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Abstract A critical function of the thymus is to help enforce tolerance to self. The
importance of central tolerance in preventing autoimmunity has been enlightened
by a deeper understanding of the interactions of developing T cells with a diverse
population of thymic antigen presenting cell populations. Furthermore, there has
been rapid progress in our understanding of how autoreactive T cell specificities
are diverted into the T regulatory lineage. Here we review and highlight the recent
progress in how tolerance is imposed on the developing thymocyte repertoire.
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1 Central Tolerance Induction

Immune tolerance is an essential process in the immune system to prevent unto-
ward responses to self. The thymus not only provides the proper selecting envi-
ronment for the positive selection of T cells, but also plays a critical role in
promoting tolerance of the developing T cell repertoire to self. Central tolerance
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plays an integral role in immune tolerance along with a net of other peripheral
tolerance mechanisms that together maintain an immune repertoire that is fit for
response to a diverse array of potential foreign antigens but is unable to respond to
self-antigens.

It has now become widely appreciated that during thymic selection, conven-
tional ab chain-expressing T cells with significant autoreactivity are tolerized
mainly by deletion or induction into the Foxp3+ T regulatory lineage. The rules
and mechanisms that lead to one fate over another are still being elucidated,
however, there has been recent rapid progress in this area. Furthermore, the
selecting environment present in the thymic medulla has also been an area of
recent intensive investigation. Here in this review, we highlight some of the recent
progress in our understanding of how central tolerance is imposed on the con-
ventional ab T cell repertoire.

1.1 Central Tolerance Through Deletion

Developing thymocytes are exposed to a wide array of self-antigens within the
thymus and those T cells that can bind to self-antigen peptide/MHC complexes
with high affinity are removed from the immune repertoire through deletional
mechanisms. Thus, there are a number of important factors involved for this
process to play out. First, is the timing and expression of a functional TCR during
development, second is the timing and expression of self-antigen peptide/MHC
ligands by APCs present in the thymus, and finally are the factors and pathways
that allow for a deletional/apoptotic death to occur in autoreactive thymocytes.

As outlined by Allen and colleagues elsewhere in this book, developing thy-
mocytes go through a coordinated series of developmental steps that involve the
generation of a unique ab chain TCR complex. Pre-T cells are recruited into the
thymus and enter the thymic cortex and rearrangement of the TCR b chain occurs
through RAG-mediated recombination (Schatz et al. 1989; Oettinger et al. 1990).
If a functional b chain is formed, it complexes with a pre-T a chain, migrates to the
cell surface, and this helps instruct the rearrangement of the TCR a chain (Fehling
et al. 1995). If such an a chain can complex with the rearranged TCR b chain, a
potentially functional TCR is then expressed at the cell surface. At this stage of
development such T cells co-express both CD4 and CD8 and are termed Double
Positives (DPs). Such DPs then proceed through an important step of selection
termed positive selection where individual clones are exposed to self-peptide/
MHC complexes present in the cortex. Individual T cell clones that have relatively
low affinity for these complexes are allowed to survive, whereas those clones with
no affinity for self-peptide/MHC die by neglect at this selection step. T cells
surviving beyond this stage develop into CD4 or CD8 Single Positive cells (SPs)
that then migrate into the thymic medulla, where they are further selected and
those clones with high affinity for self-peptide/MHC complexes present on APCs
present in this compartment are deleted or diverted into the Treg lineage (dis-
cussed later).
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Although it had long been postulated that deletion of autoreactive clones was a
major mechanism of central tolerance (Burnet 1958), clonal deletion was only first
clearly demonstrated in vivo by examining superantigen reactive T cells (Kappler
et al. 1987). Part of the reason for this was the lack of sophisticated tools to detect
deletion of autoreactive thymocytes in the polyclonal repertoire. The development
of T cell receptor transgenic mice in the late 1980s led to the development of
experimental tools that allowed a more refined assessment of thymic deletion for
single individual TCR clones. For example, TCR transgenic mice with specificity
for the male HY self-antigen again confirmed the existence of a thymic deletional
mechanism when thymocytes were exposed to their cognate self-antigen (Kisielow
et al. 1988). Furthermore, injection of antigens that individual TCR transgenic
were specific for demonstrated again the existence of thymocyte deletion when
antigens were present in the thymus (Murphy et al. 1990; Fowlkes et al. 1988).

The mechanisms that lead to thymocyte death after antigen encounter are
generally thought to involve controlled apoptotic mechanisms (Sohn et al. 2007).
The orphan nuclear hormone receptor, Nur77 appears to be a key regulator of such
apoptotic death. Nur77 is upregulated in thymocytes when they are exposed to
high affinity ligands (Calnan et al. 1995; Cho et al. 2003) and although not
completely worked out, it appears to exert an effect on pro-apoptotic mitochondrial
proteins (Thompson and Winoto 2008; Fassett et al. 2012). In addition, to Nur77,
the pro-apoptotic BH3-only protein Bim has been linked to thymic deletion
(Bouillet et al. 2002) in that Bim-deficient T cells have shown to be resistant to
thymic deletion in a number of models. Recently, a more thorough screen of other
BH3-only proteins for their role in thymic deletion was explored and the BH3-only
protein PUMA was also found to contribute to this process (Gray et al. 2012).
Interestingly, Bim/PUMA double deficient mice demonstrate a more robust defect
in thymic deletion than single deficient mice of either genotype and thus suggest
that these molecules work in a complementary fashion to drive deletion.

As outlined above, thymocytes require low affinity TCR signals to be positively
selected, yet high affinity TCR signals appear to drive deletion. Thus, an inter-
esting question remains as to the differences in the TCR signaling cascade that
promote positive versus negative selection. Work by Palmer and colleagues with a
panel of Ovalbumin peptide mimotopes with a range of affinities for the OT-I TCR
has demonstrated an exquisite line of TCR affinity for peptide/MHC that demar-
cates positive selection from negative selection (Daniels et al. 2006). Downstream
of this affinity, there appears to be a number of differential signaling cascades that
have been implicated in the distinction between positive and negative selection.
For example, it has been suggested that high affinity TCR ligation leads to a
conformational change in the tail of the CD3 epsilon chain that allows for the
adapter molecule Lck to bind and interact with the chain (Gil et al. 2005), how-
ever, there remains conflicting data on this model (Nika et al. 2010). Differential
activation of the proximal TCR signaling molecules JNK and ERK have also been
implicated in positive versus negative selection signals (McNeil et al. 2005). In
addition, a recent report demonstrated differential intracellular localization of Ras
and MAP-kinase signaling components during positive versus negative selection
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signaling (Daniels et al. 2006), again reinforcing differences in TCR signaling
cascades.

Thymic APC Subsets and tolerance. There are multiple Antigen Presenting Cell
(APC) types that the developing thymocyte repertoire interacts with during mat-
uration and each of these cell types likely play a role in imparting central toler-
ance. These major APC cell types included Cortical Thymic Epithelial Cells
(cTECs), Medullary Epithelial Cells (mTECs), and Dendritic Cells (DCs) (see
Fig. 1). All three of these major subsets display specialized expression of MHC
Class II, antigen processing and presentation machinery, and costimulatory ligand
expression (i.e., CD80 and/or CD86). Each subset appears to have sub-specialized
properties with cTECs being a critical regulator of positive selection and mTECs
and DCs being critical regulators of negative selection.

After pre-T cells enter the thymus at the Cortico Medullary Junction (CMJ),
they migrate into the cortex where they interact with cTECs. cTECs are epithelial
cells derived from the endoderm of the third brachial pouch that express both
MHC Class II and Class I molecules complexed with a broad array of self-peptides
and interaction of T cells with these ligands is critical for positive selection (Starr
et al. 2003). cTECs are also capable of mediating negative selection, however, the
timing of when high levels of TCR expression are occurring during T cell
development in this compartment also play into whether cTECs drive negative
selection. Early work with the HY-TCR transgenic demonstrated that HY-specific
T cells were likely being deleted by HY expressing cTECs, however, subsequent
studies revealed that this deletion may have been an artifact of early expression of
the TCR due to the transgene utilized (Baldwin et al. 2005). Nonetheless, for
certain ubiquitously expressed antigens like HY or superantigen, it remains likely
that cTECs can delete T cells with specificity for these antigens. Recently, a
specialized property of cTECs was demonstrated showing that they express a
specialized subunit of the immunoproteasome called b5t (Murata et al. 2007). The
proteasome helps load MHC class I molecules with peptides and the existence of
specialized subunit uniquely expressed in cTECs suggests that a unique array of
MHC class I associated peptides are generated in cTECs that are not present
elsewhere. In addition, the presence of b5t appears to generate an array of peptides
that are less stable in the MHC class I binding groove, which may be ideal for low
affinity MHC/peptide complexes for positive selection. In support of this notion,
b5t-deficient mice display a defect in the positive selection of CD8+ T cells. In
addition, the lack of peripheral expression of b5t may be part of a fail-safe
mechanism for maintaining tolerance in that there is no way to generate the
identical MHC/peptide complex in the immunological periphery which could
provoke an autoimmune response.

After thymocytes receive positively selecting signals, they then migrate into the
thymic medulla, in part, by upregulating the chemokine receptor CCR7 (Kwan and
Killeen 2004; Ueno et al. 2004; Yin et al. 2007), where they further interact with
the mTEC and DC APC populations that are present in this compartment. Inter-
estingly, there has been recent rapid progress in demonstrating the capacity of
mTECs to have the unique property to express a broad array of Tissue-Specific
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Fig. 1 Antigen presenting cells involved in negative selection of ab Tcells in the thymus. The
two major types of antigen presenting cells that mediate deletion of autoreactive T cells include
dendritic cells (DCs) and medullary thymic epithelial cells (mTECs). High affinity interactions
between MHC-antigen complexes with T cell receptors (TCRs) on single positive T cells lead to
deletion. Among the thymic DC populations, Sirpa+ DCs and plasmacytoid DCs (pDCs) have
been shown to have migratory capacities and are likely to be sources of peripheral antigen. A
subset of mTECs express the transcriptional regulator Aire which allows them to express an array
of tissue-specific antigens (TSAs). Conventional DCs and mTECs express MHCI and MHCII
molecules on their surface and can present TSAs, as cDCs have been shown to present TSAs
through antigen transfer from mTECs. Lastly, cortical epithelial cells (cTECs) are critical for
positive selection of thymocytes
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self-Antigens (TSAs) that is in part under the control of the Autoimmune Regu-
lator (Aire) (Metzger and Anderson 2011). During the 1990s, Hanahan and col-
leagues have suggested that there were relatively rare thymic medullary cells that
had the capacity to express the pancreatic islet-specific protein, insulin at detectable
levels (Smith et al. 1997). Subsequent to this, Derbinski and Kyewski demonstrated
that mTECs had the unique capacity to express a broad array of TSAs when
compared to other thymic APC populations (Derbinski et al. 2001). Part of the
molecular answer of how such TSA expression could occur in mTECs came with
the discovery that the Aire protein was highly expressed in mTECs and that TSA
expression was in part, dependent on Aire (Anderson et al. 2002). AIRE was
originally identified as the defective gene in patients with the rare autosomal
recessive Mendelian syndrome called APS1 (for Autoimmune Polyglandular
Syndrome Type 1) (Aaltonen 1997). APS1 patients develop an array of organ-
specific autoimmune diseases that frequently target endocrine organs. Studies on
the mouse model of APS1, have demonstrated that Aire-deficient mTECs fail to
express many TSAs and a direct link between this and a failure in deletion of an
autoreactive T cell specific for this type of TSA has now been established (Su et al.
2008; Shum et al. 2009; DeVoss et al. 2010; Taniguchi et al. 2012). Thus, it appears
that TSA expression by mTECs is an essential component of tolerance as a defect in
properly driving this process leads to an organ-specific autoimmune process.

The mTEC compartment has also been shown to be phenotypically diverse and
dynamic. mTECs can be broadly segregated into MHC class IIlo/CD80lo (mTEC
lo) and MHC class IIhi/CD80hi (mTEC hi) subsets (Derbinski et al. 2005). Inter-
estingly, AIRE-expression is restricted to the mTEC hi subset and mTEC hi cells
demonstrate a broader array of TSA expression than mTEC lo cells (Derbinski
et al. 2005). In BrdU labeling experiments, mTECs appear to have a turnover rate
of two weeks and mTEC lo cells have been shown to give rise to mTEC hi cells in
fetal thymic organ culture experiments (Gray et al. 2007; Rossi et al. 2007). Thus,
it appears that mTECs are in a state of constant turnover and replacement. On an
individual cell basis, it appears that TSA expression is stochastic in that there is
heterogeneity between individual cells in which TSAs are expressed (Derbinski
et al. 2008; Villasenor et al. 2008) and this may help ensure that there is a broad
array of self-antigen present across the thymic medulla at all times. It also appears
that thymocytes reside in the medulla for an extended period of time with recent
estimates being around a four-day transit time (McCaughtry et al. 2007). Thus,
thymocytes in the medulla may go through extensive scanning of mTECs and DCs
to also help ensure exposure to self-antigens.

The maturation and development of mTECs has now been linked to signaling
through the TNF-like receptors RANK and CD40 (Akiyama et al. 2008; Rossi
et al. 2007; Hikosaka et al. 2008) and to a lesser extent, signaling through the
lymphotoxin beta receptor (Venanzi et al. 2007; Mouri et al. 2011; Boehm et al.
2003). Mice with deficiencies in RANK/RANK-ligand or CD40/CD40 ligand have
been shown to have a defect in the generation of mTEC hi cells in the medulla. In
addition, intracellular signaling molecules downstream of these receptors like
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TRAF6 and Nik have also been implicated in the mTEC maturation process
(Akiyama et al. 2005; Kajiura et al. 2004).

The molecular mechanisms by which Aire helps promote TSA expression are
also an area of intense investigation. The PHD1 domain of Aire has been dem-
onstrated by multiple groups to bind specifically to H3 histone tails that have the
fourth lysine position unmethylated (H3K4Me0) (Org et al. 2008; Koh et al. 2010).
This recognition links Aire to an epigenetic mechanism for identifying TSA genes
to target. An extensive survey of proteins that are pulled down with Aire in
transfected cells has demonstrated that AIRE interacts with proteins involved in
DNA repair, particularly DNA-PK, and this may be another clue as to how TSA
genes are targeted for induction of gene expression (Abramson et al. 2010).
Finally, Aire has also been implicated in promoting transcriptional elongation of
stalled RNA polymerase and this may be yet another component of how TSA
expression is induced in mTECs (Oven et al. 2007; Giraud et al. 2012). Interest-
ingly, it is important to note that Aire-deficient mTECs still display the ability of
expressing some TSAs. This suggests that there may be other yet to be identified
factors that allow mTECs to express TSAs.

Another important APC population resident to the thymic medulla are bone
marrow-derived DCs. Thymic DCs can be broadly segregated into three distinct
subsets: (1) plasmacytoid DCs (pDCs), which are CD11c Intermediate, B220+, (2)
conventional DCs (cDCs), which are CD11c+, CD8-, Sirpa+, and (3) CD8+ DCs,
which are CD11c+, CD8+, and Sirpa-. Interestingly, the CD8+ DC subset is
thought to be derived from a pre-T lymphoid progenitor recruited into the thymus,
while the other two subsets likely migrate in from the periphery through alter-
native pathways. All three subsets are equipped with MHC class II and co-stim-
ulatory ligand expression although this is somewhat less in the pDC subset. There
has been evidence that the cDC subset can pick up peripheral antigens and bring
them to the thymus for the induction of tolerance (Li et al. 2009; Bonasio et al.
2006). How abundant this process is for the induction of central tolerance remains
to be determined, however, it is important to note that if extensive migration of
peripheral self-antigens to thymus via DC pick up and migration was a dominant
mechanism, it would make little sense for the generation of the TSA expression
system to exist in the mTEC compartment. Thymic DCs likely play a critical role
in the display of blood-borne and ubiquitously expressed self-antigens in the
thymic medulla given that they are professionally equipped for this process. It is
also important to note that although thymic DCs preferentially home to the
medulla, there are also detectable DCs in the cortex and thus, DCs are likely
contributing to negative selection in both compartments.

DCs exhibit the ability to endocytose or phagocytose nearby antigens for pre-
sentation in the MHC class II pathway and also in the MHC Class I pathway via
cross-presentation. Thus, one interesting prevailing model regarding the display of
TSAs in the medulla is that mTECs may ‘‘hand off’’ such antigens for display to
thymocytes. In fact, there is experimental data to support this notion, particularly
for MHC class II restricted display (Gallegos and Bevan 2004; Taniguchi et al.
2012; Koble and Kyewski 2009), however, there is some conflicting data on this
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model (Hubert et al. 2011). Interestingly, mTECs are equipped with MHC class II
expression and antigen processing and presentation machinery. This begs the
question as to if and how TSAs are displayed directly on mTEC MHC class II
since the preferred pathway for presentation is through exogenous acquisition of
antigen. Recently, Klein and colleagues have demonstrated that at least some
mTECs display evidence of autophagosomes and this may be a method for mTECs
to have mTEC-derived TSAs crossover into the MHC Class II antigen presentation
pathway (Nedjic et al. 2008). Taken together, a picture is beginning to emerge for
central tolerance whereby specialized activities of various APC populations resi-
dent to the thymus work in concert to drive the delicate balance of positive and
negative selection. The thymic medulla appears to be a dynamic compartment
characterized by mTEC turnover and diverse self-antigen expression and display
which helps promote the deletion of autoreactive specificities.

1.2 Tolerance Through Treg Selection

Regulatory T cells (Treg) are a subpopulation of T cells necessary for suppression
of self-reactive T cells in the periphery. In addition to negative selection of
autoreactive T cells, selection of Tregs occurs in the thymus. Both of these pro-
cesses are critical for immune tolerance. An initial piece of evidence to suggest the
presence of a suppressive T cell population that was derived from the thymus came
from the observation of autoimmune pathology in neonatal thymectomized mice.
Early studies by Nishizuka and Sakakura first described ‘‘ovarian dysgenesis’’ after
thymectomy day 2 after birth but not day 4 (Nishizuka and Sakakura 1969).
Although these results were initially thought to be due to a hormone deficiency,
later experiments found it to be an autoimmune lesion and thus, first implicated the
thymus as a critical organ for prevention of self-reactivity. The thymic emigrants
necessary to prevent the pathology were later named suppressor T cells as intro-
duction of T cells from adult mice prevented the autoimmunity caused by early
thymectomy (Sakaguchi et al. 1982). This work and others suggested the presence
of a T cell population present in the periphery with self-reactive specificity that
was responsible for the autoimmune pathology observed in the thymectomized
mice and another thymic-derived T cell subset that could suppress these cells. It is
now accepted that conventional T cells also have the ability to differentiate into
FoxP3-expressing Tregs in the periphery but this section of the review will focus
on the differentiation of natural or thymic Tregs.

Tregs were later defined as a population of CD4+ as well as CD25+ (IL-2Ra
chain) cells (Sakaguchi et al. 1995). In these studies, depletion of the CD25+ Treg
subset from CD4+ cells and subsequent transfer into nude mice resulted in auto-
immune pathology. Further insight into the molecular determinants of Treg dif-
ferentiation came from identifying a frameshift mutation in FoxP3 as the cause of
the lymphoproliferative disorder in the Scurfy mouse phenotype (Brunkow et al.
2001). In parallel, human studies in Immunodysregulation Polyendocrinopathy
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Enteropathy X-linked syndrome (IPEX) patients linked the Scurfy mouse pheno-
type with the pathologies observed in those patients and ultimately the FoxP3
mutation (Chatila et al. 2000; Wildin et al. 2001; Bennett et al. 2001). Soon after,
FoxP3 was identified as the master regulator of Treg differentiation as deletion of
FoxP3 in T cells caused autoimmune pathology and transfer of CD4+ CD25+ cells
into FoxP3-deficient mice rescues from disease (Fontenot et al. 2005; Fontenot
et al. 2003; Hori 2003; Khattri et al. 2003).

Treg TCR and self-antigen specificity. Evidence that TCR specificity is
important for Treg differentiation came from the observation that not all speci-
ficities can generate Tregs. For example, Tregs were only detected in D011.10
TCR transgenic mice when there were endogenous TCR alpha chains present and
not in the RAG knockout background (Itoh et al. 1999). The hypothesis that Tregs
have specificity for self-antigen was supported by elegant studies where prefer-
ential selection of Tregs was observed only when both a TCR transgene and its
cognate neo-self-antigen were present (Jordan et al. 2001). These and other studies
using TCR transgenics and a second transgene as a source of cognate endogenous
self-antigen formed the basis for the idea that the TCR avidity for self-antigen
needed for Treg selection is intermediate between what drives positive and neg-
ative selection (Fig. 2a) (Knoechel et al. 2005). In support of the notion that the
antigen specificity for Tregs is distinct from that of conventional T cells, TCR
repertoire analysis of both thymic T cell populations showed that they do indeed
have different repertoires although some overlap was observed (Hsieh et al. 2004;
Pacholczyk et al. 2006; Wong et al. 2007). Retroviral expression in RAG-deficient
TCR transgenic T cells of TCRa chains derived from CD25+ but not CD25- T
cells led to a high frequency of expansion in lymphopenic hosts (Hsieh et al.
2004). Again, these data provide further evidence for the self-antigen specificity of
thymic Tregs.

Discovery of the Niche. Transgenic expression of TCRs derived from naturally
arising Tregs led to the unexpected result of the lack of thymic Tregs (Bautista
et al. 2009; Leung et al. 2009). Further analyses demonstrated that the frequency of
Tregs was inversely proportional to the clonal frequency and the most efficient
Treg generation with observed with very low precursor numbers. In addition, these
studies showed that the number of Tregs plateaued suggesting that there is an
intraclonal competition for limiting factors in the thymus. Retrogenic mice
expressing thymic Treg TCRs proliferate only under lymphopenic conditions
presumably when antigen is no longer limiting (Hsieh et al. 2004, 2006). This
‘niche’ model suggests that whether or not a T cell becomes a Treg depends on
what interactions it has in the thymus, which is distinct from clonal deletion.

TCR signal strength. Contrary to Brunet’s clonal selection theory, encounter
with self-antigen in the thymus has two outcomes: negative selection and Treg
selection. An avidity-dependent selection process for Tregs was suggested by
studies where lower affinity TCR transgenic thymocytes were not selected to
become Tregs, even with expression of cognate antigen expressed on a second
transgene (Jordan et al. 2001). Through the use of Nur77 GFP transgenic mice
where GFP levels reflect TCR signal strength, higher GFP levels were detected in
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thymic Tregs. In a Treg-derived TCR transgenic also containing the Nur77
reporter, higher GFP levels were only detected with lower precursor frequency
(Moran et al. 2011). The importance of signal strength may explain why certain
Treg TCR transgenics may result in negative selection as transgene expression
levels may favor deletion (DiPaolo and Shevach 2009). Another scenario that
suggests that moderate affinity is important for Treg induction is the reduction of
antigen presentation in mTECs through synthetic miRNA-mediated knockdown of
CIITA. In these studies, T cell fate was redirected from deletion to Treg cell
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Fig. 2 a Strength of TCR stimulation leads to differential T cell fate. Recent data suggests that
strong TCR stimulation induces negative selection, whereas moderate and lower affinity
interactions lead to survival and/or regulatory T cell (Treg) differentiation. b Model for Treg
development. Following a high/moderate affinity MHCII/self-antigen interaction with the Treg
TCR, the Treg precursor then upregulates CD25. CD25 allows responsiveness to IL-2-mediated
signals which induce expression of FoxP3 and lead to the generation of a mature regulatory T cell
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selection (Hinterberger et al. 2010). Recent studies using the RIP-mOva and TCR
retrogenics that recognize Ova with varying affinity suggest that the affinity needed
for negative selection is about 100-fold higher than that found to promote Treg
differentiation (Lee et al. 2012). In addition, those TCRs that led to Treg gener-
ation ranged in affinity within a 1000-fold range.

Cytokine plus self-antigen As mentioned earlier, Tregs express the marker
CD25 on their cell surface, which also suggests continued stimulation from anti-
gen encounter in the thymus. Aside from potentially indicating thymic Treg
activation, expression of CD25 or the alpha chain of the high affinity IL-2 receptor
on Tregs implicated IL-2 signaling in Treg maintenance. Evidence of the impor-
tance of IL-2 in Treg generation was shown through the observed autoimmunity in
IL-2 deficient mice (Sadlack et al. 1993; Schorle et al. 1991). Similarly, the
autoimmune phenotype of CD25 or CD122 (IL-2R beta chain) knockout mice
reinforces the idea that IL-2 signaling is necessary for thymic Treg maintenance
(Suzuki et al. 1995; Willerford et al. 1995). Although the phenotype of IL-2
deficient mice is less severe than what has been observed in STAT5-deficient
animals, it is possible that other cytokines that share the common gamma chain
such as IL-7 and IL-15 also contribute to Treg maintenance in the absence of IL-2
(Yao et al. 2007). From these studies and others, the following two-step model has
been proposed where TCR engagement leads to the upregulation of IL-2R on
thymic Tregs and consequently FoxP3 expression (Fig. 2b) (Lio and Hsieh 2008).
A model in which STAT5 was constitutively expressed resulted in a larger Treg
compartment (Burchill et al. 2008). IL-2 signaling may also influence Tregs
through shaping the repertoire composition and size or by providing survival
signals for Tregs (Burchill et al. 2008; D’Cruz and Klein 2005).

Additionally, TGFb signaling has been implicated in thymic Treg development
in that both TGFbRI and TGFbRII deficient mice had a reduction in the first wave
of thymic Tregs (Liu et al. 2008; Marie et al. 2006). Although initial studies in
TGFbRII knockout mice had no observed difference in thymic Tregs, it is thought
that perhaps IL-2 induced proliferation of the remaining Tregs was responsible for
the recovery in Treg numbers (Ouyang et al. 2010).

Cell types that induce Treg differentiation. The antigen presenting cells in the
thymus also contribute to Treg selection. Various groups have shown the impor-
tance of CD28/B7.1 and B7.2 signaling for nTreg induction and all thymic APC
types can contribute to this costimulatory signal. Some of the first evidence in
support of mTECs being important in nTreg selection came from studies showing
that a self-antigen expression by the thymic stroma induced the generation of
Tregs (Jordan et al. 2001; Apostolou et al. 2002). Transgenic expression of
hemagglutinin (HA) under the control of Aire regulatory elements along with an
HA-specific TCR showed that expression of antigen specifically in the thymic
epithelium resulted in Treg generation (Aschenbrenner et al. 2007). Furthermore,
studies showing that lowering MHCII levels specifically in mTECs using trans-
genic expression of a microRNA specific to CIITA leads to enhanced Treg
selection suggest that direct antigen presentation by mTECs leads to efficient Treg
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selection (Hinterberger et al. 2010). mTECs may also serve as a self-antigen
reservoir for DCs that influence Treg differentiation. Both pDCs and cDCs can be
found in the thymus. DCs have been shown to have a strong capacity to induce
in vitro Treg differentiation with the CD8lo Sirpa+ subset being most robust
(Watanabe et al. 2005; Proietto et al. 2008). Conversely, depletion of DCs using
the CD11cDTR transgenic mouse led to a reduction in Treg numbers (Darrasse-
Jeze et al. 2009). It has been proposed that both DCs and mTECs cooperate to
eliminate autoreactive T cells and similarly, this may be the case during Treg
differentiation (Gallegos and Bevan 2004; Spence and Green 2008). Further,
epithelial cells may provide cues for thymic DCs like XCL-1 for DC migration or
TSLP for tDC expression of costimulatory molecules (Watanabe et al. 2005; Lei
et al. 2011). Aside from being involved in the differentiation of Tregs, it remains to
be tested if mTECs influence Tregs in other aspects such as TCR repertoire.

2 Concluding Remarks

As the site critical for the education of T cells, the thymus is necessary to limit the
escape of self-reactive conventional CD4+ T cells to the periphery. The thymus is
also essential to generate regulatory T cells that suppress conventional CD4+ T
cells and thus impose additional tolerance mechanisms. Remarkably, the interac-
tions of thymic APCs and T cells likely follows a complex series of events that
include positive selection in early T cell development with subsequent negative
selection or positive Treg selection of T cell clones with autoreactive specificities
and this has been an area that has seen rapid progress in recent years. This elegant
selection process thus allows for a diverse T cell repertoire that is tolerant to self,
yet poised for immune responses against diverse pathogens. Moving forward,
future challenges lie on how this selection process could be manipulated to either
enhance tolerance as in autoimmune disease settings or break tolerance as in
cancer immunotherapy.
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