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Abstract

A key feature of the immune system is the capacity to monitor and control infections from non-self
pathogens while maintaining tolerance to self-antigens. Primary Immunodeficiencies (PID) are
characterized by an increased susceptibility to infections, often associated with aberrant
inflammatory responses and a concomitant high prevalence of autoimmunity. Autoimmunity in PID
raises a conundrum: How can an immune system fail to respond to non-self pathogens while reacting
vigorously to self-antigens? Recent advances from studies of PID patients and related animal models
have revealed the critical role of Aire-induced expression of self-antigens for deletion of autoreactive
T cells in the thymus (central tolerance). Moreover, lessons from PID have provided unequivocal
evidence for the essential role of regulatory T cells in suppressing autoreactive T cells in the
periphery. Finally, findings from PID have broadened our understanding of how homeostatic
proliferation and increased load or decreased clearance of apoptotic cells and non-self pathogens can
lead to breakdown of peripheral tolerance.

INTRODUCTION

The immune system has evolved to efficiently clear non-self pathogens and to prevent attack
on self-antigens. The establishment and maintenance of self-tolerance is an intrinsic
requirement of adaptive immunity. Central tolerance induces deletion of self-reactive T cells
during development in the thymus. Peripheral tolerance ensures that self-reactive T cells that
escape central tolerance checkpoints remain innocuous in peripheral organs. Breakdown of
either central or peripheral tolerance can lead to autoimmunity. Primary immunodeficiencies
(PID) are genetic disorders in which part of the host’s immune system is lacking or
dysfunctional. Careful analysis of the clinical features associated with various forms of PID
has shown that these disorders are often characterized by aberrant inflammatory responses and
autoimmunity [1]. Recent findings in several monogenic human immune disorders where
animal models exist have provided evidence for how the reduced capacity of the immune
system can provoke breakdown of central and peripheral tolerance and consequently the
development of autoimmune disease. In this review we will focus on recent studies of five well
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characterized PID (APECED, OS, IPEX, WAS, and ALPS, Table 1) that have directly
contributed to our understanding of the role of central and peripheral T cell tolerance in
preventing autoimmunity. PID that are caused primarily by antibody deficiencies and
frequently associated with autoimmunity, including CVID and XLA, is not covered in this
review since a role for alterations in T cell tolerance has not yet been clearly defined [1].

CENTRAL TOLERANCE

Central tolerance ensures that the vast majority of autoreactive T cells are deleted in the thymus.
During development in the thymus, immature CD4+CD8+ double-positive (DP) thymocytes
that have successfully assembled a T cell receptor (TCR) are selected based on the TCR affinity
for self-peptides presented on major histocompatibility class molecules (MHC) by medullary
epithelial cells (MECs) and dendritic cells (DCs). Thymocytes expressing TCRs that fail to
recognize any self-peptide-MHC die from “neglect”, whereas strong recognition of self-
peptide-MHC leads to thymocyte death or lineage deviation, removing self-reactive cells from
the T cell repertoire (negative selection). Weak recognition of self-peptide-MHC complexes
by the TCR and co-receptors results in the development of mature CD4+ or CD8+ single-
positive (SP) T cells that egress to the periphery. Figure 1 illustrates critical steps for central
tolerance in the thymus. The importance of TCR affinity for self-peptide-MHC during
thymocyte development is well recognized although the mechanism(s) responsible for the
expression of a wide array of peripheral-tissue antigens (PTA) in the thymus remain an enigma.
Recent literature has defined the critical role of the autoimmune regulator (Aire) for expression
of self-antigens in the thymus and studies of Aire-deficient patients and animals have revealed
the importance of negative selection for establishment of central tolerance [2].

APECED: Expression of Aire

Patients with mutations in the Aire gene suffer from the autoimmune disease APECED
(autoimmune, polyendrocrinopathy, candidiasis, ectodermal dystrophy) that is typically
characterized by a triad of chronic mucocutaneous candidiasis, hypoparathyroidism, and
adrenal insufficiency [2]. Expression of Aire is highly enriched in MECs that have the
remarkable ability to ‘promiscuously’ express a wide array of PTA, including insulin,
thyroglobulin, myelin basic protein, retinal antigen [2]. The generation of Aire-deficient mice
that suffer from multiple organ autoimmunity and high titers of autoantibodies revealed that
Aire activity in MECs is critical for the expression of PTA [3,4]. In view of the critical role of
Aire for expression of a wide array of PTA in mTECs it is not intuitively self-evident that the
autoimmune disease in APECED patients and Aire-deficient mice would be restricted to certain
organs, in particular endocrine organs. The expression of other known PTA, such as those
encoding C-reactive protein and glutamic-acid decarboxylase of 67kDa (GADG67), is Aire-
independent and suggests that other “Aire-like’ factors probably exist and remain to be
identified [3,5].

OS: Autoreactive T cells due to decreased expression of Aire?

In the developing thymus, cross-talk between T cells and epithelial cells is crucial for induction
of normal thymic compartments [6]. The molecular mechanism for development of Omenn
syndrome (OS) has provided new insight into the critical role of cross-talk between T cells and
MECs. OS is characterized by the presence of activated T cells that infiltrate target organs such
as the skin and gut [6]. The most common mutations in OS leads to hypomorphic (decreased)
activity of the recombination activated (Rag) 1 and 2 proteins [6], that are essential for V(D)J
recombination leading to expression of the B cell and T cell receptors. Only thymocytes that
successfully rearrange and express TCRbeta are positively selected at the double-negative 3
stage of thymic development. Mutations in other proteins involved in VV(D)J recombination
and thymocyte development, including Artemis and Ligase4, causes OS [6]. Two animal
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models for OS were recently described. The memory mutant (MM) mouse has a spontaneous
mutation in Ragl (R972Q) and this mutation was also found in an OS patient [7]. The
rag2R229Q/R229Q animal harbors the hypomorphic R229Q mutation in Rag? identified in a
subset of OS patients [8]. Both murine models have an atrophic thymus in which thymocyte
development is predominantly arrested at the double-negative 3 stage, due to the decreased
activity of either Ragl or Rag2 proteins. TCRbeta chains are virtually undetectable, implying
severe deficiency in pre-TCR expression and signaling. The few single-positive T cells that
escape infiltrate target organs and express an oligoclonal, autoimmune TCR repertoire. It
remains elusive why hypomorphic Rag activity induces autoreactive T cells. However, one
plausible explanation comes from recent data from the rag2R229Q/R229Q mjce that is associated
with reduced thymic expression of Aire [8]. Similarly, Aire expression is markedly reduced in
thymic medulla of OS patients [9].

It is now well established that MECs are critical for Aire-regulated expression of PTA, though
the role of MECs for antigen presentation to developing thymocytes is less explored. In fact,
dendritic cells (DC) can capture PTA from MECs and delete autoreactive T cells via cross-
presentation [10]. Considering the superior role of DCs in antigen presentation due to high
expression of co-stimulatory molecules, the function of DCs in negative selection of
thymocytes needs to be examined in more detail. The mouse models for APECED and OS
[3,4,7,8] will be useful to determine which antigenic peptides are presented by MECs and DCs
in the thymus in the absence of Aire and how altered peptide presentation may influence the
negative selection of autoreactive T cells.

PERIPHERAL TOLERANCE

A dominant role for central tolerance predicts that the majority of autoreactive lymphocytes
are deleted. However, autoreactive B and T cells are present in healthy individuals in the
periphery but remain quiescent due to peripheral tolerance. Breakdown of peripheral tolerance
can be caused by several mechanisms; reduced fitness of regulatory T cells (Tregs),
homeostatic proliferation of autoreactive lymphocytes, altered apoptosis of lymphocytes, and
decreased clearance and cross-presentation of self antigens. Figure 2 illustrates critical
mechanisms for peripheral tolerance.

IPEX, OS, APECED, and WAS: Reduced fitness of regulatory T cells

Recent research has revealed the essential role of Tregs in maintenance of peripheral tolerance.
Tregs regulate effector T cells by suppressing their activity [11]. The transcription factor
forkhead box P3 (Foxp3) is a master regulator of both Treg cell development and function
[11]. IPEX (immunodysregulation, polyendocrinopathy, enteropathy, X-linked syndrome)
patients and scurfy mice lack expression of the Foxp3 gene and have absent or severely reduced
number of Tregs and consequently develop multi-organ autoimmunity with hyperactive CD4
+ T cells, overproduction of inflammatory cytokines and autoantibodies [12-15]. Ectopic
expression of Foxp3 is sufficient to impart suppressive function to conventional (CD4+CD25
—) T cells [11]. Recent data suggest that Foxp3 may serve a more complex role in delineating
Treg cell generation [16,17] by regulating gene expression through association with other
transcription factors such as NFAT, NF-kappaB and Runx1 [18]. The TCR repertoire of Tregs
is highly diverse having high affinity both for self and non-self antigens and includes TCRs
dominantly expressed by naive T cells [19]. However, many TCRs expressed by Tregs are
unique and not expressed by conventional CD4+ T cells [19,20]. Both TCR specificity and the
cytokine milieu (primarily IL-2) have been proposed to divert thymocytes into Treg cell lineage
commitment although the specific mechanism for Treg cell development remains largely
unknown. The CD25hiCD4+Foxp3— thymic subset contains Treg cell precursors and TCR-
dependent signaling results in the expression of proximal IL-2 signaling components
facilitating cytokine-mediated induction of Foxp3 [21]. The discovery of Foxp3 loss-of-
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function mutations in IPEX patients and scurfy mice have provided unequivocal evidence for
the essential role of Tregs in peripheral immune tolerance and highlight the fact that
autoreactive T cells indeed escape central tolerance checkpoints in a normal host [11].

Reduced number of Treg cells may contribute to autoimmunity in OS since the hypomorphic
rag2R229Q/R229Q mice, in addition to having oligoclonal peripheral T cells, also have
dramatically reduced frequency of Tregs in the thymus and spleen [8]. It is unknown how
hypomorphic mutations in the Rag proteins influence the development of Treg cells. It has
been suggested that reduced Rag protein activity, leading to an oligoclonal TCR repertoire,
restricts the unique TCR repertoire of Tregs thereby inhibiting Treg cell development [6,8].
Decreased suppressive activity of Tregs has been implicated in APECED patients and,
interestingly, Tregs from APECED patients express a less diverse TCR repertoire [22].

Recent data from Wiskott-Aldrich syndrome (WAS) patients and WAS protein (WASP)-
deficient mice provide compelling evidence that reduced number and decreased suppressive
capacity of Tregs contributes to autoimmune development in WAS. Patients with WAS exhibit
high prevalence of autoimmune disease with up to 70% of patients suffering from at least one
autoimmune disorder (hemolytic anemia, neutropenia, arthritis, skin vasculitis,
glomerulonephritis, or inflammatory bowel disease) [23]. Autoimmune manifestations lead to
a poorer clinical prognosis [23] and even patients with otherwise mild WAS disease
(thrombocytopenia only) can develop life-threatening autoimmune disease with high
autoantibody titers [24]. Similar to the enteropathy seen in Foxp3-deficient mice [12,13], the
majority of WASP-deficient mice develop colitis [25,26]. WASP is required for Treg cell-
dependent suppression in vitro and in vivo [27-30]. IL-2 produced by activated CD4+CD25—
effector T cells is critical for Treg cell activation in periphery [31]. Many studies incriminate
decreased I1L-2 in WASP deficiency [25,27,29,32], however, ectopic IL-2 can not rescue
peripheral expansion of WASP-deficient Tregs in mice [28], suggesting that other signaling
molecules and mechanisms may contribute to Treg cell dysfunction in WASP deficiency. Tregs
form long-lasting conjugates (synapses) with antigen-primed DCs in vivo and compete with
effector T cells for DC interaction [33]. WASP is essential for optimal signaling through the
TCR and stabilizes the immune synapse between T cells and antigen-presenting cells [34]. A
recent report using in vivo imaging of DC-T cell interactions in lymph nodes show that WASP-
deficient DCs have reduced ability to form and stabilize conjugates with naive CD8+ T cells
[35]. The role of WASP during conjugate formation of Tregs and DC in vivo remains to be
defined.

OS, WAS, and ALPS: Homeostatic proliferation and apoptosis of lymphocytes

In a normal host, the pool of peripheral lymphocytes is maintained in part by homeostatic
mechanisms that ensure an appropriate balance of T cells through new generation, peripheral
expansion (homeostatic proliferation), and turnover by programmed cell death (apoptosis).
Lymphopenia is common in PID associated with autoimmunity, including OS and WAS [6,
36]. In lymphocyte-depleted animals, interaction of peripheral T cells with self-peptide-MHC
molecules on antigen-presenting cells will induce homeostatic proliferation [37] and can induce
expansion of autoreactive T cells that express an autoimmune TCR repertoire [38,39]. T cells
that express TCRs with higher affinity for self-peptide-MHC molecules will be favored in
competition with T cells expressing lower affinity TCRs and this limits the diversity of the T
cell repertoire induced by homeostatic proliferation [40]. Increased homeostatic proliferation
of T cells has been suggested as a mechanism for expansion of severely oligoclonal T cell
repertoires in OS and WAS patients and in the memory mutant mouse model for OS [7,41,
42].

A striking example of the essential role for apoptosis in peripheral homeostasis comes from
ALPS (autoimmune lymphoproliferative syndrome) patients. Due to genetic mutations in
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major apoptotic inducers, including Fas, and more rarely FasL, caspase 8 and caspase 10,
proliferating and activated lymphocytes fail to undergo programmed cell death [43,44]. ALPS
patients suffer from autoantibody-mediated cytopenia, lymphadenopathy, splenomegaly, and
are at high risk for the development of lymphoproliferative disease. MRL.Fas!P"/IP" mice that
have reduced expression of the Fas gene spontaneously develop systemic autoimmune disease
resembling human systemic lupus erythematosus (SLE). Studies of ALPS patients and
MRL.Fas!P"/IP" mice have provided evidence for the essential role of Fas-mediated cell death
in normal homeostasis of lymphocytes. A characteristic feature of both ALPS patients and
MRL.Fas!P/P" mice is a high percentage of TCRalphabeta+CD4—-CD8- double-negative T
cellsin blood and peripheral organs [43,44]. TCRalphabeta+CD4—CD8—T cellsexpressa TCR
repertoire with high affinity for self-peptide MHC and have been suggested to represent T cells
destined for Fas-mediated apoptosis [43,44]. Notably, ALPS patients have reduced rather than
accumulated number of lymphocytes after acute infection, suggesting that ALPS lymphocytes
can undergo apoptosis in response to cytokine (IL-2) withdrawal [43,44]. Moreover, a recent
report describes that defects in IL-2 withdrawal-induced apoptosis can cause ALPS in a patient
that expresses an activating mutation in NRAS [45]. Together, these studies imply that IL-2
exhaustion caused by the lymphoproliferative disease in ALPS leads to altered lymphocyte
homeostasis and increased load of dying cells [43-46].

ALPS and WAS: Decreased clearance and cross-presentation of self antigens

Pathogen challenge initiates proliferation of antigen-specific lymphocytes that leads to
clearance of the pathogens followed by lymphocyte apoptosis to restore normal immune cell
homeostasis. Mammalian chromosomal DNA released from apoptotic cells constitutes a major
autoantigen and apoptotic cell debris needs to be cleared from the inflamed tissue. An increased
load of dying and apoptotic cells in ALPS patients and MRL.Fas'P"/P" mice, due to the
lymphoproliferative disease, causes insufficient clearance by macrophages [47]. Similarly,
autoimmunity in WAS may be caused by an increased load of apoptotic cells due to impaired
uptake of apoptotic cells by WASP-deficient macrophages [48].

A hallmark of PID is the failure to clear major bacterial infections leading to an increased load
of bacterial antigens. Toll-like receptor (TLR) 3 and 9 recognize double-stranded RNA and
CpG DNA from pathogens. However, TLR3 and TLR9 can also recognize and cross-present
mammalian chromosomal DNA, released by dying cells [49]. Evidence for the involvement
of TLR9 in autoantibody production was provided upon crossing TLR9-deficient mice to the
MRL.Fas!PIPr background. The high serum titers of anti-double-stranded DNA and anti-
chromatin antibodies normally present in MRL.Fas!P"IPT animals were completely abolished
in the absence of TLR9 [49], suggesting that TLR9-dependent co-stimulation triggers
production of anti-DNA antibodies. TLR activation triggers survival and pro-inflammatory
pathways [50] and may in immuno-compromised hosts favor expansion of autoreactive cells.

CONCLUSIONS

The combined studies of PID patients and related animal models have increased our
understanding of how the immune system fails to respond to non-self pathogens while still
reacting vigorously to self-antigens. While much progress has been made in recent years, many
important questions remain to be addressed.

What is the hierarchy of events mediating autoimmunity, i.e. what is the relative role of specific
effector cells such as T, B or myeloid cells? To address the contribution of a specific cell type
or developmental stage in multifactorial PIDs, including OS, WAS, and ALPS, conditionally-
targeted animal models in which a PID-associated gene can be deleted in a spatial or temporal
manner would be desirable. In this regard, it was recently described that conditional deletion
of Foxp3 in adult mice leads to more severe autoimmunity as compared to when Foxp3 is
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deleted at the neonatal stage, highlighting the importance for continuous suppression of
autoreactive T cells by Tregs [51].

Is Aire the master regulator for expression of self-peptides? Recently, two studies reveal that
extra-thymic expression of Aire in stromal-type epithelial cells in lymph nodes and spleen leads
to expression of PTAs [52,53]. Importantly, these PTAs differ from those expressed by MECs
in the thymus suggesting that Aire-induced peripheral PTAs serve as a “safety net” to delete
autoreactive T cells that have escaped negative selection in the thymus [53]. The role of
peripheral-expressed Aire for development of autoimmune T cells and for Treg cell activity in
APECED and OS needs further assessment.

How can the clinical spectrum of autoimmunity be explained, i.e. why do specific genetic
defects lead to a defined organ-specific autoimmunity, such as the autoimmunity typically
affecting endocrine organs seen in APECED patients? Since expression of some PTAs are
independent of Aire other factors or tolerogenic mechanisms may exist that remain to be
identified [3,5].

What is the role of extrinsic factors such as pathogen-induced TLR signaling? Considering that
PID are associated with severe and chronic infections and that homeostatic proliferation of
naive T cells in immunodeficient hosts can be abolished if the animals are kept under germfree
conditions [54], implies that pathogen-provoked signaling may induce homeostatic
proliferation of autoreactive T cells in immunocompromised hosts.

Defining the answers to these questions will be important for development of more specific
therapeutic intervention, including gene therapy.
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Figure 1. Central tolerance and PIDs

Developing thymocytes undergo specific developmental checkpoints. DN cells upregulate the
Rag proteins to initiate V(D)J recombination of the TCRbeta gene. DN cells that fail to express
apre-TCR that recognizes peptide-MHC molecules in the thymic cortex die through apoptosis.
DN cells that express a functional TCR are selected and upregulate CD4 and CD8 thereby
becoming DP. MEC progenitor cells that upregulate Aire become mature MECs in the thymic
medulla and express a wide array of PTAs. DP cells expressing TCRs with low affinity for
self-peptide-MHC molecules develop into naive CD4 or CD8 SP T cells and egress from the
thymus to the periphery. DP cells that express TCRs with high affinity for self-peptide-MHC
molecules are negatively selected and die by apoptosis or deviate to the Treg (and other) lineage
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(s). MECs can cross-present PTAs to thymic DCs. PID discussed in this review are indicated
in red where they are known to interfere with central tolerance mechanisms, and followed by
a question mark when a possible interference is suggested.

Abbreviations: Aire, autoimmune response; ALPS, autoimmune lymphoproliferative
syndrome; APECED, autoimmune polyendrocrinopathy candidiasis ectodermal dystrophy;
DC, dendritic cell; DN, (CD4 and CD8) double-negative cell; DP, (CD4 and CD8) double-
positive; Foxp3, forkhead box P3; IPEX, immunodysregulation polyendocrinopathy
enteropathy X-linked; MEC, medullary epithelial cell; MHC, major histocompatibility
molecule; OS, Omenn syndrome; PTA, peripheral tissue antigen; Rag, recombination
activating protein; SP, (CD4 or CD8) single-positive; TCR, T cell receptor; Treg, regulatory
T cell; WAS, Wiskott-Aldrich syndrome
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Figure 2. Peripheral tolerance and PIDs

In peripheral lymphoid organs, several mechanisms exist to maintain autoreactive T cells
quiescent. DCs presenting peptide-MHC molecules regulate the activity of autoreactive
Teffector cells by inducing anergy or apoptosis. Treg cells serve a key function in peripheral
tolerance by suppressing harmful activation of Teffector cells and, consequently, activation of
autoreactive B cells. Homeostatic proliferation ensures an appropriate pool of peripheral T
cells that express a diverse TCR repertoire, but can lead to expansion of autoreactive T cells
in immunodeficient hosts. Macrophages clear apoptotic cell debris including dSDNA and take
up non-self pathogens. The promiscuous recognition of bacterial antigens and dsDNA by TLRs
may lead to TLR-dependent activation of autoreactive B cells in hosts that have increased load
of bacterial antigen and/or dSDNA. eTACs are peripheral stromal cells that present a wide array
of Aire-induced PTAs that largely differ from those presented by MECs in the thymus. eTACs
participate in deletion of autoreactive T cells in the periphery. PID discussed in this review are
indicated in red where they are known to interfere with peripheral tolerance mechanisms, and
followed by a question mark when a possible interference is suggested.

Abbreviations: Aire, autoimmune response; ALPS, autoimmune lymphoproliferative
syndrome; APECED, autoimmune polyendrocrinopathy candidiasis ectodermal dystrophy;
DC, dendritic cell; eTAC, extra-thymic Aire-expressing cell; Foxp3, forkhead box P3; dsSDNA,
double-stranded DNA; IPEX, immunodysregulation polyendocrinopathy enteropathy X-
linked; MHC, major histocompatibility molecule; MEC, medullary epithelial cell; OS, Omenn
syndrome; PTA, peripheral tissue antigen; Rag, recombination activating protein; TCR, T cell
receptor; TLR, Toll-like receptor; Treg, regulatory T cell; WAS, Wiskott-Aldrich syndrome
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