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Abstract 
 

Type 1 diabetes (T1D) results from progressive autoimmune-mediated destruction of insulin-

producing beta (β)-cells in pancreatic islets. The most effective biomarkers used to predict the 

development of T1D are four islet autoantibodies that recognise β-cell antigens with high 

specificity. Islet autoantibodies can be detected years before diagnosis, but progression rate can 

vary from months to decades. Autoantibodies directed to zinc transporter 8 (ZnT8A) were 

discovered in 2007, are common in individuals that slowly and rapidly progress to T1D and 

are usually detected by radioimmunoassay, but characteristics of the response (affinity, IgG 

subclasses, epitope specificity) are under-investigated.  

 

We hypothesised that (1) characterisation of ZnT8A responses prior and close to T1D onset 

utilising adapted radioimmunoassays will inform the pathogenesis of T1D (2) factors 

associated with loss of ZnT8A after T1D onset will be different to those at onset and may 

provide insights into ongoing β-cell destruction, and (3) a novel luciferase-based 

immunoprecipitation system (LIPS) assay could replace the radioimmunoassay for ZnT8A 

detection. 

 

Prior to and close to T1D onset, ZnT8A responses are dynamic, showing loss or gain of 

autoantibody status and titre, and some alteration in affinity, epitope specificity, and IgG 

subclasses. There did not appear to be clear differences between individuals who slowly or 

rapidly progress to T1D. After T1D onset, ZnT8A were lost rapidly compared to other 

autoantibodies, but the non-genetic and genetic factors associated with ZnT8A at and after T1D 

onset were comparable. The LIPS assay offered improvement in sensitivity and specificity over 

the radioimmunoassay and identified a small additional subset of at-risk individuals with a 20-

year T1D risk of 26%.    

 

These studies provide the first in-depth analysis of ZnT8A throughout the autoimmune 

response in T1D, describe methods to examine ZnT8A characteristics, and detail the 

optimisation of an improved low blood volume test suitable for general population screening. 
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1.1 Type 1 diabetes 

 

Type 1 diabetes (T1D) results from the progressive autoimmune-mediated destruction of 

insulin-producing beta (β)-cells in the pancreatic Islets of Langerhans. After diagnosis, 

individuals must rely on a life-long supply of exogenous insulin to regulate glucose (1). The 

aetiology of T1D remains unknown. The complex interplay between genetic and environmental 

risk factors that influence autoimmunity creates phenotypic heterogeneity and a multifaceted 

disease (2). Ultimately T1D and other autoimmune conditions result from defects in the central 

and peripheral tolerance processes that prevent autoreactive (self-recognising) cells from 

entering circulation (3).  

 

Currently, T1D accounts for ~10-15% of diabetes cases worldwide; incidence is increasing 

steadily at a rate of ~3-4% each year in the western world, with the highest increase observed 

in children aged <5 years (4-7). Although T1D remains the most common chronic disease of 

childhood-adolescence with two peaks of incidence around 5-7 years and pubescent age, T1D 

can occur at any age (4, 8, 9). At least 42% of genetically defined T1D cases are diagnosed in 

adulthood (>30 years; representing 4% of all diabetes cases after this age) which is clinically 

challenging to diagnose given the high prevalence of type 2 diabetes (T2D) in older adults (9-

11). However, adult-onset T1D has not been as extensively studied and remains to be better 

characterised. 

 

To assign disease risk, the detection of islet autoantibodies produced by self-reactive immune 

cells, directed to islet-specific proteins before the clinical manifestation of T1D, remain 

primary biomarkers of disease (12). These autoantibodies, detectable from months to decades 

prior to clinical onset of T1D, can aid (alone or in combination with genetic markers) 

identification of high-risk individuals for clinical trials and form a key clinical feature of 
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autoimmunity for T1D diagnosis. A combination of genetic predisposition and accelerated loss 

of immunological tolerance to β-cells in infants and children contributes to rapid disease 

progression within months to a few years, but islet autoimmunity in those with a slower 

progression to disease into adulthood are not fully understood (13-15).  

 

1.2 Incidence 

 

A meta-analysis of studies between 1990-2019 found that the worldwide incidence of T1D is 

15 per 100,000 people (16). The highest incidence of T1D is mainly observed in westernised 

nations, including Finland, Sardinia, Sweden, and the United Kingdom (17, 18). Finnish, 

Sardinian, and Swedish children have the highest incidence of T1D (40-37 cases per 100,000 

per year), compared with the United Kingdom (25 cases per 100,000 per year) (17-19). Overall, 

the prevalence of T1D in Europeans is 0.2-0.3% (20). China and India are among the countries 

with the lowest incidence rates of T1D (0.1 cases per 10,000 per year) (21). Within the United 

States of America, the incidence of T1D varies according to ethnicity; non-Hispanic whites 

had a higher incidence rate than Native Americans in individuals under 20 years (22, 23). 

However, advances in epidemiology surveillance have led to the identification of high T1D 

incidence in countries outside of the western world, such as Saudi Arabia (33.5 cases per 

100,000 per year) (24, 25), with increasing incidences observed in China, India, and Egypt 

(18). 

Epidemiological studies have reported evidence in support of environmental risk factors, 

including: 1) immigration causes shifts in T1D risk associated with the new country of 

residence instead of the native country (26-28), 2) a shift to earlier onset of disease (29), 3) 

increased incidence across all age groups (18), 4) greatest increments of incidence observed in 

previously low-income countries (30), and 5) increased incidence in countries with rapid 

economic growth (17, 31).   
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1.3  Clinical characteristics & pathogenesis 

 

The clinical characteristics of T1D typically arise when β-cell mass becomes significantly 

reduced. The catabolic consequences of insulin deficiency and uninhibited fatty acid 

metabolism result in diabetic ketoacidosis (DKA), polyuria, weight loss, hyperglycaemia, and 

polydipsia (1, 4, 13). Approximately 15-67% of new-onset T1D presents with potentially life-

threatening DKA, but this is more common in children (<4 years), individuals of lower 

socioeconomic status, and within developing countries (23, 32). Secondary complications 

include heart disease, kidney disease, peripheral artery disease (high amputation risk), and 

vascular retinopathy. More than 90% of T1D patients will be affected by significant vascular 

complications. Individuals with T1D have a 10-times higher risk for cardiovascular events than 

the general population and is the leading cause of morbidity and mortality in T1D (9, 33, 34).  

 

Recent studies show that T1D individuals can preserve the ability to produce endogenous 

insulin, which even in small quantities, can significantly improve glycaemic control protecting 

from hypoglycaemia and microvascular complications (35, 36). At 5 years disease duration, 

80% of T1D subjects had detectable endogenous C-peptide (a by-product of insulin synthesis) 

(37, 38), suggesting that most individuals retain some β-cell mass/function. Histological 

examination of T1D pancreases up to 50 years disease duration also supports this observation, 

but β-cell mass/function is highly variable (particularly <1-year disease duration) and appears 

related to age-at-onset (39-43). This evidence challenges Eisenbarth’s original T1D 

pathogenesis model (1986), that proposed clinical onset of T1D manifests when β-cell 

mass/function is reduced by ~80-90% (26, 44) (Figure 1:1).  
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Three scenarios have since been hypothesised to occur in the preclinical phase that leads to the 

decline of β-cell mass/function and clinical T1D onset: (1) several relapsing-remitting phases 

of β-cell destruction but insulin secretion/C-peptide production remains stable, (2) a sudden 

decline in β-cell mass/function just prior or around clinical onset of T1D with low insulin 

secretion/C-peptide production, and (3) either regeneration of residual β-cells or 

formation/proliferation of new β-cells in the clinical diabetes phase enables microsecretion of 

insulin/C-peptide production (26).  

 

 

 
 

Figure 1:1 – Simplified schematic of Eisenbarth’s model of T1D pathogenesis (1986) 

Schematic adapted from Eisenbarth (1986) (44). The high-risk DR3/DR4 heterozygous genotype increases the 

risk of T1D. Faulty immune cell selection causes the release of self-reactive immune cells with resultant self-

reactive autoantibodies directed to pancreatic β-cell specific proteins. These autoantibodies can be detected many 

years before T1D diagnosis. The factors that cause or influence the rate of progression from detectable 

autoantibodies to disease onset remain unknown.  
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1.4 Diabetes treatment & management  

 

The discovery of insulin by Banting and Best a century ago remains the most significant 

therapeutic event for T1D. Whilst the delivery of exogenous insulin therapy, glycaemic control, 

and diabetes care has improved drastically, therapy often does not achieve desired glycaemic 

or metabolic targets. Additionally, the mortality rate, associated with a younger age-at-onset, 

remains 2-8 times higher in T1D compared to the general population (9, 45, 46). Additionally, 

limited access to insulin or healthcare across many parts of the world causes high T1D mortality 

(e.g., in Mozambique, the life expectancy of a T1D child is 7 months) (34).  

 

In parts of the western world, advances in technology such as insulin pumps and continuous 

glucose monitors have further improved T1D management. Most recently, the automated 

closed-loop basal insulin delivery system (“the artificial pancreas”) is being trialed by the 

National Health Service (NHS) in 1000 UK patients (2021) (9, 47).  

 

The misdiagnosis of diabetes can also heavily impact diabetes management (10-15% of young 

adults suffer from poor glycaemic control) if there is a significant delay to insulin treatment 

(10, 48). Clinical diabetes diagnosis is slow (due to the high prevalence and increasing 

incidence of T2D versus T1D in young adults), expensive, and is often based on time to 

absolute insulin deficiency and poor discriminatory clinical characteristics (10, 11, 19, 49). 

However, there are no predictive tests for insulin requirement. Islet autoantibodies may be 

informative and have been useful for discriminating other forms of diabetes (50-52) but can 

produce false-positive results (~half of autoantibody positives after age 30 will have T2D based 

on the 97.5th percentile of non-diabetic controls), cannot be conducted in clinical practice for 

rapid point-of-care testing, and are not available in less developed countries (10, 53).  
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The conversion of proinsulin to equimolar concentrations of insulin and cleaved C-peptide 

provides an avenue to determine endogenous insulin production accurately (13). The 

development of highly sensitive serum or urinary C-peptide assays (37, 39) enables clinicians 

to monitor residual β-cell function and endogenous insulin production in real-time. Post-meal 

urinary C-peptide: creatinine ratio (UCPCR) has surpassed the sensitivity of previous methods 

detecting C-peptide >0.002nmol/mmol in 80% of UK diagnosed T1D subjects (>5 years 

diabetes duration). Additionally, most subjects that maintained clinically significant secretion 

of insulin (C-peptide of ~0.2nmol/mmol) had better glycaemic control and a lower risk of 

complications and hypoglycaemia, but age and diabetes duration were independent predictors 

of C-peptide (38, 54). Children tend to lose C-peptide more rapidly after diagnosis than adults, 

particularly <1-year disease duration, suggesting that adults have greater residual β-cell 

function and may present with a less aggressive phenotype of autoimmunity (55-57). While 

these assays have greatly improved diabetes classification, diabetes management, and insulin 

therapy, a challenge of T1D research is an accurate, real-time, and non-invasive means of 

obtaining an accurate biomarker for β-cell destruction.  
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1.5 Disease aetiology  

 

1.5.1 Genetics 
 

Genome-wide association studies (GWAS) have identified >60 genetic loci that are associated 

with T1D risk in individuals of European ancestry (reviewed in (58)), and recently, 36 

additional genes have been identified in a larger population inclusive of individuals with non-

European ancestry (59). The overall genetic risk of T1D in the general population is around 

0.4% (60, 61). Although autoimmunity is still a rare event, a combination of genetic 

susceptibility and environmental influence may impact the initiation of β-cell autoimmunity, 

particularly in early life (62, 63).  

 

Unlike other autoimmune conditions, T1D lacks gender bias (64). As expected in a 

multifactorial condition, most T1D occurs in the general population, but there is some 

clustering within families, and lifetime T1D risk is dependent on familial relationship; ~3% 

mother, ~5% father, and 8% sibling (65). Monozygotic twins have >70% long-term genetic 

risk if one twin has T1D, with both twins having 30-40% risk of developing the disease (17, 

66-68), whereas there is only a 6-10% long-term genetic risk in dizygotic twins which is 

comparable to non-twin siblings (6, 66). Collectively, this highlights the strong genetic 

predisposition for the disease, but genetics cannot be the primary cause of T1D. The familial 

heritability of genetic risk in T1D is ~50% associated with human leukocyte antigen (HLA) 

alleles and ~50% non-HLA gene loci (6, 63).  

 

Distinct genetic factors may be important in different stages of disease progression, such as the 

initiation of β-cell autoimmunity, the production of the first islet autoantibody, or offering 

protection from disease progression (63).  
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1.5.1.1 HLA 
 

In common with other autoimmune conditions, HLA genes in the human major 

histocompatibility complex (MHC), composed of HLA Class I, II, and III genes, remain the 

strongest genetic risk factors of T1D (23, 69) (Figure 1:2). 

 
Figure 1:2 – Schematic diagram of the MHC region on chromosome 6 

Schematic adapted from Lina Junior & Pratt-Riccio (70) but (6, 23) was used as additional sources of information. 

The MHC region is located on the short (p) arm of chromosome 6 (6p21.13) and can be divided into three 

subgroups: HLA Class I, II, and III genes. Genes in this region are involved in innate and adaptive immune 

responses through antigen presentation, the inflammatory process, and the complement cascade. The HLA region 

is composed of around 200 genes, but only half of which are thought to be expressed. The function of some HLA 

genes remains unknown.  

 

 

The glycoproteins encoded by HLA genes are fundamental for binding and presenting peptides 

(antigen) on the cell surface to T-cell receptors (TCRs). This peptide presentation ultimately 

aids the body in differentiating between self and non-self (e.g., pathogen), which establishes 

self-tolerance, and initiates cellular (T-cells) and humoral (B-cells) immune responses. To 

carry out this function, HLA genes must be able to re-define their peptide-binding repertoire to 

accommodate biological diversity from both endogenous and exogenous sources (71, 72).  
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More than 15,000 genetic variants have been identified within the most polymorphic classical 

HLA class I and II genes (71, 72). Numerous variants of HLA class I and II genes are associated 

with T1D (20), but one study found that six single nucleotide polymorphisms (SNPs) in HLA 

class III genes were associated with T1D susceptibility adjusting for HLA class II (73).  

 

Whilst the function and structure of HLA molecules are well established and highly 

homologous, the definitive role in the pathogenesis of T1D remains to be fully elucidated (74) 

(Figure 1:3). 

 

 

 
 

Figure 1:3 – Simplified schematic of HLA class I & class II molecule structure 

Schematic was adapted from Schumacher et al. (2017) (75) and Wieczorek et al. (2017) (76). HLA Class I is a 

heterodimer consisting of a heavy polymorphic α chain and a light monomorphic β2-microglobulin chain (non-

covalently linked) and presents endogenous antigen to CD8+ T-cells via the T-cell receptor (TCR) (77). Both 

classical (DR, DP, and DQ) and non-classical (DO and DM) HLA class II genes exist as dimeric transmembrane 

molecules that consist of alpha (α) and beta (β) chains that differ primarily by variations in the N-linked 

glycosylations (77). Classical HLA class II genes exist as α-β heterodimers where the outer-membrane part of the 

molecule forms a groove for the antigenic peptide, which upon binding, transforms the molecule into its most 

stable form and presents exogenous antigen to CD4+ T-cells (77, 78).  
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1.5.1.1.1 HLA class I 
 

The 54 protein-coding HLA class I genes present endogenous antigen from the cytoplasm of 

cells, are ubiquitously expressed, and can be subdivided into classical (A, B, and C) and non-

classical (E, F, and G) subtypes, but all HLA class I molecules play important roles in both 

innate and adaptive immune responses (79, 80). 

 

Classical HLA class I genes are present on all nucleated cells in the body, shape the T-cell 

repertoire during T-cell maturation, present endogenous antigens to cytotoxic CD8+ T-cells, 

and have limited polymorphic ability compared with class II genes. Therefore, they have 

pivotal roles in establishing self-tolerance and initiating antigen-specific T-cell mediated 

cytotoxicity (20, 23). Non-classical HLA class I genes are less polymorphic than their classical 

counterparts and largely function as immunoregulators (79, 81).  

 

Despite strong linkage disequilibrium (LD) and the subsequent difficulty in investigating 

individual allele associations, all classical HLA class I genes have been linked to T1D in 

addition to, and independent of, the HLA class II genes. Adjusting for LD with HLA class II, 

the most highly T1D-associated classical HLA class I genes are B*39:06 (in LD with C*16:01; 

predisposing odds ratio (OR): 10.3) and B*57:01 (protective OR: 0.2), but there are many 

others. Additional predisposing alleles include A*24:02, A*02:01, B*18:01, and C*03:03 (OR 

range: 1.4-2.1). Additional protective alleles include A*11:01, A*32:01, A*66:01, B*07:02, 

B*44:03 (in LD with C*16:01), and B*35:02 (OR range: 0.2-0.6) (23, 82-88). HLA class I 

molecules, given their role in target-cell recognition by CD4+/CD8+ T-cells, are likely to 

influence the ongoing autoimmune response, which may modulate the rate of β-cell 

destruction. For example, A*24:02 is associated with rapid disease progression, specific islet 

autoantibody responses, early/complete β-cell destruction/function, and early T1D onset (87, 

89-92).   
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1.5.1.1.2 HLA class II 
 

The 17 protein-coding HLA class II genes can be divided into classical (HLA-DR, HLA-DQ, 

and HLA-DP) and non-classical (HLA-DM and HLA-DO) subtypes within the D region (80). 

Classical HLA class II genes are expressed on professional antigen-presenting cells (APCs) of 

the innate (macrophages/dendritic cells) and adaptive (T-/B-cells) cells of the immune system 

and present exogenous antigen to CD4+ T-cells (20, 77, 93). The interaction between antigen 

and CD4+ T-cells via the TCR and co-receptor molecule CD4 activates CD4+ T-cells which, 

subsequentially leads to downstream activation or regulation of other immune cells through 

cell-to-cell interaction or release of soluble effectors (cytokines/chemokines) (20). Non-

classical HLA class II genes are expressed intracellularly in lysosomal membranes and aid 

antigen peptide loading onto classical HLA Class II molecules for cell surface antigen 

presentation (20).  

 

Classical HLA-DR and HLA-DQ genes are in strong LD, form haplotypes, and show the 

greatest association with T1D implicating the role of antigen presentation (self-antigen 

recognised as “foreign”) to CD4+ T-cells in the disease (78, 94, 95). The genotype with the 

highest risk of T1D is heterozygous HLA-DR3/DR4 or, more specifically, the haplotype 

inheritance of HLA-DR3-DQ2 (DRB1*0301-DQB1*0201) on one chromosome and HLA-DR4-

DQ8 (DRB1*0401-DQB1*0302) on the other (69, 96, 97). Approximately 80-90% of T1D 

cases have at least one high-risk haplotype (DR3/DR4/DQ2) and between 30-50% have both, 

compared to ~2% in the general population (61, 95, 98). However, only 3-7% of children with 

these alleles develop diabetes (96, 99, 100). 

 

The frequency of HLA class II risk genes varies widely between ethnic groups, with most 

multi-ethnic comparison studies reporting racial/ethnic differences, but to date, most studies 

have been conducted in Caucasian populations (23, 61). For example, whilst the HLA-DR3 and 



Chapter 1 - General introduction 

13 

 

DR4/DQ2 haplotypes are highly prevalent in Caucasian T1D cases, they are rare in Japanese 

T1D cases, and the DRB1*0405-DQB1*0401 and DRB1*0901-DQB1*0303 haplotypes are 

predominantly observed (101, 102). Additionally, evidence suggests that the rising incidence 

of T1D is accompanied by a decrease in the contribution of the HLA-DR3-DQ2/DR4-DQ8 

genotype to T1D risk (103), suggesting that variables independent of genetic susceptibility 

determine disease, which strengthens the argument for environmental influence. 

 

It is also important to note that within the DR/DQ alleles are also haplotypes that are protective 

from disease. The most protective haplotypes are DRB1*1501-DQA1*0102-DQB1*0602, 

DRB1*1401-DQA*0101-DQB1*0503, and DRB1*0701-DQA1*0201-DQB1*0303 with 

DQA1 and DQB1 loci seemingly determining the degree of haplotypic risk (95, 96). To a lesser 

extent, HLA-DP molecules encoded by DPA1 and DPB1 genes have also been linked to T1D 

susceptibility in conjunction with, and additional to, HLA-DR and HLA-DQ (predisposing: 

DPB1*03:01 and DPB1*03:02; protective: DPB1*04:02) (104-108).  

 

1.5.1.2 Non-HLA 
 

In GWAS, 57 non-HLA genes are associated with T1D risk (97), but many more have been 

identified (59) and are primarily implicated in immune cell function. The non-HLA genes that 

confer the highest T1D risk after HLA genes in order are INS (insulin), PTPN22 (protein 

tyrosine phosphatase non-receptor 22), and IL2RA (interleukin 2 receptor alpha) (63, 109) 

(Figure 1:4): the INS gene is described further (1.5.1.2.1) as the gene also encodes a primary 

autoantigen in T1D. Since other non-HLA loci confer subtle effects on T1D disease 

susceptibility, increasingly combined genetic risk scores (GRS), in addition to islet 

autoantibody markers and clinical characteristics, are being applied to better discriminate T1D 

and T2D. Recently, this approach showed the highest diabetes discrimination using just 9 SNPs 

(7 non-HLA and 2 HLA SNPs that determine the high-risk DR3/DR4 haplotypes) (110).  
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Figure 1:4 – HLA & Non-HLA genes that confer susceptibility to T1D identified from GWAS 

studies (2000-2009) 

Figure adapted from Pociot et al. (2010) (111) and (112, 113) was used as additional sources of information. 

Colour denotes the time of discovery. Most significant HLA and non-HLA genetic loci are implicated in the 

immune system, with strong enrichment in lymphocyte and thymic enhancers. However, several non-HLA genes 

are expressed in pancreatic β-cells [denoted by an asterisk (*)] and are likely related to β-cell function and/or 

preservation. For example, TNFAIP3 protects from β-cell apoptosis, and ERBB3 is involved in insulin production 

and metabolism.  

 

 

1.5.1.2.1 INS 
 

First described by Bell et al. (1984), the human insulin gene INS (IDDM2 locus located on 

chromosome 11p15) encodes pre-proinsulin, the predecessor of proinsulin/insulin, and confers 

10% genetic susceptibility to T1D confirmed by GWAS (78, 114, 115). The genetic risk of the 

IDDM2 locus is due to a variable number tandem repeat (VNTR; 14-15bp G-rich unit 

ACAGGGGTGTGGGG) which is in absolute LD with a SNP (rs689) that influences 

transcription (116-118) (Figure 1:5).  
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Figure 1:5 – Simplified diagram of the INS region on chromosome 11 

Schematic adapted from Bennett et al. (1995) (119).The genes for tyrosine hydroxylase (TH)-insulin (INS)-

insulin-like growth factor 2 (IGF2) region with the 4.1 kb of the IDDM2 susceptibility locus located on 

chromosome 11 (11p15). Red, black, and green indicate introns, exons, and untranslated regions, respectively. 

The two genetic variations that confer the greatest association for T1D (VNTR and linked rs689 SNP in HphI) 

are detailed using the 5’ and 3’ end boundaries for the VNTR first depicted by Bell et al. (1984) (114). There are 

8 other SNPs within the IDDM locus that have more minor effects on T1D risk not detailed on this diagram.  

 

The VNTR alleles can be divided into three classes according to the length of repeat units; 

short class I (26-63 repeats; average 570bps), intermediate class II (average 1320bps), and long 

class III (140-200 repeats; average 2470bps). Classes I and III are most common in Caucasian 

populations (114, 117). In Caucasians, homozygosity of short class I VNTR alleles confers ~2-

5-fold increased risk for T1D (114, 120, 121). Conversely, the longer class III VNTR alleles 

are rare in Caucasian T1D cases and appear to be dominantly protective (120, 122). The 

protective T1D effect of long class III VNTR alleles may be explained by the 2-3-fold higher 

thymic expression of INS mRNA driven by AIRE (autoimmune regulatory gene) and lower 

pancreatic INS mRNA levels compared with class I VNTR alleles (119, 123).  Thymic allelic 

variation of the VNTR locus has also been shown in foetal and childhood T1D cases, 

suggesting that disease modification through INS transcription can occur in early life (117). 

The transcription of INS, translation into pre-proinsulin protein (known T1D autoantigen and 

precursor of insulin), and immune tolerance of thymocytes (T-cell precursors) occurs in the 

thymus (120). Therefore, class III VNTR alleles likely protect against T1D through immune 

tolerance to pre-proinsulin (117, 123). However, it is important to appreciate the complex 

heterogeneity of this region, resulting in many combinations of VNTR alleles that can modulate 

disease susceptibility (120).  
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1.5.2 Environment 
 

Environmental triggers could influence immune cell selection/tolerance, β-cell autoimmunity, 

autoantibody development, and/or modify genes that may ultimately influence T1D risk. It has 

long been evident that environmental factors must influence T1D risk from epidemiology 

studies (26, 63).  

A plethora of environmental stimuli have been associated with the induction of T1D in early 

life (124). In utero development and childhood factors that have been linked to T1D risk are: 

commensal gut microbiota (125), birth weight (126), maternal immunity via placental transfer 

(127) or breast milk (128, 129), infections (e.g. enteroviruses)(130), dietary exposure to bovine 

milk insulin/proteins (infant feeding)(131-133), and Vitamin D deficiency (134). However, 

many studies have typically been small and included only high-risk (DR3/DR4) children with 

limited follow-up from birth (14). Consequently, the associations between environmental 

stimuli and T1D induction have often been modest, with contradictory findings between 

studies.  

 

Presently, the ongoing TEDDY (The Environmental Determinants of Diabetes in the Young) 

study is best placed to fully evaluate the environmental influence on T1D development as high-

risk (DR3/DR4) infants have been recruited since birth across six clinical centres in the USA 

and Europe and, are still prospectively followed up for the development of islet autoimmunity 

and/or T1D (135). Larger studies encompassing all ages and the genetically diverse with long-

term follow-up are required to explain how environmental stimuli and genetic susceptibility 

continue to modulate disease risk throughout life. It is likely that some individuals are better 

able to regulate β-cell autoimmunity and/or have a greater capacity for β-cell 

regeneration/recovery (26, 124). Viral infection, hygiene hypothesis, gut microbiome, and 

Vitamin D are amongst the most heavily studied environmental factors in T1D research. 
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1.5.2.1 Viral infection 
 

The association between many viral infections and T1D induction have been studied at the 

serological and epidemiological level, but enteroviruses are the strongest and most clinically 

relevant (136, 137). A meta-analysis of 26 studies found evidence of enterovirus by molecular 

and/or immunological methods was >9 times higher in T1D cases, 3 times higher in children 

with islet autoimmunity, and was evident in longer-duration T1D cases. This suggests 

enteroviral infection could be involved in T1D induction and either persists in T1D or 

individuals with T1D are more susceptible to infection (130). Pancreas sections from living 

T1D donors (3-9 weeks duration) also showed evidence of enteroviral infection: the presence 

of enteroviral capsid protein 1 (VP1), hyperexpression of HLA class I in insulin-containing 

islets observed irrespective of VP1, and low-level enteroviral RNA (138). Nevertheless, the 

TEDDY study found no association between the first appearing islet autoantibody 

(seroconversion) or infection history in children who rapidly progressed to T1D (139).  

 

1.5.2.2 The hygiene hypothesis  
 

The hygiene hypothesis was first proposed by Strachan (1989) (140), who observed an inverse 

relationship between hay fever transmission and household size, attributable to unhygienic 

contact between siblings and poor sanitation. The hygiene hypothesis proposes that lower 

infection rates in western countries (due to advances in healthcare/modern medicine, diet, 

sanitation, and living conditions) are causing the increasing incidences of allergy/autoimmune 

conditions (141). Greater exposure to infections/pathogens in early life has been shown to be 

protective of T1D (142), which has also been demonstrated through higher day-care attendance 

(143, 144) and later birth order (145). Additionally, population-based studies found that better 

sanitation, medium-to-high household crowding, and children sharing bedrooms or living with 

siblings appeared protective of T1D (146, 147).  
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1.5.2.3 The gut microbiome 
 

The gut microbiome, intrinsically linked to nutrition and immunity, encompasses the largest 

number of commensal microorganisms in humans. The gut microbiome is established in the 

neonatal period, develops over the course of 1-year, and stabilises in adulthood (148, 149). In 

infants, the gut microbiome is principally determined by the method of delivery which can have 

long-term effects (148, 150, 151), but intestinal biodiversity is highly diverse and dynamic 

throughout life as it is heavily influenced by diet (152). In large studies of T1D cases or at-risk 

children, reduced intestinal biodiversity was reported with evidence of intestinal dysbiosis (less 

favourable commensal organisms), increased intestinal permeability (increased exposure and 

transfer of dietary antigens), and differences in microbiome composition by age (highest <1 

year of age) and geographical location (99, 125, 153, 154). Many of T1D’s environmental 

influences could contribute to alterations to the gut microbiome leading to modifications in 

disease susceptibility such as immune system exposure to pathogens (immune 

tolerance/hygiene hypothesis) and diet/infant feeding (allergen exposure, immune tolerance, 

and/or maternal immunity) (148, 154).  

 

1.5.2.4 Vitamin D 
 

In humans, vitamin D is predominantly synthesised endogenously in the dermal layer of the 

skin following ultraviolet B radiation. Calcidiol is the major form of circulating vitamin D and 

has the longest half-life (3-4 weeks). The enzyme 1-alpha-hydroxylase (CYB27B1) converts 

calcidiol into active vitamin D, which has a short half-life (2-5 hours) and exerts its function 

through the vitamin D receptor (VDR) expressed on all nucleated cells (155). Vitamin D has a 

pivotal role in skeletal health, but VDR and CYB27B1 are expressed on many cell types, 

including immune cells (e.g., activated B-/T-cells) and the pancreas. High calcidiol locally in 

the circulation is reportedly required for immunomodulation, enhanced immune cell function, 
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protection from infection, and has direct anti-proliferative, anti-activating, and apoptosis-

inducing effects on activated B-/T-cells. Therefore, vitamin D deficiency may play a pivotal 

role in autoimmunity (156). In T1D, the EURODIAB substudy found that vitamin D 

supplementation in the first year of life decreased T1D risk by 33% across seven European 

countries (134). A meta-analysis of four large studies corroborated the protective effect of 

vitamin D supplementation in early childhood (157). However, two clinical trials found no 

association between vitamin D supplementation and β-cell function in new-onset T1D (158, 

159).  

  

1.6 Disease pathology 

 

T1D is characterised by the presence of insulitis, autoreactive immune cell infiltrate, and islet 

autoantibodies.  

 

1.6.1 Insulitis 
 

Insulitis is an inflammatory lesion of the islet of Langerhans and is considered a 

pathognomonic hallmark for T1D (160). Insulitis is present in most children with recent T1D 

(<1 year) or individuals who progress rapidly to disease and is characterised by the presence 

of immune and inflammatory cells (161-163). Insulitis was present in all T1D cases, and when 

studied, the islet immune cell infiltrate predominantly consisted of CD8+ T-cells followed by 

macrophages (CD68+), CD4+ T-cells, B-cells (CD20+), and plasma cells (CD138+) but 

FOXP3+ (Forkhead box P3) T regulatory cells (Tregs) were rare; findings from 279 islets from 

28 subjects with recent-onset T1D post-mortem (<18 months; age range 1-23 years) and 1 

recent-onset T1D subject acquired from surgical resection (18 months; age 42 years) compared 

to 16 controls (164). Cellular immunity is accompanied by islet antigen-specific autoantibodies 

(44) indicated by the presence of T-cells and B-cells in the immune cell infiltrate.  
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Insulitis was first described by Schmidt (1902) (165) then later confirmed a hallmark of acute-

onset T1D in children by Lecompte (1958) (166). The subsequent seminal study by Gepts 

(1965) (162) determined that insulitis was present in 68% of acute T1D cases (15/22 aged 0.9-

30 years with <1-year duration) which had sporadic peri- and intra-insular islet immune 

infiltrate. However, insulitis was not present in chronic T1D cases (0/18 aged 13-47 years with 

2-37 years duration), suggesting insulitis was transient. Further pivotal studies by Gepts (1978) 

and Foulis et al. (1986) led to the identification that insulitis (and immune cells) preferentially 

targets insulin-containing β-cells (163, 167).  

 

Bottazzo et al. (1985) and Foulis et al. (1987) observed that hyperexpression of MHC class I 

was present in 92% of insulin-containing islets (but MHC class II expression was absent) in 

new-onset and longer duration T1D (up to 9 years) (168, 169). Later Foulis et al. (1991) showed 

that β-cell MHC class I hyperexpression was coupled with elevated interferon gamma (IFNγ) 

levels. The sequence of events hypothesised was: innate cells infiltrate>MHC class I 

hyperexpression>recruitment and activation of T-/B-cells>destruction of β-cells (170). Further 

studies have confirmed that insulitis precedes T1D onset comparable to islet autoantibodies, as 

legions were found in multiple autoantibody positive T1D-free individuals, but paucity of 

insulitis was observed (171-173). 

 

A meta-analysis (2014) of pancreatic histological studies showed that the prevalence of 

insulitis was not as common as first thought (19% of 247 T1D cases and ~10% of derived 

islets) (174).  Features of insulitis (transient nature, heterogeneous distribution in islets, and 

parameters of limited patient populations) later prompted standardised diagnostic criteria: 

presence of ≥15 CD45+ cells immediately adjacent to or within ≥3 islets, predominant 

lymphocytic infiltration, and presence of insulin-negative β-cells (175). 
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Pancreata available for research remain rare due to improved disease management and 

declining autopsy rates (174). In vivo/in vitro study of human islets is also difficult due to their 

low abundance (1-2% of pancreatic volume), scattered presence throughout the tissue, and 

anatomical inaccessibility (173). Attempts to acquire pancreas biopsies from living donors 

(176-178) were initially considered safe but has been associated with inherent risks resulting 

in trial termination (174). Organised efforts by PannFinn and the Network for Pancreatic Organ 

Donors with Diabetes (nPOD) (179, 180) seek to provide large biobanks of high-quality tissue 

specimens from preclinical and clinical T1D to advance our understanding of disease pathology 

and technical prowess to study live islets (181). 

It is important to acknowledge that the non-diabetic (NOD) T1D mouse model has been 

invaluable in elucidating molecular and cellular processes underpinning autoimmunity, but 

valid differences between human and mouse T1D etiopathologies have been raised as many 

promising mouse immunotherapies have failed to be translated in humans, reviewed in (182, 

183).  

 

1.6.2 Tolerance, immune cells, autoimmunity, & T1D 
 

Several checkpoint processes termed “tolerance” exist in the development of immune cells that 

function to exclude cells recognising self or innocuous antigens from entering circulation and 

eliciting autoimmune-mediated destruction of healthy cells. The initiation and termination of 

immune responses are orchestrated by cell-signalling stimulatory/inhibitory molecules and 

specific T-/B-cells. Ultimately, autoimmunity results from the breakdown of tolerance and/or 

immune regulation mechanisms (184). Autoimmune-mediated destruction of pancreatic islets 

in T1D is predominantly driven by CD8+ and CD4+ T-cells. The role of innate immune cells 

and B-cells is less clear, but autoreactive T-cells and B-cells (accompanied by the presence of 

islet autoantibodies) have been identified before clinical onset (185, 186).  
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1.6.2.1 Tolerance 
 

Tolerance of T-cells (cellular responses) and B-cells (humoral responses) is achieved by 

positive and negative selection of developing lymphocytes and can be broadly subdivided into 

central (Figure 1:6) and peripheral tolerance (Figure 1:7) (184).   

 

 

 
 

Figure 1:6 – Schematic of central tolerance 

Simplified schematic adapted from Kindt, Goldsby, and Osborne (2006) (184) and created in BioRender.com. 

TCR: T-cell receptor; BCR: B-cell receptor. The random rearrangement of variable (V), diversity (D), and joining 

(J) gene segments that determine TCRs and BCRs can give rise to receptors that recognise self-antigen by chance 

in generative primary lymphoid organs (the thymus for T-cells and bone marrow for B-cells). Early immature T- 

and B-cells that do not recognise self-antigen with high avidity (strength of receptor-antigen binding) are 

positively selected for further maturation. In contrast, immature T- and B-cells that recognise self-antigen with 

high avidity are negatively selected (“deleted”) and undergo apoptosis to prevent the maturation of these auto-

reactive cells. As central tolerance relies on the limited expression of self-antigens in the primary lymphoid organs, 

some self-recognising immature lymphocytes are released into the circulation. Therefore, efficient peripheral 

tolerance in secondary lymphoid tissues is paramount in the prevention of autoimmunity. 
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Figure 1:7 – Schematic of peripheral tolerance 

Simplified schematic adapted from Kindt, Goldsby, and Osborne (2006) (184) and created in BioRender.com. 

Peripheral tolerance occurs in secondary lymphoid tissues (lymph gland, lymph node, or circulation) following 

the release of mature naïve lymphocytes from primary lymphoid organs (thymus for T-cells and bone marrow for 

B-cells). Peripheral tolerance in these tissues results if mature lymphocytes possess receptors (TCR/BCRs) that 

react with self-antigens. Self-recognising lymphocytes undergo anergy (inactive/unresponsive state) or apoptosis 

if self-antigen is recognised with high affinity/avidity. 

 

 

The precise tolerance mechanisms in T-cell and B-cell development are slightly different 

(Table 1:1) and are not always successful. An estimated 95-98% of all immature T-cells 

(thymocytes) do not survive central tolerance (184). It is speculated that survival is proportional 

to the local expression of self-MHC ± self-antigen in the thymus and peripheral tissues 

(peripheral tolerance), which is tissue-specific (3). Despite the low success rate, there has been 

evidence of autoreactive T-cells in the periphery and re-activation of short-lived anergic T-

cells under inflammatory conditions. Under “normal conditions,” these cells are controllable 

through inhibitory molecules. However, in autoimmunity, there could be a deficiency of these 

inhibitory molecules, developing T-cells could be less responsive to suppression, and/or 

autoreactive anergic T-cells are more likely to be re-activated, exacerbating autoimmune 

destruction (3, 187).  
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In contrast, around ~55-75% of early immature B-cells are autoreactive due to the arbitrary 

nature of B-cell receptor (BCR) gene recombination during central tolerance. This is reduced 

to ~20% in mature naïve B-cells following peripheral tolerance. However, as anergic B-cells 

comprise ~5-7% of peripheral B-cells and have a short half-life (~5 days), up to 50% of newly 

emerging B-cells are estimated to undergo anergy and are autoreactive (3, 188). Therefore, 

anergic B-cells could be a large source of autoreactive cells as they are not “deleted” after 

tolerance and, under inflammatory conditions, can be reactivated like anergic T-cells. Anergic 

B-cells have been shown to contribute to many autoimmune conditions such as T1D and 

systemic lupus erythematosus (SLE) (3). Additionally, transgenic mouse models have 

suggested CD4+ T-cells play a pivotal role in eliminating peripheral autoreactive B-cells (189) 

but, genetics also appear to regulate B-cell tolerance, as single gene mutations and deficiencies 

of molecules involved in B-cell tolerance have been linked to autoimmunity and 

immunodeficiency (e.g. recombination-activating gene 1 and Bruton’s tyrosine kinase) (190).  

 

No mechanistic consensus has been reached between tolerance and many autoimmune 

conditions (including T1D), but it is likely that multiple defects in the cellular and molecular 

processes lead to the breakdown of tolerance and, consequently, development of autoimmunity 

(187, 190).  
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T-cells B-cells 

Central tolerance – Self-MHC 

 

Location: thymus (outer cortex) 

Cells: immature thymocytes (T-cell precursors) 

 

Positive selection: following random TCR gene 

re-arrangement, thymocytes with expressed 

TCR (αβ) heterodimers that recognise/bind to 

self-MHC expressed on thymus epithelial cells 

are positively selected (MHC restriction). 

Failure of positive selection results in 

thymocyte apoptosis through cell signalling 

neglect. 

 

Negative selection: remaining thymocytes will 

express TCRs (αβ) of different affinities for 

self-MHC. DCs & Mφ bearing MHC I & II 

interact with thymocyte clones bearing high-

affinity TCRs for self-MHC ± self-antigen 

expressed on thymic stromal cells. Under 

control of transcription regulators, there are 

three outcomes based on affinity for self-MHC 

± self-antigen*: 

   1. thymocytes with high affinity are  

       negatively selected & undergo apoptosis.  

   2. thymocytes with intermediate affinity later  

        become Tregs. 

   3. thymocytes with low affinity undergo  

       further maturation (self-tolerance).  

Central tolerance – Self-antigen 

 

Location: bone marrow 

Cells: immature B-cells 

 

Positive selection: following random BCR gene 

re-arrangement, immature B-cells expressing a 

BCR (composed of IgM’s heavy chain & a 

surrogate light chain) with innocuous specificity 

for self-antigen further mature through BCR 

signalling & once positively selected, cannot re-

edit their BCR. 

 

 

Negative selection: immature B-cells with BCRs 

that recognise self-Ag will high avidity undergo 

apoptosis or receptor re-editing to produce a non-

self-reactive/innocuous BCR through a second 

attempt.  

 

 

Peripheral tolerance – Self-antigen 

 

Location: lymph node/lymph gland/periphery 

Cells: naïve T-cells  

 

Negative selection: anergy/apoptosis 

- Lymph node stromal cells expressing tissue-

specific antigens mediate the deletion/apoptosis 

of naïve T-cells recognising self-antigen. 

- DC/Mφ or other APCs can induce anergy 

through inhibition of the mTOR pathway. 

Peripheral tolerance – Self-antigen 

 

Location: lymph gland/Lymph node 

Cells: naïve B-cells 

 

Negative selection: anergy/apoptosis/tolerance 

- Continued stimulation of self-antigen with the 

BCR inhibits proliferation/differentiation of 

naïve B-cells & renders cells in an 

unresponsive/anergic state. 

- Somatic hypermutation of the BCR gene 

segments alters foreign-antigen specificity & 

affinity. This process excludes clones with BCRs 

with low affinity for foreign antigen/binding to 

self-antigen resulting in apoptosis or anergy.  

- Soluble, low abundance, &/or monomeric self-

antigen can be tolerated/ignored. 

 

Table 1:1 – Central & peripheral tolerance mechanisms for developing T-cells & B-cells 

MHC: Major histocompatibility complex; TCR: T-cell receptor; BCR: B-cell receptor; DC: dendritic cell(s) that 

function as antigen-presenting cells; Mφ; macrophage (innate immune cell) that function as antigen-presenting 

cells; mTOR: mammalian target of rapamycin; Treg: T regulatory cell. * Negative selection efficiency seems to 

occur proportional to the antigen present in the thymus. Table composed of information from (3, 184, 187, 190).  
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1.6.2.2 T-cells & T1D 
 

1.6.2.2.1 T-cell maturation & development 
 

T-cells are derived from haematopoietic stem cells and mature in the thymus. Immature T-cell 

precursors (thymocytes) express a distinct TCR comprised of γδ or αβ chains. Thymocytes 

bearing αβ-TCRs have random specificity and become CD4+CD8+-double-positive. 

Thymocytes recognising self-MHC on thymic endothelial cells and have low-affinity for self-

antigen are selected (central tolerance). Recognition of MHC Class II and Class I gives rise to 

single-positive CD4+ and CD8+ naïve thymocytes, respectively. Single-positive naïve 

thymocytes are released into the circulation to secondary lymphoid organs for the following 

events: peripheral tolerance>foreign-antigen exposure>activation/maturation>activated 

antigen-specific mature CD4+ and CD8+ T-cells (187, 191) (Figure 1:8).  

 

In the blood and secondary lymphoid organs, ~30-40% are CD8+, which have a highly 

cytotoxic phenotype that mediates cell destruction/apoptosis, and ~60-70% are CD4+, 

designed “T helper (Th)-cells” that can activate and suppress cellular and humoral responses 

(187, 191). There are three functional subsets of Th-cells characterised by their secreted 

cytokines: Th1-cells [interleukin(IL)-2, tumour necrosis factor beta (TNFβ), and IFNγ; pro-

inflammatory phenotype], Th2-cells [granulocyte-macrophage colony-stimulating factor (GM-

CSF), IL-4, IL-5, and IL-10; regulatory phenotype], and Th17-cells [IL-6, IL-17, and TNF 

alpha (TNFα); pro-inflammatory phenotype particularly in tissues]. All Th-cells and the 

cytokines they release work antagonistically, and usually, one subset is dominant in responding 

to a particular antigen at any one time (191, 192). However, the immunological decision-

making that governs a particular Th response is not clear.  
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During the development of T-cells, CD4+CD25+ Tregs are also produced following 

upregulation and expression of FOXP3. Tregs are critical for immune regulation and can be 

divided into “natural” and “acquired” based on their origin. “Natural” Tregs arise from the 

thymus during central tolerance, have an intermediate affinity for self-MHC ± self-antigen 

when released into circulation, and exert immune suppression via cell-to-cell contact. 

“Acquired” Tregs arise in the periphery from naïve precursors during an immune response or 

following antigen-presentation from APCs (tolerogenic dendritic cells) and mediate immune 

suppression by releasing soluble factors such as IL-10 and transforming growth factor beta 

(TGFβ), which are potent independent mediators of immune suppression. Both types of Tregs 

become induced in an antigen-specific fashion against foreign-antigen and are pivotal in 

regulating immune responses (193-196). 
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Figure 1:8 – T-cell development & maturation 

Schematic adapted from (184) using (191) as an additional resource and created in BioRender.com. T-cell 

precursors migrate from the bone marrow to the outer cortex of the thymus, begin to proliferate, and are referred 

to as double-negative (DN) cells due to the absence of signature T-cell surface markers (CD3-CD4-CD8). DN 

cells are characterised by the expression of c-kit, CD44, and CD25. C-kit+CD44highCD25+ DN1 cells once 

exposed to the thymic environment, proliferate to become c-kit+CD44lowCD25+ DN2 cells. Initiated by lymphoid-

specific recombination activating genes (RAG)-1 and RAG-2 proteins, the random re-arrangement of the variable, 

diversity, and joining (VDJ) gene segments (αβδγ) gives rise to the T-cell receptor (TCR) β-chain where DN2 

cells become c-kit-CD44-CD25+ DN3 cells. A small portion of cells rearrange the γδ genes, diverge at the DN2-

DN3 transition, and are destined to become mature γδ T-cells (<5% of T-cells). In DN3 cells, the TCR β-chain 

combines with a pre-Tα-chain which associates with CD3 to form the pre-TCR complex. DN3 cells quickly 

progress to DN4, the level of CD25 falls, and DN4 cells co-express CD4 and CD8 receptors and are referred to 

as double-positive (DP) cells. After the proliferation of DP cells, RAG-2 levels increase to cause TCR α-chain 

gene rearrangement to form the TCR-αβ heterodimer receptor. DP cells bearing a TCR-αβ that recognise self-

MHC (HLA class I or class II) expressed on thymic cortical epithelial cells are positively selected. DP cells that 

recognise self-MHC class I retain expression of CD8 expression and downregulates CD4, DP cells that recognise 

self MHC class II retain expression of CD4 and downregulates CD8 to become single-positive cells (SP). SP cells 

migrate to the medulla, where they undergo negative selection if self-MHC is recognised with high affinity. SP 

CD8+ cells with low affinity for self-MHC mature into immature CD8+ T-cells, and SP CD4+ cells with low 

affinity for self-MHC mature into immature CD4+ T-cells. SPs CD4+ cells with moderate affinity for self-MHC 

upregulate FOXP3 and mature into T regulatory (Treg) cells. Immature CD4+ and CD8+ T-cells are released into 

circulation to secondary lymphoid tissues for exposure to foreign antigen and undergo peripheral tolerance. 
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1.6.2.2.2 T-cells in T1D 
 

It is widely accepted that the activation and expansion of autoreactive CD4+ and CD8+ T-cells 

play crucial roles in the orchestration, mediation, and final effector phase of β-cell destruction 

in T1D. This is unsurprising given the roles of both HLA and non-HLA alleles on immune 

system function and their association with T1D risk (185, 197). 

  

Both HLA I and II molecules influence the specificity of the T-cell response in T1D (197). 

There has also been evidence that HLA-DQ molecules have differential (competitive) binding 

to β-cell antigenic epitopes thereby, having a direct mechanism for modulating the T-cell 

autoimmune response in T1D through regulatory or proinflammatory processes (94, 198). 

CD4+ and CD8+ T-cells were two of the three most prevalent cell types found in the insulitic 

lesion infiltrate in human islets (164). Additionally, hyperexpression of MHC class I in human 

donors suggests that β-cells may be directly capable of presenting self-antigen to autoreactive 

CD4+/CD8+ T-cells, flagging them for autoimmune destruction, which may explain the 

predominance of CD8+ T-cells in insulitis (185). Insulin and/or glutamic acid decarboxylase 

(GAD65)-reactive CD4+ T-cells have also been expanded after isolation from pancreatic 

lymph nodes of deceased T1D subjects (199), but many varieties of islet autoantigen-reactive 

infiltrating T-cells have been identified in human T1D subjects (200). 

 

Both CD4+/CD8+ T-cells are also required for diabetes development in NOD mice (201). 

Analysis of the CD4+ compartment showed that only Th1-cells express diabetogenic TCRs 

and dominate the response (202-204), but Th2-cells appear important for diabetes progression: 

IFNγ deficiency did not prevent insulitis or diabetes (205), IL-10 production in islets 

accelerated diabetes progression (206), and Th2-induced autoimmunity to a single β-cell 

autoantigen led to antigen spreading (207). CD8+ T-cells are the major effectors of β-cell 

destruction but are important later in the pathogenesis (208-210). Comparable to human 
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studies, CD8+ T-cells isolated from NOD pancreatic lymph nodes identified insulin as the 

primary antigen targeted, and both CD8+/CD4+ T-cells recognised an identical epitope on 

insulin’s B-chain (211, 212).  

 

Additionally, disturbed Treg function and/or lower frequency of Tregs may underline all 

autoimmune conditions as the absence of Tregs (mutations in FOXP3) in the congenital 

condition IPEX syndrome (immune dysregulation, polyendocrinopathy, enteropathy, X-

linked) leads to aggressive autoimmunity (191, 193). However, it’s unclear whether the number 

of Tregs is reduced in T1D due to contradictory findings, but studies have reported that FOXP3 

expression, IL-2 responsiveness for activation/proliferation, and effector function is reduced or 

impaired in Tregs from T1D subjects (213-217). These findings, in conjunction with Treg-

associated genetic susceptibility of T1D (e.g., non-HLA genes cytotoxic T lymphocyte antigen 

(CTLA)-4 and PTPN22), implicates a failure of immune regulation in T1D. Similarly, NOD 

mice have low numbers of Tregs, and effector T-cells show resistance to Treg suppression over 

time. However, Treg transfer and IL-2 treatment attenuated diabetes (213, 218, 219). 

 

Conclusive proof that T1D is a T-cell mediated autoimmune disease is evidenced by the recent 

success of a randomised control trial (RCT) that showed a single 14-day course of the T-cell-

modulating anti-CD3 monoclonal antibody, Teplizumab, delayed T1D onset by ~2 years in 

first-degree relatives (FDRs) participating in TrialNet’s Natural History study (NHSt) (220). 

After 6 years, Telizumab continued to delay diabetes in these FDRs (50% remained diabetes-

free) with improved β-cell function (C-peptide). The improvement in β-cell function was 

associated with an exhausted CD8+ T-cell phenotype with weaker effector function (221). 

Telizumab is the first non-antigen specific T-cell immunosuppressant therapy shown to be 

efficacious with a prolonged effect and limited side effects.  
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Recently, Telizumab has been the first secondary prevention immunotherapy proposed for 

FDA approval for T1D (2021), but as many previous T-cell immunotherapies have not shown 

lasting effects on β-cell function (222-225), T-cells are unlikely to be the sole driving force in 

T1D development. Mounting evidence suggests that β-cell dysfunction plays a pivotal role in 

the aetiology of both T1D and T2D (reviewed in (226)). Increasingly, combination 

immunotherapy regimens may enhance efficacy in T1D and several of these trials are ongoing 

with more anticipated in the future. 
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1.6.2.3 B-cells & T1D 
 

1.6.2.3.1 B-cell maturation & development 
 

Derived from haematopoietic stem cells, B-cells mature in the bone marrow where after 

random rearrangement of variable, diversity, and joining (VDJ) gene segments (that later 

determine immunoglobulin (Ig) heavy and light chains), express a unique antigen-binding 

BCR, and are released into circulation as mature naïve B-cells to peripheral lymphoid tissues: 

spleen and lymph nodes. Within the marginal zones of these tissues, naïve B-cells encounter 

either soluble antigen (blood- or lymph-borne) or antigen presented on TCRs of activated Th-

cells. Activated B-cells internalise and express antigen on MHC class I and II and then, with 

activated Th cells, migrate to the primary follicles to form germinal centres (184).  

 

Within germinal centres, affinity maturation occurs to preferentially select mature B-cells 

expressing high-affinity BCRs for survival. Affinity maturation is determined through somatic 

hypermutation of V-domain genes that determine the antigen-binding site of secreted Ig. 

Somatic hypermutation is initiated by the B-cell specific activation-induced deaminase (AID) 

enzyme that induces point nucleotide substitutions by deamidating DNA cytosines. At the same 

time, AID also initiates class switch recombination (CSR), which in combination with cytokine 

signalling transmitted from Th-cells, determines secreted Ig isotype. In brief, AID generates 

double-strand DNA breaks in the switch (S) genes located downstream of the heavy chain 

constant (C) region (Cμ in naïve mature B-cells), resulting in intrachromosomal deletional 

recombination that changes the Cμ gene (encoding IgM) to either Cγ (encoding IgG), Cα 

(encoding IgA), or Cε (encoding IgE). The Cδ gene encoding membrane-bound IgD on naïve 

mature B-cells is excluded from CSR to maintain cell-surface IgD expression (227-229). 

Following affinity maturation and CSR, mature B-cells rapidly proliferate and differentiate into 

pre-determined Ig-secreting plasma cells and memory B cells (Figure 1:9).  
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Secreted Ig broadly has two purposes: to capture antigen for enhanced antigen presentation to 

other immune cells (amplifying antigen-specific immune responses) and to exist as soluble 

effectors that can individually bind and neutralise antigen (227). Memory B cells provide future 

Ig-mediated protection upon antigen-reencounter. Additionally, activated B-cells expressing 

antigen can act as an APC to further stimulate CD4+/CD8+ T-cells via TCRs. The presence of 

antigen determines the lifespan of maturing B-cells; ~90% of naïve B-cells undergo apoptosis 

and only survive days to weeks (184).  

 

There are also B-cells with a regulatory phenotype (Bregs) that play an important role in 

immune suppression, although the potential role of these cells in autoimmunity is not fully 

understood and are often overlooked (230). Bregs were first described in the B-cell deficient 

mouse model of experimental autoimmune encephalomyelitis (EAE) (231), where EAE 

exacerbation was attributed to the deficiency of IL-10 producing B-cells (232). Bregs primarily 

originate from naïve or memory B-cells, can control T-cell maturation, expand Tregs, and 

inhibit T-cell-mediated antibody secretion from germinal centres during B-cell development. 

Like Tregs, Bregs can exert immune regulation through TGFβ and IL-10. Therefore, 

deficiencies in Breg activity might lead to aberrant autoimmune responses especially 

considering the T-cell-dependent control of humoral immunity. The phenotype of Bregs 

appears to show plasticity, able to alter the expression of cell-surface molecules (233). 

Therefore, cell surface panels to identify these cells need to incorporate many Breg phenotypes 

but CD24highCD38highCD19+ (immature cells) and CD27+CD24highCD148highCD48high (IL-10 

producing Bregs), and CD27highCD38+ (plasma cells) have been used in human subjects with 

autoimmunity such as SLE, and multiple sclerosis (MS) (234). 
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Figure 1:9 – B-cell development & maturation 

Image adapted & constructed using information from (184, 227, 235). Image created in BioRender.com. B-cell 

development begins in the bone marrow, where events occur independently of antigen. Proliferation and pro-B-

cells into pre-B-cells require the microenvironment provided by bone marrow stromal cells. The interaction 

between vascular cell adhesion molecule 1 (VCAM-1) and integrin α4β1(VLA-4) promotes the binding of c-kit 

to stem cell factor (SCF), which stimulates intracellular signaling in the pro-B-cell to express interleukin-7 

receptor (IL-7R). IL-7R binds IL-7 released from stromal cells and induces the maturation of the pro-B-cell to 

pre-B-cells and are released from stromal cells. At the pre-B-cell stage, there has been VDJ gene segment 

rearrangement of the Ig DNA (RAG-1 & RAG-2) in the lymphoid cells, which forms the immature B-cell; first 

(DH-to-JH) and second (VH-to- DHJH) rearrangement determines the heavy chain (μ for IgM which forms pre-B-

cell receptor, BCR) and light chain (κ or λ), respectively which forms the BCR. A change in the RNA processing 

of the heavy chain primary transcript in the immature B-cell permits the production of two mRNAs, one encoding 

the membrane-form of IgM (mIgM) and one encoding membrane-bound IgD (mIgD). The co-expression of mIgM 

and mIgD signifies a mature B-cell that is released into circulation to peripheral lymphoid tissue (primarily the 

spleen or lymph nodes) where if the antigen is encountered and recognised by the BCR, mature B-cells undergo 

clonal expansion (secreting IgM) and differentiation into secreting plasma cells (which undergo further processes 

produce different Ig isotypes (IgG/IgA/IgE) specific for antigen with enhanced affinity*) or memory B-cells 

(which mount rapid responses upon secondary encounter with antigen). 



Chapter 1 - General introduction 

35 

 

1.6.2.3.2 Antibody-secreting plasma cells 
 

Plasma cells can continuously and rapidly secrete Ig (commonly termed antibodies) but do not 

undergo further maturation/differentiation. Most plasma cells have a short half-life (3-4 days), 

but some can survive in the bone marrow for month-years and continue to secrete antibodies 

(236). Additionally, tissue-resident long-lived plasma cells (LLPCs) form an independent 

compartment of immunological memory which can persist for decades independent of B-cell 

precursors or residual antigen but are not intrinsically long-lived. Their survival is dependent 

on specialised niche microenvironments, but the cellular and molecular components that 

promote LLPC production or survival are not fully characterised in humans (237-239). 

 

An antibody in its simplest form is a Y-shape glycoprotein that consists of 2 identical heavy 

(H; μ, γ, α, ε, or δ) and 2 identical light (L; κ or λ) polypeptide chains that have NH2-terminal 

variable (V) and COOH-terminal constant (C) domains. The four chains are held together by 

covalent (disulphide) and noncovalent bonds, which form two identical halves of the molecule; 

H/L V domains form the Fab region with two identical antigen-binding sites, and the H/C 

domains form the Fc region, which determines the isotype, subclass, and function of the 

antibody (Figure 1:10) (227).  

 

The Fc region binds to Fc receptors (FcR) expressed on effector or mediator cells, with most 

cells expressing several FcRs, which differ in their affinity for antibody-Fc. Antibodies cannot 

directly remove innocuous antigen, but the antibody-activation of different FcRs can activate 

multiple intracellular signalling pathways in a single cell, invoking many effector functions: 

antibody-dependent cellular cytotoxicity (ADCC: antigen-bound antibody binds to FcRs and 

mediates target destruction), antibody-dependent cellular phagocytosis (opsonisation of target 

for destruction), or complement-dependent cytotoxicity (activation of the complement cascade 

initiates target destruction and is the major effector of the humoral response) (184). 
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Figure 1:10 – Schematic of a typical immunoglobulin molecule 

Image adapted from Alberts et al (2002) (236) and created in BioRender.com. A typical immunoglobulin 

(antibody) molecule is a Y-shape glycoprotein composed of 4 polypeptides (2 heavy and 2 light chains) held 

together by covalent (disulphide) and noncovalent bonds. One antibody molecule is bivalent with two identical 

antigen-binding sites formed by the N-terminus of both the light and heavy chains. An antibody can be divided 

into two; the variable (V) region composed of heavy (VH) and light (VL) chains with the antigen-binding site (Fab) 

and the constant (C) region composed onto of heavy chains (predominantly CH2/ CH3) that determine the antibody 

function and isotype (Fc). In humans, there are up to 5 heavy chains that determine the antibody isotype and 

function and 2 light chains. 

 

 

1.6.2.3.3 Antibody isotypes & subclasses 
 

Humans have five antibody isotypes (IgM, IgD, IgG, IgA, and IgE) that have similar structures 

composed of Ig subunit(s) (Figure 1:11) but are highly specialised for their function (Table 

1:2). IgM and IgD are expressed on mature naïve B-cells and function as BCRs, but only IgM 

is also secreted by plasma cells and is pivotal in primary responses. IgG is the most commonly 

produced antibody and is involved in secondary responses with a high capacity for neutralising 

antigen with four specialised subclasses. IgA is the most prevalent antibody in mucosal 

secretions and plays crucial roles in both primary and secondary responses in these regions 

with two specialised subclasses. IgE is primarily involved in allergic reactions, 

hypersensitivity, or parasitic worm infections (236). 
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Figure 1:11 – Human immunoglobulin isotypes 

Image created in BioRender.com using material from (184, 227, 236).  

 

 

 

 

Table 1:2 – Biochemical properties of human immunoglobulin isotypes 

Image created in BioRender.com using material from (184, 227, 236). * Variation dependent on the specific 

subclass.  
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IgG subclasses 

First described by Grey and Kunkel (1964), IgG can be further subdivided into four subclasses 

according to the prevalence observed in a healthy human western population: IgG1, IgG2, 

IgG3, and IgG4 (240, 241). Comparable to the generation of antibody isotypes, IgG subclasses 

are formed during CSR of mature B-cells where specific deletion recombination of switch (S) 

genes encode IgG subclass-specific heavy chain (C) regions; Cγ1-4 encodes IgG1-IgG4. The 

IgG subclasses share >90% structural homology (Figure 1:12), and the~10% difference in 

their Fc regions determines distinct effector functions, biochemical properties, and the 

type/affinity of FcR they recognise (FcγR) (Table 1:3) (229, 240, 242). 

 
 

Figure 1:12 – Human IgG subclasses 

Image was adapted from Vidarsson, Dekkers, and Rispens (2014) (243) and created in BioRender.com. There are 

four IgG subclasses, named in order of abundance found in a healthy western human population: IgG1-IgG4. 

These subclasses share >90% structural homology. They primarily differ by their hinge region and the N-terminus 

of the CH3 heavy chain. IgG1 has two inter-chain disulphide bonds in its hinge region. IgG2 can exist in three 

isomers (A/A, A/B/ & B/B) that vary according to the number and position of inter-chain disulphide bonds in the 

hinge region. IgG3 has 11 inter-chain disulphide bonds in its hinge region. IgG4 can exist in up to 3 different 

allotypes shown in this figure that can interchange randomly across 6 different variations with only 2 disulphide 

bonds in its hinge region. Most IgG4 in humans exist as inter-chain bispecific molecules (can bind two different 

antigens or two epitopes on the same antigen), which prevents IgG4 binding to multiple antigen regions and 

reduces antibody avidity. Therefore, IgG4 has been coined as a “blocking antibody,” which may be an 

evolutionary mechanism to modulate immune responses and a reason for the association between IgG4 & Bregs. 

The effector function and affinity for antigen of these IgG subclasses can vary significantly.  
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Table 1:3 – Biochemical properties of human IgG subclasses 

Adapted from Vidarsson, Dekkers, and Rispens (2014) (243) and Schroeder and Cavacini (2010) (227).                         
a dependent on IgG3 allotype; b based on IgG2 A/A isomer. c differential binding to polymorphic variants of FcγR 

II and III, which are of lower affinity than FcγRI; IgG1 binds I/II/III; IgG2 preferentially binds II; IgG3 binds 

I/II/III; IgG4 binds I/II. +/++/+++/+++ correlates to strength of subclass binding/reactivity. (-) absent. +/- refers 

to contradictory findings. Despite biochemical differences, all subclasses can neutralise antigen, can perform 

opsonisation refers (antibody-coating target cell for immune-mediated destruction and phagocytosis), and can 

activate the complement cascade (the major effector of the humoral response) (184).  

 

Protein antigens usually trigger MHC Class II molecules on mature B-cells receiving Th-

dependent antigen presentation via the TCR (T-cell dependent), which primarily elicit IgG1 

and IgG3 responses but can also lead to IgG4 or IgE responses. T-cell-independent responses 

with polysaccharide/carbohydrate antigens predominantly elicit IgG2 responses. Chronic 

antigen stimulation, such as in allergic desensitisation (e.g., bee stings), elicits IgG4 responses. 

In mature B-cells, CSR can occur again, but the type of IgG produced is limited by the 

remaining heavy chain Cγ genes from the previous CSR cycle, and therefore, chronic antigen 

exposure may continue to drive CSR cycles until only Cγ4 genes remain and IgG4 are 

developed (242, 243). 

 

Biochemical Property IgG1 IgG2 IgG3 IgG4 

General 

Molecular mass (kDa) 

Amino acids in the hinge region 

Inter heavy chain disulphide bonds 

Relative abundance (%) 

Half-life (days) 

Placental transfer 

 

146 

15 

2 

60 

21 

++++ 

 

146 

12 

4b 

32 

21 

++ 

 

170 

62a 

11a 

4 

~7/21a 

++/+++a 

 

146 

12 

2 

4 

21 

+++ 

Antibody response to 

Proteins 

Polysaccharides 

Allergens 

 

++ 

+ 

+ 

 

+/- 

+++ 

(-) 

 

++ 

+/- 

(-) 

 

++ 

+/- 

++ 

Function 

Complement cascade activation 

Opsonisation 

 

++ 

++++ 

 

+ 

++++ 

 

+++ 

++++ 

 

- 

- 

Fc receptors 

FcγRI (high affinity) 

FcγRII (low affinity) 

FcγRIII (low affinity) 

 

+++ 

+/+++c 

++/+++c 

 

- 

+/++/-c 

-/+c 

 

++++ 

++/++++c 

++++ 

 

++ 

+/++c 

-/++c 
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The ability of IgG subclasses to potentially activate several FcγRs on effector or mediator cells 

could have therapeutic and/or pathogenic implications for disease (242). However, independent 

of considering FcγRs, many interesting IgG subclass-specific observations during an immune 

response, in autoimmune conditions, and deficiencies have been reported (Table 1:4). 

 

IgG Observations 

IgG1 

1. Soluble & membrane-bound Ag usually invoke IgG1 responses 

2. Most abundant & commonly produced IgG   

3. IgG1 & IgG4 pre-/post-transplant associated with allograft failure (kidney). 

4. IgG1-restricted responses observed in autoimmune diseases (T1D/SLE). 

5. Deficiency mirrors overall IgG deficiency, is associated with IgG3 deficiency, & results 

in a shift to IgG3/IgG4 responses. 

IgG2 

1. Deficiency linked to increased susceptibility to bacterial infections  

2. Deficiency linked to other IgG subclass deficiencies (IgG4 &/or IgA) & usually results 

in a shift toward IgG1/IgG3 responses.  

3. IgG2 & IgG4 deficiency common together 

4. Bacterial capsular polysaccharide Ag invokes IgG2-restricted responses. 

IgG3 

1. Potent pro-inflammatory antibody (explanation for shorter half-life) but an IgG3 allotype 

has a comparable half-life to IgG1 & alters immunogenicity.  

2. More effective against HIV than IgG1. 

3. Highly present in bacterial/viral infections against protein Ag 

4. Most polymorphic IgG with 29 reported alleles 

5. With IgG1, IgG3 is primarily involved in viral infections & is often the first appearing 

antibody.  

6. IgG3-dominant responses rare & IgG3 deficiencies associated with other subclass 

deficiencies.  

7. IgG3-mediated immunotherapy may be advantageous in many diseases owing to its 

many unique properties. 

IgG4 

1. Usually present in chronic responses (continued Ag stimulation)  

2. Common in responses against allergens 

3. Production modulated by IL-10 & restricted to Bregs, which directly implicates IgG4 in 

immune regulation.  

4. IgG4-dominated responses may occur towards therapeutic proteins & IgG4 deficiencies 

are rare. 

5. Common in parasitic worm infections with high associated with asymptomatic infection. 

6. Elevated serum concentration & tissue IgG4-positive plasma cells linked to a broad 

spectrum of diseases (IgG4-related disease) such as RA & AP; 70-80% of AP & 10% of 

pancreatic cancer cases had elevated IgG4.  

7. IgG4 is present in 5% of the general population; can be used as a diagnostic marker in 

combinations with other markers. 

 

Table 1:4 – Observations of human IgG subclasses 

Information gleaned from (227, 234, 240, 243-253). SLE: systemic lupus erythematosus; HIV: human 

immunodeficiency virus; RA: rheumatoid arthritis; AP: acute pancreatitis.  
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1.6.2.3.4 B-cells in T1D 
 

Unlike other autoimmune conditions such as rheumatoid arthritis (RA), evidence for the 

pathogenic role of B-cells, beyond generating islet autoantibodies, in human T1D is elusive. 

They could simply be markers of the loss of immune tolerance or, conversely, markers of 

immunomodulatory attempts. Both of these and the subsequent production of autoantibodies 

require activation from activated T-cells and, B-cells cannot activate naïve T-cells, which 

suggests B-cells cannot initiate autoimmunity but may contribute to the pathogenesis of T1D 

once initiated. Evidence for this has been found through the histological examination of T1D 

pancreases (254). 

 

Analysis of the islet immune cell infiltrate ranked CD20+ B-cells as fourth overall but, they 

were predominantly found in the later stages of insulitis and were the most abundant cell type 

in inflamed islets, followed by CD8+ T-cells. This suggests that B-cells are recruited to the 

islets once β-cell destruction has begun, and B-cell numbers increase with the development of 

insulitis (164). However, in a follow-up study, individuals diagnosed <20years had CD20high 

and CD20low inflamed islets. Interestingly, CD20low islets were associated with a lower 

abundance of other infiltrating immune cells (255). In a larger cohort of pancreas donors, 

CD20high and CD20low profiles discriminated donors who were diagnosed <7years and 

>13years, respectively. Furthermore, the presence of insulin-containing islets (ICIs) was 

associated with an older age-at-onset suggesting that CD20low/older individuals have a less 

aggressive/rapid β-cell destruction as ~40% of adolescents had ICIs at diagnosis (42). Based 

on these profiles, two type 1 endotypes (T1DE) have been proposed with further evidence that 

CD20high islet profiles (<7years) had an aberrant expression of proinsulin which was cross-

sectionally reflected through elevated serum proinsulin: C-peptide ratios in children <7years 

(43).   
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Despite mounting histological evidence, monoclonal anti-CD20 immunotherapy (Rituximab) 

that depletes most B-cells, only partially preserved β-cell function (serum C-peptide) and 

reduced insulin dose requirement over 1-year in a RCT of new-onset T1D by TrialNet (four 

infusions; <11 weeks T1D duration; aged 8-45 years) but these effects were not sustained at 2 

years (256). This confirms that B-cells may play a role in human T1D but that T1D still occurs 

when B-cells are depleted and/or repeat dosing may be necessary for efficacy. Additionally, a 

B-/T-cell combination immunotherapy may enhance efficacy which has been successful in RA 

utilising Rituximab with T-cell suppressants, cyclosporin or methotrexate (257).  

 

Despite a lack of consensus in the involvement of B-cells in human T1D, many findings have 

shown that B-cells are critical for the development of diabetes in NOD mice: B-cells act as 

APCs, initiate T-cells and insulitis, and B-cell deficient mice were resistant to T1D, which was 

diminished when treated with NOD B-cells (258-260). Furthermore, anti-CD20, chronic anti-

IgM antibody treatment, or anti-CD22 therapy were shown to either be protective or be 

effective at restoring normoglycaemia after onset (258, 261, 262). However, it was also shown 

that passive or maternal milk transfer of autoantibodies cannot cause disease and therefore, 

were shown not to be pathogenic (260, 263). Whereas, in humans, offspring of islet 

autoantibody positive T1D-affected mothers were protected from T1D (findings from 

BABYDIAB) (127). Many paradoxical findings between human and NOD T1D have been long 

debated, but overall, evidence points towards a role for B-cells in T1D, but further investigation 

is required (254, 264) 
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1.6.3 Islet autoantibodies 
 

Initially, the identification of islet cell autoantibodies (ICA) by Bottazzo and Doniach (1974) 

was instrumental in characterising T1D as an autoimmune disease (265, 266). By the 1990s, 

autoantibodies directed against three major highly β-cell specific autoantigens, insulin (IAA) 

(267), glutamic acid decarboxylase 2 (GAD65A) (268), and islet antigen 2 (IA-2A) (269) had 

been identified. More recently, autoantibodies to zinc transporter 8 (ZnT8A) were discovered 

in 2007 and are now recognised as the fourth major autoantibody specificity (270). Research 

into additional autoantibody targets in β-cells is still ongoing. For example, in 2016, 

autoantibodies to the 36-kDa glycoprotein tetraspanin protein family member 7 (TSPAN7) was 

found in >30% of patients (266, 271). 

 

One or more of the four major islet autoantibodies is present in at least 70% and up to >90% 

of new-onset T1D, but both frequency and combination of autoantibodies can vary by age (272-

274). The prevalence of autoantibodies in descending order was GADA (75%), ZnT8A (58%), 

IA-2A (57%), and IAA (51%) in a large cohort of 655 new-onset T1D cases (<2 weeks 

duration) spanning a wide age range (0-39 years) using the 99th percentile of 761 healthy 

controls (275).  

 

The autoimmune targeting of the proteins IA-2, ZnT8, and insulin are all directed at the insulin 

secretory granules (ISGs) within β-cells and their contents however, GAD65 is found in 

synaptic-like micro-vesicles (SLMC) within β-cells (Figure 1:13) (266). Although TSPAN7 

is the most abundant TSPAN protein in islets and is found in the membrane of ISGs, TSPAN7 

is ubiquitously expressed in islets, with expression in all islet cell types (α, β, and δ) (266, 276). 

The mechanism(s) by which these molecules become targets of islet autoimmunity is still not 

fully understood. 
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Figure 1:13 – Schematic diagram of the pancreatic islet β-cell illustrating the locations of the four 

major antigens that autoantibodies recognise: GAD65, IA-2, ZnT8, & insulin 

Figure was taken from Williams and Long (2019) (277). Islet antigen 2 (IA-2), insulin, and zinc transporter 8 

(ZnT8) are found within insulin secretory granules, but glutamic decarboxylase (GAD65) is found within 

synaptic-like micro-vesicles within the β-cell. The mechanism(s) by which these proteins become targets and are 

exposed to autoimmunity in T1D is not fully understood.  

 

Much of what we understand about islet autoantibodies, the natural history of T1D, and T1D 

risk has been derived from prospective birth-cohorts of genetically at-risk children (defined by 

an FDR with T1D or HLA-genotype within the general population) that have primary aims in 

characterising the natural history of T1D, environmental determinants of T1D, and/or 

recruitment to clinical trials; DAISY (Diabetes Autoimmunity Study in the Young, USA)(278, 

279), TEDDY (USA & Europe)(135), DIPP (Diabetes Prediction and Prevention; 

Finland)(280, 281), and BABYDIAB (Germany)(282).  

  

Outside of birth-cohorts, other studies have longitudinally followed-up FDRs of subjects with 

T1D across a wide age range such as the Bart’s-Oxford (BOX) family study (new-onset T1D 

<21 years and their FDRs, UK)(283), TrialNet (FDR aged 1-45 years or second-degree relative 

aged 1-20 years from 25 worldwide clinical centres across Europe, USA, Canada, Australia, 

and New Zealand)(284), and the Belgian Diabetes Registry (BDR)(new-onset T1D and their 

FDRs aged <40 years, Belgium)(285).  
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Collectively, these studies have contributed a plethora of information: patterns of 

autoantibodies (appearance, order, titre, combination, and number), age at autoantibody 

seroconversion, and genetic influence on autoantibody presence independent/in combination 

with T1D-susceptibility genes (286). 

 

Humoral islet autoimmunity can develop in children as young as 6 months of age, with a peak 

incidence of seroconversion at 2-3 years and a probable second peak in puberty (287). The first 

autoantibodies at primary seroconversion in young children are typically IAA and/or GADA, 

and therefore, insulin and GAD65 are often regarded as primary targets of autoimmunity (288). 

In contrast, IA-2A and ZnT8A are rarely the only islet autoantibodies identified at primary 

seroconversion; data for ZnT8A are more limited (270, 289) but may develop in early life as 

ZnT8A have been found in children with either IAA or GADA by 3 years (287). IA-2A and 

ZnT8A often appear together in later childhood to adolescence in individuals positive for either 

GADA and/or IAA and are thought to be associated with a later stage in islet autoimmunity, 

appearing closer to T1D onset, and are regarded as secondary targets of autoimmunity. 

Therefore, IA-2A and ZnT8A can be used to identify individuals at the greatest risk of 

progressing to disease (275, 290-292).  

 

Large prospective follow-up studies of high-risk FDRs from seroconversion to T1D onset 

encompassing young-onset and late-onset T1D found that age influences the autoantibody 

profile at onset (275, 287, 291). These studies also showed that the development of 

autoantibodies during the T1D prodrome occurs sequentially rather than simultaneously, 

indicative that the T1D humoral response spreads from one to multiple β-cell antigens but is 

heterogeneous (291, 293, 294). Nevertheless, the development of multiple autoantibody 

positivity (≥2 autoantibodies; mAutoab+ve) confers the highest risk of T1D, up to 80% T1D 

risk within 10-15 years in childhood (287).  



Chapter 1 - General introduction 

46 

 

Further characterisation of prospective islet autoantibody responses has shown that the pattern 

of autoantibody appearances within those who develop multiple autoantibodies infers 

differential T1D risk (295). It is important to note that to date, most large prospective studies 

have followed high genetic risk infants from birth. Therefore, the T1D prodrome in adult-onset 

T1D and the general population (genetically diverse) is less defined but ongoing. 

 

1.6.3.1 Predicting T1D risk & progression using the presence of islet 

autoantibodies 
 

Although islet autoantibodies are not considered pathogenic and are regarded as markers of 

islet autoimmunity, the predictive utility of islet autoantibodies for T1D has been known since 

~1970s: in 15 ICA positive subjects, 2 developed diabetes per year over follow-up (265). Since 

the development of antigen-specific (biochemical) islet autoantibody tests (IAA, GADA, IA-

2A, ZnT8A), the number of islet autoantibodies combined with clinical parameters of glucose 

tolerance has formed a suggested staging for presymptomatic T1D (96) (Figure 1:14). This 

staging system, based mainly on Eisenbarth’s original T1D model, has aided the identification, 

monitoring, and recruitment of high-risk FDRs to clinical trials but has also greatly informed 

the natural history of T1D. Despite its robust value and defined stages, progression from stage 

1 (mAutoab+ve with normal glucose tolerance) to 2 (mAutoab+ve with abnormal glucose 

tolerance) to 3 (clinical T1D diagnosis) remains highly heterogeneous (286, 296). 
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Figure 1:14 – The predictive stages of T1D 

Image adapted from Bingley et al. (2018) (296) and created in BioRender.com. This staged system developed by 

TrialNet has been successfully employed to recruit individuals to clinical trials, with the mast majority recruiting 

individuals at stage 3. Intervention and prevention clinical trials aim to identify and recruit individuals at stage 1 

or stage 2 to induce immune tolerance, dampen the autoimmune response, and/or slow progression to clinical 

T1D. 

 

In childhood, GADA and IAA are the most frequently detected islet autoantibody at 

seroconversion but are modified by age and genotype. IAA are associated with a younger age 

at seroconversion and the HLA-DR4-DQ8 genotype. GADA are associated with an older age 

at seroconversion but are common over a wide age range, and the HLA-DR3-DQ2 genotype 

(288, 297, 298). For example, in TEDDY children, IAA seroconversion appeared at a median 

age of 1.8 years versus 4.3 years for GADA. However, the first autoantibody (GADA or IAA) 

did not appear to be strongly associated with T1D risk or the risk of an additional autoantibody 

(mAutoab+ve) adjusting for age at seroconversion. Yet, IA-2A as the second autoantibody 

[hazards ratio (HR): 16.3 versus 5.4-6.4 for GADA/IAA/ZnT8A) and shorter time intervals 

between seroconversion and mAutoab+ve status, was associated with increased T1D risk 

(288). 

 

Overall, T1D risk is highest in children that seroconvert aged <3 years (75% 10-year 

progression risk versus 61% >3years), with the high-risk genotype, HLA-DR3/DR4-DQ8 (77% 
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versus 66% with other genotypes) and is correlated with increasing islet autoantibody number 

(287, 288, 297, 298). With each additional autoantibody, the risk of T1D increases six-fold 

(299) with the detection of mAutoab+ve in children implying 70-80% T1D risk within 10-15 

years; symptomatic disease 15 years after seroconversion occurred in 13%, 62%, and 80% of 

children single, double, or triple autoantibody positive, respectively (287). Combining data 

from BABYDIAB, DAISY, and DIPP, comprising a total of 13,000 prospectively followed 

children, has shown that 80% of children who develop T1D aged <20 years, seroconverted 

before age 5 years (300). Whilst HLA genotypes influence T1D risk and autoantibody 

specificity at seroconversion, once mAutoab+ve, HLA-DR-DQ haplotypes do not appear to 

influence disease progression (301, 302). Despite this, utilisation of genetic tests has aided T1D 

risk stratification in prospective birth-cohorts and has identified relationships between T1D-

associated genes with the initiation of islet autoantibody responses and tolerance mechanisms 

involved in T-/B-cell development (63, 303). 

 

In prospective studies of FDRs encompassing a wide age range and follow-up period that 

largely preceded the birth-cohort studies, many findings have been consistent. For instance, 

BOX (12, 304), TrialNet (305, 306), and the BDR (307, 308) unanimously reported that T1D 

risk correlated with the number of islet autoantibodies and was highest in mAutoab+ve FDRs. 

For example, in the BDR, FDRs (aged <40 years), the 20-year T1D progression rate was 88% 

in mAutoab+ve FDRs compared with 54% in single autoantibody positive (sAutoab+ve) FDRs 

and was independent of age, total autoantibody number/specificities present, and HLA-DQ 

genotype. Additionally, this study corroborated an earlier report by BABYDIAB (287) by 

showing that the conversion from sAutoab+ve to mAutoab+ve was associated with a younger 

age at seroconversion, the presence of HLA-DQ2/DQ8, and persistent IAA positivity (291). 

Furthermore, independent of age (0-40 years), higher rates of progression in the presence of 



Chapter 1 - General introduction 

49 

 

IA-2A and/or ZnT8A were greater than in their absence, but GADA and IAA (with/without 

IA-2A) identifies early autoimmunity (309). 

 

Collectively, the combined and present findings from prospective birth and FDR studies 

suggest that a similar autoimmune process occurs in the T1D prodrome in younger and older 

individuals (286). However, differences between islet autoantibody responses, age, and T1D 

risk have begun to emerge with greater follow-up and enhanced awareness of the prevalence 

of adult-onset T1D (at least 42% aged >30 years)(10, 11). For instance, TrialNet data indicates 

that the autoimmune response is more aggressive in children than adults. Compared to FDRs 

aged <20 years, FDRs >20 years had lower T1D risk once mAutoab+ve (stage 1/2) and at T1D 

onset (stage 3), had higher stimulated C-peptide, insulin resistance, and higher prevalence of 

sAutoab+ve responses (most commonly GADA) (305, 310, 311). This may be indicative of 

differential (but still heterogeneous) disease pathogenesis with slower progression and perhaps 

better clinical outcomes and/or diabetes management in adult-onset T1D.  

 

Further evidence for slower T1D progression has come from the identification of “slow 

progressors” from numerous European and American studies. These individuals remain 

diabetes-free for at least 10 years following mAutoab+ve status and roughly comprise ~30% 

of autoantibody positive subjects in the studies. These individuals are typically diagnosed older 

(at least ≥10 years), but it is important to note that a fraction developed mAutoab+ve status in 

childhood, and therefore, slower progression may not be an exclusive characteristic of age at 

mAutoab+ve detection (312, 313).  

 

The age group most often used for clinical trials is 10-39 years, although this may be changing 

as research and trials consider general population screening. However, the natural history of 

T1D remains best characterised in young children. Therefore, continued research is required to 
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understand risk in older ages. The BDR covers the age group mostly considered for clinical 

trials and has shown that testing for IA-2A ± ZnT8A would still identify individuals at the 

greatest T1D risk independent of co-existing autoantibodies: IA-2A ± ZnT8A identified 78% 

of rapid progressors (progressed to T1D <5 years) versus 62% without ZnT8A and 75% 

mAutoab+ve status considering IAA/GADA/IA-2A/ZnT8A (309). This suggests that 

screening for IA-2A and ZnT8A would be a cost-effective and sample saving strategy for 

identifying high-risk individuals for enrolment in clinical trials, but the sensitivity of this 

approach may be age-dependent as sensitivity was highest in older individuals (309). Despite 

this, the frequencies of all four main autoantibodies in the BDR new-onset T1D subjects aged 

0-40 years shows that the frequency of GADA ± IA-2A or IAA ± ZnT8A is comparable, but 

interestingly, ZnT8A could replace IAA without loss of diagnostic sensitivity in individuals 

>10 years (275) (Table 1:5). 

 

 

Table 1:5 – Prevalence of autoantibody frequency & combinations in 655 new-onset T1D cases & 

761 healthy control subjects according to age 

Table amended and data included from Vermeulen et al. (2011) (275). Data are expressed as n (%) unless 

otherwise depicted. * p<0.001 versus control subjects. ¥ p=0.011 versus combination with ZnT8A within the same 

age category. The data suggest that testing for ZnT8A could replace IAA without a loss of diagnostic sensitivity 

and that prevalence across age groups with these combinations are comparable. 

  

Antibody Status 
Prevalence 

New-onset cases Controls 

Age at onset (years) 

0-9 

n=170 

10-19 

n=223 

20-39 

n=262 

0-39 

n=761 

n (%) n (%) n (%) n (%) 

≥1 autoantibody positive 

 

GADA, IA-2A, or IAA 

 

GADA, IA-2A, or ZnT8A 

 

 

164 (96)* 

 

162 (92) * 

 

 

207 (93)* 

 

209 (94)* 

 

 

207 (79)* 

 

206 (79)* 

 

 

24 (3) 

 

21 (3) 

≥2 autoantibodies positive 

 

GADA, IA-2A, and/or IAA 

 

GADA, IA-2A, and/or ZnT8A 

 

138 (81)*¥ 

 

123 (72)* 

 

154 (69)* 

 

162 (73)* 

 

 

129 (49)* 

 

139 (53) 

 

  

0 (0) 

 

0 (0) 
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1.6.3.2 Characteristics of islet autoantibodies that further aids T1D risk 

prediction 
 

Beyond detection of autoantibody positivity, many characteristics of islet autoantibody 

responses have increased and refined their predictive utility for T1D (Figure 1:15), which 

highlights the complexity of the antigen-specific humoral response. The humoral responses 

towards insulin, GAD65, and IA-2 have been better characterised than ZnT8 due to its more 

recent discovery (detailed later in 1.7). Where ZnT8A has been reported, it has usually only 

been tested in samples with other autoantibodies prospectively collected from high-risk 

children. Therefore, the benefit of ZnT8A is inadequately defined (and a focus of this thesis) 

but is likely to be more informative in the future with studies expanding beyond childhood-

onset T1D and into the general population (277).  
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Figure 1:15 – Summary of islet autoantibody characteristics that are associated with increased 

T1D risk 

Image adapted and expanded from So et al. (2021) (286) and created in BioRender.com. Islet autoantibody 

characteristics that have been associated with increased T1D risk and/or progression has predominantly been 

found in prospective studies of high-risk individuals (T1D-associated HLA Class II haplotypes in birth-childhood 

and/or FDRs). Findings depicted in the above figure has been derived from TEDDY (288, 295, 298, 301, 302, 

314), BABYDIAB (282, 287, 289, 315-317), DAISY (318-320), TrialNet (284, 306, 318, 321-323), BOX (12, 

90, 317, 324, 325), BDR (291, 292, 309), and the Barbara Davis Centre (BDC) and/or the Joslin Diabetes Centre 

(USA) (270, 292, 326-328), plus others (299, 329-332). * Finding from a recent study by Jia et al. (2021) (333) 

using a ZnT8A ECL assay that has not been confirmed  

 

 

1.6.3.2.1 Persistent versus transient autoantibody positivity 
 

Further characterisation of autoantibody positivity profiles in genetically high-risk children has 

found that disease risk can be further stratified by different combinations of detectable 

autoantibodies, autoantibody titres, and patterns of autoantibody positivity profiles (persistent 

versus transient). For example, in mAutoab+ve children (high genetic risk) participating in 
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TEDDY, that seroconverted <2 years, had persistent positivity in at least one consecutive 

sample, and titres of IAA and IA-2A, but not GADA, had the highest T1D risk (295, 314). 

Conversely, in the BDR, the loss of IAA but not GADA, IA-2A, or ZnT8A in mAutoab+ve 

FDRs (aged 0-40 years) appeared to delay progression to disease (291).  

 

1.6.3.2.2 Antigenic epitopes recognised by islet autoantibodies 
 

Antibodies bind to 3D peptide domains of an antigen (“epitopes”). For GADA and IA-2A, 

specific epitopes of GAD65 and IA-2 have been shown to aid in predicting T1D risk (further 

detailed below) (286). However, a convincing high-risk epitope of insulin has not been found 

as IAA have been shown to recognise epitopes within insulin’s A- and B-chains and insulin’s 

precursor, proinsulin (316, 319, 334, 335). Epitopes of ZnT8 recognised by ZnT8A are 

predominantly located in the C-terminal domain and are further described in 2.4.  

GADA/GAD 

L-glutamic acid decarboxylase (GAD) is the major enzyme involved in the biosynthesis of the 

critical inhibitory neurotransmitter, gamma-aminobutyric acid. GAD has two isoforms 

(GAD65/GAD67), but GAD65 is the major isoform and is comprised of NH2-terminal, middle, 

and COOH-catalytic domains (266). Full-length GAD65 [amino acid (aa)1-585] is generally 

used to detect GADA in T1D. However, epitope analysis showed that most of GADA recognise 

the middle- and COOH-catalytic domains and bind to the NH2-terminal poorly (286, 330, 336). 

Truncation of the NH2-terminal (aa1-96) in the conventional radioimmunoassay (RIA, 

described later 1.6.3.3) led to improved assay specificity and discrimination of high-risk FDRs 

with a subsequent finding that GAD65(aa1-142) does not contribute to GADA recognition 

(324, 325). Intermolecular epitope spreading to the N-terminal closer to T1D may occur 

however after clinical onset, epitope specificity appears to stabilise up to 5 years (329, 330, 

337).  
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IA-2A/IA-2 

IA-2 is a member of the receptor-type protein tyrosine phosphatase (PTP) family, comprised 

of an extracytoplasmic (EC) domain, a transmembrane region, and an intracytoplasmic (IC) 

domain. The IC domain can be subdivided into juxtamembrane (JM) and PTP domains, but 

overall, the IC domain is the major region of IA-2 recognised by IA-2A in new-onset T1D 

however, IA-2A can also bind the PTP-region of the homologue IA-2β (266, 286, 326, 338). 

Reactivity to specific IA-2 epitopes have not been consistently associated with T1D risk, but 

the reactivity of IA-2A towards multiple IA-2 antigens aided the identification of high-risk 

individuals (286, 317, 339-341). Therefore, IA-2IC is primarily used to screen for IA-2A and 

IA-βA is often only tested in IA-2A positive individuals to further stratify risk.  

 

The function of IA-2 is only partially known; once β-cells are stimulated to secrete insulin, IA-

2’s EC domain is cleaved to promote mobilisation of ISGs to the plasma membrane and, in 

addition, translocates to the β-cell nucleus to regulate genes associated with ISG function and 

insulin secretion (β-cell function) (266, 342).  

 

1.6.3.2.3 Islet autoantibody affinity for antigen 
 

Antibody affinity refers to the strength of the antibody-antigen (epitope) interaction in the 

antigen-binding site. The mechanisms of affinity maturation were described previously 

(1.6.2.3.1) but to assess antibody affinity, competitive displacement immunoassays with 

structurally sound recombinant protein is the common method used (236, 286). High-affinity 

autoantibodies could reflect more advanced preclinical stages of autoimmunity. 

 

High-affinity IAA has been consistently associated with multiple markers of high-risk such as 

progression to mAutoab+ve status, clinical T1D onset, the HLA-DR4 haplotype, and a younger 

age at IAA seroconversion (316, 331, 343). Similarly, high-affinity GADA has also been 
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shown to be associated with mAutoab+ve progression, clinical T1D onset, the HLA-DR3 

haplotype, and was highest in the middle-/COOH-catalytic domains of GAD65 but was not 

associated with age at seroconversion in FDR and general population children (286, 344, 345). 

However, IA-2A affinity for IA-2/IA-2β has not been shown to be associated with progression 

or T1D risk in children prospectively followed since birth (346), but low-affinity IA-2A was 

rare. As previously outlined, ZnT8A affinity remains under-investigated and is further 

described in 2.2. 

 

1.6.3.2.4 IgG subclasses of islet autoantibodies 
 

IgG subclasses in T1D are described in detail in 2.3, but the seminal paper by Achenbach et al. 

(2004) found that the presence of IgG subclasses additional to IgG1 and autoantibody titre in 

IA-2A and IAA responses (but not GADA) was associated with increased disease risk (IA-2A 

HR: 3.3; IAA HR: 4.6) above just considering total IgG level. Additionally, there was a positive 

association of the number of IgG subclasses present and the level of IgG1 binding with 

autoantibody titres (determined by conventional PAS/PGS RIA), suggesting high titres aids in 

discriminating risk (317). To our knowledge, the ZnT8A IgG subclass response in T1D has not 

been reported and therefore, was a focus of this project.
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1.6.3.2.5 Genetic associations of islet autoantibody positivity 
 

 Genetic associations of islet autoantibody responses at various stages of disease are summarised in Table 1:6.  

Table 1:6 – Summary of genetic associations with islet autoantibody positivity at different T1D stages 

Sources include BOX, BABYDIAB, TEDDY, DIPP, and the BDR (90, 287-289, 291, 295, 297, 301, 347-350). Plus (+) and minus (-) denotes positive and negative associations 

with the allele associated with diabetes risk or major allele, respectively. * Findings from 7,077 T1D cases from 4,135 families from the type 1 diabetes genetic consortium 

(T1DGC) with a median age at diagnosis of 9 years (range 0-52) and autoantibodies detected at a median of 7 years disease duration (range 0-63) but 25% was taken <3 years. 

Autoantibody Preclinical association 

(seroconversion or progression) 

T1D onset After T1D onset* Comments where applicable 

IAA 

- HLA-DR4 (+) 

- HLA-B*39 in HLA-B*39 FDRs who 

developed GADA/IAA rapidly progressed 

- HLA-DR4 (+) Cannot be investigated 

following exogenous 

insulin treatment. 

- In BABYDIAB children aged >2years 

with the HLA-DR4 genotype, GADA was 

more prevalent than IAA.  

GADA 

- HLA-DR3 (+) 

- HLA-B*39 in HLA-B*39 FDRs who 

developed GADA and IAA rapidly 

progressed 

- HLA-DR3 (+) - HLA-DQA1 (-) 

- HLA-DRB1 (+) 

- HLA-DRA1 (+) 

- DR3 (+) 

- LPP/3q28 (+) 

- IFIH1 

- ~30% of GADA+ve children in the 

TEDDY study did not have HLA-DR3 

genotype. 

- LPP/3q28 was only associated with 

GADA positivity >3 years disease 

duration. 

IA-2A 

- HLA-A*24 (-)  

- HLA-A*24 in HLA-DQ8 FDRs who 

developed IA-2A or ZnT8A rapidly 

progressed 

- FCRL3 (-) 

 

- HLA-A*24 (-) 

- HLA-DR4 (+) 

- HLA-DQA1 (+) 

- HLA-A (-) 

- DR3 (-) 

-DR4 (+) 

- RELA/11q13 (+) 

- FIBP (+) 

- FCRL3/1q23 (-) 

- IL-27 

- PTPN22 (-) 

- HLA-DR4 only associated with IA-2A 

positivity at onset excluding IA-2A titre 

due to an interaction between HLA-DR4 

and IA-2A titre. 

ZnT8A  

(ZnT8R/ZnT8W) 

- HLA-A*24 (-)  

- HLA-A*24 in HLA-DQ8 FDRs who 

developed IA-2A or ZnT8A rapidly 

progressed 

- FCRL3 (-) 

- HLA-A*24 (-) 

 

- HLA-DQA1 (+) 

- DR4 (+) 

- FCRL3 (-) 

- CTSH (+) 

- Genetic associations of ZnT8A may 

largely differ from GADA & IA-2A due 

to the more rapid loss of ZnT8A after 

T1D onset. 
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1.6.3.3 Measuring islet autoantibodies 
 

Before islet antigen-specific (biochemical) autoantibody assays in the 1990s, the gold-standard 

method for detecting islet autoimmunity and predicting disease risk were ICA assays. ICA 

staining can be observed in human pancreatic sections by indirect immunofluorescence (265, 

351). Positivity is determined through sample titration and comparison to established Juvenile 

Diabetes Foundation (JDF) standards of known fluorescence intensity, expressed as JDF units. 

The international use of JDF standards improved ICA standardisation and protocol 

harmonisation between laboratories, but immunofluorescence assessment remains subjective 

(352-355).  

 

The use of antigen-specific fluid-phase RIAs superseded ICA staining and remains the 

conventional method for measuring IAA, GADA, IA-2A, and ZnT8A (266, 356, 357). These 

assays involve incubation of serum with the appropriate radionuclide-labelled antigen 

fragments and subsequent immunoprecipitation of the radiolabelled-antibody complex by 

Protein G and/or Protein A Sepharose (PGS and/or PAS, respectively). Radiolabelled-antibody 

immunocomplexes are detected through scintillation detectors where residual radioactivity is 

expressed as counts per minute (CPM) and are proportional to autoantibody concentration 

(Figure 1:16).  

 

Optimisation of RIAs has substantially improved the detection of islet autoantibodies in small 

quantities of serum. For example, IAA testing now only uses ~50µl per test (with confirmation 

of positive results) in comparison to 200-600µl before 1997 (356). Further characterisation of 

epitopes recognised by autoantibodies has increased RIA sensitivity and specificity with better 

disease prediction, particularly for IA-2A and GADA (266). The use of radioisotopes in 

autoantibody testing, however, has limited long-term sustainability. Radioisotopes are costly, 

have short shelf lives (radioactive decay), and are subject to tight regulations regarding storage 
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and disposal for safety and environmental reasons. Consequently, there is limited application 

of these assays in laboratory and clinical settings. To reach the goal of general population 

screening for at-risk individuals in the future, low-volume, rapid, and non-radioactive assays 

are required.  

 
 

Figure 1:16 – Schematic diagram of the RIA 

Image adapted from Williams and Long (2019) (277). * GAD65 (aa1-585), IA-2IC (aa606-979), ZnT8 (aa268-

369; monomeric peptides with either arginine (R) or tryptophan (W) encoded at the SNP site rs13266634) or 

Insulin. ** Islet autoantibodies specific to the recombinant antigen. Autoantibodies in serum specific to 

GAD65/IA-2/ZnT8 bind to [35-S] or for insulin [125-I] radiolabelled antigen. Immunocomplexes are then 

precipitated using Protein A Sepharose (PAS) to bind the Fc region of the autoantibody. The unbound excess 

radiolabelled antigen is excluded by serial wash and centrifugation steps. After the addition of MicroScint40 

(PerkinElmer), residual radiation in counts per minute (CPM) is detected on a beta scintillation counter where 

CPM is proportional to the autoantibody level present in serum.  

 

Other established methods for detecting antigen-specific autoantibodies that do not rely on 

radiolabelled-antigen tracers are solid-phase bridge enzyme-linked immunosorbent assays 

(ELISAs) (358, 359) and electrochemiluminescence (ECL) assays (266, 319, 360).  

 

Routinely used and 1-day duration bridge-type ELISAs are commercially available through 

RSR Limited (Cardiff, UK; www.rsrltd.com) for GADA, IA-2A, and ZnT8A detection. In 

short, serum is incubated onto a microplate coated with recombinant antigen (solid-phase) and 

resultant immunocomplexes are detected through a biotin-streptavidin-peroxidase system 

which creates a colourogenic reaction that is detectable by an ELISA plate reader (358, 361, 

http://www.rsrltd.com/
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362) (Figure 1:17). In contrast, the 2-day ECL assay utilises bivalent autoantibodies in serum 

to cross-link between an antigen with a Sulfo-TAG (Meso Scale Discovery [MSD], Rockville, 

MD, USA) and a biotinylated antigen to create immunocomplexes which are detected by an 

electrochemiluminescence signal on an MSD Sector Imager 2400 (363) (Figure 1:18). In both 

assays, the signal detected is proportional to autoantibody concentration.  

 
 

Figure 1:17 – Schematic diagram of the bridge-type ELISA 

Image adapted from Williams and Long (2019) (277). Ag: Antigen; ELISA: Enzyme-linked immunosorbent assay 

IA: Islet autoantibody; TMB: 3,3’, 5,5’-tetramethylbenzidine. Serum (25µl/well) is incubated onto a recombinant 

antigen-coated microplate. Anything unbound or in excess in serum is excluded through multiple washes and 

centrifugation steps. Next, the biotinylated antigen is incubated to allow streptavidin-peroxidase to bind. After 

multiple washes and centrifugation steps, TMB is added, which reacts with streptavidin-sepharose to create a 

colourimetric reaction that is terminated utilising the stop solution after 15 minutes. The residual signal can then 

be detected by an ELISA plate reader and is compared to a blank well containing TMB and stop solution only. 

 
 

Figure 1:18 – Schematic diagram of the ECL assay 

Image adapted from Williams and Long (2019) (277). Ag: Antigen; IA: Islet autoantibody; MSD: Meso Scale 

Discovery, Rockville, MD, USA. Bivalent IA in serum binds the Sulfo-Tag (MSD)-tagged antigen and the 

biotinylated antigen in solution (fluid-phase), which is mixed and incubated. Following incubation, the whole 

mixture is added to a blocked (with MSD blocker A buffer) streptavidin-coated plate. Following a series of wash 

and centrifugation steps to exclude unbound or excess antigen, MSD read buffer is added to give off an 

electrochemiluminescence signal detectable by an MSD Sector Imager 2400 where the signal is proportionate to 

IA in serum. 
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Although ELISAs and ECL assays are non-radioactive and have shown high performance (319, 

358, 360-363), both have limitations that may hamper their use for general population 

screening. For example, ELISAs need a solid-phase that requires manufacturing recombinant 

protein, can obscure antigenic epitopes required for autoantibody binding, and uses up to 

~50µl/per test. Low sample volume requirements are particularly important for testing capillary 

bleeds from young infants. Although ECL has more modest sample volume requirements 

(15µl/per test), serum requires acid treatment, streptavidin-coated plates must be prepared in 

advance, and per test, two separate antigens need preparation. However, recent protocol 

adaptations have resulted in multiplex-ELISA and -ECL assays to simultaneously detect 3-7 

autoantibodies which show promising potential which may counteract their respective 

limitations (364, 365). 

 

Collectively, there is a need for rapid, low-volume, non-radioactive, high performance, and 

simpler assay alternatives to replace RIAs and overcome the limitations of ELISA/ECL assays. 

The detection of multiple autoantibodies in a single test with the possibility of automation 

would be hugely advantageous for facilitating general population screening in the future. 

 

1.6.3.3.1 Methods in development for islet autoantibody detection 
 

More recently, luciferase immune precipitations system (LIPS) assays have sought to provide 

an inexpensive, low volume non-radioactive alternative to RIAs. The LIPS assay format is 

comprised of the same reagent constituents and steps as the fluid-phase RIAs but substitutes 

the antigen with a radioactive tracer for a  NanoLucTM luciferase reporter (Nluc) (Figure 1:19) 

(366).  
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Figure 1:19 – Schematic diagram of the LIPS assay 

Image adapted from Williams and Long (2019) (277). Autoantibodies in serum specific for islet antigen (Ag; 

GAD, IA-2, ZnT8R, ZnT8W, or insulin) bind to a Nanoluciferase-tagged (Nluc-) islet antigen. Immunocomplexes 

are then precipitated using Protein A Sepharose (PAS) to bind the Fc region of the autoantibody. Serial washes 

and centrifugation steps exclude unbound excess Nluc-tagged islet antigen. After adding the substrate Furimazine 

(Promega), a bioluminescent signal is produced and detected with a luminometer where the luminescence 

produced is proportional to the autoantibody level present in serum. 

 

The major advantages of LIPS assays are the reduction in required serum volume (2µl versus 

5-30µl by RIA), the long shelf-life of the Nluc-antigens (months versus weeks with 

radioisotopes), one-day duration (versus 2-3 days by RIA), and the use of widely available 

commercial reagents/equipment that many laboratories will have for conducting RIAs (366). 

One important consideration is that the placement of the Nluc- reporter in the antigen sequence 

may influence antigen conformation and subsequent autoantibody-antigen binding. A LIPS 

assay to detect IAA has been developed that correlated and matched the sensitivity and 

specificity of the IAA RIA in the Islet Autoantibody Standardisation Program (IASP) in 2015 

and 2016 (described later 1.6.3.4). However, large cohorts of at-risk individuals are required 

to fully elucidate the predictive utility of LIPS over RIA (366). 
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Another promising candidate for a low-volume non-radioactive immunoassay is antibody 

detection by agglutination-PCR (ADAP). In brief, antigen-specific antibodies in serum (2µl) 

are agglutinated by antigen-specific DNA conjugates, which enables DNA ligation and 

resultant quantification by qPCR. When compared to an FDA-approved RIA for detecting anti-

thyroglobulin autoantibodies, ADAP offered a 1000-fold increased sensitivity. This assay 

offers several advantages over more conventional fluid-phase immunoassays: it’s a simple 

method that only employs low volumes of standard PCR consumables, has enhanced 

sensitivity, and has a broad dynamic range (367). Over the last two IASP workshops, this 

ADAP method for GADA, IA-2A, IAA, and ZnT8A has been amongst the top-performing 

assays (data from IASP2018 (368); IASP2020 unpublished). However, the predictive utility is 

yet to be evaluated in at-risk populations, and few data have been published. 

 

It is worth noting that both the LIPS and ADAP methodologies have scope to be multiplexed 

for the detection of multiple markers in a single test which alongside, multiplex-ECLs, make 

strong candidates for general population screening in T1D (368, 369). 

 

1.6.3.4 Islet autoantibody standardisation program (IASP) 
 

International workshops to standardise autoantibody detection across laboratories began in 

1985 with ICA assays that subsequently led to a standardised protocol with international 

standards that enhanced sensitivity (352, 370). Following the success of several workshops and 

the development of antigen-specific (biochemical) autoantibody RIAs in the 1990s, a 

collaboration between the Immunology of Diabetes (IDS) and the US Centers for Disease 

Control and Prevention (CDC) established the Diabetes Autoantibody Standardisation Program 

(DASP) in 2000 (351, 371, 372). The objective of DASP was to assess laboratory proficiency 

to harmonise assays worldwide and provide materials, technical support, and training for 

improving assay performance. 
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The first DASP proficiency programme was conducted in 2003 (372) with GADA, IA-2A, and 

IAA immunoassays, which has since improved laboratory concordance and protocol 

harmonisation (371-373). After the identification of ZnT8A in 2007, ZnT8A immunoassays 

were entered into DASP in 2011, but no formal assay harmonisation for ZnT8A to date has 

been conducted (374).  

 

In 2013, DASP became the Islet Autoantibody Standardisation Programme (IASP) supported 

by the IDS and the National Institute for Health (NIH). IASP typically runs biennially and 

supplies uniquely coded samples from T1D cases and controls to participating laboratories for 

autoantibody detection. The results are centrally collected and analysed by the IASP committee 

to prevent bias prior to unblinding the data for researchers to conduct in-house analysis (375). 

These workshops also enable the performance of novel and new methodologies to be assessed.   

 

 

1.7 Zinc transporter 8 (ZnT8) & T1D 

 

1.7.1 The function of ZnT8 
 

Zinc transporter 8 (ZnT8), part of the 10-member ZnT family, is encoded by the gene SLC30A8. 

ZnT8 is expressed moderately in kidney cells and pancreatic α-cells, but unlike other ZnTs, 

ZnT8 is almost exclusively expressed in pancreatic β-cells, where zinc concentration is among 

the highest in the body; 70% of β-cell zinc content is contained in ISGs at ~10-20mM (376-

380). It is not clear why ZnT8 is specifically expressed in pancreatic β-cells. However, it is 

thought that ZnT8 is highly specialised and is required to protect β-cells from oxidative stress, 

prevent zinc imbalance, and regulate insulin biosynthesis (381). Therefore, functional ZnT8 is 

essential for β-cell function and survival.  
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In β-cells, transport of Zn2+ ions from the β-cell cytoplasm into ISGs is crucial for the 

biosynthesis, storage, and secretion of insulin. In the endoplasmic reticulum and Golgi 

apparatus, two Zn2+ ions and one Ca2+ ion are complexed by histidine 30 in insulin’s B-chain 

that ultimately ensures the hexametric structural stability of one proinsulin molecule. In ISGs, 

proinsulin is then converted to insulin facilitated by enzymes, and the insoluble hexametric 

crystallisation of insulin to form dense cores occurs, which requires up to 11 Zn2+ ions supplied 

by ZnT8. Packaged within mature ISG vesicles, glucose-stimulated insulin secretion (GSIS) is 

required for the exocytosis of insulin from β-cells (376, 381-383). Unsurprisingly, ZnT8 and 

insulin are highly co-localised in β-cells (377, 378).  

 

1.7.2 The SLC30A8 gene 
 

The SLC30A8 gene located on chromosome 8 (8q24.11) contains 13 exons spanning ~226kb 

and encodes two ZnT8 protein isoforms (splice variants); full-length (aa1-369) and N-

terminally truncated ZnT8 (aa50-369). Most studies focus on the full-length isoform, but direct 

evidence of differential function and cellular expression of these two isoforms has not been 

fully investigated (376, 379): one study showed no functional differences between the isoforms 

when expressed in Pichia pastoris yeast and incorporated into an in vivo transport assay (384).  

 

A common SNP rs13266634 (C/T) in SLC30A8, causes a non-synonymous modification that 

changes the C-terminal amino acid 325 (aa325) to either arginine (R) or tryptophan (W) (385). 

This SNP is common in the general population with a minor allele (T encoding W) frequency 

of 0.31 in Europeans and has been linked to both main classifications of diabetes (386). The 

allele encoding R (homozygous CC genotype) at aa325 (R325) confers a minor risk of T2D 

(OR 1.07-1.18) linked to increased transporter activity with 12 loss-of-function mutations 

shown to offer a 65% reduction in T2D risk (387-393). However, in animal models, the 
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influence of ZnT8 on β-cell function and glucose homeostasis is less clear. Utilising the INS-

1E rat cell line as a β-cell model, ZnT8 overexpression increased, but knock-down decreased, 

β-cell zinc accumulation, insulin content, and GSIS (378, 394). Whereas global ZnT8 knockout 

mice have shown inconsistent findings, but this could be due to differences in study parameters 

and/or the moderate ZnT8 expression in other tissues (395-397) as ZnT8 β-cell specific 

knockout mice were glucose intolerant, had abnormal β-cell morphology with reduced zinc 

accumulation, and had both fewer and less dense ISGs from reduced insulin processing (398).  

 

In T1D, the main effect of the rs1326634 SNP is on ZnT8A specificity (328). Individuals with 

the CC genotype (R325) rarely develop ZnT8 tryptophan-specific autoantibodies (ZnT8WA), 

and individuals with the TT genotype (W325) rarely develop ZnT8 arginine-specific 

autoantibodies (ZnT8RA) (328). Competitive displacement experiments with recombinant 

ZnT8 protein have shown that ZnT8A are truly specific for R325 or W325 (399). 

  

Although SLC30A8 does not influence T1D risk, the SLC30A8 genotype or ZnT8A specificity 

may aid stratification of T1D risk in ZnT8A positive children (289, 328, 400); carriers of the 

CC genotype had an earlier age-at-onset (<5years) (401), but CC/TT had higher T1D risk than 

CT genotypes (289). Most of these studies have been conducted in Euro Caucasian populations, 

but the SLC30A8 risk C allele is more common in African and Asian populations than 

Europeans (402), and therefore, risk stratification may be greater in these populations (94). 

Additionally, SLC30A8 genotypes may also inform islet cell transplantation outcomes; the T 

allele (CT/TT genotypes) in combination with high body mass index (BMI) and HLA-A*24 

positivity was associated with poor graft function but was independently associated with the 

failure to achieve insulin dependence and maintenance of C-peptide (403).  
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A second SNP in this region, rs16889462 (G/A), can encode glutamine (Q325) at this position 

but is only present in <1% of Europeans and while more common is still rare in other non-

Caucasian ethnicities; up to 9% of African-Americans and 1-2% of Asian populations (385, 

404). However, the reactivity of ZnT8A towards the naturally-occurring ZnT8-Q325 can be 

used to investigate ZnT8A responses not dependent on R325/W325 variants (non-specific) 

(405). All SLC30A8 SNPs are summarised in Table 1:7. 

 

 
 

Table 1:7 – The codons for the major allele & SNPs in SLC30A8 

Table taken from Williams and Long (2019) (277).MAF, minor allele frequency. These SNPs determine the 

protein sequence at amino acid 325 in the C-terminal of ZnT8. The major allele (encoding R325) is associated 

with increased risk of T2D; however, in T1D, this SNP influences autoantibody specificity to ZnT8 and can aid 

risk stratification of disease progression.  

 

 

1.7.3 The structure of ZnT8 
 

ZnT8 is a 369-aa (41-Dka) polytopic transmembrane protein with 6 transmembrane domains 

(TMD), a luminal facing histidine-rich loop, 8 exon regions, and cytoplasmic N-(NH2) and C-

(COOH) terminal tails (Figure 1:20) (406, 407). In vivo, functional ZnT8 forms a dimeric 

structure from two 369aa monomers that facilitates Zn2+ transport through proton [H+] antiport 

exchange and has signature Zn2+ binding sites in the highly conserved TMD2/ 5; findings based 

on ZnT8 sequence alignment between mammalian and non-mammalian species (376, 408, 

409).  
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The region determining R325/W325/Q325 through two SNPs is contained on a variable loop 

between two conserved secondary structures, α-helix and β-sheet (410). Like other zinc 

transporters, the large C-terminal of ZnT8 is thought to be involved in the primary dimerization 

and stability of the transporter and therefore, is important for ZnT8’s tertiary structure and 

cytosolic accessibility of ZnT8A (408).  

 
 

Figure 1:20 – The structure of monomeric ZnT8 

This figure was taken from Williams and Long (2019) (277), which was adapted from Wenzlau et al. (2007) 

(270). ZnT8 is embedded within insulin secretory granule membranes and is a transmembrane protein. The C- 

and N-terminals are cytosolic, but the transmembrane domains (numbered 1–6) include three luminal regions, 

which are expressed extracellularly during insulin granule exocytosis. Functional ZnT8 is formed from two aa369 

monomers where the C-terminal is thought to be essential for the primary dimerisation for ZnT8’s tertiary 

structure.  

 

The structure of ZnT8 can influence the epitopes of ZnT8A. Due to difficulties in purifying 

human ZnT8 protein, the structure of human ZnT8 has been primarily based on the 3D structure 

of the distantly related prokaryotic (E.Coli) cation diffusion facilitator (CDF) YiiP protein that 

shares only ~14-17% identical sequence homology with human ZnT8 with an overall 

homology of ~39.5% (411-414). Similar to human ZnT8, YiiP has 6 TMDs and C-terminal 

domains (CTD), but the mechanism of Zn2+ trafficking has been fully elucidated: binding of 

Zn2+ ions at the interface of the CTDs links the parallel-orientated monomers and induces an 

allosteric mechanism that causes two TMDs to swing out in a Y-shaped structure to trigger 

Zn2+/H+ antiport. Given the several structural differences between human ZnT8 and YiiP, and 

the fact that bacterial CDF proteins only exports zinc when in excess whereas, eukaryotic ZnT8 
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appears to export zinc passively, it was not known if human ZnT8 utilises a similar allosteric 

mechanism to YiiP (410, 412-415).  

 

Recently, the structure of human ZnT8 through cryogenic electron microscopy (cryo-EM) was 

evaluated (411). Researchers determined that each ZnT8 monomer housed four Zn2+ binding 

sites; the primary site in the highly conserved TMD2/5, the interfacial site between TMD2/3 

(involving His-aa137) and the CTD (His-aa345) that modulates Zn2+ transport, and two 

“buried” sites in the cytosolic domain. Here, Zn2+ is chelated by conserved cysteine residues 

from the CTD [C361XXC364 motif; specific for vesicular ZnTs (2/3/4/8) and highly conserved 

in mammalians] and the His-Cys-His (aa52-54) motif of the N-terminal segment of the 

neighbouring monomer. The TMD of each monomer was also shown to have an allosteric 

mechanism undergoing large structural change to allow for alternating access to the primary 

Zn2+ site during the transport cycle that appears simply governed by the pH and Zn2+ 

concentrations on either side of the membrane (410, 411). The interchangeable availability and 

structural orientation of ZnT8 domains may be important for ZnT8A production and, the 

binding of ZnT8A to the CTD could have implications for ZnT8 function, insulin biosynthesis, 

and/or β-cell function. 

 

As mentioned previously, R325W appears to influence the transport activity of ZnT8, and prior 

to cryo-EM of human ZnT8, a study that purified R325 and W325 variants also showed that 

the CTD C361XXC364 motif had high affinity for Zn2+ but also found biophysical differences 

between variants. Compared with the heavily charged R325, W325 was less thermostable but 

had a higher dimerisation affinity (410). Presumably, the strength of ZnT8 dimerisation and 

the biophysical properties between the variants may influence the accessibility or downstream 

consequence of ZnT8A production and/or binding.  
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Collectively, there is evidence implicating the CTD in the structure and function of ZnT8 and 

that the two variants may have different biophysical properties that could influence ZnT8 

function. However, there is currently no evidence to suggest ZnT8A directly impairs ZnT8 

function or are pathogenic to β-cells.   

 

1.7.4 Discovery & prevalence of autoantibodies to ZnT8 (ZnT8A) at 

T1D diagnosis 
 

Wenzlau et al. in 2007 identified ZnT8 and the SLC30A8 gene using microarray mRNA 

expression profiling on human pancreas sections and islets for T1D autoantigen candidates. Of 

all candidate genes, ZnT8 (SLC30A8) ranked fourth for pancreatic and islet specificity. 

Subsequently, this research group developed an RIA to detect ZnT8A and found that ZnT8A 

were present in 60-80% of new-onset T1D patients dependent upon age-at-onset and <2% of 

healthy controls. Additionally, ZnT8A was found in up to 30% of individuals with other 

autoimmune disorders associated with T1D. The measurement of ZnT8A in new-onset T1D 

subjects increased sAutoab+ves by 26% (of those negative for GADA, IA-2A, and IAA) and 

mAutoab+ves by 10% (270). This led to the characterisation of ZnT8 as the fourth major 

autoantigen targeted in islet autoimmunity that is additive and independent of other islet 

autoantibodies. 

 

Overall, several international studies have shown that around two-thirds of children are ZnT8A 

positive at diagnosis (274, 328); depending on the age group considered, the prevalence is 

comparable to IA-2A. The importance of ZnT8A as a biomarker in adult disease has not been 

fully assessed. A BDR study suggested that only half of those diagnosed >20 years are ZnT8A 

positive (275). This frequency is less than for GADA (65%) but comparable with IA-2A (45%) 

(416, 417). The contribution of ZnT8A in Latent Autoimmune Diabetes in Adults (LADA) is 

difficult to determine because the classification of LADA varies but typically are: insulin-
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independent for at least 6 months after diagnosis, diagnosed aged >30 years, and have a T2D 

phenotype but are positive for at least one autoantibody, predominantly GADA (418, 419). 

Overall, ZnT8A prevalence in LADA subjects with confirmed GADA positivity ranged from 

5-35%, comparable to IA-2A (327, 362, 420-423). However, ZnT8A and IA-2A are rarely 

found in adult diabetes with a T2D phenotype (1-2%) compared to GADA (5-10%), but the 

combined testing for all three autoantibodies is associated with clinical features (HbA1c/BMI), 

age-at-onset, and risk of multiple autoimmunity (292) which is useful, as ~25% of T1D subjects 

have co-existing non-islet autoimmunity (424). Additionally, there is evidence that ZnT8A 

screening reduces the cost of discriminating monogenic diabetes (51).  

 

ZnT8A has also contributed to the observation that the natural history of humoral autoimmunity 

may be changing. In BOX (UK), between 1985 and 2002, the prevalence of IA-2A and ZnT8A 

at onset increased while GADA and IAA remained stable over time (274). This could indicate 

a shift towards a more aggressive form of disease, as IA-2A and ZnT8A tend to develop later 

in the pathogenesis. During the same period, the incidence of diabetes in young children has 

increased, and the proportion of probands with high genetic risk has reduced, suggesting an 

increase in environmental risk (7, 103). Lower genetic risk alleles, such as DQ6.4, may have 

become more common in people with T1D and contributed to increased ZnT8A. A Danish 

study covering a shorter time span (1997-2005) found no difference in IA-2A or GADA 

prevalence at diagnosis, but ZnT8A were not measured (425).  
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1.7.5 The initiation & development of the ZnT8A autoimmune 

response 
 

Less than half of ZnT8 in functional/intact β-cells is accessible to immune surveillance. The 

whole protein or fragmented peptides are most likely to be accessible to the immune system 

upon β-cell death, although following granule exocytosis, during insulin secretion, the luminal 

transmembrane domains are exposed extracellularly (426).  

 

1.7.5.1 Initiation of ZnT8 autoimmunity 
 

At diagnosis, IAA, IA-2A, and GADA are associated with specific HLA Class II alleles 

contained within T1D risk genotypes (349, 427). In contrast, ZnT8A have not shown consistent 

HLA class II associations (347), except DQ6.4 in individuals with T1D (428). They are, 

however, associated with high diabetes risk (i.e., DR3/DR4) in FDRs. T-cell epitope scanning 

identified more putative ZnT8 epitopes for HLA-DQ2 than for -DQ8 or -DQ6.4 (94). An 

intermediate binding epitope for HLA-DQ2 was predicted to bind W325 but not R325, 

suggesting that this may contribute to differences in central tolerance for ZnT8. However, 

regardless of DQ type, people with diabetes had a higher frequency of proinflammatory ZnT8-

specific CD4+ T-cells than age- and HLA-matched non-diabetic individuals (186). 

 

The predisposing HLA-A*24 allele was negatively associated with the presence of ZnT8A at 

and before diagnosis when age-at-onset was accounted for (90, 350). Studies of ZnT8 epitopes 

for CD8+ T-cells have focused on the better characterised HLA-A*2. There is some evidence 

that CD8+ T-cells recognise a range of ZnT8 peptides across the transmembrane/loop and C-

terminal regions in individuals with diabetes (429-431). This could suggest previous epitope 

spreading but may also reflect the technical challenge of detecting and characterising antigen-

specific T-cell responses ex vivo. The number and phenotype of ZnT8-specific T-cells 

identified in people with and without diabetes appear to be similar, but functional differences 
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have been identified, such as greater ZnT8-stimulated IFN-γ secretion by isolated CD8+ T-

cells from people with diabetes (432). Additionally, in T1D pancreases, compared with T2D 

or no diabetes pancreases, more ZnT8-specific (aa186-194) CD8+ T-cells were present, 

suggesting that ZnT8-specific lymphocytes home to the pancreas preferentially. However, the 

ZnT8-specific CD8+ T-cells had a more mature phenotype in children versus adults 

independent of disease status. As ZnT8 showed poor thymic expression, this study concluded 

that T-cell autoreactivity to ZnT8 was more likely to be caused by defective peripheral 

tolerance and/or a proinflammatory islet microenvironment (442). 

 

1.7.5.2 ZnT8 as an autoantigen 
 

Although ZnT8A can be detected close to initiation of autoimmunity, alongside IA-2A, ZnT8A 

typically arise later in prediabetes and are more common in adolescents at diagnosis. Similarly, 

ZnT8 is also a target of autoreactive T-cells. In mice, transfer of ZnT8 C-terminal-specific 

CD4+ T-cells only caused diabetes if insulitis was present. Additionally, ZnT8-specific CD4+ 

T-cells were only found in the pancreas, and lymph nodes of mice in advanced disease (433), 

supporting the observation that antigen spreading to ZnT8 is characteristic of the developing 

autoimmune response.  

 

The limited accessibility of ZnT8 to immune surveillance in intact and/or functional β-cells 

suggests that the cytosolically accessible C-terminal plays a pivotal role in autoimmune 

responses to ZnT8. It has been shown that most mature ZnT8A responses recognise the C-

terminal of ZnT8 with ~50% recognition in new-onset T1D cases studied in the original study 

versus only ~10% recognising the N-terminal (270). The rs13266634 SNP influencing ZnT8A 

specificity and subsequent competitive displacement experiments confirming R325/W325 

ZnT8A specificity indicates that individuals respond to endogenous ZnT8 protein determined 

by their own genome. This has not been as easy to demonstrate for the other islet antigens 



Chapter 1 - General introduction 

73 

 

because they lack an amino acid polymorphism with such an obvious influence on the 

autoantibody response. In several populations, ZnT8A appear to cross-react with a viral protein 

from Mycobacterium avium subsp. Paratuberculosis (e.g. (434)) and ~50% of ZnT8A positive 

individuals have ZnT8A that recognise epitopes independent of aa325 (328). Therefore, 

molecular mimicry could contribute to the initial response to ZnT8, but more work is needed 

to evaluate this.  

 

For other islet autoantibodies, epitope spreading has been demonstrated to occur during 

progression, and the identification of epitopes indicative of later stages of disease has improved 

the specificity of these markers and has informed autoantibody-antigen interactions (315, 324, 

325, 341). However, ZnT8A responses prior to diagnosis are less well investigated, with reports 

primarily focused on new-onset T1D (270, 328, 404). In addition to the two SNPs located in 

C-terminal ZnT8 that form two critical epitopes (R325/W325) for ZnT8A recognition (328), a 

conformational ZnT8A epitope (dependent on residues R332, E333, K336, and K340 

combined but independent of R325) (404) was characterised by comparison of human and 

mouse chimeric ZnT8 proteins. The importance of conformational epitopes to ZnT8A 

responses is also supported by the observation that linear 15aa ZnT8 peptides were insufficient 

to displace ZnT8A (400). The targeting of ZnT8 by autoreactive T-cells also appears to rely on 

conformational epitopes, with T-cells from carriers of DR3-DQ2 and DR4-DQ8 with T1D 

shown to target pools of overlapping 20-mer ZnT8 peptides spanning full-length ZnT8 (94, 

186). If epitopes of ZnT8A associated with a higher risk of diabetes could be identified, these 

would aid prediction, but the pattern of epitope-specific responses before diagnosis in limited 

reports has not so far proved useful for risk stratification. 
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1.7.6 Predicting diabetes using ZnT8A 
 

In Wenzlau’s original 2007 report, the analysis of 43 individuals at high genetic risk followed 

prospectively showed that ZnT8A could stratify risk in those positive for IAA, GADA, or IA-

2A alone (270). Subsequently, BABYDIAB (infants of T1D-affected parents) also showed that 

ZnT8A aids prediction of disease (found in 81% of children who progressed and was as 

frequent as IA-2A by the age of 3 at 4%) in the presence or absence of other islet autoantibodies 

but was more common in children with at least one other autoantibody (289). The much larger 

TrialNet dataset confirmed these findings in autoantibody positive FDRs and concluded that 

screening for ZnT8A should be included in prediction and prevention studies (318).  

 

Several studies have shown that combined testing for IA-2A and ZnT8A identifies relatives 

who progress rapidly to disease and is a cost-effective screening strategy (275, 292, 309). For 

instance, in autoantibody positive (GADA, IA-2A, or IAA) FDRs from the BDR (aged <40 

years), ZnT8A positivity +/- IA-2A had the highest 5-year progression rate at 45%, and 

ZnT8A/IA-2A were the strongest predictors of diabetes identifying 77% of rapid progressors 

(292). However, TEDDY reported that in sAutoab+ve high-HLA risk children (either GADA 

or IAA), the T1D risk was higher if IA-2A was the second appearing autoantibody (HR: 16.3) 

compared with ZnT8A (HR: 5.4), which was comparable with IAA or GADA (HR: 6.44) (288). 

However, the TEDDY study also reported that ZnT8A appeared at a median of 4-5 years which 

is later than BABYDIAB at 3-4 years (most likely due to the recruited of infants from the 

general population as opposed to FDRs) and conferred a five-fold increased risk of T1D 

progression compared to sAutoab+ves independent of specificity or genetics (288). Therefore, 

ZnT8A positivity could aid the enrolment of participants to secondary prevention trials in FDRs 

but is likely associated with age-at-onset and/or the genetic disposition of the population 

studied. 
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Further evidence for an age-dependent association for the predictive utility of  ZnT8A in T1D 

includes a report from DAISY, which found that the benefit of considering ZnT8A in 

sAutoab+ves was only found when age-at-onset was >6 years (270). Additionally, in 

preselected FDRs participating in the European Nicotinamide Intervention Trial (ENDIT) who 

were positive for other islet autoantibodies, ZnT8A only added to risk prediction in relatives 

who were older or who were genetically lower risk (332). However, screening for ZnT8A is 

likely to benefit both young-onset and adult-onset T1D. For example, in 655 new-onset T1D 

spanning a wide age range (0-39 years), ZnT8A enabled 100% diagnostic specificity with 14% 

found single ZnT8A positive across childhood-onset and adult-onset (275).  

 

Within identified mAutoab+ve “slow progressors” (progression >10 years), ZnT8A are 

frequently detected (312). This conflicts with studies that have shown ZnT8A develop late in 

preclinical diabetes (closer to onset) and are markers of high-risk. However, it should be noted 

that these “slow progressors” generally have a higher age-at-onset and have not been 

genetically preselected compared to the “rapid progressors” studied in predominantly 

genetically predisposed children. In fact, most studies of risk stratification for T1D have been 

conducted in relatives or individuals with high HLA class II risk (DR3/DR4; not associated 

with ZnT8A) with ZnT8A responses mostly characterised in children (274, 292, 328). The 

added predictive value of ZnT8A in the general population has not been fully assessed but is 

ongoing (e.g., in the German Fr1da study (435)). Despite contradictions, current evidence and 

recent reports suggest that screening for ZnT8A will provide additional information about risk, 

especially in adult-onset T1D or in older individuals in whom early autoimmune responses to 

insulin are waning.  
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Furthermore, many studies that have confirmed the predictive utility of ZnT8A have been 

conducted predominantly in Euro-Caucasian populations, but studies of non-Caucasian 

populations (new-onset and after onset T1D) also report a high prevalence of ZnT8A with the 

inclusion of ZnT8A benefitting the characterisation of islet autoimmunity (436-439) The 

measurement ZnT8A therefore, is merited in multiple populations to elucidate whether the 

predictive utility of ZnT8A differs across populations with different genetic pools and can aid 

the identification of T1D subpopulations (440).  

 

1.7.7 ZnT8A as a biomarker of insulin secretory capacity after T1D 

onset 
 

Another suggestion from the initial 2007 paper was that ZnT8A might be correlated with loss 

of insulin secretion because of ZnT8’s high β-cell specificity and co-localisation with insulin 

(270). Following an initially successful pancreas transplant, ZnT8A have been associated with 

rapid onset of hyperglycaemia and eventual loss of graft function, making them a potentially 

important biomarker for predicting β-cell loss (441). Ongoing β-cell death is likely to drive 

levels of ZnT8A (270, 442), although low-level expression in non-functional β-cells or 

neighbouring alpha cells may also contribute.  

 

After diagnosis, ZnT8A are lost more rapidly than GADA or IA-2A (443), while T-cell 

responses, particularly to the TMD, are lost within a few years post-diagnosis (430). This is 

important because if ZnT8A, which are easier to measure than T cells, reflect insulin secretory 

capacity and autoreactivity, they may be useful biomarkers for assessing/monitoring the 

efficacy of clinical trials.  
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A study showed that in a group of 15-34-year-olds with diabetes (71% type 1), high C-peptide 

at diagnosis correlated with prospective preservation of ZnT8A 5 years after diagnosis (444). 

Additionally, Nielsen et al. (2011) found that in children <16 years recruited from 15 centres 

across Europe and Japan, the SLC30A8 genotypes CC and CT had higher stimulated C-peptide 

<1year after diagnosis compared with TT, but this was primarily due to individuals with the 

TT genotype having lower stimulated C-peptide at the first visit (1-month) after diagnosis. 

Nielsen et al. also showed concordant loss of stimulated C-peptide and levels of ZnT8RA and 

ZnT8WA (445). However, another study in individuals with a younger age-at-onset showed 

that high positivity for ZnT8A at diagnosis was associated with lower C-peptide levels and 

increased insulin dose requirement 2 years after diagnosis, despite similar levels at disease 

onset (446). In a minority of individuals where ZnT8A persists for decades after diagnosis, 

cross-sectional studies have also failed to reach a consensus about the relationship between 

ZnT8A and C-peptide (447-449). The contrasting findings could be explained if age-at-onset 

influences this association. The hypothesis that ZnT8A could be used as a biomarker for 

therapeutic effect is attractive but is not strongly supported by current literature, but 

longitudinal analysis may be more conducive (36, 450).  

 

1.7.8 What benefits could new assays for ZnT8A detection offer for 

prediction? 
 

Internationally, RIAs for GADA and IA-2A have been harmonised but work to standardise the 

measurement of ZnT8A and IAA is ongoing (451). Most assays for ZnT8 investigate C-

terminal epitopes recognised by ZnT8A (270, 328, 404). Since 2011, international ZnT8A RIA 

detection in IASP workshops have shown between ~50-70% sensitivity and ≥98% specificity 

dependent on the ZnT8 antigenic variant utilised (unpublished data). The main RIA 

development has been to create dimer ZnT8 antigen constructs of C-terminal ZnT8 (amino acid 

sequence 268-369) connected by a linking sequence to allow for the simultaneous measurement 
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of ZnT8A to the most common R325 and W325 ZnT8 variants in one test (438). In one Finnish 

study, the addition of a Q325 probe further increased RIA sensitivity (~2%) by reducing the 

number of antibody-negative children and adolescents (452). Alternative assays, such as the 

LIPS and ELISAs, have begun matching or even exceeding the specificity and sensitivity of 

RIAs for GADA, IA-2A, IAA, and ZnT8A, where reported and directly compared (362, 366, 

373, 453).  

 

The commercially available bridge-type ELISA from RSR Limited for ZnT8A(362), as well 

as GADA(358) and IA-2A detection (361), have shown comparable or enhanced sensitivity to 

RIAs. For ZnT8A, the ELISA utilises a C-terminal ZnT8 R325/W325 dimeric protein as the 

solid-phase, which is a well-validated recombinant protein that has consistently performed high 

in IASP workshops (~≥70% sensitivity). Therefore, C-terminal epitopes are unlikely to 

preclude C-terminal reactive ZnT8A from binding. Although RSR’s ELISAs can routinely be 

conducted in 1-day, recent adaptations to ZnT8A’s protocol have reduced assay duration to ~4 

hours without loss of sensitivity (362). Of note, however, is the reduced sensitivity observed in 

plasma versus serum samples stated on RSR’s protocol (available via the website), but data 

was not available in the published report (362). In contrast, the detection of GADA and IA-2A 

in both calcium-treated plasma and serum by RSR ELISAs was comparable when studied (359) 

suggesting a ZnT8A-specific effect. RSR have also developed a GADA/IA-2A composite 

ELISA (361) and, more recently, a triple-plex (GADA/IA-2A/ZnT8A) ELISA that both show 

high sensitivity/specificity and highly correlate with RIA. The triple-plex ELISA is currently 

being utilised in the large-scale German Fr1da childhood screening study (364, 454).  

 

Recently, a multiplex-ECL assay (incorporating GADA/IA-2A/ZnT8A and other non-islet 

autoantibodies) has been developed and have shown promising sensitivity and specificity with 

a high correlation with RIA. The single-ZnT8A ECL assay also shows that this method detects 
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high-affinity ZnT8A, which benefits the identification of high-risk individuals (333), and 

further adaptations the assay and antigen configuration has shown that ZnT8A directed to 

extracellular regions of ZnT8 (excZnT8) may precede IAA/GADA seroconversion, indicative 

of earlier ZnT8 humoral responses (455). Therefore, there is evidence that discrimination of 

ZnT8A and epitopes outside of the C-terminal may enhance assay performance and, 

importantly, aid in discriminating high-risk individuals.  

 

There are, however, assays that have sought to establish the conformational structure of ZnT8 

for non-linear ZnT8A epitopes. Wan et al. (2017) developed a novel assay using full-length 

ZnT8 (R325) in combination with proteoliposomes to detect ZnT8A on a plasmonic gold chip 

(pGOLDTM; Nirmidas Biotech, CA, USA) (442). This assay has the potential to detect ZnT8A 

that recognise epitopes outside the C-terminal, but the need to use the pGOLDTM platform 

restricts the routine application of this assay due to costs. Future assay adaptations to 

investigate other epitopes, including post-translational protein modification, and that is 

validated on at-risk individuals, may improve disease prediction and should continue to be 

investigated.  

 

1.8 The Bart’s-Oxford (BOX) family study 

 

The well-characterised population-based BOX family study, established in 1985, has recruited 

and prospectively followed individuals under 21 years with newly diagnosed T1D (probands; 

>95%) and their FDRs within the former Oxford Regional Health Authority in the UK (12, 

424). Of those diagnosed with new-onset T1D, 86% provided serum samples close to 

diagnosis, and at present, around ~76% of the families are still in regular contact with the study 

(424). Currently, the study is comprised of ~3000 probands and ~6000 FDRs (6% sAutoab+ves 

and 2% mAutoab+ves) that were diabetes-free at study entry. The FDRs are annually followed 
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up for the development of diabetes by questionnaire. The BOX study is currently approved by 

the South Central – Oxford C. Research Ethics Committee. Participants provided informed, 

written consent and the study was performed according to the principles of the Declaration of 

Helsinki. 

 

A total of 859 newly diagnosed (<3 months) probands were tested for all autoantibodies, but 

only 618 (71.9%) had genetic samples available because the collection of genetic samples 

started over a decade after samples for islet autoantibody testing (456). Of FDRs, the first 

available sample was tested for all autoantibodies (including ICA prior to 1996, GADA/IA-2A 

only after 1996 and after 2015, ZnT8A), and 5-year follow-up samples were screened for 

autoantibody positivity with ZnT8A tested in those positive for at least one other autoantibody; 

additional ZnT8A missing data were filled in as part of this PhD project (approximately 2500 

results). Of 6000 FDRs, genetic samples were available from approximately 4000 (66.7%), and 

the HLA and non-HLA data were used where available. 

 

The BOX study includes serum samples taken years before diagnosis, around the time of 

diagnosis, and many years after diagnosis. Therefore, these samples have been used to 

characterise ZnT8A responses which should yield information about disease 

progression/prediction, new-onset T1D, and the humoral response after T1D onset, 

respectively.  
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1.9 Project rationale 

 

1.9.1 Hypothesis 
 

Characterisation of the altered pattern of immune responses to ZnT8 and identification of 

antigen epitopes of ZnT8A during disease progression and after the clinical onset of type 1 

diabetes will inform future therapies to delay disease. 

 

1.9.2 Aims 
 

1. To characterise the humoral autoimmune response to ZnT8 compared with GADA and IA-

2A using samples taken before and close to diagnosis to better predict the risk of disease 

progression and understand longitudinal islet autoimmunity. Three characteristics of ZnT8A 

responses are established and explored in Chapter 2 [affinity (2.2), IgG subclasses (2.3), and 

epitopes (2.4)] and are brought together to investigate responses in a subset of individuals (2.5).  

 

2. To identify non-genetic and genetic factors associated with the loss of humoral autoantibody 

responses after the clinical onset of T1D (Chapter 3). 

 

3. To optimise & validate a non-radioactive Luciferase Immunoprecipitation System (LIPS) 

method to detect ZnT8RA/ZnT8WA simultaneously (Chapter 4).
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2.1 Introduction 

 

Detailed characteristics of islet autoantibody responses (affinity, IgG subclasses, and/or 

epitopes) have enhanced the predictive utility of other islet autoantibody responses (described 

previously 1.6.3.2). It is clear that there are few studies on the characteristics of the ZnT8A 

humoral response outside of the three main epitope regions. It is hypothesised that 

characteristics of ZnT8A would be especially informative in at-risk individuals for T1D risk 

prediction. Therefore, this chapter of the project sought to optimise and/or further develop 

methods to investigate affinity, IgG subclasses, and epitopes of ZnT8A utilising RIA and begin 

to explore characteristics in subsets of at-risk relatives or new-onset T1D subjects. Finally, 

these characteristics were measured in a small number of ZnT8A positive individuals, 

repeatedly sampled before diagnosis.  
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2.1.1 Hypothesis 
 

Characterisation of the humoral response to ZnT8 and identification of antigen epitopes of 

ZnT8A during disease progression and around the clinical onset of T1D will inform risk 

prediction and future therapies to delay disease. 

 

2.1.2 Aims 
 

1. To characterise the humoral autoimmune response to ZnT8 compared with GADA and IA-

2A where possible using samples taken pre-, and around-diagnosis to better predict risk of 

disease progression. 

 

a. How strong is the antigen-antibody binding (affinity) and specificity of ZnT8A 

[ZnT8RA/ZnT8WA/ZnT8QA (non-specific)]? 

 

b. What type of IgG subclasses in ZnT8A responses compared with GADA and IA-2A 

are produced in progressors or new-onset T1D? Do the profiles discriminate slow from 

rapid progressors of disease? 

 

c. Which regions of C-terminal ZnT8 are important for ZnT8A binding in new-onset 

T1D? 

 

d. At ZnT8A seroconversion and follow-up, is there evidence of changes in specificity, 

titre, affinity, IgG subclasses, or epitopes recognised?   
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2.2 Characterisation of ZnT8A affinity 

 

2.2.1 Introduction of ZnT8A affinity for ZnT8 
 

Antibody affinity refers to the strength of the antibody-antigen (epitope) interaction. To assess 

the affinity of an antibody for its antigen, structurally sound recombinant protein reflective of 

in vivo conformation is crucial for maintaining epitope integrity. Studies of ZnT8A affinity for 

ZnT8 have been extremely limited, on small cohorts, have not encompassed all ZnT8A 

specificities, and are often precluded by the difficulty of producing soluble recombinant ZnT8 

protein at high yields, which has led to many molecular expression/purification methods, with 

one requiring detergent solubilisation with strict drying/rehydration conditions (400, 442). 

Drawing robust conclusions and comparing between studies that have generated ZnT8 protein 

is difficult due to studies not investigating ZnT8A affinity, often do not report detailed 

structural protein analysis such as mass spectrometry, and up to very recently, modelling of 

human ZnT8 was based or predicted on the bacterial YiiP protein, and crucial differences have 

been highlighted (described previously 1.7.3) (384, 410-415).  

 

The seminal study by Skarstrand et al. (2015) expressed and purified a maltose-binding protein 

(MBP)-tagged ZnT8R and ZnT8W recombinant proteins (aa275-369; 0.001-100µg/ml), 

confirmed by mass spectrometry, and tested 12 ZnT8RA- and 12 ZnT8WA-specific new-onset 

T1D (diagnosed <15 years with high titre and reactivity to ZnT8Q excluded) by competitive 

displacement in monomeric ZnT8R/ZnT8W RIAs of [35S]-ZnT8 (aa268-369) antigen. Sera 

were diluted ~50% ZnT8A binding of the standard curve, equating to a median of ~500U/ml 

(range 360-653 U/ml). In ZnT8RA-specific and ZnT8WA-specific subjects, 10µg/ml protein 

was sufficient to displace radiolabelled ZnT8, but ZnT8WA affinity for ZnT8W appeared twice 

as high compared with ZnT8RA for ZnT8R. However, the maximum protein concentration 

(100µg/ml) caused almost complete inhibition of diluted ZnT8RA and ZnT8WA binding 
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(range 95-99%) independent of age-at-onset and HLA. Interestingly, ZnT8RA-specific 

subjects showed competitive displacement with ZnT8W recombinant protein [mean ± standard 

error of the mean (SEM) (%): 37±7], but comparatively, ZnT8WA-specific subjects showed 

less binding inhibition with ZnT8R recombinant protein [mean ± SEM (%): 14 ± 4]. This 

suggests that ZnT8RA-specific responses may have less specificity due to a level of cross-

reactivity that appeared absent for ZnT8WA-specific responses. Importantly, the possibility of 

autoantibodies cross-reacting to MBP in the sera was excluded (399).  

 

In this PhD project, we first sought to optimise a ZnT8A affinity protein concentration curve 

by competitive displacement RIA, then utilising internal RIA quality controls (QCs) and 

anonymised new-onset T1D patient sera, we determined an arbitrary cut-off of high-moderate 

and low affinity determined by 50% ZnT8A reduced binding from radiolabelled ZnT8 antigen. 

We then used this method to evaluate the frequency of high-moderate and low affinity ZnT8A 

in new-onset T1D (n=27, sampled <3 months). Unlike other studies, we sought to investigate 

ZnT8A affinity by ZnT8A specificity (R325/W325/Q325), radiolabelled ZnT8 wild-type (WT) 

antigen used (ZnT8R/ZnT8W/ZnT8Q), and ZnT8A titre (from low to high), using a high-

quality protein used in the well-performing commercial ELISA kit by RSR (362). 
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2.2.2 Materials & Methods 
 

2.2.2.1 Populations for ZnT8A affinity studies 
 

2.2.2.1.1 ZnT8A affinity RIA optimisation sample set 
 

The sample set utilised for the optimisation of the concentration curve for RIA affinity studies 

was tested using monomeric ZnT8RA RIA using 6 internal ZnT8 RIA QCs and/or 8 samples 

from fully anonymised T1D patients (Table 2:1). Age at sampling was available from 5 

anonymised patients [median 26.1 years (range 21.0-28.3)]. No further information was 

available. Selected samples were of high volume and covered a range of ZnT8A specificity and 

titre. 

 

Sample type 

(n) 

ZnT8A 

categorisation of 

sample/s (n) 

ZnT8RA 

Median 

AU 

(range) 

ZnT8WA 

Median 

AU 

(range) 

GADA 

Median  

DKunits/ml 

(range) 

IA-2A 

Median 

DKunits/ml 

(range) 

n positive : 

8 

n positive : 

5 

n positive : 

7 

n positive : 

6 

Anonymised 

T1D patients 

(8) 

ZnT8RA  

specific (3) 

ZnT8A  

non-specific (5) 

56.3 

(6.4-115.5) 

21.2 

(0.3-87.8) 

275.1 

(0.2-911.1) 

223.4 

(0.0-410.8) 

Internal RIA 

QCs 

(6) 

ZnT8RA/ZnT8WA-

specific 

High (2) 

 

ZnT8RA/ZnT8WA  

non-specific 

Medium (1) 

 

ZnT8RA/ZnT8WA-

specific 

Low (2) 

 

ZnT8RA/ZnT8WA 

Negative (1)  

130.0 

(74.2-262.1) 

 

 

33.9 

(20.1-47.0) 

 

 

6.8 

(3.5-10.6) 

 

 

0.6 

(0.3-1.6) 

90.8 

(48.1-132.6) 

 

 

23.2 

(12.2-39.2) 

 

 

2.8 

(1.9-4.6) 

 

 

0.5 

(0.2-1.6) 

- - 

 

Table 2:1 – ZnT8A affinity optimisation sample set 

Optimisation of ZnT8A affinity curves was conducted on internal RIA QCs and/or ZnT8RA positive anonymised 

patients in the monomeric ZnT8RA RIA. High, moderate, and low refers to the ZnT8A titre of the internal QCs.  
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2.2.2.1.2 New-onset T1D patient sample set 
 

High volume (>1ml) ZnT8RA/ZnT8WA positive new-onset (<3 months) T1D patients from 

BOX that encompassed different ZnT8A specificities and titres were selected for affinity 

studies [n=27; 15 males (55.6%); median age at diagnosis 8.8 years (range 3.0-17.8)] (Table 

2:2). First, samples were tested and categorised according to ZnT8A specificity determined by 

the major epitope (aa325). Second, samples were tested for ZnT8A affinity towards 

radiolabelled WT ZnT8 antigens (R325/W325/Q325) where possible. Following affinity 

assessment, samples were categorised into high-moderate and low ZnT8A affinity based on the 

50% competitive displacement of ZnT8A from radiolabelled ZnT8 antigen. 
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Variable Number (%) 

Gender (n=27) 
Male 
Female 

 

15 (55.6) 
12 (44.4) 

Age at onset (n=27) 
0-5 years 
5-10 years 
10-15 years 
15-20 years 

 

5 (18.5) 

9 (33.3) 

10 (37.0) 

3 (11.1) 

Autoantibody (n=27) 
IAA (n=23) 
GADA (n=27) 
IA-2A (n=27) 
ZnT8A (n=27) 
    ZnT8RA  
    ZnT8WA 

    ZnT8QA 

 

19 (82.6) 

23 (85.2) 

23 (85.2) 

27 (100.0) 

21 (77.8)* 

20 (74.1)** 

17 (63.0)*** 

HLA Class II (n=26) 
High (DR3-DQ2/DR4-DQ8) 
Moderate (DQ2/DQ2, DQ8/DQ8, DQ2/X, DQ8/X) 
Low (X/X, DQ6/X) 

 

11 (42.3) 

11 (42.3) 

4 (15.4) 

HLA Class I  
HLA-A*24 Negative (n=24) 
HLA-B*18 Negative (n=24) 
HLA-B*39 Negative (n=24) 

 

21 (87.5) 

19 (79.2) 

23 (95.8) 

Non-HLA SNPs 

SLC30A8 (n=25) 
CC 
CT 
TT 

 

 

13 (52.0) 

7 (28.0) 

5 (20.0) 

 

Table 2:2 – ZnT8A affinity new-onset T1D sample set 

All data from genetic variables were available. Underlined genotype denotes the minor allele. ZnT8A affinity 

testing was prioritised for ZnT8RA and ZnT8WA over ZnT8QA. *All ZnT8RA positive patients were tested for 

affinity to ZnT8R antigen. ** 19/20 (95.0%) ZnT8WA positive patients were tested for affinity to ZnT8W antigen. 

*** 14/17 (82.4%) ZnT8RA/ZnT8WA positive patients were tested for affinity to ZnT8Q antigen after the 

determination of reactivity towards ZnT8Q antigen. 
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2.2.2.2 Recombinant ZnT8 protein for affinity studies 
 

Experimental efforts to clone, express, and purify a ZnT8-GST fusion protein in-house for the 

purpose of ZnT8A affinity studies are presented in Appendix A. The strategy utilised was 

adapted for ZnT8 based on a previous body of work by Dr K. Elvers that successfully cloned 

IA-2 into a pET49b(+) vector then expressed and purified a IA-2-GST fusion protein in E.Coli 

RosettaTM(DE3)pLysS cells using a 5ml GSTrapTM FF column (Sigma) and fast protein liquid 

chromatography (FPLC); described in (457).  

 

Cloning of ZnT8 into a pET49b(+) vector, transformation of ZnT8/pET49b(+) into E.coli 

RosettaTM(DE3)pLysS cells, and expression of ZnT8-GST fusion protein was successful using 

the developed IA-2 protocol. However, the preservation and purification of the expressed 

ZnT8-GST fusion protein required further optimisation. Due to time constraints, 

ZnT8R/ZnT8W dimeric protein® was acquired from RSR Limited (Cardiff, UK) for affinity 

studies. This is a high-quality protein used in their well-performing commercial ELISA kit 

(362). Stock aliquots of protein (0.652mg/ml) were further aliquoted to reduce freeze-thaw and 

kept at -80°C with a maximum of 2 freeze-thaw cycles before use. After thawing at RT, the 

protein was stored at 4°C and used within 24 hours.   

 

2.2.2.2.1 Optimisation of protein concentration curves for affinity studies 
 

Optimisation of recombinant protein concentration curves was tested on ZnT8RA positive 

samples from the affinity optimisation sample set using monomeric ZnT8R RIA and was later 

applied to ZnT8W/ZnT8Q RIAs. The first ZnT8 protein concentration curve was based on 

previous studies (399, 400), which reported that 100µg/ml was sufficient to displace all ZnT8A 

bound to radiolabelled ZnT8 antigen. From 100µg/ml, a 7-concentration curve was tested to fit 

easily on a 96-well plate. During optimisation, three 7-concentration curves were investigated 

(Table 2:3).  
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Description of protein concentration 
Curve 1 

(µg/ml) 

Curve 2 

(µg/ml) 

Curve 3 

(µg/ml) 

High 

 

 

to 

 

 

Low 

100 0.4 4.0 

25 0.1 0.5 

6.25 0.025 0.1 

1.56 0.0064 0.025 

0.39 0.0012 0.006 

0.097 0.0004 0.001 

0.0247 0.0001 0.0002 

No protein   

(Radiolabelled ZnT8 antigen only) 
0.0 0.0 0.0 

 

Table 2:3 – Optimisation of recombinant protein concentration curves for ZnT8A affinity studies. 

 

 

2.2.2.3 Radioimmunoassays (RIAs)   
 

2.2.2.3.1 Assay buffers 
 

Tris buffered saline with Tween-20 (TBST) – 50mM Tris 150mmol/L NaCl, pH 7.3-7.4 with 

0.15% v/v Tween-20. 

TBST with 0.1% (w/v) bovine serum albumin (TBST-BSA). 

 

2.2.2.3.2 Generation of [35-S] radiolabelled antigens 
 

Recombinant antigens of ZnT8 (aa268-369; monomeric peptides encoding either arginine (R) 

or tryptophan (W) at aa325 unless otherwise stated), GAD65 (aa1-585), and IA-2IC (aa606-

979), encoded into pCMVTnT vectors (kindly supplied by Dr Vito Lampasona, San Raffaele 

Scientific Institute, Italy) were expressed and incorporated with L-[35-S]-methionine (1mCi; 

37MBq; Perkin Elmer, Waltham, MA, USA) using an SP6 TnT in vitro 

transcription/translation kit (Promega, Madison WI, USA). 

  

In detail, one microgram of recombinant antigen was incubated with 40µl of the SP6 master 

mix (containing amino acids excluding methionine, SP6 RNA polymerase and rabbit 

reticulocyte lysate) and 4µl L-[35-S]-methionine for 1.5 hours at 30°C. Unincorporated excess 

L-[35-S]-methionine was excluded using a 0.5ml NAP5TM desalting column (containing 
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SephadexTMG-25; GE Healthcare, Little Chalfont, UK). Column void volume and fractions 

were eluted and collected in TBST-BSA. To test for radioactivity, 2µl of all fractions with 

200µl Microscint40 (Perkin Elmer) were prepared for detection on a TopCount plate 

scintillation counter (Perkin Elmer) following 2mins of optical shaking (set at 700 rotations per 

minute: rpm) at room temperature (RT). Incorporation of [35-S]-methionine with recombinant 

antigens was estimated based on the elution profile accounting for elution volumes and dilution 

factors. Accepted percentage incorporation for recombinant antigen is dependent on the 

number of methionines present in the peptide sequence and are typically ≥30% for GAD65 and 

≥10% for IA-2 and ZnT8. Fractions containing purified incorporated recombinant antigen were 

pooled and stored at -70°C for future use (458). 

 

2.2.2.3.3 Basic RIA Method 
 

Detection of GADA, IA-2A, and ZnT8A 

2µl of serum was plated in duplicate into a 96 deep-well plate (Sarstedt, Nümbrecht, Germany) 

and incubated with 20,000 (± 1,000) counts per minute (CPM) of [35-S]-GAD65/IA-

2IC/ZnT8R/ZnT8W antigen, diluted in TBST-BSA, overnight (19-21 hours) at 4°C. 

Immunocomplexes were precipitated using a 50% Protein A Sepharose (PAS; GE Healthcare) 

suspension in a 1-hour incubation on an orbital shaking platform (700rpm) at 4°C.  

 

Excess unbound radiolabelled antigen was excluded by centrifugation (1500rpm at 4°C for 3 

mins) and five serial washes in TBST. Samples were transferred from 96 deep-well plates to 

96-well OptiPlatesTM (Perkin Elmer) by multichannel pipetting, centrifuged, and aspirated for 

a 30µl end volume. Following the addition of 200µl Microscint 40 (Perkin Elmer) and orbital 

shaking for 15mins, remaining radiolabelled immunocomplexes were detected (5min/well 

time-lapse) using a TopCount plate scintillation counter (Perkin Elmer) expressed in CPM 

(Figure 2:1).  
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Logarithmic standard curves were used to determine units; GADA/IA-2A are expressed in 

Diabetic Kidney (DK) units/ml (451, 459), and ZnT8R/ZnT8WA are expressed as arbitrary 

units (AU). Internal QC samples of known autoantibody levels (1 negative and 3 positives of 

low, medium, and high titre) were also run in all assays on each deep-well plate to ensure assay 

reproducibility and performance were maintained.  

 

Positivity thresholds were set at the percentiles of healthy controls for GADA (97th percentile 

of 1000 adults; 13.5 DK units/ml), IA-2A (98th of 500 schoolchildren; 1.4 DK units/ml) and 

ZnT8A (97.5th percentile of 523 schoolchildren; 1.8 AU) (274, 354). The sensitivity at 95% 

specificity (AS95) of these assays was assessed in the 2020 IASP workshop; 78% GADA, 74% 

IA-2A, 70% ZnT8RA, and 56% ZnT8WA (unpublished data). 
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Total Length of RIA: ~ 27 hours. 

 
 

Figure 2:1 – Basic methodology of the RIA for GADA, IA-2A, & ZnT8A detection 

* Recombinant [35-S]-methionine radiolabelled ZnT8R/ZnT8W (aa368-369 encoding arginine (R) or tryptophan 

(W) at aa325). GAD65 (aa1-585) and IA-2 (aa606-979) antigens are synthesised in-house using a TnT SP6 Quick 

Coupled Transcription/Translation Reticulocyte System (Promega) with 30% and 10% incorporation deemed 

acceptable for GAD/ IA-2 and ZnT8A, respectively. CPM: counts per minute; PAS: Protein A Sepharose; TBST: 

Tris buffered saline with 0.15% Tween-20. Total assay length excludes in vitro transcription/translation 

preparation of antigen.  
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2.2.2.4 RIA methodology for ZnT8A affinity studies 
 

The RIA method described previously (2.2.2.3) was adapted to include competition of 

radiolabelled ZnT8 antigen with 7 concentrations of RSR ZnT8R/ZnT8W dimeric protein® 

(Figure 2:2), and results were expressed in mean CPM. The mean CPM decreases as ZnT8A 

preferentially binds increasing concentrations of recombinant ZnT8 protein.  

 

High-affinity antibodies require very little concentrations of protein to be displaced from the 

radiolabelled antigen (mean CPM reaches assay background at lower protein concentrations). 

Conversely, low-affinity antibodies require higher concentrations of protein to be displaced 

from the radiolabelled antigen (mean CPM remains high at higher protein concentrations).  

 

 

 
Figure 2:2 – ZnT8A affinity RIA plate set-up 

Image created using BioRender.com. A total of 6 serum samples per 96 deep-well plate can be assayed. Rows A-

G denotes wells of serum that are incubated with [35-S]- ZnT8R/ZnT8W/ZnT8Q antigen and RSR recombinant 

ZnT8R/ZnT8W dimeric protein® in 7 concentrations. Row H denoted wells of serum that are only incubated with 

[35-S]- ZnT8R/ZnT8W/ZnT8Q antigen. As ZnT8A preferentially binds the un-radiolabelled ZnT8 protein, 

competitive displacement curves can be generated using the mean CPM output of the RIA. 
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2.2.2.5 Statistical analysis 
 

The mean CPM was used to evaluate protein dissociation curves during optimisation of the 

protein concentrations. Following optimisation, to compare samples of varying ZnT8A titre, 

mean CPM was converted into percent binding, calculated by: mean CPM of wells containing 

recombinant protein ÷ mean CPM of wells without recombinant protein (radiolabelled ZnT8 

antigen only) × 100.  

 

Protein concentrations to displace ZnT8A binding from radiolabelled ZnT8 antigen by 50% 

was used to discriminate between high-moderate (0.006-0.025µg/ml) and low affinity ZnT8A 

(>0.025µg/ml). Proportions of high-moderate and low affinity were compared using Fisher’s 

exact test. Protein concentrations were log transformed (log10), and inhibition of radiolabelled 

ZnT8 antigen was assessed using nonlinear curve fit. Statistical analysis was performed in 

GraphPad PRISM (v. 9.2.0), and a p<0.05 was considered significant in all analyses.  
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2.2.3 Results 
 

2.2.3.1 Optimisation of the recombinant protein concentration curves 
 

During optimisation, ZnT8RA positive samples from the ZnT8A affinity optimisation sample 

set and the monomeric ZnT8RA RIA was used.  

 

Curve 1 showed that in RIA QCs, a ZnT8 protein concentration of 0.4µg/ml was 

sufficient to fully displace ZnT8RA from radiolabelled ZnT8R antigen. 

 

Independent of ZnT8RA titre in the QCs, a protein concentration of 0.4µg/ml was sufficient to 

displace ZnT8RA from radiolabelled ZnT8R antigen (Figure 2:3). In the low ZnT8RA-

specific QC, the lowest concentration (0.0247µg/ml) reduced ZnT8A binding to assay 

background levels (~300-400CPM). Curve 2 used a maximum protein concentration of 

0.4µg/ml, and ZnT8WA-specific QCs were excluded to preserve protein and sample, 

respectively.  

 

 
Figure 2:3 – Optimisation of recombinant protein concentration curves for ZnT8A affinity studies 

(curve 1) 

Red dashed lines with grey fill denotes the assay background range (300-400CPM). In all ZnT8RA positive QCs, 

a maximum protein concentration of 0.4µg/ml was required to sufficiently displace ZnT8RA bound to 

radiolabelled ZnT8R antigen. Only 0.0247µg/ml (lowest concentration) was required to displace the binding of 

the low Zn8RA-specific QCs. All ZnT8WA-specific QCs and the ZnT8A negative QC remained within the assay 

background range.  
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Curve 2 showed that a ZnT8 protein concentration of ~0.4µg/ml was insufficient 

to fully displace ZnT8A from radiolabelled ZnT8R antigen in T1D patients with 

high ZnT8A titres. 

 

Curve 2 appeared to increase affinity discrimination and included anonymised T1D patients. 

A maximum concentration of 0.4µg/ml with approximately 4-fold protein concentration 

dilutions was sufficient to generate a curve and reduce ZnT8A binding in all QCs to 

background levels (Figure 2:4A). However, 2 high titre ZnT8A responses (1 ZnT8RA-specific 

and 1 non-specific) were not competitively displaced at 0.4µg/ml (Figure 2:4B). Additionally, 

there was a plateau in most T1D patients at protein concentrations between 0.0001-

0.0064µg/ml. Therefore, for curve 3, the concentration curve was slightly modified using a 

maximum concentration of 4µg/ml. 

 
Figure 2:4 – Optimisation of recombinant protein concentration curves for ZnT8A affinity studies 

(curve 2) 

Red dashed lines with grey fill denotes the assay background range (300-400CPM). In all ZnT8RA positive QCs, 

a maximum protein concentration of 0.4µg/ml was sufficient to displace ZnT8RA bound to radiolabelled ZnT8R 

antigen (A). However, 2/8 T1D patients with high titre ZnT8RA responses were not fully competitive displaced 

at 0.4µg/ml (B). Additionally, there was a plateau in most T1D patient ZnT8RA responses between 0.0001-

0.0064µg/ml and therefore, the protein concentration curve required further modifications.   
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Curve 3 with a maximum protein concentration of 4µg/ml produced a desirable 

protein concentration curve. 

 

Curve 3 was tested in a subset of the ZnT8A affinity optimisation sample set. Curve 3 

competitively displaced all ZnT8RA positive QCs and 1 high titre T1D patient at the highest 

concentration (Figure 2:5A). The point at which low and high titre ZnT8RA positive samples 

were competitively displaced to assay background ranged between 0.1-4µg/ml. In this small 

sample set, the two high titre samples required higher concentrations of protein (0.5-4µg/ml) 

to be competitively displaced, which infers lower affinity. This preliminary data may suggest 

that titre and affinity may not be proportional. However, the logarithmic curve fit in all ZnT8A 

positive samples was high (R2 >0.97; Figure 2:5B). 

 
Figure 2:5 – Optimisation of recombinant protein concentration curves for ZnT8A affinity studies 

(curve 3) 

(A): Red dashed lines with grey fill denotes the assay background range (300-400CPM). In all ZnT8RA positive 

samples, a maximum of 4µg/ml was sufficient to displace ZnT8RA bound to radiolabelled ZnT8R antigen. The 

protein concentration at the point where ZnT8A binding reached assay background range appeared to be within 

0.006-0.025µg/ml, which may be associated with ZnT8A titre. High titre ZnT8A required a higher protein 

concentration to be competitively displaced. (B): The logarithmic curve fit of curve 3 was high (R2 >0.98 in 

ZnT8A positive samples and 0.94 in the negative QC). This curve was used to further investigate ZnT8A affinity.  
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Curve 3 was further evaluated in the larger cohort of new-onset T1D patients with high-

moderate and low ZnT8A affinity defined according to a 50% reduction in binding. In this 

optimisation experiment, 50% reduced binding was reached at protein concentrations 0.006-

0.025µg/ml. 

 

2.2.3.2 Defining ZnT8A affinity in new-onset T1D patients using the 

optimised protein concentration curve 
 

The majority of new-onset T1D patients selected for ZnT8A affinity studies 

according to the major epitope (325) were non-specific. 

 

Reactivity to the major epitope (aa325) of ZnT8A responses in 27 new-onset T1D patients was 

predominantly non-specific with 44.4% (n=12) reacting to all variants (R325/W325/Q325) and 

25.9% (n=7) reacting to two variants. Overall, 77.8% (n=21), 74.1% (n=20), and 63.0% (n=17) 

reacted to R325, W325, and Q325 WT ZnT8, respectively (Figure 2:6). 

 

 
Figure 2:6 – Categorisation of the major epitope (325) in new-onset T1D patients selected for 

affinity studies 

ZnT8A positivity profiles according to the major epitope region [R325 (77.8%), W325 (74.1%) and Q325 

(63.0%)] WT ZnT8 antigen in 27 new-onset T1D patients sampled within 3 months of onset [15 male (55.6%); 

median age at diagnosis 8.8 years (range 3.0-17.8)]. Reactivity to all three 325 variants (R325/W325/Q325) 

comprised 44.4% (n=12) of the cohort and was categorised as ZnT8A non-specific responses. Due to the pre-

selection of the cohort by monomeric ZnT8R/ZnT8W RIAs, as expected, there was no detection of Q325-specific 

responses.  
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Protein concentrations 0.006-0.025µg/ml displaced >50% of ZnT8A in the 

majority of new-onset T1D patients independent of ZnT8A specificity or ZnT8 

antigen.  

 

Of 21 ZnT8RA positive patients, competitive displacement of radiolabelled ZnT8R antigen by 

50% was achieved by 0.006µg/ml in 1 patient (4.8%), by 0.025µg/ml in 16 patients (76.2%), 

and ≥0.1µg/ml in 4 patients (19.1%) with 1 patient showing little to no competitive 

displacement (Figure 2:7A). Similarly, of 19 ZnT8WA positive patients, competitive 

displacement of radiolabelled ZnT8W antigen by 50% was achieved by 0.006µg/ml in 6 

patients (31.6%), by 0.025µg/ml in 10 patients (52.6%), and ≥0.1µg/ml in 3 patients (15.8%) 

(Figure 2:7B).  

 

Whereas competitive displacement of radiolabelled ZnT8Q antigen in 14 ZnT8QA positive 

patients was more diverse: 50% displacement was achieved in 3 patients by 0.006µg/ml 

(21.4%), 6 patients by 0.025µg/ml (42.9%), and 5 patients ≥0.1µg/ml (35.7%) with 1 patient 

showing little to no competitive displacement (Figure 2:7C). This could be due to using a 

ZnT8R/ZnT8W dimeric protein for competitive displacement but may suggest ZnT8A affinity 

differs according to the ZnT8 antigen and/or the specificity for the major 325 epitopes. 

 

Nevertheless, independent of ZnT8A specificity, ZnT8A titre, and radiolabelled WT ZnT8 

antigen used, the majority of ZnT8A was competitively displaced by 50% at protein 

concentrations 0.006-0.025µg/ml; 17/21 (81.0%) of ZnT8RA/ZnT8R, 16/19 (84.2%) 

ZnT8WA/ZnT8W, and 9/14 (64.3%) ZnT8QA/ZnT8Q. Based on the small sample size, 

ZnT8A affinity was categorised into two divisions, high-moderate (50% displacement by 

0.006-0.025µg/ml) and low affinity (≥0.1µg/ml) for further analysis. 
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Figure 2:7 – ZnT8A affinity competitive displacement curves in new-onset T1D patients according 

to radiolabelled ZnT8 antigen 

Red dashed line denotes 50% reduced ZnT8A binding. Hashed window denotes the protein concentration that 

discriminates high-moderate and low ZnT8 affinity for ZnT8 antigen [ZnT8R (R325), ZnT8W (W325), and 

ZnT8Q (Q325)]. From 27 T1D patients, 22/22 (100.0%) patients reactive to R325 was tested (A), 19/20 (95.0%) 

patients reactive to W325 was tested (B), and 14/17 (82.4%) patients reactive to Q325 was tested (C). The majority 

of all ZnT8A responses were competitively displaced from radiolabelled ZnT8 antigen at a protein concentration 

of 0.025µg/ml; 17/21 (81.0%) ZnT8RA/ZnT8R, 16/19 (84.2%) ZnT8WA/ZnT8W, and 9/14 (64.3%) 

ZnT8QA/ZnT8Q.  
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The majority of ZnT8A responses were of high-moderate affinity independent of 

ZnT8 antigen, but ZnT8A affinity was not associated with ZnT8A specificity or 

overall ZnT8A titre.  

 

Overall, the majority of ZnT8A responses were of high-moderate affinity for ZnT8 antigen; 

18/21 (85.7%) ZnT8RA/ZnT8R, 17/19 (89.5%) ZnT8WA/ZnT8W, and 9/14 (64.3%) 

ZnT8QA/ZnT8Q. There was no difference in the proportion of high-moderate and low affinity 

ZnT8A between ZnT8RA/ZnT8WA and ZnT8QA responses (p=0.104; Figure 2:8).  

  

 
 

Figure 2:8 – Proportion of high-moderate & low ZnT8A affinity responses for ZnT8RA, ZnT8WA, 

& ZnT8QA to corresponding ZnT8 antigen in new-onset T1D patients 

NS: Not significant. The majority of ZnT8A responses were of high-moderate affinity for ZnT8 antigen; 18/21 

(85.7%) ZnT8RA/ZnT8R, 17/19 (89.5%) ZnT8WA/ZnT8W, and 9/14 (64.3%) ZnT8QA/ZnT8Q. There was no 

difference in the proportion of high-moderate versus low affinity ZnT8A responses between ZnT8RA/ZnT8WA 

and ZnT8QA responses (p=0.104).  
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Categorising ZnT8RA, ZnT8WA, and ZnT8QA responses together, the proportion of high-

moderate and low affinity ZnT8A was also comparable in high-moderate and low titre ZnT8A 

defined as >20 and <20 AU by RIA based on medium-to-high and low RIA QCs (detailed in 

Table 2:1 previously), respectively (p=0.675; Figure 2:9). This suggests that high-moderate 

ZnT8A affinity may not always be associated with high titre ZnT8A and vice versa, low ZnT8A 

affinity with low titre ZnT8A, which would be expected.  

  
Figure 2:9 – Proportion of high-moderate & low ZnT8A affinity responses to ZnT8 antigen across 

all ZnT8A responses according to ZnT8A titre (AU) in new-onset T1D patients 

NS: Not significant. The frequency (n above bars) as a percent of high-moderate and low ZnT8A affinity across 

ZnT8RA, ZnT8WA, and ZnT8QA responses according to ZnT8A titre. High-moderate ZnT8A titre is defined as 

>20 AU, and low ZnT8A titre is defined as <20AU based on the AU range of low, medium, and high internal RIA 

QCs. There was no difference in the proportion of high-moderate ZnT8A affinity according to ZnT8A titre 

(p=0.675). 

 

There was no difference in the proportion of high-moderate ZnT8A affinity according to 

ZnT8A specificity (p>0.05) but there appeared to be a greater proportion of low affinity 

ZnT8QA/ZnT8Q in comparison to, ZnT8RA/ZnT8R and ZnT8WA/ZnT8W non-specific 

responses, but again, is possibly related to the ZnT8R/ZnT8W dimeric protein (data not 

shown). We decided to investigate ZnT8A affinity according to specificity and ZnT8 WT 

antigen utilised in more detail. 
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ZnT8A affinity according to ZnT8A specificity and radiolabelled ZnT8 antigen 

used suggests a range of affinity within new-onset T1D patients.  

 

Grouping patients according to ZnT8A specificity shows some between-sample and between-

patient heterogeneity in competitive displacement curves depending on the radiolabelled ZnT8 

antigen. For instance, whilst only 8 patients, R325-specific (n=2; Figure 2:10A) and W325-

specific (n=6; Figure 2:10B) responses have varying competitive displacement curves but the 

majority show 50% displacement at a protein concentration of 0.025µg/ml (87.5%; n=7) and 

100% displacement at the maximal protein concentration of 4µg/ml.  

 

In non-specific ZnT8A reactive to >1 variant [R325/Q325 (n=7) and R325/W325 (n=1)], the 

majority was displaced by 50% at 0.025µg/ml. However, in R325/Q325 patients, 1 showed 

little to no competitive displacement from either ZnT8R or ZnT8Q antigen (Figure 2:10C/E: 

open circles), 1 showed better competitive displacement of ZnT8R versus ZnT8Q antigen 

(Figure 2:10 C/E: grey triangles), and 1 showed better competitive displacement of ZnT8Q 

versus ZnT8R antigen (Figure 2:10C/E: red and green circles, respectively). This suggests that 

whilst ZnT8A may be non-specific and bind to >1 variant, ZnT8A may have different affinities 

dependent on the radiolabelled ZnT8 antigen.   

 

Additionally, patients with non-specific ZnT8A reactive to all three variants 

(R25/W325/Q325) generally show competitive displacement at lower protein concentrations 

with either ZnT8R or ZnT8W (higher affinity) rather than ZnT8Q antigen (lower affinity) 

(Figure 2:10F-H). However, this could be due to utilising a ZnT8R/ZnT8W dimeric protein.  
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Figure 2:10 – ZnT8A affinity competitive displacement curves in new-onset T1D patients according 

to ZnT8A specificity & ZnT8 antigen 

Red dashed line denotes 50% reduced ZnT8A binding. Hashed grey window denotes the protein concentration 

that has been used to discriminate high-moderate and low ZnT8 affinity for ZnT8 antigen. Corresponding symbols 

in graphs denote identical samples tested for ZnT8A affinity towards more than one radiolabelled WT ZnT8 

antigen based on the specificity of the ZnT8A response. A/C/F: ZnT8RA versus ZnT8R antigen according to 

ZnT8A specificity; B/D/G: ZnT8WA versus ZnT8W antigen according to ZnT8A specificity; E/H: ZnT8QA 

versus ZnT8Q antigen according to ZnT8A specificity. Grouping of patients according to ZnT8A specificity 

shows heterogeneity in competitive displacement curves between patients and within patients depending on the 

ZnT8 antigen used; however, no strong conclusions can be drawn from this small cohort. 
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2.2.4 Discussion 
 

2.2.4.1 Main findings 
 

1. A maximum concentration of 4µg/ml RSR ZnT8R/ZnT8W dimeric protein® was sufficient 

to displace low and high titre ZnT8A binding to RIA assay background levels. 

 

2. Protein concentrations 0.006-0.025µg/ml displaced >50% of ZnT8A in the majority of new-

onset T1D independent of ZnT8A specificity or radiolabelled ZnT8 antigen. These two 

concentrations were used to discriminate high-moderate and low affinity ZnT8A.  

 

3. The majority of ZnT8A responses were of high-moderate affinity independent of 

radiolabelled WT ZnT8 antigen, but ZnT8A affinity did not appear to be associated with 

ZnT8A specificity or overall titre. 

 

2.2.4.2 Strengths, limitations, & future work 
 

To our knowledge, this is the first investigation of ZnT8A affinity that has 1) utilised 

recombinant ZnT8 (ZnT8R/ZnT8W) protein that is well-validated and highly effective at 

binding ZnT8A with a consistently high sensitivity across many IASP workshops by ELISA 

(362), and 2) taken into account a range of ZnT8A titre and specificities by incorporating 

competitive displacement curves towards all three variants of ZnT8 antigen into the RIA.  

 

The previous study to investigate ZnT8A affinity only investigated high titre R325- and W325-

specific ZnT8A. The current study builds on this through the inclusion of non-specific ZnT8A, 

a range of ZnT8A titres, and the investigation of ZnT8A affinity towards all variants of 

radiolabelled ZnT8 antigen (R325/W325/Q325). However, the current study is limited by 

predominantly focusing on non-specific ZnT8A responses in 27 new-onset T1D patients, a 

future goal would be to investigate affinity in at-risk individuals and/or across all specificities 
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of ZnT8A in a larger cohort. However, data from the optimisation experiments demonstrated 

that affinity can be measured utilising a lower protein concentration of dimeric ZnT8R/ZnT8W 

protein than previously reported for monomeric MBP-ZnT8R and MBP-ZnT8W proteins: 

4µg/ml versus 100µg/ml (399), showing that the dimeric protein was an efficient competitor 

for ZnT8A binding. Given the lower concentration required to displace ZnT8A and the 

observation that the majority of ZnT8A was displaced by 50% at 0.006-0.025µg/ml of dimeric 

ZnT8R/ZnT8W protein, it may be possible to categorise ZnT8A affinity utilising only 1-2 

protein concentrations in future investigations. This would reduce serum volume requirements 

and cost by increasing the number of samples that can be assayed per 96-well plate.   

 

Interestingly, there did not appear to be a relationship between ZnT8A titre and affinity, 

previously reported in other islet autoantibody responses (331, 345). In the TrialNet NHSt, 

Sosenko et al. (2013) reported that incorporating autoantibody titres into a risk score in 

mAutoab+ve FDRs considering IAA, GADA, IA-2A, ICA, and ZnT8A, enhanced T1D risk 

prediction (with/without adjustment for positivity status) above using the validated Diabetes 

Prevention Trial–Type 1 Risk Score (DPTRS) alone (460); DPTRS considers glucose 

tolerance, C-peptide, age, and BMI (299, 304). Overall, data from TrialNet highlights the 

importance of utilising autoantibody titre in assessing disease risk but that incorporating all 

these factors into a combined risk score should aid screening for high-risk individuals (460-

462). Therefore, the consideration of all characteristics of ZnT8A responses in at-risk 

individuals is likely to be more informative than looking at each characteristic in isolation.  

 

Another potential limitation of the current study is that all selected patients were mAutoab+ve, 

and therefore, affinity may differ between sAutoab+ve and mAutoab+ve ZnT8A responses. A 

very recent report by Jia et al. (2021) comparing ZnT8A detection by RIA and ECL in single 

ZnT8A positive children from the general population participating in ASK (Autoimmunity 
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Screening for Kids, BDC, USA) and DAISY, found that ECL positivity was associated with 

increased risk of progression compared to RIA (333). This was confirmed to be due to ECL’s 

enhanced ability at detecting high-affinity ZnT8A over the RIA, comparable to previous 

findings for GADA and IAA (319, 360). Additionally, this study found that of 11 single ZnT8A 

RIA positives from 2547 DAISY children, only 3 were positive by ECL and later progressed 

to T1D. Therefore, single ZnT8A responses may be more likely to be of lower affinity and, by 

extension, lower risk, comparable with other sAutoab+ve responses (287, 323, 333, 463). In a 

TrialNet NHSt study, independent of all other islet autoantibodies, age (range 1-45 years), and 

HLA, FDRs with ZnT8A had a higher risk of T1D, but sAutoab+ve ZnT8A responses were 

found in 0.9% of relatives (318). While sAutoab+ve ZnT8A responses exist, they are rare, and 

individuals with this response are likely to be of lower T1D risk (based on many prospective 

studies). Therefore, to be of benefit, investigations of ZnT8A affinity are best applied in high-

risk mAutoab+ves (287, 290).  

 

Although we did not find an association between ZnT8A affinity and specificity, there was 

some evidence of differential displacement of radiolabelled antigen, particularly in non-

specific ZnT8A responses. Differential displacement was also observed by Skarstrand et al. 

(2015) between R325- and W325-specific ZnT8A responses towards the corresponding 

monomeric MBP-tagged ZnT8 protein. This may be due to monoclonal and polyclonal B-cell 

responses and/or reactivity of ZnT8A to multiple C-terminal ZnT8 epitopes, but generally, 

ZnT8A affinity appears to vary even in very close proximity to T1D onset. For instance, 

specific epitopes of IAA and GADA were associated with high-affinity responses and T1D 

risk, but for IA-2A, low-affinity responses were rare prior to onset (316, 344-346). This could 

be due to IA-2A’s association with rapid progression, appearing later in the preclinical stages, 

which may also be an anticipated outcome for ZnT8A, but a bigger sample set and further 
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intermolecular epitope mapping of ZnT8 in at-risk individuals over follow-up would be 

required to determine this.  

 

The determination of IC50 (half-maximal inhibitory concentration) and the reciprocal 

dissociation constant (Kd; typically expressed in l/mol) are conventionally used in affinity 

studies [e.g., (343, 344)]. Within the time constraints of the project, we were unable to ascertain 

the exact concentration of [35-S]-radiolabelled recombinant ZnT8 present in 2µl serum per 

well. Therefore, we used 50% inhibition of binding as a proxy for IC50 in this thesis which 

was sufficient for optimising the protein concentration dissociation curves and discriminating 

low from high-moderate ZnT8A affinity in subsets of at-risk and new-onset T1D subjects. 

 

Collectively, we can state that ZnT8A affinity varies at T1D onset but should be investigated 

before diagnosis, and in those analyses, ZnT8A specificity should be considered, but an 

association with titre and/or age cannot be excluded. Data on ZnT8A before T1D onset is 

limited, but preliminary data by Jia et al. (2021) suggests ZnT8A affinity aids T1D risk 

prediction in single ZnT8A responses, but these responses are rare in FDRs and are likely to 

be rarer in the general population, and comparison of ZnT8A affinity in mAutoab+ves is 

required to fully investigate whether ZnT8A affinity could inform or enhance the performance 

of ZnT8A detection methods in screening at-risk individuals. This type of study is feasible 

utilising the optimised protein concentration curve established in this project and samples from 

BOX.  
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2.3 Characterisation of ZnT8A IgG subclasses 

 

2.3.1 Introduction to islet autoantibody IgG subclasses 
 

The characterisation and the predictive utility of antigen-specific islet autoantibody IgG 

subclasses have been limited, conducted predominantly in European countries, and have 

largely comprised small cohorts of FDRs aged <20years. Table 2:4 describes the largest IgG 

subclass investigations in T1D with the most comparable methodologies stemming from an 

initial report by Bonifacio et al. (1999), which has also been applied in this PhD project. These 

studies generally agree that GADA, IA-2A, and IAA responses are IgG1-dominant, IgG1 

correlates with peak IgG responses (titre), IgG1 are the most stable IgG over follow-up, and 

the prevalence of IgG2-IgG4 was associated with the peak IgG response (titre) (244, 317, 464-

467). However, even within these pre-selected studies, there are conflicting frequencies of IgG 

subclasses reported. These studies were predominantly conducted prior to the discovery of 

ZnT8A, and to our knowledge, there are no reports of ZnT8A IgG subclasses.  

 



Chapter 2 - Characterisation of the ZnT8 humoral response up to T1D onset 

112 

 

Study 

(date) 

Autoab 

tested 

Population & Subjects (n) 
Method of IgG 

subclass detection 

Prevalence of IgG 

subclasses (%) 
Main Findings 

Bonifacio et 

al (1999)§ 

 

GADA 

IA-2A 

IAA 

German BABYDIAB prospective birth 

cohort 

 

26 autoab+ve children [median age at 

seroconversion 1.4yrs (range 0.5-5.4)] 

 

44 controls utilised to generate StDS* 

RIA & biotinylated 

murine monoclonal 

anti-human IgG 

subclass-specific 

secondary 

antibodies 

bound by 

Streptavidin 

Sepharose beads§ 

 

GADA: IgG1(65), IgG2(19), 

IgG3(12), IgG4(19). 

 

IA-2A: IgG1(62), IgG2(19), 

IgG3(19), IgG4(0). 

 

IAA: IgG1(96), IgG2(38), 

IgG3(38), IgG4(50). 

1. Early IgG responses are IgG1-dominant. 

Peak IgG1 responses mirror and correlate 

with PAS/PGS in conventional RIA. 

 

2. IgG2-IgG4 was more common at peak 

IgG. IgG2-IgG4 most abundant in IAA 

responses possibly related to insulin therapy 

with IgG4 dominating IgG1 in 4 children. 

Achenbach 

et al. 

(2004)§ 

 

GADA 

IA-2A 

IAA 

FDRs from Munich (Germany) & BOX 

(UK) family studies 

 

180 non-diabetic FDRs autoab+ve 

(confirmed ≥2 f-up): [median age at 1st 

sampling 14.5yrs (IQR 8.3-30.3); median 

f-up 5.9yrs (IQR 3.9-10.7)] 

 

59/180 FDRs developed diabetes [median 

time to diabetes 3.6yrs 

(IQR 1.3-6.1)] 

 

RIA & biotinylated 

murine monoclonal 

anti-human IgG 

subclass-specific 

secondary 

antibodies 

bound by 

Streptavidin 

Sepharose beads§ 

StDS used from 

Bonifacio et al. 

(1999) 

GADA: IgG1(97), IgG2(24), 

IgG3(2), IgG4(34) 

 

IA-2A: IgG1(94), IgG2(40), 

IgG3(5), IgG4(40) 

 

IAA: IgG1(64), IgG2(24), 

IgG3(32), IgG4(26) 

1. Spectrum of IgG2-IgG4 was related to titre 

& for GADA and IA-2A was related to 

reactivity to multiple epitopes. 

 

2. Titre & the presence of IgG2-IgG4 in IA-

2A (HR3.3) and IAA (HR4.6), was 

associated with increased diabetes risk. 

 

3. Absence of considering IgG subclasses in 

hazard models significantly reduced model fit 

for predicting disease risk. 

Hoppu et al. 

(2004)a 

 

GADA 

FDRs (siblings) from the Childhood 

Diabetes in Finland (DiMe) Study 

 

42 autoab+ve FDRs: [mean age at first 

sampling 9.5yrs (range 3.2–16.3)] 

 

21/21 FDRs progressed/did not progress 

to diabetes over 12-year f-up  
 

40 controls utilised to generate StDS* 

RIA & monoclonal 

murine anti-human 

subclass-specific 

antibodies 

linked to 

streptavidin agarose 

(First sample – prog): 

IgG1(100), IgG2(57), 

IgG3(14), IgG4(52) 

 

(First sample – non-prog): 

IgG1(100), IgG2(81), 

IgG3(19), IgG4(76) 

1. IgG1 (most dominant), IgG2/IgG4 more 

common than IgG3. IgG2/IgG4 more 

common in non-prog than prog but number 

of IgG subclasses was comparable between 

groups & correlated with titre. Number of 

IgG subclasses did not change over f-up. 

 

2. Significant IgG spreading of IgG2 over f-
up was observed in 7 prog, but this occurred 

in 3 non-prog. 



Chapter 2 - Characterisation of the ZnT8 humoral response up to T1D onset 

113 

 

Hoppu et al 

(2004)b 

 

IA-2A 

FDRs (siblings) from the Childhood 

Diabetes In Finland (DiMe) Study 

 

34 autoab+ve FDRs: [mean age at first 

sampling 9.9yrs (range 4.2-17.3)].  

 

17/17 IA-2A+ve FDRs progressed/did 

not progress over 12-year f-up 

 

40 controls utilised to generate StDS* 

RIA & murine 

monoclonal anti-

human subclass-

specific antibodies 

linked to 

streptavidin agarose 

(First sample – prog): 

IgG1(82), IgG2(47), IgG3(6), 

IgG4(24) 

 

(First sample – non-prog): 

IgG1(88), IgG2(18), IgG3(6), 

IgG4 (18). 

1. IgG1 (most dominant), IgG2 more 

common in prog than non-prog but number 

of IgG subclasses was comparable between 

groups & correlated with titre. 

 

2. Significant IgG spreading to IgG2-IgG4 in 

non-prog was observed over f-up. 

 

3. Half of FDRs had fluctuating positivity of 

IgG subclasses but IgG1was constant. 

Hoppu et al. 

(2004)c 

 

IAA 

Type 1 Diabetes Prediction & Prevention 

(DIPP) Study. High-HLA risk infants 

followed from birth. 

 

15 autoab+ve progressors [median age 

1.0 (range 0.3-2.2)]. 

 

30 autoab+ve non-progressors [median 

age 1.4 (range 0.6-3.6)]. 

RIA & murine 

monoclonal anti-

human subclass-

specific antibodies 

linked to 

streptavidin agarose 

All: IgG1(96), IgG2 (56), 

IgG3(73), IgG4(33) 

 

 

1. Positivity/titre remained stable in prog but 

decreased in non-prog.  

 

2. IgG1 most consistent over f-up & 

IgG1/IgG2 appeared earlier than IgG4, but 

IgG3 & higher IgG subclass number 

observed in prog. IgG1/IgG3 were frequently 

dominant in prog & both correlated with titre. 

 

3. Absent IgG3 responses could be a marker 

of lower diabetes risk. 

Seissler et 

al. (2002) 

 

IA-2A 

Recruited from the Deutsche 

Nicotinamide Intervention Study 

(DENIS) 

 

50 new-Dx T1D (<7 days); [median age 

9.4yrs (range 0.2-18.0)]  

 

32 autoab+ve FDRs (siblings) who were 

f-up a median of 68 months (range 24-

92); 14 developed diabetes. 

RIA & monoclonal 

murine anti-human 

IgG-specific 

antibodies incubated 

with serum & 

immunoprecipitated 

with NeutrAvidin 

agarose 

New-Dx: IgG1(98), IgG2(34), 

IgG3(26), IgG4(50) 

 

FDRs: IgG1(59), IgG2(9), 

IgG3(16), IgG4(59) 

 

1. In both groups, IgG1 only responses most 

common (42%/31%), followed by IgG1/IgG4 

(22%/28%). Titre was comparable between 

groups, but only IgG1 was associated with 

higher titre. 

 

2.  IgG4-only responses more common in 

non-prog than prog (50%/7%). Presence of 

IgG4 was associated with less disease risk 

versus IgG1; 6-year diabetes risk for IgG1 

only (74%) vs IgG4 only (9%) responses. 

Table 2:4 – Seminal T1D studies of IgG subclasses 

§ same methodology that was applied to this PhD project; abc same methodology; * StDS; standard deviation score established IgG subclass-specific thresholds based on the 

SD of healthy controls; autoab+ve: autoantibody positive. Studies predominantly conducted in European-Caucasian populations & FDRs aged <20years who either progressed 

(prog) or did not progress (non-prog) to diabetes over follow-up (f-up). IgG subclasses are less defined in at-risk individuals >21 years & in new-onset T1D. 



Chapter 2 - Characterisation of the ZnT8 humoral response up to T1D onset 

114 

 

Table 2:5 details the median prevalence (%) of IgG subclasses reported in FDRs of individuals 

with T1D or infants of parents with T1D in European populations. The prevalence of IgG 

subclasses in GADA and IA-2A responses appear comparable IgG1>IgG4>IgG2>IgG3. The 

detection of IgG2 and IgG4 are the most variable (range 19-57%), but the low frequency of 

IgG3 is generally consistent (range 2-4%). In contrast, IAA responses show a broad spectrum 

of IgG subclasses IgG1>IgG2≈IgG3≈IgG4, which was reported in most studies, but the 

prevalence varies between studies (range 24-73%). 

 

Islet Autoab 

IgG1 

median % 

prevalence 

(range) 

IgG2 

median % 

prevalence 

(range) 

IgG3 

median % 

prevalence 

(range) 

IgG4 

median % 

prevalence 

(range) 

Refs 

GADA 

(Total n=217) 
97 (65-100) 24 (19-57) 12 (2-14) 34 (19-52) 

(244, 317, 

464) 

IA-2A  

(Total n=154) 
82 (59-94) 19 (6-47) 6 (5-19) 24 (0-59) 

(244, 317, 

465, 467) 

IAA 

(Total n=143) 
96 (64-96) 38 (24-56) 38 (32-73) 33 (26-50) 

(244, 317, 

466) 

 

Table 2:5 – Prevalence of GADA, IA-2A, & IAA IgG subclasses in autoantibody positive FDRs  

The IgG subclass prevalence in autoantibody positive FDRs for GADA, IA-2A, and IAA previously reported 

(244, 317, 464-467). The prevalence (%) was calculated from reported data and used to demonstrate the median 

and range of prevalence reported.  

 

The variability of reported IgG subclasses could be influenced by detection methods, clone or 

source of anti-human IgG subclass-specific antibodies, age at IgG subclass detection, or length 

of follow-up prior to T1D. There was a large international effort supported by the World Health 

Organisation (WHO) in 1986 to evaluate the specificity of commercially available anti-human 

monoclonal antibodies (468). Over time, commercially available clones of anti-human 

monoclonal antibodies have evolved and are now internally validated. Inevitably, different 

clones in the seminal T1D studies were utilised (notably anti-human IgG3; Table B:1; 

Appendix B). However, updated clones are likely to be more sensitive, and regardless of assay 

methodology, most studies in T1D report that the measurement of IgG subclasses has aided the 

discrimination of high-risk FDRs above total IgG detection (PAS/PGS) alone (317, 464-467) 
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but current data suggests IgG subclasses are more useful in IA-2A and IAA responses than 

GADA for predicting T1D risk.  

 

GADA responses are largely comprised of IgG1, and the spectrum of IgG2-IgG4 subclasses 

was not found to be associated with increased T1D risk but was associated with multiple GAD 

epitope reactivity (N-, middle-, and C-terminus of GAD65 and GAD67) and higher GADA 

titres (317, 464). Titres of GADA were not independently associated with T1D risk (317). The 

prevalence of IgG2/IgG4 were more common than IgG3, and although not associated with T1D 

risk, some observations between FDRs who progressed to T1D compared to FDRs who did not 

progress over follow-up were reported: the seroconversion of IgG2 over follow-up was higher 

in progressors, but IgG2/IgG4 was more common in non-progressors (464).   

 

IA-2A responses are also largely comprised of IgG1, but the spectrum of IgG2-IgG4 subclasses 

was associated with increased T1D risk (HR: 3.3; 100% of relatives with IgG2, IgG3, or IgG4 

developed diabetes at 10 years follow-up versus 37% in IgG1-restricted responses), multiple 

IA-2 epitope reactivity (JM, PTP, and IA-2β) (317), and higher IA-2A titres (317, 465). 

However, higher IA-2A titres and IA-2A reactive to IA-2β was also independently associated 

with T1D risk (317). It has also been observed that IA-2A reactive to JM, IgG1 prevalence, 

and IgG2-IgG4 spreading over follow-up was more common in progressors (465). There has 

also been an indication that IgG4-restricted IA-2A responses may be protective against T1D; 

the 6-year diabetes risk of IA-2A IgG4-restricted responses was 9% versus 74% in IgG1-

restricted responses (467).  

 

IAA responses are also largely comprised of IgG1, but the spectrum of IgG2-IgG4 subclasses 

was more prevalent than in GADA and IA-2A responses and was associated with increased 

T1D risk (HR: 4.6; 68% of relatives with IgG2, IgG3, or IgG4 developed diabetes at 10 years 
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follow-up versus 28% in IgG1-restricted responses) and higher IAA titres (317). However, 

higher IAA titres were also independently associated with T1D risk (317). It has also been 

observed that the prevalence of IgG3 in the first sample, IgG1- and IgG3-dominant responses, 

higher IgG1/IgG3 levels, and the number of subclasses (IgG2-IgG4) was higher in FDRs that 

progressed to T1D (466).  

 

In the 1980-1990s, prior to characterising IgG subclasses in antigen-specific responses, ICA 

were characterised as polyclonal (kappa and lambda light chains), of IgG isotype, and were 

largely IgG1-restricted (>50-76%) with decreasing prevalence of IgG2>IgG3>IgG4 (24-50% 

combined) (246, 469-472). It was postulated that the IgG1-restriction, possibly reflective of 

monoclonal B-cell responses, may precede the clinical onset of T1D and could be a feature of 

autoimmunity as IgG1-restriction was also reported in other autoimmune conditions around 

this time such as autoimmune chronic active hepatitis and SLE (245, 246, 473). Therefore, the 

IgG1-dominance/restriction reported in T1D for GADA, IA-2A, and IAA responses may be a 

feature of autoimmunity. Thus, we can postulate that ZnT8A responses may be largely IgG1-

dominant/restricted due to its later appearance in preclinical T1D, but the prevalence of IgG2-

IgG4 is likely to be associated with high ZnT8A titres and T1D risk, comparable to IA-2A 

responses, as secondary targets of islet autoimmunity (290).   
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2.3.1.1 Hypothesis 
 

The ZnT8RA/ZnT8WA IgG subclass response will be IgG1 dominant like GADA and IA-2A 

responses, but specific IgG subclasses which will inform slow from rapid T1D progression. 

 

2.3.1.2 Aims 
 

1. To evaluate ZnT8RA and ZnT8WA IgG subclass responses compared with GADA and IA-

2A in slow and rapid progressors of T1D. 

 

2. To evaluate ZnT8RA and ZnT8WA IgG subclass responses by ZnT8A specificity (aa325 

reactivity) in a cohort of new-onset T1D (<3 months of diagnosis). 

 

3. To explore assay standardisation and assess the reproducibility of IgG subclass assays 

through screening T1D patients <10 years disease duration for the development of quality 

control (QCs) samples and creating IgG subclass-specific positivity thresholds based on ~50 

healthy schoolchildren.   
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2.3.2 Materials & Methods 
 

2.3.2.1 Populations for autoantibody IgG subclass studies 
 

To establish and evaluate the importance of ZnT8RA/ZnT8WA IgG subclasses in comparison 

to GADA and IA-2A, the following sample sets were used: 

 

1. Multiple autoantibody positive (mAutoab+ve) progressor: The first mAutoab+ve sample 

available (index) and, where possible, a second follow-up sample from FDRs of the BOX study 

(previously described 1.8) was tested for IgG subclasses based on autoantibody positivity 

(independent of titre). These samples were used to evaluate whether IgG subclass frequency 

was associated with progression to diabetes. Based on rate of progression from sample, these 

FDRs were categorised as non-progressors (NPs; diabetes-free by final follow-up; Table 2:6), 

slow-progressors (SPs; diabetes-free >10years; Table 2:7), and rapid-progressors (RPs; 

diabetes-free <5years; Table 2:8). Samples were primarily tested in Dr Peter Achenbach’s 

laboratory in Munich (2-week training period) indicated in the tables. All data were expressed 

in mean ∆CPM, but due to differences in assays between Munich/Bristol laboratories, there are 

differences in binding classified as positive [Munich: >32 (GADA), >16 (IA-2A), and >30 

(ZnT8RA/ZnT8WA); Bristol: >100 for all].  

 

2. New-onset T1D patients: To investigate whether the frequencies of ZnT8RA/ZnT8WA IgG 

subclasses are different at T1D onset, a subset of high volume (>1ml) ZnT8A positive new-

onset T1D patients (n=18; <3 months of diagnosis) were tested. Samples were selected to 

encompass different ZnT8A titres and specificities and, where possible, matched for age-at-

onset (Table 2:9). 
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3. Screening T1D patients for IgG subclasses & quality control development: After the 

initial testing of sample sets 1 and 2 (above), it became clear that for continued work, better 

assay controls were required. Therefore, to establish a sample set that could provide QC 

samples, a random selection of samples from T1D patients [<2 years disease duration for 

ZnT8RA/ZnT8WA (encompassing all ZnT8A specificities) and <10 years for GADA and IA-

2A)] and 1 NP (GADA only), with high serum volume (>1ml) and predominantly high 

autoantibody titres by RIA were screened for IgG subclasses (Table 2:10). Samples of high 

titre and short diabetes duration were selected to enhance the probability of detecting a 

spectrum of IgG subclasses, and for ZnT8A in particular, a shorter disease duration was 

preferable due to the rapid loss after onset previously reported (244, 443). Post-diagnosis IgG 

subclass responses have not been reported previously, and as these samples were 

predominantly high volume, these samples were selected for novelty and the likelihood of 

providing large pools of QCs for future use. Once established, samples subsequently used for 

QCs (Table 2:11) were run in all assays to evaluate assay reproducibility. An anonymised 

autoantibody negative control was used as a negative QC and was also run in all assays. No 

other information was available from this individual. 

 

4. Standardisation of IgG subclass RIAs: Given the lower prevalence of IgG2-IgG4 in 

ZnT8RA/ZnT8WA responses, both the development of QCs and establishing IgG subclass-

specific positivity thresholds was not possible. For GADA/IA-2A, however, ~50 high volume 

healthy schoolchildren were selected at random to develop IgG subclass-specific standard 

deviation score (StDS) thresholds. An StDS >3 [previously described as positive (244)] 

detected 100% of IgG1 and total IgG (PGS) in GADA and IA-2A responses in T1D patients 

(Appendix B.2).
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Table 2:6 – Multiple autoantibody positive non-progressor sample set 

* Range not applicable; F-up: Follow-up; ⸸ 3, 2, 1 without follow-up at last contact for GADA, ZnT8RA, and ZnT8WA, respectively. Slow progressors (SPs; total in BOX= 

36) are defined as mAutoab+ve FDRs that remain diabetes-free for at least 10 years after mAutoab+ve was first detected (312). SPs that remain diabetes-free over follow-up 

have been classified into the non-progressors (NP) sample set. 

Table 2:7 – Multiple autoantibody positive slow progressor sample set 

* Range not applicable; F-up: Follow-up. Slow progressors (SPs; total in BOX= 36) are defined as mAutoab+ve FDRs that remain diabetes-free for at least 10 years after 

mAutoab+ve was first detected (312). SPs that have progressed to diabetes over follow-up remain defined as a SP. Rough age-matching between GADA, IA-2A, and 

ZnT8RA/ZnT8WA IgG subclass testing was possible following seroconversion of ≥2 islet autoantibodies. BOX has the largest cohort of SPs identified to date. 

Islet 

Autoab 

n index 

sample 

n 

f-up 

sample 

Median (range) time 

between index and f-up 

sample (years) 

Gender 

M/F 

Median (range) age at 

sample (years) 

Median (range) length of f-up 

(years) 

Munich/Bristol 

testing 

GADA 
14 1 24.5* 6/8 17.1 

(7.3-23.8) 

18.7 

(-0.8-54.7)⸸ 

15/0 

IA-2A 
6 1 24.5* 1/5 15.9 

(10.2-50.1) 

23.1 

(5.2-28.5) 

7/0 

ZnT8RA 
9 1 24.5* 3/6 16.7 

(5.7-65.9) 

21.0 

(3.5-31.0)⸸ 

10/0 

ZnT8WA 
10 1 24.5* 4/6 16.4 

(5.7-41.0) 

14.1 

(5.1-31.0)⸸ 

11/0 

Islet  

Autoab 

n index 

sample 

n f-up 

sample 

Median (range) time 

between index and f-up 

sample (years) 

Gender 

M/F 

Median (range) 

sampling time before 

diagnosis (years) 

Median (range) 

age at diagnosis 

(years) 

Median (range) 

age at sample 

(years) 

Munich/Bristol 

testing 

GADA 9 1 27.4* 2/7 
16.7 

(10.4-27.8) 

48.1 

(22.9-68.0) 

32.9 

(6.21-40.2) 
10/0 

IA-2A 4 1 27.3* 2/2 
14.5 

(11.3-27.8) 

41.3 

(23.7-67.8) 

26.8 

(12.4-40.2) 
4/0 

ZnT8RA 5 1 4.0* 0/5 
15.2 

(10.4-27.8) 

48.2 

(30.6-68.0) 

33..7 

(20.0-40.2) 
5/1 

ZnT8WA 5 1 2.6* 2/3 
13.4 

(8.7-23.4) 

28.1 

(23.7-48.1) 

15.6 

(11.0-33.7) 
5/1 



Chapter 2 - Characterisation of the ZnT8 humoral response up to T1D onset 

121 

 

 

Table 2:8 – Multiple autoantibody positive rapid progressor sample set 

* Range not applicable; F-up: Follow-up. RPs (estimated total in BOX= ~25) are defined as mAutoab+ve FDRs that progress to disease within 5 years from when mAutoab+ve 

was first detected. Subsets of samples from RPs were selected based on serum volume availability. It was not possible to age match RPs between GADA, IA-2A, and 

ZnT8RA/ZnT8WA IgG subclass testing as RPs are generally of a younger age at sample and T1D onset suggestive of a more aggressive T1D phenotype compared to SPs and 

NPs.   

 

 

 

 

 

 

 

 

 

 

 

 

Table 2:9 – New-onset T1D patient ZnT8A sample set  

* Median (range) across monomeric ZnT8RA and ZnT8WA RIAs. Samples were taken within 3 months of diagnosis and were selected to encompass different ZnT8A levels 

and specificities and where possible, matched for age at onset. 

Islet  

Autoab 

n index 

sample 

n f-up 

sample 

Median (range) time 

between index and f-up 

sample (years) 

Gender 

M/F 

Median (range) 

sampling time before 

diagnosis (years) 

Median (range) 

age at diagnosis 

(years) 

Median (range) 

age at sample 

(years) 

Munich/Bristol 

testing 

GADA 8 1 1.9* 4/4 
1.3 

(0.5-3.2) 

24.4 

(3.2-41.7) 

22.37 

(1.6-41.2) 
9/0 

IA-2A 5 1 1.9* 2/3 
1.2 

(0.5-1.6) 

32.0 

(13.5-41.7) 

30.6 

(12.0-41.2) 
6/0 

ZnT8RA 11 3 
1.9 

(0.8-2.4) 
6/5 

1.3 

(0.5-4.3) 

18.9 

(3.2-41.7) 

16.7 

(1.6-41.2) 
11/3 

ZnT8WA 8 3 
0.8 

(0.5-2.4) 
4/4 

1.3 

(0.5-4.3) 

18.2 

(11.7-41.7) 

15.6 

(10.6-41.2) 
7/4 

ZnT8A specificity n 

Median 

(range) 

ZnT8A titre 

(AU) 

Gender 

(M/F) 

Median (range) 

age at diagnosis 

(years) 

ZnT8RA-specific 3 
7.8 

(5.8-133.3) 
1/2 

8.2 

(5.9-15.3) 

ZnT8WA-specific 5 
12.4 

(3.1-207.6) 
4/1 

11.4 

(3.3-12.7) 

ZnT8RA/ZnT8WA 

non-specific 
10 

110.6 

(4.9-260.0) * 
8/2 

10.41 

(3.0-17.8) 
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Islet 

Autoab 

n 

individuals 

n 

samples 

Median (range) 

autoantibody titre* 

Median (range) 

age at sample 

(years) 

n 

diagnosed 

Median (range) age 

at diagnosis (years) 

Median (range) 

diabetes duration 

(years) 

GADA 10 12 
190.8 

(34.1-1159.4) 

16.7 

(10.2-39.7) 
9 

13.4 

(4.7-29.4) 

3.3 

(1.3-10.3) 

IA-2A 29 37 
306.6 

(79.0-504.2) 

14.5 

(6.9-44.7) 
27 

12.1 

(5.9-39.0) 

1.0 

(0.4-6.4) 

ZnT8A 

 

ZnT8RA/ZnT8WA 

non-specific 

 

ZnT8RA-specific 

 

 

ZnT8WA-specific 

 

 

 

15 

 

 

7 

 

 

3 

 

 

 

15 

 

 

7 

 

 

4 

 

 

 

81.9 

(13.0-137.6) ** 

 

80.0 

(20.7-122.8) 

 

63.5 

(25.6-95.4) 

 

 

 

12.2 

(6.7-19.9) 

 

12.8 

(10.7-15.6) 

 

12.4 

(6.6-13.0) 

 

 

 

15 

 

 

7 

 

 

3 

 

 

 

11.6 

(5.8-18.5) 

 

12.0 

(10.1-15.0) 

 

11.5 

(6.0-12.4) 

 

 

 

0.8 

(0.6-1.5) 

 

0.7 

(0.6-1.5) 

 

0.7 

(0.6-1.2) 

 

Table 2:10 – Screening T1D patient sample set for GADA, IA-2A, ZnT8RA, & ZnT8WA IgG subclass RIAs 

* DK units/ml for GADA and IA-2A, and AU for ZnT8RA/ZnT8WA RIAs; ** Median (range) across monomeric ZnT8RA and ZnT8WA RIAs. 
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Islet 

Autoab 

Number of 

patients/samples 

Gender 

(M/F) 

Median age 

at diagnosis 

(yrs; range) 

Median age 

at sample 

(yrs.; range) 

IgG1 

mean ∆CPM 

range 

IgG2 

mean ∆CPM 

range 

IgG3 

mean ∆CPM 

range 

IgG4 

mean ∆CPM 

range 

GADA* 2/7 0/2 
4.7 

(4.7-14.9) 

9.5 

(8.4-16.6) 
343-15749 2-485 32-1514 14-352 

IA-2A* 4/5 2/2 
10.9 

(10.5-17.6) 

11.4 

(10.9-19.0) 
10049-14961 35-5811 

47-2570 0-470 

ZnT8RA 

ZnT8WA 
1 0/1 15.7 1.2 

247.5-356 5453-5740 48-70 293.5-297 

-18-31 2930-4734 3.5-58 114-190 

 

Table 2:11 – Quality control sample sets for GADA, IA-2A, ZnT8RA, & ZnT8WA IgG subclass RIAs 

From the GADA IgG subclass screening sample set (n=12), a total of 7 serum samples taken from two screened patients were pooled for two composite IgG subclass QCs*: 

IgG1/IgG2 and IgG1/IgG3/IgG4 QCs. From the IA-2A IgG subclass screening sample set (n=60), a total of 5 serum samples (2 from one individual) from four screen patients 

were pooled for two composite IgG subclass QCs*; IgG1/IgG2 and IgG1/IgG3/IgG4 QCs. From the ZnT8RA/ZnT8WA IgG subclass screening sample set (n=26), it was clear 

that detection of IgG subclasses (other than IgG1) for ZnT8A responses was rare even in ZnT8A responses of high titre (>100 AU) taken after T1D onset (<2 years). Due to 

assay costs and the high sample volume that the IgG subclass RIA requires, further screening of samples for QCs was deemed superfluous. However, one patient with a ZnT8A 

non-specific response had IgG2>IgG1 ≈ IgG4 response for the ZnT8R antigen but had IgG2>IgG4 response for the ZnT8W antigen. Therefore, this sample in all 

ZnT8RA/ZnT8WA IgG subclass assays as a positive QC. All samples selected for QCs were selected for high serum volume availability and a range of IgG subclass binding 

where possible. Once established, positive QCs were run in all assays and were used to evaluate assay reproducibility. An anonymised autoantibody negative control was used 

as a negative QC and was also run in all assays. No other information was available from this individual.  

 

 

 

 

 

 

 

 



Chapter 2 - Characterisation of the ZnT8 humoral response up to T1D onset 

124 

 

2.3.2.2 Detection of ZnT8A, GADA, & IA-2A IgG subclasses by RIA 
 

The method for detecting GADA, IA-2A, and IAA IgG subclasses by RIA published previously 

(244, 317) was applied to ZnT8RA/ZnT8WA responses and was compared with GADA and 

IA-2A. The method replaces the PAS immunoprecipitate of the traditional RIA (Figure 1:16) 

with biotinylated IgG subclass-specific mouse anti-human monoclonal antibodies bound by 

Streptavidin Sepharose beads (Sigma Aldrich, Dorset, UK) (Figure 2:11). Commercially 

available mouse anti-human IgG subclass monoclonal antibodies used in this project for IgG1 

(clone G17-1), IgG2 (clone G18-21), and IgG4 (clone FDC-14) were available from BD 

Biosciences, San Diego, USA, and were identical to the latest publication (317). However, for 

IgG3, a different clone (HP6047) from Invitrogen, Thermo Fisher, CA, USA, was employed. 

Non-specific binding was determined using a mouse anti-rat IgM monoclonal antibody (clone 

G53-238) from BD Biosciences.  

 

Figure 2:11 – Schematic diagram of the IgG subclass RIA 

* GAD65 (aa1-585), IA-2IC (aa606-979), ZnT8 (aa268-369; monomeric peptides with either arginine (R) or 

tryptophan (W)) or Insulin. ** Islet autoantibodies specific to recombinant antigen 

Autoantibodies in serum specific to GAD65/IA-2/ZnT8 bind to radiolabelled antigen. Immunocomplexes are then 

precipitated using a biotinylated IgG subclass-specific secondary antibody and Streptavidin-Sepharose (S-S). 

Unbound excess radiolabelled antigen is excluded by serial wash and centrifugation steps. After the addition of 

MicroScint40 (PerkinElmer), residual radiation in counts per minute (CPM) is detected on a beta scintillation 

counter where CPM is proportional to the autoantibody level present in serum. 
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2.3.2.2.1 Assay buffers 
 

Phosphate buffered saline (PBS) - 50 mM phosphate buffer and 150 mM NaCl, pH 7.4. 

TBST 

TBST-BSA 

 

2.3.2.2.2 Generation of [35-S] radiolabelled antigens 
 

The protocol detailed in 2.2.2.3.2 was followed to generate [35-S]-radiolabelled recombinant 

antigens (GAD65, IA-2, ZnT8R, and ZnT8W).  

 

2.3.2.2.3 Preparation of serum samples  
 

In a 96-deep well plate (Sarstedt), 2µl of serum sample was plated in duplicate per IgG subclass 

(IgG1, IgG2, IgG3, and IgG4), the anti-rat IgM negative control, and total IgG detection by 

ethanolamine-blocked Protein G Sepharose (EB-PGS) (Figure 2:12). Serum was incubated 

with 24,000 (± 1,000 CPM) of [35-S]-GAD65/IA-2/ZnT8 (encoding R325 or W325) antigen, 

diluted in TBST-BSA, overnight (19-21 hours) at 4°C. QCs for these assays were developed 

in 2.3.3.3.2.  

 
Figure 2:12 – GADA, IA-2A, & ZnT8A IgG subclass RIA plate set-up 

Image created using BioRender.com. A total of 8 serum samples per 96 deep-well plate can be assayed. Columns 

1-12 denote wells corresponding to the different IgG immunoprecipitates.   
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2.3.2.2.4 Preparation of IgG subclass-specific immunoprecipitate 
 

Reported previously using the same method (244), the quantity of mouse anti-human 

monoclonal IgG subclass antibodies (5µg/well) and streptavidin beads (10µg/well) required to 

completely capture IgG in the reaction was determined by checkerboard titration for GADA 

and IA-2A. This was assumed sufficient for ZnT8A using the same volume of serum (2µl). 

Biotinylated IgG subclass-specific mouse anti-human monoclonal antibodies (IgG1, IgG2, 

IgG3, and IgG4) and the mouse anti-rat monoclonal IgM at 5µl/well were incubated overnight 

(~18 hours) with 12.5µl/well of Streptavidin Sepharose (S-S; GE Healthcare) and 30µl/well 

PBS in 15ml Falcon tubes on an inverting rotatory wheel overnight at 4°C. After overnight 

incubation, each Falcon tube was washed once in PBS following centrifugation (1500rpm at 

4°C for 3mins) and the supernatant was removed. This was repeated using TBST twice for a 

total of 3 washes. After the final wash, the supernatant was removed, and the bound IgG-

Subclass-Streptavidin-Sepharose (IgG-SSS) pellet was resuspended in 53.75µl/well TBST.  

2.3.2.2.5 IgG subclass RIA methodology 
 

Prepared IgG-SSS at 50µl/well was added to wells corresponding to IgG1/IgG2/IgG3/IgG4 

and anti-rat IgM. For detection of total IgG, 50µl/well of a 50% suspension of EB-PGS in 

TBST was added to the corresponding wells. After immunoprecipitates were added, the 96-

well plate was centrifuged (1500rpm at 4°C for 3mins) and incubated at 4°C for 1hr on an 

orbital shaking platform (700rpm). Excess unbound radiolabelled antigen was excluded by 

centrifugation (1500rpm at 4°C for 3mins) and five serial washes in TBST. Samples were 

transferred from deep-well plates to 96-well OptiPlatesTM (Perkin Elmer) by multichannel 

pipetting, centrifuged (1500rpm, at 4°C for 3mins), and aspirated for a 30µl end volume. 

Following the addition of 200µl Microscint40 (Perkin Elmer) and orbital shaking for 15mins, 

remaining radiolabelled immunocomplexes were detected (5min/well time-lapse) using a 

TopCount plate scintillation counter (Perkin Elmer) expressed in CPM (Figure 2:13). 
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Total Length of the IgG Subclass RIA: ~27 hours 
 

 
 

Figure 2:13 – Basic RIA methodology for detection of GADA, IA-2A, & ZnT8A IgG subclasses  

* Recombinant [35-S]-methionine radiolabelled GAD (aa1-585), IA-2IC (aa606-979) and ZnT8R/ZnT8W 

(aa368-369 encoding R or W at aa325) antigens are synthesised in-house using a TnT SP6 Quick Coupled 

Transcription/Translation Reticulocyte System (Promega) with 30% and 10% incorporation deemed acceptable 

for GAD/IA-2, and ZnT8A, respectively. CPM: counts per minute; EB-PGS: ethanolamine-blocked Protein G 

Sepharose; TBST: Tris buffered saline with 0.15% Tween-20; IgG-SSS: IgG-Subclass-Streptavidin-Sepharose. 

Total assay length excludes in vitro transcription/translation preparation of antigen.  
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2.3.2.3 Statistical analysis 
 

To account for assay background, all data are expressed as mean delta CPM (∆CPM) for all 

IgG immunoprecipitates, calculated by: mean CPM of IgG subclass/PGS – anti-rat IgM mean 

CPM. Data collected in Munich (training period: predominantly applicable to the mAutoab+ve 

progressor sample set) and Bristol (during PhD project) were considered positive using 

different detection thresholds [Munich: >32 (GADA), >16 (IA-2A), and >30 (ZnT8RA and 

ZnT8WA); Bristol: >100 for all]. 

 

To compare between autoantibody responses in all progressor sample sets, responses were 

categorised into IgG1-restricted (IgG1 only) and IgG-unrestricted (IgG1 + any single or 

combination of IgG2-IgG4). Proportions of IgG subclass positivity with categorical variables 

were compared using the Chi-squared (χ2) or Fisher’s exact tests where appropriate. Assessing 

assay reproducibility through developed QCs, inter-assay variation of mean ∆CPM was 

assessed using standard deviation (SD) and coefficient of variation [CV = (mean ∆CPM ÷ SD) 

× 100 (%)]. Spearman’s rank (r) correlation test was used between IgG subclasses and total 

IgG determined either by PGS (mean ∆CPM) in the IgG subclass RIA or units of autoantibody 

titre in the traditional RIA [for GADA and IA-2A (DK units/ml) and for ZnT8RA/ZnT8WA 

(AU)]. Statistical analysis was performed in GraphPad PRISM (v. 9.1.0) and an alpha value 

p<0.05 was considered significant. 
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2.3.3 Results 
 

2.3.3.1 Multiple autoantibody positive progressor sample set 
 

Using the mean ∆CPM detection thresholds for data obtained in Munich or Bristol, the IgG 

subclass responses for GADA, IA-2A, ZnT8RA, and ZnT8WA in the mAutoab+ve progressor 

sample set is detailed in Figure 2:14. Small sample sizes did not allow for comparison, and 

therefore, results are purely descriptive.  

 

In all sample sets, IgG1 was detected in all autoantibody positive samples for GADA, IA-2A, 

and ZnT8RA/ZnT8WA. In ZnT8RA responses, IgG3/IgG4 was detected in SPs (16.7%) and 

RPs (range 7.1-14.3%) but not NPs whereas, for ZnT8WA responses, IgG3/IgG4 was only 

present in RPs (18.2%). For both ZnT8RA and ZnT8WA, IgG2 was comparable across all 

progressors.  

 

The prevalence of IgG2-IgG4 showed the greatest discrimination between SPs (0%) and RPs 

(range 66.7-100%) in IA-2A responses. Whereas IgG2-IgG4 prevalence in GADA responses 

was comparable between all progressors but IgG3 was more common than IgG2 or IgG4. 

 

To compare between autoantibody responses in all progressor sample sets, responses were 

categorised into IgG1-restricted (IgG1 only) and IgG-unrestricted (IgG1 + any single or 

combination of IgG2-IgG4). 
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Figure 2:14 – GADA, IA-2A, ZnT8RA, & ZnT8WA IgG subclasses in the multiple autoantibody positive progressor sample set 

NP: non-progressor; SP: slow progressor; RP: rapid progressor. Dotted lines: Munich (red) and Bristol (black) IgG subclass detection thresholds based on mean ∆CPM. Dashed 

lines denote autoantibody titre positivity thresholds derived from conventional RIAs; GADA/IA-2A (DK units/ml) and ZnT8RA/ZnT8WA (AU). Despite the small sample 

sizes, GADA IgG subclasses showed some discrimination between progressor categories. IA-2A IgG subclasses offer the best discrimination between progressor categories. 

There may be subtle differences between ZnT8RA and ZnT8WA IgG subclass responses between categories of progressors with better discrimination observed for ZnT8WA 

IgG subclass responses. Small sample sizes violate χ2 test assumptions. 
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The prevalence of IgG-unrestricted responses may discriminate slow and rapid 

progressors in IA-2A and ZnT8RA/ZnT8WA responses but not GADA 

responses. 

 

The frequency (%) of IgG1-restricted versus IgG-unrestricted responses (positive by the 

respective mean ∆CPM detection thresholds) are presented in Figure 2:15. The prevalence of 

GADA IgG-unrestricted responses showed some evidence of discriminating between 

categories of progressors: NPs 4/15 (26.7%); SPs 5/10 (50.0%); RPs 4/9 (44.4%). The 

prevalence of IA-2A IgG-unrestricted responses showed the most promising discrimination 

between SPs and RPs. Positive for any subclass (IgG2-IgG4): NPs 3/6 (50.0%); SPs 0/5 (0.0%); 

RPs 6/6 (100.0%). There was a much higher prevalence of IgG3 and a lower prevalence of 

IgG2 and IgG4 than anticipated (from previous studies Table 2:5) in GADA and IA-2A 

responses. 

 

Whereas, ZnT8RA/ZnT8WA responses were largely IgG1-restricted with a comparable 

prevalence of IgG-unrestricted responses across all progressor categories but were highest in 

RPs. For ZnT8RA: NPs 1/10 (10.0%); SPs 1/6 (16.7%); RPs 3/14 (21.4%). For ZnT8WA: NPs 

1/11 (9.1%); SPs 1/6 (16.7%); RPs 3/14 (21.4%). From this small data set, there could be a 

suggestion of ZnT8A IgG-unrestricted responses (spectrum of IgG2-IgG4) discriminating RPs 

from NPs/SPs.  

 

All IgG subclasses were detected in selected mAutoab+ve FDRs, but differing frequencies 

were found according to the type of progressor and autoantibody response (Table 2:12). Based 

on the sample set size, it is unclear whether IgG subclass detection would be able to further 

discriminate SPs from RPs, but IA-2A followed by ZnT8RA/ZnT8WA appear the most 

promising whereas, IgG1-restricted GADA responses may be more common in NPs compared 

to SP or RPs. 
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Figure 2:15 – Overall frequency of GADA, IA-2A, ZnT8RA, & ZnT8WA IgG1-restricted & IgG-

unrestricted responses in the multiple autoantibody positive progressor sample set 

Frequency percent (%) out of the total number of samples tested for IgG subclasses. The number of samples is 

denoted above bars. IgG1 only: IgG1-restricted responses; IgG1 + any single or combination of IgG2-IgG4: IgG-

unrestricted response. GADA IgG subclasses are least likely to be informative in discriminating slow versus rapid 

progressors of disease. IA-2A IgG-unrestricted responses showed the most promising discrimination of rapid 

progressors. Similarly, there is a slight suggestion that ZnT8RA/ZnT8WA IgG-unrestricted responses may be 

higher in RPs versus SPs; however, a bigger sample set and/or additional longitudinal follow-up samples are 

needed. 

Islet 

Autoab 

Anticipated IgG 

response in FDRs 

NPs SPs RPs 

GADA 
IgG1>IgG4>IgG2>IgG3 IgG1>IgG3>IgG2>IgG4 IgG1>IgG3>IgG2≈IgG4 IgG1>IgG3>IgG4 

IA-2A IgG1>IgG4>IgG2>IgG3 IgG1>IgG4>IgG2≈IgG3 IgG1 IgG1>IgG3>IgG4>IgG2 

ZnT8RA Unknown 

(IgG1-dominant) 
IgG1>IgG2 IgG1>IgG2≈IgG3≈IgG4 IgG1>IgG2≈IgG3>IgG4 

ZnT8WA Unknown 

(IgG1-dominant) 
IgG1>IgG2 IgG1>IgG2 IgG1>IgG3≈IgG4>IgG2 

 

Table 2:12 – Summary of IgG subclass profiles in the multiple autoantibody positive progressor 

sample sets 

In GADA responses, IgG3 was the second most prevalent IgG subclass (as opposed to the last), and IgG4 was the 

least frequent IgG subclass (opposed to the second). In IA-2A responses, NPs had a similar IgG profile to what 

was anticipated, but SPs had IgG1-restricted responses, and IgG3 was the second most prevalent IgG subclass in 

RPs (as opposed to the last). IgG3 and IgG4 were higher in ZnT8RA responses from SPs and RPs, perhaps 

discriminating individuals with higher disease risk whereas, IgG3 and IgG4 in ZnT8WA were only present in 

RPs. Therefore, IgG subclasses in ZnT8A responses may aid the discrimination of high-risk individuals.  
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2.3.3.2 New-onset T1D patient sample set 
 

A cohort of T1D patients was tested to investigate whether ZnT8A responses were less IgG1-

restricted closer to T1D onset. This provided an opportunity to confirm previous findings 

regarding IgG1’s relationship with different immunoprecipitates (PAS/PGS).  

 

IgG1 in ZnT8RA and ZnT8WA responses correlates with total IgG & overall 

ZnT8A titre  

 

The IgG1 mean ∆CPM strongly correlated with the total IgG (PGS) mean ∆CPM in all 

ZnT8RA-positive [n=13/28 (46.4%); r 0.82 (95% CI: 0.49-0.95), p=0.0009] and ZnT8WA-

positive [n=15/28 (53.6%); r 0.96 (95% CI: 0.87-0.99), p<0.0001] patients (Figure 2:16).  

 

 

 
 

Figure 2:16 – IgG1 correlates with total IgG (PGS) & overall ZnT8A level (AU) in ZnT8R-reactive 

& ZnT8W-reactive new-onset T1D patients 

From 28 new-onset T1D patients, 13 patients were ZnT8RA-reactive, and 15 were ZnT8WA-reactive. The patient 

categories were age-matched and encompassed a range of overall ZnT8A levels (AU by RIA) where possible. 

Binding of IgG1 (mean ∆CPM) strongly correlated with total IgG (PGS) and overall ZnT8A level for ZnT8R-

reactive (p=0.0009 and p=0.01, respectively) and ZnT8WA-reactive (p<0.0001 and p=0.003, respectively) 

responses. 
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New-onset T1D patients had comparable proportions of IgG1-restricted and IgG-

unrestricted ZnT8RA and ZnT8WA responses regardless of overall ZnT8A 

specificity. 

 

Independent of ZnT8A specificity, ZnT8RA/ZnT8WA responses were predominantly IgG1-

restricted (n=16/28; 57.1%), but 12/28 (42.9%) new-onset T1D patients had IgG-unrestricted 

responses. In the 10 patients with ZnT8A non-specific responses, there was a similar 

prevalence of IgG-unrestricted responses towards ZnT8R and ZnT8W antigens (range 10-30%, 

n=1-3; Figure 2:17).  

 

 
 

Figure 2:17 – ZnT8A IgG subclasses in new-onset T1D patients 

A subset of 28 ZnT8A positive new-onset T1D patients was tested for ZnT8RA and ZnT8WA IgG subclasses 

according to the ZnT8A specificity of the response; 3 ZnT8RA-specific, 10 ZnT8 non-specific, and 5 ZnT8WA-

specific responses. A total of 13 patients were ZnT8RA-reactive, and 15 were ZnT8WA-reactive. The patient 

categories were age-matched and encompassed a range of ZnT8A titre (AU by RIA) where possible. A mean 

∆CPM >100 denoted by the black dashed line was used as the detection threshold of all IgG subclasses. A total 

of 12 patients (42.9%) had evidence of IgG-unrestricted responses, but 16 (57.1%) had IgG1-restricted responses 

independent of ZnT8A specificity.  
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There was no evidence of a difference between ZnT8RA and ZnT8WA positive patients and 

the type of IgG subclass response (IgG1-restricted versus IgG-unrestricted, p>0.999; Figure 

2:18). Similarly, IgG1 level was not associated with IgG1-restricted versus IgG-unrestricted 

responses in ZnT8RA or ZnT8WA responses (p>0.05; data not shown). Therefore, the 

presence of other IgG subclasses may not always be related to IgG1 or overall ZnT8A titre. 

 
Figure 2:18 – The proportion of IgG1-restricted & IgG-unrestricted responses in ZnT8RA & 

ZnT8WA positive new-onset T1D patients 

Frequency percent (%) out of the total number of samples tested for ZnT8RA/ZnT8WA IgG subclasses. The 

number of samples is denoted above bars. There was no difference in the type of IgG subclass response between 

ZnT8RA and ZnT8WA responses in new-onset T1D patients (p>0.999), but there was almost an overall equal 

proportion of IgG1-restricted and IgG-unrestricted responses.  

 

This subset of new-onset T1D patients indicates that there is a comparable proportion of IgG1-

restricted and IgG-unrestricted responses in ZnT8RA and ZnT8WA positives. This was 

unexpected given the highly IgG1-restricted ZnT8RA/ZnT8WA responses obtained in the 

mAutoab+ve progressor sample set. 
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2.3.3.3 Screening T1D patients for quality control development sample sets 
 

Sample sets from T1D patients were screened for IgG subclasses to develop QCs.  

2.3.3.3.1 Screening sample set 
 

For GADA, IA-2A, and ZnT8RA/ZnT8WA IgG screening sample sets, a mean ∆CPM >100 

was considered positive to account for non-specific binding and assay background. 

The prevalence of GADA and IA-2A IgG subclasses but not ZnT8RA/ZnT8WA 

allowed for the development of QCs. 

 

The frequencies of specific IgG subclasses differed between autoantibody responses and did 

not appear related to age and/or range of titre (Figure 2:19). For all responses, IgG1 was the 

most dominant IgG and was detected in all samples. In order of prevalence: GADA: 

IgG1>IgG3>IgG4>IgG2;IA-2A: IgG1>IgG4>IgG3>IgG2;ZnT8RA: IgG1>IgG2>IgG3/IgG4; 

ZnT8WA: IgG1>IgG3>IgG2/IgG4 (Table 2:13). Confirming previous reports on GADA and 

IA-2A IgG subclass responses but with the addition of ZnT8RA/ZnT8WA responses, IgG1 

correlated with PGS (p=0.012-<0.0001 for all responses) and overall autoantibody titre 

(p=0.0006-<0.0001 for all responses but ZnT8WA, p=0.06) (Figure 2:20). 

Islet 

Autoab 

IgG1 

(n; %) 

IgG2 

(n; %) 

IgG3 

(n; %) 

IgG4 

(n; %) 

GADA (n=12) 12; 100.0 1; 8.3 7; 58.3 3; 25.0 

IA-2A (n=37) 37; 100.0 12; 32.4 15; 40.5 19; 51.4 

ZnT8RA (n=22) 22; 100.0 4; 18.2 1; 4.5 1; 4.5 

ZnT8WA (n=19) 19; 100.0 1; 5.3 3; 15.8 1; 5.3 

 

Table 2:13 – The frequency of specific IgG subclasses in the T1D patient screening sample set 

 

The very low prevalence of IgG3 and IgG4 in individuals with <2 years disease duration 

prevented the development of ZnT8RA/ZnT8WA QCs to encompass all IgG subclasses. There 

was one individual with a ZnT8A non-specific response that had IgG2>IgG1≈ IgG4 response 

for ZnT8R but IgG2>IgG4 response for ZnT8W. This individual was used as a positive QC in 

further ZnT8RA/ZnT8WA IgG subclass assays. 
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Figure 2:19 – Prevalence of GADA, IA-2A, ZnT8RA, & ZnT8WA IgG subclasses in the screening sample sets 

GADA: pairs of coloured points denote samples from the same individual (<3 years apart); black arrows denote samples taken >10 years disease duration & remaining samples 

were taken 5-10 disease duration; teal arrows denote FDRs that have not progressed to disease at final follow-up. IA-2A: pairs of coloured points denote samples from the same 

individual (0.3-5.2 years apart); teal arrows denote FDRs that have not progressed to disease at final follow-up. ZnT8WA: pairs of coloured points denote samples from the 

same individual (<0.6 years apart). In order of prevalence: GADA: IgG1>IgG3>IgG4>IgG2; IA-2A: IgG1>IgG4>IgG3>IgG2; ZnT8RA: IgG1>IgG2>IgG3/IgG4; ZnT8WA: 

IgG1>IgG3>IgG2/IgG4. The IgG1 response for GADA, IA-2A and ZnT8RA/ZnT8WA appears to most closely resemble the overall autoantibody level obtained by 

conventional RIA. 
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Figure 2:20 – Correlation of IgG1 with total IgG (PGS) & overall autoantibody level (units) in 

GADA, IA-2A, ZnT8RA, & ZnT8WA screening sample sets 

Purple squares denote correlation between IgG1 and total IgG (PGS), and black open circles denote correlation 

between IgG1 and overall autoantibody level (DK units/ml for GADA and IA-2A; AU for ZnT8RA and 

ZnT8WA). The IgG1 response closely resembled total IgG and overall autoantibody level. For IA-2A and 

ZnT8RA/ZnT8WA but not GADA, the IgG1 response was correlated with PGS and overall autoantibody level 

[IA-2A: p<0.0001 and p=0.0005, respectively; ZnT8RA: both p<0.0001: ZnT8WA: p=0.0002 and p=0.02, 

respectively; GADA: p=0.06 and p=0.07, respectively]. A correlation may be expected in a bigger sample set for 

GADA.  

 

A summary comparing IgG subclass profiles between tested RPs (<5years before onset) and 

the T1D patient screening sample sets (range 0.4-10.3 years disease duration) showed similar 

profiles across all autoantibody responses (Table 2:14). 

Islet Autoab RPs T1D Patients 

GADA 
IgG1>IgG3>IgG4 

<5yrs from onset 

IgG1>IgG3>IgG4>IgG2 

<10.3yrs disease duration  

IA-2A 
IgG1>IgG3>IgG4>IgG2 

<5yrs from onset 

IgG1>IgG4>IgG3>IgG2 

<6.4yrs disease duration 

ZnT8RA 
IgG1>IgG2≈IgG3>IgG4 

<5yrs from onset 

IgG1>IgG2>IgG3≈IgG4 

<2yrs disease duration 

ZnT8WA 
IgG1>IgG3≈IgG4>IgG2 

<5yrs from onset 

IgG1>IgG3>IgG2≈IgG4 

<2yrs disease duration 

 

Table 2:14 – IgG subclass profiles between RPs & T1D patients (screening sample set) 

The cross-sectional comparison between RPs and T1D patients have shown similar IgG subclass profiles for all 

autoantibody responses.  
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2.3.3.3.2 Quality control sample set 
 

The IgG subclass assays show good reproducibility using the mean ∆CPM from 

quality control samples. 

 

Screening T1D patients (<10 years disease duration) and the subsequent development of QCS, 

where possible, showed that mean ∆CPM of positive QCs showed generally good 

reproducibility, typically regarded as <30% CV (Table 2:15). As expected, higher SD and CV 

was obtained in the negative QC, anti-rat IgM control, samples with low-level IgG subclass 

positivity, and samples negative for a particular IgG subclass.  

 

Excluding the IgG subclasses that each QC is negative for, the two GADA positive QCs had 

CVs <30% (median CV of 12.9%). The two IA-2A positive QCs had CVs <30% (median CV 

of 6.4%), except for one IgG4 response, and the ZnT8RA/ZnT8WA positive QC had CVs 

<30% (median 3.4% and 33.4%, respectively), except for one very high IgG2 response.  

 

In particular, the high variability in assay background observed justifies the inclusion of the 

anti-rat IgM and an autoantibody negative QC in the IgG subclass assays, as it adjusts for inter-

assay variation, improves the reproducibility of the positive QCs, and by extension will benefit 

performing routine assays on other samples. 



Chapter 2 - Characterisation of the ZnT8 humoral response up to T1D onset 

141 

 

Islet 

Autoab 
QC sample 

No.  

of 

tests 

Anti-Rat IgM IgG1 IgG2 IgG3 IgG4 PGS 

Mean 

CPM 

CV 

(%) 

Mean 

∆ 

CPM  

CV 

(%) 

Mean 

∆ 

CPM 

CV 

(%) 

Mean 

∆ 

CPM 

CV 

(%) 

Mean 

∆ 

CPM 

CV  

(%) 

Mean 

∆ 

CPM 

CV 

 (%) 

GADA 

IgG1/IgG2 7 60.9  50.8 414.3  17.3 371.1  12.9 59.4  24.2 60.9  51.1 3560.9  10.4 

IgG1/IgG3/IgG4 7 378.6  129.1 16300.0  6.4 -272.8  -173.2 877.9 33.4 247.9  10.8 15150.8  8.5 

Negative§ 6 58.2  30.9 43.6  39.8 0.5  119.7 160.4  156.8 2.6  346.3 310.9  83.8 

IA-2A 

IgG1/IgG2 8 505.8  49.1 14622.6  4.0 4649.7  22.2 193.0  240.4 -301.8  -90.9 13932.7  6.4 

IgG1/IgG2/IgG3/IgG4 8 246.1  34.5 15000.5  19.9 529.5  23.3 1789.4  25.5 759.2  49.8 15485.4 18.7 

Negative§ 10 98.4 90.8 14.5 125.2 -16.2 -150.0 -17.4 -232.9 -20.6 -177.2 -6.9 -1174.2 

ZnT8RA* 
IgG1/IgG2/IgG4 2 54.5 44.1 301.5 25.3 5596.0 3.6 59.0 26.4 295.3 0.8 10164.5 3.2 

Negative§ 1 75.5 - 17.5 - 11.0 - 31.5 - 14.0 - 50.5 - 

ZnT8WA* 
IgG2/IgG4 2 72.5 68.3 6.8 508.1 3836.8 33.4 30.8 125.3 151.8 35.6 5117.0 20.9 

Negative§ 1 87.0 - 129.0 - 104.5 - 151.5 - 96.5 - 140.5 - 

 

Table 2:15 – Reproducibility of QC sample sets in GADA, IA-2A, & ZnT8RA/ZnT8WA IgG subclass assays during assay optimisation 

* Sample was taken from the same individual with ZnT8A non-specific responses with a predominantly IgG2 response over other IgG subclasses. § Anonymised sample taken 

from the same individual. Dark grey: IgG subclass negative QCs; White: IgG subclass positive QCs. A higher standard deviation (SD) and coefficient of variation (CV, %) was 

obtained in the negative QC, anti-rat IgM control, samples with low-level IgG subclass positivity, and samples negative for a particular IgG subclass.  
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2.3.4 Discussion 
 

This portion of work sought to evaluate the prevalence of ZnT8RA/ZnT8WA IgG subclasses 

in mAutoab+ve progressors and after T1D diagnosis (compared with GADA and IA-2A) but 

also new-onset T1D patients. To our knowledge, this is the first time that ZnT8A IgG 

subclasses have been investigated. IgG-unrestricted responses in ZnT8A responses were rare 

prior to onset but were more frequent close to onset.  

 

2.3.4.1 Main findings 
 

1. The prevalence of IgG subclasses in mAutoab+ve progressors of T1D indicated that 

ZnT8RA/ZnT8WA responses are largely IgG1-restricted but, the prevalence of IgG-

unrestricted responses was highest in RPs. GADA responses had a more IgG1-restricted 

response in NPs, but IgG1-restricted/IgG-unrestricted responses were comparable between SPs 

and RPs. The prevalence of IA-2A IgG subclasses showed the greatest discrimination between 

T1D progressors, SPs IgG1-restricted responses versus RPs IgG-unrestricted responses.  

 

2. In new-onset T1D, there was a comparable proportion of IgG1-restricted/IgG-unrestricted 

ZnT8RA/ZnT8WA responses regardless of ZnT8A specificity (aa325). The prevalence of 

IgG1-restricted/IgG-unrestricted responses did not appear related to the level of IgG1 binding. 

The presence of other subclasses additional to IgG1 may not always be associated with high 

ZnT8A titres. 

 

3. All IgG subclasses were detected in GADA, IA-2A, and ZnT8RA/ZnT8WA positive T1D 

patients (sampled 1.5-10 years disease duration). The frequency of IgG subclasses enabled the 

development of two positive QCs for GADA and IA-2A RIA IgG subclass assays. The use of 

these QCs in a limited number of further assays generally showed good assay reproducibility 

(<30% CV) and can be used for future investigations. 
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4. In all autoantibody responses, IgG1 binding most closely resembled and correlated with total 

IgG (PGS) and overall autoantibody titre determined by conventional RIA. 

 

2.3.4.2 Strengths & limitations 
 

This study benefits from the novel investigation of ZnT8RA/ZnT8WA IgG subclasses in 

mAutoab+ve T1D progressors compared to GADA and IA-2A) and included FDRs spanning 

a wide age range (3.2-66.0 years) with follow-up >30 years, and new-onset T1D patients 

(sampled <3 months of diagnosis with low risk of negative seroconversion). Previous studies 

of IgG subclasses in T1D were conducted prior to the discovery of ZnT8A (2007) and were 

either focused on mAutoab+ve children or FDRs with a shorter follow-up (median 5.9 years) 

and a younger age at IgG subclass detection (median 14.5 years). Therefore, the age range and 

long follow-up period is competitive and/or unique to the seminal IgG subclass studies in T1D 

(244, 317, 464-467). 

 

Additionally, this study utilised clones of IgG subclass antibodies and an established IgG 

subclass RIA protocol published previously (244, 317) and replicated by other studies (464-

466), participants from a well-characterised population-based family study, and a population 

of healthy schoolchildren (used to establish in-house conventional RIA positivity thresholds) 

to establish IgG subclass-specific positivity thresholds (where possible): 48-49 healthy 

schoolchildren for GADA and IA-2A IgG subclasses enabled the development of StDS 

thresholds.  

 

Whilst other studies have developed StDS thresholds based on control subjects replicating the 

approach by Bonifacio et al. (1999) (244, 317, 464-466), this study uniquely includes efforts 

to further develop the method for routine screening of IgG subclasses by establishing QCs. 

Both GADA and IA-2A IgG subclass positivity thresholds and QC samples will benefit future 
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investigations. Further screening for ZnT8RA/ZnT8WA IgG subclasses will hopefully permit 

the development of pooled QCs and StDS thresholds.  

 

The change in specific murine anti-human IgG subclass clones may be important in interpreting 

these results; clones of murine anti-rat IgM (G20-127) and anti-human monoclonal antibodies 

for IgG1 (G17-1), IgG2 (G18-21), and IgG4 (JDC-14) are identical and, from the same 

company (BD) between a seminal 2004 study and this present study (317). However, the 2004 

IgG3 clone (G18-3), used in many studies between 1990-2000, was no longer available. 

Commercially available IgG3 such as HP6047 (Invitrogen/Sigma) used in the present study 

specifically binds the IgG3-specific hinge region. Whilst a comparison study may be lacking, 

one can assume that the increased frequency of IgG3 observed in this study could be related to 

improved specificity/sensitivity of the HP6047 clone. Therefore, previous diabetes risk 

prediction models may underestimate the value of IgG3. Owing to IgG3’s unique 

characteristics compared with other IgG subclasses described previously (1.6.2.3.3), IgG3-

mediated immunotherapeutics could be advantageous for many human diseases, including T1D 

and, warrants further mechanistic study (252). Therefore, accurate detection of IgG3 is 

important. 

 

Furthermore, this study incorporated the immunoprecipitate PGS as a marker of total IgG in 

all assays as an additional approach to evaluate assay performance and developed a specific 

PGS-StDS threshold. This was not included in other published studies, but generally, the total 

IgG subclass binding roughly equated the total IgG (PGS) binding.  This provided an important 

confirmation that sufficient IgG-SSS (5µg/well IgG Ab to 10µg/well streptavidin beads) was 

present between batches/assays to precipitate immunocomplexes; evident by 100% IgG1 

detection by mean ∆CPM or StDS thresholds (for GADA and IA-2A only). 
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It cannot be ruled out that different frequencies of IgG subclasses may be observed according 

to different antigenic epitopes previously found to be related to T1D risk (325, 339, 340). For 

instance, testing GADA IgG subclasses to N-terminally truncated GAD65 may improve non-

specific binding in NPs/SPs, allowing for better discrimination of RPs (324, 325), but 

intermolecular epitope spreading to the N-terminus has been observed over follow-up (330, 

337). However, reactivity to multiple GAD65 epitopes and the presence of IgG2-IgG4 was 

related to high GADA titres, but neither was related to T1D risk (317). Whereas in IA-2A 

responses, the presence of IgG2-IgG4 and reactivity to multiple IA-2-related epitopes was 

previously linked to high IA-2A titres and T1D risk (317). From our data, the ZnT8A IgG 

subclass response does not appear to be hugely promising for improving T1D risk, but ZnT8A 

specificity (325Q) may warrant further study. 

 

Another limitation would be the small cohort size of mAutoab+ve FDRs. However, SPs are 

rare (312) and, the size of RPs/NPs is comparable to the other seminal studies (244, 317, 464-

467). Other possible limitations are that the FDRs were not recruited and followed up from 

birth, not all FDR samples were tested for all positivity autoantibodies (precluded by serum 

volume availability), and the longitudinal IgG subclass responses couldn’t be evaluated but 

maybe a future avenue of this work. Additionally, the at-risk FDRs investigated for ZnT8A 

were generally of older age compared with new-onset T1D patients, but there was not a strong 

indication that age may influence frequencies of specific IgG subclasses. Nonetheless, it cannot 

be ruled out that age at sampling could be an important confounder in ZnT8A IgG subclass 

responses, as production of IgG subclasses may be influenced by immune system maturation 

and ZnT8A are associated with older age (late childhood-adolescence but is also common in 

adults) (270, 275, 287, 289, 328).  A large natural history study that longitudinally sampled 

individuals from ZnT8A seroconversion to T1D onset encompassing young- and adult-onset 

T1D would be required to fully evaluate this and its relation to T1D risk.  
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2.3.4.3 Composition & characteristics of islet autoantibody IgG subclasses 
 

It was confirmed that GADA, IA-2A, ZnT8RA/ZnT8WA IgG subclass responses are IgG1-

dominant with all investigated FDRs and patients having detectable IgG1, independent of titre 

or other IgG. Additionally, we also showed that the IgG1 response mirrors and correlates with 

total IgG (PGS) and autoantibody titre (PAS) in all autoantibody responses (244, 317).  

 

Prevalence of IgG2-IgG4 may indicate differences according to autoantibody specificity; IgG3 

was more prevalent in GADA responses, IgG4 more prevalent in IA-2A responses, and IgG2 

more prevalent in ZnT8RA/ZnT8WA responses. As anticipated, generally, a wider spectrum 

of IgG subclasses (unrestricted) was present closer to T1D onset in all autoantibody responses, 

particularly in ZnT8RA/ZnT8WA responses. This may suggest that prior to T1D onset, 

ZnT8RA/ZnT8WA IgG responses may be more likely to be IgG1-restricted but that close to 

T1D onset, become more IgG-unrestricted (IgG subclass spreading), possibly reflective of 

polyclonal B-cell responses, previously indicated in ICA/IA-2A/GADA responses  (244, 246, 

474) driven by chronic antigen stimulation.  

 

Whilst predictive modelling was not applied, the ability of IA-2A IgG-unrestricted responses 

but not GADA to discriminate SPs/RPs was evident in our data (317). However, there was no 

evidence of the low-risk IgG4-restricted IA-2A response in NPs/SPs, previously reported as a 

protective response for T1D (467). It is possible that GADA IgG1-restricted responses may be 

more common in individuals less likely to progress to disease, which warrants a larger study, 

particularly encompassing single GADA responses which are associated with lower T1D risk 

(287, 288, 291).  
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The most striking difference in IgG subclass composition, compared with previous studies, was 

the higher IgG3 prevalence, often the second or third most prevalent IgG in all autoantibody 

responses. Whilst this is likely due to a more sensitive monoclonal antibody than previous 

studies (discussed earlier), there are also some alterations in the RIA IgG subclass method 

employed in this project compared to the original studies (244, 317) that may have influenced 

the frequency of IgG subclasses. For example, the use of modern plate washers in the present 

study allows an aqueous end volume of 30µl, which permits better scintillation of residual 

radioactivity. This is particularly important for low-level detection and likely contributed to the 

100% IgG1 detection (independent of titre or response), not always previously reported (Table 

2:4 and Table 2:5) and therefore, higher end volumes may have compromised IgG subclass 

detection in previous studies.  

 

Current conventional antigen-specific RIAs detect the majority of IgG subclasses through PAS 

and/or PGS immunoprecipitates: PAS preferentially binds the Fc region of human 

IgG1/IgG2/IgG4 (475, 476), and PGS binds the Fc region of all human IgG subclasses 

(IgG1/IgG2/IgG3/IgG4) (477). Therefore, the additive benefit of detecting individual IgG 

subclasses as a screening assay may be minimal in predicting disease risk but is clearly 

beneficial once identified as autoantibody positive by RIA. Removal of IgG subclass covariates 

from Cox proportional hazard models that accounted for conventional RIA detection 

significantly decreased the model fit in predicting disease risk (317). Therefore, the profiles of 

these subclasses may reflect mechanisms that underpin the pathogenesis or autoimmune 

prodrome of T1D that cannot be investigated by conventional RIA alone.  

 

Despite this, RIA IgG subclasses are not widely conducted as they are costly in expense (5 

times higher than conventional RIA per sample) and sample volume requirements (>25-50µl 

per islet autoantibody versus 5µl-20µl). Both can be particularly problematic in large-scale 
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screening trials and blood sample acquisition from infants/young children or by capillary blood 

sampling. However, in future investigations of ZnT8A IgG subclasses, an important next step 

would be screening large volume positive samples and samples from the general population to 

establish IgG subclass-specific positivity thresholds for ZnT8RA/ZnT8WA. The data gleaned 

from this for GADA and IA-2A shows that this would be worthwhile (Appendix B.2). 

Additionally, the detection of IgG subclasses after T1D onset was novel and although detection 

was performed for the purpose of establishing QCs here, the longitudinal follow-up of IgG 

subclasses after onset may also inform differing profiles of autoantibody loss which is 

particularly rapid in ZnT8RA/ZnT8WA responses (443) or indeed, provide insights into 

compartments of B-cells and/or residual β-cell function/mass (39, 237, 238, 449), and for 

GADA in particular, IgG subclasses may aid clinical diagnosis of diabetes in adults (478, 479).  
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2.4 Characterisation of ZnT8A epitopes in C-terminal ZnT8 

 

2.4.1 Introduction to B-cell epitopes of ZnT8 
 

In the original paper by Wenzlau et al. (2007) that identified ZnT8 as a major autoantigen in 

T1D, several ZnT8 antigen constructs were investigated by RIA in 277 new-onset T1D. Full-

length ZnT8 (aa1-369) showed encouraging performance of ZnT8A binding (25% sensitivity, 

98% specificity) but had >5% false-positive rate due to non-specific binding in a subset of 100 

autoantibody negative non-diabetic controls. Due to the probability that ZnT8A cannot access 

the embedded transmembrane regions that make up half of ZnT8, monomeric or fusion ZnT8 

antigen segments of the cytosolic and luminal regions were further investigated (270).  

 

In T1D, the cytosolic N-terminal (aa1-74) had low sensitivity (8%), contributing to ~10% of 

ZnT8A reactivity. Whereas the cytosolic C-terminal (aa268-369) had the highest sensitivity 

(50%), contributing to ~80-90% of ZnT8A reactivity. Consequently, the C-terminal of ZnT8 

was deemed the major region for ZnT8A reactivity in new-onset T1D (270, 480). The 

specificity of ZnT8A to the C-terminal was also confirmed; 9 high-level C-terminal-reactive 

ZnT8A were immunoprecipitated in the presence of 10µg His-tagged C-terminal ZnT8 protein 

which reduced serum ZnT8A binding by a mean ± SEM of 93% ± 2.4%. Additionally, no 

reactivity was observed in these sera using the C-terminal of other zinc transporters expressed 

in islets that share substantial homology with ZnT8, ZnT3 (42%) and ZnT5 (22%) (270).  

 

Reactivity of ZnT8A to variants of C-terminal ZnT8 was further investigated by RIA according 

to the SNP site (rs13266634/rs16889462) once implicated in T2D risk (328, 388-390). In 421 

new-onset T1D, 61.5% were ZnT8A positive, and the prevalence was associated with age-at-

onset: increased between 0.6-8 years, plateaued around 8-16 years, and decreased 16-50 years. 

In decreasing order, ZnT8A was reactive to C-terminal ZnT8 encoding R325 (53.2%), W325 
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(43.9%), and Q325 (33.7%). It was rare for subjects to be specific to just one C-terminal ZnT8 

variant but was highly associated with the corresponding SLC30A8 genotype: R325 (14.3%) 

with CC genotype, W325 (7.4%) with TT genotype, and Q325 (0.24%) with CT genotype. 

Subsequently, ZnT8A that recognised all C-terminal ZnT8 variants accounted for ~70% of 

ZnT8A were highly correlated and were associated with the SLC30A8 heterozygous CT 

genotype. This suggested that the majority of ZnT8A responses are not dependent on the 

encoded aa325. Competitive displacement experiments with recombinant C-terminal ZnT8 

(encoding R325/W325/Q325) confirmed that ZnT8A specificity was either dependent 

(specific) or independent on the encoded aa325 (non-specific) and could be categorised: R325-

specific, W325-specific, and non-specific ZnT8A as Q325-specific responses were rare. 

Moreover, competitive displacement experiments with 20-mer C-terminal ZnT8 linear peptides 

were insufficient to displace ZnT8A suggesting that ZnT8A reactivity to C-terminal ZnT8 is 

reliant on conformational epitopes (328). This was also confirmed using short (aa318-331) and 

long (aa268-369) ZnT8 peptides to displace R325-specific and W325-specific ZnT8A from 

radiolabelled ZnT8 (aa268-369) (399).  

 

To further elucidate conformational epitopes in C-terminal ZnT8, discrepant amino acids 

between murine (aa267-368) and human C-terminal ZnT8 (aa268-369) that share 78.4% 

homology (80/102 residues) were investigated since the conformation and functionality of 

ZnT8 in vivo should be conserved. The importance of the discrepant amino acids was shown 

as human ZnT8A from new-onset T1D did not recognise the murine ZnT8 C-terminal in >95% 

of subjects with <5% showing minimal ZnT8A binding. Humanising the 22 discrepant residues 

on murine C-terminal ZnT8 by site-directed mutagenesis (SDM) individually did not restore 

ZnT8A binding (480) (Figure 2:21). However, substituting segments of murine C-terminal 

ZnT8 to human C-terminal ZnT8 (404),  the combined but not individual, humanisation of the 

murine C-terminal ZnT8 from residues T332/G333/Q336/- (340 absent) to residues R332, E333, K336, 
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and K340 (REKK) restored ZnT8A binding independent of aa325 in T1D subjects. Therefore, 

these residues are thought to form a conformational epitope, but this was not observed for the 

related cluster V329, R332, E333 and K336. It was concluded that there are likely other unrestricted 

epitopes (not dependent on aa325) that can be investigated using Q325 (404).  

 
 

Figure 2:21 – Murine & human C-terminal ZnT8 residue alignment for conformational epitope 

mapping of ZnT8A 

Mouse and human ZnT8 alignment: Red/bold: discrepant amino acids; Pink: rs13266634/rs16889462 SNP site at 

aa325; Underlined: amino acids that contribute to major epitopes of ZnT8A; Black/bold: two serines that may be 

important for ZnT8A binding. Murine and human ZnT8 share 78.4% homology, but human ZnT8A does not bind 

mouse ZnT8, suggesting that the discrepant amino acids are important for ZnT8A in T1D. Humanising the 

individual 22 discrepant residues on murine C-terminal ZnT8 by site-directed mutagenesis (SDM) did not restore 

any ZnT8A binding in the T1D subjects. Substitution of the murine yellow segment in human ZnT8 containing 6 

discrepant amino acids caused a minimal reduction in binding. Substitution of the blue and green murine segments 

in human ZnT8 containing 2 and 8 discrepant amino acids, respectively, abolished ZnT8A binding. Substitution 

of the murine grey segment in human ZnT8 containing 6 discrepant amino acids caused ~75% reduction in 

binding. Results and image adapted from Wenzlau et al. (2008 and 2011) (404, 480).  

 

In this project, we investigated whether ZnT8A specificity (R325/W325/Q325) differed 

between FDRs that progressed slowly or rapidly to T1D. In new-onset T1D patients, we sought 

to confirm the major epitopes of ZnT8A (R325, W325, and REKK) through SDM of Q325 and 

REKK-to-alanine substitutions. This also involved confirming the effect of ZnT8A specificity, 

SLC30A8 genotype, and age-at-onset, where appropriate. Additionally, considering the 

importance of core cysteines and the effect of Tween-20 on IA-2A/IA-2βA binding, we sought 

to investigate the three C-terminal cysteines specific to human ZnT8 on ZnT8A binding by 

SDM, as they may have important implications for assay performance and epitope recognition 

(341, 481). This has become increasingly intriguing as two of the three C-terminal cysteines 

(C361 and C364 in the highly conserved CXXC motif) have a high affinity for zinc and may aid 

in the allosteric mechanism of ZnT8 required for zinc trafficking (410, 411, 415). We also 
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investigated two novel truncations at aa360 and aa349 to investigate the removal of the three 

cysteines and ~20% of C-terminal ZnT8 on ZnT8A binding, respectively. 

 

2.4.1.1 Hypothesis 
 

Confirmation of previously identified epitopes and characterisation of the unexplored cysteine-

rich region of C-terminal ZnT8 will inform the ZnT8A humoral response and elucidate further 

conformational epitopes.  

2.4.1.2 Aims 
 

1. To evaluate the major epitope (325) region and ZnT8A specificity in SPs and RPs. 

In new-onset T1D patients (<3 months of diagnosis):  

2. To evaluate the major epitope (325) region and the effect of Q325 on different ZnT8A 

specificities by SLC30A8 genotype and age-at-onset. 

 

3. For the assessment of the major conformational epitope REKK, investigate the structural 

integrity of mutating this region to serines or alanine compared with the murine equivalent 

(TGQ-).  

 

4. To evaluate the major conformational epitope REKK (AAAA substitutions) and truncation 

of ZnT8 at aa349 by ZnT8A specificity.  

 

5. To evaluate the cysteine-rich region of ZnT8 (C361, C364, C368, substituted for serine and 

truncation of ZnT8 at aa360) by ZnT8A specificity. 

 

6. Perform heat map cluster analysis to identify clusters of patients with similar ZnT8A binding 

remaining after ZnT8 has been mutated or truncated.  
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2.4.2 Materials & Methods 
 

2.4.2.1 Populations for ZnT8A epitope studies 
 

2.4.2.1.1 Multiple autoantibody positive progressor sample set 
 

To investigate whether ZnT8A specificity differed between NPs, SPs, or RPs (previously 

described 2.3.3.1) and changed over time, the major epitopes of ZnT8A (R325/W325/Q325) 

was investigated in a subset. The first mAutoab+ve sample (index sample) or first 

ZnT8RA/ZnT8WA positive sample and/or follow-up sample(s) was tested where possible. 

 

 A total of 16 (12 index and 4 first ZnT8A positive), 8 (4 index and 4 first ZnT8A positive), 

and 7 (all index) from NPs, SPs, and RPs were tested for Q325, respectively. From these 

subjects, a total of 7 NPs, 5 SPs, and 4 RPs had at least one follow-up sample available for 

Q325 testing and assessment of temporal changes in ZnT8A specificity (Table 2:16).  

 

 

Table 2:16 – Index sample or first ZnT8A positive sample & follow-up samples tested for ZnT8Q 

reactivity in NPs, SPs, & RPs 

N/A: Not applicable; F-up: Follow-up. Either the mAutoab+ve sample (index) or first ZnT8A positive sample 

was tested from NPs, SPs, and RPs, and where possible, a subset of individuals with at least one follow-up sample 

was tested to access whether ZnT8A prevalence/specificity can change over time.  

  

Progressor n index/n 

first 

ZnT8A 

+ve 

sample 

Gender 

M/F 

Median 

(range) 

age at 

sample 

(yrs) 

Median 

(range) of 

follow-up 

(yrs) 

Median 

(range) time 

before 

diagnosis 

(yrs) 

Median 

(range) 

age at 

diagnosis 

(yrs) 

n with 

f-up 

samples/

n samples 

tested 

NPs 

(total=16) 
12/4 7/9 

15.7 

(2.6-50.1) 

18.6 

(3.2-29.1) 
N/A N/A 7/11 

SPs 

(total = 8) 
4/4 3/5 

33.3 

(7.3-42.0) 
N/A 

15.5 

(11.3-27.8) 

50.7 

(18.9-68.0) 
5/12 

RPs  

(total=7) 
7/0 2/5 

30.4 

(16.4-40.6) 
N/A 

3.7 

(1.7-9.4) 

32.9 

(23.9-50.1) 
4/7 
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2.4.2.1.2 New-onset T1D sample set 
 

Sera from 105 ZnT8A positive new-onset T1D patients [57 males (54.3%); median age at onset 

10.5 years (range 1.9-19.3); sampled <3 months of diagnosis] were previously investigated for 

the effects of C-terminal single cysteine-to-serine mutations (C361S, C364S, and C368S) and two 

truncations (360T and 349T) on ZnT8RA/ZnT8WA binding by S. Rokni and Dr A.E. Long 

(2011-2013); 10 individuals had incomplete data across the 10 combined R325/W325 mutants 

and, 1 double cysteine-to-serine mutations were made (C361S/C368S with R325/W325 encoded) 

but not tested in the patient cohort.  

 

Based on serum availability and the proportion of complete historical data, 71 new-onset T1D 

patients [43 males (60.6%); median age at onset 9.1 years (range 1.9-19.3)] (Table 2:17 for 

complete cohort description) were selected for further ZnT8A epitope studies on 9 additional 

mutations made during this project and any missing data on the pre-existing 10 mutations were 

filled in. Table 2:19 describes the total inventory of ZnT8 mutants and whether they were 

created/tested historically or during this project. 
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Variable Number (%) 

Gender (n=71) 
Male 
Female 

 

43 (60.6) 
28 (39.4) 

Age at onset (n=71) 
0-5 years 
5-10 years 
10-15 years 
15-20 years 

 

12 (16.9) 

25 (35.2) 

22 (31.0) 

12 (16.9) 

Autoantibody (n=71) 
IAA (n=61) 
GADA (n=71) 
IA-2A (n=71) 
ZnT8A (n=71) 
    ZnT8RA  
    ZnT8WA 

 

49 (80.3) 
57 (80.3) 
61 (85.9) 
71 (100.0) 
57 (80.3) 

53 (74.6) 

HLA Class II (n=70) 
High (DR3-DQ2/DR4-DQ8) 
Moderate (DQ2/DQ2, DQ8/DQ8, DQ2/X, DQ8/X) 
Low (X/X, DQ6/X) 

 

25 (35.7) 

36 (51.4) 

9 (12.9) 

HLA Class I  
HLA-A*24 Negative (n=66) 
HLA-B*18 Negative (n=65) 
HLA-B*39 Negative (n=65) 

 

54 (81.8) 

55 (84.6) 

59 (90.8) 

Non-HLA SNPs 

SLC30A8 (n=69) * 
CC 
CT 
TT 

 

 

30 (43.5) 

27 (39.1) 

12 (17.4) 

 

Table 2:17 – Cohort description of all T1D- & ZnT8A-associated variables in 71 new-onset T1D 

patients selected for ZnT8A epitope studies 

All data from genetic variables were available. Underlined genotype denotes the minor allele. 
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2.4.2.2 Generation of mutant ZnT8 constructs for ZnT8A epitope studies 
 

The generation of ZnT8 mutant constructs was conducted by SDM (Figure 2:22). 

 
 

Figure 2:22 – Generation of ZnT8 mutant constructs by site-directed mutagenesis (SDM) & 

transformation into DH5α E.Coli cells 

The PCR thermocycling portion of this figure was adapted from the Agilent QuikChange II SDM Instruction 

Manual. Confirmation and sequencing of ZnT8 mutant constructs were conducted by Eurofins Genomics 

(Ebersbery, Germany) using 50-100ng/µl of the constructs.   
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2.4.2.2.1 Site-directed mutagenesis (SDM) 
 

The pCMVTnT vectors containing WT C-terminal (aa268-369) monomeric ZnT8R or ZnT8W 

were kindly supplied by Dr V. Lampasona (Milan, Italy). SDM to replace selected amino acids 

with serine or alanine was performed according to the Agilent (Santa Clara, CA, USA) 

QuikChange II SDM Instruction Manual. Polyacrylamide gel electrophoresis (PAGE)-purified 

designed primers were resuspended in ddH20 for a working stock concentration of 100mM 

according to manufacturer instructions for all primers (Sigma Aldrich, Dorset, UK). An initial 

PCR reaction was conducted in a 50µl reaction volume containing 125ng of forward and 

reverse oligonucleotide primers (containing single mutations at desired sites) complementary 

to opposing strands of template DNA (WT ZnT8 R325/W325) and PfuUltra high-fidelity DNA 

polymerase (Agilent Technologies, Santa Clara, CA, USA) in a 35-temperature cycling 

program (Table 2:18). 

 

 

PCR  

Step 

Temperature 

(°C) 

Length 

(seconds) 

 

Initial 95°C 30  Cycles 

Denaturation 95°C 30  

X18 
Annealing 55°C 60 

Elongation 68°C 300 

DNA Preservation 5°C ∞   

 

Table 2:18 – PCR cycle for site-directed mutagenesis 

 

 

Following PCR, non-mutated supercoiled template dsDNA was digested using 1µl of DpnI 

endonuclease (New England BioLabs) at 37°C for 2hrs. The remaining amplified DNA in a 

51µl volume was precipitated with 100µl 100% Ethanol (Perkin Elmer) and 5µl 3M Potassium 

Acetate pH 3 (ThermoFisher), air dried, and then resuspended in 10µl sterile ddH20.  
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2.4.2.2.2 Transformation & purification of mutant ZnT8 constructs into 

Escherichia Coli 
 

To 50µl of chemically competent DH5α Escherichia Coli (E.Coli) cells (Invitrogen, Waltham, 

MA, USA), 2µl of mutant ZnT8 plasmid (following SDM) was added and incubated on ice for 

30mins. To allow entry of the mutant ZnT8 plasmid into E.Coli cells, the mixture was heat-

shocked for 30secs at 42°C and placed back on ice for a further 2mins. 500µl sterile super 

optimal broth with catabolite repression (SOC) medium was added to the cells and incubated 

on a shaking platform at 225rpm for 1hr at 37°C.  

 

To select cells containing the mutant ZnT8 plasmid, cells were spread onto Luria-Bertanil (LB) 

agar plates with 100µg/ml ampicillin (Sigma Aldrich, Dorset, UK) and incubated overnight at 

37°C. To increase the yield of cells containing the mutant ZnT8 plasmid, resultant colonies 

were selected for further growth on fresh agar plates containing 100µg/ml ampicillin overnight 

(~16hrs) at 37°C. After incubation of select colonies with 5ml LB broth containing 5µl 

(100µg/ml) ampicillin overnight at 37°C on a shaking platform set at 225rpm, colonies 

containing the ZnT8 mutant plasmid were purified from E.Coli cells using a QIAprep Spin 

Miniprep Kit (Qiagen) according to manufacturer’s instructions.  

 

2.4.2.2.3 Confirmation of ZnT8 mutations  
 

To confirm successful mutation(s), 50-100ng/µl of plasmid DNA was sequenced using a 

standard SP6 promoter primer (Eurofins Genomics, Ebersbery, Germany). Constructs 

containing a single mutation were confirmed using the basic local alignment search tool 

(BLAST) (482) available through the National Center for Biotechnology Information (NCBI). 

Plasmids containing single mutations were then used as template DNA for further SDM using 

primers designed to generate plasmids with multiple mutations and by repeating the process 

(2.4.2.2.1-2.4.2.2.3). 
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2.4.2.2.4 Glycerol stocks for long-term storage of mutant ZnT8 constructs 
 

The addition of glycerol to bacterial plasmids maintains cell viability stably for many years 

when stored at -80°C (457). Single colonies of cells containing the mutant ZnT8 plasmid 

(confirmed by sequencing) were incubated in 5ml LB cultures containing 5µl ampicillin 

(100µg/ml) overnight at 37°C on a shaking platform (225rpm). Cells were then pelleted by 

centrifugation (3000xg for 10mins at RT) and resuspended in 1ml LB containing 15% glycerol. 

Glycerol stocks were then stored at -80°C to preserve plasmid DNA for future purification 

requirements.  
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2.4.2.2.5 Inventory of ZnT8 mutant constructs  
 

Table 2:19 details the total inventory of C-terminal ZnT8 mutations generated by SDM or 

cloning strategies (historically or during this project) in 71 new-onset T1D patients. This 

included the major epitopes at aa325 (R325/W325/Q325) and the major conformational epitope 

R332/E332/K336/K340 (REKK). Double cysteine mutations, sequential REKK mutations, and 

human-to-murine REKK [TGQ-; threonine (T), glycine (G), glutamine (Q), deletion; made 

using a cloning strategy, detailed in Appendix C.1] were tested in a subset of the new-onset 

T1D cohort for the major ZnT8RA response to ascertain whether further testing was necessary. 

All primer sequences are detailed in (Table C:3; Appendix C.2).  

Mutant(s) Created 

by 

Mutant 

available 

or 

generated 

Historical data 

available 

Data Generated Tota

l  

ZnT8R 

(n =57) 

ZnT8W 

(n =52) 

ZnT8R 

(n=57) 

ZnT8W 

(n =52) 

ZnT8Q 

(n =71) 

C361S SDM Available 57 52 - - - 71 

C364S SDM Available 57 52 - - - 71 

C368S SDM Available 19 52 38 - - 71 

C361S/C368S SDM Available 0 0 31§ - - 31 

C361S/C364S SDM Generated - - 31§ - - 31 

325Q SDM Generated - - - - 71 71 

R332S SDM Generated - - 12** - - 12 

RES SDM Generated - - 12** - - 12 

REKs SDM Generated - - 12** - - 12 

REKKS* SDM Generated - - 12 - - 12 

R332A SDM Generated - - 12** - - 12 

REA SDM Generated - - 12** - - 12 

REKA SDM Generated - - 12** - - 12 

REKKA* SDM Generated - - 57 52 71 71 

Murine 

REKK § 
Cloning¥ Generated - - 12§ - - 12 

360-T Cloning⸸ Available 56 51 1 1 - 71 

349-T Cloning⸸ Available 44 38 13 14 - 71 

 

Table 2:19 – Inventory of C-terminal ZnT8 mutant constructs 

* Constructs containing REKK mutations were created encoding R325, W325, and Q325; ** Sequential mutations 

for R332/E333/K336 were tested in a subset for ZnT8RA responses only (n=12) (data not shown) but REKK-S, 

REKK-A, and Murine REKK were first compared in the subset (n=12; results presented Figure 2:30) and REKK-

A was chosen for further testing. § Human-to-murine REKK (TGQ-) was made by cloning (¥; detailed in 

Appendix C.1) and tested in a subset for ZnT8RA responses only (n=12). Four mutations and two truncations (⸸) 

were available for ZnT8R and ZnT8W antigens encoded in the pCMVTnT vector (total mutant constructs=12). A 

further 13 mutations were created during this project to encompass all ZnT8A specificities to the polymorphic 

site (R325/W325/Q325). Some missing data of the historically made mutations were tested in this project to create 

a complete data set. Patients were selected for this project based on serum volume availability for further testing 

and the quantity of complete historical data.  
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The SP6 promoter, cloning site, and positions of all mutations (FASTA and amino acid 

sequence) of C-terminal ZnT8 in the pCMVTnT vector is detailed in Figure 2:23. 

 

FASTA: 

 

ATTTAGGTGACACTATAGAATACAAGCTACTTGTTCTTTTTGCACTCGAGAATTC

GCCGCCACCATGGAGAAGGACTTCTCCATCTTACTCATGGAAGGTGTGCCAAAG

AGCCTGAATTACAGTGGTGTGAAAGAGCTTATTTTAGCAGTCGACGGGGTGCTGT

CTGTGCACAGCCTGCACATCTGGTCTCTAACAATGAATCAAGTAATTCTCTCAGC

TCATGTTGCTACAGCAGCCAGCCGGGACAGCCAAGTGGTTCGGAGAGAAATTGC

TAAAGCCCTTAGCAAAAGCTTTACGATGCACTCACTCACCATTCAGATGGAATCT

CCAGTTGACCAGGACCCCGACTGCCTTTTCTGTGAAGACCCCTGTGAC 

 

Amino acid sequence (aa268-369; 101aa): 

 

KDFSILLMEGVPKSLNSGVKELILAVDGVLSVHSLHIWSLTMNQVILSAHVATAASR

DSQVVRREIAKALSKSFTMHSLTIQMESPVDQDPDCLFCEDPCD 
 

Figure 2:23 – Cloning site, FASTA, & amino acid sequence of C-terminal ZnT8 (aa268-369) in the 

pCMVTnT vector 

Green highlight: SP6 promoter; Light blue highlight: beta globin leader sequence; grey highlight: cloning site; 

pink highlight: Kozak sequence; teal highlight: added start M (ATG) & E (GAG) codons. Dark blue highlight: 

the beginning of C-terminal ZnT8 (aa268) Red highlight: the end of C-terminal ZnT8 (aa369). Yellow highlight: 

rs13266634 SNP site encoding R325 (CCG), but codons for W325 and Q325 would be TGG and CAG, 

respectively. Orange, light blue, green, and purple indicates R332, E333, K336, and K340, respectively. Three 

black/underlined regions indicate the three C-terminal cysteines C361, C364, and C368. 

 

 

2.4.2.3 ZnT8A epitope studies by RIA 
 

Once sequencing confirmed successful mutation(s), 1 microgram of ZnT8 mutant construct 

was used to generate [35-S]-radiolabelled ZnT8 mutant antigens and were tested by the 

standard RIA, detailed previously (2.2.2.3.2 and 2.2.2.3.3). All mutants were tested in parallel 

with WT ZnT8 antigen and are expressed as mean CPM. 

 

Reactivity to Q325 was considered positive if greater than the 97.5th percentile of 523 healthy 

schoolchildren (>1.8AU) when applied to the same logarithmic standard curve as monomeric 

R325/W325 RIAs. 
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2.4.2.4 SLC30A8 genotype determination 
 

To investigate the influence of ZnT8A specificity towards WT and mutant ZnT8 antigen, the 

SLC30A8 SNP (rs13266634) was considered. The SLC30A8 genotype was not available for the 

mAutoab+ve progressor cohort but was available for 69/71 (97.2%) new-onset T1D patients. 

Genotype was determined by a TaqmanTM SNP kit following the manufacturer’s instructions 

(ThermoFisher).  

 

2.4.2.5 Statistical analysis 
 

Spearman’s rank (r) correlation test was used to compare ZnT8A binding (AU) to WT ZnT8 

antigens. Proportions of categorical variables were compared using the Chi-squared (χ2) test or 

Fisher’s exact test where appropriate. All ZnT8 mutants were tested in parallel RIAs with WT 

ZnT8 antigen with ZnT8A binding expressed in mean CPM to account for inter-assay variation.  

The median reduction in ZnT8A binding to mutant ZnT8 (A) as a percentage of ZnT8A to WT 

ZnT8 (B) was determined using the formula [(A – B) ÷ B × 100 (%)]. Data were categorised 

by ZnT8A specificity to WT ZnT8 (R325-specific, W325-specific, and non-specific) once 

determined. One sample Wilcoxon tests were used to evaluate whether the median reduction 

in binding differed from WT (zero). One-way Kruskal-Wallis tests with a Dunn post-hoc test 

for multiple comparisons were used to evaluate differences in ZnT8A binding to mutant ZnT8 

according to ZnT8A specificity. Statistical analysis was performed in GraphPad PRISM (v. 

9.1.0), and p<0.05 was considered significant.  

 

To evaluate all investigated ZnT8 mutants on ZnT8A binding in the total cohort, the R 

statistical program using the native heatmap() function allowing no additional scaling was used 

to generate a heat map to identify clusters of patients with comparable ZnT8A binding to 

mutant ZnT8 through hierarchical clustering to produce a dendrogram. For this analysis, the 

median reduction in binding to mutant ZnT8 was evaluated against the rank of ZnT8A binding 
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to WT ZnT8 antigen. The genotype of SLC30A8 and ZnT8RA, ZnT8WA, ZnT8QA were 

scaled to values between -100 and +25 to match the range of median reduction for mutants. Dr 

A.E. Long conducted this analysis. 

 

2.4.3 Results 
 

2.4.3.1 Categorisation of ZnT8A reactivity to the major epitope (325) in slow 

& rapid progressors of T1D by SLC30A8 genotype & age at onset 
 

ZnT8A specificity was comparable between slow & rapid progressors, but 

ZnT8A titres & specificity may change over time in some individuals. 

 

The proportions of ZnT8A reactive to WT ZnT8 antigen encoding R325, W325, or Q325 was 

comparable between NPs/SPs and RPs (p=0.676; Figure 2:24).  

 

Reactivity to all three 325 variants (R325/W325/Q325; non-specific ZnT8A) comprised the 

majority of ZnT8A responses in all progressors: 62.5% (n=10) NPs, 50.0% (n=4) SPs, and 

57.1% (n=4) RPs. None of the RPs had W325-specific responses but for SPs and NPs, the 

proportion of R325- and W325-specific responses was similar [18.8-28.6% (n=2-3)]. 

 

 

 
 

Figure 2:24 – Categorisation of the major epitope (325) in NPs, SPs, & RPs of T1D 

The proportions of R325/W325-specific ZnT8A responses versus R325/W325/Q325 non-specific ZnT8As 

between NPs/SPs and RPs was comparable (p=0.676).  
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Although ZnT8A specificity was comparable between all progressors, over longitudinal 

follow-up, there was evidence of interesting ZnT8A patterns according to the titre and 

reactivity towards WT ZnT8(325) antigen (Figure 2:25).  

 

Of 7 NPs over a range of ages, 6 (85.7%) showed decreasing ZnT8A titre over follow-up and, 

of 5 individuals with non-specific ZnT8A in the first mAutoab+ve sample, 3 (60.0%) had 

differentially declining ZnT8A profiles according to the WT ZnT8(325) antigen (no. 3, 4, and 

5).   

 

In 5 SPs with longitudinal sampling, the ZnT8A patterns were less clear with heterogeneous 

changes in titre and reactivity to the WT ZnT8(325) antigen. Four of five (80.0%) showed some 

indication of modestly increasing ZnT8A titres to at least one 325 variant over follow-up. One 

individual (no.2) had an R325-specific ZnT8A response in the first mAutoab+ve sample (aged 

15.3 years) but, over follow-up, developed non-specific ZnT8A (aged 16.3-20.8 years) and was 

later diagnosed (aged 30.6 years). This suggests that ZnT8A specificity to the 325 epitopes 

could change in some individuals during the disease course.  

 

In 4 RPs with longitudinal sampling, 3 (75.0%) maintained the ZnT8A specificity of the first 

mAutoab+ve sample over time. In 3 (75.0%) individuals with non-specific ZnT8A in the first 

mAutoab+ve sample, 2 (50.0%; no.1/2) had high titre ZnT8A and were able to maintain this 

profile over time, but 1 (25.0%; no.3) individual with a moderate ZnT8A titre had fluctuating 

reactivity to the W325 ZnT8 antigen. This suggests that ZnT8A titres may influence the 

longevity of the ZnT8A response before T1D onset. However, the individual with a low-level 

R325-specific response in the mAutoab+ve sample could sustain the same ZnT8A level over 

follow-up (no.4).  
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The characteristics of ZnT8A (titre and specificity) appear to be heterogeneous, but data from 

this small cohort may suggest differences between progressors and warrants further 

investigation. 

 
Figure 2:25 – ZnT8A specificity profiles over longitudinal follow-up of NPs, SPs, & RPs 

Numbers 1-7 above the graphs denote individual progressors which are organised according to age at first sample 

(years). Red circles: reactivity to R325 ZnT8 WT antigen; Blue circles: reactivity to W325 ZnT8 WT antigen; 

Green circles: reactivity to Q325 ZnT8 WT antigen. Black horizontal bars denote median ZnT8A titre (AU) per 

sample. The black dashed line denotes the ZnT8A RIA positivity threshold at 1.8AU. ZnT8A specificity profiles 

in ZnT8A positive non-progressors (NPs; A), slow progressors (SPs; B), and rapid progressors (RPs; C) of T1D 

over longitudinal follow-up according to age at first sample with mAutoAb+ve status. For SPs and RPs, the age 

at diagnosis (DX) is detailed for context. Patterns between T1D progressors appears heterogeneous, but 

differences in ZnT8A titre and specificity over longitudinal follow-up may aid the discrimination of slow and 

rapid progressors of T1D.   
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2.4.3.2 Categorisation of ZnT8A reactivity to the major epitope (325) in new-

onset T1D patients by SLC30A8 genotype & age at onset 
 

Confirmation that the majority of ZnT8A, according to the major epitope (325), 

are non-specific. 

 

In 71 new-onset T1D patients, 80.3% (n=57), 73.2% (n=52), and 62.0% (n=44) had ZnT8A 

binding to WT ZnT8 antigen encoding R325, W325, and Q325, respectively, and 50.7% (n=36) 

reacted to all three variants. Reactivity to two 325 variants comprised 14.1% (n=10) of the 

cohort and 35.2% (n=25) produced specific ZnT8A responses: 16.9% (n=12) R325-specific 

and 18.3% (n=13) W325-specific. Due to the pre-selection of the cohort based on R325/W325 

reactivity, there was no Q325-specific responses (Figure 2:26). 

 

 

 
 

Figure 2:26 – Categorisation of the major epitope (325) in new-onset T1D patients selected for 

epitope studies 

ZnT8A positivity profiles according to the major epitope region [R325 (80.3%), W325 (73.2%) and Q325 (62.0%) 

WT ZnT8 antigen] in 71 new-onset T1D patients sampled within 3 months of onset [43 males (60.6%); median 

age at onset 9.1 years (range 1.9-19.3)].  Due to the pre-selection of the cohort based on R325/W325 reactivity by 

respective monomeric RIAs, there was no detection of Q325-specific responses. 
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Confirmation that titres of R325-reactive & W325-reactive ZnT8A correlate with 

titres of Q325-reactive ZnT8A 

 

Titres of R325-reactive (ZnT8RA) and W325-reactive (ZnT8WA) ZnT8A were highly 

correlated with levels of Q-reactive (ZnT8QA) ZnT8A [r (95% CI): ZnT8RA versus ZnT8QA 

0.59 (0.40-0.72), p<0.0001, Figure 2:27A; ZnT8WA versus ZnT8QA 0.62 (0.45-0.75), 

p<0.0001, Figure 2:27B]. However, due to the presence of R325- and W325-specific ZnT8A, 

levels of ZnT8RA and ZnT8WA was not correlated [r (95% CI): 0.14 (-0.11-0.36), p>0.05, 

Figure 2:27C].  

 
 

Figure 2:27 – Correlation of R325-, W325-, & Q325-reactive ZnT8A in new-onset T1D patients 

Levels of ZnT8A (AU) in 71 new-onset T1D patients are plotted according to R325-, W325-, and Q325-reactivity. 

Levels of R325-reactive (ZnT8RA; A) and W325-reactive (ZnT8WA; B) ZnT8A were highly correlated with 

levels of Q-reactive (ZnT8WA) ZnT8A [r (95% CI): ZnT8RA versus ZnT8QA 0.59 (0.40-0.72), p<0.0001; 

ZnT8WA versus ZnT8QA 0.62 (0.45-0.75), p<0.0001]. Levels of ZnT8RA and ZnT8WA (C) was not correlated 

[r (95% CI): 0.14 (-0.11-0.36), p>0.05] due to R325- and W325-specific responses as well as, preferential binding 

to either antigen in some patients.  
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Confirmation that ZnT8A specificity to the major epitope (325) is associated with 

SLC30A8 genotypes. 

 

The relationship between ZnT8A reactivity to WT ZnT8 variants according to SLC30A8 

genotypes was investigated (Table 2:20). As expected, the specificity of ZnT8A was 

associated with SLC30A8 genotypes. Non-specific ZnT8A that respond to all 

R325/W325/Q325 variants were most frequent in CT heterozygotes, lowest in TT 

homozygotes, and intermediate in CC homozygotes (p=0.0006). Whereas R325- and W325-

specific ZnT8A corresponded with genotypes containing the C allele (p=0.013) and T allele 

(p=0.0002), respectively.  

 

The prevalence of R325-reactive ZnT8A was highest in the CC homozygotes and lowest in the 

TT homozygotes (p=<0.0001). However, the prevalence of W325-reactive ZnT8A was highest 

in the CT heterozygotes and was comparable between CC and TT homozygotes (p=0.0008). 

As anticipated, the prevalence of Q325-reactive ZnT8A was highest in the CT heterozygotes 

and lowest in the TT homozygotes (p=0.0002).  

 

 

 

Table 2:20 – ZnT8A specificity to wild type ZnT8 according to SLC30A8 genotype 

Data are presented as n (%) unless otherwise stated. Of 71 new-onset T1D patients, 69 had SLC30A8 genotype 

data. * Categories with 1 missing data set. Data were analysed by χ2 or Fisher’s exact tests [§; comparing 

genotypes containing the C allele (CC/CT) and T allele (TT/CT)] where indicated]. ¥ Categories with frequencies 

less than 5 could not be compared.  

 
 SLC30A8 Genotype 

(rs13266634) 
p value 

  CC CT TT 

 n (69) 30 (43.5) 27 (39.1) 12 (17.4) 

All variants 35 (50.7)* 14 (40.0) 20 (57.1) 1 (2.9) 0.0006 

R325-reactive 55 (79.7)* 30 (54.5) 24 (43.6) 1 (1.8) 6.73x10-11 

W325-reactive 50 (72.5)* 15 (30.0) 23 (46.0) 12 (24.0) 0.0008 

Q325-reactive 43 (62.3)* 18 (41.9) 23 (53.5) 2 (4.7) 0.0002 

R325-reactive only 12 (17.4) 11 (91.7) 1 (8.3) 0 (0.0) 0.013§ 

W325-reactive only 13 (18.8) 0 (0.0) 3 (23.1) 10 (76.9) 0.0002§ 

R325/W325-reactive 1 (1.4) 1 (100.0) 0 (0.0) 0 (0.0) ¥ 

R325/Q325-reactive 7 (10.0) 4 (57.1) 3 (42.9) 0 (0.0) ¥ 

W325/Q325-reactive 1 (1.4) 0 (0.0) 0 (0.0) 1 (100.0) ¥ 
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Age at onset was not associated with SLC30A8 genotype or ZnT8A specificity to 

the major epitope (325). 

 

Age at onset (<10years versus >10years) was not associated with SLC30A8 genotype (p=0.295; 

Figure 2:28A), ZnT8A reactive to any R325/W325/Q325 variant (p=0.509; Figure 2:28B), or 

the number of 325 variants recognised by ZnT8A (p=0.469; Figure 2:28C). 

 
 

Figure 2:28 – SLC30A8 genotype & ZnT8A specificity to wild type ZnT8 variants by age at T1D 

onset 

Age at T1D onset [<10yrs (n=37) versus >10yrs (n=32)] by SLC30A8 genotype (CC/CT/TT; n=69/71 with data 

available) was not associated with age at onset (A; p=0.295). Similarly, ZnT8A reactivity to R325/W325/Q325 

variants (B; p=0.509) and the number of R325/W325/Q325 variants was not associated with age at onset (C; 

p=0.469). For resolution, bars denoting results from Chi-squared testing is not displayed on the graphs. 
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The 325Q mutation generally reduced ZnT8A binding in the majority of T1D 

patients but was most pronounced in R325- & W325-specific ZnT8A than non-

specific ZnT8A. 

 

The Q325 mutation caused a significant reduction in ZnT8RA and ZnT8WA binding 

(p=0.0009-<0.0001, Figure 2:29) but R325-specific and W325-specific ZnT8A had a higher 

median reduction in binding [median reduction 91.5-93.3% (range 2.7-98.9)] than non-specific 

ZnT8A [median reduction 9.0-22.4% (range +45.7-89.0)]. This indicates that these individuals 

are heavily reliant on encoded R325/W325 at the SNP site.  

 

There was no evidence of differences between reduction in binding for R325-reactive versus 

W325-reactive ZnT8A categorised as specific or non-specific ZnT8A (p>0.05). However, the 

effect of Q325 in all categories of ZnT8A specificity shows evidence of heterogeneity; 4 R325-

specific ZnT8A maintained >50% ZnT8A binding (not found in W325-specific ZnT8A), and 

in 7 non-specific ZnT8A, the Q325 mutation improved binding compared to WT ZnT8, which 

were discordant between ZnT8RA and ZnT8WA responses.  
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ZnT8A 

Specificity 

ZnT8 WT 

antigen 

n Median reduction (%) in binding 

to WT ZnT8 (range) 

P value* 

R325-specific ZnT8R 19 91.5 (2.7-98.9) <0.0001 

R325 non-specific ZnT8R 38 22.4 (+42.4-78.5) <0.0001 

W325 non-specific ZnT8W 38 9.0 (+45.7-89.0) 0.0009 

W325 specific ZnT8W 14 93.3 (66.8-98.7) <0.0001 

 

Figure 2:29 – The effect of the Q325 mutation on ZnT8RA & ZnT8WA binding according to 

overall ZnT8A specificity in new-onset T1D patients 

NS: Not significant. Black dotted line: no change in ZnT8A compared with wild type (WT) ZnT8 antigen. 

Red/black bars denote median and interquartile ranges. * Wilcoxon signed-rank test was used to evaluate change 

from zero in ZnT8A binding. One-way Kruskal-Wallis test with the Dunn post-hoc test was used to compare 

medians between categories. The Q325 mutation in all groups caused a significant reduction in ZnT8A binding 

(p=<0.0001-0.0009) but R325-specific and W325-specific ZnT8A had a higher median reduction in binding than 

non-specific ZnT8A (p<0.0001). This indicates that these individuals are heavily reliant on the encoded amino 

acid at the SNP site (aa325). There was no evidence of differences between R325/W325-specific and non-specific 

ZnT8A (p>0.05).  

 

 

For further ZnT8A epitope investigation of other ZnT8 mutations, the T1D patients remained 

categorised by the specificity of their ZnT8A response and reactivity to R325/W325/Q325 WT 

ZnT8 antigens.   
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2.4.3.3 Categorisation of ZnT8A reactivity to the major conformational 

epitope (REKK) according to ZnT8A specificity 
 

The structural integrity of C-terminal ZnT8 was comparable between mutations 

REKK-S, REKK-A, and murine-REKK independent of ZnT8A specificity (325).  

 

For the assessment of the REKK region (R332, E333, K336, and K340), first REKK-to-serine and 

REKK-to-alanine mutations were compared with murine-REKK (TGQ-) on ZnT8RA binding 

in a subset of T1D patients (n=12; 6 R325-specific and 6 non-specific ZnT8A).  

 

The ability of ZnT8RA to bind REKK-serine, REKK-alanine, or murine-REKK ZnT8 

constructs were comparable (p>0.05; Figure 2:30). Therefore, it was concluded that neither 

REKK-serine nor REKK-alanine ZnT8 mutants severely impacted the structural or epitope 

integrity for ZnT8RA binding greater than the naturally occurring murine-REKK sequence. 

Given that most studies use alanine for amino acid substitutions due to its neutrality, the mutant 

REKK-A was used for further investigation. 
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ZnT8A 

Specificity 

ZnT8 

WT 

antigen 

ZnT8 mutant n Median reduction (%) in 

binding to WT ZnT8 

(range) 

P value* 

R325-specific ZnT8R REKK-S 6 37.3 (+5.7-79.5) 

0.0093 
R325 

non-specific 
ZnT8R REKK-S 6 66.5 (+41.0-98.2) 

R325-specific ZnT8R REKK-A 6 34.0 (+5.7-79.9) 

0.0093 
R325 non-

specific 
ZnT8R REKK-A 6 59.1 (+56.3-99.0) 

R325-specific ZnT8R murine-REKK 6 35.2 (26.6-93.5) 

0.0010 
R325  

non-specific 
ZnT8R murine-REKK 6 73.3 (20.1-97.7) 

 

Figure 2:30 – The effect of REKK-S, REKK-A, & murine-REKK mutations on ZnT8RA binding 

according to ZnT8A specificity in a subset of new-onset T1D patients 

Black dotted line: no change in ZnT8A compared with wild type (WT) ZnT8 antigen. Red/black bars denote 

median and interquartile ranges. One-way Kruskal-Wallis test with the Dunn post-hoc test was used to compare 

medians between categories. The was no difference between the categories of ZnT8A specificity and ZnT8 mutant 

(REKK-S, REKK-A or murine-REKK) (p>0.05), but mutations did cause reductions ZnT8A binding greater than 

zero as expected (* Wilcoxon signed-rank test). Therefore, it was concluded that neither REKK-serine nor REKK-

alanine ZnT8 mutants severely impacted the structural or epitope integrity for ZnT8RA binding greater than the 

naturally occurring murine-REKK.  
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The REKK region is important for ZnT8A binding independent of ZnT8A 

specificity (325), but responses were heterogeneous. 

 

The REKK-A mutation caused a significant reduction in ZnT8RA, ZnT8WA, and ZnT8QA 

binding (p<0.001) independent of ZnT8A specificity (p>0.05 in all pairwise comparisons, 

Figure 2:31).  

 

The median reduction in binding caused by the REKK-A mutation was comparable but there 

was evidence of heterogeneity between sera given the range of effect across ZnT8 WT antigen 

constructs (p<0.0001 for all) encoding R325 [56.8% (range 4.4-96.7)], W325 [66.0% (range 

6.7-98.8)], or Q325 [68.2% (range 24.0-98.9)]. Similarly, the median reduction in binding 

caused by REKK-A was comparable in R325-specific [56.8% (range 4.4-96.7), p<0.0001] and 

W325-specific [50.1% (range 32.2-94.8), p<0.0001] responses.  

 

Individuals R325/Q325-reactive and W325/Q325-reactive comprised a small portion of the 

cohort (n=8; 11.3%), but a significant reduction was still observed [median reduction in binding 

75.6% (range 49.9-81.6), p=0.0078]. Binding to the REKK-A mutant when Q325 is present on 

all R325-reactive and W325-reactive ZnT8A was comparable regardless of specificity (data 

not shown). There were some R325/W325-specific ZnT8A responses with ZnT8A binding 

within 50% of WT: 7 R325-reactive, 7 W325-reactive, and 1 R325/Q325-reactive. 

 

Although the REKK conformational epitope region is important for ZnT8A binding, mutating 

this region does not cause a unanimous effect for all patients as a total of 38 patients (53.5%) 

maintained >50% ZnT8A binding towards REKK-A reactive towards R325 (n=15/57, 26.3%), 

W325 (n=16/52, 30.8%), and Q325 (n=7/44, 15.9%). Therefore, this region may not always be 

fully independent of the major 325 epitope region (Figure 2:32).  
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ZnT8A 

Specificity 

ZnT8 WT 

antigen 

n Median reduction (%) in binding 

to WT ZnT8 (range) 

P value* 

R325-specific ZnT8R 19 56.8 (4.4-96.7) <0.0001 

R325 non-specific ZnT8R 38 69.9 (0.0-98.8) <0.0001 

W325-specific ZnT8W 14 50.1 (32.2-94.8) 0.0001 

W325 non-specific ZnT8W 38 66.0 (6.7-98.8) <0.0001 

Q325-specific ZnT8Q 8 75.6 (49.9-81.6) 0.0078 

Q325 non-specific ZnT8Q 36 68.2 (24.0-98.9) <0.0001 

 

Figure 2:31 – The effect of the REKK-A mutation on ZnT8A binding according to ZnT8A 

specificity in new-onset T1D patients 

Black dotted line: no change in ZnT8A compared with wild type (WT) ZnT8 antigen. Red/black bars denote 

median and interquartile ranges. Filled red and black circles denote R325/Q325-reactive patients and W325/Q325-

reactive patients, respectively. * Wilcoxon signed-rank test was used to evaluate change from zero in ZnT8A 

binding. One-way Kruskal-Wallis test with the Dunn post-hoc test was used to compare medians between 

categories. The REKK-A mutation reduced ZnT8A binding (p<0.0001-0.0078) independent of ZnT8A specificity 

(p>0.05).  
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Figure 2:32 – The effect of the REKK-A mutant on R325-reactive, W325-reactive, & Q325-reactive 

ZnT8A binding in new-onset T1D patients 

Proportions of the degree of decreased binding from wild-type (WT) ZnT8 antigen caused by REKK-A encoding 

R325, W325, or Q325 on R325-reactive, W325-reactive, and Q325-reactive ZnT8A, respectively is presented.  

Q328-reactive ZnT8A are all non-specific ZnT8A responses, whereas R325- and W325-reactive ZnT8A is a 

mixture of specific and non-specific ZnT8A responses. No difference was observed between R325-reactive, 

W325-reactive, or Q325-reactive ZnT8A (p>0.05) but 26.3% (n=15), 30.8% (n=16), and 15.9% (n=7, respectively 

was able to maintain ZnT8A binding within 50% of binding to WT ZnT8 antigen.  
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Truncating C-terminal ZnT8 by 20% (349T) did not explain the heterogeneous 

ZnT8A binding observed in the REKK-A mutant  

 

The 349T mutant resulted from a historic cloning error that removed the last 20 amino acids of 

C-terminal ZnT8, but the major epitopes (R325/W325/Q325 and REKK) remain present. To 

further investigate the heterogeneity of the ZnT8A binding caused by the REKK-A mutant, 

R325 and W325 categories of ZnT8A specificity were split according to the median reduction 

in binding with REKK-A (Figure 2:33) and compared with the median reduction in binding 

caused by the 349T mutant (Figure 2:34).  

 

Truncating the last 20 amino acids caused a reduction in all categories of R325-reactive and 

W325-reactive ZnT8A (p=0.0156-<0.0001) independent of the effect of the REKK-A mutant. 

When adjusted for multiple comparisons, there was only a difference between R325-specific 

and non-specific ZnT8A that was most resistant to the REKK-A mutation when tested for the 

349T mutation (p=0.0119) (Figure 2:34; indicated by § symbols). However, generally non-

specific ZnT8A appeared to have a higher median reduction in binding than R325- or W325-

specific responses, possibly due to aa325 dependent epitope being unaffected by the truncation. 
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Figure 2:33 – Categorisation of ZnT8A binding according to the median reduction in binding 

caused by REKK-A for the assessment of 349T 

Black dotted line: no change in ZnT8A compared with wild type (WT) ZnT8 antigen. Red/black bars denote 

median and interquartile ranges. Filled green circles denote all patients that also react to Q325 WT ZnT8 antigen. 

Patient ZnT8A responses were categorised according to the median reduction in binding across all ZnT8A 

specificities. Blue filled boxes denote ZnT8A responses less impacted by the REKK-A mutation (less than the 

median reduction in binding). Blue open boxes denote ZnT8A responses greatly impacted by the REKK-A 

mutation (greater than the median reduction in binding).  
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ZnT8A 

Specificity 

ZnT8 

WT 

antigen 

Lower/higher than 

median reduction in 

binding to REKK-A 

n Median reduction 

(%) in binding to WT 

ZnT8 (range) 

P value* 

R325-specific ZnT8R < -56.8% 9 56.3 (10.6-90.2) 0.0039§ 

R325-specific ZnT8R > -56.8% 10 74.6 (27.6-95.5) 0.002 

R325 non-specific ZnT8R < -69.9% 19 88.2 (29.9-96.6) <0.0001§ 

R325 non-specific ZnT8R > -69.9% 19 83.9 (26.0-95.6) <0.0001 

W325-specific ZnT8W < -50.1% 7 45.4 (31.1-94.2) 0.0156 

W325-specific ZnT8W > -50.1% 7 54.5 (37.3-85.3) 0.0156 

W325 non-specific ZnT8W < -66.0% 19 78.8 (7.0-96.5) <0.0001 

W325 non-specific ZnT8W > -66.0% 19 88.2 (28.0-96.1) <0.0001 

 

Figure 2:34 – The effect of the 349T mutation on ZnT8A binding according to the REKK-A 

binding & ZnT8A specificity in new-onset T1D patients 

Black dotted line: no change in ZnT8A compared with wild-type (WT) ZnT8 antigen. Red/black bars denote 

median and interquartile ranges. Filled green circles denote all patients that also react to Q325 WT ZnT8 antigen. 

* Wilcoxon signed-rank test was used to evaluate change from zero in ZnT8A binding. One-way Kruskal-Wallis 

test with the Dunn post-hoc test was used to compare medians between categories. § only pairwise comparison 

that was significantly different when adjusted for multiple comparisons (p=0.0119). 
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Truncating C-terminal ZnT8 by 20% (349T) revealed that the majority of R325- 

& W325-reactive ZnT8A relied on the downstream 20 amino acids to bind 

(aa349-369) despite the presence of the major epitopes. 

 

Interestingly, removing 20% of C-terminal ZnT8 (349T) still caused heterogeneous effects on 

ZnT8A binding but the majority of ZnT8A showed >50% reduced binding with comparable 

proportions between R325-reactive (n=48, 84.2%) and W325-reactive (n=40, 76.9%) ZnT8A 

(p=0.466; Figure 2:35).  

 
Figure 2:35 – The effect of the 349T mutant on R325-reactive & W325-reactive ZnT8A in new-

onset T1D patients 

Proportions of the degree of decreased binding from wild-type (WT) ZnT8 antigen caused by 349T encoding 

R325 or W325 R325-reactive and W325-reactive ZnT8A, respectively, are presented. In both categories, there is 

a mixture of specific and non-specific ZnT8A responses but, the majority of ZnT8A independent of specificity 

had a >50% reduced ZnT8A binding caused by the 349T truncation [R325-reactive n=48 (84.2%); W325-reactive 

n=40 (76.9%)]. However, a small proportion was able to maintain between 0-50% of the ZnT8A binding to WT 

ZnT8 antigen [R325-reactive n=9 (15.8%); W325-reactive n=12 (23.1%)]. No difference was observed in the 

proportions of patients who had less than or greater than 50% reduced binding between R325-reactive and W325-

reactive ZnT8A (p=0.466).  

 

This mutant has both the previously reported major epitopes present (the 325 and the REKK 

region), and therefore, the last 20 amino acids are clearly important for ZnT8A binding. 

However, 325 and REKK epitope regions may rely on the conformational structure provided 

by the last 20 amino acids. As cysteines provide support for protein structure through 

disulphide bonds, the 349T data supported the investigation into the effect of the three cysteines 

in C-terminal ZnT8 (C361, C364, and C368) on ZnT8A binding.  
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2.4.3.4 Categorisation of ZnT8A reactivity to ZnT8’s three C-terminal 

cysteines (C361, C364, & C368) according to ZnT8A specificity 
 

Single cysteine-to-serine mutations caused a reduction in ZnT8A binding 

independent of ZnT8A specificity. 

 

The C361S mutation caused a significant reduction in R325-reactive and W325-reactive 

ZnT8A binding (p<0.0001-0.018) independent of ZnT8A specificity (p>0.05 in all pairwise 

comparisons), despite some evidence of heterogeneity in the degree of reduced binding (Figure 

2:36).  

 

The median reduction in binding caused by C361S was comparable for R325-specific and R325 

non-specific ZnT8A responses [26.2% (range +81.6-81.2), p<0.018 and 34.9% (range +17.2-

93.0), p<0.0001, respectively]. Whilst the median reduction in binding in W325 non-specific 

ZnT8A responses was comparable with the R325-reactive responses [28.7% (range +11.3-

77.8), p<0.0001], W325-specific ZnT8A was less effected by C361 [9.5 % (range +3.1-62.3), 

p=0.0009].  

 

A total of 15/71 (21.1%) patients had improved ZnT8A binding above WT ZnT8 caused by the 

C361S mutation across all categories of ZnT8A specificity; R325-specific (n=4), R325/Q325 

(n=2), W325-specific (n=1), R325/W325/Q325 non-specific (n=8). 
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Figure 2:36 – The effect of the C361S mutation on ZnT8A binding according to the ZnT8A 

specificity in new-onset T1D patients 

Black dotted line: no change in ZnT8A compared with wild type (WT) ZnT8 antigen. Red/black bars denote 

median and interquartile ranges. Filled green circles denote all patients with R325-specific and W325-specific 

responses that also react to Q325 WT ZnT8 antigen. § The vast majority (94.7%; n=36) of non-specific ZnT8A 

react to all three variants R325/W325/Q325 but includes 2 individuals (5.3%) with ZnT8A reactive to 

R325/W325. * Wilcoxon signed-rank test was used to evaluate change from zero in ZnT8A binding. One-way 

Kruskal-Wallis test with the Dunn post-hoc test was used to compare medians between categories. No difference 

between pairwise comparisons was observed (p>0.05). 

 

Similar to C361S, comparable reductions in binding were observed for C364S (Figure 2:37) 

and C368S (Figure 2:38) in R325-reactive and W325-reactive ZnT8A (p<0.0001-0.0108) 

independent of specificity (p>0.05 for all pairwise comparisons); however, W325-specific 

ZnT8A was less effected by single C361S/C364S mutants [median reduction in binding 9.5-

13.8% (range +3.1-62.3)] than other ZnT8A specificities but was comparable to all ZnT8A 

specificities for C368S [median reduction in binding 34.7% (+7.0-79.6)].  
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A total of 13/71 (18.3%) patients had improved ZnT8A binding above WT ZnT8 caused by the 

C364S mutation across all categories of ZnT8A specificity except W325-specific responses; 

R325-specific (n=4), R325/Q325 (n=1), and R325/W325/Q325 non-specific (n=8) (Figure 

2:37). 

 

 

 

Figure 2:37 – The effect of the C364S mutation on ZnT8A binding according to the ZnT8A 

specificity in new-onset T1D patients 

Black dotted line: no change in ZnT8A compared with wild type (WT) ZnT8 antigen. Red/black bars denote 

median and interquartile ranges. Filled green circles denote all patients with R325-specific and W325-specific 

responses that also react to Q325 WT ZnT8 antigen. § The vast majority (94.7%; n=36) of non-specific ZnT8A 

react to all three variants R325/W325/Q325 but includes 2 individuals (5.3%) with ZnT8A reactive to 

R325/W325. * Wilcoxon signed-rank test was used to evaluate change from zero in ZnT8A binding. One-way 

Kruskal-Wallis test with the Dunn post-hoc test was used to compare medians between categories. No difference 

between pairwise comparisons was observed (p>0.05). 
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A total of 16/71 (22.5%) patients had improved ZnT8A binding above WT ZnT8 caused by the 

C368S mutation across all categories of ZnT8A specificity; R325-specific (n=2), R325/Q325 

(n=2), W325-specifc (n=1), and R325/W325/Q325 non-specific (n=11) (Figure 2:38). 

 

 

 

 

Figure 2:38 – The effect of the C368S mutation on ZnT8A binding according to the ZnT8A 

specificity in new-onset T1D patients 

Black dotted line: no change in ZnT8A compared with wild type (WT) ZnT8 antigen. Red/black bars denote 

median and interquartile ranges. Filled green circles denote all patients with R325-specific and W325-specific 

responses that also react to Q325 WT ZnT8 antigen. § The vast majority (94.7%; n=36) of non-specific ZnT8A 

react to all three variants R325/W325/Q325 but includes 2 individuals (5.3%) with ZnT8A reactive to 

R325/W325. * Wilcoxon signed-rank test was used to evaluate change from zero in ZnT8A binding. One-way 

Kruskal-Wallis test with the Dunn post-hoc test was used to compare medians between categories. No difference 

between pairwise comparisons was observed (p>0.05). 
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Overall, ~50-60% of R325-reactive and 40-71% of W325-reactive ZnT8A in 

new-onset T1D patients had greater than 25% reduced ZnT8A binding caused by 

single cysteine-to-serine mutations.  

 

The proportion of new-onset T1D patients with R325-reactive and W325-reactive ZnT8A 

responses categorised by the percent reduction of ZnT8A binding between mutant (C361S, 

C364S, C368S) and WT ZnT8 is presented in Figure 2:39. In R325-reactive T1D patients 

(n=57 of 71), 33 (56.1%), 31 (54.4%), and 32 (56.1%) had a greater than 25% reduced ZnT8A 

binding caused by C361S, C364S, and C368S, respectively. In W325-reactive patients (n=53 

of 71), 23 (43.4%), 21 (39.6%), and 37 (69.8%) had a greater than 25% reduced ZnT8A binding 

caused by C361S, C364S, and C368S, respectively. There was no difference in the proportion 

of patients who had less than or greater than 50% reduced binding between R325-reactive and 

W325-reactive ZnT8A for any of the single cysteine-to-serine mutations [C361S: >0.999; 

C364S: p=0.832; C368S: p=0.566]. 
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Figure 2:39 – The effect of single cysteine-to-serine mutations on R325-reactive and W325-reactive 

ZnT8A binding in new-onset T1D patients 

No difference was observed in the proportions of patients who had less than or greater than 50% reduced binding 

between R325-reactive and W325-reactive ZnT8A for any of the single cysteine-to-serine mutations [C361S: 

>0.999; C364S: p=0.832; C368S: p=0.566].  
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Conflicting with the single cysteine-to-serine mutations, double cysteine-to-

serine mutations had little impact on ZnT8RA binding in a subset of new-onset 

T1D patients. 

 

Despite the effect of mutating individual cysteines, double cysteine-to-serine mutations 

(C361S/C364S and C361S/C368S) did not cause a significant reduction in ZnT8RA binding 

(p>0.05) independent of ZnT8A specificity (Figure 2:40). Therefore, there does not appear to 

be a sequential effect of mutating more than one C-terminal cysteine, and it was not further 

investigated in ZnT8WA responses. 

 

 

Figure 2:40 – The effect of the C361S/C364S & C361S/C368S double mutations on ZnT8RA 

binding according to ZnT8A specificity in a subset of new-onset T1D patients 

NS: Not significant; Black dotted line: no change in ZnT8A compared with wild type (WT) ZnT8 antigen. Black 

bars denote median and interquartile ranges. Filled green circles denote all patients with R325-specific and W325-

specific responses that also react to Q325 WT ZnT8 antigen. * Wilcoxon signed-rank test was used to evaluate 

change from zero in ZnT8A binding. One-way Kruskal-Wallis test with the Dunn post-hoc test was used to 

compare medians between categories. No difference between pairwise comparisons was observed (p>0.05). 
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Truncating C-terminal ZnT8 by 9 amino acids (360T) to remove all three 

cysteines had a comparable impact on ZnT8A binding as single cysteine-to-serine 

mutations. 

 

The 360T truncation reduced R325-reactive and W325-reactive ZnT8A binding (p<0.0001-

0.0031) independent of specificity (p>0.05), despite some evidence of heterogeneity. The 

median reduction in binding was comparable for R325-specific [47.3% (range +9.7-86.4), 

p<0.0001] and R325 non-specific ZnT8A responses [48.6% (range +15.5-96.4), p<0.0001]. 

However, as observed for the single mutations, W325-specific ZnT8A was less effected [19.1% 

(range +13.0-69.4%), p=0.0031] but W325 non-specific ZnT8A responses was comparable to 

the R325 counterpart [39.6% (range +16.8-93.5), p<0.0001] (Figure 2:41). 

 

Whilst it was speculated that the highly detrimental effect of 349T could have been due to the 

removal of cysteines (and resultant disulphide bonds) influencing the conformational structure 

of C-terminal ZnT8, the reduced effect of cysteine-specific removal (360T) suggests, the effect 

of 349T was not entirely related to the three C-terminal cysteines.  

 

 

 

 

 

 

 

 



Chapter 2 - Characterisation of the ZnT8 humoral response up to T1D onset 

189 

 

 

 

Figure 2:41 – The effect of 360T on ZnT8A binding according to the ZnT8A specificity in new-

onset T1D patients 

Black dotted line: no change in ZnT8A compared with WT ZnT8 antigen. Red/black bars denote median and 

interquartile ranges. Filled green circles denote all patients with R325-specific and W325-specific responses that 

also react to Q325 WT ZnT8 antigen. § The vast majority (94.7%; n=36) of non-specific ZnT8A react to all three 

variants R325/W325/Q325 but includes 2 individuals (5.3%) with ZnT8A reactive to R325/W325. * Wilcoxon 

signed-rank test was used to evaluate change from zero in ZnT8A binding. One-way Kruskal-Wallis test with the 

Dunn post-hoc test was used to compare medians between categories. No difference between pairwise 

comparisons was observed (p>0.05). 
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Combining all C-terminal ZnT8 mutations on ZnT8A binding by heat map 

analysis elucidates the heterogeneous patterns that appear unrelated to ZnT8A 

specificity – evidence for subpopulations of co-existing ZnT8A? 

 

Unbiased heat map analysis across all ZnT8 mutants by rank ZnT8A binding to radiolabelled 

WT ZnT8 antigen (R325/W325/Q325) and SLC30A8 genotype was performed by Dr A.E. 

Long to identify clusters of new-onset T1D patients with similar ZnT8A binding profiles. 

Surprisingly, profiles clustered at the major SNP epitope region (325; according to the 

corresponding SLC30A8 genotype(s)) first and was followed by the C-terminal cysteine and 

REKK regions (Figure 2:42). Aside from these 3 major clusters, a large degree of 

heterogeneity was still evident, inferring that in this new-onset T1D patient cohort, ZnT8A 

targeting of ZnT8 is highly variable. For instance, heterogeneity was observed for REKK, 

which was not previously reported. The clustering suggests the cysteine region could form a 

minor independent epitope for ZnT8A. 
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Figure 2:42 – Dendrogram of ZnT8 mutational analysis by SLC30A8 genotype & binding to WT C-

terminal ZnT8 

SLC30A8 genotype: blue (CC homozygous), yellow (CT heterozygous), and red (TT homozygous). Sera 

predominantly clustered by CC (R325) genotype or CT/TT (W325 ± R325) genotype, but this may have been 

driven by the testing strategy and preselection of ZnT8RA and ZnT8WA positives. Of the ZnT8A responses, two 

main clusters emerged. One contained 360T, C-terminal cysteine mutations, and ZnT8RA titre (rank), subdivided 

by R or W ZnT8A specificity. The main cluster contained REKK, 349T, ZnT8QA titre (rank), and ZnT8WA titre 

(rank). This suggests that the C-terminal cysteine and C360T have similar effects to each other but that the sera 

affected are different between ZnT8RA and ZnT8WA specificity. In contrast, REKK and 349T responses are 

distinct.   
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2.4.4 Discussion 
 

2.4.4.1 Main findings 
 

1. Many findings were confirmed in this study: the majority of ZnT8A according to the major 

epitope (325) are non-specific and bind more than one variant, titres of R325-reactive & W325-

reactive ZnT8A do not correlate (due to R325- and W325-specific responses), and ZnT8A 

specificity (325) is associated with SLC30A8 genotypes. Unlike other reports, both ZnT8A 

specificity and SLC30A8 genotype was not related to age-at-onset when comparing under or 

over 10 years.   

 

2. ZnT8A specificity (325) was comparable between SPs and RPs, but ZnT8A titres & 

specificity may change over time in some individuals. This suggests that 325 epitope spreading 

can occur prior to T1D onset or that ZnT8A can be polyclonal. 

 

3. As expected, the 325Q mutation severely reduced ZnT8A binding in the T1D patients with 

R325- & W325-specific ZnT8A (median reduction in binding 92-93%). However, there were 

some reductions in non-specific ZnT8A (median reduction in binding 9-22%), suggesting that 

some of these individuals may have combined responses comprising a mix of R325- and W325-

specific ZnT8A.  

 

4. The REKK region is important for ZnT8A binding independent of ZnT8A specificity (325), 

but there was heterogeneous ZnT8A binding (range of reduced binding 0-99%). 

 

5. The removal of 20% of C-terminal ZnT8 (downstream of aa349) revealed that 84.2% of 

R325-reactive ZnT8A and 76.9% of W325-reactive ZnT8A had <50% reduced binding 

compared to WT ZnT8 antigen. This suggests that the majority of ZnT8A either rely on 
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residues downstream of this to bind or that the residues downstream of aa349 are required for 

the structural integrity of ZnT8 for ZnT8A to bind. 

 

6. Single cysteine-to-serine mutations generally caused ~30% reduced ZnT8A binding in 

R325-reactive ZnT8A and non-specific ZnT8A responses, but W325-specific ZnT8A was least 

affected by C361S and C364S (~9-13% reduced binding). In contrast, double cysteine-to-serine 

mutations did not impact ZnT8RA binding in a subset of T1D patients. 

 

7. Truncating C-terminal ZnT8 by 9 amino acids (360T) to remove all three C-terminal 

cysteines had a comparable impact on ZnT8A binding as single cysteine-to-serine mutations 

and was also independent of ZnT8A specificity. 

 

8. Heat map clustering analysis indicated that epitope recognition of ZnT8A to previously 

identified epitopes and the C-terminal cysteine region investigated in this project are heavily 

heterogeneous with very few indications of specific clusters.  

 

2.4.4.2 Strengths & limitations 
 

To our knowledge, this is the first investigation of the major epitope (325) in FDRs that 

progress slowly or rapidly to diabetes. Whilst the overall ZnT8A specificity was comparable 

between progressors, longitudinal study of these individuals suggested titres of ZnT8A can be 

lost and that 325-epitope spreading and ZnT8A specificity may change. A large natural history 

study that longitudinally sampled individuals from ZnT8A seroconversion to T1D onset would 

be required to fully evaluate this and it's potential for disease prediction. 

  

Additionally, this is the only investigation of ZnT8A epitopes in new-onset T1D patients that 

includes consideration of the two major epitopes previously identified (R325/W325/Q325 and 
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R332E333K336K340) but also considered the unexplored cysteine-rich region of C-terminal ZnT8 

and the addition of two novel truncated ZnT8 constructs. From this, we were able to confirm 

many previous findings; the majority of ZnT8A are non-specific, titres of non-specific ZnT8A 

are correlated, the ZnT8A specificity is influenced by SLC30A8 genotype (289, 328), and 

mutation of REKK decreased ZnT8A binding independent of ZnT8A specificity (404). 

Importantly though, we were able to capture the heterogeneity of ZnT8A binding towards these 

major epitopes in addition to, novel residues that has been lacking from previous reports and 

may suggest that ZnT8 antigen is presented to the immune system differentially.  

 

Whilst this study cannot identify or conclude specific epitope recognition through non-biased 

clustering analysis, it does suggest that ZnT8A targeting of ZnT8 between new-onset T1D 

patients is truly heterogeneous and is not related to ZnT8A specificity (325). Of all studied 

ZnT8 mutants, the 325Q mutation was the only alteration influenced by ZnT8A specificity; 

325Q abolished ZnT8A binding in R325-specific [median 91.5% (range 2.7-98.9] and W325-

specific [median 93.3% (range 66.8-98.7)] responses but was less pronounced in non-specific 

responses with stronger evidence of heterogeneity [R325-reactive median 22.4% (range +42.4 

increase-70.5 decrease; W325-reactive median 9.0% (range +45.7 increase-89.0 decrease]. To 

consider ZnT8A specificity across all mutational analyses is a novel approach. However, we 

were unable to replicate the association between older age-at-onset and reactivity to 325 ZnT8 

variants, but this is unsurprising given the lack of T1D patients diagnosed >20 years and a 

smaller new-onset T1D sample set (328). Although the new-onset T1D patient cohort was of 

similar age-at-onset as reported studies (~9-14 years), the present study included FDRs that 

progressed to T1D aged >21-60 years (270, 328, 404). It cannot be ruled out that ZnT8A 

epitope recognition and maturation of ZnT8A responses prior to or around onset may differ by 

age; however, an age-at-onset association has only been reported for R325/W325 epitopes and 

was not investigated for the REKK epitope (328, 404).   
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A limitation of this present study and others is that primarily, ZnT8A epitope mapping has been 

conducted in Euro-Caucasian populations (>70%). It is likely that ZnT8A specificity/reactivity 

will differ in other populations that are currently under investigated. However, a high ZnT8A 

prevalence and an enhanced diagnostic sensitivity when ZnT8A is considered are increasingly 

reported in other populations, e.g., Argentinian, Chinese, and Japanese (436, 437, 483).  The 

following may be expected in other populations: an increase in R325-reactive ZnT8A in 

populations with a higher prevalence of the risk C allele such as Africa and the Middle East 

(402), an increase in Q325-reactive ZnT8A in Africa given the higher frequency of rs16889462 

(405) and by extension, different frequencies of R325-, W325-, and Q325- specific and non-

specific ZnT8A. The minor allele frequency (MAF) of the TT allele in this patient cohort was 

0.370, slightly higher than the global MAF of 0.2824 (currently based on 1094 worldwide 

individuals), which was anticipated in a cohort pre-selected for ZnT8WA positivity. The T1D-

associated HLA genes may also influence ZnT8A specificity. For example, the preference of 

ZnT8RA rather than ZnT8WA at diagnosis in Swedes compared to non-Swedes was thought 

to be related to HLA-DQ2 and SLC30A8 CC genotypes (94). High and moderate risk HLA 

class II genotypes containing HLA-DQ2 comprised 87.1% and therefore, we were unable to 

robustly investigate an association with HLA in our cohort.  

 

Furthermore, a large limitation of this study is that we cannot elucidate the structural impacts 

of the ZnT8 mutants studied as we were unable to access molecular modelling expertise within 

the duration of this PhD project. However, this has not routinely been conducted in other 

epitope studies of islet autoantibodies, including ZnT8A (324, 325). 
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2.4.4.3  Epitopes of ZnT8 recognised by ZnT8A 
 

We have confirmed findings from the previously identified major epitopes [R325, W325, and 

REKK (conformational)] are important for ZnT8A binding; however, regarding the REKK 

region, we have utilised a different strategy. Wenzlau et al. (2011) exploited the discrepant 

residues between murine (aa267-368) and human C-terminal (aa268-369) ZnT8 by humanising 

the specific residues in murine C-terminal ZnT8 to restore ZnT8A binding. Here, we have used 

human C-terminal ZnT8 and investigated REKK through alanine substitution. The binding of 

ZnT8A towards mutated REKK (AAAA) was comparable to when the equivalent murine 

TGQ- was present. However, we can’t rule out that TGQ-/AAAA may have entirely different 

structural consequences allowing/inhibiting ZnT8A accessibility. Nonetheless, alanine 

substitutions are widely used for SDM analysis as a small, neutral, and physiochemically 

innocuous amino acid (484). Therefore, alanine is unlikely to perturb the gross structure of C-

terminal ZnT8 but will disrupt the α-helix, which supports our decision to use this strategy.  

 

Similarly, cysteines are usually substituted for serines due to their isosteric compatibility, and 

as the placement of the cysteines is within the cytosolic domain and not the hydrophobic core 

of ZnT8, this should be a well-tolerated substitution. This strategy was successfully applied to 

investigating the core/cytosolic cysteines in IA-2IC for IA-2A/IA-2βA binding in new-onset 

T1D from BOX by our research group previously (341). Whilst the cysteine-rich C-terminal 

region of ZnT8 now may have links to the function of ZnT8 with C361S/C364S exhibiting high 

affinity for zinc (410, 411, 415), it is not known whether bound ZnT8A-to-ZnT8 may have a 

pathogenic effect on β-cell function via inhibition of zinc trafficking into insulin secretory 

granules. Whilst islet autoantibodies are not thought to be pathogenic, for no other autoantibody 

has been shown to be directed towards an antigenic region that contains a SNP that influences 

autoantibody specificity (evidence of a true autoantigen) and a region that has now been linked 
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to the function of the protein (the allosteric mechanism of human ZnT8). To investigate the 

impact of the ZnT8A-ZnT8 interaction would require co-crystallisation for cryo-EM analysis 

and functional ZnT8 assays (480).  

 

Whilst we were unable to include molecular modelling of the ZnT8 mutants explored in this 

project, now we have collected the data, a future avenue would be to confirm the structural 

impact of mutating/truncating ZnT8A around the REKK and cysteine-rich regions because the 

structural impact of the R325W has been investigated already. This naturally-occurring 

mutation/SNP site may influence the function of ZnT8 with different biophysical properties, 

and whilst there is no evidence for binding zinc directly, the site may be important for the 

allosteric mechanism of ZnT8 given the differences noted in transporter activity between the 

two variants (392, 410, 411, 415).  

 

Although the intracellular cytosolic C-terminal of ZnT8A is responsible for the majority of 

ZnT8A reactivity, different epitopes within the cytosolic or extracellular regions of ZnT8 may 

be required for ZnT8A binding. In the original Wenzlau et al. (2007) study, the N-terminal 

accounted for 8-10-% of ZnT8A reactivity. However, combining the N- and C-terminals into 

a single-chain construct (N/C) had comparable sensitivity to the C-terminal construct (43.3%) 

but did not capture all C-terminal reactive ZnT8A with a total of 70 (31.4%) discrepant 

samples. Despite this, the combination of N/C and C-terminal constructs identified 63% of 

T1D, a performance comparable to other islet autoantigens (GAD65/IA-2IC/insulin). The N/C 

construct, compared with full-length ZnT8, showed 77.1% agreement suggesting, that the 

transmembrane and short connecting luminal/cytosolic loop segments are not major regions 

for ZnT8A epitope recognition (270). However, a very recent report adapted the ECL assay to 

incorporate Fab-conjugated sulfo-tagged C-terminal ZnT8 to bind ZnT8A reactive to 

extracellular regions of ZnT8 (excZnT8), namely the cytosolic-accessible transmembrane/loop 
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segments. Utilising a positivity threshold set at the 99th percentile of 336 healthy controls (aged 

0.7-51.0 years), ZnT8A directed to excZnT8 was present in 23.6% (74/313) in patients with 

T1D [median age 11.5 years (range 0.7-67.6); participants from the BDC and DAISY study] 

and recognised both R325/W325 polymorphic variants. In 30 children from DAISY that 

developed diabetes over longitudinal follow-up, 10 were positive by excZnT8 ECL, and 

interestingly, in all 10 children, this represented the seroconversion response and, therefore, 

appeared before IAA/GADA/IA-2A/ZnT8A (C-terminal). The in vitro binding of ZnT8A to 

excZnT8 in the membrane was also confirmed by immunofluorescence in the EndoC-βH1 cell 

line (455). This study suggests that epitopes of ZnT8A outside of the C-terminal domain may 

represent the early phases of the ZnT8 humoral response in T1D which may identify at-risk 

individuals earlier than primary autoantigens GAD and insulin, but further studies are required 

to confirm this. 

 

Moreover, ZnT8A epitopes buried within full-length ZnT8 may be important not just for IgG 

but for IgM and IgA binding. Shruthi et al. (2019) performed in silico B cell epitope prediction 

on full-length ZnT8 using four different modelling software followed by wet-lab validation of 

concordant cryptic epitopes (short peptides generally deeply buried and inaccessible for 

antibody binding) in T1D (n=109) and T2D (n=233) patients with/without complications 

utilising indirect ELISA to determine antibody isotypes (IgM, IgG, and IgA). Of the three 

concordant cryptic epitopes, one was in the N-terminus (aa33-46: NKDQCPRERPEELE), and 

two was in the C-terminus (the major polymorphic site aa321-327: TAAS[R/W]DS; aa352-

360: ESPVDQDPD). A multi-epitope polypeptide of these three cryptic epitopes was 

synthesised and used in the indirect ELISA (NH2-

NKDQCPRERPEELEGGGGTAAS[R]DSGGGGESPVDQDPD-COOH). Compared to 

normal glucose tolerant individuals (n=33), IgG and IgA reactivity to this polypeptide was 

decreased in T1D without complications, IgM was reduced in T1D subjects with retinopathy, 
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but in newly diagnosed T1D initiated on insulin therapy, IgA was increased, and IgM was 

decreased. Comparable to T1D subjects, T2D had decreased IgG, IgA, and IgM. Therefore, 

further investigation of ZnT8A epitopes would perhaps incorporate ZnT8A isotypes, at-risk 

FDRs, and/or longitudinal analysis of individuals 6-12 months after diagnosis. This design 

might further inform disease risk, and the latter might be informative regarding the rapid loss 

of ZnT8A after diagnosis (443).  
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2.5 Characterisation of the ZnT8 humoral response from ZnT8A 

seroconversion 

 

This PhD project involved the development of methods to characterise the natural history of 

the ZnT8A humoral response utilising modified RIAs to investigate affinity, IgG subclasses, 

and epitopes. We sought to apply these methods to FDRs from BOX that, prior to T1D onset, 

seroconverted with ZnT8A over follow-up.  

 

2.5.1 Materials & Methods 
 

2.5.1.1 ZnT8A seroconversion population 
 

Of approximately 6000 FDRs that were diabetes-free at study entry in BOX, 70 FDRs provided 

at least two follow-up samples, and from which 13 seroconverted with ZnT8A over follow-up 

(Figure 2:43). Of these 13, 3 individuals were excluded from the study due to low sample 

volume or unconfirmed ZnT8A seroconversion. A total of 78/131 (55.7%) available samples 

from the remaining 10 individuals had ZnT8R/ZnT8W RIA data, of which 34 (43.6%) samples 

were selected for further characterisation based on maintained positivity and serum volume 

availability. 

 

The cohort description of the ZnT8A seroconversion population is detailed in Table 2:21; 

[n=10; 3 males (30%); median age of ZnT8A seroconversion 14.6 years (range 2.7-40.6); 

median age at onset 27.1 years (range 8.7-68.0); median time from onset of ZnT8A 

seroconversion 10.4 years (range 3.2-27.8)]. This cohort is therefore, comprised of SPs (n=6; 

60.0%) and RPs (n=4; 40.0%).  
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Genetic samples were available for 9/10 seroconverters and had HLA data. HLA Class II: 5 

(55.6%) high risk (DR3-DQ2/DR4-DQ8) and 3 (44.4%) moderate risk (DR3-DQ2/DR3-DQ2, 

DR4-DQ8/X; X refers to any other haplotype). HLA Class I: 8 (88.9%) HLA-A*24 negative, 8 

(88.9%) HLA-B*18 negative, and 8 (88.9%) HLA-B*39 negative. SLC30A8 genotype data was 

unavailable.  

 
 

Figure 2:43 – Identifying ZnT8A seroconverters from FDRs in the BOX study 

10 FDRs with confirmed ZnT8A seroconversion by ZnT8R/ZnT8W monomeric RIAs (in at least two sequential 

samples) were selected. A total of 78/131 (55.7%) available samples from the remaining 10 individuals had 

ZnT8R/ZnT8W RIA data, of which 34 samples were selected for further characterisation based on maintained 

positivity and serum volume availability.
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Table 2:21 – ZnT8A seroconversion case study population 

10 FDRs from the BOX study with high sample volume and confirmed ZnT8A seroconversion in at least two sequential serum samples were selected for ZnT8A characterisation 

(levels over time, major epitope specificity, affinity, and IgG subclasses). * Denotes 7 individuals where the ZnT8A seroconversion sample was further characterised due to 

high sample volume. In the remaining 3 individuals, the closest sample to ZnT8A seroconversion (time between samples 0.6-1.91 years) was further characterised. This case 

study population comprises 6 SPs (60.0%) and 4 RPs (40.0%).  

 

 

 

 

ID Gender Age at 

onset 

(yrs) 

Number of 

available 
samples 

Samples 

with RIA 

ZnT8A data 

Number of 

samples 

ZnT8A 

positive 

Age at 
ZnT8A 

Seroconversion 

Time from onset of 

ZnT8A 

seroconversion 
(yrs) 

Range of 

age at 

sampling 
(yrs) 

Range of 

time 

before 

onset 
(yrs) 

1* F 8.7 17 6 2 2.7 6.0 (1.6-6.7) (2.0-7.1) 

2 M 12.8 16 9 7 9.6 3.2 (9.6-12.2) (0.6-3.2) 

3* F 22.6 5 4 3 9.9 12.7 (9.9-35.4) (1.3-12.7) 

4* M 23.7 3 3 2 12.4 11.3 (12.4-15.0) (8.7-11.3) 

5* M 18.8 17 8 4 13.9 5.0 (7.3-18.0) (1.0-11.6) 

6* F 30.6 10 7 6 15.3 15.3 (14.7-20.8) (9.8-15.9) 

7* F 35.5 12 8 6 30.4 5.1 (30.4-35.5) (0.0-5.1) 

8 F 54.6 12 8 3 39.3 15.3 (39.3-50.6) (4.0-15.3) 

9 F 68.0 24 14 13 40.2 27.8 (40.2-55.6) (12.4-27.8) 

10* F 50.11 15 11 7 40.6 9.5 (40.6-46.0) (4.1-9.5) 
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2.5.2 Results 
 

2.5.2.1  Determining ZnT8A specificity in the ZnT8A seroconversion 

population 
 

The majority of the ZnT8A seroconversion population produced non-specific 

ZnT8A in the first available sample & follow-up samples, but R325-reactive 

ZnT8A was the most prevalent. 

 

Reactivity to the major epitope (encoded aa325) of ZnT8A responses in the first available 

sample (n=10) and all samples (n=34) from the ZnT8A seroconversion population is detailed 

in Figure 2:44. Non-specific ZnT8A that was reactive to all 3 variants (R325/W325/Q325) 

formed the majority of the ZnT8A response in both the first available sample (n=5; 50.0%) and 

all samples (n=15; 44.4%). There was also a similar proportion of R325-specific (n=4/14; 

40.0/41.2%) and W325-specific (n=1/2; 10.0/5.9%) ZnT8A between the first available and all 

samples, respectively. There was no reactivity to two 325 variants in the first available sample 

but considering all available samples, 3 samples developed reactivity to two variants: 

R325/Q325 (n=2; 5.9%) and W325/Q325 (n=1; 2.9%).  

 
Figure 2:44 – Categorisation of the major epitope (325) in the ZnT8A seroconversion population 

In the first available sample of the 10 individuals (7 of which was the ZnT8A seroconversion sample), 9 (90.0%) 

were R325-reactive, 6 (60.0%) were W325-reactive and 5 (50.0%) were Q325-reactive. Across all samples, 31 

(91.2%) were R325-reactive, 18 (52.9%) were W325-reactive, and 18 (52.9%) were Q325-reactive. Non-specific 

ZnT8A that was reactive to all 3 variants (R325/W325/Q325) formed the majority of the ZnT8A response in both 

the first available sample (n=5; 50.0%) and all samples (n=15; 44.4%). 
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2.5.2.2 Case study of the ZnT8A humoral response in two individuals that 

seroconverted under 10 years of age 
 

2.5.2.2.1 ZnT8A Seroconverter 1 
 

ZnT8A Seroconverter 1 produced a ZnT8RA-specific response over two samples from the age 

of 2.7 years with a time interval of 0.4 years. However, within 1.4 years of the last ZnT8RA 

positive sample, the ZnT8RA response was lost and, the individual was subsequently 

diagnosed 4.8 years later at age 8.7 years (Figure 2:45-1A).  

 

Further characterisation of the two ZnT8RA positive samples revealed that the ZnT8RA 

response was of high-moderate affinity (>50% competitive displacement by 0.025µg/ml 

protein concentration, Figure 2:45-1B), was IgG1-restricted (Figure 2:45-1C), and was more 

reliant on the R325 (60-70% reduced binding with Q325) and REKK (>90% reduced binding) 

major epitope regions to bind (Figure 2:45-1D). Interestingly, 360T impacted binding (30-

70%) more than the drastic 349T (10-30%). 

  

2.5.2.2.2 ZnT8A Seroconverter 2 
 

ZnT8A Seroconverter 2 produced a non-specific ZnT8A response over 6 samples from the age 

of 9.6 years with a time interval of 2.6 years. Within 0.6 years of the last ZnT8A positive 

sample, the ZnT8A response was lost and, the individual was diagnosed at age 12.8 years 

(Figure 2:45-2A). Two/three samples were further characterised.  

 

The ZnT8A affinity was different according to the WT ZnT8 antigen. High-moderate affinity 

for W325 (>50% competitive displacement by 0.025µg/ml protein concentration, Figure 2:45-

2B) but of low affinity for R325 and Q325 WT ZnT8 antigens (<50% competitive displacement 

by 0.025µg/ml). This may be related to higher titres of ZnT8WA compared with ZnT8RA, but 

ZnT8QA titre was comparable with ZnT8WA.  
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Testing of IgG subclasses in the two non-specific ZnT8A samples revealed differences between 

ZnT8RA and ZnT8WA IgG responses (Figure 2:45-2C). In the age 10 sample, ZnT8RA was 

IgG1-restricted, but the age 11 sample had IgG1 and IgG3. Conversely, for ZnT8WA, the age 

10 sample had IgG1, IgG3, and IgG4, but the age 11 sample was IgG1-restricted. All non-IgG1 

subclasses were of low level but were not unconvincing.  

 

The ZnT8RA and ZnT8WA responses were heavily reliant on the REKK epitope to bind 

independent of whether R325 or W325 was present (>60-90% reduced binding), respectively. 

Interestingly, the two truncations at 360T (>70%) and 349T (>70%) produced a comparable 

effect on ZnT8RA and ZnT8WA binding as the REKK-A mutation. The mutation of Q325 had 

a greater effect on ZnT8WA binding (25-50% reduced binding) than ZnT8RA (+ positive 

binding) within the same sample (Figure 2:45-2D). This provides some evidence of non-

specific ZnT8A responses targeting different regions of ZnT8 depending on encoded aa325. 
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Figure 2:45 – Characterisation of the ZnT8A humoral response in Seroconverter 1 & 2 

(A) Plots of ZnT8A titres over longitudinal follow-up for WT antigen encoding the major 325 epitopes; red symbols: first available ZnT8A positive sample and/or ZnT8A 

seroconversion sample; black arrows: samples selected for further characterisation (affinity, IgG subclasses and/or ZnT8A epitopes); blue dashed line: age at diagnosis; red 

dotted line: ZnT8A RIA positivity threshold (1.8 AU). (B) ZnT8A affinity plots for WT antigen encoding the major 325 epitopes: red dashed line: 50% reduced ZnT8A binding. 

(C) IgG subclass RIA for WT antigen encoding the major 325 epitopes; red dashed line denotes the detection threshold at 100 mean ∆CPM. (D) ZnT8A epitope plot of the 

major conformational epitope (REKK) encoding R325/W325 or Q325 and the two truncations (360T and 349T); black dashed line denotes zero change in ZnT8A binding 

compared to WT ZnT8.  
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2.5.2.3 Case study of the ZnT8A humoral response in four individuals that 

seroconverted between 10-15 years of age 
 

2.5.2.3.1 ZnT8A Seroconverter 3 
 

ZnT8A Seroconverter 3 produced a non-specific ZnT8A response over 3 samples from the age 

of 9.9 years with a time interval of 11.4 years.  Titres of ZnT8A reactive to all three 325 variants 

increased over the three samples, and within 1.3 years of the last ZnT8A positive sample, the 

individual was diagnosed at age 22.6 years (Figure 2:46-3A). Two/three samples were further 

characterised. 

The ZnT8A affinity was comparable to variants of WT ZnT8 antigen (Figure 2:46-3B). Of the 

3 samples tested for affinity towards R325/W325/Q325 (n=9 data points), 8 (88.9% were of 

high-moderate affinity, but 1 (11.1%) was of low affinity towards R325 compared with 

W325/Q325, and this sample was the last ZnT8A positive sample prior to onset.  

Similarly, of the three samples tested for IgG subclasses (R325/W325; n=6 data points), 5 were 

IgG1-restricted (83.3%), and 1 (17.7%) was IgG-unrestricted towards R325 with low-level 

binding of all IgG subclasses additional to IgG1 (mean ∆CPM range 118.5-283.5). This IgG-

unrestricted sample was the penultimate sample prior to onset (Figure 2:46-3C). 

Epitope studies revealed some differences between ZnT8RA and ZnT8WA responses (Figure 

2:46-3D). In the last two ZnT8A positive samples prior to onset, both ZnT8RA and ZnT8WA 

required the REKK major epitope for binding, which was comparable to the impact of 349T 

(>85%). However, ZnT8RA compared with ZnT8WA responses were less impacted by the 

360T (60-70% versus >90%). In the first available sample, only the ZnT8RA response was 

investigated, which showed that both R325 (40-50%) and REKK (~30%) was important for 

binding, but the effect of 360T (60-70%) and 349T (>80%) was just as detrimental. Combined, 

this suggests that although an individual can have non-specific ZnT8A and can bind >1 325-

variant, the epitopes recognised may be different depending on the 325-variant encoded.   
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Collectively for this individual, the ZnT8RA epitope specificity changed between age 9 and 

20, and then between ages 20 and 21, just prior to diabetes onset, IgG-unrestricted responses 

emerged, with a further increase in titre, but a slight reduction in affinity, suggesting new B-

cell clones were emerging.   

 

2.5.2.3.2 ZnT8A Seroconverter 4 
 

ZnT8A Seroconverter 4 produced a non-specific ZnT8A response over two samples from the 

age of 12.4 years with a time interval of 2.6 years.  Titres of ZnT8A reactive to all three 325 

variants increased over the two samples, and within 8.7 years of the last ZnT8A positive 

sample, the individual was diagnosed at age 23.7 years (Figure 2:46-4A). One/two samples 

were further characterised. 

Based on positivity for R325/W325/Q325, samples reactive to R325 and Q325 were of low 

affinity, and samples reactive to W325 were of high-moderate affinity even though the last 

ZnT8A positive sample prior to onset had comparable titres between all three 325 variants 

(Figure 2:46-4B). The ZnT8A response towards R325/W325 was IgG1-restricted even in the 

high titre ZnT8WA positive sample (Figure 2:46-4C). 

Different epitopes were important for ZnT8RA and ZnT8WA binding. The ZnT8RA response 

in the last available sample was reliant on the REKK epitope (>90% reduced binding), which 

was fairly independent of R325 (~40%); however, the ZnT8WA response was less reliant on 

the REKK epitope for binding (~30-40%). Encoding Q325 and mutating REKK caused a 

comparable effect on ZnT8RA and ZnT8WA (~50% reduced binding). Similarly, 360T and 

349T caused ~20%-40%, and >90% reduced binding, respectively (Figure 2:46-4D). The 

REKK mutation and 349T are likely to impact ZnT8A binding differently because the 

reduction in binding with 349T was not related to reduction in binding with REKK (Figure 

2:34), either could reveal or obscure linear or conformational epitopes upstream from aa349.  
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Figure 2:46 – Characterisation of the ZnT8A humoral response in Seroconverter 3 & 4 

(A) Plots of ZnT8A titres over longitudinal follow-up for WT antigen encoding the major 325 epitopes; red symbols: first available ZnT8A positive sample and/or ZnT8A 

seroconversion sample; black arrows: samples selected for further characterisation (affinity, IgG subclasses and/or ZnT8A epitopes); blue dashed line: age at diagnosis; red 

dotted line: ZnT8A RIA positivity threshold (1.8 AU). (B) ZnT8A affinity plots for WT antigen encoding the major 325 epitopes: red dashed line: 50% reduced ZnT8A binding. 

(C) IgG subclass RIA for WT antigen encoding the major 325 epitopes; red dashed line denotes the detection threshold at 100 mean ∆CPM. (D) ZnT8A epitope plot of the 

major conformational epitope (REKK) encoding R325/W325 or Q325 and the two truncations (360T and 349T); black dashed line denotes zero change in ZnT8A binding 

compared to WT ZnT8. 
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2.5.2.3.3 ZnT8A Seroconverter 5 
 

ZnT8A Seroconverter 5 produced a non-specific ZnT8A response over four samples from the 

age of 13.9 years with a time interval of 4.1 years. Titres of ZnT8A reactive to all three 325 

variants increased over the four samples with ZnT8WA>ZnT8RA>ZnT8QA, and within 0.9 

years of the last ZnT8A positive sample, the individual was diagnosed at age 18.9 years (Figure 

2:47-5A). Further characterisation in two/four samples revealed some interesting observations, 

particularly regarding ZnT8A epitopes. 

The ZnT8A response in two/four samples was of high-moderate affinity for all 325 variants 

(Figure 2:47-5B). These two samples were also tested for ZnT8RA and ZnT8WA IgG 

subclasses which showed that the ZnT8RA was IgG-unrestricted (with low-level binding to at 

least one IgG2-IgG4) and ZnT8WA was IgG1-restricted despite being the dominant response 

(Figure 2:47-5C).  

Testing of all four ZnT8A positive samples found that epitope recognition in the ZnT8RA and 

ZnT8WA response appeared distinct. The ZnT8RA response in the first three samples relied 

heavily on the REKK epitope (>90% reduced binding) independent of R325 (10-20%) and was 

similarly affected by 360T and 349T (both >90% reduced binding). However, the last sample 

prior to onset was less affected by the REKK mutant (60-70%), 360T (50-60%), and 349T (50-

60%) but was more affected by R325 (~40%). Whereas the ZnT8WA response in the first three 

samples was more reliant on the W325 epitope (>80%) than the REKK epitope (20-30%) but 

combined removed all binding (>95%). ZnT8WA was less impacted by both truncations [360T 

(30-40%); 349T (30-60%)] than ZnT8RA. The ZnT8WA response in the last sample prior to 

onset showed similar profiles to the previous three samples but was less impacted by all 

mutants (40-70%) (Figure 2:47-5D). Combined, this suggests that whilst the ZnT8A response 

appears non-specific in this individual, the regions on ZnT8 that ZnT8RA and ZnT8WA targets 

seem to be distinct with some evidence of epitope spreading.    
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2.5.2.3.4 ZnT8A Seroconverter 6 
 

ZnT8A Seroconverter 6 over 6 follow-up samples showed that the individual seroconverted 

with ZnT8RA at age 15.3 years then over 5.5 years, developed a non-specific ZnT8A response 

with increasing titres and ZnT8RA being the dominant response which attenuated by age 20.8 

years. This individual was diagnosed ~10 years later at age 30.6 years (Figure 2:47-6A).  Two-

four samples that covered the peak and attenuating ZnT8A response were further characterised 

where possible. 

Two samples were tested for ZnT8A affinity, 1 for R325/W325/Q325 and 1 for R325 only. 

The ZnT8RA and ZnT8WA responses were of high-moderate affinity, but the ZnT8QA 

response was of low affinity (Figure 2:47-6B). Both the ZnT8RA and ZnT8WA response was 

IgG1-restricted (Figure 2:47-6C).  

The ZnT8RA and ZnT8WA samples after the ZnT8A seroconversion sample tested for epitope 

investigation was similarly impacted by the same mutations: Q325 (60-90%), REKK (>90%), 

Q-REKK (>90%), 360T (>70-80%), and 349T (>80%). This highlights the importance of the 

two major epitopes (325/REKK) and the presence of amino acids downstream of aa349 on 

ZnT8RA and ZnT8WA binding. However, the ZnT8RA-specific response in the 

seroconversion sample was less reliant on REKK (>40-50%) and 349T (~60%), more reliant 

on R325 (75-80%) and was comparably impacted by Q-REKK (>90%) and 360T (>70-80%) 

(Figure 2:47-6D). This may suggest epitope spreading in the ZnT8RA response over follow-

up.  
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Figure 2:47 – Characterisation of the ZnT8A humoral response in Seroconverter 5 & 6 

(A) Plots of ZnT8A titres over longitudinal follow-up for WT antigen encoding the major 325 epitopes; red symbols: first available ZnT8A positive sample and/or ZnT8A 

seroconversion sample; black arrows: samples selected for further characterisation (affinity, IgG subclasses and/or ZnT8A epitopes); blue dashed line: age at diagnosis; red 

dotted line: ZnT8A RIA positivity threshold (1.8 AU). (B) ZnT8A affinity plots for WT antigen encoding the major 325 epitopes: red dashed line: 50% reduced ZnT8A binding. 

(C) IgG subclass RIA for WT antigen encoding the major 325 epitopes; red dashed line denotes the detection threshold at 100 mean ∆CPM. (D) ZnT8A epitope plot of the 

major conformational epitope (REKK) encoding R325/W325 or Q325 and the two truncations (360T and 349T); black dashed line denotes zero change in ZnT8A binding 

compared to WT ZnT8. 
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2.5.2.4 Case study of the ZnT8A humoral response in four individuals that 

seroconverted with ZnT8A after 30 years of age 
 

2.5.2.4.1 ZnT8A Seroconverter 7 
 

ZnT8A Seroconverter 7 produced a non-specific ZnT8A response from the first available 

sample over seven samples from the age of 30.4 years with a time interval of 5.1 years.  Titres 

of ZnT8A reactive to all three 325 variants fluctuated over follow-up, ZnT8RA increased and 

then was lost, ZnT8WA was only present in 3 samples and was lost twice over follow-up, 

ZnT8QA was present in five samples at lower titres but mirrored ZnT8RA/ZnT8WA responses. 

In the sample taken at onset at age 35.5 years, only ZnT8RA was present (Figure 2:48-7A). 

Further characterisation of up to five samples with fluctuating ZnT8A titres and responses 

revealed some interesting observations. 

ZnT8RA (n=5), ZnT8WA (n=3), and ZnT8QA (n=4) positive samples were tested for ZnT8A 

affinity. Most ZnT8A responses were of low affinity across all specificities but were 

particularly marked in ZnT8QA responses. 1 sample in ZnT8RA and ZnT8WA responses was 

of borderline high-moderate affinity, but the sample was discordant between responses (Figure 

2:48-7B).  

All ZnT8RA responses tested were IgG1-restricted (n=5), and the majority of the ZnT8WA 

response were also IgG1-restricted (n=3) with 1 IgG-unrestricted sample with low-level IgG2 

and IgG3 (Figure 2:48-7C).   

All ZnT8RA responses tested for epitope investigation (n=5) were comparably reliant on select 

mutations but to varying degrees: Q325 (30-70%), REKK (>80%), Q-REKK (>80%), 360T 

(>80%), and 349T (>70%). Whereas, in the ZnT8WA responses tested for epitope investigation 

(n=3), 2 was not dependent on W325 (0% change) but over follow-up, in the peak ZnT8WA 

sample, became more reliant on W325 (~20-30%). The effect of the other mutations was 

comparable between ZnT8RA and ZnT8WA responses (Figure 2:48-7D).  
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2.5.2.4.2 ZnT8A Seroconverter 8 
 

ZnT8A Seroconverter 8 firstly seroconverted with a very borderline positive non-specific 

ZnT8A response (R325/W325) at the age of 39.3 years, but over follow-up across 15.3 years, 

the ZnT8RA response was lost, and the ZnT8WA fluctuated up to onset at age 54.6 years 

(Figure 2:48-8A). The titres of ZnT8A remained low in all positive samples (<3 AU). The last 

ZnT8WA positive sample prior to onset was further characterised. 

 

The ZnT8WA response was of low affinity, possibly related to the low titre (Figure 2:48-8B), 

IgG1-restricted (Figure 2:48-8C), and relied mainly on W325 being present (Figure 2:48-8D). 

The REKK mutant had a comparable effect in Q325 and Q-REKK mutations causing around 

60-70% reduced binding, but the REKK epitope with W325 encoded caused ~20-30% reduced 

binding. The 360T and 349T had a comparable effect as Q325 and Q-REKK-A at around 60-

70% reduced binding.   
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Figure 2:48 – Characterisation of the ZnT8A humoral response in Seroconverter 7 & 8 

(A) Plots of ZnT8A titres over longitudinal follow-up for WT antigen encoding the major 325 epitopes; red symbols: first available ZnT8A positive sample and/or ZnT8A 

seroconversion sample; black arrows: samples selected for further characterisation (affinity, IgG subclasses and/or ZnT8A epitopes); blue dashed line: age at diagnosis; red 

dotted line: ZnT8A RIA positivity threshold (1.8 AU). (B) ZnT8A affinity plots for WT antigen encoding the major 325 epitopes: red dashed line: 50% reduced ZnT8A binding. 

(C) IgG subclass RIA for WT antigen encoding the major 325 epitopes; red dashed line denotes the detection threshold at 100 mean ∆CPM. (D) ZnT8A epitope plot of the 

major conformational epitope (REKK) encoding R325/W325 or Q325 and the two truncations (360T and 349T); black dashed line denotes zero change in ZnT8A binding 

compared to WT ZnT8. 
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2.5.2.4.3 ZnT8A Seroconverter 9 
 

ZnT8A Seroconverter 9 produced a low-level ZnT8RA-specific response over seven samples 

from the age of 40.6 years with fluctuating patterns over follow-up with a time interval of 9.5 

years. The ZnT8RA response was lost at age 48.8 years, and within 1.7 years, the individual 

was subsequently diagnosed at age 50.1 years (Figure 2:49-9A). The first available ZnT8A 

sample was further characterised.  

The ZnT8RA response was of high-moderate affinity (Figure 2:49-9B), IgG1-restricted 

(Figure 2:49-9C), and was heavily reliant on R325 (~80%) and REKK (~80%) epitopes 

(Figure 2:49-9D). The effect of REKK was independent of whether R325 or Q325 was 

encoded (both ~80%). Both truncations 360T and 349 caused moderate reductions in ZnT8RA 

binding (~20-30%).   

 

2.5.2.4.4 ZnT8A Seroconverter 10 
 

ZnT8A Seroconverter 10 produced a high-moderate level ZnT8RA-specific response over 14 

samples from the age of 40.7 years with fluctuating patterns over follow-up with a time interval 

of 27.4 years. The ZnT8RA response was lost at age 67.6 years, and within 0.4 years, the 

individual was subsequently diagnosed at age 68.0 years (Figure 2:49-10A). A selection of 

four samples at peak ZnT8RA responses, including the first available ZnT8RA positive sample, 

was further characterised where possible.  

All four selected samples were of high-moderate affinity (Figure 2:49-10B), 3 of 4 were IgG1-

restricted with one sample having low-level IgG2, IgG3, and IgG4 (Figure 2:49-10C), and 

were mainly reliant on R325 being encoded with >90% reduced binding caused by Q325 and 

Q-REKK mutations, compared to 50-65% reduced binding with REKK alone (Figure 2:49-

10D). The 360T caused between 30-60% reduced binding across the four samples, and the 

349T had a comparable effect as Q325 and Q-REKK mutants. 
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Figure 2:49 – Characterisation of the ZnT8A humoral response in Seroconverter 9 & 10 

(A) Plots of ZnT8A titres over longitudinal follow-up for WT antigen encoding the major 325 epitopes; red symbols: first available ZnT8A positive sample and/or ZnT8A 

seroconversion sample; black arrows: samples selected for further characterisation (affinity, IgG subclasses and/or ZnT8A epitopes); blue dashed line: age at diagnosis; red 

dotted line: ZnT8A RIA positivity threshold (1.8 AU). (B) ZnT8A affinity plots for WT antigen encoding the major 325 epitopes: red dashed line: 50% reduced ZnT8A binding. 

(C) IgG subclass RIA for WT antigen encoding the major 325 epitopes; red dashed line denotes the detection threshold at 100 mean ∆CPM. (D) ZnT8A epitope plot of the 

major conformational epitope (REKK) encoding R325/W325 or Q325 and the two truncations (360T and 349T); black dashed line denotes zero change in ZnT8A binding 

compared to WT ZnT8. 
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2.5.3 Discussion  
 

2.5.3.1 Main findings 
 

1. ZnT8A can be lost prior to T1D onset, occurring in at least two consecutive samples in 6/10 

(60%) seroconverters which may be an age-independent response as this as was observed over 

an age range of 2.7-40.7 years from either the seroconversion or first ZnT8A positive sample. 

In non-specific responses, the trend of decreasing/increasing ZnT8A level over longitudinal 

follow-up can differ according to R325/W325/Q325 WT reactivity.  

 

2. Shifts in ZnT8A affinity were observed within individuals and prior to T1D onset 

(particularly evident in seroconverter 3, 5, and 6), can be different according to WT ZnT8 

variant (R325/W325/Q325), and may be accompanied by changes in IgG subclasses and/or 

epitopes and therefore, may reflect the maturation of the ZnT8A response. However, in this 

small case study, dramatic shifts in ZnT8A affinity were not observed, but ZnT8A reactivity 

towards R325/W325 ZnT8 WT antigen was predominantly of high-moderate affinity.   

 

3. In these individuals, the ZnT8A response was predominantly IgG1-restricted, but there was 

some indication in individuals with a non-specific ZnT8A response that different IgG 

subclasses may be directed to R325/W325 WT variants in the same sample.  

 

4. In individuals with a non-specific ZnT8A response, ZnT8RA and ZnT8WA can rely on 

different ZnT8 epitopes to bind. This implies that these responses are polyclonal, i.e., ZnT8A 

derived from different B-cell clones rather than one monoclonal ZnT8A response that does not 

rely on the encoded residue at 325. 

. 
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2.5.3.2 Strengths, limitations, & future work 
 

To our knowledge, this is the first case study series in at-risk individuals to incorporate many 

autoantibody characteristics for ZnT8A that has previously been associated with T1D risk in 

other islet autoantibody responses. Whilst we cannot draw robust conclusions from this small 

sample set, the novel approach applied does generate many questions and highlights many 

unknown aspects of the ZnT8 humoral response.  

 

In regard to the loss of ZnT8A or decreasing ZnT8A titres prior to T1D onset observed in this 

case study, the prevalence of ZnT8A in new-onset T1D or after clinical T1D onset may be 

underestimated. An estimated ~70-80% of new-onset T1D (dependent on age) have ZnT8A, 

but this suggests that loss of ZnT8A prior to onset could occur in up to a third of individuals 

who progress, but not everyone who develops T1D may mount a ZnT8A response (270). 

Prospective birth-cohorts of genetically at-risk children to date have not reported observations 

of ZnT8A loss and only 15 mAutoab+ve relatives across a wide age range (0-40 years) lost 

ZnT8A, GADA, or IA-2A in the BDR, which was not associated with T1D risk, but this could 

be due to small sample size (291). Therefore, it is not clear whether loss of ZnT8A alters T1D 

risk. In TrialNet’s Pathway to Prevention study (PTPS; mAutoab+ve relatives), of 1,522 

ZnT8A positives at study enrolment, 15 (1%) lost ZnT8A over follow-up, which was associated 

with lower ZnT8A titres (485). This could provide some rationale as to why the predominantly 

low titre ZnT8A responses in the small ZnT8A seroconverter cohort were lost over follow-up 

prior to T1D onset. For individuals in BOX, we confirmed ZnT8A seroconversion through 

positivity in at least 2 follow-up samples, providing more evidence that these were true humoral 

responses towards ZnT8.  
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Presently, ZnT8A data is not consistently reported or tested in prospective studies of at-risk 

individuals prior to onset as it is only thought that ZnT8A stratifies T1D risk by identifying 

additional sAutoab+ve and mAutoab+ve individuals. However, TrialNet’s PTPS indicates that 

loss of islet autoantibodies (considering all responses: GADA, IA-2A, IAA, ICA, and ZnT8A) 

can occur even in high-risk mAutoab+ve relatives at a prevalence around 1-5% (depending on 

specificity) (485). In this thesis, we only examined ZnT8A responses from seroconversion in 

individuals with multiple sampling, who developed T1D over follow-up, and was 

predominantly in individuals who developed ZnT8A <18 years (60%) but did encompass slow 

(60%) and rapid (40%) progressors with 2 (20%) individuals who convincingly regained 

ZnT8A, following a negative result, prior to onset. Collectively, loss of islet autoantibodies 

appears rare but increasing our understanding of “autoimmune remission” is critical for 

understanding the natural history of T1D and enrolment to prevention trials that target stage 

1/2 (mAutoab+ve) at-risk individuals, but long duration follow-up encompassing all ages is 

required for future investigations. 

 

The IgG response in ZnT8A seroconverters over follow-up prior to T1D onset continues to be 

largely IgG1-restricted; however, in select individuals with non-specific ZnT8A responses, 

there was evidence of low-level IgG-unrestricted responses towards R325/W325 WT ZnT8, 

but this did not appear to occur temporally in relation to T1D onset and was not observed in 

the peak ZnT8A titre sample. Whether the presence of IgG-unrestricted responses (independent 

of specific IgG subclasses) may infer greater T1D risk remains to be further elucidated, but it 

is unlikely that these responses are highly prevalent in at-risk individuals as evidenced from 

the SP/RPs also investigated in this project. However, the data from new-onset T1D patients 

suggests that IgG-unrestricted ZnT8A responses may be more common closer to onset. 
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Characterisation of the major epitope regions of ZnT8A in this case study provided some 

evidence to suggest that non-specific ZnT8A could be either monoclonal or polyclonal. In some 

cases, non-specific ZnT8A directed towards R325/W325 WT ZnT8 antigen were directed to 

the same (monoclonal) or different (polyclonal) epitopes inferring that they were produced 

from the same or different B-cell clones, respectively. The constitution of the non-specific 

ZnT8A response, therefore, may require further investigation, but the interaction between 

ZnT8A-ZnT8Q does help characterise non-specific ZnT8A. Additionally, this case study 

confirms the observations from new-onset T1D that ZnT8A responses between individuals 

appear very heterogeneous from seroconversion in SPs/RPs.  

 

Could monoclonal/polyclonal non-specific responses and/or specific ZnT8A epitopes infer 

differential T1D risk and/or be informative for clinical trials? Larger studies that incorporate 

and are powered to examine characteristics of ZnT8A responses are required to understand 

whether individually or combined, they impact T1D risk prediction. The heterogeneity of the 

data collected from 10 individuals suggests that ZnT8 appears differentially presented to the 

immune system and that ZnT8-specific intervention strategies to delay progression may prove 

difficult. 

 

Data presented in this study suggests that prior to T1D onset, ZnT8A responses are highly 

dynamic. Islet autoantibody responses also suggest ZnT8A is also dynamic after T1D onset. 

Compared to other autoantibody responses, ZnT8A is also lost more rapidly and can occur in 

as little as months from diagnosis (reported previously and shown later in this thesis Chapter 

3 -) (443). But as many previous studies have been conducted cross-sectionally, they could not 

confirm whether those without ZnT8A after T1D onset ever had ZnT8A at or prior to T1D 

onset. This makes determining the degree of ZnT8A persistence after T1D onset difficult and 

was, therefore, an aim of this project. 
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3.1 Introduction 

 

The four major T1D-associated autoantibodies (IAA, GADA, IA-2A, and ZnT8A) remain 

primary biomarkers for predicting future disease and are a distinctive clinical feature of islet 

autoimmunity. At the onset of clinically diagnosed T1D, >90% of people are positive for at 

least one of these autoantibodies (12, 270). The appearance of specific autoantibodies during 

the preclinical phase of disease and those present at onset are associated with particular HLA 

Class II genotypes, age-at-onset, gender (275, 287, 291, 486) and to a lesser degree, with HLA 

Class I and non-HLA genotypes (82, 487, 488). 

 

Autoantibody prevalence after T1D diagnosis with a disease duration spanning 12 to 56 years 

(diagnosed between 0-56 years of age) generally report GADA as the most frequently detected 

autoantibody, followed by IA-2A and ZnT8A (where tested) (266, 489). The factors associated 

with autoantibody loss after diagnosis and what they tell us about ongoing autoimmunity are 

not clear: markers of continued autoimmune destruction on residual β-cells or the result of 

long-lived B cell immune compartments that may not rely on residual antigen for continued 

autoantibody production (237). Do the genetic drivers of autoantibody production change 

during disease from the known antigen-specific variants that influence disease 

progression/risk? Understanding why autoantibody positivity is lost or maintained post-

diagnosis may help understand the ongoing loss of β-cells, and insulin production, after 

diagnosis.  

 

Autoantibody positivity is inversely correlated with disease duration but was not found to 

strongly correlate with C-peptide (40, 443, 447-449, 490). However, there are conflicting 

findings in these studies, and therefore, the association between C-peptide/β-cell function and 

islet autoantibodies is not clear. Autoantibody prevalence after T1D onset has also shown 
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associations with a range of non-genetic (autoantibody specificity, number of autoantibodies, 

gender, age-at-onset, and disease duration at time of autoantibody detection) and genetic (HLA 

and non-HLA) factors (443, 491-493). Therefore, it is postulated that factors that influence the 

development of autoantibodies during the T1D prodrome may continue to drive humoral 

responses after T1D onset. 

 

A literature review of the major studies that have contributed to the understanding of 

biochemical (GADA, IA-2A, and ZnT8A) autoantibody responses after T1D onset is 

summarised in Table D:1; Appendix D. These studies are often small, largely cross-sectional 

cohorts, and differ by many study design parameters (population, ethnicity, age-at-onset, 

duration of disease at the time of autoantibody detection, and autoantibody detection methods).  

Few studies have examined longitudinal autoantibody profiles in samples taken close at 

diagnosis with multiple sampling at longitudinal follow-up. A couple of longitudinal studies 

comprised only ~100 individuals diagnosed in childhood to adolescence with a follow-up of at 

least 10 years (443, 449, 493). We, therefore, sought to investigate autoantibody profiles and 

patterns in addition to non-genetic and genetic determinants of islet autoantibody loss in T1D 

subjects that provided both baseline (with confirmed autoantibody positivity status) and 

longitudinal follow-up samples in the BOX study. 
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3.1.1 Hypothesis 
 

The factors that are associated with autoantibody responses at onset of T1D will be different 

from the factors associated with autoantibody loss or persistence after clinical onset of T1D. 

3.1.2 Aims 
 

1. To determine the longitudinal autoantibody profiles of ZnT8A, GADA, and IA-2A after 

onset of T1D. 

 

2. To confirm the known non-genetic and genetic factors associated with autoantibody 

prevalence of ZnT8A, GADA, and IA-2A at onset of T1D. 

 

3. To identify the non-genetic and genetic factors associated with the loss of autoantibody 

responses of ZnT8A, GADA, and IA-2A after onset of T1D. 

3.2 Material & Methods 

 

3.2.1 Population description  
 

All participants of the BOX study (described previously 1.8) that had a serum sample taken 

close to T1D onset [median 0.11 years (range-0.86-1.98)] and at least one longitudinal serum 

sample at follow-up [median 7.3 years (range 2-32)] were selected and tested for GADA, IA-

2A and ZnT8A by in-house RIAs (previously described 1.6.3.3) (12, 451); multiple 

longitudinal samples were tested until autoantibody negativity was determined using well-

validated positivity thresholds (274, 356). Around ~3,000 data points were generated by in-

house RIAs for GADA, IA-2A, ZnT8RA, and ZnT8WA longitudinal responses for this PhD 

project, the samples around T1D onset had available data. For the assessment of ZnT8A, the 

maximum ZnT8A result between ZnT8RA and ZnT8WA RIAs was used for analysis as 

responses over follow-up were comparable (Figure D:1; Appendix D.2).  
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A total of 577 [n males = 320 (55.5%); median age-at-onset 10.74 years (range 0.74-54.6)] 

autoantibody positive individuals at onset were identified. Data for IAA were available from 

238 individuals [41.2% of cohort; n positive = 171/238 (71.8%)], where the onset sample was 

taken within 2 weeks of diagnosis prior to exogenous insulin treatment and was only included 

in the onset analysis. The detection of IAA is determined by RIA utilising A14-[125-I]-labelled 

human insulin ± 40µmol/L synthetic human insulin (ACTRAPID®, Novo Nordisk, Bagsværd, 

Denmark) and has been previously well described (343, 356, 494).  

 

Overall, 290 (50.3%), 182 (31.5%), 88 (15.3%), and 17 (2.9%) individuals provided 1, 2, 3, 

and 4 follow-up samples, respectively; combinations of samples available for testing with the 

number tested for autoantibodies at all time points are detailed in Table 3:1. Data from 44/137 

individuals that provided samples at onset and at 15-32 years disease duration have been 

previously published (449), but the remaining 93 individuals had additional samples that were 

not tested for autoantibodies in the previous publication. The incomplete autoantibody data was 

filled in and included in this project.  

 

The total available serum samples for autoantibody detection at follow-up are detailed in 

Figure 3:1. Characteristics of the cohort with available data for variables investigated are 

detailed in Table 3:2. 
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Table 3:1 – Combinations of samples available that were tested for autoantibodies across all time 

categories 

* Data from 44/137 individuals have been previously published by Williams et al. (2016) (449), but the remaining 

93 individuals that provided a sample 15-32 years after onset had additional samples available which have not 

been previously published. 

 
 

Figure 3:1 – Distribution of longitudinal serum samples available from 577 individuals with T1D 

The median and interquartile ranges (IQRs) for sampling time from onset (years) are detailed for each time 

category of longitudinal follow-up in the corresponding table.  
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Variable Number (%) 

Gender (n=577) 
Male 
Female 

 

320 (55.5) 
257 (44.5) 

Age at onset (n=577) 
0.74-7.52 years 
7.52-10.73 years 
10.73-13.76 years 
>13.76– 54.6 years 

 

144 (25.0) 
144 (25.0) 
144 (25.0) 
145 (25.0) 

Autoantibody (n=577) 
IAA (n=238) 
GADA 
IA-2A 
ZnT8A  
    ZnT8RA 
    ZnT8WA 

 

171 (71.8) 
487 (84.4) 
452 (78.3) 
395 (68.5) 
342 (59.3) 
298 (51.6) 

HLA Class II (n=501) 
High (DR3-DQ2/DR4-DQ8) 
Moderate (DQ2/DQ2, DQ8/DQ8, DQ2/X, DQ8/X) 
Low (X/X, DQ6/X) 

 

159 (31.7) 
269 (53.7) 
73 (14.6) 

HLA Class I  
HLA-A*24 Negative (n=454) 
HLA-B*18 Negative (n= 417) 
HLA-B*39 Negative (n= 417) 

 

376 (82.8) 
364 (87.3) 
385 (92.3) 

Non-HLA SNPs 
IFIH1 (n=469)   
C 
CT 
T 
RELA (FIBP) (n=432) 
C 
CT 
T 
LPP (n= 440) 
A 
AC 
C 
FLCR3 (n=442) 
G 
AG 
A 
SLC30A8 (n= 383) 
CC 
CT 
TT 

 

 

59 (12.58) 
215 (45.84) 
195 (41.58) 
 

280 (64.81) 
133 (30.79) 
19 (4.40) 

 

99 (22.50) 
213 (48.41) 
128 (29.09) 

 
159 (35.97) 
199 (45.02) 
84 (19.0) 

 
179 (46.74) 
168 (43.86) 
36 (9.40) 

 

Table 3:2 – Cohort description & all variables investigated for association with autoantibody loss 

after onset of T1D 

All available results (n) for 577 individuals longitudinally followed-up from T1D onset to 32 years disease 

duration. For Non-HLA SNPs, underlined alleles identify the minor allele.   
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3.2.2 Genetic determination 
 

All DNA samples with available data were extracted from whole blood or mouth swab samples 

and were whole genome amplified by a PCR-based protocol (Illustra GenomiPhi V2 DNA 

amplification kit; GE Healthcare). HLA Class II alleles were previously determined (n=501) 

by sequence-specific primers, described previously (495) and characterised into high [DR3-

DQ2:DR4-DQ8(DRB1*03-DQA1*0501-DQB1*0201:DRB1*04-DQA1*0301-DQB1*0302)], 

moderate (DQ8/DQ8, DQ8/X, DQ/X and DQ2/DQ2), and low risk (X/X and DQ6/X), where X 

refers to any other haplotype. Individuals with the protective DQ6/X genotype were categorised 

into low risk and not excluded as the frequency was representative of the general population 

(n=4, 0.8% of 501). HLA Class I genotypes were previously determined for HLA-A*24 

(n=454), HLA-B*18 (n=417), and HLA-B*39 (n=417) by sequence-specific primers previously 

described (496), were coded as binary variables (positive/negative).  

 

Non-HLA SNPs for IFIH1/2q24 (rs2111485 in LD with rs1990760, n=469), RELA/11q13 

(intron 4 of the FIBP gene; rs568617; n=432), LPP/3q28 (rs1464510; n=440), and 

FCRL3/1q23 (rs3761959; n=442) found to be associated with autoantibody positivity at 

follow-up (median 7 years) previously were also available (491, 497). For the assessment of 

ZnT8A loss, the SLC30A8 SNP (rs13266634; n=383) that determines two major epitopes of 

ZnT8A was considered; n=67 (17.5%) out of a total of 383 was determined as part of this PhD 

project following manufacturer’s instructions (ThermoFisher). The minor allele frequencies 

(MAF) of each SNP investigated for association with longitudinal autoantibody loss was of 

expected frequency within the general population (Table 3:3). All non-HLA SNPs were coded 

as binary variables (homozygous allele 1/homozygous allele 2) and the respective minor allele 

was compared to the major allele in multivariate analysis. 
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Table 3:3 – Minor allele frequencies of investigated SNPs in the T1D cohort 

The minor allele frequency (MAF) of non-HLA SNPs considered for association with longitudinal autoantibody 

loss in subjects with T1D (MAF-T1Dc; with available data) and the global MAF (GMAF) or MAF from the 1000 

Genomes project (MAF-1000G*) is detailed. 

 

3.2.3 Data transformation & statistical analysis 
 

Data were analysed using SPSS (v. 23) software and graphed using GraphPad PRISM (v.9.2.0). 

D'Agostino-Pearson normality omnibus K2 test was used to test for a Gaussian (normal) 

distribution. Proportions were compared using Chi-squared χ2 tests or Fisher’s exact tests 

where appropriate. Paired Wilcoxon tests were used to compare median autoantibody titres at 

onset and follow-up. Mixed-model effect generalised linear models (GLM) using a Restricted 

Maximum Likelihood (REML) fit and the Geisser-Greenhouse correction was applied to 

estimate a linear trend accounting for missing values and compare the mean variance of 

autoantibody titre over longitudinal follow-up, respectively. This modelling can be interpreted 

as a one-way Analysis of Variance (ANOVA) when missing values are random. Serum 

sampling from BOX is largely not predetermined.   

 

Where indicated, descriptive statistics (mean, median, interquartile ranges (IQRs), standard 

deviation (SD), coefficient of variation (CV%) were used to investigate heterogeneity in 

autoantibody titres over longitudinal follow-up. Additionally, autoantibody titres were log 

transformed (log10) to generate violin plots to identify subgroups.  
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Binary logistic regression was first used to confirm known associations (non-genetic and 

genetic) with autoantibody positivity at onset corrected for time of initial sampling (months; 

<2 years of onset) as a linear variable.  

 

For analysis of autoantibodies after diagnosis, autoantibody loss was the metric used, i.e., the 

absence of an autoantibody that was present at diagnosis. Binary logistic regression was then 

used to determine the influence of non-genetic [gender, age-at-onset (as quartiles, compared to 

lowest quartile or as T1D endotype (T1DE) age: T1DE2 (≥13years) compared to T1DE1 

(<7years)), time of final sampling from onset (as quartiles, compared to the lowest quartile), 

autoantibody titre at onset (units as quartiles, compared to the highest quartile), number of- and 

combination of- autoantibodies at onset] and genetic covariates (binary and categorical) on 

autoantibody loss at final follow-up. All multivariate logistic regression models were applied 

adjusting for all covariates and confounders identified at the 10% significance level of 

univariate proportional testing. The Bonferroni correction was applied where applicable for 

multiple analyses. In all analyses, a two-tailed p-value <0.05 was considered significant. 
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3.3 Results 

 

3.3.1 Prevalence of autoantibodies at onset & longitudinal follow-up 
 

Of 577 individuals prospectively followed, 84.4%, 78.3%, and 68.5% were positive at onset 

for GADA, IA-2A, and ZnT8A, respectively.  Of the cohort, 16.3% had one, 36.2% had two, 

and 47.5% had three autoantibodies (Figure 3:2).  

 

This study provided a novel opportunity to characterise longitudinal responses in single 

autoantibody positives (Appendix D.3.1), but given the small sample size, factors associated 

with responses could not be determined. 

 

 

 
 

Figure 3:2 – Autoantibody profiles at T1D onset 

Autoantibody positivity profiles for GADA, IA-2A, and ZnT8A (%) in 577 individuals sampled at the onset of 

T1D [median 0.11 years (range -0.86 to 1.98)] that also had at least one follow-up serum sample (2-32 years). In 

238 individuals (41.2% of the total cohort), the onset sample was taken within 2 weeks of onset, enabling accurate 

detection of IAA in addition to GADA, IA-2A, and ZnT8A (n positive for IAA = 171/238; 71.8%). Positivity for 

GADA, IA-2A, and ZnT8A comprised 47.5% of the total cohort. GADA was the most prevalent in single 

autoantibody positives (67.0%), followed by IA-2A (23.4%) and ZnT8A (9.6%). The most frequent double 

autoantibody positive combination was GADA with IA-2A (n=97; 16.8%), followed by IA-2A with ZnT8A 

(n=59; 10.2%), and GADA with ZnT8A (n=53; 9.2%;), respectively.  
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Individuals positive for ≥two autoantibodies decreased over longitudinal follow-up, whereas 

single autoantibody positive and autoantibody negative subjects increased (p<0.0001; Figure 

3:3). This corresponded with the loss of the T1D onset autoantibody profile over follow-up 

(45.6% 2-5 years, 61.5% 5-10 years, 74.4% 10-15 years, and 83.0% 15-32 years). Profiles 

containing GADA and/or IA-2A were more frequent over follow-up than those containing 

ZnT8A (Figure 3:4).  

 

 

 
 

Figure 3:3 – Longitudinal autoantibody positivity over follow-up 

Percentages derived from serum samples with complete autoantibody data for GADA, IA-2A, and ZnT8A at each 

time category. The proportion of subjects positive for three and two autoantibodies decreased from onset, and the 

proportion of subjects positive for 1 autoantibody or 0 autoantibodies increased from onset (both p<0.0001). 
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Figure 3:4 – Prevalence of longitudinal autoantibody positivity characterised by autoantibody profiles at T1D onset 

Autoantibody positivity profiles for GADA, IA-2A, and ZnT8A in 577 individuals sampled at T1D onset [median 0.11 years (range -0.86 to 1.98)] that remained positive (%) 

by the onset autoantibody profile at longitudinal follow-up (range 2-32 years). The proportion of individuals losing ≥1 autoantibody at follow-up increased with increasing 

disease duration at follow-up (p<0.0001). Single GADA responses (5.8-10.8%) was more prevalent over longitudinal follow-up than single IA-2A (0.7-3.9%) and ZnT8A (0.7-

0.8%) responses. Individuals positive for two autoantibodies, GADA/IA-2A positives (3.6-10.6%) was more prevalent over longitudinal follow-up than GADA/ZnT8A (0.7-

4.9%) or IA-2A/ZnT8A (0.0-2.0%) responses. Individuals positive for all three major autoantibodies at onset, 5.1%-22.7% remained positive for all three autoantibodies over 

longitudinal follow-up. Autoantibody profiles containing ZnT8A were less frequent over longitudinal follow-up; therefore, testing for GADA and IA-2A after T1D onset will 

detect the majority of autoantibody positivity during disease.  
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Longitudinal autoantibody positivity showed distinct patterns according to antigen specificity. 

ZnT8A positivity was lost more rapidly than GADA and IA-2A whereas, GADA and IA-2A 

positivity was lost more gradually over follow-up (Figure 3:5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3:5 – The frequency of longitudinal autoantibody positivity 

Percent positive (%) out of the number of serum samples available at longitudinal follow-up in individuals that 

were positive for GADA (n=487), IA-2A (n=452) and ZnT8A (n=395) around onset. Proportions of positivity for 

each autoantibody was compared to the previous longitudinal follow-up category. Red for GADA, Blue for IA-

2A and Black for ZnT8A at significance; p values *<0.05, **<0.01, ***<0.001, and **** <0.0001. The overall 

proportion of all autoantibody positives at each longitudinal follow-up category with complete data for GADA, 

IA-2A and ZnT8A compared to onset decreased (pcorr <0.05-0.0001).  

 

 

In subjects positive for ZnT8A at onset (395/577; 68.5%;), only 40.1% (150/374 with complete 

data) remained positive at final sampling [median 6.1 years (range 2-32)], with the greatest 

proportionate loss occurring within 5 years of onset (44.2%, pcorr<0.0001) and an overall loss 

of 80.5% at a disease duration ≥15 years (pcorr<0.05 compared with 10-15 years). In contrast, 

in subjects positive for GADA at onset (487/577; 84.4%), 70.8% (340/480 with complete data) 

remained positive at final sampling [median 7.9 years (range 2-32)], with only 17.3% loss 
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within 5 years of onset (pcorr<0.0001) and an overall loss of 47.3% at a disease duration ≥15 

years (pcorr<0.001 compared with 10-15 years). Comparable to GADA, in subjects positive for 

IA-2A at onset (452/577; 78.3%), 76.8% (347/452) remained positive at final sampling 

[median 8.0 years (range 2-32)], with only 11.6% loss occurring within 5 years of onset 

(pcorr<0.0001) and an overall loss of 38.9% at a disease duration ≥15 years (pcorr<0.01 compared 

with 10-15 years).  

 

3.3.2 Patterns of autoantibody titre over longitudinal follow-up 
 

In accordance with decreasing autoantibody prevalence, the median autoantibody titre for 

GADA, IA-2A, and ZnT8A also decreased as a function of increasing disease duration 

(p<0.0001) but high GADA and IA-2A titres were still observed at ≥15 years disease duration, 

which appeared rare for ZnT8A (Figure 3:6). Across a range of baseline titres, longitudinal 

autoantibody titres sequentially decreased over follow-up in most subjects [GADA: 365/487 

(74.9%); IA-2A: 407/452 (90.0%); ZnT8A: 389/395 (98.5%)]. A minority of GADA and IA-

2A positive subjects had higher autoantibody titres in at least one follow-up sample compared 

to onset (GADA: n=68, 14.0%; IA-2A: n=25, 5.5%) and/or had evidence of waxing-waning 

patterns of differing magnitudes from onset over at least two follow-up samples (GADA: n=69, 

14.2%; IA-2A: n=26, 5.8%). However, only 6 (1.5%) ZnT8A positive subjects had a higher 

ZnT8A titre in at least 1 follow-up sample, and there was no evidence of waxing-waning 

patterns (Appendix D.4). Given the testing strategy, the re-emergence of autoantibodies after 

onset cannot be fully evaluated.  
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Figure 3:6 – Longitudinal GADA, IA-2A, & ZnT8A levels from T1D onset 

Individuals positive for GADA, IA-2A, and ZnT8A by RIA out of a T1D cohort of 577 individuals that provided 

one sample at onset (-1-2 years) and at least one sample at longitudinal follow-up (2-32 years). Autoantibody 

levels are expressed as Diabetic Kidney (DK) units/ml for GADA and IA-2A and arbitrary units (AU) for ZnT8A. 

The number of samples positive for the respective autoantibody out of the samples with available data is detailed.  

Red error bars denote respective median units and interquartile ranges. Blue dashed line denotes positivity 

thresholds [GADA (13.5 DK units/ml), IA-2A (1.4 DK units/ml), and ZnT8A (1.8 AU)]. Autoantibody prevalence 

and median autoantibody titre at longitudinal follow-up compared to onset decreased as a function of increasing 

disease duration for all autoantibody responses corrected for multiple analysis (pcorr<0.0001).  
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As expected, there was strong evidence to suggest longitudinal autoantibody responses were 

not sampled from a Gaussian population (p<0.0001; Figure D:10; Appendix D.4.3). However, 

GLMs require normally distributed residuals, not normally distributed dependent variables; 

therefore, GLMs were explored to test other model assumptions. GLMs also suggested that 

there was evidence of a linear trend in decreasing autoantibody titres (p<0.0001), but the 

within-subject variance of mean autoantibody titres was highly unequal across categories of 

longitudinal follow-up (Geisser-Greenhouse ε <0.5 in all responses; Table 3:4). Similarly, the 

between-subject variance of mean autoantibody titres was high in all autoantibody responses 

(GADA SD: 240.3; IA-2A SD: 83.0; ZnT8A SD: 27.1; Appendix D.4.4 for full descriptive 

statistics). Unsurprisingly, the mean difference in autoantibody titre differed in most pairwise 

comparisons between time categories (p<0.0001-0.05, Figure D:11; Appendix D.4.4.1). 

Autoantibody responses after onset are heterogeneous between individuals, and therefore, 

further predictive modelling using linear trend would be inappropriate. 

 

 

Linear trend & mixed-model 

GLM assessment of variance 

over longitudinal follow-up 

GADA IA-2A ZnT8A 

Linear trend across follow-up p<0.0001 p<0.0001 p<0.0001 

Slope (95% CI) 
-47.67 

(-38.95, -56.40) 

-47.36 

(-43.23, -51.49) 

-12.17 

(-10.17, -14.18) 

Means different across follow-

up  
p<0.0001 p<0.0001 p<0.0001 

Geisser-Greenhouse correction ε 0.47 0.51 0.39 

Total missing values (n) 1142 1054 1051 

 

Table 3:4 – Linear trend & GLM assessment of variance over longitudinal follow-up for GADA, 

IA-2A, & ZnT8A responses 

GLM: generalised linear model; CI: confidence interval.  
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3.3.3 Non-genetic associations of autoantibody positivity at initial 

sampling & autoantibody loss at final sampling 
 

3.3.3.1 Initial sampling 
 

Non-genetic [gender, age-at-onset, and time of initial serum sampling (months); Figure 3:7] 

and the presence of co-existing autoantibodies (Figure 3:8) previously reported to be 

associated with GADA, IA-2A, and ZnT8A at onset were confirmed using adjusted 

multivariate logistic regression.  

 

Positivity for GADA at onset was associated with female gender [OR 1.7, p=0.026], an older 

age-at-onset ≥11 years [11-14 years OR 3.3, p=0.0004; ≥14 years OR 6.1, p=1.3x10-5], but not 

with the presence of co-existing autoantibodies (p>0.05).  

 

Positivity for IA-2A at onset was negatively associated with an older age-at-onset ≥14 years 

[OR 0.4, p=0.001], but was positively associated with the presence of ZnT8A [OR 2.7, 

p=4.0x10-6], and IAA [OR 2.8, p=0.003 (n=283)].  

 

Positivity for ZnT8A at onset was positively associated with age-at-onset between 8-11 years 

[OR 2.2, p=0.004], IA-2A [OR 2.7, p=5.0x10-6], and weakly with IAA [OR 1.9, p=0.045 

(n=282)] but, was negatively associated with initial sampling time [OR 0.6, p=0.009]. This 

suggests that detection of ZnT8A decreases within 2 years of T1D onset.  
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Figure 3:7 – Non-genetic associations on autoantibody positivity at T1D onset 

OR: odds ratio; 95% CI: confidence interval; OR of 1 denotes the reference category of variable; ORs over 1 

favour autoantibody positivity; red dots and text denote alpha significance (<0.05). ORs, CIs and p values were 

calculated from logistic regression models for autoantibody positivity at initial sampling time (months) adjusted 

for all non-genetic covariates (gender, age at onset, autoantibody level at onset, and initial sampling time (months) 

from onset. All subjects positive for these autoantibodies had complete non-genetic data at initial sampling 

(GADA n= 487; IA-2A n =452; ZnT8A n =395). The detection of IAA was only considered if sampling was taken 

within 2 weeks of diagnosis (n =238; 171; 71.8% positive), and therefore, models were unadjusted for initial 

sampling (open circle for non-applicable).  
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Figure 3:8 – Associations of co-existing autoantibodies on autoantibody positivity at T1D onset 

OR: odds ratio; 95% CI: confidence interval; OR of 1 denotes the reference category of variable; ORs over 1 

favour autoantibody positivity; red dots and text denote alpha significance (<0.05). ORs, CIs and p values were 

calculated from logistic regression models for autoantibody positivity at initial sampling time (months) adjusted 

for all non-genetic covariates (gender, age at onset, autoantibody level at onset, and initial sampling time (months) 

from onset). Autoantibody covariates were considered independently in all models; GADA, IA-2A and ZnT8A 

with IAA (n =283) and without IAA (n =577). 

 

3.3.3.2 Final sampling 
 

Multivariate analysis on the loss of GADA, IA-2A, and ZnT8A responses at final follow-up 

(range 2-32 years) adjusted for all non-genetic covariates are summarised in Figure 3:9A/B.  

Gender was not associated with autoantibody responses at final follow-up independent of other 

covariates (p>0.05). 
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Figure 3:9 – Non-genetic associations of autoantibody loss for GADA, IA-2A, & ZnT8A 

OR: odds ratio; 95% CI: confidence interval; OR of 1 denotes the reference category of variable; ORs over 1 favour autoantibody loss; red dots and text denote alpha significance 

(<0.05). ORs, CIs, and p values were calculated from multivariate logistic regression models for autoantibody loss at final sampling time (years) adjusted for all non-genetic 

covariates (gender, age at onset, quartile of baseline autoantibody titre at onset, and quartile of disease duration from onset (years) at final sampling. Complete non-genetic data 

was available for 481/487 GADA positive, 452/452 IA-2A, and 373/395 ZnT8A positive T1D subjects. (A) Multivariate non-genetic baseline model used for further analysis; 

lower autoantibody titres and higher disease duration at final sampling are positively associated with autoantibody loss for all responses. An older age-at-onset is negatively 

associated with autoantibody loss for GADA, IA-2A and ZnT8A above the age of 11 years. (B) Variables of co-existing autoantibodies were investigated independently 

(denoted by solid black lines), adjusting for variables detailed in the non-genetic baseline model. At onset, the presence or number of other islet autoantibodies did not strongly 

influence GADA, IA-2A or ZnT8A loss, but ZnT8A loss at final sampling was weakly associated with the presence of two autoantibodies compared to three autoantibodies.
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3.3.3.2.1 Disease duration  
 

Quartiles of disease duration at final follow-up (years) were associated with GADA (OR range 

1.8-8.8, p range=0.019-8.3x10-9), IA-2A (OR range 2.6-15.7, p range=0.037-1.7x10-8], and 

ZnT8A loss (only in >12-32 years OR 1.9-19.1, p=6.9x10-10) to differing degrees and was 

included in all multivariate analysis (Figure 3:9A). Whilst quartile of disease duration had 

differential effects on individual autoantibody responses when disease duration was considered 

in multivariate logistic regression as a linear variable (years), the risk of autoantibody loss per 

year was comparable across all autoantibody responses (GADA: OR 1.1; IA-2A: OR 1.2; 

ZnT8A: OR 1.2, p range=6.98x10-8- 4.78x10-9]. This suggests that although ZnT8A is lost 

more rapidly than GADA and IA-2A, yearly disease duration had a similar effect on the risk 

of autoantibody loss at final follow-up.  

 

3.3.3.2.2 Autoantibody titre at T1D onset 
 

Multivariate analysis confirmed that lower quartiles of autoantibody titres at onset were 

strongly associated with increased risk of autoantibody loss for GADA (OR 29.9, p=3.8x10-

14), IA-2A (OR 72.8, p=1.1x10-14), and ZnT8A (OR 95.9, p=2.2x10-16) at final follow-up, 

independent of other covariates (Figure 3:9A). For GADA (p=0.038 to 1.5x10-16) and ZnT8A 

(p=6.0x10-5 to 6.1x10-18), quartiles of baseline autoantibody titre below the highest quartile 

were strongly associated with increased risk of autoantibody loss; however, for IA-2A, 

discrimination of risk was only observed between the upper two and lower two quartiles 

(p=0.00028 to 1.1x10-14). The influence of baseline autoantibody titre on autoantibody loss was 

also evident in all autoantibody responses when plotted by quartile despite the heterogeneity 

between individuals (Figure 3:10). However, no apparent groups of individuals who maintain 

their autoantibody response(s) were apparent, suggesting autoantibody loss occurs across all 

groups (Figure 3:11).   
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Figure 3:10 – Longitudinal GADA, IA-2A, & ZnT8A titres categorised into baseline quartiles at 

T1D onset 

The prevalence of longitudinal autoantibody positivity in all autoantibody responses was higher in subjects with 

high quartiles of baseline autoantibody titre (p<0.0001-0.05). Independent of baseline titre, longitudinal 

autoantibody titres sequentially decreased over follow-up in most subjects [GADA: 365/487 (74.9%); IA-2A: 

407/452 (90.0%); ZnT8A: 389/395 (98.5%)]. A minority of GADA and IA-2A responses had higher autoantibody 

titres in at least one follow-up and/or had evidence of wax-waning patterns of differing magnitudes in at least two 

follow-up samples. However, this was rare in ZnT8A responses. Given the testing strategy, the re-emergence of 

autoantibodies after onset cannot be fully evaluated. 
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Figure 3:11 – Quartiles of autoantibody level at T1D onset over longitudinal follow-up for GADA, 

IA-2A, & ZnT8A (Violin plots) 

Individuals positive for GADA (n=487), IA-2A (n=495) and ZnT8A (n=395) by RIA out of a T1D cohort of 577 

individuals that provided one sample at onset (-1-2 years) and at least one sample at longitudinal follow-up (2-32 

years), separated by quartiles of autoantibody level present at onset (Q1-Q4; lowest to highest). Violin plots denote 

the overall distribution of the data by smoothed kernel density (bar width) and show lines at the median and 

interquartile ranges at each time category. Blue dashed lines denote positivity thresholds for the respective 

autoantibody. The proportion of autoantibody positives decreased as a function of longitudinal follow-up for all 

quartiles of autoantibody level at onset (p<0.0001).   
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Importantly, the number of missing data points did not differ between the quartiles of titre at 

onset, suggesting that the influence of autoantibody titre on autoantibody loss at final follow-

up was not due to skewed data (Table D:11-Table D:13; Appendix D.5). 

 

3.3.3.2.3 Age at T1D onset 
 

An older age-at-onset considered as quartiles and compared to individuals diagnosed <8 years 

was associated with reduced autoantibody loss at final follow-up but, the pattern and strength 

of association were not uniform (Figure 3:9A). For GADA, an age-at-onset ≥8years was 

associated with reduced GADA loss, with comparable odds across the upper age quartiles (OR 

range 0.4-0.5, p range=0.019-0.009). IA-2A loss was only less likely in individuals diagnosed 

between 11 and 14 years compared with individuals diagnosed <8 years (OR 0.3, p=0.012). In 

contrast, reduced ZnT8A loss was associated with an age-at-onset ≥11 years (OR 0.3, p=0.002).  

 

When age-at-onset was considered as a binary variable according to T1DE age [T1DE2 (≥13 

years compared to T1DE1 (<7 years)], the overall log odds ratio associated with autoantibody 

loss at final sampling for all autoantibody responses was comparable to when age was 

considered as quartiles (OR range 0.3-0.4; p=0.004-0.011) (Table 3:5). Given the equal 

distribution of age at onset considered as quartiles, this was deemed more appropriate for 

multivariate analysis. However, the increased autoantibody loss in T1DE1 compared to T1DE2 

subjects can be observed in Figure D:12; Appendix D.5.2, and there appeared to be no 

interaction between age and autoantibody titre at onset in relation to autoantibody loss at final 

follow-up (p>0.05).  
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Age at onset 

GADA IA-2A ZnT8A 

OR 

(95% CI) 

p value n OR 

(95% CI) 

p value n OR 

(95% CI) 

p value n 

Quartiles 

 

≥8-11yrs vs <8yrs 

 

≥11-14yrs vs <8yrs 

 

 

≥14yrs vs <8yrs 

 

 

0.4 

(0.2-0.7) 

 

0.5 

(0.2-0.9) 

 

0.4 

(0.2-0.8) 

 

 

5.0x10-3 

 

 

1.9x10-2 

 

 

9.0x10-3 

 

 

113 

105 

 

126 

105 

 

136 

105 

 

 

0.9 

(0.4-1.9) 

 

0.3 

(0.1-0.8) 

 

0.5 

(0.2-1.2) 

 

 

NS 

 

 

1.2x10-2 

 

 

NS 

 

 

127 

120 

 

108 

120 

 

97 

120 

 

 

0.6 

(0.27-1.38) 

 

0.3 

(0.1-0.6) 

 

0.3 

(0.1-0.6) 

 

 

NS 

 

 

2.0x10-3 

 

 

2.0x10-3 

 

 

108 

89 

 

91 

89 

 

85 

89 

T1DE 

 

≥13yrs (2) vs ≤7yrs (1) 
0.4 

(0.2-0.7) 
4.0x10-3 138 

82 

0.32 

(0.14-0.77) 
1.1x10-2 122 

108 

0.3 

(0.1-0.7) 
4.0x10-3 

 

103 

78 

 

Table 3:5 –Autoantibody loss at final follow-up considering age at onset as quartiles versus T1DE categories 

NS: Not Significant; OR: odds ratio; 95% CI: confidence interval; OR of 1 denotes the reference category of variable; ORs over 1 favour autoantibody loss. ORs, CIs, and p 

values were calculated from logistic regression models for autoantibody loss at final sampling time (years) adjusted for all non-genetic covariates (gender, age at onset, 

autoantibody level at onset, and disease duration from onset (years) at final sampling. T1DE: type 1 diabetes endotype [<7yrs T1DE 1; >13yrs T1DE 2]. 
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3.3.3.2.4 Co-existing autoantibodies at T1D onset 
 

The presence of co-existing islet autoantibodies or number of islet autoantibodies at onset was 

not associated with the loss of GADA, IA-2A, or ZnT8A at final sampling adjusted for non-

genetic covariates (Figure 3:9B). The presence of two autoantibodies, compared with three 

autoantibodies at onset, was only weakly associated with ZnT8A loss at final follow-up (OR 

1.9; p=0.045).  

 

3.3.4 Genetic associations of autoantibody positivity at initial sampling 

& autoantibody loss at final sampling 
 

Multivariate models with complete genetic data for autoantibody positivity at initial sampling 

(<2 years from onset) and autoantibody loss at final sampling adjusted for non-genetic 

covariates (gender, age-at-onset, baseline autoantibody titre, and disease duration), genetic 

variables were considered independently as categorical or binary variables as previously stated 

(Figure 3:12). This side-by-side comparison approach was used to investigate whether genetic 

drivers of autoantibody positivity at T1D onset are different and/or inversely associated with 

genetic drivers of autoantibody loss.  

 

For interpretation of the figures, it is important to note that factors associated with autoantibody 

positivity at initial sampling appear on the right (OR>1), and factors negatively associated with 

autoantibody loss at final sampling appear on the left (OR<1). 
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Figure 3:12 – Genetic associations of autoantibody positivity at initial sampling around T1D onset & autoantibody loss at final sampling after T1D onset 

OR: odds ratio; 95% CI: confidence interval; OR of 1 denotes the reference category of variable; ORs over 1 favour autoantibody positivity at initial sampling or autoantibody 

loss at final sampling; red dots and text denote alpha significance (<0.05). ORs, CIs and p values were calculated from multivariate logistic regression models adjusted for all 

non-genetic covariates (Figure 3:9A) for initial and final sampling, including gender, age-at-onset, sampling time (months/years) and autoantibody titre at onset (final sampling 

only). All genetic covariates were considered independently in all models. The minor allele frequency (MAF) of non-HLA SNPs in this T1D cohort was comparable to the 

global MAF (GMAF) or MAF from the 1000 Genomes project (MAF-1000G*) (Table 3:3) and minor alleles were compared to major alleles (major>minor). 
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3.3.4.1 GADA 
 

At initial sampling, GADA positivity was not associated with HLA Class II risk genotypes but 

was strongly associated with the presence of DR3 [OR 2.7, p=0.00019) and negatively with 

DR4 (OR 0.3, p=0.002) when considered independently. The presence of HLA class I HLA-

B*39 was negatively associated with GADA positivity (OR 0.3, p=0.015). Investigated non-

HLA SNPs were not associated with GADA positivity at initial sampling.   

 

However, at final sampling, GADA loss was associated with low-risk HLA class II genotypes 

(OR 3.3, p=0.005), possibly due to the reduced presence of at least one copy of DRB1*03 that 

was weakly confirmed by the negative association with DR3 (OR 0.6, p=0.046) when 

independently considered. Loss of GADA at final sampling was not associated with any HLA 

class I genotypes but was associated with 3 non-HLA SNPs; positively with the RELA/11q13 

T allele (OR 4.5, p=0.017) and LPP/3q28 A allele (OR 3.4, p=0.004) but was negatively 

associated with the IFIH1/2q24 T allele (OR 0.3, p=0.018). Collectively, this suggests that 

individuals with DR3 and the diabetes risk allele of IFIH1/2q24 were more likely to maintain 

GADA responses. In contrast, those with minor alleles of RELA/11q13 and LPP/3q28 linked 

to other autoimmune conditions were more likely to lose GADA. 

 

3.3.4.2 IA-2A 
 

At initial sampling, IA-2A positivity was not associated with HLA class II genotypes but was 

strongly associated with the presence of DR4 (OR 4.6, p=1.3x10-10) and negatively with DR3 

(OR 0.3, p=4.7x10-7) when considered independently. The presence of HLA class I HLA-A*24 

was negatively associated with IA-2A positivity (OR 0.5, p=0.0019). IA-2A positivity at initial 

sampling was also associated with two non-HLA SNPs: positively with the LPP/3q28 A allele 

(OR 2.1, p=0.031) and negatively with the FCRL3/1q23 A allele (OR 0.3, p=0.002).  
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However, IA-2A loss at final sampling was not associated with any of the genotypes 

considered, independent of non-genetic covariates, but the presence of at least one copy of DR4 

was negatively associated with IA-2A loss (OR 0.5, p=0.016) when IA-2A titre at onset was 

excluded from the model. This was due to an interaction between DR4 and IA-2A titre (data 

not shown). Collectively, these results suggest that IA-2A positivity has distinct genetic 

associations at onset compared with after diagnosis, which differs from GADA responses. For 

example, compared with GADA, the minor allele of LPP/3q28 was associated with the 

presence of IA-2A at diagnosis but was associated with GADA loss after diagnosis.  

 

3.3.4.3 ZnT8A 
 

At initial sampling, ZnT8A positivity was not associated with any HLA class II genotypes but 

was negatively associated with the presence of HLA class I HLA-A*24 (OR 0.5, p=0.011) and 

the non-HLA FCRL3/1q23 A allele (OR 0.4, p=0.004). The SLC30A8 genotype did not 

influence overall ZnT8A positivity but strongly influenced the specificity of the ZnT8A 

response. The T allele was strongly associated with the development of ZnT8WA (OR 7.7, p= 

5.8x10-5) and strongly negatively associated with the development of ZnT8RA (OR 0.1, 

p=1.9x10-7). 

 

However, ZnT8A loss at final sampling was associated with the presence of HLA-A*24 (OR 

3.5, p=0.019). Only one non-HLA SNP showed a weak negative association with ZnT8A loss 

at final follow-up, the RELA/11q13 T allele (OR 0.2, p=0.049). This suggests that the negative 

association of HLA-A*24 and ZnT8A observed at diagnosis becomes stronger after diagnosis 

whereas, this was not observed in IA-2A responses. The minor allele of RELA/11q13 may have 

opposite effects on ZnT8A and GADA responses. 
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3.4 Discussion 

 

3.4.1 Main findings 
 

1. Overall, autoantibody prevalence, number, and median autoantibody level decreased as a 

function of increasing disease duration in all autoantibody responses. In most subjects, 

autoantibody titres sequentially decreased over follow-up (range 74.9-98.5%) but the within-

subject and between-subject variance were highly heterogenous. At ≥15 years disease duration, 

high GADA and IA-2A titres were still observed which was rare for ZnT8A responses. 

 

2. ZnT8A responses were lost more rapidly over follow-up than GADA and IA-2A responses. 

At final follow-up across all autoantibody responses (median duration 7.3 years), only 40.1% 

remained positive for ZnT8A compared to 70.8% and 76.8% for GADA and IA-2A, 

respectively. The persistence of GADA and IA-2A positivity was comparable over follow-up. 

 

3. The association of non-genetic [gender, age-at-onset, time of initial serum sampling 

(months), and the presence of co-existing autoantibodies] and genetic factors, previously 

reported to be associated with GADA, IA-2A, and ZnT8A positivity around T1D onset (<2 

years duration), were confirmed using adjusted multivariate logistic regression models. 

 

4. Logistic regression modelling identified that the principal non-genetic predictors of 

autoantibody loss at final sampling in order of increasing association were a younger age at 

onset <8 years, longer disease durations >5 years, and lower baseline autoantibody levels close 

to onset. The degree of autoantibody loss was not influenced by the number or combination of 

autoantibodies present around onset, but patterns were discriminated by antigen specificity. 
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5. Logistic regression modelling of genetic factors associated with autoantibody loss 

(independent of non-genetic covariates) revealed antigen-specific effects that differed from 

associations at the time of diagnosis. GADA loss was associated with low-risk HLA Class II 

genotypes and non-HLA loci for RELA/11q13, LPP/3q28, and negatively with IFIH1/2q24. 

IA-2A loss was not linked with any genetic factors considered. ZnT8A loss was associated 

with the presence of HLA-A*24 and weakly with RELA/11q13.  

 

3.4.2 Islet autoantibody responses after T1D onset 
 

Of those positive close to onset, 70.8%, 76.8%, and 40.1.% remained positive for GADA, IA-

2A, and ZnT8A, respectively, at final follow-up (median duration 7.3 years). In individuals 

with ≥15 years duration, ZnT8A prevalence (14%) and level were low compared to GADA 

(43%) and IA-2A (48%), which were present at a range of levels. The rapid decline in ZnT8A, 

independent of R325W specificity during the first 10 years of disease, compared with GADA 

and IA-2A, has been reported previously (443, 492), but cross-sectional studies of long disease 

duration ≥10 years report contradictory frequencies of GADA, IA-2A, and ZnT8A (data 

limited) at follow-up.  

 

Our data agree with the Barbara Davis Centre, showing that GADA and IA-2A are lost at a 

similar rate compared to ZnT8A with an overlapping follow-up period (12-57.1 years; n=282 

autoantibody positivity was 21% GADA, 19.5% IA-2A, and 6.7% ZnT8A) (443). In the 

Golden Years survivor cohort (51-75 years disease duration; n=343), whilst GADA was the 

most prevalent autoantibody (48%), ZnT8A (24.6%) were more common compared with IA-

2A (5.8%), which is in contrast to both the Barbara Davis Centre and our study (447). 

Additionally, the majority of remaining ZnT8A and IA-2A responses were only present at 

reduced levels (80-95% <50 units) compared with GADA (55.5% present >50 units) in the 
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Golden Years cohort, which may suggest at >50 years disease duration, a greater loss of IA-

2A responses compared with GADA may be anticipated (447). It is important to consider that 

baseline autoantibody characteristics (positivity and level at onset) are unknown in those 

studies, and in other cross-sectional studies, which may account for some variability in 

autoantibody frequencies. The strength of our study was the ability to account for autoantibody 

positivity, and baseline autoantibody levels and these show a strong relationship with the 

longevity of humoral responses in a relatively large cohort.  

 

Many studies agree that autoantibody prevalence decreases with disease duration. However, an 

older age-at-onset has only been confirmed for GADA positivity but not IA-2A (349, 491, 498) 

whereas, the one study investigating ZnT8A persistence found no association with age (491). 

The reason for the age-at-onset effect on longitudinal GADA, IA-2A, and ZnT8A found in this 

study is not clear but, may be due to a range of differences with our study such as the inclusion 

of individuals diagnosed older (>21 years), variations in disease duration at follow-up, 

longitudinal compared with cross-sectional sampling, or availability of baseline autoantibody 

level. Other factors could include differences in autoantibody detection protocols and 

additional cohort characteristics such as ethnicity and geographical location. Nonetheless, age-

associated autoantibody positivity profiles during disease may in part be related to T1D 

endotypes (T1DE) recently described (43). Regardless of how age was considered in 

multivariate analysis (quartiles versus T1DE) in this study, a younger age at onset was 

associated with loss of autoantibody responses. 

 

High-risk T1D-associated HLA Class II genotypes were not associated with autoantibody loss 

for GADA, IA-2A, and ZnT8A. However, low-risk HLA Class II genotypes were associated 

with GADA loss at final follow-up when compared with high-risk genotypes. This may be 

explained by the association between the DRB1*03 haplotype and GADA persistence, 
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consistent with other reports (349, 491, 498) because the low-risk category did not contain this 

haplotype. In contrast to other studies (499, 500), there was no association between DR4 and 

IA-2A persistence when adjusted for baseline level, probably due to the relationship of DR4 

with IA-2A levels at onset (349). The ZnT8A response in our study was not associated with 

HLA Class II, but we were unable to study the protective allele DQ6.4 because of the low but 

expected frequency (0.4%) (94). Collectively, the highly predisposing HLA Class II genotypes 

for T1D risk that also strongly influence levels of specific autoantibodies at onset (especially 

IA-2A and IAA) do not have additional effects on humoral responses after clinical onset. 

 

Type 1 diabetes-associated HLA Class I genotypes were not associated with loss of GADA or 

IA-2A, but the presence of HLA-A*24 was associated with loss of ZnT8A in adjusted models. 

This is in line with the negative association between HLA-A*24 and ZnT8A positivity we have 

previously observed at onset (90) and in first degree relatives (350), which may suggest that 

attenuation of humoral responses to ZnT8A in HLA-A*24 carriers continues after disease onset. 

The negative association of HLA-A*24 with IA-2A positivity at onset (90) was confirmed in 

the individuals analysed here but was not observed after clinical onset, inconsistent with a 

previous report (median 5 years disease duration; n=2,531 diagnosed ≤17 years) (498). Perhaps 

this was due to reduced statistical power, longer disease duration, an older range of age-at-

onset, or the inability of the previous study to measure IA-2A positivity at diagnosis. The 

humoral phenotype of ZnT8A and IA-2A in carriers of HLA-A*24 after onset warrants further 

study. 

 

A quarter of individuals with T1D have autoantibodies associated with non-islet autoimmunity, 

and therefore, SNPs associated with other autoimmune comorbidities are of interest (501). 

Genome-wide association studies reported links between RELA/11q13 (rs568617 in high LD 

≥0.9 R2 with rs2231884) and Crohn’s disease (502), LPP/3q28 (rs1464510) and Coeliac 
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disease (503), IFIH1/2q24 (rs2111485 in LD with rs1990760) with both T1D risk (504) and 

progression to T1D (505), and FCRL3/1q23 (rs3761959) with autoimmune thyroid disease 

(506). These SNPs have also been linked with positivity for specific humoral responses 3 to 14 

years after T1D onset in ~7,000 individuals from the type 1 diabetes genetic consortium 

(T1DGC; aged <17 years; median age at onset 8 years) (491). In age-at-onset and disease 

duration adjusted models, RELA/11q13 and FCRL3/1q23 SNPs was associated with IA-2A 

positivity, LPP/3q28 SNPs was associated with GADA positivity, and IFIH1/2q24 was 

associated with positivity for autoantibodies related to autoimmune gastritis and thyroid 

disease (491). However, FCRL3/1q23 was strongly negatively associated with ZnT8A 

positivity when analysed in a subset of individuals sampled closer to onset (n=1,221; sampled 

<2 years disease duration with a median age of onset of 11 years) (491), which confirmed 

previous findings from a GWAS study also using T1DGC subjects (n=855; <2 years disease 

duration with a mean age at diagnosis 12 years) (347). Around onset (categorised as sampling 

within 2 years of diagnosis) in the present study, we were able to replicate the findings from 

both these studies. However, in contrast to Brorsson et al., (2015)(491), we found that 

RELA/11q13 and LPP/3q28 were associated with GADA loss, but IFIH1/2q24 was negatively 

associated with GADA loss and RELA/11q13 was weakly negatively associated with ZnT8A 

loss. Despite the size difference in both cohorts (577 versus ~7000), the different effects of 

RELA/11q13, LPP/3q28, and IFIH1/2q24 may be related to the present study having a longer 

follow-up period and correction for baseline autoantibody level rather than statistical power. 

The exclusive association of IFIH1/2q24 with GADA responses in disease has not been 

previously reported.  

 

Our study has certain limitations. We were unable to analyse the relationship between islet 

autoantibody data and C-peptide or clinical outcomes in this cohort. C-peptide data were 

available for only 100 individuals of whom, 44 had been published previously with no 
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association with autoantibodies at follow-up (449). Additionally, sequential samples after the 

loss of autoantibody responses were not tested, so we cannot comment on possible re-

emergence or factors that may influence the waxing or waning of autoantibody positivity 

through more frequent sampling. Often only observed in small subsets of individuals, 

increasing or stable titres of GADA has also been reported in several studies, but usually, both 

IA-2A and ZnT8A titres decline with few reporting whether titres increase or stabilise  (449, 

493, 500). 

 

Comprising only 1-2% of the pancreas, an estimated 10-20% of β-cell mass remains at T1D 

onset, but this is heterogeneous, related to age-at-onset, and may not reflect the clinical severity 

of disease  (43, 173, 507). A growing body of evidence from histological examination of 

pancreatic tissue from individuals with long-standing (up to 50 years duration) T1D has 

demonstrated the presence of surviving insulin-containing β-cells (39, 42, 507). One study 

found evidence of ongoing β-cell destruction in the pancreases of long-duration T1D (range 4-

67 years); however, the frequency of residual β-cells was higher in individuals with lower mean 

blood glucose independent of disease duration (508). However, pancreatic tissue sections from 

both healthy and T1D subjects suggests β-cell mass itself displays heterogeneity (26), and 

therefore, findings from T1D histological studies should be carefully considered. Nonetheless, 

residual β-cell presence and function have been further corroborated by the detection of serum 

or urinary C-peptide (a by-product of insulin synthesis) in individuals with long-standing T1D 

(>30 years duration) (37, 39, 40, 448, 449, 508). Collectively, it is plausible that the 

immunogenicity of residual β-cells may prolong autoantibody production to islet-specific 

antigens during disease.  

 

Sustained islet autoantibody production by plasma cells in disease is unlikely to be due to 

constant replenishment of short-lived plasma cells through re-stimulation of memory B 
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lymphocytes. Tissue-resident LLPCs form an independent compartment of immunological 

memory which may be involved in long-duration T1D (237). LLPCs can persist for decades 

independent of B lymphocyte precursors or residual antigen but are not intrinsically long-lived. 

Their survival is dependent on specialised niche microenvironments, but the cellular and 

molecular components that promote LLPC production or survival are not fully characterised in 

humans; there is some evidence in other autoimmune diseases of LLPCs in inflamed target 

tissue (237-239).  

 

Although islet autoantigens are highly expressed in pancreatic islets, ZnT8 expression is almost 

exclusive to islets in contrast to GAD and IA-2 that are found in specific cells of the nervous 

system (266). If residual antigen remains accessible to immune surveillance either by continued 

β-cell death or functional residual β-cells, the differential antigen expression may provide some 

rationale as to why ZnT8A are lost more rapidly than GADA or IA-2A. Exposure of ZnT8 may 

be possible during glucose-stimulated insulin secretion, but only one study has found an 

association between ZnT8A levels (but not GADA or IA-2A) and C-peptide in multivariate 

analysis in concurrent testing (448). Therefore, elucidating any relationship between islet 

autoantibodies and C-peptide/β-cell function requires simultaneous detection and prospective 

sampling in future studies. It is difficult to ascertain whether sustained islet autoantibody 

production occurs solely by LLPCs independent of stimulation by residual autoantigen or 

whether the level at diagnosis is related to β-cell mass. Understanding the role of islet 

autoantibodies and subsets of B lymphocytes before or after T1D onset may provide insights 

into autoimmune targeting of the β-cell that should benefit both prevention and intervention 

clinical trials and, therefore, merits further investigation. 
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4.1 Introduction 

 

Solid-phase immunoassays that use either immobilised antigen or antibody such as Western 

blotting and ELISAs have several limitations: reduced ability to detect conformational 

epitopes, high assay background that compromise specificity (often associated with antigen 

preparation techniques), higher sample volume requirements, and a limited dynamic range of 

detection. Whilst the fluid-phase RIA overcomes many hurdles of solid-phase immunoassays 

and has been the method of choice for (auto)antibody detection, the use of radioisotopes, 

among other required methodology steps such as multiple wash steps, prevent its widespread 

application (509).  

 

Radioisotopes are expensive, highly regulated, and have limited shelf-life with both 

environmental and safety implications. Additionally, RIAs are labour-intensive, taking 1-3 

days to complete, and to date, have not been developed to detect multiple antigen-specific 

(auto)antibodies simultaneously and, therefore, can still require substantial sample volumes. 

For example, detecting all major islet autoantibodies (IAA, GADA, IA-2A, and ZnT8A) can 

require up to ~70µl of sample for full confirmation of all results without a second sample. This 

limits the possibility for population-based screening and determination of islet autoimmunity 

in birth cohorts where blood volumes are often small. Since 2015, BOX has been conducting 

capillary sampling, and to date, 1380/2447 (56.4%) samples across all ages provided enough 

blood for >70µl serum for all islet autoantibody RIAs which is slightly reduced in samples 

from children aged under 5 years, 39/84 (46.4%). Therefore, fluid-phase immunoassays that 

replace the use of radionucleotides, reduce assay lengths, require less sample volume, and have 

the potential for multiple (auto)antibody detection are desirable. Luminescence-based assays 

that use luciferase reporters is a candidate format that may meet these desirable characteristics.  
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4.1.1 Bioluminescence & luciferase enzymes 
 

Naturally occurring bioluminescence enzymes (luciferases) have been attractive candidates for 

reporters of cellular physiology due to their high sensitivity and lack of additional light 

amplification steps required (510-512). In the presence of adenosine triphosphate (ATP) and 

magnesium ions, luciferases oxidise the photo-emitting substrate luciferin into oxyluciferin in 

a broadly linear quantitative reaction (510, 511). The characteristics of all main luciferases are 

summarised in Figure 4:1. Firefly (Fluc) and Renilla (Rluc) luciferases have been most widely 

utilised as biosensors for a range of applications, including immunoanalysis, due to the high 

yields of engineered recombinant fusion proteins in bacterial and mammalian expression 

systems (510, 513).  

 

The Fluc (61kDa), typically from Photinus pyralis, emits bioluminescence in the visible 

spectrum (peak at ~565nm) from a stable non-toxic and ATP-dependent reaction with D-

luciferin. Although Fluc produces bioluminescence at high quantum yields (>88%) in a 1:1 

ratio, it has a short half-life (~3hrs), can be inhibited by a range of compounds, and is often 

associated with high assay background, which compromises sensitivity and specificity (510, 

511, 513, 514). The use of Rluc from the soft coral sea pansy Renilla reniformis has many 

advantages over Fluc. Rluc is a smaller (36kDa) ATP-independent enzyme with an enhanced 

thermostability, a longer half-life (4.5hrs), and a highly linear output spanning >7 orders of 

magnitude (509-511). Rluc catalyses the oxidative decarboxylation of the coelenterazine 

substrate with a peak emission at 480nm (510, 511). As Fluc and Rluc do not share homology, 

are active as monomers, and have distinct chemical reactions and peak emission spectra, they 

are often combined as co-reporters utilising a modified sequential detection protocol that 

reduces experimental and labour costs (512, 515).  
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Other luciferases from marine organisms of smaller size have exceeded the bioluminescent 

performance of Fluc and Rluc. Gaussia luciferase (Gluc; 20kDa; 460nm peak emission) from 

the copepod Gaussia princeps also acts on coelenterazine but is strongly resistant to heat and 

extreme pH and has a brighter bioluminescence (>1000-fold higher), offering enhanced 

sensitivity over Fluc/Rluc. However, Gluc requires natural secretion and decays rapidly. The 

half-life of Gluc in vivo is ~20-30mins, but the half-life can be extended to 6 days when secreted 

and stored in cell media at 4°C (511, 514, 516, 517). Despite an appreciatively good half-life, 

Gluc’s light output decreases by 75% within 50 seconds compared with 50% within 90 seconds 

for Rluc and 50% after 10 minutes for Fluc (511, 514). A common limitation of utilising 

Gluc/Rluc is the coelenterazine substrate itself, which can be prone to chemical instability and 

autoluminescence (high backgrounds) (510, 517). Kinetically, the bioluminescence of Fluc is 

a glow-type, and Rluc/Gluc are flash-type luciferases that require luminometers equipped with 

injectors to detect the transient peak luminescence (510, 514). 

 

Hall et al. (2012) sought to engineer and optimise a luciferase and substrate combination with 

superior biochemical and physical properties than Fluc/Rluc/Gluc and the coelenterazine 

substrate without compromising light emission efficiency. A small luciferase subunit (19kDa) 

known as NanoLuc (Nluc), from the deep-sea shrimp Oplophorus gracilirostris in combination 

with the furimazine substrate produces a brighter glow-type bioluminescent signal (460nm) 

with >2hr half-life, a specific activity 150-fold higher than Fluc/Rluc, and compared with Gluc, 

does not require natural secretion (510). With enhanced chemical and physical stability 

characteristics and improved expression in mammalian cells with little evidence of protein 

modifications, the NanoGlo® luciferase/substrate coupled system (Promega) kit utilising Nluc 

is a superior bioluminescence system (510, 518).  
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Figure 4:1 – Bioluminescent characteristics of Fluc, Rluc, Gluc, & Nluc luciferases 

* Gluc has a half-life of 0.33 hours in vivo and ~ 6 days in cell media once secreted and stored at 4°C; compared with Rluc with a 50% decay of luminescence at 90s, Gluc’s 

decayed by 90% at 90s (514, 516);¥ luminescence intensity from HEK293 cell lysates in reactions between luciferase enzymes and the compatible enzyme detailed normalised 

to the Fluc reaction (510); § luminescence emission expressed as counts per minute (CPS) for secreted flash-type luciferases (Gluc and Rluc), despite 2 orders of magnitude 

brighter bioluminescent signal from Gluc, Gluc decays rapidly (514).  a Enzyme stability in HEK293 lysates (t1/2/min at 37°C) in luciferase reactions with compatible substrates 

(510); kDa: Kilodaltons; AMP: adenosine monophosphate; ATP: adenosine triphosphate; Mg2+; magnesium ions; PPi: pyrophosphate. Figure was adapted from (519) and 

(511) using (510), (514), and (516) as additional sources of information. 
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4.1.2 Utilising luminescence for immunoassays 
 

Luciferase fusion proteins have been successfully engineered, produced at high yields, show 

high enzymatic activity, and have been utilised in studying protein-protein interactions (512) 

and metabolic processes such as gene expression (520). Luciferase-based Immuno-

Precipitation System (LIPS) immunoassays have also been applied to detect and study 

antibodies in autoimmunity, infectious diseases, and cancers (509, 521, 522). Compared to 

conventional RIA, the LIPS immunoassay offers enhanced presentation of both linear and 

conformational antigenic epitopes and often have higher sensitivity, specificity, and dynamic 

range of detection with reduced diffusion times, enabling more rapid detection (522).  

 

4.1.2.1 Luminescence immunoassays for islet autoantibody detection 
 

To date, LIPS assays to detect GADA (453, 523), IA-2A (453, 521), ZnT8A (524), IAA (366, 

525), and TSPAN7A (271) in T1D have been developed and reported (Table 4:1). The precise 

methodology varies between these studies (e.g., type of luciferase, vector, or expression 

system) and would benefit from protocol harmonisation and comparison in international 

workshops in the future, which have historically benefitted RIAs (371, 372, 374). However, 

generally, all studies report the promising potential of LIPS utilising Rluc, Gluc, or Nluc with 

good concordance with other conventional assays (RIA/ELISA) and either comparable or 

increased sensitivity to RIAs. This is especially promising when there is room for further 

improvement, with only one report (to date) utilising the superior bioluminescence system, 

Nluc/NanoGlo® luciferase/substrate coupled system (Promega). Liberati et al. (2018) not only 

found that performance between Nluc-LIPS and RIA was highly concordant in detecting IAA 

but also reported that LIPS identified additional FDRs that progressed to diabetes above RIA 

(366). This suggests that LIPS will be highly sensitive and will improve screening for high-

risk individuals for intervention or clinical trials.
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Study 

Autoantibody 

Methods 

Luciferase & 

Antigen 
Method details Population studied Performance 

Burbelo et al. 

(2008/10) 

- IA-2A 

- GADA & IA-2βA 

 

LIPS vs RIA 

Rluc 

 

- IA-2 (601-979) 

- GAD65 (1-585) 

- IA-2β (662-1033) 

Ag cloned into PREN2 vector & 

expressed in Cos1 cells.  

Serum (5µl) incubated with 1 x 107 

RLU of Rluc antigen. Positivity set at 

mean + SD of healthy controls. 

- 150 T1D patients & 

controls (DASP2007) 

- 200-400 age- & gender-

matched T1D patients & 

controls  

-Sweden 

- IA-2A LIPS/RIA correlated by 80% 

- GADA LIPS/RIA was 100% 

concordant with 77.6% positivity. 

- IA-2β positivity in RIA was 51% and 

62.5% in LIPS. 

- No difference in assay performance. 

Marcus et al. 

(2011) 

- GADA & IA-2A 

 

LIPS vs RIA 

Rluc 

 

- GAD65 (1-585) 

- IA-2 (606-979) 

Ag cloned into PREN2 vectors & 

expressed in Cos1 cells. Serum (2µl) 

incubated with 1.5x105 RLU using 

local RIA methodology. Positivity 

based on pos/neg index. 

- 150 T1D & controls 

- DASP2010 

- LIPS/RIA SNR comparable. 

- LIPS/RIA highly correlate (R2 0.7-

0.8) with high (95%) concordance. 

-Sensitivity and specificity of LIPS was 

identical or 1-2% higher than RIA. 

Ustinova et al. 

(2014) 

- ZnT8A 

 

LIPS vs ELISA 

RSRTM Limited 

Gluc 

 

- ZnT8R-¥-ZnT8W 

dimer 

(aa268-369) 

Secretion signal was added to the 5’ 

end of the construct. Ag expressed in 

Tn5 cell line using the baculovirus 

expression system. Diluted serum 

(10µl at 1:10) incubated with 10-

15x106 RLU. 

- 109 T1D patients 

- 123 age- & gender-

matched controls  

- Estonia 

Assay performance differed by age. 

- Adults AUC 0.79 in LIPS vs 0.78 in 

ELISA. 

- Children AUC 0.75 in LIPS vs 0.90 in 

ELISA.  

McLaughlin et al. 

(2016) 

- TSPAN7A  

 

LIPS 

Gluc 

 

- Tspan7 

Ag cloned into pCMVTnT vector & 

expressed in HEK293 cells. Serum 

(5µl) incubated with 106 RLU. 

Positivity threshold based on mean + 

3 SD of controls. 

- 94 new-onset T1D 

- 52 controls 

- UK 

40/94 positive (43%) and to date has 

not been compared to other detection 

methods. 

Liberati et al. 

(2018) 

- IAA 

 

LIPS vs RIA 

Nluc 

 

- B chain-NLuc 

proinsulin  

- B chain-NLuc 

insulin  

Ag subcloned in pCMVTNT vector 

and expressed in the Expi293TM 

expression system. Serum (2µl; ± 

synthetic ACTRAPID® insulin) was 

incubated with 107 RLU. Positivity 

threshold set at 97.5th percentile of 

186 schoolchildren. 

- 80 T1D & 123 donors 

(Italy)  

- 186 healthy children (UK) 

- 53 FDRs (UK) 

- 136 FDRs (Belgium). 

- 150 T1D & controls  

(IASP2015-16) 

- Both Nluc-Ags highly correlated with 

RIA (r = 0.87/0.83). 

- High concordance (AUC: 0.89/0.91) 

- LIPS AS95 comparable to best 

performing assays (IASP) & identified 

more FDRs that developed diabetes 

than RIA. 

Table 4:1 – Main studies evaluating the performance of LIPS in detecting islet autoantibodies  

¥ linking sequence: GSGGSGSGGS; RLU: relative light units; FDR: First-degree relative. 
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Previously, Dr R.C. Wyatt optimised a Nluc-GAD65 LIPS assay for GADA detection (PhD, 

University of Bristol, 2018; manuscript in preparation). The developed Nluc-GAD65 LIPS 

assay had several methodological advantages over its RIA counterpart: 1-day versus 2-day 

assay, 2µl versus 4µl sample volume, cheaper, and non-radioactive with comparable 

performance and methodology to RIA (unpublished data). This suggests that not only may 

LIPS have higher sensitivity than RIAs, but the advantages of LIPS would benefit general 

population screening and is a feasible RIA replacement.  

 

In the case of a LIPS assay for ZnT8A detection, there has been one report using a Gluc-

ZnT8R-ZnT8W heterodimer antigen which was evaluated in 232 T1D patients and 123 

controls. The performance of this LIPS assay was comparable with, but not superior to, the 

ZnT8Ab commercial ELISA supplied by RSRTM Limited (ZnT8R/ZnT8W Dimeric Protein® 

as the solid-phase) (524). Several factors could have influenced this outcome, including the 

specific design of the antigenic fusion construct, the use of Gluc itself, or potential 

conformation/denaturation alterations to ZnT8 during cell secretion or purification, which may 

impact the ability of ZnT8A to bind. This assay also had poor specificity (68-78%) despite 

requiring a high Gluc-antigen concentration of 10-15 million relative light units (RLU) for 

clear discrimination of positive from negative sera (524). 

 

Whilst the RSRTM Limited ELISA usually shows high sensitivity (~70%) and high specificity 

(>95%) in IASP programs and has been further optimised for rapid detection (~4hrs), the 

ELISA requires 50µl serum/test, which is 10 times greater than RIA and therefore, there is 

scope for a high-performance low-volume non-radioactive assay, that ideally would have 

enhanced scalability and potential for automation to facilitate large-scale population screening 

(362). 
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4.1.3 Improving ZnT8A detection in plasma samples 
 

Aside from serum, the next commonly used sample type for islet autoantibody detection are 

plasma samples derived from whole blood treated with a preservative, primarily 

Ethylenediaminetetraacetic acid (EDTA). In whole blood, the presence of EDTA acts as an 

anti-coagulant by irreversibly binding (chelating) calcium through its two amine groups with 

two lone electrons (526). Owing to its chelating properties, EDTA also can bind metallic ions 

such as zinc and magnesium. A decrease in calcium or metallic ions can induce protein 

conformational changes, which are problematic for immunoassays reliant on antibody-antigen 

interaction. The importance of protein structure integrity and, by extension, conformational 

epitopes appear to be crucial for ZnT8A binding, which is evident from results presented in 

this PhD (2.4.3) and other reports (400, 404), and is further supported by the fact that detection 

of ZnT8A is particularly impeded in EDTA-preserved plasma compared with other islet 

autoantibodies. This is evident when autoantibody positive matched serum and EDTA-

preserved plasma samples from BOX participants were tested by in-house RIAs (Table E:1; 

Appendix E.1) and has also been noted in the RSRTM Limited ELISA bridge-type ZnT8Ab 

ELISA protocol but was not presented in the report (362). 

 

Improving ZnT8A detection in EDTA-preserved plasma samples utilising the Nuc LIPS assay 

methodology would therefore expand the application of the assay to multiple sample types. 

This is particularly important for the flexibility of utilising historical or available samples for 

studies in the future. For instance, some repositories may only have collected plasma, or in 

cases where serum/plasma was collected, and serum volume availability is low, plasma can be 

used as an alternative. In matched EDTA-preserved plasma and samples from BOX, we sought 

to investigate reagents to improve ZnT8A detection when developing the Nluc-ZnT8 LIPS 

assay. 
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4.1.4 Summary  
 

There is a need to develop and validate a Nluc LIPS assay for ZnT8A (Nluc-ZnT8) that meets 

or exceeds the performance of RIA and/or commercial ELISAs utilising a larger cohort of T1D 

patients (>109), controls (>123), and FDRs to evaluate disease risk. Dr Vito Lampasona 

(Milan, Italy) has developed and provided four novel Nluc-ZnT8 fusion constructs expressed 

from the mammalian embryonic kidney HEK293 cell line that provided the opportunity in this 

project to optimise and validate a Nluc-ZnT8 LIPS assay utilising the NanoGlo® (Promega) 

coupled kit. The optimised methodology for the Nluc-GAD65 LIPS assay was used as a 

template for the development of a Nluc-ZnT8 LIPS assay.  

 

We, therefore, sought to develop a LIPS assay that would improve many aspects of the in-

house monomeric ZnT8A RIAs; non-radioactive, cheaper, 2-day to 1-day duration, <10µl 

sample volume required, ZnT8RA/ZnT8WA simultaneous detection, increased sensitivity, and 

in the future, enhanced capacity for multiplexing and high-throughput screening with 

scalability for the potential for robotic automation with the ultimate goal of affordably 

screening large populations. 
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4.1.5 Hypothesis 
 

The sensitivity and specificity of ZnT8A detection can be improved using novel Nluc-tagged 

ZnT8 antigen constructs in a LIPS assay format. 

 

4.1.6  Aims 
 

1. To investigate and compare novel Nluc-tagged ZnT8 antigen constructs, then utilising the 

best performing construct, optimise a Nluc LIPS assay for the measurement of ZnT8A (Nluc-

ZnT8) using the NanoGlo® luciferase kit (Promega, Madison WI, USA).  

 

2. Investigate reagents to improve ZnT8A detection in EDTA-preserved plasma samples using 

the Nluc-ZnT8 LIPS method.  

 

3. Establish a serum positivity threshold for the optimised Nluc-ZnT8 LIPS method. 

 

4. Evaluate the sensitivity and specificity of the optimised Nluc-ZnT8 LIPS assay using new-

onset T1D patients from BOX, healthy schoolchildren, and blinded samples from the 

IASP2020 workshop. 

 

5. Evaluate the predictive utility of the optimised Nluc-ZnT8 LIPS assay compared with RIAs 

using serum samples from patients and FDRs participating in the BOX study. 

  



Chapter 4 - Development of Nluc-ZnT8 LIPS for ZnT8A detection 

270 

 

4.2 Materials & Methods 

 

4.2.1 Optimisation populations  
 

4.2.1.1 Main optimisation sample set 
 

For optimisation of Nluc-ZnT8 LIPS, known RIA ZnT8RA/ZnT8WA positive and negative 

samples from patients and controls, covering a range of ZnT8A titres, were required to assess 

assay background and ZnT8A binding across the dynamic range of the assay. The populations 

used for optimisation came from a range of studies: Southwest of England New-Diagnosed 

Collection (SWENDIC), BOX, and anonymised samples. Samples were predominantly 

selected for large sample volume availability (>1ml) and, where possible, encompassed all 

ZnT8A specificities. A mixture of these samples was run in all optimisation experiments 

alongside internal ZnT8RA/ZnT8WA RIA standards (at least 1 of 8 serial dilutions of a pool 

of high ZnT8RA/ZnT8WA positive T1D patient sera) and controls (n=6; 5 positive from T1D 

patients and 1 negative) (Table 4:2). The populations are described in detail in 4.2.1.1.1-

4.2.1.1.4. 

 



Chapter 4 - Development of Nluc-ZnT8 LIPS for ZnT8A detection 

271 

 

Sample (n) Study  

(n) 

Gender 

n (%) 

Median  

age at sample 

(range) 

ZnT8RA 

median 

AU (range) 

ZnT8WA 

median 

AU (range) 

GADA  

median 

units/ml (range) 

IA-2A  

median 

units/ml (range) 

Patients SWENDIC 

(7) ∆ 
 

Anonymised 

(5) 

M: 4 (57.1) 

F: 3 (42.9) 

 

- 

24.0 

(17.0-33.0) 

 

- 

57.2 

(4.4-80.2) 

 

3.2 

(0.3-50.7) 

50.2 

(4.5-84.3) 

 

0.3 

(0.2-61.5) 

163.9 

(4.6-607.3) ¥ 

 

496.8 

(268.5-1133.1) § 

1200.8 

(2.3-2758.1) ¥ 

 

229.6 

(0.0-406.5) 

Healthy 

Controls 

BOX 

(4) 

 

Blood donors 

(13) 

 

Anonymised (4) 

M: 2 (50.0) 

F: 2 (50.0) 

 

M: 2 (15.4) 

F: 11 (84.6) 

 

Not known 

43.8 

(20.0-60.6) 

 

42.1 

(28.4-61.1) 

 

Not known 

0.6 

(0.4-1.3) 

 

0.26 

(0.13-0.8) 

 

0.3 

(0.2-0.3) 

0.6 

(0.3-1.5) 

 

0.4 

(0.2-0.7) 

 

0.5 

(0.4-0.5) 

0.2 

(0.0-3.4) § 

 

0.0 

(0.0-88.0) **§ 

 

0.0 

(0.0-0.0) § 

1.3 

(0.0-2.8) § 

 

0.0 

(0.0-3.6) ***§ 

 

0.0 

(0.0-0.0) § 

Internal 

Controls 

 

High 

(2)* 

 

Medium 

(1) 

 

Low 

(2)* 

 

Negative 

- - 

130.0 

(74.2-262.1) 

 

33.9 

(20.1-47.0) 

 

6.8 

(3.5-10.6) 

 

0.6 

(0.3-1.6) 

90.8 

(48.1-132.6) 

 

23.2 

(12.2-39.2) 

 

2.8 

(1.9-4.6) 

 

0.5 

(0.2-1.6) 

- - 

 

Table 4:2 – Main optimisation sample set for Nluc-ZnT8 LIPS 

Serum from patients with T1D was selected from SWENDIC and fully anonymised cohorts based on high sample volume and positivity for ZnT8RA and/or ZnT8WA by 

monomeric RIAs. Healthy controls who had not developed diabetes at the time of sampling were selected based on high sample volume from BOX (n=4; 2 of these individuals 

showed some low-level IA-2A positivity) and healthy blood donors (n=13). ∆ Samples taken a median of 31 days from diagnosis (range 14-89).  Internal controls used for 

ZnT8R and ZnT8W RIAs comprise pooled patient sera diluted in autoantibody negative human serum; *High and low internal controls are ZnT8RA- or ZnT8WA- specific, 

whereas the medium is positive for both ZnT8RA and ZnT8WA and is non-specific. ** 1 positive for GADA only. *** 1 positive for IA-2A only. ¥ indicates WHO units/ml 

from historical GADA/IA-2A RIAs. § indicates DK units/ml from current GADA/IA-2A RIAs.  
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4.2.1.1.1 The SWENDIC study 
 

The SWENDIC study is comprised of newly diagnosed T1D patients that were recruited from 

14 centres in South-West England. Serum samples were taken <1 year from diagnosis [median 

duration 26 days (range 5-322)] from 106 patients [median age 15 years (range 17-41)] and 

were previously tested for ZnT8RA and ZnT8WA to help develop the monomeric RIAs in 

2011. These sera were already found to be positive for GADA and IA-2A by well-validated 

local RIAs at this time. Seven high-volume (>1ml) ZnT8RA/ZnT8WA positive patients were 

selected for the main optimisation sample set encompassing different ZnT8A specificities and 

levels.  

4.2.1.1.2 The Bart’s-Oxford (BOX) study 
 

The BOX study is described in 1.8. Four ZnT8A negative FDRs that had not progressed to 

diabetes within 10 years of follow-up with large serum bleeds (>10ml) available were randomly 

selected as healthy controls.  

4.2.1.1.3 Healthy control blood donors 
 

Serum from a cohort of 526 anonymised healthy blood donors [277 (52.7%) male; median age 

at sample 42.9 years (range 17.2-69.2)] collected in 1998 from the UK Blood Donor Service 

(Bristol/Avonmouth, UK) with data for all major islet autoantibodies was available (Table 

4:2). These individuals were anonymised, and therefore, it is not known whether individuals 

later progressed to diabetes. A random selection of 13 healthy blood donors was selected based 

on higher serum volume availability (>1ml) for select optimisation experiments.  

4.2.1.1.4 Anonymised samples 
 

A selection of RIA ZnT8RA and/or ZnT8WA positive T1D patients (n=5; 3 were diagnosed 

between 18.0-40.0 years) were available and were likely taken close to diagnosis. A random 

selection of 4 healthy controls (autoantibody negative) was also available.   
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4.2.1.2 IASP workshop optimisation sample sets 
 

4.2.1.2.1 A subset of samples from IASP2016 
 

To investigate the incubation lengths [2.5 hours versus overnight (O/N; 20-21 hours) of Nluc-

R+W-ZnT8 heterodimer and dual heterodimer constructs, a subset of 19 ZnT8A positive 

samples from IASP2016 were selected to increase sample size; 16 new-onset T1D patients, 1 

healthy control (found incorrectly positive by RIA previously), and 2 dilutions from a positive 

pool of T1D patient serum. As this experiment could potentially take the LIPS assay from a 

one-day to a two-day assay like the RIAs, a bigger sample set would give greater confidence 

in the experimental outcome.  

 

The 19 ZnT8A positive samples were selected based on serum availability and, where possible, 

a range of different ZnT8A specificities and levels determined by the monomeric 

ZnT8RA/ZnT8WA RIAs (Table 4:3).  

 

IASP2016 

Specimen Type 

ZnT8A Specificity 

ZnT8RA-specific ZnT8WA-specific ZnT8RA-ZnT8WA 

non-specific  

ZnT8RA 

median AU 

(range) 

ZnT8WA 

median AU 

(range) 

ZnT8RA 

median AU 

(range) 

ZnT8WA 

median AU 

(range) 

ZnT8RA 

median AU 

(range) 

ZnT8WA 

median AU 

(range) 

New-Onset T1D 

(n=16) 

4.2 

(2.8-9.3) 

n=5 

0.5 

(0.2-1.5) 

n=5 

0.4 

(0.3-0.6) 

n=2 

9.2 

(9.1-9.3) 

n=2 

13.7 

(3.8-149.4) 

n=9 

5.6 

(2.7-14.1) 

n=9 

Negative Controls 

(n=1) 

- - - - 4.94 

- 

n=1 

4.41 

- 

n=1 

Dilutions from a 

positive pool of 

patient serum 

(n=2) 

3.1 

- 

n=1 

1.5 

- 

n=1 

- - 10.6 

- 

n=1 

4.8 

- 

n=1 

 

Table 4:3 – IASP2016 optimisation sample set 

These IASP2016 workshop samples were selected based on serum volume availability and, where possible, a 

range of different ZnT8A levels and specificities determined by the monomeric ZnT8RA and ZnT8WA RIAs. 

This sample set was used to increase the sample size when optimising the length of Nluc-R+W-ZnT8 (heterodimer 

and dual heterodimer) incubation length [2.5 hours or overnight (O/N; 20-21 hours)] (4.3.1.3). 
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4.2.1.2.2 All samples from IASP2018 
 

The Nluc-ZnT8 LIPS assay, prior to full optimisation, was entered into the IASP2018 

workshop to assess assay performance (sensitivity and specificity) and laboratory concordance 

with other ZnT8A detecting methods. The 2018 workshop comprised 150 serum samples: 43 

new-onset T1D patients, 7 mAutoab+ve, and 90 negative controls. The samples were blinded 

at the time of testing and independently analysed by the IASP committee. 

 

4.2.2 Matched serum & EDTA-preserved plasma population  
 

A cohort of fully anonymised matched serum and EDTA-preserved plasma samples (n=27) 

was available from a historical collection and were selected for investigating reagents to 

improve ZnT8A detection in the presence of EDTA. Only the autoantibody status of these 

samples was known.  

 

To investigate reagents to improve ZnT8A binding in the presence of EDTA in the LIPS assay, 

19/27 anonymised matched serum, and EDTA-preserved plasma samples were used. Of the 19 

selected, 7 (36.8%) were mAutoab+ve, 4 (21.1%) were sAutoab+ve, and 8 (41.5%) were 

autoantibody negative considering GADA, IA-2A, IAA, and ZnT8RA/ZnT8WA by RIA. 

Serum samples from the main optimisation sample set were also treated with EDTA and 

included in these experiments for additional assessment. 
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4.2.3 Positivity threshold population 
 

Autoantibody positivity thresholds in a population of 523 anonymised healthy schoolchildren 

[279 (53.4%) male; median age 11.3 years (range 9.0-13.8); 464 (88.7%) of Caucasian 

ethnicity] recruited from schools in Oxford and Windsor (1989-1991) were set at the 97.5th 

percentile for ZnT8RA and ZnT8WA monomeric RIAs at 1.8AU (354, 527). Samples with 

sufficient volume were used to establish the Nluc-ZnT8 LIPS positivity threshold once 

optimised (n=521/523 (99.6%), which included all 17 ZnT8A positive schoolchildren; 6 

ZnT8RA-specific, 3 ZnT8WA-specific, and 8 ZnT8A non-specific responses) (Figure 4:2). 

 

 
 

 

Figure 4:2 – Nluc-ZnT8 LIPS Validation: Positive threshold population 

Positivity thresholds at the 97.5th and 99th percentiles were compared with RIA for Nluc: Furimazine incubation 

lengths of 5 seconds and 15 minutes (summarised in Table 4:11; 4.3.4). Following analysis, the 97.5th percentile 

(0.22AU) was used as a threshold to assess the performance (sensitivity and specificity) and validate the optimised 

Nluc-ZnT8 LIPS assay using samples from BOX.  
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4.2.4 Validation populations 
 

4.2.4.1 IASP2020 sample set 
 

The optimised Nluc-ZnT8 LIPS assay was entered into IASP2020 to evaluate the sensitivity 

and specificity of the method. The IASP2020 workshop comprised 150 serum samples: 38 

new-onset T1D patients, 12 mAutoab+ve, and 90 negative controls. The samples were blinded 

at the time of testing. 

 

For comparison of assays in-house, a ZnT8-R+W heterodimer RIA was entered into this 

workshop to compare the RIA method using a ZnT8 heterodimeric antigen with the Nluc-

R+W-ZnT8 dual heterodimer LIPS (all constructs supplied by V. Lampasona, Milan, Italy). At 

the time of the workshop (January 2020), both the ZnT8-R+W heterodimer RIA and Nluc-

R+W-ZnT8 dual heterodimer LIPS assays had preliminary thresholds set at the 97.5th 

percentile (n=150/521 healthy schoolchildren) of 0.5AU and 0.4AU, respectively.  

 

4.2.4.2 BOX 
 

To further investigate the sensitivity and specificity and the predictive value of the optimised 

Nluc-ZnT8 LIPS assay, serum samples from participants of the BOX study were selected. 

Samples were selected based on available RIA ZnT8RA and ZnT8WA data to compare 

between assays directly. Samples from new-onset T1D patients in BOX were tested for 

ZnT8RA/ZnT8WA by RIA 2011-2012 after the monomeric RIAs had been optimised in 

Bristol. However, ZnT8RA/ZnT8WA data in FDRs have predominantly been tested in 

individuals already positive for at least one autoantibody (GADA, IA-2A, IAA, and/or ICA). 

The cohort description of selected new-onset T1D and FDRs used for Nluc-ZnT8 LIPS 

validation is summarised in Table 4:4.  
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4.2.4.2.1 New-onset T1D patients 
 

Sera with sufficient sample volume from 573 new-onset T1D patients sampled within 3 months 

of diagnosis [318 male (55.5%); median age at onset 11.3 years (range 1.0-54.9)] were 

randomly selected from 741 new-onset T1D patients with available ZnT8RA/ZnT8WA RIA 

data. The 573 patients were largely comprised of ZnT8RA/ZnT8WA positives, but a selection 

of ZnT8RA/ZnT8WA negatives was included to evaluate whether the Nluc-ZnT8 LIPS assay 

would have a higher sensitivity than the monomeric ZnT8R/ZnT8W RIAs [n positive=388 

(67.7%); n negative=185 (32.3%)] (Figure 4:3).  

 
 

Figure 4:3 – Nluc-ZnT8 LIPS Validation: New-onset T1D patients 

 

4.2.4.2.2 ZnT8A positive first-degree relatives 
 

Sera with sufficient sample volume from 48 [25 male (52.1%); median age at sample 13.6 years 

(range 1.3-65.9); median follow-up 20.0 years (range -0.1-33.7)] ZnT8A positive FDRs were 

randomly selected from 93 ZnT8A positive FDRs with available ZnT8RA/ZnT8WA RIA data. 

Of the 49 FDRs, 35 developed diabetes over follow-up [18 male (51.2%); median age at onset 

16.5 years (range 3.2-59.9)] (Figure 4:4). A higher proportion of ZnT8A positive FDRs that 

developed diabetes over follow-up was selected to assess disease risk prediction of Nluc-ZnT8 

LIPS above ZnT8RA/ZnT8WA RIAs combined.  
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Figure 4:4 – Nluc-ZnT8 LIPS Validation: ZnT8A positive first-degree relatives 

 

 

4.2.4.2.3 ZnT8A negative relatives 
 

Sera with sufficient sample volume from 684 [361 male (52.8%); median age at sample 15.5 

years (range 0.0-66.0); median follow-up 19.6 years (range -0.7-33.9] ZnT8A negative FDRs 

were randomly selected from 2,222 ZnT8A negative FDRs with available ZnT8RA/ZnT8WA 

RIA data. Of the 684 FDRs, 165 developed diabetes over follow-up [103 male (62.4%); median 

age at onset 12.7 years (range 1.0-75.2); median follow-up 21.1 years (0.3-33.2)] (Figure 4:5). 

A higher proportion of ZnT8A negative FDRs that developed diabetes over follow-up was 

selected to assess disease risk prediction of Nluc-ZnT8 LIPS above the monomeric 

ZnT8R/ZnT8W RIAs. 

 

 
 

Figure 4:5 – Nluc-ZnT8 LIPS Validation: ZnT8A negative first-degree relatives 
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 New-onset T1D patients 

n=573 

ZnT8A positive FDRs 

n=49 

ZnT8A negative FDRs 

n=684 

ZnT8A positive 

n=388 

ZnT8A negative 

n=185 

Progressors 

n=35 

Non-progressors 

n=13 

Progressors 

n=165 

Non-progressors 

n=519 

Male/female (% male) 222/166 (57.2) 98/87 (53.0) 18/17 (51.4) 7/6 (53.9) 103/62 (62.4) 258/261 (49.7) 

Median age at onset  

(years; range) 
11.2 (1.3-20.8) 11.7 (1.0-54.9) 16.5 (3.2-59.9) - 12.7 (1.0-75.2) - 

Median age at sample 

(years; range) 
11.2 (1.3-20.8) 11.7 (1.1-54.7) 14.4 (1.6-44.4) 11.4 (1.3-60.0) 14.1 (1.1-64.1) 15.0 (0.0-66.0) 

Median diabetes duration or 

follow-up (years; range) 
0.0 (-0.2-0.1) 0.0 (-0.2-0.2) 19.7 (0.4-32.3) 21.1 (-0.1-32.3) 21.1 (0.3-33.2) 19.4 (-0.7-33.9) 

ZnT8RA (%) 347 (89.4) - 31 (88.6) 12 (92.3) - - 

ZnT8WA (%) 291 (75.0) - 28 (80.0) 10 (76.9) - - 

ZnT8RA/ZnT8WA (%) 388 (100.0) - 35 (100.0) 13 (100.0) -  

ZnT8RA-specific (%) 

ZnT8WA-specific (%) 

ZnT8A non-specific (%) 

97 (25.0) 

41 (10.6) 

250 (64.4) 

- 

7 (20.0) 

4 (11.4) 

24 (68.6) 

3 (23.1) 

1 (7.7) 

9 (69.2) 

- - 

Single autoantibody 

positive ± ICA* (%) 
8 (2.1) 53 (28.6) 3 (8.6) 1 (7.7) 36 (21.8) 192 (37.0) 

Positive for multiple  

(≥2) autoantibodies 
380 (97.9) 114 (61.6) 32 (91.4) 12 (92.3) 17 (10.3) 13 (2.5) 

GADA (%) 325 (83.8) 144 (77.8) 31 (88.6) 12 (92.3) 40 (24.2) 130 (25.0) 

IA-2A (%) 324 (83.5) 106 (57.3) 23 (65.7) 9 (69.2) 9 (5.5) 20 (3.9) 

IAA/n* (%) 176/234 (75.2) 71/121 (58.7) 22/35 (62.9) 6/9 (66.7) 26/117 (22.2) 69/447 (15.4) 

ICA**/n with data (%) 156/215 (72.6) 51/123 (41.5) 18/25 (72.0) 4/9 (44.4) 6/123 (4.9) 57/472 (12.1) 

Biochemical autoantibody 

negative ± ICA* (%) 
- 18 (9.7) - - 112 (67.9) 314 (60.5) 

 

Table 4:4 – Nluc-ZnT8 LIPS Validation: BOX evaluation population 

* IAA data only considered if the sample was taken before onset or within 2 weeks of diagnosis before exogenous insulin treatment. ** Islet Cell antibody (ICA) considered 

positive >20 juvenile diabetes foundation (JDF) used as positivity threshold in the European Nicotinamide Intervention Trial (ENDIT) (299); ICA positivity with 1 other 

biochemical autoantibody (GADA, IA-2A, IAA, or ZnT8A) has a comparable risk of T1D to single biochemical autoantibody positives.  
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4.2.5 Optimised Nluc-GAD65 LIPS assay method 
 

The methodology of the Nluc-GAD65 LIPS assay (developed by Dr R.C. Wyatt) was used as 

a template for developing the Nluc-ZnT8 LIPS assay (Table 4:5). 

Step of Assay Nluc-GAD65 LIPS Method 

Assay Buffers 

• Tris buffered saline with 0.5% (v/v) Tween-20 (TBST-0.5%). 

 

• Reagent for Luminescence Detection (RLD) - Furimazine substrate 

diluted 1:50 in NanoGlo® LIPS Assay Buffer supplied in the 

NanoGlo® coupled kit (Promega). 

Expression of 

Nluc-tagged 

GAD65 Antigen 

• 1 microgram of Nluc-GAD65 antigen in a pCMVTNT vector was 

incubated for 1.5 hours at 30°C with reagents from the SP6 in vitro 

transcription/translation coupled kit (Promega); 40µl reticulocyte 

master mix & 2µl 1mM methionine. 

 

• After incubation, the Nluc-GAD65 antigen is purified using a 

NAP5TM desalting column (GE Healthcare) & TBST-0.5% 

containing 0.1% BSA (v/v). 

 

• Luminescence activity (light units, LU) was detected by a LB 960 

microplate luminometer Centro XS3 (Berthold Technologies, 

GmbH & Co. KG, Bad Wildbad, Germany) using 2µl of the reaction 

mix & 40 µl of RLD. 10µl aliquots are stored at -70°C & freeze-

thaw cycles are limited.  

Serum sample  • 1µl of serum plated in duplicate into a 96-deep well plate. 

Nuc-tagged 

GAD65 antigen 

preparation for 

LIPS 

• Nluc-GAD65 antigen is diluted in TBST-0.5% to achieve 3.8-4.2 x 

106 LU in a 25µl volume. 

 

• Serum samples are incubated with diluted Nluc-GAD65 antigen for 

2.5 hours at RT. 

Precipitating 

immunocomplexes 

• 6.25µl/well of PAS (25% suspension washed & resuspended with 

TBST-0.5% in a 50µl volume) is added & incubated with serum 

samples for 1 hour at 4°C on a shaking platform (~700rpm). 

 

• After incubation, excess antigen is excluded by 5 washes with 

TBST-0.5%, then transferred into a 96-well OptiPlateTM (Perkin 

Elmer) & aspirated to remove excess buffer. 

Detecting 

luminescence 

• 40µl of RLD was injected, mixed for 5 seconds/well & read for 

relative LU at 2 seconds/well using the LB 960 microplate 

luminometer Centro XS3 (Berthold Technologies). 

• Arbitrary units (AU) were calculated using a logarithmic standard 

curve.  

 

Table 4:5 – Summary of the optimised Nluc-GAD65 LIPS assay for GADA detection  
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4.2.6 Nluc-tagged ZnT8 antigen constructs 
 

There were two Nluc-tagged ZnT8 antigen constructs kindly supplied by Dr Vito Lampasona 

(Milan, Italy) that differed by the position of Nluc, the number of monomeric C-terminal 

(aa268-369) ZnT8 sequences, and type of Nluc in the pCMVTnT vector: non-secretory Nluc 

or secretory Nluc (sNluc) produced by the kidney HEK293 cell line (Figure 4:6).  

 

Figure 4:6 – sNluc- & Nluc-tagged ZnT8 antigen constructs 

The first luciferase-tagged antigen construct was a single Nano luciferase (Nluc)- or secretory Nluc (sNluc)-tagged 

R+W-ZnT8 heterodimer comprised of two single C-terminal (aa268-369) ZnT8 monomers encoding 325R 

(ZnT8R) and 325W (ZnT8W) sequences with the luciferase reporter placed at the N-terminus (A/B, respectively). 

The second was a Nluc- or sNluc- tagged R+W-ZnT8 Dual heterodimer comprised of four C-terminal (aa268-

369) ZnT8 monomers encoding two ZnT8R and two ZnT8W sequences with the Nluc placed in the middle of the 

construct (C/D, respectively). All constructs are encoded into a pCMVTnT vector. This construct schematic was 

adapted from materials supplied by Dr Vito Lampasona (Milan, Italy).  
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4.2.7 Nluc-ZnT8 LIPS optimisation experiments for ZnT8A detection 
 

To develop a Nluc-ZnT8 LIPS method with high sensitivity and specificity, several assay 

conditions were investigated using samples from the optimisation populations (Table 4:6).  

 

 

Table 4:6 – Summary of the Nluc-ZnT8 LIPS optimisation experiments  

  

Portion of Assay Condition Assessed 

Expression of Nluc-tagged ZnT8 

antigen 

• Nluc-or sNluc-tagged ZnT8 antigen. 

• Nluc-R+W-ZnT8 heterodimer or Nluc-R+W-

ZnT8 heterodimer antigen. 

• Buffer & method used to purify Nluc-ZnT8 

antigen. 

• Freeze-thawing Nluc-ZnT8 antigen 

Nluc-tagged ZnT8 antigen preparation 

for LIPS 

• Concentration of dilute Nluc-ZnT8 antigen. 

• Concentration of Tween-20 in TBST during 

incubation of Nluc-ZnT8 antigen with sample. 

• Antigen incubation length of Nluc-ZnT8 

antigen with sample. 

Precipitating immunocomplexes • Unblocked Protein A Sepharose (PAS) or 

glycine-blocked PAS (GB-PGS). 

• Concentration of Tween-20 in TBST during 

removal of excess Nluc-ZnT8 antigen. 

Detecting luminescence • The concentration of the substrate in RLD 

(Promega) 

• Length of substrate incubation prior to LU 

detection.  
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4.2.8 Optimised Nluc-ZnT8 LIPS assay method 
 

After optimisation (presented in 4.3.1.1-4.3.1.7), the finalised assay methodology is detailed 

(below) with a summary of the adaptations made for Nluc-ZnT8 LIPS compared to the 

optimised Nluc-GAD65 LIPS method (presented in Table 4:10). 

 

4.2.8.1 Assay buffers 
 

Phosphate buffered saline with Tween-20 (PBST) – One 5g tablet of GIBCOTM PBS dissolved 

in 500ml ddH20 (10mmol/l Phosphate, 2.68mmol/l Potassium Phosphate, and150mmol/l 

NaCl), pH 7.45 with 0.1% v/v Tween-20. 

Tris buffered saline with Tween-20 (TBST-0.15%) – 50mM Tris, 150mmol/L NaCl, pH 7.3-

7.4 with 0.15% v/v Tween-20. 

Tris buffered saline with Tween-20 (TBST-0.5%) – 50mM Tris, 150mmol/L NaCl, pH 7.3-7.4 

with 0.5% v/v Tween-20. 

TBST-0.15% with 0.1% (w/v) bovine serum albumin (TBST-BSA). 

Reagent for Luminescence Detection (RLD) – Furimazine substrate diluted 1:50 in NanoGlo® 

LIPS Assay Buffer (NanoGlo® Luciferase Assay System, Promega). 

Assay Reagent (AR) – RLD diluted to 1:150 with TBST-0.15%. 

 

4.2.8.2 Expression of Nluc-ZnT8 antigen 
 

One microgram of recombinant Nluc-R+W-ZnT8 dual heterodimer antigen encoded into a 

pCMVTnT vector (kindly supplied by Dr Vito Lampasona, Milan, Italy; the construct with the 

most promising ZnT8A binding) was incubated with 40µl of the SP6 master mix (Promega) 

and 1-4µl of 1mM methionine (dependent on plasmid concentration; nuclease free water 

(Promega) was used to make up a final 50µl reaction mixture) for 2 hours at 30°C.  
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At RT, the 50µl volume of neat reaction mix is diluted with 250µl PBST (dilution factor 0.16), 

gently mixed by inverting, and a 25µl aliquot is added to a well of a 96-well OptiPlateTM (Perkin 

Elmer). The diluted reaction mix is then serially diluted; 1:250 (2µl + 498µl PBST), 1:2,500 

(10µl of 1:250 + 90µl PBST), and 1:25,000 (10µl 2,500 + 90µl PBST). All serial dilutions 

were mixed by gentle inverting and 25µl in duplicate was taken and added to 6 additional wells 

of a 96-well OptiPlateTM (Promega).  

 

To detect luminescence activity, 40µl of RLD (Furimazine diluted 1:50 with NanoGlo® LIPS 

Assay buffer, Promega) is added to each well and the 96-well plate is loaded into a Bertold 

Centro XS3 luminometer (Bertold Technologies GmbH and Co. KG, Bad Wildbad, Germany). 

The luminescence activity by the Bertold is expressed as light unit equivalents (LU) in a 

program set to read each well for 2 seconds. After the multiplication of the LU by the dilution 

factor of the serial dilutions between 3x108 and 7x108 LU is typically obtained whilst the 2µl 

of neat reaction mix reaches the maximum detection limit at 2x109. The initial dilution of the 

neat reaction mix is then aliquoted into 10µl aliquots and stored at -70°C. Whilst the luciferase-

tagged ZnT8 construct remains stable for more than 6 months at -70°C, each 10µl aliquot is 

thawed once prior to use in an assay as freeze-thawing the antigen reduced ZnT8A detection 

(see results presented in 4.3.1.5.2). 

 

4.2.8.3 Preparation of Nluc-ZnT8 antigen 
 

A 10µl aliquot of diluted reaction mix of Nluc-R+W-ZnT8 dual heterodimer antigen is thawed 

at RT, diluted 1:100 in TBST-0.5% buffer, and slowly filtered through a 0.45µM filter unit 

(Sigma) using a 1ml syringe (ThermoFisher). The filtered Nluc-R+W-ZnT8 dual heterodimer 

antigen is diluted to 4M (± 0.2x106) in TBST-0.15% in a 25µl volume with the addition of 40µl 

of RLD. 
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4.2.8.4 Optimised Nluc-ZnT8 LIPS assay methodology 
 

1µl of serum was plated in duplicate into a 96-deep well plate (Sarstedt) and incubated with 

4M (± 0.2x106) LU of filtered and diluted Nluc-R+W-ZnT8 dual heterodimer antigen in TBST-

0.15%, for 2.5 hours at RT. Immunocomplexes were precipitated using a 25% PAS suspension 

(GE Healthcare; 6.25µl/well) in a 1-hour incubation on an orbital shaking platform (700rpm) 

at 4°C. Excess unbound Nluc-R+W-ZnT8 dual heterodimer antigen was excluded by 

centrifugation (1500rpm at 4°C for 3mins) and five serial washes in TBST-0.5%. Samples were 

transferred from 96-deep well plates to 96-well OptiPlatesTM (Perkin Elmer) by multichannel 

pipetting. Plates were then centrifuged (1500 at 4°C for 3mins) and aspirated for a total end 

volume of 30µl. Fresh AR is made (1:50 Furimazine substrate diluted in NanoGlo® LIPS 

Assay Buffer further diluted 1:3 with TBST-0.15%) and injected into each well in a 40µl 

volume immediately prior to LU determination using the Bertold Centro XS3 luminometer and 

a standardised detection protocol; inject 40µl AR, shake 5 secs/well, detect LU 2 secs/well 

(Figure 4:7).  

 

A local logarithmic standard curve developed for the monomeric ZnT8R/ZnT8W RIAs was 

used to determine and express ZnT8A binding (proportional to LU output) as arbitrary units 

(AU). Internal RIA QC serum samples of known ZnT8A levels and specificity including 

autoantibody negatives were run on all plates to ensure assay reproducibility and performance 

are maintained. The positivity threshold was set at the 97.5th percentile of 521 healthy 

schoolchildren [median age 11.3 years (range 9-13.8)] (354); 0.22AU. The AS95 was 78% 

assessed by the IASP2020 workshop using the 97.5th percentile of 92 schoolchildren tested at 

the time of the workshop (0.4AU).   
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Total Assay Length ~8 hours. 

 

 
 

Figure 4:7 – Basic methodology of the optimised Nluc-ZnT8 LIPS assay 

* Recombinant NanoLuc(Nluc)-R+W-ZnT8 dual heterodimer is synthesised in-house using a TnT SP6 Quick 

Coupled Transcription/Translation Reticulocyte System (Promega) with a 3.0-7.0x108 relative light units (RLU) 

expected range; RT: room temperature; PAS: Protein A Sepharose; TBST-0.15%: Tris buffered saline with 0.15% 

Tween-20. TBST-0.5%: Tris buffered saline with 0.5% Tween-20. Total assay length excludes in vitro 

transcription/translation preparation of antigen. 
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4.2.9 Statistical analysis 
 

All statistical analysis was conducted using GraphPad PRISM (v. 9.1.0), and an alpha value 

p<0.05 was considered significant. 

 

4.2.9.1 Optimisation of the Nluc-ZnT8 LIPS assay  
 

Results from the optimisation experiments were analysed using mean LU/median LU 

(interquartile ranges; IQRs) or signal to noise ratios (SNR; mean LU of sample ÷ mean LU of 

negative controls) and/or AU where a full logarithmic standard curve was included. For each 

experiment, either LU or SNR was chosen to be presented based on the most accurate 

representation of the data and what led to decision making. Median LU (ZnT8A binding level) 

or SNR between categories was compared using paired Wilcoxon signed-rank and Spearman’s 

rank correlation tests using the Bonferroni correction for multiple analyses where appropriate. 

Intra- and inter-assay variation between replicates was assessed using the coefficient of 

variation (CV) calculation [100 x (standard deviation (SD) ÷ mean LU)] in select experiments 

when two or more independent assays were conducted. 

 

4.2.9.2 Establishing a positive threshold for the optimised Nluc-ZnT8 LIPS 

assay  
 

Spearman’s rank (r) correlation was used to compare AUs obtained in the optimised Nluc-

ZnT8 LIPS assay with ZnT8RA/ZnT8WA RIAs (using the maximum AU between RIAs). 

Bland-Altmann analysis was used to identify outliers outside of the 95% CI of agreement 

between assays.  
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4.2.9.3 Sensitivity & specificity of the optimised Nluc-ZnT8 LIPS assay  
 

Spearman’s rank (r) correlation was used to compare AUs obtained in the different substrate 

incubation lengths (5-seconds versus 15-minutes) in the optimised Nluc-ZnT8 LIPS assay with 

ZnT8RA/ZnT8WA RIAs (using the maximum AU between RIAs) using positivity thresholds 

set at the 97.5th and 99th percentiles of 521 healthy schoolchildren in 573 new-onset T1D 

patients. The sensitivity and specificity of the optimised Nluc-ZnT8 LIPS assay (using the 5-

second incubation 97.5th percentile of 521 healthy schoolchildren) were assessed by receiver 

operator curve (ROC) analysis in 573 new-onset T1D patients and the IASP2020 sample set. 

 

4.2.9.4 Comparing the predictive utility of Nluc-ZnT8 LIPS & RIA 
 

Kaplan-Meir survival curve analysis was used to predict disease risk, and the Mantel-Cox log-

rank test was used to compare survival curves between categories.  

 

4.3 Results 

 

4.3.1 Aim 1: Optimisation of a Nluc-ZnT8 LIPS assay for ZnT8A 

detection 
 

Optimisation experiments were conducted in a stepwise fashion of altering one condition 

(unless otherwise stated) from the optimised Nluc-GAD65 LIPS template protocol (Table 4:7). 
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Results 

 

Condition 

Assessed 

Expression & 

Purification of 

Ag 

Ag 

Ag 

concentration 

(LU/25µl) & 

incubation 

Immuno- 

precipitate 

Removal 

of excess 

Nluc-Ag 

Buffer 

Substrate 

concentration & 

incubation 

Conclusion 

4.3.1.1 

Nluc- or sNluc-

tagged Ag & 

Ag 

Concentration 

Nluc-Ag 

prepared 

according to 

Nluc-GAD65 

LIPS protocol. 

Neat 

sNluc-Ag 

(HEK293 cell 

supernatant). 

Nluc- and 

sNluc- R+W 

ZnT8 

heterodimer & 

dual 

heterodimer 

 

6M, 4M & 2M 

in TBST-0.5% 

 

Incubated for 

2.5hrs (RT) 

6.25µl/well 

PAS. Washed 

with TBST-

0.15%-BSA 

& incubated 

for 1hr (4°C) 

TBST-

0.5% 

1:50 

(Promega) & 

incubated 5s/well 

Nluc-tagged Ag 

constructs at a 

concentration of 4M 

LU. 

4.3.1.2 

Concentration 

of Tween-20 in 

assay buffers 

Nluc-Ag 

prepared 

according to 

Nluc-GAD65 

LIPS protocol. 

Nluc-R+W-

ZnT8 

heterodimer 

4M in 

TBST-0.15% or 

TBST-0.5% 

 

As above 

As above. 

Washed with 

TBST 

(0.15%)-BSA 

or TBST 

(0.5%)-BSA 

TBST-

0.15% or 

TBST-

0.5% 

As above 

TBST-0.15% for Nluc-

Ag incubation & 

immunoprecipitation. 

TBST-0.5% for 

removal of excess 

Nluc-Ag. 

4.3.1.3 

Nluc-Ag 

Construct & 

Incubation 

Length 

As above 

Nluc-R+W-

ZnT8 

heterodimer & 

dual 

heterodimer 

4M in 

TBST-0.15% 

 

Incubated for 

2.5hrs or 20-

21hrs (RT) 

As above. 

Washed with 

TBST-0.15%-

BSA & 

incubated for 

1hr (4°C) 

TBST-

0.5% 
As above 

Nluc-R+W-ZnT8 dual 

heterodimer incubated 

for 2.5hrs at RT. 

Appendix 

E.2.1 
Glycine-

blocked PAS 

(GB-PAS) 

immuno- 

precipitate 

As above. 

Nluc-R+W-

ZnT8 dual 

heterodimer 

4M in TBST-

0.15% 

 

Incubated for 

2.5hrs (RT) 

6.25µl/well 

PAS or 

GB-PAS. 

As above. 

As above As above PAS. 

4.3.1.4 

IASP2018 

assessment 
As above. As above As above 

6.25µl/well 

PAS. 

As above. 

As above As above 

LIPS showed higher 

sensitivity than RIAs, 

but assay background 

may compromise 
specificity. 
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Appendix 

E.2.2.1 
Purification of 

Nluc-Ag with 

ZnCl2 

Buffer with 

0mM, 0.1mM, 

or 1mM ZnCl2 

(v/v) 

As above As above As above As above As above 
Purification buffer 

without ZnCl2. 

4.3.1.5.1 

Preparation of 

Nluc-Ag by 

0.45µM 

filtration 

(Milan 

protocol) 

Nluc-Ag 

prepared with 

or without 

column 

purification. 

As above 

4M neat in 

TBST-0.15% or 

4M diluted 

1:100 in TBST-

0.5% & filtered 

(0.45µM) into 

TBST-0.15% 

 

As above. 

As above As above As above 

No column 

purification with 4M 

diluted 1:100 in TBST-

0.5% & filtered 

(0.45µM) into TBST-

0.15%; Milan protocol 

Appendix 

E.2.2.2 

Quantity of 

1mM 

methionine in 

Nluc-Ag 

expression mix 

Expression 

reaction with 

2µl or 5µl 

1mM 

methionine. 

Nluc-Ag 

prepared 

without column 

purification 

As above 

4M of dilute 

(1:100 in TBST-

0.5%) & 0.45µM 

filtered Nluc-Ag 

in TBST-0.15% 

 

As above 

As above As above As above 

2-5µl can be used 

dependent on Nluc-Ag 

plasmid concentration. 

The quantity of 

methionine had very 

little effect. 

4.3.1.5.2 

Freeze-thawing 

of Nluc-Ag 

Nluc-Ag 

expressed 

without column 

purification 

As above 

As above 

Dilute Nluc-Ag 

freeze-thawed 1, 

2, or 3 times 

As above As above As above 1 freeze-thaw. 

4.3.1.6.1 

Concentration 

of Substrate 
As above As above 

As above with 

1 freeze-thaw 
As above As above 

1:50 (Promega) 

to 1:100 or 

1:150 with 

TBST-0.15% 

Substrate 

concentration reduced 

from 1:50 to 1:150 

with TBST-0.15%. 

4.3.1.6.2 
Substrate 

Incubation 

Length 

As above As above As above As above As above 

1:150 with 

TBST-0.15%& 

incubated 5s/well 

vs 15mins/well 

5-second substrate 

incubation length. 

 

Table 4:7 – Nluc-ZnT8 LIPS optimisation experiments 
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4.3.1.1 Nluc-tagged ZnT8 antigen construct & antigen concentration 
 

To identify the optimal Nluc-tagged construct and concentration, the Nluc- and sNluc- ZnT8 

heterodimer (Nluc-R-W-ZnT8) and dual heterodimer (R-W-Nluc-R-W-ZnT8) antigen 

constructs were tested at concentrations of 2M, 4M, and 6M LU using the optimised Nluc-

GAD65 LIPS protocol. Samples included from the main optimisation sample set:  

• 5 Internal ZnT8 RIA standards 

• 6 Internal ZnT8 RIA controls (5 positive and 1 negative) 

• 3 Anonymised healthy negative controls 

 

 

The sNluc-R+W-ZnT8 heterodimer construct was on average 1.7x105, 1.9x105, and 4.8x104 

LU higher than the Nluc-R+W-ZnT8 heterodimer across all samples at antigen concentrations 

of 6M, 4M, and 2M, respectively. Similarly, the sNluc-R+W-ZnT8 dual heterodimer construct 

was on average 3.3x105, 1.7x105, and 1.2x105 LU higher than the Nluc-R+W-ZnT8 dual 

heterodimer at an antigen concentration of 6M, 4M, and 2M, respectively. The median LU of 

internal controls was only weakly different between Nluc- and sNluc- constructs for both 

heterodimer and dual heterodimer configurations across all antigen concentrations (p<0.05).  

 

The advantage of increased overall ZnT8A binding in the sNluc-R+W-ZnT8 constructs was 

counteracted by a higher assay background and lower median SNRs across all antigen 

concentrations; median SNR range 7.4-9.4 in sNluc-R+W-ZnT8 constructs compared with 9.1-

18.2 in the Nluc-R+W-ZnT8 constructs (Figure 4:8). This reduced the dynamic range within 

the assay and, by extension, the discrimination between ZnT8A negative and positive samples. 

In addition to poorer assay performance, the expression yield (confirmed by Dr Lampasona) of 

the sNluc-R+W-ZnT8 constructs was also lower than the corresponding Nluc-R+W-ZnT8 

constructs. The superior assay performance of Nluc- constructs with greater discrimination 

between positive and negative samples) could be related to better antigen expression in vitro.  
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Within Nluc-R+W-ZnT8 heterodimer and dual heterodimer constructs, an antigen 

concentration of 4M offered the greatest median SNR. The median SNR at 4M LU for Nluc-

R+W-ZnT8 heterodimer was 19.3 (range 0.6-236.3) compared with 18.7 (range 0.7-232.7) and 

16.41 (range 0.6-202.8) for 2M and 6M, respectively. Similarly, the median SNR at 4M for 

Nluc-R+W-ZnT8 dual heterodimer was 10.9 (range 0.6-120.7) compared with 7.3 (range 0.67-

99.6) and 9.0 (range 0.6-102.7) for 2M and 6M, respectively.  

 
 

Figure 4:8 – Nluc-ZnT8 LIPS Optimisation: Nluc-R+W-ZnT8 antigen construct & concentration 

(SNR) 

A plot of signal to noise ratio (SNR) obtained from testing Nluc- and secretory (s)Nluc- tagged-R+W-ZnT8 

heterodimer and dual heterodimer constructs at concentrations of 2M, 4M, and 6M LU/25µl TBST-0.5%. Nluc-

tagged ZnT8 constructs were tested according to the optimised Nluc-GAD65 LIPS protocol, and sNluc-tagged 

ZnT8 constructs were tested neat from the supernatant of HEK293 cells with the remainder of the optimised Nluc-

GAD65 LIPS protocol followed. Red bars denote median and interquartile ranges.  
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Experimental conclusion: The Nluc-R+W-ZnT8 heterodimer and dual heterodimer 

constructs at a concentration of 4M offered the maximum ZnT8A binding accounting for assay 

background (SNR) in the optimisation population. Despite a higher SNR for the Nluc-R+W-

ZnT8 heterodimer versus dual heterodimer in this assay, the performance of the Nluc-R+W-

ZnT8 heterodimer and dual heterodimer constructs was further investigated later (4.3.1.3) to 

select the superior antigen construct after the concentration of Tween-20 in assay buffers was 

tested to lower assay background (4.3.1.2); LU in the negative controls ranged from 2.4x103-

1.6x104 LU at a concentration of 4M for both Nluc-R+W-ZnT8 heterodimer and dual 

heterodimer constructs.  

 

4.3.1.2 Concentration of Tween-20 in assay buffers 
 

At a concentration of 4M LU, the Nluc-R+W-ZnT8 heterodimer construct was incubated and 

assayed in TBST buffer containing 0.15% or 0.5% Tween-20 (v/v) in six different 

combinations to reduce assay background. The remainder of the optimised Nluc-GAD65 LIPS 

protocol was followed. To investigate this, two independent experiments were conducted and 

included samples from the main optimisation sample set:   

• 1 Internal ZnT8 RIA standard 

• 6 Internal ZnT8 RIA controls (5 positive and 1 negative) 

• 3 Anonymised healthy controls 

• 6 T1D patients 

 

Overall, the median LU binding across the six combinations of TBST assay buffer containing 

0.15% or 0.5% Tween-20 (v/v) at different stages of the Nluc-ZnT8 LIPS assay was 

comparable. Conditions that offered the highest SNR were C [median SNR 25.9 (range 0.46-

172.9)], D [median SNR 23.8 (range 0.3-192.8)], and G [median SNR 22.89 (range 0.3-201.1)] 

compared with A at standard conditions [median SNR 20.2 (range 0.5-142.7)] (Figure 4:9).  
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Although no significant difference between C, D, and G in pairwise Wilcoxon signed-rank tests 

was found (p>0.05), condition D was selected for the practical advantage of using 0.15% 

Tween-20 TBST for the preparation of antigen and PAS immunoprecipitate and 0.5% Tween-

20 TBST for the removal of excess unbound antigen.  

 
Figure 4:9 – Nluc-ZnT8 LIPS Optimisation: Concentration of Tween-20 in assay buffers (SNR) 

A plot of signal to noise ratio (SNR) obtained from testing the concentration of Tween-20 in TBST buffer at either 

0.15% or 0.5% (v/v) in different combinations within the stages of the LIPS assay (A-H; A refers to the ZnT8A 

RIA protocol and H refers to the optimised Nluc-GAD65 LIPS assay protocol) in two independent experiments 

using the Nluc-R+W-ZnT8 heterodimer construct. Stages of assay; Ag (antigen incubation buffer), PAS (PAS 

washing buffer), and wash (removal of excess antigen buffer). Red bars denote median and interquartile ranges. 

 

Experimental conclusion: TBST with a lower Tween-20 concentration (0.15% v/v) benefitted 

ZnT8A binding during Nluc- antigen incubation and a higher Tween-20 concentration (0.5% 

v/v) benefitted removal of excess unbound Nluc- antigen and reduced assay background. The 

concentration of Tween-20 in the TBST buffer used for washing the PAS immunoprecipitate 

had little effect on ZnT8A binding or assay background. Condition D offered the greatest 

compromise between ZnT8A binding and assay background and was also more practically 

straightforward to implement.  
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4.3.1.3 Nluc-tagged ZnT8 antigen construct & antigen incubation length 
 

To investigate whether a longer Nluc-R+W-ZnT8 antigen incubation would improve assay 

sensitivity and specificity, the Nluc-R+W-ZnT8 heterodimer and dual heterodimer constructs 

at a concentration of 4M LU, was incubated in TBST-0.15% for 2.5 hours or 20-21 hours 

(overnight; O/N) at RT in two independent experiments. The remainder of the optimised Nluc-

GAD65 LIPS protocol was followed. To increase the sample size of ZnT8A positives and 

negatives, this assay included both samples from the main optimisation sample set, ZnT8A 

positive samples from the IASP2016 workshop, and ZnT8A negative healthy schoolchildren: 

• 4 Internal ZnT8 RIA standards 

• 6 Internal ZnT8 RIA controls (5 positive and 1 negative) 

• 6 Anonymised healthy negative controls  

• 4 Healthy schoolchildren 

• 8 T1D patients 

• 16 ZnT8A positive IASP2016 samples  

o 16 New-onset T1D patients 

o 1 Negative control 

o 2 Dilutions from a positive pool of T1D patient serum  

 

 

Regardless of incubation length, the median LU of the Nluc-R+W-ZnT8 dual heterodimer 

construct was superior to the Nluc-R+W-ZnT8 heterodimer construct (p<0.0001), but SNR 

was comparable between constructs at each incubation length (p>0.05). However, O/N 

incubation, compared with 2.5hr incubation, had reduced SNR for both Nluc-R+W-ZnT8 

constructs due to increased assay background (non-specific binding) in the negative controls 

(p<0.0001; Figure 4:10A).  
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Despite the comparable SNRs between constructs, the Nluc-R+W-ZnT8 dual heterodimer 

identified two additional low-moderate level ZnT8A positives in new-onset T1D patients with 

better discrimination of low-level ZnT8A from negative controls (Figure 4:10B presents SNR 

<10); median SNR 2.3 (range 0.3-49.2) Nluc-R+W-ZnT8 dual heterodimer versus median SNR 

1.5 (range 0.2-51.4) in the Nluc-R+W-ZnT8 heterodimer.  

 
 

Figure 4:10 – Nluc-ZnT8 LIPS Optimisation: Nluc-tagged ZnT8 antigen construct & antigen 

incubation length (SNR) 

Plots of overall (A) and low level (B; <10) signal to noise ratio (SNR) were obtained from testing Nluc-R+W-

ZnT8 heterodimer and dual heterodimer constructs at a concentration of 4M LU/25µl TBST-0.15% and incubating 

with 1µl of serum for 2.5hrs or 20-21 (O/N; Overnight) at RT. Immunoprecipitate was washed with TBST-0.15%, 

and excess Nluc-tagged ZnT8 antigen was excluded using TBST-0.5% buffer (condition D from previous 

optimisation experiment). ****p<0.0001 by pairwise Wilcoxon signed ranked tests. Red bars denote median and 

interquartile ranges. NS: Not Significant less than alpha value 0.05; *p<0.05; ****p<0.0001 by pairwise 

Wilcoxon signed-rank tests.  



Chapter 4 - Development of Nluc-ZnT8 LIPS for ZnT8A detection 

297 

 

Experimental conclusion: An Nluc-R+W-ZnT8 antigen incubation length of 2.5hrs at RT 

offered greater ZnT8A binding and lower assay background compared with an O/N incubation 

at RT.  The Nluc-R+W-ZnT8 dual heterodimer construct had improved SNR compared to the 

Nluc-R+W-ZnT8 heterodimer construct, which was particularly evident in low-moderate level 

ZnT8A positive new-onset T1D patients. The Nluc-R+W-ZnT8 dual heterodimer construct 

incubation at 2.5hrs at RT was selected for further optimisation experiments. 

 

4.3.1.4 Nluc-ZnT8 LIPS assessment in the IASP2018 sample set 
 

To assess the performance of the Nluc-ZnT8 LIPS assay during optimisation, the assay 

protocol (as of 13/08/2018) was entered into the IASP2018 workshop. The Nluc-R+W-ZnT8 

dual heterodimer at a concentration of 4M LU was incubated for 2.5hrs at RT in TBST-0.15%. 

Following PAS immunoprecipitation, excess unbound Nluc-ZnT8 antigen was removed using 

TBST-0.5%. The remainder of the optimised Nluc-GAD65 LIPS protocol was followed. The 

full internal logarithmic RIA ZnT8A standard curve (n=8) was used in all assays to determine 

AU. The IASP2018 samples were blinded at the time of testing but was comprised of a total of 

140 serum samples: 43 new-onset T1D patients, 7 mAutoab+ves, and 90 negative controls.  

 

4.3.1.4.1 Preliminary positivity threshold for IASP2018 
 

For the IASP2018 workshop, 92/523 healthy schoolchildren used to establish the monomeric 

ZnT8R/ZnT8W RIA thresholds was used to develop a preliminary positivity threshold for 

Nluc-ZnT8 LIPS (1.1AU at the 97.5th percentile). The 97.5 percentile of these 92 

schoolchildren by RIA was 1.7AU and 2.1AU in ZnT8RA and ZnT8WA RIAs, respectively. 

This was comparable to the established 1.8AU threshold obtained in the total 523 

schoolchildren population. 
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4.3.1.4.2 IASP2018 sample set 
 

Raw data from either monomeric ZnT8R/ZnT8W RIA (CPM) and LIPS (LU) could not be 

directly compared, but when independently ranked and compared, there was a significant 

difference between the methods (p<0.05-0.0001). This could be due to differences in the ability 

of the methods in detecting all ZnT8A specificities; however, when the maximum CPM from 

both monomeric ZnT8R/ZnT8W RIAs as a compositive measure of all ZnT8A was compared 

to LU in LIPS, the difference in the methods was still apparent (p<0.0001).   

 

The AUs derived from the same logarithmic standard curve in both monomeric ZnT8R/ZnT8W 

RIAs confirmed that the IASP2018 workshop included a range of ZnT8A specificities 

[ZnT8RA-specific (n=7); ZnT8WA-specific (n=4); ZnT8A non-specific (n=20)] with 

significant differences in AU (p<0.05) and an overall correlation of 0.6 (95% CI: 0.4-0.67; 

p<0.0001) between the two RIA assays (Figure 4:11).  
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Figure 4:11 – Nluc-ZnT8 LIPS Optimisation: IASP2018 workshop ZnT8A specificity using 

monomeric ZnT8R/ZnT8W RIAs (AU) 

A scatter plot of arbitrary units (AU) derived from the same logarithmic standard curve (8 serial dilutions from a 

pool of ZnT8A positive serum) in the IASP2018 workshop sample set of 140 blinded samples (43 new-onset T1D, 

7 mAutoab+ves, and 90 negative controls). The scatterplot highlights the presence of ZnT8A positive samples 

with different ZnT8A specificities [ZnT8RA-specific (n=7); ZnT8WA-specific (n=4); ZnT8A non-specific 

(n=20)]. Whilst there is a significant correlation (p<0.0001), the different specificities of ZnT8A reinforce the AU 

differences between the monomeric RIAs (p<0.05). Red dotted lines denote positivity thresholds at the 97.5th 

percentile of 523 healthy schoolchildren (1.8AU). Black dashed line denotes linearity where X=Y. 

 

 

Due to the presence of all ZnT8A specificities in the workshop, the maximum ZnT8A RIA AU 

was a better comparator to the Nluc-ZnT8 LIPS assay with improved correlation [0.8 (95% CI 

0.7-0.9); p<0.001; Figure 4:12A] compared to the monomeric RIA AU [ZnT8RA RIA 0.7 

(95% CI 0.6-0.7); ZnT8WA RIA 0.7 (95% CI 0.5-0.7; Figure 4:12B] as the Nluc-R+W-ZnT8 

dual heterodimer construct should bind all ZnT8A specificities. However, the AUs between 

RIA (monomeric ZnT8R/ZnT8W or maximum ZnT8R/ZnT8W AU) and LIPS show that the 

AUs cannot be directly compared due to the dynamic range of the assays being different. 

Confirmed when independently ranked and compared (p<0.0001) (Figure 4:13). 

0.01 0.1 1 10 100 1000

0.01

0.1

1

10

100

1000

ZnT8RA RIA AU

Z
n

T
8
W

A
 R

IA
 A

U

Spearmans r (95%CI)
0.56 (0.44-0.66)

ZnT8WA-specific

ZnT8RA-specific

ZnT8A non-specific

ZnT8A negative

ZnT8WA-specific (7)

ZnT8RA-specific (4)

ZnT8A non-specific (20)



Chapter 4 - Development of Nluc-ZnT8 LIPS for ZnT8A detection 

300 

 

 
 

Figure 4:12 – Nluc-ZnT8 LIPS Optimisation: IASP2018 workshop LIPS versus RIA using 

monomeric RIA AU or maximum RIA AU 

Scatter plots comparing arbitrary units (AU) obtained in Nluc-ZnT8 LIPS and RIA by either monomeric ZnT8RA 

and ZnT8WA RIA (A), or maximum AU obtained in either monomeric (ZnT8RA/ZnT8WA) RIA (B) in the 

IASP2018 sample set of 140 blinded samples (43 new-onset T1D, 7 mAutoab+ves, and 90 negative controls). 

Due to a mixture of ZnT8A specificities (ZnT8RA-specific; ZnT8WA-specific; ZnT8A non-specific) in the 

IASP2018 workshop, the maximum ZnT8A AU obtained by RIA better correlates with Nluc-ZnT8 LIPS than AU 

from monomeric RIAs, as the Nluc-R+W-ZnT8 antigen construct should bind all ZnT8A specificities. Red dotted 

lines denote positivity thresholds at the 97.5th percentile of 523 healthy schoolchildren (1.8AU) for RIAs. The 

blue dotted line denotes the preliminary positivity threshold for Nluc-ZnT8 LIPs at 1.1AU. ***p<0.001; 

****p<0.0001.   
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Figure 4:13 – Nluc-ZnT8 LIPS Optimisation: LIPS & RIA AU in IASP2018 (AU) 

A plot of arbitrary units (AU; Log2 scale) was obtained from testing 140 blinded serum samples from the 

IASP2018 workshop in the Nluc-ZnT8 LIPS assay and the monomeric ZnT8RA and ZnT8WA RIAs. To account 

for all ZnT8A specificities, the maximum ZnT8 RIA AU is used as a composite measure of ZnT8A compared to 

the Nluc-ZnT8 LIPS assay. The IASP2018 workshop was comprised of 43 new-onset T1D patients (black circles), 

7 mAutoab+ves (purple triangles), and 90 negative controls (green triangles). Red dashed line: preliminary Nluc-

ZnT8 LIPS positivity threshold (1.1AU; n=92 schoolchildren); Orange dotted line: ZnT8RA RIA preliminary 

threshold (1.7AU; n=92 schoolchildren); Yellow dotted line: ZnT8WA RIA preliminary threshold (2.7AU; n=92 

schoolchildren); Blue dotted line: 97.5th percentile of the validated ZnT8RA and ZnT8WA RIA (1.8AU; n=523 

schoolchildren). Red bars denote median and interquartile ranges. *p<0.05 and ****p<0.0001 by pairwise 

Wilcoxon signed-rank tests 

 

 

Bland-Altman analysis of the AU differences by IASP specimen type (new-onset T1D, 

mAutoab+ves, and negative controls) between Nluc-ZnT8 LIPS and the maximum AU from 

ZnT8R/ZnT8W RIAs identified discrepancies in negative controls (n=2; Figure 4:14A) and 

new-onset T1D (n=5; Figure 4:14E) but not mAutoab+ves (Figure 4:14C). The Nluc-ZnT8 

LIPS method obtained lower AU than RIA overall, but this was expected given that the median 

AU, preliminary threshold, and assay detection limit was lower (Figure 4:14B/D/F). 
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Figure 4:14 – Nluc-ZnT8 LIPS Optimisation: Bland-Altman analysis comparing AU from LIPS & 

RIA (maximum) in the IASP2018 workshop 

Bland-Altman and paired aligned plots comparing the difference in Nluc-ZnT8 LIPS AU with the maximum 

ZnT8A AU obtained in either ZnT8R or ZnT8W monomeric RIAs [difference in AU calculated (LIPS AU-RIA 

Maximum AU) compared with average AU between both methods] in the IASP2018 sample set [negative controls 

(n=90; A/B); multiple autoantibody positives (n=7; C/D); new-onset T1D (n=43; E/F)]. A negative difference in 

AU indicates AU is greater in LIPS versus RIA. Overall, LIPS had lower AU than RIA for negative controls, 

multiple autoantibody positives and new-onset T1D. Incorrect categorisation of positive versus negative AU 

occurred in 1 negative control (RIA correctly identified all 90 negative controls), 0 mAutoab+ves (LIPS correctly 

identified all 7 mAutoab+ves versus 6 in RIA) and 19 new-onset T1D (24 identified correctly by LIPS versus 25 

in RIA but 5 samples were discrepant between the methods).   
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The performance of Nluc-ZnT8 LIPS and ZnT8R/ZnT8W RIAs are summarised in Table 4:8. 

Overall, the Nluc-ZnT8 LIPS assay had higher sensitivity than the monomeric ZnT8R/ZnT8W 

RIAs, identifying 24 new-onset T1D patients compared with 21 and 20 in the ZnT8R and 

ZnT8W RIAs, respectively. However, using the maximum AU obtained between 

ZnT8R/ZnT8W RIAs showed that the RIAs identified a total of 25 new-onset T1D with 5 

discrepant new-onset T1D samples between the methods: LIPS identified 2 additional new-

onset T1D (4.7% of 43) that neither RIA identified, and the RIAs identified 3 new-onset T1D 

0% of 43) that the LIPS assay did not identify.  

 

Additionally, Nluc-ZnT8 LIPS identified all 7 mAutoab+ves compared with 6, 4, and 6 in the 

ZnT8R RIA, ZnT8W RIA, and ZnT8R/ZnT8W RIAs (maximum AU), respectively. However, 

1 negative control was incorrectly identified positive by the Nluc-ZnT8 LIPS assay compared 

with the RIAs, which compromised assay specificity (98.9%). Both monomeric 

ZnT8R/ZnT8W RIAs correctly identified all negative controls and achieved 100% specificity.  

 

IASP 

Specimen Type 
n 

n positive by 

Nluc-ZnT8 

LIPS 

 (%) 

n positive 

by ZnT8R 

RIA  

(%) 

n positive 

by ZnT8W 

RIA  

(%) 

n positive by 

ZnT8R/ZnT8W 

RIA (max) 

(%) 

New-onset T1D 

patients 
43 

24  

(55.8) 

21  

(48.8) 

20 

 (46.5) 

25 

(58.1) 

Multiple 

autoantibody 

positives 

7 
7 

 (100.0) 

6  

(85.7) 

4  

(57.1) 

6 

(85.7) 

Negative controls 90 
1  

(1.1) 

0  

(0.0) 

0  

(0.0) 

0 

(0.0) 

 

Table 4:8 – Nluc-ZnT8 LIPS Optimisation: Summary of Nluc-ZnT8 LIPS & RIA IASP2018 results 

 

Combining the new-onset T1D patients and mAutoab+ves to assess sensitivity encompassing 

at-risk samples, Nluc-ZnT8 LIPS was shown to have a higher area under the curve (AUC), 

AS95, and accuracy when analysed by the IASP committee, despite the one incorrectly 

identified negative control (Table 4:9). 
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Assay 
Sensitivity 

(%) 

Specificity  

(%) 
AUC1 AS952 Accuracy3 

Nluc-ZnT8 LIPS 62 98.9 0.733 72 85.7 

ZnT8R RIA 54 100 0.688 60 83.57 

ZnT8W RIA 48 100 0.571 52 81.43 

 

Table 4:9 – Nluc-ZnT8 LIPS Optimisation: IASP2018 report 

1 Total Area Under the Curve (AUC) derived from Receiver Operating Characteristics (ROC) analysis; 2 Percent 

Sensitivity at 95% specificity (AS95) derived from ROC analysis; 3 Percent Accuracy: Number of T1D samples 

(new-onset and multiple autoantibody positives; n=50) identified as positive + Number of controls identified as 

negative ÷ number of T1D samples reported (n=50) + number of controls reported (n=90). The samples were all 

blinded at the time of testing and were independently analysed by the IASP committee. 

 

 

Experimental conclusion:  Results from IASP2018 showed that the Nluc-ZnT8 LIPS assay 

prior to full optimisation had superior sensitivity and accuracy than both monomeric 

ZnT8R/ZnT8W RIAs but showed discrepancies when results from both assays were combined 

and considered as the maximum RIA ZnT8RA/ZnT8WA level. Further optimisation of 

reducing assay background should alleviate the potential for false positives, but overall, the 

Nluc-ZnT8 LIPS assay (still undergoing optimisation) showed promising potential for 

detecting ZnT8A using a novel Nluc-R+W-ZnT8 dual heterodimer antigen without the 

requirement for radionuclides. 

 

4.3.1.5 Expression & preparation of the Nluc-tagged ZnT8 antigen construct 
 

4.3.1.5.1 Purification & preparation of the Nluc-tagged ZnT8 construct 
L  

In the IASP2018 workshop, the Nluc-ZnT8 LIPS assay conducted by international collaborator 

Dr Lampasona’s laboratory (Milan, Italy) using the same Nluc-R+W-ZnT8 dual heterodimer 

construct showed higher sensitivity and specificity; correctly identifying an additional 5 new-

onset T1D patients [Milan n=29 (67.4%); Bristol n=24 (55.8%)] and all negative controls 

[Milan n=90 (100%); Bristol n=89 (98.9%)].  
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When the protocols were reviewed, a key difference was the removal of the NAP5TM antigen 

purification step. Instead, after expression of the Nluc-R+W-ZnT8 dual heterodimer construct 

(identical to the Nluc-GAD65 LIPS protocol), the reaction mix is serially diluted in PBS 

(GIBCO® ThermoFisher)-0.1% Tween-20 (v/v) (PBST) to 1:250, 1:2,500, and 1:25,000 for 

LU detection (RLD; 1:50, Promega). Following LU detection, the remaining reaction mix is 

diluted 1:250 in PBST and stored at -70°C in 10µl aliquots. For use in an assay, 1x10µl aliquot 

is thawed, diluted 1:100 in TBST-0.5%, filtered through a 0.45µM filter unit (Sigma), and 

diluted to 4M LU/25µl with RLD (1:50; Promega). Therefore, the preparation of the Nluc-

R+W-ZnT8 dual heterodimer construct according to the optimised Nluc-GAD65 LIPS protocol 

(NAP5TM column antigen preparation) was compared to Milan’s protocol (0.45µM filter unit 

antigen preparation) in two independent assays following the remainder of the optimised Nluc-

ZnT8 LIPS protocol entered originally in IASP2018. 

 

These assays included the full internal ZnT8 RIA standard curve (n=8) for AU determination 

where the 1.1AU preliminary positivity threshold was re-applied, samples from the main 

optimisation sample set, and samples from the IASP2018 workshop with the most discrepant 

ZnT8A binding between Bristol and Milan protocols: 

• 8 Internal ZnT8 RIA standards (AU determination) 

• 6 Internal ZnT8 RIA controls (5 positive and 1 negative) 

• 9 New-onset T1D patients 

• 3 Anonymised healthy controls 

• 22 Samples from the IASP2018 workshop 

o 15 New-onset T1D patients 

o 5 Multiple autoantibody positives 

o 2 Negative controls 
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The median LU was higher using Milan’s 0.45µM filter unit protocol [3.0x105 (range 1.1x104-

2.2x106)] than Bristol’s NAP5TM purification protocol [2.0x105 (range 1.5x104- 2.2x106)] for 

preparing the Nluc-R+W-ZnT8 dual heterodimer construct (p<0.0001). Consequently, there 

was improved discrimination between T1D patients and negative controls, reflected in 

improved median SNRs irrespective of the level of ZnT8A binding with little to no compromise 

in assay background, indicative of enhanced sensitivity and specificity (Figure 4:15A/B; 

p<0.0001). 

 
Figure 4:15 – Nluc-ZnT8 LIPS Optimisation: Preparation methods for the Nluc-R+W-ZnT8 dual 

heterodimer construct (SNR) 

Plots of overall (A) and paired (B) signal to noise ratios (SNR) from comparing the preparation of the Nluc-R+W-

ZnT8 dual heterodimer construct using NAP5TM column purification (optimised Nluc-GAD65 LIPS protocol in 

Bristol) with using a 0.45µM filter unit to dilute the construct to 4M LU/25µl excluding the requirement for 

purification (Milan’s Nluc-ZnT8 LIPS protocol developed by Dr Vito Lampasona’s laboratory). Each data point 

represents four replicates from two independent experiments. Red bars denote the median and interquartile ranges. 

****p<0.0001 by pairwise Wilcoxon signed-rank test.  
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Despite increased binding (LU) relative to the background (SNR), the ordinal ranking of AUs 

obtained from the logarithmic standard curve was not substantially different between Nluc-

R+W-ZnT8 dual heterodimer construct preparation methods (p>0.05; Figure 4:16).  

 

 
 

 

Figure 4:16 – Nluc-ZnT8 LIPS Optimisation: Preparation methods for the Nluc-R+W ZnT8 dual 

heterodimer construct (AU) 

A plot of arbitrary units (AU) on a Log2 scale obtained from the validated ZnT8 RIA logarithmic standard curve 

(n=8 serial dilutions of a ZnT8A positive pool using negative human serum) comparing the preparation of the 

Nluc R+W ZnT8 Dual Dimer construct using NAP5TM column purification (optimised Nluc-GAD65 LIPS 

protocol in Bristol) with using a 0.45µM filter unit to dilute the construct to 4M LU/25µl excluding the 

requirement for purification (Milan’s Nluc-ZnT8 LIPS protocol developed by Dr Vito Lampasona’s laboratory). 

Each data point represents four replicates from two independent experiments. Red bars denote the median and 

interquartile ranges. The red dashed line denotes the preliminary positivity threshold of 92 healthy schoolchildren 

set at the 97.5th percentile of 1.1AU entered for IASP2018. NS: Not significant less than alpha value 0.05 by 

pairwise Wilcoxon signed-rank test.  
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In the main optimisation sample set, Bristol’s NAP5TM purification method identified 8/9 

(88.9%) new-onset T1D and Milan’s 0.45µM filter unit purification method identified all 9 

(100%). Both methods had concurrent findings for the internal standards (7/8 positive; 87.5%), 

internal controls (5/6 positive; 83.3%), and anonymised healthy controls (0/3 positive, 0.0%). 

In the IASP2018 workshop sample set, both Nluc-R+W-ZnT8 dual heterodimer antigen 

preparation methods correctly identified all mAutoab+ves (n=5, 100%) and negative controls 

(n=2, 100%) but showed discrepancies in the new-onset T1D samples. Out of 15 new-onset 

T1D samples, 7 were identified positive by both methods (46.7%), 6 were identified as negative 

by both methods (40.0%), and 2 (13.3%) were discrepant by both methods; 1 borderline 

positive (1.1 AU) and 1 negative (1.0 AU) by Bristol’s NAP5TM purification method but both 

were positive by Milan’s 0.45µm filter unit purification method (2.2AU and 6.6AU, 

respectively). Therefore, Milan’s 0.45µM filter unit antigen preparation method identified two 

additional new-onset T1D cases in the IASP2018 sample set [Milan n=9 (60.0%) versus Bristol 

n=7 (46.7%)].  

 

Whilst there are two discrepant samples across the whole sample set analysed (main 

optimisation and select IASP2018 workshop sample sets), the two antigen preparation method 

protocols were highly correlated (p<0.0001, Figure 4:17). This suggests that whilst there may 

be an advantage to Milan’s antigen preparation protocol in select samples, the majority have 

comparable results between methods.  
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Figure 4:17 – Nluc-ZnT8 LIPS Optimisation: Preparation methods for the Nluc-R+W-ZnT8 dual 

heterodimer construct (AU correlation) 

Scatter plot of arbitrary units (AU) on a Log10 scale obtained from the validated ZnT8 RIA logarithmic standard 

curve (n=8 serial dilutions of a ZnT8A positive pool using negative human serum) comparing the preparation of 

the Nluc-R+W-ZnT8 dual heterodimer construct using NAP5TM column purification (optimised Nluc-GAD65 

LIPS protocol in Bristol) with using a 0.45µM filter unit to dilute the construct to 4M LU/25µl excluding the 

requirement for purification (Milan’s Nluc-ZnT8 LIPS protocol developed by Dr Vito Lampasona’s laboratory). 

Each data point represents four replicates from two independent experiments. The blue dotted line denotes the 

preliminary positivity threshold of 92 healthy schoolchildren set at the 97.5 th percentile of 1.1AU entered for 

IASP2018. The red dashed line denotes linearity where X=Y. Both methods were highly correlated regardless of 

sample type (identity removed to display overall correlation for the full sample set tested) despite two discrepant 

samples from the new-onset T1D IASP2018 sample set: ****p<0.0001.  

 

 

Experimental conclusion: The 0.45µM filtration protocol for preparing the Nluc-R+W-ZnT8 

dual heterodimer construct used for the Nluc-ZnT8 LIPS assay in Milan increased ZnT8A 

binding (LU), assay performance (SNR; higher ZnT8A binding and lower assay background), 

and AU positivity determination in select samples. In addition to being a less time-consuming 

method with increased performance, adopting the Milan protocol favoured assay 

harmonisation and concordance between two international laboratories for ZnT8A detection. 
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4.3.1.5.2 Freeze-thawing the prepared Nluc-tagged ZnT8 construct 
 

To investigate whether the Nluc-R+W-ZnT8 dual heterodimer construct could be used beyond 

1 freeze-thaw cycle following expression, dilution, and filtration, 2 and 3 freeze-thaw cycles 

were tested using the Nluc-ZnT8 LIPS method currently optimised. This assay included 

samples from the main optimisation sample set: 

• 4 Internal ZnT8 RIA standards 

• 6 Internal ZnT8 RIA controls (5 positive and 1 negative) 

• 9 T1D patients 

• 4 Anonymised healthy negative controls 

 

 

The median LU of freeze-thawing the Nluc-R+W-ZnT8 dual heterodimer construct indicated 

a biphasic pattern, increasing from 1 [4.5x105 (range 1.7x104 - 2.5x106)] to 2 [5.6x105 (range 

2.9x104 - 2.5x106); p>0.05] freeze-thaw cycles and decreasing from 2 to 3 [4.1x106 (range 

2.2x104 - 2.2x106); p<0.0001] freeze-thaw cycles. The discrimination between new-onset T1D 

patients and healthy negative controls appeared visually to decrease with increasing freeze-

thaw cycles. The reduced sensitivity and specificity were corroborated by SNR but the decrease 

in median SNR was linear with increasing freeze-thaw cycles; 1 [19.2 (range 0.7-103.8)]; 2 

[16.1 (range 0.8-70.1)]; 3 [10.0 (range 0.5-52.7)]; p<0.0001 for all pairwise Wilcoxon signed-

rank tests (Figure 4:18). 

 

 

 

  



Chapter 4 - Development of Nluc-ZnT8 LIPS for ZnT8A detection 

311 

 

 

Figure 4:18 – Nluc-ZnT8 LIPS Optimisation: Freeze-thawing the Nluc-R+W-ZnT8 dual 

heterodimer construct (SNR) 

A plot of signal to noise ratio (SNR) comparing one freeze-thaw cycle (standard) to two and three freeze-thaw 

cycles once the Nluc-R+W-ZnT8 dual heterodimer construct has been expressed, diluted and filtered (0.45µM 

filter unit) at a concentration of 4M LU/25µl. Red bars denote the median and interquartile ranges. NS: Not 

Significant less than alpha value 0.05; ***p<0.001; ****p<0.0001 by pairwise Wilcoxon signed-rank test.  

 

 

Experimental conclusion: Increasing the number of freeze-thaw cycles above 1 (standard 

protocol) reduced ZnT8A binding and increased assay background. Therefore, to ensure 

optimal performance, each aliquot of frozen Nluc-R+W-ZnT8 dual heterodimer must only be 

thawed once before use in a LIPS assay. 
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4.3.1.6 Detection of luminescence  
 

4.3.1.6.1 Substrate concentration 
 

The Furimazine substrate is routinely prepared in a 1:50 dilution with NanoGlo® LIPS Assay 

Buffer (supplied by Promega in the NanoGlo® Luciferase coupled assay kit). To reduce 

experimental costs, dilutions in TBST-0.15% (1:100; 1:150) was evaluated against loss of 

assay performance.  

To confirm results, two independent experiments were conducted according to the optimised 

Nluc-ZnT8 LIPS protocol and included samples from the main optimisation sample set:  

• 4 Internal ZnT8 RIA standards 

• 6 Internal ZnT8 RIA controls (5 positive and 1 negative) 

• 9 T1D patients 

• 5 Healthy negative controls 

 

 

The median LU gradually increased from 1:50 (Promega) to 1:100 and 1:150 substrate 

concentrations [1:50 median LU 2.6x105 (range 2.1x104- 2.0x106); 1:100 median LU 2.9x105 

(range 2.4x104-2.5x106); 1:150 median LU 3.1x105 (range 2.6x104-2.1x106)]. When 

independently ranked and compared, rank order of mean LU was substantially different 

(Figure 4:19A; p<0.0001-0.01). However, there was no evidence of a difference in SNR when 

diluting the standard 1:50 [median SNR 6.9 (range 0.6-54.2)] further with TBST-0.15% at 

1:100 [median SNR 6.6 (range 0.6-56.5)] or 1:150 [median SNR 6.6 (range 0.5-44.3)] (Figure 

4:19B).  
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Figure 4:19 – Nluc-ZnT8 LIPS Optimisation: Furimazine substrate concentration (LU/SNR) 

Plots of light units (LU; A) and signal to noise ratio (SNR; B) from investigating the Furimazine substrate 

concentration at the standard 1:50 (* with NanoGlo® LIPS Assay Buffer supplied in the NanoGlo® Luciferase 

Assay System (Promega), 1:100 with TBST-0.15% and 1:150 with TBST-0.15%. The remainder of the optimised 

Nluc-ZnT8 LIPS protocol was followed. Each data point represents four replicates from two independent 

experiments. Red bars denote median and interquartile ranges. NS: Not Significant less than alpha value 0.05; 

**p<0.01; ****p<0.0001 by pairwise Wilcoxon signed-rank tests. 

 

Experimental conclusion: The standard Furimazine substrate concentration of 1:50 

(Promega) can be diluted to 1:150 with TBST-0.15% without loss of ZnT8A binding or higher 

assay background.  

4.3.1.6.2 Substrate incubation length 
 

To investigate the optimal Furimazine substrate incubation length with Nluc-R+W-ZnT8 dual 

heterodimer construct, the standard incubation length of 5-seconds was compared with 15-

minutes and 60-minutes over two independent experiments. Wells were shaken for 5-seconds 

before LU detection (2secs/well). These assays included the full internal ZnT8 RIA standard 

curve (n=8) for AU determination and samples from the main optimisation sample set:  

• 8 Internal ZnT8 RIA standards (AU determination) 

• 6 Internal ZnT8 RIA controls (5 positive and 1 negative) 

• 12 T1D patients 

• 4 Anonymised healthy negative controls 

• 13 Healthy blood donors 
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The median LU across substrate incubation lengths with the Nluc-R+W-ZnT8 dual 

heterodimer indicated a slightly biphasic pattern, increasing from 5-seconds [1.8x105 (range 

1.5x104-1.8x106)] to 15-minutes [2.3x105 (range 2.2x104-2.3x106)] and marginally decreasing 

from 15-minutes to 60-minutes [2.3x105 (range 2.1x104-2.3x106)]. When independently ranked 

and compared, the rank order of mean LU was substantially different (p<0.0001) between all 

combinations (data not shown). The difference in rank may be explained by a small decrease 

in median SNR over greater incubation lengths; 5-seconds, 6.5 (range 0.5-63.3), 15-minutes, 

5.7 (range 0.5-55.2), and 60-minutes 5.9 (range 0.5-58.2). When ranked, the SNR of samples 

between 5-seconds and 15/60-minutes was distinct (p<0.0001); however, the rank SNR 

between 15-minutes and 60-minutes was comparable (p>0.05) (Figure 4:20).  

 
Figure 4:20 – Nluc-ZnT8 LIPS Optimisation: Furimazine substrate incubation length with Nluc-

R+W-ZnT8 dual heterodimer construct (SNR) 

A plot of signal to noise ratio (SNR) from investigating the Furimazine substrate incubation length at the standard 

5 seconds with orbital shaking per well, 15 minutes with 5 seconds orbital shaking per well and 60 minutes with 

5 seconds orbital shaking per well. The remainder of the optimised Nluc-ZnT8 LIPS protocol was followed. Each 

data point represents four replicates from two independent assays. Red bars denote median and interquartile 

ranges. NS: Not Significant less than alpha value 0.05; ****p<0.0001 by pairwise Wilcoxon signed-rank tests. 
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There was some evidence of improved median CV between replicates between 5-seconds and 

a longer incubation duration on average; 5-seconds median CV 6.1% (range 0.5-44.3), 15-

minutes median CV 5.4% (range 0.1-34.2) and 60-minutes median CV 5.4% (range 0.1-34.2) 

(Table E:2; Appendix E). This may suggest a longer incubation length improves replicate data 

for each sample (tested in duplicate) and thereby may reduce the repeat of samples due to poor 

replicates. 

 

When calculated from a logarithmic standard curve, the rank AUs across all incubation lengths 

were comparable (p>0.05; Figure 4:21), which suggests that the differences in raw data 

observed (LU/SNR) do not substantially alter the standardised AU derived for each sample. 

Nevertheless, the minor differences in SNR and no difference in AU across incubation lengths 

reinforces that the Nluc:Furimazine bioluminescent reaction at 1:150 dilution remains 

chemically stable for at least 1 hour under the optimised Nuc-ZnT8 LIPS protocol.  

 
Figure 4:21 – Nluc-ZnT8 LIPS Optimisation: Furimazine substrate incubation length with Nluc-

R+W-ZnT8 dual heterodimer construct (AU) 

Plots of arbitrary units (AU) from investigating the Furimazine substrate incubation length at the standard 5 

seconds with orbital shaking per well, 15 minutes with 5 seconds orbital shaking per well and 60 minutes with 5 

seconds orbital shaking per well. The remainder of the optimised Nluc-ZnT8 LIPS protocol was followed. Each 

data point represents four replicates from two independent assays. Red bars denote median and interquartile 

ranges. NS: Not Significant less than alpha value 0.05 by pairwise Wilcoxon signed-rank tests. 
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When analysing the logarithmic curve fit from the standard curves obtained in the two 

experiments, there was evidence of a greater curve fit (>95% R2; Figure 4:22) and, in most 

cases, improved intra- and inter-assay variability (lower CV%) obtained in longer incubation 

lengths, suggesting that a longer substrate incubation length may reduce the assay variability 

between sample duplicates and over multiple experiments. This is particularly important in 

obtaining an accurate and reproducible standard curve to generate AUs for positivity 

determination. 
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Figure 4:22 – Nluc-ZnT8 LIPS Optimisation: Logarithmic standard curve fit according to 

substrate incubation length (Log2 units) 

Plots of internal ZnT8 standards (n=8) set against its Log2 units by Furimazine substrate incubation length. Red 

dotted line: logarithmic curve fit for four replicates obtained in two independent experiments; Orange dots: 

experiment 1 duplicates; Blue dots: experiment 2 duplicates; horizontal error bars denote standard error of the 

mean. The standard error of the mean within each experiment was reduced between duplicates (intra-assay) and 

inter-assay variation was improved (R2>95%) in both experiments in substrate incubations lengths greater than 5 

seconds. The 15-minute incubation length shows the lowest variation with overlapping points across both 

experiments. Incubations of 5 seconds and 15 minutes were further investigated during assay validation in a large 

cohort as 60-minute incubations would reduce the ability to conduct this assay in 1-day and in a high-throughput 

capacity.  
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Experimental conclusion: The bioluminescent signal of Nluc and Furimazine diluted at 1:150 

remains chemically stable up to 1hr under the optimised conditions of the Nluc-ZnT8 LIPS 

assay. The AUs derived from the full logarithmic standard curve indicated no differences 

between substrate incubations lengths when independently ranked. Nonetheless, a substrate 

incubation length greater than the standard 5 seconds produced better replicate data, a greater 

logarithmic curve fit, and improved AU discrimination of the top 3 standards with very little 

difference in AU of the negative population. As a 60-minute substrate incubation length would 

drastically reduce the ability to conduct the Nluc-ZnT8 LIPS assay in 1-day and in a high-

throughput capacity, the 5-second- and 15-minute incubations were assessed in a bigger sample 

cohort during assay validation to fully assess the potential benefit of a longer substrate 

incubation length. 
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4.3.1.7 Summary of Nluc-ZnT8 LIPS assay optimisation 
 

 

 

Table 4:10 – Summary of Nluc-ZnT8 LIPS assay optimisation 

 

 

 

 

 

 

 

 

 

 

Portion of Assay Nluc-GAD65 LIPS  

Protocol 

Optimised Nluc-ZnT8 LIPS 

Protocol 

Expression of Nluc-

antigen 

• Reaction mix incubated for 1.5 

hours at 30°C. 

• Nluc-Ag was purified using 

NAP5TM desalting columns & 

TBST-0.5% buffer. 

• Reaction mix incubated for 2 hours 

at 30°C. 

• Nluc-Ag is serially diluted in 

PBST with 0.1% Tween without 

need for column purification. 

Preparation of 

Nluc-antigen 

• 10µl Nluc-Ag aliquots are 

thawed & diluted in TBST-

0.5% at RT to 3.8 x 106 – 4.2 x 

106. 

• 10µl Nluc-Ag aliquots are thawed, 

diluted 1:100 with TBST-0.5% & 

filtered through a 0.45µM filter 

unit. 

• Filtered Nluc-Ag is diluted in 

TBST-0.15% at RT to 3.8 x 106 – 

4.2 x 106. 

Precipitating 

immunocomplexes 

• 6.25µl/well PAS; 25% 

suspension washed 4 times in 

TBST-0.5%. 

• 6.25µl/well PAS; 25% suspension 

washed 4 times in TBST-BSA. 

Detecting 

luminescence 

• Substrate: 40µl/well; 1:50 

Furimazine substrate diluted 

in NanoGlo® LIPS Assay 

Buffer (Promega). 

 

• Detection: Read 5-seconds 

after substrate injection at 

2s/well. 

• Substrate: 40µl/well; 1:50 

furimazine substrate in NanoGlo® 

LIPS Assay Buffer (Promega) 

further diluted 1:3 with TBST-

0.15% for an end concentration of 

1:150. 

• Assay sensitivity & specificity was 

further evaluated at substrate 

incubations lengths of 5-seconds 

(standard) & 15-minutes using 

new-onset T1D & healthy 

schoolchildren during assay 

validation. 
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4.3.2 Aim 2: Investigate reagents to improve ZnT8A detection in 

EDTA-preserved plasma samples using the LIPS method. 
 

4.3.2.1 Serum ZnT8A detection in the presence of EDTA with CaCl2 or 

ZnCl2 
 

The treatment of EDTA-plasma samples with calcium chloride (CaCl2) have previously been 

investigated for GADA and IA-2A detection in RSRTM Limited ELISA bridge-type ELISAs. 

Treated CaCl2-plasma had high and comparable sensitivity to detection in serum, and detection 

was higher by ELISA than RIA (359). To investigate whether some ZnT8A binding can be 

restored in the presence of EDTA as a proof of principle for EDTA-preserved plasma, serum 

was incubated with Nluc-R+W-ZnT8 dual heterodimer antigen in TBST-0.15% buffer 

containing 1mM EDTA in the absence or presence of 1mM, 5mM, or 10mM CaCl2 or zinc 

chloride (ZnCl2, considering ZnT8’s function) in two independent experiments. A 1mM EDTA 

concentration was selected to mimic the estimated concentration of EDTA present in 1µl of 

sample as 1-2mg/ml EDTA is typically added to 3-5ml of whole blood at sample collection. 

The two independent experiments included samples from the main optimisation sample set 

(below) and were conducted before substrate dilution and incubation length optimisation 

experiments.  

• 4 Internal ZnT8 RIA standards 

• 6 Internal ZnT8 RIA controls 

• 9 T1D patients 

• 4 Anonymised healthy negative controls 

 

Overall, the median LU binding and SNR was substantially decreased in the presence of 1mM 

EDTA in the Nluc-R+W-ZnT8 dual heterodimer antigen incubation TBST-0.15% (p<0.0001), 

irrespective of the presence of CaCl2 or ZnCl2 at concentrations of 1mM, 5mM, or 10mM 

(p<0.0001) (Figure 4:23A/B).  
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Both LU and SNR was utilised to interrogate the data as LU gives a better impression of the 

overall effects across all levels of ZnT8A binding and SNR considers the ratio between ZnT8A 

binding and assay background. 

 

 
 

Figure 4:23 – Nluc-ZnT8 LIPS: Serum ZnT8A detection in the presence of EDTA with & without 

CaCl2 or ZnCl2 (LU/SNR) 

Plots of light units on a Log10 scale (LU; A) and signal to noise ratio (SNR; B) from investigating the presence 

of 1mM EDTA in the absence or presence of 1mM, 5mM or 10mM CaCl2 or ZnCl2 during sample incubation 

with Nluc-R+W-ZnT8 dual heterodimer antigen in TBST-0.15%. Each data point represents four replicates from 

two independent assays. These assays were conducted before optimising the Furimazine substrate dilution and 

incubation length (bioluminescence detection). The remainder of the optimised Nluc-ZnT8 LIPS protocol was 

followed. Red bars denote median and interquartile ranges. ****p<0.0001 by pairwise Wilcoxon signed-rank 

tests. 

 

 

The presence of 1mM EDTA alone reduced the median LU by 47.8% from 4.2x105 (range 

1.4x104-1.9x106) to 2.0x105 (range 2.2x104-1.4x106) and median SNR by 31.0% from 22.1 

(range 0.7-101.5) to 6.8 (range 0.8-46.5). The presence of EDTA not only decreased the ability 

of ZnT8A to bind ZnT8 in T1D patients but also increased assay background in the negative 

controls. Due to this, the discrimination between T1D patients with low-level ZnT8A and 

negative controls was particularly diminished, explaining the SNR reduction.   
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In the presence of 1mM EDTA, the addition of 1mM, 5mM, or 10mM CaCl2 did little to recover 

any ZnT8A binding [1mM median LU 2.6x105 (range 2.9x104- 1.7x106); 5mM median LU 

2.3x105 (range 2.3x104- 1.8x106); 10mM median LU 2.3x105 (range 3.2x104- 1.6x106)] relative 

to the assay background [1mM median SNR 6.8 (range 0.8-43.6); 5mM median SNR 6.6 (range 

0.7-51.7); 10mM median SNR 6.1 (range 0.8-41.5)].  

 

In the presence of 1mM EDTA, the addition of 1mM ZnCl2 but not, 5mM, or 10mM appeared 

to recover some ZnT8A binding [1mM median LU 2.2x105 (range 2.6x104-1.5x106); 5mM 

median LU 5.0x103 (range 1.3x103-5.0x104); 10mM median LU 7.1x103 (range 3.4x103-

2.8x104)] relative to the assay background [1mM median SNR 7.9 (range 1.0-54.7); 5mM 

median SNR 3.7 (range 0.9-37.3); 10mM median SNR 0.9 (range 0.4-3.7)].  

 

Experimental conclusion: The presence of 1mM EDTA reduced the binding of ZnT8A in all 

ZnT8A positive serum samples and increased the assay background in negative controls.  

Despite the reduction in ZnT8A binding, patients with high levels of ZnT8A can still be 

identified in the presence of EDTA, but the ability to discriminate low-level ZnT8A positive 

patients from negative controls is diminished.  The presence of 1mM ZnCl2 offered the best 

improvement against the effects of EDTA out of all the tested conditions. Therefore, 1mM 

ZnCl2 was selected to investigate ZnT8A binding in the anonymised matched serum and 

EDTA-preserved plasma samples. 
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4.3.2.2 Serum & plasma ZnT8A detection in the presence of 1mM ZnCl2 
 

To investigate whether the addition of 1mM ZnCl2 in the Nluc-R+W-ZnT8 dual heterodimer 

antigen incubation TBST-0.15% buffer can improve ZnT8A detection in either serum or 

EDTA-preserved plasma samples, samples from the optimisation population and a subset 

(n=19 of 27) of the BOX participants with matched serum and EDTA-preserved samples were 

selected and tested in two independent experiments. 

 

4.3.2.2.1 1mM ZnCl2 in serum (main optimisation sample set) 
 

The two independent experiments included the full internal logarithmic RIA ZnT8A standard 

curve (n=8) for AU determination and samples from the main optimisation sample set (below). 

These experiments were conducted before substrate dilution and incubation length optimisation 

experiments.  

 

• 8 Internal ZnT8 RIA standards (AU determination) 

• 6 Internal ZnT8 RIA controls (5 positive and 1 negative) 

• 9 T1D patients 

• 5 Anonymised healthy negative controls 

 

Overall, the median LU binding and SNR was substantially decreased in the presence of 1mM 

ZnCl2 in the Nluc-R+W-ZnT8 dual heterodimer antigen incubation TBST-0.15% buffer (both 

p<0.0001). The presence of 1mM ZnCl2 reduced the median SNR from 12.5 (range 0.6-62.4) 

to 4.43 (range 0.8-47.2) (Figure 4:24). The presence of 1mM ZnCl2 in serum not only 

decreased the ability of ZnT8A to bind ZnT8 in T1D patients but also increased assay 

background in the negative controls. Due to this, there was a decreased ability to identify 

between T1D patients (particularly those with low-level ZnT8A) and healthy controls. 
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Figure 4:24 – Nluc-ZnT8 LIPS: Serum ZnT8A detection in the presence of 1mM ZnCl2 (SNR) 

A plot of signal to noise ratio (SNR) from investigating the presence of 1mM ZnCl2 during sample incubation 

with Nluc-R+W-ZnT8 dual heterodimer antigen in TBST-0.15% buffer. Each data point represents four replicates 

from two independent assays. These assays were conducted before optimising the Furimazine substrate dilution 

and incubation length (bioluminescence detection). The remainder of the optimised Nluc-ZnT8 LIPS protocol 

was followed. Red bars denote median and interquartile ranges. ****p<0.0001 by pairwise Wilcoxon signed-rank 

tests. 

 

 

Despite the reduction in median LU and SNR, there was some evidence to suggest that the 

presence of 1mM ZnCl2 may better separate the logarithmic standard curve with slightly 

improved the curve fit and median AU determination overall (p=0.028, Figure 4:25). 

However, there may be the potential for false positives and false negatives within the healthy 

negative and T1D patient populations, respectively.  
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Figure 4:25 – Nluc-ZnT8 LIPS: Serum ZnT8A detection in the presence of 1mM ZnCl2 (AU) 

A plot of arbitrary units (AU) on a Log2 scale investigating the presence of 1mM ZnCl2 during sample incubation 

with Nluc-R+W-ZnT8 dual heterodimer antigen in TBST-0.15% buffer. Each data point represents four replicates 

from two independent assays. These assays were conducted before optimising the Furimazine substrate dilution 

and incubation length (bioluminescence detection). The remainder of the optimised Nluc-ZnT8 LIPS protocol 

was followed. Red bars denote median and interquartile ranges. *p=0.028 by pairwise Wilcoxon signed-rank tests. 

 

 

Experimental conclusion: The presence of 1mM does not appear to improve the 

discrimination between T1D patients and healthy negative controls or overall assay 

performance. There was some suggestion that the ZnT8A binding in select samples and curve 

fit to the internal ZnT8 RIA logarithmic standard curve may generally improve with 1mM 

ZnCl2, but as the assay background was higher, this may compromise the false 

positive/negative determination in T1D patient and healthy populations.   
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4.3.2.2.2 1mM ZnCl2 in matched serum & EDTA-preserved plasma samples  
 

To investigate whether the addition of 1mM ZnCl2 in the Nluc-R+W-ZnT8 dual heterodimer 

antigen incubation TBST-0.15% buffer can improve ZnT8A detection in plasma compared 

with serum, a subset of the BOX matched serum, and EDTA-preserved samples were selected 

(n=19 out of 27; 11 positive for ≥1 autoantibody; 3 ZnT8A positive) and tested in two 

independent experiments. These experiments were conducted before substrate dilution and 

incubation length optimisation experiments. Both LU and SNR was utilised to interrogate the 

data as LU gives a better impression of the overall effects across all levels of ZnT8A binding, 

and SNR considers the ratio between ZnT8A binding and assay background. 

 

Replicating the findings from investigating 1mM ZnCl2 in serum samples from the main 

optimisation sample set, the presence of 1mM ZnCl2 decreased the median LU from 2.5x104 

(range 1.1x104-1.4x106) to 1.3x104 (range 7.3x103-2.1x105) (p<0.0001, Figure 4:26A). When 

ranked and compared, the median SNR was not different (p>0.05) between the absence 

[median 0.9 (range 0.4-49.0)] or presence [median 1.5 (range 0.8-23.8)] of 1mM ZnCl2 which 

indicates a parallel decrease in binding across all samples (Figure 4:26B).  

 

In the matched EDTA-preserved plasma samples, the presence of 1mM ZnCl2 increased both 

the median LU from 3.6x104 (range 1.4x104-1.1x106) to 1.1x105 (2.4x104-7.5x105) and the 

median SNR from 1.3 (range 0.5-37.6) to 12.7 (2.8-85.6) (p<0.0001, Figure 4:26A/B). 
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Figure 4:26 – Nluc-ZnT8 LIPS: Matched serum & plasma ZnT8A detection in the presence of 

1mM ZnCl2 (LU/SNR) 

Plots of light units on a Log10 scale (LU; A) and signal to noise ratio (SNR; B) from investigating the presence 

of 1mM ZnCl2 during sample incubation with Nluc-R+W-ZnT8 dual heterodimer antigen in TBST-0.15% buffer. 

Each data point represents four replicates from two independent assays. These assays were conducted before 

optimising the Furimazine substrate dilution and incubation length (bioluminescence detection). The remainder 

of the optimised Nluc-ZnT8 LIPS protocol was followed. Red and black bars denote median and interquartile 

ranges. NS; Not significant; *p<0.05 (p=0.018); ****p<0.0001 by pairwise Wilcoxon signed-rank tests. 

 

 

When applied to a logarithmic standard curve, the increased LU binding and SNR gained from 

the presence of 1mM ZnCl2 did not produce superior AU determination compared to standard 

conditions but compromised the ability to detect ZnT8A positives from ZnT8A negatives with 

a reduced range of detection. The AUs between matched serum and plasma under standard 

assay conditions was comparable overall, but in one individual with lower-level ZnT8A by 

RIA, positivity in plasma would likely be lost by Nluc-ZnT8 LIPS (p>0.05; Figure 4:27).  
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Figure 4:27 – Nluc-ZnT8 LIPS: Matched serum & plasma ZnT8A detection in the presence of 

1mM ZnCl2 (AU) 

A plot of arbitrary units (AU) from investigating the presence of 1mM ZnCl2 during sample incubation with Nluc-

R+W-ZnT8 dual heterodimer antigen in TBST-0.15% buffer. Each data point represents four replicates from two 

independent assays. These assays were conducted before optimising the Furimazine substrate dilution and 

incubation length (bioluminescence detection). The remainder of the optimised Nluc-ZnT8 LIPS protocol was 

followed. Black filled triangles denote ZnT8A positive samples by RIA; Clear triangles denote ZnT8A negative 

samples by RIA; Red and black bars denote median and interquartile ranges. NS; Not significant; ****p<0.0001 

by pairwise Wilcoxon signed-rank tests. 

 

Experimental conclusion: The presence of 1mM ZnCl2 did not increase the ability to detect 

ZnT8A positivity in EDTA-preserved plasma samples. Despite the improved median LU 

binding and SNR in EDTA-preserved plasma samples compared with serum samples, the AU 

determined by a full logarithmic standard curve showed that 1mM ZnCl2 did not result in 

improved ZnT8A detection between positive and negative samples. For both EDTA-treated 

serum and EDTA-preserved plasma samples, the standard protocol (without ZnCl2) offers the 

most optimal conditions for ZnT8A detection.  
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4.3.3 Aim 3: Establish a serum positivity threshold for the optimised 

Nluc-ZnT8 LIPS method  
 

Samples (n=521) with sufficient sample volume from 523 healthy schoolchildren that were 

used to establish the in-house ZnT8R/ZnT8W RIA thresholds were used to establish the Nluc-

ZnT8 LIPS positivity threshold. Of 523, 504/506 (99.6%) RIA ZnT8A negatives and 17/17 

(100.0%) RIA ZnT8A positives were tested in Nluc-ZnT8 LIPS. Samples were tested 

concurrently at substrate incubation lengths of 5-seconds and 15-minutes to evaluate the 

differences in AU derived at the 97.5th and 99 percentiles (Table 4:11).  

 

Assay  

 

n AU at the 97.5th 

percentile 

(n positive) 

AU at the 99th 

percentile 

(n positive) 

ZnT8R RIA 523 1.8 (14) 2.2 (6) 

ZnT8W RIA 523 1.8 (11) 2.1 (5) 

ZnT8R/ZnT8W RIA 523 1.8 (17) 2.2 (8) 

Nluc-ZnT8 LIPS  

5-second substrate incubation length 521 0.22 (14) 0.28 (6) 

Nluc-ZnT8 LIPS  

15-minute substrate incubation length 
521 0.30 (15) 0.54 (6) 

 

Table 4:11 – Positivity thresholds for monomeric ZnT8R/ZnT8W RIAs & Nluc-ZnT8 LIPS 

 

 

Comparing the AUs derived from the same logarithmic standard curve between monomeric 

ZnT8R/ZnT8W RIAs (maximum AU) and Nluc-ZnT8 LIPS suggested that there was slightly 

better correlation with a substrate incubation length of 15-minutes [r (95% CI) = 0.55 (0.48-

0.61), p<0.0001], than 5-seconds [r (95% CI) = 0.46 (0.39-0.53), p<0.0001] (Figure 4:28A/C). 

However, Bland-Altman analysis revealed that only 2/521 healthy schoolchildren (0.4%) were 

outside the 95% CI of agreement which was concurrent between substrate incubation lengths 

(Figure 4:28B/D). This suggests that whilst the 15-minute incubation length may improve the 

correlation with RIA, the differences in AU between substrate incubation lengths are marginal 

(n=519; 99.6% concordance).  
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 Despite only two discrepant samples by Bland-Altman analysis, there are discrepancies in 

sample positivity between Nluc-ZnT8 LIPS and the monomeric RIAs (table in Figure 4:28). 

At the 97.5th percentile, of 17 RIA ZnT8A positives, only 5 (29.4%) and 6 (35.3%) were 

identified as positive in LIPS in substrate incubation lengths of 5 seconds and 15-minutes, 

respectively. At the 99th percentile, of 8 RIA ZnT8A positives, 4 (50.0%) were identified as 

positive in LIPS at either substrate incubation length. In the 504 ZnT8A RIA negatives defined 

by the 97.5th percentile, 495 (98.2%) were confirmed negative, but 9 (1.8%) were positive in 

LIPS (concurrent between substrate incubation lengths). Similarly, of the 513 RIA ZnT8A 

negatives defined by the 99th percentile, 511 (99.6%) were confirmed negative, but 2 (0.4%) 

were positive in LIPS, which was also concurrent between substrate incubation lengths.  

 

Overall, a total of 20-21 (3.8-4.0% of 521) samples at the 97.5th percentile and 6 (1.2% of 521) 

at the 99th percentile was discrepant between RIA and LIPS over both substrate incubation 

lengths. This suggests that most of the discrepant samples at the 97.5th percentile are of low-

level AU. The substrate incubation length did not heavily influence the outcome of the 

positivity threshold. Only 1 additional ZnT8A RIA positive sample was identified positive in 

LIPS which was found in the incubation length of 15-minutes but not 5-seconds at the 97.5th 

percentile but otherwise were identical. 

 

Experimental conclusion: Positivity percentiles are heavily influenced by the level gained in 

the positive population and the discrepant samples prevent the direct comparison between 

assays. While there was no substantial evidence suggesting that the substrate incubation length 

influenced the positivity threshold, due to better intra- and inter-assay variation, both substrate 

incubations lengths were evaluated for the condition that offered the maximum sensitivity and 

specificity. 
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Figure 4:28 – Nluc-ZnT8 LIPS Validation: Establishing a positive threshold in a cohort of healthy 

schoolchildren 

Scatter plots and Bland-Altman plots for Furimazine substrate incubation lengths of 5 seconds (A/B, respectively) 

and 15 minutes (C/D, respectively) in 521 healthy schoolchildren. Red and black dashed lines on A/C denote the 

ZnT8RA/ZnT8WA RIA 97.5th and 99th percentiles, respectively. Blue and green dashed lines on A/C denote the 

Nluc-ZnT8 LIPS 97.5th and 99th percentiles, respectively. Red dashed lines on B/D denote the 95% confidence 

intervals of agreement by Bland-Altman analysis. A substrate incubation length of 15 minutes showed a slightly 

higher correlation with RIA (55%) than 5 seconds (46%), both p<0.0001. Bland-Altman analysis identified 2 

samples outside the 95% confidence intervals of agreement in both substrate incubation lengths. At the 97.5th 

percentile in RIA and LIPS, 20 and 21 discrepant samples were identified at 5 seconds and 15-minute substrate 

incubation lengths, respectively (highlighted in bold). At the 99th percentile in RIA and LIPS, 6 discrepant samples 

were identified in both substrate incubation lengths suggesting, the discrepant samples at the 97.5th percentile are 

of low-level AU.   
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4.3.4 Aim 4: Evaluate the sensitivity and specificity of the optimised 

Nluc-ZnT8 LIPS method using new-onset T1D patients from BOX and 

blinded samples from the IASP2020 workshop  
 

4.3.4.1 The sensitivity of Nluc-ZnT8 LIPS compared with RIA in new-onset 

T1D patients 
 

To further evaluate the potential benefit of longer Furimazine substrate lengths (5-seconds 

versus 15-minutes) and a higher positivity threshold (97.5th versus 99th percentile) in the Nluc-

ZnT8 LIPS assay, assay sensitivity was assessed between RIA and LIPS in 573 new-onset T1D 

patients from the BOX study. 

 

At both a 5-second and 15-minute substrate incubation length, derived AUs showed high and 

near identical, correlation with the maximum RIA AUs [5-seconds r: 0.89 (0.87-0.90); 15-

minutes r: 0.90 (0.89-0.91); both p<0.0001]. This suggests very little difference in AUs derived 

between the substrate incubations lengths (Figure 4:29A/C).  

 

The sensitivity of positivity thresholds between RIA and LIPS assays by substrate incubation 

length were compared at the 97.5th [1.8AU RIA versus 0.22AU (5-seconds)/0.30AU (15-

minutes) LIPS] and 99th [2.15AU RIA versus 0.28AU (5-seconds)/0.54AU (15-minutes) LIPS] 

percentiles. At the 97.5th percentile, both substrate incubation lengths in LIPS had equal 

sensitivity, identifying 365/387 new-onset T1D patients (94.3%) found positive by RIA 

(Figure 4:29A/C). At the 99th percentile, the sensitivity of LIPS was reduced through the loss 

of 7 [358/387 (92.5%)] and 11 [354/387 (91.5%)] RIA positive new-onset T1D patients for the 

5-second and 15-minute substrate incubation lengths, respectively (Figure 4:29B/D). 

Therefore, to capture most of the new-onset T1D patients found positive by RIA, the 97.5th 

percentile was preferable to the 99th percentile.  
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Of 387 new-onset T1D patients found positive by RIA at the 97.5th percentile, 22 (5.7%) and 

23 (5.9%) were not identified by LIPS in the 5-second and 15-minute substrate incubation 

lengths, respectively. However, in the 186 new-onset T1D patients found negative by RIA, the 

LIPS assay identified an additional 32 (17.2%) and 30 (16.1%) patients in the 5-second and 

15-minute substrate incubation lengths, respectively. Combined, the proportion of new-onset 

T1D patients found negative by RIA and LIPS was comparable for both substrate incubation 

lengths [5-seconds (154/186, 82.8%); 15-minutes (155/186, 83.3%). Collectively, there was 

very little difference in overall assay sensitivity between substrate incubations lengths; a total 

of 397/395 was identified as positive, and 176/178 was identified as negative in substrate 

incubation lengths of 5-seconds and 15-minutes, respectively.  

 

Additionally, levels of ZnT8A (AU) captured by RIA or LIPS were not correlated with age-at-

onset (RIA r 0.01 (95% CI: -0.07-0.1); LIPS r 0.02 (95% CI: -0.06-0.1); both p>0.05, data not 

shown). 

 

Conclusion: To capture the majority of new-onset T1D patients found positive by RIA, favour 

assay harmonisation with other Nluc- LIPS assays, and omit a time-consuming step in the assay 

that does not greatly benefit assay sensitivity, the 97.5th percentile at a substrate incubation 

length of 5-seconds (0.22AU) was selected for full assay validation assessment in IASP2020 

and FDRs from the BOX study. 
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Figure 4:29 – Nluc-ZnT8 LIPS Validation: ZnT8A level & positivity in new-onset T1D patients 

measured by LIPS & RIA by percentile positivity thresholds (97.5th/99th) & Furimazine substrate 

incubation length in LIPS 

Scatter plots of ZnT8A AU levels on a Log2 scale and positivity thresholds at 97.5th and 99th between RIA 

(maximum ZnT8RA/ZnT8WA AU) and Nluc-ZnT8 LIPS at Furimazine substrate incubation lengths of 5 seconds 

(A/B, respectively) and 15 minutes (C/D, respectively). Red dashed line denotes RIA thresholds (1.8 AU 97.5th 

and 2.15 AU 99th) and blue dashed lines denotes Nluc-ZnT8 LIPS thresholds [0.22 AU (97.5th) and 0.28 AU (99th) 

for 5-second substrate incubation length; 0.30 AU (97.5th) and 0.54 AU (99th) for 15-minute substrate incubation 

length]. The number (%) of 573 new-onset T1D patients are also detailed in each quadrant.  
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The LIPS derived AUs in both substrate incubation lengths highly correlated with the 

maximum RIA AU (r =0.89-.0.90, p<0.0001). There was very little difference in overall assay 

sensitivity between substrate incubations lengths (395-397 new-onset T1D patients found 

positive and 176-178 found negative). The LIPS assay identified 94.3% new-onset T1D 

patients found positive by RIA and 82.8-83.3% new-onset T1D found negative by RIA. The 

LIPS assay identified an additional 5.7-5.9% of patients found negative by RIA. The highest 

sensitivity in LIPS was observed in the 5-second Furimazine substrate incubation length at the 

97.5th percentile (0.22AU). 
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4.3.4.2 The sensitivity and specificity of Nluc-ZnT8 LIPS in new-onset T1D 

patients & healthy schoolchildren 
 

The Nluc-ZnT8 LIPS assay offers some improvement in assay sensitivity and 

specificity over monomeric ZnT8R/ZnT8W RIAs 

The ROC curve analysis was used to evaluate the ability of the Nluc-ZnT8 LIPS assay to detect 

new-onset T1D patients (n=573) from healthy schoolchildren (n=521) compared with 

ZnT8R/ZnT8W RIAs. The AUC for LIPS was 0.82 (95% CI: 0.80-0.85, p<0.0001) and for 

ZnT8R/ZnT8W RIAs combined was 0.79 (95% CI: 0.76-0.82, p<0.0001). This suggests the 

Nluc-ZnT8 LIPS assay offers some improvement in assay sensitivity and specificity over the 

monomeric RIAs (Figure 4:30). 

 
 

Figure 4:30 – Nluc-ZnT8 LIPS Validation: ROC curve of ZnT8 LIPS and RIA in new-onset T1D 

patients & healthy schoolchildren 

ROC curve analysis on 573 new-onset T1D patients and 521 healthy schoolchildren. ROC-AUCs for LIPS was 

slightly improved at 0.82 (95% CI 0.80-0.85, p<0.0001) compared with RIA (ZnT8RA/ZnT8WA) at 0.79 (95% 

CI: 0.76-0.82, p<0.0001). At 95% specificity, LIPS had a sensitivity of 71.2%, and RIA had a sensitivity of 68.6%. 

 

The sensitivity and specificity of LIPS at the 97.5th percentile threshold (0.22AU) was 69.3% 

(95% CI: 65.4-72.9) and 97.3% (95% CI: 95.5-98.4), respectively. The sensitivity and 

specificity of RIA at the 97.5th percentile threshold (1.8AU) was 67.9% (95% CI: 64.0-71.6) 

and 96.6% (95% CI: 94.6-97.8), respectively. At 95% specificity, the LIPS assay had a 

sensitivity of 71.2%, and the RIAs had a sensitivity of 68.6%.  
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Table 4:12 summarises ZnT8A positivity and level in the cohorts of new-onset T1D patients 

and healthy schoolchildren between the assays. Despite differences in assay dynamic detection 

range, the data reinforces that LIPS offers slightly improved sensitivity and specificity over the 

monomeric RIAs.  

 

 

Table 4:12 – Nluc-ZnT8 LIPS Validation: Summary of ZnT8A level & positivity in new-onset T1D 

patients & healthy schoolchildren using 97.5th percentile thresholds in LIPS & RIA 

 

 

 

4.3.4.3 The sensitivity & specificity of Nluc-ZnT8 LIPS in the IASP2020 

sample set 
 

A higher sensitivity was obtained by Nluc-ZnT8 LIPS compared with monomeric 

or dimeric ZnT8R/ZnT8W RIAs. 

 

At the time of testing the IASP2020 sample set (January 2020), a preliminary threshold of 

0.4AU based on the 97.5th percentile of 150/521 healthy schoolchildren was established using 

the optimised Nluc-ZnT8 LIPS method. Additionally, the R+W-ZnT8 dimer RIA was entered 

by the department into IASP2020 to compare the assay performance to Nluc-ZnT8 LIPS based 

on more compatible antigen configurations than the monomeric RIAs (all constructs supplied 

by V. Lampasona); a preliminary threshold set at 0.5AU was based on the same 150/521 

healthy schoolchildren used to evaluate the Nluc-ZnT8 LIPS method. 

  

ZnT8A Assay 

Patients 

n=573 

Healthy schoolchildren 

n=521 

n positive  

(%) 

Median AU 

(range) 

n positive 

(%) 

Median AU 

(range) 

Nuc-ZnT8 LIPS 397 (69.3) 15.3 (0.2-123.0) 14 (2.7) 0.3 (0.2-87.2) 

ZnT8R/ZnT8W RIAs 387 (67.5) 42.8 (1.8-260.0) 18 (3.5) 2.3 (1.8-230.4) 
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Analysis by the IASP committee of in-house assays found all assays (LIPS, dimeric RIA, and 

monomeric RIAs) had 100% specificity, correctly identifying 90 negative controls. 

Additionally, R+W-ZnT8 dimeric LIPS and RIA had comparable sensitivity, but both were 

more sensitive than the monomeric RIAs. This is most likely due to the composite binding of 

all ZnT8A specificities in one test. However, the Nluc-ZnT8 LIPS assay correctly identified 

all 12 mAutoab+ves which was 2 additional to the R+W-ZnT8 RIA, increasing sensitivity by 

4% overall and 2% at 95% specificity (Table 4:13).  

 

 

Assay 

New-onset 

T1D 

(n=43) 

Multiple 

autoantibody 

positives  

(n=12) 

Negative 

controls  

(n=90) AS951 

n positive (%) n positive (%) n positive (%) 

ZnT8R RIA 20 (46.5) 10 (83.3) 0 (0.0) 70.0 

ZnT8W RIA 22 (51.2) 6 (50.0) 0 (0.0) 56.0 

ZnT8R+W RIA§ 26 (60.5) 10 (83.3) 0 (0.0) 76.0 

Nluc-ZnT8 LIPS 26 (60.5) 12 (100.0) 0 (0.0) 78.0 

 

Table 4:13 – Nluc-ZnT8 LIPS Validation: Initial IASP2020 report for in-house RIA & LIPS assays 

1 Percent Sensitivity at 95% specificity (AS95) derived from ROC analysis. § ZnT8R+W dimer construct was 

kindly supplied by Dr V. Lampasona (Milan, Italy). At the time of testing (January 2020), both the ZnT8R+W 

dimer RIA and Nluc-R+W-ZnT8 dual heterodimer LIPS had preliminary positivity thresholds set (based on 92 

healthy schoolchildren) at 0.5 AU and 0.4 AU, respectively. Overall, assays using dimeric ZnT8 constructs had a 

slightly higher positivity. This is most likely due to the composite binding of R- and W-specific ZnT8A in one 

test.   
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4.3.5  Aim 5: Evaluate the predictive utility of the optimised Nluc-

ZnT8 LIPS assay compared with RIAs using serum samples from 

patients & first-degree relatives participating in the BOX study 
 

The Nluc-ZnT8 LIPS assay discriminates diabetes risk greater than monomeric 

ZnT8R/ZnT8W RIAs and identifies individuals with a similar diabetes risk to 

multiple autoantibody positives. 

  

In 56 relatives that tested positive by both Nluc-ZnT8 LIPS and monomeric RIAs (max AU), 

the 20-year diabetes risk was 58.1% (95% CI: 45.0-69.2) (Figure 4:31). There were only four 

relatives that the monomeric RIAs found positive that the Nluc-ZnT8 LIPS assay did not 

identify, and, of these, 2 relatives slowly progressed to diabetes over a 20-year follow-up (data 

excluded from Figure 4:31). In relatives that tested negative by both monomeric RIAs, Nluc-

ZnT8 LIPS identified a subset of 30 relatives with a 20-year diabetes risk of 26.3% (95% CI: 

4.7-56.1).  

 

Considering the detection of GADA, IA-2A, IAA, and/or ICA, relatives found ZnT8A positive 

by both monomeric RIAs and Nluc-ZnT8 LIPS had a comparable diabetes risk to mAutoab+ve 

relatives excluding ZnT8A: 20-year diabetes risk of 43.2% (95% CI: 18.0-66.3), p=>0.05. 

However, relatives found ZnT8A positive by both assays or by Nluc-ZnT8 LIPS alone, had a 

higher diabetes risk than sAutoab+ve [GADA/IA-2A/IAA: 20-year diabetes risk 12.9% (95% 

CI: 4.1-23.1), p<0.0001], single ICA positive [20-year diabetes risk 0.0% (95% CI: N/A), 

p<0.0001], and autoantibody negative [20-year diabetes risk 5.1% (95% CI: 3.0-7.9), 

p<0.0001] relatives.  

 

The 5.1% 20-year diabetes risk observed in autoantibody negative relatives (193 progressed to 

diabetes over follow-up) can be largely explained by the prevalence of T2D [n=97; 67 males 

(69.1%); median age at diagnosis 52.7 years (range 29.8-75.2); 48 (49.5%) progressed <10 

years of follow-up and 49 (50.5%) progressed >10 years of follow-up)] but a subset of 
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autoantibody negative T1D subjects [n=10; 7 males (70.0%); median age at onset 20.4 years 

(range 5.1-63.4); 6 (60%) progressed <10 years of follow-up, and 4 (40%) progressed >20 

years of follow-up], and 1 individual with maturity onset of the young (MODY) (female; age 

at diagnosis 29.7 years; 14.5 years of follow-up) also contributed to diabetes risk observed in 

the analysis. 

  

 
 

Figure 4:31 – Nluc-ZnT8 LIPS Validation: Kaplan-Meir survival analysis in FDRs 

* Only 2/4 positive by RIA but negative by Nluc-ZnT8 LIPS later progressed to disease & is not plotted for 

resolution § Reference category for Mantel-Cox test. NS: Not significant. Relatives positive by both Nluc-ZnT8 

LIPS and monomeric ZnT8R/ZnT8W RIAs had a 20-year diabetes risk of 58.1%, comparable to diabetes risk in 

multiple autoantibody positives (mAutoab+ve) determined by GADA/IA-2A/IAA RIAs with/without ICA at 

43.2%. The Nluc-ZnT8 LIPS assay identified a subset of relatives with a 20-year diabetes risk of 26.3% compared 

with ZnT8R/ZnT8W RIAs, which carried a higher diabetes risk than single autoantibody positive relatives 

determined by GADA/IA-2A/IAA RIAs with/without ICA at 12.9%. Single ICA positive relatives (biochemical 

autoantibody negative) carried the lowest 20-year diabetes risk at 0% compared with a 5% 20-year diabetes risk 

if negative for all autoantibody tests. However, this can be largely explained by 97 relatives that developed T2D 

but also includes 10 autoantibody negative T1D relatives and 1 maturity onset of the young (MODY) relative.  
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4.4 Discussion 

 

Experiments described in this chapter investigated whether a low-volume, rapid and optimised 

Nluc-ZnT8 LIPS assay utilising a novel Nluc-R+W-ZnT8 dual heterodimer antigen to detect 

ZnT8A in T1D provides a non-radioactive alternative to conventional RIA(s). The performance 

of the optimised Nluc-ZnT8 LIPS assay against in-house monomeric ZnT8R/ZnT8W RIAs 

was evaluated using a population of healthy schoolchildren to set a common positivity 

threshold, new-onset T1D patients, and FDRs from the well-characterised BOX study, and two 

international IASP workshops (2018/2020) that comprised T1D patients, mAutoab+ves, and 

negative controls. 

 

4.4.1.1  Main findings 
 

1. The low-volume, rapid, and optimised Nluc-ZnT8 LIPS assay offered higher sensitivity than 

either ZnT8R/ZnT8W monomeric RIAs, and ZnT8A levels were highly correlated utilising the 

maximum ZnT8A level (AU) between monomeric RIAs. 

 

2. Addition of CaCl2 or ZnCl2 to EDTA-treated serum or EDTA-preserved plasma in the Nuc-

ZnT8 LIPS assay did not improve ZnT8A binding or detection of positivity. 

 

3. A positivity threshold from a population of healthy schoolchildren showed that the greatest 

sensitivity of the Nluc-ZnT8 LIPS assay was achieved using a Furimazine substrate incubation 

length of 5-seconds at the 97.5th percentile with derived AUs correlating up to 90% with 

monomeric RIAs (maximum AU). 

 

4. The sensitivity and specificity of Nluc-ZnT8 (R+W-R+W) LIPS was greater than 

monomeric (ZnT8R/ZnT8W) or dimeric (ZnT8R+ZnT8W) RIAs evaluated in blinded samples 

from IASP2020. 
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5. Relatives found positive by Nluc-ZnT8 LIPS and/or monomeric ZnT8R/ZnT8W RIAs 

combined had the highest 20-year diabetes risk which was comparable to mAutoab+ve 

relatives determined by other biochemical autoantibody RIAs. However, Nluc-ZnT8 LIPS 

identified additional relatives not identified by either monomeric RIA that had a higher 20-year 

diabetes risk than sAutoab+ves, thereby increasing mAutoab+ve detection.  

 

4.4.1.2 Strengths & limitations 
 

This study benefits from several novel aspects: Nluc-R+W ZnT8 dual heterodimer construct, 

the inclusion of a large number of both new-onset T1D and FDRs from the well-characterised 

population-based BOX study that encompassed all ZnT8A specificities, the direct comparison 

between LIPS and RIAs using common positivity thresholds based on a cohort of healthy 

schoolchildren recruited from a localised geographical area (Oxford/Winsor), and the 

blinded/unbiased evaluation of LIPS and RIA performance in two international IASP 

workshops (2018/2020). Although T1D subjects sampled <3 months of diagnosis can inform 

assay sensitivity with minimised false positivity, the inclusion of FDRs also permitted the 

assessment of the predictive utility of the assays in relatives with a long-term follow-up 

spanning 30 years which is rare in T1D cohorts. Whilst these FDRs have not been prospectively 

followed up since birth (opposed to BABYDIAB and TEDDY studies (135, 528)) and may not 

reflect disease risk in the general population, the FDRs encompassed a wide age range which 

may inform progression in both childhood-onset and adult-onset T1D.  

 

Limitations of this study include the pre-selection of samples based on available monomeric 

ZnT8R/ZnT8W RIA data, differences in sample selection between assays, and the limited 

number of assays conducted to assess experimental conditions. However, experimental 

replication was not always feasible due to sample volume availability, cost of resources, and 

time efficiency. Nonetheless, two experiments were conducted when a large adaptation was 
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being assessed or was deviating from other optimised protocols (e.g., Nluc-tagged antigen 

construct selection, incubation length, and preparation) and included a larger sample set where 

possible.  

 

4.4.1.3 Optimisation of Nluc-ZnT8 LIPS 
 

A range of experimental conditions was assessed during Nluc-ZnT8 LIPS optimisation to 

increase ZnT8A detection and reduce assay background for clear discrimination between 

positive and negative populations.  

 

Firstly, it was elucidated that sNluc-R+W-ZnT8 antigen constructs had a higher background 

(non-specific binding) than Nluc-R+W-ZnT8 antigen constructs, which may be related to the 

purification process of the HEK293 cell supernatant or level of antigen secretion/expression. 

However, ZnT8A binding in the positive RIA internal standards and QCs was comparable 

between sNluc- and Nluc-R+W-ZnT8 constructs, indicating that the structural integrity of 

sNluc-R+W-ZnT8 constructs was of compatible configuration for ZnT8A to bind.  Nluc-R+W-

ZnT8 constructs offered greater antigen expression with a more straightforward method of 

preparation. There was a slight indication that the Nuc-R+W-ZnT8 dual heterodimer may 

detect ZnT8A greater than the Nluc-R+W-ZnT8 heterodimer, particularly at the low-level 

range (<10 AU), but overall, the difference between the Nluc-R+W-ZnT8 heterodimer 

constructs was marginal. Nevertheless, the utilisation of R+W heterodimeric fusion antigen 

constructs not only reduced labour cost/time and sample volume requirements through 

simultaneous ZnT8RA/ZnT8WA detection but presumably contributed to the increased 

sensitivity of Nluc-ZnT8 LIPS above monomeric ZnT8R/ZnT8W RIAs, which is in line with 

other reports (436, 443); DASP2013 unpublished data.  
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Secondly, the purification and preparation of the Nluc-R+W-ZnT8 dual heterodimer antigen 

through a 0.45µM filtration, compared to the NAP5TM column purification, not only improved 

assay performance (SNR; higher ZnT8A binding and lower assay background) and AU 

positivity determination in select samples but also reduced labour time (saving ~1.5hrs) and 

cost (~£0.5/filter unit versus ~£4.7/column at current costs).  

 

Other beneficial assay amendments included altering the Tween-20 concentration in TBST at 

different assay stages (0.15% during antigen incubation and 0.5% during removal of excess 

unbound antigen) and reducing the substrate concentration from 1:50 to 1:150, reducing assay 

costs without loss of assay performance.  

 

Conversely, there were also many investigated conditions that did not severely improve assay 

performance, such as the presence of ZnCl2 or CaCl2 in EDTA-treated serum or EDTA-

preserved plasma, presence of ZnCl2 during Nluc-R+W-ZnT8 antigen purification, the quantity 

of methionine during in vitro transcription/translation of Nluc-R+W-ZnT8 antigen, or glycine-

blocking PAS. Only the freeze-thawing of the Nluc-R+W-ZnT8 antigen once filtered and 

diluted was detrimental to assay performance and, therefore, should only be thawed once before 

use. There was an indication that longer substrate incubation (15mins/well versus 5sec/well) 

may benefit intra- and inter-assay variation and was assessed in new-onset T1D & healthy 

schoolchildren during assay validation. 

 

4.4.1.4 Validation of optimised Nluc-ZnT8 LIPS 
 

The LIPS method was first described by Burbelo et al. (2008) for detection of IA-2A utilising 

Rluc, which was extended to IA-2βA and GADA by the same research group in 2010 (521, 

523). Subsequent studies by Marcus et al. (2011; Gluc), Ustinova et al. (2014; Gluc), 

McLaughlin et al. (2016; Gluc), and Liberati et al. (2018; Nluc) have since reported LIPS 
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methodology for the detection of GADA/IA-2A, ZnT8A (R+W), TSPAN7A, and IAA, 

respectively (271, 366, 453, 524). Principally, these assays were evaluated in new-onset T1D 

patients and controls (age/gender-matched where possible) and generally, these studies either 

report good concordance or increased sensitivity to conventional methods, predominantly RIA. 

Only Liberati et al. (2018) has evaluated the performance of Nluc-LIPS in the context of 

disease prediction through IAA detection in FDRs from BOX and Belgium cohorts; more FDRs 

that progressed to T1D were identified with Nluc-LIPS compared with RIA.  

 

Regarding LIPS ZnT8A detection, this is the first time Nluc-ZnT8 antigens have been used, 

with only one previous study using a Gluc strategy. Utilising an R+W-Gluc heterodimer 

antigen secreted from the insect Tn5 cell line, Ustinova et al. (2014) compared the LIPS method 

to the commercially available RSRTM Limited ELISA. The assay concordance was age-

dependent and was lower in children: adults AUC 0.79 in LIPS versus 0.78 in ELISA; children 

AUC 0.75 in LIPS versus 0.90 in ELISA. Whilst the report does not detail the age cut-offs 

defining these populations, it could be possible that opposed to PAS/PGS immunoprecipitation 

that detects IgG only in RIA/LIPS, the RSRTMLimited ELISA detects IgG as well as IgM and 

IgA isotypes which may play a bigger role in the ZnT8A response in younger individuals. 

Despite these age-related variations, the assay showed high sensitivity (78.6-87.3%) but poor 

specificity (68.7-78.0%) between patients and controls. This study highlights the potential of 

LIPS, but the high assay background, most likely due to the Gluc/coelenterazine chemical 

reaction itself, is problematic and high even when a concentration of 10-15M LU of Gluc-

antigen was required to achieve clear discrimination between the populations.  

 

The major advantage of this current study was utilising the superior bioluminescence system 

(Nuc/Furimazine, Promega) and a different strategy opposed to Gluc/cell line secretion, which 

offered many advantages; expression of Nluc-ZnT8 antigen through in vitro 
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transcription/translation, enhanced expression requiring only ~2hrs and 4M RLU of antigen,  

greater chemical stability of Nluc/Furimazine, reduced autoluminescence/background, reduced 

risk of protein modifications, and brighter and longer-duration bioluminescence. Therefore, the 

Nluc-ZnT8 LIPS method developed in this PhD project did not suffer from poor specificity but 

offered a high sensitivity ranking in the top 3 of ZnT8A assays in IASP2020, alongside 

collaborator Dr V. Lampasona’s laboratory (Milan) utilising the Nluc-ZnT8 LIPS harmonised 

protocol that resulted in 100% concordance (unpublished data).  

 

The only modification to the Nluc-R+W-ZnT8 heterodimer antigen that may be worth 

investigating is a Nluc-N-terminal/C-terminal-R+W-ZnT8 heterodimeric construct. However, 

it is unlikely to greatly improve the assay as the N-terminal is thought to only contribute to 

~10% of ZnT8A reactivity (270), may only contribute an additional 2% not identified by a 

ZnT8R/ZnT8W heterodimer (443), and the configuration may obscure antigenic recognition 

of ZnT8A and lower sensitivity. Additionally, the Nluc-ZnT8 LIPS assay developed in this 

project identified a greater proportion of FDRs that progressed to T1D over follow-up than the 

monomeric RIAs which, may be reduced if the N-terminal reactivity is associated with early 

ZnT8A humoral responses and/or lower T1D risk. The characterisation of ZnT8A epitope 

spreading prior to T1D outside of ZnT8’s C-terminus is unknown.  

 

Regarding the major ZnT8A epitope region, most assays choose not to incorporate the Q325 

variant/ZnT8QA reactivity due to its relatively low prevalence (~30-40% sensitivity in 

IASP2016/2018 workshops by RIA). Andersson et al. (2013) tested for R325/W325/Q325-

reactive ZnT8A in 3165 new-onset T1D (<18 years) utilising separate RIAs, but sensitivity 

was comparable when only R325/W325-reactive ZnT8A was considered (~50-60%) as 

ZnT8Q-specific ZnT8A was not detected and R325/W325 captured ZnT8R-/ZnT8W-specific 

and non-specific ZnT8A (428). Collectively, it is unlikely that the performance of the Nluc-
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ZnT8 LIPS assay could be enhanced through ZnT8 antigen alteration based on current 

knowledge.  

 

Further assay adaptations that may improve Nluc-ZnT8 LIPS performance is modifying the 

format to a bridge-type LIPS assay for simultaneous measurement of IgM, IgA, and IgG 

isotypes, comparable to the RSRTM Limited bridge-type ELISA. A bridge-type LIPS would 

require in-house production of well-validated and conformationally sound ZnT8 protein for the 

solid-phase. The strategy employed to generate recombinant ZnT8 protein in this thesis appears 

promising but requires further optimisation but generating large quantities of stable ZnT8 with 

high ZnT8A bioactivity has been problematic and requires detergent solubilisation with strict 

drying/rehydration conditions (442). However, such stringent protocols may not be feasible in 

a high-throughput or, automated setting and will increase experimental expense over the fluid-

phase LIPS.  

 

This PhD project sought to provide a non-radioactive replacement to conventional RIAs and 

the data gleaned provides strong evidence that the LIPS assay is a viable option with scope for 

further adaption for general population screening.  
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4.4.1.5 Advantages of the LIPS assay & future applications 
 

The LIPS assay has several advantages over RIA (Table 4:14). 

 

RIA LIPS 
2-day duration 1-day duration 

3-week shelf life of L-[35-S]-methionine tagged 

ZnT8 antigen 

At least 6-month shelf life of Nluc-tagged ZnT8 

antigen (data not shown) 

5µl sample (dimeric) or 10µl sample 

(monomeric) required 

2µl sample required 

Radioactive – cost, safety, & environmental 

impact with regulatory legislation 

Non-radioactive – cheaper, safer, & less 

environmentally harmful without regulations 

50-70% sensitivity & 98-100% specificity* 67-76% sensitivity & 99-100% specificity** 

Automation conducted in some laboratories but 

costly  

Automation is not currently conducted but is 

likely to be more cost-effective  

Lower adaptability & scalability for large-scale 

population screening. 

Enhanced adaptability/scalability for large-scale 

population screening 

Comparable consumables & methodology; laboratories set up for RIA can easily adapt to LIPS. 

 

Table 4:14 – Advantages of LIPS assays to conventional RIAs 

* DASP 2013/2014 & IASP 2015-2020; ** IASP2018/2020. DASP/IASP performance taken from committee 

laboratory performance reports. Biennial DASP/IASP workshops cannot be directly compared due to differences 

in sample sets. A review of ZnT8A detection across multiple methods has not been conducted to date. 

 

Whilst long-term follow-up of FDRs has invaluably added to predicting future disease risk and 

our understanding of the natural history of T1D, the mortality rate (2-8 times higher than the 

general population) and high presentation of DKA around diagnosis (15-67%, highest in 

children <4 years), demand earlier detection of islet autoimmunity in the general population 

(9, 32, 34). This would ideally only require small volume fingerprick capillary sampling that 

can be facilitated through postal collection. Therefore, rapid small-volume non-radioactive 

assays that meet the demand of large-scale population screening are required. Not only does 

the LIPS assay generally perform better than in-house RIAs, but the LIPS assay meets these 

requirements and overcomes some obstacles that have prohibited screening for islet 

autoimmunity in the general population.  

 

For instance, the utilisation of different luciferase enzymes with different emission spectra can 

permit the simultaneous measurement of >1 autoantibody (GADA/IA-2A/ZnT8A/IAA) which 
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is not possible with RIA (beta radiation: GADA/IA-2A/ZnT8A; gamma radiation: IAA). 

Alternatively, incubation of samples with Nluc-tagged GAD/IA-2/ZnT8 and/or insulin LIPS 

(multiplex) with one emission spectra can be used as a primary screening strategy and, if 

positive, can be confirmed by individual tests (singleplex) for a more accurate determination 

of risk. For instance, a ZnT8A/IA-2A composite LIPS assay may be a cost-effective screening 

strategy as, when reviewed in an RIA, did not reduce sensitivity below singleplex RIAs (529). 

 

A screening strategy that has proven beneficial for the large-scale Fr1da childhood-screening 

study utilises a GADA/IA-2A/ZnT8A 1-day triple-screen ELISA before performing singleplex 

RIAs to confirm all positive autoantibody results (364, 454). Whilst this ELISA is a rapid test 

that can be performed by automation and has shown good sensitivity/specificity, the assay 

cannot determine antigen-specificity until confirmed by RIA, and IAA detection cannot be 

integrated, relying solely on RIA (364, 454). Therefore, radioisotope use remains a necessity, 

and the sample volume required ranges from ~50µl but could require up to ~100-200µl 

following confirmation. This limits the determination of islet autoimmunity in small volume 

capillary samples, which are more frequent in infants/children. In the Fr1da study, 94.6% of 

children provided a sample with sufficient volume for screening and confirmatory islet 

autoantibody testing using a multiplex RSR ELISA and an individual IAA test, but samples 

were taken by primary care teams and not the most cost-effective strategy of self-collection by 

post (454).  

 

The 4- or 7-plex ECL assay has modest sample volume requirements (~6-15µl), high 

correlation with single ECL/RIAs with high sensitivity/specificity and included markers of 

other autoimmune conditions, that are present in ~25% of T1D cases (365, 424). However, the 

assay did not include ZnT8A, has a 2-day assay duration, and requires expensive specialised 

equipment. Additionally, the method requires serum acid treatment and several preparation 
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steps (per autoantibody detection involves two antigen preparations and streptavidin-coated 

plates to be made in advance). These methodology steps may hamper large-scale high-

throughput screening and/or the possibility for automation. Whilst the ECL assay does 

efficiently detect high-affinity autoantibodies and, by extension, identifies high-risk 

individuals most likely to progress to T1D, which is an advantage over RIAs and ELISAs that 

detect both low- and high-affinity autoantibodies, the method has not shown it can be 

conducted well in other laboratories (360, 363, 530). 

 

More recently, LIPSTICKS technology coupled with luciferase-fused proteins has shown 

promise in rapid detection of immunocomplexes within minutes using magnetic neodymium 

sticks to detect luciferase-labelled antibodies bound to protein A/G-coated paramagnetic beads 

(369, 522). This has been used in a range of autoimmune, infectious, and other diseases such 

as head and neck squamous carcinoma with relatively accurate discrimination and potential for 

detecting multiple antigens (369, 522, 531). However, further assay improvements are 

necessary to improve sensitivity and specificity for use in large cohorts. This less labour-

intensive, time-consuming luminescence assay with potential applications for diagnostic and 

research testing would be extremely advantageous for the development of rapid point-of-care 

testing that meets the required criteria, has potential for assay harmonisation between clinical 

and research laboratories, and accelerated testing using a hand-held luminometer for large-

scale screening (369, 522, 532).  

 

To date, the optimised and validated Nluc-ZnT8 LIPS assay, developed in this PhD, is being 

incorporated into a triple-screen Nluc-GAD/IA-2/ZnT8 LIPS assay (with singleplex assays for 

confirmation of positivity) to investigate the prevalence of islet autoantibodies in the general 

population and is being integrated into new prospective study contracts to ultimately replace 

the RIAs and perform high throughput general population screening in the future. 
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In this study, a Nluc-ZnT8 LIPS method to detect ZnT8A was optimised and validated, and 

assays based on conventional RIAs were developed and used to investigate characteristics of 

ZnT8A throughout the pathogenesis of T1D. Longitudinal follow-up of individuals revealed 

that ZnT8A responses are dynamic, showing loss or gain of autoantibody status and titre, some 

alteration in affinity, epitope specificity, and IgG subclasses, particularly in those with non-

specific ZnT8A. In the small number of individuals analysed, no clear differences were 

observed between slow and rapid FDRs regarding ZnT8A specificity and IgG subclasses. 

Before diagnosis, compared with RIA, the Nluc-ZnT8 LIPS assay identified a small additional 

subset of FDRs who had a 20-year T1D risk of 26%. At diagnosis, there was a large degree of 

ZnT8A epitope specificity directed to C-terminal ZnT8, the breadth of IgG subclasses was 

more common, and ZnT8A positivity was negatively associated with FCRL3/1q23 (<2 years 

disease duration). The Nluc-ZnT8 LIPS assay offers some improvement in assay sensitivity 

and specificity over RIA at diagnosis. After onset, ZnT8A was lost more rapidly, and this was 

associated with lower baseline titres, younger age-at-onset, disease duration at sampling, and 

the presence of HLA-A*24 and weakly negatively with  RELA/11q13 

  

5.1 Prediction & prevention of T1D 

 

Despite the advances in insulin pharmacokinetics, insulin delivery technology, and improved 

diabetes management over the last 20 years, the majority of childhood-onset and adult-onset 

T1D are unable to achieve long-term glycaemic control (45, 533-535). To date, there is no 

conclusive proof that residual β-cells can regenerate or recover from autoimmune destruction 

in humans after T1D onset (507, 508). Therefore, alternative immunotherapeutic strategies are 

aimed at T1D prevention in the asymptomatic preclinical stages of the disease: initiation of β-

cell autoimmunity (primary) or prevent/delay progression to T1D after detection of β-cell 

autoimmunity (secondary) (533). To date, only one secondary immunotherapeutic agent, 
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Telizumab (a T-cell modulating anti-CD3 monoclonal antibody), in a single 14-day course, has 

been shown to be efficacious in delaying progression to T1D with a prolonged effect on β-cell 

function in high-risk FDRs (220, 221). Previous and current intervention therapies rely on the 

ability to detect islet autoimmunity early in the disease pathogenesis.  

 

The measurement of four major islet autoantibodies (IAA, GADA, IA-2A, and ZnT8A) remain 

the most reliable biomarkers of islet autoimmunity for the identification of at-risk individuals. 

The presence of multiple (>2) islet autoantibodies has been pivotal in identifying high-risk 

individuals (T1D risk after 15 years for a single autoantibody 13% versus 80% with triple 

autoantibodies) (287) and has informed the predictive preclinical stages of T1D (96). This 

staging system has facilitated the recruitment of at-risk individuals to clinical trials and, the 

monitoring of these individuals has greatly informed the natural history of T1D (296). 

Additionally, awareness of diabetes risk by participating in these trials has beneficially reduced 

DKA around T1D onset, particularly in young-onset T1D (536). Predominantly, these studies 

have been conducted in prospective birth cohorts of genetically at-risk children (FDR with T1D 

or HLA-genotype) or cross-sectional cohorts of high-risk FDRs of T1D subjects. However, the 

cross-sectional observation of FDRs only captures 10-15% of all T1D cases as most subjects 

do not have a T1D-affected FDR (533, 537). Therefore, efforts to screen for at-risk individuals 

in the general population without genetic preselection is a growing area of interest.   

 

To date, general population studies show multiple islet autoantibodies are present in ~0.3% of 

subjects (536) versus ~3% in FDRs (data from >180, 000 FDRs aged 2.5-45 years participating 

in TrialNet) (538). Although sporadic and familial T1D cases have shown comparable clinical 

characteristics and autoantibody profiles at onset (539, 540), suggestive of analogous 

pathogenesis, the difference in autoantibody prevalence has a tremendous cost, feasibility, and 

labour implications for whole population screening of islet autoimmunity (533). Additionally, 
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the remaining heterogeneity in disease progression rates to T1D onset (months to decades), 

even once multiple autoantibody positivity has been determined, also makes identifying high-

risk individuals on a mass scale more difficult as some will require long-term follow-up if 

slowly progressive. However, advances in islet autoantibody detection methods have enhanced 

the probability of conducting general population screening in the future (286, 533).  

 

In the short term, the developed Nluc-ZnT8 LIPS assay presented in this thesis allows for the 

direct replacement of the fluid-phase conventional ZnT8R/ZnT8W RIAs. This was 

demonstrated through the improvement in assay performance (sensitivity/specificity) and high 

correlation between LIPS and RIA in new-onset T1D patients but, there was evidence to 

suggest that the Nluc-ZnT8 assay will identify additional at-risk individuals. Whilst the Nluc-

ZnT8 LIPS assay offers many methodological advantages to RIAs and increases the feasibility 

of general population screening (described previously 4.4.1.5), the assay does not have a 

greater capacity for automation than RIAs in its current format. A future avenue of this work 

would be to adapt the Nluc-ZnT8 LIPS assay into a bridge-type plate format. This could be 

achieved by incorporating a ZnT8R/ZnT8W protein solid-phase to exclude the need for 

immunoprecipitation and multiple wash/centrifugation steps. Adopting this assay format would 

capture IgG, IgA, and IgM isotypes, reduce labour time even further, and could be robotically 

operated. The strategy to produce ZnT8 protein in this PhD project requires further 

optimisation, but this avenue may warrant further investigation in a larger cohort of at-risk 

and/or new-onset T1D subjects as preliminary results from bridge-type Nluc-coronavirus 

(COVID-19) and Nluc-IA-2 LIPS assays by the Diabetes & Metabolism team and other 

collaborators at the University of Bristol (UK) and Dr V. Lampasona’s laboratory (Milan, 

Italy), for the detection of humoral responses to the SARS-CoV-2 virus and IA-2, are promising 

(unpublished data). 
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Currently, the LIPS (366, 518, 523-525), ECL (333, 360, 363, 530), and ADAP (367, 368) 

methods show the most promise for general population screening as all have shown high 

performance in single-plex and multi-plex configurations. There is unlikely to be a single assay 

utilised for general population screening in the future, and the method of choice will likely 

depend on sample volume and/or cost requirements. However, the determination of islet 

autoantibodies by different methods has historically benefitted further assay optimisation, 

understanding of antibody-antigen interactions, and/or inter-laboratory concordance, mainly 

attributable to the valiant efforts of the DASP/IASP committee and the participating 

laboratories over many years (371-375, 453). Therefore, the availability of various 

immunoassays should not be detrimental to the international and collective goal of population 

screening. Nonetheless, groups with comparable methods, where possible, should collaborate 

to harmonise protocols to benefit comparisons between studies and maintain high intra- and 

inter-laboratory concordance (451, 459).  

 

Undoubtedly, detection of islet autoantibodies in at-risk or general populations will always be 

important for T1D risk assessment, but the further characterisation of islet autoantibody 

responses beyond a simple binary presence/absence metric (transient positivity, sAutoab+ves 

versus mAutoab+ves, titre, affinity, epitope specificity, and IgG subclasses) enhances T1D risk 

prediction and therefore, should also be integrated in autoantibody positives to further stratify 

risk (287, 316, 317, 320, 331, 344, 345). These characteristics pertaining to ZnT8A humoral 

responses are comparatively under-investigated and were a large focus of this project. 

 

We would anticipate that the predictive utility of ZnT8A is likely age-dependent, with a higher 

risk associated with a younger age at ZnT8A seroconversion, based on current knowledge (294, 

320). However, the development of islet autoimmunity remains to be fully characterised in 

older individuals, although late-onset T1D appears to have similar islet autoantibody profiles 
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at diagnosis but a later age at seroconversion and possibly a less aggressive autoimmune 

response (42, 43, 275, 294). Based on current data at diagnosis, ZnT8A is common in both 

childhood- and adult-onset T1D with an estimated 14-26% positive for ZnT8A only (270, 275). 

Systematic longitudinal ZnT8A detection from seroconversion without pre-selection for 

mAutoab+ve, age, or genetics (DR3/DR4) is required to fully elucidate many facets of the 

ZnT8A response during T1D pathogenesis and its implications for T1D prediction/progression.  

 

Reports from TEDDY showed that loss of islet autoantibodies in children was associated with 

lower T1D risk in mAutoab+ve children, but ZnT8A were not measured in all longitudinal 

samples (295, 314). Therefore, it is unclear how often ZnT8A are lost in individuals who slowly 

or rapidly progress to T1D. The data presented in this thesis has shown ZnT8A can be lost in 

both SPs and RPs across a wide age range, suggesting that further clarification is needed for 

effective T1D prediction models that incorporate ZnT8A.  

 

Previously, the BDR study reported that the presence of, but not titres of ZnT8A (determined 

by RIA using a ZnT8R/ZnT8W heterodimer) and/or IA-2A were independent predictors of 

T1D progression in mAutoab+ve relatives (aged <40 years) (291). Relatives persistently 

autoantibody positive and/or mAutoab+ve progressed more rapidly to T1D more often than 

those transiently autoantibody positive and/or who remained sAutoab+ve over follow-up. 

However, the study reported that only loss of IAA was associated with a delayed T1D 

progression rate, but ZnT8A was only tested in 8.7% of relatives negative for GADA, IA-2A, 

and IAA (291), due to the reportedly low prevalence of single ZnT8A responses from previous 

studies of relatives (292, 294). As a result, this study only captured 4 relatives with either single 

IA-2A or ZnT8A responses and was unable to investigate the loss of ZnT8A relative to T1D 

progression. We know that single autoantibody responses appear to reflect an earlier stage of 

islet autoimmunity, and individuals with any single islet autoantibody are at lower T1D risk 
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overall (314). As ZnT8A commonly appears in individuals with at least one other autoantibody, 

many studies opt for this testing strategy, it is not clear how prevalent single ZnT8A responses 

are prior to T1D onset. Additionally, the complete picture of all ZnT8A humoral responses 

from seroconversion up to T1D onset for T1D prediction is not fully understood. Data emerging 

from the general population ASK study of >20,000 children has shown that single ZnT8A 

responses may be present in ~0.6% (333), but the frequency in high-risk children and/or 

relatives is infrequently reported.  

 

In addition to ascertaining the true prevalence of single ZnT8A responses prior to onset, 

elucidating the affinity of ZnT8A may be important for T1D risk as a recent report showed that 

the discrimination of high-affinity single ZnT8A responses by ECL identified children with 

higher T1D risk (a subset from the ASK/DAISY studies (333). This study showed that single 

ZnT8A responses were more likely to be of lower titre compared to titres in mAutoab+ve 

responses, but an interaction between affinity and titre was not observed. Affinity and titre are 

often regarded as markers of increasing humoral autoimmunity, but in T1D, only titres of IAA 

and IA-2A are associated with T1D risk independent of other factors (317), but ZnT8A titres 

in relation to T1D risk has not been reported. Based on the data presented in this thesis, a 

convincing relationship between ZnT8A affinity and titre was not evident, which is comparable 

to other islet autoantibody responses, but should be further elucidated (316, 331, 343-346).  

 

High-affinity autoantibodies appear to be associated with mAutoab+ve status and/or a younger 

age at seroconversion (316, 317, 331, 343-345). This may explain why we found that ZnT8A 

were predominantly of high-moderate affinity as affinity was investigated in small subsets of 

mAutoab+ve at-risk and new-onset T1D subjects, predominantly aged <21 years. Principally 

IA-2A responses have also been shown to be of high affinity (346), and therefore, secondary 

humoral responses may be more likely to undergo complete affinity maturation, perhaps 
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supporting the independent association of ZnT8A and IA-2A with rapid progression to T1D. 

In contrast, a mixture of low/high affinity has been reported in GADA/IAA responses (343, 

344). In the mAutoab+ve ZnT8A seroconversion case study population (n=10), there was little 

difference of large changes in affinity and where detected, lower affinity appeared related to 

the radiolabelled WT ZnT8 antigen used and/or ZnT8A specificity, but affinity maturation 

(low>high) in GADA, IAA, and IA-2A responses over follow-up in relatives has been 

observed, predominantly in at-risk children (316, 344, 346). However, like other islet 

autoantibody responses (316, 344), we would expect single ZnT8A responses to be of lower 

affinity and, by extension, be more likely to be lost and of lower T1D risk. Both high- and low-

affinity ZnT8A in single ZnT8A responses were reported (333), and therefore, assessment of 

ZnT8A affinity in single ZnT8A responses may be more beneficial for identifying high-risk 

individuals. However, there is not currently enough evidence to ascertain whether T1D 

prediction studies are likely to benefit from ZnT8A affinity assessment but as older onset 

and/or sporadic T1D in the general population are being investigated, ZnT8A affinity may be 

important for both disease sensitivity and specificity in future investigations, where single false 

positives may be problematic. For this, the development of methods to detect high-affinity 

ZnT8A without large sample volume requirements is essential. Bridge-type assay formats that 

incorporate solid-phase and fluid-phase antigens are best placed to discriminate high-affinity 

autoantibodies as shown by the ECL method for GADA, IAA, and ZnT8A detection (319, 333, 

360, 530). However, liquid-phase assays that can use only two different competitive protein 

concentrations to discriminate high- and low-affinity ZnT8A, as suggested in this thesis, may 

be suitable tests. This assay format has successfully been developed for IAA affinity to reduce 

cost and serum volume requirements previously (343). 

 

It is important to consider that determination of high-affinity ZnT8A and/or advances in ZnT8A 

detection methods may also require identifying specific epitope(s) of ZnT8 as found for IAA 



Chapter 5 - General discussion 

359 

 

and GADA (316, 344). Within the C-terminal, three major epitopes have been identified, two 

associated with the rs13266634 SNP and one conformational that appears to be independent of 

each other: R325, W325, REKK (findings from new-onset T1D patients) (328, 404, 480). 

However, considering all epitopes in 72 new-onset T1D patients in this thesis showed that some 

patients were affected by both mutations in the major epitope sites. Characterisation of these 

major epitope sites in FDRs prior to diagnosis revealed that a subset of individuals with non-

specific ZnT8A responses had differential epitope specificity to R325 or W325 WT ZnT8 

antigen. This suggests a proportion of non-specific ZnT8A may result from polyclonal B-cell 

clones directed to many ZnT8 epitopes. Expanding upon this, the effects of C-terminal 

mutations on ZnT8A binding in all patients was heterogeneous. Therefore, it is highly unlikely 

that a single high-risk epitope specificity can be identified in C-terminal ZnT8 for T1D risk 

prediction.  

 

The proposal from predictive modelling of ZnT8 has suggested 3 short cryptic (buried) B-cell 

epitopes, and recent data supporting that ZnT8A recognise extracellular regions of ZnT8 

suggests that other areas of ZnT8 may be important (455, 541). The observation that ZnT8A 

reactive to extracellular ZnT8 regions was the first appearing islet autoantibody (prior to 

IAA/GADA) (455) suggests that ZnT8A responses may not always be a secondary humoral 

response in T1D and that ZnT8A may be able to bind ZnT8 at the β-cell surface of 

functional/intact β-cells as ZnT8 is the only antigen (to date) known to be trafficked to the cell 

surface during GSIS. During stimulated GSIS, ZnT8’s exposed TMD (aa60-266) on the β-cell 

surface (rat INS-1E cell line) was shown to be recognised by ZnT8A in human serum (426, 

542). However, it is not known whether bound ZnT8A could be pathogenic to β-cells, but a 

subclass of cell surface reactive ICA were shown to be preferentially lytic for rat β-cells many 

years ago (543). If further corroborated, this could enhance the predictive utility of ZnT8A in 

T1D and may explain many features of C-terminal ZnT8A: less commonly detected in young 
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children and more common in late childhood-adolescence, typically appear near T1D 

diagnosis, and more common in individuals positive for at least one other islet autoantibody, 

predominantly IA-2A (287, 290, 292). These features could be explained by repeated ZnT8 

antigen stimulation of T-cells/B-cells and maturation of the ZnT8A response resulting in 

epitope spreading from other regions towards the C-terminal. Additionally, this may explain 

the heterogeneity in epitope specificity determined in the present study, as this may reflect the 

response following epitope spreading. An assessment of ZnT8A reactivity to extracellular and 

C-terminal ZnT8 over follow-up should clarify any temporal changes and/or intermolecular 

epitope spreading of ZnT8A and whether this would benefit T1D prediction and/or ZnT8A 

detection methods. These studies in GADA and IA-2A responses have benefitted T1D 

prediction, and therefore, this is a pertinent future study (317, 330, 337).  

 

To our knowledge, there was not a formal study determining IgM/IgG/IgA prevalence in 

ZnT8A responses. Therefore, based on previous findings of IgG subclasses in GADA/IA-

2A/IAA responses (317), we were confident that investigations of IgG subclasses in ZnT8A 

responses were the most logical choice for investigating SPs and RPs. Whilst the C-terminal 

region is currently exclusively studied in T1D, considering the epitope specificity may have 

important connotations for future investigations of ZnT8A IgG subclasses in relation to T1D 

risk. Data for GADA and IA-2A suggest that multiple IgG subclasses and antigen epitope 

spreading reflect high-titre humoral responses (317). In this study, we found that over a range 

of titre, ZnT8A responses in SPs/RPs and the ZnT8A seroconverter cohort were predominantly 

IgG1-restricted reflective of early autoantibody responses (244) with little differences in the 

frequency of specific IgG subclasses between those who progressed at different rates. 

However, the frequency of IgG4 appeared rare. As IgG4 is thought to be associated with 

chronic antigen exposure, the low but detectable prevalence of IgG4 in ZnT8A responses could 
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also suggest that the C-terminal of ZnT8 is not the earliest region that ZnT8A targets in T1D 

(242, 243). 

 

When ZnT8A IgG subclasses were tested in a subset of new-onset T1D patients over a range 

of titres, the proportion of IgG1-restricted and IgG-unrestricted responses was comparable. 

This suggests that the spectrum of IgG subclasses becomes more prevalent closer to onset; 

therefore, ZnT8A IgG subclasses may identify rapid progression very close to onset or, 

conversely, may identify individuals who are more/less likely to rapidly lose their ZnT8A 

response after T1D onset, which appears particularly common in ZnT8A responses (443, 493). 

If an IgG subclass particularly important for ZnT8A could be identified, it is feasible this test 

could be incorporated into screening strategies; however, routine assaying would also require 

the use of established QCs and StDS thresholds based on a healthy population, which we have 

established for GADA and IA-2A but was more challenging for ZnT8A.  

 

Clearly, the most common finding in ZnT8A responses prior to and at T1D diagnosis was the 

dynamic changes and heterogeneity between individuals. Whilst this project was unable to 

ascertain whether these ZnT8A characteristics inferred T1D risk or were influenced by age at 

sampling/onset due to the small sample size and the limited number of individuals >21years of 

age, the observations, and the approach taken to characterise the ZnT8A humoral response in 

this project, are novel and provides a plethora of question generating preliminary data and 

optimised methods for larger and further investigations of T1D risk prediction. 
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5.2 Islet autoimmunity & residual β-cell function 

 

At diagnosis, islet autoantibodies provide an important biomarker to classify diabetes for 

research. Clinically, islet autoantibody testing is likely to be more useful within 3-5 years of a 

diabetes diagnosis as C-peptide is not reliable within this time frame (57, 544, 545). 

Consequently, relying on C-peptide alone could significantly delay the determination of severe 

insulin deficiency when clinicians suspect misdiagnosis (11, 544). Although biochemical 

autoantibody tests are not currently recommended in the National Institute for Health and Care 

Excellence (NICE) guidelines, rapid point-of-care tests are being developed for clinician use, 

and general population studies are being undertaken, the utility of autoantibodies for diagnosis 

and diabetes management may be on the horizon. Islet autoantibody detection closer to 

diagnosis has proven useful for diabetes classification, particularly in cases aged >30 years, 

where misdiagnosis is most common, but presently, islet autoantibody tests are not routine in 

clinical practice (11, 48, 546). The contribution of ZnT8 to ICA staining should be confirmed 

as ICA testing on monkey pancreas is still clinically performed routinely by some NHS 

laboratories to aid diabetes classification. Differential ICA staining and, by extension, lower 

sensitivity may be anticipated if ZnT8A epitopes do not recognise monkey ZnT8 in the 

pancreas tissue. As IAA detection is precluded by sample haemolysis, insulin treatment, and 

assay variability, which prevents assay harmonisation, detection of ZnT8A is more beneficial 

to complement GADA/IA-2A for clinical diabetes classification. One study found that >10 

years, testing for ZnT8A as opposed to IAA did not lead to a loss of diagnostic sensitivity for 

T1D (275). 

 

After diagnosis, islet autoantibodies represent a window into ongoing autoimmune responses 

and β-cell function. Many cross-sectional studies have explored the prevalence of 

autoantibodies after diagnosis and are often conducted in small cohorts of individuals of 
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European ancestry with many different study parameters. Few studies have been able to 

account for the presence and titres of all major islet autoantibodies at and after T1D onset in 

the same individuals. To our knowledge, the work reported in this thesis is the largest and only 

study that has been able to determine the prevalence of ZnT8A, GADA, and IA-2A at multiple 

serum sampling after T1D onset up to >30 years disease duration. Therefore, the responses 

described in this thesis reflects true autoantibody persistence/loss during disease and not just 

prevalence. We found that loss of all autoantibody responses is predominantly influenced by 

low titres at onset followed by longer disease duration and younger age-at-onset. However, 

genetic factors associated with autoantibody loss, independent of non-genetic covariates, 

revealed antigen-specific effects that differed from associations at the time of diagnosis in 

GADA and IA-2A responses but were comparable in ZnT8A responses. 

 

Studies exploring islet autoantibodies after diagnosis have shown waning responses, but these 

have not always been consistent due to differences between autoantibody specificities (443, 

493). Earlier studies (before 2007) do not include ZnT8A (307, 493, 547, 548), whilst many 

later studies either focus on ZnT8A (347, 428, 443) or have not measured ZnT8A (39, 498, 

500). Where studied, the rate of autoantibody loss varies, but generally, GADA are the most 

prevalent, followed by IA-2A, and ZnT8A are the least common after diagnosis (266). The 

data presented in this thesis and other studies, when accounting for baseline autoantibody titres 

at onset,  suggests that IA-2A are as persistent as GADA and that ZnT8A is rapidly lost (review 

in press)(307, 443, 493). Prior to the discovery of ZnT8A, the loss of ICA was shown to occur 

more rapidly than GADA and IA-2A responses (307, 493, 548), suggesting that undiscovered 

islet autoantibodies around this time (like ZnT8A) were lost more rapidly than GADA or IA-

2A. The degree of ICA staining is thought to represent the total humoral response to β-cell 

antigens, with the degree of staining proportional to islet autoimmunity present in serum. Both 

GAD and IA-2 antigens have been confirmed as major contributors to the ICA complex. 
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However, no study has confirmed this for ZnT8 and the newly discovered TSPAN-7, but 

presumably, both are partly responsible for ICA staining (268, 549). 

 

The data from previous reports and this project suggests ZnT8A responses are highly dynamic 

prior to and after T1D onset compared to other humoral responses. The ZnT8A humoral 

response may reflect a specific stage of β-cell destruction/function/mass through loss of 

antigenic stimulus given its high β-cell specificity and expression. Therefore, of all islet 

autoantibody responses, ZnT8A may be more likely to be associated with insulin/C-peptide 

production. Whilst ZnT8A and C-peptide have both been shown to decline rapidly, post-

diagnosis ZnT8A levels did not appear to correlate with C-peptide within 2.5 to 12 years after 

diagnosis (443). Similarly, within the first 11 years of diagnosis, the presence of ZnT8A and 

detectable C-peptide were not correlated (548). However, levels of ZnT8A were associated 

with C-peptide levels in multivariate analysis adjusted for age and duration of diabetes in one 

cross-sectional study at a median 15 years after onset (448). Autoantibodies were also 

informative for modelling C-peptide after diagnosis in a recent cross-sectional study within the 

first decade of diabetes, but these associations were influenced by other factors such as genetic 

risk and age-at-onset (450). From these cross-sectional studies, autoantibody positivity, 

especially for ZnT8A, may provide some information about future β-cell function, but the 

relationship is complex. The loss of C-peptide after diagnosis does not appear to occur at a 

consistent rate but is clinically robust >3 years disease duration, and this may be part of the 

reason for the variability between studies  (57, 544). It is highly likely that longitudinal and 

concurrent testing of C-peptide/ZnT8A is required to fully elucidate whether a relationship 

exists. Establishing the relationship would be hugely beneficial for monitoring β-cell function 

and diabetes management as presently, testing for ZnT8A would be cheaper than C-peptide. 

As one of the strongest predictors of autoantibody loss/persistence after T1D onset in all 

autoantibody responses, it would be of interest to elucidate whether autoantibody titre is related 
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to residual β-cell function/mass and/or a useful marker of ongoing islet autoimmunity towards 

residual β-cells. We did not further investigate the relationship between autoantibody 

prevalence/loss and β-cell function (C-peptide detected by UCPCR) due to a previous report 

from BOX (449), but additional urine samples are currently being collected from the same 

individuals to update this analysis in the future. 

 

Understanding ongoing/attenuating islet autoimmunity is likely to be more important when/if 

therapeutic agents can regenerate/preserve residual β-cell mass/function. Intriguingly, in the 

recent clinical trial of Teplizumab (T-cell depleting immunotherapy) in at-risk relatives, the 

pre-specified analysis suggested Teplizumab was more effective at maintaining β-cell function 

in individuals without ZnT8A (220), reinforcing the idea of an interaction. Currently, it is 

unclear whether islet autoantibodies could infer therapeutic efficacy or β-cell function in other 

therapies or in individuals clinically diagnosed with T1D. Autoantibodies may be more 

important biomarkers for antigen-specific immune interventions, still in the early phases of 

clinical trials (533). As yet, primary intervention trials have focused on insulin (300, 306, 550) 

and GAD65 (551, 552) as primary targets of the immune response, but data suggesting that the 

extracellular region of ZnT8 could be an earlier target of the immune response may lead to 

ZnT8 becoming a focus of future study. However, the data in this thesis underlining the 

heterogeneity of humoral ZnT8A responses suggest ZnT8-specific intervention strategies to 

delay T1D progression may prove difficult. 

 

After diagnosis, islet autoantibodies may also be important for eligibility of islet/stem cell 

transplant, a treatment aimed at restoring glucose homeostasis in those with T1D. Islet 

autoantibodies may provide biomarkers for identifying reoccurring β-cell autoimmunity and 

determining transplantation outcomes. For example, in 25 subjects that received solitary 

pancreas transplants, 4 (16%) autoantibody changes (seroconversion after transplant, 
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seroconversion to mAutoab+ve status, or increasing autoantibody titre) was associated with 

loss of graft function and the addition of, ZnT8A to GADA and IA-2A increased the predictive 

utility of autoantibodies for loss of graft function (553). Before the transplant, islet 

autoantibodies appear not to influence graft function strongly, but autoantibody seroconversion 

after transplant is a significant risk factor for re-occurring T1D. The appearance of ZnT8A and 

increasing ZnT8A levels increased the likelihood of T1D re-emergence in some patient case 

studies, but this may not be exclusive to ZnT8A responses (441, 554). However, the presence 

of the SLC30A8 T allele (rs13266634), presence of HLA-A*24, and higher BMI were 

independent risk factors for poor graft function in islet allograft recipients (403). However, 

these findings have not been corroborated yet. The rapid loss of ZnT8A, as shown in this thesis, 

may make ZnT8A a more specific marker of reoccurring β-cell autoimmunity because the 

response will usually have disappeared before transplant, unlike IA-2A and GADA. 

 

5.3 Conclusion 

 

In this study, we sought to address many questions about the comparatively under-investigated 

ZnT8A humoral response pertaining to wider T1D research gaps at different stages of the 

disease. 

 

Methods were developed and optimised to investigate characteristics of  ZnT8A responses 

(titres, affinity, IgG subclasses, and C-terminal ZnT8 epitope specificity) before and close to 

T1D diagnosis in select individuals to understand longitudinal islet autoimmunity and its 

potential implications for T1D risk prediction and/or detection methods. The data collected 

suggests that ZnT8A responses are dynamic, and individuals display large degrees of 

heterogeneity in their ZnT8A humoral responses regardless of the specific characteristic 

investigated. Whilst this precludes the ability to draw robust conclusions for future T1D risk 
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prediction, it nevertheless indicates that predictive models of T1D that incorporate ZnT8A 

status should be carefully considered. Larger studies that incorporate and are powered to 

examine characteristics of ZnT8A responses longitudinally from seroconversion are required 

to understand whether individually or combined, they impact T1D risk prediction. Ideally, a 

study without pre-selection for mAutoab+ve status, age, or genetics (DR3/DR4) that 

incorporates features of ZnT8A (C-terminal ZnT8 and extracellular ZnT8 antigenic constructs: 

titre, affinity, and epitope specificity), and genes associated with the development of ZnT8A 

(HLA-A*24, FCRL3/1q23, and SNPs in SLC30A8), as IgG subclasses did not appear to be 

promising but should not be fully excluded from future research. There is scope within the 

BOX study to conduct such a study utilising the developed methods from this project. 

Presently, there are 70 individuals in BOX that developed ZnT8A prior to T1D diagnosis and 

provided at least two serum samples. Additionally, there are 400 islet autoantibody positive 

individuals who were ZnT8A negative in the first available sample but have longitudinal 

samples that could be investigated for ZnT8A seroconversion pending additional funding. 

However, the heterogeneity of the data collected suggests that ZnT8-specific intervention 

strategies to delay T1D progression may prove difficult but many facets of the ZnT8 humoral 

response remains to be fully elucidated. Nevertheless, the methods developed can be adapted 

for other islet autoantibody investigations inside/out of the Bristol research department.  

 

Non-genetic and genetic factors associated with longitudinal ZnT8A, GADA, and IA-2A 

responses after the clinical onset of T1D were determined. Regardless of autoantibody 

specificity, autoantibody positivity was more likely to be maintained in individuals with long-

duration T1D that had high baseline titres at diagnosis. Loss of autoantibody responses is 

predominantly influenced by low titres at onset followed by longer disease duration and 

younger age-at-onset, but there were distinct antigen-specific genetic factors that may reflect 

different humoral responses. Understanding why some individuals maintain autoantibodies for 
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decades may provide insights into β-cell survival and/or function in longstanding T1D cases in 

relation to clinical outcomes and intervention trials. However, the findings in this study 

strongly suggest that this requires autoantibody data close to diagnosis, which many historical 

studies have lacked. An extension of this work would be linking the autoantibody data from 

these individuals to residual β-cell function. This is plausible as UCPCR samples are currently 

being collected from these BOX participants.  

 

A fluid-phase Nluc-ZnT8 LIPS method to detect ZnT8RA/ZnT8WA simultaneously was 

optimised and validated to replace the conventionally used fluid-phase RIA. Not only were 

ZnT8A levels highly correlated between Nluc-ZnT8 LIPS and both monomeric 

ZnT8R/ZnT8W RIAs, but Nluc-ZnT8 LIPS had also improved sensitivity and identified an 

additional small subset of at-risk relatives that had a 20-year diabetes risk of 26%. However, 

the Nluc-ZnT8 LIPS assay does not have a greater capacity for automation than RIAs in its 

current format but can be incorporated into a multiplex assay as a primary screening strategy 

for islet autoimmunity. Beyond this, future avenues of this work would be to adapt the Nluc-

ZnT8 LIPS assay into a bridge-type plate format that has the capacity of integrating into an 

automated high throughput multiplex assay for future general population screening.  
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Appendix A. ZnT8A affinity studies 

A.1. Generation of recombinant ZnT8 protein in-house 

A.1.1. Cloning of C-terminal ZnT8 into the pET49b(+) vector 
 

A.1.1.1. Buffers & Reagents 

Tris base, acetic acid, and Ethylenediaminetetraacetic acid (EDTA) (TAE) – 50X stock 

commercially available (Fisher Scientific, Hampton, New Hampshire, USA) diluted to 1X 

(10ml in 490ml ddH20), pH 8.3.  

Chloramphenicol – 34mg/ml stock solution prepared with 100% ethanol, filter sterilised 

through a 0.22µm filter (Merck Millipore, Sigma Aldrich, Dorset, UK), and frozen at -20°C. 

A 1:1000 dilution in LB ÷agar was used (34µg/ml). 

Kanamycin – 50mg/ml stock solution prepared with ddH20, filter sterilised through a 0.22µm 

filter (Merck Millipore, Sigma), and frozen at -20°C. A 1:1000 dilution in LB ± agar was used 

(50µg/ml). 

A.1.1.2. Generating the ZnT8 construct insert  

A previous body of work by Dr K. Elvers (Bristol, UK) involved the successful cloning of IA-

2 (aa647-979) into the pET49b(+) vector (Novagen, Sigma) for IA-2 protein expression (2011-

2013, described in detail in (457)). To allow the cleavage at the human rhinovirus (HRV) 3C 

protease for subsequent protein purification using an anti-GST or anti-HIS column, primers 

were designed to clone ZnT8 into the cloning region of the pET49b(+) vector to add a GST tag 

and a 6x histidine tag to the C-terminus of C-terminal ZnT8; the major variant ZnT8R was 

selected. The primers included specific flanking recognition sequences for tailored restriction 

enzymes XmaI and XhoI (Figure A:1). To build the ZnT8 insert, a 20 cycle PCR reaction was 

set-up using the Taq PCR core kit (Qiagen, Hilden, Germany) in a recipe detailed below (Table 

A:1). 
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atgtcccctatactaggttattggaaaattaagggccttgtgcaacccactcgacttcttttggaatatcttgaagaaaaatatgaagagcat

ttgtatgagcgcgatgaaggtgataaatggcgaaacaaaaagtttgaattgggtttggagtttcccaatcttccttattatattgatggtgat

gttaaattaacacagtctatggccatcatacgttatatagctgacaagcacaacatgttgggtggttgtccaaaagagcgtgcagagatttc

aatgcttgaaggagcggttttggatattagatacggtgtttcgagaattgcatatagtaaagactttgaaactctcaaagttgattttcttagc

aagctacctgaaatgctgaaaatgttcgaagatcgtttatgtcataaaacatatttaaatggtgatcatgtaacccatcctgacttcatgttgt

atgacgctcttgatgttgttttatacatggacccaatgtgcctggatgcgttcccaaaattagtttgttttaaaaaacgtattgaagctatccca

caaattgataagtacttgaaatccagcaagtatatagcatggcctttgcagggctggcaagccacgtttggtggtggcgaccatcctccaa

aatcggatggttcaactagtggtggtggcggttctaataacaatcctcctactcctactccatctagtggttctggtcatcaccatcaccatcactccgc

ggctcttgaagtcctctttcagggacccgggAAGGACTTCTCCATCTTACTCATGGAAGGTGTGCCAAAGAG

CCTGAATTACAGTGGTGTGAAAGAGCTTATTTTAGCAGTCGACGGGGTGCTGTCTGTGCA

CAGCCTGCACATCTGGTCTCTAACAATGAATCAAGTAATTCTCTCAGCTCATGTTGCTAC

AGCAGCCAGCCGGGACAGCCAAGTGGTTCGGAGAGAAATTGCTAAAGCCCTTAGCAAAA

GCTTTACGATGCACTCACTCACCATTCAGATGGAATCTCCAGTTGACCAGGACCCCGACT

GCCTTTTCTGTGAAGACCCCTGTGACtgataatctcgag 

Figure A:1 – FASTA sequence of the cloning site of pET49b(+) vector with ZnT8 insert & flanking 

restriction enzyme recognition sites 

Bold; GST tag; Red; 6 x His tag; Green; human rhinovirus (HRV) 3C protease; Yellow: XmaI restriction enzyme 

recognition site; Blue; XhoI restriction enzyme recognition site; Grey: rs13266634 SNP site encoding R325 

(CCG); Underlined: Sequence used to design primers with XmaI and XhoI flanking recognition sites; Capital text: 

C-terminal (aa268-269) ZnT8 insert sequence.  

 

 

 

Table A:1 – PCR recipe for ZnT8 cloning 

The volumes and final concentrations of reagents used in a 50µl PCR reaction mix. PCR thermocycling was set 

at 94°C for 30 secs for initial denaturation followed by denaturing set at 94°C for 30secs, annealing at 55°C for 1 

min, Taq polymerase elongation at 72°C for 2mins and a final extension at 72°C for 10mins before a new cycle. 

This was repeated for a 20 cycle PCR reaction to exponentially generate copies of ZnT8 insert from the pCMVTnT 

vector, routinely used for standard ZnT8A detection by RIA.  

 

To confirm successful PCR, 5µl of the ZnT8 PCR product was mixed with 1µl of 6X purple 

loading dye (New England Biolabs, Ipswich, MA, USA) and run on a 1% agarose gel made 

with a 100bp ladder (New England Biolabs) in 1X TAE for 35mins at 110V (Figure A:2). 

 

PCR Reagent Volume (µl) Final Concentration 

10x PCR Buffer 5 1X 

dNTPs 1 200mM 

10µM Forward Primer (31bp) 1.13 125ng 

10µM Reverse Primer (32bp) 1.12 125ng 

Template ZnT8 DNA 

(aa268-369) 
1 ≤1ug 

Sterile H20 40.5 N/A 

Taq Polymerase 0.3 1.5 units 
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Figure A:2 – Gel image of generating the ZnT8 insert for cloning into the pET49b(+) vector 

Lane 1: 100 bp ladder; Lane 2: Empty; Lanes 3 and 4: PCR product of ZnT8 insert (~325 bp) made in two different 

reactions for confirmation. 

 

To remove possible contaminants and primer dimerisation (evident in the gel above), a PCR 

clean-up kit (Qiagen) was conducted to purify the remaining 45µl according to manufacturer 

instructions. To concentrate the DNA, the purified PCR product was ethanol precipitated (2 

volumes of 100% ethanol and 1/10 volume of 3M Potassium Acetate was added, centrifuged 

at 13,000rpm for 20mins and the supernatant was carefully removed), washed with 70% 

ethanol and left to air-dry at RT for 1 hour. The PCR product was then rehydrated in 10µl 

sterile H20 and stored at -20°C until restriction enzyme digest. 

 

A.1.1.3. Inserting the ZnT8 construct into the pET49b(+) vector 

The ZnT8 construct and pET49b(+) vector was digested in a 50µl reaction mix with 1ul of 

restriction enzymes XhoI and XmaI (New England BioLabs), 5µl 10X CutSmart buffer (New 

England BioLabs), and ddH20 for 2 hours at 37°C. Following incubation, the total reaction 

mixes were run on a 1% agarose gel with 100bp and 1kb ladders (New England Biolabs) in 1X 

TAE for 35mins at 110V (Figure A:3). 
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Figure A:3 – Gel image of XmaI & XhoI double digest on the ZnT8 insert & pET49b(+) vector 

Lane 1: 100bp ladder; Lane 2: empty; Lane 3 and 4: ZnT8 insert; Lane 5 & 6: 1000bp ladder; Lane 7 and 8: 

pET49b(+) vector. Two double digest reactions were run to confirm successful double digest of ZnT8 insert and 

pET49b(+) vector using XmaI and XhoI restriction enzymes. ZnT8 insert estimated ~325bp and pET49b(+) 

estimated ~5772bp following double digest. The gel image indicates that PCR products are of estimated lengths.  

 

Gel extraction was then conducted according to the manufacturer’s instructions (Qiagen). To 

concentrate the resultant DNA (50µl), the purified PCR product was ethanol precipitated (2 

volumes of 100% ethanol and 1/10 volume of 3M Potassium Acetate was added, centrifuged 

at 13,000rpm for 20mins, and the supernatant was carefully removed), washed with 70% 

ethanol, and left to air-dry at RT for 1 hour. Purified DNA digests of ZnT8 insert and 

pET49b(+) vector were resuspended in 10µl sterile ddH20, mixed, and added in a 1:3 ratio to 

a 20µl ligation reaction mix containing T4 ligase (Sigma), 2X Ligase buffer (Sigma), and 

ddH20 for a 2-hour incubation at RT.  

 

A.1.1.4. Transformation of plasmids into E. Coli 

To 50µl of chemically competent DH5α Escherichia Coli (E. Coli) cells (Invitrogen), 2µl of 

ligated plasmid was added and incubated on ice for 30mins. To allow entry of the ligated 

plasmid into these cells, the mixture was then heat shocked for 30 secs at 42°C and placed back 

on ice for a further 2mins. After heat shocking, 500µl of sterile SOC medium (Invitrogen) was 

added to the cells and incubated on a shaking platform at 225rpm for 1 hour at 37°C.  
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To select cells containing the plasmid, cells were spread onto LB agar plates with 50µg/ml 

Kanamycin (Sigma) to select for the ZnT8/pET49b(+) plasmid containing the resistance gene 

and incubated overnight at 37°C. To amplify the single colonies containing the 

ZnT8/pET49b(+) plasmid, a selection of single colonies was selected and further incubated on 

a fresh agar plate containing 50µg/ml Kanamycin overnight at 37°C. 

 

A.1.1.5. Confirmation of ZnT8 Cloning into pET49b(+) vector 
 

Following transformation, single DH5α E.Coli colonies were heat-shocked at 95°C for 10mins 

and screened for plasmids containing the ZnT8 insert in a 15µl PCR reaction using the plasmid 

as template DNA, the primers designed for generating the insert ZnT8 construct, and reagents 

from a Qiagen Taq Core Unit kit (Table A:2). 

PCR Reagent Volume (µl) Final Concentration 

10x CoralLoad PCR Buffer* 1.5 1X 

10mM dNTPs* 0.3 200mM 

10µM Forward Primer (31bp) 0.75 0.5µM 

10µM Reverse Primer (32bp) 0.75 0.5µM 

Template DNA (E.Coli Colonies) 1 ≤1µg 

Sterile H20 10.6 N/A 

Taq Polymerase* 0.1 0.5 units 

 

Table A:2 – PCR recipe for screening E.Coli colonies for the ZnT8 insert 

The volumes and final concentrations of reagents used in a 15ul PCR reaction mix; * indicates reagents from the 

Qiagen Taq Core Unit Kit. Before using as template DNA, cells from colonies were picked, diluted in 50µl of 

sterile ddH20 and heat-shocked at 95°C on a heating block for 10 minutes. PCR thermocycling was set at 94°C 

for 5mins for initial denaturation followed by denaturation at 94°C for 30secs, annealing at 55°C for 30secs, Taq 

polymerase elongation at 72°C for 1min and a final extension at 72°C for 10mins. This is repeated for a 35 cycle 

PCR reaction to exponentially generate copies of ZnT8 insert from the pET49b(+) vector. 

Following PCR, 10µl of the reaction mix was loaded and run on a 1% agarose gel made with 

1X TAE for 35mins at 110V. The expected length of the ZnT8 insert is 325bp, and the 

pet49b(+) vector is 57772bp. Colonies screening positive for a DNA band around 300bp 

(Figure A:4) was purified from liquid cultures (5ml LB broth and 50µg/ml Kanamycin 

incubated overnight at 37°C on a shaking platform set at 225rpm) using a miniprep kit to 

manufacturer’s instructions (Qiagen).  
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Figure A:4 – Screening E. Coli colonies for ZnT8 insert on a 1% agarose gel 

Lane 1: 100bp ladder; Lane 2-7: 6 single E.Coli colonies; Lane 8: 1000bp ladder. Bands in between 300-400bp 

are indicative of the ZnT8 insert (~325bp). Bands around 100bp and 500bp could indicate primer dimerisation or 

other contaminants in the PCR reaction. High yields of DNA are highlighted in red. The E.Coli colony in Lane 6 

was chosen for subsequent purification due to the high yield and clean band. 

 

Purified plasmids were prepared for sequencing (Eurofins Genomics, Ebersbery, Germany) 

using the standard T7 promoter primer (to sequence the beginning of the pET49b(+) vector 

cloning site) and two designed primers specific to ZnT8 (Table A:3) to confirm cloning of 

ZnT8 into the pET49b(+) vector (Figure A:5).  

 

 

Primer Primer Sequence (5”-3”) 
pET49b(+) T7 Promoter Primer TAATACGACTCACTATAGGGG 

ZnT8 Primer 1 (Forward) TACAGCAGCCAGCCGGG 

ZnT8 Primer 2 (Reverse Complement) GTCACAGGGGTCTTCAC 

 

Table A:3 – Primers to confirm ZnT8 cloning into pET49b(+) vector 

Underlined: Primer 1; Bold: Primer 2. Grey/underlined: R325W polymorphism site encoding ZnT8R.  
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atgtcccctatactaggttattggaaaattaagggccttgtgcaacccactcgacttcttttggaatatcttgaagaaaaatatgaagagcat

ttgtatgagcgcgatgaaggtgataaatggcgaaacaaaaagtttgaattgggtttggagtttcccaatcttccttattatattgatggtgat

gttaaattaacacagtctatggccatcatacgttatatagctgacaagcacaacatgttgggtggttgtccaaaagagcgtgcagagatttc

aatgcttgaaggagcggttttggatattagatacggtgtttcgagaattgcatatagtaaagactttgaaactctcaaagttgattttcttagc

aagctacctgaaatgctgaaaatgttcgaagatcgtttatgtcataaaacatatttaaatggtgatcatgtaacccatcctgacttcatgttgt

atgacgctcttgatgttgttttatacatggacccaatgtgcctggatgcgttcccaaaattagtttgttttaaaaaacgtattgaagctatccca

caaattgataagtacttgaaatccagcaagtatatagcatggcctttgcagggctggcaagccacgtttggtggtggcgaccatcctccaa

aatcggatggttcaactagtggtggtggcggttctaataacaatcctcctactcctactccatctagtggttctggtcatcaccatcaccatcactccgc

ggctcttgaagtcctctttcagggacccgggAAGGACTTCTCCATCTTACTCATGGAAGGTGTGCCAAAGAG

CCTGAATTACAGTGGTGTGAAAGAGCTTATTTTAGCAGTCGACGGGGTGCTGTCTGTGCA

CAGCCTGCACATCTGGTCTCTAACAATGAATCAAGTAATTCTCTCAGCTCATGTTGCTAC

AGCAGCCAGCCGGGACAGCCAAGTGGTTCGGAGAGAAATTGCTAAAGCCCTTAGCAAAA

GCTTTACGATGCACTCACTCACCATTCAGATGGAATCTCCAGTTGACCAGGACCCCGACT

GCCTTTTCTGTGAAGACCCCTGTGACtgataatctcgag 

 

Figure A:5 – FASTA sequence of the cloning site of pET49b(+) vector with ZnT8 insert & 

sequencing primers 

Bold; GST tag; Red; 6 x His tag; Green; human rhinovirus (HRV) 3C protease; Yellow: XmaI restriction enzyme 

recognition site; Blue; XhoI restriction enzyme recognition site; Grey: rs13266634 SNP site encoding R325 

(CCG); Capital text: C-terminal (aa268-269) ZnT8 insert sequence; Red: ZnT8 Primer 1 (forward) used for 

sequencing of clone; Capital and bold text: ZnT8 Primer 2 (reverse complement) used for sequencing of clone.  

 

A.1.2. Protein expression of ZnT8 in E. Coli 
 

A.1.2.1. Transformation of ZnT8/pET49b(+) plasmids into E.Coli 

RosettaTM (DE3) pLysS cells 

RosettaTM(DE3)pLysS cells are BL21 derivatives designed to enhance the expression of 

eukaryotic proteins that contain codons rarely used in E.coli. The DE3 and pLysS strain of 

these cells are suitable for genes cloned in pET vectors with subsequent induction of protein 

expression using Isopropyl β-d-1-thiogalactopyranoside (IPTG) by suppressing the T7 RNA 

polymerase enzyme (457). 

 

Plasmid DNA from an E.Coli colony with confirmed sequencing of the ZnT8 insert in the 

pET49b(+) vector was transformed into E.Coli RosettaTM(DE3)pLysS cells (Novagen, Sigma) 

following a similar protocol as detailed in 2.4.2.2.2 with a few modifications according to the 
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manufacturer’s instructions; 1µl of plasmid DNA to 20µl RosettaTM(DE3)pLysS cells, 250µl 

SOC medium, and selective LB+/-agar containing 15µg/ml kanamycin and 34µg/ml 

chloramphenicol. Successful transformation was confirmed by conducting the original PCR 

reaction run to generate the ZnT8 insert (Figure A:6). 

 

 
 

Figure A:6 – Gel image confirming the transformation of ZnT8/pET49b(+) into 

RosettaTM(DE3)pLysS cells 

Lane 1: 100bp ladder; Lane 2: empty; Lane 3; Single RosettaTM(DE3)pLysS colony containing ZnT8 insert 

(~325bp) at high concentrations (red for saturated pixels) in the absence of other contaminants in the PCR reaction. 

 

A.1.2.2. Generation of glycerol socks for long-term storage of 

ZnT8/pET49b(+) plasmids 

Glycerol stocks of single colonies of ZnT8/pET49b(b) were generated as previously described 

(2.4.2.2.4) with the modification of using 15µg/ml Kanamycin and 34µg/ml chloramphenicol 

as selective antibiotics. 

 

A.1.2.3. Expression of ZnT8 in RosettaTM(DE3)pLysS cells 
 

Reagents 

1M Isopropyl-β-D-thiogalactoside (IPTG) stock solution – IPTG (2.38g) dissolved in ddH20 

(10ml) and filter sterilised through a 0.22µM syringe filter (Merck Millipore, Sigma).   
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Large-scale expression of ZnT8 in RosettaTM(DE3)pLysS cells 

A single colony of RosettaTM(DE3)pLysS cells containing ZnT8/pET49b(+) was inoculated 

into a 50ml LB starter culture containing 15µg/ml Kanamycin and 34µg/ml chloramphenicol. 

The 50ml starter culture was incubated for 16 hours at 37°C on an orbital shaking platform set 

at 225rpm. Following 16 hours, the starter culture was used to inoculate a 1L LB secondary 

culture containing 15µg/ml Kanamycin and 34µg/ml chloramphenicol to an optical density 

(OD)600 nm of 0.1 absorbance measured using 1ml by a spectrophotometer. The 1L secondary 

culture was further incubated (37°C/225rpm) and monitored every hour until the OD600 nm 

reached 0.8 absorbance (exponential phase of bacterial growth). A 1ml aliquot was taken 

(baseline; lag phase), pelleted (13,000rpm for 1min), and both the cell pellet and supernatant 

were separated, measured at OD600 nm, and frozen at -20°C for analysis of expression by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; Error! Reference s

ource not found.). 

With an OD600 nm of 0.8, expression was induced by adding 1mM IPTG in the 1L secondary 

culture. After 2 hours of further incubation at 37°C/225rpm, 1mM IPTG is added and further 

incubated at 37°C/225rpm for 2 hours. Over these 4 hours, 1ml aliquots were taken (expression 

time course), pelleted (13,000rpm for 1min), and both the cell pellet and supernatant were 

separated, measured at OD600 nm, and frozen at -20°C for analysis of expression by SDS-

PAGE (Error! Reference source not found.). 

The 1L secondary culture after 4 hours of induced expression is centrifuged at 8,000rpm for 20 

minutes at 4°C. After the removal of the supernatant, the cell pellet is resuspended in 15ml LB 

containing 15% glycerol, moved to a 50ml falcon tube, and is frozen at -80°C until cell lysis 

using the French Press (Error! Reference source not found.). 
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A.1.2.4. SDS-PAGE protein gels to confirm ZnT8 protein expression 
 

Buffers & Reagents 

Resolving gel buffer – 1.5M Tris base with hydrochloric acid (HCl), pH 8.8. 

Stacking gel buffer – 0.5M Tris base with HCl, pH 6.8.  

SDS running buffer – Tris-glycine (1X). For a 10X stock solution, 30.2g Tris base and 144g 

glycine was dissolved in 800ml ddH20, and once mixed, 10g SDS was added to bring the 

volume to 1L. A 1/10 dilution was made for a 1X working solution.  

2 x sample loading buffer (non-reducing): 1M Tris-HCl (0.5ml), pH 7, 20% SDS (2.5ml), 

glycerol (2ml), and 2mg bromophenol blue was mixed and made up to 10ml with ddH20.   

30% Acrylamide/Bis-acrylamide  Available from VWR, Radnor, Pennsylvania, USA. 

Sodium dodecyl sulfate (SDS) – 1M SDS was diluted 1/10 in ddH20. 

Tetramethylethylenediamine (TEMED)- Available from Sigma. 

Ammonium persulfate (APS) – 1M APS diluted 1/10 in ddH20. 

Isopropanol – Commercially available (Fisher Scientific). 

Precision Plus Protein™ All Blue Prestained Protein Standards – Commercially available from 

BioRad (Hercules, California, USA). 

Brilliant Blue R Staining Solution (1L) – Commercially available (Sigma) 

Destain solution – methanol (150ml) and glacial acetic acid (50ml) is mixed and made up to 

500ml with ddH20. 
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SDS-PAGE 

SDS-PAGE using the Mini-PROTEAN Tetra cell kit (BioRad) was conducted according to the 

protocol described by Elvers & Williams (2016) (457); described in Table A:4, on the 

following page. The time course of protein expression by SDS-PAGE analysis confirmed the 

successful expression of ZnT8 with a GST tag in E.Coli RosettaTM(DE3)pLysS cells with a 

molecular weight of 38.22 kilodaltons (kDa) (Figure A:7). 

 

 
Figure A:7 – SDS-PAGE gel showing the time course of expression of ZnT8 with GST tag in 

E.Coli RosettaTM(DE3)pLysS cells 

Time course (T)=0-4 refers to baseline, 1hr, 2hrs, 3hrs and 4hrs, respectively. Protein expressed was induced at 

baseline and T=2.  kDa: kilodalton molecular weight (MW). 
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Step Reagents/Equipment Volume Protocol comments 

1. Preparing 

the 12% 

separating 

gel 

ddH20 

30% Acrylamide/Bis-acrylamide 

Resolving gel buffer 

10% SDS 

TEMED 

10% APS 

5.3ml 

6.4ml 

4ml 

160µl 

16µl 

160µl 

Reagents added in order and 

poured between two mini glass 

plates assembled in the gel 

casting frame. 

2. Set the 

separating 

gel 

100% Isopropanol 1ml Air is excluded to allow the 

separating gel to set. Once set, 

the isopropanol was removed. 

3. Preparing 

the 6% 

stacking gel 

ddH20 

30% Acrylamide/Bis-acrylamide 

Stacking gel buffer 

10% SDS 

TEMED 

10% APS 

5.3ml 

2ml 

2.5ml 

100µl 

10µl 

100µl 

Reagents added in order and 

poured between two mini glass 

plates assembled in the gel 

casting frame. A 10-well gel 

comb was inserted & left to set. 

Once set, the gel was loaded into 

the gel buffer dam. 

4. Preparing 

samples for 

SDS-PAGE 

1X SDS running buffer 

Probe sonicator. 

500µl Thaw cell pellets & supernatant 

from protein expression. 

Resuspend cell pellets in SDS 

running buffer and sonicate. 

Collect supernatant by 

centrifuging sonicated cells at 

13,000rpm 1 minute. Resuspend 

cell pellet in SDS-running buffer. 

Supernatants & cell pellets will 

be run on the SDS-PAGE gel. 

5. Loading 

the SDS-

PAGE gel 

1X SDS running buffer 

2 x sample loading buffer 

Sonicated cell supernatant & pellet 

Precision Plus Protein™ All Blue 

Prestained Protein Standards 

1L 

15µl 

35µl 

7µl 

Fill gel tank and gel buffer dam 

with SDS running buffer. Mix 

sonicated cell supernatant & 

pellet with sample loading buffer 

and load 40µl into wells (2-10) 

of the gel. Thaw protein standard 

and load into well 1 of pre-made 

gel. 

6. Running & 

imaging the 

SDS-PAGE 

gel 

Brilliant Blue R staining solution 

Destain solution 

50ml 

80ml 

Run for 35-45mins at 110V. Gels 

are stained in Brilliant Blue R 

staining solution for 1h. After 

1hr, gels are destained for 1 hour 

(50rpm at RT), replenished with 

destain solution and left 

overnight. Gels are imaged on a 

BioRad Imager using the Mini-

PROTEAN gel programme & 

exported at 600dpi. 

 
Table A:4 – SDS-PAGE methodology 

Mini-PROTEAN Tetra Cell (BioRad) kit was used for all equipment supplies required for SDS-PAGE.  
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A.1.3. Protein purification of recombinant ZnT8 
 

A.1.3.1. Buffer & Reagents 

Lysis buffer – 50mM Tris-HCl (pH 7.5), 150mM NaCl, and 1mM Dithiothreitol (DTT).  

Binding buffer A for GSTrap – 50mM Tris-HCl (pH 7.5), 100mM NaCl, and 1mM DTT.  

High Salt wash buffer B for GSTrap – 50mM Tris-HCl (pH 8), 300mM NaCl, and 1mM DTT. 

Elution buffer C for GSTrap – 50mM Tris-HCl (pH 8) and 10mM reduced glutathione. 

EDTA – 0.5M EDTA solution (pH 8). 

cOmplete™ ULTRA Tablets – EDTA-free, EASYpack Protease Inhibitor Cocktail (Sigma). 

GSTrapTM – FF 5ml volume (Sigma)  

 

A.1.3.2. Using a French Press to Lyse RosettaTM(DE3)pLysS cells 

containing recombinant ZnT8 

The French Press lyses cells by applying high pressure and forcing the cells through a tiny hole 

in the press. The frozen cell pellet from expression is thawed at RT, passed through the pre-

chilled (kept at 4°C overnight ~16 hours) French Press central apparatus twice and collected 

on ice. 

The collected lysed cells were resuspended in 120ml lysis buffer and centrifuged at 8000rpm 

for 20 minutes at 4°C. The supernatant was collected and centrifuged again at 8000rpm for 20 

minutes at 4°C. The supernatant was collected and fractioned into 30ml aliquots. Per 20ml of 

collected supernatant, 1 cOmplete™ ULTRA Tablet and 100µl 0.5M EDTA was added. Once 

the tablet had dissolved, aliquots were gently mixed by swirling and frozen at -20°C until 

purification. 
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A.1.3.3. Purification of ZnT8 using FPLC 

Fast protein liquid chromatography (FPLC) using a GSTrapTM 5ml (Sigma) column was used 

to purify the soluble ZnT8-GST fusion protein from the supernatant of the lysed cells from the 

French Press.  One 30ml aliquot of frozen cell supernatant from the French Press was thawed 

at RT with the addition of 300µl of 0.5M EDTA and 2.5ml of 2 dissolved cOmplete™ ULTRA 

Tablets in binding buffer A. Whilst defrosting, the supernatant was gently vortexed until fully 

thawed/aqueous.  

 

Using the GE AKTA Prime System (Cytiva - Fisher Scientific, formerly GE Life Sciences) 

comprised of an automated programmable control system, pump, fraction collector, and the 

PrimeView software, the protocol described in (457) was followed (Table A:5). 
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Step Protocol 
1. Priming the buffers lines & equilibrate the 

GSTrapTM column 

- Perform a system wash method of lines A and 

B with binding buffer A and high salt wash 

buffer B, respectively.  

- Connect the GSTrapTM column to the system 

and equilibrate with 5-10mls of binding buffer 

A at a flow rate of 1ml/min. Press pause. 

2. Loading & washing the cell supernatant - Place the tubing from line A into the thawed 

cell supernatant, alter the flow rate to 0.8ml/min 

and press continue. As the expressed protein is 

loaded onto the column, the ultraviolet (UV) 

light absorbance at 280nm will increase 

indicating increasing protein concentration.   

Collect the flow through as the supernatant is 

loaded. 

- When all the cell supernatant is loaded, press 

pause, move line A back into binding buffer A 

and press continue to allow all the supernatant 

remaining in line A to be loaded onto the 

column.  

3. Wash column - Wash the column by 10 column volumes 

(50ml) in high salt wash buffer B at a flow rate 

of 0.8ml/min.  

- As the column is washed in this buffer, the 

conductivity detector that monitors salt 

concentration will increase. 

- Load high salt wash buffer B until the 

conductivity line returns to baseline. Collect the 

effluent for later analysis by SDS-PAGE.   

4. Elution of the protein  - Remove column from the system and remove 

the B line from the high salt buffer B into 

elution buffer C. Perform a system wash to fill 

line B with elution buffer C. 

- Re-connect the GSTrapTM to the system. 

Perform a manual run with a flow rate of 

1ml/min and the fraction collector set to 1ml 

fractions to collect eluted protein into ~20 

fractions. 

5. Add reagents to prevent protein 

degradation 

- To each 1ml fractions where the UV 

absorption indicated the eluted protein, add 50ul 

of 0.1M EDTA and 100ul of 1cOmplete™ 

ULTRA Tablet dissolved in 1ml ddH20. Gently 

mix by swirling and store at 4°C until SDS-

PAGE analysis. 

6. SDS-PAGE analysis - Analyse load, flow through, and collected 

fractions that the FPLC showed increased 

protein concentrations (indicated by the UV 

absorbance). 

 

Table A:5 – Methodology of purifying the ZnT8-GST fusion protein using a GSTrapTM column & 

FPLC (GE AKTA Prime System). 
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A.1.3.4. SDS-PAGE analysis of FPLC purified ZnT8-GST fusion protein 

The chromatogram (not shown) showed a very small peak of UV absorbance between fractions 

9-14 (selected for SDS-PAGE analysis) with a long plateau beyond fraction 13. The SDS-

PAGE gel was prepared according to the previously described method (Table A:4) on the load, 

flow-through, and fractions 8 to 14 collected from the FPLC purification of the ZnT8-GST 

fusion protein (Figure A:8). The protein bands between 50-60kDa in fractions 8-14 show 

eluted protein with a higher molecular weight than expected or observed after protein 

expression (~38.22kDa). This may be due to protein insolubility/precipitation, protein 

modification, and/or protein retardation during elution. 

 

 
 

Figure A:8 – SDS-PAGE gel of FPLC eluted fractions 

FT: flow through; F8-F14: fractions 8-14. The SDS-PAGE bands between 50-60kDa are much larger than 

expected and observed after protein expression ~38.22kDa. 
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A.1.3.5. Protein quantification of purified ZnT8-GST fusion protein 

All samples that were analysed by SDS-PAGE were quantified using the QubitTM Protein 

Assay kit according to manufacturer instructions (Thermo Fisher) (Table A:6). The protein 

concentrations in eluted fractions 9-14 confirm the peak of eluted protein; however, there is no 

way of ascertaining the precise identity of the protein(s) present in the eluted fractions using 

SDS-PAGE alone, and most of the protein content did not bind the GST column suggesting 

there is a significant technical issue.  

 

FPLC eluted fractions Protein concentration (mg/ml) 

Load 4.500 

Flow through 4.480 

Fraction 8 0.276 

Fraction 9 0.532 

Fraction 10 0.684 

Fraction 11 0.658 

Fraction 12 0.514 

Fraction 13 0.546 

Fraction 14 0.816 

 

Table A:6 – Protein concentrations of eluted FPLC fractions quantified using the QubitTM Protein 

Assay kit (Thermo) 
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Appendix B. ZnT8A IgG subclass studies 
 

B.1. Clones & source of monoclonal anti-human IgG subclass 

antibodies used in seminal T1D studies 
 

 

Table B:1 – Clones & source of monoclonal anti-human IgG-subclass antibodies used in seminal 

T1D studies 

* Only a change in the clone of IgG3 between Achenbach et al. (2004) & this PhD project as the G18-3 clone was 

no longer commercially available from BD. The current HP6047 IgG3 clone binds to the light chain/hinge region 

of IgG3 and, therefore, is likely to be more sensitive than previous clones. 

  

Study 

(date) 

Anti-rat IgM  

(control) 

IgG1 IgG2 IgG3 IgG4 

Bonifacio 

et al. 

(1999)§ 

Cat no. quoted 

34152D 

PharminGen 

(BD) 

Cat no. quoted 

35052D 

PharminGen 

(BD) 

Cat no. quoted 

35072D 

PharminGen 

(BD) 

Cat no. quoted 

35082D 

PharminGen 

(BD) 

Cat no. quoted 

35092D 

PharminGen 

(BD) 
Achenba

ch et al. 

(2004)§ 

Clone G20-127 

BD 

Clone G17-1 

BD 

Clone G18-21 

BD 

Clone G18-3 

BD* 

Clone JDC-14 

BD 

Hoppu et 

al. (2004) 

Clone G53-238  

PharminGen 

(BD) 

Clone G17-21 

PharminGen 

(BD) 

Clone G18-21 

PharminGen 

(BD) 

Clone HP6050 

Southern 

Biotech 

Clone JDC-14 

PharminGen 

(BD) 
This 

project  

(2015-21) 

Clone G53-238 

BD 

Clone G17-1 

BD 

Clone G18-21 

(BD) 

Clone HP6047 

(Invitrogen/ 

Sigma)* 

Clone JDC-14 

(BD) 
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B.2. GADA & IA-2A IgG subclass RIA standardisation  
 

B.2.1. Materials & methods 
 

B.2.1.1. Standardisation sample sets 
 

Healthy schoolchildren 
 

A total of 2860 healthy schoolchildren [1488 (52.0%) male; 1372 (48.0%) female; median age 

at sampling 11.4 years (range 9.0-13.8 years); 88.6% of Caucasian ethnicity] from the general 

population were recruited from schools in Oxford and Windsor between 1989 and 1991 and 

were screened in-house for all known autoantibody positivity using established and 

standardised methods at that time (ICA/GADA/IA-2A/IAA) (12, 354). 

From the 2860 healthy schoolchildren, a subset with high serum volume was tested to establish 

GADA and IA-2A IgG subclass-specific thresholds based on the SD obtained: GADA [n=49; 

28 males (57.1%); median age at sample 11.1 years (range 9.4-13.1)] and IA-2A [n=48; 28 

males (58.3%); median age at sample 11.1 years (9.4-13.1)] in the respective IgG subclass 

RIAs. For ZnT8RA/ZnT8WA IgG subclass RIAs, establishing IgG subclass-specific 

thresholds was not cost-effective and may not be useful in predicting disease risk given that 

the responses appear highly IgG1-dominant/restricted and would require screening of many 

more samples (results presented in 2.3.3-2.3.3.3.2). 
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Type 1 diabetes patients 

For GADA and IA-2A, samples from the T1D patients from the IgG subclass screening sample 

set (n=12 for GADA and n=35 for IA-2A; Table 2:10) and a subset of additional samples taken 

from T1D patients of moderate-high autoantibody titres Table B:2; n=15 for GADA and n=22 

for IA-2A), were compared to the subset of healthy school children to establish IgG subclass-

specific StDS positivity thresholds. 

 

Autoantibody n 

individuals 

n 

samples 

Median 

(range) 

autoantibody 

titre* 

Median 

(range) 

age at 

diagnosis 

(years) 

Median 

(range) age 

at sample 

(years) 

Median 

(range) of 

diabetes 

duration 

(years) 

GADA 20 26 
203.2 

(34.1-1159.4) 

19.1 

(4.7-50.1) 

21.6 

(10.2-49.9) 

2.8 

(-0.2-13.0) 

IA-2A 36 56 
277.3 

(55.2-504.1) 

12.3 

(5.9-41.7) 

15.0 

(6.9-44.7) 

1.4 

(0.4-6.4) 

 

Table B:2 – T1D patient standardisation sample set 

Selected samples were selected to encompass around diagnosis and after diagnosis, moderate to high autoantibody 

titres, and were considered if sample volume availability was plentiful.  

 

B.2.1.2. Statistical analysis 

A rudimentary GADA/IA-2A IgG subclass-specific detection thresholds was initially 

established using the IgG subclass-specific mean ∆CPM + SD obtained in healthy ~50 healthy 

schoolchildren and was compared to the T1D patients from the screening sample set (Table 

2:10). This was used to evaluate the assay background/non-specific binding in a healthy 

population relative to the binding observed in a patient population. 

To further evaluate the use of an assay threshold, the mean ∆CPM of IgG subclasses in each 

sample was converted into a StDS calculated by: [(IgG subclass or PGS mean ∆CPM – mean 

∆CPM of healthy schoolchildren) ÷ SD mean ∆CPM of healthy schoolchildren, described 

previously (244). An SDS >3 relative to each IgG subclass was considered positive as this 
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threshold offered the greatest compromise between assay sensitivity and specificity. Mann 

Whitney U tests were used to compare median StDS between T1D patients and healthy 

schoolchildren. 

 

B.2.2. Results 

Using a 3 StDS threshold captures the dominant IgG subclass (IgG1) & total IgG (PGs) in all 

GADA & IA-2A positive T1D patients. 

The IgG subclass-specific mean ∆CPM and SD obtained from the healthy schoolchildren for 

GADA and IA-2A responses are detailed in Table B:3. 

Using a detection threshold (mean ∆CPM >100) for all immunoprecipitates, the IgG subclass 

detection prevalence in the GADA positive T1D patient sample set (n=26; Figure B:1) was: 

IgG1, 100% (n=26); IgG2, 26.9% (n=7); IgG3 34.6% (n=9); IgG4, 23.1% (n=6); and PGS, 

100% (n=26).  

Similarly, the IgG prevalence in the IA-2A positive T1D patient sample set (n=56, Figure B:1) 

was: IgG1, 100% (n=56); IgG2, 53.6% (n=30); IgG3, 39.3% (n=22); IgG4, 66.1% (n=37); and 

PGS, 100% (n=56).  
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Autoantibody 

& number of 

healthy 

schoolchildren 

subjects tested 

IgG1 IgG2 IgG3 IgG4 PGS 

Mean 

∆CPM 

(SD) 

StDS 

Threshold 

Mean 

∆CPM 

(SD) 

StDS 

Threshold 

Mean 

∆CPM 

(SD) 

StDS 

Threshold 

Mean 

∆CPM 

StDS 

Threshold 

Mean 

∆CPM 

(SD) 

StDS 

Threshold 

GADA 

(n=49) 

30.5 

(27.1) 
57.6 

5.3 

(11.7) 
17.0 

28.6 

(60.3) 
88.9 

27.8 

(33.2) 
61.0 

223.7 

(133.6) 
357.3 

IA-2A 

(n=48) 

38.8 

(29.9) 
68.7 

9.9 

(14.8) 
24.7 

15.0 

(47.3) 
62.3 

11.8 

(23.0) 
34.8 

52.4 

(65.2) 
117.6 

 

Table B:3 – IgG subclasses & total IgG in healthy schoolchildren for IgG detection thresholds 

Detection thresholds = mean ∆ counts per minute (CPM) + standard deviation (SD) of healthy schoolchildren subjects tested for the respective autoantibody.  

 
Figure B:1 – Prevalence of IgG subclasses in GADA & IA-2A T1D standardisation sample sets using the IgG detection thresholds 

Samples from the T1D patient standardisation sample set were tested for GADA (n=26) and IA-2A (n=56) IgG subclasses. GADA detection thresholds based on the mean 

∆CPM + SD of 49 healthy schoolchildren: IgG1, 57.6; IgG2, 17.0; IgG3, 88.9; IgG4, 61.0; and PGS, 357.3. IA-2A detection thresholds based on the mean ∆CPM + SD of 48 

healthy schoolchildren: IgG1, 68.7; IgG2, 24.7; IgG3, 62.3; IgG4, 34.8; and PGS, 117.6.  
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As expected, the prevalence of any IgG subclass was higher in T1D patients than healthy 

schoolchildren for both GADA (Figure B:2) and IA-2A (Figure B:3) (p<0.0001-0.003). For 

any GADA or IA-2A IgG subclass RIAs, a threshold of 3 StDS would classify 2-4.2% (n=1-

2) of healthy schoolchildren, 15.4%-100% (n=4-26) GADA T1D patients, and 25-100% of IA-

2A T1D patients as positive across all 4 IgG subclasses. Despite a few healthy schoolchildren 

having an StDS >3, which could be due to assay variability in select samples, an StDS >3 

reduced assay background in the anti-rat IgM control and, therefore, is likely to improve overall 

assay specificity above utilising a detection threshold based >100 mean ∆CPM only.   

StDS also confirmed that assay background (non-specific binding) was generally higher in T1D 

patients than healthy schoolchildren (p=0.049 for GADA and p=0.044 for IA-2A, data not 

shown). However, it cannot be ruled out that this could be due to serum sample quality.  

To remove any IgG subclass binding in the healthy schoolchildren population, the StDS 

positivity threshold should be set at 6 and 7 for GADA and IA-2A, respectively. However, the 

small gain in specificity (1-2%) compromises a greater loss of sensitivity (loss of 7-27%) across 

all IgG subclasses in GADA and IA-2A responses. Therefore, an StDS >3 offers the greatest 

compromise in sensitivity and specificity.  

The IgG subclass-specific StDS thresholds should benefit future investigations in at-risk 

individuals or T1D patients.   
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Figure B:2 – StDS between healthy schoolchildren & T1D patients in the GADA IgG subclass RIA 

Red bars denote median and interquartile ranges. The red dashed line denotes the 3 StDS positivity threshold 

relative to the respective IgG subclass. NS: Not significant alpha >0.05; * p<=0.049; **p=0.003; *** p=0.0004; 

****p<0.0001 by Mann Whitney U test. This confirmed that the IgM assay background and non-specific binding 

is higher in T1D patients (p=0.049; data not shown), but for all IgG subclasses but IgG4 (due to its low prevalence; 

p=0.18), T1D patients had much higher binding than healthy schoolchildren (p=0.003-<0.0001).  
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Figure B:3 – StDS between healthy schoolchildren & T1D patients in the IA-2A IgG subclass RIA 

Red bars denote median and interquartile ranges. The red dashed line denotes the 3 StDS positivity threshold 

relative to the respective IgG subclass. * p<0.05; ****p<0.0001 by Mann Whitney U test. This confirmed that the 

IgM assay background and non-specific binding is higher in T1D patients (p=0.044; data not shown), but for all 

IgG subclasses, T1D patients had much higher binding than healthy schoolchildren (all p<0.0001). 
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Appendix C. ZnT8A epitope studies 

C.1. Cloning strategy to generate the ZnT8 construct encoding murine 

REKK (TGQ-) 
 

C.1.1. Buffers & Reagents 

Tris base, acetic acid, and Ethylenediaminetetraacetic acid (EDTA) (TAE) – 50X stock 

commercially available (Fisher Scientific, Hampton, New Hampshire, USA) diluted to 1X 

(10ml in 490ml ddH20), pH 8.3.  

 

C.1.2. Generating the murine REKK ZnT8 insert 

Primers with specific flanking recognition sequences for XhoI and HindIII restriction enzymes 

were designed to generate a PCR product with TGQ encoded and aa340 removed (TGQ-). 

Figure C:1 details the human C-terminal ZnT8 FASTA sequence with the murine REKK 

sequences and the designed primers. 

 

GCACTCGAGAATTCGCCGCCACCATGGAGAAGGACTTCTCCATCTTACTCATGGAAGGTGTGCCAAA

GAGCCTGAATTACAGTGGTGTGAAAGAGCTTATTTTAGCAGTCGACGGGGTGCTGTCTGTGCACAG

CCTGCACATCTGGTCTCTAACAATGAATCAAGTAATTCTCTCAGCTCATGTTGCTACAGCAGCCAGCC

GGGACAGCCAAGTGGTTCGGACGGGAATTGCTCAGGCCCTTTCAAGCTTTACGATGCACTCACTCA

CCATTCAGATGGAATCTCCAGTTGACCAGGACCCCGACTGCCTTTTCTGTGAAGACCCCTGTGACTA

GGA 

Figure C:1 – FASTA sequence of human C-terminal ZnT8 with the cloning strategy for generating 

the murine REKK (TGQ-) ZnT8 construct utilising flanking restriction enzyme recognition sites 

FASTA sequence is detailed in the 5→3 orientation. Dark blue highlight: the beginning of C-terminal ZnT8 

(aa268). Underlined: Forward (5→3) and reverse (3→5) primers. Red/bold: XhoI restriction enzyme recognition 

site.  Dark blue/bold: HindIII restriction enzyme recognition site with the grey highlighting a nucleotide that was 

changed from AGC to TCA, which both encode serine, but TCA enabled the incorporation of the HindIII 

recognition site. Yellow: R325. Orange: R332T. Light blue: E333G. Green: K336Q. The amino acid 340 was 

removed at the beginning of the HindIII recognition site.  
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To build the ZnT8 murine REKK insert, a 35-cycle PCR reaction was set up using the Taq 

PCR core kit (Qiagen, Hilden, Germany) in a recipe detailed below (Table C:1). 

 

 

 

 

 

 

 

Table C:1 – PCR recipe & accompanying PCR cycle for generating ZnT8 murine REKK insert 

The volumes and final concentrations of reagents used in a 50µl PCR reaction mix. The pCMVTnT vector 

containing C-terminal ZnT8 (aa268-369) was used as template DNA.  

 

To confirm successful PCR, 5µl of the ZnT8 PCR product was mixed with 1µl of 6X purple 

loading dye (New England Biolabs, Ipswich, MA, USA) and run on a 1% agarose gel made 

with a 1000bp ladder (New England Biolabs) in 1X TAE for 35mins at 110V (Figure C:2). 

 
 

Figure C:2 – Gel image of generating the ZnT8 murine REKK insert 

Lane 1: 1000bp ladder; Lane 2: PCR product of ZnT8 insert (estimated ~252 bp).  

  

PCR Reagent 
Volume 

(µl) 

Final 

Concentration 

10x PCR Buffer 5 1X 

dNTPs 1 200mM 

10µM Forward 

Primer (31bp) 
2.5 125ng 

10µM Reverse 

Primer (32bp) 
2.5 125ng 

Template ZnT8 

DNA 

(aa268-369) 

1 ≤1ug 

Sterile H20 37.4 N/A 

Taq Polymerase 0.3 1.5 units 

PCR step Temperature 

(°C) 

Time 

(Min) 

 

 

Cycles Initial 94 0.5 

Denaturation 94 0.5  

X35 Annealing 55 1 

Elongation 72 2 

Final 72 10  
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To remove possible contaminants, a PCR clean-up kit (Qiagen) was conducted to purify the 

remaining 45µl according to manufacturer instructions. To concentrate the DNA, the purified 

PCR product was ethanol precipitated (2 volumes of 100% ethanol and 1/10 volume of 3M 

Potassium Acetate was added, centrifuged at 13,000rpm for 20mins, and the supernatant was 

carefully removed), washed with 70% ethanol and left to air-dry at RT for 1 hour. The PCR 

product was then rehydrated in 10µl sterile H20 and stored at -20°C until restriction enzyme 

digest. 

 

C.1.3. Cloning the ZnT8 murine REKK back into the ZnT8 pCMVTnT vector  

The ZnT8 murine REKK construct and the ZnT8 pCMVTnT vector (1µg) was digested in a 

50µl reaction mix with 1µl of restriction enzymes XhoI and HindIII (New England BioLabs), 

5µl 10X CutSmart buffer (New England BioLabs), and sterile ddH20 for 2 hours at 37°C. 

Following incubation, the total reaction mixes were run on a 1% agarose gel with 100bp and 

1kb ladders (New England Biolabs) in 1X TAE for 35mins at 110V (Figure C:3). 

 

 
 

Figure C:3 – Gel image of XhoI & HindIII double digest on the ZnT8 murine REKK insert & the 

ZnT8 pCMVTnT vector 

Lane 1: 100bp ladder; Lane 2: ZnT8 murine REKK insert; Lane 3: 1000bp ladder; Lane 4: ZnT8 pCMVTnT 

vector. Two double digest reactions were run to confirm successful double digest of ZnT8 murine REKK insert 

and the ZnT8 PCMVTnT vector using XhoI and HindIII restriction enzymes. ZnT8 insert estimated ~252bp, and 

the ZnT8 PCMVTnT vector estimated ~2951bp following double digest but size may be skewed due to the high 

agarose concentration of the gel.   
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Gel extraction was then conducted according to the manufacturer’s instructions (Qiagen). To 

concentrate the resultant DNA (50µl), the purified PCR product was ethanol precipitated (2 

volumes of 100% ethanol and 1/10 volume of 3M Potassium Acetate was added, centrifuged 

at 13,000rpm for 20mins, and the supernatant was carefully removed), washed with 70% 

ethanol, and left to air-dry at RT for 1 hour. Purified DNA digests of ZnT8 insert and 

pET49b(+) vector were resuspended in 10µl sterile ddH20, mixed, and added in a 1:3 ratio to 

a 20µl ligation reaction mix containing T4 ligase (Sigma), 2X Ligase buffer (Sigma), and 

ddH20 for a 2-hour incubation at RT. The ligated plasmid was then transformed into DH5α 

E.Coli cells, detailed previously (2.4.2.2.2). 

 

C.1.4. Confirmation of ZnT8 Murine REKK Cloning into the ZnT8 pCMVTnT 

vector  

Following transformation and purification of plasmids from single colonies (2.4.2.2.2), 

plasmids were sent for sequencing using standard SP6 primers (Eurofins, described previously) 

as well as two specifically designed primers (Table C:2) and successful cloning was confirmed 

utilising BLAST (Figure C:4). 

 

Primer Primer Sequence (5→3) 

ZnT8 Murine Primer 1 TACAGCAGCCAGCCGGG 

ZnT8 Murine Primer 2 CAACGACCGCAAAAAGGTAT* 

 

Table C:2 – Primers used to confirm successful cloning of ZnT8 murine REKK into the ZnT8 

pCMVTnT vector 

Primer 1: underlined denotes the rs13266634 SNP at aa325 encoding R325. * Primer 2 was run to sequence the 

pCMvTnT vector downstream of C-terminal ZnT8 to check for significant alterations.  
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GCACTCGAGAATTCGCCGCCACCATGGAGAAGGACTTCTCCATCTTACTCATGGAAGGTGTGCCAAA

GAGCCTGAATTACAGTGGTGTGAAAGAGCTTATTTTAGCAGTCGACGGGGTGCTGTCTGTGCACAG

CCTGCACATCTGGTCTCTAACAATGAATCAAGTAATTCTCTCAGCTCATGTTGCTACAGCAGCCAGCC

GGGACAGCCAAGTGGTTCGGACGGGAATTGCTCAGGCCCTTTCAAGCTTTACGATGCACTCACTCA

CCATTCAGATGGAATCTCCAGTTGACCAGGACCCCGACTGCCTTTTCTGTGAAGACCCCTGTGACTA

GGA 

Figure C:4 – FASTA sequence of human C-terminal ZnT8 with the successful cloning of ZnT8 

murine REKK (TGQ-) into the pCMvTnT vector with the cloning and sequencing primers detailed 

FASTA sequence is detailed in the 5→3 orientation. Dark blue highlight: the beginning of C-terminal ZnT8 

(aa268). Underlined: Forward (5→3) and reverse (3→5) PCR primers. Red/bold: XhoI restriction enzyme 

recognition site. Dark blue/bold: HindIII restriction enzyme recognition site with the grey highlighting a 

nucleotide that was changed from AGC to TCA, which both encode serine, but TCA enabled the incorporation of 

the HindIII recognition site. Yellow: R325. Orange: R332T. Light blue: E333G. Green: K336Q. The amino acid 

340 was removed at the beginning of the HindIII recognition site. Orange: Primer 1 was designed for successful 

sequencing of the ZnT8 murine REKK construct. Primer 2 was run to sequence the pCMvTnT vector downstream 

of C-terminal ZnT8 to check for significant alterations (not shown in the figure). 

 

 

C.2. Primer sequences of C-terminal ZnT8 mutations 

All primers used to generate mutations in C-terminal ZnT8 are detailed in Table C:3, below. 
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Table C:3 – Primer sequences of C-terminal ZnT8 mutations 

N/A: Not applicable; F: Forward primer; R: Reverse primer. Serine or alanine amino acid substitutions was conducted by SDM using primers designed by Agilent (Santa Clara, 

USA) QuikChange II SDM Instruction Manual and were PAGE-purified at 0.05pmol/µl (Sigma). Bold denotes the location of the amino acid mutation (s). The generation of 

a ZnT8 construct encoding murine REKK (TGQ-) was conducted through molecular cloning strategies: red denotes the location of amino acid deletion at aa340; dark grey 

highlight denotes the XhoI restriction enzyme recognition site sequence; light grey denotes the HindIII restriction enzyme recognition site sequence.* To generate the ZnT8 

construct with the double C361/C368-S mutation, SDM was conducted using the ZnT8 construct with C361S as template DNA and C368-S forward and reverse primers. 

Mutation C-terminal amino acid position  Primer Sequences  (5’ → 3’) 

C361-S 361 
F: GACCAGGACCCCGACAGCCTTTTCTGTGAAG (31bp) 

R: CTTCACAGAAAAGGCTGTCGGGGTCCTGGTC (31bp) 

C364-S 364 
F: CCCGACTGCCTTTTCAGTGAAGACCCCTGTG (31bp) 

R: CACAGGGGTCTTCACTGAAAAGGCAGTCGGG (31bp) 

C368-S* 368 
F: TTTTCTGTGAAGACCCCAGTGACTAGGAATTCACG (35bp) 

R: CGTGAATTCCTAGTCACTGGGGTCTTCACAGAAAA (35bp) 

C361/C364-S 361 & 364 
F: CCCGACAGCCTTTTCAGTGAAGACCCCTGTG (31bp) 
R: CACAGGGGTCTTCACTGAAAAGGCTGTCGGG (31bp) 

C361/C368-S* 361 & 368 N/A 

R325-Q 325 
F: ACAGCAGCCAGCCAGGACAGCCAAGTG (27bp) 

R: CACTTGGCTGTCCTGGCTGGCTGCTGT (27bp) 

R325-W 325 
F: CTACAGCAGCCAGCTGGGACAGCCAAGTG (29bp) 

R: CACTTGGCTGTCCCAGCTGGCTGCTGTAG (29bp) 

E333-A 333 
F: CCAAGTGGTTCGGAGAGCAATTGCTAAAGCCCTTA (35bp) 

R: TAAGGGCTTTAGCAATTGCTCTCCGAACCACTTGG (35bp) 

E333-S 332 
F: CAGCCAAGTGGTTCGGAGATCAATTGCTAAAGCCCTTAGC (40bp) 

R: GCTAAGGGCTTTAGCAATTGATCTCCGAACCACTTGGCTG (40bp) 

EK-A 333 & 340 
F: CAATTGCTAAAGCCCTTAGCGCAAGCTTTACGATGCACTCAC (42bp) 

R: GTGAGTGCATCGTAAAGCTTGCGCTAAGGGCTTTAGCAATTG (42bp) 

EK-S 333 & 340 
F: GATCAATTGCTAAAGCCCTTAGCAGCAGCTTTACGATGCACTCA (44bp) 

R: TGAGTGCATCGTAAAGCTGCTGCTAAGGGCTTTAGCAATTGATC (44bp) 

REK-A 332, 333 & 340 
F: ACAGCCAAGTGGTTCGGGCAGCAATTGCTAAAGCCC (36bp) 

R: GGGCTTTAGCAATTGCTGCCCGAACCACTTGGCTGT (36bp) 

REK-S 332, 333 & 340 
F: GCCAAGTGGTTCGGAGCTCAATTGCTAAAGCCC (33bp) 

R: GGGCTTTAGCAATTGAGCTCCGAACCACTTGGC (33bp) 

REKK-A 332, 333, 336 & 340 
F: GTGGTTCGGGCAGCAATTGCTGCAGCCCTTAGCGC (35bp) 

R: GCGCTAAGGGCTGCAGCAATTGCTGCCCGAACCAC (35bp) 

REKK-S 332, 333, 336 & 340 
F: AGTGGTTCGGAGCTCAATTGCTAGCGCCCTTAGCAGC (37bp) 

R: GCTGCTAAGGGCGCTAGCAATTGAGCTCCGAACCACT (37bp) 

Murine REKK (TGQ-) 332, 333, 336 & 340 
F: GCACTCGAGAATTCGCCGCCACCATGGAGA (30bp) 

R: TAAAGCTTGAAAGGGCCTGAGCAATTCCCGTCCGAACCACTTGGCTGT (52bp) 
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Appendix D. Characterisation of islet autoantibodies after T1D onset 
 

D.1. Seminal T1D studies reporting autoantibody prevalence 

Predominantly, studies that have reported islet autoantibody positivity after T1D onset have been conducted in European-Caucasian populations, 

usually focused on GADA and IA-2A responses, and have primarily been cross-sectional (Table D:1). There have been no reports of a strong 

association between post-diagnosis islet autoantibody responses and C-peptide/β-cell function to date. 
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Study (year) 

Population 

Autoab Method 

Definition of 

Diabetes 

N 

 

Age (years) 

at diagnosis 

(range) 

Years 

from 

diagnosis 

(range) 

AutoAb 

+ve 

(%) 

GADA 

+ve 

(%) 

IA-2A 

+ve 

(%) 

ZnT8A 

+ve 

(%) 

Main Findings 

Savola et al. (1998) 

 

Longitudinal study  

University of Oulu 

(Finland) 

 

Autoab Detection 

method: 

RIA (well-validated) 

Diagnosed between 

1983-1986 

 

 

 

 

 

90 8.2b  

(0.9-15.6) 

Samples 

taken at 0, 2, 

5, & 10 yrs 

 

 

1+ve at 

10yrs: 67 

 

≥2+ve at 

10yrs: 46 

0yrs: 

 62 

 

2yrs:  

53 

 

5yrs:  

32 

 

10yrs:  

25 

0yrs:  

79 

 

2yrs:  

74 

 

5yrs:  

66 

 

10yrs:  

58 

¥ - ICA, IA-2A & GADA decreased 

with increasing disease duration. 

- 33% & 17% of individuals gained 

higher GADA and IA-2A levels, 

respectively. 

 

- GADA loss more rapid with age at 

diagnosis <10years in first 2 years 

of disease. 

 

- Titres can remain stable or 

increase despite reducing β-cell 

function (C-peptide). 

Wenzlau et al. (2010) 

 

Longitudinal & 

Cross-sectional 

Barbara Davis 

Centre (USA) 

 

Autoab Detection 

method:  

RIADenver 

(harmonised & well-

validated) 

 

 

 

Four groups: 

 

1) 21 new-Dx (<6 

weeks)  

 

 

2) 61 new-Dx (<6 

weeks) from BDC  

 

 

 

3) 282 long-

standing T1D: 

provided one 

sample at f-up 

 

 

4) 142 long-

standing T1Ds:  

provided >1 f-up 

samples.   

 

 

 

 

 

1) 21 

 

 

 

2) 61 

 

 

 

 

3) 282  

 

 

 

 

 

4) 142  

 

 

 

 

1) 20.3a  

(12.2-34.6) 

 

 

2) 9.8a  

(1.6-36.7) 

 

 

 

3) 11.4a  

(0.5-52.7) 

 

 

 

 

4) 8.9a  

(1.0-40.3) 

 

 

 

 

1) 3-month 

intervals up 

to 2.5yrs  

 

2) 7b  

(4.0-12.3) 

with 0.5-1yr  

f-up to 7yrs 

 

3) 26.3a 

(12-57.1) 

 

 

 

 

4) 23.4a 

(6.9-48.4) 

with f-up 

samples (3.0-

10.9) 

 

 

1) 1+ve: 

14.3 

≥2+ve: 

85.7 

 

 

 

 

 

 

 

 

 

1) 85.7 

from 

97.2 

 

2) 32.4 

from 63 

 

 

 

3) 21 

 

 

 

 

 

4) ¥ 

 

 

1) 90.5 

from 

90.5 

 

2) 47.5 

from 

73.8 

 

 

3) 19.5 

 

 

 

 

 

4) ¥ 

 

 

1) 76.2 

from 85.7 

 

 

2) 42.6 

from 80.3 

 

 

 

3) 6.3 

 

 

 

 

 

4) ¥ 

1) GADA & ZnT8A +ve decreased 

but IA-2A was unchanged at 2.5yrs 

disease duration.  

 

2) Positivity & titres decreased for 

GADA, IA-2A & ZnT8A. ZnT8A 

dropped by >80%. 27.6% had 

detectable C-peptide 

(>0.02pmol/ml). C-peptide not 

related to any AutoAb prevalence. 

 

3 & 4) ZnT8A & IA-2A titre but not 

GADA continued to decline up to 

30yrs disease duration. <2% of 

individuals seroconverted during 

this time but titres of GADA 

increased frequently which may 

explain the plateau of GADA 

prevalence. 
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Keenan et al. (2010) 

 

Cross-sectional 

Joslin 50-Year 

Medals (USA across 

42 states) 

 

Autoab Detection 

method:  

RIA (well-validated) 

T1D (insulin-

dependent) with a 

duration >50yrs 

 

411 

(47%) 

11b 

(6.5±) 

56.2b 

(5.8±) 

1 AutoAb 

+ve: 

29.7 

18.4 14.9 ¥ - Presence of GADA & IA-2A not 

associated with random C-peptide.  

 

- IA-2A+ve was only found in 

individuals ≤0.2nmol/L C-peptide. 

 

 

Wang et al. (2012) 

 

Cross-sectional 

Massachusetts 

General Hospital 

 

Autoab Detection 

method:  

RIAMunich  

(well-validated) 

Clinical diagnosis 

of diabetes 

 

 

 

182 

 

13a  

(1-56) 

15a  

(0-73) 

¥ 50.4 36.2 28.3 - GADA was most prevalent, 

followed by IA-2A & ZnT8A. 

 

- IA-2A & ZnT8A but not GADA 

positively correlated with C-peptide. 

ZnT8A remained associated 

following multivariate analysis. 

 

- Number of autoabs did not 

correlate with C-peptide. 

Richardson et al. 

(2013) 

 

Cross-sectional 

Golden Years 

Cohort 

 

Autoab Detection 

method:  

RIA (well-validated) 

T1D (insulin-

dependent) with a 

duration >50years 

 

 

343 14b 

(0-36) 

55b 

(51-75) 

1 AutoAb 

+ve:  

57 

48.4 5.8 24.6 - GADA associated with age-at-

onset >18yrs but not duration of 

diabetes or presence of DR3. 

 

- IA-2A associated with DR4 & was 

present at lower levels. 

Wilmot-Roussel et 

al. (2013) 

 

Cross-sectional 

France 

 

Autoab Detection 

method:  

Commercial RIA 

(Cisbio Bioassays) 

validated. 

 

 

T1D >10yrs 

duration.  

 

Criteria: <20 years 

of age, &/or 

ketoacidosis, &/or 

autoab+ve & strict 

insulin dependency. 

 

430 12a 

(1-70) 

19a 

(10-65) 

1 AutoAb 

+ve: 

42 

 

≥2 AutoAb 

+ve: 

14 

46 25 ¥ - GADA associated with female 

gender & DR3. IA-2A associated 

with DR4 only at short disease 

duration. No HbA1c, or insulin dose 

associations. 

 

- Autoab+ve associated with older 

age-at-onset, & shorter disease 

duration with similar trends between 

GADA & IA-2A. Titre remained 

unchanged.  
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Table D:1 – Seminal T1D studies of islet autoantibody positivity after T1D diagnosis 

a Median; b Mean; c Mode; ¥ Unknown/Undetermined/Not Reported; ± SD (standard deviation); RIA: Radioimmunoassay with laboratory location denoted for 

most validated & harmonised methods with Bristol.

Inglemansson et al. 

(2013) 

 

The Diabetes 

Incidence Society in 

Sweden (DISS) 

 

Autoab Detection 

method:  

RIA (well-validated) 

Diagnosed type 1 

diabetes 15-34 

years of age. 

 

Samples taken at 

onset and 5-6 years 

disease duration 

270 

 

200 with 5-

year follow-

up 

 

70 with 6-

year follow-

up 

 

266 with full 

autoantibody 

data 

26b 

(15-34) 

5c 

(5-6) 

¥ 52 

(67% at 

Dx) 

38 

(44% at 

Dx) 

ZnT8RA: 

14 

(26% at 

onset)  

ZnT8WA: 

11  

(26% at 

onset) 

 

ZnT8QA: 

10 

(23% at 

onset) 

- Levels of all ZnT8A specificities 

decreased <5yrs of disease but 

ZnT8RA & ZnT8WA were more 

likely to be maintained in 

individuals with detectable C-

peptide at diagnosis during this time 

frame. - Only frequencies of GADA 

and IA-2A quoted. 

 

- Co-existing GADA correlated with 

lower levels of ZnT8WA. 

 

- No gender, age, or BMI 

association with ZnT8A. 

Brorsson et al. 

(2015) 

 

Type 1 diabetes 

genetic consortium 

(T1DGC) 

 

Autoab Detection 

method:  

RIA (well-validated) 

FDRs from 4,312 

multiplex families 

with a clinical 

diagnosis of T1D 

7,077 T1D-

affected 

FDRs 

(siblings)  

9a 

(±7.52) 

7a 

(±10.06) 

 

25% of 

samples 

taken <3yrs 

of diagnosis 

 45 47.1 53.77 

(<3yrs 

disease 

duration 

only) 

- Female gender & an older age-at-

onset was associated with GADA 

positivity but not IA-2A or ZnT8A 

using adjusted logistic regression. 

 

- Disease duration had a negative 

association with GADA, IA-2A & 

ZnT8A positivity.  

Williams et al. (2016) 

 

Cross-sectional 

Bart’s-Oxford 

(BOX) family study 

(UK) 

 

Autoab Detection 

method:  

RIABristol 

(harmonised & well-

validated) 

Individuals 

diagnosed <21yrs 

& their FDRs. 

 

 

144 11.7a 

(1.4-22.1) 

23a 

(12-29) 

1 AutoAb 

+ve 10yrs: 

65.2 

 

≥2 AutoAb 

+ve 

≥10yrs:  

25.0 

 

38.0 

≥10yrs 

65.0 

≥10yrs 

18.4 

of  

104 tested 

≥10yrs 

- Persistent IA-2A was more 

common in females. 

 

- Persistent IA-2A & ZnT8A was 

associated with an older-age-at-

onset >9 and >11yrs, respectively. 

 

- Level of UCPCR was related to 

age-at-onset but not diabetes 

duration, & baseline or f-up islet 

autoab status. 
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D.2. Prevalence of ZnT8RA & ZnT8WA at onset & longitudinal 

follow-up 

For the assessment of ZnT8A responses at onset and longitudinal follow-up, the maximum 

ZnT8A result (AU) between ZnT8RA and ZnT8WA RIAs was used for analysis as responses 

over follow-up were comparable (Figure D:1). 

 
Figure D:1 – Longitudinal ZnT8RA & ZnT8WA levels from T1D onset 

Individuals positive for ZnT8RA and/or ZnT8WA by RIA out of a T1D cohort of 577 individuals that provided 

one sample at onset (-1-2 years) and at least one sample at longitudinal follow-up (2-32 years). Autoantibody 

levels are expressed as arbitrary units (AU). The blue dashed line denotes the positivity threshold at 1.8 AU for 

both major ZnT8A responses. Red error bars denote respective median units and interquartile ranges. 

Autoantibody prevalence and median autoantibody titre at longitudinal follow-up compared to onset decreased as 

a function of increasing disease duration for ZnT8RA and ZnT8WA responses corrected for multiple analysis 

(pcorr<0.0001). The prevalence of ZnT8RA and ZnT8WA over follow-up was comparable, and the maximum 

ZnT8A level was used for multivariate analysis and comparison with GADA and IA-2A responses for simplicity.  
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D.3.  Prevalence of autoantibodies at onset & longitudinal follow-up 

D.3.1. Single autoantibody positives 

Multivariate logistic regression would be underpowered since single autoantibody positives 

comprised a small proportion of the total cohort (n=94; 16.3%), but cohort characteristics, 

longitudinal prevalence, and longitudinal autoantibody titres were investigated. 

D.3.1.1. GADA 

The characteristics of single GADA positives are detailed in Table D:2. 

 
 

Table D:2 – Cohort description of single GADA positives & all variables investigated for 

association with autoantibody loss after onset of T1D  

All available results (n) from 63 individuals single GADA positive at onset that were longitudinally followed-up 

from type 1 diabetes onset to 29 years disease duration. For Non-HLA SNPs, underlined alleles identify the minor 

allele. 
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In single GADA positive T1D subjects at onset [10.9%; 63/577; median GADA level 177.8 

DK units/ml (range 13.7-1268.6)], 76.2% (48/63) remained positive at final sampling [median 

5.83 years (range 2.0-28.8)] with a median GADA level of 49.6 DK units/ml (range 0.0-1248.5 

DK units/ml). The median autoantibody level for single GADA positives decreased as a 

function of increasing disease duration at follow-up (p<0.05-0.0001), but the magnitude of titre 

loss was variable (Table D:3).  

Whilst there was evidence of a linear trend accounting for missing values (p<0.001), 

heterogeneity and unequal variance in GADA loss between all pairs of data across longitudinal 

follow-up was confirmed by the Geisser-Greenhouse correction ε <1 (Table D:4). This can be 

observed more clearly when longitudinal GADA levels are plotted with subjects with higher 

GADA titres at onset, more likely to maintain positivity over follow-up as expected (Figure 

D:2).   

 

 

Descriptive 

Statistic 

GADA Levels (DK units/ml) 

-1-2 years 

n=63 

2-5 years 

n=49 

5-10 years 

n=29 

10-15 years 

n=10 

15-32 years 

n=14 

Mean 

(SEM) 
371.8 

(47.11) 

260.7 

(49.67) 

137.9 

(56.5) 

65.1 

(22.5) 

115.5 

(53.2) 

SD 371.0 340.5 304.5 71.2 199.2 

CV% 99.78 130.6 220.8 109.3 172.5 

Median  

(IQR) 
183.2 

(65.65, 731.7) 

71.9 

(24.1, 507.3) 

24.9 

(6.4, 89.6) 

43.1 

(25.7, 73.9) 

18.1 

(7.2, 194.6) 

Range 13.7-1269.0 0.3-1325.0 0.0-1141.0 0.0-252.4) 0.0-732.7 

 

Table D:3 – Descriptive statistics for levels of GADA over longitudinal follow-up in single GADA 

positives 

SEM – standard error of the mean; SD – standard deviation; CV% - coefficient of variation (%);                                  

IQR – interquartile ranges.  
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Linear trend & GLM 

assessment of variance over 

longitudinal follow-up 

GADA 

Linear trend across follow-up 
2.0x10-4 

(***) 

Slope  

(95% CI) 

-52.6 

(-26.1, -79.1) 

Means different across follow-

up (sig. level) 

2.0x10-4 

(***) 

Geisser-Greenhouse correction ε 0.6 

n missing values 148 

 

Table D:4 – Linear trend and GLM assessment of variance over longitudinal follow-up in single 

GADA positives 

 

 
Figure D:2 – Longitudinal single GADA positive responses 

Individuals single GADA positive (n=63) by RIA out of 577 T1D individuals that provided one sample at onset 

(-1-2 years) and at least one sample at longitudinal follow-up (2-29 years). Autoantibody levels are expressed as 

Diabetic Kidney (DK) units/ml and plotted on a logarithmic scale for resolution. Autoantibody levels equal to 

zero were transformed to 0.01 DK unit/ml to allow points to be plotted. The blue dashed line denotes the GADA 

positivity threshold (13.5 DK units/ml) based on the 97th percentile of 1000 adults (274).  
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The variables associated with longitudinal GADA loss at final follow-up could not be fully 

evaluated in the single GADA positive subset due to the small sample size. Despite this, 

individuals with a single GADA autoantibody response can produce a range of GADA levels 

[n=20 (31.7%) had GADA levels at the highest quartile 548-1492 DK units/ml] and may be 

more common in individuals diagnosed older [n=48 (76.2%) diagnosed >11 years], which is 

comparable to GADA responses in the presence of co-existing autoantibodies. 

 

D.3.1.2. IA-2A 

The characteristics of single IA-2A positives are detailed in Table D:5. 

 
 

Table D:5 – Cohort description of single IA-2A positives & all variables investigated for association 

with autoantibody loss after onset of T1D 

All available results (n) from 22 individuals single IA-2A positive at onset that were longitudinally followed-up 

from type 1 diabetes onset to 26 years disease duration. For Non-HLA SNPs, underlined alleles identify the minor 

allele. 
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In single IA-2A positive subjects at onset [3.8%; 22/577; median IA-2A level 118.2 DK 

units/ml (range 1.5-355.7)], 54.5% (12/22) remained positive at final sampling [median 10.1 

years (range 2.9-26.3)] with a median IA-2A level of 1.7 DK units/ml (range 0.0-328.0 DK 

units/ml). The median autoantibody level for single IA-2A positives decreased as a function of 

increasing disease duration at follow-up (p<0.05-0.01), but the magnitude of titre loss was 

variable (Table D:6).  

 

Descriptive 

Statistic 

IA-2A Levels (DK units/ml) 

-1-2 years 

n=22 

2-5 years 

n=13 

5-10 years 

n=16 

10-15 years 

n=6 

15-32 years 

n=5 

Mean 

(SEM) 
141.9 

(26.03) 

55.2 

(28.03) 

21.3 

(12.3) 

9.6 

(6.2) 

14.1 

(13.3) 

SD 122.1 101.0 49.2 15.2 29.8 

CV% 86.04 182.9 231.0 158.6 212.3 

Median  

(IQR) 
118.2 

(7.1, 256.3) 

11.1 

(2.2, 48.1) 

2.0 

(1.0, 21.0) 

1.4 

(0.53, 21.4) 

1.2 

(0.2, 34.4) 

Range 1.5-355.7 0.0-328.0 0.0-198.6 0.2-38.1 0.0-67.4 

 

Table D:6 – Descriptive statistics for levels of IA-2A over longitudinal follow-up in single IA-2A 

positives at T1D onset 

SEM – standard error of the mean; SD – standard deviation; CV% - coefficient of variation (%);                                  

IQR – interquartile ranges. 

 

The variables associated with longitudinal IA-2A loss at final follow-up could not be fully 

evaluated in the single IA-2A positive subset due to the small sample size. However, the data 

suggests that perhaps individuals with a single IA-2A autoantibody response may be more 

likely to have lower levels of IA-2A at onset and may be more common in individuals 

diagnosed younger, but no robust conclusions can be drawn. The sample size was too small for 

mixed-model GLMs to estimate variance and linear trend. However, a negative linear trend can 

be observed when plotted on a logarithmic scale with subjects with higher IA-2A titres at onset 

more likely to maintain positivity over follow-up as expected (Figure D:3). 
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Figure D:3 – Longitudinal single IA-2A positive responses 

Individuals single IA-2A positive (n=22) by RIA out of 577 T1D individuals that provided one sample at onset (-

1-2 years) and at least one sample at longitudinal follow-up (2.9-26.3 years). Autoantibody levels are expressed 

as Diabetic Kidney (DK) units/ml and plotted on a logarithmic scale for resolution. Autoantibody levels equal to 

zero were transformed to 0.01 DK unit/ml to allow points to be plotted. The blue dashed line denotes the IA-2A 

positivity threshold (1.4 DK units/ml) based on the 98th of 500 adults (274). 

 

 

D.3.1.3. ZnT8A 

The characteristics of single IA-2A positives are detailed in Table D:7. 



Appendix D. Characterisation of islet autoantibodies after T1D onset 

443 

 

 
 

Table D:7 – Cohort description of single ZnT8A positives & all variables investigated for 

association with autoantibody loss after T1D onset 

 

 

In single ZnT8A positive subjects at onset [1.6%; 9/577; median ZnT8A level 7.5 AU (range 

3.7-54.9)], 22.2% (2/9) remained positive at final sampling [median 9.9 years (range 3.7-29.4)] 

with a median ZnT8A level of 0.9 AU (range 0.4-3.2 AU). Median autoantibody ZnT8A level 

over longitudinal follow-up could only be assessed between onset and 2-5 years (>5 pairs), and 

there was no difference (p>0.05). The variables associated with longitudinal ZnT8A loss at 

final follow-up could not be fully evaluated in the single ZnT8A positive subset due to the 

small sample size. Likewise, descriptive statistics and mixed-model GLMs would not be 

informative on such a small sample size. However, a negative linear trend can be observed 

when plotted on a logarithmic scale with individuals with low-level ZnT8A (55.6% <8AU) 

rapidly losing ZnT8A as expected (Figure D:4). 
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Figure D:4 – Longitudinal single ZnT8A positive responses 

Individuals single ZnT8A positive (n=9) by RIA out of 577 T1D individuals that provided one sample at onset (-

1-2 years) and at least one sample at longitudinal follow-up 3.7-29.4 years). Autoantibody levels are expressed as 

arbitrary units (AU) and plotted on a logarithmic scale for resolution. Autoantibody levels equal to zero were 

transformed to 0.01 AU to allow points to be plotted. The blue dashed line denotes the ZnT8A positivity threshold 

(1.8AU) based on the 97.5th of 523 healthy schoolchildren (274). 

 

D.4. Patterns of autoantibody titre over longitudinal follow-up 

Previous reports have indicated that autoantibody responses before T1D onset show wax-

waning patterns over follow-up and, that after T1D onset, can have increased titres (which has 

only been reproducibly found for GADA (493). Therefore, it was of interest to characterise 

these patterns in individuals who provided ≥2 longitudinal samples. Few studies have been able 

to characterise this in-depth in a large cohort of individuals prospectively followed-up.  
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D.4.1. Prevalence of increasing autoantibody titres after T1D onset 

Any longitudinal follow-up sample that had a higher autoantibody titre compared with initial 

sampling around T1D onset (baseline) was selected independent of the magnitude. Other 

available samples from the same individual that did not have a higher titre compared to baseline 

were omitted but included in the waxing-waning section where applicable. 

 

D.4.1.1. GADA 

In GADA positive individuals at onset, 67 (14.0%; n=487 positive at onset) had at least one 

follow-up sample with higher GADA levels than baseline. Of 68, 53 (77.9%), 13 (19.1%), and 

2 (2.9%) had 1, 2, or 3 longitudinal samples with higher GADA titres compared to baseline, 

respectively. The median GADA titre and median percent difference increased from baseline 

over longitudinal follow-up (time categories all p<0.01-0.0001) (Figure D:5).  

The prevalence of increasing GADA titres after onset appeared unrelated to the quartile of 

baseline GADA level [Q1 (n=20; 29.4%); Q2 (n=16; 23.5%); Q3 (n=14; 20.6%); Q4 (n=18; 

26.5%)] and can occur in long-duration T1D. It is important to note that the sample availability 

over longitudinal follow-up also decreased from these individuals, with 55.2% (n=37), 43.3% 

(n=29), 14.9 (n=10), and 13.2% (n=9) providing samples within 2-5 years, 5-10 years, 10-15 

years, and 15-32 years of onset, respectively. 
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Figure D:5 – Increasing GADA titres after T1D onset 

A plot of percent difference of GADA level compared to onset was calculated using the formula [100*(follow-up 

result-onset result/onset result)]. Median GADA level and percent difference increased from baseline (onset) over 

longitudinal follow-up by pairwise Wilcoxon signed-rank tests (p<0.01-0.0001 across all time points).  

 

D.4.1.2. IA-2A 

In IA-2A positive individuals at onset, 25 (5.5%; n=452 positive at onset) had at least one 

follow-up sample with higher IA-2A levels than at baseline. Of these 25 individuals, 21 

(84.0%) and 4 (16.0%) had 1 or 2 longitudinal samples with higher IA-2A titres than baseline, 

respectively. The median IA-2A titre median percent difference increased from baseline 

increased over longitudinal follow-up (p<0.0001-0.05) (Figure D:6).  

The prevalence of increasing IA-2A titres after onset is lower than GADA and appeared to be 

almost equally distributed between individuals with a lower [Q1/Q2: 41.7% (n=10)] or upper 

[Q3/Q4: 60% (n=15)]] quartile of IA-2A at onset. This indicates that increasing titre can occur 
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at all baseline IA-2A titres and that extrapolated IA-2A titre above the higher assay standard 

(>250 DK units/ml) can still show increased titres. Only 1 individual with an IA-2A titre in the 

highest quartile (354.3-541.2 DK units/ml) had a higher IA-2A titre at 5-10 years follow-up 

with a 7.1% difference to onset. Importantly, only 1 sample was available at 10-15 years and 

15-32 years and, therefore, cannot be analysed. Due to the limited data, it is difficult to draw 

any conclusions about when increasing IA-2A titre may be most prevalent over longitudinal 

follow-up but may still occur >10 years disease duration.   

 

 
 

Figure D:6 – Increasing IA-2A titres after T1D onset 

A plot of percent difference of IA-2A level compared to onset was calculated using the formula [100*(follow-up 

result-onset result/onset result)]. Median IA-2A level and percent difference increased over longitudinal follow-

up by pairwise Wilcoxon signed-rank tests where comparisons were possible (p<0.05-0.0001). Due to limited 

sample availability, the assessment of IA-2A levels in these individuals >10 years disease duration cannot be 

assessed.  
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D.4.1.3. ZnT8A 

In ZnT8A positive individuals at onset, 6 (1.5%; n=395 positive at onset) had at least one 

follow-up sample with higher ZnT8A titres than baseline. All 6 individuals provided 1 

longitudinal sample at 2-5 years disease duration. The median ZnT8A titre and median percent 

difference from baseline increased at 2-5 years disease duration (p<0.05, Figure D:7). The 

prevalence of increasing ZnT8A titres is rare compared to GADA and IA-2A but can still occur 

in individuals with a range of baseline ZnT8A titre [Q1: 50.0% (n=3); Q3: 33.3% (n=2); Q4: 

16.4% (n=1)]. Due to limited data, any observations about increasing ZnT8A ≥5 years disease 

duration cannot be made, but the rapid loss of ZnT8A and low positivity prevalence beyond 5 

years suggests that gain of ZnT8A would be extremely rare. 

 
 

Figure D:7 – Increasing ZnT8A titres after T1D onset 

A plot of percent difference of ZnT8A level compared to onset was calculated using the formula [100*(follow-up 

result-onset result/onset result)]. Median ZnT8A level and percent difference increased over longitudinal follow-

up by pairwise Wilcoxon signed-rank tests (p<0.05). The identification of only 6 individuals from 395 ZnT8A 

positive T1D subjects at onset suggests increasing ZnT8A is very rare.  



Appendix D. Characterisation of islet autoantibodies after T1D onset 

449 

 

D.4.2. Waxing-waning autoantibody patterns after T1D onset 

All individuals that showed fluctuating autoantibody levels (>10 units) in at least two samples 

over longitudinal follow-up were selected; individuals with a decreasing autoantibody level 

over all follow-up samples compared to the previously available sample were omitted. To 

investigate and compare mean fold-change over time, all longitudinal samples were compared 

to the respective autoantibody positivity threshold. All longitudinal samples from these 

individuals were included for a full assessment of autoantibody profiles. However, given the 

inappropriate use of linear modelling and missing values from unavailable samples, analysis 

by the Friedman test (non-parametric one-way ANOVA) was not possible.  

There was no evidence of wax-waning patterns in ZnT8A responses, but a subset of GADA 

and IA-2A positive individuals showed various wax-waning patterns to differing magnitudes. 

However, it cannot be ruled out that assay variability could account for some degree of 

variation.  

 

D.4.2.1. GADA 

A total of 69 individuals (14.2% of 487 positive at onset) that provided at least two follow-up 

samples had fluctuating (waxing-waning) levels of GADA over longitudinal follow-up. The 

fold-change in GADA level over follow-up compared to baseline demonstrates the 

heterogeneity between individuals but segregating the data according to quartiles of baseline 

GADA level shows wax-waning patterns occurred in all quartiles of baseline GADA level (Q1: 

n=13; Q2: n=19; Q3: 17; Q4: n=20) (Figure D:8).  
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Figure D:8 – Fold-change in GADA level corrected to the RIA positivity threshold over 

longitudinal follow-up (waxing-waning patterns) 

Plots of the fold-change in GADA level compared to the RIA positivity threshold organised by quartile of baseline 

GADA level. Fold-change was calculated using the formula [(sample value – RIA threshold) ÷ RIA threshold]. 

 

D.4.2.2. IA-2A 

A total of 26 individuals (5.8% of 452 positive at onset) that provided at least two follow-up 

samples had fluctuating (waxing-waning) levels of IA-2A over longitudinal follow-up. The 

fold-change in IA-2A level over follow-up compared to baseline demonstrates the 

heterogeneity between individuals but segregating the data according to quartiles of baseline 

IA-2A level shows wax-waning patterns occurred in all quartiles of baseline IA-2A level (Q1: 

n=6; Q2: n=10; Q3: 6; Q4: n=4) but was rarer than GADA responses (Figure D:9).  
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Figure D:9 – Fold-change in IA-2A level corrected to the RIA positivity threshold over longitudinal 

follow-up (waxing-waning patterns) 

Plots of the fold-change in IA-2A level compared to the RIA positivity threshold organised by quartile of baseline 

GADA level. Fold-change was calculated using the formula [(sample value – RIA threshold) ÷ RIA threshold]. 
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D.4.3. Testing for Gaussian Distribution 
 

 
 

Figure D:10 – QQ plots using raw autoantibody data to test for Gaussian distribution 

QQ plots using the raw longitudinal autoantibody data to test for normality. A Gaussian distribution would form 

a straight line where X=Y (red dashed line). The blue dotted line denotes positivity thresholds for the respective 

autoantibody by radioimmunoassay. D'Agostino-Pearson normality omnibus K2 test provides strong evidence 

that longitudinal autoantibody data were not sampled from a Gaussian population, as expected (p<0.0001). 
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D.4.4. Descriptive statistics of mean autoantibody titres over longitudinal follow-

up 
 

 

Table D:8 – Descriptive statistics of GADA titres over longitudinal follow-up 

SEM: standard error of the mean; SD: standard deviation; CV: coefficient of variation (%); IQR: interquartile 

ranges; DK: Diabetic Kidney. 

 

Table D:9 – Descriptive statistics of IA-2A titres over longitudinal follow-up 

SEM: standard error of the mean; SD: standard deviation; CV: coefficient of variation (%); IQR: interquartile 

ranges; DK: Diabetic Kidney. 

Descriptive 

Statistic 

Longitudinal ZnT8A Levels (AU) 

-1-2 years 

n=395 

2-5 years 

n=265 

5-10 years 

n=149 

10-15 years 

n=38 

15-32 years 

n=77 

Mean  

(SEM) 
52.9 

 (2.7) 

14.8  

(1.9) 

10.7 

(1.6) 

8.2  

(2.5) 

1.5  

(0.3) 

SD 54.3 30.2 19.4 15.4 2.6 

CV% 102.6 203.7 182.1 187.6 178.0 

Median  

(IQR) 
33.4 

(7.6, 84.7) 

2.9 

(0.9, 12.8) 

2.1 

(1.0, 9.0) 

1.2 

(0.80, 5.4) 

0.7 

(0.5, 1.2) 

Range 1.8-266.3 0.2-231.6 0.29-84.9 0.0-77.0 0.2-15.9 

Missing values (n) 0 130 246 357 318 

 

Table D:10 – Descriptive statistics of ZnT8A titres over longitudinal follow-up 

SEM: standard error of the mean; SD: standard deviation; CV: coefficient of variation (%); IQR: interquartile 

ranges; AU: Arbitrary units.  

Descriptive 

Statistic 

Longitudinal GADA Levels (DK units/ml) 

-1-2 years 

n=487 

2-5 years 

n=346 

5-10 years 

n=251 

10-15 years 

n=97 

15-32 years 

n=112 

Mean 

(SEM) 
323.9  

(14.6) 

196.5  

(14.7) 

150.8  

(16.5) 

142.7  

(28.9) 

126.1  

(22.4) 

SD 321.7 274.0 261.5 284.4 236.6 

CV% 99.3 139.5 173.4 199.2 187.7 

Median  

(IQR) 
181.6 

(63.8, 547.8) 

63.9 

(20.4, 251.3) 

33.1 

(11.2, 150.0) 

36.5 

(14.8, 107.5) 

15.5 

(0.1, 93.2) 

Range 13.5-148 0.0-1325 0.0-1415 0.0-1463 0.0-987.3 

Missing values (n) 0 141 236 390 375 

Descriptive 

Statistic 

Longitudinal IA-2A Levels (DK units/ml) 

-1-2 years 

n=452 

2-5 years 

n=311 

5-10 years 

n=246 

10-15 years 

n=89 

15-32 years 

n=108 

Mean  

(SEM) 
231.0 

(6.7) 

100.9 

(6.1) 

59.0 

(5.4) 

35.0 

(5.6) 

26.5 

(5.7) 

SD 141.9 107.7 84.5 53.2 59.7 

CV% 61.4 106.7 143.3 151.9 225.6 

Median 

 (IQR) 
269.8 

(100.1, 354.5) 

61.4 

(11.8, 171.6) 

23.1 

(1.9, 82.0) 

15.75 

(2.7, 313.8) 

3.765 

(0.0, 296.5) 

Range 1.429-541.2 0.0-480.0 0.0-427.9 0.0-313.8 0.0-296.5 

Missing values (n) 0 141 206 363 344 
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D.4.4.1. Mean Differences in autoantibody titre between groups of 

longitudinal follow-up 
 

 

 
 

Figure D:11 – Mean differences in GADA, IA-2A, & ZnT8A level between all combinations of 

longitudinal follow-up 

Red error bars denote respective median units and interquartile ranges. The blue dashed line indicates zero mean 

difference in the respective autoantibody titre. Pairwise combination numbers in red indicate significant mean 

differences in autoantibody titre between the longitudinal follow-up groups (p<0.05-0.0001 with Tukey’s multiple 

comparisons test).  
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D.5. Non-genetic associations of longitudinal loss at final follow-up 
 

D.5.1. Longitudinal autoantibody positivity & titre by quartile of autoantibody 

titre present at T1D onset 

The longitudinal prevalence of autoantibody positivity was investigated by quartile of 

autoantibody titre at T1D onset to ascertain whether the effect of autoantibody titre at T1D 

onset on autoantibody loss at final follow-up could have been influenced by the degree of bias 

in available serum samples and/or missing data points when considered in a multivariate 

logistic regression model. Interrogating the data in this way confirmed that the number of 

available/missing serum samples across all autoantibody titres in all autoantibody responses 

was comparable (Table D:11, Table D:12, and Table D:13 for GADA, IA-2A, and ZnT8A, 

respectively). 
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Table D:11 – Longitudinal GADA positivity & titre by autoantibody quartile at T1D onset  

Categorisation of longitudinal GADA responses by the quartile of GADA level present at onset. Proportions of individuals positive (%) in available longitudinal samples with 

complete GADA data (with missing data detailed across follow-up).  Median and interquartile ranges (IQRs) and range of GADA levels are detailed to demonstrate variation 

within each quartile of GADA levels. As expected from the multivariate logistic regression modelling, a higher proportion of individuals remain positive over longitudinal 

follow-up if high levels (higher quartiles) were present at T1D onset (p<0.0001).  

 

Descriptive 

Statistic 

AutoAb 

Quartile 

at onset 

Longitudinal GADA Prevalence & Titre (DK units/ml) 

-1-2 years 2-5 years 5-10 years 10-15 years 15-32 years 

Percent 

Positive/Percent 

Negative 

Q1 100/0 48/52 40/60 56/44 27/73 

Q2 100/0 88/12 72/28 68/32 25/75 

Q3 100/0 98/2 92/8 96/4 64/36 

Q4 100/0 99/1 90/10 95/5 86/14 

Median 

(IQR) 

Q1 34.6 (22.2, 49.3) 13.0 (5.9, 25.4) 10.4 (4.5, 21.2) 18.1 (5.7, 29.1) 3.1 (0.0, 18.8) 

Q2 99.6 (77.2, 128.3) 44.0 (22.0, 70.4) 23.9 (10.9, 42.0) 22.4 (10.2, 63.1) 0.0 (0.0, 13.6) 

Q3: 336.4 (247.1, 449.2) 138.0 (72.0, 253.9) 73.9 (36.1, 159.0) 71.8 (30.7, 136.7) 18.6 (6.9, 82.7) 

Q4: 771.2 (650.0, 908.8) 562.0 (313.7, 814.4) 297.0 (78.9, 695.6) 154.3 (76.8, 823.0) 95.5 (0.0, 589.9) 

Range 

Q1 13.5-63.9 0.0-1250.0 0.0-504.0 0.0-124.0 0.0-540.2 

Q2 65.1-177.8 3.3-296.1 0.0-852.1 1.6-661.8 0.0-126.7 

Q3 181.6-544.4 0.0-999.3 0.0-556.9 10.6-1078.0 0.0-987.3 

Q4 547.8-1492 4.9-1325.0 0.0-1415.0 1.6-1462 0.0-883.9 

Total available 

samples/number 

of missing 

values 

Q1 123/0 91/32 72/51 27/96 22/101 

Q2 120/0 89/31 57/63 25/95 28/92 

Q3 122/0 90/32 63/59 25/97 33/89 

Q4 122/0 76/47 59/63 20/102 29/93 
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Table D:12 – Longitudinal IA-2A positivity & level by autoantibody quartile at T1D onset 

Categorisation of longitudinal IA-2A responses by the quartile of IA-2A level present at onset. Proportions of individuals positive (%) in available longitudinal samples with 

complete IA-2A data (with missing data detailed across follow-up).  Median and interquartile ranges (IQRs) and range of IA-2A levels are detailed to demonstrate variation 

within each quartile of IA-2A level. As expected from the multivariate logistic regression modelling, a higher proportion of individuals remain positive over longitudinal follow-

up if high levels (higher quartiles) were present at T1D onset (p<0.0001). 

Descriptive 

Statistic 

AutoAb 

Quartile 

at onset 

Longitudinal IA-2A Prevalence & Titre (DK units/ml) 

-1-2 years 2-5 years 5-10 years 10-15 years 15-32 years 

Percent 

Positive/Percent 

Negative 

Q1 100/0 55/45 33/67 25/75 8/92 

Q2 100/0 96/4 83/17 84/16 50/50 

Q3 100/0 99/1 99/1 100/0 91/9 

Q4 100/0 99/1 97/3 100/0 86/14 

Median 

(IQR) 

Q1 16.0 (4.8, 46.0) 1.6 (0.2, 10.2) 0.4 (0.0, 2.0) 0.4 (0.0, 1.9) 0.0 (0.0, 0.0) 

Q2 199.2 (139.6, 233.6) 42.1 (13.8, 89.9) 16.0 (2.3, 39.8) 12.9 (3.0, 25.3) 1.2 (0.0, 4.2) 

Q3 301.9 (286.6, 330.9) 109.0 (53.5, 240.9) 58.4 (26.5, 99.5) 34.3 (8.7, 72.5) 16.1 (4.0, 71.6) 

Q4 391.8 (373.7, 410.8) 168.7 (70.2, 262.1) 74.1 (24.3, 175.6) 40.7 (21.8, 77.8) 14.7 (5.0, 29.0) 

Range 

Q1 1.4-98.5 0.0-217.2 0.0-199.7 0.0-67.2 0.0-5.0 

Q2 99.0-268.3 0.0-340.0 0.0-422.4 0.1-69.9 0.0-214.4 

Q3 268.8-354.0 0.3-480.0 0.0-427.9 2.8-219.4 0.2-296.5 

Q4 354.3-541.2 0.0-370.9 0.3-381.1 2.6-313.8 0.5-72.4 

Total available 

samples/number 

of missing 

values 

Q1 112/0 69/43 58/53 20/92 25/87 

Q2 113/0 84/29 56/47 25/88 26/87 

Q3 113/0 86/27 50/63 22/91 35/78 

Q4 114/0 72/42 72/42 22/92 22/92 



Appendix D. Characterisation of islet autoantibodies after T1D onset 

458 

 

  

Table D:13 – Longitudinal ZnT8A positivity & level by autoantibody quartile at T1D onset  

Categorisation of longitudinal ZnT8A responses by the quartile of ZnT8A level present at onset. Proportions of individuals positive (%) in available longitudinal samples with 

complete ZnT8A data (with missing data detailed across follow-up).  Median and interquartile ranges (IQRs) and range of ZnT8A levels are detailed to demonstrate variation 

within each quartile of ZnT8A level. As expected from the multivariate logistic regression modelling, a higher proportion of individuals remain positive over longitudinal 

follow-up if high levels (higher quartiles) were present at T1D onset (p<0.0001).

Descriptive 

Statistic 

AutoAb 

Quartile 

at onset 

Longitudinal ZnT8A Prevalence & Titre (AU) 

-1-2 years 2-5 years 5-10 years 10-15 years 15-32 years 

Percent 

Positive/Percent 

Negative 

Q1 100/0 14/86 12/88 0/100 5/95 

Q2 100/0 37/63 33/67 38/62 5/95 

Q3 100/0 82/18 60/40 33/67 13/87 

Q4 100/0 93/7 91/9 63/37 48/52 

Median 

(IQR) 

Q1 3.5 (2.4, 5.3) 0.9 (0.6, 1.4) 0.8 (0.6, 1.3) 0.4 (0.1, 0.7) 0.6 (0.4, 0.7) 

Q2 17.5 (11.5, 24.9) 1.2 (0.7, 4.2) 1.3 (0.7, 2.2) 1.2 (0.8, 2.9) 0.5 (0.4, 0.6) 

Q3 54.9 (42.9, 74.1) 5.3 (2.3, 14.9) 2.3 (1.2, 6.2) 1.1 (0.9, 2.3) 0.9 (0.5, 1.2) 

Q4 119.6 (103.1, 154.6) 32.9 (8.3, 71.1) 15.5 (5.0, 47.0) 12.0 (1.1, 27.1) 1.2 (0.8, 3.1) 

Range 

Q1 1.8-7.6 0.3-5.4 0.3-3.5 0.0-0.8 0.3-2.4 

Q2 7.8-32.7 0.3-15.6 0.4-9.8 0.4-4.5 0.2-1.9 

Q3 33.3-84.6 0.2-87.9 0.4-60.6 0.7-3.4 0.3-15.8 

Q4 84.7-266.3 0.8-231.6 0.9-84.9 0.6-77.0 0.3-15.9 

Total available 

samples/number 

of missing 

values 

Q1 99/0 69/30 17/82 5/94 19/80 

Q2 98/0 65/33 40/58 8/90 19/79 

Q3 99/0 71/28 47/52 9/90 16/83 

Q4 99/0 60/39 45/54 16/83 23/76 
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D.5.2. Longitudinal autoantibody prevalence & titres according to age at T1D 

onset considered by T1DE subtypes 

 
 

Figure D:12 – Longitudinal autoantibody prevalence & titres according to T1DE categories of T1D 

age at onset 

Percent positive (%) out of the number of serum samples with available autoantibody data for GADA, IA-2A, and 

ZnT8A according to T1DE age at onset (T1DE1 <7yrs; T1DE2 ≥13yrs). An age at onset ≥7yrs was associated 

with decreased risk of autoantibody loss at final follow-up for all autoantibody responses (p=0.004-0.011), which 

was comparable to when age at onset was considered as quartiles. There was a higher proportion of subjects with 

the highest two quartiles of GADA and IA-2A titres at onset in T1DE2 subjects compared with T1DE1 subjects 

(p=0.010 and p=0.043, respectively). However, no difference in the quartile of ZnT8A titre at onset was observed 

between the two T1DEs. 
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Appendix E. Development of Nluc-ZnT8 LIPS for ZnT8A 

detection 
 

E.1. Autoantibody detection in matched serum & EDTA-preserved 

plasma samples 
 

 

Autoantibody RIA 

(n positive out of 27) 

Median 

autoantibody units 

in serum 

(range) 

Median 

autoantibody units 

in plasma 

(range) 

Change in autoantibody 

positivity or level 

GADA 

(6) 

129.6 

(36.6-493.8) 

151.7 

(39.7–456.1) 
Little change 

IA-2A 

(4) 

18.4 

(4.6–161.3) 

14.5 

(3.7-186.0) 
Little change 

IAA 

(12) 

45.1 

(0.8-104.5) 

44.1 

(0.7-135.4) 
Little change 

ZnT8RA 

(3) 

4.8 

(2.6–18.8) 

1.8 

(1.2–4.1) 

Reduction in ZnT8RA 

binding & positivity. 

ZnT8WA 

(2) 

32.1 

(4.5–59.7) 

14.1 

(2.3–26.0) 

Reduction in ZnT8WA 

binding but not 

positivity. 

 

Table E:1 – Autoantibody positivity in anonymised matched serum & plasma samples 

Units derived from logarithmic standard curves by RIA are expressed in Diabetes Kidney (DK) units/ml for 

GADA and IA-2A and arbitrary units (AU) for IAA, ZnT8RA and ZnT8WA. Out of a total of 27 anonymised 

individuals that had matched serum and plasma samples, 7 were positive for ≥2 autoantibodies, and 4 were single 

autoantibody positive; 6 were positive for GADA, 4 were positive for IA-2A, and 3 were positive for ZnT8RA 

and/or ZnT8WA. It is not known whether the IAA detected is directed to endogenous or exogenous insulin and, 

therefore, cannot be considered as true positives. 
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E.2. Nluc-ZnT8 LIPS optimisation 
 

E.2.1. Glycine-blocked PAS immunoprecipitate 

To investigate whether glycine-blocked (GB)-PAS immunoprecipitate would increase assay 

sensitivity and specificity, the same concentration was added (6.25µl/well) and incubated for 

2.5 hours at room temperature with 4M/25µl LU of Nluc-R+W-ZnT8 dual heterodimer antigen. 

It was of interest that GB-PAS may reduce non-specific ZnT8A binding in negative controls 

with greater discrimination from low ZnT8A positive patients. Therefore, samples from the 

main optimisation sample set and IASP2016 workshop with good volume and low ZnT8A level 

(<15 AU by monomeric ZnT8RA/ZnT8WA RIAs) were selected:  

 

• 4 Internal ZnT8 RIA standards 

• 6 Internal ZnT8 RIA controls (5 positive and 1 negative) 

• 2 T1D patients (<15AU in ZnT8RA/ZnT8WA RIAs) 

• 1 Anonymised healthy negative control 

• 9 Samples from the IASP2016 workshop 

o 7 New-onset T1D patients (<15AU in ZnT8RA/ZnT8Wa RIAs) 

o 2 Negative controls 

 

 

There was no difference in either the median LU or SNR acquired utilising unblocked PAS 

(standard) and GB-PAS (p>0.05): median SNR of standard PAS 6.6 (range 0.3-73.2); median 

SNR of GB-PAS 6.3 (range 0.3-46.7)]. However, it is worth noting that the SNR of the highest 

internal standard was much lower in GB-PAS (46.7) than standard PAS (73.2), but all other 

samples were comparable (Figure E:1). 

 

  



Appendix E. Development of Nluc-ZnT8 LIPS for ZnT8A detection 

462 

 

 
Figure E:1 – Nluc-ZnT8 LIPS Optimisation: Glycine-blocked PAS (GB-PGS) immunoprecipitate 

(SNR) 

A plot of signal to noise ratio (SNR) comparing standard PAS and glycine-blocked (GB)-PAS at a volume of 

6.25µl/well. Both immunoprecipitates were incubated with 4M/25µl of Nluc-R+W-ZnT8 dual heterodimer 

antigen construct for 2.5 hours at RT. Red bars denote the median and interquartile ranges. NS: Not significant 

by pairwise Wilcoxon signed-rank test. 

 

Experimental conclusion: Using GB-PAS did not offer any significant improvement in 

ZnT8A binding or assay background over PAS when incubated at the same volume and 

concentration (6.25µl/50µl per well). Therefore, it was not implemented.  
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E.2.2. Expression & preparation of the Nluc-tagged ZnT8 antigen construct 
 

E.2.2.1. Purification of the Nluc-tagged ZnT8 antigen construct with ZnCl2 

As ZnCl2 is corrosive, hazardous to aquatic life, and is an irritant, careful consideration of the 

maximum concentration appropriate for a routine assay was important. A study of zinc 

supplementation on the function of rat INS-1E cells (that show β-cell-like activity) indicated 

that 1mM ZnCl2 caused a 52% reduction in cell viability compared to only 17% at 0.4mM 

(555). Another study observed an increase in ZnT8 expression in the β-cell line EndoC-βH1 

(comparable stimulation and functionality to human β-cells (556)) when dosed with 600µM 

extracellular zinc peaked at 10µM (557). Therefore, to investigate the effect of ZnCl2 on 

ZnT8A binding to the Nluc-R+W-ZnT8 dual heterodimer construct in the LIPS assay, 1mM 

was chosen as the maximum concentration, and 0.1mM was chosen as the lower concentration 

for practical ease.  

The Nluc-R+W-ZnT8 dual heterodimer construct was expressed according to the optimised 

Nluc-GAD65 LIPS protocol (Table 4:5) but was purified through a NAP5TM desalting column 

(GE Healthcare) in TBST-0.5% buffer containing 0.1% BSA (v/v) and either 0mM, 0.1mM 

(v/v), or 1mM (v/v) ZnCl2 (Sigma). The remainder of the optimised Nluc-ZnT8 LIPS protocol 

was followed. This assay used samples from the main optimisation sample set: 

 

• 4 Internal ZnT8 RIA standards 

• 6 Internal ZnT8 RIA controls (5 positive and 1 negative) 

• 9 T1D patients 

• 5 Healthy negative controls 
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The median SNR [8.9 (range 0.4-78.0); p=0.044] of the Nluc-R+W-ZnT8 dual heterodimer 

construct purified with 0.1mM was slightly increased when independently ranked and 

compared with, the absence of ZnCl2 [median SNR 8.4 (range 0.4-74.7)]. The marginally 

beneficial effect of ZnCl2 was not replicated at a concentration of 1mM [median SNR 7.6 

(range 0.4-81.3); p>0.05] (Figure E:2).  

 

 

 

 
Figure E:2 – Nluc-ZnT8 LIPS Optimisation: Purification of Nluc-R+W-ZnT8 dual heterodimer 

construct with ZnCl2 (SNR) 

A plot of signal to noise ratio (SNR) from investigating the Nluc-R+W-ZnT8 dual heterodimer construct purified 

with buffers containing 0mM (standard protocol), 0.1mM (v/v), or 1mM (v/v) ZnCl2. The remainder of the 

optimised Nluc-ZnT8 LIPS protocol was followed. Red bars denote median and interquartile ranges. NS: Not 

Significant less than alpha value 0.05; *p<0.05; **p<0.01 by pairwise Wilcoxon signed-rank tests.  
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Experimental Conclusion: Despite some evidence to suggest that the presence of 0.1mM 

ZnCl2 may benefit ZnT8A binding in some T1D patients and internal standards/controls, the 

assay background of the negative controls was virtually unchanged, and therefore, there was 

little to no benefit to lowering the assay background. When accounting for assay background 

using SNR, the benefit of 0.1mM ZnCl2 was weak, close to the alpha value (p=0.044). 

Therefore, the presence of ZnCl2 does not strongly improve assay performance. To maintain 

assay harmonisation within the department and with international collaborators conducting 

LIPS assays for other T1D autoantibodies, the presence of ZnCl2 during Nluc-antigen 

purification was excluded.  
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E.2.2.2. Quantity of 1mM methionine in Nluc-ZnT8 expression reaction 

mix 

To investigate whether the volume of 1mM methionine (minimum 2µl; maximum 5µl) and the 

reduction of nuclease free water (7µl/4µl) present in the 50µl Nluc expression reaction mix 

with 1mg of Nluc-R+W-ZnT8 dual heterodimer antigen would increase ZnT8A binding and/or 

lower assay backgrounds, the 0.45µM preparation protocol at 4M/25µl LU was tested across 

two independent assays. The assays included the full set of internal ZnT8 RIA standards (n=8) 

for AU determination and samples from the main optimisation sample set: 

  

• 8 Internal ZnT8 RIA standards 

• 6 Internal ZnT8 RIA controls 

• 6 T1D patients 

• 2 Healthy negative controls 

 

 

The median LU [6.15x105 (range 1.41x104-2.35x106)] and median SNR [27.23 (range 0.62-

103.3)] of the Nluc-R+W-ZnT8 dual heterodimer expressed with 5µl (maximum) 1mM 

methionine was slightly increased when independently ranked and compared with 2µl 

(minimum) 1mM methionine (standard protocol) [median LU 5.22x105 (range 1.63x104-

2.16x106); median SNR 20.73 (range 0.65-85.95), both p<0.0001] (SNR presented in Figure 

E:3A). Whilst increasing the volume of 1mM methionine may offer an improvement on assay 

sensitivity and specificity according to raw data, the logarithmic fit and rank of AUs derived 

are highly comparable [2µl 1mM methionine median AU 9.91 (range 0.06-79.73); 5µl 1mM 

methionine median AU 11.20 (range 0.04-82.51)] (Figure E:3B).  
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Figure E:3 – Nluc-ZnT8 LIPS Optimisation: Volume of 1mM methionine in Nluc-ZnT8 expression 

reaction mix (SNR/AU) 

Plots of signal to noise ratio (SNR; A) and arbitrary units (AU; B) comparing the standard 2µl 1mM methionine 

with 5µl 1mM methionine in the Nluc-ZnT8 expression reaction mix that also contains 1mg of Nluc-R+W-ZnT8 

dual heterodimer (1µl*) pCMVTnT plasmid, 40µl of the SP6 master mix (Promega) and nuclease-free water to 

make up to a 50µl total volume (7µl/4µl*). Following Nluc expression, the Nluc-R+W-ZnT8 dual heterodimer 

construct was prepared for a LIPS assay following the 0.45µM filter unit preparation protocol at a concentration 

of 4M/25µl LU. Each data point represents four replicates from two independent experiments. Red bars denote 

the median and interquartile ranges. NS: Not Significant less than alpha value 0.05; ****p<0.0001 by pairwise 

Wilcoxon signed-rank test. *Volumes of Nluc pCMvTnT plasmid and nuclease-free water are dependent on the 

PCMvTnT plasmid concentration; volumes of pCMvTnT plasmid range from 1-5µl and nuclease-free water range 

from 0-7µl. Therefore, 2µl and 5µl 1mM methionine represent the minimum and maximum quantities that can be 

present. 
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Experimental conclusion: Increasing the quantity of 1mM methionine and decreasing 

nuclease-free water in the Nluc-ZnT8 expression reaction mix may improve LU/SNR but does 

not greatly influence the AUs derived. Therefore, it is unlikely that the presence of methionine 

is a rate-limiting reagent to Nluc-R+W-ZnT8 dual heterodimer antigen expression, but if the 

concentration of the plasmid permits a higher volume of methionine and a lower volume of 

nuclease-free water, then this may be preferable.
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E.2.3. Detection of luminescence 

E.2.3.1. Intra-assay & Inter-assay variation of the internal logarithmic standard curve according to substrate 

incubation length in Nluc-ZnT8 LIPS 
 

 

Table E:2 – Nluc-ZnT8 LIPS Optimisation: Intra-assay & inter-assay variability of the logarithmic standard curve according to substrate incubation 

length 

a Calculated from two duplicates b calculated from four replicates across two experiments using the formula [100 × (standard deviation ÷ mean LU)].

Parameter 
Standard 

Number 

5 second incubation 15-minute incubation 60-minute incubation 

Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2 

Experiment 1 

Curve Fit 
8 

R2 = 0.93 

Equation: 

y = 2.4186ln(x) 

- 28.662 

R2 = 0.94 

Equation: 

y = 2.3456ln(x) 

- 28.016 

R2 = 0.96 

Equation: 

y =2.5089ln(x) 

- 30.422 

R2 = 0.95 

Equation: 

y = 2.3673ln(x) 

- 28.575 

R2 =0.96 

Equation:  

y = 2.5271ln(x) 

- 30.341 

R2 =0.96 

Equation:  

y = 2.3753ln(x) 

- 28.791 

Intra-assay LU 

Variation for 

each Internal 

ZnT8 RIA 

Standard 

CV (%)a 

1 

2 

3 

4 

5 

6 

7 

8 

5.36 

3.57 

2.47 

9.55 

9.72 

0.87 

4.75 

1.31 

2.54 

2.53 

2.70 

3.99 

10.67 

9.13 

13.94 

3.98 

2.93 

1.80 

1.58 

7.06 

12.63 

4.89 

12.60 

2.32 

7.39 

1.32 

0.11 

4.10 

16.18 

4.26 

15.15 

2.81 

3.39 

1.16 

1.77 

7.24 

12.90 

4.61 

13.40 

2.88 

3.12 

2.84 

1.27 

3.28 

15.83 

3.33 

13.76 

2.21 

Inter-assay LU 

Variation for 

each Internal 

ZnT8 RIA 

Standard 

CV (%)b 

1 

2 

3 

4 

5 

6 

7 

8 

10.90 

14.21 

4.74 

11.76 

10.31 

7.35 

16.26 

2.49 

4.67 

4.70 

3.99 

7.25 

13.51 

4.08 

11.45 

5.75 

15.39 

16.10 

14.15 

14.71 

18.04 

5.26 

15.24 

5.71 
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