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Abstract

Type 1 diabetes (T1D) is a chronic autoimmune disease. Both genetic and environmental risk
factors contribute to its development. The incidence of the condition is increasing at a rate of
3% per year in most westernised populations. Counterintuitively, while the incidence has
been increasing, the proportions of individuals positive for high-risk Human leucocyte antigen
(HLA) class 1l genes have been decreasing. This might suggest an environmental impact on
changing incidence. It is, however, unknown whether this change has continued into the 21t
century. In addition, a panel of non-HLA genes also contribute to the risk of T1D, but their
frequencies over time have not been monitored. The aim of this study is to explore 1) whether
HLA class Il frequency continues to change over time, 2) the changes in non-HLA SNP
frequencies over time and 3) whether a report of non-HLA SNPs associated with the
development of islet autoimmunity, but not diabetes, can be replicated in this study and if
the dynamics over time have changed for these SNPs

Methods

Two populations were available for this study, individuals with diabetes participating in the
long-running Bart’s Oxford study (BOX) recruiting since 1985 and the “Golden Years” cohort
(GY) diagnosed between 1922 and 1948. HLA class Il genotyping was carried out using well-
established PCR-SSP. Non-HLA SNPs associated with T1D were analysed using Tagman
genotyping. Autoantibodies to glutamic acid decarboxylase (GAD), insulin, insulinoma-
associated protein-2 (IA-2), IA-2B and Zinc transporter 8 (ZnT8) were measured using radio-
binding assays. Descriptive statistics and chi-square for trend were used to analyse changes
to genotype frequency over time while chi-square analysis and logistic regression were used
to test for associations between the SNPs and islet autoantibodies.

Results

HLA class Il data from 1737 cases diagnosed with diabetes under the age of 21 years between
1985 and 2015 were analysed, and results do not support a change in HLA class Il frequency
over this time span. Genotyping of 19 non-HLA T1D associated SNPs in DNA samples from
1992 BOX and 285 GY participants did not provide evidence for changes in frequency over
time. Serum collected a median of one day from diagnosis (range -61 to 90 days) was available
from 550 people with diabetes (median age at diagnosis 10.9, range 0.7 to 21 years)
participating in the BOX study. ZnT8A, IA-2A and IA-2BA were more common (p<0.001) in
newly-diagnosed patients homozygous for FCRL3 rs3761959 CC, compared with other
genotypes. Furthermore, all 20 individuals homozygous for the disease-associated allele of
RELA had GAD autoantibodies, compared with 79% of those without this allele (p=0.055).
Logistic regression showed that FCRL3 was associated with IA-2A, ZnT8A, and IA-2BA (p<0.002
for all), independently of age at diagnosis, sex, and HLA class Il genotype. In addition to FCRL3
and RELA, the LPP GG genotype had the highest association with GADA positivity (p=0.018)
and positive association with I1A-2BA (p=0.036), independent of age at diagnosis, sex, and HLA
class Il genotypes.



Conclusion

This study has shown for the first time that the well-documented change in HLA class Il
frequency over time is specific for HLA class Il and not shared by non-HLA loci associated with
T1D. There is no evidence that HLA class Il frequency is continuing to decrease in the twenty-
first century, but a larger study incorporating data from other long-term longitudinal studies
would be beneficial. Associations of three non-HLA SNPs with islet autoimmunity was
confirmed in this study.
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1.1 Definition of Diabetes

Diabetes mellitus (DM) is a chronic metabolic disorder that is defined according to the
World Health Organization (WHO) as “a condition primarily defined by the level of
hyperglycaemia giving rise to risk of microvascular damage (retinopathy, nephropathy and
neuropathy)”. DM is characterised by elevated plasma glucose levels due to abnormalities in
insulin production, secretion, and function (American Diabetes, 2014).

Diabetes is diagnosed when a fasting plasma glucose level is > 7mmol/L (126mg/dl) or a
venous plasma glucose level is 2 11.1 mmol/L (200mg/dl), or the glycated haemoglobin
reading (HbAlc) is 2 6.5% (World Health Association (WHO), 2016).

Diabetes is a progressive disease, and one of the major causes of morbidity and mortality
worldwide. Globally, diabetes contributed to the deaths of 3.7 million people in 2012 alone,
around half of which were due to poorly controlled blood glucose. Furthermore, diabetes
caused premature deaths of approximately 1.6 million people who died under the age of 70.
It has been estimated that 171 million people in the world had diabetes in the year 2000, a
figure that is predicted to increase to 366 million by 2030 (Wild et al., 2004; WHO, 2016). In
the UK, one in fifteen people is living with diabetes. In 2019, it was reported that 3.8 million
people were diagnosed with diabetes, compared to 1.4 million in 1996 (Diabetes UK report,
2019).

Regarding complications, diabetes results in microvascular, macrovascular, and nerve
damage if the glucose level is not tightly controlled. This means that diabetics are at a high
risk of cardiovascular and cerebrovascular events, blindness, renal failure, and amputations.
Individuals with type one diabetes have between a 3.5-fold and a 4.5-fold higher risk of a

cerebrovascular and a cardiovascular event than people without diabetes (Diabetes UK
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report, 2019). Diabetes is regarded as one of the main causes of preventable visual
impairment and blindness (Kohner et al., 1996). It is estimated that after twenty years of living
with diabetes, the majority will develop retinopathies. When it comes to the effect of diabetes
on the kidneys, people living with diabetes are at a higher risk of renal dysfunction than the
general population; one in five will have some form of renal dialysis or transplant during their
lifetime. As for neuropathic sequelae, it is estimated that 24 amputations per day result from
feet neuropathy and ulceration (Holman et al., 2012; Diabetes UK report, 2019).

DM is clinically divided into a number of types depending on diagnostic criteria, aetiology and
genetics (Kharroubi and Darwish, 2015). The most frequent forms of DM are type 2 diabetes
(T2D) which accounts for about 90% of patients diagnosed with diabetes (Diabetes UK report,
2019) and type 1 diabetes (T1D) which represents approximately 8-9%, while the remaining
1-2% consists of other forms of diabetes (Maahs et al., 2010; Diabetes UK report, 2019). In an
attempt to achieve tailored management for diabetics to minimise complications, Ahlgvist et
al. (2018) investigated the classification of diabetes (Ahlqvist et al., 2018). They identified five
diabetes subgroups that were significantly different in terms of genetics, disease progression
and risk of complications, where the insulin-deficient group of patients was at the highest risk
of developing retinopathy whereas the insulin-resistant group had the highest risk of
nephropathy, although this remains to be replicated and widely adopted.

Around 36,000 children and young people under the age of 19 have diabetes in the UK.
Approximately 90% have T1D, followed by early-onset T2D, Maturity Onset Diabetes of the
Young (MODY), and other rarer forms of diabetes. Annually, more than 3000 children
between the ages of ten and fourteen are diagnosed with diabetes (Diabetes UK report,

2019).
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In addition to its impact on health, diabetes has an economic impact as well. Currently,
diabetes costs the NHS £315 every second. This translates to £10 billion per year or ten per

cent of the NHS total budget (Hex et al., 2012).

1.2 Epidemiology of T1D

Epidemiologically, the prevalence of T1D was reported to roughly follow a north-south
gradient globally (Onkamo et al., 1999). Countries at higher latitudes and with limited hours
of sunlight had higher incidence rates of T1D, as in Finland that accounted for the highest
incidence of 57.6/100 000/year (Patterson et al., 2009) compared with countries of much

lower incidences such as Japan 1.6/100 000/year and China

0.1/100 000/year (Kawasaki and Eguchi 2004; Soltesz et al., 2007; Islam et al., 2014; Chen et
al., 2017). A map of the global incidence of T1D in children under the age of 15 years is shown

in Figure 1.1.
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Figure 1.1: Global incidence and prevalence of T1D in children under the age of 15: This figure
of the global incidence and prevalence of type 1 diabetes is presented with permission from
the authors (Katsarou et al., 2017). Incidence data of T1D in children are colour-coded; maroon
red for highest (>25 per 100,000 per year); blue for lowest (<2 per 100,000 per year); grey for
unknown. Data from the International Diabetes Federation (http://www.diabetesatlas.org/
across-the-globe.html).

A seasonal variation in developing T1D has been observed as those born in Spring were more

likely to have T1D (Kahn et al., 2009); this may reflect environmental effects.

Although it can happen at any age, T1D is considered the commonest form of diabetes in
childhood worldwide. The condition is most often diagnosed in children and adults under the
age of thirty years with a peak age of diagnosis of 9-14 years (Diabetes UK report, 2019).
During recent decades, an annual increase of 3-5% (Onkamo et al., 1999) in the incidence of
T1D has been observed. There appears to be a left shift in the age at-diagnosis over time with
an increasing number of children under the age of five (Harjutsalo et al.,, 2008) being

diagnosed mainly in westernised countries (Gale, 2002; Pundziute-Lycka et al., 2002). There
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are suggestions that this may have started to plateau more recently in Norway, Finland,
Sweden, and the UK; however, the overall trend is that of a 3% annual rise in T1D cases
(Harjutsalo et al., 2013; Skrivarhaug et al., 2014; Patterson et al., 2019). T1D tends to affect
males more than females in comparison with other autoimmune diseases where there is

usually a female preponderance (Gale and Gillespie, 2001; Ostman et al., 2008).

1.3 The pathogenesis of T1D: islet autoimmunity

Immune tolerance: Positive and negative selection of T-cells in the thymus

Type 1 diabetes is recognised as a failure of self-tolerance to islet antigens. The immune
system has highly regulated pathways to recognise self-peptides including islet peptides.
Immature T-cells (thymocytes) are produced in the bone marrow. On relocation to the thymus
and rearrangement of the T-cell-receptor (TCR) genes, the immature thymocyte expresses
CD4 and CD8. These cells are first subjected to positive selection. Cells where the T-cell
receptor can bind with reasonable affinity to either class | or class Il Major histocompatibility
(MHC) molecules survive this selection; the remainder undergo apoptosis and die. The
MHC/HLA molecules are effectively the plate that serve up peptides to the immune system.
The role of the positive selection step is to prevent the production of T cells that will not bind

to any MHC complex present, regardless of the peptide bound.

Cells surviving positive selection are subjected to a second step, negative selection. Here, T
cells that bind with high affinity to MHC (HLA in humans) complexes bound to self-peptides
expressed on the surfaces of antigen-presenting cells in the thymus undergo apoptosis or are

otherwise suppressed. Those that do not bind with avidity to the HLA complex complete
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development and become mature cytotoxic T cells which express only CD8 or helper T cells
which express only CD4. The negative selection step leads to self tolerance; cells that bind an
MHC-self-peptide complex are removed from the T-cell population. The HLA is introduced in

more detail in section 1.7.2.

Immune tolerance: B cells

Similar mechanisms apply to developing B cells, suppressing B cells that express antibodies
that interact strongly with self-antigens. B-cell development is tightly regulated, including the
induction of B-cell memory and antibody-secreting plasmablasts and plasma cells. Immune
tolerance breach is signalled by islet autoantigen-specific B lymphocytes. T-B lymphocyte
interactions that lead to expansion of pathogenic T cells underlie T1D development.
Infiltration of the pancreatic islets by CD45*cells and cytotoxic T-cells signifies insulitis-
inflammation of the pancreatic islets- which is a hallmark in T1D pathogenesis as shown in

Figure 1.2 (Ye et al., 2014).

The timing and the exact mechanism that initiates the process of autoimmunity is still poorly
understood. T1D is a multifactorial condition where islet autoimmunity is precipitated in
individuals above a certain threshold of exposure to risk gene combinations and
environmental factors, in addition to epigenetic mechanisms, and their combined impact on
the immune system to trigger islet autoimmunity and the subsequent development of T1D
(Cudworth et al., 1979; Tuomilehto-Wolf and Tuomilehto, 1991; Dahlquist and Mustonen,
1994; Todd, 2010). While the genes underlying genetic susceptibility for type 1 diabetes are
increasingly well understood, the environmental factors have remained elusive (Sheehan et

al., 2020). After the initial trigger, the autoimmune response occurs but progression rates
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until the symptoms of T1D become clinically established are variable (Gardner et al., 1999;

Long et al., 2018).

Figure 1.2: Immunohistochemistry of a pancreatic islet in type 1 diabetes: Insulitis in a section
of the pancreatic islets of Langerhans in T1D. The infiltrating CD45+ leucocytes (red) target
the islets that are positive for insulin (green) (Ye et al., 2014).

When approximately 70% (Butler et al., 2007) of functioning beta cells are lost through
targeted killing of beta cells as shown in Figure 1.2, insulin levels are gradually reduced until
insulin deficiency ensues as described in the Eisenbarth model (Eisenbarth, 1986) which has
been updated by others (Insel and Dunne, 2016) and is shown in Figure 1.3. Lack of insulin
leads to hyperglycemia that results in classical symptoms, including polydipsia, polyuria, and
polyphagia. Only then a clinical diagnosis of T1D is made, mandating a life-long treatment

with insulin (DiMeglio et al., 2018).
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Figure 1.3: Susceptibility and progression to T1D: The combined effects of genetic
susceptibility, epigenetic, and environmental factors on triggering autoimmunity against
pancreatic beta-cells; insulitis and appearance of autoantibodies. This preludes the ongoing
destruction of functioning beta cells over a variable period of time until metabolic changes are
evident; when insulin loss becomes so extensive that endogenous insulin secretion can no

longer suppress glucose levels, resulting in the onset of clinical T1D (Adapted from Eisenbarth,
1986).

1.4 Risk factors of T1D

1.4.1 Environmental factors

To date, no single environmental factor can be confidently identified as causative in T1D. It
has been suggested that possibly a single factor or numerous elusive factors could exert

effects in a “hit and run” manner, that would cause an insult to the immune system without

leaving a trace (van Belle et al., 2011).
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1.4.1.1 Some environmental factors associated with type 1 diabetes

In search of the possible environmental triggers, studies have suggested viruses as potential
candidates. Enteroviruses (Coxsackie B virus) were investigated in animals (Coppieters et al.,
2012) and thought to contribute to T1D risk in humans (Hyoty, 2002; Stene and Rewers, 2012;
Morgan and Richardson, 2014). Krogvold et al. (2015) reported the presence of persistent low
viral RNA in pancreatic samples collected a few weeks after onset in living newly-diagnosed
T1D patients (Krogvold et al., 2015). In Philadelphia, a surge in T1D cases was observed two
years after an outbreak of Measles (Lipman et al., 2002). Exposure to congenital rubella was
thought to be related to early-onset T1D in children (Ginsberg-Fellner et al., 1985), but no
robust association was confirmed (Gale, 2008). In Finland, Ekman et al. (2019) investigated
the association of Cytomegalovirus (CMV) with T1D in the Type 1 Diabetes Prediction and

Prevention (DIPP) study group (https://clinicaltrials.gov/ct2/show/NCT03269084), where 356

children under the age of two years with high-risk HLA class Il genotypes and persistent
autoantibodies were tested for IgG antibodies specific for CMV. They found that CMV
infection in young children with persistent autoimmunity delayed the onset of clinical
diabetes (Ekman et al., 2019), a similar protective role of early CMV infection against coeliac
disease was reported (Plot et al., 2009; Jansen et al., 2016). Interestingly, children under the
age of five who had a history of upper respiratory viral infection during infancy had a greater
risk of developing T1D (Beyerlein et al., 2016). Overall, many viruses have been investigated,
but no single virus has been identified as causative of T1D (Hara et al., 2013; Rodriguez-Calvo

etal., 2016).

Diet was also investigated, including gluten (Hummel et al., 2002; Pastore et al., 2003),

vitamin D (Pani et al., 2000; Nejentsev et al., 2004), and cow’s milk intake in infancy (Dahlquist
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et al., 1990; Virtanen et al., 1998; Virtanen et al., 2000), but the overall findings are
controversial. BABYDIAB is a study which recruited newborns of parents with T1D and
followed them up for the presence of markers of islet autoimmunity including autoantibody
testing. Children were sampled at birth, then at nine months, two years, then every three
years till the age of eleven years (Hummel et al., 2004). They reported that infants younger
than three months who consumed gluten-containing food and carried high-risk HLA class |l
genotypes DR3-DQ2/DR4-DQ8, were at high risk of developing islet autoantibodies which
predict future T1D (Ziegler et al., 2003). On the other hand, in Sweden, the ABIS (All Babies in
Southeast Sweden) study which recruited newborn children from the general population and
their mothers (1997-1999), found that gluten introduction in late infancy increased the risk
of islet autoimmunity in two-and-a-half-year-old children. Additionally, ABIS investigators
observed that weaning from breast milk at or before two months of age and having cow’s
milk introduced early also preceded autoantibodies development (Ludvigsson et al., 2002;
Wahlberg et al., 2006). This was not replicated in other studies (Couper et al., 1999; Norris et
al., 2003; Ziegler et al., 2003; Virtanen et al., 2011). The DAISY (Diabetes Autoimmunity Study
in the Young) study was a birth cohort started in 1993 recruiting almost 2000 young children
who were either at risk of T1D based on population screening by HLA genotype or first-degree
relatives of T1D patients in Denver. All were followed up for a mean of four years and serially
tested for islet autoantibodies. The DAISY study reported that children younger than four
months and older than seven months when they had cereals -defined as gluten-containing
and gluten-free cereals including rice milk, were at higher risk of developing insulin

autoantibodies and subsequently at higher risk of T1D (Norris et al., 2003).

With regard to chemicals, the use of nitrosamines was linked to T1D risk (Helgason and

Jonasson, 1981). Among medications, antibiotics were of interest as their introduction and
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usage were on the rise alongside the rise in T1D incidence in the last few decades. Animal
studies on non-obese diabetic (NOD) mice and biobreeding diabetes-prone rats suggested
that antibiotics in early life protect against T1D (Brugman et al., 2006; Hansen et al., 2012).
Controversially, Candon et al. (2015) reported that male pups of NOD mice given antibiotics
from conception till 40 weeks postnatally had a higher incidence of diabetes (Candon et al.,
2015). In humans, however, that was not the case. A population of T1D Danish children (n =
1578) who were born (1997-2012) were studied to determine if antibiotics had any role in

T1D, but no link was found between the two (Mikkelsen et al., 2017).

Effects of maternal weight on T1D were also investigated (McKinney et al., 1997; Vlajinac et
al., 2006). It was reported that maternal obesity and gestational weight gain of fifteen
kilograms or higher increased the risk of developing persistent islet autoimmunity in
genetically susceptible children (Rasmussen et al., 2009). In a population-based Swedish
study, high maternal body mass index (BMI) in early pregnancy was associated with an

increased risk of T1D in children of non —diabetic parents (Hussen et al., 2015).

1.5 Hypotheses to explain environmental impacts on genetic background

Theories and models such as the hygiene hypothesis, molecular mimicry, the threshold
hypothesis, the accelerator, the overload and other hypotheses have been proposed to help
explain aspects of the pathogenesis of T1D. The hygiene hypothesis postulates under-
exposure to pathogens early in life affects the normal maturation of the immune system and
increases the risk of allergic and autoimmune diseases (Bach, 2002; Gale, 2002; Bach, 2005).

Molecular mimicry is where a structural resemblance between a pathogenic antigen and self-
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antigen causes the body to attack itself along with the pathogen (Lis et al., 2012). Both were

suggested in an attempt to understand the mechanisms of environmental impact on T1D.

The threshold hypothesis as shown in Figure 1.4 was introduced as an algorithmic explanatory
model of T1D development based on gene-environment complex interactions in relation to a
calculated disease threshold. The model was based on odds ratios of both genetic and
environmental factors plotted on a y-axis curve, where at an odds ratio of one a flat line of
risk for both genes and environment is present. On the x-axis, arrows represent additional

genetic or environmental effects (Wasserfall et al., 2011).
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Figure 1.4: The model of the “Threshold Hypothesis”: Genetic factors represented by blue and
environmental factors represented by orange colour. Odds ratios of genes and environmental
factors ranked on the y-axis. An odds ratio of 1 represents a flatline of risk below which either
extra genetic or environmental load (arrows on x-axis) is required to complement the total
environmental or genetic risk; respectively, to reach hypothesised disease threshold
(Wasserfall et al., 2011).
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The Accelerator Hypothesis was proposed to look into the effect of central obesity on
diabetes as a whole although genetic studies do not support this hypothesis, suggesting that
both T1D and T2D were essentially one disease, where T1D is an accelerated form of T2D, and
that three accelerating factors; the rate of beta-cell apoptosis (an intrinsic factor), insulin
resistance, and beta-cell autoimmunity (both are extrinsic factors), would determine the
development of either a clinical T1D or T2D “picture” based on their interactions, and the
presence or absence of autoimmunity (Wilkin, 2001; Wilkin, 2008). However, a series of
studies (Couper et al., 2009; Lamb et al., 2009; Libman et al., 2011) led to controversial results
regarding the association of weight gain, length, and growth rate (how quickly weight and
length or height gain may happen) of young children, with the risk of development of
autoimmunity. Recently, a study by Yassouridis et al. (2017) reported that in children of non-
diabetic mothers, a rapid increase in BMI potentiated the risk of developing islet

autoantibodies (Yassouridis et al., 2017).

The overload hypothesis was proposed (Dahlquist, 2006) to focus on the plausible effects of
various environmental factors —other than obesity- on overloading the pancreatic beta cells
after, rather than at initiation of autoimmunity, by increasing insulin demand and accelerating
beta-cell death and more rapid progression to clinical symptoms. Infections, major stressful
events, overfeeding and cold climate were suggested as risk factors (Hagglof et al., 1991;

Dahlquist, 2006; Islam et al., 2014).

The search for environmental determinants underlying type 1 diabetes has slowed in recent
years with the major focus being the Environmental Determinants of Diabetes in the Young
(TEDDY study) which has been designed with sufficient statistical power to identify true

effects. The study has followed from birth 8676 children with T1D risk HLA class Il DR-DQ

38



genotypes in the USA, Finland, Germany, and Sweden. To date the study has evaluated a
number of candidate environmental triggers, including diet (Beyerlein et al., 2015), infections
(Lynch et al., 2018), probiotics (Yang et al., 2017) and microbiome (Stewart et al., 2018) but
as yet many investigations have not supported the identification of individual factors leading
to an increasing number of investigators hypothesising that multiple environmental factors

work together to precipitate T1D (Rewers et al., 2018).

1.6 Clinical trials

Extensive clinical trials have been carried out and are ongoing to test therapies to slow or
prevent the development of T1D (Herold et al., 2005). Examples of these trials are The
European Nicotinamide Diabetes Intervention Trial (ENDIT) which tested nicotinamide (Gale
et al., 2004), and the Diabetes Prevention Trial — type 1 (DPT-1) which used injectable and
oral insulin (Diabetes Prevention Trial-Type 1 Diabetes Study 2002). Both groups recruited
first-degree relatives of T1D but neither proved successful. However, such trials showed the
need for international partnership as an advantage in T1D trials, giving rise to TrialNet.

TrialNet (www.diabetestrialnet.org), an international collaborative network, has emerged to

identify global networks of individuals with T1D and ‘at-risk’ relatives for inclusion in clinical
trials. TrialNet recruited first-degree relatives of T1D patients for a CTLA-4 Immunoglobulin
(Abatacept) trial (Orban et al., 2011) and an Anti-CD3 monoclonal antibody (Teplizumab)
trial that targets T-cells (Skyler, 2013). Both trials showed initial promise in preserving insulin
production in newly-diagnosed individuals. A trial targeting B-cells using Rituximab in newly-
diagnosed T1D patients, delayed the decline in insulin production by approximately eight

months (Pescovitz et al., 2014). Current plans are ongoing to use combined therapies to
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delay or prevent T1D. Recently, TrialNet reported that Teplizumab slowed down the onset
of T1D, as of seventy-six at-risk individuals recruited, 43% of those who had the medication
developed T1D compared to 72% of those who had a placebo. Moreover, the Teplizumab
group took a median of forty-eight months to progress to diabetes, while the median
duration was almost half for the placebo group to reach onset of disease (Herold et al.,
2019). Type 1 diabetes research is now entering an era of focus on combinations of
immunotherapy to test in individuals identified as “at risk” using combinations of
measurements of genetic risk and islet autoimmunity. These are described in more detail in

the next sections.

1.7 Genetics of T1D

1.7.1 Twin studies

T1D is a polygenic disease that does not follow a simple mode of inheritance. Twin studies
showed that concordance rates in monozygotic twins are around 30-50% (Olmos et al., 1988;
Kyvik et al., 1995; Hyttinen et al., 2003). In monozygotic twins younger than five, concordance
rate goes up to around 85% never reaching 100% (Redondo et al., 2008). These findings
suggest that T1D is not a result of genetics alone and that the environment has an important
role in the pathogenesis of T1D (Petersen et al., 1997). It was found that in monozygotic twin
pairs age-at-onset of T1D in one twin impacts risk in the second twin. If the first twin is
diagnosed at less than 24 years of age, the second twin has a 38% risk of developing T1D. This
risk is reduced to 6% when the first twin is diagnosed over 24 years (Redondo et al., 2008). In
families of individuals with T1D, first-degree relatives are at a higher risk of developing T1D

compared with the general population risk (0.4%) (Gillespie et al., 2002). The genetic risk is >
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1% when the mother has diabetes, rising to more than 3% when the father has diabetes, and
to 6% when the sibling has diabetes (Risch, 1987; Warram et al., 1988; Mehers and Gillespie,

2008). The reason for these differences has not yet been explained.

1.7.2 Genetic susceptibility before GWAS (Genome-Wide Association Studies)

Twin studies have shown that around half of risk associated with T1D is genetic. Before the
era of Genome-Wide Association Studies (GWAS), only six genes/gene regions were reported
to be associated with the risk of developing T1D -with the HLA region alone contributing
approximately 50% of risk, and these remain among the most closely associated with disease.
The most recent GWAS analysis, however, published in 2021 identified 152 regions of the
genome outside the HLA as associated with T1D at genomewide significance (Robertson et
al., 2021). In this introduction, only the genes associated with type 1 diabetes which have
been robustly replicated in multiple studies will be described and these will subsequently
form part of the research studies described in this thesis. Non-HLA regions will be investigated
by the most closely associated single nucleotide polymorphisms (SNPs) which have been
tested in multiple cohorts to allow comparison of data regardless of whether or not these

SNPs are potentially causal (have a direct effect on function).

There are also three genes which have been associated with islet autoimmunity but not with
clinical T1D which is intriguing. These three additional SNPs will also be described and

included in the analysis.
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HLA genes: the main genetic region associated with T1D with closest association with class II-

and to a lesser extent class |- molecules) as shown in Figure 1.5.
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Figure 1.5: The HLA region on Chromosome 6: Adapted from Gillespie, 2006. Three classes of
HLA are identified. Class | has A, B, C regions. Class Il has DR, DQ and DP regions. Class Il
encodes complement system components.

HLA class Il molecules are expressed on dendritic cells, macrophages, B lymphocytes and
thymus epithelium (professional antigen-presenting cells or APCs) and present extracellular
antigens to CD4* T-cells while class | molecules are found on nucleated cells and present
intracellular antigens to CD8* T-cells (Bakay et al., 2013). HLA are Located on the short arm of
chromosome 6 (6p21.3), and were first linked to T1D in the 1970s (Nerup et al., 1974).
Structurally, both molecules have alpha chains; however, only the alpha chain is polymorphic

in MHC class | molecule, and in addition to the alpha polypeptide chain, it has a beta-
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microglobulin chain not coded by the HLA gene region. Class Il molecules have both alpha and
beta polypeptide chains and do not have a beta-microglobulin chain as shown schematically

in Figure 1.6 (Burrows et al., 2006; Mohan and Unanue, 2012).

HLA genes are highly polymorphic conferring both susceptibility to and protection from T1D.
HLA class Il DRB1*03-DQB1*0201 (DR3-DQ2) and DRB1*04-DQB1*0302 (DR4-DQ8) are the
two main haplotypes that are associated with increased risk of T1D (Noble et al., 1996;
Hirschhorn, 2003; Larsen and Alper, 2004; Lambert et al., 2004). One or both these haplotypes
are found in approximately 90% of children diagnosed with T1D (Devendra and Eisenbarth,
2003). The genotype DR4-DQ8/DR3-DQ2 confers the highest risk for developing T1D early in
life (Caillat-Zucman et al., 1992), and around 5% of children with this genotype will develop
islet autoimmunity and T1D by the age of 15 years, compared with only 0.3% in the general
population (Nokoff et al., 2012). The haplotype DRB1*15-DQB1*0602 (DR15-DQ6) is
protective against T1D and is found in less than 1% of type 1 diabetic children and adults
compared with more than 20% of the general population (Gillespie et al., 2006; Thomas et
al., 2021); hence it decreases risk of developing type 1 diabetes. HLA risk and susceptibility

genotypes were assigned a hierarchy of risk (Lambert et al., 2004).
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Figure 1.6: Structural composition of MHC class | and class Il heterodimers: Class Il alpha and
beta chains where a2 and 82 are anchored in the cell membrance and al and 81 form the
binding groove for peptides/antigens (usually 12-20 amino acids long). Class | molecules have
a polypeptide alpha chain where a3 is anchored in the cell membrane with a beta
macroglobulin molecule. al and a2 fold to provide the binding site for peptides (usually 8-10
amino acids long but sometimes longer) (Burrows et al., 2006, Mohan and Unanue 2012).

A recent review by Dendrou and colleagues has carefully reviewed current understanding of
immune surveillance by HLA molecules and how HLA variation at the HLA region contributes
to type 1 diabetes and other autoimmune diseases. They reflect that while GWAS have
progressed data on susceptibility to and protection from disease, much remains to be
elucidated about the antigens and TCRs with the disease-associated complexes (Dendrou et

al., 2018).

With the accelerated rise in the number of T1D cases in recent decades in comparison to the
first half of the 20" century (Onkamo et al., 1999; Green et al., 2001; Gale, 2002), studies
looked into the distribution of HLA class Il genotypes in search for clues behind the reported

increased incidence. In Finland, a comparison between children diagnosed with T1D in the
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1960s and mid-1980s had different HLA patterns. Those diagnosed in the 1960s had HLA-DR3
more often than those diagnosed later at the same age (Kontiainen et al., 1988). Furthermore,
Kontiainen et al. (1988) also reported that the association of HLA class Il DR3 with class | B8
and HLA class Il DR4 with HLA class | B5 almost doubled in those diagnosed after the 1960s.
As all children were from the same population of Helsinki, questions arose regarding
environmental attribution to the increasing incidence of T1D. Later, Hermann et al. (2003)
reported that Finnish children (n=367) diagnosed with T1D between 1939 and 1965 had a
higher frequency of high-risk HLA class Il genotypes compared to those (n=736) diagnosed
between 1990 and 2001. They also observed that genotypes conferring protection against
T1D including HLA class Il DR15-DQ6 were lower in children diagnosed before 1965 (Hermann
et al., 2003). In the UK, comparing two cohorts, the Golden Years (GY) population that
represents T1D patients diagnosed between 1922 and 1948 and the Bart’s Oxford (BOX)
prospective family study recruiting T1D children diagnosed under the age of 15 years and their
families from 1985 to date, it was found that the frequency of the high-risk HLA class Il
genotypes DR3-DQ2/DR4-DQ8 was significantly decreased from 47% in the GY cohort (n=194)
to 35% in age-matched BOX participants (n=1150) diagnosed between 1985 and 2002 as
shown in Figure 1.7 (Gillespie et al., 2004). Moreover, a higher proportion of BOX participants

had intermediate-risk genotypes DR3-DQ2/X and DR4-DQ8/X.
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Figure 1.7: HLA class Il genotypes in BOX and GY: A decrease in the frequency of high-risk HLA
class Il genotypes (DR3-DQ2/DR4-DQ8) in age-matched BOX participants (pink) diagnosed
between 1895 and 2003 compared with the GY cohort (turquoise) diagnosed between 1922
and 1948. The frequency of the intermediate-risk genotypes was higher in BOX (Gillespie et
al., 2004).

These findings supported the hypothesis that increased environmental pressure contributes
to the recent increase in T1D (Hermann et al., 2003; Gillespie et al., 2004). Fourlanos et al.
(2008) studied the genetic pattern in Australian T1D patients (n=462) diagnosed under the
age of 18 years between 1950 and 2005. They found that the highest-risk DR3/DR4 genotype
decreased in frequency by 51% (p< 0.0001) over time but did not change in incidence when
analysed according to the age of onset over five decades, while lower-risk genotypes were
increasing in frequency over time, reinforcing the earlier findings in Finland and the UK
(Fourlanos et al., 2008). Additionally, they reported that recently diagnosed patients had a
lower age of onset associated with intermediate and low-risk HLA class Il genotypes

(Fourlanos et al., 2008). In the same year in Colorado, Vehik et al. (2008), analysed the genetic
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pattern in T1D children under the age of 17 years who were diagnosed between 1978 and
2004. The frequency of the high-risk genotype DR3-DQ2/DR4-DQ8 was lower in children
(n=264) diagnosed after 2002 compared to those (n=244) diagnosed before 1988, and this
difference was mainly seen in children aged 5to 9 years (Vehik et al., 2008). Steck et al. (2011)
studied two large groups who were diagnosed with T1D at the age of 18 or younger over a
span of forty years (1965-2006); the Type 1 Diabetes Genetics Consortium (T1DGC) (n=4,075)

(http://www.tldgc.org) and the Barbara Davis Center (BDC) (n=1,675). They showed that the

proportion of high-risk HLA class |l genotype was getting lower over time in both groups in a
stepwise manner, with a significant decrease among T1DGC children diagnosed at 5 years or
younger (p= 0.004) after 1995 compared to before 1985. This was accompanied by an
increase in intermediate and low-risk genotypes among children diagnosed after 1985 in the
two groups (Steck et al., 2011). All these studies, as outlined in Table 1.1, suggested that the
observed rapid rise in the number of intermediate and low-risk HLA class |l genotypes in cases
diagnosed recently potentially stems from the impact of a diabetogenic environment, that

had slowly and progressively lowered the age of disease onset.
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Country of study

Year of diagnosis

Subjects

HLA genotypes changes over time

Finland

U.K.

Australia

USA

USA

1939-1965
1990-2001

1922-1548
1985-2002

1950-2005

1978-2004

1965-2006
1965-2008

Finnish children (n=367)
Finnish children (n=736)

GY cohort (n=194)
BOX (n=1150)

diagnosed <15 years

Australian children (n=462)

diagnosed <18 years

Children (n=244) diagnosed

before 1988 and children (n=264)

diagnosed after 2002 < 17 years

T1DGC cohort (n=4075)
BDC cohort (n=1675 )

diagnosed <18 years

A derease in high-risk HLA genotype proportion from 25%
in 1960s to 18% in 1990s and protective HLA genotypes icluding
DR15-DQ6 were lower in 1960s

A decrease in the high-risk HLA-DR3-DQ2 /DR4-DA& genotype
from GY 47% to BOX 35% and an increase of intermediate-
risk genotypes DR3-DQ2 /X and DR4-DQ& /X in BOX

A decrease in the high-risk HLA genotype from 79% in 1950-
1969 to 28% in 20002005 while lower-risk HLA genotypes were

increasing in frequency with a lower age-at-onset over time

The frequency of high-risk HLA genotype DR3-DQ2 /DR4-DQS
was lower in children diagnosed after 2002 maily in children

aged 5-9 years

A decrease in the highest-risk HLA -DR3 /4-DQB1*0302 genotype
with an increase in intermediate and low-risk HLA genotypes

mainly in children diagnosed =5 years over time

Table 4.1: Studies of HLA class Il genotypes over time: The studies that observed changes in
distribution of HLA class Il genotypes; reduction in high-risk genotypes and increase in
intermediate and low-risk genotypes frequencies among T1D patients diagnosed over the last
few decades compared to those diagnosed in the first half of the 20" century.

The importance of the HLA in susceptibility to T1D cannot be overstated but non-HLA genes

and gene combinations can also contribute to risk, especially in individuals with low-risk HLA

combinations —in this thesis the key genes are described in the order they were identified as

risk genes and this is shown schematically in Figure 1.8; the genes are described in the order

they were identified in the subsequent section.
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Pre-GW Post-GWAS
— L2, IL21, IL7R, ERBA3, C120rf30, CLEC16A, PTPN2, (D226
HLA RGS1, IL18RAP, CCRS, BACH2, TAGAP, PRKCQ, SH283, CTSH,
UBASH3A, C1QTNF6
NS PGM1, IL10, TRIB2, STAT4, 4p15.2, CENPW, TNFAIP3, COBL,
1984 SKAP2, GLIS3, C10erf59, CD6Y,KIFSA, C14orf181, C1dorfsd,
. RASGRP1, 127, UMOD, CTRB1, DNAH2, ORMDL3, SMARCE1,
Candidate Gene SIRPG, PRKD2, HORMAD2, GAB3
(TiA4 = Studies
1L26, E812, DLK1, HERC2, TYK2
PTPN22
LMO7, EFR3B, 6q27
2RA HTRAL, CUX2
_—--"
‘ IFIH1 (N onsynonymous scan)

Figure 1.8: Timeline of discovery of genes associated with type 1 diabetes: Between 1974 and
the advent of GWAS only six genes were associated with T1D while >50 were identified
between 2007 and 2020. Adapted from (Bakey et al., 2013).

Insulin gene (INS): In 1983, the second genetic locus that accounts for around 10% of genetic
susceptibility to T1D was reported (Bell et al., 1984). INS codes for insulin and is located on
the short arm of chromosome 11 (11p15). In the promoter of INS, there is a variable number
tandem repeat sequence (VNTR). This VNTR is classified according to the number of DNA
base-pair (bp) repeats into three main types: the short VNTR (Class 1) has 30-70bp repeats.
The rare intermediate (Class Il) has, on average 85bp repeats (Bennett and Todd, 1996), and
the long VNTR (Class Ill) has 120 —170bp repeats. Classes, | and 1l are associated with different
and opposing levels of insulin expression in both the thymus and the pancreas (Kennedy et

al., 1995; Pugliese et al., 1997; Pugliese, 1998; Vafiadis et al., 2001). The class | VNTR is
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associated with risk of T1D with lower levels of (pro) insulin expression in the thymus. While
class Ill is protective (Bennett et al., 1996) and it is associated with a higher level of (pro)
insulin expression in the thymus, promoting self-tolerance and elimination of auto-reactive
T-cells against insulin (Nakayama et al., 2005). Insulin is also an autoantigen in the pancreas
against which insulin autoantibodies are directed (Palmer et al., 1983; Knip et al., 2005). It
was reported that /NS had a weak association with developing persistent autoimmunity (Steck

et al., 2009).

Cytotoxic T-lymphocyte associated protein 4 gene (CTLA-4): codes for a glycoprotein that is
expressed by activated T-cells, located on the long arm of chromosome 2 (2g33). It was
initially reported in 1996 to be associated with T1D (Nistico et al., 1996) in addition to other
autoimmune diseases such as Graves disease (Ueda et al., 2003), rheumatoid arthritis
(Gregersen et al., 2009) and coeliac disease (Holopainen et al., 1999). It acts as a down-
regulator of T-cell activation (Walunas et al., 1996). Gerold and colleagues generated a
transgenic non-obese diabetic (NOD) mouse that lacks the soluble splice variant of CTLA-4
(sCTLA-4) and found that silencing the soluble variant may act in favour of autoimmunity

enhancing the progression rate to T1D (Gerold et al., 2011).

Protein tyrosine phosphatase non-receptor type 22 gene (PTPN22): a fourth genetic locus
was linked to T1D in 2004 (Bottini et al., 2004). It is located on the short arm of chromosome
1 (1p13), and influences T-cell activation by downregulating T-cell receptor signalling. PTPN22
codes for LYP (lymphoid protein tyrosine) kinase, which is an intracellular protein that binds
Csk (Tyrosine-protein kinase) leading to decreased T-cell activation. A gain-of-function
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mutation in PTPN22 is thought to make autoreactive T-cells escape thymic negative selection,
thus enhancing autoimmunity and T1D (Cerosaletti and Buckner, 2012). It was reported that
a C1858T SNP is associated with an amino acid change of an arginine at position 620 to a
tryptophan (Begovich et al., 2004; Bottini et al., 2004; Vang et al., 2005). In addition to T1D,
the Trp620 variant is associated with a number of autoimmune diseases including rheumatoid
arthritis (RA) (Begovich et al., 2004), systemic lupus erythematosus (SLE) (Kyogoku et al.,
2004), Graves’ thyroiditis (Smyth et al., 2004), and Addison disease (Vang et al., 2005). In the
DAISY cohort, carriers of PTPN22 R620W T allele developed persistent autoimmunity

independent of their HLA risk genotype (Steck et al., 2009).

Interleukin 2 receptor alpha gene (/IL2RA) or CD25: is located on the short arm of
chromosome 10 (10p15) and codes for the high-affinity alpha subunit (CD25) of the /L2
(Interleukin 2) receptor complex (Fichna et al., 2012). The association was discovered in 2005
and was firmly associated with T1D in 2007 (Qu et al., 2007). The /L2 receptor is implicated in
both effector T-cells and regulatory T-cells activity. It is postulated that reduced expression of
IL2RA in those at risk of T1D affects the role of regulatory T-cells that counteract

autoimmunity (Garg et al., 2012; Cerosaletti et al., 2013).

Interferon-induced with helicase C domain 1 gene (/FIH1): also known as melanoma
differentiation-associated gene 5 (MDA-5), is located on the long arm of chromosome 2
(2924), and was reported to be associated with T1D in 2006 (Smyth et al., 2006). It codes for
a cytoplasmic helicase MDAS that identifies viral dsRNA in infected cells triggering an immune
response (Kumar et al., 2009). It was, therefore, thought that beta-cell death could result from
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the interaction of enteroviruses with IFIH1 in the pancreas (von Herrath, 2009) offering a
potential link between genes and environmental triggers for the first time. Nejentsev and
colleagues added support for the importance of IFIH1 in the pathogenesis of T1D when they
reported that four IFIH1 rare variants were protective from T1D, as they negatively affected
IFIH1 protein activity. Therefore, they concluded that understanding /FIH1 actions may
contribute to unravelling the mechanism of the interplay between the genes and

environmental factors -in this case viruses- in T1D (Nejentsev et al., 2009).

1.7.3 After GWAS

With the emergence of GWAS in 2007 (www.ebi.ac.uk/gwas), it became possible to identify

accurately the majority of the common genetic variants in the human genome that are
associated with distinct phenotypes. That was accomplished by using a minimal set of single
nucleotide polymorphisms (SNPs) in large populations via high throughput array analysis at a
lower cost (Bennett and Todd, 1996; Smyth et al., 2008). By the year 2009, forty genetic
locations had been reported to be associated with T1D (Barrett et al., 2009). By 2012, that
figure increased to identify around 60 genes or loci associated with T1D (Bakay et al., 2013).
Some of the genes identified have a clear role in the process of autoimmunity, while the
function of some other genes and their contribution to the pathogenesis of T1D remains

unclear.

C-type lectin domain family 16, member A gene (CLEC16A or KIAA0350): is located on the
short arm of chromosome 16 (16p13), and expressed by immune cells (Hakonarson et al.,

2007; Todd et al., 2007; Wellcome Trust Case Control, 2007).
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CLEC16A was also found to be associated with multiple sclerosis in addition to T1D
(International Multiple Sclerosis Genetics, Hafler et al., 2007; Wellcome Trust Case Control,
2007; Zoledziewska et al., 2009). Generally, C-lectin proteins have anti-inflammatory
properties, but the function of CLEC16A encoded protein in T1D is under investigation in

several laboratories.

Protein tyrosine phosphatase non-receptor type 2 gene (PTPN2): also known as (TC-
PTP or PTP-S2), it is located on the short arm of chromosome 18 (18p11). Its mode of action
is similar to PTPN22 as a negative regulator of signalling pathway (Cerosaletti and Buckner,
2012). PTPN2 also influences beta-cell death mediated by type | and Il interferon (IFN) (Moore
et al., 2009), and was linked to T1D risk (Todd et al., 2007). It was reported that PTPN2
influences /L2 action in T1D, but the exact mechanism is still unknown (Yamanouchi et al.,

2007; Tang et al., 2008).

Interleukin 2 gene (/L2): located on the long arm of chromosome 4 (4q27), IL2 codes for a
cytokine that is required in B-cells in addition to T-cell homeostasis due to its role in
maintaining regulatory T-cell proliferation and growth (Malek and Castro, 2010). Reduced /L2
signalling may favour effector T-cell activity in T1D (Hulme et al., 2012). Due to its importance
in the process of autoimmunity, IL2 protein therapeutic trials were used in cancer, but
challenges of proper dosing and timing arose. However, this did not prevent such trials in T1D
by (Rosenzwajg et al., 2014). A low dose of IL2 (0.33—1 MIU/day) over the course of five days
was investigated. The results were a dose-dependent regulatory T-cell activation without

activating effector T-cells and NK (Natural Killer) cells. However, no significant changes in
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glucose level or C-peptide production were observed (Rosenzwajg et al., 2014; Yang et al.,

2015).

Interleukin 10 gene (/L-10): is located on the long arm of chromosome 1 (1g32), and codes
for a cytokine IL-10 or (human cytokine synthesis inhibitory factor (CSIF)) that is characterised
by pleiotropic effects in inflammatory responses and immune regulation. The IL-10 protein
enhances CD25 expression on regulatory T-cells, and it was identified as a candidate gene for
T1D in 2009 (Barrett et al., 2009). Xu et al. (2015) reported that intraperitoneal injection of
IL-10-carrying adenovirus, prevented T1D development in female non-obese diabetic (NOD)

mice (Xu et al., 2015).

Interleukin 18 Receptor Accessory Protein gene (IL18RAP): is located on the long arm of
chromosome 2 (2q12), IL18RAP codes for a protein that is an accessory subunit of the IL18
receptor complex. This protein helps the binding of the pro-inflammatory IL18 cytokine to its
receptor. IL18RAP susceptibility allele for T1D is inversely associated with coeliac disease

(Smyth et al., 2008).

Cordon-Bleu WH2 Repeat Protein gene (COBL): is located on the short arm of chromosome
7 (7p12), and codes for an actin-binding protein that plays an important part in neural
morphogenesis (Ahuja et al., 2007). Abnormal COBL expression was associated with
abnormalities in dendrite and axon production (Renault et al., 2008). Achenbach and

colleagues reported that COBL is associated with T1D without significant effect on the rate

54



of progression of the disease (Achenbach et al., 2013). Additionally, COBL is one of the few

genes shared between T1D and T2D (Fortune et al., 2015).

Lymphocyte Adaptor Protein gene (SH2B3): codes for a protein, which is a member of the
SH2B3 adaptor family. This protein is necessary for haematopoiesis and acts as a negative
regulator of cytokine signalling. SH2B3 is located on the long arm of chromosome 12 (12q24),

and is linked to T1D (Smyth et al., 2008).

GLIS family zinc finger 3 gene (GLIS3): is a member of the GLI-similar zinc finger protein family,
located on the short arm of chromosome 9 (9p24.2). GLIS3 codes for a nuclear protein that is
both an activator and repressor of transcription. GLIS3 is associated with T1D (Awata et al.,
2013; Nogueira et al., 2013; Wen and Yang, 2017) as well as T2D; however, the T1D-risk
variant is thought to be protective in T2D (Barker et al., 2011; Morris et al., 2012; Yang and
Chan, 2016). GLIS3 protein is expressed by the pancreas where it influences pancreatic beta-
cell development and insulin release (Nogueira et al., 2013) and by other body organs like the
thyroid (Lichti-Kaiser et al., 2014). Rare disease-causing variants or mutations in this gene are
associated with the development of neonatal diabetes mellitus and congenital

hypothyroidism syndrome (NDH syndrome) (Senee et al., 2006; Dimitri et al., 2015).

Regulator of G protein signalling 1 gene (RGS1): is mapped to the long arm of chromosome
1 (1931), and is involved in B-cell activation and proliferation (Hong et al., 1993). The RGS1

gene is one of the shared genetic loci between T1D and coeliac disease (Smyth et al., 2008).
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C-C chemokine receptor type 5 gene (CCR-5) or CD195: is located on the short arm of
chromosome 3 (3p21), this gene codes for a member of the beta chemokine-receptor family
(chemoattractant molecules) that is expressed on immune cells. CCR-5 protein plays a role in
directed migration of immune cells and is thought to be involved in granulocyte
differentiation and proliferation (Luster, 1998). Additionally, this protein facilitates HIV
infection of host T-cells. Mutations in the CCR-5 gene in the form of genetic deletion of 32 bp
(Delta 32) provides homozygous carriers of this mutation with immunity against HIV -1 (Liu et
al., 1996). Interestingly, male Delta 32- carriers have been reported to be at a greater risk of

developing diabetic nephropathy (Mlynarski et al., 2005).

Basic leucine zipper transcription factor 2 gene (BACH2): is a protein-coding gene located on
the long arm of chromosome 6 (6q15). The encoded protein regulates cellular differentiation
and function of regulatory T-cells and B-cells (Kometani et al., 2013; Roychoudhuri et al.,
2013). BACH2 is associated with cancers including leukaemia and lymphoma (Ono et al., 2007,
Ichikawa et al., 2014) and was reported as one of the genetic loci associated with T1D by
GWAS (Grant et al., 2009). A plausible mechanism of BACH2 involvement in T1D pathogenesis
was that inhibiting the expression of BACH2 product could help accelerate B-cell death by
cytokines-mediated apoptosis. Furthermore, the BACH2 disease allele was thought to
negatively impact regulatory T-cells function, facilitating an autoimmune response (Marroqui

etal., 2014; Onuma et al., 2019).

V-ERB-B2 Erythroblastic leukaemia viral oncogene homolog 3 gene (ERBB3): is located on

the long arm of chromosome 12 (12q13), and codes for a member of the epidermal growth
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factor receptor (EGFR) family of receptor tyrosine kinases. The encoded protein forms
heterodimers with other EGFR proteins leading to cell differentiation or proliferation. ERBB3
is reportedly associated with different types of cancer like colon and breast cancers (Jeong et
al., 2006; Mujoo et al., 2014). ERBB3 in T1D is thought to be associated with APCs function

(Wang et al., 2010), as well as beta-cell function and apoptosis (Kaur et al., 2016).

Cathepsin H gene (CTSH): is located on the long arm of chromosome 15 (15q24), and codes
for a member of the peptidase C1 family, a lysosomal cysteine proteinase that is involved in
lysosomal proteins degradation. It was reported that CTSH gene-encoded protein is highly
expressed in progressive prostatic malignancy (Jevnikar et al., 2013). CTSH is associated with
T1D (Cooper et al., 2008). It was found that CTSH affects beta-cell function, and the rate of

progression of T1D in newly-diagnosed cases (Floyel et al., 2014).

Ubiquitin-associated and SH3 domain-containing protein A gene (UBASH3A): was mapped
to the long arm of chromosome 21 (21g22.3) as a T1D risk gene by the TIDGC (Concannon et
al., 2008). The encoded protein is a member of the T-cell ubiquitin ligand (TULA) family, which
negatively regulate T-cell signalling. In the DAISY study, they found that a variant of UBASH3A
was associated with the development of insulin autoantibodies and T1D risk in children with

HLA-DR3/4, DQB1*0302 genotype (Johnson et al., 2012).
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Common SNPs in non-HLA genes and HLA variants shown to be associated with type 1 diabetes are summarised in Table 1.2. A more detailed

table in chapter 2, section 2.2.3.1 provides more detail on the sequences of the variants.

Chr | Gene associated | Name Associated SNP to be | Position relative to gene and Functional
with T1D studied in this project | significance
1 IL10 Interleukein 10 gene rs3024505 Located in an intergenic region proximal to the

3'UTR. High potential for containing regulatory
sequences but not proven; in perfect linkage with
other polymorphisms located within the IL-10 gene
making causal links difficult (Franke et al., 2008).

1 PTPN22 Protein tyrosine phosphatase | r6679677 A missense mutation (R620W) on PTPN22 which
non receptor type 22 gene encodes lymphoid-tyrosine phosphatase (LYP).
Some evidence that the mutation attenuates
proximal T and BCR signalling (see section 1.7.3 on

PTPN22).
1 RGS1 Regulator of G protein signalling | rs2816316 Intron variant. Function unknown.
1 gene
2 CTLA-4 Cytotoxic T lymphocyte | rs3087243 Downstream_transcript_variant. Also known in the
Associated Protein 4 gene literature as the CT60 G>A.
2 IFIH1 Interferon induced with | rs2111485 Located in the 23.5 kb intergenic region between
helicase C domain 1 gene FAP and IFIH1 within an H3K4mel chromatin mark

in peripheral blood mononuclear cells, indicative of
an active/poised enhancer (Hon et al., 2009). Single-
nucleotide polymorphism (SNP) rs2111485 alters a
predicted binding site for transcription factor AP-1
and corresponds to an expression quantitative trait
locus, the protective allele reducing expression of
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IFIH1 RNA in monocytes stimulated with interferon-
gamma, though not unstimulated monocytes
(Bentham et al., 2015).

IL1I8RAP

Interleukin 18
accessory protein gene

receptor

rs917997

Upon IL-12 and IL-18 treatment, peripheral blood
mononuclear cells from subjects carrying
susceptibility alleles at rs917997 produced higher
levels of IFNy than those with protective genotypes.
Additionally, the SNP modified IL18RAP surface
protein expression by NK cells and gene expression
in activated T-cells. Taken together, these data
suggest that the disease-associated rs917997 allele
G permits hyperresponsiveness to IL-18 (Myhr et al.,
2013).

CCR-5/CD195

C-C chemokine receptor type 5
gene

No SNP available -
deletion detection

The chemokine receptor CCR-5 is an important co-
receptor for cell fusion. A 32-bp deletion of the CCR-
5 gene, leading to complete absence of functional
CCR-5 expression, has been associated with
resistance to human immunodeficiency virus (HIV)
infection in homozygotes and slower HIV disease
progression in heterozygotes (Pasi et al., 2000).

L2 Interleukin 2 gene rs4505848 Intron variant. Adjacent to KIAA1109 and /L21. No
functional effects reported.
BACH?2 Basic leucine zipper | rs11755527 Intron Variant. No known fuctional effects.
transcription factor 2 gene
HLA Human leucocyte antigen genes | HLA not SNP variants | Encode cell-surface proteins responsible for the
(DRB1/DQB1) regulation of the immune system. See section 1.7.2.
COBL Cordon-Bleu = WH2  Repeat | rs4948088 Intergenic SNP. No potential function effects

protein gene

reported.
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9 GLIS3 GLIS family zinc finger 3 gene rs7020673 Duarte and colleagues explored the ENCODE
database (https://genome.ucsc.edu) for potential
functional evidence and found ChiP-Seq base
evidence of CTCF (CCCTC-binding factor) and CEBPB
(CCAAT/enhancer-binding protein beta)
transcription factor binding sites (TFBS) overlapping
with the position of this SNP (Duarte et al., 2017).

10 | IL2RA/CD95 Interleukin 2 receptor alpha | rs12251307 Intergenic SNP. No reported functional effects.

gene

11 | INS Insulin gene rs689 VNTR in insulin promoter associated with opposing
levels of insulin transcription in the pancreas and
thymus. See section 1.7.3 on the insulin gene.

12 | ERBB3 V-Erb-B2 Erythroblastic | rs2292239 Intron variant. No reported functional effects.

leukaemia  viral  oncogene
homologue 3 gene

12 | SH2B3 Lymphocyte Adaptor Protein | rs3194504 Also known as R262W this variant lies in exon 2 of

gene SH2B3 and results in an amino acid substitution of
arginine to tryptophan. This may be functionally
relevant because it is located in the LNK-family
pleckstrin homology (PH) domain of the LNK
molecule 2 but there is a paucity of data on
functional aspects of this SNP (Lavrikova et al.,
2011).
15 | CTSH Cathepsin H gene rs3825932 The risk variant rs3825932 in the candidate gene

cathepsin H (CTSH) predicts B-cell function in both
model systems and human T1D. Higher CTSH protein
expression in B-cells may protect against immune-
mediated damage and preserve B-cell function,
thereby representing a possible therapeutic target
(Floyel et al., 2014).
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16 | CLEC16A/KIAA0350 C type lectin domain family 16, | rs12935413 This SNP is an intron variant and lies adjacent to
member A gene CLEC16A/KIAA0350, IL2 and IL21 so individuals
effects are difficult to discriminate.
18 | PTPN2 Protein tyrosine phosphatase | rs1893217 The single nucleotide polymorphism (SNP)
non receptor type 2 gene rs1893217 in PTPN2 results in a dysfunctional PTPN2
protein and exists in perfect linkage disequilibrium
with PTPN2 SNP rs2542151 (Spalinger et al., 2016).
21 | UBASH3A Ubiquitin-associated and SH3 | rs9976767 Located in the intronic region between the exons 5

domain-containing protein A
gene

and 6, rs9976767 could be affecting the expression
of different UBASH3A isoforms (Diaz-Gallo et al.,
2013).

Table 1.2: T1D associated SNPs: The SNPs which will be followed up in this study. The sequences are described in detail in chapter 2 (Table 2.3).
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Figure 1.9: The most common genes that are associated with risk of developing T1D: Arranged
sequentially from highest to lowest based on their odds ratios. HLA variants have the highest
odds ratio of association with T1D risk at around (6.7), followed by INS (2.4), PTPN22 (2.1),
IL2RA (1.6). The remainder are arranged between 1 to 1.5 (Pociot et al., 2010). Twenty of the
42 genes shown in this figure have been robustly repeated in multiple studies and were,
therefore, selected for analysis in this project.

Each of the SNPs identified before and after GWAS has an impact on developing T1D, albeit
in many cases the biological mechanisms underlying this are not fully understood. The effect
on risk is variable, as shown by the odds ratios as shown in Figure 1.9. HLA have the highest
impact with an odds ratio of more than 6.5; followed by INS at around 2.4. The remainder
falls between 2 and 1; their individual effect is minimal in comparison with HLA (Pociot et al.,
2010). Recognising their minor effects are still important, it was reported that prediction of
T1D could be improved when the effect of risk SNPs is added to HLA and is superior to

prediction relying on the effect of HLA alone (Steck et al., 2014; Winkler et al., 2014).
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1.8 Islet Autoantibodies

Islet autoantibodies have been referred to several times in this introduction already because

they are currently the most important biomarkers to predict future T1D.

When the body is exposed to an antigen, a cascade of T and B-cell activity ensues as described
in section 1.3 . Plasma cells - that originate from B lymphocytes - produce antibodies. In T1D,
these antibodies are not thought to be pathogenic, but they can be detected in the periphery
and act as a marker for ongoing islet autoimmunity. Growth factors help B-cells to produce
IgM antibodies after initial exposure to the antigen. Upon further or sustained exposure to
the same antigen, IgG antibodies are produced that are refined over time, resulting in
antibodies with high-antigenic affinity, and are specific for the antigens, forming antibody-

antigen complexes as shown in Figure 1.10 (Burnet, 1961; Wabl et al., 1999).

Recognition

TR =

Epitope

L Heavy chain

PN

Antibody

Figure 1.10: An antigen-antibody complex: The antibody is composed of a pair of light
(represented by blue) and heavy (represented by orange) chains of amino acid residues. The
recognition site of an antibody or paratope is the part where an antibody binds an antigen,
The epitope is the part of the antigen that the antibody is bound to (Male, 2014).

63



The presence of islet cell antibodies (ICA) was first detected in the pre-diabetes phase in 1981
(Gorsuch et al., 1981); however, initially their disease specificity was low as only 40% of first
degree relatives who had ICA developed T1D (Bonifacio et al., 1990).

It became clear that several “biochemical” antibodies contribute to ICA, and the use of these
has largely replaced ICA over the years, as these newer autoantibody combinations showed
comparable sensitivity and significantly better specificity than ICA (Bingley et al., 1994).
Moreover, the use of different protocols by different laboratories led to controversies over
islet autoantibody measurement. The latter issue was eventually overcome by the
development of the Diabetes Autoantibody Standardization Program (DASP), known today as
the Islet Autoantibody Standardization Program (IASP), that comprises a number of
international laboratories working together to improve assay performance and agree on
standard measurements of autoantibodies (Bingley et al., 2003). To date, radio-binding,
bridge-ELISA (enzyme-linked immunosorbent assay), and electrochemiluminescence (ECL)
assays have emerged as the gold standards for measuring antibodies (Schmidli et al., 1994;

Brooking et al., 2003; Miao et al., 2013; Liberati et al., 2018).

During the pre-diabetes stage, four major primary autoantibodies can be detected against
islet autoantigens in the pancreas (Knip, 2002). These include autoantibodies to: glutamic acid
decarboxylase (GADA) (Baekkeskov et al., 1990), insulin (IAA) (Palmer et al., 1983; Holmberg
et al., 2006), protein tyrosine phosphatase-related insulinoma-associated 2 (IA-2A) (Verge et
al., 1998), and Zinc transporter 8 (ZnT8A) (Wenzlau et al., 2007). The autoantigens that are
targeted by these autoantibodies are all found within or in the proximity of insulin secretory
vesicles in the pancreatic beta cells (Reetz et al., 1991; Solimena et al., 1996; Wenzlau et al.,

2007) and Figure 1.11. More recently, an additional islet autoantibody to Tetraspanin-7
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autoantigen has been described, but few data are available on its frequency (McLaughlin et

al., 2016).
Nucleus
__
Glutamate Decarboxylase (GAD)
Insulin (1A)
B-cell |[—
Islet antigen-2 (1A-2)
Cytoplasm Tetraspanin-7 (TSPAN7?)
Insulin granule Zinc Transporter 8 (ZnT8)

Figure 1.11: Pancreatic islet autoantigens: The islet autoantigens GAD, Insulin, IA-2, ZnT8 and
TSPANY7 in the pancreatic 6 -cell against which autoantibodies in T1D are directed. Insulin, IA-
2, ZnT8 and TSPAN7 are located in the insulin granule while GAD is found in the synaptic-like
microvesicle.

Detection of autoantibodies defines the T1D prodrome and can be used to stratify the risk of
progression to clinical diabetes (Bosi et al., 2017). Autoantibodies to islet antigens often
develop sequentially (Yu et al., 1996), as insulin autoantibodies were commonly the first to
be detected in genetically susceptible children, from the age of 6 months onwards (Hummel
et al., 2004), while GADA, 1A-2A, IA-2BA, and ZnT8A tend to develop later (Achenbach et al.,

2009).
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The presence of at least two autoantibodies in first-degree relatives of T1D probands is
predictive of developing T1D (Ziegler et al., 2013) and the higher the number of
autoantibodies detected, the higher the likelihood of progression to T1D (Bingley et al., 1994;
Pihoker et al., 2005; Ziegler and Nepom, 2010). In addition to the number of autoantibodies,
seroconversion detected before the age of 3 years; female gender; and the presence of high-
risk HLA genotype DR3/DR4-DQ8, each independently increased the risk of progression to T1D

(Ziegler et al., 2013; Knip et al., 2016) and Table 1.3.
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10-year risk % Bivariable Hazard Ratio Multivariable Hazard Ratio
Variabl P Vval P Val
ariable (95% CI) (95% CI) alue (95% Cl)a alue
Serocoversion age, y
<3 74.9 (69.7-80.1) 1.72 (1.36-2.17) 1.65 (1.30-2.09)
<.001 <.001
>3 60.9 (51.5-70.3) 1 [Reference] 1 [Reference]
HLA genotype
DR3/DR4-DQ8 76.6 (69.2-84.0) 1.40 (1.12-1.73) 1.35 (1.09-1.68)
0.003 0.007
Other 66.2 (60.2-72.2) 1 [Reference] 1 [Reference]
Sex
Girls 74.8 (68.0-81.6) 1.30 (1.05-1.60) 1.28 (1.04-1.58)
0.02 0.02
Boys 65.7 (59.3-72.1) 1 [Reference] 1 [Reference]
No. of autoantibodies
Three 72.1 (66.5-77.7) 1.27 (1.02-1.59) 1.19 (0.95-1.49)
0.04 0.14
Two 65.1 (56.3-73.9) 1 [Reference] 1 [Reference]
a
Multivariable hazard ratio includes all listed variables (seroconversion age, HLA genotype, sex, and number of
autoantibodies).

Table 1.5: Independent predictors of progression to T1D in children with multiple islet
autoantibodies: A multivariable Cox proportional hazards regression model showed faster
progression to T1D in children with multiple islet autoantibodies who had seroconversion
before the age of 3 years (hazard ratio [HR], 1.65 [95% Cl, 1.30-2.09; P < .001]; 10-year risk,
74.9% [95% Cl, 69.7%-80.1%]); HLA genotype DR3/DR4-DQ8 (HR, 1.35 [95% CI, 1.09-1.68;
P=.007]; 10-year risk, 76.6% [95% Cl, 69.2%-84%)]); and for girls (HR, 1.28 [95% Cl, 1.04-1.58;
P=.02];10-year risk, 74.8% [95% Cl, 68.0%-81.6%]). Adapted from (Ziegler et al., 2013).

The autoimmune process usually starts by recognising one autoantigen and then spreads to
involve other islet autoantigens. Individuals were least likely to develop T1D if they
persistently had only one autoantibody. The mechanism underlying epitope spreading is not
fully understood in humans (Naserke et al., 1998; Ziegler et al., 1999; Brooks-Worrell et al.,
2001; Barker et al., 2004; Ziegler et al., 2013). Looking into what could affect epitope

spreading in the NOD mouse model (Kikutani and Makino, 1992; Bach, 1994; Delovitch and
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Singh, 1997), it was suggested that B-cells, as antigen-presenting cells are intrinsically able to
process and present certain antigens (Dai et al., 2005). It is also worth noting that NOD mice
lacking B-cells did not develop diabetes (Noorchashm et al., 1999). However, the B-cells in
transgenic mice were not essential to develop T1D, and in human studies, one person
developed T1D despite being B-cell deficient. These inconsistent findings led to a delay in
examining the role of B-cells in T1D (Holz et al., 2000; Martin et al., 2001; Bloem and Roep,
2017) which has been reversed since the description of a large number of B-cells in pancreases

from early-onset T1D (Leete et al., 2016).

The DIPP study followed children in Finland with T1D HLA-DR-DQ risk haplotypes for two

decades from birth (https://clinicaltrials.gov/ct2/show/NCT03269084). Looking into T1D

autoantibodies, the study reported that among children who had detectable autoantibodies,
those with certain subclasses of autoantibodies progressed to diabetes (Hoppu et al., 2004;

Hoppu et al., 2006; Ronkainen et al., 2006), while other isotypes conferred relative protection
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from T1D as shown in Table 1.4 (Achenbach et al., 2004; Knip et al., 2016). It is now

increasingly accepted that IgG is the predominant islet autoantibody subclass.

antibodies (GADA)

Autoantibody Reference Progressors Non-progressors
Insulin autoantibodies (IAA) (Hoppu et al ., 2004) IgG1, I1gG3 Weak 1gG3
|25|Ae)t antigen 2. antibodies (IA- (Hoppu et al ., 2006) Weak IgE Strong IgE
Glutamic ~ acid  decarboxylase (Ronkainen et al ., 2006) Weak IgG4 Boosting 1gG4

Table 1.6: Subclasses of islet autoantibodies: Genetically susceptible Finnish children that
progressed to develop T1D had certain subclasses of islet autoantibodies; IAA (IgG1 and IgG3
subclasses), IA-2 (weak IgE subclass), and GADA (weak 1gG4 subclass). Those who did not
progress to TID had different subclasses; IAA (weak IgG3 subclass), IA-2 (strong IgE subclass),
and GADA (boosting 1gG4 subclass) (Hoppu et al., 2004; Hoppu et al., 2006; Ronkainen et al.,

2006).

It is worth noting that after the diagnosis of T1D, the number and titre of autoantibodies at

onset generally decreased with time. However, they can still persist for decades, which is

mainly the case for GADA and IA-2A, followed by ZnT8A (Williams et al., 2016).
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GADA

GADA are directed against the autoantigen glutamic acid decarboxylase 65 (GAD65) which is
an enzyme involved in the synthesis of GABA (gamma-aminobutyric acid); a major inhibitory
neurotransmitter in the CNS (Central Nervous System). The autoantibodies tend to target
epitopes in three domains of the GAD molecule, namely; the NH2 terminal domain, the
middle pyridoxal-5'-phosphate (PLP)-binding domain, and the COOH terminal domain as

shown by the crystal structure in Figure 1.12 (Bonifacio et al., 2000; Piquer et al., 2005).

PLP domain

Figure 1.12: Crystal structure of the GAD molecule: The three main domains; NH2 terminal
domain, middle PLP domain, and COOH terminal domain; against which GAD autoantibodies
are directed (Kass et al., 2014).

GAD autoantigens were first linked to a rare neurological condition called stiff-man syndrome
and to T1D. The antigen was found to be highly expressed in both brain cells and pancreatic
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beta cells based on rat tissue analysis (Baekkeskov et al., 1990). In humans, GAD65
autoantigen is mainly found on the cytoplasmic membrane side of synaptic-like microvesicles
in pancreatic beta-cells (Mally et al., 1996) and is highly expressed by the pancreas. An isoform
of GAD65; GAD67, may also be bound by GADA and is found to be expressed by human thymic
cells which are APCs crucial to the recognition of self or autoantigens and development of
immune tolerance by the thymus (Gotter et al., 2004).

In addition to T1D, GADA were associated with other diseases like cerebellar ataxia and
autoimmune polyendocrinopathy syndrome (APS) (Saiz et al., 2008; McKeon et al., 2012). In
APS, where multiple organs are attacked by the immune system, GADA were found to be
more associated with gastrointestinal damage rather than with diabetes (Soderbergh et al.,
2004).

Development of GADA was strongly associated with T1D high-risk HLA class Il haplotype DR3-
DQ2 (Knip et al., 2002). As discussed earlier, GADA can develop years before the onset of
clinical diabetes (Bingley et al., 2001) and they were detected in up to 80% of T1D patients.
The TEDDY study applied frequent islet autoantibody testing where GADA were commonly
found from the age of 2-3 years and were detected in half the children followed up following
seroconversion (Krischer et al., 2017; Krischer et al., 2019). Additionally, GAD autoantibodies

had a tendency to persist for years after diagnosis (Nokoff et al., 2012).

Although GADA are detected in a majority of T1D patients, not all people who are positive for
GADA go on to develop T1D. To detect those who are going to progress more specifically, the
use of truncated GAD antigen was applied to GADA measurement. Although this has already
been utilised in measuring IA-2 and ZnT8 autoantibodies (Payton et al., 1995; Wenzlau et al.,
2007), use of truncated antigen was not a common practice in GADA assays. Using N-

terminally truncated GADG65 radiolabel antigen instead of the full-length GAD in radio-binding
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assays showed significant improvement in detecting first-degree relatives who were at high
risk to progress to diabetes, without losing assay sensitivity compared to using the full-length

GAD antigen (Williams et al., 2015; Williams et al., 2015).

IAA

In humans, insulin is mainly expressed by the pancreas and to a lesser extent by the epithelial

cells in the thymus (Pugliese et al., 1997; Vafiadis et al., 1997).

Autoantibodies against insulin were the first autoantibodies to be detected very early in life
(Kimpimaki et al., 2001), but their prevelance and levels decline being detected in only half of

those who were “at-risk” aged 15-21 years (Vardi et al., 1988; Krischer et al., 2015).

Autoantigens and hence epitopes targeted by IAA were represented by using proinsulin,
insulin analogues and animal recombinants including porcine, sheep, and fish, all used in
competition studies (Achenbach et al., 2004). In BABYDIAB, children who developed high-
affinity 1AA early on were reactive against proinsulin and were more likely to develop other
autoantibodies and progress to T1D. It is worth noting that high affinity-IAA binding was
associated with changes within A chain- amino acids 8 to 13- of the insulin molecule and with
carriers of HLA DRB1*04, in contrast to low-affinity IAA that were not reactive to proinsulin
and were associated with changes in the B chain and absent HLA DRB1*04. Additionally,
children with low-affinity IAA, i.e. a limited 1gG response, did not seroconvert and did not
develop T1D, indicating that IAA affinity could serve as a predictor of future T1D development

(Castano et al., 1993; Brooks-Worrell et al., 1999; Achenbach et al., 2004).
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Proinsulin, mainly secreted by beta-cells, is regarded as the primary target for IAA, as loss of
tolerance to proinsulin was common at onset in young children with high IAA frequency who
rapidly developed T1D (Parikka et al., 2012; Ziegler et al., 2012). Furthermore, self-reactive T-
cells targeting proinsulin were detected in people who were in the pre-diabetes phase and in
those who had recent-onset T1D. In animal studies, proinsulin specific T-cells were detected
in transgenic mice that expressed the high T1D genetic risk factor HLA-DR4 (Fugger et al.,
1994; Rudy et al., 1995; Congia et al., 1998; Dubois-LaForgue et al., 1999; Arif et al., 2004;

Durinovic-Bello et al., 2004).

Shortly after diagnosis, insulin autoantibodies are masked by antibodies induced by
exogenous insulin treatment, making it difficult to measure IAA after approximately two
weeks of insulin therapy (Baxter et al., 1976; Vahasalo, 1992; Brooks-Worrell et al., 1999;

Nokoff et al., 2012).

The strong association between IAA and the high T1D genetic risk HLA DR4-DQ8 haplotype
has been reported by several studies (Knip et al., 2002; Giannopoulou et al., 2015) and those
who expressed HLA-DR4 were found to have the highest levels of insulin autoantibodies

(Eisenbarth et al., 1992).

IA-2A

The 1A-2 autoantigen is a receptor-type protein tyrosine phosphatase (PTP) like protein that
is located in the membrane of insulin secretory granule (Solimena et al., 1996). Structurally,
it is comprised of three components; an ectodomain, a short cytoplasmic juxtamembrane

(JM), and a PTP-like cytoplasmic domain as shown in Figure 1.13.
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IA-2pB is an isoform of 1A-2 that shares a lot of structural similarities with IA-2 at the PTP-like
domain (Kim et al., 2007; Lampasona and Liberati, 2016). IA-2 plays a role in regulating insulin
secretory granule’s function, insulin secretion and in beta cell proliferation (Trajkovski et al.,
2004; Mziaut et al., 2008; Trajkovski et al., 2008). 1A-2 is expressed by many tissues in rodents

(Solimena et al., 1996; Takeyama et al., 2009). In humans, it is mainly expressed by the

Figure 1.13: Crystal structure of Insulinoma-associated protein-2 (IA-2) autoantigen:
lllustration of crystal structure of insulinoma-associated protein-2 (IA-2) autoantigen (Kim et
al., 2007).

pancreatic islet cells (Solimena et al., 1996) and to a lesser extent by the spleen and thymus

where they could play a role in the regulation of self-reactive immune cells (Diez et al., 2001).
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IA-2A tend to target epitopes in the JM and PTP-like cytoplasmic domains of the IA-2 antigen
at the onset of T1D (Lampasona et al., 1996; Bearzatto et al., 2002; Dromey et al., 2004;
Mziaut et al., 2008). Interestingly, binding of antibodies to those two domains showed the
epitopes to be closely associated within the structure of IA-2, which may shed some light on
the mechanism of the variable spreading of the autoimmune process from one epitope to

another (McLaughlin et al., 2015).

Genetically speaking, Like IAA, IA-2A development is strongly associated with the HLA DR4-
DQ8 haplotype (Giannopoulou et al., 2015). Autoantibodies targeting IA-2 autoantigen could
be detected ten years after diagnosis, and sometimes they could persist for even longer
(Nokoffetal., 2012). Autoantibodies to IA-2 (Decochez et al., 2002) and its homologue protein
IA-2B are associated with a more aggressive autoimmune response, and enhanced

progression to clinical diabetes (Achenbach et al., 2008).

ZnT8A (Zinc transporter 8 autoantibodies)

Pancreatic B-cells have the highest quantities of zinc in the body, and this is tightly regulated.
Insulin is thought to be bound to zinc and stored in the insulin secretory granules. In response
to specific stimuli such as hyperglycaemia, insulin is secreted along with zinc which is
considered to play a crucial role in insulin synthesis, storage and release (Emdin et al., 1980).
An important regulator of zinc abundance in the beta-cell is ZnT8 (Zinc transporter 8) protein,
a beta-cell specific member of the SLC30 (solute carrier) subfamily of the CDF (cation diffusion
facilitator) family. This transmembrane protein family shares a distinct structure of six
transmembrane domains, and a histidine-rich intracellular loop between helices IV and V.

ZnT8 is mainly expressed by beta-cells (Chimienti et al., 2006; Lemaire et al., 2012), and to a
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lesser extent by alpha cells, and other tissues like the retina, adipocytes, and some
lymphocytes (Chimienti et al., 2006; Deniro and Al-Mohanna, 2012). ZnT8 protein forms a
homodimer that has a cytoplasmic COOH terminal domain and NH2 terminal domain.
Epitopes in the COOH terminal domain were recognised by a majority of ZnT8 autoantibodies
in patients with ZnT8A, whereas epitopes in NH2 terminal domain were identified by only a
small fraction of ZnT8 autoantibodies (Wenzlau et al., 2008).

The epitope mainly targeted by ZnT8A is strongly associated with a single amino acid change
at position 325, resulting in either arginine (R), tryptophan (W) or glutamine (Q), as
determined by genetic polymorphisms in its coding gene, SLC30A8 gene (Kawasaki et al.,
2008; Wenzlau et al., 2008). The autoantibodies to the 325 epitope are highly specific to the
SCL30A8 genotype of the individual, such that those homozygous for the most common
SLC30AS8 alleles do not recognise antigens that contain other amino acids at that position.
Assays for ZnT8 are, therefore, designed to measure antibodies to ZnT8-325R and ZnT8-
325W variants separately or together using dimeric (R-W) antigens.

SLC30A8 genetic variants at the level of amino acid 325 in the COOH terminal domain were
associated with defects in insulin maturation, glucose metabolism and increased risk of
developing T2D (Kirchhoff et al., 2008; Xu et al., 2011; Shan et al., 2014). ZnT8A were
detected as early as 9 months in newly-diagnosed children with T1D who were followed up
from birth in the BABYDIAB study (Hummel and Ziegler, 2011). When they were 5 years old,
approximately 50% of those with ZnT8A developed T1D. ZnT8A were found in 70% of

patients at the onset of T1D in comparison with 2-3% in T2D patients (Wenzlau et al., 2007).
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1.9 Interactions of genes and islet autoantibodies

It is vital to distinguish the risk for islet autoimmunity from that for T1D, as mechanisms of
interactions between the genes on the one hand, and interactions between the genes and
the environmental factors, on the other hand, could be quite different in how they potentially
initiate autoimmunity versus epitope spreading, and subsequent progression to overt

diabetes (Steck et al., 2009).

1.9.1 HLA and islet autoantibodies

It is age-dependent, but up to 40% of T1D patients have the highest-risk HLA class Il genotype
DR3-DQ2/DR4-DQ8 compared with only 3% of the general population. Only a small fraction
1:15 of those with T1D genetic susceptibility will develop the condition (Kimpimaki et al.,
2001; Rewers et al., 1996). Furthermore, around 90% of newly-diagnosed cases have no

family history of T1D (Veijola et al., 1996).

As discussed previously, those who carry HLA-DR4 are at increased risk for developing
autoimmunity to insulin and IA-2 while GADA is associated with HLA-DR3 (Regnell and

Lernmark, 2017).

The order and timing of seroconversion could, therefore, be influenced by HLA class Il
genotype. Carriers of the HLA-DR4-DQ8 genotype are more likely to have multiple
autoantibodies, mainly IAA and IA-2A and their median time of progression to clinical diabetes
is two years. On the other hand, HLA-DR3-DQ2 carriers were highly associated with

developing GADA and slower progression to T1D (Krischer et al., 2017).
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1.9.2 T1D non-HLA genes and islet autoantibody associations

Comparison of antibody profiles over time has shown that higher numbers of recently
diagnosed BOX patients developed four autoantibodies at diagnosis, as well as having higher
levels of IA-2BA (Long et al., 2012). However, while TID GWAS have led to an explosion of
information about autoimmunity, little is known about the genetic determinants of islet
autoimmunity. In a genome-wide study (Brorsson et al., 2015), novel associations between
islet autoantibodies and non-HLA genes FCRL3, RELA/FIBP, and LPP that are associated with
autoimmune diseases but not with T1D risk were reported. These significant associations
between genetic and autoimmune markers were found close to a diagnosis of T1D, the
median age at diagnosis was nine years, and the median disease duration at blood sampling

was seven years, with 25% of samples taken within three years.

FCRL3 (Fc receptor-like protein 3): FCRL3 is located on the long arm of chromosome 1 (1g23),
and codes for an fc-like receptor glycoprotein which is a member of the immunoglobulin
receptor superfamily. The encoded protein is strongly expressed by B-cells, NK cells and to a
lesser extent by T-cells (Swainson et al., 2010). FCRL3 is mainly expressed in secondary
immune organs, such as the lymph nodes and the spleen, but rarely expressed in the bone
marrow and the thymus (Jin et al., 2015). FCRL3 has immunoreceptor-tyrosine activation
motifs and immunoreceptor-tyrosine inhibitory motifs in its cytoplasmic domain (Pawlowicz
etal., 2016). It is thought to play a role in reduced B-cell signalling (Yang et al., 2013). Kochi et
al. (2009) reported that FCRL3 could regulate B-cell signalling through its ability to activate
and/or inhibit tyrosine-protein kinase, which was displayed when an FCRL3 chimeric protein

bound to B-cell receptors caused the phosphorylation of tyrosine-based motifs in the
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cytoplasmic domain (Kochi et al., 2009). In addition to its effect on B-cells, FCRL3 may also
influence T-cell function. FCRL3 was reported to be expressed by a subset of dysfunctional
regulatory T-cells that are non-responsive to antigens and less capable of opposing the
proliferation of effector T-cells (Nagata et al., 2009; Swainson et al., 2010). FCRL3 genetic
variants were associated with autoimmune diseases such as systemic lupus erythematosus
(Kochi et al., 2005), Graves’ disease (Khong et al., 2016) and rheumatoid arthritis (Lin et al.,
2016). It is postulated that FCRL3 over-expression is associated with loss of self-tolerance and
development of autoimmunity, being attributed to a genetic variant 169 C>T in the promoter
region of FCRL3 that increases binding to NFkB transcription factor, resulting in increased

FCRL3 expression (Kochi et al., 2005; Jin et al., 2015).

RELA/FIBP locus

RELA (RELA proto-oncogene, NF-kB subunit): RELA is also known as Nuclear Factor Of Kappa

Light Polypeptide Gene Enhancer In B-Cells 3 (http://www.genecards.org/cgi-

bin/carddisp.pl?gene=RELA). It is located on the long arm of chromosome 11 (11q13.1), and

coding for a (Transcription factor p65) protein NF-kappa-B, which is a pleiotropic transcription
factor that plays a role in activating transcription of certain genes. It is found in almost all cell
types and is involved in inflammation, immunity, differentiation, cell growth, tumorigenesis,
and apoptosis. Upon activation, NF-kappa-B translocates to the nucleus where its NFKB1 form

creates a complex with the RELA gene product (https://www.ncbi.nlm.nih.gov/gene/5970),

(http://www.uniprot.org/uniprot/Q04206).
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FIBP: known as FGF1 intracellular binding protein, it codes for acidic fibroblast growth factor.
The encoded intra-cellular binding protein is thought to play a role in cellular mitogenesis and

cellular differentiation (https://www.ncbi.nlm.nih.gov/gene/9158). It is reported to be

associated with Thauvin-Robinet-Faivre syndrome; an autosomal recessive syndrome that is
characterized by developmental delay, learning disabilities and congenital anomalies
(Thauvin-Robinet et al., 2016). RELA/FIBP was reported to be associated with Crohn’s disease

(Jostins et al., 2012).

LPP (Lipoma Preferred Partner): also known as LIM domain-containing preferred
translocation partner in lipoma, a novel member of the LIM protein gene family

(http://www.genenames.org/cgi-bin/gene symbol report?match=LPP). LPP islocated on the

long arm of chromosome 3 (3927.3-928). The encoded protein is proline-rich with a leucine
zipper motif in its amino-terminal region and three LIM domains that facilitate protein-protein
interactions (Petit et al., 1996). It plays a role in cell-cell adhesion and cell motility which
makes it a potential novel link between cellular surface events and changes in gene
expression, additionally it is thought to act as a transcriptional co-activator (Grunewald et al.,
2009). Initially, LPP was reported to be associated with the risk of benign and malignant
tumours in humans (Grunewald et al., 2009). Other studies showed that LPP was linked to risk
of developing coeliac disease in Caucasians in two meta-analyses by (Almeida et al., 2014;
Huang et al., 2017), and in a study by (Izzo et al., 2011), and was reported to be expressed by

the pancreatic islets (Kutlu et al., 2009) and the small intestine (Hunt et al., 2008).
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1.10 Rationale

The frequency of high-risk HLA class Il genotypes is decreasing while the incidence of T1D has
increased over recent decades (Gillespie et al., 2004; Fourlanos et al., 2008; Vehik et al., 2008;
Steck et al., 2011). The rapid rate of change suggests an increase in pressure from the
environment in individuals with low and moderate genetic susceptibility (Hermann et al.,
2003), but this environmental pressure may also increase the penetrance of non-HLA risk
variants where increasing numbers of individuals with low and moderate genetic risk account
for new cases of T1D. This is an area of type 1 diabetes research which has become less
popular over the last decades perhaps because few natural history studies recruit for long
enough to allow changes in gene frequencies to be monitored over decades. The Bristol based
Bart’s Oxford study which is described in detail in chapter 2; section 2.1. is unique in

continuously recruiting since 1985, therefore, facilitating this novel study.

1.11 Hypothesis and specific aims

Hypothesis: That the decrease in HLA-mediated susceptibility over time in individuals with

T1D is associated with a concomitant increase in non-HLA genetic susceptibility variants.

Aim 1: To determine whether HLA class Il susceptibility is continuing to decrease by analysing
risk genotype frequencies over the last thirty years in participants in the population-based

Bart’s Oxford (BOX) Family study.

Aim 2: To determine whether the frequency of non-HLA susceptibility variants has altered

over time.
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Aim 3: To determine genetic associations between islet autoantibodies and non-HLA genetic

determinants in the Bart’s Oxford family study.

Aims 1 and 2 are directly linked; they both focus on analysing gene frequencies over time.
Aim 1 focuses on analysing HLA class Il data over the time the population-based BOX study
has been recruiting while in Aim 2, the analysis involves comparison of non-HLA T1D
associated gene frequencies between an early type 1 diabetes cohort — the Golden years
cohort diagnosed between 1922 and 1948 and the BOX cohort recruited from 1985. Aim 3 is
less directly linked and was not part of the original study. The analysis of non-HLA SNPs
associated with islet autoantibodies was suggested by first-year reviewers Professors Julian
Shield and Pat Kehoe. The results proved interesting and were added as an additional chapter
but the effects of sampling over time could not be analysed because all the islet autoantibody
data analysed were collected over a relatively short period between 1985 and 2002. A Venn
diagram has been incorporated into chapter 6 to further clarify linkages between the aims

and the data generated in this thesis.
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Chapter 2

Materials and Methods
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2.1 Study Populations:

1) The Golden Years cohort (GY): represents people from a UK national registry (n=400)

2)

who were diagnosed with T1D between 1922 and 1948. They had been awarded the
Alan Nabarro Medal by Diabetes UK as they survived T1D for more than 50 years from
diagnosis. They were characterized by low insulin requirements, normal body weight,
high HDL, and history of parental longevity. With regard to the complications of
diabetes, 43% of the GY cohort developed diabetic retinopathy but neither diabetic
nephropathy nor large vessel disease was evident among those patients (Bain et al.,
2003).

There were 376 genetic samples available in total from the GY cohort with 285 from

individuals diagnosed under the age of 21 years.

The Bart’s Oxford cohort (BOX): is a prospective, population-based family study which

has been recruiting patients diagnosed with T1D under the age of 21 years and their
families in the BOX region as outlined in Figure 2.1 since 1985. Paediatricians and
physicians who were interested in diabetes in this region initiated the study, and it
was initially designed to monitor T1D incidence in children and to predict those at risk
of future diabetes (Gardner et al., 1997; Bingley et al., 1999). To date 5,078 families

have been referred, >4,000 recruited and of these 55% remain under long term follow-

up.
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Figure 2.1: Map showing the BOX study region: The former Oxfordshire Authority Health
Region where the Bart’s Oxford (BOX) family study participants are recruited.

2.2 Genetic samples and methods

All chemicals were purchased from Sigma-Aldrich Ltd (Gillingham, UK) unless otherwise
stated.

Genetic samples were obtained in the form of whole blood samples collected by local nurses

or as mouth swabs. Kits for mouth swabs collection were sent via post to consented BOX
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participants. In addition to leaflets, the participants could access video links demonstrating

sample collection on the BOX study webpage.

(http://www.bristol.ac.uk/translational-health-

sciences/research/diabetes/research/box/new-samples-and-video-guides/)

Mouth swab samples were returned by post to the laboratory for DNA extraction. All samples
either whole blood or mouth brush were extracted using a traditional phenol-chloroform
extraction method. DNA was quantified using a measurement of OD260 and quality
controlled by measurement of 0D260/280 ratios (Gillespie et al., 2000) and where necessary
underwent whole genome amplification (WGA) following manufacturer’s instructions

(GenomiPhi V2 DNA Amplification Kit; GE Healthcare Life Sciences). DNA was stored at -20°C.

2.2.1 Whole Genome Amplification steps:

Before genotyping, native DNA samples were whole genome amplified in order to generate
sufficient DNA for multiple tests. This approach had previously been validated previously in
the laboratory and been shown to produce 100% concordant results between amplified and
native samples. The amplification would also help preserve the native DNA for use in future
experiments. The steps of WGA are explained using GenomiPhi V2 DNA Amplification Kit (GE
Healthcare Life Sciences). The four reaction components of the GenomiPhi V2 DNA
Amplification Kit ; enzyme mix, reaction buffer, sample buffer, and 10ng/ul Lambda positive
DNA control usually stored at - 80°C were thawed on ice. The native 100ng/ul DNA samples
are stored at -80 and the samples to be amplified were thawed on ice then centrifuged briefly.
A total of 94 native DNA samples and two controls can be processed at a time. On ice, an

aliquot of 1ul per well of native 100ng/ul DNA was plated into a 96-well PCR plate. Two wells
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were spared for 1ul of 10ng/ul DNA per well of the positive control and 1ul of ddH,0 as the
negative control. Then the sample buffer was added to the plate as 9ul per well, with DNA
and sample buffer mix as 10ul per well. The plate was sealed with an adhesive thermal-seal
and incubated for three minutes at 95°C in the PCR machine (BIO-RAD T100™, OX5 1GE, UK )
and afterwards was cooled on ice. Then a mixture of 9ul reaction buffer and 1l V2 enzyme
was added per well to the plate. The resultant mixture of 20ul per well was further incubated
for one and a half hours at 30°C, followed by ten minutes at 65°C resulting in amplified DNA
of 20ul per well. To test whether the amplification had been successful, a new 96-well PCR
plate was prepared with an aliquot of 1ul per well of amplified DNA and 5ul per well of density
dye Sucrose Creosol Red (SCR; 60% sucrose, 40% ddH,0 and 1mM creosol red). For a large 2%
agarose gel preparation; 8g agarose powder dissolved in 400ml 1X Tris-borate -EDTA (TBE)
buffer -2g agarose powder and 100ml TBE buffer for a small gel- were added into a
microwave-safe glass container with a capacity of 1 litre or more. The mixture was
microwaved on full-power for 3 to 4 minutes with intermittent shaking before setting in a
preformed cast, making sure it would not overheat by observing bubbles formation. Eye,
hand, and body protection was used at all times to minimize the risk of burns and possible
spillage. Then under running tap water, the mixture was carefully cooled till hand hot with a
gentle swirling motion. A 16ul Midori Green dye -4 ul for a small gel- was added, and the
product was poured into gel-mould, combs placed, and the gel left to set for 30 to 40 minutes
-10 minutes for a small gel. The combs were removed once the gel was set, then placed in the
electrophoresis tub so that the wells were immersed with TBE buffer for better band
separation of the primers and the DNA product.The amplification product and SCR mix was
loaded onto the gel (containing 0.04% (w/v) midori green (Geneflow, MG 04) to visualise DNA

prior to electrophoresis) for 140 minutes at 100V -40 minutes at 120V for a small gel. Band
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separation from the cathode to the anode was observed as DNA is negatively-charged. The
1X TBE buffer solution (pH 8.3) consisted of deionized water containing 90mM Tris borate and
2mM EDTA. The gel was imaged using a ChemiDoc™ MP System imager (BIO-RAD, 1708280)
to examine if the sample DNA had amplified; the positive and negative controls were also

checked .

The samples with successful amplification (usually all samples) were selected and aliquoted
from the first plate into 0.5ml sarstedt tubes. Each tube would have a total of 49ul WGA DNA
comprising 19ul of amplified DNA and 30pl Tris-EDTA (TE) buffer to solubilize and preserve the

DNA from degradation. The WGA DNA tubes were stored at -20 °C.

2.2.2 HLA genotyping

HLA genotyping of BOX DNA samples collected between 1985 and 2015 was performed prior
to this project; however, DNA samples collected from new BOX recruits since, were
genotyped for HLA DQB1 and DRBI1. Analysis of HLA class Il was carried out by Polymerase
Chain Reaction-Sequence Specific Primers (PCR-SSP) (Bunce et al., 1995). The resultant PCR
products were separated using 2% agarose gel-electrophoresis. To categorize HLA class Il risk,
the heterozygous diplotype HLA DRB1*03-DQA1*0501-DRB1*0201 (DR3-DQ2)/DRB1*04-
DQA1*0301-DRB1*0302 (DR4-DQ8) was defined as high-risk whereas DR3-DQ2/X or DR4-
DQ8/X diplotypes were intermediate-risk (including when DR3-DQ2 and DR4-DQ8 were
homozygous) and all the other combinations were considered low-risk (X/X) (Gillespie et al.,
2000; Gillespie et al., 2004; Lambert et al., 2004). In a linear regression analysis in Chapter 5,

this nomenclature was further simplified as outlined in section 5.1.
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2.2.2.1 HLA class |l genotyping procedure

Personal protective equipment was put on before commencing the experiment. The
experiment was carried out on ice to keep reaction materials at 4°C to prevent degradation
until they were placed in a PCR machine. A total of 2163 BOX probands and 285 GY were
genotyped for HLA DRB1 and HLA DQBI1 prior to this study. In this study, 60 new BOX samples
were genotyped for HLA class Il DQB1 and DRB1. Six WGA DNA samples can be genotyped for
HLA class Il DQB1 and DRB1 on a 96-well plate each time. Pre-aliquoted sequence-specific
primer mixes for HLA DRB1 and DQB1 as shown in Tables 2.1 and 2.2 were stored in the fridge
in tubes and numbered accordingly. The primer sequences, concentrations, combinations and
a detailed protocol of how they were prepared has been published previously (Gillespie et al.,

2000; Aitken et al., 2016).
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Primer number Gene Primer Name Sequence (5'-3')
1 DRO1 5'01 TTGTGG CAGCTT AAGTTT GAAT
3'047 CTG CACTGT GAA GCT CTC AC
3'048 CTG CACTGT GAAGCT CTC CA
2 DR15 5'02 TCC TGT GGC AGC CTAAGA G
3'01 CCG CGC CTG CTC CAG GAT
3 DR16 5'02 TCC TGT GGC AGC CTA AGA G
3'02 AGG TGT CCA CCG CGG CG
aq DRO3 DR3 F GTT TCT TGG AGT ACT CTACGT C
DR3 R TGC AGT AGT TGT CCACCC G
5 DRO4 5'04 GTT TCT TGG AGC AGG TTAAACA
3'047 CTG CACTGT GAA GCT CTC AC
3'048 CTG CACTGT GAAGCT CTC CA
6 DR11 5'05 GTT TCT TGG AGT ACT CTACGT C
3'06 CTG GCT GTT CCAGTACTCCT
7 DR12 5'08 AGT ACT CTA CGG GTG AGT GTT
3'08 CAC TGT GAA GCT CTC CAC AG
8 DR13 5'03 TAC TTC CAT AAC CAG GAG GAG A
5'05 GTT TCT TGG AGT ACT CTACGT C
3'10 CCC GCT CGT CTT CCAGGAT
3'045 TGT TCC AGT ACTCGG CGC T
3'17 CCCGCCTGT CTT CCAGGAA
9 DR14 5'05 GTT TCT TGG AGT ACT CTACGT C
5'08 AGT ACT CTA CGG GTG AGT GTT
3'11 TCT GCA ATA GGT GTC CACCT
10 DRO7 5'07 CCT GTG GCA GGG TAAGTATA
3'079 CCCGTAGTT GTG TCT GCA CAC
11 DRO8 5'08 AGT ACT CTA CGG GTG AGT GTT
3'045 TGT TCC AGT ACTCGG CGC T
3'18 GCT GTT CCAGTACTC GGC AT
12 DRO9 5'09 GTT TCT TGA AGC AGG ATAAGT TT
3'079 CCC GTA GTT GTG TCT GCA CAC
13 DR10 5'10 CGG TTG CTG GAA AGA CGC G
3'047 CTG CACTGT GAA GCT CTC AC
14 DR52 5'52.1 TTT CTT GGA GCT GCG TAA GTC
5'52.2 GTT TCT TGG AGC TGC TTA AGT C
3'13 CTGTTC CAG GACTCG GCCA
3'14 GCT GTT CCA GTA CTC GGC AT
15 DR53 5'53 GAG CGAGTG TGG AACCTG A
3'048 CTG CACTGT GAAGCT CTC CA
Control 5'C TGC CAA GTG GAG CAC CCA A
Control 3'C GCATCT TGC TCT GTG CAG AT

Table 2.1: HLA DRB1 primer sequences in HLA class Il genotyping.
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Primer number | Variant Primer Name Sequence (5'-3')
1 2 DQB1*02 F GTGCGTCTTGTGAGCAGAAG
DQB1*02 R GTAGTTGTGTCTGCACACCC
2 201 DQB1*0201 F GTCCGGTGGTTTCGGAATGA
DQB1*0201 R TGCTCTGGGCAGATTCAGAT
3 301 DQB1*0301/0304 F GACGGAGCGCGTGCGTTA
DQB1*0301/0304 R CGTGCGGAGCTCCAACTG
4 302 DQB1*0302 F GTGCGTCTTGTGACCAGATA
DQB1*0302 R CTGTTCCAGTACTCGGCGG
5 303 DQB1*0303 F GACCGAGCGCGTGCGTCT
DQB1*0303 R CTGTTCCAGTACTCGGCGT
6 304 DQB1*0304 F TTTCGTGCTCCAGTTTAAGGC
DQB1*0304 R TGGCTGTTCCAGTACTCGGCGG
7 305 DQB1*0305 F GCTACTTCACCAACGGGACC
DQB1*0305 R TGCACACCGTGTCCAACTC
8 307 DQB1*0307 F CCCGCAGAGGATTTCGTGTA
DQB1*0307 R CCCCAGCGGCGTCACCA
9 4 DQB1*0401/0402 F CTACTTCACCAACGGGACC
DQB1*0401/0402 R TGGTAGTTGTGTCTGCATACG
10 501 DQB1*0501 F ACGGAGCGCGTGCGGGG
DQB1*0501 R GCTGTTCCAGTACTCGGCAA
11 502 DQB1*0502 F TGCGGGGTGTGACCAGAC
DQB1*0502 R TGTTCCAGTACTCGGCGCT
12 503 DQB1*0503 F TGCGGGGTGTGACCAGAC
DQB1*0503 R GCGGCGTCACCGCCCGA
13 601 DQB1*0601 F TTTCGTGCTCCAGTTTAAGGC
DQB1*0601 R CCGCGGAACGCCAGCTC
14 602 DQB1*0602/10/13 F CCCGCAGAGGATTTCGTGTT
DQB1*0602/10/13 R CCTGCGGCGTCACCGCG
15 0603/7 DQB1*0603/7 F GGAGCGCGTGCGTCTTGTA
DQB1*0603/7 R GCTGTTCCAGTACTCGGCAT
16 0603-5/7- DQB1*0603/8/12 F GGAGCGCGTGCGTCTTGTA
9/12 DQB1*0603/8/12 R AACTCCGCCCGGGTCCC
17 0603/8/12| DQB1*0603-05/07-09/12 F|GGAGCGCGTGCGTCTTGTA
DQB1*0603-05/07-09/12 R|TGCACACCGTGTCCAACTC
Control HgH HgH F ACCAGCTCAAGGATCCCAA
HgH R CACCCATTACCCAAGAGCTTA

Table 2.2: HLA DQBI1 primer sequences in HLA class Il genotyping.
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WGA DNA samples stored at -20°C were thawed on ice, then centrifuged and vortexed briefly
to ensure homogeneity. GoTaq® G2 Flexi DNA Polymerase (10,000u) (Promega,
www.promega.co.uk) was used in PCR reactions which also included the following PCR
reagents: 5X Green GoTaq® Flexi Buffer, 5X Colourless GoTaq® Flexi Buffer and 25mM
magnesium chloride (MgCl2). Deoxyribonucleotide triphosphates (dNTPs 1mM) were
purchased from Sigma and all stored at-20°C. The MgCl,, dNTPs and buffer were thawed on
ice and vortexed to mix. The primers were also defrosted in batches and mixed thoroughly
with a multichannel pipette. The primers were plated as 5ul per well into two 96-well high-
profile non-skirted PCR plates on ice, following a plate map for six samples. For each of the
six DNA samples, an Eppendorf tube sized 1.5ml was prepared. Each of the six reaction tubes
was vortexed briefly for proper mixing of reagents. A total of six reagents; purified water
46.4ul, Green GoTaq buffer 68ul, 25mM MgCl2 20.4ul, dNTPs 1mM 10.2ul, WGA DNA 20.4ul,
and DNA polymerase GoTaq enzyme 1.7ul were added into each Eppendorf tube. Following
a plate map, an aliquot of 5ul per well of the reaction mix was added to the 5ul primer mix.
The plates were securely sealed with an adhesive thermal-seal to prevent product evaporation
during PCR thermo-cycling. A stored programme for HLA class Il DQB and DR analysis was
utilised. Briefly, this was a Touchdown PCR with an initial one-minute denaturation at 96°C;
the 5 cycles of 96°C for 25 seconds; 70°C for 50 seconds and 72°C for 45 seconds followed by
21 cycles where the annealing temperature was reduced to 65°C and a final 4 cycles where
the annealing temperature was reduced to 55°C and the extension temperature extended to
120 seconds. Finally, after the thermo-cycling was complete, the DNA amplification was

stored at 4°C prior to gel-electrophoresis.
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2.2.3 SNP genotyping

Genotyping for 22 single nucleotide polymorphisms (SNPs) was performed using WGA DNA
samples from the GY (n=285) and BOX cases (n=1992). Both cohorts were age-matched for
those diagnosed with T1D under the age of 21 years. SNP genotyping was done by using
TagMan® Universal Master Mix Il assay (Applied Biosystems). Of the 22 SNPs, FCRL3, RELA
and LPP were associated with the risk of islet autoimmunity as previously explained in section

1.9.2 and will be explained in more detail in chapter 5; section 5.3.

2.2.3.1 TagMan genotyping steps

A wide range of Tagman SNP genotyping kits are available from ThermoFisher Scientific

(https://www.thermofisher.com). The genotyping was carried out using TagMan® Universal

Master Mix Il on a Real-time PCR (gqPCR) machine using Step One software v2.2.2 (Applied
Biosystems), with the exception for CCR-5 SNP rs333 where deletion genotyping was
performed as described in section 2.2.3.2. A list of the non-HLA SNPs that were genotyped in

this project and their probes’ sequences are shown in Tables 2.3a and 2.3b.

93


https://www.thermofisher.com/

Allele

SNP —— SNP probe context sequence (VIC/FAM)
rs6679677 ACAAGGTCTGAATCCTTGCTCCCAA[TICAATAATCTGTGATCTTAAGCAATT
PTPN22 ACAAGGTCTGAATCCTTGCTCCCAA[G]CAATAATCTGTGATCTTAAGCAATT
rs2816316 ATCCTATCTAAAACAACAGACAACT[TJAATATTCCTCCACAACAGGAGGGAG
RGS1 ATCCTATCTAAAACAACAGACAACT[CJAATATTCCTCCACAACAGGAGGGAG
rs2292239 AATAGTGAAGAGACTTTTGAATCTA[CJAGGGCAGCACTTAAGGGATCTAGGG
ERBB3 AATAGTGAAGAGACTTTTGAATCTA[A]JAGGGCAGCACTTAAGGGATCTAGGG
rs3184504 TTGCTCCAGCATCCAGGAGGTCCGG[G]GGTGCACACGGCTTGAGATGCCTGA
SH2B3 TTGCTCCAGCATCCAGGAGGTCCGG[A]JGGTGCACACGGCTTGAGATGCCTGA
rs4948088 CAAGACATGAGCTAGTCTTGGGATA[T]CCACCTCTGCTGCCAGGCCAAAAAG
COBL

CAAGACATGAGCTAGTCTTGGGATA[G]CCACCTCTGCTGCCAGGCCAAAAAG

rs12935413 CLEC16A /KIAAO350

AGAATCTCAGACAGGTTACACTGTC[TIGAGGATTGAACCGAGGCATATGTTG

AGAATCTCAGACAGGTTACACTGTC[CIGAGGATTGAACCGAGGCATATGTTG

[l - N Nl ol BN Kol Nl HoN B-N EoN BN KN B2 N Kl EE N KN PN Kl B

rs1893217 TCACTTGTCACCATTCCTAGGGACA[T]AGGTAGAGGAAGAAGAGTGTATCTG
PTPN2 TCACTTGTCACCATTCCTAGGGACA[CJAGGTAGAGGAAGAAGAGTGTATCTG
rs11755527 AAGGGCTGGGAAAGAAAGGAGAAAG[G]AAAGTATGGACAACTGGGTGGTGCT
BACH2 AAGGGCTGGGAAAGAAAGGAGAAAG[CIAAAGTATGGACAACTGGGTGGTGCT
rs3024505 GGGCTGCCCAGGCAGAGCGTGAGGG[T]GACTAGTGTTTACTCAGCTCATTTT
IL-10 GGGCTGCCCAGGCAGAGCGTGAGGG[C]GACTAGTGTTTACTCAGCTCATTTT
rs917997 ATAGATAATGCTAGAACCAAGCTAT[G]CAGATGTCCAGCGTTTTGACCTTAG
IL1I8RAP ATAGATAATGCTAGAACCAAGCTAT[A]JCAGATGTCCAGCGTTTTGACCTTAG
rs3087243 TCTTCACCACTATTTGGGATATAAC[TITGGGTTAACACAGACATAGCAGTCC
CTLA-4

TCTTCACCACTATTTGGGATATAAC[CITGGGTTAACACAGACATAGCAGTCC

Table 2.3a: SNP probe sequences with the alleles detected: The disease associated variant
highlighted in red, the VIC labelled probe is in blue (coded allele 1 by the StepOne Plus PCR
software); the FAM labelled probe is in green (coded allele 2 by the StepOne Plus PCR
software). The deletion polymorphism CCR-5 is not described here. Details can be found in

section 2.2.3.2.
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SNP Allele SNP probe context sequence (VIC/FAM)
detected

rs4505848 A TGTTCTAGGAATGGTGCTAGTTGCT[T]TAGATAGAGATGATGTAGCATCTGT
IL-2 G TGTTCTAGGAATGGTGCTAGTTGCT[CITAGATAGAGATGATGTAGCATCTGT
rs7020673 c TGATAATGGCTACAGATTGCTGGAG[G]AAATTCAGGACCTTCAGGAATACAC
GLIS3 G TGATAATGGCTACAGATTGCTGGAG[CJAAATTCAGGACCTTCAGGAATACAC
rs12251307 c CGAAGTAGCTAACGTGTTGGAAGTC[G]CCATAAGGCACATGAGCTGCAGAGA
IL2RA T CGAAGTAGCTAACGTGTTGGAAGTC[A]CCATAAGGCACATGAGCTGCAGAGA
rs3825932 c GGACAATTGACTACCAGTTTGCCTC[G]GGAGAGATTATTCTGGGGCCAGAAT
CTSH T GGACAATTGACTACCAGTTTGCCTC[A]GGAGAGATTATTCTGGGGCCAGAAT
rs689 A CATGGCAGAAGGACAGTGATCTGGG[T]GACAGGCAGGGCTGAGGCAGGCTGA
INS T CATGGCAGAAGGACAGTGATCTGGG[A]GACAGGCAGGGCTGAGGCAGGCTGA
rs2111485 T GCATGGGGTCATAAATATAAAGCCT[A]JGAAGGGTGGAATTTCCCTGAGGAA
IFIH1 c GCATGGGGTCATAAATATAAAGCCT[G]GAAGGGTGGAATTTCCCTGAGGAA
rs9976767 A TCTTTCCTACTTCCTGGAAAAATCT[TICAGGGATCCAGCCATCTCCTTTATG
UBASH3A G TCTTTCCTACTTCCTGGAAAAATCT[C]CAGGGATCCAGCCATCTCCTTTATG
rs3761959 c TTCCTTCCTGTAGTCTGAGGAATAC[G]GGTAATGTAGGGAGAAAAAAAAAAA
FCRL3 T TTCCTTCCTGTAGTCTGAGGAATAC[A]GGTAATGTAGGGAGAAAAAAAAAAA
rs568617 c TCCGAGTTCTGGCCTCTCTCTGCCT[G]AAGTCACTGTGTGACGTGTCTCA AG
RELA T TCCGAGTTCTGGCCTCTCTCTGCCT[AJAAGTCACTGTGTGACGTGTCTCA AG
rs1464510 G ATGTGATTCTGAAACTGATTTGAAA[CIAGCCTGGTTCATTTTTACTGTGTTGC
LpP T ATGTGATTCTGAAACTGATTTGAAA[AJAGCCTGGTTCATTTTTACTGTGTTGC

Table 2.3b: SNP probe sequences with the alleles detected: The disease associated variant
highlighted in red, the VIC labelled probe is in blue (coded allele 1 by the StepOne Plus PCR
software); the FAM labelled probe is in green (coded allele 2 by the StepOne Plus PCR
software). The last three SNPs of FCRL3, RELA and LPP are not associated with the risk of T1D
but with islet autoimmunity as explained in section 1.9.2 and in chapter 5. Alleles marked in
red are the risk alleles for T1D.

A total of 376 GY samples were genotyped for 16 T1D SNPs before age-matching and 1380
BOX samples were genotyped for UBASH3A in this study. The remainder of the SNP
genotyping had been completed prior to this study. To put the experiments in context, the
GY 376 samples required five 96-well plates to genotype each of the 16 SNPs, and BOX 1380

samples were genotyped on fifteen 96-well plates. Where necessary, samples were retyped
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when samples did not amplify successfully in the first run. The failure rate was approximately
1%. For each SNP, positive controls for each homozygous and heterozygous genotype were
available and added to each plate. Additionally, a fourth control of ultra-pure water was used

as a negative control to determine if there was any contamination.

Personal protective equipment was worn as per laboratory protocols. For each plate a total
of 92 WGA DNA samples were thawed on ice, then centrifuged and vortexed briefly. The
samples were plated on ice into a 96-well optically-clear plate, sparing the last four wells for
homozygous and heterozygous positive controls 11, 12, and 22 (allele 1 is the VIC labelled
allele for each SNP and allele 2 is the FAM labelled probe) as positive controls and the last
well for ultra-pure water as the negative control. The remainder of the experiments were
carried out at room temperature. Briefly for each plate (and following manufacturer’s
instructions where concentrations of reagents were not clear); the ultrapure water and
Tagman mastermix were removed from storage at 4°C, swirled gently and then 550ul and
600ul respectively were added to a 2ml eppendorf tube. . The probe (15ul) -usually stored at
-20°C, was then added to the mix. The SNP probe is light-sensitive, and care was taken to
minimize exposure to light. The main reaction mixture tube was briefly centrifuged and
vortexed. An aliquot of 11.65ul per well was plated into the 96-wells. The plate was sealed
with an optical adhesive seal, then spun briefly with a plate spinner. Finally, the plate was

placed in a gPCR machine for analysis.

The STEPONE software uses the known positive controls to cluster homozygotes for allele 1,

homozygotes for allele 2 and heterozygotes as shown in Figure 2.2.
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Figure 2.2: Genotypes as “called” by the qPCR machine software: The black square is the
negative control; the cluster of red dots is the number of subjects having two copies of allele
1 (genotype 11), the cluster of blue dots represents the subjects with two copies of allele 2
(genotype 22), and the green cluster of dots shows those with one copy of allele 1 and 2

(genotype 12).
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2.2.3.2 CCR-5 rs333 genotyping steps

Genotyping of CCR-5 rs333 SNP was carried out on a BIO-RAD T100 Thermal™ Cycler using
GoTaq® G2 Flexi DNA Polymerase (10,000u) (Promega) . The resultant PCR product was then
size-separated using 2.5% agarose gel-electrophoresis to separate the alleles. The gel was
read on a gel-imager as described in section 2.2.1. A total of 376 WGA genetic samples of the
GY cohort were available for CCR-5 genotyping, while 1992 BOX genetic samples had been

genotyped prior to this study.

Personal protective equipment were put on before starting and experiments were carried out

on ice. Unless otherwise stated reagents for this assay were from Promega.

Briefly an individual PCR reaction mix included 0.6 pl of WGA DNA; 2.5 ul of forward primer
(CCR-5 F 5'-GATAGGTACCTGGCTGTCGTCCAT-3’) and reverse primer (CCR-5 R 5'-
ACCAGCCCCAAGATGACTATCT-3’) at 20pmol/pl, 1.45ul ddH,0, 0.6ul MgCI2 (25mM), 0.3l
dNTP (1ImM); 2ul GoTaqg Green buffer and 0.05ul of GoTaq Green DNA polymerase. No DNA
sample was added to the last well where ddH;0 was used as a negative control. The plate was
sealed with an adhesive thermal-seal, and amplified in a PCR machine following a pre-stored

CCR-5 genotyping programme.
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A 2.5% agarose gel-electrophoresis was carried out (similar to the method described in
section 2.2.1). Briefly, 10g agarose powder was added to 400ml TBE buffer for large 2.5%
agarose gels and 2.5g agarose powder in 100ml for small 2.5% agarose gels. The remainder
of the experiment was carried out as described in section 2.2.1 to determine CCR-5 genotypes

as shown in Figure 2.3.

12 ‘ 11 O
—_— -@- — @- - @ : 216bp allele2 (mutation A32)
. -
' ad ] 248bp allele1 {wild type)

Figure 2.3: CCR-5 alleles: A CCR-5 gel-image of the results obtained by agarose gel-
electrophoresis showing a 32bp difference between allele one and allele two. Allele 1 (wild
type) is associated with risk of development of T1D.

Scoring genotype data: All genetic results were scored first by the person carrying out the
experiment and then second scored by a colleague to ensure high quality results. Any queries

were repeated but repeats are consistently below 3%.
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2.3 Islet Autoantibody samples and methods

2.3.1 Subjects

Islet autoantibody data were available on a group of newly-diagnosed BOX children (n=613)
(Long et al., 2012). The participants at sample collection were under the age of 21 years. The
median age of diagnosis was 10.9 years, and the range was 0.7 to 21 years. A genetic sample
was available for analysis on 552 (90%) of participants. Serum and DNA samples had been
collected from the consented participants within a median of one day from the onset of T1D,
and a range of -61 to 90 days. The patients were divided according to date of diagnosis into

four quartiles, as shown in Table 2.4.
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Factor Overall Quartile 1 Quartile 2 Quartile 3 Quartile 4 P
BOX subjects 513 (34.0) 153 (30.2) 154(37.1) 153 (37.4) 153 (28.6)
Minimum date of diagnosis Juby 1985 Juky 1985 April 1990 February 1994 July 1997 MNA
Maximum date of diagnosis February 2002 March 1990 February 1994 June 1997 February 2002 A
Age (years) 109 (0.7-20.8) 10.9(0.7-20.7) 10.9(13-206)  105(13-20.8) 11.3({1517.4) 0411
Disease duration (days)* 1{-60to 90) 3(-61to 90) 1({-9to 88) 1(-9to90) 1{-21 to 89) 0078
Sex [male) 346 (56.4) 90 (58.8) 83(53.9) 88(57.5) 85(55.5) 0.799
HLA class Il
DR3-D02 /DRI-DOE 225 (36.7) 57(37.3) 55 (35.7) 55 (35.9) 58(37.9) 0.848
DR4-DORB/DRI-DOS 30(4.9) 3(2.0) 9 (5.8) 6 (3.9) 12 (7.8) 0.043
DR3-D02 /DR3-DQ2 49 (8.0) 13 (8.5) 14(9.1) 11(7.2) 11(7.2) 0.560
DR4-DOR /X 143 (23.3) 36(235) 38(247) 35 (22.9) 34(222) 0628
DR3-DA2 /X 98 (16.0) 24(157) 23(14.9) 29 (19.0) 22(14.4) 0981
XX 68 (11.1) 20(13.1) 15(9.7) 17 (11.1) 16(105) 0.578

Table 2.4: The characteristics of newly-diagnosed BOX participants (Long et al., 2012): The
total number was (n=613), of whom 346 (56.4%) were males. All participants were diagnosed
between July 1985 and February 2002. The overall age range in years was 10.9 (0.7-20.7). The
median of T1D duration was 1 day with a range of -61 to 90. The majority were carriers of at
least one of the two HLA class Il DR3-DQ2 and DR4-DQ8 haplotypes (36.7%), while only 4.9%
had DR4-DQ8/DR4-DQ8.

2.3.2 Methods

Radio-binding assays were performed to measure autoantibodies against insulin, GAD, 1A-2,

IA-2[3, and ZnT8 antigens. This work was completed by other members of the laboratory.

Regarding insulin autoantibodies, samples that were collected within a fortnight from the
onset of disease were used for IAA measurement. Samples collected beyond this period
would result in false-positive results, as antibodies against exogenous insulin rather than

endogenous insulin would be detected after initiating insulin treatment (Long et al., 2012).

Antibodies to GAD, Insulin, 1A-2 and where appropriate IAA were measured using radio-
binding assays. These assays are well described in the literature for IAA (Williams et al., 1997),
IA-2A, (Williams et al., 2008), GADA (Williams et al., 2015) and ZnT8A (Long et al., 2012) and
as these data were provided by other laboratory members, the methods are, therefore, only
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described briefly here. In principle the antigen is radiolabelled either by iodination or in vitro
transcription/translation. The radiolabel is added to serum from individuals of interest. The
antigen/autoantibody complex is separated using Poly A Sepharose, washed and the level of
antibody measured in a beta or gamma counter as appropriate. Autoantibodies to insulin,
full-length GAD65, and intracytoplasmic (606—979) or juxtamembrane (609-631) regions of
IA-2 were measured. IA-2BA and ZnT8A were assayed using similar protocols with plasmids
encoding the protein tyrosine phosphatase domain of IA-23 (723-1015) or C-terminus of ZnT8
(268-369, 325R, or 325W) provided by Dr. Vito Lampasona. ZnT8A were determined by
combining results from separate assays for autoantibodies recognising either arginine
(ZnT8RA) or tryptophan (ZnT8WA) at position 325. IAA, GADA, IA-2BA, and ZnT8A results were
expressed in arbitrary units and IA-2A in DK units/mL derived from standard curves, with

extrapolation of values above the top standard. JMA results were calculated as an index.

Thresholds for IAA, GADA, and IA-2A positivity were set at the 97.5% percentile of sera from
2,860 schoolchildren (Bingley et al., 1997). The threshold for ZnT8A measurement was based
on the 97.5th percentile of 523 schoolchild sera (Long et al., 2012). Thresholds for IA-2BA

were set at the mean + 3 SDs of 270 schoolchild sera (Long et al., 2012; Long et al., 2012).

When expressing results of autoantibody measurements, arbitrary units were used to express
the results for IAA, GADA, ZnT8A, and IA-2BA (Williams et al., 2008), whereas DK units/ml

were used to express for IA-2A results (Long et al., 2012).

Assay performance was based on the outcomes of the Diabetes Autoantibody
Standardization Program (DASP). DASP was established as a means to evaluate and
determine the performance of islet autoantibody assays used in different laboratories. A

total of 60 laboratories across 18 countries took part in DASP (Lampasona et al., 2011)
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2.3.3 Genetic analysis

As explained earlier in “Genetic samples and methods” section, native DNA samples were

collected, whole-genome amplified, and HLA class Il and SNP genotyping were performed.

Three additional non-HLA SNPs FCRL3 rs3761959, RELA/FIBP rs568617, and LPP rs1464510
known to be associated with islet autoimmunity, but not T1D, were genotyped as part of the
aims of this MD in 376 GY before age-matching, and 1400 BOX genetic samples, adding to 19
previously genotyped SNPs using a TagMan protocol as previously described in section
2.2.3.1. HLA class Il genotypes and a total of 22 SNPs were analysed in relation to four islet

autoantibodies.

2.3.4 Statistical Analysis

Genetic data represent categorical variables and as such were described as frequencies while
comparisons were conducted using chi-square and chi-square for trend as appropriate.
Bonferroni correction for multiple comparisons was not applied as it is considered overly
conservative but care was taken only to apply statistical tests where data were sufficient. P

values <0.05 were considered significant.

Regarding statistical analyses of islet autoantibody associations with non-HLA SNPs, a chi-
square univariate analysis was done to test the significance of the interaction of each of the
three non-HLA SNPs FCRL3, RELA, and LPP with IAA, GADA, IA-2A, IA-2BA, and ZnT8A.
Associations with a p<0.05 were deemed significant and were further tested in multivariate
logistic regression analyses to examine the degree of the potential influence of other variables
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on these genetic-autoantibody associations as shown in Tables 5.1 and 5.2 in the methods

section of chapter 5. All calculations were performed using SPSS (IBM SPSS Statistics 23.0).
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Chapter 3

Analysis of HLA class Il risk over time

in cases participating in the Bart’s

Oxford Study (1985-2015)
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3.1 Introduction

Comparison of the HLA class Il frequencies between cases with T1D diagnosed before 1948
and after 1985 showed a reduction in high-risk genotypes and an increase in intermediate-
risk profiles in several different studies including BOX (Hermann et al., 2003; Gillespie et al.,
2004; Fourlanos et al., 2008). This change in HLA-mediated risk occurred over a period when
the increase in the incidence of T1D was well documented (Onkamo et al., 1999; Green et al.,
2001; Gale, 2002). Data regarding changes in the incidence of T1D in the early 21 century
are less clear with some studies suggesting that there may be ongoing increases in some areas
while high incidence countries such as Finland may have reached a plateau (Harjutsalo et al.,
2013; Skrivarhaug et al., 2014; Patterson et al., 2019). In particular, the EuroDiab Ace study
(Patterson et al., 2019) showed that “Despite reductions in the rate of increase in some high-
risk countries, the pooled estimate across centres continues to show a 3.4% increase per
annum in incidence rate, suggesting a doubling in incidence rate within approximately 20

years in Europe”.

One of the advantages of the Bart’s Oxford family study is that it is population-based making
it an ideal study in which to monitor changes over time. In this chapter, the aim was to
examine HLA class Il data over the time since 1985 that the study has been recruiting in order

to address the hypothesis “that HLA risk for T1D continues to decrease over time”.
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3.2 Materials and Methods

As described in chapter 2; section 2.2.2.1, HLA class Il DRB1 and DQA1 genotyping was carried
on whole genome amplified DNA from cases with type 1 diabetes participating in the BOX

study. The genotyping method was learned

and then 60 samples were fully genotyped to ensure understanding of the data to be analysed
in order to test the hypothesis that HLA class Il frequencies were continuing to change over

time.

3.2.1 Population examined

The BOX Genetic Results Database contains HLA class Il data on all study participants who
have provided samples either mouth brush or venepuncture samples for analysis of HLA class
Il HLA DRB1-DQB1 by PCR-SSP (Gillespie et al., 2000). These data were selected to identify all
probands with a result. Family members who also had diabetes were removed from the
analysis to avoid biasing the data. Data were analysed in 5-year bands, between 01/01/1985
and 31/12/2014. Individual genotypes were coded as “High-risk” if they carried both risk
haplotypes (HLA DRB1*03-DQB1*0201/ HLA DRB1*04-DQB1%*0302); “Medium-risk” if an
individual was positive for only one risk haplotype and another non-risk haplotype and “Low-
risk” if HLA DRB1*03-DQB1*0201 and HLA DRB1*04-DQB1*0302 were absent. The protective
haplotype HLA DRB1*15-DQB1*0602 was not analysed separately due to its low frequency in

BOX cases (<1%).
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3.2.2 Data analysis

Data frequencies were converted to percentages and compared by date of diagnosis in year
groups. Differences were calculated by chi-square test for trend with p<0.05 considered

significant.

3.3 Results

A typical gel is shown in Figure 3.1. The PCR products for PCR mixes DRB1 1-15 and DQB1 1-

17 underwent agarose gel-electrophoresis as described in section 2.2.2.1.

HLA Class Il DRB1

1 2 3 kK 5 6 7 8 9 10 11 12 13 14 15

DR DR DR DR DR DR DR

DR1 15 16 DR3 DR4 11 12 DR13 DR14 DR7 DRS DR9 10 52 53
DR2 DRS DR6

HLA Class || DQB1

0603-

0803 | 5/7- | 0803
02 | 0201 | 0301 | 0302 | 0303 | 0304 | 0305 | 0307 | 04 | 0501 | 0502 | 0503 | Os01 | Os02 /7 9/12 | /8/12

Figure 3.1: A representative gel showing the results from an individual with the highest-risk
HLA class Il genotype (HLA-DRB1*03, HLA-DRB1*04 and HLA-DQB1*0201, HLA-DQB1*0302).
The constant band running at higher molecular weight -closer to the bottom of the image- is
a control band which should amplify in every individual. This is commonly a non-polymorphic
region of the gene for Human Growth Hormone (sequences on Tables 2.1 and 2.2 in chapter
2). Occasionally other controls are used if the allele specific variant is a similar size to the
control band. The allele specific bands can be uncoded using the matrix incorporated with the
gel image.
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Table 3.1 shows the first 10 results obtained while learning the HLA class Il genotyping

procedure.
|Samp|e ID| DRB1 Allele 1 | DRB1 Allele 1 DQB1 Allele 1 DQB1 Allele 1 DR/DQ genotype
L4 L4 L4 L4
104 04 0302 0302 DR4-DQ8/DR4-DQS
2/03 04 "0201 0302 DR3-DQ2/DR4-DQ8
301 o1 "os01 '0501 X/X
4’03 o4 0201 '0302 DR3-DQ2/DR4-DQS
5/03 04 0201 '0302 DR3-DQ2/DR4-DQ8
6/01 (7 "0501 '0302 DR4-DQS8/X
7703 04 "0201 0302 DR3-DQ2/DR4-DQ8
8loa 04 0302 '0302 X/X
r r r
9 04 12 0301 allele not detected DR4-DQS8/X
10703 04 "0201 0302 DR3-DQ2/DR4-DQ8

Table 3.1: HLA class Il analysis: Five individuals were positive for the highest risk genotype
DR3-DQ2/DR4-DQ8, two were negative for HLA class Il risk (X/X) and the remainder had
intermediate-risk (either homozygous or heterozygous for DR3-DQ2 or DR4-DQ8).

When the 60 available DNA samples had been HLA class Il genotyped (including the ten

samples described above), the results were collated in a graph as shown in Figure 3.2.
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Figure 3.2: HLA class Il genotype frequencies for 60 T1D cases tested.

Once the HLA genotyping technique had been mastered, the data available in the BOX ACCESS
database were analysed. Some time was spent checking the data where some individuals had
incomplete data. Where it was possible, their data were completed and updated. Only the

proband from each family was included in the analysis.

3.3.1 HLA frequencies in BOX probands by date at diagnosis

Data with complete HLA class Il genotypic data, date of birth and date of diagnosis were
selected for further analysis. Ultimately, results on 1737 probands were analysed. Each HLA
genotype was coded as high, medium and low risk as outlined in the methods and Table 3.1.
Age at diagnosis was calculated by subtracting date at diagnosis from date of birth. Analysis
was carried out in EXCEL. The results obtained when the frequency of HLA risk genotypes

were analysed in 5-year groupings by date of diagnosis of diabetes are shown in Table 3.2.
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Date High-risk HLA o Intrei:T:c:j:te- % Low-risk HLA o
of Diagnosis n n n

1985-1990 100 33 164 55 37 12
1990-1995 137 34 222 56 39 10
1995-2000 171 37 258 55 37 8
2000-2005 75 28 185 60 33 12
2005-2010 44 29 91 59 19 12
2010-2015 44 30 77 53 24 17
Total 571 33 977 56 189 11

Table 3.2: HLA in BOX Study Cases: HLA risk genotypes by date of diagnosis in 5 year bands
from 1985 to 2015. In the row entitled “total”, the frequency of n is the total n but for the %
columns, the average is given because the total would not be helpful.

These data did not support the hypothesis of decreases in the high-risk HLA over time (p>0.05;
chi-square for trend) and suggest that there have been minimal changes to HLA high-risk
frequencies over the decades the BOX study has been recruiting although the numbers of
samples from 2000 onwards were relatively low compared to those before 2000 and this will
be discussed in more detail in section 3.4. The data analysed here involved children with
diabetes diagnosed under the age of 21 years while the original study focused on children
under the age of 15 years (Gillespie et al., 2004). In the published study three age-matched
individuals from BOX were compared with each GY participant as shown below on Table 3.3.
Therefore, there were 194 individuals in the group diagnosed between 1922 and 1948 and

582 in the 1985-2002 group.

111



Intermediate-

Dat High-risk HLA Low-risk HLA
ate igh-ris % risk HLA % OW-ris %
of Diagnosis n n n
1922-1948
92 47 85 44 17 9
n=194
1985-2002
206 35 320 55 56 10
n=582

Table 3.3: HLA comparison over time as previously published (Gillespie et al., 2004).

3.3.2 Reanalysis of Golden Years data to include cases diagnosed under age 21 years

HLA risk is known to decrease with increasing age at onset. The original GY data were,

therefore, reanalysed using data from 278 participants diagnosed under the age of 21 years

and compared with the expanded BOX HLA dataset for probands diagnosed under age 21

analysed in this study. The results are shown in Table 3.4.

Intermediate-
Dat High-risk HLA Low-risk HLA
ate igh-ris % risk HLA % OW-ris! %
of Diagnosis n n n
1922-1948
109 39 148 53 21 8
n=278
1985-2015
571 33 977 56 189 11
n=1737

Table 3.4: Comparison of HLA genotypes in under 21 years old: HLA Comparison of GY and

BOX cases diagnosed with T1D under the age of 21 years.
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These data suggest the difference in HLA susceptibility can be still observed in the enlarged
datasets spread across a wider age group (p<0.01; chi-squared for trend analysis), but this

may also dilute the differences observed in younger age groups.

3.3.3 The effect of age-at-onset on HLA-mediated risk in BOX

As the greatest effect on genotype over time was previously observed in those diagnosed

under the age of 5 years, this subgroup was examined in isolation in the BOX study as shown

in Table 3.5.
Intermediate-
D?:;ozfis High-risk HLA % risk HLA % Low-risk HLA %
n n

1985-1990 28 57 18 37 3 6
1990-1995 38 38 52 52 10 10
1995-2000 35 44 40 50 5 6
2000-2005 12 25 34 69 3 6
2005-2010 9 30 18 60 3 10
2010-2015 13 41 17 53 2 6

Total 135 35 179 38 26 27

Table 3.5: HLA genotypes comparison in under 5 years old: HLA high, intermediate, and low-
risk genotypes in children diagnosed under the age of 5 years.

The results in those diagnosed under the age of 5 years may suggest a decrease in high-risk
HLA frequencies over time. The numbers of samples available after 2000 in the under age 5
group make it difficult to feel confident in the results, and a larger analysis focused in this

age group is warranted.
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3.4 Discussion

A decrease over time in the HLA-mediated risk profile for T1D is well described (Hermann et
al., 2003; Gillespie et al., 2004; Fourlanos et al., 2008), but the data are often derived from
different cohorts recruited decades apart. The hypothesis that HLA susceptibility is continuing
to decrease over time in a unique, continuously recruiting population-based longitudinal T1D
cohort was tested in this chapter. There was no evidence for an ongoing decrease within the
BOX study, but this result should be interpreted cautiously because there are several

limitations to this study.

Firstly, the numbers of cases diagnosed after 2002 were fewer than those diagnosed before.
This is because the funding stream for the BOX study changed in 2002. Prior to this date, nurse
fieldworkers used to visit families at home to collect venepuncture blood samples for genetic
studies. The study continued to recruit after 2002, but all data were collected by
guestionnaire. In 2015, the study was refunded to collect DNA from families recruited since
2002. This is still ongoing, and, therefore, there were fewer HLA results in the later part of the
cohort. The longer aim, therefore, would be to repeat this analysis when numbers of samples
have increased and include samples collected between 2015 and 2020 which are increasing
rapidly. One focus as a result of this study is the collection of samples from children diagnosed
with T1D under the age of 5 years as this is likely to be where the greatest environmental

pressure will be observed.

As the Bart’s Oxford study has been running for longer than any other type 1 diabetes cohort,
there are no equivalent recent studies in the literature to compare these data. Interestingly,
however, we were able to replicate and expand the comparison between HLA class Il risk-

genotypes in the Golden Years cohort compared with BOX probands from 1985 to 2015 rather
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than 1985 to 2002. This strengthens our earlier data as well as studies from our colleagues in

the type 1 diabetes research community (Hermann et al., 2003; Fourlanos et al., 2008).

Recent studies of incidence (Patterson et al., 2019; Gartner et al., 2020), however, suggest
that increasing incidence has plateaued in many Westernised countries -although increases
in developing countries continue. It may, therefore, be true that although the BOX sample

numbers after 2000 are a limitation, high-risk HLA frequencies may be stabilising.

Although the aim of this study is to examine HLA frequencies in a single cohort, cross sectional
studies are possible. One possible future analysis is to apply for access to the latest GWAS
data (Robertson et al., 2021), where data from >22,000 participants with T1D were analysed
who had been diagnosed under the age of 15 years between the years of 1995 and 2015.
Given the size of this early onset population and the availability of HLA (imputed from SNPs)
and non-HLA SNPs, it may provide an additional source of data. This approach also has
potential limitations because while BOX is population-based, individuals with T1D in the
GWAS analysis come from different ethnic backgrounds, including European, African and East
Asian populations. Whether HLA frequencies in T1D are stabilising over time, therefore,

remains to be defined but the data analysed here will contribute to a larger future analysis.

As described in the introduction, HLA only accounts for half of genetic susceptibility to T1D.
In the study outlined in the next chapter, non-HLA SNPs associated with T1D will be tested
and analysed to determine whether any differences in frequencies can be observed over time

in the same samples analysed in this chapter for HLA.
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Chapter 4

Analysis of non-HLA risk in the Golden

Years cohort (1922-48) compared with

the Bart’s Oxford Cohort (1985-2015)
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4.1 Introduction

There is agreement among T1D longitudinal studies that the increases observed in incidence
are related to the observation that more people with only one HLA risk haplotype are
developing the condition (Onkamo et al., 1999; Green et al., 2001; Gale and Gillespie, 2001;
Hermann et al., 2003; Gillespie et al., 2004; Fourlanos et al., 2008). Non-HLA risk has not been
assessed. It is possible that non-HLA determinants of risk are increasing over time as HLA-
mediated risk decreases. In this chapter the hypothesis that non-HLA risk is increasing over
time in TiD cases will be tested.
The aim of the studies in this chapter, therefore, was to genotype all available samples from
the GY and BOX populations for 19 genetic variants robustly associated with T1D in multiple
studies as described in sections 1.7.2 and 1.7.3 to determine whether there is any evidence

of dynamic change over time.

Most T1D associated SNPs lie close to, or within immune response genes as shown in section
1.7.2 and 1.7.3 in the introduction. Two genes where we hypothesized that SNPs might have

changed over the time were:

1. The IFIH1 gene which is an RNA helicase that activates type | interferon signals in
response to viral infection (Kumar et al., 2009; von Herrath, 2009; Nejentsev et al.,
2009; Bentham et al., 2015).

2. The GLIS3 gene which is expressed in the pancreas and unlike other T1D associated
genes, there are increasing data suggesting associations with T2D as well (Wen and
Yang, 2017). This may, therefore, be a scenario where increasing BMI over time -which

increases risk of T2D- could be having direct effects on T1D risk.
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4.2 Methods and data analysis

In this chapter, 19 non-HLA SNPs known through GWAS and earlier studies to be associated
with type 1 diabetes were analysed as described in chapter 2. Briefly, DNA samples from
participants in the Golden Years and BOX cohorts were genotyped. Data were collated and
analysed and described as frequencies while comparisons were conducted using chi-square
and chi-square for trend as appropriate. As these analyses included multiple comparisons for
19 different variants caution was applied to examine data before deciding whether to proceed

with Bonferroni correction as effect sizes would be diminished 19 fold.

4.3 Results

4.3.1 Non-HLA SNPs analyses in BOX and GY

Genotyping of 19 non-HLA SNPs in BOX probands (n=1992), and GY cases (n=285) under the
age of 21 years at diagnosis of T1D was completed as outlined in chapter 2 and the results are
shown in tabular form in Table 4.1 a and b. and graphically in Appendix Figure A.1. Overall,
few convincing changes over time were observed between the two cohorts. It is encouraging
for two cohorts recruited in different ways over a wide time span — the SNP frequency was,
unexpectedly, consistent overall with p>0.05 for all. These data suggest that non-HLA SNPs
have not changed over time in the way that the HLA have. There were some very subtle
changes in 10 out of the 19 genes as shown in Table 4.1 a and b, but none reached statistical

significance even before Bonferroni correction for multiple comparisons.
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Tagman Probe Allele 1/Allele 2 Genotype No. BOX patients | % BOX patients |No. GY patients| % GY patients
c/C 455 26% 55 21%
rs11755527 BACH2 C/G C/G 861 49% 143 54%
G/G 452 26% 67 25%
1768 265
WT/WT 1387 79% 210 80%
rs333 CCR-5 WT/A32 WT/A32 355 20% 47 18%
A32/A32 19 1% 4 2%
1761 261
0, 0,
W we = =
CLEC16A/KIAA0350
G/G 839 47% 136 52%
1774 264
A/A 1 0% 0 0%
rs4948088 COBL A/C A/C 97 5% 17 6%
c/C 1679 94% 251 94%
1777 268
A/A 301 17% 50 19%
rs3087243 CTLA-4 A/G A/G 822 46% 125 47%
G/G 652 37% 92 34%
c/c 866 49% 133 51%
rs3825932 CTSH Cc/T c/T 745 42% 111 43%
T/T 161 9% 17 7%
1772 261
G/G 652 37% 85 32%
rs2292239 ERBB3 G/T=A/G G/T 826 47% 136 52%
T/T 290 16% 43 16%
1768 264
c/C 379 21% 64 24%
rs7020673 GLIS3 c/G Cc/G 868 49% 130 49%
G/G 530 30% 71 27%
1777 265
c/C 246 14% 28 10%
rs2111485 IFIH1 C/T=A/G c/T 823 46% 126 46%
T/T 705 40% 117 43%

Table 4.1a: SNP genotypes in BOX and GY: The numbers and the percentages of the three
genotypes 11, 12, and 22 in BOX and age-matched GY under the age of 21 years. The risk
genotypes of the 19 non-HLA SNPs that are associated with T1D are highlighted in purple. The
subtle changes in genotypes distribution in 10 out of 19 genes are highlighted in orange
(p>0.05).
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Tagman Probe Allele 1/Allele 2 Genotype No. BOX patients | % BOX patients |No. GY patients| % GY patients
A/A 676 38% 93 36%
rs4505848 IL.2 A/G A/G 847 48% 126 49%
G/G 255 14% 37 14%
1778 256
c/C 1452 82% 215 81%
rs12251307 IL2RA c/T c/T 302 17% 49 19%
T/T 17 1% 0 0%
1771 264
A/A 36 2% 5 2%
rs3024505 /L-10 A/G A/G 437 25% 65 25%
G/G 1293 73% 192 73%
1766 262
c/C 1069 60% 156 59%
rs917997 IL18RAP A/G=C/T c/T 608 34% 92 35%
T/T 100 6% 17 6%
1777 265
A/A 70 4% 6 2%
rs689 INS A/T A/T 430 24% 58 22%
T/T 1270 72% 202 76%
1770 266
A/A 1090 61% 171 67%
rs1893217 PTPN2 A/G A/G 599 34% 75 30%
G/G 87 5% 8 3%
1776 254
A/A 59 3% 13 5%
rs6679677 PTPN22 A/C A/C 488 27% 75 28%
c/C 1230 69% 178 67%
1777 266
A/A 1236 70% 195 74%
rs2816316 RGS1 A/G A/G 490 28% 63 24%
G/G 48 3% 7 3%
1774 265
c/c 374 21% 52 20%
rs3184504 SH2B3 C/T=A/G c/T 866 49% 124 48%
T/T 530 30% 81 32%
1770 257
A/A 447 26% 80 30%
rs9976767 UBASH3A A/G A/G 820 48% 135 50%
G/G 437 26% 53 20%
1704 268

Table 4.1b: SNP genotypes in BOX and GY: The numbers and the percentages of the three
genotypes 11, 12, and 22 in BOX and age-matched GY under the age of 21 years. The risk
genotypes of the 19 non-HLA SNPs that are associated with T1D are highlighted in purple. The
subtle changes in genotypes distribution in 10 out of 19 genes are highlighted in orange
(p>0.05).
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The raw data examining the frequency of SNP genotype by age (under 5 years and 10 years)
and by decade of diagnosis (1985-1995 and 1995-2005) are shown in the Appendix in Tables
A.2 to A.7 but these analyses did not provide any further insights or statistical support for
changes in trends over time for non-HLA SNPs. In Appendix Figure A.3, the data in the under
10s by decade of diagnosis is shown but again there is no very convincing and statistically
robust evidence of a particular trend over time in children diagnosed early in life. However,

candidates for further study in larger numbers are CCR-5, SH2B3, RGS1, CTLA-4 and IFIH1.

4.3.2 Allele frequencies in BOX and GY

Examination of genotype can miss subtle effects on allele frequencies. These were, therefore,
examined for the 19 non-HLA SNPs of T1D in patients under the age of 21 years in BOX and
age-matched GY, and the results are shown in Table 4.2 a and b and graphically in Appendix
Figure A.2. Overall, as observed for genotypes over time, the allele frequencies were
remarkably consistent with several small changes, none of which reached statistical
significance even before Bonferroni correction for multiple comparisons. Of the 19 SNPs,
similar to the genotypic data, UBASH3A on chromosome 21 had a 5% increase in the

frequency of its risk allele G, from 45% in GY to 50% in BOX.
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Tagman Probe

Allele 1/Allele 2

BOX Allele 1/2 frequency

GY Allele 1/2 frequency

rs11755527 BACH2

rs333 CCR-5

rs12935413
CLEC16A/KIAA0350

rs4948088 COBL

rs3087243 CTLA-4

rs3825932 CTSH

rs2292239 ERBB3

rs7020673 GLIS3

C/G

WT/A32

A/G

A/C

A/G

c/T

G/T=A/G

C/G

0.5 0.5
0.5 0.5
0.9 0.9
0.1 0.1
0.3 0.3
0.7 0.7

= e

(<) (=)
¢ =

(=)

0.4 0.4
0.6 0.6
0.7 0.7
0.3 0.3
0.6 0.6
0.4 0.4
0.5 0.5
0.5 0.5

o
(=)

Table 4.2a: Allele frequencies in BOX and GY: Allele frequencies for 19 non-HLA SNPs analysed

in BOX and age-matched GY under the age of 21 years.



Tagman Probe

Allele 1/Allele 2

BOX Allele 1/2 frequency

GY Allele 1/2 frequency

rs2111485 IFIH1

rs4505848 /L2

rs12251307 IL2RA

rs3024505 /L-10

rs917997 IL18RAP

rs689 INS

rs1893217 PTPN2

rs6679677 PTPN22

rs2816316 RGS1

rs3184504 SH2B3

rs9976767 UBASH3A

C/T=A/G

A/G

c/T

A/G

A/G=C/T

A/T

A/C

C/T=A/G

0.4 0.3
0.6 0.7
0.6 0.6
0.4 0.4
0.9 0.9
0.1 0.1
0.1 0.1
0.9 0.9
0.8 0.8
0.2 0.2
0.2 0.1
0.8 0.9
0.8 0.8
0.2 0.2
0.2 0.2
0.8 0.8
0.8 0.9
0.2 0.1
0.5 0.4
0.5 0.6
0.5 0.6
0.5 0.4

Table 4.2b: Allele frequencies in BOX and GY: Allele frequencies for 19 non-HLA SNPs analysed

in BOX and age-matched GY under the age of 21 years.
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4.3.3 Gender in BOX and GY

Distribution of genotypes of 19 non-HLA SNPs based on gender in BOX probands and GY who
were age-matched under 21 years old is shown in Figure 4.1 and in tabular form in Appendix
Table A.1 a and b. Comparisons between males in GY (n=148; 52%), and BOX males (n=1106;
56%) showed subtle differences in 7 of the 19 genes studied, indicating that there are no
striking gender-related differences and this was supported by none of these comparisons

reaching statistical significance even before Bonferroni correction.

It is worth noting that the gender patterns for UBASH3A, where risk appears higher for
females in both cohorts but larger cohorts, particularly of GY participants, are required to

address this question with confidence.
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Percentage of T1D risk genotypes by gender in <21 years old
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Figure 4.1: Genotypes by Gender in BOX and GY: The distribution of high-risk genotypes in 19 non-HLA T1D associated genes in individuals
diagnosed under the age of 21 years in both cohorts.
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4.4 The power of the study and future recruitment

While the results generated in this study suggest that non-HLA SNPs are not changing
dramatically over time, the size and, therefore, power of the study was addressed to calculate
how many GY participants would be needed to have a fully powered study to address the

guestions asked in this chapter.

Power calculations were carried out to demonstrate the current power of the study to detect
a difference at the significance of 0.05. With the available sample size of BOX (1992) and GY
(285) after age-matching for SNP analysis, the study overall achieved 56% power at 0.05 level
of significance. Calculations showed that doubling the BOX sample size would modestly
increase the power of the study to 59%. On the other hand, doubling the GY sample size would

further increase the power to 76% for the study to detect a difference at 0.05 significance.

In order to reach a power of 90% at a significance of 0.05, the study would be required to
recruit thousands of participants for both GY and BOX. Recruitment to BOX continues but not

to the GY population.

The GY cohort could be expanded because the number of people living with T1D for more
than 50 years is growing all the time. Diabetes UK agreed to advertise a new study to target

the GY population in the UK if an ethically approved study was established.

As part of this project, a protocol was prepared to submit an IRAS application for ethical
approval to collect GY individuals nationally. The study is on hold at the moment pending

funding which will be applied for later this year.
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4.5 Discussion

This study analysing 19 different variants suggests that the decrease observed in HLA
susceptibility to T1D over time is not happening or is not happening dramatically for the non-
HLA SNPs associated with T1D. There are, however, some limitations of the study, the most
important being the size of the GY cohort. Efforts will be made in future to increase the
number of GY participants. Individuals diagnosed with T1D at the ages 0-21 years from 1960
onwards will be in their early 70s or younger and may be willing to participate. This would
also allow us to examine the genetic profile over time of individuals who have survived

diabetes for more than 50 years.

As a model for how several of the larger changes observed could have a functional impact if
replicated in larger numbers, some of the larger changes -although not statistically proven-
were considered. The risk genotype of UBASH3A was 20% in the GY and higher at 26% in BOX.
The T1D UBASH3A susceptibility allele is reportedly associated with reduced expression of /L2
that is needed by the regulatory T-cells to combat autoimmunity (Ge et al., 2017; Todd, 2018).
That may suggest that BOX patients have a greater disturbance in their regulatory T-cells
function and a higher potential for autoimmunity than the GY patients. Interestingly, in
ongoing studies of BOX Slow Progressors to T1D (Long et al., 2018; Hanna et al., 2020) and
(Boldison et al. Diabetologia in press ) show that individuals with multiple islet autoantibodies
who do not develop T1D within the expected time frames have enhanced regulatory T-cell
numbers. The BOX cases who do develop diabetes may indeed, therefore, have regulatory

dysfunction and this is under follow up in slow vs rapid progressors to T1D.
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The CLEC16A risk genotype frequency was 52% in GY and lower at 47% in BOX. CLEC16A is
thought to play a role in regulating B-cell mitochondrial autophagy -known as mitophagy; an
essential cellular mechanism that removes defective mitochondria, hence maintaining
healthy functioning cells. The T1D risk allele of CLEC16A is linked to impaired B-cells secretion
of insulin, perhaps by compromising mitophagy (Pearson et al., 2018; Gingerich et al., 2020).
It is difficult to interpret the lower risk frequency in BOX patients, and it may imply that
current T1D patients have fewer defective B-cells which is unlikely given the increasing
incidence of the condition. Similar to CLEC16A, the risk genotypes of both INS and RGS1 were
4% lower in BOX 72% and 70% than in the GY 76% and 74% respectively, in patients diagnosed
under the age of 21 years. RGS1 is associated with B-cell proliferation. One of the suggested
mechanisms of RGS1 risk in T1D is based on NOD mice, where RGS1-lacking mice had reduced
numbers of follicular helper T-cells that potentiate the antibody production ability of B-cells.
Furthermore, follicular helper T-cells were reportedly increased close to T1D onset in humans
(Caballero-Franco and Kissler, 2016; Heuts et al., 2017; Parkkola et al., 2017). As RGS1 risk is
declining in BOX patients, it would be interesting to find out if the repertoire of the follicular
helper T-cells is affected. The INS risk allele in T1D is associated with a low level of insulin
mRNA in the thymus; where high expression is required to educate the immune system to
tolerate self-antigens and banish auto-reactive T-cells (Pugliese, 1997; Pugliese, 1998). Low
expression allows anti-insulin reactive T Ilymphocytes to escape thymic filtration,
consequently amassing a systemic autoimmune response and risk of T1D (Ramos-Lopez et al.,
2008). The pattern of changes in CLEC16A, RGS1 and INS genetic risk, while not significant, do
follow the same pattern as those observed in HLA; newer T1D cases had lower genetic risk.
Furthermore, INS is one of the strongest genetic associations after HLA in terms of genetic

impact (Bell et al., 1984). It is possible that the environment is modulating the risk distribution
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of INS as it is with HLA. INS may be particularly important because insulin autoantibodies often
appear first in the pathogenesis of T1D, and insulin is considered to be the primary antigen
(Knip et al., 2005; Parikka et al., 2012; Ziegler et al., 2012). However, the underlying
mechanism of how the environment might impact risk requires examination. One possible
mechanism would be through altered methylation of the INS gene (Pugliese, 1998; Yang et

al., 2011).

The two genes hypothesised in the introduction to this chapter /IFIH1 and GLIS3, where
changes in frequencies over time might relate to changes in viral or metabolic triggers,
respectively, over time were not supported by the data. For IFIH1 the frequency of the risk
genotype increased from 40% in the GY cohort to 43% in the BOX cohort while for GLIS3 the
frequency descreased by 3% over time. A future aim will be to test the apriori hypothesis that

IFIH1 risk is increasing over time in a larger analysis over an extended period of time.

Another approach to answering the question addressed in this and the previous chapter
would be to use the HLA and non-HLA data generated to compile a cumulative genetic risk
score (GRS) which could be analysed over time. This is an increasingly popular strategy in type
1 diabetes genetics (Ferrat et al., 2020). The samples analysed in this study have been re-
guantified by the genetics team in the laboratory as some date back to 1998 and will be tested
for the latest T1ID GRS in collaboration with the exeter team (Ferrat et al., 2020). Where
possible the data generated in this project will be integrated into this GRS. More broadly, as
the GRS become more prevalent in clinical practice, these data may increasingly become

available through the National Pediatric Diabetes Audit (National Paediatric Diabetes Audit -

NHS Digital).
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https://digital.nhs.uk/about-nhs-digital/corporate-information-and-documents/directions-and-data-provision-notices/data-provision-notices-dpns/national-paediatric-diabetes-audit
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Chapter 5

Analysis of associations between non-

HLA SNPs and Islet autoantibodies

at diagnosis
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5.1 Introduction

During the pre-diabetes phase, islet autoantibodies are detected to GAD, insulin, 1A-2 and

ZnT8. It is well established that antibodies to GAD are associated with HLA DR3, and IAA and

IA-2A are associated with HLA DR4 with no very convincing genetic associations for ZnT8A,

although they are negatively associated with HLA *A24 (Long et al., 2013; Ye et al., 2015).

Recent genome-wide studies showed associations between SNPs in FCRL3 on chromosome 1

and at the RELA/FIBP locus on chromosome 11 with IA-2A and ZnT8A positivity, following the

onset of T1D (Brorsson et al., 2015). Intriguingly, unlike the SNPs analysed in chapter 3, these

SNPs are reported to be associated with islet autoimmunity but not T1D (Brorsson et al.,

2015). The aim of this study was to investigate:

1.

2.

whether islet autoantibodies were associated with FCRL3 rs3761959, the RELA/FIBP
locus rs568617 and LPP rs1464510 at diagnosis of T1D to determine whether the
results observed by Brorsson and colleagues could be replicated.

An additional hypothesis generating aim was to explore whether any of the additional
19 SNPs associated with T1D might provide preliminary evidence for novel
associations between islet autoantibodies and non-HLA genes. Although
approximately 600 newly-diagnosed samples is a relatively small cohort, few studies
have samples close to diagnosis, including before insulin treatment which allows

insulin autoantibodies to be analysed.
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5.2 Methods

As outlined in section 2.3.4, univariate analysis was by chi-square testing. Multivariate logistic
regression analyses were used to control for confounders and examined the degree of the
potential influence of disease characteristics on genetic-autoantibody associations. The
variables that were included in the logistic regression model were HLA class Il genotypes; age
at onset of diagnosis with T1D; gender; and FCRL3, RELA, and LPP genotypes. As outlined in
chapter 2; section 2.2.2, in this analysis HLA genotypes were categorised in a short hand form
to make the modelling more efficient. Therefore only the HLA DQ allele was used to donate
the risk groups as follows: 2/2 = (DR3-DQ2)/(DR3-DQ2), 2/8= (DR3-DQ2)/ (DR4-DQ8), 2/X =
(DR3-DQ2)/X, 8/8 = (DR4-DQ8)/ (DR4-DQ8), 8/X = (DR4-DQ8)/X, and X/X where X/X was the
reference category with no risk HLA haplotypes. Age at-onset was divided into four age-
groups coded as 0-4, 5-9, 10-14, and 15-20. Those with age group 0-4 years represented the
reference category. Furthermore, males were the reference category for gender
comparisons, coded as 1 and females as 2 while for SNPs genotypes 11, 12, and 22, 22 was
the reference category for FCRL3, RELA and LPP genotypes comparisons. The logistic
regression models of SNPs and autoantibody associations with significance p< 0.05 are shown
in Tables 5.1 to 5.2. These data are an inherent part of the methods and are, therefore,

included here. All calculations were performed using SPSS (IBM SPSS Statistics 23.0).
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a) b)
Variables Significance Odds ratic 45% C.l.for Odds ratio Variables Significance Odds ratio 45% C.l.for Odds ratio
HLA class Il genotype 0.000 HLA class Il genotype 0.000
DR3-D02/DR3-DA2 0.000 0114 [0.044.0.298) DR3-DQ2/DR3-DQ2 0.003 0.272 (0.116-0.638)
DR3-D02/DR4-DA8 0.473 0,750 [0.342-1.645) DR3-DQ2/DR4-DQ8 0.382 1.327 (0.704-2.502)
DR3-D02/% 0.028 0.388 [0.167.0,903) DR3-DQ2/X 0.146 0.593 (0.293-1.200)
OR4-DOS/DRE-DOE 0,115 5.506 (0.661-45.848) DR4-DQ8/DR4-DQ8 0.021 4721 (1.259-17.705)
DR4-DAS/X 0.496 1.354 [0.566-3.242) DR4-DQ8/X 0.090 1.814 (0.911-3.615)
Age in years 0913 Age in years 0.910
Sto9 0.929 0.967 [0.462-2.023) 5to9 0.765 0.907 (0.479-1.718)
10 told 0.667 0.860 [0.434-1.707) 10 to14 0.575 0.844 (0.465-1.529)
1510 20 0.552 0.779 [0.242-1.774) 150 20 0.501 0.780 (0.379-1.606)
‘Gender (Fernale) 0123 1.429 (0.908-2.248) Gender (Female) 0.228 1.273 (0.860-1.886)
et e ™
Genotype 11 0,000 3,566 [1.835-6.931) Genotype 11 0.000 3.012 (1.731-5.241)
Genotype 12 0.332 1.300 [0.765-2,209) Genotype 12 0.125 1.455 (0.902-2.349)
C) Variables Significance 0dds ratio 95% C.l.for Odds ratio
HLA class Il genotype 0.552
DR3-DQ2/DR3-DQ2 0.780 0.882 (0.366-2.126)
DR3-DQ2/DR4-DQ8 0.567 0.826 (0.431-1.586)
DR3-DQ2/X 0312 1.498 (0.684-3.279)
DR4-DQ8/DR4-DQ8 0.922 0.951 (0.354-2.561)
DR4-DQ8/X 0.783 1.103 (0.550-2.211)
Age in years 0.001
5t09 0.000 3.375 (1.829-6.230)
10 tol4 0.018 1.926 (1.120-3.313)
15 to 20 0.016 2.355 (1.171-4.739)
Gender (Female) 0.178 1.309 (0.885-1.935)
e |
Genotype 11 0.001 2.642 (1.490-4.682)
Genotype 12 0.835 0.950 (0.590-1.532)

Table 5.1: The logistic regression models of FCRL3 association with a) IA-2, b) IA-28 and c)
ZnT8 autoantibodies: Reference categories are not shown in the model. Model variables are

highlighted in yellow: HLA class Il genotype (reference category is X/X); age at the onset of

T1D (reference category is 0-4 years); gender (reference category is male); FCLR3 genotypes
(reference category is genotype 22). A p-value of <0.05 is regarded as significant.
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a) b)
Variables Significance Odds ratio 95% C.Lfor Odds ratio Variables Significance Odds ratio 95% C.l.for Odds ratio
HLA class Il genotype 0.211 HLA class Il genotype 0.000
DR3-DQ2/DR3-DQ2 0.468 1.616 (0.442-5.907) DR3-DQ2/DR3-DQ2 0.001 0.239 (0.101-0.566)
DR3-DQ2/DR4-DQ8 0.283 0.642 (0.285-1.442) DR3-DQ2/DR4-DQ8 0.487 1.255 (0.661-2.384)
DR3-DQ2/X 0.502 1.408 (0.518-3.826) DR3-DQ2/X 0.124 0.574 (0.283-1.165)
DR4-DQ8/DR4-DQ8 0.837 0.884 (0.271-2.879) DR4-DQ8/DR4-DQ8 0.022 4.699 (1.251-17.654)
DR4-DQ8/X 0.333 0.657 (0.281-1.537) DR4-DQ8/X 0.060 1.966 (0.971-3.981)
Age in years 0.000 Age in years 0.915
5t09 0.472 1.249 (0.681-2.291) 5to9 0.972 0.989 (0.520-1.880)
10 to14 0.000 3.230 (1.742-5.989) 10 to14 0.622 0.861 (0.474-1.564)
15to0 20 0.002 4.175 (1.719-10.138) 15 to 20 0.649 0.847 (0.413-1.735)
Gender (Female) 0.131 0.703 (0.445-1.111) Gender (Female) 0.188 1.305 (0.878-1.939)
rs1464510 LPP 0.057 rs1464510 LPP 0.008
genotypes genotypes
Genotype 11 0.017 2.341 (1.166-4.701) Genotype 11 0.003 2301 (1.316-4.025)
Genotype 12 0.347 1.274 (0.770-2.108) Genotype 12 0.018 1.728 (1.098-2.717)

Table 5.2: The logistic regression model of LPP association with a) IA-2 and b) IA-28
autoantibodies: Reference categories are not shown in the model. Model variables are
highlighted in yellow: HLA class Il genotype (reference category is X/X); age at the onset of
T1D (reference category is 0-4 years); gender (reference category is male); LPP genotypes

(reference category is genotype 22). A p-value of <0.05 is regarded as significant.
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5.3 Results

5.3.1 Newly-diagnosed BOX subjects; the relationship between FCRL3 genotypes and islet

autoantibodies

The possible association of FCRL3 with islet autoantibodies IA-2A, IA-2BA, ZnT8A, GADA and
IAA, was investigated in 552 BOX participants with new T1D onset and DNA available for

testing. The data are shown below as graphs and in tabular form in Appendix Tables A.8-A.10.

1A-2A

Of 552, 435 (78%) were positive for IA-2A at diagnosis and carriers of the CC or 11 genotype
of FCRL3 (n=151; 89%) were strongly associated with 1A-2A at onset (p<0.001) as shown in

Figure 5.1.

IA-2BA
Furthermore, 374 (68%) of BOX patients were positive for IA-2BA. The strongest association
(p<0.001) with IA-2BA positivity at onset was accounted for by 135 (79%) carriers of the CC or

11 genotype of FCRL3 as shown in Figure 5.1.

ZnT8A

Finally, FCRL3 was associated with ZnT8A positivity at disease onset in 386 (70%) of 552 newly-
diagnosed BOX probands. FCRL3 genotype CC or 11 was significantly (p<0.001) associated
with positivity for ZnT8A at clinical onset in 140 (82%) of BOX patients compared to the CT

(12) and TT (22) genotypes as shown in Figure 5.1.
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Figure 5.1: FCRL3 genotypes and islet autoantibodies: a )IA-2A, b) IA-26A and ¢)
ZnT8RA/ZnT8RWA prevalence according to FCRL3 genotypes in BOX participants at diagnosis
of T1D (*p<0,001 CC vs CT/TT). The blue dotted line represents the threshold of autoantibody
positivity. The red lines represent the median and interquartile range (IQR).

Islet autoantibodies IA-2A, IA-2BA and ZnT8A, appeared to be significantly more common
among carriers of the CC genotype of FCRL3 rs3761959 (p<0.001), when compared to the

carriers of the genotypes CT and TT as shown in Figure 5.1 parts a), b) and c) respectively.
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In order to show the relative size of the effects of islet autoantibody associations with FCLR3,
the odds ratios of association were compared as shown in Figure 5.2. The CC genotype odds
ratio of association with the risk of IA-2A was 3, approximately 2.5 for the risk of both 1A-2BA
and ZnT8A, and 1 with the risk of GADA. Both TT and CT genotypes had an odds ratio of 1 with
GADA, IA-2A, IA-2BA and ZnT8A. No association was found between FCRL3 and GADA or FCRL3

and IAA, also shown in Figure 5.2.

Furthermore, logistic regression showed that the FCRL3 CC genotype association with the
autoantibodies IA-2A, IA-2BA, and ZnT8A (p<0.002 for all) was significantly independent of
age at diagnosis; sex; and HLA class |l genotype as previously explained in section 5.2 and

Table 5.1.
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Figure 5.2: The odds ratios of association between FCLR3 genotypes and islet autoantibodies:
The CC genotype of FCLR3 is significantly associated with IA-2A, IA26A and ZnT8A but not

GADA.
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5.3.2 Newly-diagnosed BOX subjects; the relationship between RELA/FIBP genotypes and

islet autoantibodies

Of 548 newly-diagnosed BOX patients, 436 (80%) were positive for GADA. Testing for an
association of RELA genotypes with GADA positivity showed that all 20 carriers of the TT
genotype had a 100% association with GADA at a borderline significance of p=0.055.
Regarding the genotypes CC and CT, 278 (80%) of CC and 138 (77%) of CT carriers were
associated with GADA positivity at diagnosis, as shown in Figure 5.3, and in tabular form in

Appendix Table A.11.

No association was found between RELA and IA-2A, ZnT8A, or IA-2BA in BOX participants at

disease onset.
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Figure 5.3: RELA/FIBP genotypes and GADA: GADA prevalence according to RELA/FIBP locus
genotypes in BOX participants as diagnosis of T1D (p=0.055 TT vs CT/TT). The blue dotted line
represents the threshold of autoantibody positivity. The red lines represent the median and
interquartile range (IQR).
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5.3.3 Newly-diagnosed BOX subjects; the relationship between LPP genotypes and islet

autoantibodies

LPP was associated with GADA positivity in 442 (80%) out of 551 BOX patients at the onset.
Of 129 carriers of the GG or 11 genotype, 114 (88%) were positive for GADA (p=0.018)

compared to 216 (79%) of GT and 112 (75%) of TT genotypes as shown in Figure 5.4 a.

Furthermore, 371 (68%) of 544 newly-diagnosed BOX patients were positive for IA-2BA when
tested for association with LPP. Around 74% of 128 carriers of the GG or 11 genotype were
significantly positive for IA-2BA (p=0.036) compared to 70% of GT and 60% of TT genotypes,
as demonstrated in Figure 5.4 b. The data on LPP genotype frequency and GADA/IA-2BA

positivity are shown in tabular form in Appendix Tables A.12 and A.13, respectively.

a) b)

s LGP GG genotype o LPP G3 genaiype
8 LPPGT genctype 150 @ LPP GT genotype

s LAPTT genclype & LPPTTgenatype

100

Arbitrary units/ml
Arbitrary units/ml

Figure 5.4: LPP genotypes and islet autoantibodies: a) GADA and b) IA-26A prevalence
according to LPP genotype in BOX participants at diagnosis of T1D (p=0.018 GG vs GT/TT for
GADA and p=0.036 GG vs GT/TT for IA-28A). The blue dotted line represents the threshold of
autoantibody positivity. The red lines represent the median and interquartile range (IQR).
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5.3.4 Newly-diagnosed BOX subjects; T1D non-HLA SNPs and islet autoantibodies

As a hypothesis-generating aim linking the non-HLA SNP data generated in chapter 4 through
analysis of a subset of BOX genotypes generated for individuals on whom islet autoantibody
data were available at diagnosis of T1D, a different approach was used to examine associations

between all 19 T1D non-HLA SNPs and GADA, IAA, IA-2A, IA-2BA, and

ZnT8A in 552 newly-diagnosed BOX participants. The T1D high-risk genotypes of 5 of the 19

SNPs showed associations with islet autoantibodies, as shown in Table 5.3.

GADA IA2-BA IAA
BACH2 (p=0.028) CTLA-4 (p=0.023) IL2 (p=0.028)
CCR-5 (p=0.029) CTLA-4 (p=0.059)

UBASH3A (p=0.055)

Table 5.3: T1D non-HLA SNPs and islet autoantibodies: Uncorrected p-values are shown for
the T1D associated SNPs associated with islet autoantibodies. BACH2 and CCR-5 are
associated with GADA while UBASH3A has a borderline association with GADA. CTLA-4 is
associated with IA-26A and a borderline association with IAA. Finally, IL2 is associated with
IAA at the onset of diagnosis in newly-diagnosed BOX patients under the age of 21 years.
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GADA were associated with 3 genes BACH2, CCR-5, and UBASH3A shown in tabular form in
Appendix Tables A.14-A.16. Newly-diagnosed BOX carriers of the BACH2 GG risk-genotype

were more likely to develop GADA (puncorr=0.028) as shown in Figure 5.5.

o BACHZ CC genotype

B BACHZ CG genotype
A BACHZ GG genotype

1504

100

504

Arbitrary units/ml

Figure 5.5: BACH2 genotypes and GADA: GADA prevalence according to BACH2 genotypes in
BOX participants at diagnosis of T1D (P uncorr=0.028 GG vs CC/CG). GG is the risk genotype
for T1D. The blue dotted line represents the threshold of autoantibody positivity. The red lines
represent the median and interquartile range (IQR).
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Furthermore, GADA positivity was linked to CCR-5 wild type homozygotes risk-genotype
(puncorr=0.029) as shown in Figure 5.6. A borderline association (puncorr= 0.055) between the

UBASH3A risk genotype GG and GADA positivity was also noticed in BOX probands at disease

onset.
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Figure 5.6: CCR-5 genotypes and GADA: GADA prevalence according to CCR-5 genotypes in
BOX participants at diagnosis of T1D (P uncorr=0.029 WT/WT vs WT/delta 32 and delta32
homozygotes). WT/WT is the risk genotype for T1D. The blue dotted line represents the
threshold of autoantibody positivity. The red lines represent the median and interquartile
range (IQR).
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The AA risk genotype of CTLA-4 showed a positive association with risk of IA-2BA
(puncorr=0.023) as in Figure 5.7 and in tabular form Appendix Table A.17, while the CTLA-4 GG
genotype had a borderline association with IAA (puncorr=0.059) shown in tabular form in

Appendix Table A.18.
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Figure 5.7: CTLA-4 genotypes and IA-28A: IA-28A prevalence according to CTLA-4 genotypes
in BOX participants at diagnosis of T1D (Puncorr=0.023 AA vs AG/GG). AA is the risk genotype
for T1D. The blue dotted line represents the threshold of autoantibody positivity. The red lines
represent the median and interquartile range (IQR).
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Finally, newly-diagnosed BOX carriers of /L2 risk genotype GG were positively associated with

risk of I1AA (puncorr=0.028) as shown in Figure 5.8 and in tabular form Appendix Table A.19.
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Figure 5.8: IL2 genotypes and IAA: IAA Prevalence according to IL2 genotypes in BOX
participants at diagnosis of T1D (Puncorr=0.028 GG vs AA/AG). GG is the risk genotype for
T1D. The blue dotted line represents the threshold of autoantibody positivity. The red lines
represent the median and interquartile range (IQR).

However, the significance will be lost for the observed associations between T1D non-HLA

SNPs and autoantibodies after correction for multiple analyses by applying Bonferroni

correction.
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5.4 Discussion

The results described in the first part of this chapter confirm the importance of FCRL3, RELA,
and LPP in islet autoimmunity. Although they have not been identified as risk-genes for T1D
(Brorsson et al., 2015; Howson et al., 2012; Rich and Concannon, 2015), they have, however,
been associated with other autoimmune diseases including, Graves’ disease, coeliac disease,
and Crohn’s disease (Jostins et al., 2012; Almeida et al., 2014; Khong et al., 2016; Huang et al.,
2017). Generally, the autoantibodies of immune diseases are associated with disease-causing
genes. However, some genes are associated with the autoantibodies of a particular condition
without a direct link to the disease itself. An example is IFIH1- a T1D risk gene and candidate
for possible environmental effects because it is a viral response gene - is associated with
gastric parietal cell autoantibodies (PCA) but not with autoimmune gastritis (Brorsson et al.,
2015; Rich and Concannon, 2015). A possible explanation is that autoimmune diseases share
genetic loci, and common biological pathways (Cotsapas et al., 2011; Richard-Miceli and
Criswell, 2012; Rich and Concannon, 2015; ). Furthermore, the genes of autoimmune diseases
are linked to T-cells, B-cells, and innate immunity (Cotsapas et al., 2011; Rich and Concannon,
2015). FCRL3 is associated with B-cell function (Kochi et al., 2005; Swainson et al., 2010; Yang
etal.,2013; Jin et al., 2015) while RELA is linked to helper T-cell function (Bettelli et al., 2005).
Additionally, LPP is expressed by the pancreas and the gut and possibly implicated in affecting
gut permeability, and predisposition to inflammation (Hunt et al., 2008; Kutlu et al., 2009;

Brorsson et al., 2015).

Overall, a key finding in this study is the confirmation and extension of the reported
associations (Brorosson et al., 2015) between FCLR3, RELA and LPP with islet autoantibodies

in well-characterised samples at diagnosis of diabetes. These data add to the understudied
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concept that the genetic determinants of the humoral immune response can be separated
from associations with clinical onset. This leads to the possibility that the same may be true
for T-cell responses but there are no published data to support this, perhaps because T-cell
responses are labour intensive and not usually analysed in sufficient numbers for robust

genetic analysis.

There have been no follow up publications on FCLR3/RELA/LPP associations with islet
autoimmunity since 2015 and the data generated here will, therefore, make an important

addition to the literature on this subject when published (manuscript in preparation).

There may be an association between antibody level and the SNPs tested as well as antibody
prevalence. This is noted particularly for RELA/FIBP genotypes and GADA as shown in Figure
5.3 and for FCRL3 genotypes and ZnT8RA as shown in Figure 5.1 but this is less obvious for
ZnT8WA which makes the observation difficult to explain. This will be looked at in more detail
in future studies. The reason for caution is that level and severity of autoimmunity do not

always correlate for islet autoantibodies.

In the hypothesis-generating approach to examine all 19 non-HLA SNPs associated with T1D,
preliminary evidence was found associating BACH2, CCR-5, and UBASH3A with GADA. CTLA-4
was associated with |A-2BA and IAA while /L2 was associated with IAA. These are interesting
data which make biological sense, but a more statistically robust study is required with larger
numbers of individuals with islet autoantibody data at diagnosis. For instance the potential

association between UBASH3A and GADA is noteworthy for the Bristol Diabetes Group where
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they have previously reported high levels of GADA in children with Down Syndrome and
diabetes (Gillespie et al., 2006; Gillespie et al., 2013). UBASH3A is on chromosome 21, it is,
therefore, possible that three copies of the risk variant in children with Down Syndrome may
be linked to increased GADA. This hypothesis is now under investigation by another PhD

student.

The preliminary association between CTLA-4 and IA-2A will be followed up in children at risk
of T1D because the presence of autoantibodies to the B isoform of IA-2A is associated with
rapid progression to diabetes (Achenbach et al., 2008). A recent review by Shapiro and
colleagues delved into the effects of several T1D associated genes including UBASH3A and
CTLA-4 (Shapiro et al., 2021) examining the contribution of each variant on risk and
progression in both humans and in mouse models of type 1 diabetes where functional effects

are easier to determine.

The IL2 association with IAA is potentially of particular importance as a low dose IL2 clinical

trial is ongoing currently in the UK (ITAD — T1DUK (typeldiabetesresearch.org.uk)) with an

ultimate focus on prevention in young children in whom IAA is the most common islet

autoantibody (Zeigler et al., 2013).

There is, therefore, a major drive to collect “at-diagnosis” sera from BOX study participants
at clinical presentation and before insulin treatment to follow up the associations between

CTLA4, UBASH3A and IL2 described in this chapter.
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Chapter 6

General Discussion
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6.1 HLA associations with T1D over time

The overall aim of this project was to study the dynamics of genetic susceptibility to T1D over
the last 100 years. This project revisited an area where there had been intense scrutiny in the
first decade of the twenty-first century — the changing dynamics of HLA-mediated
susceptibility over time in individuals with T1D. The central hypothesis in chapter 3 tested
whether a decrease in the highest-risk genotypes could be observed in a population-based
study recruiting since 1985. The results failed to provide convincing evidence that this trend
is continuing, but there are some limitations to the study, which reduce confidence in the
results and support additional analysis. More than twice as many samples were available
before 2000 compared with after that date. This is because of a funding pause in 2002 for
sample collection for the BOX study, although in 2015, funding was provided to collect
samples retrospectively. Unfortunately, the relatively low number of recent samples collected
makes the results difficult to interpret when subdivided into 5-year bands. Since completion
of this project, an additional 297 samples from cases have been collected and are undergoing
DNA extraction, and HLA genotyping and an updated analysis will hopefully answer the
guestion addressed in chapter 3. It is notable that no other longitudinal studies have followed
up the changing dynamics of genetic susceptibility over time making comparisons with
published studies difficult. The dearth of published data in this area, even from cross-sectional

studies, might suggest that other research groups are also observing unclear trends.

Increased numbers in the BOX study did confirm the change over time between the current
population and the GY cohort. This leads to questions regarding the environmental pressure

that could cause the highest-risk haplotype to decrease in frequency within a few decades.
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One interpretation may be that the GY cohort is different because it is a population of
survivors, but the trend over time has been observed in many other populations (Hermann et
al., 2003; Fourlanos et al., 2008; Vehik et al., 2008; Steck et al., 2011). Those with one single
risk haplotype are now the majority among individuals in the general population with T1D.
That may result in different islet autoantibody patterns as HLA DR4-DQ8 is known to be
associated with IAA and IA-2A, both associated with more rapid progression than GADA which
is associated with HLA DR3-DQ?2 (Eisenbarth et al., 1992; Knip et al., 2002; Achenbach et al.,

2008; Giannopoulou et al., 2015; Regnell and Lernmark, 2017).

There is increasing evidence that there may be different environmental drivers for GADA
autoimmunity compared with insulin and IA-2 autoimmunity. In the TEDDY study where high-
risk children have been studied from birth, they have shown that insulin autoimmunity
appears first in some children and GADA first in others (Krischer et al., 2019). While both often
appear in the first two years of life, insulin autoimmunity occurs earlier, focusing attention on
early environmental determinants. One example is that children born by caesarean section
are at increased risk (Bonifacio et al., 2011) and this is thought to be caused by resulting
differences in gut microbiome development and longitudinal studies are ongoing (Stewart et

al., 2018).

An important area which has not been examined over time is the frequency of HLA class |
genes. As there are clear patterns of linkage disequilibrium between HLA class | and Il
haplotypes, one might expect that there will be differences and this is a potential future
direction for this study.
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HLA class | A, B, and C genetic loci have also been implicated in the pathogenesis of T1D
(Fennessy et al., 1994; Honeyman et al., 1995; Nakanishi et al., 1999; Noble et al., 2002;
Robles et al., 2002). HLA class | proteins help present self-antigens to cytotoxic CD8" T
lymphocytes, and self-reactive cells would be deleted, suggesting a role in educating T-cells
as part of self-tolerance induction. Therefore, disruption of HLA class | function could trigger
an autoimmune reaction. Studies showed that HLA class | alleles could also affect progression
to T1D independently from HLA class || (Noble et al., 2002; Tait et al., 2003; Valdes et al., 2005;
Nejentsev et al., 2007; Howson et al., 2009). Interestingly, Fennessy et al. (1994) found that
most of the Finnish T1D children without class Il high-risk genotype DR3/DR4 had a higher
frequency of HLA-A genes compared to controls (Fennessy et al., 1994). Among relatives of
T1D patients with high-risk HLA class Il haplotypes, DAISY reported that the majority of
siblings of T1D children (n=693) who carried class | HLA-A seroconverted by the age of 2-3
years. Those with antibody positivity had a higher percentage of HLA-A than autoantibody
negative controls suggesting that HLA class | genes potentially accelerate islet autoantibody
appearance and persistence (Robles et al., 2002). In animal studies, a transgenic model of
NOD mice carriers of human class | HLA-A2 progressed rapidly to T1D in comparison with non-
transgenic mice (Yoon et al., 1998; Robles et al., 2002; DiLorenzo and Serreze, 2005).
Collectively, these studies point out the significance of HLA class | in driving the autoimmune
process that predisposes to T1D. Given the complexity of the MHC region, further research is
required to stratify disease susceptibility of class | molecules independently from the impact

of HLA class Il and to examine effects over time.
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6.2 Non-HLA risk over time

It is well recognised that HLA have the main genetic impact in T1D. However, studies
uncovered more than 60 genes that are linked to T1D on a genome-wide scale (Bakay et al.,
2013). Although their effects are less than the HLA, they are of importance as T1D is
polygenic; hence, full details of the genetic complexity of T1D are required to better
understand the pathogenesis. Additionally, it is not unrealistic to assume that a diabetogenic
environment would affect T1D associated genes- HLA and non-HLA- alike. Therefore, in
addition to HLA, the study analysed 19 non-HLA genetic regions associated with risk of T1D

development (Bakay et al., 2013).

SNP analyses between the two age-matched cohorts did not provide robust evidence for
major changes in the risk patterns of some SNPs genotypes over time. Indeed one might have
predicted that a UK-wide population of survivors with diabetes diagnosed between 1922 and
1948 and a population of all cases from a localised region might have resulted in genotypic
differences that were not necessarily related to dynamic changes over time. The very
consistent SNP genotype frequencies observed -even in a study with limited power- suggest
that non-HLA are not changing in response to environmental influences. As HLA class Il are
the “dinner plate” which serve the antigen to the immune system, the results of this study
can cautiously be interpreted as indicating that immune changes affecting antigen

presentation are driving the reported changes over time.
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Regarding gender comparisons of the genetic distribution of the non-HLA genes between GY
and BOX, some changes were noticed in males, others in females, and some were observed
in both. In males, the biggest change was in IFIH1 as its high-risk genotype was lower in BOX
males 40% than GY males 48%. IFIH1 plays a role in inducing an antiviral immune response,
serving as a potential link in the genetic and environmental interaction. The IFIH1 T1D high-
risk allele was suggested to trigger an exaggerated antiviral response that consequently
propels an autoimmune reaction. Recently, /IFIH1 was linked to seasonal variation of T1D,
where the carriers of the high-risk alleles were more likely diagnosed in summer (Dou et al.,
2017; Jermendy et al., 2018). Replication studies would be required to help understand such

observations.

6.3 Possible environmental determinants of type 1 diabetes

The possibility of changes to the gut microbiome was raised in section 6.1. There are around
a thousand species of bacteria living in our gastrointestinal tract, existing in an ecosystem that
is influenced by numerous factors such as mode of delivery of the newborn, diet, water pH,
medications, and geographical location (Zheng et al., 2018). The composition of these
bacteria is thought to play a vital role in the development of the newborn’s immune system
(Heavey, 1999; Bjorksten et al., 2001; Clarke et al., 2010). A newborn’s gut is sterile at birth,
and shortly afterwards, bacterial colonisation happens, mainly by flora acquired from the
mother (Biasucci et al., 2008). It was reported that newborns delivered vaginally had a gut
microbiome related to their mothers’ vaginal commensals, while the gut microbiome of
newborns born by cesarean section was similar to commensals on their mothers’ skin

(Dominguez-Bello et al., 2010). Because T1D is a disease with immunological dysregulation,
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studies looked into intestinal microflora as a possible contributor (Alkanani et al., 2015). The
TEDDY study was established to investigate the environmental factors and risk of progression
to T1D. The study screened newborns recruited from the general population and those with
a family history of T1D who had high T1D genetic risk. Those children were followed up from
birth until the age of 15 years (Group 2008). TEDDY reported regional variations in terms of
bacterial composition and diversity. Less diverse microflora was found in Colorado and
Finland, while Sweden, a neighbouring country of Finland, showed a microbiome composition
closer to Washington (Kemppainen et al., 2015). Recently, a metagenomes study by TEDDY
reported that bacteria that produce short-chain fatty acids, such as butyrate, could protect
against autoimmunity (Vatanen et al., 2018). The dynamics of the gut microbiome and its

possible role in promoting autoimmunity is a complex area that requires more research.

Rate of caesarean section is just one factor that has changed over time, and it is likely that
many different environmental determinants have also altered. Apart from the gut
microbiome, another major focus is epigenetic changes to the genome in response to

environment.

Epigenetics is also commonly suggested as a mechanism whereby the environment can act
directly on gene function. The term was coined in 1942 by Conrad Waddington as the “the
branch of biology which studies the causal interactions between genes and their products
which bring the phenotype into being.” (Waddington, 1968; Waddington, 2012). Epigenetics
comprises the study of all the changes that modify a genetic expression; hence the function
of a gene, on a molecular level without affecting the gene sequence. While some epigenetic

changes are heritable and can contribute to gene regulation (Bird, 2007; Ledford, 2008;
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Berger et al., 2009; Allis and Jenuwein 2016), it is clear that in the early embryonic period, the
genome undergoes demethylation and a brand-new re-methylation occurs which is
modulated by environmental factors (Groom et al., 2011). Examples of epigenetic
mechanisms include DNA methylation, where a covalent methyl group is added to the DNA
structure, thereby affecting the silencing of a gene. Another mechanism is histone
modification which is a vital component of the cell’s chromatin that result in alterations in
gene expression, and finally are the short non-coding RNA transcripts (ncRNAs) that influence
gene expression (Li, 2002; Petronis, 2010; Cao, 2014; Santosh et al., 2015). In T1D, a genome-
wide analysis of DNA-methylation data from pancreatic islets (n= 89 donors) showed that
DNA-methylation was associated with particular T1D genotypes for HLA and INS. Methylation
guantitative trait loci (mQTL) were significantly enriched in the HLA region (Olsson et al.,
2014). Additionally, risk of T1D was influenced by an increase in DNA-methylation reducing
INS gene expression in humans (Pugliese, 1998; Yang et al., 2011) and animal models (Rui et
al., 2016). Until recently, methylation studies have been carried out after T1D onset, making
interpretation of data difficult because hyperglycaemia may influence methylation. The DAISY
study examined peripheral blood samples taken from early life to onset of disease from 87
T1D patients and matching-controls. They detected differences in methylation patterns that
remained comparable from birth until after seroconversion before progressing to T1D
(Johnson et al., 2020). A recent study showed an association between DNA methylation and
rs689 in the insulin gene before the onset of T1D, when islet autoantibodies are present,
suggesting methylation may have a role in the relationship between INS variation and T1D

development. (Carry et al., 2020).
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One future study extending the work carried out in this thesis is to examine genome-wide
methylation status in GY and BOX participants. In a first step a colleague examined samples
from the Avon Longitudinal Study of Parents and Children (ALSPAC) study (Ye et al., 2018) and
provided evidence that at 5 loci, ITGB3BP, AFF3, PTPN2, CTSH and CTLA4, DNA methylation is
potentially mediating the genetic risk of T1D mainly by influencing local gene expression.
These data were replicated in the BOX cohort (Ye et al., 2018) and these loci are, therefore,

a particular focus for future studies.

6.4 Islet autoantibody associations with SNPs

Specific genotypes, in particular HLA genotypes, increase the likelihood of the appearance of
certain autoantibodies. As described in section 6.1, HLA DR3 appears to be associated with
GADA, while IAA and IA-2A are found in increased frequency in carriers of HLA DR4 (Krischer
et al., 2017; Regnell and Lernmark, 2017). Brorsson et al. (2015) reported that genes other
than HLA possibly influence the pattern of islet autoantibody appearance in T1D patients
(Brorsson et al., 2015), as previously suggested by (Plagnol et al., 2011; Howson et al., 2012)
in genome-wide studies. Interestingly, three non-HLA SNPs FCRL3, RELA, and LPP were shown
to be associated with T1D autoantibodies, but not with T1D. Following up on that observation,
FCRL3, RELA, and LPP were analysed in BOX for possible association with islet autoantibodies.
The Brorsson study was replicated in that FCRL3 was shown to have a significant association
with 1A-2A, 1A-2BA, and ZnT8A in newly-diagnosed BOX patients (p<0.001) close to disease
onset. On the other hand, FCRL3 had no association with GADA. Furthermore, age of onset,
gender, and HLA class Il did not affect this association when logistic regression was applied

(p<0.002). It is worth noting that IA-2 and IA-2B autoantibodies are associated with
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accelerated progression to clinical onset of T1D (Achenbach et al., 2008). Additionally, the
FCRL3 protein is expressed on B lymphocytes (Swainson et al., 2010), which ultimately
differentiate into antibody-producing Plasma cells. Immunological tolerance of B-cells is
thought to be compromised by FCRL3, perhaps by blocking B-cell receptor signalling,
prompting autoantibody production (Kochi et al., 2005; Kochi et al., 2009). In autoimmune
diseases, patients with risk genotypes for FCRL3 have reportedly inflated numbers of
autoantibodies (Kochi et al., 2005; Umemura et al., 2006). Although FCRL3 is not a risk gene
for T1D per se, but for other autoimmune diseases, and it is possible to assume FCRL3
association with 1A-2A and IA-2BA could act as a predictor of an aggressive autoimmune

response that speeds up the onset of T1D.

The genetic region RELA/FIBP was associated with GADA in recently diagnosed BOX
participants. All patients harbouring the genotype TT of FIBP SNP rs568617 had GADA at
disease onset, and the association was marginally significant. The locus is reportedly
associated with the positivity for IA-2A by (Brorsson et al., 2015); however, this was not
replicated in BOX. Furthermore, Brorsson et al. (2015) did not find an association with GADA
at diagnosis either. As the number of BOX patients with the TT genotype showing GADA
positivity was limited to 20, it is possible that a larger sample size would show stronger
association with GADA, and perhaps uncover an association with IA-2A as previously reported
(Brorsson et al., 2015). However, it should be noted that the median duration of diabetes at
sampling was 7 years in the Brorsson study, compared with only 1 day in BOX and this could

have influenced the results. In the literature, the RELA/FIBP region is associated with risk of
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inflammatory bowel disease (Jostins et al., 2012; Liu et al., 2015; Ellinghaus et al., 2016).

However, knowledge about the locus’s association with autoimmunity in T1D is scarce.

Another gene associated with GADA is LPP. The Brorsson study also reported that the
association in individuals with T1D was apparent in cases three years after the onset of T1D
while our data showed the association was much earlier in BOX, at disease onset (Brorsson et

al., 2015).

LPP is associated with autoimmune thyroid disease (Cooper et al., 2012), vitiligo (Jin et al.,
2010), and coeliac disease, and it is strongly expressed in the gut (Hunt et al., 2008; Lettre and
Rioux, 2008; Izzo et al., 2011). Although the pancreas expresses LPP (Kutlu et al., 2009), its
function appears to be linked to islet autoantibodies rather than T1D itself. This study also
showed an association of LPP with IA-2BA in newly-diagnosed BOX at clinical onset (p=0.036).
While our data suggest that LPP could be linked to an aggressive immune response and
acceleration to T1D onset as suggested by the association with 1A-2BA (Achenbach et al.,
2008), although these antibodies were not measured in the Brorsson study. Instead, their
finding of delayed LPP and GADA association years after diagnosis, implied a link to
persistence of the immune response. While there is an accumulating evidence for a role of
the gut microbiome and intestinal permeability in T1D (Bosi et al., 2006; Brown et al., 2011;
Maffeis et al., 2016), and a shared autoimmune basis with coeliac disease (Smyth et al., 2008;
Almeida et al., 2014; Huang et al., 2017), that is insufficient to clarify the function of LPP in
T1D autoimmunity. This study adds novel data to the intriguing associations between genes

and islet autoimmunity which are not associated with clinical T1D.

159



In a hypothesis-generating approach, 19 additional T1D risk genes were interrogated for
possible associations with autoantibodies in newly-diagnosed BOX patients. GADA, IA-2BA, or
IAA had associations with four of the genes BACH2, CCR-5, CTLA-4, and IL2 at clinical onset.
Uncorrected p-values are shown because statistical significance would be lost after correcting
for 19 analyses for each of the islet autoantibodies if the conservative Bonferroni test had
been applied. The small sample size and the rarity of GWAS in studies of islet autoimmunity

drive the need for robust replication studies in larger populations.

6.5 Strengths and weaknesses

As indicated in the sections above, the studies described in this thesis have some weaknesses.
The two cohorts are different in terms of survival. The GY cohort is comprised of patients who
were diagnosed with T1D and survived its complications for more than 50 years. BOX, on the
other hand, is a prospective family study, ongoing for more than 35 years where none of the
participants has achieved 50 years of T1D survival yet. Indeed, it would be interesting to
compare the two cohorts when BOX eventually has a group of survivors after another 15
years. Furthermore, BOX started in the 1980s as a regional study in the Oxfordshire region.
Although it has expanded since then, a more representative cohort of the general UK

population would be ideal for comparing with the GY population.

Another key factor is the power of the genetic comparison between the GY and BOX
populations. The GY population is underpowered but is the only currently available resource.
The low number of the GY participants (n=376), where only 285 have genetic data after age-

matching for those diagnosed under 21 years, is a major contributor in lowering the power.
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The current statistical power of the study at p=0.05 is 56%. Doubling the number of BOX
participants would increase the power slightly to 59% at p=0.05 while doubling the number
of the GY would increase the power to 76% in order to detect a difference at a significance of
0.05. Generally, in genetics, the power needs to be 90% at 0.05 significance, so the current
study would require a sample size of thousands to be recruited in GY and BOX. BOX
recruitment is set to continue, and Diabetes UK data indicate the number of individuals
obtaining the Nabarro medal after surviving T1D for 50 years is increasing annually. An ethics
application was, therefore, prepared, including the protocol and IRAS documents for the
Genetics of Longstanding Diabetes “GolLD study” to allow recruitment of an expanded GY
population and analysis by the cumulative GRS. This study will be part of a planned grant

application to Diabetes UK.

In terms of genetic change over time, dynamic changes in HLA genetic risk are too rapid to
happen on their own without external influence. Studies long suggested the potential effect
of the environment in forcing genetic change (Hermann et al., 2003; Gillespie et al., 2004;
Fourlanos et al., 2008; Vehik et al., 2008; Steck et al., 2011). However, it is not yet understood
how and when this environmental pressure is exerted. Although a number of environmental
influencers were of interest, such as viruses, diet, geography, and others, no direct causal link
has been found to cause T1D (Dahlquist et al., 1990; Virtanen et al., 1998; Pani et al., 2000;
Virtanen et al., 2000; Hummel et al., 2002; Pastore et al., 2003; Nejentsev et al., 2004; Hara
et al., 2013; Rodriguez-Calvo et al., 2016). The change in HLA trend is a clue that the
environment is modifying the genetic risk of T1D, perhaps by increasing the penetrance of

lower-risk genotypes in recently diagnosed patients.
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The data generated in the individual chapters in this thesis are not always straightforward and
Figure 6.1 shows where data have been linked and explains why if this has not happened. In
particular, the original plan for this thesis was to generate a Genetic Risk Score (GRS) from the
HLA and non-HLA data analysed in this study. However, it became increasingly clear that
multiple T1D genetic risk scores have been created and they are severely limited in that they
all incorporate different combinations of SNPs, few have HLA data as in the current study, and
do not allow data to be compared. Through collaboration in the UK Type 1 Diabetes
consortium it was agreed that T1D populations in the UK would all use the well-established
Exeter GRS (Ferrat et al., 2020) which is now also used clinically by the NHS. BOX DNA samples
have been sent to Exeter for this analysis. It is also planned to analyse the GY DNA samples in
the same way. The only possible disadvantage of using a GRS is that strong effects in individual
genes may be missed. However, this study suggests that changes in variation frequency over
time are largely restricted to the HLA region. When the data from Exeter are complete, a

comparison of GRS including HLA variants vs a GRS alone will be carried out.
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Amalgamating all the HLA class Il and non-HLA data over time into a genetic risk score (GRS) was
planned as described in the original thesis but this work was not completed because it was
decided to collaborate with genetic epidemiologists at the University of Exeter who already have
a recognised GRS and this work is ongoing and is the subject of a current funding application.
Although ultimately not included in the thesis, preparation carried out for this project will be
included when this work is published.

The frequency of
non-HLA SNPs
associated with
T1D analysed in

Chapter 3 Chapter 4

HLA class Il

analysed in 1737 1992 BOX cases
BOX cases diagnosed
diagnosed between 1985
between 1985 and 2015 and

285 Golden Years
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and 1948

and 2015

Non-HLA SNPs associated
with diabetes were
analysed in the second

HLA class Il analysis in
islet autoantibody positive

cases close to diagnosis Three different non-HLA SNPs part of Chapter 5
are well described and the analysed in 550 BOX cases

Brist'ol data were where there islet autoantibody

published previously. data were available close to

Long and colleagues diagnosis

included this analysis in a

regression model in

Diabetes in 2012 so this is Chapter 5

not available for further
analysis.

Figure 6.1: The potential for linked analyses across results chapters: Explaining where linked
analysis has not been completed in the current project and the status of ongoing studies using
data generated in this project.

6.6 Future directions for T1D prevention

Currently, clinical trials recruit relatives of T1D patients who are deemed “at-risk” based
mainly on their HLA class Il genetic risk and autoantibody profile (Orban et al., 2011; Skyler,
2013; Pescovitz et al., 2014) and recently immunotherapy was shown to delay the onset of

diabetes by an average of 2 years in an “at-risk” population (Herold et al., 2019). Although
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HLA are strongly associated with T1D, only approximately 1 in 12 people carrying the highest-
risk genotype develop T1D (Rewers et al., 1996; Kimpimaki et al., 2001). Islet autoantibodies,
on the other hand, are a better marker of a pre-diabetes period for clinical interventions to
be tested (Pihoker et al., 2005; Ziegler and Nepom, 2010; Ziegler et al., 2013; Knip et al., 2016).
However, they are still not used routinely in clinical practice compared with coeliac tissue
transglutaminase autoantibodies (Pihoker et al., 2005; Volta et al., 2008; Bingley, 2010; Volta
et al., 2010; Caio et al., 2019). Islet autoantibodies detected before the age of 6 months are
unreliable as they may be maternally derived (Stanley et al., 2004). Thereafter, serial
measurements of autoantibodies in plasma are required to detect positivity (Ziegler et al.,
2013; Krischer et al., 2015). Once seroconversion is detected, it is not a guarantee of
autoantibody persistence. Furthermore, some people have positive autoantibodies for many
years, but they do not necessarily develop diabetes (Long et al., 2018; Jacobsen et al., 2020;
So et al., 2020). As one’s gene sequences do not change as autoantibodies might do, efforts
to combine genetic susceptibility and autoantibodies as well as incorporating family history
are increasing (Ferrat et al., 2020). These approaches will be how people at risk of type 1
diabetes are identified in the general population in the future, and one missing piece of the
jig-saw remains the genes that drive autoantibody responses. The study described here
provides additional data to the field and highlights the importance of incorporating FCLR3 and
LPP in particular into the GRS for T1D. The other aspect of clinical importance is that the
current GRS is based on HLA class || DR3-DQ2/DR4-DQ8 carrying the highest risk but data
described here show that the frequency of HLA susceptibility genes must be monitored over

time in order to remain relevant for clinical usefulness.

T1D is challenging, incurable, and exhausting for patients and their families. Research to

identify at-risk people for early intervention is relentless. This study sought to improve the
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early selection of individuals at risk of T1D vetted by a better predictive genetic and antibody
tests. The holy grail remains perfecting a clinically applicable genetic and autoimmune profile
that stratifies people by risk for trials before the development of T1D (Herold et al., 2019;

Jacobsen et al., 2020; Sims et al., 2020).

6.7 Conclusion

This study examined the recent patterns of genetic susceptibility to T1D over time. There was
no convincing proof that HLA susceptibility continues to decrease or that non-HLA genes are
important players in changing susceptibility and changing incidence of T1D over-time. The
need for additional samples from individuals who developed T1D before the 1980s was
highlighted, and an ethics protocol to do this was prepared. Some unexpected associations of
non-HLA SNPs with islet autoimmunity were replicated in individuals at diagnosis in the BOX
study. Overall, this project has prepared the way to establish an improved study to examine
genetic susceptibility to T1D over time and highlighted the importance of some poorly

understood genetic drivers of islet autoimmunity.
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A. Non-HLA SNPs in T1D patients diaghosed under 21 years old
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Figure A.1: T1D risk genotypes in BOX and GY: The percentages of T1D carriers of risk genotypes for 19 non-HLA
SNPs in BOX and age-matched GY diagnosed under age 21 years.
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Risk allele frequencies in T1D patients <21 years old
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Figure A.2: Risk allele frequencies in BOX and GY: The percentages of T1D risk allele frequencies for 19 non-HLA SNPs
in BOX and age-matched GY diagnosed under age 21 years. The changes were modest overall. The biggest change was
a 5% increase for the UBASH3A risk allele between the GY and BOX cohorts.
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Table A.1a: Genotypes by gender in BOX and GY-Part A: The percentages of males and
females carrying the risk genotypes (highlighted in pink) in BOX and age-matched GY under
the age of 21 years.
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Tagman Probe Allele 1/Allele 2 Genotype % BOX males % GY males % BOX females 4 GY females
c/c 15% 9% 13% 12%
rs2111485 IAH1 C/T=A/G c/T 45% 43% 48% A9%
T/T A0% A8% 39% 39%
AJA I7T% 37% 39% 35%
rs4505848 L2 AfG AJG 50% A45% 45% 54%
G/G 13% 18% 16% 11%
c/c 31% 84% 33% 30%
rs12251307 IL2RA ofT ciT 18% 16% 16% 2056
1T 1% 0% 1% 0%
AJA 2% 2% 3% 2%
rs3024505 IL-10 AfG AfG 24% 24% 26% 25%
G/G 75% 74% 71% 73%
c/c 62% B0% 58% 57%
rs917997 IL1SRAP AG=C/T ciT 32% 35% 38% 35%
1T 7% 5% 5% %
AJA 3% 3% 5% 2%
rs689 INS AT AT 23% 21% 26% 23%
T/T 73% 76% b9% 75%
AJA B2% B7% b3% B7%
rs1893217 PTEN2 AfG AlG 3% 29% 33% 305
G/G A% 4% 5% 2%
AfA 3% 2% 3% 3%
rs6679677 PTPN22 AfC AfC 29% 30% 26% 26%
c/c B8% B&% 71% B6%
AJA B9% 75% 71% 72%
rs2816316 RGS1 AfG AlG 28% 22% 27% 25%
G/G 3% 2% 3% 3%
c/c 21% 23% 21% 16%
rs3184504 SH283 C/T=A/G c/T 48% A8% 50% 49%
T/T 3% 28% 29% 35%
AJA 27% 29% 25% 29%
rs9976767 UBASH3A AfG AlG A8% 50% 49% 52%
G/G 25% 21% 26% 19%

21 years.

Table A.1b: Genotypes by gender in BOX and GY-Part A: The percentages of males and females
carrying the risk genotypes (highlighted in pink) in BOX and age-matched GY under the age of
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B. Non-HLA SNPs in under 5 and 10 years old children

GY < 10 years
Ty genotypes by number and percentage
11 12 22
UBASH3A 29 25% 63 55% 23 20%
INS 1 1% 27 24% 85 75%
COBL 0 0% 7 6% 107 94%
PTPN22 9 8% 26 23% 78 69%
CCR5 92 84% 18 16% 0 0%
PTPN2 66 62% 35 33% 6 6%
CLEC16A 18 16% 38 34% 55 50%
IL18RAP 62 55% 44 39% 6 5%
SH2B3 21 19% 50 46% 38 35%
BACH2 23 21% 66 59% 23 21%
CTSH 56 51% 45 41% 8 7%
IL2RA 95 86% 16 14% 0 0%
iz 28 26% 58 55% 20 19%
GLIS3 25 22% 54 48% 33 29%
ERBB3 42 38% 55 50% 14 13%
IL10 3 3% 27 24% 81 73%
RGS1 88 79% 23 21% 1 1%
CTLA4 25 22% 57 50% 32 28%
IFIH1 10 9% 56 48% 50 43%
Table A.2: GY children diagnosed under the age of 10 years (n=115): The
numbers and percentages of T1D non-HLA SNPs genotypes.
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BOX < 10 years (1985-1995)

genotypes by number and percentage
Non-HLA SNP
11 12 22
UBASH3A 77 28% 127 46% 74 27%
INS 13 5% 66 23% 208 72%
COBL 0 0% 11 4% 278 96%
PTPN22 7 2% 92 32% 190 66%
CCR5 232 81% 54 19% 1 0%
PTPN2 182 63% 94 32% 15 5%
CLEC16A 28 10% 121 42% 140 48%
IL18RAP 160 55% 109 38% 20 7%
SH2B3 52 18% 144 50% 93 32%
BACH2 72 25% 144 50% 73 25%
CTSH 145 50% 117 41% 26 9%
IL2RA 237 82% 52 18% 0 0%
2 109 38% 125 43% 54 19%
GLIS3 55 19% 149 52% 85 29%
ERBB3 108 38% 123 43% 57 20%
IL10 5 2% 70 24% 212 74%
RGS1 207 72% 70 24% 10 3%
CTLA4 63 22% 132 46% 95 33%
IFIH1 45 16% 115 40% 129 45%

Table A.3: BOX children diagnosed between 1985-1995 with T1D under the
age of 10 years: The numbers and percentages of T1D non-HLA SNPs
genotypes. The total number of BOX children under 10 years old was 291,
of whom 55% are males.
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BOX < 10 years (1995-2005)

N E genotypes by number and percentage
11 12 22

UBASH3A 80 20% 142 54% 64 26%
INS 14 3% 64 21% 217 76%
COBL 0 0% 21 2% 274 98%
PTPN22 7 4% 84 35% 204 61%
CCR5 232 79% 58 21% 3 0%
PTPN2 180 58% 111 39% 4 3%
CLEC16A 25 9% 136 43% 134 47%
IL18RAP 176 61% 96 32% 23 7%
SH2B3 67 17% 139 49% 89 34%
BACH2 75 23% 144 55% 75 22%
CTSH 156 50% 121 41% 18 9%
IL2RA 249 84% 43 16% 3 0%
2 102 36% 149 48% 44 15%
GLIS3 58 23% 149 50% 88 27%
ERBB3 105 36% 144 47% 46 17%
IL10 6 2% 71 28% 218 70%
RGS1 198 74% 90 23% 7 3%
CTLA4 51 21% 133 52% 111 27%
IFIH1 46 15% 141 43% 108 42%

Table A.4: BOX children (1995-2005) diagnosed with T1D under the age of
10 years: The numbers and percentages of T1D non-HLA SNPs genotypes.
The total number of BOX children under 10 years old was 295, of whom
49% are males.
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GY <5 years

s on genotypes by number and percentage

11 12 22
UBASH3A 8 24% 19 58% 6 18%
INS 0 0% 11 33% 22 67%
COBL 0 0% 4 12% 29 88%
PTPN22 2 6% 6 18% 25 76%
CCR5 25 81% 6 19% 0 0%
PTPN2 2 6% 6 19% 23 74%
CLEC16A <) 16% 14 45% 12 39%
IL18RAP 20 65% 10 32% 1 3%
SH2B3 4 13% 11 37% 15 50%
BACH2 7 23% 16 52% 8 26%
CTSH 14 45% 117 55% 0 0%
IL2RA 26 84% 5 16% 0 0%
2 5 17% 19 63% 6 20%
GLIS3 3 10% 14 45% 14 45%
ERBB3 7 23% 18 58% 6 19%
IL10 2 6% 8 26% 21 68%
RGS1 24 17% 7 23% 0 0%
CTLA4 7 21% 16 48% 10 30%
IFIH1 3 9% 16 47% 15 44%

Table A.5: GY children diagnosed with T1D under the age of 5 years: The
numbers and percentages of T1D non-HLA SNPs genotypes. The total
number of BOX children diagnosed under 5 years was 37, of whom 46%
are males.
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BOX < 5 years (1985-1995)

genotypes by number and percentage

Non-HLA SNP
11 12 22
UBASH3A 26 28% 72 50% 35 22%
INS 5% 29 22% 103 74%
COBL 0% 3 7% 134 93%
PTPN22 5 2% 48 28% 84 69%
CCR5 108 79% 28 20% 1%
PTPN2 79 61% 54 38% 1%
CLEC16A 13 8% 59 46% 65 45%
IL18RAP 84 60% ax 33% 9 8%
SH2B3 23 23% 67 47% 47 30%
BACH2 31 26% 76 49% 30 26%
CTSH 68 53% 56 41% 13 6%
IL2ZRA 115 84% 22 15% 0 1%
2 50 35% 66 51% 21 15%
GLIS3 31 20% 69 51% 37 30%
ERBB3 49 36% 64 49% 23 16%
IL10 3 2% 38 24% 95 74%
RGS1 100 67% 31 31% - 2%
CTLA4 29 17% 71 45% 37 38%
IFIH1 21 16% 59 48% 57 37%

Table A.6: BOX children diagnosed with T1D between 1985-1995 under
the age of 5 years: The numbers and percentages of T1D non-HLA SNPs
genotypes. The total number of BOX children diagnosed under 5 years

was 137, of whom 55% are males.




BOX < 5 years (1995-2005)

T genotypes by number and percentage

11 12 22
UBASH3A 28 28% 55 55% 17 17%
INS 5 5% 23 22% 77 73%
COBL 0 0% 9 9% 96 91%
PTPN22 4 4% 25 24% 76 72%
CCR5 85 83% 18 17% 0 0%
PTPN2 62 59% 40 38% 3%
CLEC16A 9 9% 50 48% 46 44%
IL18RAP 65 62% 34 32% 6 6%
SH2B3 28 27% 48 46% 29 28%
BACH2 29 28% 57 54% 19 18%
CTSH 52 50% 44 42% 9 9%
IL2RA 90 86% 13 12% 2 2%
2 34 32% 53 50% 18 17%
GLIS3 19 18% 57 54% 29 28%
ERBB3 36 34% 46 44% 23 22%
IL10 2 2% 22 21% 81 77%
RGS1 68 65% 34 32% 3 3%
CTLA4 20 19% 49 47% 36 34%
IFIH1 12 11% 48 46% 45 43%

Table A.7: BOX children diagnosed with T1D between 1995-2005 under
the age of 5 years: The numbers and percentages of T1D non-HLA SNPs
genotypes. The total number of BOX children diagnosed under 5 years

was 105, of whom 50% are males.
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Risk genotypes in T1D children < 10 years old
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Figure A.3: Non-HLA risk genotypes in T1D GY and BOX children under the age of 10 years by decade of diagnosis: GY are blue
bars and BOX (1995-1985) are orange bars while BOX (1995-2005) are grey bars.
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C. Non-HLA SNPs and islet autoantibodies associations at diagnosis

FCRL3 genotypes |A-2A positive IA-2A negative
[ 11 151 (89%) 19 (11%)
r 12 202 (75%) 68 (25%)
r 22 82 (71%) 33 (29%)

Table A.8: FCRL3 genotypes and IA-2A: The number and percentage of FCRL3 genotypes
by their association with IA-2A at onset in newly-diagnosed BOX participants. The CC (11)
genotype had the highest association with IA-2A positivity. P<0.001 chi-square test.

FCRL3 genotypes |A-2BA positive |A-2BA negative
[ 11 135 (79%) 35 (21%)
f 12 173 (65%) 95 (35%)
' 22 66 (58%) 48 (42%)

Table A.9: FCRL3 genotypes and IA-26A: The number and percentage of FCRL3 genotypes
by their association with IA-26A at onset in newly-diagnosed BOX participants. The CC (11)
genotype had the highest association with IA-28A positivity. P<0.001 chi-square test.
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FCRL3 genotypes ZnT8A positive ZnT8A negative
f 11 140 (82%) 30 (18%)
f 12 172 (64%) 98 (36%)
f 22 74 (64%) 41 (36%)

Table A.10: FCRL3 genotypes and ZnT8A: The number and percentage of FCRL3 genotypes
by their association with ZnT8A at onset in newly-diagnosed BOX participants. The CC (11)
genotype had the highest association with positivity (p<0.001) chi-square test.

RELA genotypes GADA positive GADA negative
f 11 278 (80%) 71 (20%)
r 12 138 (77%) 41 (23%)
f 22 20 (100%) 0 (0%)

square test.

Table A.11: RELA genotypes and GADA: The number and percentage of each of the RELA
genotypes by their association with GADA at onset in newly-diagnosed BOX participants.
The TT (22) genotype had the highest association with GADA positivity (p=0.055) chi-
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LPP genotypes

GADA positive

GADA negative

11 114 (88%) 15 (12%)
F

12 216 (79%) 57 (21%)
7

22 112 (75%) 37 (25%)

Table A.12: LPP genotypes and GADA: The number and percentage of LPP genotypes by
their association with GADA at onset in newly-diagnosed BOX participants. The GG (11)
genotype had the highest association with GADA positivity (p=0.018) chi-square test.

LPP genotypes

IA-2BA positive

IA-2BA negative

r 11 95 (74%) 33 (26%)
F

12 188 (70%) 82 (30%)
F

22 88 (60%) 58 (40%)

Table A.13: LPP genotypes and IA-26A: The number and percentage of LPP genotypes by
their association with IA-28A at onset in newly diagnosed BOX participants. The GG (11)
genotype had the strongest association with IA-28A positivity (p=0.036) chi-square test.
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BACH2 genotypes GADA positive GADA negative
[ 11 102 (72%) 40 (28%)
r 12 249 (82%) 55 (18%)
[ 22 124 (83%) 26 (17%)

Table A.14: BACH2 genotypes and GADA: The number and percentage of BACH2
genotypes by their association with GADA at onset in newly-diagnosed BOX participants.
The GG (22) T1D risk genotype had the strongest association with GADA positivity
(puncorr=0.028). Chi-square test without Bonferroni correction.

CCR-5 genotypes GADA positive GADA negative
[ 11 380 (82%) 86 (18%)
[ 12 88 (72%) 35 (28%)
[ 22 3 (60%) 2 (40%)

Table A.15: CCR-5 genotypes and GADA: The number and percentage of CCR-5 genotypes
by their association with GADA at onset in newly-diagnosed BOX participants. The WTWT
(11) T1D risk genotype had the strongest association with GADA positivity
(puncorr=0.029). Chi-square test without Bonferroni correction.
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UBASH3A genotypes GADA positive GADA negative
[ 11 114 (74%) 41 (26%)
[ 12 206 (82%) 44 (1%)

[ 22 127 (83%) 26 (17)

Table A.16: UBASH3A genotypes and GADA: The number and percentage of UBASH3A
genotypes by their association with GADA at onset in newly-diagnosed BOX individuals.
The GG (22) T1D risk genotype had a borderline association with GADA positivity
(puncorr=0.055). Chi-square test without Bonferroni correction.

CTLA-4 genotypes IA-2BA positive IA-2BA negative
[ 11 73 (71%) 30 (29%)
[ 12 207 (71%) 83 (29%)
[ 22 122 (60%) 81 (40%)

Table A.17: CTLA-4 genotypes and IA-26A: The number and percentage of CTLA-4
genotypes by their association with IA-26A at onset in newly-diagnosed BOX individuals.
The AA (11) T1D risk genotype had the strongest association with IA-28A positivity
(puncorr=0.023). Chi- square test without Bonferroni correction.
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CTLA-4 genotypes IAA positive IAA negative
[ 11 44 (60%) 30 (40%)
[ 12 142 (74%) 49 (26%)
r 22 107 (70%) 47 (30%)

Table A.18: CTLA-4 genotypes and IAA: The number and percentage of CTLA-4 genotypes
by their association with IAA at onset in newly-diagnosed BOX participants. The GG (22)
T1D risk genotype had a borderline association with IAA positivity (puncorr=0.059). Chi-

square test without Bonferroni correction.

IL2 genotypes IAA positive IAA negative
[ 11 100 (63%) 60 (37%)
[ 12 147 (74%) 53 (26%)
[ 22 43 (78%) 12 (22%)

Table A.19: IL2 genotypes and IAA: The number and percentage of IL2 genotypes by their
association with IAA at onset in newly-diagnosed BOX participants. The GG (22) T1D risk
genotype had a borderline association with IAA positivity (puncorr=0.028). Chi-square test

without Bonferroni correction.
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D. Golden Years dataset

Sample GY Age at Duration
Sex R X X DR DQ DRB1 DQA1 DQB1 DRB1 DQA1 DQB1
number number diagnosis | of diabetes

2 WDDP002 M 16 54 3/4 2/8 *0304 |*05011-02| *02 *0401 |*03011/12| *0302
3 WDADO003 M 10 62 4/4 7/8 *0405 |*03011/12| 0301/4 | *0405 |[*03011/12| *0302
6 WDRB006 F 11 52 3/3 2/2 *0304 |*05011-02| *02 *0304 |*05011-02 *02
8 WDSG008 M 7 58 1/4 5/8 *0103 0101/4 *05 *0401 |*03011/12| *0302
9 WDSC009 M 20 55 4/4 7/8 *04 *03011/12| 0301/4 *04 *03011/12| *0302
12 WDRHO012 M 16 61 3/4 2/8 *0304 |*05011-02| *02 *0401 |*03011/12,| *0302
13 WDGDO013 M 14 54 3/4 2/8 *0304 |*05011-02| *02 *0404 |*03011/12,| *0302
15 WDWLO015 M 8 53 4/8 1.x/4 *0401 |*03011/12|*0604-9|*0801-11| *0401 *04
16 WDDRO016 M 19 63 4/13 |8/1.18| *0401 |*03011/12| *0302 *13 *0102/3 0603
18 WDJF018 M 13 51 3/3 2/2 *0304 |*05011-02| *02 *0304 |*05011-02 *02
24 WDMO0024 F 10 56 3/4 2/8 *0304 |*05011-02| *02 *0401 | 03011/12| *0302
27 WDEDO027 F 20 53 3/4 2/8 *0304 |*05011-02| *02 *04 *03011/12| *0302
31 WDJDO031 M 18 56 7/7 2/2 *0701 *0201 *02 *0701 *0201 *02
32 WDJV032 F 11 65 4/4 8/8 *0401 |*03011/12| *0302 *0401 |*03011/12| *0302
33 WDJS033 M 13 55 1/4 5/7 *01 0101/4 *05 *0401 |*03011/12| *0301/4
34 WDJC034 M 13 56 3/4 2/8 *0304 |*05011-02| *02 *0401 |*03011/12| *0302
36 WDBP036 F 17 53 4/9 8/9 *0401 |*03011/12| *0302 *0901 |*03011/12| *03032
38 WDPWO038 F 11 54 3/3 2/2 *0301 |*05011-02| *02 *0301 |*05011-02 *02
40 WDAJO40 F 15 61 3/7 2/2 *0304 |*05011-02| *02 *0701 *0201 *02
41 WDJM041 F 13 52 3/4 2/8 *0304 |*05011-02| *02 *04 *03011/12| *0302
42 WDPB042 12 61 1/4 5/8 *01 *0101/4 *05 *0404 |*03011/12| *0302
46 WDCS046 M 9 52 1/4 5/8 *01 *0101/4 *05 *04 *03011/12| *0302
50 WDMMO050 F 9 58 4/13 | 7/1.x *0401 |*03011/12|*0301/4 *13 *0102-3 | *0604-9
52 WDMAO052 F 19 54 1/4 5/8 *01 *0101/4 *05 *04 *03011/12| *0302
53 WDRMO053 F 15 61 4/4 7/8 *04 *03011/12(*0301/4 *04 *03011/12| *0302
55 WDAMO55 M 20 52 3/13 | 2/1.x *0304 |*05011-02| *02 *13 *0102/3 | *0604-9
57 WDDAO57 F 11 52 4/8 8/4 *04 *03011/12| *0302 | *0801-11| *0401 *04

Table A.20: A representation of the Golden Years dataset.
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E. BOX Study dataset

IDF IDS DM DR Allele 1 | DR Allele 2 | DQB1 Allele 1| DQB1 Allele 2| P2t ©f Sex Age of
diagnosis diagnosis

251 4 1 04 04 0301 0302 06/03/1985 2 11
252 3 1 04 06 0302 0603 10/04/1985 1 15
253 5 1 03 04 0201 0302 09/08/1985 2 16
254 3 1 04 04 0302 0302 08/05/1985 2 18
255 5 1 03 04 02 0302 17/07/1985 2 12
256 4 1 01 04 0302 0501 10/04/1985 1 19
258 5 1 01 04 0302 0501 15/09/1985 1 11
259 3 1 04 09 0302 0303 24/06/1985 1 14
261 3 1 03 04 02 0302 15/06/1985 2 5
262 3 1 04 04 0302 0302 13/02/1985 1 10
265 4 1 03 04 02 0302 26/08/1985 2 13
267 3 1 01 04 0302 0501 14/10/1985 2 15
268 4 1 03 03 02 0201 15/04/1985 1 16
270 5 1 03 04 02 0302 20/01/1985 2 14
272 6 1 03 04 0201 0302 05/11/1985 1 13
274 4 1 03 07 02 02 04/11/1985 1 10
275 3 1 04 07 02 0302 15/10/1985 1 17
276 3 1 01 04 0302 0501 16/12/1985 1 8
277 7 1 03 04 02 0302 15/04/1985 2 12
278 4 1 04 11 0301 0302 15/07/1985 1 17
279 6 1 04 09 0302 0303 14/11/1985 2 9
280 4 1 02 03 02 NON 22/10/1985 1 18
281 3 1 01 04 0301 0501 12/08/1985 1 14
282 3 1 03 03 0201 0201 09/07/1985 1 15
283 3 1 01 04 0302 0501 16/01/1986 1 9
285 4 1 04 04 0302 0302 15/08/1985 1 10
286 3 1 03 04 02 0302 15/11/1985 2 20
287 6 1 04 04 0301 0302 18/01/1985 1 17

Table A.21: A representation of the BOX study dataset.
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