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ABSTRACT

The non-obese diabetic (NOD) mouse is a model for human type 1 diabetes (T1D). The 
disease in the NOD mouse is polygenic and multifactorial and so far at least 20 insulin 
dependent diabetes (Idd) susceptibility loci have been identified. However, no etiological 
mutations have been definitely ascribed to the Idd loci. To identify potential etiological 
mutations, a sub-phenotype approach was undertaken, consisting of the establishment and 
genetic mapping of immuno-related sub-phenotypes that may contribute to the 
pathogenesis of T1D in the NOD mouse model. This thesis presents (1) the results of the 
identification and genetic mapping of four novel NOD immuno-phenotypes to individual 
Idd loci, and (2) confirmation of these results by the generation and analysis of congenic 
strains covering those Idd regions.

Evidence is provided that gene(s) within the Idd5 region control cyclophosphamide (CY)- 
induced apoptosis in peripheral lymphocytes and y-irradiation induced apoptosis in NOD 
thymocytes. Analysis of non-obese resistant (NOR) and NOD-Idd5 congenic mice reveal 
that CY-induced apoptosis in peripheral lymphocytes and y-irradiation induced apoptosis 
in thymocytes are controlled by a 20cM and a 6cM region, respectively, both containing 
the Idd5 region and including the immuno-regulatory Ctla4 gene. Additionally, CTLA4 is 
shown to be defectively up-regulated in activated NOD peripheral lymphocytes, and 
CTLA4-deficient mice show similar defects in T cell apoptosis induction. Taken together, 
these results suggest that a defective up-regulation of CTLA4 mediates apoptosis 
resistance, contributing to diabetes pathogenesis.

Moreover, it is shown that gene(s) within the Idd6 region control low proliferation of NOD 
immature thymocytes and resistance to dexamethazone-induced apoptosis in immature DP 
thymocytes. The decrease of diabetes incidence and the restoration of the apoptosis 
resistance phenotype in reciprocal Idd6 congenic strains further restrict the chromosomal 
region controlling the Idd6 locus as well as the locus controlling the apoptosis resistance 
phenotype. In fact, analysis of NOD-Idd6 congenic mice reveal that Dxm-induced 
apoptosis in thymocytes is controlled by the distal 3cM region of the Idd6 locus. As the 
thymic selection process is highly dependent on both proliferation and apoptosis, the 
hypothesis is raised that the Idd6 locus contributes to the pathogenesis of diabetes by 
altering thymic selection, resulting in an autoimmune prone peripheral T cell repertoire.
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ABBREVIATIONS

AICD Activation-Induced Cell Death
APC Antigen Presenting Cells
ASP Affected Sib-Pair
cM CentiMorgan
Ctla4 Cytotoxic T Lymphocyte Antigen 4
CY Cyclophosphamide
DN Double Negative thymocytes
DP Double Positive thymocytes
DR Death Receptor
Dxm Dexamethazone
EA chimeras Embryo Aggregation chimeras
FADD Fas Associated Death Domain
Fas-L Fas Ligand
FLIP Flice Inhibitory Protein
GD Grave’s disease
HLA Human Leucocyte Antigen
Idd locus Insulin-Dependent Diabetes susceptibility locus
IDDM locus Insulin-Dependent Diabetes Mellitus locus
LD Linkage Disequilibrium
LOD Logarithm of the Odds
MHC Major Histocompatibility Complex
MS Multiple Sclerosis
NK cells Natural Killer cells
NZB New Zealand Black
NZW New Zealand White
NOD Non-Obese Diabetic
QTL Quantitative Trait Locus
RA Rheumatoid Arthritis
RAG Recombinase Activating Gene
SCID Severe Combined Immunodeficiency
SLE Systemic Lupus Erythymatosus
SSTR Simple Sequence Tandem Repeats
TCR T Cell Receptor
T1D Type 1 Diabetes
TLP Thymic Lymphoid Precursor
TE Thymic Epithelium
Th T helper
TLP Thymic Lymphoid Progenitors
TN Triple Negative thymocytes
VNTR Variable Number of Tandem Repeat
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ABSTRACT

The non-obese diabetic (NOD) mouse is a model for human type 1 diabetes (T1D). The 
disease in the NOD mouse is polygenic and multifactorial and so far at least 20 insulin 
dependent diabetes (Idd) susceptibility loci have been identified. However, no etiological 
mutations have been definitely ascribed to the Idd loci. To identify potential etiological 
mutations, a sub-phenotype approach was undertaken, consisting of the establishment and 
genetic mapping of immuno-related sub-phenotypes that may contribute to the pathogenesis 
of T1D in the NOD mouse model. This thesis presents (1) the results of the identification and 
genetic mapping of four novel NOD immuno-phenotypes to individual Idd loci, and (2) 
confirmation of these results by the generation and analysis of congenic strains covering 
those Idd regions.

Evidence is provided that gene(s) within the Idd5 region control cyclophosphamide (CY)- 
induced apoptosis in peripheral lymphocytes and y-irradiation induced apoptosis in NOD 
thymocytes. Analysis of non-obese resistant (NOR) and NOD-Idd5 congenic mice reveal 
that CY-induced apoptosis in peripheral lymphocytes and y-irradiation induced apoptosis in 
thymocytes are controlled by a 20cM and a 6cM region, respectively, both containing the 
Idd5 region and including the immuno-regulatory Ctla4 gene. Additionally, CTLA4 is 
shown to be defectively up-regulated in activated NOD peripheral lymphocytes, and 
CTLA4-deficient mice show similar defects in T cell apoptosis induction. Taken together, 
these results suggest that a defective up-regulation of CTLA4 mediates apoptosis resistance, 
contributing to diabetes pathogenesis.

Moreover, it is shown that gene(s) within the Idd6 region control low proliferation of NOD 
immature thymocytes and resistance to dexamethazone-induced apoptosis in immature DP 
thymocytes. The decrease of diabetes incidence and the restoration of the apoptosis 
resistance phenotype in reciprocal Idd6 congenic strains further restrict the chromosomal 
region controlling the Idd6 locus as well as the locus controlling the apoptosis resistance 
phenotype. In fact, analysis of NOD-Idd6 congenic mice reveal that Dxm-induced apoptosis 
in thymocytes is controlled by the distal 3cM region of the Idd6 locus. As the thymic 
selection process is highly dependent on both proliferation and apoptosis, the hypothesis is 
raised that the Idd6 locus contributes to the pathogenesis of diabetes by altering thymic 
selection, resulting in an autoimmune prone peripheral T cell repertoire.
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INTRODUCTION

Genetic mapping of polygenic (complex genetic) diseases
During the last 60 years, the incidence of autoimmune diseases has increased dramatically, 
most likely due to changes in the environment. Genetic factors are known to predispose to 
disease susceptibility and therefore such diseases tend to cluster in families. In humans it is 
difficult to separate genetic and environmental factors, while animal models provide a 
possibility to reduce the environmental variation so that the contribution of the genetic 
factors can be studied separately.

For various inherited diseases, etiological mutations have been identified, but so far, most of 
those diseases are monogenic and follow a Mendelian pattern of inheritance, such as Cystic 
Fibrosis, Huntington’ disease or Duchenne muscular dystrophy. The identification of 
etiological mutations controlling complex genetic disorders has proven more difficult, due to 
the involvement of multiple loci, population stratification, incomplete penetrance and 
environmental influences (and interactions among these factors). To genetically map 
susceptibility regions of complex diseases, large numbers of individuals and many families 
or extended familiar pedigrees are required. Typically, complex genetic diseases display a 
familiar clustering/aggregation but with no recognizable Mendelian mode of inheritance. 
Examples are Alzheimer’s, Schizophrenia and autoimmune diseases, like type 1 diabetes 
(T1D), Grave’s disease (GD), rheumatoid arthritis (RA), multiple sclerosis (MS) and 
systemic lupus erythymatosus (SLE).

There are two main strategies for the genetic mapping of a particular disease locus. Linkage 
analysis allows for the identification of genetic loci controlling monogenic diseases, and as 
the method seeks to identify loci that co-segregate with the trait within families, it is efficient 
at solving diseases with a Mendelian pattern of inheritance. While this method is less 
suitable for complex diseases, linkage analysis in sib-pair methods is still an important tool 
for gene localisation in complex trait loci. Association studies, on the other hand, seek to 
identify allelic variants that are shared by the population affected by the trait. The term 
'association' is used for disease correlation’s found with gene variants and potentially 
etiological mutations, while the term 'linkage disequilibrium' (LD) is preferred in the case of 
anonymous markers. LD analysis has been used for different purposes in gene mapping, 
namely for (1) identification of novel susceptibility intervals, for (2) confirmation and fine- 
mapping and for (3) identification of etiological mutations.
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Autoimmune diseases
Autoimmunity is a growing problem in the western countries and 5-7% of the population 
suffer from autoimmune diseases (Boitard, 1991; Todd and Steinman, 1993). Autoimmune 
diseases are thought to arise from a loss of immunological self-tolerance and such diseases 
are characterised by abnormal immune activity, infiltrates of immune cells in target organs, 
and production of autoantibodies that lead to tissue destruction. Autoimmune diseases have 
been divided into two classes, those that are organ specific, like T1D, Hashimoto’s 
thyroiditis, autoimmune atrophic gastritis, and those that are systemic (non-organ specific) 
such as SLE and RA. Some diseases, like MS and autoimmune haemolytic anaemia (Roitt, 
1988) represent intermediate cases between organ-specific and systemic diseases. Different 
autoimmune diseases frequently cluster within the same family, suggesting that these 
diseases share pathogenic genetic factors (Irvine et al., 1970; Riley et al., 1983; Stemthal et 
al., 1981). Therefore, the identification of etiological mutations underlying one autoimmune 
disease might bring insight into the pathogenesis of other autoimmune diseases. Virtually all 
autoimmune diseases studied are associated with the MHC locus, where some alleles of the 
MHC predispose to a certain autoimmune disease while other alleles confer protection 
(Ahmed et al., 1991; Ahmed et al., 1990; Brewerton et al., 1973; Lanchbury and Panayi, 
1991; Protti et al., 1993; Schlosstein et al., 1973; Spielman and Nathanson, 1982; Todd et al., 
1987).

Pathology of T1D
The disease process in type 1 diabetes (T1D) is due to an autoimmune destruction of the 
insulin-producing beta cells of the pancreas, causing excessive glucose levels (Bottazzo et 
al., 1986; Tisch and McDevitt, 1996). The pancreatic infiltrate is dominated by CD8+ cells 
(Imagawa et al., 2001; Pipeleers and Ling, 1992). In addition to high titres of autoantibodies 
against insulin producing (3 cells of the pancreas (Bach, 1994; Tisch and McDevitt, 1996), 
numerous abnormalities in T cell and APC compartments have been described in T1D 
patients (De Maria et al., 1994; Fu et al., 1998; Giordano et al., 1995a; Giordano et al.,
1995b; Kukreja et al., 2002; Litherland et al., 1999; Takahashi et al., 1998; Wilson et al., 
1998). The typical peak of onset is 12 years of age but there are other forms of insulin- 
dependent type 1 diabetes showing later onset. The disease can be kept under control by 
daily injections of insulin, but as the level of blood glucose is difficult to control, most 
patients suffer from late complications, including kidney failure and blindness, with age. The 
disease has doubled in incidence since the 1940s (Gardner et al., 1997). The risk of 
developing T1D in first-degree relatives of diabetic patients (approximately 5-6%) is 15-fold 
increased compared to the prevalence in the general population (approximately 0.4%, or
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higher, in most Caucasian populations (Cruickshanks et al., 1994; Karvonen et al., 1993; 
Todd, 1994), suggesting that genetic components contribute to T1D development. In 
addition, in genetically identical monozygotic twins, the concordance rate is just below 50% 
(Barnett et al., 1981; Kumar et al., 1988; Olmos et al., 1988; Redondo et al., 2001). 
Moreover, in first- and second-degree relatives of T1D cases, the frequency of Grave’s 
disease (GD) and rheumatoid arthritis (RA), characterised by infiltrates of immune cells in 
the thyroid and joints, respectively, is increased (Merriman et al., 2001), supporting the 
notion of common etiological mutations for different autoimmune diseases.

Genetic control of T1D
Two T1D susceptibility loci, IDDM1 (Insulin-Dependent Diabetes Mellitus) on chromosome 
6q21 and IDDM2 on chromosome 1 lp, were first identified in the 1970s by performing 
association analyses of candidate genes in a case-control study (She, 1996). In the 1990s 
several genome-scans using Affected Sib-Pairs (ASPs) were reported (Concannon et al., 
1998; Davies et al., 1994; Hashimoto et al., 1994; Mein et al., 1998), all confirming a major 
role for HLA IDDM1. Consistent and significant association with T1D has only been 
detected with two chromosomal regions, the MHC region (HLA/IDDM1) and the insulin 
gene region, INS (IDDM2), and possibly a third locus on chromosome 2q22 (IDDM12) 
(Concannon et al., 1998; Davies et al., 1994; Hashimoto et al., 1994; Mein et al., 1998). 
Despite the fact that more than 20 additional IDDM loci have been reported, there has been 
little concordance in the results from different studies. In fact, in the two largest genome
wide scans performed (Concannon et al., 1998; Mein et al., 1998) there was no agreement in 
the positive results apart from the HLA/IDDM1. However, until recently, no genome wide 
linkage study has been performed with statistical power to detect loci with locus-specific 
prevalence (X) less than 1.4, resulting in conflicting results. In a recent study (Cox et al., 
2001), data from a genome scan performed on 225 multiplex families were merged and 
analysed with data from earlier studies (Concannon et al., 1998; Davies et al., 1994; Mein et 
al., 1998), summing up to 831 ASPs. In this meta-analysis, evidence of linkage was observed 
at seven sites in the genome (Cox et al., 2001), namely significant evidence of linkage was 
detected on chromosome 6q21 (IDDM1), llpl5 (IDDM2), 16q22-q24 and suggestive 
evidence on chromosome lOpll (IDDM10), 2q31 (IDDM7/IDDM12/IDDM13), 6q21 
(IDDM 15) and lq42. No evidence for interaction between IDDM loci was found.
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Candidate Genes for T1D
As the HLA complex is characterised by high gene density, genetic complexity and strong 
LD, the identification of susceptibility alleles has proven difficult. Current evidence, 
however, suggest that there are at least four HLA genes involved in T1D, including the 
DQA1, DQB1 and DRB1 genes (Abraham et al., 2000; Owerbach et al., 1983; She, 1996) 
and one unidentified gene(s) probably located close to the class I region (Herr et al, 2000; 
Lie et al., 1999). The first strong correlation of HLA alleles with T1D was observed with 
DQp chain alleles not encoding aspartic acid at position 57 (Todd et al., 1987). Aspartic acid 
at this position was later shown to be important for the shape of the peptide-binding groove 
of HLA-DQ molecules, and hence, has implications for binding of antigenic peptides to 
these molecules (Kwok et al., 1996; Nepom et al., 1996). While some DQ alleles confer 
susceptibility, others are neutral or protective (Cucca et al., 2001).

The second chromosomal region that displays consistent evidence of allelic association with 
T1D is the insulin gene region (the INS locus, IDDM2) on chromosome 1 lpl5. IDDM2 is 
likely to represent polymorphisms in the promoter region of the insulin gene, namely the INS 
VNTR (variable number of tandem repeat) (Bain et al., 1992; Bennett et al., 1995; Lucassen 
et al., 1993). Significant evidence for linkage has been detected in some studies, but could 
not be confirmed in studies of groups with different ethnic origin (Concannon et al., 1998; 
Mein et al., 1998).

The third T1D locus for which significant evidence for linkage has been detected is IDDM12 
on chromosome 2q33, mapping close to the Ctla4 gene. CTLA4 regulates T cell activity and 
constitutes a good candidate gene for T1D. Studies of CTLA4 function in the mouse have 
shown that CTLA4 is required for the down-regulation of activated T cells (Thompson and 
Allison, 1997). Two of the polymorphisms found in the Ctla4 gene have been suggested to 
contribute functionally to autoimmune diseases, like T1D and GD (Kouki et al., 2000;
Nistico et al., 1996; Yanagawa et al., 1995). However, so far only one amino acid variant in 
exon 1 has been found in CTLA4 in European-derived populations (Yanagawa et al., 1995), 
and this substitution in the leader peptide is unlikely to functionally account for the disease 
association of the gene region (Nistico et al., 1996).
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Animal models of autoimmune diseases
A number of animal models have been used to study complex genetic autoimmune diseases, 
including the Experimental Autoimmune Encephalomyelitis (EAE) murine model for MS 
(Dal Canto et al., 1995), the (NZB x NZW)F1 hybrid murine model for SLE (Kono and 
Theofilopoulos, 1996; Wakeland et al., 1997); and the Bio-Breeding (BB) rat (Mordes et al., 
1996) and the non-obese diabetic (NOD) mouse (Ikegami and Makino, 2001; Serreze and 
Leiter, 2001; Wicker et al., 1995) modelling T1D. From a genetic point of view it is not 
known how well these models reflect the genetic control of the corresponding human 
diseases. However, a cross between two inbred strains could be seen as a human familial 
case and the identification of etiological mutations in the animal model could provide an 
understanding of the pathogenic mechanisms underlying the disease in both the animal 
model and in the human disease. There are a number of advantages in studying inbred 
animals as models for complex genetic disorders. The environmental influence can be 
minimised so that the disease phenotype can be attributed mainly to genetic factors. In 
addition, the role of individual susceptibility loci in disease progression can be evaluated in 
experimental genetic studies. Moreover, by studying crosses between inbred strains, the 
problem of genetic allelic heterogeneity is efficiently circumvented, since only two alleles 
segregate at each locus. In addition, by using several strain combinations in the genetic 
crosses, the chances of identifying additional susceptibility loci are increased. In fact, genetic 
mapping experiments have been successful in defining major susceptibility loci for many 
complex diseases (Encinas and Kuchroo, 1999; Ikegami and Makino, 2001; Jacob et al., 
1992; Wakeland et al., 1997; Wakeland et al., 1999).

Pathology of T1D in the NOD mouse
The NOD mouse spontaneously develops autoimmune diabetes and is the most studied 
animal model for human type 1 diabetes (T1D) (Ikegami and Makino, 2001; Makino et al., 
1980). Overt diabetes is preceded by insulitis, an inflammatory process where mononuclear 
cells infiltrate and accumulate in the pancreatic islets of Langerhans. The mice develop 
hyperglycaemia, overt diabetes, as the insulin-producing p cells are selectively destroyed in 
an autoimmune process (Castano and Eisenbarth, 1990; Delovitch and Singh, 1997; Fujita, 
1982; Makino et al., 1980). Even though virtually all NOD mice develop insulitis before 20 
weeks of age (Makino et al., 1985), the progression to overt diabetes incidence is dependent 
on environmental factors and on genetic drift in particular NOD colonies (Baxter et al., 1989; 
Baxter et al., 1991; Elliott et al., 1988; Todd, 1991; Williams et al., 1990). In a typical NOD 
colony the diabetes incidence reaches 70-80% in females and 20-30% in males at 30 weeks 
of age. The gender effect has been suggested to be the result of sex hormones, consistent
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with the findings that it can be reversed by androgen treatment of females and by castration 
of males (Fitzpatrick et al., 1991; Fox, 1992; Makino et al., 1981). The infiltrating cells are 
mainly CD4+ and CD8+ T cells, but B cells, NK-cells, dendritic cells and macrophages are 
also present in the islets (Fujita, 1982; Kanazawa et al., 1984; Miyazaki et al., 1985; Signore 
et al., 1989). The disease process in the NOD mouse is T cell mediated, and transfer 
experiments with different cell populations have proven that T cells are necessary and 
sufficient for the development of diabetes (Bendelac et al., 1987; Miller et al., 1988). The 
requirement of T lymphocytes in the disease process has also been formally demonstrated by 
the absence of disease in immuno-deficient NOD80107' and NOD1^6'7' mice (Prochazka et 
al., 1992a; Söderström et al., 1996), and in MHC class I and class II deficient NOD mice, 
lacking CD8+ and CD4+ lymphocytes respectively (Katz et al., 1993; Serreze et al., 1994; 
Wicker et al., 1994a). Furthermore, T1D can be adoptively transferred to NOD8010'7" and 
NODRAG‘" mice (Prochazka et al., 1992a; Söderström et al., 1996).

Genetic dissection of Type 1 diabetes in the NOD mouse
In an attempt to understand the pathogenesis of T1D and to identify etiological mutations 
underlying T1D in the NOD mouse, two different approaches have been undertaken. Both 
approaches are initiated by genetically mapping the disease susceptibility loci. Depending on 
what is known about the individual loci either a positional cloning or a candidate gene 
approach is chosen. Following the positional cloning approach, congenic strains are 
constructed that contain an individual susceptibility region, and the congenic region is 
physically mapped and screened for gene content, eventually leading to the identification of 
etiological mutation(s).

The strong association of T ID to HLA class II molecules and the existence of multiple non- 
HLA human disease loci is paralleled in the NOD mouse. Linkage analysis and congenic 
mapping have identified more than 20 diabetes susceptibility (Idd) loci, by outcrossing the 
NOD mouse with several diabetes-resistant strains (summarised in Table 1) (Ikegami and 
Makino, 2001; Serreze and Leiter, 2001). A major contributor to the disease is the Iddl locus 
represented by the class II region of the Major Histocompatibility Complex (MHC), located 
on chromosome 17. By following the candidate gene approach, the NOD mouse was 
described to lack expression of class III-E due to a deletion mutation in the promoter region 
of the gene encoding the Ea chain

14



Table 1. Susceptibility loci to murine type 1 diabetes

Locus Chromosome Insulitis Diabetes Diabetes-resistant strain used References 
for mapping

mi 17 B6 1
C3H 2

.4-. ■ NON 3
BIO 4

ldd.2 9 - + NON 5
- 4- B10.H2g7 6

Idd3 3 + 4- B10.H2g7 7
4- 4- B6.PL-Thyl.a/CY 8
+ + NON.H2g7 9

i”!; ;4- .• . B6 10
Idd4 11 - + B10.H2g7 11
ldd4.1 7 B6 11
ldd4 2 - 7 B6 12
lddS 1 4- + B10.H2g7 13
IddS.l 7 BIO 14

? B6 15
Idd5.2 7 BIO 16
ldd6 6 - 4- B10.H2g7 17

+ 7 Mus spretus 18
6 ' 4'. !■ C3H 19
6 - +.:. B6 20

ldd.7 7 - + B10.H2g7 21
ldd8 14 - + B10.H2g7 21
Idd9 4 ? 4- B10.H2g7 22

? 4- BlOScSnCRC 23
? 4- B6.PL-Thyl.a/CY 24
? 4- NON.H2g7 25

ldd.9.1 ? ■H -s: BIO 26
ldd92 7 . ■ 4"' BIO 27
Idd9 3 ? : + BIO 28
IddlO 3 4- 4- B10.H2g7 29

4- 4- B6.PL-Thy 1 .a/CY 30
■ F-': + B6 31

lddll 4 7 4- BöplusSU 32
7 ; .; 4-::.; BIO 33

Iddl2 14 7 4- BöplusSLJ 34
Iddl3 2 - 4- NOR 35

4- + NOR 36
Iddl4 13 - 4- NON.H2g7 37
IddlS 5 4- 4- NON.H2g7 38
mis 17 7 ■ 4* CTS/Shi 39
lddl7 ........ + B6.PL-Thyl.a/CY 40
lddl8 ■! +'■■'■■■ . B6.PL-Thy 1 .a/CY 41
mi 9 6 - 4- PWK 42

? 4" ■ ’ ■ C3H
ldd20 C3H mmm/ ' ■ >

Except for Idd7, ldd8 and Iddl9, the NOD alleles are more susceptible to insulitis 
and diabetes than alleles of diabetes-resistant strains.
*(+) linkage to insulitis or diabetes; (-) lack of linkage to insulitis or diabetes;
(?) data not available. White areas indicate that the locus was identified by genetic 
mapping, while shadowed areas indicate that the identification was achieved by 
congenic mapping. B6 (C57BL/6), BIO (C57BL/10), NON (non-obese nondiabetic), 
NOR (non-obese resistant)
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References to Table 1

Iddl (1) Ikegami and Makino, 1993 (2) Hatton et al., 1986 (5) Prochazka et al.,
1987 (4) Wicker etal., 1987 

Idd2 (5) Prochazka et al., 1987 (6) Ghosh et al., 1993
Idd3 (7) Ghosh et al., 1993; Todd et al., 1991; Wicker et al., 1994 (8) Todd et al.,

1991; Wicker et al., 1994 (9) Wicker et al., 1995 (10) Lord et al., 1995; Denny et al.,
1997; Lyons et al., 2000 

Idd4 (11) Todd et al., 1991; Gill et al., 1995 
Idd4.1 (12) Grattan et al., 2002 
Idd4.2 (12) Grattan et al., 2002 
IddS (13) Comall et al., 1991
Idd5.1 (14) Hill et al., 2000 (15) Lamhamedi-Cherradi et al., 2001 
Idd5.2 (16) Hill et al., 2000
Idd6 (17) Ghosh et al., 1993 (18) de Gouyon et al., 1993 (19) Rogner et al., 2001 (20) Camaud et al., 2001 
Idd7 (21) Ghosh et al., 1993; Todd et al., 1991 
Idd8 (21) Ghosh et al., 1993; Todd et al., 1991
Idd9 (22) Ghosh et al., 1993; Rodrigues et al., 1994 (23) Rodrigues et al., 1994 

(24) Rodrigues et al., 1994 (25) Wicker et al., 1995 
Idd9.1 (26) Lyons et al., 2000 
Idd9.2 (27) Lyons et al., 2000; Siegmund et al., 2000 
Idd9.3 (28) Lyons et al., 2000
IddlO (29) Ghosh et al., 1993; Prins et al., 1993; Wicker et al., 1994 (30) Prins et 

al., 1993; Todd et al., 1991; Wicker et al., 1994 (31) Lyons et al., 2001 
Iddll (32) Morahan et al., 1994 (33) Brodnicki et al., 2000 
Iddl2 (34) Morahan et al., 1994 
Iddl3 (55) Serreze et al., 1994 (36) Serreze et al., 1998 
Iddl4 (37) McAleer et al., 1995; Wicker et al., 1995 
Iddl5 (38) McAleer et al., 1995 
Iddl6 (39) Ikegami et al., 1995; Babaya et al., 2002 
Iddl 7 (40) Podolin et al., 1997 
Iddl8 (41) Podolin et al., 1998
Iddl9 (42) Melanitou et al., 1994 (43) Rogner et al., 2001 
Idd20 (44) Rogner et al., 2001

(Hattori et al., 1986) and to harbour a rare I-A molecule (Acha-Orbea and McDevitt, 1987). 
Similar to the strong association of certain human DQ J3-chains with T1D (displaying 
alanine, serine, or valine at residue 57), the NOD Ap chain is a variant with a serine at 
residue 57, while most other strains have an aspartic acid (Todd et al., 1987) (Todd JA 
Springer Sem. Impath 92). The incidence of diabetes and insulitis can be reduced or 
prevented by introducing non-NOD MHC class II I-A or I-E class II onto the NOD 
background by transgenic expression (Yamamura et al., 1992). Furthermore, mice transgenic
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for the human susceptibility genes, encoding the DR3 and DQ8 molecules, develop insulitis, 
whereas identical mice transgenic for the genes encoding the protective DQ6 molecule do 
not (Abraham et al., 2000). The genetic dissection of T1D might reveal pathogenic factors 
that are common to other autoimmune disorders as the NOD mouse in addition to modelling 
T1D, displays polyglandular autoimmunity, with chronic inflammation of the pancreatic 
islets, the thyroid gland and the salivary gland (Bernard et al., 1992; Hu et al., 1992; Krug et 
al., 1991; Makino et al., 1980).

Refining susceptibility regions by congenic breeding
Non-MHC susceptibility regions mapped by genetic crosses are generally very large, in the 
order of tens of centi-Morgans (cM). Congenic mouse strains have however been useful to 
(1) confirm linkage obtained by genetic mapping, (2) evaluate the contribution of the 
individual locus to the disease phenotype and (3) narrow down the region of linkage. To 
dissect complex genetic diseases, congenic strains are developed by continuously 
backcrossing a donor strain, harbouring a detected disease protective region, to a disease 
susceptible recipient strain. Assessment of the protection in the congenic strain will reveal 
the contribution of that particular region to the disease process. To further narrow down the 
congenic region, subinterval-specific congenic strains can be established from the original 
congenic strain. Such sub-congenic mice are established by backcrossing the congenic strain 
to the recipient strain and by subsequent screening for recombinations within the 
introgressed region.

Congenic strains have been invaluable in confirmation and fine mapping of regions that were 
identified in murine genome-wide scans for linkage to T1D and SLE (Ikegami and Makino, 
2001; Morel et al., 2001; Serreze and Leiter, 2001; Wicker et al., 1995). Thus, the 
identification of closely linked Idd loci, that separately predispose to T1D, was the result of 
congenic breeding revealing that several genes within an Idd region were causing the 
protective effect that was originally thought to be the effect of a single gene. Thus, the Iddl 
locus has been divided into two loci, Iddl and Iddl 6, located outside the class II MHC 
region (Babaya et al., 2002), two susceptibility loci have been identified within the Idd4 
region (Grattan et al., 2002) and the Idd5 region (Hill et al., 2000), respectively.
Furthermore, both the Idd9 region (Lyons et al., 2000) and the IddlO region (Podolin et al., 
1998; Podolin et al., 1997) were demonstrated to contain three individual Idd loci (Table 1).
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Identification of the etiological mutations in Idd regions has proven difficult. Except for the 
MHC class II genes encoding the I-A and I-E molecules in the Iddl susceptibility region, and 
the p2 microglobulin molecule in Iddl3 on chromosome 2 (Serreze et al., 1998), Idd genes 
have not been identified with even a moderate level of certainty. However, the Iddl, Idd3 
and Idd4 (Grattan et al., 2002; Hattori et al., 1986; Ikegami and Makino, 1993; Wicker et al., 
1987; Wicker et al., 1994b) loci, respectively, have been demonstrated to have a significant 
impact on diabetes, while the genetic factors representing other Idd loci have been shown to 
have a relatively modest individual contribution to the development of T1D. Therefore, it has 
been difficult to study the contribution of individual Idd loci to T1D pathogenesis in genetic 
studies driven by disease phenotypes.

Pathogenesis in murine T1D 
T cell development and induction of tolerance
The thymus provides an environment for T cell precursors to develop, giving rise to a broad 
repertoire of mature T cells. The cells go through a series of developmental stages, and each 
major stage is characterised by the expression of certain cell surface molecules (Kisielow 
and von Boehmer, 1995). Thus, thymocytes are divided into four major subsets, the most 
immature CD4-CD8- (double negative (DN)), the more mature CD4+CD8+ (double positive 
(DP)) and the most mature CD4+CD8- or CD4-CD8+ (single positive (SP) thymocytes).

TLP

CD4- CD8- 
Double Negative (DN) CD4-710

CD8lo/+

CD4+ CD8+ Single Positive
Double Positive (DP) (SP)

TCRP>° TCRap>°TCRapw _ 
nO n O nO

0°uoo
0 CD4+ 

XCRhigo o §0 0 §0 0
00° 00° 00°
0° 0° 0° CD8+

TCRa gene “■ 0 ICR*”
rearrangement 0°

Positive Selection 

Negative Selection

Figure 1. Major steps in T cell development (adapted from Sebzda et al., 1999).
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The DN thymocytes can be further divided into four subgroups. The earliest T cell 
precursors, thymic lymphoid precursors (TLP) enter the thymus with the CD44+CD25- 
surface phenotype (Wu et al., 1991). TLPs proceed to a stage of proliferating CD44+CD25+ 
pro-T cells, the first differentiation stage that is committed to the T cell lineage (Moore and 
Zlotnik, 1995; Zuniga-Pflucker et al., 1995). The following stage is the early pre-T cells, that 
show a CD44-CD25+ surface phenotype and undergo rearrangement of the gene encoding 
for the TCR P chain (Dudley et al., 1994; Godfrey et al., 1994; Hozumi et al., 1994). Cells 
that have undergone a functional rearrangement express the P chain in association with the 
pre-Ta chain, forming the pre-TCR complex (Groettrup et al., 1993). Efficient signalling 
through the pre-TCR complex, a developmental checkpoint named p selection (Fehling et 
al., 1995; Mombaerts et al., 1992), results in extensive proliferation and further 
differentiation into the last subgroup of DN cells, CD44-CD25- (Hoffman et al., 1996). 
During the following transition from DN to DP cells, cells proliferate heavily, expression of 
the CD4 and CD8 molecules is initiated, the TCR a chain locus is rearranged, and eventually 
the TCR a and p chains are expressed together with CD3 molecules, forming the TCR 
complex.

DN cells that have passed P selection expand 7 to 8-fold and during the DN to DP transition. 
They then pass through an intermediate stage of intensive proliferation, known as the 
immature single positive stage, with the CD4"/1°CD8+ surface phenotype (Penit et al., 1995; 
Takahama and Singer, 1992). This results in a population of cells with a broad repertoire of 
TCR P chain specificities that go through the a chain locus rearrangement (Penit et al.,
1995). In transgenic models for thymic selection, cells in the DN-DP transition have been 
reported to undergo negative selection based on the TCR reactivity (Takahama et al., 1992). 
In addition, CD4/1°CD8+ immature thymocytes have been reported to undergo an antigen- 
induced developmental arrest resulting in inhibition of proliferation and resistance to 
apoptosis (Takahama and Singer, 1992). The DP thymocytes constitute the major thymocyte 
population and undergo a process of thymic T cell selection on the basis of TCR specificity, 
to ensure self-MHC compatibility. At the DP stage, thymocytes expressing the TCR complex 
exit cell cycle and await thymic selection. DP thymocytes that have not rearranged functional 
TCR chains are not able to bind to self MHC-peptide complexes presented in the thymus, 
resulting in apoptosis (death by neglect) (Janeway, 1994; Kisielow and von Boehmer, 1995; 
Surh and Sprent, 1994).
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Positive selection of DP thymocytes occurs when the avidity of the TCR/MHC-peptide 
interaction is moderate to high (receive survival signals) (Ashton-Rickardt and Tonegawa, 
1994; Surh and Sprent, 1994). This event allows DP cells to mature into SP, class II 
restricted CD4+ cells or class I restricted CD8+ cells (Bevan et al., 1994; Kisielow and von 
Boehmer, 1995; Zinkernagel, 1978).

To eliminate cells that are potentially autoreactive, immature thymocytes expressing high 
affinity TCR complexes for MHC-peptide molecules (Ashton-Rickardt and Tonegawa, 1994) 
are induced to undergo apoptosis during the negative selection process (von Boehmer et al., 
1989). Two different thymocyte populations have been shown to be susceptible to negative 
selection, namely immature DP thymocytes interacting with the thymic cortex and a 
population of semi-mature heat stable antigen111 (HSA111) CD4 SP thymocytes in association 
with the thymic medulla (Kishimoto and Sprent, 1997; Kishimoto and Sprent, 1999; 
Kishimoto et al., 1998). The outcome of thymic selection is also influenced by molecules 
that affect the interaction of thymocytes with stromal cells, such as co-stimulatory molecules 
(Kishimoto et al., 1996) expressed on bone marrow derived dendritic cells (Brocker et al., 
1997; Fowlkes and Ramsdell, 1993; Surh and Sprent, 1994). Nearly mature CD4+ cells 
(Kishimoto and Sprent, 1997) have been suggested to undergo negative selection through a 
Fas-dependent pathway (Kishimoto et al., 1998). Both passive and active mechanisms of 
apoptosis induction are crucial to establish tolerance to self during the thymic selection, a 
process where more than 95% of the thymocytes die through apoptosis.

In summary, maturing thymocytes go through a series of stages of differentiation where 
proliferation is tightly coupled to a decision between cell-death or cell survival that 
determines the faith of the thymocytes and shapes the peripheral T cell repertoire.

Central Tolerance induction in the NOD mouse
The cortical thymic epithelium (TE) has been implicated in the pathogenesis of T1D. 
Development of insulitis in NOD«-^B6 Embryo Aggregation (EA) chimeras has been 
demonstrated to depend on the presence of NOD cortical TE, suggesting that thymic 
selection contributes to the development of autoimmunity in the NOD mouse (Forsgren et 
al., 1991). Furthermore, grafting of TE from NOD embryos to newborn B6 mice results in 
the development of insulitis, supporting the idea that selection on NOD TE results in 
autoimmunity (Thomas-Vaslin et al., 1997). In line with these results, protective alleles of 
the MHC class II molecules have been implicated in the process of thymic selection (Luhder 
et al., 1998). A number of defects in the negative selection process of the NOD mouse have
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been described, including the negative selection of autoreactive CD4+ T cells (Schmidt et 
al., 1999), and the Ia^87 independent negative deletion of a semi-mature population of 
thymocytes located in the medulla (Kishimoto and Sprent, 2001). In addition, the thymic 
architecture in the NOD mouse is disturbed, resulting in (1) a loss of the cortico-medullary 
junction implicated in the negative selection, in (2) large areas devoid of MHC expressing 
epithelial cells, and in (3) spreading of medullary sub-types of epithelial cells to the cortex 
(Savino et al., 1991).

Peripheral immuno-regulation and induction of tolerance
Despite complex selection mechanisms working towards the establishment of self-tolerance 
during T cell development (Hugo et al., 1993; Schwartz, 1989), the body contains potentially 
autoreactive lymphocytes that can be driven to give rise to autoimmune reactions (Romball 
and Weigle, 1984; Whiteley et al., 1990), suggesting that these cells are normally suppressed 
in the periphery. It is assumed that tolerance can be maintained by functional ignorance of 
the self-antigen, namely by anatomical sequestering or by absence of co-stimulatory signals. 
In addition, tolerance can be achieved by mechanisms acting on mature lymphocytes that 
encounter antigen in peripheral tissues. The active mechanisms of peripheral tolerance 
include deletion of activated self-reactive cells, or its functional suppression by regulatory 
cells (van Parijs et al., 1998).

At least three regulatory pathways actively prevent and terminate immune responses by 
inducing T cell apoptosis or T cell inhibition (van Parijs et al., 1998), namely activation- 
induced cell death (AICD), CTLA4 mediated inhibition and cytokine mediated regulation. In 
addition, activated T cells can be passively eliminated since deprivation of survival signals 
terminates the expression of anti-apoptotic proteins (Bcl2 family). It is possible that the 
mechanisms that terminate immune responses are important to maintain self-tolerance in the 
periphery. In fact, autoimmune manifestations can arise in mice deficient in proteins critical 
for AICD and for the down-regulation of activated T cells. Hence, Fas and Fas-L mutations 
in mice result in lupus-like autoimmune disease (Nagata and Suda, 1995), due to prolonged 
survival of autoreactive helper T cells (van Parijs et al., 1998) and an inability to eliminate 
self-reactive B cells by apoptosis (Rathmell et al., 1995). Furthermore, mutations in the Fas 
gene are also associated with cases of lympho-proliferation and SLE in humans (Rieux 
Laucat et al., 1995).
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CTLA4 mediated T cell inhibition has been described as an important mechanism to down- 
regulate the immune response (Thompson and Allison, 1997). CTLA4 is induced in T cells 
after activation and competes with CD28 for binding to B7 molecules. The ligation of 
CTLA4 results in the inhibition of IL2 transcription and of cell cycle progression. As a 
consequence, T cell activation is shut off and the cells remain functionally unresponsive 
(Chambers and Allison, 1997). CTLA4 gene deficiencies lead to massive accumulation of 
activated T lymphocytes in the spleen and lymph nodes, infiltration of multiple tissues, and 
death at 3-4 weeks (Tivol et al., 1995; Waterhouse et al., 1995). Although this phenotype is 
suggestive of autoimmunity, there is no demonstration that the cells recognise or respond to 
self-antigens.

Immuno-regulation is also achieved by regulatory cell suppression or cytokine mediated 
suppression (van Parijs et al., 1998). Neonatal thymectomy or induction of lymphopenia in 
rats precipitates various organ-specific autoimmune manifestations (Fowell and Mason, 
1993). Regulatory T cells have been demonstrated to suppress inflammatory and 
autoimmune manifestations in different systems (Fowell and Mason, 1993; Singh et al.,
2001) and it has been proposed that a thymocyte subset is educated to suppress self-reactive 
T cells in the periphery, dominant tolerance (Modigliani et al., 1996). Regulatory T cells 
have been found in phenotypically diverse populations including CD4+CD25+ splenocytes 
(Asano et al., 1996), CD4+CD45RC10 and CD4+CD45RB10 splenocytes (Fowell and Mason, 
1993; Mason and Powrie, 1998), CD4+CD62+ thymocytes (Herbelin et al., 1998) and 
TCRap+CD4_CD8~Nkl.l+thymocytes (Hammond et al., 1998). Cytokine mediated 
regulation is an important mechanism to modulate lymphocyte activity, and to stimulate 
different T cell effector mechanisms. While different T helper subsets (Thl and Th2) cross- 
regulate each other’s development and function (O'Garra, 1998), certain cytokines are known 
to suppress immuno-pathology mediated by both Thl and Th2 cells (Bridoux et al., 1997; 
Powrie et al., 1996), e.g. TGF-p, which inhibits lymphocyte proliferation and development 
of both Thl and Th2 subsets (Schmitt et al., 1994). These inhibitory cytokines limit the 
expansion of activated lymphocytes and return activated macrophages and other 
inflammatory cells to their normal resting state.

Peripheral tolerance induction in the NOD mouse
Studies in the NOD mouse have implicated the induction of peripheral tolerance in the 
development of T1D. The diabetogenic process can be interrupted at the level of insulitis, 
and the progression to diabetes has been suggested to depend on the balance between 
effector cells and regulatory cells. In fact, regulatory T cell populations have been suggested
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to be deficient in the NOD mouse, including natural killer (NK) T cells (Camaud et al.,
2001; Laloux et al., 2001; Poulton et al., 2001). Further experiments supporting the notion 
that regulatory cell deficiencies are involved in the pathogenesis of T1D, have shown that 
adoptive transfers of diabetogenic NOD splenocytes, together with diverse regulatory 
populations from prediabetic NOD mice, including CD4+CD62L+ thymocytes (Herbelin et 
al., 1998), CD4+CD25+ splenocytes (Green et al., 2002; Salomon et al., 2000) and NK T 
cells (Baxter et al., 1997; Falcone et al., 1999; Lehuen et al., 1998) protect from disease 
progression. Progression from insulitis to diabetes can be accelerated in NOD mice by 
cyclophosphamide (CY) treatment, particularly in disease resistant NOD males. It has been 
suggested that CY preferentially depletes regulatory cells and thereby altering the 
regulatory/effector cell ratio (Bach et al., 1990; Charlton et al., 1989; Yasunami and Bach, 
1988). Another explanation for CY-enhanced autoimmunity is that effector cells expand after 
the CY treatment and outnumber the regulatory cells.

Cytokines mediate T cell activity and are important in the T1D disease process, and have 
been suggested to play a role in the transition from insulitis to diabetes (Charlton and 
Lafferty, 1995; Liblau et al., 1995). A large number of observations suggestthat pro- 
inflammatory cytokines (IL1, IFNa and TNFa) and type 1 cytokines (IFNy, TNFJ3, IL2 and 
IL12) enhance the destruction of the P cells, while type 2 (IL4 and IL10) and type 3 (TGFp) 
cytokines inhibit this process (Andre-Schmutz et al., 1999; Hancock et al., 1995;
Rabinovitch et al., 1996; Rabinovitch et al., 1995). Therefore a notion has developed that the 
imbalance of Thl/Th2 cells may play a role in T1D pathogenesis.

T cell apoptosis in the immune system
Apoptosis or programmed cell death is a physiological mechanism of cell death that enables 
homeostasis and elimination of undesirable cells, playing an important role at several stages 
of both T cell development and peripheral regulation and termination of immune responses. 
The apoptotic process is characterised by a variety of morphological changes including cell 
shrinkage, chromatin condensation, nuclear fragmentation, membrane blebbing and inter- 
nucleosomal cleavage of DNA (Wyllie et al., 1980). The process culminates with the 
generation of apoptotic bodies that are rapidly removed by phagocytosis. In sharp contrast 
with necrosis, there is no leakage of cellular contents, therefore minimising inflammatory 
reactions.
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Activation of T cells during an immune response depends on two signals. The first signal is 
delivered through the antigen receptor and ensures the specificity of the response. The 
second signal is mediated through the innate immune system, which is activated by 
pathogens. It consists of co-stimulatory molecules and cytokines that promote survival, 
clonal expansion and differentiation into effector or memory cells (Fearon and Locksley, 
1996; Medzhitov and Janeway, 1997). Co-stimulatory molecules (B7-1, B7-2) expressed by 
the antigen presenting cells (APCs) mediate signals through CD 28 on the T cells leading to 
the expression of pro-survival members of the Bcl2 family (e.g. Bcl-xl) and of cytokines (e.g. 
IL2) that drive expansion and differentiation (Boise et al., 1995; Schwartz, 1992).

To maintain homeostasis after expansion of lymphocyte populations, apoptosis mechanisms 
operate to terminate and prevent immune responses. Within one to three months after an 
immune response, the number of cells of an evoked clone returns to normal numbers because 
activated cells are eliminated by apoptosis (McHeyzer-Williams and Davis, 1995; Sprent and 
Tough, 1994). This can be passively achieved by absence of survival and activation stimuli 
(growth factor deprivation) or by actively inducing regulatory systems to control lymphocyte 
proliferation and differentiation of activated cells (Van Parijs and Abbas, 1998). Both 
passive and active mechanisms may involve cell death that share the same terminal phase of 
cell dismantling and show the morphological and biochemical hallmarks of apoptosis 
(Depraetere and Golstein, 1998), but have largely distinct induction pathways, molecular 
controls and physiological functions (Strasser et al., 1995).

Activated lymphocytes deprived of survival signals lose expression of anti-apoptotic proteins 
(Bcl2 family) and die by neglect. The importance of a balance within the Bcl2 family of 
proteins in passive cell death has been demonstrated by (1) the loss of lymphocytes in Bcl2 
and Bcl-x deficient mice (Motoyama et al., 1995; Veis et al., 1993), by (2) the correlation 
between reduced expression of Bcl2/Bcl-xl and the decline of cell numbers after 
immunisation, and by (3) enhanced survival of lymphocytes in Bcl2 transgenic mice (Nunez 
et al., 1991; Strasser et al., 1991).

Activation-induced cell death (AICD) uses death receptors to mediate activation of caspases, 
engaging the apoptosis machinery. The best-characterised death receptors are CD95 (Fas), 
TNFR1, Death Receptor 3 (DR3), DR4 and DR5. The ligands for the death receptors belong 
to the TNF gene superfamily (Chinnaiyan et al., 1996; Nagata, 1997; Pan et al., 1997). 
Repeated activation of T cells leads to expression of Fas Ligand (Fas-L), which binds Fas, 
and triggers both autocrine and paracrine programmed cell death. The importance of the Fas
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pathway is revealed by the autoimmune-like phenotype of mice with mutations in Fas or Fas- 
L (Takahashi et al., 1994; Watanabe-Fukunaga et al., 1992). As these mice do not exhibit 
abnormally prolonged responses to exogenous antigens it is possible that Fas-mediated 
apoptosis of T cells is most important to eliminate cells that repeatedly encounter antigen, 
such as self-antigens (Van Parijs et al., 1998).

Studies of mouse strains with alterations in the Fas, Fas-L, Ctla4 and Bcl2 genes indicate 
that imbalanced T cell development and T cell homeostasis are associated with autoimmune 
manifestations (Cohen and Eisenberg, 1991; Takahashi et al., 1994; Tivol et ah, 1995; 
Watanabe-Fukunaga et ah, 1992; Waterhouse et ah, 1995). Therefore, defective T cell 
apoptosis induction may be a general pathogenic mechanism in autoimmune diseases.

T cell apoptosis in the NOD mouse
Defects in co-stimulation have been reported in the NOD mouse, including (1) defects in the 
myelopoiesis (Feili-Hariri and Morel, 2001), suggested to affect the maturation of 
macrophages and dendritic cells (Serreze et ah, 1993), and (2) low expression of MHC class 
II, CD80 and CD40 on dendritic cells (Strid et ah, 2001), recently demonstrated to reduce 
AICD (Noorchashm et ah, 2000). Furthermore, low expression of CD86 in the NOD mouse 
results in the impairment of both T cell activation and CTLA4 up-regulation (Dahlen et ah, 
2000). In addition, splenic dendritic cells from NOD mice have been reported to induce 
prolonged proliferation of syngeneic T cells, and it was suggested that the prolonged T cell 
response resulted from an impaired apoptosis induction (Radosevic et ah, 1999).

Peripheral T cells and mature T cells in the thymus of NOD mice display patterns of 
unresponsiveness and decreased cytokine secretion upon TCR/CD3 stimulationJRapoport et 
ah, 1993). Defects in MAPK-related signalling in NOD T cells were recently reported 
(Zhang et ah, 2001) This was suggested to result in disturbances in apoptosis induction. 
Furthermore, in vitro activated T cells displayed a resistance to apoptosis induced by IL2 
withdrawal in the NOD mouse (Garchon et ah, 1994). In addition, during early life, an 
increased resistance of T cells to apoptosis in NOD mice was suggested to be associated with 
a deregulated expression of Bcl-x (Lamhamedi-Cherradi et ah, 1998).

In summary, various T cell related abnormalities in the NOD mouse have been reported, 
including inefficient selection of regulatory cells, alterations in both positive and negative 
selection, a bias towards peripheral auto-aggressive Thl cell populations and possible defects 
in co-stimulation and T cell apoptosis. In addition to these defects, the work presented in this
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thesis reveals defects related to T cell development and apoptosis induction both at the level 
of thymocytes and peripheral T cells, proposed to be relevant to the development of T1D in 
the NOD mouse.
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DISCUSSION

General strategy: The sub-phenotype approach
Despite extensive efforts made to identify genetic susceptibility loci underlying T1D and 
defects in the immune system of the NOD mouse, little work has been done to correlate the 
genetic and immunological data so far, and consequently, the biological functions mediated 
by individual Idd loci are largely unknown. The scenario of multiple defects in the immune 
system of the NOD mouse, together with the polygenic nature of murine T1D, motivated the 
development of a strategy that relates specific biological functions (sub-phenotypes) to 
individual susceptibility loci leading towards the understanding of T1D pathogenesis.

To search for such biological functions, it has been the intention in this thesis work to 
identify immuno-related NOD phenotypes that genetically map to Idd loci. Based on the 
assumption that all major diabetes susceptibility loci in the NOD mouse have been identified 
as one of the 20 Idd susceptibility regions, we argued that phenotypes that do not map to any 
Idd locus could be excluded as major contributors to diabetes. On the other hand, phenotypes 
that map to Idd loci would represent possible contributors to the disease process, and provide 
a rationale to search for candidate genes.

As discussed above, several defects in the immune system of the NOD mouse have been 
reported and the prevailing view has been that the predisposition of NOD mice to T1D 
reflects abnormalities in peripheral tolerance mechanisms (Delovitch and Singh, 1997; 
Wicker et al., 1995). In addition, various defects in central tolerance mechanisms of the 
NOD mouse have been described, in both positive (Luhder et al., 1998; Thomas-Vaslin et 
al., 1997) and negative selection (Kishimoto and Sprent, 2001; Schmidt et al., 1999), 
suggesting that defects of thymocyte development play a role in the pathogenesis of TID. In 
this thesis, I have identified immuno-related sub-phenotypes that might implicate both 
central and peripheral mechanisms of tolerance in this T cell mediated disease. More 
specifically, the role of (1) apoptosis induction in thymocytes and in peripheral T cells and 
(2) proliferation properties of developing thymocytes in the pathogenesis of murine T1D 
were studied.
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Resistance to cyclophosphamide-induced apoptosis in NOD lymphocytes 
(Paper I)
NOD«~»B6 EA chimeras, previously studied in our laboratory, are protected from 
spontaneous T1D, while nearly all chimeras develop insulitis, suggesting that the disease is 
suppressed by peripheral immuno-regulatory mechanisms. Supporting the idea that 
cyclophosphamide (CY) treatment alters the regulatory/effector T cell ratio, CY treatment 
was found to precipitate the disease in NOD<--»B6 EA chimeras (Colucci et al., 1996b). 
Interestingly, disease induction showed a strong correlation with enrichment of NOD 
peripheral lymphocytes (Colucci et al., 1996b). The preferential depletion of B6 
lymphocytes, together with the fact that NOD lymphocytes have been reported to exhibit 
dysfunctions in apoptosis induction (Garchon et al., 1991; Garchon et al., 1994; Leijon et al., 
1994; Penha-Goncalves et al., 1995), prompted us to study apoptosis induction in NOD 
lymphocytes treated with CY. We observed that NOD lymphocytes are relatively resistant to 
CY-induced apoptosis (Colucci et al., 1996a) (and Paper I), revealing an interesting sub
phenotype potentially associated with diabetes in NOD mice (Paper I).

The sub-phenotypes analysed in this thesis provide the possibility to analyse a qualitative 
disease on the basis of quantitative biological parameters. The sub-phenotypes that we chose 
for genetic mapping display are continuous variables (quantitative traits) and can be analysed 
under the assumption that the phenotype in each individual is quantitatively controlled by 
several different loci (quantitative trait locus - QTL) (Paterson et al., 1988).

Genetic mapping of the CY-apoptosis resistance trait
To test the relevance of the identified CY-apoptosis resistance in NOD mice to the 
pathogenesis of T1D, the trait was analysed for association to Idd regions by performing 
QTL mapping. QTL mapping is performed to map these loci, to define their genetic location 
and their relative contribution to the phenotype. Genetic mapping of QTL’s requires a 
progeny in which (1) the alleles controlling the trait segregate and (2) the trait values display 
a normal distribution. QTL mapping can be performed using second-generation cohorts of 
inbred strains, such as backcross or F2 generations, where the phenotype-causing alleles 
segregate. Genetic analysis in F2 progenies allows for detection of alleles that control the 
trait in recessive, dominant and additive fashions. On the contrary, BC generations only 
allow for the detection of dominant alleles. It is possible that the diabetogenic effect of some 
Idd loci is mediated by recessive alleles while others are mediated by dominant alleles.
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Therefore, we have chosen to study F2(B6xNOD) progenies to perform QTL mapping of our 
NOD traits. Thus, the CY-apoptosis resistance trait was analysed in the parental NOD and 
B6 strains, together with Fl(B6xNOD) mice and an F2(B6xNOD) progeny. We found this 
trait to be quantitatively controlled and to meet the requirements for QTL analysis as the 
alleles controlling the trait were segregating in the F2 progenies, and the trait values were 
normally distributed.

Next, we genetically mapped the CY-apoptosis resistance trait in an F2(B6xNOD) progeny 
of 90 females. First, we analysed the co-segregation of the trait with markers mapping to the 
main Idd loci detected in crosses between NOD and B6 mice. To classify the F2 progeny for 
linkage studies, we used the intermediate value between the two parental distribution 
averages. The F2 mice were qualitatively scored as NOD-like, or B6-like responders if 
displaying a phenotype value lower or higher than the parental distribution, respectively. For 
each marker, the association to the trait was analysed by a chi-square (%2) test, for goodness 
of fit, to the expected distribution, as if the marker was not linked to the phenotype. In 
regions where linkage was detected, the peak of linkage along the chromosome was defined 
by testing multiple markers surrounding the original marker.

In Paper I, we provide evidence that CY-induced apoptosis resistance in NOD peripheral 
lymphocytes genetically maps to the Idd5 region on chromosome 1. The association reached 
the highest significance value at marker DlMit21 (p-value 9.0x10^(previously reported by 
Ghosh et al., 1993 to be strongly linked to the Idd5 locus) (Paper I, table 1).

To test whether markers linked to the Idd5 locus quantitatively control the CY-apoptosis 
resistance trait we scanned chromosome 1 using the MAPMAKER/QTL software (Lander et 
al., 1987). The method of QTL mapping is based on the maximum-likelihood (ML) theorem 
that associates a trait to a genetic location based on statistical probability and then repeatedly 
re-evaluates the linkage based on the newly developed information. In addition, this software 
uses the interval mapping method to calculate the association of the trait to loci located 
between the genotyped markers. The odds of the maximum-likelihood estimates for a QTL at 
each point is calculated as a LOD score, and is plotted against a framework linkage map.
This enables the generation of a probability curve along the chromosome, representing the 
statistical significance of the genetic association at each point (Lander and Botstein, 1989). 
Thus, the genetic location of the QTL can be defined (LOD score analysis) (Paterson et al., 
1988).
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The LOD score values for the CY-apoptosis resistance trait in our F2 progeny peaked at 
markers linked to the Idd5 locus, with a maximum value of LOD = 3.5 at marker DlMit21 
(Paper I, fig.2). In addition, the MAPMAKER/QTL software tests the fitness of the NOD 
allele to particular models of gene action. This analysis showed that the NOD allele 
controlled the CY-apoptosis resistance trait in an additive fashion (Paper I, fig. 1, 2). Under 
the conditions required for QTL mapping, the relative contribution of the variance explained 
by genetic factors can be calculated, since the environmental contribution can be estimated 
based on the variance observed in the parental strains (Lander and Botstein, 1989). Thus, 
42% of the phenotype variance observed in the F2 cohort could be attributed to genetic 
factors, and the Idd5 locus quantitatively controls 21% of the variance of the apoptosis 
resistance trait in the F2 progeny.

Resistance of NOD thymocytes to y-irradiation induced apoptosis 
(Paper II)
As discussed earlier, apoptosis plays a pivotal role in tolerance induction (i.e. thymic 
selection and down-regulation of immune responses), and defects in apoptosis induction 
have been shown to result in autoimmune manifestations (Cohen and Eisenberg, 1991; 
Takahashi et al., 1994; Tivol et al., 1995; Watanabe-Fukunaga et al., 1992; Waterhouse et 
al., 1995). The observation that NOD lymphocytes are relatively resistant to CY-induced 
apoptosis motivated us to investigate other apoptosis pathways in the NOD mouse. No 
defects in apoptosis induction were observed when NOD lymphocytes were challenged with 
anti-CD3 or anti-Fas antibodies (unpublished observations), while both thymocytes and 
peripheral lymphocytes were found to be resistant to y-irradiation induced apoptosis, 
identifying the second NOD sub-phenotype presented in this thesis (Paper II).

Genetic mapping of the irradiation apoptosis resistance trait
Using a similar approach as described above (Paper I) for the genetic mapping of the CY- 
apoptosis trait, the resistance of NOD thymocytes to y-irradiation induced apoptosis was 
genetically mapped to the Idd5 region. Evidence of linkage was also found to the Iddl region 
(Paper II, table 1 and 2). Over the Idd5 region, the association reached the highest 
significance value at marker DlMit21 (p-value 8.6xl0 5) (the same marker that displayed the 
strongest linkage to CY-induced apoptosis resistance), and the NOD allele was shown to 
control the trait in an additive fashion (Paper II, fig.2). The results from the mapping studies 
suggested that markers linked to the Iddl locus control y-irradiation induced apoptosis in 
thymocytes (i.e. markers D17mit28 and D17Mit34 in the MHC region) (Paper II, table 2). 
However, NOD.H-2b mice displayed a y-irradiation induced resistance phenotype similar to
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that of the NOD strain, indicating that the B6 MHC haplotype per se does not confer the 
phenotype (data not shown).

Analysis of Idd5 congenic strains (Papers I and II)
In this thesis, the sub-phenotype approach has been combined with the construction and/or 
analysis of NOD strains congenic for the Idd region to which the NOD trait has been 
genetically mapped. The construction of congenic strains aims to isolate single components 
controlling the trait (i.e. only one QTL), permitting us to evaluate the contribution of a single 
QTL to both the trait and to T1D pathogenesis.

Genetic sub-phenotype regions identified by QTL mapping are generally very large, 
containing many genes. For instance, the region significantly linked to both the CY-induced 
apoptosis resistance phenotype, and to the y-irradiation phenotype, was roughly 35cM, 
overlapping with the IddS region (Paper I, fig.3 and Paper II, table 1). To confirm the results 
of the genetic mapping and to refine the regions of linkage, we analysed congenic stains or 
recombinant congenic strains over the Idd5 region. The non-obese resistant (NOR) 
recombinant congenic strain is derived from the NOD mouse and carries 88% of the NOD 
genome (Prochazka et al., 1992b). The NOR mouse carries a 20cM NOD derived region 
included in both the Idd5 region and the apoptosis resistance regions. Analysis of NOR mice 
for the CY-apoptosis phenotype and for the y-irradiation phenotype (Paper I, fig.l and data 
not shown) confined the region of linkage to a 20cM chromosomal segment (Paper I, fig.3), 
included in the 40cM chromosomal region originally identifying the Idd5 locus (Comall et 
al., 1991; Garchon et al., 1991). In Paper II, we also analysed Idd5 congenic NOD.B6-C7./ 
mice for the y-irradiation apoptosis resistance phenotype. We concluded that a B6-derived 
6cM chromosomal segment defined by markers DlMit478 to DlMit21 (both markers 
included), located within the 20cM NOD derived NOR region on chromosome 1, restored 
the y-irradiation induced apoptosis resistance (Paper II, fig.2).

The development of a series of congenic strains over the Idd5 region, led to the identification 
of two loci within the Idd5 region, located within a 9.4cM interval on chromosome 1 (Figure 
2) (Hill et al., 2000). IddS.l was identified in the proximal 1.5cM portion of the interval, 
containing the candidate genes Casp8, Cflar (FLIP), Cd28 and Ctla4, while Idd5.2 was 
detected in the distal 5.1cM portion, containing Nrampl and Cmkarl. More recently, the 
proximal portion of the IddS.l region, containing Cflar and Casp8, was excluded by analysis 
of a new set of IddS.l congenic strains (Lamhamedi-Cherradi et al., 2001).
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The two apoptosis resistance phenotypes identified above were both genetically mapped to 
the ldd5 region. The strongest linkage was obtained with the DlMit21 marker (Paper I and 
Paper II), closely linked to DlMit5, which was reported as the Idd5 marker most strongly 
linked to T1D (Comall et al., 1991; Ghosh et al., 1993). These data suggest that both these 
traits are mediated by a common genetic factor mapping within the ldd5 region. In fact, the 
analysis of NOR and NOD.B6-C/.7 strains supports this hypothesis. Furthermore, marker 
DlMit21, providing the strongest linkage to both apoptosis resistance traits, was recently 
restricted to the Idd5.1 locus (Lamhamedi-Cherradi et al., 2001), raising the possibility that 
the diabetogenic effect exerted by the Idd5.1 locus and both apoptosis resistance traits are 
controlled by a common genetic factor mapping within the Idd5.1 locus.
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Candidate genes for the Idd5 region
Our results from the genetic mappings demonstrated that a gene(s) located within the Idd5 
region, most likely the ldd5.1 region, control resistance of NOD lymphocytes to CY and y- 
irradiation induced apoptosis. Interesting candidate genes for the Idd5.1 locus are the genes 
Ctla4, Cd28 and Icos, which are known to be involved in T cell activation, immuno- 
regulation and central tolerance induction. Therefore, alterations in any of these genes could 
explain the contribution to T1D and to the NOD apoptosis resistance traits presented in Paper 
I and Paper II. To search for potential polymorphisms, the coding regions of the Ctla4 and 
the Cd28 genes were sequenced in NOD and B6 mice, but no differences were detected 
(Paper I). The expression and sequence of Icos has not yet been characterized in NOD mice, 
and thus the Icos gene is still a candidate for the IddS.l locus.

Nevertheless, the Ctla4 gene still constitutes the best candidate gene for the Idd5.1 locus, as 
CTLA4 could contribute to autoimmune predisposition in the NOD mouse at various levels. 
First, CTLA4 is viewed as a negative regulator of T cell activation (Bluestone, 1997; 
Krummel and Allison, 1995; Krummel and Allison, 1996; Oosterwegel et al., 1999; Tivol et 
al., 1995; Walunas et al., 1994; Waterhouse et al., 1995), and Q/a4-deficient mice develop 
early lethal lymphoproliferative and immunological disorders (Waterhouse et al., 1995). 
Moreover, regulatory CD4+CD25+ T cells require the expression of Ctla4 to mediate their 
inhibitory effect (Read et al., 2000; Takahashi et al., 2000). Additionally, Ctla4 has been 
implicated in thymic selection as a modulator of TCR signalling, as addressed by thymocyte 
responses to in vivo anti-CD3 stimulation (Cilio et al., 1998).

Analysis of the expression patterns of CTLA4 and CD28 in anti-CD3 stimulated T cells 
revealed differences between NOD and B6 mice, both in vitro (Paper I, fig.4) and in vivo 
(data not shown). Furthermore, we observed that both peripheral lymphocytes and 
thymocytes of Q/a4-deficient mice are highly resistant to apoptosis induced by y-irradiation 
(Paper II, fig.5), supporting a role of Ctla4 in the apoptosis resistance observed in the NOD 
mouse.

Common factors in apoptosis induced by CY, irradiation and Ctla4
It has been demonstrated that y-irradiation can promote thymocyte development in immuno- 
deficient mice (Guidos et al., 1995; Murphy et al., 1994; Zuniga-Pflucker et al., 1994). In 
fact, both y-irradiation and TCR/CD3 stimulation were demonstrated to induce an /in
dependent signalling pathway (Wu et al., 1996). Therefore, the relative resistance to y- 
irradiation might reflect a degree of inability of NOD thymocytes to integrate the
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developmental signals mimicked by y-irradiation. Moreover, AICD has been demonstrated to 
depend on activation-induced proliferation, in turn coupled to up-regulation of CTLA4 
(Doyle et al., 2001). In line with this observation, cross-linking of CTLA4 was reported to 
induce T cell apoptosis (Scheipers and Reiser, 1998). Interestingly, reduced AICD was 
reported in NOD T cells, suggested to result from inadequate co-stimulation (Noorchashm et 
al., 2000). Altogether, these results provide a scenario where CTLA4 could be intimately 
involved in the signalling pathway mediated by y-irradiation and by CY treatment.

Ctla4 and T1D
Several lines of evidence support the involvement of the Ctla4 gene in the pathogenesis of 
T1D. In fact, the human genomic region orthologous to the IddS.l region coincides with the 
CTLA4/IDDM12 locus. In addition, polymorphisms in the human Ctla4 gene have been 
associated with autoimmune diseases, namely Graves’ disease and T1D (Nistico et al., 1996; 
Yanagawa et al., 1995). By studying the expression pattern of CTLA4 and CD28 in the NOD 
mouse, we observed that Cd28 and, to a larger extent, Ctla4 are induced in anti-CD3 
activated T cells at a lower level in NOD than in B6 mice (Paper I, fig.4). The CTLA4 
expression data in activated T cells is consistent with a possible contribution of the Ctla4 
gene to autoimmune predisposition in the NOD mouse. However, a recent report where 
IddS.l congenic strains were analysed, argues against the role of a low expression of CTLA4 
upon activation in the pathogenesis of T1D, as it was shown that the decrease of inducible 
Ctla4 expression in peripheral NOD T cells is unlikely to be determined by a genetic factor 
included in the Idd5.1 interval (Lamhamedi-Cherradi et al., 2001). Nevertheless, our data 
from the analysis of Ctla4 deficient mice suggests that absence of CTLA4 expression confers 
resistance to y-irradiation induced apoptosis (Paper II, fig.5). Therefore, it is possible that the 
IddS.l T1D susceptibility locus represents a diabetogenic variant of the Ctla4 gene that 
confers a relative resistance of NOD lymphocytes to apoptosis induction.

Resistance to Dxm-induced apoptosis in NOD thymocytes (Paper III)
During thymocyte development, thymocytes expressing high affinity TCR complexes for 
self-MHC-peptide complexes are eliminated through apoptosis (Van Parijs and Abbas, 1998) 
and thymocytes that do not express functional TCRs die by neglect through apoptosis 
(Janeway, 1994; Kisielow and von Boehmer, 1995; Surh and Sprent, 1994). Immature DP 
thymocytes are known to undergo apoptosis upon glucocorticoid treatment, or upon anti- 
CD3 treatment (Gonzalo et al., 1993; Iseki et al., 1991; Shi et al., 1991). In fact, resistance in
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NOD thymocytes to dexamethazone- (Dxm) induced depletion has previously been 
associated to T1D susceptibility through genetic mapping performed in our lab (Penha- 
Goncalves et al., 1995).

In Paper III, we further analysed the Dxm resistance phenotype by performing a time-course 
experiment measuring DP thymocyte depletion and thymocyte apoptosis induction following 
Dxm treatment in NOD and B6 females. Throughout the experiment, the level of apoptotic 
thymocytes reflected the kinetics of the DP depletion and was significantly lower in NOD 
compared to B6 mice (Paper III, fig.l). Thus, the percentage of apoptotic thymocytes 
reached a peak at 12 hours after treatment in both NOD and B6 females, coinciding with a 
maximal difference between the two strains.

Genetic mapping of the Dxm-apoptosis resistance trait
Again, we submitted this potential sub-phenotype to the test of genetic mapping of the trait 
and found that it mapped to the Idd.6 region (Ghosh et al., 1993) with the strongest linkage 
obtained to distal markers D6Mitl4 and D6Mitl5 on chromosome 6. The LOD score values 
peak at markers linked to the Idd6 locus, with a maximum value of LOD = 6.5 at markers 
D6Mitl4 and D6Mitl5 (Paper III, fig.2). The Idd6 locus quantitatively controls 34% of the 
variance of the apoptosis resistance trait in the F2 progeny (53% was attributed to genetic 
factors), and the NOD allele controlled the trait in a dominant fashion. Thymocyte apoptosis 
during T cell development is a key process in the induction of central tolerance (Van Parijs 
and Abbas, 1998; von Boehmer et al., 1989). Therefore our results raise the possibility that 
the apoptosis resistance phenotype reflects a non-MHC dependent defect in the thymic 
selection process in the NOD mouse.

Low rate of proliferation in NOD immature thymocytes (Paper IV)
Apoptosis induction and cell proliferation are crucial mechanisms during thymocyte 
development. The fact that those pathways are tightly coupled encouraged us to study the 
proliferation potential of NOD immature thymocytes. In the course of this analysis, we 
observed that NOD immature thymocytes proliferate at a low rate as compared to diabetes 
resistant strains (Paper IV). The observed delay in replenishment seemed to be caused by the 
absence of an early wave of proliferation among NOD CD4 /1°CD8+ thymocytes (preceding 
the DP stage) (Paper IV, fig. lb).
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Genetic mapping of the low proliferation trait
Next, we wanted to investigate whether the low proliferation trait was controlled by an Idd 
region and, in particular, by the Idd6 locus, which also controls Dxm-induced apoptosis 
resistance. In Paper IV, the NOD proliferation trait was genetically mapped to the Idd6 
region, with a maximum value of LOD = 5.36 at markers D6Mitl4 and D6Mitl5 (Paper IV, 
fig.2). The Idd6 locus quantitatively controls 25% of the variance of the low proliferation 
trait in the F2 progeny (80% was attributed to genetic factors), and the NOD allele acts in a 
dominant fashion. Interestingly, a proliferation phenotype has previously been reported in 
the NOD mouse, namely the hypoproliferation of mature thymocytes, which was genetically 
mapped to the Idd4 locus (Gill et al., 1995). Furthermore, IL2, known to control both T cell 
apoptosis and proliferation (Lenardo, 1991; Van Parijs et al., 1997) constitutes a candidate 
for the Idd3 locus (Denny et al., 1997), and is known to control. Interestingly, the low 
proliferation trait did not map to any of those regions, but instead, it mapped to the Idd6 
region, further indicating that the Idd6 locus mediates its effect at the level of immature 
thymocytes.

Analysis of Idd6 congenic strains (Paper III)
To confirm the results of the genetic mapping, to refine the region of linkage and to evaluate 
the contribution of the Idd6 locus to T1D development, we next constructed-NOD and B6 
reciprocal congenic strains for the ldd6 region (Paper III, table 1).

First, we constructed a NOD.B6(A)-/<M> (N.B-Idd6) congenic strain carrying a 8cM B6- 
derived chromosomal region telomeric to marker D6Mit291, and a NOD.B6(B)-/dd<5 (N.B- 
Idd6-\5) sub-congenic strain carrying a 3cM B6-derved region telomeric to D6Mit200. We 
also constructed a B6.NOD-Idd6 (B.N-j\dd6) congenic strain carrying a 4cM NOD-derived 
region telomeric to marker D6Mitl98 (Paper III, table 1). By analysing the N.B-ldd6 
congenic strain (Figure 3c), we localized a diabetes susceptibility locus within the most 
proximal 8cM region on chromosome 6, included in the previously mapped Idd6 locus 
(Ghosh et al., 1993). We observed a 22% reduced frequency of diabetes in females, and a 
50% reduced frequency in males (Paper III, fig.4).

In addition, by analysing the N.B-/dfc/<5-15 strain, we demonstrated that the 3cM B6-derived 
chromosomal segment telomeric to marker D6Mit200 (Figure 3c) was sufficient to restore 
the apoptosis phenotype of NOD thymocytes. Conversely, the 4cM NOD-derived 
chromosomal segment, carried by the B.N-Idd6 strain (Figure 3c) conferred a NOD-like 
phenotype to mice that otherwise have a B6 genetic background (Paper III, fig.3). The level
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of apoptosis induction in N.B-Idd6-15 (Figure 3c) mice was similar to the high level 
observed in B6 mice while B.N.Idd6 mice display a resistance phenotype similar to that 
detected in NOD mice. These data confine the control of apoptosis resistance to a 3cM 
interval on distal chromosome 6, positioned within the Idd6 region, and indicate that this 
chromosomal region can control the apoptosis phenotype independently of the genetic 
background.
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Figure 3. Congenic mapping of the Idd6 locus.
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Several ldd6 congenic strains have been described and it was recently reported that the ldd6 
region from both C57BL/6 and C3H/HeJ strains partly protects from T1D (summarized in 
Figure 3) (Camaud et al., 2001; Rogner et al., 2001). By analysing a set of Idd6 congenic
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strains, Rogner et al., 2001 reported that the most distal 4cM region on chromosome 6, 
defined by markers D6Mit57 and D6Mit304 mediates the protective effect of the Idd.6 locus 
(strain VIII, Figure 3A). This report, together with our observations, demonstrates that the 
3cM region on distal chromosome 6, which mediates the restoration of the apoptosis 
induction phenotype, is included in the 4cM region representing the Idd6 locus. We 
hypothesize that a genetic component within the Idd6 locus contributes to T1D and mediates 
resistance to thymocyte apoptosis in the NOD mouse by altering the thymic selection 
process. However, it is possible that the genetic factor representing the Idd6 locus segregates 
from the gene(s) controlling the apoptosis resistance trait. Therefore, further refinement of 
Idd6 sub-congenic strains will be useful to address this issue.

The Idd6 locus
The data presented in Paper III and IV suggest that the Idd6 region is involved in the control 
of both apoptosis and proliferation. It is possible that different genes control the apoptosis 
resistance trait and the low proliferation trait in the NOD mouse. However, the markers 
providing the strongest linkage to both the Dxm-apoptosis resistance trait and to the low 
proliferation trait were markers D6Mitl4 and D6Mitl5. Furthermore, since D6Mitl4 was 
previously reported as the Idd6 marker most strongly linked to T1D (Ghosh et al., 1993), the 
data suggest that both thymocyte traits may be mediated by a common genetic factor that 
also represents the Idd6 locus. Two possible explanations are envisaged for the involvement 
of Idd6 in the development of T1D. First, Idd6 could represent a gene controlling the 
survival/apoptosis decisions during T cell development. Signalling pathways leading to 
apoptosis induction and cell proliferation are frequently tightly coupled, e.g. the proto
oncogenes c-Myc and Ras are involved in the control of both cell proliferation and apoptosis 
induction (Evan and Littlewood, 1998; Frame and Balmain, 2000; Sakamuro and 
Prendergast, 1999). Therefore, a single genetic modification could lead to alterations in both 
apoptosis and proliferation in immature thymocytes. Second, Idd6 could constitute a gene 
controlling proliferation of immature thymocytes, resulting in a slower dynamics of 
thymocyte differentiation in the NOD mouse, potentially leading to an accumulation of cells 
resistant to Dxm-induced apoptosis.
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We hypothesise that a genetic component within the Idd6 locus mediates resistance to 
thymocyte apoptosis and a low proliferation of immature thymocytes in the NOD mouse and 
contributes to T1D by altering the thymic selection process.

In summary, four NOD traits implicated in thymic selection and immuno-regulation have 
been genetically mapped to T1D susceptibility regions, namely to Idd5 and Idd6. By 
following this approach, the pathogenesis of the T1D in the NOD mouse can be dissected 
into sub-mechanisms that together lead to a disruption of tolerance. Since it is expected that 
some of those mechanisms could be shared between murine and human T1D, pursuing this 
approach might convey insight into the pathogenesis of human T1D.
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CONCLUDING REMARKS

The aim of this thesis work has been to associate biological functions in the NOD mouse to 
diabetes susceptibility loci by following the sub-phenotype approach. Here we provide 
evidence that:

Resistance of NOD peripheral lymphocytes to CY-induced apoptosis, and resistance 
of NOD thymocytes to y-irradiation-induced apoptosis, map to the Idd5 region. The 
strongest linkage was obtained for markers closely linked to the immuno-regulatory 
Ctla4 gene.

Resistance to both CY-induced and y-irradiation induced apoptosis was restored in 
NOR mice and in NOD strains congenic for the Idd5 region, confining the regions of 
linkage to 20cM in the case of CY-induced apoptosis resistance, and to 6cM for the 
y-irradiation induced apoptosis resistance.

CTLA4 is defectively up-regulated in activated NOD peripheral lymphocytes, and 
CTLA4-deficient mice display a NOD-like resistance to T cell apoptosis induction.

Resistance of NOD DP thymocytes to Dxm-induced apoptosis, and low proliferation 
of NOD immature thymocytes, map to the Idd6 region.

The most distal 8cM region on chromosome 6 represents a diabetes susceptibility 
locus in the NOD mouse. This region includes a 3cM region, which restores the 
Dxm-induced apoptosis in reciprocal Idd6 congenic strains.

Based on these results, we hypothesize that:

The Idd5 contributes to diabetes pathogenesis by mediating T cell apoptosis 
resistance, possibly by altering the expression of CTLA4.

The Idd6 locus contributes diabetes pathogenesis of diabetes by altering the outcome 
of thymic selection, resulting in an autoimmune-prone peripheral T cell repertoire.
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