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“They look like idiotsto their cousins, they look like idiots to their peers, they need
courage to continue. No confirmation comes to them, no validation, no fawning
students, no Nobel, no Shnobel. ‘How was your year?' brings thema small but
containable spasm of pain deep inside, since almost all of their yearswill seem
wasted to someone looking at their life fromthe outside. Then bang, the lumpy
event comes that brings the grand vindication. Or it may never come.”

Nassim Nicholas Taleb

Till Jonas, min man.






ABSTRACT

The aim of the work presented in this thesis was to investigate how failure in the
mechanisms that regulate self-tolerance can lead to autoimmune disease. In particular, |
have studied a key player in immunological tolerance, the autoimmune regulator gene
(AIRE). Mutations in this gene lead to a severe autoimmune disorder called
autoimmune polyendocrine syndrome type | (APS 1). APS | patients suffer from a
combination of diseases caused by the immunological destruction of various tissues and
organs, mainly the endocrine organs. The most common disease components are
hypoparathyroidism, adrenocortical insufficiency and chronic mucocutaneous
candidiasis (CMC). It has been clearly shown that AIRE is involved in the negative
selection of autoreactive thymocytes. The suggested mechanism is that AIRE induce
expression of tissue-specific antigens (TSAs) in the thymus that are needed for the
deletion of autoreactive thymocytes, but the exact molecular events and relative
importance of this are controversial.

The first publication on which this thesis is based, reports that AIRE is
involved in the regulation of T cell-independent B cell-responses, and that B cells in
Aire” mice have an increased activation status. This finding was thought to be
connected to the increased serum levels of B cell activating factor of the TNF family
(BAFF) found in both Aire” mice and APS | patients. The excessive BAFF was
produced by AIRE-deficient dendritic cells upon IFN-y stimulation, which was
independent of the presence of autoreactive T cells. It was suggested that AIRE
regulates peripheral tolerance by inhibiting STAT1 signaling downstream of the IFN-y
receptor. The second paper describes how AIRE deficiency results in impaired
development of iNKT cells, which may contribute to the pathogenesis of APS I. This
finding suggests that AIRE has other functions apart from inducing TSAs in the
thymus, given that iINKT cells recognize lipid antigens and are not dependent on
ectopic peptide expression in the thymus for their development. In the third paper, the
mechanisms behind CMC in APS | are described. It is shown that APS | patients have
defects in innate immune mechanisms, i.e. the anti-fungal activity of the saliva. The
patients exhibit IgA autoantibodies recognizing salivary glands as an indication of
ongoing immunological destruction. Furthermore, they lack expression of salivary
cystatin SAL, a protein with potent anti-fungal activity. The final paper describes
investigations into possible mechanisms governing thymocyte development in the
absence of AIRE. This was performed in a system independent of TSA expression
where endogenous superantigens mediate selection and activation of transgenic T cells
specific for an ovalbumin peptide presented by H2-1A" (OT-I1 T cells). It was found
that the OT-I1 T cells were reduced in Aire” mice compared to wild type littermates,
and showed an immature phenotype. It was also found that the OT-I1 Aire”” mice had
increased TCR revision after activation in peripheral organs.

The findings in Aire” mice and APS I patients presented in this thesis are not
explained by reduced TSA expression in the thymus. They show that AIRE has
additional functions in both central and peripheral tolerance.
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1 INTRODUCTION

The immune system has evolved to protect the host from potentially harmful
pathogens; viruses, bacteria, fungi and parasites. However, immune responses may also
cause disease, so-called hypersensitivity diseases. In the early 20" century, the German
scientist Paul Ehrlich described how the immune system destroyed the body’s own
organs and tissues, a condition he referred to as “horror autotoxicus”. This condition,
later termed autoimmunity has, during the past century, been the subject of extensive
investigation, yet the underlying mechanisms are still poorly understood. The
prevalence of autoimmune disorders is estimated to be 3-5% in the general population
and is higher in women than men (Jacobson et al., 1997). These diseases often affect
young and middle-aged adults, and may cause severe disability and morbidity.

To prevent autoimmunity, lymphocytes are subjected to mechanisms that mediate
tolerance, i.e. the ability of the immune system to distinguish self-structures from non-
self. This thesis will focus on a key player in immunological tolerance, the autoimmune
regulator gene (AIRE).

1.1 IMMUNE TOLERANCE

Tolerance mechanisms include the selection processes of T and B cells during the
development in thymus and bone marrow, referred to as central tolerance. Central
tolerance results in the maturation of only those lymphocytes that are functional in the
defense against pathogens, but are non-responsive towards self-structures. Central
tolerance is not absolute, and autoreactive cells escape and enter the circulation and
secondary lymphoid organs where they are regulated by peripheral tolerance
mechanisms. The following section describes how the immune system generates cells
that are harmless to tissues and organs, but are able to respond to potentially harmful
pathogens.

1.1.1 T cell development

Early in fetal development, the thymic stroma is organized into epithelium and
mesenchyme and starts to become colonized by T cell progenitors (Owen and
Jenkinson, 1984). The stroma can be defined as the non-hematopoietic component of
the thymus, which provides the matrix on which thymocytes develop. T cell
progenitors enter the thymus as CD4CD8 double negative (DN) cells. They then
differentiate through four DN stages with distinct features: CD25CD44",
CD25'CD44", CD25'CD44" and CD25CD44" (Godfrey et al., 1993). During the
CD25CD44 stage, recombination activating gene (RAG) expression is induced, and
the T cells start to rearrange their T cell receptor (TCR) B loci. Conventional T cells
primarily express a rearranged TCRp- chain together with a surrogate pre-TCRa- chain.
Successful signaling via this pre-TCR, so-called beta-selection, leads to proliferation,
expression of the co-receptor molecules CD4 and CD8, and rearrangement of the TCRa
locus (Hoffman et al., 1996). Once a functional TCR is expressed on the surface, the
fate of the developing T cell is dependent on the avidity and affinity of the TCR inter-
action with major histocompatibility complex (MHC) molecules on the thymic stroma.
The critical parameters for this are TCR specificity, the type of co-stimulatory signals
provided, and the number of TCRs engaged with MHC molecules at any given time
(Ashton-Rickardt et al., 1994; Sebzda et al., 1994). Low affinity and avidity
interactions between the TCR and ligand mediate positive selection. This process



occurs in the thymic cortex and ensures that the T cell repertoire has self-specificity.
Thus, failure to bind MHC on cortical thymic epithelial cells (cTECs) leads to
elimination by apoptosis, while engagement of the TCR mediates survival and
differentiation (Surh and Sprent, 1994). This phenomenon has been illustrated in bone
marrow chimera experiments, where the MHC-restricted specificity of the donor T
cells was determined by the chimeric host. Furthermore, thymus transplantation has
shown that the T cell restriction is dependent on the MHC type of the thymus epithelial
cells (Bevan, 1977; Zinkernagel et al., 1978). Positive selection leads to down-
regulation of either CD4 or CD8 molecules, depending on whether the T cell has
specificity for MHC class | or I, respectively. RAG transcription is turned off,
preventing further rearrangement of the TCR genes (Brandle et al., 1992).

The next stage of development is negative selection which occurs mainly in
the thymic medulla where the TCR expression is fully up-regulated (Surh and Sprent,
1994). Thymocytes that bind with high affinity to MHC-antigen complexes presented
by medullary thymic epithelial cells (mTECs) or bone-marrow-derived thymic
dendritic cells (tDCs) are deleted by apoptosis (Kappler et al., 1987). Negative selection
leads to the deletion of potentially autoreactive cells and is one of the major
mechanisms of self-tolerance. The ability of the thymic medulla to present a diverse
range of tissue-specific antigens (TSAs), termed promiscuous antigen expression, is
crucial in mediating negative selection (Derbinski et al., 2001; Klein et al., 1998). This
phenomenon has been demonstrated in a diabetes tolerance model where the authors
found intrathymic expression of a transgenic antigen under the rat insulin promoter.
They suggested intrathymic expression to be a physiological property of the insulin
locus (Jolicoeur et al., 1994). Since then, a wide variety of tissue antigens, representing
nearly all organs, have been found to be expressed by mTECs. The mTECs can be
divided into two subsets with regard to their expression of MHC class Il and CD80. It
has been suggested that the subset with high expression of CD80 and MHC class Il
represents the most mature stage of mTEC development. The complexity of TSA
expression is highest in this population (Gotter et al., 2004). However, this so called
“terminal differentiation model” has been challenged, as the CD80"" MHC class 11"
cells have been shown to have a higher turnover and proliferation rate than the CD80'™"
MHC class 1™ mTECs (Gray et al., 2006). A given TSA is expressed by 1-3% of the
mTECs and each mTEC expresses only a few antigens (Derbinski et al., 2001).
Nevertheless, the dynamics of the DC-T cell interaction; a single DC can scan
approximately 5000 T cells per hour (Miller et al., 2004), makes it is possible that the
time a T cell spends in the thymic medulla is enough to encounter all CD80™" mTECs.
However, the ability of mTECs to mediate negative selection is poor, especially for
CD4" thymocytes. Instead, this is mediated by professional bone-marrow-derived DCs
that have a superior expression of co-stimulatory molecules (Brocker et al., 1997). The
mTECs can act as TSA reservoirs for DCs, i.e. DCs pick up antigen from mTECs and
delete autoreactive cells via cross-presentation (Gallegos and Bevan, 2004). A
schematic illustration of thymic development is shown in Figure 1.

Less than 5% of the T cell precursors that enter the thymus will survive
positive and negative selection and leave as mature naive T cells. Most of them
succumb in the positive selection process by failing to express a functional TCR. An
important notion is that the TCRs appear to have an intrinsic affinity for MHC,
probably as a result of co-evolution, otherwise even fewer T cells would survive
(Blackman et al., 1986). In addition, the DP T cell has the ability to recombine its TCR-



a locus in several rounds, thus increasing the chance of expressing a functional TCR.

The T cells are selected for their ability to interact with self-peptides presented
by MHC, yet in the periphery their function is to react to foreign antigens. This is
achieved by the ability of the TCR to cross-react with several different peptides, a
property necessary for the immune system to adapt to a changing environment (Mason,
1998). However, this ability, together with an incomplete negative selection processes,
lead to the risk of potentially autoreactive T cells in the periphery. Therefore, further
mechanisms of tolerance are needed in peripheral organs in order to prevent
autoimmunity, referred to as peripheral tolerance.

Figure 1. Schematic illustration of thymocyte development.
Illustration courtesy of Dr M. Winerdal.



1.1.1.1 Unconventional T cells

Some of the T cells will diverge from the conventional of T cell lineage during
development in the thymus and develop into y3 T cells, natural killer T cells (NKTS),
and natural T regulatory cells (Tregs). Although the affinity-avidity model for thymic
selection applies to af T cells, the unconventional T cells seem to be selected under
different conditions. NKT cells express a highly restricted set of TCRs that recognize
glycolipids bound to the MHC class I-like molecule CD1d (Gumperz et al., 2000).
Most NKT cells also express markers that were previously thought to be exclusively
expressed on natural killer (NK) cells, for example CD161 (NK1.1 in mouse) (Arase et
al., 1992). There is also a population of NKT cells that expresses NK1.1, but that is not
restricted to CD1d, so-called NKT-like cells (Cardell, 2006). Two types of CD1d-
restricted NKT cells have been characterized. Type I, also called invariant NKT cells
(iNKT), express a semi-invariant TCR that consists of Va24-Ja18 combined with V11
in humans and Val4-Jal8 combined with V38.2/7/2 in mice (Lantz and Bendelac,
1994). The iNKT cells can be specifically identified by binding to CD1d dimers loaded
with the glycosphingolipid a-galactosylceramide (aGalCer) (Kawano et al., 1997). The
type Il NKT cells express a more diverse TCR repertoire. Much less is known about
this population due to a lack of specific reagents to identify them. However, the
glycosphingolipid sulfatide was recently identified as a ligand for type Il NKT cells
(Blomqvist et al., 2009; Jahng et al., 2004). The iNKT cells diverge from the
conventional T cell line at the DP stage of thymocyte development in the cortex
(Egawa et al., 2005). By restricting CD1d expression to hematopoietic or stroma cells
in the thymus, it was shown that iNKT cells are positively selected only when
CD1d/ligand is expressed by hematopoietic DP thymocytes. Thus, their selection
appears to be independent of thymic epithelial cells (Coles and Raulet, 2000; Wei et al.,
2005). The DP thymocytes probably provide certain signals or are capable of
presenting specific glycolipids that are necessary for iNKT cell development. A search
is ongoing for natural ligands in the selection process of iNKT cells, as aGalCer is not a
mammalian product. A key candidate is isoglobotrihexosylceramide (iGb3), which is a
relatively weak activating ligand compared to aGalCer. This was suggested by findings
of developmental arrest of iNKT cells in the absence of the enzyme B-hexosaminidase
B, which produces iGb3 (Zhou et al., 2004). However, this has been challenged by the
finding that mice deficient in another enzyme in the iGb3 biosynthesis, iGbh3 synthase,
show no defect in INKT cell development (Porubsky et al., 2007). iNKT cells also
appear to be subjected to negative selection, as the presence of aGalCer or
overexpression of CD1d on DCs during development leads to the abrogation of the
iNKT cells (Chun et al., 2003).

The vo T cells develop without MHC restriction, although the exact pathway
for their development is unclear. They make up 1-5% of the circulating T cells, while in
epithelial tissues, such as the skin and mucosa, they are more frequent (Brenner et al.,
1986). The natural Tregs originate in the thymus, and are defined by high expression of
CD25, CD4, and the transcription factor FOXP3 (Schubert et al., 2001). For these cells,
high-affinity interaction with the MHC/self-peptide complex presented by the thymic
stroma, leads to differentiation rather than deletion. Their development seems to be
mediated by cTECs rather than mTECs (Bensinger et al., 2001; Jordan et al., 2001)

The Tregs, NKT cells and y5 T cells all show regulatory functions and as such
have the capacity to be involved in maintaining peripheral tolerance. The NKT cells
can produce high amounts of immunomodulatory cytokines, including IL-4, IFN-y and
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IL-17, thereby regulating a wide variety of immune responses. They have been reported
to be involved in microbial immunity, tumor rejection, and in suppressing autoimmune
disease, as illustrated by a decreased number of circulating iINKT cells in for example
systemic lupus erythematosus (SLE) and multiple sclerosis (Ronchi and Falcone,
2008). Tregs are able to suppress the activation and proliferation of T cells, either via
direct cell-cell contact or by secreting cytokines. This is described further in the section
on peripheral tolerance. The yd T cells are considered “innate-like”, and appear to act as
a bridge between the innate and adaptive immune system. For example, vy T cells have
been shown to function as antigen presenting cells to off T cells (Brandes et al., 2005),
and can also regulate the activation of NK cells and B cells (Brandes et al., 2003; Leslie
et al., 2002).

1.1.2 B cell development
In adults, B cell generation occurs in the bone marrow and, as for T cells, it requires
stroma cells. B cell development has been best characterized in mice, but the
developmental pathway in humans seems to be similar (Carsetti et al., 2004). Early B
cell precursors express the RAG genes and begin to rearrange the Ig heavy chain gene
of the B cell receptor (BCR). The heavy chain is expressed with a surrogate light chain
that together constitutes the pre-BCR. In the absence of signaling from a functional pre-
BCR, the B cell will die by apoptosis. Otherwise, the B cell starts to proliferate and
rearrange the light-chain gene. In humans, 60% of the B cells express Igk light chains,
while 40% express IgA (Ghia et al., 1996). The rearrangement of gene segments of the
heavy and light chains, together with the addition of random nucleotides to the DNA-
ends created during recombination, creates a highly diverse antibody repertoire. The B
cell precursors enter transitional stage 1 (T1), where the majority of the B cells leave
the bone marrow via the blood stream and enter the spleen, although some remain and
develop in the bone marrow (Cariappa et al., 2007; Loder et al., 1999). The immature
T1 B cells continue to differentiate through the T2 stage into mature long-lived B cells.
During development, B cells are subjected to selection mechanisms that
ensure the survival of those B cells expressing BCRs with certain specificities. This
selection process not only serves to promote the development of B cells with functional
antigen receptors (positive selection), but also provides a mechanism for the
elimination of autoreactive clones (negative selection). Negative selection is mediated
by self-antigen cross-linking of the BCR which leads to subsequent apoptotic death of
the B cell or rearrangement of a new light chain (receptor editing) (Cyster et al., 1994;
Gay et al., 1993). Between 20 and 50% of all developing B cells appear to undergo
receptor editing (Casellas et al., 2001). B cells that fail to undergo receptor editing are
deleted by apoptosis. Clonal deletion and receptor editing are the most important
mechanisms in ensuring B cell tolerance. A third mechanism of B cell tolerance is
anergy, but it is unclear to what extent this contributes to overall tolerance (Goodnow et
al., 1988). Only about 5-10% of the B cells produced in the bone marrow will enter the
mature peripheral B cell pool, the rest will be deleted during development (Wardemann
and Nussenzweig, 2007).

1.1.2.1 Peripheral B cell subsets

Naive, mature B cells are divided into three subsets: follicular B cells (FOBSs), marginal
zone B cells (MZBs) and B-1 B cells. FOBs migrate through the blood, lymph and B
cell areas of the spleen, where they may present T cell-dependent antigens to activated
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T cells and receive signals that lead to germinal center formation and plasma cell
differentiation. In the germinal centers, the B cells undergo somatic mutations of the Ig
genes and Ig class switch, which further diversifies the antibody repertoire
(MacLennan, 1994). This is induced by the expression of the enzyme activation-
induced cytidine deaminase (AID), which is essential for the class switch
recombination process and somatic hypermutations. MZBs are more innate-like B cells
that can be activated to differentiate into plasma cells in a T cell-independent manner. T
cell-independent activation is also believed to mediate somatic mutation and class
switch (Crouch et al., 2007). In mice, the MZBs reside in the border between the red
and white pulp of the spleen, where they mediate responses to blood-borne pathogens
(Martin et al., 2001). MZBs can also be activated in a T cell-dependent manner, and
furthermore, they can contribute to T cell-dependent B cell responses by capturing
antigens and delivering them to the FOBs (Cinamon et al., 2008). MZBs have a high
expression of CD1d and have been suggested to present lipid antigens to NKT cells and
to be activated to produce anti-lipid antibodies (Leadbetter et al., 2008). The human
equivalent to MZBs are the extra-follicular lymph node B cells that exhibit an IgM*
memory phenotype and have a function similar to the murine MZBs. The B1-B cells
have mainly been described in the murine setting, and are not clearly defined in
humans. These cells are innate-like B cells that reside primarily in the peritoneal cavity,
but they are also found to a small extent in the spleen. Peritoneal B1 B cells are
believed to be the main IgA producing plasma cell type in the lamina propria of the gut
(Macpherson et al., 2000). Like the MZBs they can be activated in a T cell-independent
manner (Tung and Herzenberg, 2007). The pool of natural antibodies has been
attributed to MZBs and B-1 B cells (Ochsenbein et al., 1999).

Continuous BCR signaling is required for the survival of peripheral B cells
(Kraus et al., 2004). It has also been suggested that BCR signaling determines B cell
lineage commitment. For example, experiments with BCR transgenic mice recognizing
a self-antigen show that weakly self-reactive immature B cells preferentially develop
into MZBs or B-1 B cells (Wen et al., 2005).

1.1.3 Peripheral tolerance

Despite the selection processes during development, numerous low-affinity
autoreactive B and T cells mature and reside in peripheral organs (Bouneaud et al.,
2000). This is illustrated by the fact that immunization with a particular self-antigen in
animal models can induce experimental autoimmune disease. Peripheral mechanisms
that regulate an immune response are clonal anergy, i.e. unresponsiveness to antigens,
and clonal suppression. For T cells, the anergic state arises when they are activated by
antigen-presenting cells (APCs) via their TCR in the absence of co-stimulation, such as
that of the B7-CD28/CTLA-4 pathway (Perez et al., 1997). APCs have the ability to
discriminate between self and non-self, and are activated primarily upon the recognition
of microbial structures, so called pathogen-associated molecular patterns (Barton and
Medzhitov, 2003). This induces the up-regulation of co-stimulatory molecules, and
leads to increased antigen presentation and secretion of inflammatory cytokines. The
most potent APCs are denditic cells (DCs), which are important regulators of immune
responses in the periphery. DCs are a heterogeneous group of cells; several different
DC subsets are found in different tissues. They originate in the bone marrow and
differentiate in peripheral organs into myeloid or plasmacytoid DCs, depending on the
type of growth factors and cytokines they encounter. Myeloid DCs are the main
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subtype in the periphery and are responsible for antigen uptake and presentation.
Altered DC homeostasis or faulty regulation of for example cytokine production and
expression of co-stimulatory molecules, may lead to the development of autoimmunity
(Tzeng et al., 2006).

Clonal suppression is mediated by different subpopulations of T regulatory
cells that can suppress the activation of T cells, either by direct cell-to-cell contact or by
secreting cytokines. The best described T regulatory cells are the CD4"CD25" FOXP3*
cells. These mediate suppression by the secretion of inhibitory cytokines such as IL-10
and TGFB, and can also perform cytolysis by the secretion of granzymes. In addition,
they are believed to be able to modulate the function of DCs, for example by down-
regulating their co-stimulatory molecules. The transfer of Tregs can prevent
autoimmunity in mouse models, while the absence of these cells, i.e. by mutations in
the FOXP3 gene, leads to autoimmune disease in both mice and humans (Vignali
2008). Another mechanism for the elimination of autoreactive T cells is activation-
induced cell death, which is triggered by the engagement of pro-apoptotic receptors on
the T cell (Nagata, 1997).

The B cells that survive selection in the bone marrow and enter the spleen
undergo further selection processes and need additional signals to mature fully. One of
the most important is the B cell activating factor of the TNF family (BAFF), a cytokine
secreted by macrophages, DCs and stroma cells (Schneider et al., 1999). Mice deficient
in BAFF exhibit B cell developmental arrest and will not develop mature B cells
(Batten et al., 2000). On the other hand, excessive BAFF expression may alter the fate
of the developing B cell and lead to increased survival of autoreactive B cells (Mackay
et al., 1999; Thien et al., 2004). In fact, self-reactive anergic B cells show decreased
expression of the BAFF receptor, leading to a developmental disadvantage (Lesley et
al., 2004). Increased BAFF levels are associated with several autoimmune disorders
such as SLE and Sjogren’s syndrome. Human studies have shown that the majority of
early immature B cells are autoreactive, while the number decreases as the B cells
mature, showing that selection of B cells continues in the periphery (Wardemann et al.,
2003). B cell tolerance is partly regulated by T cells, given the need of T cell help for
activation. These secondary signals, apart from BCR or TCR engagement, provide an
extra check-point to prevent autoreactivity.

Apart from the ability of the immune system to distinguish self from non-self,
it has been suggested that, in the periphery, it rather discriminates between damaged
and healthy tissue. This so-called “Danger model” suggests that the immune system is
activated by alarm signals from damaged tissue and not primarily by non-self structures
(Matzinger, 1994). This would explain why the immune system does not attack “altered
self”, for example during puberty, pregnancy or aging. This model would also explain
why the highest risk of tolerance failure is during infections accompanied by tissue
damage.

1.2 AUTOIMMUNE DISEASES

In spite of rigorous control during development and activation, the immune system may
sometimes be activated against self-structures, leading to organ destruction and
autoimmune disease. As target organs are destroyed by the immune system, antigens
that are normally sequestered from immune recognition are released and may elicit a
response. This will lead to progression of the disease, referred to as epitope spreading.
The classical definition of autoimmunity is that it can be transmitted from a sick
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individual to a healthy one by the transfer of autoantigen-specific T cells or
autoantibodies (Rose and Bona, 1993). The following sections discuss the classification
and etiology of autoimmune diseases.

1.2.1 Classification

Autoimmune diseases can be divided into systemic and organ-specific diseases.
Systemic autoimmune diseases are characterized by reactivity against ubiquitously
expressed antigens, leading to pathology of a wide range of tissues and organs. An
example is SLE, which is characterized by autoantibodies directed against nuclear
antigens. In SLE, tissue damage is mainly caused by antibody-antigen complexes that
affect the kidneys, skin and brain. Organ-specific autoimmunity can be divided into
destructive and non-destructive disease. Destructive autoimmune diseases lead to the
immunological destruction of the target organ, usually the endocrine organs. In non-
destructive diseases, the phenotype is caused by autoantibodies that affect the target
organ without causing organ destruction, for example Grave’s disease where
autoantibodies stimulate the TSH receptor, or myasthenia gravis where they block the
acetylcholine receptor.

1.2.2 Etiology

1.2.2.1 Genetic factors

There is a general belief that autoimmunity is a result of interactive effects between
genes and the environment. The genetic contribution is often very complex; however, a
few autoimmune disorders are regarded as monogenic. Some of the best characterized
monogenic immunodeficiency disorders are immuno-dysregulation
polyendocrinopathy enteropathy, X-linked (IPEX), autoimmune lymphoproliferative
syndrome (ALPS), and autoimmune polyendocrine syndrome type 1 (APS I). IPEX
patients lack expression of FOXP3, a transcription factor that is crucial for Treg
development. These patients suffer from dermatitis, enteropathy and chronic
inflammation, and usually die before two years of age without treatment (Bennett et al.,
2001; Powell et al., 1982). ALPS is caused by mutations of the genes involved in
maintaining lymphocyte homeostasis, such as the death receptor Fas, and its ligand, or
downstream signaling caspases 8 and 10 (Fisher et al., 1995). This leads to
hyperproliferation of lymphocytes and severe autoimmune disease. APS | will be
further described in the following sections.

In non-monogenic disorders, the most common genetic contribution is from
the HLA locus (Caillat-Zucman, 2009). Some HLA alleles can lead to a higher risk of
developing certain autoimmune disorders, whereas others can have a protective effect.
It has been suggested that different HLA alleles are involved in autoimmunity by
determining which peptides are presented to T cells, and how efficient they are bound
to the MHC molecules, as this will influence the outcome of both negative selection in
the thymus and T cell activation in secondary lymphoid organs. In the same manner,
HLA may determine the outcome of the selection of regulatory T cells, thereby
affecting development of autoimmunity. Genes that are involved in lowering the
activation set point of the immune system are also associated with autoimmunity, for
example, certain alleles of CTLA-4 correlate with type 1 diabetes (T1D) (Douroudis et
al., 2009). CTLA-4 is essential for the downregulation of T cell activation.

Apart from mutations, protein alterations such as posttranslational
modifications, can lead to loss of tolerance and elicit autoimmune responses. For
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example, protein citrullination has been implicated in rheumatoid arthritis; i.e. the
patients develop antibodies recognizing citrullin, a posttranslationally modified arginin
residue (Schellekens et al., 1998). Other factors behind autoimmunity are the exposure
of sequestered proteins that are normally protected from immune recognition. Defects
in the clearing of apoptotic cells can trigger autoimmunity; as illustrated by the
development of an SLE-like syndrome in individuals with a deficiency of the
complement subcomponents of C1. These complement factors are involved in the
clearance of apoptotic cells by taking part in the classical pathway of the complement
system, which mediates opsonization and phagocytosis (Manderson et al., 2004). At the
same time, apoptosis is necessary to prevent autoimmunity, as failure in the down-
regulation of an immune response and failure to maintain immune homeostasis leads to
ALPS.

Women are more susceptible to autoimmune diseases; the female to male ratio
being 1:3. This is thought to be due to estrogenic hormones, or possibly to
immunoregulatory genes on the X chromosome, such as IRAK1, a susceptibility gene in
SLE (Ahmed et al., 1999; Jacob et al., 2009).

1.2.2.2 Non-genetic factors

The concordance for most autoimmune diseases between monozygotic twins is
relatively low, indicating that non-genetic factors influence the etiology. The most
important triggering factor for autoimmunity is probably infections that activate the
immune system and create an inflammatory milieu with up-regulation of co-stimulatory
molecules and pro-inflammatory cytokines. Examples of suspected underlying
infections in autoimmune disease are the Epstain-Barr virus in rheumatoid arthritis,
SLE, Sjogren’s syndrome, and multiple sclerosis, the Coxsackie B4 virus in T1D, and
the hepatitis C virus in autoimmune hepatitis. The effect of infections is explained by
molecular mimicry; the microbes have antigenic epitopes that resemble those of the
host, leading to cross-reactivity. For example, scanning of protein sequence databases
revealed numerous microbial regions that showed similarity to the human acetylcholine
receptor (AChR), an autoantigen in myasthenia gravis (Deitiker et al., 2000). Other
triggering factors are pregnancy; postpartum thyroiditis develops in one third of
patients with T1D (Alvarez-Marfany et al., 1994), or pharmaceuticals; administration
of IFN-alpha in the treatment of chronic hepatitis C is associated with the development
of anti-21-hydroxylase (21-OH) and anti-thyroid antibodies (Wesche et al., 2001).
Additional factors that may influence the development of autoimmunity are diseases or
stress that leads to lymphopenia. In order to regain lymphocyte homeostasis, rapid
proliferation will occur, leading to a skewed lymphocyte repertoire, which may favor
autoreactive cells. For example, the depletion of B cells leads to less competition for
survival factors such as BAFF, and subsequently to the increased survival of
autoreactive cells that under physiological circumstances would not survive (Lesley et
al., 2004).

There is an increasing conviction that stochastic elements, i.e. chance,
determine whether an individual develops autoimmunity. External stochastic factors
include the exposure to infections and chemicals. There are also intrinsic stochastic
factors that will differ even between monozygotic twins, such as the random
recombination process that generates the T and B cell repertoire, somatic mutations of
the BCR, degree of cell death, availability of autoantigens, and the encounter of an
autoreactive T cell with the specific antigen-loaded APC (Mackay, 2005).
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1.2.3 Endocrine autoimmunity

The autoimmune destruction of endocrine organs can be manifested as isolated
endocrinopathy, but it frequently results in polyendocrine disorders with two or more
disease components. The autoimmune polyendocrine endocrine syndromes (APS) were
originally classified by Neufeld, Maclaren and Blizzard in 1980 into 4 different groups
based on clinical criteria (Neufeld et al., 1980). APS I is typically characterized by the
presence of hypoparathyroidism, primary adrenocortical insufficiency (Addison’s
disease) and chronic mucocutaneous candidiasis (CMC), and has an onset early in
childhood. APS | differs from the other polyendocrine syndromes in its monogenic
origin.

APS 1, also called Schmidt’s syndrome after M. Schmidt who first described
it, is much more common than APS I, and has a more complex genetic background. It
is associated with HLA, in particular HLA-DR3 (Maclaren and Riley, 1986). APS Il is
characterized by the presence of Addison’s disease in combination with thyroid
autoimmunity and/or T1D. In a study of 107 APS Il patients, 50% suffered from
Addison’s disease and thyroiditis, 21% from Addison’s disease and Grave’s disease,
18% from Addison’s disease and T1D, and 11% exhibited the complete triad of
Addison’s disease, T1D, and thyroid disease (Betterle and Zanchetta, 2003). Other
minor autoimmune diseases can also develop in APS II, such as hypogonadism,
vitiligo, and alopecia. APS Il affects mainly adult women and is very rarely seen in
children.

APS 11 is classified as thyroid autoimmunity in combination with at least one
other autoimmune component apart from Addison’s disease. APS IV is a rare
syndrome that includes all combinations that are not found in syndromes I-111.

1.3 AUTOIMMUNE POLYENDOCRINE SYNDROME TYPE |

1.3.1 Clinical phenotype

Autoimmune polyendocrine syndrome type | (APS 1) also called autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) (Ahonen et al.,
1990; Neufeld et al., 1981), is a monogenic, recessively inherited disease, caused by
mutations in the autoimmune regulator gene (AIRE) (The Finnish-German consortium.,
1997). According to its monogenic origin, APS | has a higher prevalence in genetically
isolated populations, i.e. Iranian Jews, Sardinians and Finns, where the incidences are
1:9000, 1:14000 and 1:25000, respectively (Rosatelli et al., 1998; Zlotogora and
Shapiro, 1992). Sporadic cases have been reported in other countries; for example the
incidence in Norway is 1:90000 (Myhre et al., 2001). APS 1 is typically characterized
by the presence of at least two features of the diagnostic triad; CMC,
hypoparathyroidism, and Addison’s disease (Ahonen et al., 1990). The initial
manifestations include CMC, and hypoparathyroidism, but several other components
such as chronic diarrhea, keratitis, periodic rash with fever, and autoimmune hepatitis,
can be part of the initial picture (Husebye et al., 2009). In a study of 91 Finnish APS |
patients, the onset for the first disease component was reported to range from 0.2 years
to 18 years with a median of 3.3 years (Perheentupa, 2006). As the disease progresses,
the patients develop additional components, and the prevalence of most components
increases with age. In a study of 20 Norwegian patients, adult patients suffered from a
mean of four disease components, ranging from one to seven (Myhre et al., 2001). In
addition to the already mentioned, the endocrinopathies include T1D, hypothyroidism,
and hypogonadism. Common non-endocrine features of APS | are alopecia, vitiligo,
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enamel hypoplasia, and keratoconjunctivitis (Perheentupa, 2006). The frequency of
disease components, based on studies of Finnish, Norwegian and Italian APS | patients,
is summarized in Table 1.

Table 1. Frequency of disease components in APS 1 (%).

Disease component Finland Norway Italy
(Perheentupa et al. (Myhre et al. (Betterle et al.
2006) 2001) 1998)
Triad
CMC 100 85 83
Hypoparathyroidism 87 85 93
Addison’s disease 81 80 73

Other manifestations

Diabetes mellitus 23 0 2
Hypogonadism 69/28 31 43
(female/male)

Malabsorption 18* 10 15
Chronic hepatitis 18 5 20
Alopecia 39 40 37
Vitiligo 31 25 15
Keratoconjunctivitis 22 10 12
Hypothyroidism 21 10 10
Enamel hypoplasia 77* 40 nr

* Reported in a subgroup of the Finnish patients (Ahonen et al., 1990).
nr, not reported.

Despite its monogenic mode of inheritance, there is a striking clinical variation in APS
I, even between siblings with identical mutations, suggesting the influence of additional
genes and/or environmental factors (Wolff et al., 2007). Unlike most other autoimmune
diseases, no major gender difference is reported, except for a higher prevalence of
hypoparathyroidism and hypogonadism in female patients (Gylling et al., 2003;
Perheentupa, 2006). Diagnosis is based on the presence of at least two features of the
diagnostic triad, but if a sibling has the disease, the presence of only one disease
component is sufficient for diagnosis. APS | is verified by genetic testing, or
serological measurement of organ-specific autoantibodies. The recently reported
autoantibodies against IFN-a2 and o at an early stage of disease are viewed as
promising diagnostic markers (Meloni et al., 2008). To date, the only treatment for APS
I is hormonal replacement for the endocrine deficiencies and immunosuppressive
therapy for autoimmune hepatitis, keratoconjunctivitis, and intestinal dysfunction. For
the other disease components, the benefits of immunosuppressive treatment seem to be
overshadowed by the adverse side-effects.

Although the course of disease varies, a common trait affecting nearly all APS
| patients is recurrent or persistent infection with the yeast Candida albicans (Candida).
An exception is the patient group carrying the Y85C mutation, most common in the
Iranian Jewish population, where the prevalence of CMC is reported to be only four out
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of 24 (Zlotogora and Shapiro, 1992). CMC affects the oral, esophageal and vaginal
mucosa, and the infection may also spread to the skin and nails. In the APS | patients,
CMC does not usually develop into a deep or systemic infection. However, a
complication is the development of oral or esophageal squamous cell carcinoma
(Rautemaa et al., 2007; Richman et al., 1975). Controlling Candida infections, and
good oral hygiene are crucial for preventing the development of squamous cell
carcinoma (Husebye et al., 2009).

Given the severity of APS | and the fact that new disease components may
arise throughout life, regular monitoring of the patients is very important. Chronic
active hepatitis, tubulointerstitial nephritis, and Addison’s disease are especially
dangerous; Addison’s disease may result in the life-threatening condition called
addisonian crisis. Factors that severely impair the quality of life for APS | patients are
metabolic fluctuations due to the endocrinopathies, sterility as a consequence of
hypogonadism, and painful oral ulcers caused by CMC. APS | also places a
considerable psychological burden on the patient, who must live with the constant risk
of developing new life-threatening disease components (Perheentupa, 2006).

1.3.2 Autoantibodies

APS 1 is characterized by circulating tissue-specific autoantibodies, which are often
predictive of organ destruction. The dominating subclass is 1gG1, indicating that Th1-
mediated responses cause organ destruction. Several autoantigens in APS | have been
identified; most often they are key enzymes in hormone or neurotransmitter synthesis.
Examples of the former group are the P450 cytochrome steroidogenic enzymes 21-
hydroxylase (21-OH), side chain cleavage enzyme (SCC) and 17a-hydroxylase (17-
OH) in the adrenal cortex, and P4501A2 in the liver (Gebre-Medhin et al., 1997; Krohn
et al., 1992; Uibo et al., 1994; Winqvist et al., 1992., Wingqvist et al., 1993). SCC and
17-OH are also gonadal autoantigens (Wingvist et al., 1995). Enzymes associated with
neurotransmitter synthesis include glutamic acid decarboxylase (GAD), the major
autoantigen in T1D, and tryptophan hydroxylase expressed by enterochromaffin cells in
duodenal mucosa (Ekwall et al., 1998; Velloso et al., 1994). Other islet autoantigens are
aromatic L-amino acid decarboxylase (AADC), insulinoma-associated tyrosine-
phosphatase-like protein (1A2) and insulin (Rorsman et al., 1995). Recently, the first
parathyroid antigen was identified as NACHT leucine-rich repeat protein (NALP5)
(Alimohammadi et al., 2008). Table 2 gives an overview of the autoantigens found in
the different organs.

Several of the autoantigens in APS | are also autoantigens in the isolated
autoimmune disorder, for example, 21-OH in Addison’s disease and GAD65 in T1D,
whereas others are specific to APS I, such as the SCC enzyme (Winqvist et al., 1993;
Wingvist et al., 1992). In APS I, only antibodies against A2 are predictive of islet
destruction (Soderbergh et al., 2004), whereas in isolated diabetes, the anti-GAD65
antibodies are generally predictive of disease. APS | patients may exhibit organ-
specific autoantibodies without any sign of disease; the reason for which is not known.
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Table 2. Autoantigens in APS I.

Organ Autoantigen

Adrenal cortex 21-0OH, SCC, 17-OH
Parathyroid gland | NALP5

Gonads SCC, 17-OH

Pancreas GADG65, AADC, I1A2, insulin

Liver P450c1A2, P4502A6, AADC

Thyroid gland Thyroid peroxidase, thyroglobulin

Intestine Tryptophan hydroxylase, histidin decarboxylase
Hair follicle Tyrosine hydroxylase

Melanocyte SOX9, SOX10

1.4 THE AUTOIMMUNE REGULATOR

1.4.1 Molecular biology

The gene behind APS I, AIRE, has been identified by positional cloning and located
to chromosome 21g22.3. AIRE contains 14 exons that encode a 545 amino acid
protein with the predicted molecular mass of 58 kDa (The Finnish-German APECED
consortium., 1997; Aaltonen et al., 1994; Nagamine et al., 1997).

The AIRE protein contains several domains indicating its function as a
transcriptional regulator, including two plant homeodomain (PHD) zinc-fingers, a
nuclear localization signal (NLS), four nuclear receptor binding LLXXL motifs, a
SAND domain, and a highly conserved N-terminal homogeneously staining region
(HSR) (1997; Nagamine et al., 1997; Sternsdorf et al., 1999). The SAND and PHD
domains of AIRE have DNA-binding properties, and two nucleotide binding
sequences have been identified in a pull-down assay; TTATTA, and a tandem repeat
of ATTGGTTAA (Kumar et al., 2001). The first PHD zinc-finger of AIRE has been
suggested to mediate E3 ubiquitin ligase activity (Uchida et al., 2004), although this
finding has been challenged by another group (Bottomley et al., 2005). The HSR
region is found in transcription factors of the Spl00 families and mediates
homodimerization, while the NLS in the N-terminus directs AIRE to the nucleus.
AIRE has been shown to induce transcription when fused to a heterologous DNA
binding domain in in vitro reporter assays (Pitkanen et al., 2000).

At the subcellular level, AIRE is expressed in nuclear dots resembling
promyelocytic leukemia bodies (PML). AIRE has also been shown to localize in a
fibrillar cytoplasmic pattern, but this pattern is only seen in transfected cell lines and
not in tissue sections or blood cells (Rinderle et al., 1999). Co-staining of AIRE and
the PML-body-associated proteins Sp100 or PML protein, shows no co-localization
(Bjorses et al., 1999). Instead, AIRE binds directly to another PML-associated
protein, the CREB-binding protein (CBP) (Pitkanen et al., 2000). CBP is a co-
activator to several transcription factors, including NFkB and the STAT proteins. A
recent publication reported the functional interaction of AIRE with PIAS1 (protein
inhibitor of activated STAT1) in transcriptional regulation (llmarinen et al., 2008).
The PIAS proteins function as transcriptional co-regulators by exerting their functions
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as E3 SUMO ligases, by changing the subcellular localization of their targets or by
interfering with DNA binding (Rytinki et al., 2009).

Over 60 mutations in the AIRE gene leading to APS | have so far been
reported (Wang et al., 1998; Zaidi et al., 2009). They are found throughout the coding
region; most are stop mutations leading to a truncated protein lacking a PHD finger, or
missense mutations in the HSR region. The most common is the R257X mutation, a C
to T transition found in 83% of the Finnish patients. This mutation results in truncation
of the protein before the first PHD zinc-finger, leading to loss of the nuclear dot
localization (Bjorses et al., 2000). In the Norwegian population, the dominating
mutation is a 13 bp deletion in exon 8 (1085-10974), found in 55% of the alleles
(Myhre et al., 2001). The functional domains of AIRE and some disease-causing
mutations are shown in Figure 2.

So far, no clear genotype-phenotype correlation has been found in APS I.
Some mutations seem to correlate with a lower incidence of CMC, for example the
Y85C mutation seen in Iranian Jewish patients (Zlotogora and Shapiro, 1992).
Heterozygote mutations do not usually lead to APS 1. The only known exception is the
G228W mutation, which acts in a dominant manner; the mutated protein dimerizes
with the functional protein and disrupts its functional capacity (Cetani et al., 2001).

Y85C R257X C311Y del13bp C434A

v v vy v
HSRE By NLS gy SAND gy PHD g PRR. 3 PHD |

Figure 2. Schematic of the functional domains of AIRE and common mutations.
Black shading indicates LXXLL or NR box regions.

The high variability in phenotype between patients carrying the same mutation
suggests that other genes and/or environmental factors determine disease outcome,
but these factors remain unknown. For example, no association with HLA has been
found in APS I, except in a few disease components such as Addison’s disease and
alopecia.

1.4.2 AIRE-deficient mice
The mouse orthologue Aire has been mapped to the murine chromosome 10 and
shares 71% homology with human AIRE (Shi et al., 1999; Wang et al., 1999). The
expression sites of AIRE/Aire have been investigated in several studies, with varying
results. However, it is concluded that at the cellular level, the AIRE protein is mainly
expressed in mTECs, in particular in the MHC class 11" subset, and in monocyte-
derived DCs and macrophages. Human AIRE expression has also been detected in
peripheral CD14" blood monocytes (Halonen et al., 2001; Heino et al., 1999; Kogawa
et al., 2002; Nagamine et al., 1997). Mouse AIRE expression has been reported in
radio-resistant stroma cells of the lymph nodes (Gardner et al., 2008). In addition, low
levels of AIRE expression have been detected in a number of other tissues and
organs, but it is difficult to rule out the possibility that this is due to the presence of
tissue macrophages and DCs.

In 2002, the first mouse models of APS | were described by two independent
groups. The first was engineered to mimic the most common Finnish AIRE mutation
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by the insertion of a termination codon in exon 6 (Ramsey et al., 2002). These Aire™
mice were of mixed 129/Sv (129) and C57BL/6 (B6) background. The phenotype was
relatively mild, and the only signs of abnormality were infertility, organ infiltrates of
lymphocytes and circulating organ-specific autoantibodies. The development and
distribution of T and B cells in blood and lymphoid organs was found to be normal.
The most striking finding was increased T cell proliferation in response to
immunization with hen egg lysozyme (HEL) antigen and in vitro restimulation of
draining lymph nodes post-immunization. The authors also observed a change in the
distribution of the TCR repertoire, i.e. over-representation of three Vp-families. This
mouse was later back-crossed onto a congenic B6 background (Hassler et al., 2006).
These mice showed normal endocrinology, but developed MZB lymphoma with age.

The second mouse model was created by Anderson and colleagues, and was
a conditional knock-out mouse generated by a deletion in exon 2 and portions of the
upstream and downstream introns (Anderson et al., 2002). These mice were also of
mixed 129 and B6 background. The authors found lymphocytic infiltrates in several
organs such as the salivary glands, ovaries, stomach, and eye, and autoantibodies with
the same kind of target distribution. Bone marrow transfer experiments and thymic
grafting showed that the phenotype was correlated with AIRE deficiency in thymic
radio-resistant stroma cells. These cells showed reduced expression of several genes,
some of which were TSAs. Thus, the authors hypothesized that the function of AIRE
was to induce the expression of TSAs, thereby promoting negative selection of
autoreactive T cells. Two of the TSAs that were found to be down-regulated in the
thymus of Aire” mice are autoantigens in APS 1, i.e. insulin and IA2.

The Ramsey mouse model was crossed onto a double transgenic system,
where the mice expressed HEL as an organ-specific antigen under the control of the
rat-insulin promoter (RIP) and the T cells exressed a TCR specific for HEL. Studies if
this model revealed that AIRE is fundamental to the deletion of autoreactive cells in
the thymus (Liston et al., 2003). Furthermore, loss of AIRE affected thymic deletion
induced by an antigen under control of the thyroglobulin promoter (Liston et al.,
2004). AIRE deficiency also led to decreased thymic expression of endogenous
insulin and to an increased population of islet-specific T cells in the periphery.
Anderson and colleagues used a similar system to the HEL transgene but with
ovalbumin. However, in this system, AIRE deficiency led to a striking defect in the
negative selection of OT-II T cells, even though the ovalbumin transcript was present
in the thymus at the same level as in the wild type mice (Anderson et al., 2005).

In 2005, Kuroda and colleagues described a third mouse model of APS I in
which the targeting vector was constructed to replace exons 5-12 of the Aire gene
(Kuroda et al., 2005). The mice were back-crossed to B6 and BALB/c backgrounds.
The authors observed Sjogren’s syndrome-like pathological changes, such as
lymphocytic infiltration of the salivary and lacrimal glands, and a decrease in the
secretion of tear fluid. Furthermore, the mice exhibited autoreactivity against a
Sjogren’s syndrome antigen, alpha-fodrin. Alpha-fodrin was expressed in the thymus
of Aire” mice to the same extent as in wild type mice, and thus the authors
demonstrated that Aire” mice have reactivity against normally expressed thymic
antigens. Furthermore, they reported a normal expression of FOXP3 in the thymus
and spleen, and normal numbers of CD4"CD25* Tregs. The authors also showed that
the genetic background seemed to influence which targets were affected. For example
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the BALBI/c Aire” mice developed autoantibodies against gastric mucosa, a feature
that is rarely observed in B6 mice.

The influence of background genes on AIRE-deficient phenotype has been
further evaluated. The mouse model described by Anderson and colleagues was back-
crossed onto B6, BALB/c, non-obese diabetes (NOD) and SJL backgrounds (Jiang et
al., 2005). The range of organs affected was found to differ; for example thyroiditis
and pancreatitis were exclusive to the NOD and SJL backgrounds, while B6 and
BALB/c Aire” mice were protected against these manifestations. Interestingly,
autoreactivity against the pancreas in Aire™ NOD and SLJ mice was directed against
exocrine cells and not against the insulin-producing beta-cells. The mice of NOD and
SLJ backgrounds also exhibited more severe lymphocytic infiltrates in general.

A double knock-out mouse was developed by crossing FoxP3™ mice with
Aire™ mice carrying the exon 2 deletion (Chen et al., 2005). These mice suffered from
extensive lymphocytic infiltration of the lungs and liver, which resulted in death at
about 28 days of age. However, they did not exhibit any autoantibodies against these
organs, excluding a pathogenic role of autoantibodies in this model.

Another report on AIRE deficiency on the NOD background has been
published by Niki and colleagues (Niki et al., 2006). This model used the Kuroda Aire™
mouse back-crossed onto the NOD background. These mice exhibited body weight loss
starting in week 8, and lymphocyte infiltration of various organs. In the pancreas, the
reactivity was directed against acinar cells surrounding the beta-cell islets, rather than
the islets themselves. Thus, also in this study, AIRE deficiency on a NOD background
altered the pancreatic specificity from endocrine to exocrine cells. This subsequently
resulted in a resistance to the development of diabetes in the absence of AIRE.

A forth Aire” mouse has recently been reported (Hubert et al., 2009). This
model was constructed to mimic the 13bp deletion in exon 8 found in patients. A LacZ
reporter gene was brought under control of the Aire promoter, creating an Aire-LacZ
fusion gene. In this model, the thymic epithelial cell compartment was found to be
disturbed, i.e. Aire” mice showed an increased frequency of MCH class 11" mTECs,
while the immature mTECs were reduced. The authors found a normal CD4* TCR
repertoire; the length of the different VB-CDR3s showed a Gaussian distribution and
thus no oligoclonal expansion dominated the repertoire of Aire”” mice. Furthermore, the
Aire” mice did not show increased susceptibility to oral or systemic infection with
Candida albicans.

In summary, Aire™ mice provide a useful tool in studying the mechanism
behind APS 1, and have greatly contributed to our knowledge of AIRE. However, it is
important to bear in mind that the mouse phenotype differs from that of the human.
While humans suffer from very severe autoimmune disease and multiple organ failure
that is lethal if not treated, the murine phenotype is relatively mild. Apart from
infertility, which is observed in most Aire” mouse models, the only mice that actually
develop clinical manifestations are those on the NOD background. Even in this case,
the mice develop exocrine pancreatitis and not diabetes, in contrast to APS | patients
(Kekalainen et al., 2007a). Furthermore, the autoantigen profiles of mouse and man has
been found to be completely different (Pontynen et al., 2006). The mouse models of
APS | are summarized in Table 3.
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Table 3. Aire” mouse strains.

Aire Background | Major findings
mutation
Exon 6 Mixed B6/129 | Liver infiltrates of lymphocytes; autoantibodies; increased
(Ramsey et proliferative response against HEL; altered TCRp repertoire.
al., 2002)
Exon 6 B6 MZB lymphoma; liver infiltrates of B cells; normal endocrinology.
(Hassler et al.,
2006)
Exon 2 Mixed B6/129 | Lymphocytic infiltrates in salivary glands, ovaries, stomach, and
(Anderson et eye; reduced expression of several genes in mTECs.
al., 2002)
Exon 5-12 B6 and Sjogren’s syndrome-like manifestations in the BALB/c mice;
(Kuroda et al., BALB/c normal numbers of Tregs.
2005)
Exon 2 B6, BALB/c, | Organs affected dependent on background strain; exocrine
(Jiang et al., NOD, SJL pancreatitis in NOD and SJL strains.
2005)
Exon 2 FoxP3" B6 Extensive lymphocytic infiltrates in lungs and liver; lethal before 28
(Chenetal,, days of age.
2005)
Exon 5-12 NOD Exocrine pancreatitis; diabetes protection.
(Niki et al.,
2006)
Exon 8 B6 Disturbed thymic epithelium; no increased susceptibility to
(Hubert et al., Candida infections.
2009)

1.4.3 Central vs. peripheral tolerance defect in the absence of AIRE

AIRE is clearly involved in the negative selection of T cells. The suggested mechanism
is by inducing TSA expression in mTECs, thereby mediating negative selection of
autoreactive T cells (Anderson et al., 2002). The impaired negative selection in the
absence of AIRE was first shown in transgenic systems where an antigen was
expressed under the control of the rat insulin promoter, and the T cells carried a
transgenic TCR recognizing the same antigen. In absence of AIRE, the antigen-specific
T cells were not deleted in the thymus (Anderson et al., 2005; Liston et al., 2003).
Thymic expression of insulin was shown to be dependent on AIRE, and the absence of
AIRE led to the escape of islet-specific T cells. Furthermore, AIRE deficiency affected
thymic deletion induced by an antigen under control of the thyroglobulin promoter in a
dose-dependent manner, i.e. thymic deletion was less efficient in homozygotes than
heterozygotes (Liston et al., 2004). Unexpectedly, later studies showed that AIRE
deficiency led to impaired negative selection of the antigen-specific T cells, even when
the antigen was normally expressed in the thymus (Anderson et al., 2005).
Furthermore, Aire”” mice do not develop anti-insulin antibodies, or antibodies against
any of the known APS | autoantigens (Pontynen et al., 2006). In fact, introducing an
Aire mutation in the diabetes-prone NOD strain led to the development of exocrine
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pancreas insufficiency and not diabetes (Jiang et al., 2005). In contrast to insulin, Aire™
mice have been shown to have reduced thymic expression of two antigens that also
appear as autoantigens in the periphery: mucin 6 and inerphotoreceptor retinoid-binding
protein (DeVoss et al., 2006; Gavanescu et al., 2007). However, Aire” mice also show
autorecativity against autoantigens that are normally expressed in AIRE-deficient
thymus, i.e. alpha-fodrin and pancreas-specific protein disulfide isomerase (Kuroda et
al., 2005; Niki et al., 2006).

AIRE expression seems to be dependent on a normal thymic architecture,
given that mice with an abnormally developed thymus lack AIRE expression. For
example, AIRE expression is not detected in RelB” mice that lack thymic medulla and
epithelial cells; RelB is responsible for the differentiation of mTECs and thymic DCs
(Heino et al., 2000). New Zealand White (NZW) mice, a model for systemic
autoimmunity, also have reduced numbers of AIRE expressing mTECs and reduced
expression of AIRE per cell (Fletcher et al., 2009). A recent publication showed that
Aire™ mice have a disrupted thymic ultrastructure, and signs of increased activation of
mTECs. Whether this is caused by AIRE deficiency, or if AIRE deficiency is a
consequence of this has not been established (Milicevic et al., 2009). Furthermore,
AIRE deficiency leads to a blockage in the development of CD4SP thymocytes; Li and
colleagues showed that the SP3 stage of development was increased by 70% whereas
the SP4 cells were reduced by 80% (Li et al., 2007). Thus, it is possible that AIRE is
important for the final maturation of thymocytes. For example, AIRE regulates the
expression of co-stimulatory molecules and/or chemokines involved in thymocyte
migration and maturation. An example of the former is the increased expression of
VCAM-1 seen in AIRE-deficient DCs (Ramsey et al., 2006). Expression of chemokine
CCL22 is reduced in AIRE deficient thymus; CCL22 functions by attracting DP
thymocytes to the medulla (Anderson et al., 2005). In contrast, CCL19 and CXCL10
are up-regulated in AIRE-deficient mTECs. These chemokines are expressed in the
cortico-medullary junction and attract SP T cells to the blood vessels through which
they leave the thymus (Annunziato et al., 2001). This shows that AIRE may influence
central tolerance through several mechanisms.

In addition to defects in central tolerance mechanisms, AIRE deficiency also
affects peripheral tolerance. One of the most striking findings was the increased
proliferation in response to the foreign HEL antigen after immunization of Aire™
mice (Ramsey et al., 2002). AIRE-deficient peripheral APCs are increased in number
and have an altered phenotype, both in Aire” mice and APS I patients. The APCs
have an increased ability to activate naive T cells, in part due to the increased
expression of VCAM-1 (Ramsey et al., 2006). In addition, aged Aire” mice have a
phenotype caused by overly activated B cells, i.e. autoantibodies, MZB lymphoma
and liver infiltrates of B cells (Hassler et al., 2006). In conclusion, AIRE deficiency
seems to lead to breakdowns in a number of both central and peripheral tolerance
mechanisms. The question that remains to be answered is to what extent each of these
actually contributes to APS 1.
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2 PRESENT STUDY

Aim

The aim of this work was to investigate how AIRE is involved in immune tolerance in
order to understand the mechanisms behind APS I.
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2.1 METHODOLOGY

The materials and methods used in this work are described in detail in the original
publications, Papers I-1V.

Mice (Papers I-1V)

The generation of Aire” mice (B6.129s4-Aire™"™) has been described previously
(Ramsey et al., 2002). All Aire” mice used were C57BL/6 congenic, and age- and sex
matched with wild type littermates from heterozygotic breeding as controls. In two of
the studies (Papers | and 111), congenic Aire”” C57BL/6 mice crossed with OT-I1I TCR
transgenic C57BL/6 mice were used with the permission of Dr F. Carbone. The
animals were kept at the Department of Microbiology, Tumor and Cell Biology animal
facility at Karolinska Institutet.

Patients (Papers I-111)
Blood and saliva were collected from APS | patients and used with their informed
consent.

Bone marrow transfer experiments (Papers I, 11, 1V)

Bone marrow cells were obtained by flushing mouse femur. Bone marrow transfer was
performed by i.v. injection of donor-derived bone marrow cells into recipient mice
irradiated with 900 rad at least 4 h prior to reconstitution.

Immunization (Paper I)
To measure specific Ig response, mice were immunized with antigen and serum was
collected post-immunization.

Flow cytometry (Papers I, 1. 1V)

Single cell suspensions were prepared from murine organs and human PBMCs were
purified from blood. Cells were stained with fluorochrome-conjugated antibodies and
analyzed on flow cytometers: a FACSAria using FACSDiva software or a
FACSCalibur using CellQuestPro software (Becton Dickinson).

ELISA and ELISPOT (Papers I-111)

Cytokine levels in cell culture supernatants and in serum from mice and humans were
measured using specific ELISA kits according to manufacturer’s instructions. In one of
the studies (Paper 1), an ELISPOT assay was performed to identify IgM-secreting B
cells.

Immunofluorescent staining (Paper I11)
Immunohistochemistry was used to analyze protein expression in frozen tissue
cryosections.

PCR amplification (Papers I, 11, 1V)

Total RNA was extracted with Trizol® reagent (Invitrogen) and cDNA was
synthesized by reverse transcription. Transcript levels or genomic DNA was amplified
using specific primers.
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Electrophoresis and immunoblotting (Papers I, I11)
Proteomic analysis was performed with 2-D electrophoresis, SDS page and immuno-
blotting.

MALDI (Papers II)

In gel digestion (trypsin) and matrix-associated-desorption/ionization mass
spectrometry (MALDI) was performed by the proteomics core facility at Karolinska
Institutet (PAC).

Candida growth inhibition assay (I11)

Candida albicans (ATCC 90028) was cultured in the presence of saliva or anti-fungal
substances. Inhibition was analyzed by measuring the incorporation of 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT).

*ICr release assay (Paper I1)
A standard 4-h *'Cr release assay was used to measure natural killer cell activity in
vitro.

Statistical analysis (I-1V)

The data were analyzed with student’s T-test or Wilcoxon’s rank sum test in order to
test for differences between 2 groups. Mean values are given together with SEM in the
figures. P<0.05 was considered significant.

Ethical considerations

The studies were evaluated and approved by the local ethics committees and have been
conducted according to the regulations for handling laboratory animals and patient data.
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2.2 RESULTS AND COMMENTS
2.2.1 Increased B cell activation in the absence of AIRE

The majority of the characteristics of Aire” mice, i.e. autoantibodies, liver infiltrates of
B cells, and the development of MZB cell lymphoma are caused by overly activated B
cells (Hassler et al., 2006). In this study (Paper 1), B cell activation in the absence of
AIRE was studied. Aire” mice were immunized with T cell independent antigen type I,
TNP-Ficoll, and a significant increase in the production of specific antibodies was
observed compared to wild type mice. The response to TNP-Ficoll is largely dependent
on MZBs, as illustrated by a marked suppression of specific antibodies in mice lacking
MZBs (Guinamard et al., 2000). The distribution of peripheral B cell subsets appeared
normal, but the B cell activation status was increased in Aire” mice, in particular in the
MZB cell compartment. As the phenotype of Aire”” mice is very similar to that of mice
overexpressing the cytokine BAFF (Mackay et al., 1999), serum levels of this cytokine
were measured. Both Aire”™ mice and APS | patients exhibited significantly higher
levels of circulating BAFF than wild type mice and healthy control subjects (Figure 3).
BAFF is secreted by DCs and radio-resistant stroma cells upon stimulation with IFN-y,
and is crucial for B cell development and activation (Schneider et al., 1999).
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Figure 3. Increased serum BAFF in APS | patients (left lane) and Aire” mice (right lane), analyzed
with ELISA. Each dot represents one individual, and the mean values are indicated by horizontal lines.

To determine whether the excessive BAFF production was dependent on activated T
cells, bone marrow reconstitution experiments using T-cell-deficient nude mice as
recipients were performed. These experiments revealed that the excessive BAFF levels
were produced by AIRE-deficient DCs independent of the presence of autoreactive T
cells. Furthermore, when bone marrow-derived DCs were cultured in vitro from Aire”
and wild type mice, AIRE-deficient cells, correlated for numerical comparison, were
found to produce excessive BAFF upon IFN-y stimulation.

The IFN-y receptor signals via the STAT1 pathway, leading to the differential
expression of several genes. It has recently been shown that AIRE interacts functionally
with PIAS1 (protein inhibitor of activated STAT1) (llmarinen et al., 2008). PIAS1 is
involved in negatively regulating STATT1 signaling. We therefore suggest that AIRE is
involved in the inhibition of STAT1 signaling downstream of the IFN-y receptor, and
that IFN-y stimulation leads to exacerbated STAT1 signaling in AIRE-deficient cells.
This subsequently leads to increased expression of BAFF (Figure 4). In accordance,
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another STATL target gene, Gbpl, was found to be up-regulated in splenocytes from
Aire” mice. It has previously been shown that Gbp1 is up-regulated in Pias1” mice,
further supporting the present findings (Liu et al., 2004).

In summary, AIRE has been shown to be involved in regulating the
activation of peripheral DCs, leading to increased production of BAFF and subsequent
activation of B cells in the absence of AIRE. Hence, AIRE is involved in maintaining
tolerance and immune homeostasis in the periphery.

Figure 4. Hypothesized schematic of the role of AIRE in STAT1 signaling.
In the absence of AIRE, STAT1 signaling is not inhibited, leading to excess
BAFF production and subsequent activation of B cells. lllustration courtesy
of Dr M. Winerdal.

Comments

Since this paper was published, further evidence of the role of AIRE in STAT1
signaling has been found. The expression of STAT1-regulated genes was investigated
and found to be increased in Aire” mice (Figure 5). Furthermore, Levi and
Polychronakos have reported that insulin expression in mTECs is regulated by IFN-y,
i.e. insulin expression is reduced upon IFN-y stimulation (Levi and Polychronakos,
2009). The discovery that the expression of insulin is reduced in AIRE-deficient
MTECs has led to the hypothesis that the role of AIRE is to induce expression of TSAs
in the thymus, thereby promoting negative selection of autoreactive T cells (Anderson
et al., 2002). The molecular mechanisms behind this have not yet been elucidated.
These new data suggest that AIRE is involved in STAT1 signaling downstream of the
IFN-y receptor and regulates IFN-y activating genes. | believe that this can explain
many of the characteristics seen in APS | patients and Aire™ mice.
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Figure 5. STAT1-target genes Gbpl, 1rf8, Cxcl9, and Cxcl10 are up-regulated in AIRE-
deficient DCs upon IFN-y stimulation. The same genes are upregulated in Pias” mice,
supporting the role of AIRE in PIAS1-mediated inhibition of STAT1 signaling.



2.2.2 AIRE deficiency affects iNKT cell development

In the present work (Paper Il) an investigation was made on the effects of AIRE
deficiency on the development of INKT and NK cells. Both iNKT cells and NK cells
have immunoregulatory functions and have been implicated in autoimmune disease. It
was found that the frequency of circulating iINKT cells was reduced in APS | patients,
as well as in the thymus and peripheral organs of Aire” mice (Figure 6). Furthermore,
murine splenic iINKT cells produced less of the cytokines IFN-y, IL-17, and IL-4 upon
stimulation with a-galactosylceramide, measured with ELISA.
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Figure 6. Flow cytometric analysis of iNKT cell frequency in the thymus, spleen and
liver of Aire™ mice and wild type littermates. The mean and SEM of the result from at
least 8 mice in each group are shown.

The impairment of iINKT cell development was found to be dependent on AIRE
expression in radio-resistant cells, as shown by bone marrow transfer experiments in
which bone marrow from AIRE-deficient or AIRE-sufficient donor mice was
transferred into lethally irradiated hosts (Figure 7).

In contrast, the NK cells developed normally in the absence of AIRE, both
phenotypically and functionally. Neither iNKT cells nor NK cells expressed any
detectable levels of Aire transcripts and it was thus concluded that the reduced iINKT
cell population in the absence of AIRE was caused by the interaction with other cells,
leading to defective development in the thymus and/or defective distribution and
activation in peripheral organs.
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Figure 7. The development of INKT cells is dependent on AIRE
expression in radio-resistant stroma cells. Bone marrow from Aire”
or wild type donors was transferred into lethally irradiated hosts. The
frequency of INKT cells was analyzed 8 weeks after reconstitution
using flow cytometry.

Comments

The effect of AIRE-deficiency on regulatory cell populations has been investigated in
several studies. The Tregs are found to be normal in Aire” mice but impaired in APS |
patients, whereas the yd T cells are phenotypically and functionally normal in both
mice and patients (Anderson et al., 2005; Kekalainen et al., 2007b; Tuovinen et al.,
2009). During the work on the present study, a report on the normal development and
function of iNKT cells was published by another group (Pitt et al., 2008). However, this
report was based on studies of a different Aire” mouse strain than the present study,
which could explain the discrepancy of results.

It is not known how exactly AIRE contributes to the development of iNKT
cells. Since selection of INKT cells seems to be mediated by hematopoietic cells and
not by radio-resistant stroma cells in the thymus, it is likely that the phenotype seen
here is caused by tDCs. The outcome in the thymic selection process of iINKT cells, as
for conventional T cells, is probably dependent on a combination of factors, such as
TCR-signaling strength, co-stimulatory molecules and chemokines. AIRE deficiency
might alter these conditions and change the threshold for selection. It is also possible
that the disrupted thymic ultrastructure, which is reported in Aire” mice, influences the
development of INKT cells.
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2.2.3 Autoimmunity behind Candida infections in APS |

A common trait that affects nearly all APS | patients is recurrent or persisting
mucocutaneous infections with the yeast Candida albicans (Candida). In this study
(Paper 1), innate immune responses in APS | patients were investigated to establish
whether CMC is caused by changes in the oral microenvironment. The initial part of
the study involved the investigation of the ability of saliva from APS I patients to
inhibit the growth of Candida in vitro. The anti-fungal activity of the saliva is an
important means of defense in healthy individuals to prevent colonization of
microorganisms in the oral compartment. Saliva from APS | patients was found not to
inhibit the growth of Candida in the same manner as saliva from healthy controls.
When the protein expression pattern of saliva from APS | patients was analyzed and
compared to that of healthy controls using 2-dimensional electrophoresis, it was found
that one protein in particular was missing (Figure 8).

HC APS |

X

Cystatin SAl

Figure 8. 2-dimensional electrophoresis of saliva
from APS | patients and healthy controls. The protein
in saliva from healthy controls was identified as
cystatin SAL.

This protein was excised from the gel containing the healthy control saliva and
analyzed by matrix-associated-desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry and identified as cystatin SA1. Cystatin SAL belongs to a large
family of salivary proteins that function as cysteine protease inhibitors, several of
which have been shown to exert anti-microbial capacity. To evaluate whether cystatin
SA1 could be involved in anti-Candida immunity, full-length cystatin SA1 was
synthesized and inhibition assays performed. Cystatin SA1 was found to inhibit the
growth of Candia in a dose-dependent manner and at similar concentrations as
commercial anti-fungal drugs. The anti-fungal capacity of cystatin SA1 was found to be
dependent on the full-length protein, as the capacity was lost when using overlapping
peptides of cystatin SAL in the inhibition assay (Figure 9).
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Figure 9. Anti-fungal activity of full-length cystatin SA1 and peptides,
analyzed with MTT inhibition assay.

The mechanism behind the loss of cystatin SA1 in saliva from APS | patients was then
investigated. As Aire” mice are reported to exhibit lymphocytic infiltrates in the
salivary glands, we investigated whether APS | patients showed immune recognition of
salivary glands. Saliva from APS | patients showed IgA antibodies recognizing a large
250 kDa band in human submandibular gland, suggesting that APS | patients have
autoimmunity against the main cystatin-producing salivary gland. The large band was
identified as myosin-9, also known as non-muscle myosin heavy-chain lla. These
findings suggest that myosin-9 is an autoantigen of the oral compartment in APS |
patients.

Comments

The molecular mechanisms behind CMC seen in APS | have remained elusive. The
patients have an overly activated immune system in most respects, and do not show
increased susceptibility to other infections. Furthermore, they appear to have normal
cell-mediated responses to Candida-antigens in vitro (Brannstrom et al., 2006), and
normal expression of pattern recognition receptors involved in the recognition of
Candida-antigens (Hong et al., 2009). In this study, it was found that APS | patients
showed reactivity against oral tissue, particularly salivary glands. Furthermore, they
lack expression of a potent anti-fungal peptide in the saliva. | believe that the lack of
cystatin SAL could be implicated in the increased susceptibility to Candida infections
in APS | patients. Hence, defects in the regulation of the adaptive immune system
(autoimmunity) lead to impaired innate immunity (anti-fungal activity of saliva).
Candida infections are increasing in the world, in particular due to the increased group
of immunocompromised patients such as AIDS patients and cancer patients on
chemotherapy. As the commercial anti-fungal drugs that are now available on the
market are often associated with liver toxicity, the role of cystatin SA1 in anti-Candida
treatment should be further evaluated.
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2.2.4 Altered superantigen-mediated T cell selection and activation in
AIRE-deficient mice

In order to evaluate the role of AIRE in central tolerance, a system was created in
which the negative selection was mediated by superantigens. Disruption of the Aire
gene was introduced in a TCR transgenic system where the T cells recognize an
ovalbumin peptide presented by H2-1A" molecules. In this system, negative selection is
mediated by mammary tumor virus superantigens that are integrated in the mouse
genome and expressed on the surface of MCH class ll-bearing cells. The superantigen
can bind to the Vp5-chain of the transgenic TCR and mediate activation of the T cell.

It was found that OT-11 Aire”” mice exhibited a significant decrease in the OT-
Il T cells, in the thymus, blood and spleen, compared to OT-I1 wild type littermates
(Figure 10).
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Figure 10. Decreased population of OT-II
transgenic T cells in the absence of AIRE. Flow
cytometric analysis of OT-II T cells in the thymus,
blood and and spleen from OT-I1 Aire™ and wild
type littermates.

The frequency of AnnexinV-positive OT-1I T cells was not increased in the thymus of
OT-II Aire™ mice, suggesting that the superantigen-mediated negative selection was
not changed. However, the OT-1I T cells exhibited an immature phenotype, illustrated
by decreased expression of the maturation marker Qa-2. This suggests that the OT-1I T
cells have a developmental defect in the thymus and leave the thymus prematurely.
These findings were somewhat unexpected, given the increased number of transgenic
cells in the thymus of Aire” mice in the presence of the cognate antigen (Liston et al.,
2004). The transgenic T cell will probably receive distorted signals in absence of AIRE
that alter the outcome of superantigen-mediated selection and activation in a different
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way from TCR-specific activation. Furthermore, an increased frequency of CD49d+ T
cells and highly up-regulated expression of RAG2 were seen in the spleen of OT-II
Aire™ mice; a sign of ongoing TCR revision (Figure 11). In addition, OT-11 Aire™ mice
exhibited an increased frequency of T cells not bearing the transgenic TCR, further
indicating revision of the endogenous TCR.
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Comments

The belief that APS | is caused by a lack of TSA expression in the thymus has been
challenged by the finding that Aire” mice develop autoantibodies against unrepressed
target genes in mTECs (Kuroda et al., 2005). Furthermore, in an OT-Il system where
ovalbumin was expressed in the thymus under control of RIP, negative selection of the
OT-Il T cells was severely impaired in absence of AIRE, even though the level of
ovalbumin was the same as in wild type mice (Anderson et al., 2005). In contrast to
these findings, the present study shows that AIRE influences superantigen-mediated T
cell selection in the thymus, leading to a decreased number of OT-II T cells. (Anderson
et al., 2005). It is likely that superantigen-mediated T cell activation differ from
conventional TCR-specific activation with regards to signaling thresholds and the
requirements of co-stimulation. Thus, the present findings of an altered development of
OT-Il cells could be a consequence of differential expression of co-stimulatory
molecules and/or chemokines that mediate the migration of thymocytes that have been
reported in Aire” mice.

Little is known about the mechanism behind superantigen-mediated TCR
revision in peripheral organs, but it is known to be dependent on co-stimulatory signals.
As for the thymus, the present findings could be caused by a change in the splenic
environment, for example by the differential expression of co-stimulatory signals
mediated by AIRE-deficient DCs and/or stroma cells.
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2.3 GENERAL DISCUSSION

It has been clearly shown that AIRE controls the development of thymocytes. In the
absence of AIRE, negative selection is severely impaired, and the number of mature
naive T cells leaving the thymus is increased. The suggested mechanism is that AIRE
functions as a transcriptional inducer of TSAs, leading to clonal deletion of autoreactive
T cells. Although the function of AIRE as a TSA-inducing factor explains the increased
population of autoreactive T cells escaping from the thymus in Aire”mice, several
other findings cannot be explained by this model.

The hypothesis that APS | is caused by reduced expression of TSAs in the
thymus was first proposed by Anderson and colleagues in 2002 (Anderson et al., 2002).
In elegant transfer studies in mice they showed that AIRE expression in thymic stroma
cells is crucial for adequate negative selection of thymocytes, and that Aire” mice had
reduced levels of insulin and P4501A2 transcripts in the thymus, both of which are
known autoantigens in APS I. However, the same group also performed studies using a
double transgenic system where ovalbumin was expressed in the thymus under the
control of the rat insulin promoter, and the T cells were specific for an ovalbumin
peptide. Surprisingly, in this system, the negative selection of the ovalbumin-specific T
cells was severely impaired in Aire™ mice, despite the fact that ovalbumin was
expressed at the same level as in wild type thymus (Anderson et al., 2005).
Furthermore, Kuroda and colleagues showed that Aire” mice have autoreactive T cells
that recognize autoantigens that are normally expressed in the thymus (Kuroda et al.,
2005). Thus, there seems to be no clear correlation between the TSAs induced by AIRE
in the thymus and the peripheral autoantigens that elicit organ destruction in APS I
(Figure 12). In fact, introducing an Aire mutation into diabetes-prone NOD mice led to
the development of exocrine pancreatitis, and not to reactivity against insulin and
development of diabetes (Jiang et al., 2005).
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Figure 12. The ectopic expression of TSAs induced by AIRE does not

correlate with the autoantigens in affected organs of APS | patients. Picture
courtesy of Dr. M. Winerdal.
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The above findings suggest that APS | is not mainly caused by reduced expression of
TSAs in the thymus and that AIRE has other functions, in both central and peripheral
tolerance. For example, AIRE deficiency leads to disruption of the thymic
ultrastructure and to signs of activation and increased intracellular traffic in mTECs
(Milicevic et al., 2009). Furthermore, several chemokines involved in thymocyte
migration, such as CCL19 and CXCL22, are differentially regulated in the absence of
AIRE. These findings are likely to influence thymocyte development and alter the
outcome of negative selection. Both the reduced number of INKT cells reported in
Paper 11 and the altered development of OT-II transgenic thymocytes in Paper IV are
unlikely to be a consequence of reduced TSA expression in the medulla, given that the
iNKT cells recognize glycolipids and the OT-Il T cells are specific to an ovalbumin
peptide. It is tempting to speculate that these findings are a consequence of altered
thymic ultrastructure and/or differential expression of co-stimulatory molecules and
chemokines in the absence of AIRE.

In addition to the expression of AIRE in the medullary epithelial cells of
the thymus, AIRE is expressed in peripheral dendritic cells and in a special subset of
cortical lymph node stroma cells. Previous studies have shown that AIRE deficiency
affects the phenotype of peripheral cells in a number of ways, in turn affecting the
regulation of several immune responses. For example, AIRE-deficient peripheral DCs
show differential expression of numerous genes, as demonstrated by micro-array
analysis. Furthermore, AIRE-deficient DCs have an increased ability to activate naive
T cells, in part mediated by over-expression of the co-stimulatory molecule VCAM-
1(Ramsey et al., 2006). Paper | describes an investigation into whether the hyper-
activation status of DCs in the absence of AIRE could affect B cells in a T cell-
independent manner. The motivation for this study was the observation that many
characteristics of Aire™ mice were caused by activated B cells, i.e. autoantibodies, liver
infiltrates of B cells, and MZB lymphoma (Hassler et al., 2006). Indeed, Aire” mice
showed increased in vivo responses to the T cell-independent antigen TNP-Ficoll, and
increased overall activation status of, in particular, the MZBs. This is suggested to be
linked to the increased circulating levels of BAFF found in both Aire” mice and APS |
patients. Using bone marrow transfer into T cell-deficient nude mice it was shown that
the increased BAFF was independent of activated T cells, and was caused by overly
activated DCs upon stimulation with IFN-y. During the work course of this study,
Ulmanen and colleagues reported a functional interaction of AIRE with PIAS1
(lImarinen et al., 2008). PIAS1 is a negative regulator of STAT1 signaling, which is
induced upon binding of IFN-y to its receptor. Their findings is in accordance with our
observation of increased signaling downstream of the IFN-y receptor in AIRE-deficient
DCs. These two findings suggest that AIRE and PIAS1 function together by inhibiting
the STAT1 pathway, leading to excessive signaling in the absence of AIRE. In
accordance with this, AIRE-deficient DCs was found to express increased levels of
Gbpl and several other STAT1-target genes when stimulated with IFN-y. Other groups
have reported increased thymic expression of STAT1-regulated chemokines CXCL10
and CCL19 in Aire” mice, and increased serum levels of CXCL10 in sera from APS |
patients (Anderson et al., 2005, Kisand et al., 2008). The gene expression profile
correlates with that seen in Pias1” mice, further supporting the role of AIRE in STAT1
signaling. Interestingly, insulin expression is also reported to be regulated by STAT1
signaling, i.e. the stimulation of mTECs with IFN-y leads to the down-regulation of
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Insulin transcripts (Levi and Polychronakos, 2009). Thus, altered STAT1 signaling
might affect tolerance through several mechanisms.

In conclusion, AIRE is involved in both central and peripheral tolerance
mechanisms, possibly by taking part in STAT1 signaling. Loss of the expression of
AIRE leads to several differentially expressed genes in both mTECs and DCs, leading
to changes in the performance of these cells. In the thymus, this results in impaired
negative selection of autoreactive T cells, whereas in the secondary lymphoid organs it
causes hyperactivation of B and T cells and breakdown in peripheral immunological
tolerance mechanisms. Unraveling the function of AIRE in these events will provide
new insight into the regulation of the immune system and improve our understanding of
how autoimmune diseases arise and, hopefully, can be treated.
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POPULARVETENSKAPLIG SAMMANFATTNING
Vart immunférsvar har utvecklats for att skydda oss mot patogener sésom bakterier,
virus, svamp och encelliga mikroorganismer. Ibland gar regleringen av immunférsvaret
fel och det angriper kroppens egna organ och véavnader, vilket kallas autoimmunitet.
Autoimmuna sjukdomar sdsom diabetes och multipel skleros blir allt vanligare och &r
en vanlig orsak till ohdlsa hos framfor allt unga méanniskor. Idag finns ingen bot mot
autoimmuna sjukdomar, endast symptomen kan behandlas.

Under sin utveckling genomgar immuncellerna en rad selektionsprocesser for
att se till att de 1) ar funktionella och kan angripa sjukdomsorsakande organismer samt
2) inte kan angripa kroppsegna strukturer. Under dessa processer kommer celler som &r
reaktiva mot sjalvstrukturer att elimineras medan celler som &r reaktiva mot patogener
men icke-reaktiva mot organ och vavnader att fa leva vidare och cirkulera i kroppen.
Immunforsvarets formaga att skilja mellan kroppsegna och frammande strukturer kallas
tolerans och &r det framsta skyddet mot autoimmunitet. | min avhandling har jag
studerat en viktig faktor i toleransmekanismer, ett protein som kallas AIRE
(autoimmune regulator). Mutationer i genen som kodar for AIRE-proteinet leder till en
mycket allvarlig autoimmun sjukdom kallad autoimmunt polyendokrint syndrom typ 1
(APS I). APS I dr en recessiv monogen sjukdom. Det innebdr att om man arver anlaget
fran béda sina foraldrar kommer man med stérsta sannolikhet att utveckla sjukdomen.
Patienterna blir svart sjuka i en rad manifestationer. Vanligast &r att immunférsvaret
angriper och forstor hormonproducerande organ sdsom biskéldkarteln, bukspottkorteln,
binjurebarken samt fortplantningsorganen, vilket leder till hormonbrist och
komplikationer med dadlig utgdng om de inte behandlas. Patienterna drabbas ocksa av
svara kroniska svampinfektioner i munhalan.

AIREs roll i tolerans ar fortfarande inte helt utredd. For att fa en oOkad
forstaelse for hur APS | uppstar har vi modifierat moss s att de saknar AIRE-proteinet,
sé kallade knock-out mdss. Dessa mass fungerar som en djurmodell av APS I. AIRE-
proteinet uttrycks framfor allt i tva celltyper, dels i en specialiserad cell i tymus samt i
dendritceller. Dendritcellens funktion &r att ta upp invaderande patogener, migrera till
en lymfkortel och dar visa upp patogena strukturer for T-celler. T-cellerna blir da
aktiverad och kan ge signaler till B-celler att borja producera antikroppar, samt tar sig
till infektionsplatsen dar de kan angripa och doda infekterade celler. T-cellens betydelse
illustreras i AIDS som leder till att T-cellerna dor och att patienterna inte kan bekdmpa
olika infektioner.

AIREs uppgift har visat sig vara att mediera att kroppsreaktiva T-celler dor
under utvecklingen i tymus sd att endast de celler som kan skilja p& kroppsegna
strukturer och frammande cirkulerar i kroppen. | avsaknad av AIRE verkar det som om
T-cellerna inte utvecklas ratt, vilket leder till att de kan bli sjalvreaktiva och angripa
tex. biskoldkorteln. Den forsta artikeln i avhandlingen handlar om att AIRE &r
inblandad i aktiveringen av B-celler. | avsaknad av AIRE blir dendritcellerna
Overaktiverade och producerar 6verdrivna méangder av en faktor som i sin tur aktiverar
B-celler. Denna faktor kallas BAFF och hittas i hdga nivaer i blod frdn APS I-patienter.
I den andra artikeln visas att APS I-patienterna och AIRE knock-out mdssen har en
reducerad population av en speciell typ av immunceller som kallas NKT-celler. NKT-
celler fungerar som regulatorer av immunfdrsvaret och det har visat sig att de dven ar
farre i en rad andra autoimmuna sjukdomar. Den reducerade populationen av NKT-
celler skulle kunna medverka i autoimmunitetsutvecklingen i APS I-patienterna. Denna
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studie inkluderar daven NK-celler. NK-celler fungerar i forsvaret mot intracelluldra
patogener och kan doda t.ex. virusinfekterade celler. NK-cellerna visade sig vara helt
normala i bade APS I-patienter och AIRE knock-out mdss.

| den tredje artikel studeras orsakerna bakom de kroniska svampinfektionerna
som APS I-patienterna drabbas av. Dessa svampinfektioner ar paradoxala eftersom de
vanligtvis bara drabbar immunosupprimerade patienter sdsom AIDS-patienter eller
cancerpatienter som behandlas med kemoterapi. D4 APS I-patienterna snarare har ett
overaktivt immunférsvar och inte dr 6verkansliga for nagra andra typer av infektioner
ar det markligt att de inte kan bekdmpa svampinfektionerna. Dessutom sprider sig
sdllan dessa svampinfektioner till blodet utan haller sig lokaliserade till munhalan,
vilket tyder pa ett lokalt problem och inte en systemisk defekt. Vi fann att saliv fran
APS I-patienter inte kunde hamma tillvixt av svamp p& samma satt som saliv frén
friska personer, vilket tyder pa att APS I-patienterna sakar faktorer i saliven som kan
motverka svampvéxt. Proteininnehallet i saliven fran APS I-patienterna analyserades
och jamftérdes med friska kontrollpersoner. Patienterna saknade ett speciellt protein i
saliven som identifierades som cystatin SA1. Detta protein syntetiserades och visade
sig ha svampdodande egenskaper. Vidare sd undersoktes bakgrunden till att cystatin
fattades i saliven hos APS I-patienterna. Det visade sig att patienterna hade tecken som
tydde pé att spottkortlarna, som producerar cystatin, var angripna av immunférsvaret. |
den sista artikeln undersgktes mekanismerna bakom T-cellsutvecklingen i avsaknad av
AIRE. Detta gjordes genom att skapa moss som endast har T-celler som kénner igen ett
speciellt protein. | dessa moss paverkas T-cellsutvecklingen av sa kallade superantigen.
Vra resultat tyder pa att AIRE ar inblandat i T-cellsutvecklingen pa andra satt an vad
som tidigare rapporterats.

Sammantaget pekar vara data pd att AIRE &r inblandat i tolerans pa flera olika
sitt. Vi hoppas att en okad forstéelse for hur AIRE fungerar kommer att ge mer
kunskap, inte bara om APS I, utan &ven om andra autoimmuna sjukdomar. Detta ar
viktigt for att i framtiden kunna férhindra dessa tillstdnd och hitta botemedel.
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