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The oak was once an acorn.
If you ever despair of achieving success because of your modest beginning, 

remember that even the oak, that large and strong tree, started as a small 
acorn lying on the ground. 
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PREFACE

Autoimmune diseases such as multiple sclerosis and type I diabetes are in-
creasing in prevalence in western countries and are causing a considerable 
psychosocial burden. They usually have a complex etiology with both ge-
netic and environmental factors involved but there are a few exceptions, 
where the autoimmunity is caused by mutations in single genes. This thesis 
deals with the animal model of a monogenic autoimmune disease, namely 
autoimmune polyendocrine syndrome type I. 

This doctoral research was carried out at the Department of Medical Sci-
ences, Uppsala University, and at the Department of Medicine, unit of clini-
cal allergy research, at the Karolinska Institutet. This work was financially 
supported by grants from the Swedish Research Council, the Lundberg 
Foundation, the Ronald McDonald Foundation, the Grönwall Foundation, 
the Magnus Bergvall Foundation, the Sven Jerring Foundation, the Swedish 
Medical Society, the Agnes and Mac Rudberg Foundation, the Queen Silvia 
Jubilee Foundation, the Swedish Diabetes Association, and the Swedish 
Juvenile Diabetes Foundation. 

Signe Josephine Hässler, Uppsala, 13th of October 2006 
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INTRODUCTION

The ability of the immune system to distinguish self from non-self is desig-
nated as self-tolerance. Despite numerous scientific efforts to understand the 
mechanisms of this phenomenon, it is still a mystery how the immune sys-
tem can manage to recognize an almost infinite number of antigens present 
on pathogens and yet be innocuous to the body. The potential danger inher-
ent in the failure of these mechanisms was envisaged as early as 1902 by 
Paul Ehrlich, who referred to this situation as “horror autotoxicus” (1). Later 
many diseases that had been previously called idiopathic were found to have 
an autoimmune etiology.  

The prevalence of autoimmune diseases such as multiple sclerosis and 
type 1 diabetes is increasing. They now affect 3-5% of the population and 
often cause disability in young people (2), especially women since in most 
autoimmune diseases there is a female preponderance. Today there is no 
cure for autoimmunity and although many advances have been made and 
therapies that ameliorate some autoimmune diseases are available the treat-
ments usually do not target the causative agent and may have side effects 
such as increased susceptibility to infections (3). Understanding the mecha-
nisms that underlie autoimmune diseases is of great importance in attempts 
to develop therapies that specifically target the autoimmune response with-
out affecting the normal immune response against infections. 
This thesis will focus on the self-tolerance mechanisms controlled by the 
autoimmune regulator (AIRE) gene, which when mutated causes autoim-
mune polyendocrine syndrome type I (APS I). 

Central tolerance 
Somatic rearrangement of the T cell receptor (TCR) in T cells and the B cell 
receptor (BCR) in B cells generates 1015-1016 different specificities to allow 
the recognition of any antigen, including self-antigens. In order to avoid the 
dangerous consequences of an autoreactive lymphocyte repertoire, after rear-
rangement of their receptors B cells and T cells undergo an educational 
process in primary lymphoid organs where they are taught to distinguish 
between self and non-self. The mechanisms through which lymphocytes are 
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educated in the thymus (T cells) and bone marrow (B cells) are together 
referred to as central tolerance. 

Negative selection and promiscuous antigen expression 
in the thymus 
Although it has been known for quite a long time that the thymus is respon-
sible for T cell development (4), the mechanisms underlying this process 
began to be understood only in the last two decades. During embryonic de-
velopment the thymic primordium is formed from the third pharyngeal 
pouch and the third branchial cleft and starts to be colonized by hematopoi-
etic progenitors (5). Once in the thymic cortex, progenitors receive cytokines 
and signals that induce their proliferation and differentiation from CD25-

CD44+ through CD44+CD25+ to CD25+CD44lo double negative (DN) (CD4-

CD8-) thymocytes (6). At the same time DN thymocytes emit important sig-
nals for the differentiation of the cortical epithelial network; this communi-
cation and reciprocal influence between thymocytes and thymic epithelial 
cells is called thymic crosstalk (7). At the DN CD25+CD44lo stage thymo-
cytes begin to express RAG 1 and RAG 2 (recombination activating gene) 
and rearrange the TCR -chain locus and express pre-T , an invariant surro-
gate -chain. A functional -chain rearrangement will induce constitutive 
signaling from the pre-TCR, stop RAG expression and further rearrange-
ment, and induce proliferation. At the end of this stage CD4 and CD8 ex-
pression is induced together with reexpression of the RAG genes and rear-
rangement of the -chain locus (5). Once a functional TCR is produced, 
CD4+CD8+ double positive (DP) thymocytes go through a process of posi-
tive selection, where all self-MHC (major histocompatibility complex) bind-
ing TCRs that recognize antigens presented on cortical epithelial cells 
(cTECs) are induced to survive, whereas thymocytes with TCRs not able to 
bind to self-MHC  or to presented self-antigens are programmed to die (8). 
During positive selection even low affinity recognition of antigens is enough 
to induce survival signals through the TCR, and therefore both self and non-
self recognizing T cells are rescued (9). During positive selection DP thymo-
cytes are induced to downregulate either CD4 or CD8 expression depending 
on whether they recognize peptides presented on MHC I or MHC II respec-
tively. 

Self-tolerance is generated in the next phase of thymocyte development, 
which is called negative selection and is performed by specialized epithelial 
cells of the medulla (mTEC) and by bone marrow derived thymic dendritic 
cells (tDCs) (9). CD4+ and CD8+ single positive (SP) thymocytes move to 
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the medulla, attracted by chemokines produced by mTECs and DCs, and 
they spend about 14 days there making contact with the antigen presenting 
cells (APCs). If they recognize a self-peptide presented by an mTEC or a 
tDC, they are induced to different fates depending on the affinity and avidity 
of the binding and on the type of costimulatory signals they receive (10-14): 
high-affinity autoreactive T cells are induced to die by apoptosis (clonal 
deletion) or to become anergic, that is, unresponsive to self-antigen. Low-
affinity autoreactive T cells are thought to be induced to differentiate into 
CD4+CD25+ regulatory T cells (T regs), which play a pivotal role in the 
maintenance of peripheral tolerance during immune responses. The mecha-
nisms and the type of APCs responsible for negative selection are still con-
troversial. mTECs are not so efficient in uptake and processing of antigens, 
so the bulk of blood borne and hematopoietic self-antigens are probably 
taken up and presented by tDCs (9). Knockout mice with an abnormally 
developed medullary epithelium display defective development of T regs 
(15, 16), suggesting that mTECs are responsible for the selection of T regs in 
mice, but in humans it has been shown that mTECs have only an indirect 
effect through the secretion of the cytokine thymic stromal lymphopoietin 
(TSLP) which subsequently induces tDCs to select T regs (14). A very im-
portant issue that has emerged in the last decades is the fact that mTECs 
have the ability to express self-antigens that are normally considered tissue 
restricted, such as the pancreatic -cell hormone insulin (17). This peculiar 
feature of mTECs has been termed promiscuous rather than ectopic self-
antigen expression, to emphasize the fact that it is a physiological and not an 
aberrant property of mTECs (18). By expressing a wide range of tissue spe-
cific antigens, mTECs are thought to be the main actors in the negative se-
lection of autoreactive T cells recognizing organ specific antigens (19, 20). It 
is not yet clear how this phenotype with this peculiar expression pattern is 
achieved; it has been observed that the number of promiscuously expressed 
genes increases from cTEC to mTEC and that mTECs can be subdivided 
into an MHC IIlo and an MHC IIhi subset, among which MHC IIhi mTECs 
seem to display the highest promiscuous expression in both mice and hu-
mans (21, 22). Since all the thymic epithelial cells derive from a common 
precursor cell (23), it has been hypothesized that MHC IIhi mTECs represent 
a final and most mature differentiation stage, but recently it has been shown 
that this subset actually proliferates more and has a higher turnover than the 
MHC IIlo subset, contradicting this model (24). Each promiscuous antigen 
seems to be expressed by 2% of the mTECs and each mTEC expresses a few 
antigens (17). The expression of promiscuous antigens uses different tran-
scriptional regulatory mechanisms in mTECs compared to those in the tissue 
where the corresponding antigen is normally expressed; for instance the 
transcription factor pdx-1 is necessary for preproinsulin expression in -
cells, but pdx-1 is not expressed by insulin-expressing mTEC lines (25). In 
spite of their poor ability to take up antigens, mTECs are efficient antigen 
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presenters to T cells (24), suggesting that they are capable of direct negative 
selection of T cells. On the other hand this implies that they mainly perform 
negative selection of endogenous antigens on MHC I presented to CD8+ T 
cells, but they cannot present exogenous antigens on MHC II to CD4+ T 
cells. It has recently been reported that bone marrow derived DCs are neces-
sary for negative selection of a neo-self-antigen presented on MHC II, but 
the antigen can be expressed on mTECs and cross-presented by tDCs (19); 
such a mechanism may explain how CD4+ T cells may achieve self-tolerance 
to organ-specific antigens (9). It is not clear how this cross-presentation by 
tDCs of antigens expressed by mTECs is achieved; uptake of apoptotic 
mTECs or delivery of exosomes might be possible mechanisms (20). 

The importance of promiscuous antigen expression in central tolerance 
has been proven by its influence on autoimmune disease in both human and 
mouse models. Insulin is an important autoantigen in human type 1 diabetes 
(26) and in the diabetes prone NOD (non-obese diabetes) mouse strain (27). 
A diabetes susceptibility locus has been mapped to the VNTR (variable 
number of tandem repeats) allele in the insulin gene promoter, where the 
class III allele causes higher insulin expression in mTECs and protects from 
diabetes (28, 29). In a similar way, NOD mice lacking insulin expression in 
the thymus but with normal expression in -cells develop diabetes earlier 
(30).

Although negative selection in the thymus is a very effective way of 
eliminating autoreactive T cell clones, it is not complete and low-affinity 
self-reactive clones can move out to peripheral lymphoid organs (31). To 
avoid autoimmunity, autoreactive T cells are kept in check by a variety of 
mechanisms which together constitute peripheral tolerance, which is the 
focus of this thesis. 

Peripheral tolerance 
Once a mature T lymphocyte leaves the thymus, it starts to recirculate be-
tween the blood and lymph nodes or spleen. It has been proposed that the 
main concern of the immune system at this point is not the distinction be-
tween self and non-self, but discrimination of what is dangerous from what 
is harmless (32). Danger signals may be exogenous, e.g. produced by patho-
gens or environmental toxins, or endogenous, e.g. resulting from transforma-
tion of a cell into a cancer or from necrosis as a result of tissue damage. The 
danger signals from pathogens have been well characterized whereas less is 
known as yet about endogenous signals. An important issue of this theory is 
that the immune system cannot be separated from the rest of the body. It has 
to interact and communicate with the tissues to work properly and each tis-
sue gives specific instructions that are most favourable for its own function 
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(33). For example in the anterior chamber of the eye, cells constitutively 
express Fas ligand in order to induce apoptosis of activated lymphocytes and 
avoid an adaptive immune response which would easily damage such a deli-
cate function as the sight (34). 

The induction of an adaptive immune response relies on the previous ac-
tivation of an innate immune response by an infectious agent. In the absence 
of an infection, autoreactive T cells are exposed to small amounts of self-
antigens that are brought to the lymph nodes by immature dendritic cells 
(DCs) which have low expression of costimulatory molecules (35). In the 
absence of costimulation, signaling through the TCR induces anergy instead 
of activation. The highest risk of developing an autoimmune response is 
during an infection, when DCs are activated by the binding of pathogen-
associated molecular patterns (PAMPs) to pattern recognition receptors (36). 
Once activated, DCs upregulate the expression of costimulatory molecules 
such as B7.1 and B7.2 and they increase antigen presentation on MHC I and 
MHC II, secrete inflammatory cytokines, migrate from the infected tissue to 
the draining lymph node, and effectively activate T cells (37). The type of 
cytokines produced is influenced not only by the type of pattern recognition 
receptors to which the PAMPs that are present in the pathogen bind, but also 
by the phenotype/subset of DCs present in the infected tissue. For instance 
Toll like receptor 9 (TLR9) binding on plasmacytoid DCs (pDCs) induces 
IFN  production, whereas TLR4 binding on myeloid DCs induces produc-
tion of IL-12. These cytokines are important for the differentiation of differ-
ent types of T helper cells and/or cytotoxic T lymphocytes, which in turn 
will influence the type of immune cells that will be recruited to the tissue to 
combat the infection. Infections are often associated with tissue damage, and 
DCs will therefore take up and present both foreign antigens from the infec-
tious agent and self-antigens released by the injury; self-antigens activate 
both autoreactive effector T cells and autoreactive CD4+CD25+ T regs. Evi-
dence for suppressor/regulatory T cells became apparent in an experimental 
series with day 3 neonatal thymectomy, which induced autoimmunity in 
different target organs in a strain-dependent manner (38, 39). T regs are able 
to suppress effector T cells, but because of the conflicting results between in 
in vivo and in vitro assays the mechanisms are still controversial (40). It is 
clear that production of immunosuppressive cytokines is necessary, particu-
larly TGF- , since blocking antibodies against TGF-  prevent the suppres-
sion. In some experiments the suppression is mediated by cell contact with 
membrane-bound TGF-  on T regs, while in some others TGF-  acts in 
soluble form, but it seems that its main direct action is exerted not on effec-
tor T cells but on DCs, which are switched to a tolerogenic phenotype, which 
in turn can induce further development of “adaptive T regs”. Adaptive T regs 
are not specific for self-antigens as are CD4+CD25+ T regs and their main 
function is to produce TGF-  and IL-10, which suppress effector T cells 
(40). An immune response against a pathogen therefore always induces a 
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counter-response by T regs, which keeps it under control and prevents it 
from switching the focus from the pathogen to the self. Furthermore, T cells 
normally have intrinsic mechanisms to dampen the immune response and to 
shut it down once the pathogen has been cleared. The first of these is the 
expression of CTLA-4 upon activation, an inhibitory molecule that binds to 
B7.1 and B7.2 on APCs with higher affinity than CD28 and competes for 
costimulatory signals but also induces inhibitory signals that prevent prolif-
eration and cytokine production of activated T cells (41). The second is acti-
vation-induced cell death, whereby activation makes T cells sensitive to 
apoptosis by upregulating the death receptor Fas (42). 

Thus peripheral tolerance seems to be a function of the phenotype of the 
APCs in terms of expression of costimulatory molecules and proinflamma-
tory cytokines, which in turn is influenced by the presence or absence of a 
danger signal and which determine the outcome of the peripheral T cell re-
sponse.

B cell tolerance 
B lymphocytes develop in the bone marrow and undergo selective steps 
similar to those of T cells in the thymus. Early committed B cell precursors 
are called pro-B cells and depend on both cell adhesion and cytokine signals 
from the bone marrow stroma for the expression of RAG and rearrangement 
of the heavy chain of the immunoglobulin gene (IgH). Once they express an 
IgH they are called pre-B cells, they temporarily downregulate RAG, and 
they proliferate and start to express a surrogate light chain that binds to the 
IgH to generate a pre-B cell receptor (43). If the IgH is not able to bind to 
the pre-light chain and build a functionally signaling pre-BCR, the pre-B cell 
will die by apoptosis. If the pre-BCR is functional after proliferation, the 
pre-B cell will re-express RAG and rearrange a light chain to become an 
immature B cell (43). If the light chain builds a functional BCR with the 
IgH, the immature B cell will undergo negative selection, which means that 
B cells receiving a strong BCR signal, either because they recognize multi-
valent self-antigens that efficiently cross-link the BCR or because they have 
high affinity for a monovalent self-antigen, will either die by apoptosis 
(clonal deletion) (44) or will rearrange a new light chain (receptor editing) 
(45, 46). In the case of editing, negative selection will be performed again on 
the new BCR for as long as lambda or kappa light chain genes are available 
for rearrangement; once these are finished the only possible outcome for a 
strongly autoreactive B cell is apoptosis. If instead a B cell has a low-affinity 
BCR for a soluble self-antigen, the outcome of negative selection is anergy; 
that is, the B cell will become unresponsive to antigen stimuli (47), but it 
will not die immediately and it will enter the circulation and survive in the 
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periphery for a few days. All the other B cells, including some with very low 
affinity for self-antigens, will survive this selection and go out to peripheral 
lymphoid organs, where they will complete their differentiation. 

One important difference between the thymic and bone marrow stroma is 
the lack of promiscuous antigen expression in the bone marrow, which there-
fore only allows the negative selection of blood-borne self-proteins and he-
mopoietic and ubiquitous antigens present in the bone marrow. B cells rec-
ognizing organ specific antigens will survive this selection and mature in the 
periphery, but since antigens of this type are usually sequestered from the 
circulation and from peripheral lymphoid organs, autoreactive B cells pre-
sumably will not encounter organ specific antigens, and even if they do, they 
will not get any T cell help to be activated, since promiscuous antigen ex-
pression in the thymus will eliminate autoreactive T cell clones against organ 
specific antigens (48). In this way B cell tolerance is partly controlled by T 
cells.

Differentiation of B cell subsets in peripheral lymphoid organs 
When they leave the bone marrow, B cells are in a transitional stage and are 
not yet fully mature. In peripheral lymphoid organs they will undergo nega-
tive selection for self-antigens that are not accessible to bone marrow, but 
they are no longer able to achieve receptor editing because at this stage they 
have lost expression of the RAG genes, so they can only be deleted or be-
come anergic. Once again this process does not eliminate all the autoreactive 
clones, too high stringency in the selection would cause a severe restriction 
in the B cell repertoire and its ability to recognize foreign antigens. All the B 
cells that survive this further selection, including anergic B cells, need to 
receive other survival and differentiation signals in order to fully mature. All 
the transitional B cells, including anergic B cells, initially enter the T cell 
areas of the lymph nodes and spleen, where they are retained only if they 
encounter self-antigens. This retention prevents them from migrating to the 
areas where they can receive survival signals, so that within a few days they 
die (49). The most important signal that has been identified is given by the 
binding of the membrane-bound cytokine BAFF (B cell activating factor) to 
the BAFF receptor on transitional B cells (50, 51). This cytokine is ex-
pressed by macrophages and DCs in the marginal zone of the spleen and by 
stromal cells in the follicles (52). Depending on whether a transitional B cell 
migrates to the marginal zone or to the follicles, it will differentiate into a 
marginal zone B cell or a follicular B cell, respectively. It is not known how 
this decision is made; it seems that the BCR specificity and expression of 
certain integrins (LFA-1 and 4 1) (53) and chemokine receptors (54) which 
direct their migration are at least partly responsible (55). Another subset of B 
cells, so called B-1 cells, differentiates mainly in peritoneal and pleural cavi-
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ties, is less dependent on BAFF signaling and is more dependent on positive 
selection through BCR signaling (56). This selection is performed by bacte-
rial antigens from the intestinal flora and by self-antigens. B-1 cells are re-
sponsible for the secretion of the natural antibodies that constitute the greater 
part of the IgM in our circulating repertoire. Marginal zone B cells (MZB) 
are also thought to require some BCR signaling from self-antigens in order 
to be selected and to be able to recognize carbohydrate (T independent type 
2) antigens on bacterial cell walls (55); this restricted specificity is thought 
to be important for the early response to pneumococcal infections in the 
blood, since the marginal zone is the first lymphoid site that these bacteria 
encounter and as marginal zone macrophages and metallophilic macro-
phages express innate receptors that are specialized to retain the bacteria and 
present them to the MZB (57). The response to these bacteria does not re-
quire T cell help, but needs “costimulation” of MZB through a receptor 
called TACI (58), whose ligands are APRIL and BAFF. Follicular B cells 
require positive selection for their survival (59), but it is not clear whether 
this selection is due to binding of self-antigens or to tonic antigen independ-
ent signaling through the BCR. B cells of this type require T cell help in 
terms of CD40L binding and cytokines for their activation, and build germi-
nal centers where they go through somatic hypermutation and several rounds 
of selection in order to increase the affinity of their BCR for a foreign anti-
gen during an immune response. BAFF seems to be necessary also for the 
survival of B cells in germinal centers, but not for later stages such as mem-
ory B cells (60). 

Because of their role in early phases of immune responses against bacte-
ria, both B-1 and MZB cells need to be selected by carbohydrate self-
antigens and therefore they have more autoreactive potential than follicular 
B cells (55). On the other hand, both these subsets are more easily activated, 
but they do not generate any memory, so this autoreactive potential is re-
stricted. Nevertheless, in some autoimmune diseases increased expression of 
BAFF seems to lead to survival of more autoreactive clones and tonic stimu-
lation of their immunoglobulin secretion, both in mouse models (61, 62) and 
in human rheumatoid arthritis (63), Sjögren’s syndrome (64), and systemic 
lupus erythematosus (SLE) (65). Chronic activation and stimulation of 
autoreactive B cells through antigen and BAFF seem to contribute to the 
relatively frequent development of lymphoma in Sjögren’s syndrome (66). 

Etiology of autoimmune diseases 
Evolution has provided our immune system with many important check-
points for prevention of autoimmunity; yet self-tolerance is not perfect and 
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may fail. A few monogenic autoimmune disorders have been identified and 
have provided unique models for studies of autoimmune mechanisms (67). 
Examples are: autoimmune lymphoproliferative syndrome, caused by muta-
tions in the Fas ligand or Fas, where lymphocytes show an increased survival 
after activation (68); IPEX (X-linked autoimmunity allergic dysregulation 
syndrome), which has led to the discovery that its mutated transcription fac-
tor FoxP3 is necessary for the development of CD4+CD25+ T regs and self-
tolerance (69, 70); and APS I, an animal model of which is the main focus of 
this thesis. 

Most of the autoimmune diseases cannot be attributed to one gene, but 
have a complex pathogenesis in which both genetic and environmental fac-
tors play a role; for example the concordance in the development of type 1 
diabetes in monozygotic twins is approximately 30-50%. Most probably a 
combination of genetic factors that influence several tolerance mechanisms 
together with a pathogen or a toxic substance that initiates an immune re-
sponse is necessary in order to circumvent self-tolerance. 

A well established genetic factor that influences autoimmunity is the 
HLA (Human Leukocyte Antigen) haplotype. Different MHC II haplotypes, 
in particular, are associated with autoimmune diseases. The MHC II haplo-
type seems to be most relevant when a particular self-antigen is attacked in 
the autoimmune response, and it reflects the efficiency with which an immu-
nodominant peptide from the self-antigen can be presented on that particular 
MHC II haplotype (27). In some cases MHC II protects from autoimmunity 
by inducing efficient deletion of self-reactive T cell clones or efficient selec-
tion of T regs in the thymus, and in some others it causes susceptibility to 
autoimmunity by effectively inducing presentation of the immunodominant 
peptide in peripheral lymphoid organs (71). 

No single pathogen has yet been uniquely associated with a given auto-
immune disease, suggesting that many different pathogens have the ability to 
start autoimmunity by inducing an immune response; it has been suggested 
that in certain instances pathogens might even protect from autoimmunity by 
deviating the cytokine profile of an immune response or by moving the “at-
tention” of the immune system to a site other than the susceptible organ (72). 
There are a few exceptions. For example streptococcus infections are known 
to cause rheumatic heart disease by molecular mimicry; that is, antibodies 
produced against the bacteria cross-react with heart antigens (71). Lyme 
disease also seems to be caused by molecular mimicry of Borrelia burgdor-
feri antigens with the leukocyte function associated antigen-1 (LFA-1) mole-
cule (71). 
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Endocrine autoimmunity 
Autoimmune endocrine disorders such as type I diabetes, Hashimoto’s thy-
roiditis and Addison’s disease may present as isolated endocrinopathy of a 
single endocrine organ, but frequently they are associated with the destruc-
tion of two or more endocrine glands and are therefore classified as autoim-
mune polyendocrine syndromes (APS). These syndromes have been system-
atically classified into four groups by Neufeld et al. (73, 74). APS I is char-
acterized by early onset during childhood, hypoparathyroidism and Addi-
son’s disease as the main endocrine manifestations, and chronic 
mucocutaneous candidiasis; in APS II Addison’s disease is associated with 
either hypothyroidism or type I diabetes with a female preponderance and 
adult onset; in APS III hypothyroidism and diabetes are associated in the 
absence of Addison’s disease; and APS IV is defined as association of Addi-
son’s disease with autoimmune diseases/endocrinopathies other than those 
present in APS I and II. These syndromes share an autoimmune destruction 
of endocrine organs and production of organ specific autoantibodies against 
target glands (75). It is likely that at least partly they have similar pathoge-
netic mechanisms, but the different ages of onset, female/male ratios and 
patterns of inheritance suggest that they are distinct clinical entities with 
different primary etiologies. In APS II an association with certain HLA hap-
lotypes (76, 77), CII TA (MHC II transcriptional activator) (78) and CTLA-4 
polymorphisms (79, 80) has been established. It has been shown that in APS 
II CD4+CD25+ T regs are numerically normal but defective in their suppres-
sor function (81). T regs are therefore believed to play an important role in 
the maintenance of tolerance to endocrine glands, as also suggested by ani-
mal models of depletion of such cells (39).  

APS I is unique among the polyendocrine syndromes for its monogenic 
autosomal recessive mode of inheritance, which has been linked to mutations 
in the AIRE gene (82, 83). This makes it a relatively simple model of endo-
crine autoimmune disease, and complete understanding of the pathogenetic 
mechanisms of APS I could lead to important insights into endocrine auto-
immunity. 

Autoimmune polyendocrine syndrome type I 
Albeit a very rare disease APS I is prevalent in some isolated populations 
such as the Finnish (1:25.000) (84), Iranian Jewish (1:9.000) (85), and the 
Sardinian populations (1:14.000) (86). APS I has also been termed APECED 
(autoimmune polyendocrinopathy candidiasis ectodermal dystrophy) to indi-
cate the presence of non-endocrine components in the disease, such as 
chronic mucocutaneous candidiasis (CMC) (Figure 1), nail dystrophy and 
enamel hypoplasia (87). 
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Figure 1. CMC on the tongue of an APS I patient 

The most common disorders are hypoparathyroidism and Addison’s disease, 
which together with CMC constitute the diagnostic triad: the presence of at 
least two of these disorders is necessary for the diagnosis, but one of them is 
enough if a sibling has the disease. Several other endocrine disorders may be 
present, but with a lower frequency, including hypothyroidism, type I diabe-
tes, hypergonadotropic hypogonadism and hypophysitis (88, 89) (Table 1). 
Autoimmune destruction of non-endocrine cells has also been described and 
may cause autoimmune hepatitis, keratoconjunctivitis, vitiligo, alopecia, 
pernicious anemia, and asplenia (88, 89) (Table 1). 

Table 1. Clinical manifestations of APS I
Disease manifestations Betterle 1998 Perheentupa 2006 

   
Diagnostic triad (%)   

hypoparathyroidism 93 85 
CMC 83 98 

Addison’s disease 73 78 
   
Minor manifestations (%)   

hypogonadism 43 60 (F), 12 (M) 
alopecia 37 39 

chronic hepatitis 20 18 
pernicious anemia 15 20 

vitiligo 15 27 
autoimmune thyroid disease 10 14 

keratoconjunctivitis 12 22 
type I diabetes 2 13 

chronic atrophic gastritis 15 ND 
malabsorption 15 ND 

Table adapted from Betterle et al. 1998 (88) and Perheentupa 2006 (89). 
Data from Perheentupa 2006 were taken from patients at 30 years of age. 
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Malabsorption is common and may have different causes, such as exocrine 
pancreatic insufficiency (89) or autoimmune destruction of serotonin-
producing enterochromaffin cells in the small intestine (90).  

There is no major sex difference in the severity of APS I, except for a par-
tial protection of male patients from hypoparathyroidism (91) and an in-
creased prevalence of hypogonadism in females (89). The number and type 
of disease manifestations vary considerably between different patients, even 
among siblings (92, 93). New disease components may appear throughout 
life, and diagnosed patients therefore require continuous monitoring, espe-
cially for the life-threatening Addison’s disease and chronic active hepatitis, 
as well as prophylaxis against asplenia by pneumococcal vaccination and 
against CMC-induced oral carcinoma by anti-fungal therapy (89, 94). The 
current treatment is hormonal replacement therapy for the endocrine defi-
ciencies (89, 94); immunosuppressive therapy is normally used only for 
chronic active hepatitis, but there are case reports describing its successful 
use for other disease complications, such as exocrine pancreatic insuffi-
ciency and keratoconjunctivitis (95), male infertility (96), and transplant 
rejection (97, 98).  
Mutations in the AIRE gene cause APS I with 100% penetrance, but they do 
not predict the phenotype of the disease (99, 100). Environmental factors and 
background genes probably contribute to the outcome of the disease. Al-
though HLAs are not directly associated with APS I, associations with cer-
tain HLA haplotypes have been described for some disease components 
(101, 102).  

Heterozygotes normally do not develop APS I, and the few cases where 
AIRE mutations have been found on only one chromosome are thought to be 
caused by unidentified mutations in regulatory regions (103). One exception 
is the G228W mutation, which causes dominant transmission of the disease 
in heterozygotes and cosegregates with hypothyroidism (104). A molecular 
analysis of this mutation has shown that the mutated protein binds and mul-
timerizes with the wild type protein and thereby disrupts its transactivating 
capacity (105).  

Autoantibodies
A hallmark of APS I is the development of organ specific autoantibodies, 
which precede the clinical onset of disease (94, 106, 107) and are often 
maintained for several years after the organ destruction. Many of the anti-
gens recognized by the autoantibodies have been identified (Table 2) (90, 
101, 108-120). 
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Table 2. Autoantigens in APS I

Tissue/cell-type Disease component Autoantigen 

   
adrenal cortex adrenal insufficiency P450cSCC, P450c17, P450c21 (107-110) 
testis/ovary hypogonadism P450cSCC, P450c17 (111-112) 
pancreatic -cells type I diabetes GAD65, AADC, IA2, insulin (113, 114, 101) 
thyroid gland hypothyroidism thyroid peroxidase, thyroglobulin (115) 

liver
chronic autoimmune 
hepatitis P450 1A2, P450 2A6, AADC (116) 

enterochromaffin 
cells intestinal dysfunction tryptophane hydroxylase (90) 
parietal cells chronic atrophic gastritis H+/K+ ATPase (117) 
gastric enteroch-
romaffin like cells intestinal dysfunction histidine decarboxylase (118) 
hair follicle alopecia tyrosine hydroxylase (119) 
melanocyte vitiligo SOX9, SOX10 (120) 
   

Typically they are key enzymes in the synthesis of hormones or neurotrans-
mitters in the target glands, e.g. CYP450 21 in the adrenal cortex, CYP450 
SCC in the adrenal cortex and gonads, and tryptophan hydroxylase in the 
enterochromaffin cells of the small intestine. Interestingly many autoanti-
gens identified in APS I are also autoantigens in the corresponding isolated 
idiopathic/autoimmune disorders, e.g. CYP450 21 in Addison’s disease, 
thyroid peroxidase in autoimmune thyroiditis, and GAD 65 in type 1 diabe-
tes. Some autoantigens have been identified by screening cDNA libraries of 
a target organ, but they have since proved to correlate more with disorders of 
another organ: for instance GAD65 is expressed in islet -cells, but GAD65 
autoantibodies in APS I correlate mainly with intestinal dysfunction and 
only marginally with diabetes (101, 121, 122). Other -cell autoantigens that 
have been described in APS I are AADC, IA2, and insulin; only IA2 and 
insulin antibodies predict diabetes with high specificity but with low sensi-
tivity, suggesting that another, unknown -cell autoantigen remains to be 
discovered (101, 122). The parathyroid autoantigen is also still elusive; one 
group has identified the calcium sensing receptor (123), but others have not 
been able to reproduce this result (91, 122). 

The autoantibodies often recognize the most conserved part ot the en-
zymes among different species, i.e., the catalytic site (124-126); some of the 
autoantibodies have also been shown to inhibit the target enzymes in in vitro
cell free assays (110, 127, 128) but not in vivo (129). It is therefore likely 
that these antibodies do not play a pathogenic role in APS I and that they 
develop after destruction of the organs has started and cause release of intra-
cellular enzymes. The adrenal autoantibodies are mainly of IgG1 subclass, 
suggesting that the organ destruction is probably mediated by a Th1 response 
(130). An increased proportion of activated T cells has been observed in the 
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blood of APS I patients compared to healthy controls (131). Besides the 
presence of organ specific antibodies, the immunological mechanism of this 
disease is unknown. In particular it is not clear why the patients develop 
CMC in spite of a very efficient adaptive immune response against endo-
crine glands and a normal response against other pathogens. Previously it 
was assumed that CMC in APS I was caused by a T cell defect, although an 
early study showed normal in vitro proliferation of T cells against Candida 
albicans antigens (132), a finding which we have recently confirmed (133). 
Our data also suggest a specific defect in the internalization and activation 
against C. albicans in APCs from APS I patients as a possible cause of 
CMC.

Very recently anti-IFN  antibodies have been identified as early markers 
of APS I; they precede the clinical symptoms, including CMC, and are pre-
sent in 100% of APS I patients and might therefore be of high diagnostic 
value (134). The investigators had previously studied these antibodies in 
patients with thymoma and myasthenia gravis (135), autoimmune disorders 
which in analogy with APS I may present CMC. The correlation of anti-
interferon antibodies with CMC suggests that they might be involved in the 
etiology of this disorder, perhaps by neutralizing the local action of inter-
ferons in the skin and mucosae and thereby inhibiting a local immune re-
sponse. If this proves to be the case it will imply that interferons are essential 
for the mucosal immune response against C. albicans and that CMC in APS 
I is not caused by an immune deficiency but may be considered as another 
autoimmune manifestation. 

Molecular biology of AIRE 
The autoimmune regulator was identified by positional cloning in 1997 (82, 
83) and later the mouse orthologue was cloned (136, 137). The presence of 
several highly conserved domains has suggested a role for AIRE as a tran-
scriptional regulator. AIRE encodes for a 545 amino acid protein and con-
tains an HSR (homogeneously staining region) domain, three LXXLL nu-
clear receptor binding motives, a functional bipartite nuclear localization 
signal (NLS, a proline rich region, a SAND domain, and two PHD fingers 
(82, 83) (Figure 2). 
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Figure 2. Structure of the AIRE gene with some of the most common mutations in 
the Finnish and the Iranian Jewish (Y85C) populations.  

The mouse orthologue displays 71% homology with the human protein se-
quence and all the domains are conserved (136, 137). To date more than 50 
different mutations have been described in APS I patients and all of them are 
localized within one of the conserved domains, causing either a truncated 
polypeptide, an amino acid change, a deletion, or an insertion. The most 
common mutations are the R257X nonsense mutation in exon 6, and a 13bp 
deletion at nucleotides 1085-1097 in exon 8 that causes a frameshift (82, 83); 
the first is particularly frequent in the Finnish population and the second in 
the British one (138), where they are in linkage disequilibrium with a com-
mon haplotype, suggesting that these mutations arose in a common ancestor 
in these populations. The same mutations are also present in other popula-
tions but in linkage disequilibrium with several different haplotypes, indicat-
ing that they arose independently in different individuals and that these are 
mutation hot spots (103, 139). No genotype-phenotype correlation has been 
observed except for the Y85C Iranian Jewish missense mutation, which 
causes an amino acid change in the HSR domain, retains the normal nuclear 
localization and in vitro transactivating activity of the protein, and is associ-
ated with the milder phenotype seen in the Iranian Jewish population charac-
terized by a very low frequency of CMC and of the ectodermal dystrophies 
(85, 103). It has been observed that this mutation causes the AIRE protein to 
have a shorter half-life (140), which might explain the milder phenotype as 
due to a partial retention of the function but lower availability of the protein. 
Interestingly two other mutations in the HSR domain have been correlated to 
the lack of CMC: W78R in a Czech patient (141) and K83E in Finnish pa-
tients (83). It has been shown that the HSR domain mediates dimerization 
and tetramerization of AIRE (142, 143), while the PHD fingers are necessary 
for transcriptional activation in vitro (103, 142, 143); although they are 
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thought to mainly mediate interaction with other proteins, there is evidence 
that they can bind to ATTGGTTA sequences (144). In the transcriptional co-
activator CBP (CREB binding protein) a PHD finger has been shown to be 
essential for histone acetylation and also for acetylation of the basal tran-
scription factor TFIIE34 and for CBP autoacetylation (145), all of which are 
necessary for its transcriptional transactivating activity; the PHD fingers in 
the AIRE protein might therefore have a similar function, although this has 
not been tested yet. The SAND domain is a DNA-binding motif (146, 147) 
and gel mobility assays have suggested that it may bind to TTATTA se-
quences (144). It has also been found that the PHD1 but not the PHD2 do-
main of AIRE functions as an E3 ubiquitin ligase in cell free assays in vitro 
(148), but this finding has been challenged in another report (149). AIRE 
binds to the transcriptional coactivator CBP (142) and synergizes with it for 
transcriptional activation (150). 

At the subcellular level AIRE has been localized to nuclear dots distinct 
from PML bodies (151, 152) (Figure 3); some of the APS I mutations and 
deletions of the PHD domains have been shown to disrupt this localization 
(140).

Figure 3. AIRE nuclear dots visualized with immunofluorescence staining. This 
picture is reproduced from Ramsey et. al 2002 (140) with the kind permission from 
the Oxford University Press. 

In some studies of AIRE transfected mammalian cells a cytoplasmic fibril-
lary pattern colocalizing with vimentin and -tubulin has also been de-
scribed (143, 151, 152), but since this has never been observed on the 
“physiologically” AIRE expressing mTECs and monocyte derived cells 
(153, 154) it is probably an in vitro artefact of AIRE overexpression in cell 
lines. AIRE contains a monopartite nuclear localization signal (NLS) that 
interacts with importin-  to induce transport to the nucleus through nuclear 
pores (105).

Although in vitro reporter assays have shown that AIRE is able to activate 
transcription when tethered to DNA (103, 142), and in one case also without 
such tethering (150), no chromatin immunoprecipitation has been performed 
to demonstrate a physiological binding of the AIRE protein to the sequences 
to which it has been proposed to bind in vitro (144, 146, 147). It is therefore 
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not yet clear whether such a transcriptional activation normally happens 
through direct binding to DNA or through indirect interactions with other 
elements of the transcriptional complex. Furthermore, it has been shown that 
AIRE may also have a transrepressing activity by sequestering the coactiva-
tor CBP from transcriptional complexes on the NF-kB promoter (155, 156), 
an effect very similar to that previously described for the transrepressing 
activity of the glucocorticoid receptor (157). In addition to CBP, AIRE is 
also able to sequester other unidentified proteins of the transcription com-
plex (156).
In cell fractionation experiments AIRE has been colocalized with the nuclear 
matrix fraction but not with chromatin and ribonucleoprotein fractions (156, 
158), suggesting that the AIRE nuclear bodies are not sites of active tran-
scription but rather constitute a scaffold that organizes the chromatin into 
clusters of transcriptionally active genes (22, 156, 159). The function of 
AIRE may therefore be distinct when localized in the nuclear bodies and 
when free in the nucleoplasm, where a direct role in transcriptional regula-
tion is more likely. The nucleoplasmic fraction is far less abundant than the 
fraction in the nuclear bodies (158).  

The sites of expression of AIRE are still controversial, but it is well estab-
lished that this gene is expressed in mTECs, monocytes and monocyte de-
rived DCs and macrophages (153, 154, 160, 161). Aire expression is highest 
in the MHCIIhiCD80hiUEA-1+ subset that is characterized by promiscuous 
expression of self-antigens (17, 22, 24). Some investigators claim that Aire is 
expressed in all the target organs of APS I (162, 163). Since one of the 
methods used in those studies is RT-PCR on whole organ RNA extracts, it is 
likely that the low level of Aire expression in several organs is due to the 
presence of rare Aire-expressing tissue macrophages and/or DCs. 

Factors that regulate Aire expression 
Aire expression in the thymus starts at day 14 of embryonic development in 
the mouse and is induced by thymic cross-talk with early developmental 
stages of DN thymocytes (160). In the adult thymus Aire expression in 
mTECs is induced by negatively selected apoptotic thymocytes (160). Simi-
larities in the phenotype of several different knockout strains with that of 
Aire deficient mice have led to the hypothesis that the missing genes were 
somewhere upstream in the signaling pathways that induce Aire expression 
in mTECs. The missing genes include RelB, LT , (lymphotoxin) NIK (NF-
kB inducing kinase), TRAF6 (tumor necrosis factor receptor-associated fac-
tor 6), and NF-kB2 (15, 16, 154, 160, 164, 165); none of these results have 
yet been confirmed by a thorough study of the signal transduction pathways 
leading to Aire expression, and furthermore, in many of these knockout mice 
the lack of Aire expression might be due to a lack of development of Aire-
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expressing UEA-1+ mTECs (166), which is not a feature of Aire deficient 
mice, in which the numbers of these cells are increased (167). Moreover, 
TRAF6-/- mice and NIK deficient mice display decreased numbers of 
CD4+CD25+ regulatory T cells in the thymus, whereas T reg development is 
normal in Aire-/- mice (168-170), suggesting that in addition to the expres-
sion of self-antigens in mTECs a certain number of mTECs also is necessary 
for a proper selection of T regs. For the LT  receptor an effect on Aire ex-
pression has recently been confirmed in murine insulin-expressing thymic 
medullary epithelial cell lines (25). On the other hand, another group has 
observed transcriptional effects of LT  receptor agonistic monoclonal anti-
body injection in mTEC subsets that do not express Aire, suggesting that 
LT  may modulate Aire expression levels but is not in itself sufficient to 
induce Aire expression (171). 

In monocytes and in myelomonocytic leukemia cells GM-CSF (granulo-
monocyte colony stimulating factor) has been shown to induce Aire expres-
sion (172, 173) through the MAPK (mitogen-activated protein kinase) signal 
transduction pathway (173); Aire expression increases during in vitro DC 
differentiation from monocytes (172). The Aire promoter contains functional 
binding sites for the transcription factors AP-1, NF-Y and Sp1; both methy-
lation of CpG islands in the Aire promoter and histone acetylation seem to 
be involved in regulating Aire expression (174). Recently Ets family tran-
scription factors have been shown to bind to the Aire promoter and induce 
transcription in reporter assays; ets-1 and ESE-1 in particular, which are 
expressed in the thymic medulla, are good candidates for inducing Aire ex-
pression in mTEC and tDCs (175). In human DCs TSLP has been identified 
as a factor inducing strong upregulation of AIRE (176). TSLP is a cytokine 
produced by different types of epithelial cells that is able to induce matura-
tion of DCs to produce IL-10 and IL-6 but not IL-12, and thereby enables 
them to promote Th2 differentiation; this is thought to be particularly impor-
tant in the gut to avoid a potentially dangerous immune response against the 
normal bacterial flora (177). The induction of AIRE expression by TSLP 
might therefore be involved in the development of such an antiinflammatory 
phenotype in DCs. 

Aire deficient mice 
Three different lines of Aire deficient mice have been generated so far (167, 
168, 178). In the first report (178) exon 6 was targeted to mimic the most 
common Finnish APS I mutation. Surprisingly these mice had a very mild 
phenotype, with no destruction of any of the APS I target organs. However, 
they displayed lymphocytic infiltrates and autoantibodies against multiple 
organs and a very low fertility, which is the only clinical feature in common 
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with APS I. Apparently Aire deficient mice have only a partial loss of toler-
ance, and lack either an environmental trigger or other autoimmunity suscep-
tibility genes that interact with Aire to cause disease (168, 179). The target 
organs appear to be different from those of APS I. The liver is the most 
common target in Aire deficient mice (50%), but is targeted in only 16% of 
APS I patients (122, 178). On the other hand the adrenal cortex, which is 
attacked in 80% of APS I patients (122), has been found to be infiltrated in 
only 18% of Aire deficient mice (unpublished observation). In an investiga-
tion of the immune cells of Aire deficient mice, it was found that the num-
bers of B cells and of CD4+ and CD8+ T cells, and their basal activation, did 
not differ from those in Aire+/+ mice. In the thymus a normal distribution of 
DN, DP, CD4 SP and CD8 SP subsets was found. The V  repertoire of the T 
cells was similar to that in Aire+/+ mice in the thymus, but it was found to be 
different and skewed in some V  families when T cells from Aire-/- spleens 
were investigated. The most interesting finding was a hyperproliferation of 
Aire-/- lymphocytes to hen egg lysozyme (HEL) after immunization and an in
vitro recall response (178). 

In a second report on Aire deficient mice, attention was focused on the 
Aire expression in mTECs and its role in central tolerance (167). A pheno-
type similar to that of the first Aire deficient line was described, with an 
increasing number of autoimmune targeted organs with aging. Bone marrow 
chimera experiments suggested a role for Aire-/- irradiation resistant cells in 
the development of lymphocytic infiltrates in Aire-/- mice. Microarray analy-
sis of differential gene expression on Aire-/- and Aire+/+ mTEC showed a 
decreased expression of several, but not all organ specific antigens in Aire-/-

mTECs. It was therefore proposed that Aire regulates promiscuous expres-
sion of organ specific antigens in mTECs and that when Aire is lost, promis-
cuous antigens cannot be expressed at proper levels, whereby autoreactive T 
cells escape negative selection (Figure 4). 
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Figure 4. Hypothesis of promiscuous antigen expression regulated by Aire as pro-
posed by Anderson et al (167)  

One particularly interesting antigen found to be downregulated in Aire-/-

mTECs was insulin, which has been reported to be an autoantigen both in 
the diabetes prone NOD mouse strain and in human type 1 diabetes (26, 27). 
Diabetes is also present in 13-20% of APS I patients and is often associated 
with production of anti-insulin antibodies (89, 101). In this study, however, 
none of the adrenocortical autoantigens were found to be differentially regu-
lated by Aire, although Addison’s disease is one of the most common APS I 
manifestations. Furthermore, this and other studies showed that several other 
promiscuously expressed self-antigens were not regulated by Aire in mTECs 
(22, 159, 167). This raises the question whether the proposed mechanism 
might be relevant for some of the minor disease manifestations of APS I but 
not for the diagnostic triad; and in particular it is difficult to couple the 
mechanism to CMC. 

Elegant studies on Aire deficient mice crossed with TCR transgenic mice 
recognizing a neo-self-antigen under the control of the rat insulin promoter 
(RIP) or the thyroglobulin promoter have clearly shown a defect in the nega-
tive selection of autoreactive T cells in the absence of Aire (169, 180, 181), 
and that this defect is carried by radioresistant cells (180). Interestingly the 
neo-self-antigen was found to be differentially regulated in Aire-/- mTECs in 
the same way as insulin in the RIP-HEL transgene (181), but not in the RIP-
Ova transgene (169), suggesting that additional mechanisms to promiscuous 
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self-antigen expression might also be involved; in fact an intermediate level 
of negative selection was observed in Aire heterozygote mice of the RIP-
HEL TCR transgene compared to Aire-/- and Aire+/+ mice, but Aire heterozy-
gote mice displayed normal negative selection in the RIP-Ova TCR trans-
gene, which might be related to the different negative selection mechanisms 
affected in these two models. The fact that the RIP promoter was regulated 
by Aire in only one of these transgenes indicates that Aire does not regulate 
insulin expression by direct binding to its promoter and that the chromoso-
mal site of integration of RIP may be relevant for this regulation.  

In addition to causing clonal deletion of autoreactive T cells, mTECs and 
thymic DCs have also been reported to cause positive selection of 
CD4+CD25+ T regs. In spite of this, Aire deficient mice display normal 
numbers and a normal function of T regs in the thymus, spleen, and lymph 
nodes (168-170), suggesting that Aire does not affect thymic selection of T 
regs.

Recently autoreactivity against two antigens normally expressed in Aire-/-

mTECs has been identified, namely against -fodrin in salivary glands (168) 
and against pancreas-specific protein disulfide isomerase in the exocrine 
pancreas (170), providing further evidence that promiscuous self-antigen 
expression is only one of the self-tolerance mechanisms regulated by Aire. 
When crossed with diabetes prone NOD mice, surprisingly Aire deficient 
mice do not develop diabetes but develop exocrine pancreas insufficiency 
(170, 179), in spite of the very low insulin expression in Aire-/- mTECs; fur-
thermore, Aire deficient mice do not develop anti-insulin antibodies nor 
antibodies against any of the described APS I autoantigens (182, 183). Al-
though a correlation of insulin expression with AIRE expression levels has 
been confirmed in human thymi (184, 185), AIRE polymorphisms do not 
modify diabetes susceptibility in Finnish type 1 diabetes patients carrying 
the VNTR insulin allele that notoriously decreases insulin expression levels 
in the thymus (186). These data question the relevance of Aire mediated 
regulation of promiscuous expression in the thymus in the disease phenotype 
of APS I and of Aire deficient mice. It has been suggested that other relevant 
genes for negative selection are differentially regulated in Aire deficient 
mTECs, such as H2-M, H2-O, cathepsins and chemokines (159, 169), and 
Aire-/- mTECs have also been shown to display a less efficient in vitro anti-
gen presentation to T cells (169). Kuroda et al. transplanted  MHC-
incompatible thymic stroma from either Aire sufficient or Aire deficient 
mice into nude mice and observed an autoimmune phenotype after reconsti-
tution only in recipients of Aire deficient thymi. Interestingly, in this model 
the only effector T cells that are able to respond to the peripheral antigen-
presenting cells of the host are those that have been selected by the host’s 
bone marrow-derived cells in the thymus, and not those selected by the 
transplanted thymic stroma, which carries a wrong MHC. This finding sug-
gests that Aire expression in mTECs can affect negative selection “in trans” 
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on bone marrow derived tDCs, perhaps by regulating chemokine expression 
and therefore the migration of thymocytes in the thymic medulla (7, 187).  

The function of Aire in negative selection and central tolerance is now 
well-established, although its underlying mechanisms are still controversial. 
In particular it is still an open question through which mechanisms AIRE
mutations cause the main disease manifestations of APS I. The expression of 
Aire in monocytes and in peripheral DCs together with the hyperprolifer-
arion of Aire deficient lymphocytes after immunization with an exogenous 
antigen suggests that Aire might also have an important function in periph-
eral tolerance, which is the main subject of this thesis (Figure 5). 

Figure 5. The main target organs for autoimmunity in APS I are the parathyroid and 
adrenal glands. Previous studies of APS I patients have identified the target autoan-
tigens produced by autoreactive B cells. The role of the deficient gene in APS I has 
been studied in central tolerance where defective negative selection of thymocytes 
leads to the escape of autoreactive T cells. Since Aire in addition is expressed in 
APCs of the periphery the main focus of our studies is on the regulatory mechanisms 
controlling peripheral B and T cells. 
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PRESENT STUDY 

Aim

The general aim of this research project was to study the self-tolerance 
mechanisms regulated by Aire, using Aire deficient mice, with particular 
focus on peripheral tolerance.  
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Materials and methods 
The following is a summary of the materials and methods used in these stud-
ies. A more detailed description is given in the individual papers. 

Animals (Papers I-IV) 
The generation of Aire (B6.129S4-Airetm1Pltn) deficient mice has been de-
scribed previously (178). The mice used in studies I, III, and IV (papers I, III 
and IV) were back-crossed to C57BL/6 seven times and subsequently sub-
jected to the Speed Congenic procedure for three additional rounds of back-
crossing, selecting those males that had the least Sv129 genetic variation. 
The mice used in study II (paper II) were back-crossed to C57BL/6 for six 
generations and only wild type littermates from breeding of heterozygote 
parents were used as controls for Aire deficient mice. In studies I and III 
congenic C57BL/6 Aire deficient mice were crossed with OT-II TCR trans-
genic C57BL/6 mice (used with the kind permission of Dr. F. Carbone) and 
male littermates from heterozygote parents and OT-II fathers were used for 
the experiments. For some experiments in study IV congenic C57BL/6 Aire 
deficient mice were crossed with C57BL/KsJ mice and the heterozygote F1 
generation was back-crossed to generate F2 littermates for the experiments; 
for some purposes littermates of the F6 generation of back-crossings to 
C57BL/KsJ were used.  

The animals were 7-29 weeks of age at the time of the experiments, ex-
cept in study II, where they were 15-24 months old. They were bred either at 
the Animal Department of the Rudbeck Laboratory, Uppsala (paper I-III) or 
at the Biomedical Centre, Uppsala (paper IV). They had free access to tap 
water and pelleted food throughout the experiments. The use of the animals 
was in accordance with international guidelines (NIH publications 85-23) 
and was approved by the local animal ethics committee. 

Diabetes induction with multiple low dose streptozotocin 
injections (Paper IV) 
Diabetes was induced by intraperitoneal injections of streptozotocin (STZ; 
Sigma Chemicals, 40 mg/kg body weight; dissolved in NaCl) on five con-
secutive days. Blood glucose was measured weekly with a glucometer (Ab-
bot Medisense). Mice were considered diabetic when the blood glucose was 
equal to or higher than 12 mmol/L. The animals were sacrificed either on 
day 14 or on day 21 of the study. 



36

Proliferation assay (Paper I) 
CD11b+, CD11c+ and B220+ APCs were purified from collagenase-treated 
spleens and lymph nodes by positive selection using anti-CD11b conjugated 
beads (Miltenyi Biotec), FITC-conjugated anti-CD11c, or anti-B220 anti-
body (BD Pharmingen), followed by a magnetically labeled anti-FITC anti-
body (Miltenyi Biotec), and subsequent MACS column separation (Miltenyi 
Biotec). Responder OT-II transgenic CD4+ cells were purified from lymph 
nodes and spleens using a negative selection kit (Miltenyi Biotec). CD11c+

or CD11b+ cells were co-cultured with CD4+ OT-II responder cells and in-
creasing amounts of Ova or Ova peptide in proliferation medium containing 
RPMI 1640 (Invitrogen), 10% fetal calf serum (FCS, Hyclone), 5% NCTC-
109 (Invitrogen), 1% penicillin-streptomycin (Sigma), 1% glutamine 
(Sigma), and 5x10-5 M -mercaptoethanol (Sigma). Cells were pulsed with 1 

Ci [3H]-thymidine (Amersham) 16 h prior to harvesting followed by scintil-
lation counting. 

Antigen presentation to T cell hybridomas (Paper I) 
Spleen cells from Aire+/+ or Aire-/- mice were incubated at 37 C for 90 min. 
Non adherent cells were removed by three washes with RPMI medium. Ad-
herent cells were pulsed with ovalbumin for 1h at 37 C followed by three 
washes with medium. The cells were incubated for 36 h with T cell hybri-
domas recognizing different trypsin fragments of Ova (gift from Dr. L. 
Karlsson). Blocking experiments were performed with the addition of 0.1 

g/well anti-VCAM-1 (vascular cell adhesion molecule-1) antibody or iso-
type control (BD Pharmingen). Supernatants were collected and analyzed for 
IL-2 secretion by ELISA (BD Pharmingen). 

Microarray analysis (Paper I) 
Dendritic cells were purified from Aire+/+ or Aire-/- spleens with anti-CD11c 
microbeads (Miltenyi Biotec) and MACS column separation (Miltenyi Bio-
tec). Total RNA was isolated with TRIzol (Invitrogen) and subsequently 
repurified using the RNeasy total RNA isolation kit (Qiagen). Double 
stranded cDNA was produced, using 10 g RNA and the Superscript Choice 
System (Invitrogen). cDNA was purified with phenol/chloroform/isoamyl 
alcohol (Ambion) followed by ethanol precipitation. Ten micrograms cDNA 
was used to generate cRNA in an in vitro transcription system, using the 
RNA labeling kit (ENZO) for 6 h at 37 C to incorporate biotinylated ribonu-
cleotides. cRNA samples were purified using the RNeasy kit and then pre-
cipitated with ethanol. cRNA samples were fragmented according to Affy-
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metrix protocols and 15 g were mixed with hybridization solution (Affy-
metrix) and hybridized on the mouse MG_U74Av2 gene chips for 16 h. The 
chips were then stained with streptavidin-phycoerythrin in the Fluidics Sta-
tion 400 (Affymetrix) and later the fluorescence was read with the GeneAr-
ray Scanner (Affymetrix). Data files were generated using the Affymetrix 
Microarray Suite 5.0. To compare three CD11c+ Aire+/+ samples as controls 
and three CD11c+ Aire-/- samples as experimental samples, we set the scaling 
target value to 2500 in all probe sets for every chip. Nine pairwise compari-
son files were generated (with comparison of three wild type chips against 
all three knockout chips), each normalized to all probe sets. Fold change for 
each probe set was generated using the ratio of Aire-/- to Aire+/+ signals from 
the normalized signal values. 

Flow cytometry (Papers I-IV) 
Spleens, lymph nodes, thymi and livers (papers I-II) were homogenized to 
single cell suspensions, red blood cells from spleens were lysed with ACK 
lysis buffer (0.15 M NH4Cl, 1 mM KHCO3, 0.1 mM EDTA at pH 7.2) and 
the cells were resuspended in FACS (fluorescence activated cell sorting) 
buffer (PBS, 2% FCS, 0.05% sodium azide). Blood samples and peritoneal 
cells (Papers I and IV) were mixed directly with FACS  buffer. Bone mar-
row cells (Paper II) were flushed out from femurs with PBS containing 50% 
FCS by using a 19-gauge needle and a 2 ml syringe; they were then washed 
once and resuspended in FACS buffer. The cells were stained for 30 minutes 
at 4 C using fluorochrome conjugated antibodies from BD Pharmingen, 
FITC, PE, PerCP and allophycocyanin for sample collection with a FAC-
Scalibur flow cytometer (papers I-III), and in addition Pacific Blue for col-
lection with a FACSAria flow cytometer (paper III); some antibodies were 
biotin conjugated and detected with fluorochrome conjugated streptavidin, 
using streptavidin alone as control. The data were analyzed with CellQuest-
Pro or FACS Diva software (Becton Dickinson). 

Immunofluorescent stainings (Papers II and IV) 
Frozen livers and adrenal glands (paper II) or frozen pancreas (paper IV) 
was cryostat sectioned. The sections were washed in PBS and blocked for 30 
minutes with 1% bovine serum albumin, and 2% goat or donkey serum 
(Sigma) in PBS. The slides were incubated with primary antibody or 1:50 
diluted mouse serum overnight at 4 C. Slides were washed in PBS, incu-
bated with FITC-conjugated secondary antibodies for 45 minutes, washed, 
and mounted in either Vectashield (Vector Laboratories) or Mowiol mount-
ing medium (Calbiochem) and examined with a LEICA DMRB microscope. 
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For detection of autoantibodies in mouse sera the secondary antibody used 
was donkey anti-mouse IgG-FITC (Jackson Immunoresearch). 

Immunohistochemical stainings (Paper II) 
Metallophilic macrophages were detected with FITC-conjugated MOMA-1 
antibody (Serotec) and marginal zone B cells using biotinylated anti-CD1d 
antibody (BD Pharmingen). Secondary antibodies for immunohistochemis-
try, anti-FITC F(ab’) horseradish peroxidase (HRP) or anti-biotin F(ab’) 
alkaline phosphatase (AP) were from DAKO. Vector Blue Alkaline Phos-
phatase Substrate (Vector Laboratories) and DAB peroxidase substrate 
(DAKO) were used for development of immunohistochemistry stains. Stain-
ings were done on cryosections of spleens which were fixated in acetone for 
3.5 minutes and blocked with 2% goat serum in PBS. Thereafter the slides 
were incubated with primary antibodies for 1 h at room temperature. Slides 
were washed in PBS and incubated with HRP and AP-conjugated secondary 
antibodies for 1 h. After washing with PBS, substrates for HRP and then AP 
were added. Photographs were taken with a LEICA DMRB microscope and 
LEICA DC 200 camera. 

Clinical chemistry and hormone measurements (Papers II and 
IV)
S-Ca2+ (paper II) was measured on 1:10 diluted sera using a colorimetric 
calcium assay (Sigma). Mouse parathyroid hormone (paper II) was measured 
with sandwich ELISA on undiluted sera (Immutopics, CA). S-corticosterone 
(paper II) was analyzed with use of 1:10 diluted serum samples with the 
competitive OCTEIA corticosterone assay (Immunodiagnostic systems). 
Alanine aminotransferase (paper II) was determined with a kinetic UV 
method according to the International Federation of Clinical Chemistry rec-
ommendations, using a Konelab 30i analyzer and reagents according to in-
structions at the clinical chemistry department of the Swedish University of 
Agricultural Sciences in Uppsala. Insulin (paper IV) was measured in sera 
collected from STZ treated mice upon killing, using a rat insulin ELISA kit 
(Mercodia) according to the manufacturer’s instructions. Thyroxine (paper 
IV) was measured with the enzyme immunoassay kit from MP Biomedicals, 
following the manufacturer’s instructions. 
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RNA isolation and reverse transcriptase reaction (Papers I, III, 
and IV) 
Total RNA from tissues or cells was extracted using an RNeasy kit (Qiagen) 
(papers I, and IV), including an Rnase free Dnase treatment (Qiagen), or 
with an AurumTM total RNA Mini Kit (Bio-Rad) (paper III) according to the 
manufacturer’s instructions. cDNA synthesis was performed either with a 
Superscript kit (Invitrogen) (paper I) or an iScript cDNA synthesis kit (Bio-
Rad) (papers III and IV). 

RT-PCR (Papers I and III) 
PCR for Aire expression (paper I) on cDNA from Aire+/+ mice was per-
formed with use of Taq Polymerase (Invitrogen) with exon-5 and exon-9 
specific primers for 35 cycles at 95 C for 1 minute, 57 C for 1 minute, and 
72 C for 2 minutes. Mammary tumor virus superantigen (mtv SAG) expres-
sion was detected with thymic or splenic cDNA samples from OT-II Aire+/+

or OT-II Aire-/- mice, and 1 unit Platinum®Taq Polymerase (Invitrogen). The 
amplification was performed with a MyCycler (Bio-Rad). After 1 minute 
and 30 seconds of denaturation at 94 C, 39 rounds of amplification were 
performed under the following conditions; 30 seconds at 94 C, 30 seconds at 
56 C and 1 minute at 72 C, followed by a final polymerization step at 72 C
for 7 minutes. GAPDH was amplified as a control housekeeping gene using 
the same temperature protocol as for mtv SAG. 

Quantitative real time PCR (Papers III and IV) 
In study III quantitative PCR of the RAG2 gene and of GAPDH as house-
keeping gene was performed using 2X IQTM SYBR® Green Supermix (Bio-
Rad) and an iCyclerIQ (Bio-Rad). Cycle thresholds were obtained with iCy-
cler IQTM Optical Software Version 3.1 from Bio-Rad. In study IV expres-
sion of MIF (macrophage migration inhibitory factor), TNF , IL-10, and -
actin as housekeeping gene was quantified in STZ exposed macrophages 
using SYBR Green JumpStart Taq ReadyMix (Sigma) and a LightCycler-
System (Roche). Expression levels were normalized to that of the house-
keeping gene using the 2- Ct method. 

In vitro streptozotocin cytotoxicity on macrophages (Paper IV) 
Macrophages were collected in 5 ml PBS from Aire+/+, Aire+/- and Aire-/-

mice by peritoneal lavage, washed, and cultured in DMEM and 5% FCS 
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supplemented with either medium, 10 mM STZ, 10 mM STZ + 2 mM 
nicotinamide, 10 mM STZ + 5 mM nicotinamide, or 10 mM STZ + 10 mM 
nicotinamide. After 24 h of culture at 37 C macrophages were stained for 
apoptosis using an AnnexinV staining kit (BD Pharmingen) according to the 
manufacturer’s protocol, using annexinV-FITC, propidium iodide (PI), and 
anti-CD11b-APC (BD Pharmingen); the data were collected with a FAC-
Scalibur flow cytometer and analyzed with the CellQuest pro software (Bec-
ton Dickinson). The percentage of dead CD11blo macrophages was calcu-
lated by summing the AnnexinV+PI-, AnnexinV+PI+ and AnnexinV-PI+ gates. 

Statistical methods (Paper I-IV) 
The Mann Whitney U-test (paper II) and Student’s t-test (paper I-IV) were 
used to test the hypothesis of no difference between the two groups Aire+/+

and Aire-/- in a set of outcome variables. The Mann-Whitney U-test was ap-
plied when the data were not of the interval type, or when the data were not 
approximately distributed, or when the variances in the two groups were not 
approximately homogeneous. This test was used here for testing the hy-
pothesis of a general difference in distributions between Aire+/+ and Aire-/-,
which can be interpreted as a general difference. When the above assump-
tions were satisfied, the variables were analyzed with Student’s t-test, which 
was used to test the hypothesis of a general difference in mean values be-
tween the Aire+/+ and Aire-/- individuals. 

Splenic extramedullary hematopoiesis (paper II) was estimated on a three 
grade scale and the frequency of grades was compared between Aire suffi-
cient and Aire deficient mice with the Kruskal-Wallis test. The frequency of 
lymphoma (paper II) was compared with the one sided Fisher’s exact test, 
under the assumption that the frequency of lymphoma is higher in Aire-/-

mice, since marginal zone B cell lymphoma has not been observed in aged 
Sv129 and C57BL/6 strains and it was absent in the Aire sufficient group in 
this study. Diabetes susceptibility curves, histopathology scores and fre-
quency of autoantibodies (paper IV) were analyzed with two sided Fisher’s 
exact test. 

To test the hypothesis of a general association between development of 
lymphoma, lymphocytic infiltrates in the liver, and B cell infiltrates in the 
thymus (paper II), Spearman rank order correlation was used. Linear regres-
sion was applied to analyze the CD4/CD8 ratio and %V 5hi of CD4+ T cells 
(paper III). The variables included in the model were age as covariate, geno-
type as factor and interaction between age and genotype; for these statistical 
analyses SAS version 9.1 was used. P values 0.05 were considered statisti-
cally significant. 
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Results and discussion 

Alterations in gene expression of dendritic cells from Aire-/- mice 
cause increased activation of T cells (Paper I). 

The expression of Aire in monocyte derived DCs suggests a role for Aire in 
peripheral tolerance. In a previous study we found that Aire-/- lymphocytes 
showed increased proliferation during recall response to HEL in vitro (140). 
To investigate whether Aire-/- DCs play a role in the hyperproliferation of 
Aire-/- lymphocytes we studied the in vitro proliferation of Ova peptide spe-
cific OT-II TCR transgenic T cells cultured with antigen and either Aire-/- or 
Aire+/+ APCs. We found higher proliferation in the cultures with Aire-/-

CD11c+ cells and particularly with CD11b+ cells (Figure 6), but no differ-
ence from Aire+/+ when using B220+ B cells as APCs.  

Figure 6. OT-II CD4+ T cell proliferation measured as [3H]-thymidine incorporation 
on day 3, 4, and 5 of stimuli from Aire+/+ (filled circles) or Aire-/- (open circles) 
CD11b+ APCs from spleen and lymph nodes in the presence of either OT-II peptide 
(left panel) or Ova (right panel) 

Microarray analysis revealed differential expression of 68 genes in Aire-/-

CD11c+ cells, among which VCAM-1 was upregulated twofold. A flow cy-
tometric analysis showed an increased number of CD11c+ and CD11b+ cells 
in Aire-/- blood, peritoneum, spleen, and lymph nodes. Furthermore, the 
VCAM-1 upregulation was confirmed at the protein level in a subpopulation 
of CD11c+CD11b+ DCs (Figure 7), whereas the classical costimulatory 
molecules B7.1 and B7.2 were normally expressed.  
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Figure 7. FACS analysis of VCAM-1, B7.1 and B7.2 expression on CD11c-CD11b+,
CD11c+CD11b- and CD11c+CD11b+ cells from Aire+/+ (solid gray) or Aire-/- (black 
line) lymph nodes. 

VCAM-1 overexpression was not dependent on stimuli from activated 
autoreactive T cells, since it was also present in Aire-/- mice crossed with 
OT-II TCR transgenic mice in which most of the T cells recognize a foreign 
Ova peptide and in addition as the serum cytokine levels were normal. We 
analyzed the number of blood monocytes and VCAM-1 expression on 
monocytes from APS I patients and found twice as large a number of mono-
cytes with higher VCAM-1 expression compared to age and sex matched 
healthy controls. Finally we investigated IL-2 production by means of Ova 
peptide specific T cell hybridomas stimulated by either Aire-/- or Aire+/+ plate 
binding APCs and found higher IL-2 production when using Aire-/- APCs. 
Since the T hybridomas were independent of CD28 signaling, we addressed 
the possible involvement of VCAM-1 by using anti-VCAM-1 blocking anti-
bodies and showed that the difference in IL-2 production disappeared. 

In conclusion, Aire expression in peripheral DCs is necessary for proper 
control of T cell activation through a mechanism in partly dependent on the 
regulation of VCAM-1 costimulation. 
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Aged Aire deficient mice display altered hematopoiesis of 
monocytes in the bone marrow and of red blood cells in the 
spleen, as well as increased activation of marginal zone B cells 
and development of marginal zone lymphoma (paper II). 

The first reports on young Aire deficient mice have described a very mild 
phenotype with no development of clinical disease. In this study we investi-
gated the question whether aging might contribute to the development of a 
clinical phenotype similar to APS I. 

Compared to Aire+/+ females, Aire-/- females were found to weigh signifi-
cantly less and to be megalosplenic, but no such differences were seen be-
tween Aire-/- and Aire+/+ males. None of the APS I autoantigens were recog-
nized by antibodies in sera from Aire-/- mice. Clinical evaluation showed 
normally functioning of the adrenal cortex and the parathyroid glands in 
Aire-/- mice but leakage of liver enzymes in some of these mice. We found 
no oral or vaginal growth of C. albicans in Aire deficient females. The lym-
phocytic infiltrates in the livers of Aire deficient mice were further charac-
terized by immunofluorescent stainings and flow cytometry and were found 
to be mainly composed of B cells. In addition, abnormal B cell infiltrates 
were identified in the thymus in 3/8 Aire-/- mice. 

Two interesting features were observed in Aire-/- spleens, namely very 
low or absent splenic extramedullary hematopoiesis in 7/10 Aire-/- mice and 
hyperplasia or lymphoma of marginal zone B cells in 4/11 such mice (Figure 
8, lower right panel). 

Figure 8. Immunohistochemical staining of Aire+/+ and Aire-/- spleens for MOMA-1 
(metallophilic macrophages, in brown) and CD1d (MZB, in blue). 
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Immunohistochemical stainings also revealed normal numbers of red pulp 
and marginal zone macrophages but increased numbers of metallophilic 
macrophages in Aire-/- mice (Figure 8, lower left panel). A flow cytometric 
analysis revealed an expansion of marginal zone B cells with an activated 
phenotype also in Aire-/- mice without lymphoma. 

The hematological analysis showed a tendency to a decreased hematocrit 
and lower red blood cell counts but normal hemoglobin levels in Aire-/- mice. 
Differential cell counts of bone marrow cells showed a normal bone marrow 
hematopoiesis. 

The hematopoiesis of monocyte precursors in the bone marrow was found 
to be altered in Aire deficient mice, with an increased proliferation and a 
more rapid exit into the circulation, giving rise to the increased monocyte 
counts seen in the blood and probably also to the increased numbers of met-
allophilic macrophages in the spleen. 

In conclusion, aged Aire-/- mice do not develop the clinical features of 
APS I, but they display increased activity of the marginal zone of the spleen, 
probably as a result of increased stimulation of marginal zone B cells by 
metallophilic macrophages through cytokine secretion or antigen uptake. 
The altered cytokine milieu in the splenic marginal zone causes a depression 
of the extramedullary hematopoiesis in the spleen that does not lead to ane-
mia by virtue of a normal red blood cell hematopoiesis in the bone marrow. 
These results point to a function of Aire in the development of monocyte 
derived cells which in turn affects peripheral tolerance. 

Superantigen mediated TCR revision is increased in the spleens 
of OT-II TCR transgenic Aire deficient mice (Paper III) 

In study III we investigated the effects of Aire deficiency on superantigen 
mediated selection in the thymus and spleen of Aire OT-II TCR transgenic 
mice. The C57BL/6 mouse strain is known to carry mtv-8 and mtv-9 en-
dogenous superantigens which are able to bind to the V 5 chain displayed 
on the transgenic TCR of OT-II mice.  

The expression of endogenous mtv superantigen was similar in Aire+/+

and Aire-/- OT-II thymus and spleen. In the thymus we did not see any reduc-
tion in negative selection, but we observed decreased numbers of transgenic 
V 5hiV 2hi CD4 single positive cells, which also displayed a less mature 
phenotype in Aire-/- OT-II mice since the Qa2 maturation marker was ex-
pressed at lower levels (Figure 9). 
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Figure 9. Mean fluorescence intensity of Qa2 expression on CD4SP V 5.2hi thymo-
cytes from Aire+/+ (solid dark gray) and Aire-/- (gray line) mice. 

Apoptosis of transgenic thymocytes was similar in Aire+/+ and Aire-/- OT-II 
mice and there was no difference in the intrinsic TCR signaling, suggesting 
that the decreased numbers of SP cells in the thymi of Aire deficient mice 
were due to an earlier exit of CD4 SP T cells from the thymus. 

In the spleen the number of transgenic V 5hiV 2hi T cells was decreased 
in Aire-/- OT-II mice, whereas the number of CD4+V 5lo/- T cells was in-
creased. The latter population has previously been found to derive from su-
perantigen induced RAG re-expression and TCR revision of V 5+ T cells 
both in a transgenic and a non-transgenic setting. RAG expression was in-
creased in Aire-/- OT-II mice (Figure 10), as also was the number of activated 
CD49d+CD4+V 5lo T cells, confirming that there was an increase in TCR 
revision.

Figure 10. Quantitative real time PCR of RAG2 expression in thymus and spleen 
from OT-II Aire+/+ and OT-II Aire-/- mice 
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Furthermore, the CD4+V 5- revised T cells displayed a higher frequency of 
revision into V 11 but not into V 3 in Aire-/- OT-II mice, where V 11 has 
been reported to be selected by mtv-8 and mtv-9 whereas V 3 was not, sug-
gesting that there was a superantigen mediated selective pressure on the in-
creased TCR revision. 

The early egress of single positive transgenic T cells from Aire-/- OT-II 
thymi cannot be attributed to a difference in negative selection performed by 
the endogenous superantigens, since there was no difference in the apoptosis 
of the single positive cells. This is not surprising, since mtv-8 and mtv-9 
superantigens are not so efficient in performing negative selection on H2-IA, 
and need H2-IE, which unfortunately is mutated in the C57BL/6 strain (188). 
It is more likely that this phenomenon is caused by faster migration of Aire-/-

OT-II thymocytes through the thymic medulla, perhaps caused by a differen-
tial expression of chemokines in Aire-/- mTECs, as has been proposed by 
others (159, 179). The mechanisms that induce superantigen mediated TCR 
revision have not yet been characterized, but it is known that costimulation 
through CD28 is involved (189, 190). Our earlier finding that Aire-/- DCs 
show an upregulated expression of the costimulatory molecule VCAM-1 
suggests that Aire-/- DCs might be responsible for the increased TCR revi-
sion seen in Aire-/- OT-II mice, but this issue needs further investigation. 

Aire deficiency causes increased susceptibility to streptozotocin 
induced diabetes via a macrophage dependent mechanism (Paper 
IV)

Diabetes induced by multiple low dose streptozotocin (MLDSTZ) injections 
is an autoimmune disease model in which tolerance is broken by an exagger-
ated response to a danger signal caused by a toxic substance. In contrast to 
the spontaneous diabetes developed by the NOD mouse strain, where insulin 
is an important autoantigen that generates both a T and a B cell response, in 
MLDSTZ diabetes no anti-insulin antibodies are produced (191). We chose 
to use this diabetes model in order to study the influence of Aire on autoim-
mune disease development in a context where disruption of peripheral toler-
ance mechanisms is more important than central tolerance generated by 
promiscuous expression of insulin in the thymus. 

When we induced diabetes with MLDSTZ injections, Aire+/- mice were 
found to be most susceptible both in C57BL/6 and in the F2 generation of 
C57BL/6 crossed with C57BL/KsJ mice. Among the F2 mice, in addition to 
the susceptibility, the severity of the diabetes as judged from glucose (Figure 
11) and serum insulin levels was also highest in Aire+/- mice.  
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Figure 11. Blood glucose levels of Aire+/+ (black circles), Aire+/- (open circles) and 
Aire-/- (triangles) mice during MLDSTZ induced diabetes  

Although the susceptibility of Aire-/- mice was not significantly different 
from that in Aire+/+ mice, only the Aire-/- mice developed anti-islet cell anti-
bodies and they displayed a weight gain instead of a weight loss during the 
diabetes development that was not caused by hypothyroidism, suggesting 
that their diabetes development had a distinct etiology. 

There was no difference in the STZ suppression of insulin release from 
isolated islets from Aire+/+, Aire+/- and Aire-/- mice; by contrast Aire-/- macro-
phages were more susceptible to STZ cytotoxicity than Aire+/+ and Aire+/-

macrophages. When we measured STZ induced activation of macrophages 
in terms of cytokine production, we found the highest activation in Aire-/-

macrophages, which produced higher levels of the proinflammatory cyto-
kines MIF and TNF  and lower levels of the anti-inflammatory cytokine IL-
10; also, higher MIF levels were produced by Aire+/- than by Aire+/+ mice. 
We propose a model in which the different susceptibilities to diabetes are 
caused by differential uptake or metabolism of STZ by macrophages de-
pending on the Aire expression levels (Figure 12). 
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Figure 12. Explanatory model of MLDSTZ diabetes susceptibility in Aire+/+, Aire+/-,
Aire-/- mice 

When Aire expression is absent, the uptake/metabolism of STZ is highest 
and causes considerable activation but also cell death, which means that the 
inflammation is only transient and does not lead to an efficient T cell re-
sponse. When Aire expression is intermediate the activation is increased 
compared to that in Aire+/+ macrophages, but there is no cytotoxicity and 
therefore a more pronounced T cell response against -cells develops. 

These results suggest that the function of Aire in the control of peripheral 
tolerance through myeloid antigen presenting cells is of great importance in 
the prevention of autoimmune disease. 
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General discussion 
The studies presented in this thesis are the first ones to address the role of 
Aire in APCs and in peripheral tolerance. That Aire has a function in mTECs 
and in negative selection in the thymus has previously been established, but 
the mechanisms are still controversial and the connection between the cen-
tral tolerance defect and the disease phenotype of Aire deficient mice and of 
APS I patients is still not clear. The present results open up the possibility 
that at least some of the disease manifestations of APS I might be caused by 
a defect in peripheral rather than central tolerance. 

We have shown that Aire influences the phenotype of several different 
monocyte derived APCs, which in turn affect different branches of the im-
mune response. In study I we found that the numbers of myeloid derived 
antigen presenting cells were increased in the blood, peritoneum, spleen, and 
lymph nodes of Aire deficient mice, and furthermore that blood monocytes 
were increased in APS I patients. Aire-/- CD11c+CD11b+ DCs have an in-
creased ability to activate naïve T cells, which is in part mediated by an 
upregulated expression of the costimulatory molecule VCAM-1. In study II 
we showed that Aire-/- monocyte precursors had an accelerated development 
in the bone marrow, which gave rise to increased numbers of blood mono-
cytes and of metallophilic macrophages in the spleen. This might be respon-
sible for the activated phenotype of the marginal zone B cells and the high 
frequency of marginal zone lymphoma development in aged Aire deficient 
mice. In study III we observed an increased superantigen mediated TCR 
revision in OT-II Aire-/- TCR transgenic T cells, perhaps caused by the al-
tered phenotype of Aire-/- DCs. In study IV we demonstrated that Aire-/-

macrophages were more sensitive to the activating and cytotoxic effects of 
STZ as a result of higher uptake and/or metabolism, whereas Aire+/- macro-
phages are only more sensitive to the activating effects; this, in turn leads to 
a higher susceptibility in Aire+/- mice to diabetes induction with MLDSTZ. 
In order to confirm this model we plan to repeat the experiments with lower 
doses of STZ and we expect to find the highest susceptibility to diabetes in 
Aire-/- mice if this explanation is correct. 

The upregulated expression of VCAM-1 that we have observed in Aire 
deficient DCs might be targeted with anti-VLA-4 (very late antigen 4) block-
ing antibody therapy, which has been used successfully to treat multiple 
sclerosis and Crohn’s disease (3). In APS I it might be effective in treating 
the life-threatening chronic autoimmune hepatitis that affects 20% of the 
patients (92). 
Although we now have enough evidence that Aire affects peripheral toler-
ance, we do not know yet whether this is directly involved in the disease 
manifestations of APS I or in the production of autoantibodies and lympho-
cytic infiltrates seen in Aire deficient mice. RT-PCR investigations of APS I 
target organs have been reported by some investigators to detect Aire ex-
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pression, suggesting that Aire-expressing cells, perhaps tissue macrophages 
are present in these organs. Tissue macrophages have been found to have an 
important function in the testis and ovary, where they take up apoptotic cells, 
and studies have suggested that macrophages are involved in the regulation 
of endocrine function by secreting cytokines (192, 193); this is witnessed by 
the infertility seen in macrophage deficient op/op mice (194). Interestingly, 
Aire deficient mice also have a very low fertility and become infertile with 
aging, and hypogonadism is manifested in 60% of APS I female patients but 
only in 14% of such male patients at 30 years of age (89), probably because 
of the protection provided by the blood-testis barrier. Aire deficient mice 
have normally functioning APS I target glands (paper II), but they might 
have a subclinical phenotype that becomes evident only in response to spe-
cific stimuli; in order to study this issue in the adrenal cortex we performed 
an ACTH (adrenocorticotropic hormone)-stimulation test and measured the 
corticosterone levels before and 1 h after the ACTH injection. Unexpectedly, 
Aire deficient mice produced significantly more corticosterone than Aire+/+

mice after administration of ACTH (Figure 13). 

Figure 13. Serum corticosterone levels in Aire+/+ and Aire-/- mice before and 1h after 
ACTH injection. 

The basal corticosterone levels were normal, suggesting that the exaggerated 
corticosterone response to ACTH stimulation was not due to increased stress 
in Aire-/- mice (Figure 11). When we measured the serum thyroxine levels on 
day 21 after MLDSTZ injections we found a significant increase in Aire+/-

compared to Aire+/+ mice, but not in Aire-/- mice (Figure 14). 
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Figure 14. Serum thyroxine (T4) levels in Aire+/+, Aire+/-, and Aire-/- mice on day 21 
after MLDSTZ injections. 

These surprising results may suggest that Aire deficient tissue macrophages 
have an increased ability to stimulate endocrine glands to hormone produc-
tion in response to endogenous stimuli (ACTH) or danger signals (STZ). In 
the case of the thyroid gland the effect is evident in Aire+/- rather than Aire-/-

mice, perhaps for the reason that Aire-/- macrophages succumb to the cyto-
toxic effects of STZ, as described in paper IV.  

It is tempting to hypothesize that Aire has an important function in the tis-
sue macrophages of the most common target glands in APS I, i.e., the para-
thyroids and the adrenal cortex, and a minor function in the macrophages of 
other glands that are less frequently subject to autoimmune destruction. In 
the absence of Aire, tissue macrophages stimulate or perhaps are unable to 
inhibit excess hormone production through cytokine secretion, and the endo-
crine cells therefore become hyperactive, with increased metabolism and 
hormone secretion. The demand for increased hormone production will in-
crease the expression of the identified APS I autoantigen targets 
CYP450cSCC, CYP450c21 and CYP450c17 in the adrenal cortex. Hyper-
function of a gland may in itself be a danger signal to the immune system, 
since it might indicate a tumoral transformation of the endocrine cells, but it 
is not enough solely to induce an autoimmune response. The increased abil-
ity of Aire deficient DCs to activate naïve T cells, together with the in-
creased escape of autoreactive T cells from thymic selection and the hyper-
function of the target glands, may be the explosive combination that causes 
the autoimmune destruction of the APS I target glands. Interestingly, early 
hormonal replacement therapy in subclinical phases of endocrine autoim-
mune disease has been reported to cause amelioration and sometimes disease 
remission (195-198); a possible explanation for this might be that suppres-
sion of endogenous hormonal production by the administered hormone by 
feedback mechanisms, will decrease the danger signal from the gland and 
thereby diminish autoimmunity. 
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APS I patients without CMC, for example Iranian Jewish patients, have a 
milder disease with fewer manifestations (85). CMC is often but not always 
one of the first manifestations in APS I patients (89); this might suggest that 
the Candida infection provides a danger signal that initiates the autoimmune 
response, but it is dispensable since autoimmunity may be achieved even in 
the absence of CMC. To address this question we plan to investigate whether 
injection of Candida cell-wall components may induce a clinical disease in 
Aire deficient mice. This may also explain the mild phenotype of Aire defi-
cient mice, since C. albicans is not a commensal and it does not cause spon-
taneous infections in Aire deficient mice (paper II).

It has recently been reported that anti-IFN  antibodies are very early di-
agnostic markers in APS I patients (134). Compared to two healthy controls, 
one APS I patient was found to display an upregulated expression of IFN
in immature DCs developed in vitro from their blood monocytes. We have 
observed a 20-fold upregulation of an interferon inducible gene in Aire defi-
cient peritoneal macrophages stimulated with lipopolysaccharide (unpub-
lished observation). These results are preliminary and investigations of addi-
tional patients and mice are needed, but if the findings are confirmed they 
might be very relevant to an understanding of the pathogenesis of APS I. 
Metallophilic macrophages have been reported to be potent IFN  producers 
during viral stimulation in vivo in C57BL/6 mice (199). We hypothesize that 
an increased IFN  production in the splenic marginal zone by metallophilic 
macrophages might lead to the increased BAFF levels that we have observed 
in Aire-/- sera (unpublished observation), and that this chronic activation of 
marginal zone B cells will ultimately result in lymphoma development in 
Aire deficient mice (paper II). IFN  treatment of patients with chronic hepa-
titis C infections has been found to cause depression of hematopoiesis, and a 
similar effect has been observed in mice (200-202); IFN  production by 
metallophilic macrophages in Aire deficient mice might therefore also ex-
plain the low or absent extramedullary hematopoiesis in the spleen (paper 
II). Interestingly there are several reports of development of autoimmune 
hypothyroidism and type 1 diabetes in chronic hepatitis C patients treated 
with IFN , and there are also reports of development of CYP450c21 autoan-
tibodies but without clinical symptoms of Addison’s disease (203-205). 
IFN  has been found to be an important factor in the induction of the sys-
temic autoimmune disease SLE (206). In spite of this, APS I patients do not 
present features of systemic autoimmunity, probably because they develop 
neutralizing autoantibodies against IFN  that prevent a systemic effect and 
only allow a local action of the cytokine. Furthermore, in SLE IFN  produc-
tion is induced by an increased load of chromatin and RNA autoantigens 
from apoptotic and necrotic cells that form immune complexes with autoan-
tibodies and are internalized by pDCs via Fc RIIa. In the endosome nucleic 
acid autoantigens are released from the immune complexes, they bind to 
TLR9 and TLR7 and stimulate IFN  production (206). In this case IFN



53

production is more probably due to a direct effect of Aire on other APC sub-
sets than pDCs and less dependent on autoantigen stimuli. Self perpetuation 
of the production of anti-interferon autoantibodies has been described, where 
IFN  is expressed in macrophages in the germinal centers as a result of its 
action on follicular dendritic cells, which present antigens to the hypermutat-
ing B cells (134). It will therefore be highly relevant to study IFN  expres-
sion in germinal centers from Aire deficient and Aire sufficient mice. 

In conclusion, Aire is involved in the regulation of negative selection of 
thymocytes (Figure 15, left panels). In this thesis we provide evidence that 
Aire has additional important roles in peripheral tolerance by regulating the 
function of antigen presenting cells (Figure 15, right panels). Aire deficiency 
leads to exaggerated activation signals to T and B cells, resulting in in-
creased T cell activation, autoantibody production, and lymphoma. Explor-
ing the mechanisms underlying the development of APS I may provide in-
sights into key pathways for treatment of autoimmunity. 
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Figure 15. A model describing the hypothesized function of Aire in the thymus and 
in the periphery. Due to a defect in central tolerance self-reactive T cells escape 
negative selection. It is likely that pathogens, e.g. Candida infections or periods of 
stress may initially induce danger signals in endocrine target organs and draining of 
autoantigens to the regional lymph nodes. When encountering their autoantigen in 
peripheral lymphoid organs they become hyperactivated due to a defect peripheral 
tolerance involving increased VCAM-1 expression of Aire-/- APCs. In addition Aire 
deficient APCs of endocrine organs seem to have defects in regulatory functions of 
hormonal responses of endocrine cells resulting in exaggerated stimulated responses. 
The stimulated increased functionality of endocrine cells will result in increased 
levels of APS I autoantigens, that is enzymes responsible for hormonal synthesis or 
release. Thus endocrine organs are now targets for hyperactivated autoreactive T and 
B cells. 



55

ACKNOWLEDGMENTS 

I am most grateful to Someone who endowed me with a great passion and 
desire, and who put in my path those people without whose contribution this 
thesis would not have been accomplished. In particular I want to thank: 

Ola Winqvist, my supervisor, a great scientist and a wonderful man, for shar-
ing a big passion for autoimmunity research during all these years, for guid-
ing me in the path of knowledge as a Socrates, allowing me to discover the 
potentials that are inside me, and for always being present even though you 
were in Stockholm while I was in Uppsala. 

Olle Kämpe, my co-supervisor, for taking care of me in Uppsala and for 
creating a pleasant scientific environment in Lab 21. 

Ulla Lindqvist, head of the Department of Medical Sciences, for supporting 
my research in Uppsala. 

All the patients who have donated blood samples, for contributing to this 
research. 

Per Marits, for your sincere scientific curiosity and interest in my work, for 
the good time spent together working on paper I, for your friendship and for 
your artistic help in figure 15 of this thesis. 

Johan Brännström, for being my lab companion for two years, for interest-
ing scientific discussions and company and for creating some healthy mess 
in the lab.

Mona, Emma, Peter, Maria, Petra and Mikael, for all your help and support 
in my work over the years, but most of all for making me feel that even 
though you were in Stockholm and I was in Uppsala we were “All for one 
and one for all”! 

Leena Peltonen, for a fruitful collaboration and for hosting me in UCLA 
during the first year of my Ph.D. studies. 



56

Chris Ramsey, for welcoming me in UCLA, for good laughs together and for 
your contribution to papers I and II. 

Stellan Sandler, for collaborating in paper IV, for sharing your expertise in 
the field of diabetes research and for your trust in my scientific skills. 

Ing-Britt Hallgren, for your precious technical help and for your pleasant 
company during the experiments; it is fun to work with you! 

Joey, Disa, Åsa, and all the students that I have supervised during these 
years, for your enthusiasm in my research project, for all your help and your 
nice company. 

All the co-authors of my papers, for your contributions to my research. 

All the animal care staff at the Rudbeck laboratory and BMC, for the love 
and tenderness you give to our mice and for your helpfulness whenever 
needed.

Mohammad, Brita, Mina, Anna & Anna, Magnus, Gunnel, Kerstin, Anna 
Stina, Fredrik, Pernilla and all the people from Lab 21, for pleasant discus-
sions at the Monday meetings and for making me feel less alone in the lab in 
Uppsala.

Åsa Hallgren and Elisabeth Pavez Loriè, my two secret angels, you don’t 
know how much I appreciate you. 

Anne Rasikari, Birgitta Sembrant, and Lillebil Andersson, for your adminis-
trative help and for your kindness. 

Gunnar, Pernilla, Eva, Lena, Reza, Astrid, Siw, for your helpfulness and for 
creating a pleasant working atmosphere at the CKMF. 

Lucia, Robert, Juan, Reka, Sumi, Grzegorz, Zerit, Tomas, Ariana, Maria, 
Litty, Biju, Paolo, Martino and all the people who attend the SoC, for walk-
ing together and sharing your life experiences with me. 

Tobias, for opening my mind to other things than research during all these 
years. 

Alessandro and Glauco, for helping me to find the way back to myself. Ale, 
thank you also for the help with the cover picture. 



57

My Swedish and Italian families, for all your love and support throughout the 
years.  

My father Peter, for persuading me to move to Sweden and for encouraging 
me to believe in myself and making all of this possible. 

Mamma Giovanna, because every time you give me a smile I feel that all 
these sacrifices were worth it. 



58

REFERENCES

1. Himmelweit, F. 1956-1960. Collected papers of Paul Ehrlich. Per-
gamon, London. 

2. Jacobson, D. L., S. J. Gange, N. R. Rose, and N. M. Graham. 1997. 
Epidemiology and estimated population burden of selected autoim-
mune diseases in the United States. Clin Immunol Immunopathol 
84:223.

3. Feldmann, M., and L. Steinman. 2005. Design of effective immuno-
therapy for human autoimmunity. Nature 435:612.

4. Miller, J. F., and D. Osoba. 1967. Current concepts of the immu-
nological function of the thymus. Physiol Rev 47:437.

5. Anderson, G., N. C. Moore, J. J. Owen, and E. J. Jenkinson. 1996. 
Cellular interactions in thymocyte development. Annu Rev Immunol 
14:73.

6. Godfrey, D. I., J. Kennedy, T. Suda, and A. Zlotnik. 1993. A devel-
opmental pathway involving four phenotypically and functionally 
distinct subsets of CD3-CD4-CD8- triple-negative adult mouse thy-
mocytes defined by CD44 and CD25 expression. J Immunol 
150:4244.

7. Takahama, Y. 2006. Journey through the thymus: stromal guides for 
T-cell development and selection. Nat Rev Immunol 6:127.

8. Anderson, G., J. J. Owen, N. C. Moore, and E. J. Jenkinson. 1994. 
Thymic epithelial cells provide unique signals for positive selection 
of CD4+CD8+ thymocytes in vitro. J Exp Med 179:2027.

9. Klein, L., and B. Kyewski. 2000. Self-antigen presentation by 
thymic stromal cells: a subtle division of labor. Curr Opin Immunol 
12:179.

10. Ramsdell, F., T. Lantz, and B. J. Fowlkes. 1989. A nondeletional 
mechanism of thymic self tolerance. Science 246:1038.

11. Ashton-Rickardt, P. G., A. Bandeira, J. R. Delaney, L. Van Kaer, H. 
P. Pircher, R. M. Zinkernagel, and S. Tonegawa. 1994. Evidence for 
a differential avidity model of T cell selection in the thymus. Cell
76:651.

12. Sebzda, E., V. A. Wallace, J. Mayer, R. S. Yeung, T. W. Mak, and 
P. S. Ohashi. 1994. Positive and negative thymocyte selection in-
duced by different concentrations of a single peptide. Science
263:1615.



59

13. Punt, J. A., B. A. Osborne, Y. Takahama, S. O. Sharrow, and A. 
Singer. 1994. Negative selection of CD4+CD8+ thymocytes by T 
cell receptor-induced apoptosis requires a costimulatory signal that 
can be provided by CD28. J Exp Med 179:709.

14. Watanabe, N., Y. H. Wang, H. K. Lee, T. Ito, W. Cao, and Y. J. Liu. 
2005. Hassall's corpuscles instruct dendritic cells to induce 
CD4+CD25+ regulatory T cells in human thymus. Nature 436:1181.

15. Akiyama, T., S. Maeda, S. Yamane, K. Ogino, M. Kasai, F. Kajiura, 
M. Matsumoto, and J. Inoue. 2005. Dependence of self-tolerance on 
TRAF6-directed development of thymic stroma. Science 308:248.

16. Kajiura, F., S. Sun, T. Nomura, K. Izumi, T. Ueno, Y. Bando, N. 
Kuroda, H. Han, Y. Li, A. Matsushima, Y. Takahama, S. Sakaguchi, 
T. Mitani, and M. Matsumoto. 2004. NF-kappa B-inducing kinase 
establishes self-tolerance in a thymic stroma-dependent manner. J
Immunol 172:2067.

17. Derbinski, J., A. Schulte, B. Kyewski, and L. Klein. 2001. Promis-
cuous gene expression in medullary thymic epithelial cells mirrors 
the peripheral self. Nat Immunol 2:1032.

18. Kyewski, B., and J. Derbinski. 2004. Self-representation in the thy-
mus: an extended view. Nat Rev Immunol 4:688.

19. Gallegos, A. M., and M. J. Bevan. 2004. Central tolerance to tissue-
specific antigens mediated by direct and indirect antigen presenta-
tion. J Exp Med 200:1039.

20. Kyewski, B., and L. Klein. 2006. A central role for central tolerance. 
Annu Rev Immunol 24:571.

21. Gotter, J., B. Brors, M. Hergenhahn, and B. Kyewski. 2004. Me-
dullary epithelial cells of the human thymus express a highly diverse 
selection of tissue-specific genes colocalized in chromosomal clus-
ters. J Exp Med 199:155.

22. Derbinski, J., J. Gabler, B. Brors, S. Tierling, S. Jonnakuty, M. Her-
genhahn, L. Peltonen, J. Walter, and B. Kyewski. 2005. Promiscu-
ous gene expression in thymic epithelial cells is regulated at multiple 
levels. J Exp Med 202:33.

23. Bleul, C. C., T. Corbeaux, A. Reuter, P. Fisch, J. S. Monting, and T. 
Boehm. 2006. Formation of a functional thymus initiated by a post-
natal epithelial progenitor cell. Nature 441:992.

24. Gray, D. H., N. Seach, T. Ueno, M. K. Milton, A. Liston, A. M. 
Lew, C. C. Goodnow, and R. L. Boyd. 2006. Developmental kinet-
ics, turnover and stimulatory capacity of thymic epithelial cells. 
Blood.

25. Palumbo, M. O., D. Levi, A. A. Chentoufi, and C. Polychronakos. 
2006. Isolation and characterization of proinsulin-producing me-
dullary thymic epithelial cell clones. Diabetes 55:2595.

26. Kent, S. C., Y. Chen, L. Bregoli, S. M. Clemmings, N. S. Kenyon, 
C. Ricordi, B. J. Hering, and D. A. Hafler. 2005. Expanded T cells 



60

from pancreatic lymph nodes of type 1 diabetic subjects recognize 
an insulin epitope. Nature 435:224.

27. Nakayama, M., N. Abiru, H. Moriyama, N. Babaya, E. Liu, D. 
Miao, L. Yu, D. R. Wegmann, J. C. Hutton, J. F. Elliott, and G. S. 
Eisenbarth. 2005. Prime role for an insulin epitope in the develop-
ment of type 1 diabetes in NOD mice. Nature 435:220.

28. Pugliese, A., M. Zeller, A. Fernandez, Jr., L. J. Zalcberg, R. J. Bart-
lett, C. Ricordi, M. Pietropaolo, G. S. Eisenbarth, S. T. Bennett, and 
D. D. Patel. 1997. The insulin gene is transcribed in the human thy-
mus and transcription levels correlated with allelic variation at the 
INS VNTR-IDDM2 susceptibility locus for type 1 diabetes. Nat 
Genet 15:293.

29. Vafiadis, P., S. T. Bennett, J. A. Todd, J. Nadeau, R. Grabs, C. G. 
Goodyer, S. Wickramasinghe, E. Colle, and C. Polychronakos. 
1997. Insulin expression in human thymus is modulated by INS 
VNTR alleles at the IDDM2 locus. Nat Genet 15:289.

30. Thebault-Baumont, K., D. Dubois-Laforgue, P. Krief, J. P. Briand, 
P. Halbout, K. Vallon-Geoffroy, J. Morin, V. Laloux, A. Lehuen, J. 
C. Carel, J. Jami, S. Muller, and C. Boitard. 2003. Acceleration of 
type 1 diabetes mellitus in proinsulin 2-deficient NOD mice. J Clin 
Invest 111:851.

31. Bouneaud, C., P. Kourilsky, and P. Bousso. 2000. Impact of nega-
tive selection on the T cell repertoire reactive to a self-peptide: a 
large fraction of T cell clones escapes clonal deletion. Immunity 
13:829.

32. Matzinger, P. 1994. Tolerance, danger, and the extended family. 
Annu Rev Immunol 12:991.

33. Matzinger, P. 2002. The danger model: a renewed sense of self. 
Science 296:301.

34. Griffith, T. S., T. Brunner, S. M. Fletcher, D. R. Green, and T. A. 
Ferguson. 1995. Fas ligand-induced apoptosis as a mechanism of 
immune privilege. Science 270:1189.

35. Lutz, M. B., and G. Schuler. 2002. Immature, semi-mature and fully 
mature dendritic cells: which signals induce tolerance or immunity? 
Trends Immunol 23:445.

36. Janeway, C. A., Jr. 1992. The immune system evolved to discrimi-
nate infectious nonself from noninfectious self. Immunol Today 
13:11.

37. Rossi, M., and J. W. Young. 2005. Human dendritic cells: potent 
antigen-presenting cells at the crossroads of innate and adaptive im-
munity. J Immunol 175:1373.

38. Nishizuka, Y., and T. Sakakura. 1969. Thymus and reproduction: 
sex-linked dysgenesia of the gonad after neonatal thymectomy in 
mice. Science 166:753.



61

39. Sakaguchi, S., N. Sakaguchi, M. Asano, M. Itoh, and M. Toda. 
1995. Immunologic self-tolerance maintained by activated T cells 
expressing IL-2 receptor alpha-chains (CD25). Breakdown of a sin-
gle mechanism of self-tolerance causes various autoimmune dis-
eases. J Immunol 155:1151.

40. Bluestone, J. A., and Q. Tang. 2005. How do CD4+CD25+ regula-
tory T cells control autoimmunity? Curr Opin Immunol 17:638.

41. Perez, V. L., L. Van Parijs, A. Biuckians, X. X. Zheng, T. B. Strom, 
and A. K. Abbas. 1997. Induction of peripheral T cell tolerance in 
vivo requires CTLA-4 engagement. Immunity 6:411.

42. Dhein, J., H. Walczak, C. Baumler, K. M. Debatin, and P. H. 
Krammer. 1995. Autocrine T-cell suicide mediated by APO-
1/(Fas/CD95). Nature 373:438.

43. Miosge, L. A., and C. C. Goodnow. 2005. Genes, pathways and 
checkpoints in lymphocyte development and homeostasis. Immunol
Cell Biol 83:318.

44. Hartley, S. B., J. Crosbie, R. Brink, A. B. Kantor, A. Basten, and C. 
C. Goodnow. 1991. Elimination from peripheral lymphoid tissues of 
self-reactive B lymphocytes recognizing membrane-bound antigens. 
Nature 353:765.

45. Radic, M. Z., J. Erikson, S. Litwin, and M. Weigert. 1993. B lym-
phocytes may escape tolerance by revising their antigen receptors. J
Exp Med 177:1165.

46. Tiegs, S. L., D. M. Russell, and D. Nemazee. 1993. Receptor editing 
in self-reactive bone marrow B cells. J Exp Med 177:1009.

47. Goodnow, C. C., J. Crosbie, S. Adelstein, T. B. Lavoie, S. J. Smith-
Gill, R. A. Brink, H. Pritchard-Briscoe, J. S. Wotherspoon, R. H. 
Loblay, K. Raphael, and et al. 1988. Altered immunoglobulin ex-
pression and functional silencing of self-reactive B lymphocytes in 
transgenic mice. Nature 334:676.

48. Akkaraju, S., K. Canaan, and C. C. Goodnow. 1997. Self-reactive B 
cells are not eliminated or inactivated by autoantigen expressed on 
thyroid epithelial cells. J Exp Med 186:2005.

49. Cyster, J. G., and C. C. Goodnow. 1995. Antigen-induced exclusion 
from follicles and anergy are separate and complementary processes 
that influence peripheral B cell fate. Immunity 3:691.

50. Batten, M., J. Groom, T. G. Cachero, F. Qian, P. Schneider, J. 
Tschopp, J. L. Browning, and F. Mackay. 2000. BAFF mediates 
survival of peripheral immature B lymphocytes. J Exp Med 
192:1453.

51. Schneider, P., H. Takatsuka, A. Wilson, F. Mackay, A. Tardivel, S. 
Lens, T. G. Cachero, D. Finke, F. Beermann, and J. Tschopp. 2001. 
Maturation of marginal zone and follicular B cells requires B cell ac-
tivating factor of the tumor necrosis factor family and is independent 
of B cell maturation antigen. J Exp Med 194:1691.



62

52. Schneider, P. 2005. The role of APRIL and BAFF in lymphocyte 
activation. Curr Opin Immunol 17:282.

53. Lu, T. T., and J. G. Cyster. 2002. Integrin-mediated long-term B cell 
retention in the splenic marginal zone. Science 297:409.

54. Guinamard, R., M. Okigaki, J. Schlessinger, and J. V. Ravetch. 
2000. Absence of marginal zone B cells in Pyk-2-deficient mice de-
fines their role in the humoral response. Nat Immunol 1:31.

55. Lopes-Carvalho, T., and J. F. Kearney. 2004. Development and se-
lection of marginal zone B cells. Immunol Rev 197:192.

56. Hayakawa, K., M. Asano, S. A. Shinton, M. Gui, D. Allman, C. L. 
Stewart, J. Silver, and R. R. Hardy. 1999. Positive selection of natu-
ral autoreactive B cells. Science 285:113.

57. Geijtenbeek, T. B., P. C. Groot, M. A. Nolte, S. J. van Vliet, S. T. 
Gangaram-Panday, G. C. van Duijnhoven, G. Kraal, A. J. van 
Oosterhout, and Y. van Kooyk. 2002. Marginal zone macrophages 
express a murine homologue of DC-SIGN that captures blood-borne 
antigens in vivo. Blood 100:2908.

58. von Bulow, G. U., J. M. van Deursen, and R. J. Bram. 2001. Regula-
tion of the T-independent humoral response by TACI. Immunity
14:573.

59. Lam, K. P., R. Kuhn, and K. Rajewsky. 1997. In vivo ablation of 
surface immunoglobulin on mature B cells by inducible gene target-
ing results in rapid cell death. Cell 90:1073.

60. Miller, J. P., J. E. Stadanlick, and M. P. Cancro. 2006. Space, selec-
tion, and surveillance: setting boundaries with BLyS. J Immunol 
176:6405.

61. Mackay, F., S. A. Woodcock, P. Lawton, C. Ambrose, M. Baet-
scher, P. Schneider, J. Tschopp, and J. L. Browning. 1999. Mice 
transgenic for BAFF develop lymphocytic disorders along with 
autoimmune manifestations. J Exp Med 190:1697.

62. Khare, S. D., I. Sarosi, X. Z. Xia, S. McCabe, K. Miner, I. Solovyev, 
N. Hawkins, M. Kelley, D. Chang, G. Van, L. Ross, J. Delaney, L. 
Wang, D. Lacey, W. J. Boyle, and H. Hsu. 2000. Severe B cell hy-
perplasia and autoimmune disease in TALL-1 transgenic mice. Proc 
Natl Acad Sci U S A 97:3370.

63. Cheema, G. S., V. Roschke, D. M. Hilbert, and W. Stohl. 2001. Ele-
vated serum B lymphocyte stimulator levels in patients with sys-
temic immune-based rheumatic diseases. Arthritis Rheum 44:1313.

64. Groom, J., S. L. Kalled, A. H. Cutler, C. Olson, S. A. Woodcock, P. 
Schneider, J. Tschopp, T. G. Cachero, M. Batten, J. Wheway, D. 
Mauri, D. Cavill, T. P. Gordon, C. R. Mackay, and F. Mackay. 2002. 
Association of BAFF/BLyS overexpression and altered B cell dif-
ferentiation with Sjogren's syndrome. J Clin Invest 109:59.

65. Stohl, W., S. Metyas, S. M. Tan, G. S. Cheema, B. Oamar, D. Xu, 
V. Roschke, Y. Wu, K. P. Baker, and D. M. Hilbert. 2003. B lym-



63

phocyte stimulator overexpression in patients with systemic lupus 
erythematosus: longitudinal observations. Arthritis Rheum 48:3475.

66. Kassan, S. S., T. L. Thomas, H. M. Moutsopoulos, R. Hoover, R. P. 
Kimberly, D. R. Budman, J. Costa, J. L. Decker, and T. M. Chused. 
1978. Increased risk of lymphoma in sicca syndrome. Ann Intern 
Med 89:888.

67. Ulmanen, I., M. Halonen, T. Ilmarinen, and L. Peltonen. 2005. 
Monogenic autoimmune diseases - lessons of self-tolerance. Curr 
Opin Immunol 17:609.

68. Rieux-Laucat, F., F. Le Deist, C. Hivroz, I. A. Roberts, K. M. De-
batin, A. Fischer, and J. P. de Villartay. 1995. Mutations in Fas as-
sociated with human lymphoproliferative syndrome and autoimmu-
nity. Science 268:1347.

69. Chatila, T. A., F. Blaeser, N. Ho, H. M. Lederman, C. Voulgaropou-
los, C. Helms, and A. M. Bowcock. 2000. JM2, encoding a fork 
head-related protein, is mutated in X-linked autoimmunity-allergic 
disregulation syndrome. J Clin Invest 106:R75.

70. Brunkow, M. E., E. W. Jeffery, K. A. Hjerrild, B. Paeper, L. B. 
Clark, S. A. Yasayko, J. E. Wilkinson, D. Galas, S. F. Ziegler, and 
F. Ramsdell. 2001. Disruption of a new forkhead/winged-helix pro-
tein, scurfin, results in the fatal lymphoproliferative disorder of the 
scurfy mouse. Nat Genet 27:68.

71. Marrack, P., J. Kappler, and B. L. Kotzin. 2001. Autoimmune dis-
ease: why and where it occurs. Nat Med 7:899.

72. Christen, U., and M. G. von Herrath. 2005. Infections and autoim-
munity--good or bad? J Immunol 174:7481.

73. Neufeld, M., N. Maclaren, and R. Blizzard. 1980. Autoimmune po-
lyglandular syndromes. Pediatr Ann 9:154.

74. Neufeld, M., N. K. Maclaren, and R. M. Blizzard. 1981. Two types 
of autoimmune Addison's disease associated with different poly-
glandular autoimmune (PGA) syndromes. Medicine (Baltimore) 
60:355.

75. Betterle, C., C. Dal Pra, F. Mantero, and R. Zanchetta. 2002. Auto-
immune adrenal insufficiency and autoimmune polyendocrine syn-
dromes: autoantibodies, autoantigens, and their applicability in diag-
nosis and disease prediction. Endocr Rev 23:327.

76. Maclaren, N. K., and W. J. Riley. 1986. Inherited susceptibility to 
autoimmune Addison's disease is linked to human leukocyte anti-
gens-DR3 and/or DR4, except when associated with type I autoim-
mune polyglandular syndrome. J Clin Endocrinol Metab 62:455.

77. Badenhoop, K., P. G. Walfish, H. Rau, S. Fischer, A. Nicolay, U. 
Bogner, H. Schleusener, and K. H. Usadel. 1995. Susceptibility and 
resistance alleles of human leukocyte antigen (HLA) DQA1 and 
HLA DQB1 are shared in endocrine autoimmune disease. J Clin En-
docrinol Metab 80:2112.



64

78. Ghaderi, M., G. Gambelunghe, C. Tortoioli, A. Brozzetti, K. Jatta, 
B. Gharizadeh, A. De Bellis, F. Pecori Giraldi, M. Terzolo, C. Bet-
terle, and A. Falorni. 2006. MHC2TA Single Nucleotide Polymor-
phism and Genetic Risk for Autoimmune Adrenal Insufficiency. J
Clin Endocrinol Metab 91:4107.

79. Donner, H., J. Braun, C. Seidl, H. Rau, R. Finke, M. Ventz, P. G. 
Walfish, K. H. Usadel, and K. Badenhoop. 1997. Codon 17 poly-
morphism of the cytotoxic T lymphocyte antigen 4 gene in Hashi-
moto's thyroiditis and Addison's disease. J Clin Endocrinol Metab 
82:4130.

80. Ueda, H., J. M. Howson, L. Esposito, J. Heward, H. Snook, G. 
Chamberlain, D. B. Rainbow, K. M. Hunter, A. N. Smith, G. Di 
Genova, M. H. Herr, I. Dahlman, F. Payne, D. Smyth, C. Lowe, R. 
C. Twells, S. Howlett, B. Healy, S. Nutland, H. E. Rance, V. 
Everett, L. J. Smink, A. C. Lam, H. J. Cordell, N. M. Walker, C. 
Bordin, J. Hulme, C. Motzo, F. Cucca, J. F. Hess, M. L. Metzker, J. 
Rogers, S. Gregory, A. Allahabadia, R. Nithiyananthan, E. Tuomile-
hto-Wolf, J. Tuomilehto, P. Bingley, K. M. Gillespie, D. E. Undlien, 
K. S. Ronningen, C. Guja, C. Ionescu-Tirgoviste, D. A. Savage, A. 
P. Maxwell, D. J. Carson, C. C. Patterson, J. A. Franklyn, D. G. 
Clayton, L. B. Peterson, L. S. Wicker, J. A. Todd, and S. C. Gough. 
2003. Association of the T-cell regulatory gene CTLA4 with suscep-
tibility to autoimmune disease. Nature 423:506.

81. Kriegel, M. A., T. Lohmann, C. Gabler, N. Blank, J. R. Kalden, and 
H. M. Lorenz. 2004. Defective Suppressor Function of Human 
CD4+ CD25+ Regulatory T Cells in Autoimmune Polyglandular 
Syndrome Type II. J Exp Med 199:1285.

82. The Finnish German APECED consortium, 1997. An autoimmune 
disease, APECED, caused by mutations in a novel gene featuring 
two PHD-type zinc-finger domains. Autoimmune Polyendocrinopa-
thy- Candidiasis-Ectodermal Dystrophy. Nat Genet 17:399.

83. Nagamine, K., P. Peterson, H. S. Scott, J. Kudoh, S. Minoshima, M. 
Heino, K. J. Krohn, M. D. Lalioti, P. E. Mullis, S. E. Antonarakis, 
K. Kawasaki, S. Asakawa, F. Ito, and N. Shimizu. 1997. Positional 
cloning of the APECED gene. Nat Genet 17:393.

84. Bjorses, P., J. Aaltonen, A. Vikman, J. Perheentupa, G. Ben-Zion, 
G. Chiumello, N. Dahl, P. Heideman, J. Hoorweg-Nijman, L. 
Mathivon, P. Mullis, M. Pohl, M. Ritzen, G. Romeo, M. Shapiro, C. 
Smith, J. Solyom, J. Zlotogora, and L. Peltonen. 1996. Genetic ho-
mogeneity of autoimmune polyglandular disease type I. Am J Hum 
Genet 59:879.

85. Zlotogora, J., and M. S. Shapiro. 1992. Polyglandular autoimmune 
syndrome type I among Iranian Jews. J Med Genet 29:824.

86. Rosatelli, M. C., A. Meloni, M. Devoto, A. Cao, H. S. Scott, P. Pe-
terson, M. Heino, K. J. Krohn, K. Nagamine, J. Kudoh, N. Shimizu, 



65

and S. E. Antonarakis. 1998. A common mutation in Sardinian auto-
immune polyendocrinopathy- candidiasis-ectodermal dystrophy pa-
tients. Hum Genet 103:428.

87. Perheentupa, J. 1980. Autoimmune polyendocrinopathy-
candidosis.ectodermal dystrophy (APECED). In Population struc-
ture and genetic disorders: Seventh Sigrid Juselius Foundation 
Symposium, Mariehamn, Aland islands, Finland, August 1978. A. 
Eriksson, H. Forsius, H. Nevanlinna, P. Workman, and R. Norio, 
eds. Academic Press, London, p. 583. 

88. Betterle, C., N. A. Greggio, and M. Volpato. 1998. Clinical review 
93: Autoimmune polyglandular syndrome type 1. J Clin Endocrinol 
Metab 83:1049.

89. Perheentupa, J. 2006. Autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy. J Clin Endocrinol Metab 91:2843.

90. Ekwall, O., H. Hedstrand, L. Grimelius, J. Haavik, J. Perheentupa, J. 
Gustafsson, E. Husebye, O. Kampe, and F. Rorsman. 1998. Identifi-
cation of tryptophan hydroxylase as an intestinal autoantigen. Lancet 
352:279.

91. Gylling, M., E. Kaariainen, R. Vaisanen, L. Kerosuo, M. L. Solin, L. 
Halme, S. Saari, M. Halonen, O. Kampe, J. Perheentupa, and A. Mi-
ettinen. 2003. The hypoparathyroidism of autoimmune polyendocri-
nopathy-candidiasis-ectodermal dystrophy protective effect of male 
sex. J Clin Endocrinol Metab 88:4602.

92. Ahonen, P., S. Myllarniemi, I. Sipila, and J. Perheentupa. 1990. 
Clinical variation of autoimmune polyendocrinopathy-candidiasis- 
ectodermal dystrophy (APECED) in a series of 68 patients. N Engl J 
Med 322:1829.

93. Kogawa, K., J. Kudoh, S. Nagafuchi, S. Ohga, H. Katsuta, H. Ishi-
bashi, M. Harada, T. Hara, and N. Shimizu. 2002. Distinct clinical 
phenotype and immunoreactivity in Japanese siblings with autoim-
mune polyglandular syndrome type 1 (APS-1) associated with com-
pound heterozygous novel AIRE gene mutations. Clin Immunol 
103:277.

94. Eisenbarth, G. S., and P. A. Gottlieb. 2004. Autoimmune polyendo-
crine syndromes. N Engl J Med 350:2068.

95. Ward, L., J. Paquette, E. Seidman, C. Huot, F. Alvarez, P. Crock, E. 
Delvin, O. Kampe, and C. Deal. 1999. Severe autoimmune polyen-
docrinopathy-candidiasis-ectodermal dystrophy in an adolescent girl 
with a novel AIRE mutation: response to immunosuppressive ther-
apy. J Clin Endocrinol Metab 84:844.

96. Tsatsoulis, A., and S. M. Shalet. 1991. Antisperm antibodies in the 
polyglandular autoimmune (PGA) syndrome type I: response to cy-
clical steroid therapy. Clin Endocrinol (Oxf) 35:299.

97. Ulinski, T., L. Perrin, M. Morris, M. Houang, S. Cabrol, C. Grapin, 
N. Chabbert-Buffet, A. Bensman, G. Deschenes, and I. Giurgea. 



66

2006. Autoimmune polyendocrinopathy-candidiasis-ectodermal dys-
trophy syndrome with renal failure: impact of posttransplant immu-
nosuppression on disease activity. J Clin Endocrinol Metab 91:192.

98. Tarkkanen, A., and L. Merenmies. 2001. Corneal pathology and 
outcome of keratoplasty in autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED). Acta Ophthalmol 
Scand 79:204.

99. Wang, C. Y., A. Davoodi-Semiromi, W. Huang, E. Connor, J. D. 
Shi, and J. X. She. 1998. Characterization of mutations in patients 
with autoimmune polyglandular syndrome type 1 (APS1). Hum 
Genet 103:681.

100. Aaltonen, J., and P. Bjorses. 1999. Cloning of the APECED gene 
provides new insight into human autoimmunity. Ann Med 31:111.

101. Gylling, M., T. Tuomi, P. Bjorses, S. Kontiainen, J. Partanen, M. R. 
Christie, M. Knip, J. Perheentupa, and A. Miettinen. 2000. ss-cell 
autoantibodies, human leukocyte antigen II alleles, and type 1 diabe-
tes in autoimmune polyendocrinopathy-candidiasis-ectodermal dys-
trophy. J Clin Endocrinol Metab 85:4434.

102. Halonen, M., P. Eskelin, A. G. Myhre, J. Perheentupa, E. S. Huse-
bye, O. Kampe, F. Rorsman, L. Peltonen, I. Ulmanen, and J. Parta-
nen. 2002. AIRE mutations and human leukocyte antigen genotypes 
as determinants of the autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy phenotype. J Clin Endocrinol Metab 87:2568.

103. Bjorses, P., M. Halonen, J. J. Palvimo, M. Kolmer, J. Aaltonen, P. 
Ellonen, J. Perheentupa, I. Ulmanen, and L. Peltonen. 2000. Muta-
tions in the AIRE gene: effects on subcellular location and transacti-
vation function of the autoimmune-polyendocrinopathy-candidiasis-
ectodermal -dystrophy-protein. Am J Hum Genet 66:378.

104. Cetani, F., G. Barbesino, S. Borsari, E. Pardi, L. Cianferotti, A. 
Pinchera, and C. Marcocci. 2001. A novel mutation of the autoim-
mune regulator gene in an Italian kindred with autoimmune polyen-
docrinopathy-candidiasis-ectodermal dystrophy, acting in a domi-
nant fashion and strongly cosegregating with hypothyroid autoim-
mune thyroiditis. J Clin Endocrinol Metab 86:4747.

105. Ilmarinen, T., P. Eskelin, M. Halonen, T. Ruppell, R. Kilpikari, G. 
D. Torres, H. Kangas, and I. Ulmanen. 2005. Functional analysis of 
SAND mutations in AIRE supports dominant inheritance of the 
G228W mutation. Hum Mutat 26:322.

106. Ahonen, P., A. Miettinen, and J. Perheentupa. 1987. Adrenal and 
steroidal cell antibodies in patients with autoimmune polyglandular 
disease type I and risk of adrenocortical and ovarian failure. J Clin 
Endocrinol Metab 64:494.

107. Winqvist, O., A. Söderberg, and O. Kämpe. 1996. The autoimmune 
basis of adrenocortical destruction in Addison´s disease. Mol. Med. 
Today July 1996:282.



67

108. Winqvist, O., F. A. Karlsson, and O. Kampe. 1992. 21-Hydroxylase, 
a major autoantigen in idiopathic Addison's disease. Lancet 
339:1559.

109. Krohn, K., R. Uibo, E. Aavik, P. Peterson, and K. Savilahti. 1992. 
Identification by molecular cloning of an autoantigen associated 
with Addison's disease as steroid 17 alpha-hydroxylase. Lancet 
339:770.

110. Winqvist, O., J. Gustafsson, F. Rorsman, F. A. Karlsson, and O. 
Kampe. 1993. Two different cytochrome P450 enzymes are the ad-
renal antigens in autoimmune polyendocrine syndrome type I and 
Addison's disease. J Clin Invest 92:2377.

111. Winqvist, O., G. Gebre-Medhin, J. Gustafsson, E. M. Ritzen, O. 
Lundkvist, F. A. Karlsson, and O. Kampe. 1995. Identification of the 
main gonadal autoantigens in patients with adrenal insufficiency and 
associated ovarian failure. J Clin Endocrinol Metab 80:1717.

112. Uibo, R., E. Aavik, P. Peterson, J. Perheentupa, S. Aranko, R. Pel-
konen, and K. J. Krohn. 1994. Autoantibodies to cytochrome P450 
enzymes P450scc, P450c17, and P450c21 in autoimmune polyglan-
dular disease types I and II and in isolated Addison's disease. J Clin 
Endocrinol Metab 78:323.

113. Velloso, L. A., O. Winqvist, J. Gustafsson, O. Kampe, and F. A. 
Karlsson. 1994. Autoantibodies against a novel 51 kDa islet antigen 
and glutamate decarboxylase isoforms in autoimmune polyendocrine 
syndrome type I. Diabetologia 37:61.

114. Rorsman, F., E. S. Husebye, O. Winqvist, E. Bjork, F. A. Karlsson, 
and O. Kampe. 1995. Aromatic-L-amino-acid decarboxylase, a pyri-
doxal phosphate-dependent enzyme, is a beta-cell autoantigen. Proc 
Natl Acad Sci U S A 92:8626.

115. Ruf, J., B. Czarnocka, C. De Micco, C. Dutoit, M. Ferrand, and P. 
Carayon. 1987. Thyroid peroxidase is the organ-specific 'micro-
somal' autoantigen involved in thyroid autoimmunity. Acta Endocri-
nol Suppl 281:49.

116. Gebre-Medhin, G., E. S. Husebye, J. Gustafsson, O. Winqvist, A. 
Goksoyr, F. Rorsman, and O. Kampe. 1997. Cytochrome P450IA2 
and aromatic L-amino acid decarboxylase are hepatic autoantigens 
in autoimmune polyendocrine syndrome type I. FEBS Lett 412:439.

117. Karlsson, F. A., P. Burman, L. Loof, and S. Mardh. 1988. Major 
parietal cell antigen in autoimmune gastritis with pernicious anemia 
is the acid-producing H+,K+-adenosine triphosphatase of the stom-
ach. J Clin Invest 81:475.

118. Skoldberg, F., G. M. Portela-Gomes, L. Grimelius, G. Nilsson, J. 
Perheentupa, C. Betterle, E. S. Husebye, J. Gustafsson, A. 
Ronnblom, F. Rorsman, and O. Kampe. 2003. Histidine decarboxy-
lase, a pyridoxal phosphate-dependent enzyme, is an autoantigen of 



68

gastric enterochromaffin-like cells. J Clin Endocrinol Metab 
88:1445.

119. Hedstrand, H., O. Ekwall, J. Haavik, E. Landgren, C. Betterle, J. 
Perheentupa, J. Gustafsson, E. Husebye, F. Rorsman, and O. Kampe. 
2000. Identification of tyrosine hydroxylase as an autoantigen in 
autoimmune polyendocrine syndrome type I. Biochem Biophys Res 
Commun 267:456.

120. Hedstrand, H., O. Ekwall, E. Landgren, H. E. Kemp, A. Weetman, J. 
Perheentupa, E. Husebye, J. Gustafsson, C. Betterle, O. Kämpe, and 
F. Rorsman. 2001. The transcription factors SOX9 and SOX10 are 
melanocyte autoantigens related to vitiligo in autoimmune polyen-
docrine syndrome type I. 

121. Klemetti, P., P. Bjorses, T. Tuomi, J. Perheentupa, J. Partanen, N. 
Rautonen, A. Hinkkanen, J. Ilonen, and O. Vaarala. 2000. Autoim-
munity to glutamic acid decarboxylase in patients with autoimmune 
polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED). 
Clin Exp Immunol 119:419.

122. Söderbergh, A., A. G. Myhre, O. Ekwall, G. Gebre-Medhin, H. Hed-
strand, E. Landgren, A. Miettinen, P. Eskelin, M. Halonen, T. 
Tuomi, J. Gustafsson, E. S. Husebye, J. Perheentupa, M. Gylling, M. 
P. Manns, F. Rorsman, O. Kampe, and T. Nilsson. 2004. Prevalence 
and clinical associations of 10 defined autoantibodies in autoim-
mune polyendocrine syndrome type I. J Clin Endocrinol Metab 
89:557.

123. Li, Y., Y. H. Song, N. Rais, E. Connor, D. Schatz, A. Muir, and N. 
Maclaren. 1996. Autoantibodies to the extracellular domain of the 
calcium sensing receptor in patients with acquired hypoparathyroid-
ism. J Clin Invest 97:910.

124. Wedlock, N., T. Asawa, A. Baumann-Antczak, B. R. Smith, and J. 
Furmaniak. 1993. Autoimmune Addison's disease. Analysis of 
autoantibody binding sites on human steroid 21-hydroxylase. FEBS 
Lett 332:123.

125. Song, Y. H., E. L. Connor, A. Muir, J. X. She, B. Zorovich, D. 
Derovanesian, and N. Maclaren. 1994. Autoantibody epitope map-
ping of the 21-hydroxylase antigen in autoimmune Addison's dis-
ease. J Clin Endocrinol Metab 78:1108.

126. Asawa, T., N. Wedlock, A. Baumann-Antczak, B. R. Smith, and J. 
Furmaniak. 1994. Naturally occurring mutations in human steroid 
21-hydroxylase influence adrenal autoantibody binding. J Clin En-
docrinol Metab 79:372.

127. Bjork, E., L. A. Velloso, O. Kampe, and F. A. Karlsson. 1994. GAD 
autoantibodies in IDDM, stiff-man syndrome, and autoimmune 
polyendocrine syndrome type I recognize different epitopes. Diabe-
tes 43:161.



69

128. Furmaniak, J., S. Kominami, T. Asawa, N. Wedlock, J. Colls, and B. 
R. Smith. 1994. Autoimmune Addison's disease--evidence for a role 
of steroid 21- hydroxylase autoantibodies in adrenal insufficiency. J
Clin Endocrinol Metab 79:1517.

129. Boscaro, M., C. Betterle, M. Volpato, F. Fallo, J. Furmaniak, B. 
Rees Smith, and N. Sonino. 1996. Hormonal responses during vari-
ous phases of autoimmune adrenal failure: no evidence for 21-
hydroxylase enzyme activity inhibition in vivo. J Clin Endocrinol 
Metab 81:2801.

130. Boe, A. S., G. Bredholt, P. M. Knappskog, T. O. Hjelmervik, G. 
Mellgren, O. Winqvist, O. Kampe, and E. S. Husebye. 2004. 
Autoantibodies against 21-hydroxylase and side-chain cleavage en-
zyme in autoimmune Addison's disease are mainly immunoglobulin 
G1. Eur J Endocrinol 150:49.

131. Perniola, R., G. Lobreglio, M. C. Rosatelli, E. Pitotti, E. Accogli, 
and C. De Rinaldis. 2005. Immunophenotypic characterisation of pe-
ripheral blood lymphocytes in autoimmune polyglandular syndrome 
type 1: clinical study and review of the literature. J Pediatr Endocri-
nol Metab 18:155.

132. Chilgren, R. A., H. J. Meuwissen, P. G. Quie, R. A. Good, and R. 
Hong. 1969. The cellular immune defect in chronic mucocutaneous 
candidiasis. Lancet 1:1286.

133. Brannstrom, J., S. Hassler, L. Peltonen, B. Herrmann, and O. Win-
qvist. 2006. Defect internalization and tyrosine kinase activation in 
Aire deficient antigen presenting cells exposed to Candida albicans 
antigens. Clin Immunol.

134. Meager, A., K. Visvalingam, P. Peterson, K. Moll, A. Murumagi, K. 
Krohn, P. Eskelin, J. Perheentupa, E. Husebye, Y. Kadota, and N. 
Willcox. 2006. Anti-Interferon Autoantibodies in Autoimmune 
Polyendocrinopathy Syndrome Type 1. PLoS Med 3:e289.

135. Meager, A., M. Wadhwa, P. Dilger, C. Bird, R. Thorpe, J. Newsom-
Davis, and N. Willcox. 2003. Anti-cytokine autoantibodies in auto-
immunity: preponderance of neutralizing autoantibodies against in-
terferon-alpha, interferon-omega and interleukin-12 in patients with 
thymoma and/or myasthenia gravis. Clin Exp Immunol 132:128.

136. Wang, C. Y., J. D. Shi, A. Davoodi-Semiromi, and J. X. She. 1999. 
Cloning of Aire, the mouse homologue of the autoimmune regulator 
(AIRE) gene responsible for autoimmune polyglandular syndrome 
type 1 (ASP1). Genomics 55:322.

137. Blechschmidt, K., M. Schweiger, K. Wertz, R. Poulson, H. M. 
Christensen, A. Rosenthal, H. Lehrach, and M. L. Yaspo. 1999. The 
mouse Aire gene: comparative genomic sequencing, gene organiza-
tion, and expression. Genome Res 9:158.

138. Pearce, S. H., T. Cheetham, H. Imrie, B. Vaidya, N. D. Barnes, R. 
W. Bilous, D. Carr, K. Meeran, N. J. Shaw, C. S. Smith, A. D. Toft, 



70

G. Williams, and P. Kendall-Taylor. 1998. A common and recurrent 
13-bp deletion in the autoimmune regulator gene in British kindreds 
with autoimmune polyendocrinopathy type 1. Am J Hum Genet 
63:1675.

139. Scott, H. S., M. Heino, P. Peterson, L. Mittaz, M. D. Lalioti, C. Bet-
terle, A. Cohen, M. Seri, M. Lerone, G. Romeo, P. Collin, M. Salo, 
R. Metcalfe, A. Weetman, M. P. Papasavvas, C. Rossier, K. Na-
gamine, J. Kudoh, N. Shimizu, K. J. Krohn, and S. E. Antonarakis. 
1998. Common mutations in autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy patients of different origins. Mol 
Endocrinol 12:1112.

140. Ramsey, C., A. B. A, and L. Peltonen. 2002. Systematic mutagenesis 
of the functional domains of AIRE reveals their role in intracellular 
targeting. Hum Mol Genet 11:3299.

141. Cihakova, D., K. Trebusak, M. Heino, V. Fadeyev, A. Tiulpakov, T. 
Battelino, A. Tar, Z. Halasz, P. Blumel, S. Tawfik, K. Krohn, J. 
Lebl, and P. Peterson. 2001. Novel AIRE mutations and P450 cyto-
chrome autoantibodies in Central and Eastern European patients 
with APECED. Hum Mutat 18:225.

142. Pitkanen, J., V. Doucas, T. Sternsdorf, T. Nakajima, S. Aratani, K. 
Jensen, H. Will, P. Vahamurto, J. Ollila, M. Vihinen, H. S. Scott, S. 
E. Antonarakis, J. Kudoh, N. Shimizu, K. Krohn, and P. Peterson. 
2000. The autoimmune regulator protein has transcriptional transac-
tivating properties and interacts with the common coactivator 
CREB-binding protein. J Biol Chem 275:16802.

143. Pitkanen, J., P. Vahamurto, K. Krohn, and P. Peterson. 2001. Sub-
cellular localization of the autoimmune regulator protein. Charac-
terization of nuclear targetting and transcriptional activation. J Biol 
Chem 276:19597.

144. Purohit, S., P. G. Kumar, M. Laloraya, and J. X. She. 2005. Map-
ping DNA-binding domains of the autoimmune regulator protein. 
Biochem Biophys Res Commun 327:939.

145. Kalkhoven, E., H. Teunissen, A. Houweling, C. P. Verrijzer, and A. 
Zantema. 2002. The PHD type zinc finger is an integral part of the 
CBP acetyltransferase domain. Mol Cell Biol 22:1961.

146. Bottomley, M. J., M. W. Collard, J. I. Huggenvik, Z. Liu, T. J. Gib-
son, and M. Sattler. 2001. The SAND domain structure defines a 
novel DNA-binding fold in transcriptional regulation. Nat Struct 
Biol 8:626.

147. Kumar, P. G., M. Laloraya, C. Y. Wang, Q. G. Ruan, A. Davoodi-
Semiromi, K. J. Kao, and J. X. She. 2001. The autoimmune regula-
tor (AIRE) is a DNA-binding protein. J Biol Chem 276:41357.

148. Uchida, D., S. Hatakeyama, A. Matsushima, H. Han, S. Ishido, H. 
Hotta, J. Kudoh, N. Shimizu, V. Doucas, K. I. Nakayama, N. Ku-



71

roda, and M. Matsumoto. 2004. AIRE Functions As an E3 Ubiquitin 
Ligase. J Exp Med 199:167.

149. Bottomley, M. J., G. Stier, D. Pennacchini, G. Legube, B. Simon, A. 
Akhtar, M. Sattler, and G. Musco. 2005. NMR structure of the first 
PHD finger of autoimmune regulator protein (AIRE1). Insights into 
autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy 
(APECED) disease. J Biol Chem 280:11505.

150. Pitkanen, J., A. Rebane, J. Rowell, A. Murumagi, P. Strobel, K. 
Moll, M. Saare, J. Heikkila, V. Doucas, A. Marx, and P. Peterson. 
2005. Cooperative activation of transcription by autoimmune regula-
tor AIRE and CBP. Biochem Biophys Res Commun 333:944.

151. Bjorses, P., M. Pelto-Huikko, J. Kaukonen, J. Aaltonen, L. Peltonen, 
and I. Ulmanen. 1999. Localization of the APECED protein in dis-
tinct nuclear structures. Hum Mol Genet 8:259.

152. Rinderle, C., H. M. Christensen, S. Schweiger, H. Lehrach, and M. 
L. Yaspo. 1999. AIRE encodes a nuclear protein co-localizing with 
cytoskeletal filaments: altered sub-cellular distribution of mutants 
lacking the PHD zinc fingers. Hum Mol Genet 8:277.

153. Heino, M., P. Peterson, J. Kudoh, K. Nagamine, A. Lagerstedt, V. 
Ovod, A. Ranki, I. Rantala, M. Nieminen, J. Tuukkanen, H. Scott, S. 
Antonarakis, N. Shimizu, and K. Krohn. 1999. Autoimmune regula-
tor is expressed in the cells regulating immune tolerance in thymus 
medulla. Biochem Biophys Res Commun 257:821.

154. Heino, M., P. Peterson, N. Sillanpaa, S. Guerin, L. Wu, G. Ander-
son, H. S. Scott, S. E. Antonarakis, J. Kudoh, N. Shimizu, E. J. Jen-
kinson, P. Naquet, and K. J. Krohn. 2000. RNA and protein expres-
sion of the murine autoimmune regulator gene (Aire) in normal, 
RelB-deficient and in NOD mouse. Eur J Immunol 30:1884.

155. Sato, K., U. Sato, S. Tateishi, K. Kubo, R. Horikawa, T. Mimura, K. 
Yamamoto, and H. Kanda. 2004. Aire downregulates multiple mole-
cules that have contradicting immune-enhancing and immune-
suppressive functions. Biochem Biophys Res Commun 318:935.

156. Tao, Y., R. Kupfer, B. J. Stewart, C. Williams-Skipp, C. K. Crowell, 
D. D. Patel, S. Sain, and R. I. Scheinman. 2006. AIRE recruits mul-
tiple transcriptional components to specific genomic regions through 
tethering to nuclear matrix. Mol Immunol 43:335.

157. Sheppard, K. A., K. M. Phelps, A. J. Williams, D. Thanos, C. K. 
Glass, M. G. Rosenfeld, M. E. Gerritsen, and T. Collins. 1998. Nu-
clear integration of glucocorticoid receptor and nuclear factor-
kappaB signaling by CREB-binding protein and steroid receptor 
coactivator-1. J Biol Chem 273:29291.

158. Akiyoshi, H., S. Hatakeyama, J. Pitkanen, Y. Mouri, V. Doucas, J. 
Kudoh, K. Tsurugaya, D. Uchida, A. Matsushima, K. Oshikawa, K. 
I. Nakayama, N. Shimizu, P. Peterson, and M. Matsumoto. 2004. 



72

Subcellular expression of autoimmune regulator (AIRE) is organized 
in a spatiotemporal manner. J Biol Chem.

159. Johnnidis, J. B., E. S. Venanzi, D. J. Taxman, J. P. Ting, C. O. Be-
noist, and D. J. Mathis. 2005. Chromosomal clustering of genes con-
trolled by the aire transcription factor. Proc Natl Acad Sci U S A 
102:7233.

160. Zuklys, S., G. Balciunaite, A. Agarwal, E. Fasler-Kan, E. Palmer, 
and G. Holländer. 2000. Normal thymic architecture and negative 
selection are associated with Aire expression, the gene defective in 
the Autoimmune-Polyendocrinopathy-Candidiasis-Ectodermal Dys-
trophy (APECED). J Immunol 165:1976.

161. Kogawa, K., S. Nagafuchi, H. Katsuta, J. Kudoh, S. Tamiya, Y. 
Sakai, N. Shimizu, and M. Harada. 2002. Expression of AIRE gene 
in peripheral monocyte/dendritic cell lineage. Immunol Lett 80:195.

162. Halonen, M., M. Pelto-Huikko, P. Eskelin, L. Peltonen, I. Ulmanen, 
and M. Kolmer. 2001. Subcellular location and expression pattern of 
autoimmune reguator (Aire), the mouse orthologue for human gene 
defective in Autoimmune Polyendocrinopathy Candidiasis Ectoder-
mal Dystrophy (APECED). J. Histochem. Cytochem. 49:197.

163. Adamson, K. A., S. H. Pearce, J. R. Lamb, J. R. Seckl, and S. E. 
Howie. 2004. A comparative study of mRNA and protein expression 
of the autoimmune regulator gene (Aire) in embryonic and adult 
murine tissues. J Pathol 202:180.

164. Burkly, L., C. Hession, L. Ogata, C. Reilly, L. A. Marconi, D. Ol-
son, R. Tizard, R. Cate, and D. Lo. 1995. Expression of relB is re-
quired for the development of thymic medulla and dendritic cells. 
Nature 373:531.

165. Zhu, M., R. K. Chin, P. A. Christiansen, J. C. Lo, X. Liu, C. Ware, 
U. Siebenlist, and Y. X. Fu. 2006. NF-kappaB2 is required for the 
establishment of central tolerance through an Aire-dependent path-
way. J Clin Invest.

166. Boehm, T., S. Scheu, K. Pfeffer, and C. C. Bleul. 2003. Thymic 
medullary epithelial cell differentiation, thymocyte emigration, and 
the control of autoimmunity require lympho-epithelial cross talk via 
LTbetaR. J Exp Med 198:757.

167. Anderson, M., E. S. Venanzi, L. Klein, Z. Chen, S. P. Berzins, S. J. 
Turley, H. v. Boehmer, R. Bronson, A. Dierich, C. Benoist, and D. 
Mathis. 2002. Projection of an immunological self shadow within 
the thymus by the Aire protein. Science 298:1395.

168. Kuroda, N., T. Mitani, N. Takeda, N. Ishimaru, R. Arakaki, Y. Ha-
yashi, Y. Bando, K. Izumi, T. Takahashi, T. Nomura, S. Sakaguchi, 
T. Ueno, Y. Takahama, D. Uchida, S. Sun, F. Kajiura, Y. Mouri, H. 
Han, A. Matsushima, G. Yamada, and M. Matsumoto. 2005. Devel-
opment of autoimmunity against transcriptionally unrepressed target 
antigen in the thymus of Aire-deficient mice. J Immunol 174:1862.



73

169. Anderson, M. S., E. S. Venanzi, Z. Chen, S. P. Berzins, C. Benoist, 
and D. Mathis. 2005. The cellular mechanism of Aire control of T 
cell tolerance. Immunity 23:227.

170. Niki, S., K. Oshikawa, Y. Mouri, F. Hirota, A. Matsushima, M. 
Yano, H. Han, Y. Bando, K. Izumi, M. Matsumoto, K. I. Nakayama, 
and N. Kuroda. 2006. Alteration of intra-pancreatic target-organ 
specificity by abrogation of Aire in NOD mice. J Clin Invest 
116:1292.

171. Chin, R. K., M. Zhu, P. A. Christiansen, W. Liu, C. Ware, L. Pelto-
nen, X. Zhang, L. Guo, S. Han, B. Zheng, and Y. X. Fu. 2006. Lym-
photoxin pathway-directed, autoimmune regulator-independent cen-
tral tolerance to arthritogenic collagen. J Immunol 177:290.

172. Sillanpaa, N., C. G. Magureanu, A. Murumagi, A. Reinikainen, A. 
West, A. Manninen, M. Lahti, A. Ranki, K. Saksela, K. Krohn, R. 
Lahesmaa, and P. Peterson. 2004. Autoimmune regulator induced 
changes in the gene expression profile of human monocyte-dendritic 
cell-lineage. Mol Immunol 41:1185.

173. Nagafuchi, S., H. Katsuta, Y. Ohno, Y. Inoue, K. Shimoda, K. Ko-
gawa, Y. Ikeda, R. Koyanagi-Katsuta, S. Yamasaki, H. Tominaga, S. 
Tamiya, T. Umemura, T. Otsuka, T. Miyamoto, M. Harada, J. Ku-
doh, and N. Shimizu. 2005. Mitogen-activated protein kinase path-
way controls autoimmune regulator (AIRE) gene expression in 
granulo-monocyte colony stimulating factor (GM-CSF)-stimulated 
myelomonocytic leukemia OTC-4 cells. Immunol Lett 99:130.

174. Murumagi, A., P. Vahamurto, and P. Peterson. 2003. Characteriza-
tion of regulatory elements and methylation pattern of the autoim-
mune regulator (AIRE) promoter. J Biol Chem 278:19784.

175. Murumagi, A., O. Silvennoinen, and P. Peterson. 2006. Ets tran-
scription factors regulate AIRE gene promoter. Biochem Biophys 
Res Commun 348:768.

176. Watanabe, N., S. Hanabuchi, V. Soumelis, W. Yuan, S. Ho, R. de 
Waal Malefyt, and Y. J. Liu. 2004. Human thymic stromal lympho-
poietin promotes dendritic cell-mediated CD4+ T cell homeostatic 
expansion. Nat Immunol 5:426.

177. Rimoldi, M., M. Chieppa, V. Salucci, F. Avogadri, A. Sonzogni, G. 
M. Sampietro, A. Nespoli, G. Viale, P. Allavena, and M. Rescigno. 
2005. Intestinal immune homeostasis is regulated by the crosstalk 
between epithelial cells and dendritic cells. Nat Immunol 6:507.

178. Ramsey, C., O. Winqvist, L. Puhakka, M. Halonen, A. Moro, O. 
Kämpe, P. Eskelin, M. Pelto-Huikko, and L. Peltonen. 2002. Aire 
deficient mice develop multiple features of APECED phenotype and 
show altered immune response. Hum. Mol. Genet. 11:397.

179. Jiang, W., M. S. Anderson, R. Bronson, D. Mathis, and C. Benoist. 
2005. Modifier loci condition autoimmunity provoked by Aire defi-
ciency. J Exp Med 202:805.



74

180. Liston, A., S. Lesage, J. Wilson, L. Peltonen, and C. G. Goodnow. 
2003. Aire regulates negative selection of organ-specific T cells. Na-
ture Immunology 4:350.

181. Liston, A., D. H. Gray, S. Lesage, A. L. Fletcher, J. Wilson, K. E. 
Webster, H. S. Scott, R. L. Boyd, L. Peltonen, and C. C. Goodnow. 
2004. Gene dosage--limiting role of Aire in thymic expression, 
clonal deletion, and organ-specific autoimmunity. J Exp Med 
200:1015.

182. Pontynen, N., A. Miettinen, T. Petteri Arstila, O. Kampe, M. Alimo-
hammadi, O. Vaarala, L. Peltonen, and I. Ulmanen. 2006. Aire defi-
cient mice do not develop the same profile of tissue-specific autoan-
tibodies as APECED patients. J Autoimmun.

183. Hassler, S., C. Ramsey, M. C. Karlsson, D. Larsson, B. Herrmann, 
B. Rozell, M. Backheden, L. Peltonen, O. Kampe, and O. Winqvist. 
2006. Aire deficient mice develop hematopoetic irregularities and 
marginal zone B cell lymphoma. Blood.

184. Cavadini, P., W. Vermi, F. Facchetti, S. Fontana, S. Nagafuchi, E. 
Mazzolari, A. Sediva, V. Marrella, A. Villa, A. Fischer, L. D. 
Notarangelo, and R. Badolato. 2005. AIRE deficiency in thymus of 
2 patients with Omenn syndrome. J Clin Invest 115:728.

185. Sabater, L., X. Ferrer-Francesch, M. Sospedra, P. Caro, M. Juan, and 
R. Pujol-Borrell. 2005. Insulin alleles and autoimmune regulator 
(AIRE) gene expression both influence insulin expression in the 
thymus. J Autoimmun 25:312.

186. Turunen, J. A., M. Wessman, C. Forsblom, R. Kilpikari, M. 
Parkkonen, N. Pontynen, T. Ilmarinen, I. Ulmanen, L. Peltonen, and 
P. H. Groop. 2006. Association analysis of the AIRE and insulin 
genes in Finnish type 1 diabetic patients. Immunogenetics 58:331.

187. Annunziato, F., P. Romagnani, L. Cosmi, E. Lazzeri, and S. 
Romagnani. 2001. Chemokines and lymphopoiesis in human thy-
mus. Trends Immunol 22:277.

188. Klein, J., R. E. Bontrop, R. L. Dawkins, H. A. Erlich, U. B. Gyllen-
sten, E. R. Heise, P. P. Jones, P. Parham, E. K. Wakeland, and D. I. 
Watkins. 1990. Nomenclature for the major histocompatibility com-
plexes of different species: a proposal. Immunogenetics 31:217.

189. McMahan, C. J., and P. J. Fink. 1998. RAG reexpression and DNA 
recombination at T cell receptor loci in peripheral CD4+ T cells. 
Immunity 9:637.

190. McMahan, C. J., and P. J. Fink. 2000. Receptor revision in periph-
eral T cells creates a diverse V beta repertoire. J Immunol 165:6902.

191. Maruyama, T., I. Takei, T. Yanagawa, T. Takahashi, Y. Asaba, K. 
Kataoka, and T. Ishii. 1988. Insulin autoantibodies in non-obese dia-
betic (NOD) mice and streptozotocin-induced diabetic mice. Diabe-
tes Res 7:93.



75

192. Hoek, A., W. Allaerts, P. J. Leenen, J. Schoemaker, and H. A. Drex-
hage. 1997. Dendritic cells and macrophages in the pituitary and the 
gonads. Evidence for their role in the fine regulation of the repro-
ductive endocrine response. Eur J Endocrinol 136:8.

193. Wu, R., K. H. Van der Hoek, N. K. Ryan, R. J. Norman, and R. L. 
Robker. 2004. Macrophage contributions to ovarian function. Hum
Reprod Update 10:119.

194. Cohen, P. E., K. Nishimura, L. Zhu, and J. W. Pollard. 1999. 
Macrophages: important accessory cells for reproductive function. J
Leukoc Biol 66:765.

195. Kampe, O., R. Jansson, and F. A. Karlsson. 1990. Effects of L-
thyroxine and iodide on the development of autoimmune postpartum 
thyroiditis. J Clin Endocrinol Metab 70:1014.

196. De Bellis, A., A. Bizzarro, R. Rossi, V. A. Paglionico, T. Criscuolo, 
G. Lombardi, and A. Bellastella. 1993. Remission of subclinical 
adrenocortical failure in subjects with adrenal autoantibodies. J Clin 
Endocrinol Metab 76:1002.

197. Schloot, N., and G. S. Eisenbarth. 1995. Isohormonal therapy of 
endocrine autoimmunity. Immunol Today 16:289.

198. De Bellis, A. A., A. Falorni, S. Laureti, S. Perrino, C. Coronella, F. 
Forini, E. Bizzarro, A. Bizzarro, G. Abbate, and A. Bellastella. 
2001. Time course of 21-hydroxylase antibodies and long-term re-
mission of subclinical autoimmune adrenalitis after corticosteroid 
therapy: case report. J Clin Endocrinol Metab 86:675.

199. Eloranta, M. L., and G. V. Alm. 1999. Splenic marginal metallo-
philic macrophages and marginal zone macrophages are the major 
interferon-alpha/beta producers in mice upon intravenous challenge 
with herpes simplex virus. Scand J Immunol 49:391.

200. Aman, M. J., U. Keller, G. Derigs, M. Mohamadzadeh, C. Huber, 
and C. Peschel. 1994. Regulation of cytokine expression by inter-
feron-alpha in human bone marrow stromal cells: inhibition of he-
matopoietic growth factors and induction of interleukin-1 receptor 
antagonist. Blood 84:4142.

201. Schmid, M., A. Kreil, W. Jessner, M. Homoncik, C. Datz, A. Gangl, 
P. Ferenci, and M. Peck-Radosavljevic. 2005. Suppression of 
haematopoiesis during therapy of chronic hepatitis C with different 
interferon alpha mono and combination therapy regimens. Gut 
54:1014.

202. Binder, D., J. Fehr, H. Hengartner, and R. M. Zinkernagel. 1997. 
Virus-induced transient bone marrow aplasia: major role of inter-
feron-alpha/beta during acute infection with the noncytopathic lym-
phocytic choriomeningitis virus. J Exp Med 185:517.

203. Imagawa, A., N. Itoh, T. Hanafusa, Y. Oda, M. Waguri, J. Miya-
gawa, N. Kono, M. Kuwajima, and Y. Matsuzawa. 1995. Autoim-
mune endocrine disease induced by recombinant interferon-alpha 



76

therapy for chronic active type C hepatitis. J Clin Endocrinol Metab 
80:922.

204. Bosi, E., R. Minelli, E. Bazzigaluppi, and M. Salvi. 2001. Fulminant 
autoimmune Type 1 diabetes during interferon-alpha therapy: a case 
of Th1-mediated disease? Diabet Med 18:329.

205. Wesche, B., E. Jaeckel, C. Trautwein, H. Wedemeyer, A. Falorni, H. 
Frank, A. von zur Muhlen, M. P. Manns, and G. Brabant. 2001. In-
duction of autoantibodies to the adrenal cortex and pancreatic islet 
cells by interferon alpha therapy for chronic hepatitis C. Gut 48:378.

206. Ronnblom, L., M. L. Eloranta, and G. V. Alm. 2006. The type I 
interferon system in systemic lupus erythematosus. Arthritis Rheum 
54:408.





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 193

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-7218

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2006


	Abstract
	List of papers included in this thesis
	CONTENTS
	Abbreviations
	PREFACE
	INTRODUCTION
	Central tolerance
	Negative selection and promiscuous antigen expression in the thymus
	Peripheral tolerance
	B cell tolerance
	Differentiation of B cell subsets in peripheral lymphoid organs

	Etiology of autoimmune diseases
	Endocrine autoimmunity
	Autoimmune polyendocrine syndrome type I
	Autoantibodies

	Molecular biology of AIRE
	Factors that regulate Aire expression 

	Aire deficient mice

	PRESENT STUDY
	Aim
	Materials and methods
	Animals (Papers I-IV)
	Diabetes induction with multiple low dose streptozotocin injections (Paper IV)
	Proliferation assay (Paper I)
	Antigen presentation to T cell hybridomas (Paper I)
	Microarray analysis (Paper I)
	Flow cytometry (Papers I-IV)
	Immunofluorescent stainings (Papers II and IV)
	Immunohistochemical stainings (Paper II)
	Clinical chemistry and hormone measurements (Papers II and IV)
	RNA isolation and reverse transcriptase reaction (Papers I, III, and IV)
	RT-PCR (Papers I and III)
	Quantitative real time PCR (Papers III and IV)
	In vitro streptozotocin cytotoxicity on macrophages (Paper IV)
	Statistical methods (Paper I-IV)

	Results and discussion
	Alterations in gene expression of dendritic cells from Aire-/- mice cause increased activation of T cells (Paper I).
	Aged Aire deficient mice display altered hematopoiesis of monocytes in the bone marrow and of red blood cells in the spleen, as well as increased activation of marginal zone B cells and development of marginal zone lymphoma (paper II).
	Superantigen mediated TCR revision is increased in the spleens of OT-II TCR transgenic Aire deficient mice (Paper III)
	Aire deficiency causes increased susceptibility to streptozotocin induced diabetes via a macrophage dependent mechanism (Paper IV)

	General discussion

	ACKNOWLEDGMENTS
	REFERENCES

