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ABSTRACT 

Type 1 diabetes (T1D) is caused by autoimmune destruction of insulin-producing 

pancreatic β-cells. It is a polygenic disease in which maximal genetic susceptibility is 

conferred by the presence of MHC class II genes. Circulating autoantibodies against 

islet cell antigens and mononuclear cell infiltrates, especially CD4
+
 and CD8

+
 T cells, 

are characteristic of the disease. Recent evidence suggests innate immunity may be 

involved in the disease pathogenesis. The aim of this thesis is to identify the genes of 

innate immunity associated with T1D.  

 

In papers I and II, we tested the association of Killer immunoglobulin-like receptor 

(KIR) genes with T1D in two Caucasian populations (Swedish and Latvian).  In the 

Swedish population, we demonstrated a negative association of KIRs 2DL1 and 3DS1 

with T1D. Extensive stratification and interaction analyses showed that the frequency 

of KIRs 2DL2 and 3DS1 were higher in HLA-DR3/DR4 heterozygous T1D patients, 

but the difference was not significant. The presence of KIRs 2DL5 and 2DS5 conferred 

an increased risk to coxsackie B virus infection in T1D patients. In the Latvian cohort, 

we demonstrated that the presence of KIR 2DL2 and its ligand HLA-C1 conferred 

susceptibility to the disease. To test the overall association of KIR with T1D we 

performed a meta-analysis of all published data and found that KIRs 2DL5 and 3DS1 

were negatively associated with T1D. These findings indicate that KIR genes are 

important in regulating innate immune responses and KIR-HLA-C ligand interactions 

can confer susceptibility to T1D.  

 

In papers III and IV, we tested the association of the small ubiquitin-related modifier 4 

(SUMO4) M55V polymorphism with T1D in a Swedish (Caucasian) and an Asian-

Indian population. SUMO4 was not directly associated with T1D in both populations. 

However, in the Swedish population, presence of the SUMO4 M55V SNP increased 

the susceptibility (Odds ratio) caused by HLA-DR3/DR4.  

 

In paper V, we tested the association of SNPs in the exons of Toll-like receptor (TLR) 

genes with T1D. SNPs in TLR-1 (rs4833095), TLR-6 (rs5743808) and TLR-8 

(rs2159377) were associated with T1D in subjects belonging to the 0-14 year age 

group. No significant association was observed in the 15-34 year age group. These 

findings suggest that dysregulation of the immune response, especially in children 

below the age of 15 years, may contribute to the development of autoimmunity.  

 

In conclusion, this thesis reports novel associations of three innate immunity 

components with T1D.  
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1 INTRODUCTION 

Type 1 diabetes (T1D) is caused by autoimmune-mediated destruction of insulin-

producing pancreatic β-cells [1], resulting in an absolute need of exogenous insulin for 

glycemic control. The disease mainly occurs in children, but may also occur in 

adolescents and adults. 

 

1.1 INCIDENCE AND PREVALENCE 

Incidence and prevalence are commonly used terms in epidemiology to describe 

the occurrence of a disease. Disease incidence is a measure of the number of 

individuals in a population affected by a particular disease, at a certain point in time. 

Disease prevalence measures the rate of occurrence of new cases of the disease in a 

specified time period. Both incidence and prevalence can be expressed as percentages 

or as numbers of cases per 100,000 individuals. Sweden ranks third in incidence of 

T1D (25.7/100,000), after Finland (43.9/100,000) and Sardinia (37.8/100,000) [2].  

 

The incidence of T1D is increasing world-wide. Patterson C et al., reports an 

overall annual increase of 3.9% in the incidence of T1D in Europe. The incidence rates 

are higher in children aged 0-4 years (5.4%) compared to that in children aged 5-9 

years (4.3%) and 10-14 years (2.9%) [3]. It is interesting to note that the annual 

increase in the incidence of T1D is almost double in Eastern Europe (~6.8%) compared 

to Western Europe (3.9%). 

 

1.2 CLASSIFICATION OF DIABETES 

The World Health Organization (WHO) has classified diabetes, based on its 

etiology, into 4 major categories [4]: 

i) Type 1 Diabetes: Caused by autoimmune destruction of β-cells leading to 

absolute insulin deficiency. 

ii) Type 2 Diabetes: Caused by insulin resistance or deficiency in insulin secretion. 

iii) Gestational Diabetes: Impaired glucose tolerance and diabetes during gestation. 

iv) Other specific types include diabetes caused by genetic defects of β-cell function 

and/or insulin action, diseases of the exocrine pancreas, endocrinopathies, drug or 

chemical-induced, uncommon forms of immune-mediated diabetes, malnutrition-

modulated diabetes mellitus and other genetic syndromes sometimes associated 

with diabetes. 

 

1.3 GENETIC SUSCEPTIBILITY IN T1D 

Evidence from follow-up studies performed on monozygotic and dizygotic 

twins highlights the role of genetic factors in the etiology of T1D.  Studies performed 

during the 1990‟s reported concordance rates between 21% and 70% [5-8]. Verge CF et 

al., reported that two-thirds (8 out of 12) of discordant twins had β-cell autoimmunity, 

as evident from the presence of persistent autoantibodies to islet cell antigens. This 

suggests that genetic factors are responsible partly, if not fully, for the development of 

β-cell-specific autoimmunity [5].  
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 In a more recent combined analysis of monozygotic twins from Great 

Britain and the United States, Redondo M. J. et al., (2001) reported an estimated 

risk of 50% for progression of the non-diabetic twin to T1D [9]. They have also 

identified the following features that distinguish pairs of twins that had become 

concordant and those that remained discordant for T1D: i) Concordance to T1D 

was higher if the index twin was diagnosed at a younger age (<25 years) and ii) 

twins of patients who were diagnosed at the age of 9 years or less, had a 50% risk 

of becoming concordant. The increased concordance at a younger age appears 

either to be due to a greater genetic load or to an increased affect of non-genetic 

(environmental) factors. Twins who were heterozygous for high-risk HLA 

haplotypes (DR3-DQ2 and DR4-DQ8) had a higher risk of disease progression 

compared to those who carried moderate (either DR3-DQ2 or DR4-DQ8) or low-

risk (neither DR3-DQ2 nor DR4-DQ8) HLA haplotypes.  In an earlier report by 

Johnston C. et al., (1983) [10], HLA-DR3 and DR4 heterozygosity was higher in 

concordant twins compared to that in discordant twins.  

 

 Hyttinen V et al. (2003), observed that the risk for T1D was highest when 

the index twin was diagnosed at a very young age (≤10 years)  [11]. In their 

cohort, they observed that the majority of T1D risk was from genetic factors 

(~80%) and the remaining was attributed to environmental factors (~20%). The 

incidence of T1D has been increasing worldwide, more so during the past few 

decades [12]. This sudden increase cannot be explained by genetic factors alone. 

Environmental factors may play a role either by directly triggering the disease or 

by interacting with genes the confer susceptibility. The general consensus is that 

autoimmunity is initiated in genetically susceptible individuals when they 

encounter one or more environmental triggers.  

 

 The advancement in technological platforms to fine-map the human 

genome has paved the way for the identification of new loci associated with 

polygenic diseases like T1D. Over 40 loci in the human genome have been 

associated with T1D till date [13] (Figure-1). However, it is interesting to note 

that less than a quarter of these loci have genes with a potential role in disease 

etiology. These genes are discussed in the following sections. 
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Figure-1: Pictorial representation of loci associated with T1D across the human 

genome (as of 10 January, 2010, courtesy: www.t1dbase.org)  

 

 

 

1.3.1 Major Histocompatibility Complex (MHC) 

 

The MHC is a densely packed region, with highly polymorphic genes, on the 

short arm of chromosome 6 (6p21.3) in humans. Genes in the MHC region encode 

human leukocyte antigen (HLA) molecules which are vital for innate and adaptive 

immune responses. The MHC is divided into three broad groups: MHC-Class I, II and 

III.  

 

1.3.1.1 HLA Class I 

 

MHC class I genes, located on the telomeric side of the MHC complex, code 

for HLA class I molecules. These molecules are expressed on all nucleated cells. They 

present short nine amino-acid-long peptide antigens, usually from viruses, to CD8
+ 

T 

cells. Structurally HLA-class I molecules are different from HLA-class II molecules, 

because they carry one alpha chain and a beta-2 microglobulin chain.  

 

1.3.1.2 HLA Class II  

 

MHC class II genes, located towards the centromeric side of the MHC, encode 

HLA-class II molecules expressed as heterodimers on the cell surface of professional 

antigen presenting cells (APCs) (dendritic cells, macrophages, B cells). The class II 

molecules are named DR, DQ, DP, DO and DM. Each HLA class II protein is 

composed of an α and β chain consisting of four domains α1, α2, β1 and β2. HLA-DR, 

DQ and DP present antigenic peptides to CD4
+
T cells. DRB1, DQA1 and DQB1 are 

http://www.t1dbase.org/
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highly polymorphic while DRA is non-polymorphic. HLA-DM plays an important role 

in loading peptides onto HLA class II molecules and in editing peptides (removal of 

unstably bound peptides). HLA-DO is a negative regulator of HLA-DM and also 

prevents random peptide-binding [14].  

 

1.3.1.3 HLA Class III  

 

MHC class III genes, chromosomally located between MHC class I and class II, 

encode proteins with various HLA or immune-response related functions (other than 

direct antigen presentation), such as complement.  

    

 

1.3.1.4 HLA and T1D 

 

First reports on HLA association with T1D were published in 1973 (Singal DP 

et al.) [15] and 1974 (Nerup J et al.) [16], where HL-A (now known as HLA-B8) was 

observed to be associated with T1D. The advent of DNA-based genotyping 

revolutionized association studies. The presence of two haplotypes: i) DR4-DQ8 

(DRB1*04-DQA1*0301-DQB1*0302) and ii) DR3-DQ2 (DRB1*03-DQA1*0501-

DQB1*0201) in a heterozygous combination, confers the highest genetic risk to T1D 

[17, 18]. In Swedish Caucasians 89% of T1D patients carry the high-risk haplotypes 

(DR3-DQ2 and/or DR4-DQ8) [19]. The haplotype DR15-DQ6 (DRB1*15-

DQA1*0102-DQB1*0602) is negatively associated with T1D and is found only in 1% 

of Swedish T1D patients. This haplotype confers strong protection [20, 21]. The 

presence of HLA DPB1*0301 and DPB1*0202 confers susceptibility to T1D in 

multiple ethnic groups [22]. HLA-DPB1*0402 is also associated with protection [22]. 

It has been demonstrated that the effect of HLA on T1D disease-susceptibility 

decreases with increasing age [23]. Table-1 summarizes HLA associations with T1D in 

Caucasians. More than three and a half decades have passed since discovery of the 

association of HLA with T1D, but the exact mechanism by which certain HLA 

haplotypes confer strong susceptibility or protection is yet to be understood clearly.  

 

Haplotype HLA- DRB1 HLA- DQA1 HLA- DQB1 Confers: 

DQ8 

DQ2 

0401, 0402, 0405 

0301 

0301 

0501 

0302 

0201 
High risk 

DR8 

 

0801 

0101 

0901 

0401 

0101 

0301 

0402 

0501 

0303 

Moderate risk 

DQ7 

 

0401 

0403 

0701 

1101 

0301 

0301 

0201 

0501 

0301 

0302 

0201 

0301 

Weak or 

moderate 

protection 

DQ6 1501 

1401 

0701 

0102 

0101 

0201 

0602 

0503 

0303 

Strong 

protection 

  

Table-1: Summary of HLA associations with T1D in Caucasians. 



 

5 

 

1.3.2 Non-MHC genes 

Whole genome association studies (WGAS) have revolutionized disease 

genetics, making analysis of hundreds of thousands of SNPs feasible now. Apart from 

reconfirming previously known T1D-associated loci (such as HLA, INS VNTR, 

CTLA-4), several new loci have been identified [24]. However, testing large numbers, 

for instance 500,000 SNPs, is equivalent to testing 500,000 hypotheses. This would 

require employing correction of the observed statistical significance (p-value) at least 

by a factor of the magnitude 10
-7

. Such analyses would identify robust candidate loci, 

but not weak genetic effects (in this case p <10
-7

). To identify these weak genetic 

effects, larger sample sizes need to be tested, which means increased experimental 

costs. Thus, traditional cost-effective low-throughput genotyping techniques are still 

valuable to identify candidate loci.  

 

Several loci outside the MHC have been associated with T1D. However the 

effect size of these loci (in terms of the relative risk they confer) is small compared to 

HLA. Genes in some of these loci are discussed in the following sections. 

  

1.3.2.1 Insulin gene variable number of tandem repeats 

 

The insulin gene is present on chromosome 11p15.5. Variable number of 

tandem repeats (VNTR) of 14 to 15 bp repeat sequences (consensus to 

ACAGGGGTGTGGGG), situated 596 bp upstream of the insulin gene, are associated 

with T1D [25, 26]. These VNTRs are divided into three classes; class-I: 26-63 repeats, 

class-III: 140-210 repeats, class-II: any number of repeats other than class-I or III. The 

short class-I VNTR alleles predispose individuals to T1D, whereas the class-III alleles 

protect from the disease. Insulin VNTRs regulate insulin gene transcription. The 

presence of class-III alleles results in two to three fold higher insulin mRNA in the 

thymus [27, 28]. Higher expression of insulin in the thymus is speculated to result in 

immune tolerance induction. The presence of class-I alleles has been associated with 

higher frequencies of insulin autoantibodies [29]. Also, β-cell function is better 

preserved in subjects carrying class-III alleles compared to those with class-I alleles 

with recent-onset T1D (Nielsen LB et al., 40th SSSD Meeting, Linköping, April 8–10, 

p41 (abstract)).  

  

1.3.2.2 Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) 

 

The CTLA-4 gene on chromosome 2q33 encodes a key negative regulator of 

T-cell activation [30], and is associated with susceptibility to T1D [31, 32]. An A49G 

substitution in exon 1 of the CTLA-4 gene results in the substitution of an alanine for a 

threonine in the signal sequence of the protein resulting in its reduced cell-surface 

expression [33]. Another polymorphism, C318T, in the promoter region of the CTLA-4 

gene is also associated with T1D. This SNP results in increased promoter activity, and 

subsequently increased CTLA-4 expression, which could be considered protective for 

T1D [34, 35]. 
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1.3.2.3 Interleukin-2 receptor α gene (IL-2RA) 

 

The IL-2RA gene located on chromosome 10p15.1, encodes for the α chain 

(also known as CD25) of the IL-2 receptor complex. IL-2RA is constitutively 

expressed on regulatory T cells (Tregs) and is crucial for their growth and survival. IL-

2/IL-2RA plays a key role in maintaining peripheral tolerance through activation-

induced cell death (AICD) in T cells [36]. Two SNPs (rs 706778 (A/G) and rs3118470 

(C/T)) on the 5‟ end of long intron 1 of this gene, are associated with T1D. These SNPs 

are in high linkage disequilibrium (LD) and the A/C haplotype is associated with an 

increased risk to T1D [37-39].   

 

1.3.2.4 Lymphoid tyrosine phosphatase (PTPN22)  

 

The PTPN22 gene, present on chromosome 1p13, encodes lymphoid tyrosine 

phosphatase protein (Lyp). Lyp inhibits T cell receptor (TCR) signal transduction and 

downregulates T cell activation. A 1858C→T SNP in the PTPN22 gene results in the 

substitution of an arginine by a tryptophan at position 620 (R620W) of the Lyp protein. 

This SNP is associated with susceptibility to T1D [40, 41]. Lyp exerts its inhibitory 

function on TCR signal transduction by interacting with tyrosine kinase Csk (C-

terminal Src tyrosine kinase). Residue 620 of Lyp is present in a region where it 

interacts with tyrosine kinase Csk. The Lyp 620W allele interacts less strongly with 

Csk compared to the Lyp 620R allele and this results in an increased inhibition of TCR 

signaling (gain of enzymatic function). Increased Lyp activity in the thymus is 

hypothesized to result in reduced T cell activation and decreased deletion of 

autoreactive T cells [42, 43]. Another hypothesis suggests that increased PTPN22 

activity in Tregs would result in reduced TCR signaling, subsequently reducing their 

ability to regulate autoreactive T cells [44, 45].  

 

1.3.2.5 Interferon-induced helicase (IFIH1) 

 

IFIH1, present on chromosome 2q24.3, encodes for a cytoplasmic helicase, 

activated when cells are infected with enteroviruses. It inhibits viral replication and 

simultaneously increases the expression of MHC class I molecules on the cell surface. 

CD8
+ 

T cells recognize the viral peptides presented by the MHC class I molecules and 

eventually kill them. A viral infection of pancreatic β-cells is hypothesized to cause 

T1D in this manner [46]. The A-allele of SNP rs1990760 (A→G) in the IFIH1 gene 

was reported to be positively associated with T1D in several studies [47, 48]. The 

minor allele G of this SNP was reported to confer protection [49]. Rare variants 

(rs35667974 and rs35337543), which disrupt the function of IFIH1, were shown to 

protect from T1D [50].  
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1.3.2.6 Cytochrome p450, subfamily 27, polypeptide 1 (CYP27B1) 

 

CYP27B1, on chromosome 12q13.1-q13.3, encodes 1α-hydroxylase which 

catalyzes the conversion of 25-hydroxyvitamin D into active vitamin D (1α, 25-

dihydroxyvitamin D). The role of vitamin D in T1D is not fully understood, but at 

diagnosis, T1D patients are known to have lower levels of active vitamin D and its 

precursor compared to healthy controls [51]. Epidemiological studies have shown that 

early supplementation of vitamin D protects from T1D [52, 53]. Two SNPs                    

(-1260C>A; rs10877012 and +2838T>C; rs4646536) in the CYP27B1 gene, both of 

which are in perfect LD, are associated with T1D [54]. 

 

1.3.2.7 C-type lectin domain family 16 gene A (CLEC16A) 

 

CLEC16A (previously known as KIAA0350), located on 16p13.2, is associated 

with T1D. This gene is expressed in immune cells and encodes a predicted protein 

sequence with a C-type lectin domain. C-type lectins are involved in internalization of 

antigen by dendritic cells. Also, NK and NKT cells express C-type lectin-like 

molecules (NKG2A, NKG2C and NKG2D). Several SNPs in this gene are associated 

with T1D, but none of them result in an amino acid change (synonymous). The 

functional significance of this gene in the etiology of T1D is yet to be understood [55, 

56].  

 

 

1.3.3 Genes of innate immunity  

 

1.3.3.1 Killer Ig-like receptor (KIR) genes 

 

Natural Killer (NK) cells are vital components of both the innate and adaptive 

immune systems. These granular lymphocytes form 10-15% of the total peripheral 

lymphocyte population, with a characteristic CD3
-
, CD56

+
 phenotype [57]. They form 

the first line of defense upon infection, having the capability to act within a few hours 

after the first contact with a pathogen. NK cells also play a major role in tumor 

surveillance, with which they were first associated in the mid 1970‟s [58].  NK cells aid 

in adaptive immune responses primarily by cytokine production, leading to the 

induction of T cell mediated immune responses [59]. With a wide range of surface 

receptors at their disposal, they are able to respond to and act upon various kinds of 

stimuli including cytokines, microbial infections, stress signals and cell surface markers 

indicating cellular transformation. [60]. NK cell surface receptors can be classified into 

three broad categories: i) Killer Ig-like receptors (KIR), ii) C-type lectin superfamily 

receptors (e.g. CD94, NKG2) and iii) Natural cytotoxicity receptors (NKp46 and 

NKp30) [61]. 

  

KIR genes are located in the leukocyte receptor complex, in a 150 kb region 

of chromosome 19q13.4 [62, 63]. Conserved and frame-work genes KIR3DL3 and 

KIR3DL2 form the boundaries of the KIR loci. Almost all KIR haplotypes have 
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KIR3DP1 and KIR2DL4 towards the middle of the 150 kb region. These genes 

delineate the centromeric and telomeric parts of the KIR loci respectively, and are the 

preferred site for recombination [64]. KIR haplotypes are of two types: i) Haplotype-

A, with one or more inhibitory KIR genes and only one activatory KIR2DS4 and ii) 

Haplotype-B, with more than one activatory and inhibitory KIR genes.  

 

Nomenclature for KIR genes is based on the structure of the molecules they 

encode (Figure-2). For example, the name „2DL1‟ is given based on the presence of 2 

extracellular Ig-like domains (2D), a long (L) cytoplasmic tail and the final digit 

indicates the number of genes encoding this protein. The alphabets „S‟ and „P‟ are used 

to represent genes that encode proteins having short cytoplasmic tails and pseudogenes, 

respectively.  Inhibitory KIRs have long cytoplasmic tails and activatory KIRs have 

short cytoplasmic tails. One or two immune-receptor tyrosine-based inhibitory motifs 

(ITIM) are present on the long cytoplasmic chains, through which inhibitory signals are 

conveyed downstream. Charged amino acid residue(s) in the transmembrane region of 

the short cytoplasmic tails, allow them to bind to adapter molecules like DAP10 and 

DAP12 and convey activatory signals downstream. To facilitate the addition of new 

alleles, additional digits have been added to existing names. For example, in the name 

KIR2DL2*00X0Y0Z, after the separator (*), “00X” represents the series of 2DL1 

proteins to which this particular allele belongs, “0Y” means that this allele differs from 

other 2DL2*00X proteins by a synonymous DNA substitution in the coding region and 

“0Z” means that this allele differs from other 2DL2*00X proteins by a synonymous 

DNA substitution in the non-coding region [65] (Source: EMBL-EBI data base. 

http://www.ebi.ac.uk/ipd/kir/alleles.html) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-2: KIR nomenclature 

 

http://www.ebi.ac.uk/ipd/kir/alleles.html
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Out of the 16 KIR genes present in humans, seven genes encode inhibitory 

KIRs (2DL1, 2DL2, 2DL3, 2DL5, 3DL1, 3DL2 and 3DL3), six genes encode 

activatory KIRs (2DS1, 2DS2, 2DS3, 2DS4, 2DS5 and 3DS1), and two are 

pseudogenes (2DP1 and 3DP1). KIR 2DL4 has both inhibitory and activatory functions 

[66]. The following is summarized in Figure-3, a pictorial representation of KIR and 

the HLA class I ligands to which bind. Inhibitory KIRs bind specific motifs on HLA 

class I molecules. KIR2DL1 binds to C epitopes which contain the amino acid lysine at 

position 80: Cw*0201, *0401, *0501, *0601 and *1503. These epitopes have been 

grouped under C Group 2 (C2) [67, 68]. C group 1 epitopes are all C epitopes having 

an asparagine at position 80 (Cw*0102, *0304, *0702 and *08). KIRs 2DL2 and 2DL3 

bind to C1 epitopes. The strength of the inhibitory signal generated by 2DL1/HLA-C2 

binding is relatively stronger than that of 2DL2/3 and HLA-C1 [67]. KIR3DL1 binds to 

epitope Bw4, (residues 77-83 on α1 domain) [69, 70]. KIR3DL2 binds to A3 and A11 

epitopes [71]. KIR2DL4 binds HLA-G [72].  The epitopes for KIR 2DL5 and 3DL3 are 

yet to be identified. Ligands for activatory KIRs are yet to be identified. The activatory 

KIRs 2DS1, 2DS2 and 3DS1 share sequence similarities in the extracellular domains 

with their inhibitory counterparts (2DL1, 2DL2 and 3DL1 respectively). Therefore they 

are thought to share HLA ligand-binding specificities [73].   

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure-3: Pictorial representation of KIRs and the HLA Class I ligands to which they 

bind. Ligands for inhibitory KIR 2DL5, 3DL3 and activating KIRs are not known (or 

poorly defined).    Represents activating KIRs,    Represents inhibitory KIR.  
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Figure-4. Schematic representation of a hypothetical effect of inhibitory and activatory 

KIRs, on NK cell activation.  

 

KIR and NK cell function: NK cells need to be „educated‟ or „primed‟ in order to 

attain a fully functional stage. Several hypotheses have been proposed to explain this 

critical „education‟ step. The first hypothesis, known as the „Missing-Self Hypothesis‟, 

was proposed to explain the capability of NK cells to kill target cells that lack 

expression of MHC class I molecules. The lack of expression can be due to a 

pathological event such as viral infection or tumorigenesis [74, 75]. This process 

requires the recognition of „self‟ MHC class I molecules by inhibitory KIRs in humans 

and Ly49 molecules in mice. However this hypothesis does not explain the absence of 

NK cell autoreactivity in MHC class I deficient hosts [76, 77]. The „At Least One 

Hypothesis‟ suggests that NK cells express at least one receptor specific for self-MHC 

[78]. Indeed, presence of at least one inhibitory KIR was suggested to be vital for 

survival [79]. KIRs 2DL4, 3DL2 and 3DL3 are (inhibitory) framework genes and are 

present in every individual. The „Licensing Hypothesis‟ suggests that NK cells must 

engage self-MHC in order to be responsive to subsequent signals received through 

activatory receptors. NK cells that can do so are „licensed‟, and the ones that do not 

engage self-MHC, remain „unlicensed‟ [80]. In humans, the outcome of an „educated‟ 

NK cell is thought to be dependent on the overall signal received, which is a result of 

the dynamic balance between inhibitory and activatory KIRs (Figure-4). 

 

KIR in T1D: KIR genes have been associated with susceptibility to T1D in several 

populations [81-91]. Van der Slik A. R., et al reported the presence of KIR 2DS2 to 

be associated with susceptibility to T1D. Furthermore, they demonstrated that 

presence of the 2DS2-HLA-C1 ligand combination in the absence of the inhibitory 
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KIR-HLA class I ligand combination increases the risk of T1D in individuals with 

high-risk HLA alleles [81]. In our initial report in a Latvian T1D cohort, we 

demonstrated a positive association of KIRs 2DL2, 2DL5, 2DS2, 2DS3 and 3DS1 

with T1D. In individuals who were positive for HLA-DR3/DR4 and MICA alleles 

5/5.1, the presence of KIR2DL2 conferred addition risk to T1D [82] . In a study in 

Korean T1D patients, the frequencies of KIRs 2DL5 and 2DS2 were decreased 

compared to healthy controls [83]. Two reports could not find any significant 

association between KIR genes and T1D, but this could be due to variations in 

population [84] or poor study design [84, 85]. Recently, a polymorphism in KIR 

2DL2 (rs2756923) has been associated with T1D and data from cytotoxicity studies 

indicate impaired inhibition of NK cell cytotoxicity in individuals carrying this SNP 

[91].   

 

1.3.3.2 Toll-like receptors (TLRs) 

TLRs are a family of pattern recognition receptors that recognize molecular 

signatures (lipids, carbohydrates, peptides and nucleic-acid structures) from a wide 

range of pathogens. TLRs are evolutionarily conserved proteins homologous to „Toll‟, 

a molecule first identified in Drosophila melanogaster, which stimulates the production 

of antimicrobial peptides [92].  Mammalian TLRs are a family of 11 membrane 

proteins which trigger innate immune responses via nuclear factor-κB (NF-κB) and 

interferon (IFN)-regulatory factor (IRF) dependent pathways [93]. They are expressed 

on immune cells such as dendritic cells, macrophages, B cells, certain types of T cells 

and on nonimmune cells like fibroblasts and epithelial cells. Expression of TLRs is 

modulated rapidly in response to stimuli from pathogens, cytokines and environmental 

stresses. TLRs are expressed either extracellularly (TLRs 1, 2, 4, 5 and 6) or 

intracellularly (TLRs 3, 7, 8 and 9). Different TLRs recognize different ligands and the 

ligands vary from nucleic acids (DNA, double stranded RNA) to lipids (lipoprotein) to 

carbohydrates (lipopolysaccharide) to proteins (porin, flagellin) [93]. The engagement 

of ligands by TLRs triggers signaling cascades via myeloid differentiation factor 88 

(MyD88) or TIR-domain-containing adaptor protein-inducing IFN-β (TRIF). 

Activation of TLR signaling leads to phagocyte maturation and activation of the 

adaptive immune response, especially at the regional lymph nodes [94]. Recent 

evidence suggests that TLR signaling (TLR-2) enhances T regulatory cell responses 

and suppresses IL-23, Th17 and Th1-mediated autoimmune responses [95].  

 

Myeloid dendritic cells (mDCs) express TLRs-1, 2, 3, 4, 5, 6, 8 and 10, while 

plasmacytoid dendritic cells (pDCs) express TLRs 7 and 9 [96]. pDCs are specialized 

to secrete large amounts of type 1 interferons upon viral infection. They also have been 

implicated in the pathogenesis of autoimmune diseases such as SLE, psoriasis and 

cardiomyopathy [97].   

 

TLRs in animal models of T1D: Bio-breeding diabetes resistant (BBDR) and bio-

breeding diabetes prone (BBDP) are two strains of inbred rats [98]. Infection with 

kilham rat virus (KRV) induces diabetes in 25% of BBDR rats. When these rats are 

treated with TLR agonists (for TLR 2, 4, 7, 8 or 9), followed by KRV injection, the 
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incidence of diabetes increases from 25% (KRV only) to 50-100% (KRV+TLR 

agonists) [99]. However, treatment with TLR agonists without KRV infection does not 

induce diabetes, implying the critical role viral infection plays in disease induction. 

KRV components act as ligands to TLR9 and upregulate proinflammatory cytokines in 

pDCs (in vitro) and pancreatic lymph nodes (in vivo). Upregulation of TLR signaling 

pathways (especially those involving TLR-9) combined with downregulation of Tregs, 

in BBDR rats, has been proposed to play an important role in disease induction [100, 

101]. 

In non-obese diabetic (NOD) mice, engagement of TLRs has been shown to 

be crucial for the induction of overt autoimmune diabetes. Transgenic NOD mice 

expressing LCMV-GP under the influence of a rat insulin promoter did not develop 

diabetes, despite the presence of autoreactive CD8
+ 

T cell infiltrates in the pancreas. 

However, infection with LCMV induced diabetes. Induction of IFN-α production, after 

engagement of TLR3 and 7 with LCMV products, was identified as a disease 

precipitating event in these mice [102].  TLR-2-dependent recognition of necrotic β-

cells has been proposed to activate APCs and subsequently to prime T cells, in NOD 

mice [103]. Administration of bacterial extract (known as OM-85), from several 

bacteria that cause respiratory tract infections, protected NOD mice from developing 

T1D in a MyD88, TLR2 and 4, and TGF-β-dependent manner [104]. More recently, 

Wen L et al., has demonstrated that infecting MyD88
-/-

 NOD mice with normal 

intestinal microbiota protects them from developing of T1D [105]. These findings 

suggest that infections can modulate the immune milieu in a TLR-dependent fashion.  

 

 

1.3.3.3 Small Ubiquitin-related modifier 4 (SUMO4) 

SUMO4 belongs to a family of highly conserved SUMO proteins (SUMO 1-

4). They are similar to ubiquitin in amino acid sequence and structural folding [106]. 

However, the major difference in the function of SUMO4 and ubiquitin is that 

sumoylation regulates protein stabilization/function, whereas ubiquitylation leads to 

target-protein degradation. SUMO4 binds to Nuclear Factor κ B (NFκB), a 

transcription factor which plays an important role in immune response. NFκB has been 

demonstrated to be important in i) development of the immune system, ii) maintenance 

of homeostasis, iii) control of lymphoid architecture, iv) initiation of immune cell 

apoptosis and v) regulation of innate and adaptive immunity. NFκB is conjugated to 

IκBα and remains in an inactive state, in the cytosol of unstimulated cells. Upon 

activation, IκB Kinase (IKK) phosphorylates IκBα and the latter is rapidly degraded 

through ubiquitylation. The dissociated NFκB translocates into the nucleus and 

activates corresponding gene transcription [106].  

 

The SUMO4 gene is present on chromosome 6q25. It is an intron-less gene 

located within the 6th intron of the MAP3K7IP2 gene (IDDM5). A 163 A→G single 

nucleotide polymorphism in the SUMO4 gene results in substitution of a methionine 

with a valine at position 55 in the SUMO4 protein. Position 55 in the SUMO4 protein 

is a site for phosphorylation and M55V substitution changes the molecular 
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confirmation, affecting the functional activity of the protein. The Val55 variant of the 

SUMO4 protein has been shown to have reduced sumoylation compared to the 

evolutionarily conserved Met55 variant, resulting in a 5.5 fold increase in NFκB 

transcriptional activity, in vitro [107]. The 163 A→G SNP has been associated with 

T1D in several populations [108]. 

 

Studies by Guo D et al., [107]  showed that the G allele was associated with 

susceptibility to T1D. Smyth DJ et al., [109] studied the M55V variant in a UK data set 

consisting of 3442 patients with T1D and 3788 healthy controls. They found that the A 

and G alleles were equally distributed in patients and controls. In a meta-analysis, Noso 

S et al., [110] pointed out that the inclusion of Caucasian data led to a weak association 

of the G allele with T1D. Possession of the G allele was shown to be associated with 

susceptibility to T1D in Asians. Guo D et al., [107] showed that the A→G transition 

was associated with T1D in Koreans. Wang CY et al., [111] studied this SNP in a 

larger Caucasian data set from Florida, USA, and they observed that a GG genotype 

was associated with T1D. Park Y et al., [112] and Noso S et al., [110] reported a 

significant association of the M55V SNP with T1D in Korean and Japanese patients. A 

meta-analysis showed that Asians with the G allele had a 1.3 times increased risk for 

T1D [110]. Wang CY et al., [111]  showed that significant heterogeneity existed in the 

Caucasian family data sets, which they failed to detect in the Asian case/control studies. 

They suggested that this heterogeneity may play an important role in the association of 

SUMO4 M55V with susceptibility to T1D. They hypothesized that the significant 

difference in the association of the M55V variant with T1D, across various populations, 

may be due to difference in linkage disequilibrium patterns or due to genetic 

heterogeneity. 

 

1.4 AUTOANTIBODIES 

Islet cell autoantibodies (ICA) were discovered in the early 1970‟s [113]. 

Antibodies to insulin (IAA), glutamic acid decarboxylase (GAD), protein tyrosine 

phosphatase (IA-2 or ICA-512), zinc transporter 8 (ZnT8) and others have be identified 

and subsequently characterized. The major autoantibodies in T1D are discussed in the 

following section. 

 

Glutamic Acid Decarboxylase (GAD): In 1982, it was demonstrated that sera from 

new-onset T1D patients were able to immunoprecipitate a 64 kD protein [114]. 

Autoantibodies to this protein were found to predict T1D. In 1990 it was discovered 

that this 64 kD protein is the enzyme, glutamic acid decarboxylase, which catalyzes the 

decarboxylation of glutamate to γ-aminobutyric acid in the nervous system, testis and 

pancreatic islets [115]. Soon afterwards (1991) it was discovered that human islets 

expressed a 65 kD isoform of GAD (GAD65) and the gene (named as GAD-2) for this 

protein was localized to chromosome 10 [116]. A 67 kD isoform of GAD was 

identified and this was encoded on chromosome 2 (GAD-1) [117]. In humans GAD-2 

is expressed in both islet and brain tissues whereas GAD-1 is expressed only in the 

brain [117]. Autoantibodies to GAD65 are present in 70-80% of T1D patients (children 

and adults).  
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Protein tyrosine phosphatase (IA-2 or ICA-512): IA-2 (formerly ICA512), a 40 kD 

protein, and IA-2 β (phogrin), a 37 kD protein, are protein tyrosine phosphatase-like 

molecules. Autoantibodies to these molecules, usually directed against homologous 

intra-cytoplasmic C-terminal domains, are present in T1D patients [118, 119]. Almost 

all autoantibodies that react with IA-2 β also react with IA-2, whereas approximately 

10% of T1D patients have autoantibodies reacting to IA-2 but not IA-2 β. IA-2 

autoantibodies are present in approximately 65% of children and 40% of adults with 

T1D [120].  

 

Insulin: Insulin autoantibodies (IAA) were first detected in 1959 in sera of diabetic 

patients treated with bovine insulin. It was hypothesized that the appearance of IAA  

resulted from treatment with exogenous insulin [121]. However in 1983, it was 

discovered that new-onset T1D patients had IAA prior to treatment with exogenous 

insulin [122]. IAAs are detected in approximately 50-70% of T1D patients below the 

age of 5 years, whereas they are found in less than 30% of T1D patients older than 15 

years. Also, IAA titers decrease with time [120].  

 

Zinc transporter (ZnT8): ZnT8 is a zinc transporter associated with the membrane of 

secretory granules of β cells. Autoantibodies against ZnT8 recently were discovered 

and now are known to be present in the majority (60-80%) of T1D patients [123]. ZnT8 

autoantibodies have been found in approximately 25% of T1D patients who are 

negative for major T1D autoantibodies (GADA, IA-2 and IAA) [123, 124].  

 

Autoantibodies against GAD65, IA-2, Insulin or ZNT8 are present in 95% of 

prediabetics or recent-onset T1D patients [123]. Two or more of these antibodies are 

present in approximately 80% of T1D patients and roughly 25% are positive for all 

four. Progression to disease is much faster in individuals who are positive for more than 

one autoantibody compared to those who have only one autoantibody present [125].  

 

Considering the fact that HLA class II molecules present antigenic peptides to 

immune cells, the association of HLA alleles with autoimmunity appears to be 

important. In T1D, HLA genotypes seem to have a modifying effect on the expression 

of diabetes-associated autoantibodies. The presence of autoantibodies to GAD65 

appears to be associated with HLA-DQ2 (DQA1*0501-DQB1*0201) but not DQ-8, in 

Caucasians [126, 127]. The presence of IA-2 autoantibodies is correlated with DQ8 

and/or DR4 positivity and absence is associated with DR3/DQB1*0201 [128]. IAAs 

are found more frequently in DR4 and DQ8 positive T1D patients [128].  
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1.5 CELLS OF THE IMMUNE SYSTEM IN T1D 

 

1.5.1 T cells 

 

T1D is considered a T cell mediated disease. Though it is becoming evident that 

B cells and NK cells may play an important role in disease etiology, destruction of 

pancreatic β-cells is thought to be mainly due to pancreas-infiltrating T cells. Much of 

our knowledge on the role of T cells in T1D comes from studying the NOD mouse, due 

to the unavailability of human islets and draining pancreatic lymph nodes [129]. 

Results from NOD mice studies should be interpreted with caution as these mice are 

known to have immune system defects, such as defective macrophage maturation and 

function, low levels of NK cell activity, defects in NKT cells, and deficiencies in Tregs.   

 

Lymphocytic infiltrates in the pancreas of T1D patients were identified as early 

as 1965 [130]. CD8
+
 T cells were observed to be β-cell-specific and this was correlated 

with the up-regulation of MHC class I molecules by β-cells [113]. The discovery of 

islet autoantibodies suggested that lymphocytes accumulate in the pancreas due to the 

presentation of specific antigens from β-cells. A strong association of T1D with MHC 

class II molecules highlights the importance of antigen presentation and the role of 

CD4
+
 T cells in the pathogenesis of T1D [131, 132]. Adoptive transfer experiments in 

NOD mice established the diabetogenic role of T cells [133, 134]. The co-transfer of 

splenic CD4
+
 and CD8

+
 T cells from prediabetic mice to NOD-SCID mice was more 

effective in inducing T1D in NOD-SCID mice compared to the transfer of CD4
+
T cells 

alone [135]. T cells (CD8
+
 and CD4

+
) recognize several antigens in NOD mice: insulin, 

GAD, IA-2, heat shock protein 60 [136]. Until recently it has been thought that T cells 

infiltrating the pancreatic islets range from islet-antigen specific T cells to bystander T 

cells with irrelevant specificities. However, very recently it has been shown that islet-

antigen specificity is necessary for a T cell to enter the islets in NOD mice [137]. 

 

CD4
+
CD25

+
FoxP3

+
 regulatory T cells (Tregs) are central to the maintenance of 

peripheral tolerance. They constitute 1-10% of CD4
+
 T cells in the mice and humans. In 

NOD mice, depletion of Tregs results in the acceleration of T1D [138]. It is still unclear 

whether Treg numbers decline with the onset of diabetes or effector T cells override 

Tregs in NOD mice. Some evidence suggests that although the frequency of Tregs 

remains unaltered in adult diabetic mice, the overall increase in effector T cell response 

or development of Treg-resistant autoreactive T cells may occur [139]. IL-2 is 

important in maintaining the survival and function of Tregs. A reduced production of 

IL-2 results in the reduced frequency of Tregs and that results in autoimmunity [140].  

 

1.5.2 B cells  

55-75% of early immature B cells in human bone marrow are autoreactive. 

However, two major developmental check-points silence autoreactive B cells: receptor 

editing and clonal deletion. A third mechanism of silencing autoreactive B cells is 

„anergy induction‟, which can be potentially hazardzous as the induced anergy can be 
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reversed by competitive dissociation of self-antigen from the B cell receptor (BCR). 

Therefore, autoreactive B cells can potentially induce/exacerbate autoimmunity [141]. 

The contribution of B cells to autoimmunity can be many fold: the production of 

autoantibodies resulting in generation of immune complexes, antigen presentation to 

generate primary autoreactive T cell responses, maintenance of CD4
+ 

T cell memory 

and production of proinflammatory cytokines [142].  

 

Antigen specificity of B cells plays an important role in T1D. Transgenic NOD 

mice, expressing BCR with increased capacity to bind insulin, progress to T1D at an 

accelerated rate compared to non-transgenic littermates [143]. Antigen-specific B cells 

act as the main APCs in NOD mice [144, 145]. However, the role of B cells in human 

T1D is yet to be understood. 

 

Using transgenic NOD mice, in which B cells express but not secrete IgM, 

Wong FS et al., demonstrated that these B cells are still capable of internalization and 

presentation of antigen and production of cytokines, resulting in increased diabetes 

incidence (compared to non transgenic littermates) [146]. This clearly demonstrates the 

important role B cells play in T1D, apart from antibody production.  

 

Finally, recent B cell depletion studies (described in section 1.8.2) in NOD mice 

and in humans elucidated the role B cells play in the pathogenesis of T1D [147, 148]. A 

deficiency of B cells leads to apoptosis of intra-islet CD8
+
 (cytotoxic) T cells (CTL) in 

NOD mice. Therefore B cells are necessary to provide direct or indirect survival signals 

to responding naïve CD8
+ 

T cells during their transition to CTLs [149].  

 

1.5.3 NK cells 

Studies on the role of NK cells in human T1D are limited. In a study by Dotta F 

et al., in recent-onset T1D patients, they observed that three out of six patients had 

coxsackie B4 infection in islets.  Insulitis in these subjects was dominated by NK cells 

(very few T cells). However, NK cell infiltration did not cause extensive β-cell damage, 

but rather caused β-cell dysfunction (reduced insulin release) [150].  In another study, 

the frequency and activation status of NK cells from peripheral blood were analyzed. 

The number of NK cells in blood decreased in recent-onset T1D patients (<6 years), 

compared to patients with long-standing disease (10-15 years) or control group. Also, a 

strong IFN-γ expression was observed in a sub-group of recent-onset T1D patients. 

These data need to be interpreted carefully as the frequency of NK cells in peripheral 

blood may not reflect the same frequency in the pancreas draining lymph nodes (PLN) 

or in the pancreatic islets. It can also be speculated that a lower number of NK cells in 

the periphery may be due to an increase of the same in PLN or islets [86]. In patients 

with long standing T1D (10-15 years), the NK cell frequency and activity (as measured 

by expression of NKp30/NKp46) was reduced and this may be a consequence of the 

disease. The frequency of activating KIRs 2DS2 and 2DS3 was increased in T1D 

patients. Based on these data it can be hypothesized that NK cells play an important 

role in disease etiology, especially in subjects with CVB infection [151].  
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Studies performed in NOD mice point to a definitive role of NK cells in T1D. 

In transgenic NOD mice hyperexpressing SOCS-1, coxsackie B4 infection caused 

autoimmune diabetes, and the depletion of NK cells prevented the onset of T1D and 

reduced islet inflammation [152]. Blocking NKG2D prevented T1D in NOD mice by 

preventing the expansion of CD8
+ 

T cells [153]. Alba A et al., reported that NK cells 

are required for accelerated T1D [154]. In a very recent study, the role of NK cells in 

NOD mice has been studied extensively. Data from Gur C et al., suggests that the 

highest percentage of NK cells appears during the prediabetic stage in the pancreas, and 

this is linked to a transition from insulitis to diabetes. The engagement of NKp46 is 

crucial for precipitation of inflammation and subsequent T1D. Treatment with NKp46-

Ig fusion protein prevented T1D [155]. 

 

Natural killer T cells: NKT cells are CD1d-restricted T cells, which express αβ TCR 

with limited diversity. They have unique immunoregulatory properties and can affect 

the outcome of a broad range of immune responses due to their capability to secrete a 

wide range of cytokines. In NOD mice, deficiency of NKT cells is associated with 

autoimmunity and diabetes [156-158].  

 

 

1.6 ENVIRONMENTAL FACTORS IN T1D 

 

Genetic factors do not account for all the risk for T1D, as evident from studies in 

monozygotic twins [5-9, 11]. The substantial increase in the incidence of T1D 

worldwide during the past few decades cannot be explained by genetic factors alone. 

Environmental factors such as infections, perinatal and postnatal growth, diet, 

psychosocial factors, and maternal autoimmunity are thought to contribute to T1D risk. 

These factors are discussed in the following section. 

 

1.6.1 Viruses  

Enteroviruses such as coxsackie virus B (CVB) [150], rota virus [159], mumps 

virus [160], cytomegalovirus (CMV) [161], rubella virus [162] and ljungan virus [163] 

have been associated with T1D. Viral infections leading to complete β-cell death and 

T1D are very uncommon. However, viral infections can result in a „fertile field‟. 

According to the fertile field hypothesis viral infections that target the pancreas create a 

„fertile field‟ in individuals genetically at-risk for developing T1D [164]. Evidence 

from animal and human studies supports this hypothesis. CVB infection in human β-

cells leads to an upregulation of MHC class I molecules and interferon-α production 

[150]. Transgenic mice infected with lymphocytic choriomeningitis virus (LCMV) had 

a 100-fold increase in the expression of MHC class I molecules on β-cells and 

subsequent T1D. However, in normal B6 mice, LCMV infection led to a 10- to 50-fold 

increase in MHC class I expression on β-cells. The increase in expression receded to 

baseline after the infection was cleared [165, 166]. These findings suggest that though 

viral infections may not be able to cause T1D directly, they provide a „fertile field‟ in 

genetically susceptible individuals [46, 167].  

 



 

18 

 

Fluctuations in the incidence of T1D in Sweden have been correlated to the 

varying population frequency of rodents [168]. Ljungan virus (LV), in the family of 

picorna viruses, was isolated from wild bank voles (Clethrionomys glareolus). More 

than one-third of the bank voles and their offspring developed autoimmune diabetes 

with islet autoantibodies [163]. In BBDP rats infected with LV, treatment with antiviral 

drugs delayed the onset of T1D [169]. Antibodies against LV have been detected in 

children with recent-onset T1D (http://www.apodemus.se/english). However, the role 

of LV in human T1D is far from clear and further research in this area is warranted.  

 

 

1.6.2 Dietary factors 

Dietary factors can be associated with initiation of, exacerbation of or 

protection from T1D. Mechanistic details of how these associations are brought about 

are still unclear. Dietary factors can be mainly specific food antigens and/or non-

antigenic aspects such as overall calories, toxins or breast milk consumed. Results from 

studies testing the effect of short breast-feeding and/or early introduction of cow‟s milk 

on the risk to T1D suggest a small increase in the disease risk [170, 171].  

 

Dietary proteins are more likely to affect the immune system and thereby affect 

the risk for T1D in early infancy, compared to later years in childhood. In a large 

prospective birth cohort study performed in Finland (DIPP), early introduction (≤ 4 

months of age) of fruits, berries and roots was independently associated with β-cell 

autoimmunity [172]. In DIASY [173] and German BABY-DIAB [174] studies, early 

introduction of cereal proteins was associated with increased risk to islet autoimmunity.  

 

Nutritional supplements such as Omega-3 polyunsaturated fatty acids (O3FA) 

and vitamin D have protective effects towards T1D. O3FA intake throughout infancy 

and childhood has been shown to be protective, especially in children with increased 

genetic risk for T1D. O3FAs play an important role in reducing proinflammatory 

compounds and protecting from oxidative stress [175]. Vitamin D supplementation has 

been associated with reduced risk to T1D in several studies [52, 53]. 

 

1.6.3 Perinatal factors and postnatal growth 

Several perinatal and postnatal events have been associated with T1D. Of all the 

studied factors, congenital rubella infection results in T1D in up to 20% of children, but 

prevention of the infection does not decrease this incidence rate [176]. Other perinatal 

factors associated with increased risk to T1D are older maternal age, excessive 

maternal weight, amniocentesis, preeclampsia, cesarean section delivery, complicated 

delivery and jaundice associated with maternal-fetal blood group incompatibility [171, 

177-180]. The composition of maternal diet is also thought to play a role in the 

offspring developing islet autoimmunity and T1D [181]. Children with heavier birth 

weight (3.5 kgs to 4 kgs and >4 kgs) are reported to have a small but significant risk for 

developing T1D [182]. 

 

http://www.apodemus.se/english
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Maternal T1D and fetal exposure to islet autoantibodies (GADA and/or IA-2) 

usually results in offspring being positive for these islet autoantibodies at birth (66% in 

BABY-DIAB study) [183]. These children have a significantly lower risk of 

developing multiple islet autoantibodies and T1D compared to children who are 

negative for islet autoantibodies at birth. These findings suggest that fetal exposure to 

islet autoantibodies may be protective against islet autoimmunity and T1D. This 

hypothesis is also supported by the fact that the overall risk of developing islet 

autoimmunity and T1D is lower in children born to mothers with T1D compared to 

those born to fathers with T1D [184, 185].  

 

1.6.4 Psychosocial factors 

Direct or indirect psychological stress such as, divorce, serious family illness, 

loss of a close relative, low educational level, accidents, hospitalization or quarrel 

between parents, appear to be associated with diabetes-related autoimmunity [186-189].  

 

 

1.7 ROLE OF INNATE IMMUNITY IN T1D ETIOLOGY  

 

Environmental insults in genetically susceptible individuals can trigger 

autoimmunity. Innate immunity can also play an important role in this phenomenon. 

Figure-5 summarizes the role of innate immunity in T1D etiology, in humans: (1) NK 

cells have the capability to directly lyse virus-infected cells. Up or down regulation of 

KIRs may define the dynamic balance between inhibition and activation of NK cell 

action. The exact mechanism of NK-mediated killing of pancreatic β-cells is still 

unclear, but it is speculated either to be cytokine mediated, KIR (and other NK 

receptor) mediated, and/or MICA-NKG2D mediated (MICA is expressed under stress).  

(2) Viral infection of pancreatic β-cells can cause upregulation of MHC class I 

molecules resulting in NK and/or CD8
+
 T cell-mediated lysis of targets. Interferon 

induced helicase 1 upregulation is crucial in this process. (3)  Self-antigen uptake from 

dead β-cells leads to maturation of immature dendritic cells and subsequently their 

migration to PLNs and activation of autoreactive T cells. Uptake of virus/viral proteins 

by DCs can also lead to upregulation of TLRs such as TLR 3, 8 and 9 resulting in: 

activation of autoreactive T cells, down-regulation of Tregs and increase in production 

of proinflammatory cytokines.  (4) Presence of the SUMO4 V55 isoform results in 

increased NFκB activity which might result in increased proinflammatory cytokine 

production. SUMO4 is expressed in immune cells and pancreatic β-cells. (5) All these 

events can cause infiltration of CD4
+
 and CD8

+
 T cells into pancreatic islets, leading to 

insulitis and β-cell destruction. 
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Figure-5: Summary of the role of innate immunity in T1D etiology, in humans 
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1.8 PREDICTION AND PREVENTION OF T1D 

 

1.8.1 Prediction studies 

 

Several international collaborative efforts are currently underway with an aim to 

identify potential risk groups that could benefit from various therapies for the 

prevention of T1D. These risk groups include patients with autoimmune diabetes 

(T1D/LADA), first degree relatives of T1D patients and individuals with genetic 

susceptibility. Prediction studies can also shed light on disease etiology. Intervention to 

arrest autoimmunity in individuals, who have not yet progressed to clinical T1D, is the 

main goal of prevention.  Some of the major prediction studies are listed below. 

 

TEDDY: The Environmental Determinants of Diabetes in the Young (TEDDY) study 

consortium aims to identify the environmental factors predisposing children to, or 

protecting from, T1D. With an aim of screening 360,000 newborns from the general 

population and families affected with T1D, the TEDDY study is being carried out 

across six clinical centers in the US and Europe. The participants will be regularly 

followed-up until the age of 15 years and blood samples will be collected at regular 

intervals. An estimated 800 children will develop T1D by the age of 15 and 400 will 

develop islet autoimmunity (http://teddy.epi.usf.edu/TEDDY/index.htm) [190].  

 

Trial Net: Trial Net evolved from the DPT-1 study. It is an international consortium of 

clinical research centers, focusing on identifying individuals at-risk for developing T1D 

and evaluating of novel therapies that may help preserve β-cell function and prevent 

T1D. Trial Net is currently pursuing three prevention studies: Trial Net oral insulin 

prevention trial, GAD-alum vaccine trial and anti-CD3 monoclonal antibody trial to 

prevent T1D. A fourth study called the Natural History Study (NHS) is also underway 

to test the validity of existing and novel T1D risk markers in disease prediction [191-

193]. 

 

Type 1 Diabetes Prediction and Prevention study: The DIPP study, performed in 

Finland, involved screening large numbers of newborns from the general population 

with high-risk T1D genotypes and a parallel study among siblings of infants identified 

as high-risk. Of these subjects, those that had ≥2 autoantibodies were randomized to 

receive intranasal insulin or placebo. At the end of the follow-up period (2 years in 

most and 10 years in some) intranasal insulin did not delay or prevent the development 

of T1D [194].  

 

Trial to Reduce Incidence of Diabetes in the Genetically at Risk: The TRIGR study is 

a multinational, randomized prospective trial to determine if the frequency of T1D 

could be reduced by preventing exposure to cow-milk proteins. Newborns are 

randomized to either casein hydrolysate formula or a conventional cow‟s milk-based 

formula. Breast feeding was permitted ad libitum and the study subjects will be 

followed-up for a period of 10 years [195].  

http://teddy.epi.usf.edu/TEDDY/index.htm
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All Babies in Sweden Study: The ABIS study was performed in five counties in 

Southeast Sweden to investigate the environmental factors affecting the development of 

immune-related diseases in children with a focus on T1D. The study screened a total of 

17,055 (78.6% of 21,700) children born between October 1, 1997 and September 30, 

1999. Blood samples were collected at regular intervals from these children and 

diabetes-related autoantibodies were assessed [196]. 

 

1.8.2 Prevention strategies 

The ideal treatment for T1D would be a combination of two or more therapies to 

achieve prevention of β-cell destruction (autoimmunity), thereby preserving existing (or 

transplanted) β-cells. Several therapeutic interventions have been tested in T1D and 

they can be classified under three groups: i) antigen-based therapy, ii) antibody-based 

therapy and iii) other forms of therapy.  

 

i) Antigen-based therapy:  

 

a) GAD-alum: The efficacy of Alum-formulated human recombinant GAD65 

(Diamyd
TM

) is being tested in LADA and T1D patients. A 20 μg dose has been 

shown to increase CD4
+ 

CD25
+
 Tregs, increase C-peptide levels (reflecting 

endogenous insulin production) and lower HbA1C levels. Large-scale Phase III 

clinical trials are currently underway in Europe and USA to confirm initial 

beneficial findings [197-199].  

 

b) Diabetes Prevention Trial-Type 1: The DPT-1 study was started in 1993 to evaluate 

the effect of parenteral insulin in subjects with a projected five-year T1D risk greater 

than 50% and to evaluate the use of oral insulin in subjects with a projected five-

year T1D risk of 25-50% [200, 201]. Parenteral or oral insulin administration did not 

protect subjects at-risk from developing T1D, but DPT-1 was one of the first studies 

which was able to predict the risk of T1D in relatives of patients.  

 

c)  Insulin and cholera toxin: In NOD mice, administration of oral insulin conjugated 

to the β-subunit of cholera toxin (CTB) led to suppression of systemic T cell 

reactivity, β-cell destruction and clinical diabetes [202, 203].  

 

d) DiaPeP277: DiaPep277 is a 24 amino acid peptide analog of HSP60 (an autoantigen 

in T1D). Its administration arrested T1D in NOD mice [204]. In a Phase II trial in 

new-onset T1D patients, DiaPeP277 appeared effective in preserving endogenous 

insulin production. Downregulation of proinflammatory responses were observed 

[205, 206]. However, the beneficial effects of DiaPeP277 were observed in adults 

but not in children [207]. 
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ii) Antibody-based therapy: 

 

 

a) Anti-CD3 antibodies: The use of monoclonal anti-CD3 antibodies reverses 

established T1D in NOD mice [208] and improves metabolic control in recent-onset 

T1D patients [209]. This treatment induces a massive production of TGF-β and 

subsequent induction and/or expansion of CD4
+ 

CD25
+
 Tregs [210]. Anti-CD3 

therapy increases NKT cells in spleen and pancreatic lymph nodes and they are the 

main source of TGF-β [211]. Recent data indicates that combination therapy is 

beneficial. Exendin-4 has been shown to augment glucose-stimulated insulin release, 

increase β-cell replication and decrease β-cell apoptosis in NOD mice. A 

combination therapy using exendin-4 and anti-CD3 antibodies has been shown to be 

effective in reversing T1D compared to exendin-4 alone or anti-CD3 alone in NOD 

mice [212].  

 

b) Anti-CD20 antibodies: CD20 is a cell surface marker expressed on B cells. The 

treatment of transgenic NOD mice expressing human CD20 on B cells with 

Rituximab (Roche/Genentech), a humanized anti-CD20 monoclonal antibody, 

prevented or delayed the progression of T1D. Clinical hyperglycemia was reversed 

in one third of the animals and B cell levels were restored to predepletion levels 

three months post treatment, and progression to T1D was delayed almost 

indefinitely. Rituximab treatment was also shown to be beneficial in new-onset T1D 

patients [147, 148].    

 

iii)  Other forms of therapy: Studies on several other forms of therapy such as use of 

DNA vaccination, microsphere-based vaccines, anti-inflammatory agents and 

vitamin-D are in progress.  

 

European Nicotinamide Diabetes Intervention Trial: ENDIT, a prospective placebo-

controlled double-blind international trial, recruited ICA-positive first-degree relatives 

of younger onset (<20 years) T1D patients. Randomized subjects were given 

Nicotinamide or placebo. The study target was a 35% reduction in incidence of T1D 

over a 5 year period. However, by the end of the study it was evident that Nicotinamide 

could not prevent or delay the development of T1D as there was no difference in the 

incidence of T1D in Nicotinamide or placebo group [213-215].  

 

 

1.9 LATENT AUTOINNUME DIABETES IN ADULTS (LADA) 

The term „Latent Autoimmune Diabetes in Adults‟ was first used to describe 

clinically diagnosed T2D patients positive for GAD65 autoantibodies but non-insulin-

requiring for the first few months [216]. Earlier, Ludvigsson J et al., identified a slowly 

progressive form of T1D and reported that HLA-DR3 was associated with this form of 

the disease [217]. Since then, several names have been coined, such as type 1.5 

diabetes, T2D with autoantibodies and slowly progressive insulin-dependent diabetes 
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mellitus. But LADA is the most commonly used term. The detection of LADA was 

facilitated by the development of robust assays for measuring autoantibodies. 

 

The Immunology of Diabetes Society (IDS) has defined three criteria for the 

diagnosis of LADA: 1) adult age at onset (>30 years), 2) presence of circulating 

autoantibodies to islet cell antigens and 3) lack of insulin requirement at least for the 

first 6 months after diagnosis [218]. 

 

Prevalence of LADA varies world-wide. In Europe two major studies (UKPDS; 

and ACTION LADA) have estimated the prevalence of LADA to be approximately 

10% of T2D patients [219]. Prevalence of LADA widely varies in Asia. This may be 

due to a lack of large, multinational, collaborative studies. In China the overall 

prevalence is 6.2% (personal communication from Prof. Zhiguang Zhou, South Central 

University, China). In India the prevalence varies from 7-25% [220-223].  

 

LADA shares genetic factors with both T1D and T2D. There are few studies which 

have addressed the genetic similarities between T1D and LADA. Frequencies of HLA-

DQB1 genotypes *0201/*0302 are higher in T1D compared to LADA, whereas the 

frequency of T1D protective *0602 genotype is higher in LADA compared to T1D 

[224, 225]. Insulin VNTR (AA genotype rs689 class-I) and PTPN22 (CT/TT genotype) 

are associated with LADA as well as with T1D. However, the effect size of the 

associations is smaller in LADA compared to that in T1D. These findings support the 

hypothesis that LADA is slow-onset T1D [224-226]. Transcription factor 7-like 2 

(TCF7L2: rs7903146 (CT/TT) and rs12255372 (GT/TT)) is associated with T2D [227, 

228], and it has been recently reported that TCF7L2 is also associated with LADA with 

approximately similar effect sizes [224].  

 

LADA has also been sub-divided into two groups: High GADA titer and low 

GADA titer [229-232]. In a study by Buzzetti R et al. [231], subjects with high GADA 

titer LADA had significantly higher frequencies of thyroid peroxidase antibodies, 

prominent insulin deficiency, severe autoimmunity and higher HbA1C levels compared 

to low GADA titer LADA subjects. Onset and length of autoimmune period in LADA 

is still a grey area. Two possibilities have been suggested: i) Long-standing islet 

autoimmunity with slowly progressive β-cell damage over many years or ii) onset of 

islet autoimmunity for the first time in adult life, with a shorter pre-clinical phase. The 

UKPDS study reported that at the end of a 6-year follow-up, the majority of patients 

with GADA at diagnosis developed insulin dependence, implying slowly progressive 

autoimmune mediated β-cell destruction [219]. This data, along with the above-

mentioned genetic associations have led to a school of thought that T1D and T2D are at 

two ends of the diabetes spectrum, with high and low GADA titer LADA in between 

(Figure-6).  
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Figure-6: Diabetes mellitus, a continuum: a summary of age at onset and disease 

etiology in major forms of diabetes. Age at onset is a continuum in DM with T1D 

occurring in children and T2D in adults. Etiology ranges from severe autoimmunity in 

T1D, slowly progressive autoimmunity in LADA to insulin resistance in T2D. [In 

Western populations the gradient from T1D to T2D is from lean individuals to obese 

individuals, whereas in Asian populations, LADA and T2D are predominantly observed 

in lean individuals (Not shown in figure).] 

 

 

1.10 MALNUTRITION-RELATED DIABETES MELLITUS (MRDM) 

MRDM is a form of diabetes reported in developing countries such as India, 

Bangladesh and Ethiopia. In the 1985 WHO classification of diabetes, MRDM was 

divided into two groups: protein-deficient diabetes mellitus (PDDM) and fibrocalculous 

pancreatic diabetes (FCPD). Subsequently, PDDM was renamed as malnutrition-

modulated diabetes mellitus (MMDM) [233]. Clinical features of MMDM include the 

onset of diabetes by 30 years of age, rural origin, poor socioeconomic status, 

inadequate nutrition especially during childhood, absence of ketosis and ketonuria at 

diagnosis. Clinical features of FCPD include evidence of pancreatic disease, abnormal 

pancreatic morphology (ductal dilatation), abnormal exocrine pancreatic functions, 

chronic recurrent abdominal pain, steatorrhoea and absence of other causes of 

pancreatitis (alcoholism, hepatobiliary disorder and hyperparathyroidism) [234]. 
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Autoantibodies to islet cell antigens (GAD65 and IA-2) are present in MMDM (~30%) 

and FCPD (~39%) patients. This data suggests the involvement of autoimmune 

mechanisms in the etiology of MRDM [235].  
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2 AIMS AND HYPOTHESES 

 

1. To test the association of SUMO4 M55V polymorphism with Type 1 Diabetes 

(T1D), 

 

2. To test the hypothesis that Killer Ig-like Receptor (KIR) genes and their 

putative HLA-C ligands confer susceptibility to T1D, 

 

3. To test the hypothesis that SNPs in the exons of Toll-like receptor (TLR) 

genes are associated with susceptibility to T1D. 
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3 SUBJECTS AND METHODS 
 

3.1 SUBJECTS 

 

3.1.1 The Swedish Childhood Diabetes Study (SCDS) 

The Swedish Childhood Diabetes Registry is a collection of incident T1D cases 

of children ≤14 years of age. 44 pediatric clinics in 24 counties from the whole of 

Sweden participated in this registry since 1977 [236]. Diabetes was diagnosed and 

classified by the treating physician. Patients who were registered between September 1, 

1986 and December 31, 1987 were asked to participate in SCDS. Out of the 515 

registered, 497 T1D patients donated blood samples [237].  

 

Two age, gender and geography-matched healthy controls were collected from 

the Swedish population registry for each patient above the age of 7, of which 371 

subjects volunteered a blood sample. For T1D patients below the age of 7, children 

treated at the hospital of the T1D index case for reasons other than diabetes, were 

selected as controls (due to ethical reasons). A total of 52 controls below 7 years of age 

were obtained. Of these samples 281 patients and 217 controls were studied in paper-I, 

412 patients and 354 controls were studied in paper-III and 304 patients and 244 

controls were studied in paper-V 

 

3.1.2 The Diabetes Incidence in Sweden (DIS) Study 

The Diabetes Incidence in Sweden registry is a collection of incident cases of 

T1D patients between the ages of 15 and 34 years [238]. Diabetes was diagnosed and 

classified by the treating physician according to WHO criteria (1985). Blood samples 

from 474 T1D patients of the DIS registry were obtained during 1987 and 1988. Blood 

samples from 279 age, gender and geography-matched healthy controls were collected 

from the Swedish population registry. Of these samples 159 patients and 131 controls 

were studied in paper-I, 261 patients and 181 controls were studied in paper-III and 174 

patients and 141 healthy controls were studied in paper-V 

 

3.1.3 Indian autoimmune diabetes subjects 

The Cuttack Diabetes Research Foundation, Orissa, India, provided 134 T1D 

and 114 age and gender matched healthy controls. DNA from blood samples was also 

obtained from 101 LADA, 66 MMDM and 43 FCPD patients. These samples were 

studied in paper-IV. 

 

3.1.4 Latvian type 1 diabetes cohort 

DNA from 98 T1D patients and 100 age and gender-matched healthy controls 

were available from Latvia. The age at disease-onset ranged from a few months to 18 

years and the disease duration was less than 5 years. These samples were studied in 

paper-II.  



 

29 

 

3.2 METHODS 

3.2.1 KIR genotyping 

Genotyping was performed using PCR-SSP methodology to amplify the 

following KIR genes and HLA-C ligands, using two locus-specific primers as 

described previously [79]: 2DL1, 2DL2, 2DL3, 2DL4, 2DL5, 3DL1, 2DS1, 2DS2, 

2DS3, 2DS4, 2DS5, 3DS1, 2DP1, 3DP1 and HLA-C1 and HLA-C2. Additionally, two 

internal control primers to amplify the third intron of DRB1 were included in each 

reaction to distinguish the difference between true negatives and false negatives. KIR 

genotyping was performed in a reaction volume of 15 μl with a final concentration of 

100ng genomic DNA, 4pmol of each specific primer (Operon, Cologne, Germany), 

200μM dNTPs, 5X green PCR buffer, 0.5U Taq DNA polymerase and 3mM MgCl2 

(Promega, Madison, WI, USA). PCR was performed using an MJ research PTC200 

thermal cycler according to the following conditions: initial denaturation for 3 min at 

95°C; five cycles of 94°C for 20 s, 65°C for 20 s, and 72°C for 90 s; 32 cycles of 94°C 

for 20 s, 61°C for 20 s, and 72°C for 90 s; and a final extension at 72°C for 10 min. 12 

μl of the PCR product was run on ethidium bromide stained, 2% agarose gels at 100 

V/cm
2
. Presence or absence of KIR genes and HLA-C ligands was determined based on 

the presence of corresponding amplicons.  

 

3.2.2 SUMO4 genotyping 

 The 163 A→G SNP (rs237025) was genotyped using PCR sequence specific 

primer (SSP) methodology, with a forward primer: 5‟-TGT GAA CCA CGG GGA 

TTG TCG-3‟ and a reverse primer: 5‟-TCA GTA GAC ACC TCC CGT AG-3‟ 

(Operon, Köln, Germany). The amplified fragments were digested by restriction 

enzyme Taq I (Invitrogen, Carslbad, CA, USA) and the digested fragments were run on 

ethidium bromide stained, 2% agarose gels. Alleles were called based on the size of the 

restriction-digested fragments: 121 bp fragment-„A‟ allele and 146 bp fragment- „G‟ 

allele. 

 

3.2.3 TLR genotyping 

Twenty eight SNPs (Paper-V, Figure-1), all of which are present in the exons of 

TLR-1 (rs5743612, rs4833095, rs3923647), TLR-2 (rs3804099, rs3804100), TLR-3 

(rs5743316, rs3775291), TLR-4 (rs5030710, rs5030711, rs5030712, rs16905079, 

rs5030713, rs5030714, rs4986790, rs2770145, rs4987233), TLR-5 (rs2072493, 

rs5744174), TLR-6 (rs5743808, rs35220466, rs3796508, rs3821985, rs3775073), TLR-

8 (rs2159377, rs5744080, rs24079922, rs3747414) and TLR-9 (rs3796508) were 

genotyped using Tetra Primer ARMS-PCR [239]. Four primers (2 inner and 2 outer) 

were used for each SNP in order to generate two allele-specific amplicons and one non-

allele specific amplicon (internal control band). To enhance specificity, a deliberate 

mismatch was also incorporated in the inner primer sequences.  The primers used were 

25 nucleotides or longer, to ensure allele specificity of the amplicons. For each sample 

a 25 μl PCR reaction was set up with the following reagent concentrations: 100ng 

genomic DNA, 4pmol of each specific primer (Eurofins MWG GmbH, Ebersberg, 

Germany), 200µM dNTPs, 5X Green PCR buffer, and 0.5U of Taq DNA polymerase 

(Promega, Madison, WI, USA). PCR was carried out using a Peltier Thermal Cycler 
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(PTC-200; MJ Research). The following cycling conditions were used: initial 

denaturation: 94
o
C for 2 min followed by 35 cycles of denaturation: 94 

o
C for 1 min; 

annealing: 55-65 
o
C for 1 min; extension: 72 

o
C for 1 min. Final extension: 72 

o
C for 5 

min.   

 

 

3.2.4 Statistical methods 

Paper I: The frequencies of KIR genes and their HLA-C ligands were compared in 

patients and healthy controls using logistic regression analysis. The program „R‟ 

(v2.10.0) (www.r-project.org) was used to perform all analyses. All the subjects were 

adjusted for age, gender, HLA-DR3, DR4, DR15, GAD65, ICAJDF and ICA512. Age 

was taken as seven independent dummy variables with a range of 5 years in each 

variable (example: 0-4 years, 5-9 years). Data on high risk HLA, autoantibodies to 

GAD65, IA-2, IAA, CVB antibodies, alleles of MICA and SUMO4 was available from 

previous studies [20, 126, 240, 241]. 

 

Stratification analyses were performed to test whether the positivity for HLA-C 

ligands (C1 and C2) would affect the risk conferred by KIR. Two methods were used 

for this purpose. The first was the Svejgaard and Ryder (SR) method [242], where all 

four possible combinations of two genes can be tested. For example: KIR and HLA-C1 

can be analyzed in four combinations: +/+; +/-; -/+ and -/-. Though this method would 

calculate the collective risk conferred by the presence (or absence) of two genes, it is 

not known if the risk is due to biological interactions between the two genes. To 

address this issue, we employed a second, „relative excessive risk due to interaction‟ 

(RERI) analysis [243] after adjusting the cases and controls for age, gender, HLA-DR3, 

DR4, DR15, GAD65, ICAJDF and ICA512.  

 

To test whether positivity for HLA-DR3/DR4, GAD65, IA-2 and CVB 

antibodies would modify the risk conferred by KIR, we compared the differences in the 

frequencies of KIR genes and their ligands in T1D patients who were positive and 

negative for DR3/DR4, GAD65 IA-2 and CVB antibodies. RERI analyses were 

performed. Bonferroni correction was applied to all p values depending on the number 

of tests performed.  

Power calculation: The study has a power of 0.80 to detect an alpha level of 0.05. 

(Power calculator from http://pngu.mgh.harvard.edu/~purcell/gpc/).  

Meta-analysis: A meta-analysis was performed, using all published data on KIR in 

T1D, to access the risk conferred by KIR genes. The terms „KIR and Type 1 Diabetes‟ 

were used to search PubMed which resulted in six studies that had complete data on 

KIR [81-85, 87]. Packages „Rcmdr‟ and „rmeta‟ in the statistical program R (v2.10.0) 

were used to perform the meta-analysis.  

 

 

Paper II: Chi-square or Fischer‟s exact test were performed as applicable, to test the 

difference in frequencies of KIR genes and HLA-C ligands between patients and 

healthy controls. Stratification analyses were performed using the SR method. The 

http://www.r-project.org/
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presence of three inhibitory and two activatory KIR genes and the ligands to which 

bind (HLA-C1 and C2) was analyzed in patient and control groups. Several 

combinations were obtained from this analysis.  The combinations observed in the 

patient group were compared to that in the control group and a hypothetical gradient 

model to explain the impact of KIR/HLA-C ligand combinations was proposed.  

 

Paper III: Difference in the frequencies of SUMO4 alleles A and G, and genotypes 

AA, AG and GG were compared using Fischer‟s exact or Chi-square test as applicable. 

Patient and control groups were divided into HLA-DR3/DR4 positive and negative, and 

the difference in SUMO4 genotype frequencies were tested using the SR method. The 

Hardy-Weinberg equilibrium test was performed in the control population.  

 

Paper IV: Statistical analyses were performed to test the frequency differences in the 

alleles and genotypes of SUMO4 among T1D, LADA, MMDM and FCPD patients. 

We compared the frequencies of SUMO4 genotypes in all previously published studies 

to identify whether the frequency of this SNP in our study population was similar to 

that in Caucasians or Asians.  

 

Paper V: The difference in frequencies of TLR SNPs between T1D patients and 

healthy controls was tested using Chi square test or Fischer‟s exact test as applicable. 

Statistical program R (v2.10.0) was used to calculate Odds ratio (OR), 95% confidence 

intervals and p values (www.r-project.org). Stratification analyses were performed to 

test whether the presence of HLA-DR3/DR4, autoantibodies and CVB antibodies along 

with the TLR SNPs conferred additional risk to T1D. 

 

 



 

32 

 

4 RESULTS AND DISCUSSION  

 

4.1 PAPER-I:  

 

4.1.1 KIRs 2DL1 & 3DS1 are negatively associated with T1D    

Logistic regression analysis was performed to investigate the difference in 

frequencies of KIR genes in patients and healthy controls (Paper-I, Table-1). 

KIR2DL1, KIR2DL3, KIR3DL1, KIR2DS4 and KIR3DS1 were significantly higher in 

controls compared to the patient group. However, after Bonferroni correction 

KIR2DL1 and KIR3DS1 retained a significant negative association with T1D. 

Framework genes (KIR2DL4, KIR3DL2 and KIR3DL3) were present in all patients 

and controls. There was no significant difference in the frequency of HLA-C1 and C2 

among patients and controls.  

 

The association of KIR genes with T1D has been studied in several populations 

[81-88]. In paper-I, we employed a larger sample size (compared to all previous 

reports) and a homogenous western European Caucasian population. In a previous 

study of a Latvian T1D cohort, we a observed positive association of KIR3DS1 with 

T1D. In paper-I, we find that KIR3DS1 is negatively associated with the disease. 

Reports from different T1D cohorts have demonstrated an association with different 

KIR genes and the disease. Some studies did not find any association of KIR with T1D 

[84, 85] and this can be attributed to ethnicity [84] or improper matching of patient and 

control parameters such as age [85] or absence of a true association. We find that there 

is an association of KIR with T1D and we plan to reconfirm/replicate these findings in 

a large T1D sample material from Type 1 Diabetes Genetics Consortium (T1DGC) to 

obtain a clear picture of the association of KIR with T1D.  

 

4.1.2 No association of HLA-C ligands with T1D in Swedish patients 

KIR2DL1 and KIR2DS1 bind HLA-C2 and KIR2DL2, KIR2DL3 and KIR2DS2 

bind HLA-C1. To test whether there is a gene-gene interaction, we performed RERI 

and SR analyses. The presence of the combinations 2DL1/HLA-C2, 2DL2/HLA-C1, 

2DL3/HLA-C1, 2DS2/HLA-C1 were positively associated with T1D (data not shown). 

However, there appears to be no significant risk to T1D due to the interaction between 

these KIRs and their corresponding ligands. The observed positive association may be 

an artifact as genes for HLA-C ligands are located in the HLA class-I region which is 

reported to have high linkage disequilibrium and a strong association with T1D  [244]. 

Van der Slik A.R. et al., [81] reported a positive association of KIR2DS2 and its ligand 

HLA-C1 in individuals positive for high-risk HLA (DQ2/DQ8). In another report they 

have demonstrated that inhibitory KIR-HLA-ligand combinations are associated with 

T1D [88]. In paper-II, we observed that the presence of HLA-C1 along with KIR2DL2 

and KIR2DS2 confers susceptibility to T1D in a Latvian T1D cohort [89]. In paper-I 

we reconfirm our finding in the Latvian cohort, however, as there is no relative risk due 

to an interaction of KIR genes with their corresponding HLA-C ligands, we conclude 
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that the observed association may be due to the presence of HLA-C ligand genes in the 

HLA class-I region.  

 

4.1.3 KIR genes do not confer additional risk in HLA-DR3/DR4 

heterozygous T1D patients 

HLA-DR3/DR4 heterozygosity confers the highest risk to T1D in general and 

particularly in our study population [236, 238]. We compared the frequency of KIR 

genes and HLA-C ligands among HLA-DR3/DR4 positive and negative patients. The 

frequencies of KIR2DL2 and KIR3DS1 were significantly higher in DR3/DR4 positive 

patients compared to that in DR3/DR4 negative patients. However, the p values did not 

remain significant after Bonferroni correction (Paper-I, Table-2). We performed RERI 

and SR analyses to test the interaction of KIRs and HLA-C ligands to which they bind 

and no significant association was observed (data not shown). Van der Slik A. R. et al., 

[81] has demonstrated a positive association of KIR2DS2 in high-risk HLA 

(DQ2/DQ8)-carrying T1D patients. Although we did not observe a significant 

difference in the frequencies of KIRs 2DL2 and 3DS1 in HLA-DR3/DR4 positive and 

negative patient groups, a higher frequency of these KIR genes in HLA-DR3/DR4 

positive patients suggests that KIR2DL2 and 3DS1 may play a role in disease 

pathogenesis in this sub-group of patients.  It has been suggested that independent 

segregation of HLA and KIR loci is important to maintain the functional interactions, 

and thereby the immune response [245]. It can be speculated that the observed 

difference in the frequencies of KIR2DL2 and 3DS1 may be a result of such 

independent segregation.  

 

4.1.4 KIR and autoimmunity 

Do KIRs trigger autoimmunity in T1D? Autoantibodies to islet cell antigens are 

known to appear much before the precipitation of the overt disease [120]. To test this 

hypothesis, we analyzed whether there was a difference in the frequency of KIR genes 

and HLA-C ligands in GAD65 and IA-2 positive and negative patients. The frequency 

of KIR2DL1 was higher in T1D subjects positive for IA-2 compared to those negative 

for IA-2 (OR=1.70; 95%CI=1.07-2.69, p=0.02), however the significance was lost after 

applying Bonferroni correction (Pc=0.26). No significant differences were observed in 

the GAD65 positive and negative groups (data not shown). The presence or absence of 

certain KIR genes may be important in triggering autoimmunity however, based on the 

results in paper-I, we cannot accept this hypothesis. Studies involving a larger sample 

size can be conclusive.  

 

4.1.5 KIRs 2LD5 & 2DS5 confer susceptibility to CVB infection in T1D 

patients 

          Viral infections are thought to play a major role in the etiology of T1D [150, 152, 

159-163, 246, 247], among these CVB is extensively studied. To test if the presence (or 

absence) of certain KIR gene(s) and/or HLA-C ligand(s) confers risk to CVB infection; 

we compared the frequencies of KIR genes and HLA-C ligands in CVB positive and 

negative groups using logistic regression. The frequencies of KIR2DL5 and KIR2DS5 

were higher in T1D patients positive for CVB antibodies however, the significance was 
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lost after applying Bonferroni correction (Paper-I, Table-3). Dotta F et al., (32) reported 

that insulitis in human pancreatic β-cells can be caused by enterovirus, especially 

CVB4. We performed a RERI analysis to identify the relative risk conferred by the 

interaction of KIR2DL5 and 2DS5. The relative risk due to the presence of both the 

genes is 2.96 (95% CI=1.37-6.40) and the risk conferred by a possible interaction of 

these two genes is 2.51 (Paper-I, Figure-1). An SR analysis resulted in a positive 

association (2DL5/2DS5: OR=2.11, 95% CI=1.11-4.03, p=0.02). From these results we 

conclude that the presence of KIR2DL5/2DS5 may confer susceptibility to CVB 

infection in T1D patients.    

 

4.1.6 Meta-analysis 

We performed a meta-analysis of all published data on KIR in T1D. To remove 

outliers that would skew the meta-analysis, we performed a test of heterogeneity. Two 

[82, 83] of the six studies tested positive (significant p for heterogeneity) therefore they 

were removed from the meta-analysis. Of all the studies reported, the present study has 

the largest number of patients and controls. KIR2DL5 and KIR3DS1 were negatively 

associated with T1D in the meta-analysis (Paper-I, Figure-2).  

 

4.2 PAPER-II 

The association of KIR genes with T1D in a Latvian cohort was tested previously 

[82]. KIRs 2DL2, 2DL5, 2DS1, 2DS2, 2DS3 and 3DS1 were positively associated. The 

presence of 2DL2 in the genotype (2DL1+, 2DL2+, 2DL4+, 3DL1+,3DL2+, 3DL3+, 

3DS1+, 2DS4+) was positively associated, and absence of 2DL2 from the genotype 

(2DL1+, 2DL3+,2DL4+, 3DL1+, 3DL2+, 3DL3+, 2DS4+) was negatively associated 

with the disease [82]. In paper II, we tested whether the presence of HLA-C1 and C2 

affects the risk conferred by KIR to T1D.  

 

4.2.1 KIR2DL2/HLA-C1 combination confers susceptibility to T1D in 

Latvian patients 

The presence of HLA-C1 was positively associated with T1D and absence of 

HLA-C1 (C1-/C2+) was protective. Stratification analysis was performed using the SR 

method to test the association of KIRs that bind to HLA-C1 and C2. Combinations 

2DL2+/HLA-C1+, 2DL3+/HLA-C1+ and 2DS2+/HLA-C1+ were positively associated 

with T1D (Paper-II, Table-1A). 2DL2-C1, 2DS2-C1 combinations were significantly 

increased in patients who are positive for HLA-DR3/DR4 when compared to healthy 

controls. We analyzed our study cohort on the basis of different combinations of 

inhibitory and activatory KIR2D genes with or without their corresponding HLA-C 

ligands. Based on these findings a hypothetical gradient model explaining the probable 

impact of KIR/HLA-C ligand combinations on T1D was proposed (Paper-II, Figure-1). 

The proposed model aims to explain the effect of genetic variation, at the KIR locus in 

combination with genes encoding their HLA-C ligands, on disease susceptibility. In the 

most susceptible group, the presence of 2DL2 and C1 in the absence of 2DS1 and 

2DS2 gave the highest OR. The absence of 2DL2 and C1 along with the absence of 

2DS1 and 2DS2 was the most protective combination. When all the activatory and 

inhibitory KIR2D genes were present along with their HLA-C ligands, a neutral effect 
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was observed. This model suggests the presence or absence of a certain KIR gene 

and/or its HLA-C ligand can tilt the delicate balance from neutrality to either 

susceptibility or protection to T1D. 

 

4.3 PAPER-III 

4.3.1 SUMO4 M55V SNP affects susceptibility to T1D in Swedish 

patients 

In paper III, we studied the association of SUMO4 M55V SNP with T1D in a 

large cohort from Sweden. The frequencies of SUMO4 M55V genotypes (AA, AG and 

GG), and alleles were compared between T1D patients and healthy controls (Paper-III, 

Table-1). We could not detect any significant association. The genotypic distribution of 

AA, AG and GG was compatible with the Hardy–Weinberg equilibrium in the control 

population. SUMO4 M55V was found to be associated with TID in the initial report by 

Guo D et al., but later studies in Caucasian populations failed to a detect significant 

association [107]. Wang CY et al., suggests that the genetic heterogeneity in the 

Caucasian populations may be the reason for the inconsistency in M55V association 

studies [111]. Functional evidence suggests SUMO4 M55V as a potential TID 

susceptibility gene. Guo D et al., reports a significant reduction in the sumoylation 

function of the V55 variant of the protein, resulting in a 5.5-fold increase in NFkB-

dependent transcription [107]. Supporting this initial observation is another recent 

study by Noso S et al., where they report an increased tumor necrosis factor-α (TNF- α) 

secretion in peripheral blood mononuclear cells from type II diabetic patients having 

the GG genotype compared to that of AA [248]. NFkB is a transcription factor which 

plays a central regulatory role in various immune-mediated processes, such as 

production of proinflammatory cytokines, inhibition of immune cell apoptosis, 

development of immune cells, regulation of innate and adaptive immune system and 

maintenance of immune homeostasis. The majority of SUMO4 substrates consist of 

antistress proteins, antioxidant enzymes, stress defense proteins and chaperones [249]. 

Wang CY et al., suggest altered sumoylation of antistress proteins may lead to their 

degradation, resulting in increased stress causing β-cell death [111].Therefore SUMO4 

M55V-mediated down regulation of anti-stress proteins can result in a proinflammatory 

milieu, paving the way for autoimmunity [108].   

 

HLA-DR3 and DR4 are well-established high-risk alleles for TID in Northern 

Europeans [20]. We performed an SR method-based stratification analysis using 

heterozygosity of HLA-DR3/DR4 in patients as a major criterion. We observed that 

HLA-DR3/DR4 is positively associated with TID in the absence of AA (OR=6.91, 

95% CI=4.93–9.67, p<0.0001) or GG (OR=5.77, 95% CI=4.22-7.88, p<0.0001). 

However, if HLA-DR3/DR4 is present along with AA there is a one-fold decrease in 

the OR (OR=3.66, 95% CI=2.22–6.02, P<0.0001), whereas in the presence of GG there 

is an increase in the OR (OR=8.34, 95% CI=4.07–17.13, p<0.0001). In the absence of 

HLA-DR3/DR4, SUMO4 M55V was negatively associated with TID (Paper-III, Table-

2). Tsurumaru M et al., reported SUMO4 M55V to be positively associated with TID in 

the absence of high-risk HLA-DR4 in a Japanese population [250]. In our study on 

Swedish Caucasians, SUMO4 was negatively associated to TID in the absence of 
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HLA-DR3/DR4. However, in HLA-DR3/DR4 positive T1D patients, SUMO4 GG 

increased the risk and SUMO4 AA decreased the risk to TID. These varying 

association findings may be a result of different HLADR3/DR4 subtypes associated in 

Japanese and Swedish populations. SUMO4 M55V seems to be conferring additional 

susceptibility on top of the risk conferred by heterozygous DR3/DR4. We tested the 

association of SUMO4 M55V in different sub-groups: GAD65 and IA-2 autoantibody 

positive, DR3/X, DR4/X and DR2/X, (X being non-DR3, non-DR4 and non-DR2, 

respectively), but did not observe any significant association (data not shown).  

 

 

4.4 PAPER-IV 

4.4.1 SUMO M55V is not associated with T1D in Asian-Indians 

No significant association was observed between the SUMO4 M55V variant 

and T1D in Asian-Indians (Paper-IV, Table-1). When comparing our results with data 

published to date (Paper-IV, Table-5), we found that Asian-Indians tend towards 

Caucasians rather than Asians with respect to association of the SUMO4 M55V variant 

with susceptibility to T1D. We tested patients with autoimmune diabetes (including 

T1D, LADA and autoantibody-positive MMDM patients) for any association with 

SUMO4 M55V (Paper IV, Tables-3, 4), but did not detect any significant association. 

We have previously tested the association of the SUMO4 M55V variant with disease 

susceptibility to T1D and LADA in a Latvian population [251], however, we did not 

detect any significant association. We tested the A and G alleles and the AA, GG and 

AG genotypes in the Asian-Indian patients with LADA (Paper-IV, Table-2). We could 

not find any significant association between the M55V variant and disease 

susceptibility to LADA.  

 

We also compared the HLA high-risk alleles HLA-DR3 and DR4 with the 

SUMO4 M55V polymorphism in our sample set (Asian-Indian T1D and LADA). A 

comparison of M55V between HLA-DR3- or DR4-positive and negative patients did 

not show any significant association. When the presence or absence of HLA-DR3 and 

HLA-DR4 alleles was compared individually with the M55V polymorphism, no 

significant p values were observed in all three subgroups. To test the role of MHC class 

I chain-related gene A alleles in association with SUMO4 M55V, T1D and LADA 

patients were stratified as MICA5 or MICA5.1 positive and negative. No significant 

association was observed (data not shown). To investigate a possible role of 

autoantibodies (GAD65, IA-2 or ICA), the patient group was divided as autoantibody 

positive and autoantibody negative. The distribution of the A and G alleles and the AA, 

AG and GG genotypes was tested. We did not find any statistical significance (data not 

shown). 

 

From Paper-IV we hypothesize that Asian-Indians are similar to Caucasians with 

respect to the association of the SUMO4 M55V variant with T1D. With the current 

sample size, we could not detect any significant association with disease. Studies with 

an increased sample size are required to be definitive.  
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4.5 PAPER-V 

4.5.1 Association of TLR SNPs with T1D 

Three of the 28 SNPs tested in Paper-V were significantly associated with T1D 

in the 0-14 year age group (Paper-V, Table-1): 

TLR-1: TLR-1-1017GA (rs4833095) was positively associated with T1D. The 

genotype GG was significantly higher in T1D patients compared to healthy controls 

(OR=2.46; 95%CI=1.40-4.48; p=0.0007).  

TLR-6: TT of TLR-6-425TC (rs5743808) was positively associated (OR=7.99; 

95%CI=3.71-19.72; p=5.71x10
-11

) and CC was negatively associated (OR=0.23; 95% 

CI=0.13-0.38; p=3.16x10
-10

) with T1D.  

TLR-8: CT genotype of TLR-8-422TC (rs2159377) was positively associated 

(OR=2.92; 95%CI=2.03-4.22; p=9.19x10
-10

) and CC genotype was negatively 

associated (OR=0.38; 95%CI=0.26-0.54; p=4.46x10
-8

) with T1D. 

 

No significant difference in the frequency of TLR SNPs was observed in the 15-

34 year age group. Stratification analyses were performed among T1D patients where 

HLA-DR3/DR4, GAD65 autoantibody, IA-2 autoantibody and CVB antibody data 

were available. No significant difference was observed among patients when stratified 

for T1D risk factors mentioned above.  

 

TLRs play an important role in fighting pathogens. However, dysregulation of 

their expression, ligand recognition capability and downstream signaling pathways may 

lead to the generation of aberrant immune responses and/or autoimmunity [97]. 

Immunogenetic analysis of SNPs in TLR genes is sparse. In a recent report, SNP 

rs3804100 in TLR-2 was found to be positively associated with T1D in a Norwegian 

cohort [252]. However, we did not find an association with this particular SNP in our 

study cohort. A study of T1D patients from the black population of South Africa tested 

the association of 9 SNPs in TLR-3 with T1D. They observed a higher frequency of 3 

SNPs (rs5743313, rs5743315, novel) in T1D patients, but the results were not 

statistically significant [253].  We analyzed two SNPs in TLR-3 (rs573316 and 

rs3775291) but did not find any association with T1D.   

 

The ligands of TLRs which show a positive association in our study are as 

follows: i) TLR-1: triacyl lipopeptides (bacteria); ii) TLR-6: diacyl lipopeptides 

(bacteria) and iii) TLR-8: synthetic imidazoquinoline-like molecules, ssRNA (virus) 

[254]. It is also interesting to note that SNPs that are positively associated in our study 

cohort are in different TLRs which have varied PAMP recognition capabilities. It may 

be ambitious to hypothesize that pathogens with these PAMPs might be involved in the 

etiology of T1D. Increasing evidence in animal and human studies points to the fact 

that pathogens, especially viruses, are involved in β-cell inflammation [102, 150, 163]. 

In a recent report by Wen L et al., the authors demonstrated that colonization of 

MyD88-deficient germ-free NOD mice with a mixture of bacteria (representing 

bacteria present in normal human gut) protects these mice from development of T1D. 
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MyD88-deficient germ-free NOD mice were shown to develop spontaneous diabetes. 

[105].  

 

TLRs are also known to bind to endogenous ligands such as heat shock 

proteins, high mobility group box-1 (HMGB1), and double stranded RNA. Engagement 

of endogenous ligands may activate TLR signaling pathways, especially NFκB, and 

lead to secretion of pro-inflammatory cytokines resulting in autoimmunity  [255]. In 

paper-V, we report a novel association of three TLR SNPs with T1D, highlighting the 

role of TLRs and innate immunity in the etiology of T1D. Our study cohort is 

sufficiently powered and comprises of a homogenous white Caucasian population. 

Functional studies aiming at the identification of the potential role of the SNPs 

associated with T1D in our study cohort will be beneficial in understanding the role of 

these vital receptors of innate immunity. 
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5 CONCLUSIONS 

Based on the results obtained in papers I to V, I conclude that genes of innate 

immunity play an important role in T1D susceptibility. The following is a summary of 

the results obtained: 

 

KIR and T1D: KIR genes are important in susceptibility to T1D. The frequency 

distribution of KIR genes and HLA-C ligands differs in different disease sub-groups 

such as subjects who are positive for HLA-DR3/DR4, autoantibodies GAD65 and IA-

2. Presence of KIRs 2DL5/2DS5 confer risk to CVB infection in Swedish T1D 

patients. The presence of the combination of KIR2DL2 and HLA-C1 confers highest 

risk to T1D in Latvian patients. These findings highlight the importance of KIR genes 

and their ligands in the etiology of T1D.  

 

SUMO4 and T1D: SUMO4 M55V SNP affects the susceptibility to T1D in HLA-

DR3/DR4 positive Swedish patients. However, this SNP is not associated with the 

disease in Asian-Indians.  

 

TLRs and T1D: Three SNPs (rs4833095, rs5743808 and rs2159377) in exons of TLRs 

1, 6 and 8 are associated with T1D in younger age group (0-14 years) subjects. The 

associations were not observed in the 15-34 year age group. These findings suggest that 

genetic variations in TLRs may be important in conferring susceptibility to T1D in 

children.  
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6 ONGOING PROJECTS / FUTURE DIRECTIONS 

 

6.1 PEPTIDE MICRO-ARRAY TO IDENTIFY COMMON AUTOIMMUNE 

EPITOPES IN T1D 

We have very recently completed a pilot study with an aim to identify common 

autoimmune peptide epitopes that are recognized in T1D. The preliminary results are 

presented here: 

 

Background: The peptide microarray represents a variation and evolution of the DNA 

microarrays. It is composed of glass slides onto which pre-synthesized peptides are 

spotted at fixed positions in „miniature‟ format. Several grids can be spotted on the 

same slide, allowing for multiple binding experiments and statistical certainty.  

 

Subjects and methods: Sera from 12 T1D, 12 age and gender-matched healthy controls 

and a WHO standard positive control (positive for GAD65, IAA and IA-2 

autoantibodies) have been tested using the autoimmunity chip. Microarray slides were 

incubated with patient serum for primary antibody binding, which were visualized 

using a secondary antibody labeled with a specific fluorochrome (Figure-7). 

 

Autoimmunity Chip: This chip was developed at Karolinska Institutet. It contains 

5,373 peptides derived from many human proteins (interleukins, cytokines, 

chemokines, FoxP3, CD molecules (e.g. CD-19, 20, 22 ), insulin receptor substrate, 

TGF-β and hundreds of different putative autoantigens from  Sjögrens, rheumatoid 

arthritis, SLE (including proteins, peptides, DNA, enzymatic complexes and  

ribonucleoprotein complexes) . The peptides are 15 amino acids long with an overlap 

of 12 amino acids. 

 

Preliminary results: We have identified antibodies specific to four peptides which are 

exclusively recognized in T1D patients and not in healthy controls. Two of these 

peptides belong to proteins that have apoptotic functions, one peptide belongs to a 

transporter protein and one peptide belongs to a key transcription factor. Of these, the 

first three proteins are expressed in pancreatic β-cells and islets.  

 

6.2 TLR AND KIR ASSOCIATION STUDIES 

Based on results from papers I to V, we have identified a few areas of interest to 

pursue in the near future. KIR and TLR genes show association with T1D. To establish 

this, we are planning to test their association with T1D in a large sample set (T1D 

Affected Sib-Pairs (ASP) = 2855 and Trios = 414) from T1DGC. After identifying the 

variants, functional studies will be performed to test the effect of these variants on the 

immune system and make a correlation with T1D.  
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Figure-7: Work-flow of peptide microarray: Linear, overlapping 15 amino acid 

peptides are spotted onto the microarray chips in three sub-arrays. The chips are 

incubated with patient serum overnight. Fluorescence-tagged secondary antibodies are 

used to recognize peptide-bound primary antibodies. The peptide microarray chips are 

scanned at a wavelength of 635 nm using a GenePix 4000B microarray scanner (Axon 

Instruments) at a resolution of 10 µm. Images are saved electronically in TIFF and 

JPG formats and analyzed using Genepix Pro 5.1 software (Axon Instruments).ab: 

antibody.  

. 
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