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1. ABSTRACT 
 

In this review we will discuss recent progress 
from studies on the genetic basis of autoimmune disease 
and how this has advanced our understanding of the 
processes behind disease susceptibility and pathogenesis. 
We review the genetic associations with autoimmune and 
inflammatory disease discovered in the latest genome-wide 
association (GWA) scans, and discuss the importance of 
animal models both for generating candidates and for 
mechanistic studies. Investigating the natural variants of 
key immune regulatory molecules can give us an additional 
level of insight into their function and physiological 
regulation over gene knockouts.  New data showing the 
association of multiple genes involved in pathogen defense 
highlights the potential role of infection in autoimmunity, 
and a more complete understanding of the pathways 
defective in genetically susceptible individuals will also 
give us a handle on how environmental and epigenetic 
factors may be impacting disease. 
 

 
 
2. INTRODUCTION 
 

Susceptibility to autoimmune disease has a 
defined genetic component, and recent progress in 
identifying the genes involved is changing our 
understanding of disease etiology. Variation in the DNA 
sequence is clearly not the whole story since concordance 
in genetically identical twins is less than complete (1), even 
though more recent follow-up studies suggest that 
concordance is considerably higher than previous estimates 
(2). The importance of environmental and stochastic effects 
may equal or exceed that of the genetic makeup in some 
cases. However, genetic and environmental influences are 
probably not independent, and the effect of an 
environmental event may depend on the context of an 
individual’s genetic background. The growing field of 
epigenetics offers a further link between environmental 
events and genetics, and the idea that non-coding 
modifications of the genome induced by nutritional and 
infectious events during early life influence the 
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development of autoimmune disease at a later stage is an 
attractive hypothesis (3).  

 
In this review we will discuss aspects of current 

knowledge with regard to the genetic variants that cause 
autoimmune disease, both from human studies and animal 
models, and how this is advancing our understanding of the 
processes underlying disease susceptibility and 
pathogenesis. We will focus in particular on the organ-
specific autoimmune disease Type 1 diabetes (T1D), as 
well as rheumatoid arthritis (RA) as an example of an 
organ-specific autoimmune disease with a strong 
inflammatory component, systemic autoimmunity in 
systemic lupus erythematosus (SLE), and the inflammatory 
disorder Crohn’s disease (CD), for which there is a clear 
connection between microbial and host genetic factors. 
Besides being distinct examples from the spectrum of 
autoimmune and inflammatory disorders, the study of these 
diseases has also recently been boosted by the publication 
of comprehensive genome-wide association (GWA) studies 
in humans, and by the availability of relevant animal 
models.  
 
3. APPROACHES TO THE GENETIC DISSECTION 
OF HUMAN AUTOIMMUNE DISEASE 
 
3.1. Discovering human autoimmune susceptibility 
genes 

Testing whether variants at a particular genetic 
locus influence susceptibility to disease typically involves 
comparing the frequency of each allele in affected and non-
affected individuals (association), or its inheritance in 
families, for example by affected siblings (linkage). The 
resolution of linkage analysis for common diseases is low, 
but the recent development of new technologies and multi-
centre collaborations to collate large numbers of samples 
with detailed phenotypic information in well-controlled 
experiments has made genome-wide association (GWA) 
studies a powerful tool for human genetics research. The 
recent Wellcome Trust Case Control Consortium 
(WTCCC), for example, scanned 17,000 individuals for 7 
diseases, including T1D and CD, using high density single 
nucleotide polymorphism (SNP) genotyping arrays (4). The 
association of many key SNPs has been confirmed by 
replication, and although exhaustive sequencing will be 
required to identify causal variants (5), strong candidate 
genes arising from these and other studies have been 
identified.  

 
While highly significant p values have been 

achieved in recent GWA studies, the odds ratios, reflecting 
the size of the contribution of a particular SNP to disease 
susceptibility, are generally very low (4). The remaining 
genetic component of autoimmune diseases such as T1D 
for which extensive GWA scans have been performed is 
likely to be caused by a large number of genes with even 
smaller effects in the general population. The power of 
such genes to predict disease susceptibility will be low, 
although potentially increased in combination, but what we 
can hope from the identification of such genes by both 
GWA and candidate screens is the identification of novel 
pathways that play a role in the pathogenesis of 

autoimmune disease, and that may offer new approaches to 
disease therapy. 
 
3.2. The use of rodent models 

Models of human autoimmune disease in rodents 
include both spontaneous models, such as the non-obese 
diabetic (NOD) mouse model of T1D, and experimentally 
induced models such as collagen-induced arthritis (CIA). 
The mapping of susceptibility genes in rodents is useful 
both for generating hypotheses for human disease and for 
mechanistic studies, and the use of targeted knockout mice 
can provide good support for the role of a candidate human 
gene in disease etiology. Despite some important 
differences from human physiology, cross-fertilization 
between the study of human and rodent disease genetics 
accelerates our understanding of autoimmune etiology. 

 
Congenic strains have been the cornerstone of the 

success of mouse genetic studies to date. A genetic interval 
identified from linkage studies to contain gene/s 
influencing disease susceptibility is replaced with the 
corresponding interval from the resistant strain by selection 
of appropriate homologous recombination events during 
breeding, followed by serial backcross. By creating strains 
with successively smaller congenic intervals the locus can 
be fine mapped, and the physiological function in disease 
pathogenesis of candidate genes within the interval can be 
investigated. As with human disease, identification of the 
causative variant can still prove challenging, particularly 
when multiple closely linked genes that function in the 
immune system are present, since it is also almost 
impossible to create a congenic strain containing a single 
gene. However, detailed examination of the biological 
effects of genes and their variants, in combination with 
targeted mutagenesis and complementation where 
appropriate, should ultimately be able to resolve the 
question.  

 
The intensive development of a large number of 

congenic strains to fine map diabetes susceptibility genes in 
the NOD mouse by Wicker et al (6) is a good illustration of 
the power of the congenic strategy (see also section 5.1.), 
but also highlights the difficulties with this approach that 
have become apparent. The main stumbling block is the 
density of genes variant between strains that influence the 
autoimmune phenotype. Protection against disease in the 
initial congenic strain frequently fragments into minor 
effects when smaller congenic strains are developed. 
Systematic fine mapping is complicated by the fact that any 
particular interval may contain a combination of protective 
and susceptible alleles, making the arithmetic of analyzing 
these strains difficult to interpret, and with the implication 
that it is not always possible to conclusively exclude any 
part of the interval as having no effect on phenotype. 
However, as demonstrated by the recent report on the Idd5 
locus in the NOD mouse, congenic strains can be used to 
successfully fine map such genes, and are an incisive tool 
for examining the effect of interactions between genes on 
affected pathways and disease phenotype (7, 8). 

 
Alternative approaches are now also being 

explored, in part to circumvent these problems and to try to 
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speed up the discovery of genes behind known loci 
affecting disease phenotypes. Genome-wide studies of 
quantitative trait loci (QTL) affecting multiple complex 
traits, including inflammatory phenotypes, have been 
undertaken in panels of different mouse strains (9). These 
are, in effect, a parallel of the WTCCC studies in human 
disease, and the major challenge in both cases is the ability 
to detect small genetic effects (10). In a complementary 
approach to traditional mouse genetics, mutagenesis studies 
aim not to discover natural genetic variants but to create 
random new mutations, often with more moderate 
disturbances than a functional knockout, and then map 
these mutants to discover genes that function in the 
regulation of autoimmunity and other traits (11). Using 
ENU (N-ethyl-N-nitrosourea) mutagenesis, a mutation 
causing lymphadenopathy and lupus-like symptoms led to 
the discovery of a novel ubiquitin ligase, Roquin, that is an 
essential negative regulator of the costimulatory molecule 
ICOS affecting the generation of follicular helper T cells 
and autoantibody responses (12). In combination, the use of 
new and traditional tools for analyzing autoimmunity in 
animal models is increasing our understanding of the 
regulation of immune function in autoimmune disease. 
 
4. GENETIC INFLUENCES IN HUMAN 
AUTOIMMUNE AND INFLAMMATORY DISEASE 
 
4.1. Type 1 diabetes (T1D) 
 In Type 1 diabetes the immune system 
specifically destroys the insulin-producing cells of the 
pancreas. This leads to insulin deficiency and an inability to 
take up glucose from the blood. Even with insulin treatment 
the inherent difficulty in maintaining a balance between 
insulin and blood glucose is associated with severe 
secondary complications that profoundly reduce life 
expectancy and quality of life. It has been known for many 
years that the most important genetic determinant of T1D 
susceptibility is the MHC locus on chromosome 6p21, and 
it has now been conclusively shown that there are distinct 
contributions from Class II and Class I genes (13). The 
protein products of these genes are responsible for 
presenting antigen to T cells, and changes in the amino acid 
sequence of the peptide-binding pocket are thought to alter 
the developing T cell repertoire in the thymus (14). The 
VNTR in the insulin (INS) gene promoter on chromosome 
11p15 determines thymic expression levels of insulin. Low 
thymic insulin levels associated with the susceptible allele 
are thought to be insufficient to induce adequate thymic 
tolerance to insulin, which is a known autoantigen in T1D 
(15). In addition to these two established loci, a 
combination of candidate analyses and the recent GWA 
screens have now brought the number of confirmed 
diabetes susceptibility genes up to ten: CTLA4 on 2q33, 
PTPN22 on 1p13, IL2RA/CD25 on 10p15 and IFIH1 on 
2q24, plus four other loci at 12q24, 12q13, 18p11 (PTPN2), 
and 16p13 (KIAA0350-SOCS1) (16-21).  
 

Variants in the 3’UTR region of CTLA4 are 
associated with susceptibility to both T1D and Graves 
disease, and correlate with decreased expression of a 
particular soluble splice variant of CTLA4 in peripheral T 
cells (21). CTLA4 is a negative costimulatory molecule 

that inhibits T cell activation, and although the causal 
variant is not yet firmly established, unraveling the role of 
the soluble splice variant in the control of diabetes is likely 
to be important for a much more complete understanding of 
CTLA4 function in the regulation of T cell responses (22).  

 
PTPN22 encodes the LYP tyrosine phosphate 

protein, also involved in the regulation of T cell activation. 
PTPN22 is associated with other autoimmune disorders 
such as RA, SLE and Graves disease (16, 23). 
Unexpectedly, a recent study by Vang et al suggests that 
the associated Trp620 variant has increased phosphatase 
activity and more potently inhibits T cell activation. The 
authors propose that increased LYP activity could increase 
the threshold for TCR activation, affecting either the T cell 
repertoire by allowing positive thymic selection of 
potentially self-reactive TCR that would otherwise be 
deleted, or by increasing the threshold for regulatory T cell 
(Treg) activation resulting in deficient T cell regulation in 
the periphery (24).  

 
The IL2RA/CD25 locus was originally tested as a 

candidate gene based on the association of the IL2/IL21 
locus in the NOD mouse model of T1D (25), and the 
association has been replicated in GWA studies (20). In the 
NOD mouse, the IL2/IL21 pathway/s play an important 
role in T cell homeostasis (26, 27) (see section 5.1.). There 
is also some support for association of the IL2/IL21 region 
on human chromosome 4q27 with T1D (20), strengthened 
by a recent study in both T1D and RA patients (28). This 
interval was also found to be the strongest association in a 
recent GWA study of Celiac Disease (29).  

 
The association of IFIH1 with T1D (19) raises 

some interesting questions. IFIH1 (or Mda-5) is involved in 
viral recognition and plays a role in inducing type-I 
interferon (IFN) and the apoptosis of infected cells (30-33). 
Human islet cells express IFIH1, and expression is further 
induced by exposure to IFN-alpha. The regulation of IFIH1 
in response to IFN-alpha early during infection may be an 
important mechanism by which islets are able to control 
viral replication. The effect of the associated variant 
(A946T) on IFIH1 function and anti-viral responses is not 
known, but given the long history of posited links between 
viral infection and T1D, it is tempting to speculate that this 
gene may provide a link between host permissiveness to 
viral infection and susceptibility to T1D (34).  

 
Genetic association studies therefore support the 

importance of both thymic and peripheral T cell tolerance, 
the control of immune homeostasis, and also viral defense 
mechanisms in the control of T1D susceptibility. 
 
4.2. Systemic lupus erythematosus (SLE) 

SLE is a systemic autoimmune disease 
characterized by the presence of autoantibodies against 
components of the nucleus. It results in a multi-organ 
disease of which glomerulonephritis (GN), in some cases 
leading to kidney failure, is one of the most severe 
symptoms. The HLA region is also linked to SLE, and 
specific DRB1/DQB1 haplotypes have been shown to be 
associated with susceptibility (35). Complement genes also 
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map to the HLA region (HLA III), and there is a long-
standing association between rare deficiencies in early 
classical complement components and the development of 
SLE (reviewed in (36)). Complement is thought to be 
important in the clearance of apoptotic cells.  

 
Based on studies in rat models (see section 5.2.), 

association with altered copy number of the FCGR3B gene 
was tested for, and found, in SLE patients (37). Copy 
number variants, in addition to the effect of rare 
polymorphisms, are not detectable by GWA scans so 
candidate approaches based on animal models play an even 
more important role in detecting association with this type 
of variant. FCGR3B is expressed in neutrophils and 
eosinophils and is important for the uptake and clearance of 
immune complexes. Low FCGR3B copy number is 
associated with increased risk of disease, and may therefore 
promote a pathogenic build up of autoantibodies in key 
sites (37).  

 
An association with PDCD1 (or PD-1) has been 

replicated in a large number of individuals (38). PDCD1 (or 
PD-1) is critical for peripheral tolerance. It is upregulated 
in T cells upon activation and inhibits TCR signaling and 
T/B cell survival, and mice deficient in PDCD1 are known 
to develop a lupus like disease (39, 40). The associated 
variant is intronic and within the binding site for the 
RUNX1 transcription factor, and it is therefore 
hypothesized that regulation of PDCD1 expression may be 
impaired in susceptible individuals (38). 

 
SLE is also strongly associated with variants in 

the IRF5 (interferon regulatory factor-5) gene. Multiple 
SNPs in the IRF5 gene were detected by re-sequencing and 
analyzed to define haplotypes of 3 functional variants 
associated with susceptibility and protection. The highest 
risk is associated with a haplotype predicted to result in 
high level expression of the alternative exon 1B and an 
insertion in exon 6 (41). IRF5 is activated downstream of 
toll-like receptors (TLR) and IFN-alpha, and induces IFN-
alpha production. From studies using IRF5-deficient mice, 
it is known that IRF5 is important for the control of viral 
infection (42). In addition, based on the proposed 
mechanism behind the association of TLR7 in a mouse 
model of SLE (43) (see section 5.2.) IRF5 could potentially 
play a role in the amplification of TLR signaling aberrantly 
induced by self-antigens. 

 
Pathways involved in the removal of dying cells 

and immune complexes appear to be impacted by multiple 
susceptibility genes in SLE (complement, FCGR3B), and it 
is thought that defective clearance may act as a stimulus to 
further immune responses. Responsiveness to self antigens 
may also be enhanced by increased TLR signaling (IRF5), 
and by inadequate regulation of T and B cell 
activation/survival in the periphery (PDCD1). 
 
4.3. Crohn’s disease (CD) 

Crohn’s disease is a chronic intestinal 
inflammatory disorder that causes diarrhea, bleeding, 
abdominal pain and weight loss, and treatment often 
requires the long-term use of anti-inflammatory drugs or 

surgery to remove severely affected parts of the gut. CD is 
triggered by the microflora of the gut but there is also a 
strong genetic component determining susceptibility to 
disease (44). There have been many recent GWA scans in 
CD, including the WTCCC scan, and they have been very 
effective in identifying new genes associated with CD 
susceptibility and in generating a new working hypothesis 
for disease pathogenesis (45-49). In particular, new 
pathways potentially important for the host immune 
response to gut bacteria and in maintaining epithelial 
barrier function have been identified. Replicated loci 
associated with CD susceptibility now include 
NOD2/CARD15, IBD5, IL23R, ATG16L1, 5p13.1., 
5q33.1. (IRGM) and 10q21.1. Additionally, NCF4, 
PHOX2B, PTPN2, TNFSF15 and 16q24.1. (FAM92B) are 
also associated but await additional replication (50).  

 
NOD2 is a pathogen recognition receptor that 

recognizes bacterial components and triggers an 
antimicrobial response via NFkB activation. In intestinal 
epithelial and Paneth cells NOD2 induces defensin 
production, and in antigen presenting cells (APC) NOD2 
integrates with TLR signaling pathway to activate pro-
inflammatory cytokines, including IL23 (50). IL23 is an 
essential driver of innate and adaptive gut inflammation in 
mouse models (51), and the association of the IL23R locus 
with CD susceptibility confirms the importance of this 
pathway. IL23 can promote intestinal inflammation by 
inducing the expression of IL17 and other cytokines. 
Production of IL23 by macrophages and dendritic cells 
(DC) is thought to be particularly important, and 
macrophages and DC, as well as eosinophils, can generate 
reactive oxygen molecules that are not only key effector 
mechanisms of host defense, they can also mediate 
inflammatory damage and compromise epithelial barrier 
function (50).  

 
The association with ATG16L1 and IRGM 

flagged the potential importance of autophagy in the 
pathogenesis of CD (47). Autophagy has traditionally been 
seen as a pathway involved in the control of cell 
survival/death, but it now has an emerging role in innate 
immunity and the removal of intracellular pathogens 
downstream of TLR4 signaling, and involving regulation of 
Type-1 IFNs (52, 53). The importance of host defense 
pathways is further suggested by the association between 
low copy number of beta-defensin 2 and CD (54), and 
defective antimicrobial production may contribute to 
disease in patients with NOD2 mutations (55). 

 
The locus at 5p13.1. is within a gene desert (an 

interval lacking evident gene coding regions), but the 
associated alleles correlate with expression of the 
prostaglandin E2 receptor PTGER4 (46). PTGER4 is a G 
protein coupled receptor and studies in the mouse have 
shown that PTGER4 promotes epithelial barrier function 
and inhibits immune responses to protect against DSS-
induced colitis (56).  

 
Inhibiting immune responses and promoting 

epithelial barrier integrity seem to be two sides of the same 
coin. Intestinal epithelial cells are no longer considered a 
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passive mechanical barrier (57), and studies in the mouse 
suggest that epithelial cell NFkB activation is the ‘gate-
keeper’ of gut immune responses, determining the 
suppression or enhancement of immune responses, 
epithelial barrier integrity and also the release of microbial 
peptides (58). The picture that emerges from these studies 
is that in genetically susceptible individuals gut microbes 
cause loss of epithelial barrier integrity and activation of 
innate and adaptive immune responses and a pathological 
state of inflammation (50). 

 
The importance of genes with potential roles in 

host defense (NOD2, NCF4) is particularly evident in CD, 
and the identification of two further potential host defense 
genes that are involved in autophagy (ATG16L1, IRGM) is 
a good example of how genome scans have highlighted 
novel cellular process in CD pathogenesis (47). 
Interestingly, despite the apparent differences in etiology, 
there is some overlap between genes associated with CD 
and with autoimmune disorders. In both CD and 
autoimmune disease, the regulation of TLR signaling and 
IFN responses, whether activated by infection or self-
antigens, appears to play a major role in determining 
susceptibility. There is further potential for overlap since 
pathways involved in anti-microbial control (NCF4) may 
also be important for the regulation of autoimmune 
responses, either by a failure to control infection or 
ineffective control of damaging activated T cell responses 
(see also role of Ncf1 in mouse models of RA in section 
5.4.). Much interesting work remains to be done testing the 
proposed mechanistic hypotheses to unravel the roles of 
dysregulated anti-microbial responses, inflammation and 
tissue damage that occurs in CD. 
 
4.4. Rheumatoid arthritis (RA) 

RA is an autoimmune chronic inflammatory 
disease affecting primarily peripheral joints, it leads to joint 
destruction and deformation and results in severe pain and 
loss of mobility. As in other autoimmune diseases the HLA 
Class II locus plays a major role, and in RA HLA-DRB1 
alleles are associated with susceptibility. Association with 
PTPN22, CTLA4 and PADI4 has also been replicated (59). 
PTPN22 and CTLA4 are both also linked to T1D 
susceptibility and, as discussed above, have the capacity to 
regulate T cell activation. PADI4 encodes pepdidylarginine 
deiminase 4 that catalyses the citrullination of proteins (in 
which arginine is deiminated to citrulline), a post-
translational modification present on epitopes recognized 
by autoantibodies in some RA patients (60, 61).  
 

A recent GWA scan confirmed association of 
HLA and PTPN22, and in addition identified a new locus 
in the TRAF1-C5 region on chromosome 8 (62). C5 is a 
component of the complement cascade, and C5-deficient 
mice are resistant to CIA. TRAF1 is an adaptor protein that 
mediates signaling through TNFR1, TNFR2 and CD40, and 
TRAF1-deficient mice have exaggerated T cell responses 
to TCR and TNF signaling (62).  

 
Two further GWA scans identified the 

association of two apparently independent alleles at the 
TNFAIP3-OLIG3 region on chromosome 6q23 (63, 64), 

although it was noted that additional genes within 1Mb, 
IL22RA and IFNGR1, are also involved in immune 
function (63). TNFAIP3 encodes TNF-induced protein 3, 
or A20, an inhibitor of NFkB activation important for 
termination of TNF and TLR signaling. TNFAIP3 can also 
bind TRAF1 (62). TNF is known to play an essential role in 
RA pathogenesis, and TNF blockers are an effective 
treatment for the symptoms of RA. Although the causal 
variants have not been identified, and additional functional 
data is still lacking, the association of two genes involved 
in TNF signaling, TRAF1 and TNFAIP3, may represent 
new important regulatory checkpoints for the TNF pathway 
in RA.  

 
These studies indicate that RA and T1D contain 

many overlapping susceptibility genes (HLA, CTLA4, 
PTPN22), although genes specific to RA pathogenesis 
(PADI4) are also involved, and the TNF pathway in 
particular seems to have potential importance in RA 
pathogenesis. 
 
5. LESSONS FROM ANIMAL MODELS 
 
5.1. Type 1 Diabetes in the NOD mouse 

The non-obese diabetic (NOD) mouse 
spontaneously develops a high incidence of a disease that 
closely resembles many aspects of human T1D. Human 
autoimmune diabetes is likely to exhibit a greater degree of 
heterogeneity than the NOD mouse, and treatments that 
work in the mouse model are not guaranteed to work in 
human patients. However, to date it has proved a 
remarkably faithful model in terms of genetic 
susceptibility. The human MHC Class II susceptibility 
alleles are mirrored by the NOD susceptibility variant, and 
are thought to act in similar ways to affect antigen 
presentation and selection of the immune repertoire. 
Furthermore, as in human diabetes, genes in the Class I 
region are also associated with disease susceptibility (65). 

 
 The Idd3 locus on mouse chromosome 3 has been 
successfully mapped to 780 kb interval containing the IL2 
and IL21 genes (66), and functional studies have shown 
that genes in the Idd3 interval control T cell homeostasis. 
Protective Idd3 genes correct the destructive cytotoxicity of 
CD8 T cells in the NOD mouse (26), and overcome the 
deficiency in Treg function (27). There are established 
links between IL2-deficiency, lymphopenia, defective Treg 
function and the development of autoimmune disease (67, 
68). Idd3 congenic mice have increased IL2 expression 
compared to NOD mice, and reducing IL2 copy number in 
Idd3 congenic mice overcomes diabetes protection (27). 
IL21 and IL21R expression are reduced in Idd3 congenic 
mice and have demonstrated importance in immune 
homeostasis (26). It is therefore likely that dysregulated 
expression of both of the closely linked IL2 and IL21 genes 
is important in causing the pathogenic disturbances in T 
cell homeostasis driving autoimmunity and diabetes in the 
NOD mouse.  
 
 The Idd5 locus on chromosome 1 was initially 
divided by congenic mapping into two loci known as 
Idd5.1. and Idd5.2. (69), and a recent report demonstrates 
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the deeper complexity of this locus and describes the 
additional loci Idd5.3. and Idd5.4. (7). These studies 
demonstrate that, given sufficient resources, congenic 
mapping is possible even in chromosomal regions where 
there is a high density of genes affecting phenotype, and 
with alleles from the susceptible strain having both positive 
and negative effects. Fine mapping strongly supports the 
role of an SNP variant in exon 2 of Ctla4 as the Idd5.1. 
genetic variant, and suggests Nramp1 as a candidate for 
Idd5.2. (69, 70). In human T1D, susceptibility at the 
CTLA4 locus is associated with reduced expression of a 
soluble splice variant (21). In NOD mice the susceptible 
Ctla4 variant is associated with reduced expression of a 
splice variant lacking the CD80/CD86 ligand-binding 
domain, known as liCtla4 (21, 70). The liCtla4 protein 
product is expressed in T cells, and inhibits T cell 
responses by binding and dephosphorylating the TCRzeta 
chain (71). The larger Idd5 interval is associated with 
lymphocyte resistance to apoptosis (72), and decreased 
levels of full length Ctla4 are reported by this group in 
recently activated T cells following stimulation with anti-
CD3. Interestingly, the NOD defect in Ctla4 expression in 
this assay is controlled by a chromosome 1 interval distal to 
Idd5.1., and also by Idd3 (73). Although the exact 
mechanism by which Ctla4 variants control diabetes 
susceptibility in mouse models and humans is not fully 
determined, this is a good example of the additional level 
of understanding with regard to molecular function that can 
be gained from looking at the effects of gene variants with 
milder effects on phenotype rather than gene knockouts.  
 

There are also multiple loci on mouse 
chromosome 6 associated with diabetes susceptibility in the 
NOD mouse: Idd19, Idd20, and Idd6 which has been 
further broken down into 3 loci. The Idd6 loci influence T 
cell proliferation and the function of CD4+CD25+ Treg, 
and protection correlates with reduced Tlr1 expression in 
macrophages (74). 

 
The Idd9/11 loci on mouse chromosome 4 has 

been linked to a range of different phenotypes associated 
with diabetes susceptibility, presumably because of the size 
of the interval and the large number of genes within it. The 
Idd9 locus consists of Idd9.1. (which overlaps Idd11) 
Idd9.2. and Idd9.3. (75). Idd9.3. has been mapped to the 
smallest interval, a 1.2. Mb region containing the candidate 
gene CD137/4-1BB. CD137 is a costimulatory molecule, 
and T cell proliferation induced by anti-CD137/anti-CD3 in 
vitro is increased by the presence of resistance Idd9.3. 
alleles (76). A number of defects in B cell subsets present 
in the NOD mouse are linked to the Idd9/11 interval (77, 
78), and an interval containing Idd9.3. is associated with 
aberrant autoantibody production (79). Changes in the 
homing of islet-specific CD4 T cells have also been 
reported to occur in Idd9 congenic mice (80). The Idd9.1. 
region is associated with protection from diabetes in a 
TNF-accelerated model of diabetes, in which TNF is 
expressed in the islets of NOD mice. Protective genes in 
this interval inhibit the proliferation of CD8 T cells to islet-
derived APC (81). A component of the protective effect of 
Idd9 resistance genes is also exerted within islet cells. Most 
autoimmune susceptibility genes appear to act within the 

immune system, but isolated islets from Idd9 congenic 
mice are able to resist CD8 T cell mediated destruction 
following transplantation. Compared to NOD islets, they 
also exhibit hypo-responsiveness to inflammatory 
cytokines as measured by Fas upregulation. This response 
is also suppressed in islets lacking TNFR2 expression, and 
colocalization of the adaptor protein TRAF2 with TNFR2 
in Idd9 islet beta cells is altered compared to NOD islets 
(82). TNFR2 maps within the Idd9.2. interval, and the 
NOD isoform is known to have coding variants that could 
affect function (75) suggesting that TNFR2 is a candidate 
for the control of islet-intrinsic resistance to autoimmune 
destruction mediated by Idd9 gene/s. 

 
 The importance of pancreas-intrinsic factors in 
determining diabetes susceptibility is also supported by 
work on the Idd4 locus, which demonstrates a role for 
pancreatic sensory neurons in the development of islet 
autoimmunity (83). Many T cell and autoantibody 
responses in diabetes patients and in the NOD mouse are 
directed at neural cell antigens, often those shared with 
islets (reviewed in (84)). Neurons expressing the capsaicin 
receptor TRPV1 are associated in the pancreas with islets, 
and capsaicin treatment to deplete these cells protects NOD 
mice against diabetes. The TRPV1 gene is polymorphic 
and maps to the Idd4.1. locus, and the congenic strain has 
increased TRPV1 cell function. Both increased TRPV1 
function and the lack of these cells are therefore associated 
with diabetes protection, and the authors propose a role for 
neuronal control of inflammation and beta cell stress in 
diabetes pathogenesis (83).  
 
 Finally, in the Komeda diabetes-prone (KDP) rat 
model, a nonsense mutation in Cblb was shown by 
transgenic rescue experiments to be a strong candidate for 
the Kdp1 locus on chromosome 11 (85). Cblb is an 
ubiquitin ligase that confers dependency on CD28 
costimulation for T cell activation. Cblb-deficiency in mice 
causes autoimmune symptoms and increased susceptibility 
to induced autoimmune disease due to excessive T cell 
activation (86, 87). 
 
 There are many overlapping genes/pathways 
involved in susceptibility between human T1D and the 
NOD mouse, in particular MHC genes, the IL2 pathways 
and Ctla4, and the additional pathways identified in the 
NOD mouse generate interesting new hypotheses and 
candidates to be tested in human diabetes. 
 
5.2. SLE models 
 SLE-like phenotypes occur spontaneously in a 
number of mouse strains, and the most commonly used 
include the BXSB hybrid line, and hybrids of the New 
Zealand Black (NZB) and White (NZW) strains. (NZB x 
NZW)F1 mice have anti-nuclear antibodies (ANA) and 
immune-complex associated kidney disease (GN) similar to 
human SLE. Congenic mice derived from this strain show 
that specific loci seem to control distinct aspects of disease, 
such as the level of ANA, or B and T cell defects (88).  
 

The complement component C1qa, involved in 
clearance of immune complexes, is a candidate for the 
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Nba1 locus on chromosome 4 (89), and complement 
components are also potentially involved in human SLE 
(36).  

 
There is a cluster of susceptibility loci on mouse 

chromosome 1, including Nba2. The major candidate for 
Nba2, based on expression microarray analysis of a 
congenic strain, is Ifi202. Increased expression of Ifi202 in 
the susceptible congenic strain is associated with inhibition 
of lymphocyte apoptosis, and increased lymphocyte 
survival may cause exaggerated antibody production (90).  

 
The Sle1b chromosome 1 susceptibility locus is 

associated with increased expression of Ly108 (91), a 
member of the SLAM costimulatory family that was 
recently shown to control B cell tolerance through its effect 
on B cell anergy, receptor revision and deletion (92).  

 
A novel mechanism in SLE pathogenesis that has 

come to light in mouse models recently involves TLR 
signaling and the regulation of B cell tolerance to nucleolar 
antigens. The Yaa locus accelerates SLE on susceptible 
backgrounds, and biases B cells towards the production of 
antibodies to particular nuclear antigens. The phenotype is 
due to a duplication of part of the pseudoautosomal region. 
Only a small number of genes are present in the duplicated 
region, including TLR7 (43, 93), and reduction of TLR7 
gene dosage abolishes the effect of Yaa (94). TLR7 is a 
pathogen recognition receptor activated by single-stranded 
RNA. RNA is likely to be a component of nucleolar 
antigens, and increased expression of TLR7 by the Yaa 
accelerator could increase sensitivity and promote loss of 
tolerance to nucleolar antigens (43).  

 
Gene copy number variation in Fcgr3 predisposes 

to GN in the experimentally-induced Wistar Kyoto rat 
model (95). Fcgr3 is the activating Fc receptor for IgG, and 
loss of the rat Fcgr3 paralogue, Fcgr3-related sequence 
(Fcgr3-rs), causes macrophage overactivity, potentially 
through decreased clearance of immune complexes (95). 
This study led to the identification of copy number 
variation of the orthologous FCGR3B gene in human SLE 
susceptibility (37).  

 
Susceptibility to SLE in mouse models is 

therefore strongly linked to defects in B cell tolerance 
affecting B cell deletion and tuning of BCR signals (Ly108) 
(43), defects in immune-complex clearance that could be 
responsible for triggering loss of tolerance to nuclear 
components (Fcgr3, C1q) (88), in sensitivity to these 
triggers (TLR7), and in lymphocyte activation/survival that 
could exaggerate lymphocyte responses and antibody 
production (Ifi202). These affected pathways mirror the 
human disease, and suggest that these models will be useful 
tools for dissecting the mechanism and interaction of 
susceptibility genes in SLE pathogenesis. 
 
5.3. Colitis 
 While there are many experimental models of 
CD, or inflammatory bowel disease (IBD) more generally, 
less is known about how genetic factors control 
susceptibility. However, susceptibility to colitis caused by 

IL10-deficiency is, like human CD, dependent not only on 
the microbial environment, but also on the genetic 
background. C3H/HeJBir and C57BL/6 mice are 
commonly used as susceptible and resistant strains, 
respectively. The major locus controlling susceptibility is 
on chromosome 3, and has been mapped using congenic 
strains to a 7Mb interval containing the NFkB1 gene 
encoding the NFkB p50 subunit (96). This region is also 
linked to genetic susceptibility in another model of IBD 
caused by Gnai2 (G-protein alpha inhibitory 2 chain) 
deficiency (97). Increased macrophage NFkB expression 
was observed in the susceptible strain, correlating with 
hyporesponsiveness to bacterial stimuli. It is proposed that 
vigorous innate responses and clearance of invasive gut 
pathogens would prevent activation of adaptive immune 
responses that mediate chronic inflammation and IBD (96). 
Therefore, mouse models support the idea that genetic 
regulation of the immune response to gut bacteria 
influences susceptibility to IBD and that NFkB may be an 
important regulator of this process. Additional loci in the 
Gnai2-/- model (97), and in the DSS-induced model of 
colitis have been identified (98), although the genes 
underlying these effects are not yet known. 
 
5.4. Models of RA 
 There are many different animal models of RA, 
most of them requiring disease to be experimentally 
induced by immunization (99). Again, clear differences 
between strains exist in their susceptibility to experimental 
RA. The most commonly used models are pristine-induced 
arthritis (PIA) in rats, and Collagen II arthritis (CIA) in 
mice (and also rats). In the mouse CIA model disease is 
induced by immunization with collagen, a defined antigen, 
emulsified in adjuvant. In the DBA/1 strain this results in a 
severe and acute arthritis, whereas in C57Bl/10-derived 
strains the disease is mild, although later develops into 
chronic-relapsing form, and the control of disease 
susceptibility is polygenic. As in the NOD mouse, the 
MHC locus plays a major role in determining CIA 
susceptibility, and again there is a striking conservation of 
the properties of the class II peptide binding pocket 
encoded by the susceptibility alleles in mouse (Aq beta) 
and human disease (DR4B1*0401/DRA) (99). In rats, 
pristine induces a chronic relapsing arthritis in peripheral 
joints in susceptible strains such as the DA rat. Pristane, an 
adjuvant oil, is thought to trigger innate immunity and 
activate self antigen specific T cells, but the mechanism is 
not yet known (99). Like CIA, susceptibility is again 
polygenic and at least 20 QTL controlling different stages 
of PIA, plus many more in different rat models have been 
identified (reviewed in (100)).  
 

The first gene associated with the regulation of 
PIA susceptibility has been discovered (101), and recent 
studies have elegantly delineated the mechanism by which 
it acts to modulate disease pathogenesis (102, 103). The 
Pia4 locus on chromosome 12 was identified originally by 
linkage analysis using the susceptible PA and resistant E3 
rat strains, and then fine mapped using a congenic strategy 
that reduced the interval to a 150 kb segment containing the 
Ncf1 gene (101). The Ncf1 protein is part of the NADPH 
oxidase complex responsible for generating the oxidative 
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Figure 1. Genes associated with susceptibility to autoimmune and inflammatory disease act at many levels to promote or allow 
the development of tissue destruction. Understanding the mechanisms by which gene variants affect disease pathogenesis will 
give us much greater insight into how autoimmune disease can be regulated. 

 
burst that leads to formation of reactive oxygen species. In 
the resting state Ncf1 is cytoplasmic, but upon activation 
and phosphorylation Ncf1, along with additional regulatory 
subunits Ncf2 and Ncf4, translocates to the membrane to 
form an activated complex with Cybb and Cyba. In 
neutrophils, macrophages, eosinophils and DC free radicals 
can then be generated either in phagosomes to kill 
intracellular pathogens, or extracellularly by fusion with the 
plasma membrane (104). Although ROS are generally 
regarded as pro-inflammatory, susceptible DA rats have 
lower oxidative burst than resistant congenic strain, and 
NADPH oxidase activation can prevent or reduce disease 
(101). In mice, an Ncf-1 variant that results in reduced 
oxidative burst is also associated with increased severity of 
CIA, as well as enhancing susceptibility to EAE (105). It 

has now been shown using transgenic mice expressing 
functional Ncf1 specifically in macrophages that 
macrophage-derived ROS can suppress T cell activation 
and expansion to protect against CIA (103). 

 
Human NCF1 deficiency is associated with 

chronic granulomatous inflammation of the intestine (99), 
and intestinal granuloma is a hallmark of CD (50). It is 
therefore interesting that CD susceptibility in humans was 
recently associated with the NCF4 locus (see section 4.3.). 
Although the association of NCF4 with CD is thought to be 
involved in the control of intracellular pathogens, NCF4 
variants may also be important for T cell regulation and 
associated tissue damage. The effects of reduced oxidative 
burst are presumably complicated during infection or 
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exposure to intestinal microbes because of the requirement 
for host defense for pathogen clearance in addition to T cell 
regulation. 

 
Recent progress in RA animal models has 

therefore highlighted a new mechanistic pathway involved 
in the disease that has interesting application for other 
inflammatory diseases.  
 
6. CONCLUDING REMARKS 
 

There are now multiple loci for which there is 
strong evidence that the function or expression of a 
particular gene is affected in autoimmune and 
inflammatory disease, and this is adding new dimensions to 
our understanding of the disease pathogenesis. Even though 
the causative variant has not yet been identified for most 
loci, strong evidence of association and additional 
biological information has now enabled solid cases to be 
made for the association of many genes with autoimmune 
disease. It is important to bear in mind, particularly for 
SNPs in gene regulatory regions thought to control gene 
expression, that the gene affected may not necessarily be 
the closest, and that expression of multiple genes may be 
affected. Re-sequencing to define detailed haplotypes, as 
for the association of IRF5 with SLE, is essential since 
there may be multiple functional variants, and the original 
association may just be a proxy (41). 

 
While many susceptibility genes are therefore 

still only candidates, consistent themes are starting to 
emerge from the current crop of genetic associations that 
have interesting, and often novel, implications for the 
physiological regulation of inflammation and the 
pathogenesis of autoimmunity. Figure 1 shows the stage of 
autoimmune pathogenesis at which some of the genes 
discussed here are thought to act.  The identification of 
pathways common across the board of autoimmune and 
also inflammatory disease is gaining momentum. HLA 
genes clearly play a vital role, and genes important for the 
regulation of T cell activation and homeostasis, such as 
CTLA4, PTPN22, IL2 and IL21 are also involved in 
multiple autoimmune diseases. IFN responses and 
pathogen-recognition pathways are also a newly emerging 
theme, and may reflect either a causative role of infection 
or aberrant activation of these pathways by self-antigens. 
Interestingly, these genes may be acting within cells of the 
organ targeted by the immune system, such as IFIH1 in 
T1D and NOD2 in CD gut epithelial cells, either 
exclusively or together with their role in immune cells. 
Pathways linked to the control of microbial infection may 
also play a direct role in controlling T cell responses, such 
as macrophage Ncf1, in addition to the removal of a 
pathogen-stimulus. 

 
 The vital role of mouse genetic and functional 
studies is evident from the examples discussed here, and is 
highlighted by the discovery of the association of FCGRIIII 
copy number variants with SLE based on findings in a rat 
model, since this type of genetic variation is not detected 
by current GWA approaches. Much interesting work can 
now be done to form an integrated picture of how gene 

variants affect phenotype, and how they interact to cause 
autoimmunity, much of which will be helped by the study 
of animal models. 
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