in mature insulin after the connecting peptide (green), known as C-peptide, and 
the lysine-arginine (Lys-Arg) and arginine-arginine (Arg-Arg) sequences (yellow) are cleaved 
off by proteolytic enzymes. Mature insulin is made up of the A chain and B chain (blue) 
connected by disulfide bonds.  
 
 

1.1.3 Classifications of diabetes 

Clinical and scientific observations from as early as the 1860s acknowledged at least two distinct 

forms of diabetes. One was marked by insulin deficiency often diagnosed in lean, young patients. 

The other form of diabetes was marked by insulin insensitivity, often with supranormal levels of 

circulating insulin, and was usually diagnosed in older, overweight patients (13-15). These types 

Lister et al. (16) designated type 1 diabetes (T1D) and type 2 diabetes (T2D) respectively, and 

though these titles were not initially adopted, they are now the accepted terminology and broadly 

speaking, the clinical definitions remain largely unchanged (17). Other forms of diabetes are now 

recognised such as those caused by well-defined monogenic mutations, such as neonatal diabetes 

and mature-onset diabetes of the young (MODY). However T1D and T2D make up the large 

majority of diabetes diagnoses – between 97-99% worldwide (18). Gestational diabetes is 

impaired glucose tolerance first diagnosed during pregnancy, and is another commonly 

recognised form of diabetes which usually resolves postpartum (19). Gestational diabetes is a 

risk factor for future development of T2D (20).  
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1.1.4 Burden of disease 

It is estimated one in 11 adults worldwide has diabetes, and 10-15% of these have T1D (18). 

Approximately 86,000 children develop T1D annually, worldwide (18). Whilst the diagnosis of 

T1D no longer equates to mortality within weeks to months since the discovery of insulin, it is 

still associated with a substantially increased risk of premature death compared to the general 

population (21).  

 

Insulin deficiency results in abnormally high blood glucose levels (hyperglycaemia) (22). 

Acutely, this results in symptoms of polyuria, polydipsia and weight loss, and left untreated, 

critical metabolic decompensation in the form of diabetic ketoacidosis. Whilst chronically, 

hyperglycaemia leads to life-limiting vascular complications affecting organs supplied by the 

macrovasculature, namely the heart, brain and limbs; and microvasculature, of which the retina, 

kidneys and nerves are most commonly affected. 

 

Intensive management of T1D aiming for close to physiologically normal blood glucose levels 

became the standard of care after a landmark trial in 1993 (23). This landmark trial conducted in 

North America in 29 medical centres with 1,441 subjects with T1D over 6.5 years found 

intensive therapy aiming for blood glucose levels between 3.9 – 6.7mmol/L was able to reduce 

the risk of microvascular complications by 50-76% (23), and in the long-term, macrovascular 

complications by 42-57% (24).  To achieve the goals of intensive therapy, subjects were required 

to self-monitor blood glucose at least four times per day, and insulin administration three or more 

times per day. Achieving this level of vigilance and glucose control has proven difficult. 

Frequent monitoring of blood glucose levels, fine adjustment of insulin doses, and constant 

consideration of dietary intake and physical activity can lead to a significant physical, social and 

psychological burden including more frequent episodes of hypoglycaemia (23, 25). The 

development of insulin pumps, sensors and various technological aids have improved quality of 

life (26). However, results from studies have been inconsistent as to the effectiveness of pumps 

over traditional multiple-daily injections in achieving target glycaemia (27, 28). It is therefore 

not surprising that national registries have observed that only 13-46% of patients with T1D meet 

the desired blood glucose target, with only 27% of Australian youth meeting glycaemic targets 

(29-34). Furthermore, even with excellent glycaemic control as indicated by a glycosylated 
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haemoglobin of 6.9%, risk of death from any cause, or from cardiovascular causes, was shown to 

still be twice as high as that of matched controls in a Swedish registry-based observational study 

(21). Therefore, T1D still has a life expectancy over a decade less than the general population 

(29). Furthermore, despite improvements in insulin delivery technologies and synthetic insulins, 

T1D continues to confer substantial morbidity(35). For these reasons progress towards 

preventive therapies and cure(s) are still clearly needed. 

 

1.2  UNDERSTANDING THE PATHOGENESIS OF T1D 
Much of our early understanding of the pathogenesis of human T1D comes from examining 

pancreatic specimens, genetic studies and analysis of serum (36). 

 

1.2.1 Insulitis provides clues to autoimmune aetiology 

The observation of a characteristic immune cell infiltration limited to the islets of Langerhans, 

later referred to as insulitis, was first described in a child who died from diabetic ketoacidosis in 

1902 (37, 38). Over the last century, only 150-200 cases of insulitis have since been examined 

largely due to pancreatic specimen accessibility only being possible at autopsy, and the generally 

decreasing number of autopsies being performed (39, 40).  Immune cell infiltration was 

originally thought to be a rare phenomenon amongst subjects with diabetes. Now it is clear, after 

analysis of larger samples (n=22 and n=60) by Gepts (41) and Foulis (42) respectively, that 

insulitis is a feature in 5-10% of islets of 68-78% of subjects with recent-onset T1D (i.e. within 1 

year of diagnosis). The lesion quickly disappears with the loss of ! cells leaving only 4% of 

patients one year after diagnosis with demonstrable insulitis (40).  Based on a recent consensus 

(39), insulitis is defined as an infiltrate predominantly lymphocytic, specifically targeting islets 

containing insulin-positive cells and is always accompanied by the presence of pseudo-atrophic 

islets - islets devoid of beta cells but composed of glucagon-producing alpha cells. The fraction 

of infiltrated islets is usually <10%. It was Gepts who first proposed an autoimmune aetiology of 

T1D upon characterising this pathologic finding (41). Unlike previous studies, the most recent 

analysis of insulitis in human islets found ! cells and the presence of insulitis several years after 

diagnosis in children and young adults suggesting an ongoing immune process well beyond the 

time of diagnosis (43). This observation provides support for therapeutic strategies aimed at 
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preventing or stopping the inflammatory process and preserving functional ! cells even after the 

period of clinical diagnosis.  

 

1.2.2 Autoantibodies support autoimmune aetiology 

Speculation of an autoimmune cause of T1D evolved as thyroid and gastric autoantibodies were 

repeatedly found in the serum of subjects with insulin-requiring diabetes (44). This finding, 

together with Gepts’ report on insulitis, led to the search for autoantibodies directed to islet tissue 

or insulin in an effort to substantiate the autoimmune hypothesis (44). After many unsuccessful 

attempts, islet cell autoantibodies (ICA) were eventually detected on frozen sections of pancreas 

from blood-group O donors (45). Subsequently, antibodies to insulin were detected in recent-

onset T1D subjects supporting the hypothesis of an underlying autoimmune process (46). Later, 

glutamate decarboxylase 65 (GADA) and the tyrosine phosphatase-related proteins islet antigen 

2 (IA-2A) were discovered as contributing to ICA staining (47-49). Most recently, zinc 

transporter ZnT8 has also been found to be a major diabetes autoantibody target (50). Like the 

other identified autoantigens, ZnT8 is involved in the secretory apparatus of the ! cell (51). At 

the time of diagnosis of T1D, more than 90% of individuals will have at least one of these 

antibodies (52). 

 

After the discovery of ICA antibody, it was noted that these antibodies were not only detectable 

at diagnosis but identifiable before the onset of clinical diabetes (46). This seemed to suggest that 

T1D has a long preclinical prodrome – a key insight into the natural history of T1D (52). Since 

then, several studies in genetically susceptible individuals, have demonstrated that the presence 

of circulating islet autoantibodies is associated with an increased risk of developing T1D (53-55). 

Data pooled from three large prospective cohort studies looking at the rate of progression to T1D 

after seroconversion to islet autoantibodies (i.e. insulin, GAD and IA2 antibodies) demonstrated 

that the likelihood of progression to T1D by the age of 15 was proportional to the number of 

detectable islet autoantibodies (56). If a genetically at-risk child had no autoantibodies, the risk 

of diabetes by 15 years of age was 0.4%, compared to 12.7% in children with a single islet 

autoantibody, 61.6% in children with two islet autoantibodies and 79.1% in children with three 

islet autoantibodies. Interestingly the median age of seroconversion of children with multiple 

islet autoantibodies was found to be 2.1 years of age (range 0.5-16), whilst the progression time 
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to diabetes after seroconversion was heterogeneous ranging from weeks to over two decades 

(56). A more rapid progression was seen in children with early seroconversion, genetic markers 

of susceptibility, female gender and antibodies specific for insulin (54) and IA-2 (57). These 

studies in combination with significant efforts by the Diabetes Autoantibody Standardisation 

Program (DASP) to ensure assay and result reproducibility, have made autoantibodies in T1D 

the best-validated and most widely used predictive markers for T1D (52).   

 

Autoantibodies are generally not believed to be pathogenic. The relationship of autoantibodies to 

progression to T1D, along with their detectability well before clinical presentation seem to 

implicate antibody-producing B lymphocytes as having a causal role in !-cell destruction and the 

pathogenesis of T1D. However, several observations argue against this hypothesis: the 

intracellular location of the antigen targets, lack of direct cytotoxicity on human islets (58), the 

failure of disease transmission where maternal islet autoantibodies have transferred to the foetus 

(59), and the asychronicity in autoantibody titres and an individual’s risk of progressing to 

clinical diabetes (60) stand against the hypothesis. Additionally, a patient with severe hereditary 

B-cell deficiency was reported to develop T1D (61). However, though the early preclinical 

presence of autoantibodies may not translate to their playing a direct role in !-cell destruction, B 

lymphocytes are likely participants in the autoimmune response, perhaps in their other role as 

antigen presenting cells, and provide essential evidence pointing to an autoimmune aetiology of 

T1D (62). 

 

1.2.3 Genetic factors in T1D 

Genetic heterogeneity of T1D has been recognised since twin studies revealed a 25-50% 

concordance in monozygotic twins diagnosed with diabetes before the age of 40 (63, 64). It was 

in this setting, at about the same time as discovery of ICAs, that human leukocyte antigen (HLA) 

locus was first found to be associated with T1D (65, 66). These findings together established 

T1D as a distinct disease entity to T2D and provided further evidence for an immune-based 

aetiology for the former (67). 
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Since that time, large international collaborations and genome-wide association studies have 

identified multiple genetic susceptibility loci, the focus of nearly half a century of research 

(reviewed by Noble et al. (68)). These loci can be divided into HLA and non-HLA genes.  

 

1.2.3.1 HLA Genes 

The HLA region, on chromosome 6, remains by far the strongest genetic risk factor for 

development of T1D (69). Estimated from linkage studies, genes in the HLA region have been 

found to account for about half of the genetic susceptibility of the disease (68).  

 

In contrast to the rest of the human genome, HLA genes are extremely polymorphic, with 

thousands of variant sequences recognised to-date (68). The HLA region encodes cell-surface 

proteins that present peptide and other antigens to T cells. These HLA molecules are grouped 

into class I molecules and class II molecules. Class I is subdivided into HLA-A, B and C 

whereas Class II is subdivided into HLA-DR, -DQ and DP (70). HLA class I molecules are 

present on the surface of all nucleated cells. Their role is to present peptide antigens to CD8+ T 

cells (See Section 1.4.2). Whereas HLA class II molecules are generally only found on the 

surface of epithelial cells in the thymus and on professional antigen-presenting cells. HLA class 

II presents peptide antigens to CD4+ T cells (71). HLA class II molecules are made up of two 

non-covalently linked polypeptide chains, the α-chain and the β-chain. Both consist of a short 

cytoplasmic tail, a single transmembrane sequence and extracellular portions. The extracellular 

portion most distal to the cell surface is the peptide-binding groove – the region which presents 

peptides to CD4+ T cells. The exons encoding this groove accounts for most of the polymorphic 

sites in the HLA gene (72). The resultant shape and charge of the peptide-binding groove 

determines its specificity for a particular peptide sequence. The T-cell receptor recognises the 

HLA-peptide complex and it is this trimolecular interaction that triggers the resultant cascade of 

cell-mediated immunity (73).  

  

Alleles in the HLA class II region on chromosome 6 are strongly associated with a large number 

of chronic autoimmune diseases, including: multiple sclerosis, coeliac disease, rheumatoid 

arthritis and T1D (71). The class II haplotypes HLA-DR3-DQ2 (DRB1*0301-DQB1*0201) 

and/or DR4-DQ8 (DRB1*0401-DQB1*0302) are seen in approximately 90% of people with 
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T1D (74) and these alleles confer the greatest genetic risk of developing T1D (75-77). 

Interestingly, the DQ2/DQ8 heterozygous genotype confers an even higher risk of developing 

T1D than DQ2 or DQ8 alone with a reported odds ratio of up to 16.6 (78, 79). In these 

heterozygous individuals, the # and ! chains can pair to form two types of transdimer: the # 

chain from DQ2 (DQA1*0502) pairing with the ! chain from DQ8 (DQB1*03:02) forming the 

‘DQ8 transdimer’ (DQA1*05:02, DQB1*03:02), and the # chain from DQ8 (DQA1*03:01) 

pairing with the ! chain from DQ2 (DQB1*02:01) forming the ‘DQ2 transdimer’ (DQA1*03:01, 

DQB1*02:01) (79). It is hypothesised that these transdimers present a unique set of peptides that 

confer the increased risk of T1D in DQ2/8 heterozygotes. Furthermore, like many other chronic 

autoimmune conditions, in T1D, disease protection has also been associated with particular HLA 

class II alleles. HLA DQB1*06:02, for example, has an odds ratio of 0.03 for T1D (80).The 

molecular mechanisms that underpin the altered disease susceptibility from these HLA class II 

alleles are incompletely understood but are likely related to antigen binding and autoreactive T-

cell development.  

 

1.2.3.2!Non-HLA Genes  

With the advent of genome wide association studies (GWAS), more than 50 non-HLA 

susceptibility loci have been identified as contributing to the progression to T1D (81), their 

individual contributions to disease susceptibility are weaker than HLA alleles (82).  

 

The Insulin (INS) gene 

The strongest of the non-HLA susceptibility loci is conferred by the IDDM2 locus on 

chromosome 11 (83). This region includes the insulin gene (INS). Insulin is a known autoantigen 

in T1D. The susceptibility locus has been mapped to variable number of tandem repeat (VNTR) 

polymorphism in the promoter of the insulin gene. It is proposed that the VNTR polymorphism 

determines the level of expression of insulin by medullary thymic epithelial cells (mTECs) (84, 

85). mTECs express a wide array of tissue-specific self-antigens in the thymus in the final stages 

of T-cell development and this process is crucial for negative selection of self-reactive T cells 

and the establishment of central tolerance (86). It has been suggested individuals with short 

repeats (VNTR type I homozygotes) have lower transcription of insulin by mTECs (87). This 

would result in reduced central tolerance resulting in increased probability of autoreactive T-cells 
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escaping deletion and causing disease. This is in comparison to individuals with the allelic 

variant VNTR type III (longer repeats), in whom increased expression of insulin in the thymus 

would mean more efficient elimination of autoreactive insulin-specific T cells and relative 

protection from T1D. Genotyping of a very closely linked single nucleotide polymorphism 

(SNP) has replaced VNTR typing (87). This SNP has an OR of 2.38, second highest after HLA 

in the International T1D Genetics Consortium (T1DGC) GWAS studies (87).  

 

Other susceptibility loci 

More than 50 remaining T1D susceptibility loci have been identified (88). The vast majority of 

the top 25 loci associated with risk of developing T1D are encoded by immune-related genes 

(88). PTPN22 and IL2RA are the two genes next most strongly associated with T1D having an 

OR of 2.00 and 1.61 respectively (87). PTPN22 encodes a tyrosine phosphatase involved in 

negative regulation of T-cell receptor signaling (89, 90). It has been associated with many 

autoimmune diseases including T1D. A loss-of-function or gain-of-function mutation has been 

suggested to promote autoreactivity, either by lowering the threshold for activation of peripheral 

auto-reactive T cells, or allowing escape of autoreactive T cells into the periphery by suppressing 

TCR signaling in the thymus, respectively (22). Interleukin-2 receptor-# (IL2RA) is known to 

modulate IL-2 receptor function, a cytokine important for survival and growth of regulatory T 

cells (Treg) and antigen-activated T cells (22). Allelic variants of IL2RA are believed to alter 

Treg function and are also implicated in other autoimmune conditions (91). Other SNPs have 

ORs <1.3 and in addition to pathways affecting TCR signaling such as CTLA4, include effects on 

tolerance maintenance such as FOXP3 and AIRE, innate immune responses such as IFIH1, B-

cell specific transcription such as BACH2 and !-cell apoptosis protection such as TNFAIP3 (81, 

88, 92).      

 

More recently, T1D genetic risk scores have been developed using 30-49 T1D-associated single 

nucleotide polymorphisms, including HLA genotypes (93-95). They have been demonstrated to 

help distinguish between monogenic diabetes and T1D (95), T1D and T2D (94), and aid in the 

prediction of those high risk individuals who are at risk of progression to clinical disease (93). 
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1.2.4 Environmental risk factors in T1D 

Based on monozygotic twin studies around the 1970s (63, 96), it was clear that non-genetic 

factors must contribute to the risk of developing T1D (17). Indeed, the majority of genetically 

predisposed individuals will not develop the disease (97). Furthermore, over 85% of people 

diagnosed with T1D have no family history of T1D (98). Since the 1950s the incidence of T1D 

has been rising in Europe by about 4% per year (99). The gradient of rise is greater in countries 

of higher disease prevalence (100). In fact these observations combined with the stark global 

variation in T1D incidence amongst children less than 15 years of age between countries such as 

Finland (64.3/100,000 in 2011) (101), Australia (23.0/100,000 in 2016) and Macedonia 

(3.2/100,000) (102), and the demonstration of migrant families developing T1D at the incidence 

rate of their new country of residence, all point to the interplay of environmental factors with 

genetic predisposition. It has been proposed that environmental changes reduce T1D-protective 

factors and promote conditions conducive to increased disease susceptibility (103). This 

interplay between environment and genes has been suggested not only to be integral to disease 

onset but a likely contributor to disease progression / rate of ongoing !-cell destruction, and 

development of disease-related complications (81).  

 

1.2.4.1 Enteroviral infections 

Of all candidate environmental T1D risk factors, viral infections, in particular enteroviruses, 

have the strongest evidence for a potential role in increasing risk of T1D (104). Of the 

enteroviruses, coxsackieviruses have been consistently implicated as a possible precipitant. 

Initial studies demonstrated higher titres of coxsackievirus neutralising antibodies in patients at 

diagnosis of T1D compared to controls without T1D (105). Since then, enterovirus has been 

detected by PCR in the serum of people with recent-onset T1D more frequently than those 

without T1D (106). It has also been detected in the pancreata of diabetic and autoantibody-

positive human subjects (107-110). More recently, it has also been shown to be present in greater 

quantity in the stool samples of multiple islet autoantibody positive children compared to 

subjects without T1D (111). Though these findings suggest an enteroviral infection is occurring 

more frequently in subjects around the time of T1D diagnosis compared to healthy controls, a 

causative role is difficult to prove.  
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1.2.4.2 Intestinal microbiome  

The gastrointestinal tract is home to trillions of commensal bacteria that exist symbiotically with 

its host. Their role in systemic and intestinal immune regulation has led to the hypothesis of their 

involvement in triggering islet autoimmunity (112). Although the strongest evidence for a link 

between altered microbiota and T1D development have come from animal models (113), insights 

have been gained from preliminary longitudinal studies in humans (114). Prospective birth 

cohort studies have largely been performed in Finland, but other regions of Europe, United States 

and Mexico have contributed (115-123). Stool samples were collected from children with, 

without, or at high-risk of T1D, either at a single time point, or longitudinally from as early as 

one month from birth and followed for up to 36 months at regular intervals. All studies have 

been case-controlled. Overall, results suggest children with islet autoimmunity have a decreased 

bacterial diversity and a reduced abundance of butyrate- and lactate-producing bacteria before 

progression to clinical diabetes (114). Studies have generally been limited by small sample sizes, 

ranging from four to 35 patients, low-resolution techniques, suboptimal sampling methods, and a 

scarcity of longitudinal data. More recently, larger cohorts are being studied with close to 1000 

infants having been recruited by both the DIABIMMUNE (Finland, Estonia, Russia) (124), and 

ENDIA (Australia) study (125). DIABIMMUNE performed a subcohort study and using deep 

longitudinal metagenomic sequencing revealed the infants from Finland and Estonia, the 

countries with high susceptibility for autoimmunity, had greater quantities of Bacteroides species 

which produced lipopolysaccharaides (LPS) with unique immunoinhibitory properties compared 

to infants from Russia where there is a low prevalence of T1D (126). From these results they 

suggested a possible perturbation of early immune education contributing to the development of 

T1D (126). It should be noted however, due to the limitations of case-control studies, the 

microbiome data thus far can only point to an association between gut microbiota and T1D; it 

remains possible that dysbiosis may be a consequence of the disease rather than a cause.  

 

1.2.4.3 Other environmental candidates 

Other candidate environmental influences studied lack reproducible positive results. Potential 

triggers such as vaccinations, early introduction of gluten-containing cereals or cows’ milk, toxin 

exposure, and !-cell stress in the form of obesity, psychological stress and particular diets have 

all been implicated, investigated and have failed to demonstrate a direct relationship with islet 
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autoimmunity or progression to T1D (104). Studies investigating potential protective factors 

such as vitamin D, breast-feeding and normal vaginal delivery have also yielded inconsistent 

findings (127).    

 

The contributory interplay from environmental factors in the development of T1D is undeniable. 

However, studies aiming to define these potentially modifiable risk factors are only in their 

infancy. Systematic, longitudinal multi-centre studies to better define environmental 

determinants of disease such as the The Environmental Determinants of Diabetes (TEDDY) 

comprising centres in USA and Europe (128), The Diabetes Autoimmunity Study in the Young 

(DAISY) which comprises centres in USA and Europe (129) and The Environmental 

Determinants of Islet Autoimmunity (ENDIA) which comprises centres in Australia (125) are 

ongoing and results are anticipated to help better establish which environmental factors are key 

contributors to T1D development and progression.  

 

1.3  MODELS FOR THE STAGES OF PATHOGENESIS OF T1D 
With both genetic and environmental factors contributing to pathogenesis of T1D, several 

models have been proposed to explain their interplay (130). The original hypothesis, proposed by 

Eisenbarth in 1986 (131), although refined by his own group in 2001 (132), and again in 2014 

(36), has remained the most widely referenced model for the natural history of T1D. Consistent 

in their models is the hypothesis that in a genetically susceptible individual, an environmental 

factor would trigger islet autoimmunity resulting in a linear decay in !-cell mass. With 

decrementing !-cell mass, hyperglycaemia would ensue and ultimately complete loss of insulin 

production (Figure 1.4). 
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Figure 1.4 Revised model for the natural history of T1D (36) 
The original model as described by Eisenbarth et al. in 1986 is represented in red. At each stage, 
the same group have proposed a number of revisions based on the development of understanding 
regarding genetic, environmental and immunological factors involved in pathophysiology of 
T1D. 
 

 

The main suggested modification to this benchmark model is the pattern of ! cell loss. One 

model is a relapsing-remitting pattern, as seen in other autoimmune diseases such as multiple 

sclerosis (133). This hypothesis describes a see-saw disequilibrium of the effector and regulatory 

arms of the immune response toward the ! cell, with cycles of destruction when effector events 

dominate, followed by partial restoration of insulin production with !-cell proliferation with 

resurgence of the beta-cell specific regulatory response. This would ultimately lead to a stepwise 

non-linear decline of !-cell mass over time. Another model proposes retention of beta-cell 

function until a time close to diagnosis when precipitous progression occurs. Others have 

suggested environmental factors may not just trigger disease but play a role in the progression of 

!-cell loss (36). Recurrent viral infections would be one such example, which hypothetically 

may provide a ‘fertile field’ in which molecular mimicry and/or bystander activation may 
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contribute to the cycles of inflammation (130). All agree that regardless of the model, there is 

significant, still unexplained, heterogeneity in pace of disease progression and ability to retain 

functional !-cell mass over time between individuals (36).  

 

1.4  THE IMMUNE SYSTEM 
The immune system can be divided into two distinct, yet interrelated categories, innate and 

adaptive (134). The innate immune system is considered the first line of defense against common 

microorganisms. The cells of the innate immune system recognise microbial molecules via their 

surface receptors, engulf the foreign material, and initiate an inflammatory response via 

signaling/activating proteins including cytokines, chemokines and complement. The repertoire of 

surface molecules recognised by the innate immune system however is limited by germline-

encoded receptors, and so only those molecules conserved between pathogens are recognised. 

The adaptive immune system is designed to overcome the constraints of innate immunity. Where 

the efficacy of the innate immune system rests on the speed and breadth of its response against 

invading pathogens, the adaptive immune system provides specificity and diversity to the 

immune response.  

 

1.4.1 The adaptive immune system 

The signature feature of the adaptive immune system is that the specificity of the system is 

imparted by genetically rearranged, and highly diverse antigen receptors, expressed on the 

surface of lymphocytes (134). These lymphocytes are divided into two major classes – known as 

T cells and B cells (135). B cells undergo development in the bone marrow and recognise foreign 

antigens/immune determinants via receptors termed immunoglobulins, that when secreted are 

called antibodies. In contrast, T cells initially develop in the bone marrow, but complete their 

maturation in the thymus. Their antigen-specific receptors, or T-cell receptors; (TCRs) are bound 

to the cell-surface and are not secreted. In addition, immunoglobulins are able to recognise 

antigens directly, in the extracellular space, whilst the majority of TCRs require the presentation 

of the antigen by HLA, or similar molecules on the cell-surface of an antigen-presenting cell. See 

section 1.2.3.1.  
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Both B- and T-cell receptors are composed of two chains – the heavy and light chain for B cells, 

and # and ! chains for T cells (136). These receptors achieve a diverse range of antigen 

specificity through the rearrangement of gene segments variable (V), diversity (D), and joining 

(J) segments which form to complete the variable-region (V-region) exon. For T cells the V-

region exon encodes the part of the T-cell receptor which interacts with the peptide bound to the 

HLA molecule, thus conferring its antigen specificity. T-cell receptors interact with both the 

bound peptide and the polymorphic surface of the presenting HLA molecule. Therefore, each 

TCR is specific for a particular combination of HLA molecule and peptide antigen (pHLA). The 

property of a T cell only recognising a peptide presented by a particular HLA molecule is 

referred to as HLA restriction (137, 138). 

  

1.4.2 CD4+ and CD8+ T cells 

T-cell precursors migrate from the bone marrow to the thymus where they complete maturation. 

Mature, functionally competent T cells leave the thymus and move into the periphery (139). The 

stages of T-cell differentiation are marked by the changes in cell-surface proteins. Firstly, two 

distinct lineages as distinguished by the type of T-cell receptor (#/! and "/$) are recognised. 

Alpha/beta T cells making up the majority of the T cells (135). The #/! T cells can be divided 

into either CD4+ or CD8+ T cells.  

 

CD4+, or helper, T cells recognise peptide:HLA class II complexes. They are responsible for 

activating other effector cells of the immune system, including augmenting B cell production of 

antibodies (140). CD8+ T cells recognise peptide:HLA class I complexes and mediate direct 

cytotoxicity of target cells. In both cases the CD4 and CD8 molecules act as co-receptors and 

bind non-polymorphic regions of HLA class II and I respectively. 

 

1.4.3 T-cell self tolerance 
Somatic recombination is integral to achieving diversity in TCR specificities allowing an 

enormous array of microbes to be recognised by the immune system. However, with the random 

generation of a broad array of antigen specificities, inevitably some lymphocytes with the ability 

to recognise self-peptides are created (141). Mechanisms to prevent responses against self-
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antigens are termed immunological tolerance, which can be divided into central and peripheral 

tolerance (142). 

 

1.4.3.1 Central tolerance 

In the process of T-cell maturation in the thymus, thymocytes undergo a selection process 

determined by their TCR affinity for self peptide-HLA complex (141). Those thymocytes unable 

to engage self peptide–HLA complexes undergo apoptosis due to a failure to receive survival 

signals via the TCR. Those thymocytes that have low affinity for self peptide–HLA complexes 

complete differentiation and maturation – otherwise known as positive selection. Whereas 

thymocytes that express TCRs of higher affinity have a dangerous potential for autoimmunity 

and are to the greatest extent eliminated by clonal deletion. Clonal deletion, or negative 

selection, occurs mainly in the medulla of the thymus (143). The epithelial cells of the thymic 

medulla (mTECs) ectopically present peripheral-tissue antigens bound to MHC molecules as 

encoded by genes regulated by the autoimmune regulator (AIRE) gene (144). Highlighting the 

critical role of the mTECs in immune tolerance, a mutation in the AIRE gene in humans causes 

an autoimmune syndrome affecting multiple organs (i.e. Autoimmune Polyendocrinopathy 

Candidiasis Ectodermal Dystrophy syndrome; APECED) (145). Bone marrow-derived dendritic 

cells and macrophages may also present self-antigens to developing T cells. High-affinity TCR 

ligation of the peptide-MHC complex combined with signaling from co-stimulatory molecules 

results in apoptotic cell death of the autoreactive T cell.  

 

Other less prominent mechanisms of central tolerance include clonal diversion where thymocytes 

with high affinity for self-antigens are rerouted to become T-regulatory (Treg) cells and serve to 

prevent autoimmunity (146). Alternatively, “receptor editing” defuses the TCR’s potentially 

damaging reactivity with secondary gene rearrangement at the TCR # loci changing its 

specificity (147-149).  The exact determinants dictating the fate of a thymocyte with a high 

affinity self-reactive TCR are still unknown. Possible factors suggested include: peptide 

specificity, type of antigen-presenting cell, and TCR affinity and avidity (150).   
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1.4.3.2 Peripheral tolerance 

Although the bulk of self-reactive T cells are dealt with by central tolerance mechanisms, many 

low-avidity, self-reactive T cells escape into the periphery (151, 152). These mature autoreactive 

T cells are kept from initiating autoimmunity by at least four mechanisms: (i) deletion through 

apoptotic cell death, (ii) induction of functional unresponsiveness (anergy), (iii) suppression by 

T-regulatory cells and (iv) the maintenance of a naïve state. A state of anergy is induced when 

self-peptide is abundantly expressed and encountered without appropriate costimulatory signals, 

preventing the differentiation and proliferation of the autoreactive T cell (153-155). This lack of 

response persists even with subsequent encounters with the antigen (156). Where the self-peptide 

is sequestered, or expressed at levels too low for activation, the T cell remains in a naïve or 

“ignorant” state (146). It has been proposed that these naïve autoreactive T cells pose the greatest 

potential threat for future autoimmunity (157). 

 

1.4.4 Proposed mechanisms for breaking self-tolerance/autoimmunity  

With these layers of immunological tolerance protecting an individual, how does autoimmunity 

occur?  Or posed in another way, how does immune tolerance breakdown?  

 

Starting in the thymus, the repertoire of ectopically presented peripheral self-antigens 

encountered by developing T cells in the thymus is incomplete and therefore negative selection 

of self-reactive T cells also incomplete (158, 159). Therefore, once exported to the periphery, the 

elimination of these self-reactive T cells depends on peripheral tolerance mechanisms. There are 

a number of hypothesised “failures” of the peripheral tolerance mechanisms that have been 

proposed and supported by animal models (reviewed by Theofilopoulos et al. (156)). First, the 

anergic state induced in the peripheral self-reactive lymphocyte is controlled by continuous low-

level interaction with self-antigen in the absence of co-stimulation (160).This state however, is 

not long-lived and can be reversed under inflammatory conditions (161, 162). Secondly, 

‘ignorant’ autoreactive T cells may become exposed to their target antigen when the source 

peripheral tissue becomes damaged or its site of ‘privilege’ compromised by infectious agents 

(163). Thirdly, regulatory T cells which constitutes 5-15% of CD4+ T cells have been proposed 

to have the potential to convert to effector T cells under inflammatory conditions; the ratio of 

regulatory T cells to effector T cells has also been observed to decrease to promote an ongoing 
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pathogen-directed immune response (164). Fourthly, proteins may undergo mutation or post-

translational modification resulting in new self-antigens capable of generating an immune 

response toward self (165). Molecular mimicry may similarly engage and activate non-tolerant 

lymphocytes, triggered by foreign antigens with sufficient sequence homology to self-antigens 

(166, 167). Other proposed explanations for breakdown in self-tolerance involve the innate 

immune system given its role in instigating adaptive immunity (168, 169) and its interaction with 

foreign and self-nucleic acids (170).  

 

The part each putative mechanism has to play in any given autoimmune disease is unknown and 

evidence is still largely based on animal models (156). Given the redundancy of the barriers of 

tolerance, more than one “crack” in the system is likely needed to cause disease (171). In 

addition, there may be an influence of target organ physiology. For example, why the endocrine 

organs seem to be  predisposed is still poorly understood (172). A possible explanation is the 

high local concentration of the hormone product and related molecules. Ultimately, though 

insight into the principles of the immune system is rapidly progressing, the ‘why’ of 

autoimmunity still remains unresolved.  

 

1.5  T1D MOUSE MODELS AND THEIR LIMITATIONS 
The biobreeding (BB) rat and the non-obese diabetic (NOD) mouse models are the two murine 

models which develop spontaneous autoimmune diabetes and have been the main models used to 

gain insights into the pathophysiology of T1D (173-175). Both resemble human T1D in having 

similar genetic predisposition to the disease, such as raised disease susceptibility with particular 

MHC alleles; the importance of antigen-specific T cells in disease pathogenesis; and the 

presence of insulitis.  These models, in particular the NOD mouse model, have enabled 

identification of autoantigens, provided insights into the identity and function of pathogenic T 

cells, and uncovered the relevance of genetic polymorphisms to the development of autoimmune 

diabetes (176). However, significant differences between autoimmune diabetes in humans and 

NOD mice should also be noted. Firstly, sexual dimorphism is seen in the NOD mouse which is 

not seen in humans, with 80% of female mice developing diabetes compared to 20% of male 

mice (174, 177). Lymphocytic islet infiltration is extensive and considerably more aggressive in 

the NOD mouse compared to the subtle changes of chronic inflammation seen in the human 
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pancreas (178). These infiltrates are seen in other tissues in the mouse, whereas this is 

infrequently the case in humans (179).  Other key differences in disease kinetics, such as a lack 

of residual insulin production in the NOD mouse after insulitis, compared to residual insulin 

production seen in humans as late as 50 years from diagnosis (180). There are also differences in 

immunological responses. Multiple autoantibodies are detected in humans compared to only 

insulin autoantibodies in the NOD mouse (181, 182), although multiple antigens are recognised 

by T cells in both. Additionally, there are differences in IL-10 production (183), an important 

regulatory cytokine, and distinctions in the MHC molecule (184-186). These differences makes 

the failed translation of prevention and cure of T1D from the mouse to the human 

understandable, particularly when compounded with other factors including significant 

differences in design of animal and clinical studies (187). Therefore, as far as possible, this 

review will focus on human studies.  

 

1.6  KEY IMMUNE CELLS IN T1D 
Based on histopathological analyses of pancreata from subjects with T1D, the major cell type 

found in the immune infiltration of insulitis is the T lymphocyte (42, 188). CD8+ T cells 

constitute the majority of the lymphocyte population, with CD4+ T cells having a significant but 

substantially lesser identifiable presence (188). Other immune cells identified include B cells, 

macrophages, dendritic cells and NK cells. 

 

1.6.1 T cells  

T cells are widely accepted as the key immune cells involved in the destruction of !-cells in 

T1D. Other than making up the clear majority of the immune infiltrate in the islets, unlike other 

cell types, the number of T lymphocytes seen are directly correlated to the number of insulin-

producing ! cells (188). No T cells are seen in islets staining negative for insulin, suggestive of 

their role in !-cell destruction and their migration to where residual beta cells remain (188). 

Their importance is supported by the strong genetic association of HLA alleles with the disease 

(see section 1.2.3.1). Furthermore, immunomodulatory therapies that inhibit, or modulate, T-cell 

function have been the most effective in preserving !-cell function in humans (189, 190).  
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The relative importance of the CD4+ versus the CD8+ T cell has been extensively debated (191). 

As already mentioned, CD8+ T cells make up the major cell type in insulitis. In addition, its 

cytotoxic capabilities and the observed hyper-expression of HLA class I by !-cells (192) points 

to CD8+ T cell driven !-cell destruction. GWAS show that certain HLA class I alleles, in 

particular HLA-A*24:02(193, 194) and HLA-B*39:06 (76, 195)), confer a predisposition to 

disease and are associated with age of disease onset. However, HLA class II alleles have been 

shown to have a much greater impact on disease susceptibility with the high-risk HLA class II 

alleles having an odds ratio of up to 16.6 (196)(see section 1.2.3.1), inferring CD4+ T cells have a 

central part to play in pathogenesis. These findings together suggest that CD4+ T cells play a 

more critical pathogenic role than CD8+ T cells, perhaps by inducing and driving other effectors, 

including the CD8+ T cell which is likely to be the cell type directly responsible for killing the 

beta cell.  

 

1.6.2 Other immune cell types 

B cells are present in variable proportions in islet immune infiltrate (197). This was determined 

by their analysis of patients from the Network for Pancreatic Organ Donors with Diabetes (U.S.) 

and Diabetes Virus Detection (DiViD) study (Norway) cohorts (197). The variability of their 

presence in the immune infiltrate potentially further highlights the unlikely central role of the B 

cell in pathogenesis, as already discussed in Section 1.2.2.  Rather, its presence amongst the T 

cells may be pointing to an antigen-presenting role, in which antigen-specific B cells would 

effectively present antigen to antigen-specific T cells and maintain their activity (173).  

 

Finally, macrophages, dendritic cells and natural-killer T cells are found in the immune infiltrate 

of islets. Macrophages and dendritic cells (DCs) are present in the islets to similar extents 

irrespective of the presence of residual ! cells (198). They have been implicated in promoting 

development and activation of CD8+ cytotoxic T cells via production of IL-12 (199, 200). 

Dendritic cells and macrophages contribute to !-cell destruction through the production of IL-

1!, TNF and ROS. Supporting this destructive function is the immunohistochemical detection of 

these inflammatory cytokines (TNF- and IL-1!) in islet-infiltrating macrophages and DCs in 

pancreatic biopsies from people with T1D (198). Natural-killer T cells (NKT cells) have both 
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cytotoxic properties and are able to produce effector cytokines such as IFN-" (201, 202). NKT 

cells have been shown to have a role in NOD mouse models by direct destruction, promoting the 

effector function of CD4+ T cells via their production of IFN-" (203), and their depletion in 

various relevant mouse models has prevented autoimmune diabetes (204). However, the 

observation that they are only occasionally found in human islet infiltrates of subjects with T1D 

makes it unlikely that they have a crucial function in human T1D pathogenesis (188). 

 

1.7  ANALYSIS OF T CELLS IN HUMAN T1D 
Despite the clear contribution of T cells to disease pathogenesis in T1D, quantifying their 

presence, detecting their dynamics with disease progression, and understanding their antigen 

specificity has proven difficult in humans (62, 205). There are a number of explanations for this. 

Firstly, the lack of accessibility of the affected pancreas in humans limits investigations to the 

peripheral blood. It remains uncertain however, how reflective of the islet infiltrate or the 

pancreatic lymph nodes this pool of blood-derived T cells is because most pathogenic T cells 

may be sequestered in the diseased organ. Secondly, a sufficiently sensitive, specific and 

reproducible assay capable of  detecting low-affinity and/or low-frequency T cells has been 

lacking (206). It has been estimated that the frequency of autoreactive CD4+ T cells is in the 

order of 1:105 to 1:106 (207). Thirdly, although a number of epitopes have been identified as key 

in the development of autoimmune diabetes in mouse models, their relevance in the human is far 

from established. The majority of techniques used to identify autoreactive T cells rely on first 

knowing their epitope specificity and in the case of tetramer assays, their HLA restriction as 

well.  

 

1.71 T-cell assays 
T-cell assays currently available for detecting islet antigen-specific T-cell responses measure 

either 1) T-cell proliferation, 2) cytokine production, or 3) epitope-specific T cells using HLA-

peptide multimers (206). The advantages and disadvantages of the more popular of these assays 

are outlined below. Each assay uses synthetic peptides, recombinant proteins or islet-protein 

extracts. The latter having the greatest range of possible antigens but also the greatest potential 

for confounding immunogenicity from contamination or ex vivo modifications, and the former 
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offering the greatest potential purity, but only a single or limited epitope target. That said, even 

purified peptides can mislead with contaminants (208, 209).  

 

1.7.1.1!Proliferation assays 

1.7.1.1.1  3H-thymidine incorporation assay 

The 3H-thymidine incorporation assay had been the main method for measuring rare autoreactive 

T-cell proliferation prior to the turn of the 21st century. Lymphocyte proliferation is measured by 

detecting the level of 3H-thymidine incorporated into the DNA of cells in S phase during a 6-18 

hour pulse at the end of an in vitro culture period (210). The level of 3H-thymidine correlates 

directly with the number of proliferating cells during the pulse period. The chief limitation of this 

assay is its poor sensitivity for rare cells which is not improved by the addition of IL-2 aimed to 

stimulate anergic T-cell proliferation (205, 211). It provides insight into proliferation only within 

the pulse period regardless of the fate of the cell. Losses due to apoptosis seen subsequent to 

antigen-induced proliferation cannot be accounted for. It provides no avenue to determine the 

phenotype, or the function(s), of the proliferating cell(s) (212).  

 

1.7.1.1.2  CFSE-based proliferation assay 

The CFSE (5,6-carboxyfluorescein diacetate succinimidyl ester)-based proliferation assay 

involves pre-labeling PBMC with the fluorescent dye CFSE and incubates them with the antigen 

of interest (212, 213). Exploiting the property of CFSE-stained cells to halve their fluorescence 

intensity with each cell division, divided cells can be easily quantified using flow cytometry at 

the end of the incubation. The results are expressed as a cell division index (CDI) which is a 

standardised ratio of the number of cells that have proliferated in response to antigen, to the 

number of proliferated cells in the absence of an antigen. The main limitations of this assay are 

the variability between replicates due to the low frequency of antigen-specific cells present in an 

aliquot of blood which results in a low number of antigen-reactive cells detected relative to the 

background response, and its capability only to measure cells able to proliferate in vitro (206). 

Another application of the CFSE-based proliferation is to clone antigen responsive cells by 

single-cell sorting (214). 
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1.7.1.2 Cellular Immunoblot 

A technique taken from its use in Addison’s disease (215), cellular immunoblotting utilises islet 

extract acknowledging that by the time of diagnosis, a spectrum of antigens and therefore 

antigen-specific T cells are likely to be detectable (216). Human islets are electrophoresed and 

electroblotted onto nitrocellulose. Nitrocellulose particles from an individual blot section is 

cultured with PBMC and the results are measured using 3H-thymidine incorporation assay (216). 

This technique has shown excellent disease specificity with a few molecular weight regions 

producing a response in >80% of patients (n=20) compared to no response seen in controls 

(n=9). However, it requires 20mL of blood and does not define antigen-specificity to the level of 

the epitope (205, 217). It is also limited by the disadvantages of the 3H-thymidine incorporation 

assay, although these could be overcome by following the derivation of nitrocellulose particles 

with an alternative proliferation assay.   

 

1.7.1.3 ELISpot assay 

The enzyme-linked immunospot (ELISpot) assay is one of the most sensitive and specific 

cytokine assays currently in use (218, 219). It is capable of detecting effector and regulatory 

cytokines (e.g. IFN-" and IL-10) at a single-cell level, thus enabling qualitative and quantitative 

measurement of antigen-specific immune responses. Different assay formats have been described 

(218) but all make use of PBMC stimulated with an antigen, incubated on a plate whose 

membrane is coated with a cytokine-binding antibody.  The activated T cell secretes a cytokine 

which is captured by the plate-bound antibody and then  detected as a distinct spot (220). Results 

are quantified on an automated reader as a stimulation index (SI) or as the number of spots 

(calculated as antigen-reactive response subtracted by background responses) (206). The main 

drawbacks of this technique is the labour intensity (206), potential technical difficulties 

involving its use with frozen cells (205, 221), and similar to most of the current assays, a low 

number of antigen-reactive cells are detected relative to the background response (222).   

 

1.7.1.4 Tetramer assay 

Peptide-HLA (pHLA) multimers are a molecular complex of multiple soluble labeled peptide-

HLA ligands designed to engage the TCR (207). The most common form of multimer uses 

biotin-labeled pHLA bound to streptavidin molecules to form a tetrameric (223), or pentameric 
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complex (224, 225). Compared to HLA class I tetramers, HLA class II tetramers are more 

difficult to develop due to the reduced stability of peptide-HLA interaction (206). Using 

fluorescent tetramer binding and flow cytometry, tetramer assays allow enumeration of antigen-

specific T cells, and these cells can be sorted for further characterisation of antigen-specific T 

cells (226). First-generation tetramer assays required an in vitro activation and/or expansion step 

to increase the numbers of rare antigen-specific T cells to detectable numbers (227). However, 

techniques have since been developed to enrich the antigen-specific population by removing 

irrelevant cells with magnetic bead trapping in order to avoid in vitro manipulation and the 

potential phenotypic changes associated with this (228, 229). The main limitation of this 

technique is that it requires both the epitope specificity and HLA restriction of the T cell being 

investigated to be known. It is also biased towards high-affinity T cell/pHLA interactions which 

is less likely to be the characteristic of an antigen-specific autoreactive T cell (as discussed in 

section 1.4.4). This may make autoantigen-specific T cells more difficult to detect. Finally, 

tetramer staining for autoantigen-specific T cells requires at least 20mL of blood (206, 207).  

 

1.7.1.5 Comparison between methods 

Comparative studies have been conducted between a number of the assays currently in use (205, 

212, 221). The CFSE proliferation assay was found to be more sensitive than the 3H-thymidine 

incorporation assay. The CFSE-based proliferation assay required 10-fold less antigen to 

stimulate a detectable T-cell response compared to 3H-thymidine (212). In addition, the CFSE 

proliferation assay can achieve a greater specificity by staining the CFSE-labeled cells with other 

mAb, such as CD4, allowing the population of interest to be detected amongst the other 

proliferating cells. This is not possible with the 3H-thymidine incorporation assay. 

 

A blinded multi-centre, case-controlled study conducted by the Immune Tolerance Network 

aimed to compare techniques measuring cellular responses using GAD-specific ELISpot 

analysis, (MHC)-GAD peptide tetramer analysis, a cellular immunoblot, and the 3H-thymidine 

incorporation assay supplemented with IL-2 (205). Due to technicalities using frozen cells, the 

tetramer and ELISpot assays were excluded from the study as they were deemed 

‘uninformative’. Cellular results were compared with GAD65 and IA-2 autoantibody assays for 

sensitivity and specificity. Blood and serum from healthy control subjects (n=39) compared to 
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subjects with new-onset T1D (n=23; diagnosed within six months) were analysed. Results 

suggested high specificity for 3H-thymidine incorporation assay, immunoblot, GAD65 and IA-2 

autoantibody results (91%, 83%, 85%, 97% respectively). Sensitivity was not as high for 3H-

thymidine incorporation assay (58%) compared to the immunoblot (94%). Of note, the 3H-

thymidine incorporation assay used a panel of 14 different potential antigens and they deemed a 

“positive” result as an aggregate of SI’s for each antigen >4. This study did not evaluate 

reproducibility of measurements.        

 

TrialNet compared the cellular immunoblot, ELISpot, 3H-thymidine incorporation assay 

supplemented with IL-2 and the tetramer assay in a blinded multi-centre study conducted in 

North America and the U.K (221). ELISpot detected IFN-" production to synthetic peptides 

representing naturally presented epitopes of IA-2, GAD65, and proinsulin. The 3H-thymidine 

incorporation assay used up to 20 individual test antigens both T1D-relevant and -irrelevant 

peptides. The tetramers used were a construction of HLA-DRB1*04:01/04 or 03:01 molecules 

with peptides derived from GAD65 and proinsulin (B24-C36), a 14-day in vitro expansion was 

conducted prior to tetramer staining. In total 68 subjects with T1D and 96 healthy controls were 

recruited across both North America and the U.K. None of the cellular assays were as disease 

specific as the autoantibody assays. Of the cellular assays, the cellular immunoblot performed 

the best at 88% specificity, with the remaining assays having a specificity of 69-72%. In regard 

to sensitivity, again the cellular immunoblot performed the best with a sensitivity of 74%. The 
3H-thymidine incorporation assay had a sensitivity of 60% and the tetramer analysis 46%. The 

sensitivity of the ELISpot had significant variability between the U.K. and U.S. centres (61% and 

35% respectively) and this was deemed a result of freezing and handling of the specimen in the 

U.S. compared to the use of fresh cells in the U.K. Of note, the CFSE-based proliferation assay 

was not included in this comparative study. 

 

Overall, no study has demonstrated that one T cell assay is better than another in detecting rare 

autoantigen-specific T cells. The difference in range, diversity and number of antigens 

investigated with each assay in the comparative studies conducted makes it difficult to compare 

the performance of each platform. It is likely operator dependence for each technique also 

contributed to variability. The CFSE-based proliferation assay appears to have overcome the lack 
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of sensitivity of the 3H-thymidine incorporation assay. The cellular immunoblot points to the 

power of including multiple islet antigens rather than a single or limited number of epitope(s) of 

interest in distinguishing subjects with and without T1D. Both the CFSE-based proliferation 

assay and tetramer analysis provide an avenue for further characterisation of the cell population 

of interest through cell sorting. The ELISpot allows phenotyping through cytokine analysis but 

due to technical issues its sensitivity and specificity for detecting islet-specific T cells could not 

be adequately validated in the head-to-head studies, as discussed. Both comparative studies point 

to the need for further optimisation of the steps in processing and storage of blood samples prior 

to their analysis (230). More evidence is required to promote one technique over another. In fact, 

given each method’s strengths and weaknesses, their utility will likely depend on the question at 

hand rather than their comparative performance (206). Furthermore, the development of novel 

strategies to detect rare autoreactive T cells remains a priority in the field (231). 

 

1.7.2 Identifying the antigens seen by autoreactive T cells 

An essential element in understanding pathogenic T cells in T1D is to define their key targets. 

Despite over three decades of mouse and human studies, our understanding of the putative 

autoantigenic targets of T cells in human T1D has remained modest. This has largely been due to 

the restriction of studies to the peripheral blood, as already discussed (see section 1.7.1).  

 

1.7.2.1 Autoantigenic targets of peripheral T cells  

Efforts to identify T-cell epitopes recognised by pathogenic T cells started, and largely centred 

around, the first three major islet autoantibody specificities discovered: insulin, GAD and IA-2.  

(232-239). Self-reactive T-cell repertoires from NOD mouse studies have also revealed novel 

candidate autoantigens which have more recently been identified in humans, such as islet-

specific glucose-6-phosphatase catalytic subunit-related protein (IGRP) (240, 241), and 

chromogranin A (WE14) (242). It is worth noting distinct to the immune infiltrate, the vast 

majority of circulating islet antigen-specific T cells detected and studied from the periphery are 

CD4+ T cells (243). It is unclear whether this is a true reflection of the in vivo ratio or a bias 

exerted by experimental conditions, or study design (244). 
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Despite the vast array of candidate epitopes/autoantigens investigated, the search for a 

detectable, consistent disease-specific T-cell response to any one of these autoantigens has been 

disappointing. All the studies prior to 2000 used the 3H-thymidine incorporation assay to detect 

peripheral antigen-specific T cell responses. It is therefore not surprising given the 

aforementioned limitations in sensitivity and specificity of this assay, the frequent failure to 

demonstrate convincing disease specificity when comparing PBMC of T1D subjects and non-

T1D controls (245-247). Even with more modern techniques, such as ELISpot and tetramer 

staining, positive T-cell responses in subjects with T1D were often weak and/or required a pool 

of multiple autoantigens to elicit a disease-specific response (242, 248, 249).  

 

1.7.2.2 (Pro)insulin is a candidate primary autoantigen 

Given the mixture of moderate T-cell responses to multiple potential antigens in humans, some 

have suggested that possibly abnormalities in immune function results in multiple islet 

autoantigen targets with no fixed hierarchy, rather than there existing a primary autoantigen(s) 

that drives autoimmunity and !-cell destruction (250). Nonetheless, proinsulin has emerged as a 

primary autoantigen in the NOD mouse model. Indeed a putative central role for proinsulin in 

humans is becoming difficult to refute (251).  

 

1.7.2.2.1 Proinsulin is a primary autoantigen in the NOD mouse model 

If a primary autoantigen existed genetic ablation of this protein would lead to protection from 

disease (243). In the NOD mouse, insulin, and more specifically an epitope on the B chain of 

insulin (B9-23) has been the only epitope shown to fulfill this criterion (252). The insulin B9-23 

epitope is essential for the development of autoimmune diabetes in NOD mice (252). Mice with 

only a mutated B chain, Y to A at B16, do not develop insulin autoantibodies, insulitis and 

autoimmune diabetes (252). In addition, of the islet-infiltrating T cells isolated from pre-diabetic 

NOD mice, the majority are insulin-specific, and of these, 90% target B9-23 (253, 254). In 

addition, immune tolerance to proinsulin induced from birth prevents diabetes in NOD mice 

(254, 255). 

 

1.7.2.2.2 Proinsulin is a candidate autoantigen in humans 
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(Pro)insulin’s importance in human T1D is supported by multiple factors. Firstly, its unique 

expression in ! cells (with the possible exception of the thymic epithelial cells), in contrast to the 

relatively promiscuous expression of many other beta cell autoantigens (251). Proinsulin is 

present at very high concentrations, up to 40mM concentration within the secretory granules of 

the !-cell (9). As discussed in section 1.2.3.2, the second highest genetic susceptibility locus for 

T1D maps to a VNTR polymorphism in the promoter region of the insulin structural gene. 

Furthermore, insulin autoantibodies (IAA) are highly disease-specific being the first 

autoantibodies to appear in high-risk children prior to clinical onset of T1D, and alone or in 

conjunction with other autoantibodies, IAA are predictive of an increased rate of !-cell loss (56, 

256).       

 

However, given the limitations of human studies, a similar level of pathogenicity for proinsulin 

seen in the NOD mouse will be difficult to establish in humans. Quantitative or qualitative 

differences in T-cell responses between people with and without disease is currently the only 

indicator of an antigen’s disease relevance in humans (243). Most studies conducted using the 

main source of T cells, the peripheral blood, have failed to reveal disease-specific responses. 

However, as other T1D-relevant tissues are being explored, proinsulin as a primary antigen in 

humans continues to mount.  

 

1.7.2.2.3 Proinsulin as a target of peripheral T cells in humans   

Most of the early studies have been inconclusive, and as already discussed (see section 1.7.1) this 

is likely largely due to the limitations of techniques available. Semana et al (247) investigated the 

CD4+ T-cell response to proinsulin using 10 overlapping 15 amino acid peptides encompassing 

the human proinsulin sequence. They found no difference in the T-cell response to proinsulin 

between control subjects (n=12) and subjects with T1D (n=7, recruited at the time of diagnosis).  

Dubois-LaForgue and colleagues (245) investigated CD4+ T-cell responses to intact proinsulin. 

CD8+ T cells were removed by immunomagnetic cell isolation prior to cell culture and accounted 

for <0.4% of the cells analysed. Proinsulin-specific CD4+ T-cell proliferation was detectable in 2 

of 26 (8%) recent-onset T1D subjects, within 2 weeks of clinical onset, and 2 of 12 (17%) long-

standing T1D subjects, compared to none of the 16 healthy controls. Durinovic-Bello and 

colleagues (257), reported that 9 of 24 (38%) subjects with T1D compared to 4 of 22 (18%) 
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subjects without T1D had responses to native insulin and proinsulin. They also investigated the 

proliferative responses stimulated by 21 overlapping pre-proinsulin peptides and found 39 of 166 

(23%) responses in subjects with T1D compared to 19 of 197 (10%) responses in subjects 

without T1D and these were distributed throughout the length of pre-proinsulin. They reported 

there was an average of 12.06±6.7% CD4+ T cells of the total PBMC investigated after using a 

CD4+ T-cell isolation kit. All three studies used the 3H-thymidine incorporation assay to measure 

T-cell responses. 

  

Arif et al. (258) looked at a proinsulin peptide, C19-A3, together with a panel of other relevant 

β-cell autoantigens such as IA-2 and GAD65, and assessed CD4+ T-cell responses by detection 

of IFN-γ#and#IL)17#by#ELISpot. When PBMCs were depleted of CD4+ T cells, the positive 

responses were abolished. Of 50 subjects with new-onset T1D, 27 (54%) had detectable 

responses to their panel of β-cell autoantigens compared to 3 of 30 (10%) HLA-, and sex-

matched healthy subjects. Approximately 13% of the new-onset T1D subjects had a detectable 

CD4+ T-cell response to the fragment of proinsulin C19-A3 (PI51-68) alone.  

 

Results implicating insulin B9-23 in the NOD mouse led to investigations using this peptide in 

human T1D (259). Using the ELISpot assay, responses to peptide B9-23 were detected in 7 of 8 

(87.5%) subjects with recent-onset T1D, compared to 0 of 2 non-T1D controls and 3 of 5 (60%) 

high-risk first-degree relatives. Disease-specificity was again seen with a modified B9-23 peptide, 

with an R22E substitution (B:11-23R22E), that was loaded onto an HLA-DQ8 tetramer, a strategy 

designed to enhance expansion and detection of responsive T cells (260). After two weeks of in 

vitro cultures, 5 of 16 (31%) subjects with T1D, compared to 0 of 10 non-T1D controls 

demonstrated a detectable response with the DQ8/B:11-23R22E tetramer. Both studies showed a 

lack of T-cell response in subjects with type 2 diabetes on insulin, implying the response to this 

portion of the B chain of insulin was less likely to be related to the administration of insulin. 

Together, these results highlight the difficulty of establishing a sensitive assay for autoantigen-

specific T cells in T1D using peripheral blood alone; results thus far have been modest and 

significantly variable.  
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1.7.2.2.4 Proinsulin is a target of T cells from T1D-relevant tissues in humans 

To overcome the limitations of peripheral blood analysis, investigators sought to examine T1D-

relevant tissues, initially with samples from pancreatic lymph nodes, and more recently from the 

islets of diseased pancreata – the site of immune infiltrate.  

 

1.7.2.2.4.1 T cells from pancreatic lymph nodes  

Kent et. al. (261) obtained pancreatic lymph node samples from three deceased organ donors 

with long-standing T1D. Five hundred and fifteen independent T-cell clones were generated by 

single-cell cloning and screened with peptides from proinsulin, GAD65, and myelin basic 

protein. The group identified CD4+ T-cell clones responding to insulin A1-15 restricted by HLA-

DR4. A similar epitope, insulin A1-13 was subsequently identified in the peripheral blood of a 

donor with T1D and an insulin antibody positive donor without T1D, but not in two healthy 

controls (262). 

 

1.7.2.2.4.2 Islet-infiltrating T cells 

Recently, Mannering et al. successfully isolated CD4+ T cells from the islets of a deceased 19-

year-old organ donor with T1D (263). Islet-infiltrating CD4+ T cells were sorted and cloned and 

screened against a panel of overlapping peptides covering the span of proinsulin and selected 

epitopes from GAD65, IA-2, IGRP, ZnT8 and heat-shock protein 6. Interestingly, of the 53 

CD4+ T-cell clones isolated, 14 (26%) recognised six overlapping epitopes in the C-peptide 

portion of proinsulin. These were HLA-DQ8 or HLA-DQ8trans restricted, strongly supporting 

the relevance of these T cells in disease pathogenesis. None of the other epitopes used elicited a 

response leaving the specificities of the remaining clones undefined.  

 

This strategy was quickly adopted and, supported by the Network for Pancreatic Organ Donors 

with Diabetes (nPOD), expanded to analyse islet-infiltrating T cells from a further 12 organ 

donors. Babon et al. tested the autoreactivity of 50 CD4+ T-cell lines from 9 donors with T1D 

(duration of T1D 2-20 years) against panels of known islet-protein associated peptide targets, as 

well as newly discovered post-translationally modified peptide targets, hybrid insulin peptides 

(264). Hybrid insulin peptides (HIPs) are fusion proteins made up of a fragment of proinsulin 

covalently linked with a fragment of other proteins known to collocate in the secretory granules 
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of the ! cell (265). HIPs were initially discovered as the target of diabetogenic T cells in the 

NOD mouse and represent a neo-epitope not thought to have been encountered in the thymus and 

therefore believed to contribute to breaking self-tolerance, and autoimmunity (265). From the 50 

T-cell lines, a broad range of specificities were uncovered. These include: Insulin B10-18, IA-2, 

IGRP, Chromogranin A, proinsulin52-66  and a number of HIPs. These HIPs were a fusion of a 

fragment of C-peptide with a fragment from each of the following: IAPP1 / IAPP2 / A-chain. In 

this study, the HLA restriction for the majority of the T-cell lines were not determined. However, 

HLA-DR4 was found to present GAD274-286 and proinsulin52-66. 

 

Michels et al. (266) modified the technique by sequencing the TCR of the islet-infiltrating CD4+ 

and CD8+ T cells after short-term culture and transducing these TCRs into a null cell line. These 

TCR transductants were screened against overlapping preproinsulin peptides and other well-

characterised islet antigens. From the 85 selected TCRs from CD4+ T cells tested for reactivity 

against preproinsulin peptides, two responded to insulin B9-23 presented by HLA-DQ8. One 

recognised C-peptide19-35 restricted by HLA-DQ8trans. 

 

It is interesting to note, all three studies investigating islet-infiltrating clones demonstrated CD4+ 

T-cell specificity to proinsulin. In particular, C-peptide has emerged as a region frequently 

targeted by islet-infiltrating CD4+ T cells. The largest of the studies demonstrated HIPs, known 

to be targets of diabetogenic clones in NOD mice, to be a frequent target of islet-infiltrating 

CD4+ T-cells. All the HIP specificities mapped contained a fragment of C-peptide. Could this be 

a clue to the mechanism for the breakdown of tolerance of CD4+ T cells against what is 

otherwise a freely circulating peptide? In addition, only epitope specificity for CD4+ T cells were 

analysed in these studies, results for CD8+ T cells were not determined.  

 

1.8  CLINICAL APPLICATION 
Autoantigen discovery can be exploited to develop assays detecting pathogenic T-cell 

autoreactivity (243). Given the long asymptomatic prodrome of T1D, a blood-based biomarker 

would allow early detection of disease, and perhaps provide a means of monitoring progression 

of !-cell destruction (267). Where disease-modifying therapies are tested during the 
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asymptomatic phase, a biomarker that is able to accurately reflect disease progression would also 

serve as a surrogate end point that would identify treatment-induced efficacy, and thus expedite 

the outcome of clinical trials (268).  

  

Immunomodulatory therapies need to be safe and effective in order to be a viable alternative to 

current standard care of chronic insulin replacement (268). Antigen-specific therapy is 

considered the “holy grail” of treatment strategies for autoimmune diseases, where tolerance to 

islet autoantigens is re-established whilst maintaining the function of the remainder of the 

immune system (269). Understanding the primary antigen targets to the key players of the 

autoimmune destruction is integral to development of this treatment strategy.  

 

In summary, since the first clinical description of the disease in the second century AD, T1D is 

now understood to be a chronic T-cell mediated autoimmune disease characterised by targeted 

destruction of the insulin-producing β cells situated in the islets of Langerhans of the pancreas. 

Beta-cell-specific CD4+ T cells are considered the main mediators of disease, and thus their 

targets are of significant interest. Understanding the specificity of the pathogenic T cells would 

not only bring us closer to appreciating the mechanics of the disease, but more pertinently, lead 

to the development of a disease biomarker and ultimately antigen-specific therapy. Proinsulin 

has been shown to be a key candidate autoantigen in mouse models and has more recently been 

shown to be a common target of islet-infiltrating CD4+ T cells, cells at the site of pathogenesis. 

More specifically, the C-peptide of proinsulin has emerged as a relative hot-spot. With the 

following aims, this thesis takes steps to investigate the premise that C-peptide is an autoantigen 

in T1D.  
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1.9  AIMS AND HYPOTHESES 
Aim 1 To optimise a peripheral blood-based C-peptide-specific CD4+ T-cell assay as primary 

steps towards developing a biomarker. 

Hypothesis: The CFSE-based proliferation assay can be optimised to detect peripheral C-

peptide-specific CD4+ T-cell responses in subjects with T1D in a disease-specific manner. 

 Aim 1.1 To optimise gating parameters affecting intra-assay variability 

 Aim 1.2 To evaluate the performance of CFSE-based proliferation in comparison  

 to the ELISpot after optimisation 

Aim 1.3 To determine the optimal freezing media, a key pre-assay factor affecting assay 

reproducibility 

 

Aim 2 To study CD4+ T-cell responses against the C-peptide of human proinsulin in the 

peripheral blood mononuclear cells (PBMC) from people with, without and at risk of T1D. 

Hypothesis: Only people with T1D have detectable CD4+ T-cell responses to C-peptide in their 

PBMC. These CD4+ T-cells derived from the peripheral blood will share characteristics of C-

peptide-specific islet-infiltrating T-cells.  

Aim 2.1 To determine how many people with and at risk of T1D have detectable CD4+ T-cell 

responses to proinsulin C-peptide compared to HLA-matched individuals without T1D. 

Aim 2.2 To use proinsulin C-peptide-specific CD4+ T-cell clones isolated from the PBMC of 

individuals with T1D to determine the epitope, HLA-restriction and TCR genes used by C-

peptide-specific CD4+ T-cell clones.  

 

Aim 3 To determine if C-peptide autoantibodies are present and detectable in a disease-specific 

manner in subjects with T1D. 

Hypothesis: If C-peptide is an autoantigen contributing to the pathogenesis of T1D, C-peptide 

specific autoantibodies may be detected in the serum of subjects with T1D but not healthy 

controls. 

Aim 3.1 To set up and optimise an ELISA to detect C-peptide autoantibodies 

Aim 3.2 To screen subjects with and without T1D for C-peptide autoantibodies 
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2.1  MATERIALS 
 
2.1.1 SERUM AND MEDIA PREPARATION 

 

Fetal Bovine Serum   

Fetal bovine serum (FBS) (Assay Matrix, USA, Cat #ASFBS-U), was inactivated by heating to 

56°C in a water bath for 30 minutes, swirling every 10 minutes. Once it cooled to room 

temperature it was distributed into 50mL aliquots and stored at -20°C. 

 

Pooled Human Serum (PHS) 

Human male serum was supplied by the Australian Red Cross Blood service Melbourne, 

Australia (agreement number–17-02VIC-07). Human serum was heat inactivated and stored in 

50mL aliquots and stored at -80oC. Eight to twelve units of healthy male serum were pooled to 

generate a batch of pooled human serum (PHS). Each new pool was compared to the ‘old’ pool 

in a CFSE-based proliferation assay to confirm that it supported the proliferation of human 

PBMC.   

 
5% PHS/RPMI (Complete media) 

RPMI 1640 (Sigma, United Kingdom, Cat #R8758) was used in all cell cultures. The media was 

supplemented with: Non-Essential Amino Acids (NEAA) at final concentration of 10µM, 

Glutamax at final concentration of 2mM, Penicillin/Streptomycin at final concentration of 

1U/ml, pooled human serum (PHS) 5% of total media. After adding all the supplements, the 

media was filtered through a 0.22µM using a 500mL filter bottle (Nalgene, CA, USA, cat#566-

0022).  

 

Freezing medium 
Freezing media was prepared by mixing two FBS solutions (unless otherwise specified): 

Media A: FBS (0.2µM Filtered), Media B: FBS + 20% DMSO (0.2µM Filtered) 

Cells were resuspended in cold Media A and then an equal volume of Media B was added slowly 

to give a final concentration of 10% DMSO. 
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Table 2.1 Media supplements  
Solution Supplier & catalogue # Composition 

 
Glutamax 100X (GibcoTM)  Thermo Fisher, CO, USA, Cat # 

35050061 
GlutaMAX™-I is a dipeptide, L-alanine-
L-glutamine at 200mM  

MEM NEAA (GibcoTM) Non-
essential amino acids 100X 

Supplied by Thermo Fisher, CO, 
USA, Cat #11140050 

Glycine, L-Alanine, L-Asparagine, L-
Aspartic acid, L-Glutamic Acid, L-Proline, 
L-Serine each at 10mM  

Penicillin  
 

Thermo Fisher, Australia, Cat # 
15140163  

5000 units Penicillin G (500 units)  

Streptomycin  Thermo Fisher, MO, USA, Cat# 
11860038 

5000 µg streptomycin sulfate in 0.85% 
saline 

 

Table 2.2 Chemicals and Antigens 
Reagent/Chemical name Supplier & Catalogue # Details 

Carboxyfluorescein diacetate 

succinimidyl ester (CFSE) 

 

Life Technologies, CA, 

USA, Cat #C1157 

CFSE was dissolved in dimethyl sulphoxide 

(DMSO) to a final concentration of 5mM 

and CFSE was stored frozen in aliquots at  

-80°C. Working solution kept at 0.1mM. 

Dulbecco’s Phosphate Buffered 

Saline 

Sigma-Aldrich, United 

Kingdom, Cat #D8537 

 

Dimethyl Sulfoxide Sigma-Aldrich, France, Cat 

#34869 

 

Ficoll-Paque GE Healthcare Bio-sciences, 

Uppsala, Sweden, Cat #17-

1440-03 

Used as a density gradient media to isolate 

PBMC; 15mL Ficoll-paque for 35mL of 

blood 

Fungizone (Amphotericin B) Apothecan, Princeton, NJ Used at 2.5 μg/mL. Stored at 250 μg/mL. 

PMA Sigma-Aldrich, MO, USA, 

Cat #L8902 

Stored at 1mg/mL in PBS.  

Ionomycin Calcium salt Sigma-Aldrich, MO, USA, 

Cat  #13090 

Dissolved in DMSO to give a 0.5mg/ml 

solution -20°C  

Tetanus toxoid  Staten’s Serum Institute, 

Denmark 

Used at 10Lfu/ml concentration. Stock at 

105 Lfu/ml  

Trypan Blue (0.1%) solution 

 

Sigma, United Kingdom. Cat  

#T8154 

Trypan Blue was diluted 1:1 when used to 

identify nonviable cells on a 

haemocytometer.   

Tween-20 Sigma-Aldrich, MO, USA, 

Cat #1002004876 

Used as ELISA wash buffer at 0.5% in PBS  
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Table 2.3 Monoclonal antibodies  
Specificity Species Clone 

Name 
Fluoro-
chrome 

Isotype Supplier 

Anti-Hu-CD3 Mouse OKT3  IgG2a WEHI mAb lab, 
Melbourne 

Anti-Hu-CD4  
 

Mouse OKT4 Alexa 647 IgG2b WEHI mAb lab, 
Melbourne 

Anti-HLA-DP Mouse B7/21  IgG2a WEHI mAb lab, 
Melbourne  

Anti-HLA-DQ Mouse SPV-L3  IgG2a WEHI mAb lab, 
Melbourne 

Anti-HLA-DR Mouse L243  IgG2a WEHI mAb lab, 
Melbourne 

 

Table 2.4 Recombinant Human Cytokines  
Cytokine Stock Concentration Catalogue No. Supplier 

IL-2 100,000U/ml 200-02 Peprotech, 
Rocky Hill, NJ, 

USA 
IL-4 10μg/ml 200-04 Peprotech, 

Rocky Hill, NJ, 
USA 

 

 

 
 



Chapter 2: Materials and Methods 

 41 

2.1.2 CELL LINES 

Table 2.5 Single HLA Class II -Expressing Cell lines 

  

 Table 2.6 EBV Transformed B-cell lines 

  

 

Cell line  HLA alleles Supplier/References 

T2 un-transfected  HLA negative  Supplied by A.W.Purcell, N.L.Dudek, Monash 

University, Melbourne, Australia 

T2 HLA-DQ8 HLA-DQA1*03:01 

HLA-DQB1*03:02 

Supplied by A.W.Purcell, N.L.Dudek, Monash 

University Melbourne, Australia 

T2 HLA-DQ2 HLA-DQA1*05:01 

HLA-DQB1*02:01 

Supplied by A.W.Purcell, N.L.Dudek, Monash 

University Melbourne, Australia 

T2 HLA-DQ8trans HLA-DQA1*05:01 

HLA-DQB1*03:02 

Supplied by A.W.Purcell, N.L.Dudek, Monash 

University Melbourne, Australia 

T2 HLA-DQ2trans HLA-DQA1*03:01 

HLA-DQB1*02:01 

Supplied by A.W.Purcell, N.L.Dudek, Monash 

University Melbourne, Australia 

BLS un-transfected BLS negative  Kovats S, et al  (270, 271)  

BLS DR1*0401 HLA-DRB1*04:01 Kovats S, et al  (270, 271) 

BLS DR1*0404 HLA-DRB1*04:04 Kovats S, et al  (270, 271) 

BLS DR1*0405 HLA-DRB1*04:05 Kovats S, et al  (270, 271) 

Name HLA Class I HLA Class II 

EBV KJ HLA-A*02:01 

HLA-B*08:01 

HLA-DRB1*03:01, 04:04;  

HLA-DQB1*02:01, 03:02 

EBV 9031 HLA-A*02:01 

HLA-B*15:01 

HLA-C*03:04 

HLA-DQA1*03:01:01 

HLA-DRB4*01:03:01:01  

HLA-DQB1*03:02:01 

EBV 9022 

 

 

HLA-A*01:01 

HLA-B*08:01:01 

HLA-C*07:01:01 

HLA-DQA1*05:01:01  

HLA-DRB1*02:01   

HLA-DQB1*02:01 
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2.1.3 SYNTHETIC PEPTIDES AND PRIMERS  
 
Peptides were synthesised by Purar Chemicals (Wuxi New District, China) or Genscript (Nanjing, 

China) using Fmoc chemistry. Peptides were purified by RP-HPLC to at least 85% purity and 

lyophilised. Peptides were reconstituted in 40% acetonitrile, 0.5% acetic acid, and water, or DMSO 

to 2.5 – 5mM, aliquoted and stored at -80oC. A full list of peptides is shown in Tables 2.7-2.16.  

Table 2.7 Human C-peptide  

Peptide name Peptide sequence 
Molecular 

weight 
Purity

% 
Full-length 
C-peptide EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ 3020.33 90.13 

 
Table 2.8 Overlapping human C-peptide peptides for coarse epitope mapping 

 
 
 
 

 
 

Peptides for fine epitope mapping 

Table 2.9 Bio21 Peptide #10 

Peptide name Peptide sequence Molecular 
weight 

Purity % 

Peptide 10.1 -AEDLQVGQVELGGGP 1468.60 89.51 
Peptide 10.2 --EDLQVGQVELGGGP 1397.52 98.58 
Peptide 10.3 ---DLQVGQVELGGGP 1268.40 96.27 
Peptide 10.4 EAEDLQVGQVELGGG- 1500.59 96.94 
Peptide 10.5 EAEDLQVGQVELGG-- 1443.54 96.78 
Peptide 10.6 EAEDLQVGQVELG--- 1386.49 95.89 
Peptide 10.7 EAEDLQVGQVEL---- 1329.44 98.31 
Peptide 10.8 EAEDLQVGQVE----- 1216.28 98.07 
Peptide 10.9 EAEDLQVGQV------ 1087.16 95.21 

 

Peptide name Sequence Molecular  
weight Purity % 

Bio21#10 RREAEDLQVGQVELGGGP 1910.1 97 
Bio21#11 LQVGQVELGGGPGAGSLQ 1666.9 86 
Bio21#12 ELGGGPGAGSLQPLALEG 1622.8 79 
Bio21#13 GAGSLQPLALEGSLQKRG 1782.1 84 
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Table 2.10 Bio21 Peptide #11  

Peptide name Peptide sequence Molecular 
weight 

Purity % 

QVG-17-PI -QVGQVELGGGPGAGSLQ 1553.71 92.69 
VGQ-16-PI --VGQVELGGGPGAGSLQ 1425.57 92.61 
GQV-15-PI ---GQVELGGGPGAGSLQ 1326.44 89.87 
QVE-14-PI ----QVELGGGPGAGSLQ 1269.36 94.95 
VEL-13-PI -----VELGGGPGAGSLQ 1141.26 89.99 
ELG-12-PI ------ELGGGPGAGSLQ 1042.12 86.62 
LQV-17-PI LQVGQVELGGGPGAGSL- 1538.73 92.62 
LQV-15-PI LQVGQVELGGGPGAG--- 1338.49 85.43 
LQV-14-PI LQVGQVELGGGPGA---- 1281.44 95.58 
LQV-13-PI LQVGQVELGGGPG----- 1210.36 92.50 
LQV-12-PI LQVGQVELGGGP------ 1153.31 86.15 

 
 
Table 2.11 Bio21 Peptide #12 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 2.12 Bio21 Peptide #13 

Peptide name Peptide sequence Molecular 
weight 

Purity % 

Peptide 13.1 GAGSLQPLALEGSL- 1312.50 94.99 
Peptide 13.2 GAGSLQPLALEGS-- 1199.34 95.55 
Peptide 13.3 -AGSLQPLALEGSLQ 1383.58 91.28 
Peptide 13.4 --GSLQPLALEGSLQ 1312.50 95.64 
Peptide 13.5 ---SLQPLALEGSLQ 1255.44 96.76 
Peptide 13.6 ----LQPLALEGSLQ 1168.37 98.33 
Peptide 13.7 -----QPLALEGSLQ 1055.21 96.26 

 

Peptide name Peptide Sequence Molecular 
weight 

Purity % 

GPG-16-PI GPGAGSLQPLALEGSL 1466.67 96.57 
PGA-15-PI -PGAGSLQPLALEGSL 1409.61 89.92 
GAG-14-PI --GAGSLQPLALEGSL 1312.50 95.41 
AGS-13-PI ---AGSLQPLALEGSL 1255.44 96.20 
GSL-12-PI ----GSLQPLALEGSL 1184.37 97.55 
SLQ-11-PI -----SLQPLALEGSL 1127.31 96.30 
GPG-15-PI GPGAGSLQPLALEGS- 1353.51 90.41 
GPG-14-PI GPGAGSLQPLALEG-- 1266.43 97.55 
GPG-13-PI GPGAGSLQPLALE--- 1209.38 94.50 
GPG-12-PI GPGAGSLQPLAL---- 1080.26 90.87 
GPG-11-PI GPGAGSLQPLA----- 967.10 97.28 
GPG-10-PI GPGAGSLQPL------ 896.02 93.53 
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Table 2.13 Truncated full-length C-peptide 

Peptide name Peptide sequence 
Molecular 

weight 
Purity

% 
Truncated C-peptide 

#1 EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ 3020.33 87.23 
Truncated C-peptide 

#2 ---DLQVGQVELGGGPGAGSLQPLALEGSLQ 2690.99 89.74 
Truncated C-peptide 

#3 ------VGQVELGGGPGAGSLQPLALEGSLQ 2334.61 88.36 
Truncated C-peptide 

#4 ---------VELGGGPGAGSLQPLALEGSLQ 2050.30 92.69 
Truncated C-peptide 

#5 ------------GGGPGAGSLQPLALEGSLQ 1708.89 87.19 
Truncated C-peptide 

#6 EAEDLQVGQVELGGGPGAGSLQPLALEG--- 2691.93 85.23 
Truncated C-peptide 

#7 EAEDLQVGQVELGGGPGAGSLQPLA------ 2392.60 88.80 
Truncated C-peptide 

#8 EAEDLQVGQVELGGGPGAGSLQ--------- 2111.25 95.93 
 
Table 2.14 Truncated C-peptide #5 

Peptide name Peptide sequence 
Molecular 

weight 
Purity 

% 
Truncated C-pep 5a -GGPGAGSLQPLALEGSLQ 1651.85 98.16 
Truncated C-pep 5b --GPGAGSLQPLALEGSLQ 1594.80 90.41 
Truncated C-pep 5c ---PGAGSLQPLALEGSLQ 1537.75 96.66 
Truncated C-pep 5d GGGPGAGSLQPLALEGSL- 1580.77 95.74 
Truncated C-pep 5d GGGPGAGSLQPLALEGS-- 1467.61 90.23 

 
Table 2.15 Truncated C-peptide #7 

Peptide name Peptide sequence 
Molecular 

weight Purity % 
Truncated C-pep 7a -AEDLQVGQVELGGGPGAGSLQPLA 2263.51 96.46 
Truncated C-pep 7b --EDLQVGQVELGGGPGAGSLQPLA 2192.43 98.35 
Truncated C-pep 7c EAEDLQVGQVELGGGPGAGSLQPL- 2321.55 96.11 
Truncated C-pep 7d EAEDLQVGQVELGGGPGAGSLQP-- 2208.39 97.06 
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Table 2.16 Truncated C-peptide #8 

Peptide name Peptide sequence 
Molecular 

weight Purity % 
Truncated C-pep 8a EAEDLQVGQVELGGGPGAGSL 1983.14 91.53 
Truncated C-pep 8b EAEDLQVGQVELGGGPGAGS- 1869.97 85.85 
Truncated C-pep 8c EAEDLQVGQVELGGGPGAG-- 1782.9 86.23 
Truncated C-pep 8d EAEDLQVGQVELGGGPGA--- 1725.84 94.33 
Truncated C-pep 8e EAEDLQVGQVELGGGPG---- 1654.76 94.4 

 

Table 2.17 Truncated C-peptide #5 with substitutions  

Peptide name Peptide sequence 
Molecular 

weight Purity % 
Truncated C-pep 5b sub1  AGAGSLQPLALEGSLQ 1511.71 86.71 
Truncated C-pep 5b sub2 PKAGSLQPLALEGSLQ 1608.87 95.41 
Truncated C-pep 5b sub3 PGKGSLQPLALEGSLQ 1594.84 91.43 
Truncated C-pep 5b sub4 PGAKSLQPLALEGSLQ 1608.87 97.11 
Truncated C-pep 5b sub5 PGAGKLQPLALEGSLQ 1578.84 96.51 
Truncated C-pep 5b sub6 PGAGSAQPLALEGSLQ 1495.67 91.63 
Truncated C-pep 5b sub7 PGAGSLAPLALEGSLQ 1480.69 96.25 
Truncated C-pep 5b sub8 PGAGSLQALALEGSLQ 1511.71 95.14 
Truncated C-pep 5b sub9 PGAGSLQPAALEGSLQ 1495.67 92.25 
Truncated C-pep 5b sub10 PGAGSLQPLKLEGSLQ 1594.84 97.30 
Truncated C-pep 5b sub11 PGAGSLQPLAAEGSLQ 1495.67 92.25 
Truncated C-pep 5b sub12 PGAGSLQPLALAGSLQ 1479.71 93.68 
Truncated C-pep 5b sub13 PGAGSLQPLALEKSLQ 1608.87 89.47 
Truncated C-pep 5b sub14 PGAGSLQPLALEGKLQ 1578.84 95.47 
Truncated C-pep 5b sub15 PGAGSLQPLALEGSAQ 1495.67 93.77 
Truncated C-pep 5b sub16 PGAGSLQPLALEGSLA 1480.60 92.92 
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Table 2.18 Primers targeting T cell receptor alpha (TRA) genes 
 

Ext/Int primers TRA gene targeted by 
primer 

Sequence 

TRAV1 Ext TRAV1    AACTGCACGTACCAGACATC 
TRAV2 Ext TRAV2    GATGTGCACCAAGACTCC 
TRAV3 Ext TRAV3    AAGATCAGGTCAACGTTGC 
TRAV4 Ext  TRAV4    CTCCATGGACTCATATGAAGG 
TRAV5 Ext TRAV5    CTTTTCCTGAGTGTCCGAG 
TRAV6 Ext TRAV6    CACCCTGACCTGCAACTATAC 
TRAV7 Ext TRAV7    AGCTGCACGTACTCTGTCAG 
TRAV8-1 Ext TRAV8-1    CTCACTGGAGTTGGGATG 
TRAV8-2/4 Ext   TRAV8-2, 8-4    GCCACCCTGGTTAAAGG 
TRAV8-3 Ext    TRAV8-3    CACTGTCTCTGAAGGAGCC 
TRAV8-6 Ext TRAV8-6    GAGCTGAGGTGCAACTACTC 
TRAV8-7 Ext TRAV8-7    CTAACAGAGGCCACCCAG 
TRAV9 Ext  TRAV9-1, 9-2    TGGTATGTCCAATATCCTGG 
TRAV10 Ext TRAV10    CAAGTGGAGCAGAGTCCTC 
TRAV12 Ext TRAV12-1, 12-2, 12-3    CARTGTTCCAGAGGGAGC 
TRAV13-1 Ext TRAV13-1    CATCCTTCAACCCTGAGTG 
TRAV13-2 Ext  TRAV13-2    CAGCGCCTCAGACTACTTC 
TRAV14 Ext TRAV14    AAGATAACTCAAACCCAACCAG 
TRAV16 Ext TRAV16    AGTGGAGCTGAAGTGCAAC 
TRAV17 Ext TRAV17    GGAGAAGAGGATCCTCAGG 
TRAV18 Ext TRAV18    TCCAGTATCTAAACAAAGAGCC 
TRAV19 Ext TRAV19    AGGTAACTCAAGCGCAGAC 
TRAV20 Ext TRAV20    CACAGTCAGCGGTTTAAGAG 
TRAV21 Ext TRAV21    TTCCTGCAGCTCTGAGTG 
TRAV22 Ext TRAV22    GTCCTCCAGACCTGATTCTC 
TRAV23 Ext TRAV23    TGCTTATGAGAACACTGCG 
TRAV24 Ext TRAV24    CTCAGTCACTGCATGTTCAG 
TRAV25 Ext TRAV25    GGACTTCACCACGTACTGC 
TRAV26-1 Ext TRAV26-1    GCAAACCTGCCTTGTAATC 
TRAV26-2 Ext TRAV26-2    AGCCAAATTCAATGGAGAG 
TRAV27 Ext TRAV27    TCAGTTTCTAAGCATCCAAGAG 
TRAV29 Ext TRAV29    GCAAGTTAAGCAAAATTCACC 
TRAV30 Ext TRAV30    CAACAACCAGTGCAGAGTC 
TRAV34 Ext TRAV34    AGAACTGGAGCAGAGTCCTC 
TRAV35 Ext TRAV35    GGTCAACAGCTGAATCAGAG 
TRAV36 Ext TRAV36    GAAGACAAGGTGGTACAAAGC 
TRAV38 Ext    TRAV38-1, 38-2    GCACATATGACACCAGTGAG 
TRAV39 Ext TRAV39    CTGTTCCTGAGCATGCAG 
TRAV40 Ext TRAV40    GCATCTGTGACTATGAACTGC 
TRAV41 Ext TRAV41    AATGAAGTGGAGCAGAGTCC 
TRAC Ext TRAC    GACCAGCTTGACATCACAG 
TRAC Int TRAC TGTTGCTCTTGAAGTCCATAG 

 
!  
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Table 2.19 Primers targeting T cell receptor beta (TRB) genes 
!

Ext/Int primers TRA gene targeted by primer Sequence 
TRBV2 Ext   TRBV2      TCGATGATCAATTCTCAGTTG 
TRBV3 Ext    TRBV3-1      CAAAATACCTGGTCACACAG 
TRBV4 Ext      TRBV4-1, 4-2, 4-3      TCGCTTCTCACCTGAATG 
TRBV5-a Ext    TRBV5-1, 5-3, 5-4      GATTCTCAGGKCKCCAGTTC 
TRBV5-b Ext     TRBV5-5, 5-6, 5-7, 5-8      GTACCAACAGGYCCTGGGT 
TRBV6-a Ext TRBV6-1 – 6-9 ACTCAGACCCCAAAATTCC 
TRBV6-4 Ext TRBV6-4      ACTGGCAAAGGAGAAGTCC 
TRBV7-a Ext     TRBV7-1, 7-2, 7-3      TRTGATCCAATTTCAGGTCA 
TRBV7-b Ext   TRBV7-4, 7-6, 7-7, 7-8, 7-9      GSWTCTYTGCAGARAGGCC 
TRBV9 Ext TRBV9    GATCACAGCAACTGGACAG 
TRBV10 Ext  TRBV10-1, 10-2, 10-3      TGTWCTGGTATCGACAAGACC 
TRBV11 Ext TRBV11-1, 11-2, 11-3      CGATTTTCTGCAGAGACGC 
TRBV12 Ext TRBV12-3, 12-4, 12-5      ARGTGACAGARATGGGACAA 
TRBV13 Ext TRBV13      AGCGATAAAGGAAGCATCC 
TRBV14 Ext    TRBV14      CCAACAATCGATTCTTAGCTG 
TRBV15 Ext TRBV15     AGTGACCCTGAGTTGTTCTC 
TRBV16 Ext TRBV16      GTCTTTGATGAAACAGGTATGC 
TRBV17 Ext TRBV17    CAGACCCCCAGACACAAG 
TRBV18 Ext  TRBV18      CATAGATGAGTCAGGAATGCC 
TRBV19 Ext  TRBV19      AGTTGTGAACAGAATTTGAACC 
TRBV20 Ext    TRBV20-1      AAGTTTCTCATCAACCATGC 
TRBV23 Ext    TRBV23-1      GCGATTCTCATCTCAATGC 
TRBV24 Ext   TRBV24-1      CCTACGGTTGATCTATTACTCC 
TRBV25 Ext  TRBV25-1      ACTACACCTCATCCACTATTCC 
TRBV27,28 Ext   TRBV27, 28      TGGTATCGACAAGACCCAG 
TRBV29 Ext TRBV29-1      TTCTGGTACCGTCAGCAAC 
TRBV30 Ext TRBV30      TCCAGCTGCTCTTCTACTCC 
TRBV2 Int   TRBV2      TTCACTCTGAAGATCCGGTC 
TRBV3 Int    TRBV3-1      AATCTTCACATCAATTCCCTG 
TRBV4 Int      TRBV4-1, 4-2, 4-3      CCTGCAGCCAGAAGACTC 
TRBV5-a Int    TRBV5-1, 5-3, 5-4      CTTGGAGCTGGRSGACTC 
TRBV5-b Int     TRBV5-5, 5-6, 5-7, 5-8      TCTGAGCTGAATGTGAACG 
TRBV6-a Int TRBV6-1- 6-9 GTGTRCCCAGGATATGAACC 
TRBV6-4 Int TRBV6-4      TGGTTATAGTGTCTCCAGAGC 
TRBV7-a Int     TRBV7-1, 7-2, 7-3      TCYACTCTGAMGWTCCAGCG 
TRBV7-b Int   TRBV7-4, 7-6, 7-7, 7-8, 7-9      TGRMGATYCAGCGCACA 
TRBV9 Int TRBV9    GTACCAACAGAGCCTGGAC 
TRBV10 Int  TRBV10-1, 10-2, 10-3      TCCYCCTCACTCTGGAGTC 
TRBV11 Int TRBV11-1, 11-2, 11-3      GACTCCACTCTCAAGATCCA 
TRBV12 Int TRBV12-3, 12-4, 12-5      CYACTCTGARGATCCAGCC 
TRBV13 Int TRBV13      CATTCTGAACTGAACATGAGC 
TRBV14 Int    TRBV14      ATTCTACTCTGAAGGTGCAGC 
TRBV15 Int TRBV15     ATAACTTCCAATCCAGGAGG 
TRBV16 Int TRBV16      GAAAGATTTTCAGCTAAGTGCC 
TRBV17 Int TRBV17    TGTTCACTGGTACCGACAG 
TRBV18 Int  TRBV18      CGATTTTCTGCTGAATTTCC 
TRBV19 Int  TRBV19      TTCCTCTCACTGTGACATCG 
TRBV20 Int    TRBV20-1      ACTCTGACAGTGACCAGTGC 
TRBV23 Int    TRBV23-1      GCAATCCTGTCCTCAGAAC 
TRBV24 Int   TRBV24-1      GATGGATACAGTGTCTCTCGA 
TRBV25 Int  TRBV25-1      CAGAGAAGGGAGATCTTTCC 
TRBV27,28 Int   TRBV27, 28      TTCYCCCTGATYCTGGAGTC 
TRBV29 Int TRBV29-1      TCTGACTGTGAGCAACATGAG 
TRBV30 Int TRBV30      AGAATCTCTCAGCCTCCAGAC 
TRBC Int TRBC TTCTGATGGCTCAAACACAG 
TRBC Ext TRBC TAGAACTGGACTTGACAGCG 
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2.2 METHODS USED IN MULTIPLE CHAPTERS 
 
2.2.1 Subjects 

Ethical approval was given by St Vincent’s Hospital (HREC-A 135/08), Royal Melbourne 

Hospital (2009.026) and Monash Health (12185B) ethics committees. All participants provided 

written informed consent after the nature and possible consequences of participation were 

explained. Participants (aged 3-45 years) without T1D or diagnosed with T1D were recruited. 

Type 1 diabetes was diagnosed according to American Diabetes Association criteria (272). 

Subjects on steroids or immunomodulatory drugs, or pregnant were excluded from the study. 

 
2.2.2 CFSE-based proliferation assays.  

CD4+ T-cell proliferation to peptides was measured using the CFSE (5,6- carboxylfluorescein 

diacetate succinimidyl ester)-based proliferation assay (212). PBMC were labelled with 0.1µM 

CFSE and cultured (0.1x106 cells in 0.1 ml were cultured in sterile 96-well plates, 9 wells per 

peptide). CFSE-labelled PBMC were cultured: without antigen, with the peptide of interest, or 

with tetanus toxoid (10LfU/ml). After 7 days of culture the cells were washed in PBS and stained 

on ice with anti-human CD4-AlexaFluor-647 (clone OKT4, WEHI mAb lab, Melbourne, 

Australia). Optimal compensation and gain settings for the flow cytometer were determined for 

each experiment based on unstained and single stained samples. Propidium iodide (PI) was 

added to exclude dead cells. CD4+ T-cell proliferation was measured by determining the number 

of CD4+, CFSEdim cells for every 5,000 CD4+ CFSEbright cells. The results were presented as a cell 

division index (CDI) which is the ratio of the number of CD4+ cells that have proliferated in the 

presence of antigen: without antigen as described previously (212). 

 

2.2.3 Statistical analysis 
Prism 7 was used to analyse the data and perform statistical analysis. Comparisons between 

group data (mean ± SEM) were made using unpaired Welch’s two-tailed t test for parametric 

data and the Mann-Whitney U test for non-parametric data as indicated. Statistical significance 

was defined as p<0.05. 
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3.1 INTRODUCTION 
 
Currently, the diagnosis of type 1 diabetes (T1D) is made at the onset of symptoms. Relative 

insulin insufficiency results in symptoms of hyperglycaemia and the diagnosis is confirmed with 

the measurement of dysregulated glucose metabolism (272). However, there is a long prodrome 

of immune-mediated !-cell destruction which occurs silently prior to the onset of clinical disease 

(131). A robust T-cell biomarker to track the immunological correlate of !-cell destruction 

remains an unrealised goal (191). 
 

CD4+ T cells are key orchestrators of effector cells in the autoimmune destruction of the !-cell, 

(42, 67, 68, 188, 273). An assay to monitor islet antigen-specific CD4+ T-cell activity would 

therefore make an ideal biomarker for autoimmunity associated with T1D. A T-cell biomarker is 

most urgently needed to provide a surrogate end point for clinical trials investigating disease-

modifying therapy (274). The only therapeutic end points available at present are the 

measurement of pancreatic reserve using fasting or stimulated C-peptide levels paired with 

plasma glucose (275). Unlike insulin, C-peptide is not significantly cleared by the liver and it 

maintains linear kinetics at physiological and supraphysiologic plasma concentrations (276). 

Therefore C-peptide plasma levels are considered a more accurate reflection of insulin 

production than insulin itself (206, 277). Changes in markers of pancreatic function are only 

detectable with advanced !-cell loss. This limits clinical trials to the later stages of disease where 

only a remnant of functional !-cell mass remains and requires a long trial duration before 

outcome measures are achieved. A lack of a surrogate end point in T1D has significantly 

hampered the development of disease-modifying therapeutics. 

 

What are the features of the ideal T-cell biomarker to monitor disease progression in T1D? The 

ideal assay would: require <5 mL of blood, have minimal inter- and intra-assay variability, 

perform equally well with both a fresh or a frozen specimen, and be technically simple to 

perform (206). However, the most important feature would be its ability to accurately measure 

islet autoimmunity particularly to distinguish between effector and regulatory T-cell responses 
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against beta cells. The low frequency of beta-cell specific CD4+ T cells in peripheral blood and a 

lack of knowledge of their antigen specificity has made progress in this area slow (207).  

 

Two assays have shown particular sensitivity and specificity in detecting rare autoreactive T 

cells in T1D – the 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE)-based 

proliferation assay (239) and the enzyme-linked immunospot (ELISpot) assay (278).  The CFSE-

based proliferation assay is one of the most sensitive and specific assays to detect rare antigen-

specific T cells from the peripheral blood (212, 279). Because it is a dye-based proliferation 

assay, analysed by flow cytometry, the proliferating population of cells can be cloned based on 

their cell surface markers for further characterisation (214). The ELISpot  assay is one of the 

most frequently used functional assays for single-cell analysis due to its sensitivity and relative 

simplicity (280). It is capable of detecting effector (i.e. IFN-" ) and regulatory cytokines (i.e. IL-

10) theoretically at a single-cell level, thus enabling qualitative and quantitative measurement of 

antigen-specific immune responses.  

 

Standardisation is critical to minimise intra- and inter-assay variability of T-cell biomarker 

assays (281). Despite the simplicity of the ELISpot assay protocol, proficiency panels revealed 

dramatic differences in the results from an IFN-" ELISpot assay using the same sample (218, 

282, 283). The lack of reproducibility and the assay variability was found to be due to key 

protocol variables, including evaluation of the ELISpot plate. Successful harmonisation of the 

ELISpot protocol has since been achieved (281-284). This has allowed its use in numerous fields 

of immunology, from basic research to diagnostics (280). However, the CFSE-based 

proliferation assay has yet to undergo protocol standardisation. In particular, standardisation of 

the gating parameters is needed to minimise intra- and inter-assay variability. Manual non-

standardised analysis of flow cytometric readouts leads to technical variability. It has been 

estimated that inter-user variability can be up to 78% where subjective gating is used (285). 

 

Because C-peptide from proinsulin is recognised by human islet-infiltrating CD4+ T cells, C-

peptide-specific CD4+ T-cells as a potential T-cell biomarker in T1D were investigated. In this 

chapter, the CFSE-based proliferation assay was optimised for detection of C-peptide-specific 

CD4+ T cells.  
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3.2 MATERIALS AND METHODS  

 
3.2.1 Subjects 

Details subject recruitment are outlined in Materials and Methods Chapter 2.2. 
 

3.2.2 CFSE-based proliferation assay 

CFSE-based proliferation assay performed as described in Materials and Methods Chapter 2.2.  

 

3.2.3 PBMC IFN-" ELISpot assay 

IFN-γ ELISpot was performed as previously described (286). Briefly, 10 μg/mL of anti-human 

IFN-γ mAb 1-D1K (Mabtech, Sweden, Cat #3420-2A) in PBS (50 μL/well) was added to a 96-

well ELISpot plate (MILLIPORE Multiscreen-IP Sterile Plate, Ireland, Cat #MAIPS4510) and 

incubated at 4oC overnight. The coating antibody solution was then flicked out and wells washed 

three times with DPBS. Fifty μL/well of blocking solution (10% FCS/PRMI) was added to each 

well and incubated at 37oC for 1 hour. Blocking solution was flicked out and PBMC in 5% 

PHS/RPMI complete media at 0.5x106 cells/mL was added at 100μL/well after passing cells 

through a 45μM nylon cell strainer (Falcon, NY, USA, Cat #352340). Peptide was added to a 

final concentration of 10μM in 25 μL. Plates were incubated overnight at 37oC/5% CO2. The 

next day the cells were flicked out and the plates washed with cold (4oC) water once, 

0.1%Tween-20/DPBS three times, and finally DPBS three times. Anti-human IFN-γ mAb 7-B6-

1-biotin in 0.5% FCS/PBS (1μg/mL) was add at 50μL/well. Plates were incubated at room 

temperature for 1 hour and antibody solution was flicked out and the plates were washed three 

times with 0.1% Tween-20/PBS, then three more times with PBS. Streptavidin-alkaline 

phosphatase (ALP), in 0.5% FCS/PBS, was added (50μL/well) and the plates were incubated at 

room temperature for 45 minutes. The ALP Solution was flicked out and the plates were washed 

as per last step. Finally, BCIP/NBT was filtered with a 0.45μM filter (Sartorius, Germany, Cat 

#16534) and mixed 1:1 with distilled water. Substrate solution was added (50μL/well) to each 

well. Once spots developed, the reaction was stopped by thoroughly rinsing the plate under cold 

tap water. The cover on the bottom of the plate was removed and the base was washed. The 

entire plate was then soaked for 15 minutes in cold water before drying in the dark at room 

temperature. Spots were counted on an automated ELISpot reader (Autoimmun Diagnostika, 
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Germany). Responses were expressed as spot-forming units (SFU)/106 PBMC and were 

considered significant if greater than three times NIL (no antigen) and >10 SFU/well.  

 

3.2.4 Cell freezing 

PBMCs#were#frozen#at#5x106#/vial#in#1.0mL#of#either:#10%#DMSO/foetal#bovine#serum#(FBS,#

Assay#Matrix,#USA,#Cat##ASFBS)U),#10%#DMSO/pooled#human#male#serum#(PHS)#or#10%#

DMSO/serum)free#media#(“Cellular#Technology#Limited”#or#CTL)CryoTM#solution#ABC,#

Immunospot,#USA,#Cat##CTLC)ABC).#To#freeze#counted#cells#were#centrifuged#at#1,600#rpm#

for#5#minutes.#The#cell#pellet#was#resuspended#in#either:#FBS,#PHS#or#CTL#solution#C#and#an#

equal#volume#of#either:##20%#DMSO/FBS#or#20%#DMSO/PHS#or#CTL#solution#AB#was#added.#

The#cell#suspension#was#aliquoted#into#labelled#cryotubes#(Nalgene,#Thermo#Scientific,#

Denmark,#Cat###5000)1012).#The#vials#were#then#placed#in#a#‘Mr#Frosty’#(Nalgene,#Thermo#

Scientific,#Denmark,#Cat###5100)0001)#containing#iso)propanol#and#stored#in#)80oC#freezer#

for#24#hours#before#transfer#to#long)term#liquid#nitrogen#freezers.###########

!

To#thaw#cells,#vials#were#removed#from#liquid#nitrogen#and#thawed#in#a#37oC#water)bath.#

DPBS#was#gradually#added#to#thawed#cells#and#then#centrifuged#at#1,600#rpm#for#5#minutes.#

Cell#pellets#were#resuspended#in#tissue#culture#media.##

!
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3.3 RESULTS 
3.3.1 Standardisation of gating parameters 

To limit technical variability due to allocation of gating parameters, objective positions were 

assigned for the gating of the CD4+ CFSEdim subset. An objective position for the top and left 

border of the CFSEdim gate were set as the top and left edge of the plot respectively (Figure 

3.1B). The CFSEdim gate was then further optimised in two stages (Figure 3.1 and 3.2). Firstly, to 

set the right-hand border of the CFSEdim gate the mean fluorescence intensity (MFI) of the CFSE 

staining of the undivided CD4+ T-cell (CFSEbright) population was calculated (Figure 3.1A & C). 

As the fluorescence intensity of CFSE-stained cells halves with each cell division (213), the MFI 

of the CFSEbright population was divided by 8 (23), a loss of fluorescence equivalent to three cell 

divisions (Figure 3.1C). Hence, the first adjustment of the CFSEdim gate was to set its right-hand 

border of the CFSEdim gate at the MFI of the CFSE staining of the CFSEbright population, divided 

by 8. This first adjustment is demonstrated in Figure 3.2A. Using CD4+ T-cell responses to C-

peptide, there was no statistically significant difference between the cell division index (CDI) 

using the CFSEdim gate with the right-hand border adjusted, compared to the CDI calculated with 

the old gating parameters in both subjects without T1D (n=11) and subjects with T1D (n=16) 

(Figure 3.3A). 

 

The second stage was to set the lower border of the CFSEdim gate at an objective position. This 

position was set at the MFI of the CD4 staining of the CFSEbright population (Fig 3.1D). There 

was no statistically significant change in the CD4+ T-cell response to C-peptide after this second 

stage of optimisation – i.e. the adjustment of the lower border of the CFSEdim gate, in subjects 

without T1D (n=10). There was however a statistically significant increase in CDI for subjects 

with T1D (n=12) (p=0.03; Figure 3.3B). This new CFSEdim gate with all four borders being set 

using objective parameters will hitherto be referred to as “revised” gating (Figure 3.2B). A 

comparison between the old gating parameters and the revised gating parameters is shown in 

Figure 3.2C-E.   
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Figure 3.1 Representative flow cytometry plot displaying reference points for adjusted 
gating of CFSEdim gate. A flow cytometry plot of a CD4+ T-cell response to tetanus toxoid using 
a CFSE-based proliferation assay. (A) The upper right-hand gate includes CD4+ CFSEbright cells 
that did not proliferate in the presence of antigen. (B) The second gate includes the CD4+ 
CFSEdim cells that proliferated in the presence of antigen. Representative of a CD4+ CFSEdim gate 
as would be set subjectively (“old gating”). (C) The arrows labeled; 0, 1, 2 and 3 indicate the 
numbers of cell divisions, equivalent to MFI divided by 1 2, 4 and 8 respectively. (D) The green 
arrow indicates the MFI of CD4, expressed by the CFSEbright population. 
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Figure 3.2 Representative flow cytometry plots displaying subjective gating and adjusted 
gating of CFSEdim gate. 
(A) Representative of a CD4+ CFSEdim gate with the left-hand border set at the left edge of the 
plot, the top border set at the top edge of the plot, and the right-hand border set at the MFI of the 
CFSEbright population in the CFSE parameter divided by 8. The 3 above the arrow referring to 3 
cell divisions. (B) ‘Revised’ gating: representative of a CD4+ CFSEdim gate with the bottom 
border set at the MFI of the CFSEbright population in the CD4 parameter and the remaining 
borders set as per (A). C-E Comparison of the two gating strategies for CFSEdim gate illustrated 
for CFSE assays with (C) nil antigen, (D) tetanus toxoid and (E) C-peptide. Old gating 
parameters represented in pink, revised gating parameters represented in green.  

 

B!A!

C! D! E!
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Figure 3.3 A comparison of the CDI calculated using old gating versus revised gating 
parameters. CD4+ T-cell responses to C-peptide in peripheral blood were measured with the 
CFSE-based proliferation assay. The magnitude of the response is expressed as the cell division 
index (CDI). Each point represents an individual. (A) The means of triplicate CDI for responses 
to C-peptide in individuals without T1D (n=13) and with T1D (n=16) are plotted. Old gating 
refers to the CD4+ CFSEdim gate being set subjectively. “Initial adjustment” refers to the CD4+ 
CFSEdim gate being set with the left-hand border set at the left edge of the plot, the top border set 
at the top edge of the plot, and the right-hand border set at the MFI of the CFSEbright population in 
the CFSE parameter divided by 8 (as demonstrated in figure 3.2A). (B) The means of triplicate 
CDI for responses to C-peptide in individuals without T1D (n=10) and with T1D (n=12) are 
plotted. ‘Revised gating’ refers to the CFSEdim gate set as per the “initial adjustment” with the 
addition of the lower border of the gate set at the MFI of the CFSEbright population in the CD4 
parameter (as demonstrated in figure 3.2B). Statistical significance was determined using paired 
two-tailed t test and was defined as p<0.05. 
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3.3.2 Inter-assay variability  

To determine the inter-assay variability, we repeated the CFSE-based proliferation assay to 

measure CD4+ T-cell responses to C-peptide at different time points in six subjects with T1D and 

two subjects without T1D (Figure 3.4B). CD4+ T-cell responses to tetanus toxoid (TT) were also 

measured with each experiment (Figure 3.4A). The revised gating parameters was used. The 

coefficient of variation (CV) for CD4+ T cell responses to C-peptide (CDI) ranged between 

18.8% - 149%, with a mean of 88.1% (Figure 3.4C). The CV for CD4+ T-cell responses to TT 

ranged from 30.9% - 112.3% with a mean of 71.2% (Figure 3.4C). There was no statistically 

significant difference between the CVs for CD4+ T-cell responses to C-peptide compared to the 

CVs for CD4+ T-cell responses to TT (p=0.423).  The agreement for C-peptide-specific CD4+ T-

cell responses between test samples within the same donor ranged between 50-100% where a 

positive response was defined as CDI %3.0 (Table 3.1). The agreement for TT responses was 

100% for all subjects except for one where the range of the CDI was between 1.9-4.3, 2 of 3 

results being %3.0 

 

Table 3.1 Proportion of agreement between repeat evaluation of C-peptide-specific CD4+ T-
cell responses from the same donor.  

SUBJECT N AGREEMENT*  

(%) 

95% CI 

T1D 1 3 67 -58.2–101.3 

T1D 2 4 50 -17.0–41.7 

T1D 3 5 100 -10.8–68.0 

T1D 4 3 67 -2.3–9.5 

T1D 5 3 67 -11.6–25.0 

T1D 6 3 100 0.7–2.0 

NON-T1D 1 3 67 -0.8–8.4 

NON-T1D 2 3 67 -0.3–5.4 

* where the cut-off for a detectable T-cell proliferation was defined as CDI %3 
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Figure 3.4 Analysis of inter-assay variability of CD4+ T-cell responses as measured with the 
CFSE-based proliferation assay. 
CD4+ T-cell responses to (A) tetanus-toxoid or (B) C-peptide in peripheral blood were measured 
with the CFSE-based proliferation assay at different times. The magnitude of the response is 
expressed as the Cell Division Index (CDI). The means of triplicate CDI’s in individuals with 
type 1 diabetes (n=6), and without type 1 diabetes (n=2) are plotted. A CDI of 3.0 is marked as a 
dotted line to indicate the limit for a positive response. Each line represents an individual. 
Coloured lines represent subjects with T1D, black lines with open symbols represent subjects 
without T1D. (C) The coefficient of variation (CV) of repeated experiments with the CFSE-
based proliferation assay in an individual is plotted. TT refers to CV for repeated measures of 
CD4+ T-cell responses to tetanus toxoid (0.3LF/mL). C-peptide refers to CV calculated for 
repeated measures of CD4+ T-cell responses to C-peptide (10µM). Each point represents an 
individual. Statistical significance was determined using unpaired Welch’s two-tailed t test and 
was defined as p<0.05.   
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3.3.3 Optimising the minimum nil antigen events 

The revised gating parameters reduced the number of events included in the CD4+ CFSEdim gate 

compared to the old gating parameters. In some assays, this resulted in a very low number of 

events in the ‘nil antigen’ sample (Fig 3.2C). If the number of events in ‘nil antigen’ neared zero, 

the CDI increased dramatically and greatly increased inter-assay variation. In addition, where no 

events were detected in the ‘nil antigen’ sample a CDI could not be calculated. Therefore, the 

optimal number to use in a CDI calculation when the average number of events in the absence of 

antigen is <1.5 was determined.  Five subjects with T1D and five without T1D had an average 

number of events in the ‘nil antigen’ gate of <1.5. Analysing CD4+ T-cell responses to C-peptide, 

the CDI was calculated with: i) the number of events for ‘nil antigen’ was left unchanged (“as 

calculated”), ii) set at one event, iii) two events or iv) three events (Figure 3.5A). The assay had 

optimal specificity when the background number of events was set at 2.0 (Figure 3.5B). 

Maximum sensitivity was achieved when the number of background events was left “as 

calculated” (Figure 3.5B).  

 

!  
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Figure 3.5 A comparison of the calculated CDI using different predefined minimum 
number of background events. 
(A) CD4+ T-cell responses to C-peptide in peripheral blood were measured with the CFSE-based 
proliferation assay. The magnitude of the response is expressed as the cell division index (CDI). 
Each line represents an individual. Each point represents the mean of triplicate CDIs. Five 
subjects with T1D and five without T1D. In each case the average number of events in the 
absence of antigen was <1.5 per 5,000 CD4+ events. Here, the CDI was recalculated with the 
number of events in the absence of antigen set at the original calculated value, or 1, 2 or 3. (B) 
The percentage of subjects who would be considered having a positive response to C-peptide 
where a CDI of %3.0. 
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3.3.4 The CFSE-based proliferation assay is more sensitive than ELISpot in detecting CD4+ 

T-cell responses 

Next the sensitivity of the CFSE-based proliferation assay was compared with the IFN-" ELISpot 

assay. CD4+ T-cell responses to C-peptide were measured from the same sample by CFSE-based 

proliferation assay and IFN-" ELISpot. Both assays were set up on the same day using fresh 

PBMCs. PBMC from nine subjects with T1D, and three subjects without T1D were analysed. No 

more than two subjects were analysed on any given day (Figure 3.6). The mean CDI, for 

responses to C-peptide, in subjects with T1D was 23.6 (SEM ±8.7) compared to 1.8 SFU/106 

(SEM ±1.9) with ELISpot (Figure 3.6A). For subjects without T1D, the mean CDI was 3.8 (SEM 

±2.4); compared to 0.8 SFU/106 (SEM ±0.6) when measured by ELISpot. The number of 

positive responses to C-peptide was 7 of 9 (78%) in subjects with T1D, and 1 of 3 (33%) in non-

T1D subjects. No positive responses were detected with IFN-" ELISpot using the definition of a 

positive response as greater than three times NIL and more than 10 SFU/well as previously 

described (286) (Table 3.2).  

 

Table 3.2 Positive CD4+ T-cell responses to C-peptide as measured with CFSE-proliferation 
assay and ELISpot assay. 

! ! Non%T1D! T1D!
CFSE! CDI!%3.0! 1/3!(33%)! 7/9!(78%)!

ELISpot! %!3xNIL!and!

%10SFU/well!

0/3!(0%)! 0/9!(0%)!

 

 

Tetanus toxoid was included in all experiments as a positive control (Figure 3.6B). The mean TT 

response for all subjects using the CFSE proliferation assay was CDI 1,785.0 (SEM ±583.9); all 

responses (12/12; 100%) were considered positive. The mean TT response as measured by IFN-" 

ELISpot was 21.7 (SEM ±6.7). Six of 12 (50%) were positive. 
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Figure 3.6 Comparison of the ELISpot assay and CFSE-based proliferation assay. ELISpot 

assay and CFSE-based proliferation assay were performed in parallel with fresh PBMC from 

subjects without T1D (n=3) and with T1D (n=8). (A) Responses to tetanus toxoid (0.3LFU/mL 

for CFSE, 10LfU/mL for ELISpot) or (B) C-peptide (10µM). Responses measured by ELISpot 

assay were expressed as spot-forming units (SFU)/106 PBMC and were considered significant if 

greater than three times NIL (no antigen) and >10 SFU/well. Responses measured with CFSE-

based proliferation assay were expressed as CDI and considered positive if %3. The horizontal 

dotted line marked to indicate a CDI of 3.0 The difference between the two assays for both 

antigens was statistically significant as calculated with the paired two-tailed t test, where 

significance was defined as p<0.05. 
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3.3.5 PBMC frozen in PHS preserves PBMC function 

To measure intra-assay variability and conduct retrospective longitudinal studies a T-cell assay 

would ideally be able to measure responses using frozen specimens. CD4+ T cell responses to TT 

were compared after cryopreservation in three commonly used freezing media with 10% DMSO: 

fetal calf serum (FCS), pooled human serum (PHS), and a commercial serum-free freezing media 

(CTL; “Cellular#Technology#Limited”#or#CTL)CryoTM#solution#ABC) (Figure 3.7B). In the first 

4 subjects, only FCS and PHS were compared. PBMC cryopreserved in PHS/10% DMSO 

performed most similar to fresh PBMC in 2 of 4 (50%) subjects, and FCS the other 2 of 4 (50%) 

subjects. PBMC from a further six subjects were analysed with the additional comparison of 

freezing in CTL media. PBMC frozen in PHS/DMSO were the most similar to fresh PBMC in 4 

of 6 subjects (67%). PBMC frozen in FCS/DMSO gave the most similar results to fresh PBMC 

in the remaining 2 of 6 subjects (33%). CTL media was the worst performing freezing media of 

the ones tested. The background number of events (nil antigen) were also compared (Figure 

3.7A). PBMC frozen in PHS/DMSO gave the lowest number of background events in 8 of the 10 

subjects (80%).  
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Figure 3.7 Comparison of the CD4+ T-cell response using PBMC cryopreserved in different 
freezing media. CD4+ T-cell responses to tetanus toxoid, using PBMC either fresh, or frozen in 
FCS/10% DMSO, PHS/10% DMSO or CTL media, were measured with the CFSE-based 
proliferation assay. Seven to fourteen days after cryopreservation, the frozen PBMC were used to 
measure CD4+ T-cell responses to tetanus toxoid. The response was calculated as a CDI and 
expressed here as a factor of the response measured with the fresh PBMC. (A) The number of 
CD4+ T-cells proliferated in the absence of antigen per 5,000 CD4+, CFSEbright. (B) The number 
of CD4+ T-cells proliferated, calculated as a CDI, when incubated with TT using frozen PBMC; 
expressed as a factor of the response measured using fresh PBMC. 
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3.4 DISCUSSION 
A robust and sensitive T-cell assay is needed to detect rare autoimmune T cells (231). The 

CFSE-based proliferation assay has been shown to be a promising T-cell assay for detecting rare 

autoimmune T cells (212). In this chapter, some of the key parameters of the CFSE-based assay 

were addressed in an effort to improve the reproducibility of the assay in detecting C-peptide-

specific T cells in subjects with and without T1D. Objective gating parameters for the CFSEdim 

gate was defined which maintained test specificity, whilst increasing sensitivity. An optimal 

minimum number of background events was also defined to maximise specificity, whilst 

compromising sensitivity in order to avoid instances where the CDI could not be calculated due 

to zero background events. This also minimised the inclusion of autoreactive CD4+ T cells which 

are rarely, but have been well documented to be detectable in healthy controls (287). Inter-assay 

variability was high with a large range of CVs. The CFSE-based assay detected more C-peptide-

specific and TT-specific CD4+ T cell responses compared to the widely used ELISpot assay. 

Finally, cryopreservation media was examined. PBMC frozen in PHS/DMSO was shown to 

exhibit the most similar function to fresh PBMC in response to TT, and in the absence of antigen 

compared to serum-free or FBS-based media.  Together, these results suggest that the CFSE-

based proliferation assay is a useful assay to detect rare C-peptide-specific T-cell responses and 

has provided optimised settings to proceed to further investigation of C-peptide-specific T cell 

responses in T1D. 

 

Reproducibility of measured T-cell responses is a problem across all T-cell assays, particularly 

when the T cells are present at a low frequency (206). However, despite using the revised gating 

parameters, a large inter-assay variability was observed when using the CFSE-based assay to 

detect both C-peptide-specific and TT-specific CD4+ T cells (range of CV 18.8-149.0%). This 

may have been a result of true biological variation as these samples were taken at different time 

points. The very low number of autoreactive T cells present in the sample will also impact the 

inter-assay variability. During the seven-day incubation period small differences in the numbers 

of cells could be amplified. Yet, the long incubation time is likely a key factor in achieving assay 

sensitivity. Thus, given the scarcity of the cells being measured, promoting reproducibility will 

likely compromise sensitivity and vice versa.  Of note, however, the agreement in our study seen 

between samples using the CFSE-based assay is comparable to other assays as reported by 
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Herold et al. (221). Herold et al. demonstrated an agreement of 55-66% for the ELISpot assay 

and 74% for the tetramer assay using pools of peptides. Where a positive response was defined 

as a CDI of % 3.0, we found agreement for TT CD4+ T-cell response was 100% for all subjects 

except one, and 50-100% for C-peptide responses. The agreement we found of C-peptide-

specific responses using the CFSE-based assay is notable given the response was against a single 

peptide antigen. 

 

The CFSE-based assay was more sensitive in detecting CD4+ T-cell responses compared to the 

ELISpot assay. This is the first study to our knowledge comparing the CFSE-based assay head-

to-head with the ELISpot assay. In comparative studies looking at T-cell assays in T1D, the 

ELISpot has been excluded due to technical issues (205), and in another study has shown 

variable sensitivity (35-61%) (221). Despite this, ELISpot has in more recent studies, been the 

favored assay for detecting autoreactive T cells in T1D (222, 278, 288, 289). This is likely due to 

the extensive work done to achieve global harmonisation and assay standardisation not only in 

the field of autoimmunity, but infectious diseases and oncology (219, 280-282, 284). Given our 

results, it is plausible rare autoantigen-specific T cells responses will be overlooked if the 

ELISpot becomes the ‘gold standard’. Additionally, the ELISpot is limited in detecting the 

cytokine response being measured which may miss detection of unexpected T-cell populations. 

 

Peripheral blood mononuclear cells frozen in PHS/DMSO was found to produce the most similar 

results to fresh PBMC using the CFSE-based assay. This was with regard to both proliferation 

against TT and background proliferation (nil antigen). This is in contrast to a number of studies 

suggesting serum-free media to be equivalent to serum-based freezing media with regard to 

retaining antigen-specific responses whilst achieving a lower background. Filbert et al. (290) 

who using the ELISpot assay, compared the detection rate of antigen-specific Flu and EBV 

responses for PBMC cryopreserved in human AB serum versus serum-free media. Antigen-

specific T-cell responses were found to be comparable between human AB serum and serum-free 

media as tested by a proficiency panel consisting of 31 labs. Germann et al. (291) demonstrated 

similar T-cell functionality using FCS-based cryomedia compared to two serum-free media. 

Using the IFN-" ELISpot assay they found all cryomedia tested had nearly identical reactivity to 

a pool of viral peptides. It is possible the difference in results described here was related to the 
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use of the CFSE-based proliferation assay which in this chapter was demonstrated to be more 

sensitive than the ELISpot assay.  
 

Increased basal IFN-" secretion has been observed in cryopreserved versus fresh PBMCs (292). 

Similarly, an increase in background proliferation of CD4+ T cells was seen in our study with 

cryopreserved cells compared to fresh PBMC. However, cryopreservation with PHS/DMSO was 

most comparable with fresh PBMC. In fact, four of the 10 test samples cryopreserved in 

PHS/DMSO had a background number of events less than seen with fresh PBMC. This was only 

the case in one of ten samples cryopreserved in FCS/DMSO and none of six in CTL media. 

Filbert et al. (290) found human serum produced a higher background spot production (range of 

0-125.87 SFU/106) compared to commercial serum-free media (0-42.37 SFU/106) whilst 

Germann et al. (291) found serum-free media produced a very low background comparable to 

FCS-based cryomedia. In contrast, serum-free media and FCS-based media had a higher 

background than PHS in our study. The superior sensitivity of the CFSE-based assay in detecting 

CD4+ T cell responses compared to the ELISpot may partly explain this disparity with other 

studies. Additionally, we cannot rule out the possibility this study’s favorable results with PHS 

are related to the particular batch of serum used in this study. It is generally accepted serum 

batch-dependent variability in cytokines and growth hormones may affect activation of 

lymphocytes and skew immunologic assessment studies (291). Therefore, our results need to be 

replicated with different batches of PHS. In fact, autologous human plasma has been explored for 

cryopreservation of adipose-derived stem cells demonstrating comparable results to FCS with 

regard to viability and preservation of endothelial markers (293). Freezing with autologous 

plasma would potentially reduce non-specific activation to contaminants, non-self proteins and 

undetected infectious agents. However, confounding variability in components between 

individuals would need to be acknowledged.   

 

In agreement with previous studies, the CFSE-based assay in this study has been demonstrated to 

be a sensitive assay in detecting rare autoantigen-specific CD4+ T cells (212, 262). Further 

studies are needed to assess the inter- and intra-assay variability of the CFSE-based assay using 

other antigens and performed by other laboratories. In addition, pre-assay factors that could be 

standardised in future studies include time of blood collection, whether the subject is in the 
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fasting state, and handling time prior to analysis (230). More comparative studies with the CFSE-

based assay and other T-cell assays in larger cohorts is also needed to establish its utility for 

T1D. This should include the ELISpot assay and tetramer studies. Functional cryopreserved cells 

are critical for further improvement in inter- and intra-assay variability. They allow simultaneous 

measurement of samples from a subject at different time points, or measurement of the same 

sample at different time points/ by different laboratories. In addition, they are essential for 

retrospective longitudinal studies. The avoidance of foreign animal proteins with autologous 

plasma as a cryomedia is worthwhile exploring as steps towards minimising the impact of 

cryopreservation on T-cell function. 
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4.1 INTRODUCTION 

 
Identification of the epitopes recognised by pathogenic CD4+ T cells is essential for developing 

both antigen-specific therapies for T1D and T-cell assays to monitor changes in pathogenic T-

cell function. T-cell assays are required for monitoring changes in T-cell number and function 

following antigen-specific therapy to serve as a surrogate endpoint in clinical trials of therapies 

for T1D (268). 

 

Insulin is a prime candidate autoantigen in T1D (62, 294). Insulin-specific autoantibodies are 

detectable before the symptomatic onset of T1D (46) and continue to be used to identify 

individuals at high risk of developing T1D (56). Genetic association studies have implicated 

insulin. The T1D susceptibility locus, IDDM2, maps to a variable number of tandem repeats 

(VNTR) upstream of the insulin gene (85, 295). This polymorphism is believed to modulate 

thymic proinsulin expression which in turn impacts upon T-cell central tolerance (85, 295, 296). 

Furthermore, T-cell responses to insulin B9-23 are essential for the development of T1D in the 

NOD mouse (252, 254, 255), but the role for responses to this epitope in human T1D is less 

clear. 

 

The HLA region, on chromosome 6p21, is the most strongly associated with the risk of T1D. 

(68, 69). Within the HLA region, HLA-DQ8 (DQA*03:01; DQB*03:02) and HLA-DQ2 

(DQA*05:01; DQB*02:01) confer the greatest risk of T1D development. Interestingly, 

individuals who are heterozygous for HLA-DQ2 and -DQ8 are at greatest risk of developing 

T1D. However, despite the pivotal role HLA-DQ2 and -DQ8 play in susceptibility to T1D, the 

epitopes recognised by CD4+ T cells presented by these HLA molecules are largely unknown. To 

our knowledge, no blood-derived HLA-DQ2 (or HLA-DQ2trans) restricted; and only one HLA-

DQ8 (or HLA-DQ8trans) restricted, insulin-specific CD4+ T-cell clone has been reported (297). 

 

In contrast to peripheral blood, HLA-DQ2/DQ8 restricted CD4+ T cells have been isolated from 

the residual pancreatic islets of deceased organ donors who suffered from T1D (263, 266). 

Mannering and colleagues (263) found that many islet-infiltrating CD4+ T-cell clones recognised 

epitopes derived from proinsulin C-peptide presented by HLA-DQ8, or HLA-DQ8trans. More 
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recently, others have identified similar HLA-DQ8 restricted, islet-derived, T-cell receptors (266). 

Although the numbers of donors are still small at this time, 10 of the 12 proinsulin-specific 

clones analysed to-date recognise epitopes derived from C-peptide (298). C-peptide also 

participates in the formation of recently discovered hybrid insulin peptides (HIPs) (265). These 

recently discovered CD4+ T-cell epitopes are formed by posttranslational ligation of fragments of 

C-peptide with other beta-cell proteins (264, 265), reviewed by (298).  

 

The goal here was to determine if CD4+ T-cells that recognise full-length human C-peptide are 

present in the peripheral blood of individuals with T1D, and define their epitope and HLA 

specificities. The results indicated that CD4+ T-cell responses to full-length C-peptide are present 

in a significant proportion of individuals with recent-onset T1D but not healthy controls. They 

target many epitopes across the entire length of the C-peptide and are presented by T1D 

associated HLA alleles. 

 

!  
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4.2 MATERIALS AND METHODS 

 
4.2.1 Subjects 

Details subject recruitment are outlined in Materials and Methods Chapter 2.2.  

Participants (aged 3–45 years) without T1D, diagnosed with T1D within 100 days (recent-onset), 

or greater than 100 days (long-standing) were recruited. T1D was diagnosed according to 

American Diabetes Association criteria (272). All HLA typing was performed by the Australian 

Red Cross Blood Services (ARCBS). Clinical details of all subjects are shown in Appendix – 

Supplementary Tables 1–3. Healthy controls were defined as individuals who had either an 

HLA-DQ2 or HLA-DQ8 allele and had no personal or family history of T1D. The absence of 

autoantibodies against insulin, IA-2 or GAD-65 was confirmed in the majority of healthy 

controls. 

 

4.2.2 Synthetic peptides 
Details in Materials and Methods Chapter 2.1 

 

4.2.3 CFSE-based proliferation assay  
CFSE-based proliferation assay preformed as described in Materials and Methods Chapter 2.2. 

Gating was optimised as described in Chapter 3. 

 

4.2.4 CD4+ T-cell cloning 

For cloning C-peptide-specific CD4+ T cells, a single, viable (propidium iodide negative), CD4+, 

CFSEdim cell was sorted into each well of a 96-well plate, the full protocol detailed in (214). Each 

well contained 2x105 gamma-irradiated (6,000 rad) thawed feeder cells, cytokines, and 

Fungizone (2.5μg/mL, Amphotericin B, Apothecan, Princeton, NJ, USA). The cytokines 

(Peprotech, Rocky Hill, NJ, USA) were used at the final concentrations of IL-2 (20U/mL), IL-4 

(10ng/mL) and anti-CD3 (clone OKT-3, 30ng/mL). Clones were cultured in RPMI (Sigma, UK) 

supplemented with 5% pooled human serum, 2mM L-glutamine (Glutamax, Gibco, USA), 

penicillin 100U/mL, streptomycin (100μg/mL) and 100μM non-essential amino acids (Gibco, 

USA), referred to as culture medium. The total volume of each well was 100μL. Cells were fed 
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at day 7 with fresh cytokines (IL-2 and IL-4) in 50μL of culture medium, at the same final 

concentrations indicated. At day 10-14, proliferating clones were identified by visual inspection 

and confirmed using reverse-phase microscopy. Clones were expanded into 48-well plates and 

antigen-specificity was tested for by 3H-thymidine incorporation assay. Antigen-specific clones 

were expanded with anti-CD3, IL-2 and IL-4, and feeder cells. Antigen-specificity was 

confirmed at the end of expansion by repeat 3H-thymidine incorporation assay. Clones that 

retained antigen specificity after expansion were stored in 10% dimethyl sulfoxide (DMSO) and 

foetal calf serum (FCS) (Bovogen, Victoria, Australia) at 5x106 cells/mL in liquid nitrogen.  

 

4.2.5 Insulin VNTR genotyping 

Genomic DNA was purified using Genomic DNA purification NucleoBond kit (Macherey-

Nagel, Germany) from thawed 0.5mL of whole blood that had been snap frozen and stored at -

80oC at the time of venepuncture. Genotyping of the single nucleotide polymorphism, rs689 

(Cat# 4351379), was performed using an inventoried Taqman SNP Genotyping Assay obtained 

from Applied Biosystems (Life Technologies, Carlsbad, CA, USA). The assay was run on a 

Roche LightCycler 480 II using Roche Probe Master Mix (Roche Applied Science, Penzberg, 

Germany) according to manufacturer’s instructions 

 

4.2.6 Screening antigen-specific clones  

Clones were tested for antigen specificity using the 3H-thymidine incorporation assay (214). 

Antigen-presenting cells (APC) were either autologous PBMC that had been stored in liquid 

nitrogen, or a class II HLA-matched Epstein Barr Virus (EBV) transformed B-cell line (KJ; 

HLA-DRB1*03:01, 04:04; DQB1*02:01, 03:02). APCs were "-irradiated (2,000 rad PBMC and 

10,000 rad EBV line). Each clone was tested in a 96-well round bottom plate in duplicate against 

APC (20,000 cells/well) with and without antigen. After 2 days, 3H-thymidine (0.5 μCi/ well) 

was added for 12–18 hours after which the cells were harvested, and incorporated radioactivity 

measured by beta-scintillation counting. Clones that had a stimulation index (SI, cpm with 

antigen/cpm without antigen) of >3.0 were considered to be antigen specific.  
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4.2.7 Functional Analysis of CD4+ T-cell clones 

Cloned CD4+ T cells were thawed and used directly in functional assays as described previously 

(263). To identify their epitopes, cloned CD4+ T cells were incubated with synthetic peptides 

(indicated in the figure legends) and a class II HLA matched Epstein Barr Virus transformed B-

cell line (KJ; HLA-DRB1*03:01, 04:04; DQB1*02:01, 03:02) (214). Cloned CD4+ T cells 

(50,000/well) were cultured with 20,000 APC with and without peptides as indicated in the 

figures. The T-cell clone response to antigen was measured as interferon-gamma (IFN-γ) 

secretion into the culture media, determined by ELISA (Biolegend, San Francisco, CA, USA).  

 

4.2.8 Human IFN-γ enzyme-linked immunosorbent assay (ELISA)  

To measure the concentration of IFN-γ secretion, ELISA (Biolegend, San Francisco, CA, Cat 

#430104) was used. Manufacturer’s instructions were followed, utilising supplied reagents. Each 

incubation was conducted at room temperature unless otherwise indicated below, and between 

incubations plates were washed with 0.1% Tween-20/DPBS four times. ELISA plates 

(Biolegend, CA, USA, Cat #430104) were pre-coated overnight at 4oC with human IFN-γ 

specific monoclonal antibody (‘capture antibody’) supplied by the manufacturer. The ELISA 

plate was then blocked for one hour at room temperature with 1x ‘assay diluent A’ diluted from 

5X ‘assay diluent A’ in 1x DPBS (pH 7.4). The supernatant from the T-cell culture (100μL) was 

added to the plate and incubated for two hours. The plate was washed and then biotinylated 

detection mAb (Biolegend, CA, USA, Cat #441204) was added and incubated for one hour. The 

plate was washed and then supplied streptavidin-HRP (horse radish peroxidase) was added to the 

plates and incubated for 30 minutes. Finally, after washing the plate five times with 0.1% 

Tween-20/DPBS, substrate A and B at 1:1 dilution as supplied by the manufacturer was added 

and incubated for 5-10 minutes. The enzymatic reaction was stopped using 100μL of 2M sulfuric 

acid in water once sufficient colour intensity was achieved. The immobilised IFN-γ was 

quantified by measuring the optical density of the signal of the enzymatic reaction at 450nm 

using an absorbance plate reader (FLUOstar OPTIMA plate reader, BMG Labtech, UK, Cat 

#N666). The concentration of IFN-γ measured was determined by referencing to a standard 

curve, calculated using PRISM software (Version 7, Graphpad Software, CA, USA). 
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4.2.9 Determining the HLA restriction of T-cell clones  

The HLA restriction of the C-peptide-specific CD4+ T-cell clones was determined in two steps as 

described previously (239, 262, 299). First HLA-blocking monoclonal antibodies specific for 

HLA-DR (clone L243), HLA-DP (clone B7/21) and HLA-DQ (clone SPV-L3) were used to 

define the restricting HLA isotype. Second the HLA allele(s) were determined using a panel of 

T2 cells transfected with HLA-DQA and HLA-DQB alleles (indicated in the figure legends). For 

HLA-DR restricted clones, the alleles were determined using a panel of HLA-DR-transfected 

Bare Lymphocyte Syndrome (BLS) cells. See Materials and Methods Chapter 2.1 for details 

regarding cell lines. 

 

4.2.10 Sequencing TCR genes expressed by C-peptide-specific clones 

Expanded C-peptide-specific clones were sorted in 0.5% FCS/PBS into 96-well PCR plates to 

give 5 cells/well. Plates were stored at -80oC overnight. Reverse transcription mix Superscript 

VILO Reverse Transcriptase (Invitrogen, CA) was dispensed directly into wells, for production 

of cDNA. TRA (T-cell receptor #) and TRB (T-cell receptor !) genes were amplified using 

pools of forward primers and Taq polymerase (Qiagen, Germany) as described by (300). PCR 

product was sequenced and the TCR genes identified by alignment with the IMGT database 

(http://www.imgt.org/IMGT_vquest). The TRA or TRB gene was amplified and its presence 

confirmed using gene-specific primers. Primers listed in Table 2.18 and 2.19. Sanger sequencing 

was performed by Australian Genome Research Facility (AGRF), Melbourne, Australia.  

 

4.2.11 Preparation of islet and acinar extracts 

Snap-frozen human islets from five donors, supplied by the Tom Mandel Islet Transplantation 

Program, were pooled and homogenised in a pre-prepared buffer (60% Tris 20mM/NaCl 50mM, 

sucrose 0.3M, methionine 1µM, protease inhibitor 1:200 (Sigma-Aldrich); 30% acetonitrile, 10% 

butanol). Acinar tissue from the same donors was prepared in the same way to use as a negative 

control. Protein quantity was estimated using the bicinchoninic acid (BCA) protein assay 

(Thermo Scientific, Rockford, IL, USA). Aliquots were stored at -80oC. Islet and acinar lysates 

were lyophilised and diluted in culture media to the required concentration.  
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4.3 RESULTS  

4.3.1 CD4+ T-cell responses to C-peptide are detectable in the blood  
Earlier work by Pathiraja et al.(263) revealed that six C-peptide-derived epitopes were 

recognised by human islet-infiltrating CD4+ T cells. Full-length C-peptide (PI33-63) was used to 

stimulate PBMCs and CD4+ T-cell responses were detected using the sensitive CFSE-based 

proliferation assay (214). CD4+ T-cell responses to full-length C-peptide were detected (CDI ≥ 

3.0) in 14 of 23 subjects (61%) with recent-onset diabetes (within 100 days of diagnosis), 2 of 15 

(13%) subjects with long-standing diabetes (greater than 100 days of diagnosis), 1 of 13 (8%) 

healthy subjects and 1 of 15 (7%) autoantibody positive subjects (Figure 4.1A, B). The subjects’ 

demographic details are listed in Appendix – Supplementary Tables 1-5.  The magnitude of the 

CD4+ T-cell responses to C-peptide was significantly greater in peripheral blood mononuclear 

cells (PBMC) from individuals with recent-onset T1D compared to healthy controls (mean ± 

SEM: 10.8 ± 3.9 vs. 1.9 ± 0.25; p=0.03). A cell division index (CDI) cut-off of ≥ 3.0 was found 

to give the greatest disease specificity (92.3%) and sensitivity (60.9%), determined using the 

Receiver-Operating Characteristic (ROC) curve analysis (Table 4.1). Insulin VNTR genotype 

showed no association with CD4+ T-cell responses to full-length C-peptide measured by CFSE-

based proliferation assay (Figure 4.1C). No correlation between CFSE responses and insulin 

dose-adjusted HbA1c was found (Appendix – Supplementary Figure 4). 

 

Table 4.1. ROC curve analysis of C-peptide-specific CD4+ T-cell responses 

CDI1 Sensitivity (%)2 Specificity (%)2 
>2.0 60.9 54.0 
>2.5 60.9 69.0 
>2.9 60.9 92.3 
>3.5 47.8 100 

1Cell Division Index (CDI) calculated from CFSE-based proliferation assay. 
2All subjects were included in the analysis (recent-onset type 1 diabetes subjects n=23, healthy 
control subjects n=13) 
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Figure 4.1 CD4+ T-cell responses to C-peptide in PBMC (A) Representative FACS plots from 
a CFSE-based proliferation assay with PBMC from donors with and without T1D. Dead cells 
were excluded by propidium iodide (PI) staining. The number of events in each gate is shown. 
Nil antigen refers to the sample incubated without antigen, tetanus toxoid was used as a positive 
control, C-peptide refers to the sample incubated with C-peptide (10μM). (B) CD4+ T-cell 
responses to C-peptide in peripheral blood were measured with the CFSE-based proliferation 
assay. A CDI ≥ 3.0 (dotted line) is considered a positive response. The means of triplicate CDI 
for responses to C-peptide in individuals with recent-onset T1D (n=23), long-standing T1D 
(n=15), without T1D (n=13) and autoantibody positive without clinical T1D (n=15) are plotted. 
Each point represents an individual. Statistical significance was determined using unpaired 
Welch’s two-tailed t test, *= p<0.05. (C) C-peptide-specific CD4+ T-cell responses plotted 
against the subject’s VNTR genotype. Eleven of 18 (61%) subjects were homozygous for the 
high T1D risk, class I insulin VNTR. Six of 18 (33%) were heterozygous for the allele (class I/III 
VNTR). 
!  
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4.3.2 C-peptide harbors many CD4+ T-cell epitopes 

To further characterise the C-peptide-derived epitopes recognised by peripheral blood CD4+ T 

cells, clones were isolated by the CFSE-based method (214). A total of 32 CD4+ T-cell clones 

that responded to full-length C-peptide were isolated from the peripheral blood of six subjects 

with recent-onset T1D. Of the 32, seven were excluded: four failed to expand sufficiently to 

allow further characterisation and three could not be characterised because they lost their 

specificity to C-peptide after expansion. The remaining 25 clones’ epitope specificities were 

determined using a panel of five overlapping 18mer peptides spanning the entire 31 amino acids 

of C-peptide. The epitope mapping for two clones, H11.5 and K9.5, are shown in Figure 4.2. 

Data for all the other clones is shown in Supplementary Figure 1. Fifteen of the 25 clones (60%), 

including H11.5 (Figure 4.2A, B) responded to one of the five 18mer peptides encompassing the 

entire C-peptide (Figure 4.2A and Appendix – Supplementary Figure 1). The minimum epitopes 

required to stimulate these clones were then determined using a panel of peptides sequentially 

truncated by one amino acid from either the N- or C-terminus (Figure 4.2B, Supplementary 

Figure 1). Ten C-peptide-specific clones did not respond to any of the five 18mer peptides, 

including clone K9.5 (Figure 4.2C-F). For these clones, that couldn’t be mapped with 18mer 

peptides, the minimum epitope was then determined by first testing against a panel of deletion 

variants of the full-length C-peptide (Figure 4.2D, E and Supplementary Figure 2). Once the 

region containing the epitope was determined, the minimum epitope was identified by testing the 

clones against a panel of peptides with a single amino acid substitution expected to impair T-cell 

recognition by disrupting either HLA binding or TCR recognition (Figure 4.2F and 

Supplementary Figure 2). Using this approach, the epitope specificities of seven of these ten 

clones were determined, but the specificity of the remaining three clones could not be 

determined. In all, epitopes recognised by 22 CD4+ T-cell clones was mapped, from six subjects 

with recent-onset T1D. The conclusion that clone H11.5 recognised PI42-51 (VELGGGPGAG) 

(Figure 4.2B) and clone K9.5 recognised PI54-62(QPLALEGSL) was made. Table 4.2 summarises 

the results from the CD4+ T-cell epitope mapping. Epitopes fell across the entire sequence of C-

peptide. While epitopes were identified across C-peptide, the C-terminal end of C-peptide was 

the most commonly recognised by C-peptide-specific CD4+ T-cell clones.  
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Figure 4.2 Analysis of epitope specificity of C-peptide-specific CD4+ T-cell clones  
CD4+ T-cell clone responses to antigen were measured by the secretion of IFN-γ measured by 
ELISA. (A) “Coarse” epitope mapping: Clones were tested in triplicate against 18mer peptides 
spanning the length of C-peptide and overlapping by 12 amino acids, at a final concentration of 
10μM. A representative clone (H11.5) is shown. (B) “Fine” epitope mapping of clone H11.5. 
Epitope specificity was further refined using peptides truncated by a single amino acid from 
either the N- or the C-terminus. The parallel lines delineate the sequence of the minimum epitope 
determined. (C) K9.5 result is representative of clones without a detectable response to the 
overlapping 18-mer peptides (10μM). (D-F) “Coarse” epitope mapping for clones such as K9.5 
was achieved using peptides truncated by three amino acids from either the N- or the C-terminus 
(D). Epitope specificity was refined using peptides truncated by a single amino acid from either 
the N- or C-terminus (E) and a series of peptides of the same length, encompassing the known 
length of “coarse” mapped epitope specificity, but differing by a single amino acid substitution 
(F). Experiments were performed at least twice with similar results. Statistical significance was 
determined using unpaired Welch’s two-tailed t test and defined as p<0.05. 
!  
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4.3.3 Most C-peptide-specific clones are HLA-DQ2, -DQ8, -DQ2trans and -DQ8trans 

restricted 

The HLA restriction of the CD4+ T-cell responses to proinsulin was determined in two steps. 

First, T-cell recognition was blocked in the presence of antibodies to HLA-DP, -DQ, and -DR. 

Second, the restricting HLA allele(s) was identified using HLA class II deficient cell lines 

transduced with individual HLA alleles. An example of an HLA-DQ8 restricted clone (H8.5) and 

an HLA-DR4 restricted clone (K6.4) are shown in Figure 4.3A, B and Figure 4.3C, D 

respectively. For the C-peptide-specific clones for which an epitope could be mapped, 19 of 22 

(86.3%) clones were HLA-DQ restricted and the remaining three (13.6%) were HLA-DR 

restricted (Figure 4.3A, C and Appendix – Supplementary Figure 3). To define the restricting 

HLA alleles, panels of T2 (301), or BLS (271) lines transduced with individual HLA-DQ or 

HLA-DR genes, respectively, were used as antigen presenting cells. Of the 22 clones analysed: 

nine (40.9%) were HLA-DQ8 restricted, four (18.2%) were HLA-DQ2 restricted, three (13.6%) 

were HLA-DR4 restricted and three (13.6%) were HLA-DQ8trans restricted (Figure 4.3E and 

Appendix – Supplementary Figure 3). The three remaining clones exhibited promiscuous 

recognition; one clone (4.5%) responded equally to both HLA-DQ8- and HLA-DQ8trans-

expressing APC (Appendix – Supplementary Figure 3I) and two clones (9.1%) responded to both 

HLA-DQ2 and -DQ2trans-expressing APC (Figure 4.3E, Appendix – Supplementary Figure 3M 

& 3N). All three (13.6%) HLA-DR restricted clones were restricted by HLA-DR4; no HLA-DR3 

restricted clones were isolated. Table 4.2 summarises the HLA-restriction for all the clones 

analysed. Hence, with the exception of HLA-DR3, C-peptide-specific clones were restricted by 

all the HLA alleles strongly associated with risk of T1D; notably 86% (19 of 22) of the clones 

were restricted by HLA-DQ2, -DQ8 and/or their transdimers. 
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Figure 4.3 Analysis of HLA restriction of C-peptide-specific CD4+ T-cell clones  
(A) Response of clone H8.5 to C-peptide (10μM) was significantly (p<0.001) inhibited by anti-
HLA-DQ antibody (clone SPV-L3, 5.0μg/mL), but not HLA-DP (clone B7/21) or HLA-DR 
(clone L243). (B) Clone H8.5 responded to C-peptide presented by antigen-presenting cells 
(APC; T2 cells) that express HLA-DQ8 (A1*03:01, B1*03:02), but not other HLA-DQ alleles. 
The EBV line, KJ (HLA-DRB1*03:01, 04:04; DQB1*02:01, 03:02) and PMA/ionomycin served 
as positive controls. (C) HLA restriction analysis of clone K6.4. Responses to C-peptide were 
significantly (p<0.01) inhibited by anti-HLA-DR antibody (clone L243), but not by HLA-DQ 
and HLA-DP antibodies. (D) Clone K6.4 only responded to C-peptide presented by APCs 
expressing HLA DRB1*04:01, but not the other HLA-DR molecules indicated. Responses were 
measured by IFN-γ ELISA (pg/mL). A representative of duplicate experiments is shown. 
Statistical significance was determined using unpaired Welch’s two-tailed t test and defined as 
p<0.05. (E) Summary of percentage of clones with the indicated HLA restriction out of 22 C-
peptide-specific CD4+ T-cell clones 
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Table 4.2 Epitope mapping and HLA restriction analysis of blood-derived C-peptide-specific CD4+ T cells 

1 

Nomenclature referenced by abbreviated HLA type is as follows (indicated in brackets): HLA-DQ8 (A1*03:01, B1*03:02), HLA-
DQ2 (A1*05:01, B1*02:01), HLA-DQ8trans (A1*05:01, B1*03:02), HLA-DQ2trans (A1*03:01, B1*02:01), HLA-DR4 (B1*04:01) 

! C#peptide !
Clone!! E A E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q HLA!

restriction1!
B3.1% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8%
B3.3% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DR4%
K3.2% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ2%
K9.5% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ2%
K4.4% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DR4%
K6.4% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DR4%
K6.2% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8trans%
K9.6% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8%
D1.1% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8%
D1.4% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8%
T6.1% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ2/DQ2trans%
T6.6% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ2%
T17.1% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ2/DQ2trans%
H3.3% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8trans%
H6.4% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8trans%
H3.7% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8%
H7.4% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8%
H8.5% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8%
H11.5% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8%
H12.2% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8/DQ8trans%
E2.3% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ2%
E2.5% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % DQ8%
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4.3.4 Private TCRs encode C-peptide recognition 

To examine the clonal diversity of the peripherally-derived C-peptide-specific CD4+ T cells, 

TCR genes expressed by the clones were sequenced. The clones used a range of TRAV and 

TRBV genes (Table 4.3). TRAV and TRBV genes were sequenced from 21 of the 22 clones for 

which an epitope and HLA restriction could be determined. Fifteen distinct TRA/TRB 

combinations were found (Table 4.3). Three of the six (50%) subjects expressed identical TCRs 

in two or more of their clones (Table 4.4). As expected, clones with identical TCRs had 

matching epitope specificity and HLA restriction, except for clones T6.6 (HLA-DQ2 restricted) 

and T17.1 (DQ2/DQ2trans restricted). There was no evidence of a ‘public’ TCR, although 

TRAV 12-1*01 was identified in clones from two of six donors, and TRBV 20-1*01-05 was 

identified in four of the six donors.  
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Table 4.3. Summary of TCR gene sequencing of C-peptide-specific CD4+ T-cell clones 

Clone TRAV TRAJ TRAV CDR3 TRBV TRBJ TRBD TRBV CDR3 
AA sequence AAs TRBV CDR3 AAs 

B3.1 12-1*01 9*01 CVVKSTGGFKTIF 11 20-1*01-05 2-5*01 2*01 CSAGGLAGASQETQYF 14 
B3.3 17*01 54*01 CATGPIQGAQKLVF 12 6-5*01 1-1*01 1*01 CASSYAWGRATEAFF 13 
K3.2 3*01 31*01 CAVRGDNNARLMF 11 7-2*01/04 2-2*01 1*01 CASSPIIWGTGELFF 13 
K4.4 10*01 17*01 CVVSAKAAGNKLTF 12 7-8*01/03 2-7*01 1*01 CASSLAGTDHYEQYF 13 

K6.2 8-2*01/8-
4*01 11*01 CAVTPKSGYSTLTF 12 20-1*01-05 2-3*01 2*01 CSARDLAIPDTQYF 12 

K6.4 10*01 17*01 CVVSAKAAGNKLTF 12 7-8*01/03 2-7*01 1*01 CASSLAGTDHYEQYF 13 
K9.5 3*01 31*01 CAVRGDNNARLMF 11 7-2*01-04 2-2*01 1*01 CASSPIIWGTGELFF 13 
K9.6 26-1*01/02 54*01 CIVRVEIQGAQKLVF 13 3-2*02 2-1*01 1*01 CASSSPGTEYNEQFF 13 

D1.1 13-1*01 38*01 CAARNAGNNRKLIW 12 4-2*01/4-
3*01 2-3*01 2*01 CASSFRGLGGGTDTQYF 15 

D1.4 13-1*01 38*01 CAARNAGNNRKLIW 12 4-2*01/4-
3*01 2-3*01 2*01 CASSFRGLGGGTDTQYF 15 

T6.1† 10*01 45*01 CVVSAAG#GGGADGLTF NF 9*02 2-1*01 2*02 CASSVDPGVYNEQFF 13 
T6.6 35*02 28*01 CAAALSGAGSYQLTF 13 19*01 2-3*01 2*01 CASRLDPSTDTQYF 12 
T17.1 35*02 28*01 CAAALSGAGSYQLTF 13 19*01-03 2-3*01 2*01 CASRLDPSTDTQYF 12 
H3.3 19*01 57*01 CALSGRGSEKLVF 11 5-1*01/02 2-7*01 1*01 CASSTRTGQGGNEQYF 14 
H3.7 12-1*01 20*01 CVVNPTDDYKLSF 11 20-1*01-05 2-3*01 2*01 CSARSLASGGPDTQYF 14 
H6.4 19*01 57*01 CALSGRGSEKLVF 11 5-1*01 2-7*01 1*01 CASSTRTGQGGNEQYF 14 
H7.4 12-1*01 20*01 CVVNPTDDYKLSF 11 20-1*01-05 2-3*01 2*01 CSARSLASGGPDTQYF 14 
H8.5 12-1*01 20*01 CVVNPTDDYKLSF 11 20-1*01-05 2-3*01 2*01 CSARSLASGGPDTQYF 14 
H11.5 26-1*01/02 36*01 CIVRVVTGANNLFF 12 5-1*01/02 2-5*01 1*01 CASSLERETQYF 10 
H12.2 ND ND ND ND ND ND ND ND ND 
E2.3 30*01 37*01 CGTEKPGSGNTGKLIF 14 20-1*01-05 1-4*01 2*01 CSARDGARGEKLFF 12 
E2.5 12-3*01/02 5*01 CVISPPGRRALTF 11 5-4*02 2-2*01 2*01 CASSSGTSAGTGELFF 14 

ND -  not determined. A TCR sequence couldn’t be obtained for this clone.  
† The only TRAV gene detectable had a mutation (‘#’) in the CDR3 that rendered it non-functional (NF). 
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Table 4.4. Summary of TCR usage of sister clones 

Donor No. Clones 
isolated 

No. Identical 
TCRs  

% of all clones with 
identical TCRs 

TRAV TRBV 

B 2 0 0 N/A N/A 
K 6 2  33% 10*01 7-8*01 
  2 33% 3*01 7-2*01 

D 2 2 100% 13-1*01 4-2*01/4-3*01 
T2 3 2 66% 35*02 19*01 
H1 7 3 43% 12-1*01 20-1*01-05 
  2 29% 19*01 5-1*01 

E 2 0 0 N/A N/A 
1 Two clones with identical TRBVs, but different TRAVs 
2 Despite have identical TCRs, one clone responded to both HLA-DQ2 and DQ2trans, while the other only responded to HLA-DQ2 

 
 



Chapter 4: Analysis of peripheral C-peptide-specific CD4+ T-cell responses 
 

89 

4.3.5 Full-length C-peptide is a more potent antigen for some T cells 

This data indicates that HLA-DQ restricted CD4+ T-cell responses to full-length C-peptide could 

be relatively easily detected by stimulating PBMC with full-length C-peptide (PI33-63). To 

determine the relative potency of full-length C-peptide as an agonist for CD4+ T cells, we 

compared the potency of full-length (31 aa) C-peptide to 18mer peptides incorporating the 

cognate epitope for eight C-peptide-specific clones. In each case the epitope was flanked by at 

least two amino acids at both the N- and C-termini (Table 4.5). Six of eight clones were more 

sensitive to the full-length C-peptide. Remarkably, for five of eight clones, full-length C-peptide 

was >100-1,000 fold more potent than the 18mer peptide incorporating the cognate epitope 

(Figure 4.4 and Table 4.5). In contrast, two of the eight clones tested responded equally to both 

full-length C-peptide and an overlapping 18mer. The clones that were more sensitive to the full-

length C-peptide recognised epitopes towards the C-terminus of the C-peptide (Table 4.6). We 

conclude, that for many C-peptide-specific CD4+ T cells, full-length C-peptide is a much 

stronger agonist than 18mer peptides incorporating the cognate epitope. 

 

 

Table 4.5. Relative potency of full-length C-peptide compared to 18mer peptides!

Fig. 4 
Panel 

Clone  C-peptide 
EC50 (μM) 

 18mer 
EC50(μM) 

Fold 
difference2  

 18mer sequence3   HLA restriction4 

4A K9.6 2.8 2.8 1.0 LQVGQVELGGGPGAGSLQ HLA-DQ8 
4B H11.5 1.2 1.2 1.0 LQVGQVELGGGPGAGSLQ HLA-DQ8 
4C D1.1 4.1 13.7 3.3 RREAEDLQVGQVELGGGP HLA-DQ8 
4D E2.3 0.3 24.9 76.2 GAGSLQPLALEGSLQKRG HLA-DQ2 
4E T17.1 0.3 101.2 292.0 GAGSLQPLALEGSLQKRG HLA-DQ2/DQ2tr 
4F K9.5 4.9 >>100.01 >>100.0 GAGSLQPLALEGSLQKRG HLA-DQ2 
4G B3.3 0.7 >>100.0 >>100.0 GAGSLQPLALEGSLQKRG HLA-DR4 
4H H3.3 8.4 >>100.0 >>100.0 GAGSLQPLALEGSLQKRG HLA-DQ8tr 
1EC50 could not be calculated, but it is greater than 100μM. 
2Fold increase in the EC50 from full-length C-peptide to 18mer peptide (μM). 
3Epitope specificity of the clone marked in bold 
4HLA-DQ8 (DQA*03:01; DQB*03:02), HLA-DQ2 (DQA*05:01, DQB*02:01), HLA-DQ8tr 
(DQA*05:01; DQB*03:02), HLA-DR4 (DRB1*04:01), HLA-DQ2tr (DQA*03:01, DQB*02:01).  
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Figure 4.4 Comparison of the stimulatory capacity of full-length C-peptide and 18mer 
peptides 
Titration of full-length C-peptide (closed circles), and 18mer peptides (open squares) 
incorporating the cognate epitope. The KJ EBV line was used (2 x 104 cells/well) as APC for 
HLA-DQ restricted clones, and a BLS cell line transfected with HLA-DR*04:01 was used (2 x 
104 cells/well) as APC for HLA-DR4 restricted clone B3.3 (panel G). The figure shows the 
response-response curves for the following clones: (A) K9.6, (B) H11.5, (C) D1.1, (D) E2.3, (E) 
T17.1, (F) K9.5, (G) B3.3, (H) H3.3. T-cell responses were measured in triplicate by IFN-γ 
ELISA (pg/mL). Corresponding EC50 calculations are listed in Supplementary Table 8. One 
representative of at least two experiments is shown.
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Table 4.6 Responses of CD4+ T cells to full-length and 18mer fragments of C-peptide 

! C#peptide! !
Clone!! E A E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q Fold!

!2!
HLA3!

K9.6%(A)1% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 1.0% DQ8%
H11.5%(B)% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 1.0% DQ8%
D1.1(C)% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 3.3% DQ8%
E2.3%(D)% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 76.2% DQ2%
T17.1%(E)% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 292.0% DQ2/DQ2tr%
K9.5%(F)% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % >100.0% DQ2%
B3.3%(G)% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % >100.0% DR4%
H3.3%(H)% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % >100.0% DQ8tr%
1 The panel showing this titration in Fig. 4.4 is in parentheses. 
2 Fold increase in the EC50 from full-length C-peptide to 18mer peptide. 
3 HLA restriction of clones as shown in Table 4.1. 
%
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To confirm that the C-peptide-specific clones responded to beta cells six clones were tested for 

responses against human islet lysates. Lysates of acinar tissue from the same organ donors 

prepared in the same way served as negative controls. Five of six clones responded specifically to 

islet lysates (Figure 4.5).  

 
Figure 4.5. Response of C-peptide-specific CD4+ T-cell clones to human pancreatic islet extract  
Human pancreatic islet or acinar lysate were diluted in culture media (concentrations as indicated) 
and incubated with EBV line KJ and CD4+ T-cell clones. Responses were detected by IFN-γ ELISA.  
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4.4 DISCUSSION  
The results in this chapter demonstrate CD4+ T cells specific for proinsulin C-peptide can be 

detected in the peripheral blood of individuals with recent-onset T1D. This concurs with the 

detection of C-peptide-specific CD4+ T cells in the islets of the small number of organ donors with 

T1D who have been studied (263, 264, 266, 298). C-peptide-specific CD4+ T-cell clones isolated 

from peripheral blood recognised epitopes from throughout the C-peptide with many in its C-

terminal half. Eighty-six percent of T-cell clones were restricted by HLA-DQ8, -DQ2, -DQ2trans 

or -DQ8trans. Dose-response experiments revealed that full-length C-peptide was 100–1,000-fold 

more potent stimulator than 18mer peptides encompassing the cognate epitopes for some CD4+ T-

cell clones. Together, these data confirm that C-peptide-specific CD4+ T cells are present in both 

the islets and the peripheral blood of individuals with T1D. Furthermore, this data suggests that 

full length C-peptide (PI33-63) may be an important, but largely overlooked, target of pathogenic 

CD4+ T cells in T1D.  

 

CD4+ T-cell responses to C-peptide were detected in the peripheral blood of more than 60% (14 of 

23) of people within 100 days of diagnosis of T1D compared to 8% (1 of 13) of healthy controls. 

The sensitivity and specificity was greater than in assays that used shorter peptides (247) or 

recombinant proinsulin (245, 257). The most recent example of this is CD4+ T-cell responses to 

PI51-68 eluted from HLA-DR4 (278) which were seen in only approximately 13% of individuals 

with recent-onset T1D, as detected by ELISpot (258). Detectable responses in more than 60% of 

individuals with T1D in the results of this chapter may be attributable to the use of full-length C-

peptide (PI33-63). This provides more potential epitopes than a shorter peptide, increasing the pool 

of potential responding T cells. In addition, many of the T-cell clones that recognise epitopes in 

the C-terminal end of the C-peptide were found to be 100–1,000-fold more sensitive to full-length 

C-peptide than to 18mer peptides incorporating the cognate epitope (Figure 4.4). At this point it is 

unclear why clones specific for epitopes in the C-terminus of C-peptide are more sensitive to full-

length C-peptide than shorter epitopes. It is possible that the shorter peptides may be more rapidly 

degraded compared to full-length C-peptide, or the latter may be more efficiently processed and 

presented by antigen presenting cells than shorter peptides.  
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In contrast to the recent-onset subjects, C-peptide-specific responses were detected in only a few 

individuals with long-standing T1D (median 14 years from diagnosis, range 1-32 years). This 

observation suggests that CD4+ T-cell responses to C-peptide decline after the onset of T1D. This 

could be due to migration of C-peptide-specific CD4+ T cells out of the peripheral blood. Because 

insulin given as therapy for T1D does not contain C-peptide, the natural history of T-cell 

responses to C-peptide can be analysed without potential confounders arising from CD4+ T-cell 

responses to exogenous insulin. In addition, analysis of pre-clinical samples found very few 

individuals who had detectable C-peptide-specific CD4+ T cells prior to diagnosis. At first glance, 

this observation suggests that C-peptide-specific CD4+ T-cell responses are not detectable prior to 

disease onset. However, it is unknown what proportion of these subjects will go on to develop 

T1D. The lack of detectable T-cell responses to C-peptide could be because these subjects will 

never develop T1D or will develop it many years in the future. Another possible reason is that the 

response to C-peptide peaks in the peripheral blood at the time of clinical diagnosis with T1D. It 

will be of great interest to determine how soon C-peptide-specific responses appear prior to the 

clinical onset of T1D, and how soon after, they fall below the limit of detection. It will also be of 

interest to determine if CD4+ T-cell responses to other beta-cell antigens also decline from the time 

of diagnosis in a similar way to responses to C-peptide. 

 

In contrast to previous studies (239, 243, 262, 302), 86% (19 of 22) of the C-peptide-specific 

clones isolated in this study were HLA-DQ restricted. It is unclear why it has been difficult to 

detect HLA-DQ restricted CD4+ T cells in peripheral blood and why the approach used here, using 

the CFSE-based proliferation assay and full-length C-peptide, stimulated a largely HLA-DQ2/8 

restricted response. The detection of many HLA-DQ restricted CD4+ T cells fits neatly with the 

well-documented genetic association between these HLA alleles and risk of developing T1D, 

providing support for the clinical relevance of CD4+ T-cell responses to full-length C-peptide. 

Analysis of C-peptide-specific CD4+ T cells restricted by HLA alleles other than HLA-DR3, -

DR4, -DQ2, -DQ8, -DQ2trans and -DQ8trans was not sought. It remains possible that there are 

C-peptide-specific CD4+ T-cell clones restricted by other HLA alleles that have not been analysed. 

Peptide HLA class II-tetramers have been used to identify beta-cell antigen-specific T cells (248, 

296, 303, 304). However, this study suggests that an HLA class II tetramer-based approach may 

not be feasible to comprehensively analyse C-peptide-specific responses because there are at least 
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13 different peptide/HLA combinations that can be derived from human C-peptide. Instead 

functional assays, such as CFSE-based proliferation or ELISpot (62, 212) which do not require a 

specific reagent for each peptide/HLA combination is preferable. 

 

Broadly, responses to full-length C-peptide are common to both CD4+ T cells from the blood and 

islets of individuals with T1D. However, fine epitope mapping revealed an array of C-peptide-

derived epitopes. Four clones isolated from the peripheral blood of the donors from this study 

were found to have similar epitope specificities to the islet-infiltrating clones, but none that were 

identical. One clone, K9.6, was very similar to an islet-infiltrating clone, A5.5. Both clones share 

specificity for the same region of C-peptide (GQVELGGGPGAG versus QVELGGGPG), HLA 

restriction (HLA-DQ8) and an identical TCR alpha chain (Table 4.7) (263). Michels et al (266) 

identified TCRs derived from islet-infiltrating CD4+ T cells which responded to PI47-63, presented 

by HLA-DQ8trans. Epitopes within this same region of C-peptide were targeted by three clones 

from the same blood donor (H3.3, H6.4 and H12.2) and these clones were also restricted by HLA-

DQ8trans. However, Michels et al didn’t report ‘fine’ epitope mapping so it is unclear if these are 

the same or overlapping epitopes. As further epitopes recognised by islet-infiltrating CD4+ T cells 

are mapped it will be interesting to see how closely they correlate with cells isolated from the 

blood. However, it is clear from this analysis of blood-derived CD4+ T-cell clones, that there are 

many C-peptide-derived epitopes which are presented by HLA alleles associated with increased 

risk of developing T1D. This knowledge will give insight into how the T-cell repertoire within the 

islets is reflected in T cells found in the peripheral blood. Already, based on TCR sequencing, it is 

suggested that the clonal overlap between periphery and target organ is limited (305).  

 

The C-terminal half of C-peptide (PI51-68) has been tested in a phase I trial as a candidate for 

antigen-specific therapy to curb autoimmune CD4+ T-cell responses in T1D (306, 307). This 

peptide (PI51-68, GSLQPLALEGSLQKRGIV) incorporates epitopes recognised by half (11 of 22) 

of the full-length C-peptide-specific clones described here. Although the PI51-68 peptide was 

identified in an HLA-DR4 restricted response (278), the data here shows that this peptide contains 

epitopes presented by HLA-DQ2, -DQ2trans and -DQ8 in addition to HLA-DR4 when T cells are 

stimulated with full-length C-peptide.  Compared to PI51-68, full-length C-peptide comprises 
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multiple epitopes, stimulates predominantly HLA-DQ2/8 restricted responses, and is a much more 

potent antigen.  

 

The primary limitation of this work, like most clinical studies, is that it cannot be demonstrated 

that C-peptide-specific CD4+ T cells contribute directly to the autoimmune pathogenesis of human 

T1D. As outlined above, several lines of evidence to support our suggestion that C-peptide-

specific CD4+ T cells contribute to autoimmune beta-cell destruction in people who develop T1D 

has been demonstrated. Nevertheless, a direct demonstration of a pathogenic role for CD4+ T-cell 

responses to C-peptide will require a mouse model. In this case a murine model of human CD4+ T-

cell responses to C-peptide requires human CD4, HLA, TCR and proinsulin.  

 

There are two clinical applications of our findings: T-cell biomarker assays and antigen-specific 

therapy protocols. Developing T-cell biomarker assays to monitor changes in beta-cell-specific T 

cells in the blood of people with T1D has been an enduring challenge. Based on the results 

presented here C-peptide could potentially be a useful inclusion in functional T-cell assays, such 

as ELISpot or CFSE-based proliferation assays. C-peptide can readily be applied to assays, using 

larger cohorts, to further delineate the temporal dynamics of CD4+ T-cell responses to C-peptide in 

the blood of people developing T1D. Full-length C-peptide warrants further investigation as an 

antigen in antigen-specific therapies. As noted above, a shorter section of C-peptide has already 

been evaluated as an antigen-specific therapy, in a phase Ib clinical trial (307). Full-length C-

peptide could readily be tested for prevention of T1D because it is relatively stable, non-toxic and 

water soluble, and has already been used in clinical trials for diabetes-associated complications 

(308-310). 
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Table 4.7. Comparison of epitope specificity of islet-infiltrating and peripheral blood-derived C-peptide-specific CD4+ T cell 
clones 
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A1.93! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
A5.84! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
A4.13! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
A5.5! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
A2.13! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
A1.1! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
A1.2! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
A2.45! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8trans!

Pe
rip
he
ra
l!B
lo
od
!

B3.1! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
B3.3! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DR4!
K3.21! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ2!
K9.51! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ2!
K4.41! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DR4!
K6.41! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DR4!
K6.2! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8trans!
K9.6! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
D1.11! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
D1.41! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
T6.1! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ2/DQ2trans!
T6.61! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ2!
T17.11! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ2/DQ2trans&
H3.31! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8trans!
H6.41! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8trans!
H3.7! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
H7.41! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
H8.51! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
H11.5! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!
H12.2! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8/DQ8trans!
E2.3! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ2!
E2.5! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DQ8!



Chapter 4: Analysis of peripheral C-peptide-specific CD4+ T-cell responses 

 98 

1Clones with identical TRAV and TRBV gene sequences. 
2 Nomenclature referenced by abbreviated HLA type is as follows (indicated in brackets): HLA-DQ8 (A1*03:01, B1*03:02), HLA-
DQ2 (A1*05:01, B1*02:01), HLA-DQ8trans (A1*05:01, B1*03:02), HLA-DQ2trans (A1*03:01, B1*02:01), HLA-DR4 (B1*04:01).  
3Three additional clones from donor A (2.1, 3.14, 4.6) had identical TRAV and TRBV genes – see reference (263). 
4 Two additional clones from donor A (5.9, 6.15) had identical TRAV and TRBV genes – see reference (263).  
5Two additional clones from donor A (A2.4, A3.15) had identical TRAV and TRBV genes – see reference (263)
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5.1 INTRODUCTION 
 
Islet autoantibodies (IAbs) are currently the most reliable and validated markers of !-cell 

autoimmunity in T1D (311). Autoantibodies against four major proteins expressed by beta cells 

are currently in clinical use (52). They are autoantibodies against: insulin (IAA), GAD65 

(GADA), tyrosine phosphatase-related insulinoma antigen 2 (IA-2A), and zinc transporter 8 

(ZnT8A). Islet autoantibodies (IAbs) have demonstrated utility in 1) identifying people at 

increased risk for developing T1D (312), 2) in better understanding T1D’s natural history (313, 

314), and 3) to aid in distinguishing diabetes of autoimmune from other aetiologies such as insulin 

resistance (315).   

 

Analysis of IAbs has taught us almost all we know regarding the pre-clinical stages of human T1D 

(55, 56, 316, 317). Islet autoantibodies are the first measurable evidence of an autoimmune 

response against pancreatic ! cells (313, 318, 319). They can appear as early as 3 months of age 

and their appearance precedes clinical disease for a variable length of time (318). In addition, the 

number of detectable IAbs has been demonstrated to correlate with the risk of disease progression 

(56). Two or more autoantibodies detected in childhood confer a >60% risk of developing clinical 

disease prior to the age of 15 and almost all children develop clinical T1D beyond 20 years of age. 

Interestingly, these IAbs develop sequentially (320). Young children often develop IAAs first, 

whereas older children and young adults tend to develop GADA first.  

 

The ongoing pursuit of novel autoantibody targets remains important (321). An additional disease-

specific IAb would further our understanding of the onset of islet autoimmunity, help to delineate 

those at increased risk of developing clinical disease, and help define disease in the 2-6% of 

individuals with T1D who are autoantibody negative (51). Currently, IAA assays are unable to 

distinguish insulin antibodies produced against endogenous insulin, and IAAs generated in 

response to exogenous insulin administration (311, 322). C-peptide is excised from proinsulin 

during the biosynthesis of insulin (323), and is therefore not part of injectable insulin. This means 

insulin therapy would not confound the detection of C-peptide autoantibodies. The presence of C-

peptide autoantibodies has been implied by measuring proinsulin-specific autoantibodies (324). Of 

82 patients with newly diagnosed T1D, 57 were found to be negative for IAA. Of these 57 IAA-
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negative subjects, proinsulin autoantibodies were found in 8 (14%). Competition with unlabeled 

insulin did not inhibit proinsulin-specific autoantibodies in four sera tested. In contrast, antibody 

binding was inhibited by either proinsulin, or C-peptide. This suggested the presence of 

autoantibodies targeting the C-peptide of proinsulin.  

 

The radioimmunoassay (RIA) is the ‘gold’ standard assay for measuring IAbs because of its high 

sensitivity and specificity (325). Insulin autoantibodies in particular are best detected by fluid-

phase radioassays compared to standard enzyme-linked immunosorbent assays (ELISA) (326). Of 

all the autoantibody assays, insulin autoantibody assays have been the most difficult to perform 

and standardise. The difficulties with insulin autoantibody detection were thought to be related to 

their very low concentrations, the small difference between levels in positive patients and healthy 

controls, and the apparent inability of human insulin autoantibodies to react to insulin bound to 

plates. A serum acidification step was introduced to dissociate insulin and insulin autoantibodies 

(327). More recently, the electrochemiluminescent assay (ECL) has been shown to be more 

specific than the RIA for both IAA and GADA (256, 328). Unlike IAA, ELISAs have comparable 

sensitivity and specificity to the ECL assays for GADA (325). ELISAs for GADA and IA-2A 
have shown excellent reproducibility in T1D autoantibody workshops (329).  

 

The relationship between humoral and cellular autoantigen responses in T1D has been variable 

between antigens. Hummel et al. (330) suggested that there was no correlation between cellular 

and humoral immunity to islet-cell antibodies (ICA), IA-2A and GAD65. However, they 

demonstrated a weak, but statistically significant, relationship between the proliferative T-cell 

response to insulin as measured by 3H-thymidine incorporation assay, and IAA titres (R2=0.2401, 

p=0.012). Spanier et al. (331) using an HLA-D8 tetramer incorporating insulin B chain (B10-23) 

which has a substitution of B22R!E (HLVERLYLVCGEEG), also demonstrated a weak 

correlation (R2=0.1891, p=0.0114) between tetramer-binding memory CD4+ T cells and IAA 

titres. 

 

C-peptide-specific CD4+ T cells infiltrate the islets of people with T1D (263, 264, 266). In Chapter 

4, C-peptide-specific CD4+ T cells was also demonstrated to be detectable in the peripheral blood 
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of subjects with recent-onset T1D in a disease-specific manner. Here the question is posed: can C-

peptide autoantibodies be detected in the serum from people with T1D using ELISA?  
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5.2 MATERIALS AND METHODS 
 

5.2.1 Subjects and serum samples 

Details subject recruitment are outlined in Materials and Methods Chapter 2.2. Serum was 

collected and stored at -80oC in 500µL aliquots.  

 

5.2.2 Synthetic peptides 
Biotinylated peptides were synthesised by GenScript Corporation (Nanjing, China) and 

reconstituted in Milli-Q water to 5.0mM and stored at -80oC. Biotin was covalently linked at the n-

terminal end of the full-length of C-peptide (Biotin-

GGGGEAEDLQVGQVELGGGPGAGSLQPLALEGSLQ) and to a peptide with the same amino 

acids as C-peptide but in random arrangement (“scrambled peptide”; Biotin-

GGGGLAEVQSPSLGLGLPQVAGDELQEGQLGAGEG). 

 

5.2.3 Biotinylated C-peptide ELISA in solid phase 
This protocol was developed from (332). Ninety-six well, flat bottom plates pre-coated with 

streptavidin (R&D systems, MN, USA) were incubated for 1 hour to 1 day at 4oC with 100μL 

biotinylated C-peptide (5-100μM as indicated; GenScript, Nanjing, China), biotinylated scrambled 

C-peptide (5-1000μM as indicated; GenScript, Nanjing, China) or 0.1% BSA PBS. Peptides were 

diluted in 0.1% BSA/PBS. After each step, the plates were washed three times with 0.1% Tween-

20/PBS. Serum was diluted in 2% BSA/PBS at 1:2.5-1:125 dilution (as indicated). Diluted serum 

was added at 50μL/well. All samples were tested in triplicate. Serum was incubated in the peptide-

coated plates at 4oC for 1 hour to 1 week (as indicated). Plates were incubated for 1 hour with 

100μL goat anti-human monoclonal Ab horseradish peroxidase (HRP) conjugate (Sigma-Aldrich, 

MO, USA, Cat #A0170) at 1:60,000 dilution, in 2% BSA/PBS, as recommended by the 

manufacturers. Antibody was flicked out and washed three times with 0.1% Tween-20/PBS then 

three times with 1xPBS to wash out the Tween-20. TMB in potassium citrate plus hydrogen 

peroxidase (Sigma-Aldrich, MO, USA, Cat #T2885) was added at 100μL per well and incubated 

until sufficient colour development was achieved. The reaction was stopped with 2M sulfuric acid.  
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5.2.4 Biotinylated C-peptide ELISA in fluid phase 

This protocol was developed from (333). Serum, 11.1µL, was diluted in 22.2µL of 2% BSA/PBS. 

The 1:3 diluted serum, 33.3µL, was added to 35µL of biotinylated C-peptide (final concentration 

50µM) in a 1.5mL tube and incubated overnight at 4oC. The peptide-serum mixture (60µL/well) 

was added to triplicate wells of a streptavidin-coated plate and incubated at room temperature for 

1 hour, before the plate was washed as described above. Peptide-serum mixture was flicked out 

and plates washed. Human antibodies were detected as described above.  

 

5.2.5 Acetic acid treatment 

Acetic acid treatment was performed as described by Zhao et. al (333). Briefly, 15µL of patient 

serum was mixed with 18µL of 500mM acetic acid. The acid-treated serum solution was 

incubated for 45 minutes at room temperature and 25µL of the solution was taken and neutralised 

with 8.3µL of 1M Tris-HCl (pH 9.0).  

 

For the Solid Phase ELISA, 60µL of neutralised serum was added to the peptide-coated wells. All 

other steps were as described above. 

 

For the Fluid Phase ELISA, 33.3µL of neutralised serum was added to 35µL biotinylated peptide 

to give a final peptide concentration of 50µM. The peptide-serum mixture was incubated 

overnight in a 1.5mL tube. The peptide-serum mixture (60µL) was added to the streptavidin-

coated plates and incubated for 1 hour. All other steps were as described above.
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5.3 RESULTS 

 

5.3.1 Preliminary results 

Serum from six subjects without T1D and three subjects with T1D were tested at neat, 1:5, 1:25, 

1:125 dilution. At a serum dilution of 1:5, C-peptide antibodies were detectable in the serum of 

two of the subjects with T1D (Figure 5.1B & C) but none of the subjects without T1D (Figure 

5.1A & C).  

 

5.3.2 Optimisation of ELISA  

Serum from one of the subjects with T1D who demonstrated detectable C-peptide antibody levels 

(Fig 5.1B) was used to further optimise the C-peptide antibody assay. Acidification of serum had 

no effect in improving detection of C-peptide antibodies (p=0.45; Figure 5.2A). When compared 

directly Solid-Phase ELISA was found to be more sensitive than the Fluid-Phase ELISA (p=0.01; 

Figure 5.2B). 

 

Streptavidin pre-coated plates incubated with biotinylated peptide at 10, 50 and 100µM revealed 

that the most difference between C-peptide and the scrambled peptide control ("OD) was seen at 

50µM (Figure 5.3).  
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Figure 5.1 Comparing absorbance of serum incubated with C-peptide and scrambled 
peptide control 
(A) Titration of serum from a subject without T1D tested against C-peptide and scrambled control 
peptide. (B) Titration of serum from a subject with T1D and tested against C-peptide and 
scrambled control peptide. Serum was diluted with 2% BSA/PBS. Absorbance measured at 
450nm. Biotinylated C-peptide and scrambled control peptide used at 50µM. (C) C-peptide 
antibody ELISA results for serum from six subjects without T1D and three with T1D. "OD is the 
difference between the OD with C-peptide minus OD with scrambled control peptide. Mean value 
is indicated with the horizontal line. Statistical significance was calculated with the unpaired two-
tailed Mann-Whitney U test (p=0.38). 
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!
Figure 5.2 Optimising the C-peptide autoantibody specific ELISA. 
(A) Comparison of C-peptide antibody detection with and without acetic acid treatment. With 
acetic acid treatment: 18µL of 500mM acetic acid was added to 15µL of serum and incubated for 
45 minutes before 8.3µL of 1M Tris-HCl was added to 25µL of the acidified serum. The 
neutralised serum was then added to the plate. Without acetic acid treatment: serum was diluted in 
2% BSA/PBS and added to the plate. (B) Comparison of C-peptide antibody detection using solid-
phase versus fluid-phase ELISA. Fluid phase: Serum was incubated with biotinylated C-peptide 
overnight at 4oC in a 1.5mL tube before being added to a streptavidin-coated plate. Solid phase: 
Streptavidin-coated plate was incubated with biotinylated C-peptide for 1 hour. Serum was then 
added to the wells after plates were washed with 0.1% Tween-20/PBS. Statistical significance was 
calculated using unpaired two-tailed Mann-Whitney U test and defined as p<0.05. Each sample 
tested in triplicate as a single experiment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Titration of biotinylated peptide coating concentration. Streptavidin-coated plates 
were incubated with biotinylated C-peptide or scrambled peptide control at 10, 50 and 100µM. 
Absorbance at 450nm of serum from a subject with and without T1D was measured. "OD is the 
difference between OD 450nm from C-peptide minus OD 450nm of scrambled control peptide. 
Each sample tested in triplicate and the experiment performed twice with similar results. 
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Next the serum concentration and incubation time of biotinylated peptide was optimised on the 

streptavidin pre-coated plates. A serum dilution of 1:2.5 gave the largest "OD between the C-

peptide and scrambled peptide control compared to 1:5 and 1:10 dilutions. This was consistent on 

plates incubated with biotinylated peptide for different durations (Figure 5.4), and for different 

durations of serum incubation (Figure 5.5). The largest "OD between the C-peptide and scrambled 

peptide control was achieved when the biotinylated peptide was incubated on the streptavidin-

coated plates overnight (Figure 5.4). To optimise serum incubation time, titrated serum samples 

were incubated for different lengths of time (Figure 5.5). The "OD between C-peptide and 

scrambled peptide control at 1:2.5 serum dilution was similar between 1, 2 and 6 days of 

incubation in subjects with T1D ("OD = 0.204, 0.211, 0.226 respectively; Figure 5.6). However, 

the greatest disease specificity as measured by the difference in "OD between non-T1D and T1D 

subject, was seen with a 2 day incubation.  

 

 

 
 
Figure 5.4 Optimisation of serum dilution and biotinylated peptide incubation time. 
Comparison of incubation times of biotinylated peptides on streptavidin-coated plates at titrated 
serum dilutions. Incubation times of (A) 1 hour, (B) 2 hours, and (C) overnight. Serum was 
diluted with 2% BSA/PBS. Absorbance measure expressed as "OD of C-peptide and scrambled 
peptide control. Biotinylated C-peptide used at 50µM. Solid symbol represents subject without 
T1D. Open symbol represents subject with T1D. Each sample tested in triplicate as a single 
experiment. 
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Figure 5.5 Optimisation of serum dilution and serum incubation time. 
Comparison of incubation times of serum at titrated serum dilutions. Incubation times of (A) 1 
hour, (B) 2 hours, (C) overnight, (D) 2 days, and (E) 6 days. Serum was diluted with 2% 
BSA/PBS. Absorbance measure expressed as "OD of C-peptide and scrambled peptide control. 
Biotinylated C-peptide used at 50µM. Solid symbol represents subject without T1D. Open symbol 
represents subject with T1D. Each sample tested in triplicate. Each incubation time represents a 
single experiment. 
 

 

 
 

Figure 5.6 Optimisation of serum incubation time. 
Comparison of incubation times of serum with biotinylated peptide in solid phase. Serum was 
diluted with 2% BSA/PBS at 1:2.5. Absorbance measure expressed as "OD of C-peptide and 
scrambled peptide control. Biotinylated C-peptide used at 50µM. Solid symbol represents subject 
without T1D. Open symbol represents subject with T1D. Each sample tested in triplicate as a 
single experiment. 
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In some subjects with and without T1D, significantly higher absorbances were seen with the 

scrambled peptide compared to the serum diluent alone (Figure 5.7; p<0.01). For this reason, the 

scrambled C-peptide control was omitted from subsequent experiments.  

 

 

 
 

Figure 5.7 Comparison of scrambled peptide and 0.1% BSA/PBS  
Comparison of absorbance using scrambled peptide versus 0.1% BSA/PBS to coat streptavidin-
coated plates (n=20). Statistical significance calculated using unpaired two-tailed Mann-Whitney 
U test, defined as p<0.05. 
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In summary, optimal detection of C-peptide antibodies using ELISA was achieved in the solid 

phase with 50µM biotinylated peptide incubated on pre-coated streptavidin plates overnight. 

Serum was found best diluted at 1:2.5 in 0.1% BSA/PBS and incubated on the plates for 2 days 

before proceeding with the final steps of antibody detection. Acetic acid was not found to improve 

C-peptide antibody detection. These results are summarised in Table 5.1.  

 

Table 5.1. Summary of optimal C-peptide autoantibody ELISA parameters 

Variable( Optimised(setting(
Solid(phase(vs(fluid(phase( Solid&phase&

With(or(without(acetic(acid( Without&(no&difference&seen)&

Biotinylated(coating(peptide(
concentration(

50µM&

Coating(peptide(incubation(time( Overnight&

Serum(dilution(factor(( 1:2.5&

Serum(incubation(time( 2&days&

Negative(control( 0.1%&BSA/PBS&

 

 

5.3.3 C-peptide antibodies could not be detected with disease specificity 
Serum from 59 subjects without T1D and 55 subjects with T1D were tested for C-peptide 

antibodies using the optimised parameters (Table 5.1). There was no difference in C-peptide 

specific antibodies between these groups (p=0.562; Figure 5.8).  

 

Because the majority of subjects without T1D were recruited from the non-alcoholic fatty liver 

clinic, the mean BMI was calculated and found to be high in 46 (35.4 ± SD 12.3). There was a 

weak but statistically significant correlation between BMI and C-peptide antibody levels 

(r=0.3433; p=0.04; Figure 5.9).  
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Figure 5.8 Prevalence of C-peptide antibodies in subjects with and without T1D. Serum from 
59 subjects without T1D and 55 with T1D were tested for C-peptide autoantibody using ELISA.  
Absorbance measure expressed as "OD of C-peptide and 0.1% BSA/PBS. Statistical significance 
was calculated with an unpaired two-tailed Mann-Whitney U test and defined as p<0.05. 
 

 
Figure 5.9 Correlation analysis of C-peptide antibodies and BMI in subjects without T1D. 
Plot of results of C-peptide autoantibody ELISA for 46 subjects without T1D against their BMI. 
Absorbance measure expressed as "OD of C-peptide and 0.1% BSA/PBS. Linear regression 
analysis was performed and goodness of fit is expressed as r (p=0.04).  
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5.4 DISCUSSION 
 

Here, a solid-phase ELISA protocol was optimised for detection of C-peptide antibodies. After 

assay optimisation, C-peptide autoantibodies were not detected in a disease-specific manner. This 

is in contrast to the results of Kuglin et al. (324) who detected proinsulin antibodies in subjects 

with newly-diagnosed T1D who were IAA-negative, inferring the presence of C-peptide 

antibodies. Discordance with these results may be related to assay performance, choice of control 

population, and heterogeneity in test population. Alternatively, it is possible C-peptide 

autoantibodies are not detectable in a disease-specific manner which has been more accurately 

concluded from this study’s direct measurement as opposed to the indirect measurement by Kuglin 

and colleagues (324).  

 

In this study C-peptide autoantibodies could not distinguish between subjects with T1D and 

without T1D. In contrast to the findings in Chapter 4 where >60% recent-onset T1D subjects had a 

detectable C-peptide-specific CD4+ T-cell response. Although the C-peptide-specific CD4+ T-cell 

responses and C-peptide autoantibodies were not tested in the same subjects, this discordance 

between cellular and humoral immunity was also seen in a study by Hummel et al. (330). They 

demonstrated no correlation between CD4+ T-cell responses and autoantibodies to ICA, GAD65 

and IA2. It is worth noting the T-cell and antibody assays available at the time of their study, 

however, would not have had the same sensitivity and specificity as assays currently available. Of 

interest would be another study comparing cellular and humoral immunity to islet cell antigens 

using modern techniques. Additionally, there are a number of technical factors in our study that 

should be further optimised before C-peptide autoantibodies are considered not associated to the 

T1D disease process, as discussed below.   

 

Islet autoantibodies are difficult to measure (325). Despite international workshop programs, 

standardisation between laboratories for the four identified islet autoantibodies in T1D has been 

affected by variability in assay performance (329, 334). Few attain high sensitivity and specificity. 

We used the solid-phase ELISA due to its ease of use and setup, and its reproducibility for 

detecting GAD and IA-2A. However, like IAA, C-peptide antibody detection may be more 

technically difficult (326). Our results would suggest that neither the addition of acetic acid nor 
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the incubation of serum with antigen in the fluid phase improved detection of C-peptide 

antibodies. The introduction of ECL assays has enhanced the detection of disease-relevant and 

reduced the detection of disease-irrelevant signals compared to radioimmunoassays, particularly 

for IAA (327, 328). Detection depends on the IgG antibody’s bivalent binding forming a bridge 

between the antigen on the plate and the soluble antigen carrying a luminescent label. This has 

been shown to be better at detecting high-affinity antibodies and thus improves the assay’s 

sensitivity and disease-specificity (256, 328). Potential drawbacks of the assay include the 

requirement of expensive equipment, consumables which are currently only available from one 

supplier, increased volume of serum (double for GADA) and the need for a purified protein with a 

specialised tag for antibody detection. Interestingly, GADA-bridging ELISAs have been 

developed which take advantage of the benefits of the ECL assays and overcome a number of 

these barriers (335, 336). Better disease specificity may be achieved for the detection of C-peptide 

antibodies using a bridging ELISA. 

 

Healthy subjects in this study were of a high BMI (35.4 ± SD 12.3). Obesity has been associated 

with higher fasting serum C-peptide levels (337). Our results demonstrated a weak but statistically 

significant correlation with BMI and C-peptide antibody levels in the subjects without T1D 

(r=0.3433; p=0.04). It is plausible that the increased pancreatic production of C-peptide seen in 

obesity triggers the formation of a humoral response to C-peptide. It would be interesting to 

correlate C-peptide antibody levels with a subjects’ fasting C-peptide to further explore this 

hypothesis.  

 

The duration of T1D was variable amongst the subjects with T1D studied. The serum was taken 

from a collection of subjects for whom other islet autoantibodies had been requested. Although the 

investigation of islet autoantibodies is usually performed around the time of clinical diagnosis, this 

could not be confirmed for the subjects analysed in this study. Additionally, the majority of 

samples studied were from adults. Insulin autoantibodies are known to be more prevalent in 

children, whilst GADA is more common in adult-onset T1D (320). Autoantibodies have also been 

shown to decline over the duration of disease, particularly IAA (318). C-peptide antibody levels 

should be explored in a paediatric cohort, and in retrospective samples taken at the preclinical 

stages of subjects known to go on to develop clinical T1D.  



Chapter 5: Detection of C-peptide-specific autoantibodies 

 115 

 

Detection of novel islet autoantibodies are needed to better understand the pathophysiology and 

natural history of T1D (338). Although disease-specificity was not achieved with a solid-phase 

ELISA for detecting C-peptide antibodies in this study, it is noted that similar frustrations was 

initially experienced in the development of a sensitive and specific assay for detecting IAA (52, 

339). Future studies should consider improving test accuracy by exploiting the bivalent binding of 

IgG with the use of ECL assays or bridging ELISAs. Fasting C-peptide levels should also be 

measured as a potential confounding variable. Finally, the choice of test subjects and healthy 

controls would be critical, with the paediatric population and age-matched controls being an 

avenue which should be evaluated. 
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Uncovering the antigen targets of CD4+ T cells in T1D is essential for understanding the 

pathogenesis of the disease, and for the development of biomarkers and disease-modifying 

therapy. The work described in this thesis supports the hypothesis that C-peptide is a target of 

CD4+ T-cells in people with T1D. In Chapter 3, the CFSE-based proliferation assay was optimised 

and found to be more sensitive than the ELISpot assay in detecting antigen-specific CD4+ T-cell 

responses. In Chapter 4, using the CFSE-based proliferation assay, C-peptide, as a whole peptide, 

was found to be a potent antigen for peripheral CD4+ T cells in subjects with recent-onset T1D. 

More than 80% of clones that recognised C-peptide-derived epitopes were restricted by HLA-DQ 

alleles known to confer high risk of developing T1D. Despite the disease specificity seen with the 

detection of C-peptide-specific CD4+ T cells, C-peptide autoantibodies as detected by solid-phase 

ELISA could not distinguish between subjects with and without T1D, as described in Chapter 5. 

 

6.1 C-peptide-specific CD4+ T cells and T1D pathogenesis 
Full-length C-peptide was a potent stimulator of CD4+ T-cell clones from subjects with recent-

onset T1D than shorter peptides. It was interesting to note that the clones targeting the C-terminal 

end of C-peptide were 100-1,000-fold more sensitive to full-length C-peptide than to 18mer 

peptides incorporating the cognate epitope. At the C-terminal end of C-peptide, a pentapeptide 

(EGSLQ) has been demonstrated to form a well-defined secondary structure (340). In fact, this C-

terminal end is the most structurally ordered region compared to the remainder of the peptide 

which is otherwise flexible. Additionally, it has been noted that the central sequence of C-peptide 

from residues 13-19 (GGGPGAG; PI45-51) is unique in that the central proline is flanked almost 

exclusively by nonchiral amino-acid glycines in almost perfect symmetry, and consists of only 

nonpolar residues (341).  This region has been proposed to form a turn-like structure (341). In 

Chapter 4, it was demonstrated that the epitope specificity of the majority of the CD4+ T-cell 

clones that targeted the C-terminal region of C-peptide could only be mapped using a longer 

peptide encompassing the central proline with single amino acid substitutions (see Section 4.3.2). 

When fine mapping was attempted using a series of truncated peptides, the signal was lost as soon 

as the central proline was removed. This was even when the minimum epitope was found to not 

include the central proline. Given the open binding groove of the HLA class II molecule, it is 

conceivable that the secondary structure of C-peptide influences the stability and interaction of the 

peptide with the HLA class II molecule and in turn, its interaction with the CD4+ T cell.  
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Alternatively, it has been proposed that flanking residues on either side of the minimal HLA-

binding epitope may interact with the TCR (342). Thus, the full-length C-peptide would provide 

the flanking residues needed for optimal TCR interaction where a shorter peptide would not. The 

secondary structure of full-length C-peptide and the potential role of flanking residues outside of 

the minimum epitope may explain the large number of HLA-DQ-restricted CD4+ T-cell clones 

isolated using the full-length C-peptide rather than shorter peptides spanning its length used in 

other studies. Another possible explanation is the shorter peptides are more rapidly degraded, 

whilst the longer full-length C-peptide is more efficiently processed and presented by the antigen-

presenting cell. Understanding what characteristics of C-peptide determine its potency over 

shorter cognate peptides may help to uncover its role in promoting autoimmunity and T1D. 

Experiments which disrupt the secondary structure of C-peptide without affecting the peptide 

sequence, or impair APC processing without affecting their ability to present epitopes, may be 

preliminary steps. 

 

Intriguingly, our results suggest C-peptide-specific CD4+ T cell responses are rarely detected 

beyond a few years from clinical diagnosis. Additionally, only 1 of the 15 autoantibody-positive 

subjects without T1D had a detectable C-peptide-specific CD4+ T cell response. Although it is 

unclear whether these autoantibody-positive individuals will go on to develop T1D as already 

discussed in Chapter 4, overall these results point to a peak in the C-peptide response in the 

periphery around the time of clinical diagnosis. This may be because these islet-reactive T cells 

are sequestrated in the pancreas. A multiple environmental ‘hits’ model has been proposed (130). 

Each environmental ‘hit’ would result in inflammation, antigen-exposure, a flare in effector 

autoimmunity and resultant !-cell destruction. It is conceivable that at the point of one of these 

environmental insults the ensuing islet inflammation would trigger expansion of islet-reactive T 

cells resulting in an increase in the circulating number available for detection. Clinical diagnosis 

would represent the final ‘hit’ at which residual !-cell mass was insufficient to sustain 

euglycaemia.  

 

The concept of sequestration is supported by the results of Culina et al. (343) who used HLA class 

I multimer assays to detect ZnT8-specific CD8+ T cells in subjects with T1D (disease duration not 
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defined), and without T1D. They demonstrated similar frequencies of antigen-specific CD8+ T 

cells in subjects with and without T1D as detected in the periphery, but higher frequencies in the 

pancreata of T1D subjects compared to subjects without T1D. Other sites, such as bone marrow, 

could also be a potential reservoir of memory T cells and sequestration (344).  To test this 

hypothesis further longitudinal studies of changes in C-peptide-specific CD4+ T cell numbers and 

function during the course of T1D are required. This would provide insight into the dynamics of 

C-peptide-specific CD4+ T cells throughout the stages of T1D as measured in the peripheral blood. 

To address this point, retrospective longitudinal samples from prior to diagnosis need to be 

analysed from subjects who have developed T1D. Future studies should also include a broader 

range of age of disease onset, in particular the paediatric cohort, and consider whether IAA or 

GADA was first to appear. This would better explore the emerging understanding of disease 

heterogeneity as evidenced by post-mortem insulitic profiles (197) and whole blood 

transcriptomics (345), distinguishable by age of disease onset and first autoantibody to appear. 

These different profiles have been suggested to translate to different rates of ! cell loss. The 

implication is that there are different immunophenotypes in T1D and it would be helpful to know 

if peripheral C-peptide CD4+ T cell responses could help distinguish between these profiles.  

 

Additionally, studies comparing islet-infiltrating and peripheral CD4+ T-cells, their specificities 

and TCR usage, would be revealing of the relationship between peripheral and CD4+ T cells 

resident in the target organ. This would further test the sequestration hypothesis. No common 

TCRs were found in peripheral and islet-infiltrating C-peptide-specific CD4+ T cells in this study. 

These results however are difficult to interpret as the islet-infiltrating and peripheral clones came 

from different donors. Ideally, islet-infiltrating and peripheral CD4+ T cells from the same 

individual around the time of diagnosis would be analysed. The evident limitation here would be 

the difficulty in obtaining these samples given currently, pancreata can only be obtained 

postmortem.  

 

Results in section 4.3.4 demonstrate that there was diverse TCR usage between individuals. This 

is in contrast to a narrow range of TCRs within an individual, with a number of clones from the 

same individual having identical TCR usage and HLA-peptide specificity. Evidence is mounting 

regarding the lack of public clonotypes across organ donors in T1D (266, 305, 343). The results 
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presented in Chapter 4 add to the studies supporting the notion that pathogenic T-cell clones are 

unique to an individual, rather than the existence of a shared pool of pathogenic T-cell clones 

preferentially selected in patients with T1D. Between donors, peripheral C-peptide-specific CD4+ 

T cells were demonstrated to have no identical HLA-peptide responses and no identical TCRs. 

This supports the use of full-length C-peptide in the development of biomarkers and antigen-

specific therapy which would broaden the relevance of the clinical application to include a 

maximal number of individuals. A shorter epitope would potentially narrow the relevance of the 

assay/therapy. Similarly, a tetramer assay where the HLA-peptide complex needs to be defined 

would also limit its relevance and future translation.    

 

6.2 T-cell assay development 
The CFSE-based proliferation assay was confirmed to be a sensitive T-cell assay for detecting rare 

autoimmune T cells, as previously described (212). In Chapter 3, it was demonstrated that the 

CFSE-based proliferation assay was more sensitive in detecting antigen-specific CD4+ T-cell 

responses compared to the ELISpot assay. Very few comparative studies have been conducted 

with the CFSE-based proliferation assay to-date (212, 279). Cleary more head-to-head studies are 

needed to determine if a dye-based proliferation assay is able to more accurately detect 

autoimmune CD4+ T-cell activity from the periphery compared to other T-cell assays.   

 

T-cell assays currently available have high inter-assay variability (221). Despite adjustments to 

gating, the inter-assay variability using the CFSE-based proliferation assay remained high. This is 

likely due to its capacity to detect very low numbers of antigen-specific T cells. On the other hand, 

it is this feature that is needed to detect scarce autoreactive CD4+ T cells in peripheral blood. This 

may well be why inter-assay variability remains an unresolved issue for all current T-cell assays, 

and likely to remain an inherent problem of any cellular assay attempting to detect cells in the 

order of 1:105-1:106. Like autoantibody screening, combined testing for multiple antigens could 

overcome the variability inherent in measuring responses to CD4+ T cells specific for a single 

antigen population. Identifying more clinically relevant antigens/epitopes will help to develop 

more robust assays to monitor changes in CD4+ T-cell responses to beta-cell antigens. 

Additionally, with the development of pancreatic scintigraphy to detect the presence of insulitis in 
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patients with autoimmune diabetes, perhaps utilising nuclear imaging in combination with 

peripheral T-cell assays will help to establish assay accuracy (346). 

 

To investigate longitudinal changes in T-cell activity retrospectively, optimal freezing protocols 

are needed. Interestingly, our results suggest the preferred cryomedia should be PHS-based, rather 

than the currently more commonly used FCS-based or serum-free cryomedia. Where serum-free 

cryomedia is favored due to the reduced variability in batch composition, the results in Chapter 3 

suggested CTL produced a higher background compared to PHS-based cryomedia. Additionally, 

the functionality most consistent with fresh CD4+ T cells was produced by PBMC frozen in 

PHS/DMSO, rather than FCS/DMSO or CTL. To extend our results, larger studies looking at the 

effect of cryopreservation and individual cryomedia on CD4+ T-cell responses to antigens not as 

potent as tetanus toxoid is needed. It is worth noting, our study used one batch of PHS. Batch 

variability with the potential for the introduction of contaminants remains a possibility with any 

pooled serum. Autologous plasma is a possible alternative which would eliminate the potential for 

introducing components that are foreign and immunogenic to the donor’s T cells. This advantage 

may reduce the background and improve accuracy and sensitivity of subsequent tests of T-cell 

functionality. Given the aforementioned inherent T-cell assay variability, optimising all pre-assay 

factors is crucial. 

 

6.3 Antigen-specific therapy 

In Chapter 4, it has been demonstrated that multiple epitopes within C-peptide are targeted by 

CD4+ T cells from subjects with T1D. Many of these falls outside the fragment of C-peptide 

currently being investigated as peptide immunotherapy by Alhadj Ali et al. (307). Our results 

promote the use of full-length C-peptide as a potential antigen for disease-modifying 

immunotherapy. Full-length C-peptide administered subcutaneously has already been trialed in 

clinical studies in subjects with diabetes for the prevention and management of microvascular 

complications (308, 347, 348). No safety concerns have been identified. Therefore, translation of 

C-peptide to a human clinical study investigating its potential for immunotherapy should be swift. 

 

Translation of an identified target antigen to immunotherapy would require a number of key 

considerations to first be addressed. These include the route of administration, timing and 
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frequency of antigen administration, and an outcome or marker to measure therapeutic efficacy 

(349). Translation of immunotherapy must always take into consideration safety first (349). Route 

and timing of an antigen is critical in determining whether the same antigen induces an active 

immune response, or hyporesponsiveness and anergy (349). Therefore, a biomarker is essential for 

understanding the immune effect of therapy, particularly where dangerous de novo autoimmune 

induction, and acceleration of disease may result (350). Again, this highlights the inadequacy of 

using residual pancreatic function, such as stimulated C-peptide levels, as an outcome measure, 

and the need for robust T-cell assays. Further safety issues of immunotherapy to consider include 

hypersensitivity to the antigen injection, including anaphylaxis (351). Despite these theoretical 

risks, there are few nonclinical studies in T1D indicating these are true safety concerns and 

overall, thus far, clinical studies have demonstrated good safety profiles (307, 352, 353). The lack 

of hypersensitivity reactions seen in previous clinical trials with full-length C-peptide as an 

infusion, or subcutaneous injection in people with long-standing T1D are also encouraging (308-

310). Additionally, parenteral administration of antigen has trended toward a greater 

immunomodulatory result (353, 354), with oral therapy having no current evidence for efficacy as 

antigen-specific therapy (355-358). Hence, the next step in determining clinical safety and 

efficacy would be a phase 1b trial looking at the immune effects of C-peptide administration in 

subjects with recent-onset T1D similar to that of Alhadj Ali et al. (307). Alhadj Ali et al. used the 

ELISpot to measure CD4+ T-cell production of IFN-# and IL-10 after first injection of a short 

fragment of C-peptide and monthly thereafter. I propose after the administration of full-length C-

peptide, concurrent measurement of CD4+ T-cell production of IFN-# and IL-10 by ELISpot, 

together with the measurement of C-peptide-specific CD4+ T-cell activity using the CFSE-based 

proliferation assay, which in Chapter 3 was demonstrated to be more sensitive than the ELISpot. 

Performing both T-cell assays in parallel would mean changes in T-cell response seen on the 

proliferation assay could be monitored with maximum sensitivity, whilst analysis of cytokine 

production using the ELISpot assay would categorise the response as effector or regulatory, better 

defining the immunomodulatory impact of the therapy. 

 

6.4 Conclusion 

CD4+ T-cell responses against C-peptide are readily detectable in PBMC from subjects with 

recent-onset T1D. There are two clinical applications of our findings: T-cell biomarker assays and 
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antigen-specific therapy protocols. Based on the results presented here we suggest that C-peptide 

could effectively be included in functional T-cell assays to further delineate the temporal 

dynamics of CD4+ T-cell responses to C-peptide in the blood of people developing T1D. In 

particular the CFSE-based proliferation assay, using the optimised parameters described, provides 

a sensitive assay to detect these rare autoreactive T-cell responses. Furthermore, full-length C-

peptide warrants further investigation as an antigen in antigen-specific therapies. Although this 

thesis presents only primary steps toward these clinical goals, this data provides sufficient reason 

to further explore full-length C-peptide as a candidate for these applications.   
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Fig. S1. Epitope mapping of C-peptide-specific clones. 
Responses of CD4+ T-cell clones to antigen were measured by the secretion of IFN-γ measured by 
ELISA. (a) “Coarse” epitope mapping. Clones were tested in triplicate against 18mer peptides, at a 
final concentration of 10μM, spanning the length of C-peptide, overlapping by 12 amino acids. 
Where a response was not elicited, peptide concentration was increased to 50μM (as indicated on 
the figure). (b) “Fine” epitope mapping of clone. Epitope specificity was further refined using 
peptides truncated by a single amino acid from either the N- or the C-terminus. The parallel lines in 
red delineate the sequence of the minimum epitope determined by the results of the experiment. (A) 
B3.1, (B) B3.3, (C) D1.1, (D) D1.4, (E) E2.3, (F) H3.7, (G) H7.4, (H) H8.5,(I) H12.2, (J) K4.4, 
(K) K6.2, (L) K6.4, (M) K9.6, (N) T6.1 
!  

Fig S1 cont 
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Fig. S2. Epitope mapping of C-peptide-specific clones that could not be determined with 
18mer peptides. (A) H 3.3, (B) T17.1, (C) H6.4, (D) E2.5, (E) K3.2, (F) T6.6. The responses of 
CD4+ T-cell clones to antigen were measured by the secretion of IFN-γ measured by ELISA. (a) 
“Coarse” epitope mapping: Clones were tested in triplicate against 18mer peptides, at a final 
concentration of 10μM, spanning the length of C-peptide, overlapping by 12 amino acids. (b) 
Alternative “coarse” epitope mapping of clone. These clones did not respond to any of the five 
18mer peptides and were mapped using variants of the full-length C-peptide which were 
sequentially truncated from either the N- or C- terminus by three amino acids. (c) “Fine” epitope 
mapping: the minimum epitope was refined by using a panel of peptides sequentially truncated by 
one amino acid from either the N- or C-terminus (d) Further “fine” epitope mapping: The minimum 
epitope was then determined by testing the clones against a panel of peptides with a single amino 
acid substitution. The substitutions were chosen to disrupt the putative HLA-binding or TCR 
recognition. For clone E2.5 (D) substitution peptides were not required as a minimum epitope was 
determined using higher concentrations of a panel of truncated peptides.  
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Fig. S3. HLA restriction of C-peptide-specific clones. The HLA restriction of the C-peptide-
specific CD4+ T-cell clones was determined in two steps. First, (a) antibodies against HLA-DR, -
DP, and -DQ were included in the peptide stimulation assays at a final concentration of 5.0μg/mL. 
To define the HLA allele, HLA-class II negative cells transduced with different HLA alleles were 
tested (b) The EBV line, KJ EBV (HLA-DRB1*03:01, 04:04; DQB1*02:01, 03:02) was used as a 
positive control APC. A representative of duplicate experiments is shown. Statistical significance 
was determined using unpaired Welch’s two-tailed t test and defined as p<0.05 as represented by *. 
(A) B3.1, (B) B3.3, (C) D1.1, (D) D1.4, (E) E2.3, (F) H3.7, (G) H7.4, (H) H11.5, (I) H12.2,(J) 
K4.4, (K) K6.2, (L) K9.6, (M) T6.1, (N) T17.1, (O) E2.5, (P) H3.3, (Q) H6.4, (R) K3.2, (S) K9.5, 
(T) T6.6 
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Figure S4. CD4+ T-cell responses to C-peptide compared to insulin dose-adjusted 
HbA1c. CD4+ T-cell responses to C-peptide of subjects with recent-onset T1D were plotted 
against insulin dose-adjusted HbA1c (IDAA1c). Insulin dose-adjusted HbA1c is used as a 
surrogate measure for residual beta-cell function and calculated as HbA1c (%) + 4 x insulin dose 
(U/kg/24 hours) (Max Andersen, M. L., et al Pediatr Diabetes, 15(7), 469-476. 
doi:10.1111/pedi.12208). Partial remission of beta-cell function is defined as IDAA1c [Symbol]9 
and is indicated by the dotted line. Partial remission was defined in 12/17 (70.6%) subjects 
analysed. No correlation was seen between CD4+ T-cell responses to C-peptide (CDI) and residual 
beta-cell function (IDAA1c), r2 = 0.01, p = 0.68)   
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Table S1. Characteristics of recent-onset (<100 days) type 1 diabetes subjects.  

Subject   Clone ID  Age1  
HLA alleles  Autoantibodies2  

CDI  
HLA-DRB1  HLA-DQB1  ZnT8†  Insulin  GAD  IA2  ICA  

1  B  23  03:01; 04:01  02:01; 03:02  -  -  27.3  142.9  X  3.4  

2  D  20  04:01  03:01; 03:02  X  X  1780  >4000  X  6.5  

3  H  21  03:01; 04:01  02:01; 03:02  -  X  729  14  -  39.7  

4    26  04:01; -  03:02; -  X  X  >2000  >4000  X  7.0  

5    24  03:01; 04:01  02:01; 03:02  X  X  >2000  306  X  1.6  

6    47  04:01; 04:08  03:01; 03:02  -  -  641.3  -  -  1.9  

7  K  12  03:01; 04:01  02:01; 03:02  -  1.0  >2000  168  -  82.5  

8    31  03:01; 04:01  03:02; 02:01  -  X  543  2519  X  3.2  

9    25  03:01; 04:05  02:01; 03:02  -  X  -  -  -  1.0  

10    33  03:01; 04:01  02:01; 03:01  X  -  805  -  -  1.1  

11    45  01:01; 04:02  05:01; 03:02  X  X  71  -  X  1.0  

12  E  36  03:01; 04:04  02:01; 03:02    -  167  374    9.5  

13    14  04:05; 13:02  03:02; 06:04    -  -      1.7  

14    14  03:01; 07:01  02:01; -    2.5  >2000  -    26.3  

15    15  03:01; 13:02  02:01; 06:04    0.7  -  -    0.4  

16  T  16  01:01; 03:01  02:01; 05:01    1.0  581  -    9.3  

17    14  01:01; 04:01  03:02; 05:01    -  17.5      3.5  

18    15  03:01; 04:02  02:01; 03:02    -  375      4.2  

19    13  01:02; 09:01  02:01; 05:01    -  >2000      1.7  

20    40  04:05; 15:02  04:01; 05:01    -  -      8.3  

21    29  03:01; -  02:01; -      1262  14.1    1.2  

22    22  04:01; 13:02  03:02; 06:09      -  >4000    26.0  

23    24  03:01; 04:03  02:01; 03:02     -  >200  -     3.0  
1Age in years   
2X indicates the detection of the antibody; where the quantitative antibody level was available, this has been included in bold when the value was 
above the laboratory reference range; - refers to a negative result; empty cells indicate the antibody result was not available. 
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Table S2. Characteristics of long-standing type 1 diabetes subjects 

Subject 
number Age1  Age1 at 

diagnosis 
Time since 
diagnosis2 HLA-DRB1* HLA-DQB1* 

1 22 16 5 01:01; 04:05 03:02; 05:01 
2 14 14 <1 (256 days) 04:01; 13:02 03:02; 06:04 
3 15 14 1 04:01; 15:01 03:01; 06:02 
4 25 14 12 04:05; 15:02 04:01; 05:02 
5 63 13 11 03:01; 04:04 02:01; 03:02 
6 39 29 29 03:01; 04:01 02:01; 03:02 
7 40 33 32 03:01; 04:01 02:01; 03:01 
8 31 11 20 03:01, 04:04 02:01, 03:02 
9 24 21 21 03:01; 04:01 02:01; 03:02 
10 25 15 18 03:01; 04:01 02:01; 03:02 
11 25 23 2 03:01; 04:08 02:01; 03:04 
12 35 31 4 03:01; 04:01 02:01; 03:01 
13 23 8 15 03:01; 04:05 02:01; 03:02 
14 47 28 19 03:01; 07:01 02:01; - 
15 29 15 14 01:01; 03:01 02:01; 05:01 

1Age in years,  
2 Time in years 
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Table S3. Characteristics of subjects without type 1 diabetes 

Subject 
number Age1 DRB1* DQB1* 

Autoantibodies 
Insulin 
(<0.7)2 

GAD 
(<5)2 

IA-2 
(<15)2 

1 43 04; 15 03:02; 06:02 0.3 <0.6 <0.3 
2 24 03:01; 07:01 02:01; 03:03 0.3 <0.6 <0.3 
3 31 03:01; - 02:01; -  ND ND ND 
4 29 03:01; - 02:01;-  ND ND  ND 
5 29 04:01; 07:01 03:03; 03:02 0.4 <0.6 <0.3 
6 50 02:01; 04:01 03:02; 06:02 0.4 <0.6 <0.3 
7 61 04:04; 15:01 03:02; 06:02 0.4 <0.6 <0.3 
8 34 03:01; 14:04 02:01; 05:03 0.4 <0.6 <0.3 
9 24 03:01; 07:01 02:01; 03:03 0.3 <0.6 <0.3 
10  ND 04:09; - 03:02; 03:03   ND ND ND 
11 27 04:04; 11:04 03:01; 03:02 0.3 <0.6 <0.3 
12 39 04:04; - 03:01; 03:02 0.4 <0.6 <0.3 
13 12 04:01; 01:01 03:02; 05:01 0.3 <3.5 <0.4 

1Age in years 
2 Reference range   
ND, not determined, or disclosed. 
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Table S4 Characteristics of subjects with autoantibodies without clinical T1D 

Subject Age1 HLA typing Autoantibodies2 
CDI 

DRB1 DQB1 ZnT8  Insulin GAD IA2 ICA  
ChOs Ab+ 25 04:04; 15:01 03:02; 06:02 X - X X X 0.2 
CaDe Ab+ 21 01:03; 12:01 03:01; 05:01 - - X3 - - 5.4 
LuJo Ab+ 11 04:01; 13:01 03:02; 06:03 - - X3 - - 0.5 
ChBe Ab+ 18 11:01; 15:01 03:01; 06:02 - - X - X 0.7 
BrMc Ab+ 23 03:01; 04:04 02:01; 03:02   X -  1.0 
RyPr Ab+ 16 04:01; 07:01 02:01; 03:02 - - X - - 1.2 
ShCo Ab+ 45 03:01; 04:01 02:01; 03:02   X  X 0.8 
JoHo Ab+ 11 03:01; 04:01 02:01; 03:01 X X X - - 0.3 
KiBu Ab+ 19 03:01; 15:01 02:01; 03:01  - X -  0.3 
TyFo Ab+ 13 01:01; 04:01 03:02; 05:01 - - X X - 0.1 
EmBe Ab+ 21 03:01; 04:01 02:01; 03:02 X - X - - 1.5 
BrLo Ab+ 20 04:05; 15:01 03:02; 06:02 - - X X X 0.8 
JeDa Ab+ 24 03:01; 07:01 02:01; 03:03   X X  0.4 
RiHo Ab+ 16 04:01; 13:02 03:02; 06:04 X X X X X 1.7 
ShWa Ab+ 14 03:01 02:01 X - X X - 1.0 

1Age in years,  
2X indicates the detection of the antibody, - refer to a negative result, empty cells indicate the antibody result was not available. 
3Fluctuating levels, not always positive 
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Table S5. Date of diagnosis and date of collection for insulin antibody positive individuals  

Subject Clone ID Age1 
Date of 

Diagnosis 
(dd/mm/yy) 

Date of 
collection of 
Insulin Ab 

Days from 
diagnosis to 
collection 

Insulin 
Antibodies2 CDI 

1  B  23  17/08/15  17/08/15  0  -  3.4  
2  D  20  26/11/15  26/11/15  0  X  6.5  
3  H  21  16/12/15  16/12/15  0  X  39.7  
4    26  11/05/15  12/05/15  1  X  7.0  
5    24  04/01/15  04/01/15  0  X  1.6  
6    47  12/08/15  12/08/15  0  -  1.9  
7  K  12  16/10/15  16/10/15  0  1.0  82.5  
8    31  02/07/15  08/07/15  6  X  3.2  
9    25  29/05/15  13/03/15  -77  X  1.0  
10    33  03/06/15  03/06/15  0  -  1.1  
11    45  16/04/15  14/05/15  28  X  1.0  
12  E  36  6/04/16  07/04/16  1  -  9.5  
13    14  22/07/15  14/07/15  -8  -  1.7  
14    14  14/08/15  07/09/15  24  2.5  26.3  
15    15  17/08/15  23/10/15  67  0.7  0.4  
16  T  16  19/11/15  16/11/15  -3  1.0  9.3  
17    14  02/04/16  04/04/16  2  -  3.5  
18    15  8/07/16  19/07/15  11  -  4.2  
19    13  20/9/16  20/9/16  0  -  1.7  
20    40  13/08/16  13/08/16  0  -  8.3  

1Age in years  

2X indicates the detection of the antibody; where the quantitative antibody level was available, this has been included in bold when the 
value was above the laboratory reference range; - refers to a negative result. 
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