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Summary: The cause of common organ-specific autoimmune diseases is
poorly understood because of genetic and cellular complexity in humans
and animals. Recent advances in the understanding of the mechanisms of
the defects underlying autoimmune disease in autoimmune polyendocrino-
pathy syndrome type 1 and non-obese diabetic mice suggest that failures in
central tolerance play a key role in predisposition towards organ-specific
autoimmunity. The lessons from such rare monogenic autoimmune dis-
orders and well-characterized polygenic traits demonstrate how subtle
quantitative trait loci can result in large changes in the susceptibility to
autoimmunity. These data allow us to propose a model relating efficiency of
thymic deletion to T-cell tolerance and susceptibility to autoimmunity.

Introduction

Autoimmune diseases, despite being directed against different

target antigens and tissues, often cluster together in individuals

and families. For example, the relatives of patients with type 1

diabetes (1), rheumatoid arthritis (2, 3), and multiple sclerosis

(4) show a higher susceptibility for autoimmunity, and patients

suffering one autoimmune disease, such as type 1 diabetes, have

a greater chance of suffering additional autoimmune diseases,

such as thyroiditis (5, 6). This clustering indicates the potential

for a broad-spectrum genetic defect in immunological tolerance

mechanisms, but the nature of the cellular or genetic defects

have been difficult to elucidate. However, recent gains in the

understanding of rare monogenic disorders in humans and

highly characterized polygenic disorders in mice are shedding

light on the parameters involved in susceptibility to autoimmu-

nity. Study of minor variants in these parameters thus provides a

model for how multiple minor effects distort the susceptibility

towards autoimmunity, and it suggests why some disease-

susceptibility loci are linked to multiple diseases, while others

are involved in a single disease only.

Burnet’s original concept of clonal deletion as a mechanism to

explain actively acquired self-tolerance was the first mechanism

to be experimentally established (7). Thymocytes rearrange

their T-cell receptor (TCR) genes as they differentiate from
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CD4–CD8– double-negative progenitors into immature

CD4þCD8þ double-positive (DP) T cells. Each DP thymocyte

thus expresses a unique TCR on its surface. T cells bearing TCRs

that bind self-antigen and major histocompatibility complex

(MHC) too strongly at this point are triggered to die by TCR

signaling, in a manner incompletely understood but known to

require the BH3-only Bcl-2 family member Bim (8, 9). Alter-

natively, cells with TCRs that bind self MHC too weakly fail to

receive any TCR signal and die by a separate process of ‘neglect’.

Only those T cells with TCRs that react with low avidity with

self-MHC transmit a particular type of TCR signal that promotes

‘positive selection’ into mature CD4þCD8– or CD4–CD8þ

single-positive (SP) T cells that then emigrate to the peripheral

lymphoid tissues of the body.

In the case of tolerance to organ-specific antigens, two chief

reasons contributed to the view that thymic deletion would be of

little significance compared to peripheral tolerance mechanisms.

Foremost was the evidence that major protein components of

specific organs, such insulin in the pancreatic islets or thyroglo-

bulin in the thyroid gland, are present at insignificant quantities in

the thymus. Even in the face of growing evidence for trace expres-

sion of these and many other organ-specific components in rare

cells in the thymic medullary epithelial meshwork (10, 11), it was

difficult to see how this could delete more than a small fraction of

autoreactive thymocytes before export to the periphery. That view

was buttressed by the second reason for disfavoring

thymic deletion, namely the ready isolation of T cells and clones

in the periphery of autoimmune-prone mice with sufficient auto-

reactivity to actively transfer disease to lymphopenic recipients.

The beauty of classical genetic analysis, which starts with a

phenotype and proceeds to explain it in cellular and molecular

terms, is that it is relatively immune to the conceptual biases

that are intrinsic to the elegant but artificed hypothesis-testing

experiments in immunology. Here, we review our experience

analyzing the autoimmune phenotypes in a Mendelian auto-

immune disorder, autoimmune polyendocrine syndrome 1

(APS-1), and in the non-obese diabetic (NOD) mouse.

Surprisingly, both genetic approaches indicate that thymic

deletion is central to organ-specific tolerance. In addition,

the mechanisms behind both of these autoimmune

phenotypes are distinct, and they indicate that each parameter

in central tolerance is highly sensitive to small genetic changes,

rather than being robustly buffered against change.

Tracing the cellular effects of autoimmune susceptibility

genes

To trace the cellular defects caused by autoimmune suscept-

ibility genes, our studies have used the 3A9 TCR that has a

high affinity for peptide 46–61 of hen egg lysozyme (HEL)

bound to I-Ak (12). In 3A9 TCR transgenic mice crossed with

HEL transgenic mice, thymic clonal deletion results in a reduc-

tion in the number of HEL-reactive T cells. When the HEL

transgene is expressed under the control of different organ-

specific or ubiquitous promoters, the level of clonal deletion in

the double-transgenic mice correlates with the thymic expres-

sion levels (Fig. 1). The titration experiments show that for

thymocytes of a fixed avidity, increasing antigen exposure

results in a higher level of negative selection, giving a dose–

response curve.

The best-characterized HEL transgene in this system is that

of HEL driven by the rat insulin promoter (RIP) (insHEL). The

RIP is strongly active in the b-islets and weakly active in the

testes and the thymic stroma (13). Transplantation experi-

ments have shown that expression in the thymus is both

necessary and sufficient for negative selection of 3A9-bearing

cells (Fig. 2), whereas bone-marrow chimeric experiments

have demonstrated that thymic dendritic cells are unable to

produce biologically relevant concentrations of HEL (Fig. 3).

Together, these data indicate that the thymic stromal cells are

responsible for the production of tolerogenic HEL. Recent

studies have shown that the loss of the autoimmune regulator

(Aire) gene results in a strong decrease in the transcription of

both the endogenous insulin gene (13, 14) and the RIP-driven

transgene (13), and in the case of the transgene at least, this

decrease in ectopic transcript dramatically reduces the tolero-

genic capacity of the thymic stroma (15).

Besides clonal deletion, there are additional levels of central

tolerance that can be induced by the presence of self-antigen

driven by the insulin promoter, with the enrichment of reg-

ulatory cells (Fig. 4) and the active induction of TCR down-

regulation (15) and anergy (16). The increased proportion of

CD25þ thymocytes by exposure to self-antigen in this system

appears to be due to an enhanced resistance to negative selec-

tion in CD25þ cells, rather than an active conversion of CD25–

cells to CD25þ cells, as the absolute number of CD25þ cells

does not increase. Furthermore, it does not appear that the

CD25þ thymocytes present bear a TCR of modulated affinity

for self-antigen, as the number of CD25þ cells does not change

on a background where the T cells are unable to rearrange

endogenous TCRa chains, or TCRa and b chains (Fig. 4). This

finding contrasts with other double-transgenic models in

which thymocytes can be actively converted to CD25þ by

exposure to self-antigen (17–19), which appears to occur in

thymocytes carrying a high-affinity TCR (19).

One model that fits these data sets is one where there is a

regulatory compartment of a fixed size, with the conversion of
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naı̈ve cells to regulatory cells resulting from a competitive

process. If this conversion were most efficient at an early

developmental time point (either due to increased plasticity

in cell fate of the thymocyte or as a property of the stromal

microenvironment), then exposure of transgenic thymocytes

to self-antigen in the cortex would result in conversion to

regulatory cells (19). Conversely, in the absence of self-antigen

in the cortex, a spontaneous stoichiometric conversion may

fill up the regulatory compartment: a random process that

would result in enrichment upon negative selection of non-

regulatory autoreactive cells in the medulla (15). As yet,

however, insufficient evidence exists to conclusively prove

any model.

Regardless of the mechanism of regulatory cell production,

the actively induced anergy and increased proportion of

CD25þ cells by the thymic presence of insHEL results in a

robust tolerance. Thus, a certain number of HEL-reactive cells

are able to escape negative selection and infiltrate the pancrea-

tic islets without induction of clinical autoimmunity, with

3A9 TCR-bearing CD4þ T cells making up approximately

0.2% of the splenic lymphoid compartment and only a

approximately 20% incidence of diabetes (Fig. 5).

Autoimmune threshold model

These two properties of central tolerance induction, a dose–

response curve of clonal deletion and a robust tolerance

enforced by CD25þ regulatory cells, allow a system to model

genetic defects in the central tolerance pathway. The first

principle of the model is that for any given ‘specificity’ (and

this specificity can exist at the epitope, antigen, and even

organ level), a maximum number of reactive T cells can be

produced. The second principle is that increasing levels of

exposure to self-antigen reduces this number of reactive T

cells, such that many intermediate levels of clonal deletion

can be observed. The third principle is that the robust nature

of immunological tolerance buffers the presence of a low

number of reactive T-cell clones in the peripheral circulation.

However, if this number rises above a given threshold of

buffering capacity, the chance of autoimmunity increases

(Fig. 6A). In a model where the presence of self-antigen also

increases the activity of a specific regulatory compartment, the

‘autoimmune threshold’ would also change with differing

thymic self-antigen concentrations (Fig. 6A). It should be

noted that as the TCRxinsHEL transgenic model has no appre-

ciable conversion of regulatory cells, the simplified model is

used here.

An autoimmune threshold can be modeled with either a

bipolar distribution or a linear progression of disease state. The

specific threshold for autoimmunity will vary from antigen to

antigen based on intrinsic properties to the antigen and the

expressing organ and extrinsic properties of mechanisms of

immune tolerance. However, it is likely that for any given
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background. (A) Expression of HEL in transgenic thymi by
immunofluorescence correlates with (B) the level of deletion of TCR
transgenic thymocytes in TCR:HEL double-transgenic thymi
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average absolute cell number and standard error indicated).
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antigen, a certain threshold of autoreactive cells can be toler-

ated without autoimmunity occurring. Experimentally, this

allowable threshold of autoreactive cells in the TCRxinsHEL

mouse is in the range of 0.2–0.8% of splenic lymphocytes

(or rather, lower than 0.2–0.8% of splenic lymphocytes, as

this figure includes HEL-reactive regulatory and anergic cells),

as genetic backgrounds that allow a higher proportion of HEL-

reactive cells to escape have a high incidence of diabetes,
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whereas strains with a lower proportion of HEL-reactive cells

have a low incidence of diabetes (Fig. 5).

When using the autoimmune threshold model to calculate

relative risk of autoimmunity, several risk factors stand out.

Firstly, the thymic concentration of MHC-peptide is crucial for

calculating the risk of autoimmunity. All variables being equal,

antigens that are presented in the thymus at a lower concen-

tration are at a greater risk of autoimmunity. Intuitively, all

relevant antigens in the body are present in the thymus at an

adequate concentration to prevent autoimmunity in the

healthy situation. Even the complete absence of thymic peptide

would not cause autoimmunity if the target specificity had an

extremely high-peripheral tolerance buffering mechanism

(such as immunological sequestration). However, obviously,

environmental and genetic insults are able to modify this

situation to allow autoimmunity.

There are three parameters in this model which can be mod-

ified to allow autoimmunity to occur: firstly if the MHC-peptide

concentration in the thymus was reduced; secondly if the clonal

deletion of thymocytes in response to self-antigen was reduced;

and thirdly if the buffering capacity of peripheral tolerance was

reduced. In all three cases, the thymic concentration of the

antigen dictates the size of the insult required to result in
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Fig. 6. Schematic illustrating the relationship between the display of
tissue antigens in the thymus and the frequency of high-avidity T

cells escaping the thymus, and how this relationship is altered by

different autoimmune susceptibility genes. (A) The level of clonal
deletion of autoreactive thymocytes is proportional to the concentration
of major histocompatibility complex (MHC)-self-antigen complexes in
the thymus. Peripheral tolerance mechanisms have a finite capacity to
suppress remaining autoreactive T cells, resulting in a threshold for
autoimmunity, where thymic concentrations below the intersection of
the autoimmune threshold and the clonal deletion curve will be targets
for autoimmunity. If autoreactive cells are converted to regulatory cells in
the thymus, the threshold for autoimmunity will also vary with thymic
concentration of self-antigen. Antigen/MHC combinations that are most

limiting normally lie in a ‘risk zone’, where relatively minor effects can
adjust one or more of the parameters to result in the frequency of
forbidden clones rising above the threshold for autoimmune
susceptibility. (B) Variants in autoimmune regulator (Aire), autoantigen
genes, or MHC can elevate the frequency of forbidden clones by
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given degree of display. (D) Variants in the capacity of peripheral tolerance
can result in the induction of autoimmunity without a change in the
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Multiple minor changes to all three parameters cooperate to make the non-
diabetic (NOD) mouse autoimmune prone. Foxp3, forkhead box P3;
IDDM1, insulin-dependant diabetes mellitus 1; NKT, natural killer T cell.
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autoimmunity. Thus, there is a narrow range of thymic concen-

trations of peripheral autoantigen, a ‘risk zone’, where small

changes translate into an increase in circulating autoreactive cells

(Fig. 6A). Antigens expressed at levels above this point may be

less likely to become targets of autoimmunity, unless the scale of

the parameter change is large.

In the following sections, we review the experiences of

ourselves and others in models of genetic defects in central

tolerance that demonstrate large changes in a single parameter

can result in a significant increase in the risk of autoimmunity.

We speculate on polygenic interactions of subtle changes to

multiple parameters resulting in autoimmune risk and explain

how some genetic lesions may be associated with multiple

diseases, while others affect only a single disease, based on the

disturbance they make to the autoimmune threshold model.

Disorders affecting antigen-MHC complex concentration

One class of antigens with a thymic concentration likely to fall

into the autoimmune risk zone are the promiscuously

expressed proteins. Despite the perception that peripheral

tolerance was the primary form of T-cell tolerance towards

organ-specific antigens, several examples have emphasized not

only the importance of thymic transcripts (10, 11) but also the

exquisite sensitivity of tolerance towards small changes in

thymic concentrations. A common natural polymorphism in

the insulin gene promoter (Iddm2) causes only a twofold to

threefold decrease in thymic insulin gene expression (20), yet

it is strongly linked to diabetes susceptibility (20, 21). Another

natural polymorphism in SJL mice results in the expression of

a splice variant of proteolipid protein (PLP), DM20, in the

thymus that lacks the region 116–151. This expression coin-

cides with a very high frequency of T cells responding to PLP

139–151 observed in the peripheral repertoire, and it pre-

sumably contributes to the enhanced susceptibility that these

mice show towards experimental autoimmune encephalomye-

litis induction (22). Likewise, artificial heterozygous loss of

the myelin P0 protein is associated with increasing T-cell

responses and autoimmunity to this autoantigen (23).

One of the major advances establishing the significance of

thymic promiscuous gene expression has come through the

study of APS-1, a monogenic human disorder caused

by homozygous mutations in the gene AIRE (24, 25). Clinical

manifestations of APS-1 include a variety of organ-specific auto-

immune diseases, the most common of which are hypopar-

athyroidism and primary adrenocortical failure, accompanied by

chronic mucocutaneous candidiasis (26). Diagnosis of APS-1

requires the presence of at least two out of three of these

primary disorders. Aire-deficient mice also develop autoim-

mune symptoms, with a similar range of multiorgan manifes-

tations to that observed in humans, albeit of less apparent

severity (14, 27).

Aire appears to be a transcription factor, as it localizes in

nuclear speckles (28, 29), interacts with transcriptional

co-activator, cAMP responsive-binding protein (CBP) (30),

and is able to activate transcription in luciferase assays

(30, 31). Expression studies show that it is expressed most

highly in rare thymic stromal cells (13, 27, 28, 32), although

it may also be expressed in peripheral lymphoid tissue.

Recent studies indicate that Aire actively inhibits organ-

specific autoimmunity by inducing thymic expression of per-

ipheral antigens in the medulla. Experiments by Anderson et al.

(14) found that medullary epithelial cells isolated from Aire

knockout mice had lost promiscuous expression of insulin

mRNA. Simultaneous research from our laboratory (15)

showed that the thymus in Aire knockout mice had lost the

ability to delete 3A9 CD4þ T cells recognizing HEL antigen

expressed under control of the insulin promoter (15) (Fig. 7).

The loss of Aire abolishes thymic expression of HEL under the

insulin promoter, resulting in the maturation and escape from

the thymus of large numbers of CD4þ HEL-reactive cells (13).

These cells make up approximately 2% of the peripheral

lymphoid repertoire in Aire-deficient animals, compared with

0.2% in controls, and result in a high incidence and very early

onset of autoimmune diabetes (Fig. 5). Using the autoimmune

threshold model, the loss of Aire induces a major decrease in

thymic antigen concentration of Aire-dependent antigens,

such that the number of autoreactive cells escaping clonal

deletion is beyond the capacity of peripheral tolerance

mechanisms to contain (Fig. 6B). There are indications in the

literature that Aire may have an effect on the processing or

presentation of antigens, with the ubiquitin E3 ligase activity

of Aire defined (33), increased proliferation of T cells upon

immunization (27), and a downregulation of interleukin-1

receptor a and MHC class II upon transfection with Aire

(34). However, the strongest evidence for the mechanism of

autoimmunity in patients with a mutation in Aire correlates with

the reduced thymic transcription of tissue-specific antigens: thymic

T-cell deletion towards ubiquitous antigens is unchanged in Aire

knockout mice (13), and the endocrine-restriction of autoimmune

symptoms argues against a vital role in general antigen processing

or presentation.

With this information in mind, it is interesting that the

clinical condition APS-1 has a high level of variability in symp-

toms, especially between populations, such as a higher inci-

dence of hypoparathyroidism in Iranian Jewish patients (35).
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If the various Aire mutations have the same effect on thymic

transcription of ectopic genes, the variability of symptoms

across population groups is most likely to relate to environ-

mental or genetic modifiers. In terms of genetic modifiers,

lesions that specifically modify the risk of autoimmunity

towards a subset of Aire-dependent antigens may influence

the symptoms of the disease. Of the various classes of

genetic lesions in central tolerance outlined in this review

(changes to thymic concentrations of MHC-peptide, changes

to the thymocyte dose–response curve, and changes to the

regulatory capacity) perhaps the most likely to synergize

with Aire mutations are polymorphisms in human leukocyte

antigen (HLA). These molecules are highly variable, strongly

associated with multiple autoimmune diseases, and can

affect thymic repertoire selection of autoreactive T cell

clones. Although several smaller association studies found no

linkage or only weak linkage between HLA alleles and APS-1

symptoms (36–38), a larger, more recent study has found

haplotype associations for Addison’s disease, alopecia, and

type 1 diabetes, interestingly with the same polarity of asso-

ciations as found in the common form of the diseases (39).

What is quite remarkable about the mechanism by which

Aire prevents autoimmune disease is that it is so exquisitely

sensitive to small reductions in function. On the genetically

primed background of the 3A9 TCR insHEL double-transgenic

mouse, the loss of a single copy of Aire is sufficient to induce

diabetes. The loss of a single copy reduced the amount of Aire

each Aireþ medullary thymic epithelial cell produced, half the

transcription of both the endogenous insulin and the RIP

transgene, and allowed three times more autoreactive T cells

to mature and escape from the thymus to induce diabetes (13)

(Figs 5 and 7).

In humans at least, the AIRE pathway must be partially

buffered against small changes on non-susceptible back-

grounds. Human carriers of a single-AIRE mutation do not

develop the APS-1 that patients with mutations in both copies

suffer. However, although the inheritance pattern of APS-1

indicates a strictly recessive disorder (40), there are anecdotal

data of mutations in a single copy of AIRE being associated

with human autoimmunity of a less severe form than classic-

ally defined APS-1 (41–43). The lack of ubiquitous disease

in human carriers of AIRE mutations indicates that no AIRE-

dependent antigens are close enough to the antigen risk con-

centration that a single mutation in AIRE can act in a polygenic

fashion to induce disease. For disease to occur in a subset of

human carriers, AIRE heterozygosity would need to act in a

complex manner possibly through a polygenic compound hit

to thymic antigen concentration. For example, a two to three-

fold reduction in insulin levels by the Iddm2 allele (20) could

have an additive effect on the two-fold decrease with AIRE

heterogeneity, with the combined effect pushing the thymic

level of insulin into the autoimmune-prone state. Alterna-

tively, the hypothesized decrease in thymic presentation of

insulin peptides by the diabetes-associated IDDM1 HLA alleles

(44–46) could compound the AIRE mutation. Thus, the study

of this rare monogenic trait may be providing us with an
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Fig. 7. Defective thymic deletion: a
common consequence of autoimmune

regulator gene (Aire) defects or non-MHC
genes from the non-obese diabetic (NOD)

autoimmune mouse strain. Shown are flow
cytometric profiles of thymocytes and
numerical data obtained from these analyses,
from 3A9 T-cell receptor (TCR) transgenic
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gene promoter. All mice are H2k congenic,
and they differ either in their non-MHC
strain background (B10 versus NOD) or in
their Aire genotypes (B10 and NOD are both
Aireþ/þ).
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insight into the manner in which common polygenic traits

operate. The subtle effect of AIRE heterogeneity can be com-

pounded into an autoimmune risk factor by other deficiencies in

the same pathway (Fig. 6B). Alternatively, a subtle hit on a com-

plementary pathway, such as a reduction in the efficiency of

thymocyte clonal deletion or peripheral tolerance (as described

below), could synergize with reduced thymic levels to

cause autoimmunity. As yet, however, the possibility that

heterozygous carriers have an increased prevalence of discrete

autoimmune diseases has not yet been systematically

addressed.

Disorders affecting the apoptotic response of

thymocytes to self-antigen

A second mechanism by which central tolerance can be broken

has been elucidated through the study of the NOD mouse.

NOD mice not only exhibit spontaneous type 1 diabetes but

also suffer from sialitis and dacryoadenitis and are highly

susceptible to experimentally induced autoimmune encepha-

litis, prostatitis, hemolytic anemia, or systemic lupus (47–56).

Autoimmunity is redirected away from the pancreatic-islet

b cells to different tissue targets in substrains of NOD mice

carrying variant MHC genes (47, 57, 58). For instance, H2k or

H2h4 congenics exhibit autoimmune thyroiditis and variations

in non-MHC genes, such as loss of B7.2 or CD47, result in

spontaneous autoimmune neuritis or hemolytic anemia,

respectively (49, 59). Collectively, these observations point

to a shared, general propensity towards autoimmunity, with

the specific target antigens and tissues varying depending

upon additional genetic traits and environmental factors,

such as exposure to particular pathogens (60–64).

Over 20 loci have been linked to diabetes development in

the NOD mouse (Idd loci), some of which appear to specifi-

cally cause susceptibility to diabetes (e.g. Idd1), while others

are associated with enhanced susceptibility to a range of auto-

immune diseases (e.g. Idd3 and Idd5). The specific mechanism

of susceptibility contribution of most of these loci remains to

be defined. However, it is likely that a subset of Idd loci result

in an inherited propensity towards autoimmunity generally,

with the specific target antigens and tissues varying depending

upon additional loci and specific environmental factors

(62–64).

Investigation into a general autoimmune propensity of the

NOD mouse led to the finding that NOD thymocytes have an

intrinsic resistance to clonal deletion. In vitro studies by Kishi-

moto and Sprent (65) showed that semimature thymocytes,

intermediate between the immature CD4þCD8þ DP cells and

CD4þCD8– SP cells, are relatively resistant to cell death when

their TCRs are crosslinked in tissue culture with different doses

of anti-TCR antibody. During parallel in vivo studies using the

3A9 TCR system, we found an almost complete failure of

thymic deletion in TCRxinsHEL mice backcrossed to the

NOD.H-2k background (Fig. 7) which results in diabetes

onset (66) (Fig. 5). Importantly, this reduction in sensitivity

to clonal deletion has recently been extended to a MHC class I-

restricted TCR transgene (67).

Using the 3A9 TCR transgenic model, backcrossing of addi-

tional HEL transgenes to the NOD background has revealed

that the in vivo deletion defect is not limited to semi-mature T

cells but applies equally for deletion occurring at all stages of

DP-SP thymocyte maturation for CD25þ and CD25– subsets,

and it is observed with varying dose and anatomical source of

self-antigen (68). Unlike the Aire defect, the NOD defect is not

due to any change in antigen expression in the thymus but acts

cell autonomously within the autoreactive thymocytes them-

selves (66). The comparative analysis of deletion in mice with

different HEL transgenes showed that the deletion response

of NOD thymocytes was not absolutely crippled, but rather

the thymic antigen dose–response is shifted by approximately

10-fold compared to T cells with B10 alleles (68). Thus, the

NOD thymocytes have an intrinsic resistance to negative selec-

tion, resulting in a shift of the antigen dose–response curve to

the right (Fig. 6C). For antigens expressed at concentrations

close to the threshold of autoimmunity, this shift can result in

a decrease in clonal deletion to the point where autoimmunity

occurs, while for antigens expressed at much higher levels, the

defect in clonal deletion that occurs can be of no physiological

consequence (Fig. 6C).

Molecular analyses of thymic deletion in TCRxinsHEL trans-

genic B10 or NOD animals revealed a set of apoptosis-

inducing genes that are selectively induced during negative

selection in B10 and poorly induced in NOD mice. In parti-

cular, the pro-apoptotic Bcl2-family inhibitor Bim was strongly

induced in autoreactive thymocytes in B10 mice at the mRNA

and protein level, yet it was not detectably induced in the NOD

counterparts (68). Given the essential role for Bim as a med-

iator of thymic clonal deletion, with even loss of a single copy

of Bim reducing thymocyte apoptosis (8, 9), genetic defects in

the Bim pathway are strong candidates for the NOD defect in

negative selection and hence susceptibility to autoimmunity.

Further analysis of this trait at the genetic level has identified

six loci contributing in an apparently additive manner: four

NOD loci conferring susceptibility to defective thymic deletion

in homozygotes, and two B10 loci conferring susceptibility

to defective thymic deletion in B6/NOD heterozygotes (68).
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Strikingly, all four of the NOD susceptibility loci colocalize

with regions previously identified as diabetes susceptibility

loci (one of which includes the Bim gene), and the two B10

susceptibility loci colocalize with B10 diabetes susceptibility

loci noted previously (69). This colocalization of defective

thymic deletion to correctly polarized Idd loci reinforce the

earlier prediction that a subset of Idd loci control general

susceptibility to autoimmunity by shifting the dose–response

curve of thymocytes to allow more forbidden T-cell clones to

escape the thymus (Fig. 6C). Furthermore, it indicates that

thymocyte sensitivity to clonal deletion can be significantly

modified by subtle polygenic changes. Other possible genetic

loci that may actively modify the dose–response curve of thymo-

cytes to promote autoimmunity could include global decreases in

TCR signaling, such as point mutations in �-associated protein

of 70 kDa (ZAP-70) (70), or reduced induction of apoptosis

from loss of one or both copies of Bim (9).

With a shift in the dose–response curve to the right, auto-

immunity is predicted to be targeted primarily against those

antigens that have suboptimal levels of thymic expression,

such as organ-specific antigens, or to be initiated by low-

avidity T cells to abundant antigens. However, antigens with

a higher natural thymic expression level may become target

antigens if additional factors decrease their expression or pre-

sentation level. Strong contenders for this situation in the NOD

mouse include a possible decreased thymic expression of

insulin [by an unknown mechanism (71)] mimicking

human IDDM2, and the Idd1 allele H2g7 that appears to act in

a similar fashion to IDDM1 in humans (44–46). Thus in the

NOD mouse, a cluster of Idd loci causing a generalized defect in

clonal deletion may be acting in a broad-spectrum autoim-

mune susceptibility manner, whereas additional genetic

lesions may act to specifically enhance the potential for auto-

immunity towards pancreatic antigens.

Disorders affecting the capacity of peripheral tolerance

The third factor in the model that can be affected is the capacity

of peripheral tolerance to control escaping autoreactive T cells.

This potential could be made up of several contributing factors:

the number of regulatory cells, the regulatory capacity of these

cells, the responsiveness of autoreactive cells to regulation,

peripheral induction of an anergic or regulatory phenotype in

autoreactive cells, and the intrinsic properties of the target organ

to shield against autoreactivity. Changes to any of these factors

could modify the capacity of peripheral tolerance, leading to a

change in the risk of autoimmunity without a change in the

number of autoreactive cells produced (Fig. 6D).

The number of regulatory cells

The number of regulatory T cells (Tregs) generated during

thymic selection has a major impact on the number of auto-

reactive cells that can be tolerated without disease. A series of

recent studies (72–74) has found that the human disease

immune dysregulation, polyendocrinopathy, enteropathy,

X-linked syndrome (IPEX) and the murine equivalent Scurfy

are caused by loss-of-function mutations in the gene forkhead

box P3 (foxp3). Furthermore, the expression of foxp3 appears to

be a consequence of CD4þ thymocyte recognition of self (75),

and it has been demonstrated to convert a developing thymo-

cyte into a cell with regulatory capacity (72–74). Loss of this

regulatory population is associated with the multiple auto-

immune symptoms of IPEX and Scurfy, just as similar studies

have found that depletion of regulatory CD25þ cells leads to

increased autoimmunity (76–78). This parameter does not

always require a major monogenic change for an effect to be

felt on autoimmunity (especially if held in conjunction with

synergistic mutations in complementary pathways), as NOD

mice have a minor defect in the number of CD25þ Tregs,

which has been associated with increased incidence of diabetes

(79).

Invariant natural killer T cells are another subset with

proposed regulatory properties. Activated NKT cells have

been demonstrated to inhibit experimental autoimmune ence-

phalitis (80) and type 1 diabetes (81). Therefore, it is of

considerable interest that several autoimmune-prone strains

have a numerical deficiency in NKT cells, both the SJL strain

(82) and the NOD strain (83–85). In the NOD example, at

least this deficiency is likely to significantly contribute to the

spontaneous autoimmune disease experienced, as transfer of

NKT cells prevents diabetes (83, 86). The genetic contribution

of NKT cell deficiency in the NOD mouse has been calculated,

and it is a polygenic trait, with several loci colocalizing with

known Idd loci (87). It is likely that a similar trait contributes

to type 1 diabetes in the human as well, as a key study has

shown a lower frequency of NKT cells in the peripheral blood

of diabetic patients (88), although blood levels of NKT cells

are not always a good indicator of overall numbers (89).

The regulatory capacity of regulatory cells

Just as important as the numerical presence of Tregs is the

functional capacity to prevent autoreactive cells from initiating

autoimmunity. It is unclear as to the molecules required for

foxp3-dependent Tregs to suppress autoreactive cells; how-

ever, it has been demonstrated that the ability of NKT cells to

inhibit autoimmunity is largely dependent on IL-4 production.

A defect in IL-4 production by NKT cells would also be
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expected to lower the threshold for the number of autoreactive

cells that can be controlled and would thus be associated with

autoimmunity. This exact correlation is observed, with NKT

cells having deficient IL-4 production in NOD mice (85, 90),

SJL mice (82), and human diabetic patients (88). It would be

expected that the functional deficiency would have an additive

effect with numerical deficiency in regards to autoimmunity

association. There are probably numerous other examples of

minor genetic lesions in the functional capacity of regulatory

cells, which will be elucidated with the genetic dissection of

autoimmune-prone strains.

Responsiveness of autoreactive cells to regulation

The activity of regulatory cells is irrelevant if the autoreactive

cells are non-responsive to their regulatory capacity. Of the

many possible modifiers of responsiveness, activation state is

quite important, with memory and activated T cells being less

responsive to the activity of regulatory cells than naı̈ve cells.

Therefore, for an antigen at the brink of autoimmunity, the

peripheral regulatory network may be capable of suppressing

the response while the autoreactive cells are naı̈ve, yet incap-

able of suppressing the response of activated autoreactive cells.

In this situation, an environmental insult that increases the

activation status of autoreactive cells could allow the progres-

sion to autoimmunity, such as molecular mimicry by foreign

antigens, vaccination with self-antigens to induce autoimmu-

nity, infection to create an inflammatory microenvironment

and the Toll-like receptor signals (91), or a violation of

immunological ignorance through physical injury. There are

fewer examples of genetic defects having the same effect;

however, one candidate is a non-sense mutation in Cbl-b,

resulting in an increased level of TCR density in peripheral T

cells. As the tunable threshold for antigen reactivity is deter-

mined in the thymus (92), this change in TCR density could

result in a higher activation status upon encountering antigen

and thus a greater resistance to regulation. Thus, the associa-

tion of Cbl-b mutations in the Komeda diabetes-prone-rat (93)

for increased susceptibility to diabetes could be the result of a

decreased responsiveness to regulatory cells. Alternatively, the

reverse effect could be created by increased c-Cbl expression in

thymocytes, such as is observed in NOD mice (94), decreasing

TCR density in the thymus and thus creating an unduly low-

tunable threshold.

Peripheral induction of an anergic or regulatory phenotype

A fourth factor that affects the peripheral regulatory capacity is

the level of peripheral induction of anergic or regulatory cells.

While the thymus appears to be the prime site for anergy

induction and regulatory cell conversion, there are multiple

examples of these states being induced in the periphery, with

one key study showing that ectopic expression in hemopoietic

cells can be of importance (95). Recently, upregulation of

foxp3 in apparently naı̈ve cells has been observed if stimula-

tion occurs during exposure to transforming growth factor-b
(96–98), from immature dendritic cells (99) or during high

estrogen levels in pregnancy (100). While it is unknown if this

phenomenon significantly contributes towards peripheral tol-

erance, the more characterized conversion of naı̈ve cells into

anergic cells has been associated with maintenance of toler-

ance (101). In the 3A9 model, transgenic T cells that are

chronically stimulated by low levels of self-antigen in the

periphery by passive transfer into insHEL transgenic mice

lost the ability to subsequently activate HEL-reactive B cells

(data not shown).

It is possible that Aire, shown to be central for thymic antigen

expression, may also play a role in this peripheral antigen

expression and therefore peripheral tolerance via chronic

self-exposure. Aire has been detected in peripheral leukocytes

at the RNA (102) and protein level (102, 103), possibly in

lymphocytes, neutrophils, and monocytes (protein) (32), or in

CD14þ monocytes (RNA) (104), although none of these stu-

dies had an Aire knockout control. Bone-marrow chimera

experiments indicate that loss of Aire in the peripheral hemo-

poietic compartment alone is not sufficient to trigger autoim-

munity (14); however, a minor contribution of Aire to

peripheral tolerance has not been excluded.

Intrinsic properties of the target organ to shield against

autoreactivity

The fifth factor that can alter the threshold of autoimmune T

cells that can be tolerated is the intrinsic properties of the

target organ. There are several highly characterized organ-

intrinsic protection mechanisms, such as the expression of

FasL in the eye (105), the protection of the nervous tissue

by the blood–brain barrier (106), and the protective low level

of MHC class I expression in several cell types (107). Genetic

defects in any of these protection mechanisms could result in

the successful initiation of autoimmunity by a lower number

of autoreactive cells. One example of such a genetic defect may

be pancreatic development in the NOD mouse. The NOD

mouse has abnormal pancreatic development with mild infil-

tration of dendritic cells and macrophages. These abnormal-

ities are lymphocyte-independent [occur in the NOD severe

combined immunodeficiency (SCID) mouse] (108), and they
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may contribute to susceptibility towards autoimmune dia-

betes. In the insHEL transgenic system, male NODK mice

have abnormal glucose tolerance (109) and develop sponta-

neous diabetes (60% incidence between 12 and 24 weeks data

not shown) if they are insHEL transgenic, even in the absence

of the 3A9 TCR transgene to direct T-cell development against

the HEL transgene. The strongest evidence is that this progres-

sion is due to a combination of b-islet stress caused by male

sex hormones (diabetes does not occur in castrated male mice)

and cellular stress caused by over-production of the HEL

protein, rather than autoimmunity, as diabetes is observed in

male NODK insHEL transgenic mice even on the SCID back-

ground (data not shown).

Lessons for the polygenic situation

Major insults to the parameters of T-cell tolerance are able to

initiate autoimmunity by themselves. However, multiple

minor hits to a single parameter can result in the same impact

as a single-monogenic hit, and as we have outlined here,

subtle changes in multiple parameters can have a synergistic

effect. The NOD mouse is a key model for this polygenic

effect. Spontaneous autoimmunity in the NOD mouse relies

on multiple genetic insults, which have no effect in the solitary

situation on a resistant background. However, the combina-

tion of multiple defects (examples of which are given through-

out this review) result in subtle shifts in all three parameters

(Fig. 6E). The molecular basis of these shifts predicts that some

are going to be disease specific in effect (e.g. pre-stressed

pancreatic b cells and decreased insulin presentation by Idd1),

whereas others are going to be more general in effect (e.g.

decrease in the dose–response curve of thymocytes or

decreased number and function of NKT cells). This division

of genetic insults into a functional hierarchy explains the

different results observed in correcting NOD autoimmunity:

it is easy to inhibit diabetes, as many small factors are all

required, but many treatments result in the induction of alter-

native autoimmune disorders. Thus, instead of correcting

disease-specific susceptibility loci, identification and correction

of the generalized susceptibility loci should allow prevention of

diabetes without allowing the development of alternative auto-

immune disease. In the context of human polygenic

autoimmune diabetes, where multiple autoimmune diseases

cluster in the family, this approach should result in the lowest

risk of inadvertently enhancing the progression of an alternative

autoimmune disorder by preventing the onset of diabetes.

A note on transgenic mice used in this study

The 3A9 TCR transgenic mice (110), ILK-3 Ins-HEL transgenic

mice (16), TLK3 Tg:mHEL transgenic mice (16, 111), ML4

Mt:sHEL transgenic mice (112), and KLK4 H2K:mHEL trans-

genic mice (113) produced in C57BL/6J mice were back-

crossed greater than seven generations to B10.Br/SgSnJ (JAX)

mice. TCR transgenic Ins-HEL transgenic mice were back-

crossed to (B6x129/Sv)F2 Aireþ/� mice for two generations,

to TCRa�/� mice (JAX) for seven generations, to recombina-

tion-activating gene (RAG)-1�/� mice (ARC) for seven genera-

tions, and to NOD.H2k (114) mice for six generations.

Backcross offspring were typed for TCR, HEL, and Aire (27)

by polymerase chain reaction and for RAG and TCRa by flow

cytometry. Radiation chimeras (16) and thymic transplants

(115) were constructed as described previously, except the

donor thymi were removed from adult donors. Recipients

were analyzed approximately 6 weeks after reconstitution or

transplantation. Analyses included immunofluorescence, flow

cytometry, and diabetes incidence studies, as previously

described (13, 68). Animals were cared for and used in

accordance with principles outlined by the Australian National

University Animal Experimentation Ethics Committee and the

current Australian Code of Practice for the Care and Use of

Animals for Scientific Purposes.
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