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Preface

The thymus is an evolutionarily ancient primary lymphoid organ common to all
vertebrates in which T-cell development takes place. Remarkably, in jawed ver-
tebrates the overall histological structure of the thymus has not changed over
several 100 million years, as illustrated by the fact that the thymus of cartilaginous
fishes already possesses an outer cortical and inner medullary region. This sur-
prising stability of tissue organization underlies a conserved mechanism of T-cell
differentiation that is a characteristic of the adaptive immune functions in all
vertebrates.

The two major aspects of thymopoiesis, namely the development of the stromal
microenvironment of the thymus and the development of T-cells, are addressed by
the papers in this volume. Yousuke Takahama and Graham Anderson and their
colleagues discuss cell biological and molecular aspects of epithelial differentia-
tion in the cortical and medullary regions of the thymus. Although these two
compartments are functionally interconnected, their properties are quite distinct as
they support different stages of thymocyte development. Lo and Allen discuss the
molecular basis of positive selection, the process by which the thymic microen-
vironment influences the formation of the repertoire of the T-cell receptors (TCRs)
expressed on developing T-cells. Because TCRs can also exhibit self-reactivity,
this property needs to be carefully controlled to avoid undesired autoimmunity; in
their chapter, Maria Mouchess and Mark Anderson address the mechanisms by
which the thymus imposes the essential central tolerance on T-cells. The last two
chapters elaborate additional important aspects of haematopoietic cell differenti-
ation: Zhang and Bhandoola discuss recent progress in understanding the many
factors that regulate the homing of T-cell precursors to the thymic rudiment and
also touch upon the question of which cell type(s) colonize the thymus; finally,
Tanaka and Taniuchi discuss how genetic and epigenetic mechanisms regulate the
decision between CD4 and CD8 lineage differentiation.

v



The contributions in this volume not only provide state-of-the-art overviews of
the various aspects of thymopoiesis written by leading experts in the field, they
also illustrate how far we have come in our understanding of thymus development
and T-cell differentiation and how these observations might be translated into
improved diagnosis and treatment of various immunodeficiency and autoimmune
disorders disrupting thymus function.

Thomas Boehm
Yousuke Takahama
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Development and Function of Cortical
Thymic Epithelial Cells

Kensuke Takada, Izumi Ohigashi, Michiyuki Kasai, Hiroshi Nakase
and Yousuke Takahama

Abstract The thymic cortex provides a microenvironment that supports the
generation and T cell antigen receptor (TCR)-mediated selection of
CD4+CD8+TCRab+ thymocytes. Cortical thymic epithelial cells (cTECs) are the
essential component that forms the architecture of the thymic cortex and induces
the generation as well as the selection of newly generated T cells. Here we
summarize current knowledge on the development, function, and heterogeneity of
cTECs, focusing on the expression and function of b5t, a cTEC-specific subunit of
the thymoproteasome.
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1 Introduction

The thymus provides a microenvironment that is essential for T cell development
and repertoire formation. The thymic cortex supports early T cell development and
repertoire selection of developing thymocytes, whereas the thymic medulla sup-
ports the establishment of self-tolerance of newly generated T cells by attracting
positively selected thymocytes for further negative selection and regulatory T cell
development. The thymic cortex contains a network of cortical thymic epithelial
cells (cTECs) and a high density of immature thymocytes. Macrophages and
dendritic cells are also found in the thymic cortex. This chapter summarizes
current knowledge on the development, function, and heterogeneity of cTECs,
focusing on the expression and function of b5t, a recently identified cTEC-specific
subunit of the thymoproteasome.

2 Development of cTECs

cTECs are epithelial cells that are localized in the cortex of the thymus. cTECs are
derived from TEC progenitor cells that originate from the endodermal epithelium
of the third pharyngeal pouch. As the thymoproteasome subunit b5t is expressed
exclusively in cTECs, a better understanding of the mechanisms of the cTEC-
specific expression of b5t will be useful for clarifying the molecular mechanisms
of the development and regeneration of cTECs.

2.1 Thymus Organogenesis

The third pharyngeal pouch, which generates the thymus and the parathyroid
gland, is formed by embryonic day (Ed) 9.5 in mouse. Transcription factors such
as Hoxa3, Pax1/9, Eya1, Six1/4, and Tbx1 regulate the formation of pharyngeal
arches and pouches, including the organogenesis of the thymus, and a defect in any
of those transcription factors leads to abnormal organogenesis of the thymus
(Manley and Capecchi 1995; Su et al. 2001; Jerome and Papaioannou 2001;
Hetzer-Egger et al. 2002; Zou et al. 2006). In human, Tbx1 deficiency caused by
the deletion of chromosome 22q11.2 in DiGeorge syndrome patients is often
associated with congenital hypoplasia of the thymus (Merscher et al. 2001;
Lindsay et al. 2001; Jerome and Papaioannou 2001).

The development of the third pharyngeal pouch is followed by the formation of
the thymus-specific and parathyroid-specific primordia, which are characterized by
the expression of transcription factors Foxn1 and Gcm2, respectively (Nehls et al.
1994; Gordon et al. 2001). Foxn1 mutations are associated with the nude pheno-
type that is characterized by severe thymic hypoplasia in mouse and human (Nehls
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et al. 1994, 1996; Adriani et al. 2004). The Foxn1-expressing thymus primordium,
which is detectable as early as Ed 11.5 in mouse, contains progenitor cells that
give rise to thymic epithelial cells (TECs) including cTECs and medullary TECs
(mTECs) (Blackburn et al. 1996; Gill et al. 2002; Bennett el al. 2002). Upon
ectopic transplantation of the endoderm containing the third pharyngeal pouch
region under the kidney capsule of Foxn1-deficient nude mouse, the functional
thymus including cTECs and mTECs is generated in the graft (Gordon et al. 2004).
Thus, TECs, including cTECs and mTECs, are derived from Foxn1-expressing
endodermal epithelial cells that are generated at the third pharyngeal pouch.

Following the development of the Foxn1-expressing thymus primordium, the
thymus is seeded by hematopoietic cells that produce T cells. The Foxn1-depen-
dent thymus primordium produces CCL25, a CCR9 ligand chemokine, whereas
the Gcm2-dependent parathyroid primordium produces CCL21, a CCR7 ligand
chemokine. The coordination between Foxn1-dependent thymic and Gcm2-
dependent parathyroid primordial leads to the establishment of the CCL25/CCR9-
and CCL21/CCR7-mediated chemokine guidance essential for prevascular fetal
thymus colonization (Liu et al. 2006).

2.2 TEC Progenitor Cells and cTEC Development

Single-cell-based clonal analysis of TECs isolated from Ed 12 thymus primordium
revealed that cTECs and mTECs are derived from common TEC progenitor cells
(Rossi et al. 2006). The differentiation of bipotent TEC progenitor cells into cTECs
and mTECs is postnatally detectable, suggesting that the postnatal thymus is
maintained by a continuous supply of TECs from TEC progenitor cells (Bleul et al.
2006). However, the molecular and cellular characteristics of common TEC pro-
genitor cells are unclear.

Regarding the development of mTECs, it has been reported that Aire-
expressing mTECs, which are crucial for the establishment of self-tolerance in T
cells, are differentiated from mTEC-specific progenitor cells, which are charac-
terized by the expression of tight junction molecules claudin-3 and claudin-4
(Hamazaki et al. 2007). NF-jB transcription factors activated by thymocyte-
derived signals through TNF superfamily receptors, including RANK, CD40, and
lymphotoxin-b receptor, have been identified to be essential for mTEC develop-
ment and medulla formation (van Ewijk et al. 1994; Burkly et al. 1995; Shinkura
et al. 1999; Boehm et al. 2003; Akiyama et al. 2005, 2008; Rossi et al. 2007;
Hikosaka et al. 2008). However, few studies have addressed the mechanisms of
cTEC development. Embryonic TECs that express the cell surface molecule
CD205, which is expressed by cTECs and dendritic cells but not mTECs, are
detectable as early as Ed 12 in mouse and may represent an intermediate stage of
developing TECs between common TEC progenitor cells and mature cTECs
(Shakib et al. 2009). The role of thymocyte-derived signals in the promotion of
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cTEC development has also been documented (Holländer et al. 1995; Klug et al.
1998, 2002; Zamisch et al. 2005; Fiorini et al. 2008).

2.3 b5t Expression in cTECs

b5t is a cTEC-specific subunit of the thymoproteasome, and is essential for the
positive selection of the majority of CD8+ T cells (Murata et al. 2007; Nitta et al.
2010; Takahama et al. 2012). As far as we are aware of, b5t is expressed exclu-
sively in cTECs (Murata et al. 2007; Mat Ripen et al. 2011; Takahama et al. 2012).
No other molecules so far reported are exclusively expressed in TEC lineages. For
example, Foxn1 is additionally expressed in the skin (Weiner et al. 2007; Hu et al.
2010), whereas Aire is additionally expressed during early development (Schaller
et al. 2008; Nishikawa et al. 2010). Thus, a better understanding of the mecha-
nisms of cTEC-specific b5t expression will be useful for clarifying the molecular
mechanisms of cTEC development.

b5t is detectable in mouse embryonic thymus as early as Ed 12.5, approxi-
mately one day after the detection of Foxn1 expression in the thymus primordium
(Mat Ripen et al. 2011). b5t-expressing cells in Ed 12.5 fetal thymus tend to
localize at the ventral and outer region, which is distinct from the dorsal and inner
region where mTEC progenitor cells that express claudin-3 and claudin-4 tend to
localize (Mat Ripen et al. 2011). b5t expression in Ed 12.5 fetal thymus is not
diminished in CCR7 and CCR9 double-deficient mouse (Mat Ripen et al. 2011), in
which fetal thymus colonization by T-lymphoid progenitor cells is severely
defective (Liu et al. 2006; Calderón and Boehm 2011), suggesting that thymus
colonization by T-lymphoid progenitor cells and subsequent signals from devel-
oping thymocytes are not required for embryonic b5t expression. On the other
hand, b5t-expressing cells in Ed 13.5 fetal thymus are not detectable in Foxn1-
deficient nude mice (Mat Ripen et al. 2011), indicating that Foxn1 directly or
indirectly contributes to the expression of b5t.

Nevertheless, b5t is dispensable for the development of cTECs and the for-
mation of the thymic cortex (Murata et al. 2007; Nitta et al. 2010).

2.4 cTECs in Thymic Involution

After puberty, the thymus diminishes in size and the thymic parenchyma is
replaced with adipose tissue. The thymic involution is associated with decreases in
the numbers of cTECs and mTECs (Gray et al. 2006) and the decline in the
number and diversity of T cells produced (Douek et al. 1998; Rudd et al. 2011).
Whereas cTECs decrease with age, their regenerative potential was documented
by the employment of CCX-CKR1-mediated diphtheria toxin receptor induced
ablation of cTECs (Rode and Boehm 2012).
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3 Function of cTECs

Lymphoid progenitor cells enter the postnatal thymus through the blood vessels,
which tend to localize around the corticomedullary junction. Upon entry into the
thymus, lymphoid progenitor cells, or immature CD4-CD8- double-negative
(DN) thymocytes, migrate toward the subcapsular region of the thymic cortex and
are initiated to undergo proliferation and differentiation into T-lineage cells. DN
thymocytes that succeed in the in-frame TCRb V(D)J rearrangement express the
pre-TCR complex and thereby differentiate into CD4+CD8+ double-positive (DP)
thymocytes. This developmental process is termed b-selection. DP thymocytes are
highly motile in the microenvironment of the thymic cortex and scan self-peptides
available in the thymic cortex. Positively selected thymocytes are induced to
survive and further differentiate into CD4+CD8- or CD4-CD8+ single positive
(SP) thymocytes, which migrate into the thymic medulla for further development
and selection before the export of T cells to the circulation. cTECs play a major
role in providing the microenvironment for the generation of DP thymocytes and
their selection in the thymic cortex.

3.1 Generation of DP Thymocytes

Immature DN thymocytes, which are often subdivided into four subpopulations
based on the expression of CD44 and CD25, undergo proliferation and differen-
tiation into DP thymocytes by progression through DN1 (CD44+CD25-), DN2
(CD44+CD25+), DN3 (CD44-CD25+), and DN4 (CD44-CD25-) stages. Signals
via Notch, IL-7 receptor, and pre-TCR essentially support the generation of DP
thymocytes (Thompson and Zúñiga-Pflücker 2011). The plasma membrane
expression of the pre-TCR complex that contains successfully rearranged TCRb
and invariant pre-TCRa chains can induce an autonomous signal without any
ligand engagement (Yamasaki and Saito 2007). However, the ligands for Notch
and IL-7 receptor are provided by cTECs (Fig. 1).

3.1.1 DLL4

In mammals, the Notch family is composed of four transmembrane proteins;
Notch1, Notch2, Notch3, and Notch4. The engagement of those Notch receptors
by their ligands, including DLL1, DLL3, DLL4, Jagged1, and Jagged2, triggers
the proteolytic cleavage of Notch proteins and generates the intracellular domain
of Notch, which relocates into the nucleus and controls the transcription of target
genes by the formation of a molecular complex with DNA-binding transcription
factors (Radtke et al. 2004). In the thymus, various Notch receptors and ligands are
expressed on both developing thymocytes and stromal cells (Radtke et al. 2004).

Development and Function of Cortical Thymic Epithelial Cells 5



Notch1 signal continuously affects T cell development throughout the DN stages,
including T cell lineage specification (Radtke et al. 1999; Wilson et al. 2001; Bell
and Bhandoola 2008; Wada et al. 2008) and subsequent b-selection (Wolfer et al.
2002; Ciofani and Zúñiga-Pflücker 2005; Maillard et al. 2006). Although both
DLL1 and DLL4 can induce thymocyte development from early precursors with
multipotency in in vitro culture with OP9 stromal cells (Schmitt and Zúñiga-
Pflücker 2002; Hozumi et al. 2004), DLL4 but not DLL1 expressed by cTECs
plays an essential role in the induction of early thymocyte development in vivo
(Hozumi et al. 2004, 2008; Koch et al. 2008). DLL4 is expressed by most cTECs
whereas its expression in mTECs is limited to a small fraction and the loss of
DLL4 in TECs leads to a complete block of T cell development and the ectopic
appearance of B cells in the thymus (Koch et al. 2008; Hozumi et al. 2008).

Fig. 1 A model for cTEC contributions to T cell development. The progression of proliferation
and differentiation of DN thymocytes requires signals through Notch and IL-7 receptor at
multiple stages. cTECs provide DLL4, the Notch ligand, and IL-7, the IL-7 receptor ligand. In
addition, self-peptides presented on the surface of cTECs in association with MHC molecules
essentially induce the positive selection of DP thymocytes. IL-7 is also involved in the
development of CD8 SP thymocytes during the positive selection of thymocytes. The positively
selected thymocytes differentiate into SP thymocytes and migrate to the thymic medulla, which
provides the microenvironment that supports further thymocyte development and the establish-
ment of self-tolerance in T cells
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3.1.2 IL-7

IL-7 signaling is also essential for early thymocyte development. The genetic
ablation of IL-7 or IL-7 receptor results in severe defects in T cell development,
which are associated with increased apoptosis and reduced cell cycle progression
of DN thymocytes (Peschon et al. 1994; von Freeden-Jeffry et al. 1997). The
impaired T cell development in the absence of the IL-7 signal is at least partly
restored by protecting cells from apoptosis (Maraskovsky et al. 1997; Kondo et al.
1997; Pellegrini et al. 2004), suggesting that IL-7 plays an important role in
providing survival signals for immature thymocytes. In addition to its important
role during DN stages, IL-7 contributes to the specification of the differentiation of
positively selected thymocytes into CD4-CD8+ SP thymocytes (Park et al. 2010).
Studies of several lines of reporter mice harboring fluorescent protein genes
controlled by IL-7 promoter elements have shown that IL-7 in the thymus is
expressed in various stromal cells including cTECs, mTECs, and mesenchymal
cells (Alves et al. 2009; Mazzucchelli et al. 2009; Hara et al. 2012). cTECs express
high levels of IL-7 compared to other stromal cell populations, suggesting that
cTECs play a major role in providing IL-7 to DN and DP thymocytes (Hara et al.
2012).

3.1.3 TGF-b

TGF-b is a cytokine that regulates the proliferation and differentiation of various
cells. It was shown that TGF-b1 and TGF-b2 were expressed by cTECs, including
the subcapsular epithelium, and regulated the generation of DP thymocytes
through control of the cell cycle progression of CD8low immediate precursor cells
(Takahama et al. 1994).

3.2 TCR-Mediated Selection of DP Thymocytes

DP thymocytes, which are newly generated in the thymic cortex, express a virgin
repertoire of TCR specificities that are generated by the V(D)J rearrangement of
TCR ab genes. DP thymocytes that interact with antigen-presenting cells through
the low-affinity engagement of TCR with self-peptide-MHC complexes available
in the thymic cortex are positively selected to survive and undergo further dif-
ferentiation into CD4+CD8- or CD4-CD8+ SP thymocytes. Within the thymic
cortex, cTECs play a primary role as self-antigen-presenting cells that induce
positive selection (Laufer et al. 1996) (Fig. 1). It is now known that intracellular
proteolytic enzymes that are uniquely or highly expressed in cTECs contribute to
the production of self-peptides that induce positive selection.

Development and Function of Cortical Thymic Epithelial Cells 7



3.2.1 CD4 T Cell Lineage: Cathepsin L and TSSP

MHC class II molecules are loaded with peptides that are present in late endosomes.
Lysosomal proteases degrade invariant (Ii) chain leaving MHC class II associated Ii
peptide (CLIP) in the peptide-binding groove of MHC class II molecules (Neefjes
et al. 2011). Distinct from other professional antigen-presenting cells, such as
dendritic cells and mTECs, which highly express cathepsin S, cTECs express a
unique set of lysosomal enzymes, including cathepsin L (Nakagawa et al. 1998;
Honey et al. 2002) and thymus-specific serine protease (TSSP, Prss16) (Bowlus
et al. 1999; Carrier et al. 1999; Gommeaux et al. 2009; Viret et al. 2011a).
Cathepsin L mediates the degradation of Ii and the generation of self-peptides
(Nakagawa et al. 1998). Disruption of the gene encoding cathepsin L in mice results
in the reduction of CD4+CD8- SP thymocytes and peripheral CD4+ T cells by
60–80 %, despite the fact that the expression of surface MHC class II molecules by
cTECs is unaffected (Nakagawa et al. 1998; Honey et al. 2002). In mice deficient in
TSSP, the positive selection of T cells that express MHC class II restricted trans-
genic TCRs is impaired, whereas MHC class I restricted TCR-transgenic T cells are
not affected (Gommeaux et al. 2009). The number of polyclonal CD4+ T cells is not
diminished in TSSP-deficient mice (Cheunsuk et al. 2005; Gommeaux et al. 2009).
However, CD4+ T cells generated in TSSP-deficient mice poorly respond to an
antigenic peptide, and this poor response is correlated with the significant alteration
of the dominant TCR-b chain repertoire expressed by antigen-specific CD4+ T cells
(Viret et al. 2011a). The development of CD4+ T cells specific for an islet-derived
self-antigen is also impaired in TSSP-deficient mice, and this impairment may be
associated with the resistance of TSSP-deficient NOD mice to diabetes (Viret et al.
2011b). Thus, both cathepsin L and TSSP may contribute to the production of MHC
class II associated self-peptides that are uniquely expressed by cTECs and induce
the positive selection of CD4+ T cells. The fact that the phenotypes of CD4+ T cells
in cathepsin L-deficient mice and TSSP-deficient mice are different suggests the
non-overlapping roles of these two enzymes in cTECs, possibly in the generation of
different sets of self-peptides.

3.2.2 Autophagy

Autophagy is a protein degradation process in that organelles and cytoplasmic
proteins are digested via the lysosomes. Autophagy is activated in response to
nutrient starvation and contributes to the recycling of unnecessary proteins into
proteins essential for cell survival. It has been shown that autophagy, more spe-
cifically macroautophagy, is constitutively active in the majority of cTECs in
normal mice even without nutrient deprivation, and that the positive selection of
certain specificities of MHC class II restricted CD4+ T cells is impaired in mice
deficient in autophagy (Nedjic et al. 2008). Thus, probably by contributing to the
supply of lysosome-derived peptides that are loaded into MHC class II molecules in
cTECs, autophagy in cTECs is important for the positive selection of CD4+ T cells.
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3.2.3 CD8 T Cell Lineage: b5t-Containing Thymoproteasomes

MHC class I molecules present peptides that are derived from the cytoplasm.
Proteasomes are cytoplasmic proteolytic complexes that play a pivotal role in the
generation of peptides loaded on MHC class I molecules (Rock and Goldberg
1999). The proteolytic activity of proteasomes is mediated by three b subunits; b1,
b2, and b5. Whereas the constitutively expressed form of proteasomes contains b1,
b2, and b5 proteolytic subunits, IFNc-stimulated cells and professional antigen-
presenting cells, including dendritic cells and mTECs, produce a different set of
proteolytic subunits, b1i, b2i, and b5i, forming an alternative form of proteasomes
termed immunoproteasomes. Immunoproteasomes exhibit elevated chymotrypsin-
like activity compared to the constitutively expressed form of proteasomes,
preferentially generating cytoplasmic peptides that carry the hydrophobic carboxyl
termini, which efficiently bind to MHC class I molecules and thereby contribute to
efficient viral antigen presentation in virus-infected cells (Murata et al. 2009). A
few years ago, an additional proteasome subunit termed b5t was identified (Murata
et al. 2007). b5t is specifically expressed in cTECs and incorporated with b1i
and b2i to form a novel form of proteasomes termed thymoproteasomes (Murata
et al. 2007).

The diminished chymotrypsin-like activity of thymoproteasomes compared to
those of the other two forms of proteasomes, i.e., constitutively expressed pro-
teasomes and immunoproteasomes, results in reduced efficiency to produce
hydrophobic carboxyl terminal anchor residues for MHC class I binding (Murata
et al. 2007; Florea et al. 2010). Hence, cTECs are likely to present a unique
repertoire of MHC class I associated self-peptides that are distinct from those
expressed elsewhere in the body.

In b5t-deficient mice, the positive selection of CD8 SP thymocytes is impaired
but the positive selection of CD4 SP thymocytes is unaffected. The cellularity of
CD8 SP thymocytes and peripheral CD8+ T cells in b5t-deficient mice is reduced to
approximately 20–30 % of that in normal mice (Murata et al. 2007; Nitta et al.
2010). The remaining cells in b5t-deficient mice are likely selected by an altered set
of MHC class I associated self-peptides expressed by cTECs, where b5i-containing
immunoproteasomes are compensatively produced (Nitta et al. 2010; Takahama
et al. 2012). The magnitude of the dependence on b5t for positive selection is
different among different TCRs: for instance, the development of HY TCR and P14
TCR-transgenic CD8+ T cells is severely affected, whereas the development of 2C
TCR and OT-I TCR-transgenic CD8+ T cells is only moderately affected in b5t-
deficient mice (Nitta et al. 2010). In addition, b5t-deficient mice lack reactivity to
some, but not all, allogeneic antigens and viral infections (Nitta et al. 2010). Those
findings indicate that CD8+ T cells generated in the absence of thymoproteasomes
bear an altered TCR repertoire and that b5t-containing thymoproteasomes exclu-
sively expressed by cTECs are essential for the positive selection of the majority of
CD8+ T cells that carry functional competence.

Development and Function of Cortical Thymic Epithelial Cells 9



4 Heterogeneity of cTECs

The thymic cortex in the postnatal thymus contains several distinct microenvi-
ronments including the subcapsular region, the central cortex, and the peri-med-
ullary cortex (Boyd et al. 1993; Griffith et al. 2009). Staining profiles with
monoclonal antibodies and microscopic morphology as well as the location in the
thymic cortex has revealed at least four different subtypes in cTECs (Boyd et al.
1993). However, the functional difference among these four cTEC subtypes is
unclear. Global gene expression analysis of the subcapsular region, the central
cortex, and the peri-medullary cortex has shown inequality in the gene expression
profiles of those regions (Griffith et al. 2009).

4.1 Molecular Heterogeneity of cTECs

As described above (see Sect. 3), the key functions of cTECs are mediated by a
combination of molecules such as DLL4, IL7, MHC, b5t, cathepsin L, and TSSP.
It is therefore important to address whether cTECs consist of heterogeneous
populations that express a fraction of those molecules or represent a homogeneous
population that expresses all of those molecules. As the thymic cortex provides at
least two major functionally different microenvironments, namely, one for the
generation of DP thymocytes and another for the TCR-mediated selection of DP
thymocytes, it is tempting to speculate that those two different cortical microen-
vironments may be mediated by functionally distinct cTEC subpopulations.
However, flow cytometric analysis has shown that the majority ([80 %) of CD249
(Ly51, BP1)+ cTECs in the postnatal thymus express both DLL4 and b5t (Koch
et al. 2008; Nakagawa et al. 2012). The majority of cTECs also produce IL-7 (Hara
et al. 2012). The results suggest that DLL4-expressing cTECs and IL-7-expressing
cTECs, which contribute to the induction of early T cell development, largely
overlap with b5t-expressing cTECs, which contribute to the TCR-mediated
selection of cortical thymocytes.

Nonetheless, cTECs in the postnatal thymus consist of heterogeneous sub-
populations. Probably the most widely recognized heterogeneity in cTECs is the
variety in the expression intensity of class II MHC molecules (Yang et al. 2006;
Shakib et al. 2009). It can be ontogenically presumed that class II MHClow cTECs
may represent immature cells that later develop into class II MHChigh mature
cTECs, although this presumption has not been formally evaluated. cTECs are also
heterogeneous in the intensity of CD205 expression, consisting of CD205low

cTECs and CD205high cTECs (Shakib et al. 2009; Mat Ripen et al. 2011). The
heterogeneity of cTECs in the expression intensity of other molecules, including
DLL4 and IL7, has also been noted (Koch et al. 2008; Hara et al. 2012).
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4.2 Thymic Nurse Cells

Regarding the heterogeneity in cTECs, it should be interesting to discuss the
thymic nurse cell (TNC). TNC is a large epithelial cell that completely envelops
many viable lymphoid cells within its intracellular vesicles and is isolated by the
protease digestion of mouse and rat thymus tissues (Wekerle and Ketelson 1980;
Wekerle et al. 1980; Ritter et al. 1981; Kyewski and Kaplan 1982). TNC com-
plexes are found not only in rodent but also in many vertebrate species, including
human, bird, and fish (Ritter et al. 1981; van de Wijngaert et al. 1983; Rieker et al.
1995; Flaño et al. 1996). It was hypothesized that TNCs provide a microenvi-
ronment that is necessary for thymocyte proliferation and differentiation and that
the intra-TNC differentiation is an essential step in intrathymic T cell development
(Wekerle and Ketelson 1980; Wekerle et al. 1980; Shortman et al. 1986; de Waal
Malefijt et al. 1986). It was further hypothesized that the TNC complex is a site for
the positive and negative selection of T cells (Wick et al. 1991; Aguilar et al. 1994;
Guyden and Pezzano 2003). However, how TNCs are involved in T cell devel-
opment and selection had been unclear until recently. It had been even questioned
whether the TNC complexes indeed represent structures that are present in the
thymus in vivo or are artificially generated during cell isolation procedures in vitro
(Kyewski and Kaplan 1982; Tousaint-Demylle et al. 1990; Pezzano et al. 2001).
We have recently shown that cTECs, but not mTECs, in the postnatal mouse
thymus contain cellular complexes that are tightly associated with many thymo-
cytes. Approximately 10 % of b5t-expressing cTECs resemble TNC complexes
that completely enclose CD4+CD8+ cortical thymocytes. The cTEC-thymocyte
complexes, including TNCs, are detected in the thymic cortex intravitally. Inter-
estingly, the TNC complexes appear late during ontogeny but are not detected in
the adult thymus of various TCR-transgenic mouse lines in that the majority of
thymocytes can be positively selected, indicating that the formation of the TNC
complex is not an absolute requirement for T cell differentiation, including the
process of positive selection. Instead, the TNC complex represents a persistent
interaction between adhesive cTECs and long-lived DP thymocytes that undergo
secondary TCRa rearrangement. Thus, TNCs represent a subpopulation of b5t+

cTECs that provide a microenvironment for the optimization of TCR selection by
supporting the secondary TCR-Va rearrangement in long-lived DP thymocytes
(Nakagawa et al. 2012).

5 Conclusions

We have summarized current knowledge on the development, function, and het-
erogeneity of cTECs, focusing on the expression and function of b5t. Despite the
knowledge that cTECs belong to endodermal epithelial cells and are neither
lymphoid nor hematopoietic cells, cTECs are the essential component of the
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adaptive immune system by expressing molecules, including b5t and MHC class
II, whose functions are primarily appreciated in the adaptive immune system and
whose expression is detectable only in vertebrates, which possess the adaptive
immune system (Boehm 2009; Takahama et al. 2010). Thus, the acquisition of a
profound understanding of the immune system in vertebrates, including human,
requires a better understanding of the biology of non-hematopoietic cells,
including cTECs and mTECs, in addition to a better understanding of the biology
of hematopoietic cells, including lymphoid cells.
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Abstract The development of CD4+ helper and CD8+ cytotoxic T-cells expressing
the ab form of the T-cell receptor (abTCR) takes place in the thymus, a primary
lymphoid organ containing distinct cortical and medullary microenvironments.
While the cortex represents a site of early T-cell precursor development, and the
positive selection of CD4+8+ thymocytes, the thymic medulla plays a key role in
tolerance induction, ensuring that thymic emigrants are purged of autoreactive
abTCR specificities. In recent years, advances have been made in understanding
the development and function of thymic medullary epithelial cells, most notably the
subset defined by expression of the Autoimmune Regulator (Aire) gene. Here, we
summarize current knowledge of the developmental mechanisms regulating thymus
medulla development, and examine the role of the thymus medulla in recessive
(negative selection) and dominant (T-regulatory cell) tolerance.
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1 Introduction

T-cells bearing the alpha–beta T-cell receptor complex (abTCR) represent a
critical cellular component of immune responses aimed at targeting a wide range
of pathogens including bacteria and viruses. The development of abT-cells occurs
within the thymus, a process that is initiated following the entry of blood-borne
lymphoid progenitors originating from the fetal liver or bone marrow (Anderson
et al. 2007; Takahama 2006). Intrathymic T-cell development is a complex pro-
cess, and involves a series of steps including T-cell commitment, proliferation,
differentiation, selection, and migration. To accommodate this developmental
program, the thymus consists of distinct T-cellular microenvironments in which
thymocytes at particular developmental stages are housed. For example, immature
T-cell precursors defined by their lack of expression of CD4 and CD8 are enriched
in the subcapsular region, while their CD4+8+ progeny, representing the bulk of
thymocytes, reside within the thymic cortex. In contrast, the thymus medulla
provides a microenvironment for the most mature single positive (SP) CD4+ and
CD8+ cells expressing high levels of the abTCR. Importantly, these major regions
of the thymus are further defined by the phenotypically and functionally distinct
stromal cells that are contained within them, including cortical thymic epithelium
(cTEC) and medullary thymic epithelium (mTEC) (Alves et al. 2009).

Current models of thymic function are based upon the idea that an ordered
process of T-cell development occurs as a result of the sequential migration of
developing thymocytes through these distinct stromal microenvironments, ensur-
ing that they receive important signals and cell–cell interactions in an appropriate
order and context (Petrie and Zuniga-Pflucker 2007). The primary aim of this
review is to discuss the role of the thymus medulla in abT-cell development. In
particular, we will summarize the current knowledge of the cellular and molecular
interactions that lead to thymic medulla formation, focusing on the processes
involving maturation of mTEC. In addition, we will examine how thymic med-
ullary environments contribute to both deletional and dominant self-tolerance
mechanisms that operate upon the newly positively selected abTCR repertoire.
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2 Cellular Features of the Thymic Medulla

2.1 Medullary Hemopoietic Non-T Lineage Cells

While the major hemopoietic compartment of the thymic medulla consists of
CD4+ and CD8+ abTCRhi thymocytes generated as a result of positive selection in
the thymic cortex, it also contains a variety of hemopoietic accessory cells that are
linked to its function. Notably, thymic dendritic cells (tDC) are enriched in
medullary areas and at the surrounding cortico-medullary junction. Given the role
of tDC in purging the positively selected repertoire of potentially autoreactive
specificities, such positioning is likely to be of importance in the screening of
newly selected cells as they migrate from the cortex into the medulla. Interest-
ingly, tDC are heterogeneous, suggestive of differing roles in thymocyte differ-
entiation. Thus, in the adult thymus, three phenotypically distinct tDC subsets have
been identified, namely plasmacytoid DC (pDC), and two subsets of conventional
DC (cDC) that can be defined by CD8alowCD11b+SIRPa+ and CD8a-
highCD11b-SIRPa- phenotypes. Interestingly, these distinct tDC subsets have dis-
tinct developmental origins—while SIRPa- tDC are generated intrathymically
from immature progenitors, both SIRPa+ tDC and pDC are recruited to the thymus
from the periphery. Despite the known heterogeneity of tDC in the thymus, rel-
atively little is known about their anatomical location and positioning, and the
long-held view is that their location is limited to the medulla and surrounding
cortico-medullary junction. Interestingly however, a study recently showed that
despite the presence of abundant medullary-resident CD11c+ tDC, SIRPa+ tDC
were notably absent from the medulla, and instead could be detected within thymic
cortical regions, often in association with small vessels (Baba et al. 2009). Indeed,
two-photon microscopy of explanted thymic tissue demonstrated the formation of
interactions between thymocytes and tDC within the thymic cortex, again at
regions containing capillaries (Ladi et al. 2008). Collectively, such observations
argue against the notion that tDC are restricted to medullary regions and instead
suggest that distinct tDC subsets can be specifically positioned within particular
regions of the thymus, including the cortex. Moreover, multiple chemokine
receptors have been highlighted in relation to tDC recruitment and positioning,
including CCR2 (Baba et al. 2009), CCR7 (Ladi et al. 2008), CCR9 (Hadeiba et al.
2012), and XCR1 (Lei et al. 2011), suggesting that chemokine production from
distinct intrathymic microenvironments is important in the context of tDC location
and function.

While tDC are important mediators of intrathymic negative selection of auto-
reactive thymocytes, other hemopoietic accessory cells are directly linked to the
development of thymic medullary microenvironments. In particular, Lymphoid
Tissue inducer (LTi) cells are present within thymic medullary regions, and
through their provision of TNFSF ligands such as RANKL, have been shown to
stimulate the maturation of RANK+ mTEC progenitors (Rossi et al. 2007). Perhaps
importantly, LTi cells, first reported as essential mediators of lymph node (LN)
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organogenesis in the embryonic period (Cupedo et al. 2002), are found in both the
fetal and adult thymus in close association with mTEC. Moreover, analysis of LTi-
deficient RORc-/- mice at embryonic stages prior to the emergence of positively
selected abTCRhi thymocytes has provided direct evidence that LTi cells are key
to the generation of the first cohorts of Aire+ mTEC (White et al. 2008), the
development of which represents a critical step in the establishment of T-cell
tolerance in the neonatal period (Guerau-de-Arellano et al. 2009). Unlike their
well-documented role in fetal thymus, ascribing a specific role to LTi in the adult
thymus has been difficult, particularly since mTEC abnormalities in RORc-defi-
cient mice could also be explained by defective abT-cell development. However, a
recent study (Dudakov et al. 2012) showed a link between LTi and regeneration of
the adult thymus following experimental ablation. Thus, irradiation-induced
thymic atrophy resulted in the enhanced production of IL-22 by RORct+CC
R6+NKp46- LTi cells, with IL-22 then operating directly on thymic epithelial
compartments to promote their expansion. Given that the mTEC lineage can be
separated into distinct developmental stages (Dooley et al. 2008; Gabler et al.
2007; Nishikawa et al. 2010; Rossi et al. 2007), while stages in the cTEC lineage
have also been described (Nowell et al. 2011; Ripen et al. 2011; Shakib et al.
2009), it will be interesting to determine whether IL-22 exerts its effect on
immature or mature TEC populations, or both. Finally, although thymic LTi have
been shown to have shared a common RORct+CD4+IL7Ra+RANKL+ phenotype
with LTi in peripheral lymphoid tissues (Anderson et al. 2007), it is currently
unclear whether thymus and LN harbor tissue-specific LTi subsets, or whether LTi
populations are capable of trafficking between these tissues.

2.2 Medullary Thymic Epithelial Cells

Immunohistological analysis of thymic microenvironments is a widely used
approach with which to dissect the cellular complexity of cortical and medullary
areas, enabling the phenotypic definition of stromal compartments in both areas,
most notably thymic epithelial cells (TEC). Tissue sections of adult thymus often
show individual medullary regions embedded within a cortical matrix, although it
is important to note that the thymus medulla as a whole represents a complex
structure with seemingly separate medullary areas actually joined by intercon-
necting branches (Anderson et al. 2000). While individual medullary areas have
been shown to occur as a result of the expansion and differentiation of single
mTEC progenitors (Rodewald et al. 2001), it is not clear how the complex three-
dimensional organization of the thymic medulla is controlled, although thymic
vasculature has been proposed to play a role (Anderson et al. 2000).

The cTEC and mTEC compartments are identified by both shared and lineage
restricted molecules (Fig. 1). Many of the reagents that are used to define TEC
immunohistologically, in addition to the pan-epithelial marker EpCAM1 (Nelson
et al. 1996), recognize cytokeratin family members, structural proteins that reflect
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the differing morphology of cTEC and mTEC compartments (Farr and Braddy
1989). Thus, unlike their cTEC counterparts, mTEC are often defined by
expression of cytokeratin-5 and cytokeratin-14, and lack of expression of cyto-
keratin-8/18 (Klug et al. 1998, 2002). In addition, antibodies that recognize
unknown molecules expressed by mTEC include ERTR5 (Van Vliet et al. 1984)
and MTS10 (Godfrey et al. 1990), while the fucose binding lectins Tetragonolobus
Purpureas Agglutinin (TPA), and Ulex Europeus Agglutinin (UEA) also demon-
strate selective reactivity with the thymic medulla in tissue sections (Farr and
Anderson 1985). However, it is not entirely clear from this type of tissue section
analysis whether such reagents reflect ‘pan-mTEC’ markers that react with the
whole mTEC compartment, or whether distinct mTEC subsets exist. Perhaps
importantly, immunohistochemical analysis of the mTEC compartment can be
further complemented by flow cytometric analysis of enzymatically disaggregated
thymus preparations. Although analysis of TEC compartments following enzy-
matic digestion can be limited by the sensitivity of cell surface molecules (Izon
et al. 1994; Seach et al. 2012), a panel of markers has emerged that is now widely
used in association with enzymatic digestion. Thus, total TEC are frequently
defined as CD45-EpCAM1+, which can be further subdivided on the basis of cell
surface expression of Ly51, enabling the discrimination of Ly51+ cTEC and
Ly51- mTEC compartments. Within the mTEC lineage, an additional panel of
molecules including CD40, CD80, MHC class II, and Aire reveal distinct subsets
including CD80-MHCIIlow and CD80+MHCIIhi cells, often referred to as mTE-
Clow and mTEChi (Derbinski et al. 2001; Gray et al. 2006; Hubert et al. 2008;

Fig. 1 Shared and lineage restricted markers of cortical and medullary thymic epithelial cells.
Panels of markers used in both immunohistochemical and flow cytometric analysis are frequently
used to study cTEC and mTEC lineages. While some molecules are common to both, others
enable the discrimination of these discrete lineages. However, it is important to note that it is
currently unclear how expression of these markers relates to distinct immature progenitors and
mature stages within TEC lineages
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Rossi et al. 2007). Until recently, the relevance of phenotypically distinct mTEC
subsets was not clear. However, many studies now show that mTEC represent a
dynamic thymic compartment, that can be defined by precursor-product relation-
ships with a turnover time of 2–3 weeks for the mature mTEC population (Gabler
et al. 2007). Functional analysis of the developmental relationships of distinct
mTEC subsets will be discussed in Sect. 3.

2.3 Non-epithelial Mesenchymal Stroma

The thymus is an epithelial–mesenchymal tissue, and during early stages of thy-
mus organogenesis, the inner epithelial rudiment is surrounded by a layer of
mesenchyme derived from the neural crest (Manley and Blackburn 2003; Rode-
wald 2008). Within the adult thymus, several cell fate-mapping studies have now
shown that much of the mesenchyme present is of neural crest origin, where it is
associated with epithelium and the endothelium of the thymus vasculature (Foster
et al. 2008; Muller et al. 2008; Yamazaki et al. 2005). During thymus develop-
ment, mesenchymal cells that form the thymic capsule penetrate the epithelial
core, separating it into lobules via trabeculae. In addition to its mesenchymal
components, vascularization of the developing thymus occurs after anlage for-
mation, culminating in a complex network of both blood and lymphatic vessels
(Odaka et al. 2006) that are composed of perivascular cells and endothelium. Thus,
a panel of markers including smooth muscle actin, ERTR7, and desmin has been
used to define histological organization of non-epithelial medulla stroma (Odaka
2009), while flow cytometric analysis using the markers podoplanin, Ly51, and
PDGFRa reveals complex heterogeneity in mesenchymal subsets (Jenkinson et al.
2007; Muller et al. 2005). While further analysis of the functional importance of
these distinct compartments is required, it is interesting to note that thymic mes-
enchyme can act as both positive and negative regulators of TEC expansion,
through their control of the Retinoic Acid and Fibroblast Growth Factor pathways
(Jenkinson et al. 2003; Sitnik et al. 2012).

The corticomedullary junction (CMJ) represents an important area with respect
to vasculature, with both the entry of lymphoid progenitors and the exit of mature
thymocytes taking place at this site (Porritt et al. 2003). Indeed, the perivascular
spaces of blood vessels at the CMJ contain c-Kit+ T-cell precursors and CD4+ and
CD8+ thymocytes (Mori et al. 2007), with neural crest derived pericytes control-
ling the emigration of the latter via their production of sphingosine-1-phosphate
(S1P), a ligand for sphingosine-1-phosphate receptor-1 (S1PR1) expressed by
mature thymocytes (Zachariah and Cyster 2010). Additionally, a non-epithelial
conduit system has been identified in human thymus, which represents a network
of inter-connecting tubules containing multiple basement membrane components
including laminin-5, collagen type IV and perlecan (Drumea-Mirancea et al.
2006). Interestingly, such a network is reminiscent of the conduit system present
within the T-zone of the lymph node and spleen, further highlighting the
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similarities between the thymic medulla and compartments within secondary
lymphoid tissues (Derbinski and Kyewski 2005). While the functional importance
of the thymic medullary conduit system remains unclear, its diameter appears too
small to enable transport of cells (Drumea-Mirancea et al. 2006), leaving open the
possibility that by acting as a transport network for small molecules such as
antigen and chemokines, it plays a role in medullary thymocyte migration and
tolerance induction.

3 Development of Thymic Medullary Epithelium

3.1 Defining mTEC Progenitors

Although the mTEC compartment has been shown to share a common bipotent
progenitor with the cTEC (Bleul et al. 2006; Rossi et al. 2006), relatively little is
known about the mechanisms controlling the emergence of cells that are com-
mitted to the mTEC lineage from this progenitor pool. Recently however the
possible role of FoxN1, a transcription factor representing a master regulator of
TEC differentiation (Blackburn et al. 1996; Nehls et al. 1994, 1996), has been
evaluated through analysis of TEC development in FoxN1-deficient nude mice and
a panel of mice expressing FoxN1 at varying levels (Nowell et al. 2011). Inter-
estingly, these findings suggested that the mTEC lineage might emerge from the
bipotent TEC progenitor stage via a mechanism occurring independently of
FoxN1. Given that bipotent TEC progenitors persist within the FoxN1-deficient
thymus rudiment at least until the postnatal stages (Bleul et al. 2006), these
findings suggest that FoxN1 may be selectively required downstream of the
emergence of mTEC progenitors, perhaps through controlling their survival as
well as differentiation.

The first data demonstrating the existence of mTEC committed progenitors
involved functional clonal analyses in the absence of a defined phenotype
(Rodewald et al. 2001). Subsequent attempts to define and then directly isolate
mTEC committed progenitors have often relied upon use of markers typically
associated with the mature mTEC lineage in the context of the developing
embryonic thymus, so the accurate phenotype of these cells, and the separation of
immature and mature mTEC remains obscure. For example, claudin-3 and claudin-
4, tight junction components expressed by mTEC in the adult thymus, have been
shown to identify TEC within the early thymus anlage that are also reactive with
the mTEC markers MTS10 and UEA1 (Hamazaki et al. 2007). Perhaps most
importantly, purified Claudin3/4hi embryonic TEC were shown to give rise to
mature Aire+ mTEC in precursor-product experiments involving reaggregate
thymus organ cultures (RTOC), providing the first phenotypic definition of mTEC
progenitors (Hamazaki et al. 2007). In other studies, analysis of the mTEC com-
partment using CD80 and MHCII expression showed that during embryonic
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thymus development, CD80-MHCIIlow ‘mTEClow’ cells appear prior to the
emergence of CD80+MHCIIhi ‘mTEChi’ cells, suggesting a possible precursor-
product relationship between these populations (Gabler et al. 2007; Rossi et al.
2007). Importantly, direct analysis of mTEC development using RTOC experi-
ments demonstrated that mTEClow were able to give rise to their more mature
mTEChi counterparts, including the subset expressing Aire (Gabler et al. 2007;
Rossi et al. 2007). Further, mTEClow and mTEChi subsets are also present in the
adult thymus (Gray et al. 2006), with BrdU labeling experiments providing evi-
dence of the continued generation of mTEChi from mTEClo cells in the postnatal
thymus, with a turnover time of 2–3 weeks for mTEChi cells (Gabler et al. 2007).
Collectively, these studies were important as they highlighted distinct develop-
mental stages within mTEC, and provided direct indications that the epithelial
component of the thymus medulla represents a dynamic cellular microenvironment
undergoing constant renewal. Importantly however, it is perhaps important to note
that precursor-product analysis of mTEC has frequently focused on events that
culminate in generation of the Aire+ subset. Thus, it remains possible that other
mature mTEC subsets exist that are not linked to the same Aire-expressing
pathway, and which could be generated via a separate mTEC progenitor pool.
Whether such a subset resides within the mTEClow population requires a more
detailed phenotypic and functional analysis of these poorly defined cells.

3.2 Cellular and Molecular Regulation of the mTEC
Compartment

A normal program of T-cell development and selection depends upon sequential
interactions between thymocytes and stromal cells in the cortex and then the
medulla. Importantly, studies in the late 1980s provided the first indications that
growth and formation of the thymic medulla was, in turn, influenced by developing
thymocytes. For example, analysis of thymic microenvironments following dis-
ruption of thymic hemopoietic compartments by either irradiation (Adkins et al.
1988) or treatment with the immunosuppressant cyclosporin A (Kanariou et al.
1989) was shown to have a dramatic, and reversible, impact on mTEC. Critically,
subsequent experiments showed that the transplantation of WT hemopoietic pro-
genitors into SCID mice corrected their severely disorganized thymic epithelial
microenvironments (Shores et al. 1991), providing the first evidence that signals
from hemopoietic cells directly influenced thymic epithelial cell development.
Other studies showed that peripheral T-cells (Surh et al. 1992) and SP thymocytes
could also regulate the mTEC compartment, a process requiring abTCR expres-
sion (Palmer et al. 1993; Shores et al. 1994). Such observations were collectively
described as a ‘thymus crosstalk’ process, (van Ewijk et al. 1994), during which
interaction with, and signals from, developing thymocytes are required for the
formation of thymic epithelial microenvironments.
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Although the studies above provided information on the cellular source of the
molecules that promote mTEC development and medullary growth, the nature of
the signals provided by developing thymocytes and/or additional hemopoietic cells
was, until recently poorly understood. However, several studies had noted that
mice harboring mutations in several genes critical in the NF-jB signaling,
including TRAF6 (Akiyama et al. 2005), NIK (Kajiura et al. 2004), and RelB
(Burkly et al. 1995; Heino et al. 2000; Weih et al. 1995; Zuklys et al. 2000)
displayed mTEC abnormalities. Such phenotypes often included reduced/absent
Aire expression and a failure to establish T-cell tolerance, suggesting that cell
surface receptors expressed by mTEC that utilize the NF-kB signaling cascade
could be critical molecular components of thymus medulla crosstalk. Interestingly,
the development of secondary lymphoid tissues is known to involve multiple
members of the Tumor Necrosis Factor Receptor SuperFamily (TNFRSF) (Weih
and Caamano 2003), whose ligands are expressed by lymphoid cells, raising the
possibility that a similar axis might also be involved in formation of medullary
thymic microenvironments (Anderson et al. 2007; Derbinski and Kyewski 2005).
Indeed, many studies have now shown the expression of various TNFRSF mem-
bers by mTEC, some of which have been shown to play a direct role during mTEC
development. Of these, Lymphotoxinb Receptor (LTbR, TNFRSF3), CD40
(TNFRSF5), and RANK (TNFRSF11a) remain the best studied. For example,
studies on LTbR-/- mice have demonstrated a reduction in mTEC numbers and
medullary disorganization, which is associated with abnormalities in thymocyte
emigration and autoimmunity. Importantly, although initial studies (Chin et al.
2003) suggested that the LT-LTbR axis was linked to the generation of Aire-
expressing mTEC, other studies showed this not to be the case (Martins et al. 2008;
Venanzi et al. 2007). Rather, LTbR appears to be involved in mechanisms con-
trolling the expression of Aire-independent Tissue Restricted Antigens (TRAs), as
well as the chemokines CCL19 and CCL21 (Chin et al. 2006; Seach et al. 2008;
Zhu et al. 2007). Importantly however, as well as being expressed by mTEC,
LTbR is also detectable within cTEC and MTS15+ fibroblasts (Hikosaka et al.
2008; Seach et al. 2008). So, it remains unclear which features of LTbR deficiency
are a direct result of absence of LTbR expression by mTEC, or whether abnor-
malities can occur indirectly as a result of absence of expression in other thymic
stromal compartments. In relation to the involvement of LTbR in thymocyte-TEC
crosstalk, several studies now show that LTa and LTb are expressed by mature SP
thymocytes as compared to their CD4+8+ precursors (Boehm et al. 2003; White
et al. 2008), indicating a crosstalk process involving positively selected thymo-
cytes. Interestingly however, the absence of LIGHT, an additional LTbR ligand
does not appear to play a role in mTEC development. Moreover, mTEC abnor-
malities in LTbR-/- mice are more severe as compared to LTb-/-LIGHT-/-

double deficient mice (Boehm et al. 2003), perhaps suggesting additional unknown
ligands for LTbR that are expressed by thymocytes and which operate during
mTEC development.

Both CD40 and RANK have been shown to play key roles in the generation of
the Aire+ subset of mTEC. While CD40 is expressed by both cTEC and mTEC,
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RANK expression is higher in the latter (Hikosaka et al. 2008; Rossi et al. 2007;
Shakib et al. 2009). Moreover, absence of RANK expression leads to a dramatic
reduction in the frequency of Aire+ mTEC, in both the fetal and adult thymus, with
combined RANK/CD40 deficiency in the adult reducing this mTEC compartment
further (Akiyama et al. 2008; Rossi et al. 2007). RANK deficiency and RANK/
CD40 double deficiency also results in the onset of T-cell mediated autoimmunity,
highlighting the importance of these TNFRSF molecules during intrathymic tol-
erance induction (Akiyama et al. 2008; Rossi et al. 2007). Several studies have
investigated the cellular sources of RANKL and CD40L in relation to thymocyte
crosstalk and thymic medulla formation, in both the fetal and adult thymus
(Anderson and Takahama 2012). In the fetal thymus, we showed that RANKL
expression maps to subsets of cells belonging to the innate immune system,
including RORct+ Lymphoid Tissue Inducer (LTI) cells (Rossi et al. 2007), and
invariant Vc5+TCR dendritic epidermal T-cell progenitors (Roberts et al. 2012).
Interestingly, the involvement of the innate immune system during thymus
medulla formation is active at developmental stages prior to positive selection of
the abTCR repertoire (White et al. 2008), meaning that the crosstalk processes in
the fetal and adult thymus medulla are distinct. Given the importance of Aire
expression during neonatal tolerance (Guerau-de-Arellano et al. 2009), these
findings suggest a scenario in which the innate immune system helps in the control
of tolerance induction of the nascent TCR repertoire by ensuring efficient gener-
ation of mTEC compartments in the embryo.

In the adult thymus, as with LTbR ligands, positively selected thymocytes in
particular CD4+8- cells, act as sources of RANKL and CD40L (Hikosaka et al.
2008; Irla et al. 2008). Relevant to this, we have recently shown (Desanti et al.
2012) that RANKL and CD40L expression map to different subsets and devel-
opmental stages within the intrathymic CD4+8- compartment. Thus, recently
selected CD69+CD4+8- cells are enriched for RANKL+ cells, while CD40L
expression is linked to more mature CD69-CD4+8- thymocytes. Moreover,
FoxP3+ Regulatory T-cells present in the thymus express RANKL but not CD40L,
demonstrating that thymocyte crosstalk in the development of the mTEC com-
partment involves distinct interactions with multiple CD4+8- subsets.

While the above studies highlight cellular and molecular control involving the
generation of Aire+ mTEC, and although the CD80+ mTEC subset which contains
Aire expressing cells (Gray et al. 2006), have a turnover time of 2–3 weeks
(Gabler et al. 2007), less is known about events occurring during late stage
mTEC development. Indeed, uncertainty exists regarding possible stages of mTEC
development post-Aire expression, and the role of Aire itself during mTEC
development. Several models have been put forward to explain mTEC develop-
mental programmes in relation to the timing of Aire expression. For example,
based on cell fate mapping studies utilizing Aire-Cre transgenic mice, Aire+CD80+

mTEC were shown to progress to an Aire-CD80low stage (Nishikawa et al. 2010),
suggestive of mTEC maturation post-Aire expression, and arguing against the idea
that Aire directly promotes mTEC apoptosis (Gray et al. 2007). Interestingly, other
studies described a small subset of Aire- mTEC that expressed involucrin, a
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marker of both keratinocyte terminal differentiation and Hassalls Corpuscles,
concentric whorls of cells thought to represent end-stage medullary epithelium
(Yano et al. 2008). Given that the frequency of involucrin+ mTEC are reduced in
the Aire-/- thymus (Yano et al. 2008), such observations support the ‘Terminal
Differentiation’ model of mTEC development, in which Aire plays a role during
end stage mTEC development (Matsumoto 2011). Indeed, involucrin+ mTEC were
reduced in the absence of LTbR signaling (White et al. 2010), suggesting further
crosstalk mechanisms operating during post-Aire expression in mTEC. However,
it is also important to note that other studies analyzing the disruption of mTEC
development in Aire-/- mice have suggested that Aire is required during earlier
stages of the mTEC developmental program (Dooley et al. 2008). In this
‘Developmental Model’, Aire may be involved in regulating the developmental
choice of mTEC progenitors, a process that then impacts upon TRA expression
within the thymic medulla (Gillard and Farr 2005). For example, Aire controls
mTEC expression of a panel of transcription factors, including Oct4 and Nanog,
typically associated with progenitor cells (Gillard et al. 2007). Importantly, while
these models provide distinct views on the timing of Aire expression in the mTEC
lineage, they collectively highlight the importance of Aire during normal thymus
medulla development. While further studies are required, recent analyses suggest
that Aire expression by mTEC is limited to a single window of 1–2 days (Wang
et al. 2012), which may help to provide a clearer picture of the timing and role of
Aire expression in relation to early and late mTEC developmental stages.

4 Functions of the Thymic Medulla

4.1 Medullary Thymic Epithelium and Central Tolerance
Induction

TCR gene recombination occurs in a seemingly random manner leading to the
generation of a highly diverse T-cell repertoire. While this provides a clear benefit
in terms of the capacity of T-cells to recognize and respond to diverse pathogenic
challenge, a potential negative aspect of this mode of TCR determination lies in
the generation of T-cells bearing receptors capable of both recognizing and
becoming activated by self-antigen. T-cell activation against antigens expressed by
tissues of the host leads to the highly undesirable outcome of T-cell orchestrated
autoimmune disease. In order to combat the potentially destructive generation and
subsequent escape of autoreactive T-cells into the periphery, thymic medullary
microenvironments provide several layers of tolerance induction, including that of
deletional tolerance, acting to purge autoreactive T-cell clones from the naïve
repertoire via negative selection (Fig. 2).
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As described previously, the key cellular mediators of intrathymic central tol-
erance induction primarily constitute medullary thymic epithelium and thymic
dendritic cells acting in concert. The clear requirement for medullary thymic
epithelium in the induction of central tolerance via negative selection of autore-
active thymocytes is evidenced from several mutant mouse models demonstrating
defective mTEC development and associated onset of autoimmune disease (Ak-
iyama et al. 2005; Burkly et al. 1995; Nitta et al. 2011; Rossi et al. 2007). Fol-
lowing positive selection, maturing thymocytes demonstrate directed migration
into medullary microenvironments where they spend a calculated 4–5 days
scanning both mTEC and dendritic cells (McCaughtry et al. 2007). Interestingly,

Fig. 2 Medullary thymic microenvironments regulate CD4 thymocyte maturation and selection
via multiple mechanisms. Newly selected CD4+8- T-cells interact with both Aire+ mTEC and
thymic dendritic cells during medullary maturation. Conventional CD4 thymocytes undergo a
series of maturational steps (SP1-4), where semi-mature autoreactive T-cell clones are deleted at
an immature stage (SP1-3) in part via Aire-dependent tissue restricted antigens generated and
presented either directly by mTEC or indirectly via antigen transfer and presentation by thymic
DC. Generation of SP4 CD4 thymocytes relies upon Aire+ mTEC and subsequent emigration
occurs 4 days post-selection in an S1P-dependent manner via blood vessels at the CMJ BV.
Medullary APC interaction additionally drives pT-Reg induction in a TCR- and CD80/86-
dependent manner leading to the generation of Foxp3+ T-Reg that exit thymus 5 days post-
selection
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self-antigen presented to developing thymocytes includes multiple sources, com-
prising both peripheral self-antigen transported into the thymus by peripheral DC
subsets and self-Ag generated from intrathymic microenvironments (Baba et al.
2009; Hadeiba et al. 2012; Klein et al. 2011).

Pivotal to the efficient role of mTEC in screening developing T-cells for
autoreactive specificities is the precise array of self-antigens expressed by mTEC
against which T-cells are tested for high affinity recognition and subsequent
deletion. A key paradox in the intrathymic screening of TCR specificities is how
T-cells, while anatomically restricted to thymic microenvironments during
development, are exposed to the breadth of self-antigens normally associated with
particular peripheral tissues. A series of refined experiments have gradually begun
to unravel this contradiction of anatomical compartmentalization of T-cells and
peripheral self-antigens. Primarily, it was discovered that mTEC possessed a
highly unusual characteristic of being able to express a diverse array of antigens
normally associated with defined peripheral tissues (Derbinski et al. 2001). This
remarkable ability of mTEC to mimic the antigen profile of an array of different
tissue types led to the search for specific molecular mechanisms regulating this
unusual functional capacity. Significantly, several lines of evidence led to the
discovery of the role of the transcriptional regulator Aire (Auto-Immune REgu-
lator) in the control of mTEC peripheral tissue antigen expression. Notably, human
patients demonstrating a mutation in Aire exhibit autoimmune disease, termed
autoimmune polyglandular syndrome type-1 (APS-1) or autoimmune polyendo-
crinopathy-candidiasis-ectodermal dystrophy (APECED) (Mathis and Benoist
2009). Generation of mutant mouse strains lacking fully functional Aire protein
demonstrated a broadly similar spectrum of autoimmune disease manifestation,
providing a useful murine model to study the role of Aire in the appearance of
associated autoimmune disease (Anderson et al. 2002; Ramsey et al. 2002).
Investigation of the cellular expression pattern of Aire showed it was primarily
restricted to thymic tissue, and moreover intrathymic expression was limited to a
sub-population of mTEC (Heino et al. 2000; Nagamine et al. 1997). Importantly,
lack of Aire expression by mTEC in murine knockout models directly resulted in
reduced expression of specific peripheral tissue antigens and resulted in the gen-
eration of targeted autoimmune disease (Anderson et al. 2002; Ramsey et al.
2002). Direct evidence that mTEC Aire-mediated expression of ectopic peripheral
tissue antigens played a central role in thymic deletional tolerance was subse-
quently demonstrated whereby deletion of potentially autoreactive transgenic
T-cell clones capable of recognizing pancreatic-associated self-antigen with a high
degree of affinity was driven in an Aire-dependent manner (Liston et al. 2003). The
exquisite sensitivity of mTEC-mediated deletion of autoreactive T-cells was later
demonstrated via elegant experiments demonstrating that the reduced expression
of a single restricted antigen specifically associated with ocular tissue by mTEC
could manifest in highly targeted auto-immunity targeted toward the eye (DeVoss
et al. 2006).

It would therefore appear clear that mTEC-mediated expression of antigens
associated with peripheral tissues plays a pivotal role in the enforcement of central
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tolerance through the deletion of autoreactive T-cell clones. However, while Aire
would appear to control the expression of a large array of peripheral tissue anti-
gens, it is important to note that not all ectopic peripheral tissue antigen expression
within mTEC is Aire-dependent (Anderson et al. 2002; Derbinski et al. 2005).
Initial experiments have indicated that at a least a portion of Aire-independent
antigens are influenced by signaling through the lymphotoxin pathway (Seach
et al. 2008), it still remains to be determined precisely how the complete array of
intrathymic TRA are regulated within the mTEC compartment.

A key question in the efficiency of thymic negative selection is posed by how
large cohorts of developing T-cells are successfully screened by a relatively minor
fraction of mTEC. Compounding this high ratio of thymocyte to mTEC distri-
bution is the high selective distribution of any single given peripheral tissue
antigen. In this regard, it has previously been estimated that any individual TRA is
expressed by less than 5 % of total Aire-positive mTEC, which themselves
comprise a minor fraction of total mTEC (Derbinski et al. 2001, 2008). In order to
effectively delete autoreactive T-cell clones, several coordinated mechanisms
appear to operate in order to ensure an imposition of central tolerance upon thy-
mocytes. While mTEC are essential cellular production units for TRA a sharing of
labor exists between mTEC and tDC in the presentation of self-antigen. Transfer
of mTEC-derived antigen would appear to occur in a directional manner from
mTEC to tDC interestingly including both intracellular and cell surface expressed
antigen (Koble and Kyewski 2009). However, as yet the precise mechanism of
how mTEC-derived self-antigen is transferred to DC for presentation to T-cells
remains currently unknown. The absolute necessity of tDC in the contribution to
negative selection is suggested both by conditional deletion of CD11c-positive
cells via targeted diphtheria toxin susceptibility leading to fatal autoimmunity and
absence of DC-MHC expression leading to inefficient transgenic T-cell deletion
against an mTEC-associated neo-antigen (Gallegos and Bevan 2004; Ohnmacht
et al. 2009). The contribution of DC to negative selection likely facilitates the
spreading of particular self-antigens within thymic microenvironments, such
antigen spread may particularly be of note in regard to recent studies indicating a
rather anatomically restricted range of intramedullary T-cell migration (Le Borgne
et al. 2009).

While transfer of antigen from mTEC to DC likely plays an important role in
the spreading of peripheral tissue antigen and presentation to developing T-cells,
direct presentation of antigen by mTEC additionally seems to shape the TCR
repertoire. Recent experiments have demonstrated that negative selection of
transgenic CD4 T-cells was impaired when MHC class II expression was selec-
tively reduced on mTEC (Hinterberger et al. 2010). Such findings clearly imply a
direct role of mTEC in autonomous presentation of antigen to T-cells, in addition
to acting as a peripheral tissue antigen reservoir for co-operative transfer to tDC.
Outstanding questions in relation to medullary enforcement of negative selection
remain, particularly regarding the specific routes of peptide generation and loading
of endogenous self-antigens into MHC II pathways in medullary thymic epithelial
cells. In addition, it is interesting to note that the major fraction of thymic DC are
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comprised of the CD205-expressing subset, being peripherally-associated with a
capacity to present exogenous antigen into both MHC class-II, and -I via cross-
presentation pathways and being capable of tolerance induction (Bonifaz et al.
2002, 2004). Whether such a proportional makeup of tDC reflects a functional
association with transfer of antigen from mTEC and presentation to both CD4 and
CD8 T-cells remains unclear. Further, as compared to peripherally equivalent DC,
thymic resident DC demonstrate an enhanced capacity for antigen cross-presen-
tation and T-cell cross-priming in the absence of DC activating factors (Dresch
et al. 2011), suggesting that thymic microenvironments may uniquely influence the
efficiency of antigen presentation via as yet undefined cellular and molecular
mechanisms.

4.2 Foxp3 Regulatory T-Cell Development

While it would appear clear that deletional tolerance mediated by thymic med-
ullary cellular microenvironments is essential for the removal of newly generated
autoreactive T-cell clones as described above, the effectiveness of such tolerizing
mechanisms does not appear to be one hundred percent efficient. The leakiness in
the efficiency of T-cell negative selection can be clearly revealed by murine
models lacking T-regulatory cell (T-Reg) populations. In the absence of Foxp3-
dependent T-Reg, autoreactive T-cell clones normally present in the peripheral
T-cell pool become apparent, with their unopposed activation rapidly leading to
the generation of catastrophic and fatal systemic autoimmunity (Kim et al. 2007).
Early experimentation demonstrating fatal autoimmunity in neonatal mice, having
undergone early stage thymectomy, among other data, presented initial evidence
that thymic microenvironments were essential for the generation of suppressive
CD4 T-cells (Josefowicz et al. 2012). Subsequently, the requirement for thymic
microenvironments in development of T-Reg was found to strictly depend upon
the selection of T-Reg by intrathymic self-antigen expression (Itoh et al. 1999;
Jordan et al. 2001). The notion that TCR specificity may influence Foxp3+ T-Reg
generation combines several pieces of evidence, including the finding that TCR
usage of conventional versus regulatory T-cells indicated partially differential
specificity with a low degree of overlay, at least in the context of an experimen-
tally limited TCR repertoire (Hsieh et al. 2004; Pacholczyk et al. 2006). The
question subsequently arising from the proposition that T-Reg are developmentally
selected by TCR specificity for cognate self-antigen is how potential self-reactivity
leads to a T-Reg fate versus the induction of apoptosis via negative selection. The
primary notion in this regard involves a role for the strength of TCR self-reactivity,
such that the selection of T-Reg occurs at an intermediate level between the low
degrees of self-peptide:self-MHC required for positive selection and the high level
of self-reactivity driving negative selection (Liston and Rudensky 2007). Directly
in support of this theory, experiments utilizing microRNA-mediated MHC class II
suppression in mTEC, resulting in a quantitative reduction in antigen presentation,
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resulted in the enhanced induction of T-Reg and a corresponding decline in
negative selection (Hinterberger et al. 2010), implying that avidity plays a deter-
mining role in thymic T-Reg development. Interestingly, evidence from Nurr77-
GFP mice, where levels of GFP expression correlate with intensity of TCR signal
strength, indicate that thymic T-Reg would appear to experience a higher level of
stimulation through their TCR than Foxp3-negative conventional T-cells (Moran
et al. 2011).

The precise developmental timing of T-Reg generation has led to multiple lines
of experimentation. While the induction of T-Reg was proposed to occur within
the CD4+8+ fraction, being associated with cortical thymic localization and cor-
tical cellular interactions including cTEC (Bensinger et al. 2001; Liston et al.
2008), subsequent studies have disputed the developmental significance of Foxp3+

T-Reg generated within cortically restricted CD4+8+ stages (Lee and Hsieh 2009),
instead suggesting that T-Reg in the main are generated following the transition to
a CD4 SP (SP) stage. The cellular interactions leading to Foxp3 Treg generation
therefore likely follow CD4 SP transition into thymic medullary environments, as
mediated by CCR7 guided migration (Ueno et al. 2004). While the defining
hallmark of T-Reg can be considered to be Foxp3 expression, it has been previ-
ously discovered that Foxp3+CD25+ intrathymic T-Reg appear to be derived from
a Foxp3-CD25+ sub-population encompassing T-Reg progenitors (pT-Reg), as
demonstrated by precursor-product experiments analyzing development of pT-Reg
in vivo (Lio and Hsieh 2008). Interestingly, Foxp3-CD25+ pT-Reg selected by
TCR-directed interaction with self-antigen were subsequently found to develop
independently of TCR stimulation following their initial specification (Lio and
Hsieh 2008). While this subsequent developmental step is proposed to be TCR-
independent, evidence points to a cytokine-dependence of T-Reg maturation
beyond the initial Foxp3+CD25+ stage, including signaling through Il-2 and IL-15
(Burchill et al. 2007), however the precise involvement of TCR-independent
signaling in directing Foxp3+ T-Reg maturation versus maintenance and survival
remains unclear.

The differential ability of thymic medullary resident APC to dictate T-Reg
induction has formed the basis for several experimental studies attempting to
identify the key players in this important process. Primarily, both mTEC and
thymic DC would appear to be able to efficiently induce T-Reg generation, as
indicated by experimental systems providing selective absence and restriction of
antigen expression to either population of APC (Aschenbrenner et al. 2007;
Proietto et al. 2008; Spence and Green 2008). Thus, the capacity to efficiently
select T-Reg does not reside within any single thymic APC population. While the
ability of medullary-resident APC would seem to be promiscuous in the ability to
select Foxp3 T-Reg, the antigen array responsible for selecting such cells remains
unclear. The relatively small zonal territory of T-cells in medullary epithelium and
their propensity to demonstrate increased dwelling time with medullary APC
following recognition of cognate antigen, in a transgenic TCR model (Le Borgne
et al. 2009), may fit with the interesting finding that the efficiency of intrathymic
T-Reg development is highly dependent upon competition of specific T-cell clones
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for selecting antigen (Bautista et al. 2009). Such a balance of competition for
selecting ligand in relation to induction of a T-Reg fate may play a pivotal role in
determining the frequency of developing T-cells undergoing either negative
selection, T-Reg fate induction, or progression as a conventional naïve T-cell.
Further, the finding that the frequency of given TCR clones within the T-cell
compartment is required to be below 1 % for efficient Treg generation, at least in
the context of monoclonal transgenic T-cells, (Bautista et al. 2009), may suggest
that a major fraction of thymic T-Reg are specifically selected by infrequently
expressed antigen. Such scarce selecting antigen may potentially reflect peripheral
tissue antigens expressed by mTEC, presenting the possibility that thymically
derived T-Reg may display preferential specificity toward defined tissue-associ-
ated antigens rather than broadly expressed ubiquitous self-antigen. However, it
should be noted that recent experiments studying the role of thymic niche avail-
ability in the regulation of T-Reg generation in a polyclonal T-cell compartment
have come to the opposing conclusion that niche availability does not limit T-Reg
generation (Romagnoli et al. 2012). It therefore remains unclear precisely how the
proportion of T-cells entering the T-Reg pathway is intrathymically regulated.

In addition to antigen presentation, provision of co-stimulation via the
CD28:CD80/86 axis plays a key role in T-Reg generation, with an absence of
CD28-mediated co-stimulation leading to a highly depleted T-Reg population (Tai
et al. 2005). As expected from promiscuous T-Reg induction influenced by self-
antigen presentation, again expression of CD80/86 on either mTEC or hemopoietic
cells, including tDC, is equally able to induce T-Reg development (Roman et al.
2010). The ability of medullary APC subsets to influence T-Reg induction may
therefore depend upon their ability to present self-antigen in conjunction with
defined co-stimulation, rather than perhaps being absolutely dependent upon the
provision of unique cell-specific signals or self-antigen arrays limited for instance
solely to mTEC. While both mTEC and tDC are able to induce T-Reg generation
in a quantitative fashion, it remains unclear whether any qualitative differences
exist between mTEC versus tDC specified T-Reg. In this regard, it could be
speculated that the spectrum of T-Reg clones induced by mTEC interaction may
differ from those generated via extrathymically derived CD8-Sirpa+ tDC which
are able to transport peripheral antigen, including blood-borne antigens, into the
thymus (Baba et al. 2009; Li et al. 2009). Finally, while thymic DC are globally
capable of efficient T-Reg induction, in vitro studies have proposed that differ-
ences may exist in the efficiency of extrathymically CD8-Sirpa+ and intrathymi-
cally generated CD8+Sirpa- DC to induce T-Reg (Proietto et al. 2008). Of
particular note, in an in vitro model, CD8-Sirpa+ DC were proposed to demon-
strate a superior capacity to instruct T-Reg induction potentially by virtue of
increased maturity phenotype, including MHC class II and CD80/86 expression
levels, again suggesting that the ability of APC to induce signals through the TCR
with a particular strength may link their ability to efficiently induce T-Reg. In
addition, CD8-Sirpa+ DC are proposed to selectively produce the chemokines
CCL17 and CCL22 compared to CD8+Sirpa- DC, potentially enhancing their
ability to interact with newly selected CD4 SP thymocytes bearing the cognate
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chemokine receptor CCR4 (Proietto et al. 2008). The correct localization and
ability of medullary resident APC to efficiently interact with thymocytes is further
highlighted by findings in mice lacking expression of the Aire-dependent che-
mokine XCL1. XCL1-deficient mice demonstrate aberrant intrathymic DC posi-
tioning, albeit at normal total numbers, and display a corresponding reduction in
T-Reg development with associated autoimmune disease (Lei et al. 2011).
Together such findings highlight that the correct anatomical organization and
positioning of medullary thymic cellular components likely plays a key role in
influencing the efficiency of T-Reg development.

4.3 Post-Selection Thymocyte Differentiation

Upon entry of newly selected T-cells into medullary microenvironments, a period
of medullary residency is essential to ensure sufficient screening of CD4+ and
CD8+ thymocytes potentially preventing the escape of autoreactive clones into the
periphery. It would therefore appear logical that specific mechanisms may operate
in order to ensure that maturing SP thymocytes are retained within thymic medulla
for a sustained period of time. Analysis of SP thymocyte populations, particularly
CD4 thymocytes, has clearly demonstrated a distinct series of phenotypic subsets
proposed to reflect differential maturational states. Following positive selection
CD4 SP thymocytes were initially described to demonstrate a heterogeneous mix
of phenotypes, being primarily split into an immature and mature subset based on
CD24 (heat-stable antigen) and Qa-2 expression (Ramsdell et al. 1991; Vicari et al.
1994; Wilson et al. 1988). While such immature and mature SP thymocyte subsets
appeared to display differential responsiveness to external stimuli, including sus-
ceptibility to negative selection being associated with immature-type SP stages
(Kishimoto and Sprent 1997), evidence of progressive maturation has only
recently been directly presented. Specifically, four clearly defined subsets of CD4
thymocytes, termed SP1-4, defined as CD69+Qa2-6C10- (SP1),
CD69+Qa2-6C10+ (SP2), CD69-Qa2-6C10- (SP3), and CD69-Qa2+6C10-

(SP4) were phenotypically identified in murine thymus. Direct in vivo injection of
traceable SP1 CD4 thymocytes into adult murine thymus provided strong evidence
for SP CD4 thymocyte maturation occurring in a regulated sequential fashion (Li
et al. 2007).

Initial estimates of SP thymocyte dwell time within medullary microenviron-
ments proposed a timespan in the region of 14 days (Egerton et al. 1990), although
contrasting studies suggested that newly generated naïve thymocytes were found
to emigrate following just 2 days post intrathymic BrdU labeling (Tough and
Sprent 1994). A key question that related to this potential discrepancy in proposed
length of medullary residency was how exit from thymic microenvironments was
regulated. Two potential mechanisms proposed opposing models of either a ran-
dom exit of SP thymocytes at multiple stages of maturation (lucky-dip) versus a
linear, hierarchical mode whereby thymic exit was restricted to the most mature
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cells (Scollay and Godfrey 1995). Subsequent experiments utilizing a novel
RAG2-GFP reporter mice, whereby GFP expression levels correlated with thy-
mocyte maturation, directly demonstrated that SP thymocytes spent a relatively
brief period of 4 days within thymic microenvironments prior to their export
(McCaughtry et al. 2007). In addition, it was further substantiated that thymic
egress was found to be limited to the most mature SP thymocytes (Li et al. 2007;
McCaughtry et al. 2007). Such a relatively short time of SP thymocyte medullary
habitation presumably equates to a highly efficient process of autoreactive T-cell
screening against correspondingly rare cognate self-antigen, including peripheral
tissue antigens. In addition, the window for negative selection would appear to be
even shorter than the 4-day intramedullary window, assuming that susceptibility to
negative selection is enhanced within immature SP CD4 thymocytes defined by
CD24hi (Kishimoto and Sprent 1997), again further narrowing the time frame in
which negative selection is effective (Weinreich and Hogquist 2008). In direct
relation to the efficiency of thymocyte negative selection, titration experiments
using reaggregate thymic organ culture techniques demonstrated that thymic DC
are still able to mediate efficient negative selection even at 1 % of total cell
numbers, emphasizing the efficiency of DC as potent mediators of negative
selection (Anderson et al. 1998), potentially demonstrating the highly efficient
nature whereby autoreactive T-cell clones can be screened within thymic medul-
lary microenvironments. However, it is also possible that the relatively tight
temporal availability of negative selection susceptibility may correspond with the
potential escape of autoreactive T-cell clones into the peripheral repertoire as may
occur in Treg-deficient mice (Kim et al. 2007). The extent to which autoreactive T-
cells are able to escape negative selection in the adult steady-state thymus warrants
further investigation, further, whether extended medullary dwell time of devel-
oping thymocytes at a negative selection susceptible stage could influence the
efficiency of negative selection poses an additional point of interest. Of note, a
recent study has demonstrated an increased intrathymic dwell time for newly
generated T-Reg compared to conventional T-cells (Romagnoli et al. 2012). The
mechanisms responsible for this discrepancy between these two related T-cell sub-
lineages remain unknown, as does the functional significance, if any, of this
phenomenon.

If maturation and exit of SP thymocytes is dependent upon a linear, hierarchical
model, it follows that specific mechanisms must tightly regulate the selective
ability of the most mature thymocytes to be released into the periphery. Indeed, the
ability of thymocytes to exit thymus into the periphery was clearly shown to be
highly dependent upon the action of the transcription factors Foxo1 and KLF2 (Bai
et al. 2007; Carlson et al. 2006; Kerdiles et al. 2009) at least in part, regulating the
expression of the cell surface receptor S1PR1 (Allende et al. 2004; Matloubian
et al. 2004). Notably, expression of S1PR1 directs chemoattraction toward a
gradient of S1P predominantly present in blood but also potentially produced by
vascular endothelium and modulated by perivascular cells in the thymus leading to
the observed exit of mature thymocytes at blood vessels located at the cortico-
medullary junction (Pham et al. 2010; Zachariah and Cyster 2010). In direct
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correlation with the progressive maturation of SP1 [ SP4 thymocytes, gradual
increased expression of the previously mentioned factors, including S1PR1, has
been recently reported (Teng et al. 2011). Of interest, while it seems apparent that
the most mature SP thymocytes selectively exit the thymus, recent thymus emi-
grants still appear to require further maturation events in the periphery, as dem-
onstrated by progressive Qa-2 upregulation and a notable decrease in proliferative
response as compared to more mature naïve T-cells (Boursalian et al. 2004).
Whether the developmental prompts facilitating such final maturation post-thymic
exits are unique to peripheral environments or are shared with those of the thymic
medulla is yet to be fully determined.

Assuming that ordered SP thymocyte maturation correspondingly determines
the regulated exit of mature cells as described previously, it is of particular interest
to determine whether this linear development occurs via thymocyte-autonomous
process or is influenced by external medullary microenvironmental factors. In-
trathymic injection of SP1 thymocytes into adult thymus has been observed to
follow a maturation time of 2–3 days (Li et al. 2007), however it was also reported
that a subset of mature SP4 thymocytes were found to reside within the host
thymus for a period up to 7 days (Li et al. 2007), suggesting that while SP mat-
uration correlates with a functional capacity to emigrate, additional influences
extrinsic to thymocytes may impose upon the timing of thymocyte exit.

In relation to the question surrounding control of SP maturation, interesting
in vitro data provided evidence that isolated immature SP1 thymocytes were
capable of progression through maturation stages SP1 [ SP2 [ SP3 in the
absence of additional cellular support, including mTEC, however IL-7 was found
to be critical for the survival of such isolated cells in vitro (Li et al. 2007).
However, investigation of this potential regulatory axis revealed that absence of
functional IL-7 signaling in vivo did not lead to an impairment in the maturation of
post-selection SP thymocytes (Weinreich et al. 2011), suggesting that while IL-7 is
sufficient to facilitate SP survival it would not appear to be essential in order to
drive differentiation and maturation. Further analysis of the thymic microenvi-
ronment-dependent developmental requirements for SP3 [ SP4 transition
identified a stage-specific requirement for medullary microenvironments as RelB-
deficient mice (Burkly et al. 1995), that display a drastic impairment in mTEC
generation, were found to lack SP3 [ SP4 development (Li et al. 2007). In
addition, analysis of Aire-deficient mice again revealed defective generation of the
final stage of SP4 maturation. However, it remains unclear precisely how Aire+

mTEC influence SP4 thymocyte maturation.
Aire expression, in addition to regulating ectopic peripheral antigen expression,

also appears to control additional aspects of mTEC biology, including chemokine
expression such as CCR7 and CCR4 ligands (Laan et al. 2009) potentially influ-
encing the capacity of developing SP thymocytes to localize and interact with
mTEC. While Aire regulates chemokines associated with the attraction of mature
thymocytes, it also controls the expression of DC attractants including XCL1,
which play an essential role in regulating the efficiency of DC-mediated thymocyte
selection and interaction (Lei et al. 2011). Further, while RelB-deficient mice

38 G. Anderson et al.



display mTEC-intrinsic defects, DC also demonstrate altered representation within
thymic microenvironments both due to mTEC-deficiencies and due to a DC-
intrinsic influence of RelB (Burkly et al. 1995; Wu et al. 1998). Further experi-
ments investigating the complex cellular interplay required for regulated SP thy-
mocyte maturation leading to efficient deletional tolerance, Treg induction, and
appropriate thymocyte maturation leading to tightly regulated thymic export will
provide valuable insights into our current understanding of how medullary thymic
microenvironments function.

5 Conclusions

The thymic medulla represents a key site in intrathymic abT-cell development, by
controlling the fate of thymocytes that have undergone positive selection in the
thymic cortex. The induction of T-cell tolerance in the medulla is controlled by
multiple mechanisms: central tolerance results in the elimination of autoreactive
abTCR specificities, while the development of Foxp3+ Regulatory T-cells ensures
that dominant tolerance can occur within peripheral body tissues. An increasing
body of evidence supports the idea that these mechanisms of T-cell tolerance
require both medullary epithelial cells, including the Aire+ subset, and thymic
dendritic cells that act in concert to shape the developing T-cell receptor reper-
toire. While some aspects of thymus medulla function are beginning to be defined,
further studies are required to investigate several key aspects that remain poorly
understood, including the identity and requirements of mTEC progenitors, the role
of Aire in thymus medulla organization and mTEC development, and the
importance of mTEC in post-selection maturation of conventional abT-cells.
Perhaps most importantly, how the medulla controls the balance between negative
selection and T-Reg production that ultimately results in a self-tolerant state is
poorly understood. Gaining a better understanding of these features of thymic
medulla function should help in identifying the cellular and molecular basis of
T-cell mediated autoimmunity, and could inform future therapeutic strategies
aimed at its treatment. A recent study from our laboratory has shown that med-
ullary thymic epithelial cells are essential for the development of Foxp3+ T-Reg
but are not required for continued development of conventional CD4+ thymocytes
(Cowan et al 2013)
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Self-Peptides in TCR Repertoire Selection
and Peripheral T Cell Function

Wan-Lin Lo and Paul M. Allen

Abstract The vertebrate antigen receptors are anticipatory in their antigen
recognition and display a vast diversity. Antigen receptors are assembled through
V(D)J recombination, in which one of each Variable, (Diverse), and Joining gene
segment are randomly utilized and recombined. Both gene rearrangement and
mutational insertion are generated through randomness; therefore, the process of
antigen receptors generation requires a rigorous testing system to select every
receptor which is useful to recognize foreign antigens, but which would cause no
harm to self cells. In the case of T cell receptors (TCR), such a quality control
responsibility rests in thymic positive and negative selection. In this review, we
focus on the critical involvement of self-peptides in the generation of a T cell
repertoire, discuss the role of T cell thymic development in shaping the specificity
of TCR repertoire, and directing function fitness of mature T cells in periphery.
Here, we consider thymic positive selection to be not merely a one-time maturing
experience for an individual T cell, but a life-long imprinting which influences the
function of each individual T cell in periphery.
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1 The Role of Self-Peptides in Positive Selection

1.1 Differential Strength of TCR Interaction with Positively
Selecting Self-Peptides/MHC Instructs the Cell Fate
of Double Positive Thymocytes

Classical ab T cells differentiate from bone marrow-derived early thymic pro-
genitors, through two developmental checkpoints: b selection at the double neg-
ative stage (DN), and positive and negative selections at double positive (DP)
stage (Jameson et al. 1995; Moran and Hogquist 2012; Morris and Allen 2012).
Thymocyte survival and lineage commitment require a TCR on a DP thymocyte to
interact with peptide–MHC ligand on epithelial cells in the cortex. Only a weak
interaction may support DP thymocytes to complete positive selection to become
mature T cells, while the interaction either too strong or too weak would lead to
negative selection or death by neglect, respectively. How can the same TCR
initiate either a transcriptional program of survival and differentiation or that of
death? The profiles of Ca2+ responses and ERK activation are critical for these
outcomes. A transient, high-intensity burst of Ca2+ influx and ERK activation leads
to negative selection, whereas positive selection requires sustained Ca2+ and ERK
signaling (Mariathasan et al. 2001; McNeil et al. 2005; Werlen et al. 2000) (also
see reviews in Moran and Hogquist 2012; Morris and Allen 2012).

The TCR and self-peptide-MHC interaction can occur over a wide range of
affinities, raising the question as to how positive selection signals can trigger
distinct genetic programs to initiate DP thymocytes to commit to one specific
development pathway rather than another. Such a ‘‘decision’’ is taken according to
the strength of positive selection signals, in conjunction with signals provided by
the coreceptors. Among the affinity range of TCR:peptide MHC interaction,
positive selection of CD4+ T cells requires a stronger interaction than the selection
of CD8+ T cells. Strong and sustained TCR signals promote CD4+ differentiation,
whereas weaker and shorter signals generate CD8+ T cells (Moran and Hogquist
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2012). An even stronger signal than the one for CD4+ selection may induce the
development of regulatory T cells or innate-like T cells, such as natural killer T
cells, and CD8aa intestinal intraepithelial T cells (Stritesky et al. 2012).

After receiving positive selection signals, preselection DP cells downregulate
CD8 coreceptors. If a DP cell recognizes MHC class II molecules, a stronger TCR
signal promotes CD4+ T cell development regardless of the downregulation of
coreceptor CD8. However, if a preselection DP T cell recognizes MHC class I, the
downregulation of coreceptor CD8 would cause TCR signaling to cease, so that
CD8 coreceptor could not provide a signal strong enough to initiate a CD4+ T cell
differentiation, but instead advocate co-receptor reversal to support the develop-
ment of CD8+ T cells. Thus, the development of CD4+ and CD8+ T cells exhibits
temporal difference that CD4+ T cells can undergo rapid selection within 48 h,
while CD8+ T cells appear 4 days or more later (Saini et al. 2010). Several sig-
naling molecules and transcriptional factors would lead to exclusive differentiation
of either CD4+ or CD8+ T cell lineage (Rothenberg et al. 2008; Singer et al. 2008;
Wang and Bosselut 2009). For example, ThPOK, or GATA-3, selectively pro-
motes CD4+ T cell differentiation, whereas Runx3 or Runx1 selectively induces
CD8+ T cells differentiation. Also, CD4 coreceptors have higher affinity for Lck
than does CD8, endowing CD4 coreceptors to serve as better recruiters of Lck than
CD8 (Alarcon and van Santen 2010; Hernandez-Hoyos et al. 2000; Legname et al.
2000; Schmedt et al. 1998; Wiest et al. 1993).

1.2 Preselection DP Thymocytes are More Sensitive
to Positively Selecting Self-Peptides/MHC
than Mature T Cells

Preselection DP thymocytes are more sensitive to activation than mature T cells
(Davey et al. 1998; Eck et al. 2006; Sebzda et al. 1996; Stephen et al. 2009),
despite the average number of TCRs being 10-fold lower than mature T cells
(Bluestone et al. 1987; Havran et al. 1987). Positively selecting ligands can induce
Ca2+ flux and upregulate CD69 expression on preselection DP thymocytes but not
extrathymic mature T cells (Davey et al. 1998; Eck et al. 2006; Lo et al. 2009,
2012; Sebzda et al. 1996; Stephen et al. 2009). Preselection DP thymocytes are
more responsive to low affinity positively selecting ligands, because of the lower
expression of inhibitory coreceptors such as CD5 and CD45, lower expression of
negative regulators in signaling pathways (such as tyrosine phosphatase SHP-1 and
Cbl-b), and altered glycosylation of cell surface receptors (Azzam et al. 1998;
McNeill et al. 2007; Plas et al. 1999; Chiang et al. 2000; Naramura et al. 1998;
Davey et al. 1998). Moreover, preselection DP thymocytes also express stage-
specific molecules that endow the sensitivity of DP thymocytes, including Tespa1
(which recruits PLC-c1 and Grb2) (Wang et al. 2012), voltage-gated Na+ channels
(VGSC; composed of an a pore unit and a b regulatory subunit) (Lo et al. 2012),
and miR181a (Ebert et al. 2009, 2010; Li et al. 2007).

Self-Peptides in TCR Repertoire Selection and Peripheral T Cell Function 51



The VGSC is composed of a pore-forming SCN5A subunit, and a regulatory
SCN4B subunit. The expression of both subunits are tightly regulated that only DN3
(ready for b selection) and DP thymocytes (ready for positive selection) express
Scn5a and Scn4b, but not mature T cells. Also, only positive selection signals can
maintain the expression of Scn5a and Scn4b transcripts up to 7 h, in that negative
selection signals downregulate both transcripts within 1 h. Blocking the SCN5A
pore activity with a specific inhibitor tetrodotoxin diminished gp250-induced Ca2+

influx and has little effect on MCC-induced Ca2+ responses. In reaggregate culture,
tetrodotoxin inhibited positive selection of AND CD4+ T cells; in lentiviral bone
marrow reconstitution experiments, shRNA knockdown of Scn5a inhibited thymic
selection of CD4+ T cells, but not CD8+ T cells. The same CD4+ selection specific
defect was observed in in vitro reaggregate culture system. Peripheral AND CD4+ T
cells transfected with human SCN5A and SCN4B, which they normally do not
express, gained the ability to upregulate CD69 expression in response to positively
selecting ligands gp250, directly demonstrating that expression of VGSC contrib-
utes the increased sensitivity of DP thymocytes to weak positively selecting signals.

miR-181a is an microRNA that can enhance DP thymocyte sensitivity (Li et al.
2007) (Ebert et al. 2009, 2010). Like Scn5a and Scn4b, the expression of miR-181a
precisely correlates with two selection events in thymocyte development: DN3 (b-
selection) and DP (positive selection). Moreover, the expression of miR-181a is
regulated by the strength of TCR signals, that the stronger the TCR signals (such
as negative selection signals), the fewer miR-181a remains expressed after positive
selection. miR-181a increases DP thymocyte sensitivity by inhibiting several
phosphatases that negatively regulate the TCR signaling cascade, including Ptpn22
(which inhibits the phosphorylation of ZAP70 and Lck), Shp2 (a tyrosine kinase
phosphatase), DUSP5, and DUSP6 (which inhibits ERK phosphorylation) (Ebert
et al. 2009, 2010; Li et al. 2007). By negatively regulating the inhibitors in the
TCR proximal signaling and ERK activation pathways, miR181-a therefore can
enhance the sensitivity of DP thymocytes. Indeed, overexpression of miR-181a in
mature T cells endows them to respond to ligands that were normally too weak to
stimulate a response. Interestingly, similar to inhibition of VGSC pore function,
inhibition of miR-181a in thymic cultures impaired Gag-Pol ability to positively
select 5C.C7 CD4+ T cells; however, miR-181a deficiency also disrupts the central
tolerance that more self-reactive T cells were positively selected.

SCN5A-SCN4B composed VGSC and miR-181a share many similar features:
the expression of both are very developmental stage-specific (only at DN3 and DP
stages) and quickly regulated by the strength of TCR signaling; both enhance the
sensitivity of preselection DP thymocytes to respond to weak ligands, and while
ectopic expression in mature T cells, mature T cells acquire the ability to respond
to the ligands that they normally do not respond; both play roles in the Ca2+

signaling pathways. Together both components endow preselection DP thymo-
cytes to translate low affinity positively selecting ligand interactions to a series of
strong, sustained Ca2+ flux and ERK activation to deliver a selection signal whose
strength and duration is ‘‘just right’’ to initiate genetic programs required for T cell
maturation but not to induce programmed cell death.
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1.3 Self-Peptides Presented by Cortical Thymic Epithelial
Cells are Essential for Positive Selection

Self-peptides presented by MHC molecules on cortical thymic epithelial cells
(cTECs) in the thymus are a sine qua non for positive selection. The issue if
thymic epithelial cells present a unique repertoire of self-peptides has been an
active area of investigation for several decades (Lorenz and Allen 1988; Marrack
et al. 1993), but little progress had been made in recent years until the unique
protein degradation machinery was identified in cTEC. Importantly, cTECs
uniquely express b5t-containing thymoproteasomes to process antigens for MHC
class I-restricted presentation (see review in Takahama et al. 2010). The unique
b5t subunit in the thymoproteasome favors the production of peptides that are less
stably bound to MHC class I molecules, because b5t subunit does not efficiently
cleave substrates at hydrophobic residues to generate optimal MHC class I binding
peptides (Murata et al. 2007). This feature of b5t may be parallel to the obser-
vation that short-lived TCR engagement would promote the positive selection of
CD8+ T cell (Nitta et al. 2010). The deficiency of b5t subunit affected positive
selection of CD8+ T cells of MHC class I-restricted TCR transgenic mouse strains
to different extents. The b5t deficiency decreased positive selection of HY TCR
transgenic CD8+ T cells strongly, but had no effect on OT-I TCR transgenic CD8+

T cells (Nitta et al. 2010). These data suggested that some of the self-peptides
displayed by cTEC are unique, while some of the self-peptides overlapped to those
presented by peripheral antigen-presenting cells (APCs). The thymoproteasome-
specific self-peptides are critical for the positive selection of most CD8+ T cells
(Nitta et al. 2010), and essential for the generation of an immunocompetent rep-
ertoire of CD8+ T cells. However, thymoproteasome is not the sole component on
cTEC to generate self-peptides for MHC class I-restricted positive selection.

As for peptide generation for MHC class II, cTECs express lysosomal cysteine
proteases cathepsin L, but not cathepsin S as in B cells and dendritic cells (Honey
and Rudensky 2003). Cathepsin L-deficient mice have impaired CD4+ T cell
selection, suggesting its critical role in generating self-peptides presented by MHC
class II molecules (Honey et al. 2002; Nakagawa et al. 1998). However, cathepsin
L expression is not exclusively restricted to cTECs, as macrophages also express
cathepsin L (Hsieh et al. 2002; Nakagawa et al. 1998). While engineering a
fibroblast cell line to express either cathepsin S or cathepsin L, and using mass
spectrometry to analyze the study showed that self-peptides eluted from the MHC
class II molecules of the fibroblasts, the overlap between the two self-peptide
repertoires was substantial (Hsieh et al. 2002). Therefore, despite the expression of
cathepsin L by cTECs and cathepsin S by B cells and dendritic cells, the universe
of self-peptides presented by MHC class II on cTEC greatly overlaps with that
presented by peripheral antigen-presenting cells. Thus, although cTECs appear to
express some unique protein processing components, this has not been shown to
result in the presentation of a truly unique repertoire of peptides.
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2 The Specificity of Positively Selecting
Self-Peptide Recognition

2.1 One Positively Selecting Self-peptide has to Select More
than One TCR

Positively selecting self-peptides may directly influence the post-selection reper-
toire of mature T cells. For example, altered positively selecting self-peptides
because of the b5t deficiency would affect the post-selection repertoire of mature T
cells (Nitta et al. 2010). Such observations indicate DP thymocytes recognize
positively selecting ligands with a certain degree of specificity, and raise two
questions: first, to what degree of specificity do DP thymocytes recognize posi-
tively selecting ligands? Second, how does the specificity of positively selecting
self-peptides affect the repertoire of mature T cells?

To examine the relationship between TCRs and a positively selecting self-
peptide/MHC, a simple calculation reveals that it is not a monogamous relation-
ship. A single positively selecting self-peptide must select multiple TCRs. For
MHC class II-associated peptides, a B cell line expressing I-Ag7 MHC class II
molecules was used to isolate endogenously processed peptides. Mass spectrom-
etry analysis estimated an individual APC could display roughly 2,000 different
peptide families (a set of peptides with the same core P1–P9 residues but con-
taining variable numbers of extensions at amino- and carboxy-terminus is defined
as a peptide family) (Suri et al. 2002). Also, MHC I-associated peptides from EL4
thymoma cell lines were analyzed by mass spectrometry, compared with those
from b2m-deficient EL4 mutant cells (Fortier et al. 2008). The data suggested
thousands of peptides were present in low copy numbers per cell (Fortier et al.
2008). Given that a mouse is estimated to have a total of 30 million different T
cells (Casrouge et al. 2000), one single peptide family must select several thousand
T cells to generate a complete T cell repertoire (Fig. 1a). Even if we have
underestimated the number of peptide families presented by cortical thymic epi-
thelia cells by 10 or 100 fold due to the presence of many low-abundant self-
peptides not detectable by current mass spectrometry techniques, one self-peptide-
MHC still has to positively select more than one TCR.

2.2 Recognition of Positively Selecting Ligand by a Given
TCR Exhibits a High Degree of Specificity

To directly examine the relationship between positively selecting self-peptides and
post-selection TCR repertoire, we and others have identified naturally occurring
positively selecting self-peptides for individual TCRs in the universe of self-
peptides in vitro. The first naturally occurring positive selecting self-peptides
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identified were the MHC class I-restricted Cappa1 peptide and b-catenin peptide
for OT-I TCRs (Hogquist et al. 1997; Santori et al. 2002). The approach used was
to screen self-peptides that were eluted from purified Kb molecules from EL4 T
cell thymoma, LB27.4 B cell lymphoma cells, and thymi from C57BL/6 mice.
These eluted self-peptides were fractionized by reverse phase HPLC and used in a

Fig. 1 a Illustration of the relation between self-peptide repertoire and T cell repertoire.
b Illustration of the relation between positively selecting ligands and the TCRs. One individual
TCR can be positively selected by more than one positively selecting ligand; however, for some
TCRs, a dominant positively selecting ligand may exist, if there is a particular ligand that can
provide the most optimal strength of pMHC/TCR interaction. Also, each selecting ligand has its
own spectrum of positively selecting capability. One positively selecting ligand can select many
different TCRs, but not all of the post-selection T cells are positively selected by the optimal
strength of pMHC/TCR interaction
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coreceptor downregulation assay with TAP-I deficient OT-I TCR transgenic thy-
mocytes. In 80 fractions, only two self-peptides, Cappa1 and b-catenin, were able
to positively select OT-I TCR transgenic DP thymocytes, and none were able to
positively select a closely related 2C TCR DP thymocytes (Hogquist et al. 1997;
Santori et al. 2002).

For MHC class II, a panel of 95 I-Ek self-peptides eluted from CH27 mouse B
cell lines has been screened for the ability of individual peptide to induce positive
selection of five I-Ek-restricted TCR transgenic mouse lines: AND, 2.102, N3L2,
A1, and 5C.C7 (Ebert et al. 2009; Lo et al. 2009). Among the 95 tested, only one
peptide, gp250, was confirmed for its ability to positively select AND TCR (Lo
et al. 2009), whereas for 5C.C7, six peptides were found in which Gag-Pol was the
most potent one (Ebert et al. 2009). Among the same pool of 95 peptides, none
were found to be able to positively select 2.102, N3L2, or A1 TCR (Lo et al.
2009). Such a frequency and low success rate in identifying a naturally occurring
positively selecting ligand for MHCI- and MCHII-restricted TCRs imply that the
recognition of positively selecting ligand has a certain degree of specificity. The
recognition of positively selecting ligand with a high degree of specificity is
further supported by experiments that a single amino acid substitution of gp250
disrupts its ability to positively select AND TCR. Moreover, the positive selection
of the two highly similar TCRs, AND, and 5C.C7, are mediated by two mutually
exclusive self-peptides. Both TCRs recognize agonist peptide MCC, uses the same
TCR a and b segments (Va11 and Vb3), and only differ by four amino acids in
CDR3a regions (Malherbe et al. 2004). But positively selecting peptide gp250 for
AND TCR did not positively select 5C.C7 TCR, and selecting ligand Gag-Pol for
5C.C7 was unable to positively select AND TCR. Therefore, in vitro, preselection
DP thymocytes recognize positively selecting ligands with a high degree of
specificity. Whether recognition of positively selecting self-peptides in vivo
requires a similarly high degree of specificity would require further studies.

2.3 Positively Selecting Ligand Shapes the Antigen
Specificity of Post-Selection TCR Repertoire

One positively selecting self-peptide has to select at least several thousands of
TCRs, and TCR recognition of positively selecting self-peptide/MHC complexes
has a high degree of specificity in vitro. Does such a specific recognition during
positive selection affect peptide specificity of the peripheral T cell repertoire?
Several studies examined the question by starting with a defined positively
selecting self-peptide, and examined the question that how many and what TCRs
were positively selected by a single selecting ligand. Initial studies were performed
on mouse strains engineered to express MHC class II complexes loaded with a
single peptide, by either generating a H-2M deficient mouse line or introducing a
transgene that covalently linked MHC to a specific peptide.
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In H-2M deficient mice, the peptide exchange machinery is disrupted and MHC
class II molecules are predominately bound by a single peptide species, CLIP.
Approximately 30–50 % of normal numbers of CD4+ T cells developed in H-2M
deficient mice, and these post-selection CD4+ T cells expressed full range of Vb
segments (Grubin et al. 1997; Surh et al. 1997). A similar phenotype was observed
in Ea52-68/I-Ab single chain mice, in which a transgene encoding the Ea52-68
peptide covalently bound to the I-Abb chain was introduced to invariant chain and
endogenous I-Abb deficient background (Ignatowicz et al. 1996, 1997). In Ea52-
68/I-Ab single chain mice, the percentage of mature CD4+ T cells decreased to
around 20 % of wide type, and contained a full range of TCRb usage (Ignatowicz
et al. 1996, 1997). Both H-2M deficient and Ea52-68/I-Ab mice are capable of
responding to immunization with multiple peptide antigens (Grubin et al. 1997;
Ignatowicz et al. 1996, 1997; Surh et al. 1997). These studies demonstrated that a
single predominant MHC bound peptide can positively select a very large and
diverse repertoire of TCRs. However, these single peptide mice have skewed the
amino acid frequency in the TCRa CDR3 loop and TCR Va usage in positively
selected T cells, and failed to positively select several defined clones of TCRs
when introducing various transgenic TCRs onto these single peptide mice
(Chmielowski et al. 2000; Fukui et al. 1997, 1998; Gapin et al. 1998; Grubin et al.
1997; Ignatowicz et al. 1996, 1997; Surh et al. 1997). Further studies showed that
other low abundance self-peptides, not just the engineered dominant peptide,
probably contributed to the generation of majority of post-selection TCR repertoire
(Barton and Rudensky 1999). The study used mice expressing a human invariant
chain (Ii) transgene in which CLIP region of human Ii was replaced with the Ea52-
68 peptide (Ii-Ea mice). The Ii-Ea mice successfully restored the MHC class II
expression to wild-type levels, but only 95 % of MHC class II molecules were
bound with Ea52-68 peptide. These 5 % non-Ea52-68 peptides were dependent on
H-2M molecules. When the H-2M deficiency was introduced to Ii-Ea mice, the
number of CD4+ T cells decreased to 30 % of that seen in H-2M sufficient Ii-Ea
mice (Barton and Rudensky 1999). The data suggested both high and low-abun-
dant self-peptides may contribute to positive selection of T cells. With regard to
the positive selection of CD8+ T cells, it has also been shown that a single peptide-
MHC complex positively selects a diverse and specific CD8 T cell repertoire
(Wang et al. 2009). Further evidence about the relationship between positive
selection ligands and specificities of post-selection T cells comes from two
transgenic mouse lines that each expresses a different single peptide–MHC class I
complex (OVA and VSVp). Each mouse line exhibits exclusive TCR repertoires
with unique peptide specificities that do not exist in the other mouse line, while the
two lines do share some overlapping peptide specificities. From this piece of
evidence, we learn that the positive selection in CD8+ T cells is very peptide
specific. Each positively selecting ligand may exhibit a different spectrum of
positive selection capability, resulting in a unique post-selection repertoire.
However, two different positively selecting peptides may both be capable of
positively selecting same TCRs. Taken together, positive selection requires the
specific recognition of self-peptides to generate a complete T cell repertoire.
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A question remains that whether the specific recognition of positively selecting
self-peptides may influence the peptide specificities of post-selection T cell rep-
ertoire. To answer the question, four Ii-peptide transgenic mouse lines were
generated, including Ea, CLIP, CD22, and Rab5a (Barton et al. 2002). The mature
CD4+ T cells in these four Ii-peptide transgenic mouse lines showed different
degrees of proliferative responses in mixed lymphocyte cultures. The CLIP- and
Rab5a-selected CD4+ T cells proliferated most strongly, Ea-selected CD4+ T cells
proliferated moderately, and CD22-selected CD4+ T cells proliferated weakly
(Barton et al. 2002). The study convincingly showed that T cells selected by one
peptide have different specificities compared with T cells selected by a second
peptide (Barton et al. 2002). Similar studies examined the positive selection of T
cells that are specific for MCC responses (Liu et al. 1997; Nakano et al. 1997). The
CD4+ T cells were positively selected by MCC peptide, MCC variants, or unre-
lated Hb peptide (Nakano et al. 1997). The sequence of engineered self-peptides
directly influenced the post-selection T cell’s capability of responding to the MCC
peptide, and TCR usage (Liu et al. 1997; Nakano et al. 1997).

Thus, taken together, the recognition of positively selecting peptides has a
certain degree of specificity. Even though a single peptide can induce positive
selection of a large population of T cells (one peptide is capable of selecting 105

distinct TCR) (Gapin et al. 1998), but no single peptide is capable of selecting a
full repertoire (Fig. 1b) (Barton et al. 2002; Barton and Rudensky 1999). When
multiple peptides can select a T cell population responsive to the same antigen, the
different peptides can select repertoire varying in patterns of fine antigen speci-
ficity and TCR usage.

3 The Role of Self-Peptides in Periphery

3.1 Positively Selecting Self-Peptides May Maintain
Homeostatic Proliferation and Survival
of Peripheral T Cells

In periphery, T cells require continuous low-level TCR interaction with self-
peptides to survive (Brocker 1997; Davis et al. 2007; Min and Paul 2005; Morris
and Allen 2012). Homeostatic proliferation is driven by a low-affinity interaction
with self-peptide/MHC (Sprent et al. 2008; Surh and Sprent 2000, 2008). It
remains unknown whether T cell reactivity to self-peptides in periphery relates to
the affinity threshold established during positive selection. Positively selecting
self-peptides may not only rescue DP thymocytes from programed cell death, but
also program the long-term competitive fitness of post-selection T cells in
periphery to influence its survival, proliferation, and functional alertness (Ernst
et al. 1999; Goldrath and Bevan 1999; Viret et al. 1999) (Fig. 2).
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Do positively selecting ligands contribute to naive T cell homeostatic prolif-
eration in periphery? Is the ligand that mediate homeostatic proliferation the same
as the positively selecting ligand in thymus? The first evidence came from the
homeostatic proliferation experiments by using H-2M-deficient mice (Goldrath
and Bevan 1999; Viret et al. 1999). The MHC class II molecules of H-2M-
deficient mice are almost exclusively loaded with class II invariant chain peptides
(CLIPs) (Fung-Leung et al. 1996; Martin et al. 1996; Miyazaki et al. 1996), so that
the CLIP peptide was highly expressed in both thymus, and in periphery. Naive
CD4+ cells from B6 mice failed to proliferate in T cell-depleted H-2M-deficient
hosts, whereas naive CD4+ cells from H-2M-deficient hosts proliferate strongly
(Goldrath and Bevan 1999; Viret et al. 1999). The difference in proliferative
responses may result from the possibility that homeostatic proliferation is driven
by the positively selecting ligands. H-2M deficient CD4+ T cells were positively
selected by high abundant CLIP in the thymus, and therefore were capable of
homeostatic proliferation while adoptively transferred to H-2M deficient hosts. On
the other hand, wide-type B6 CD4+ T cells were positively selected by a normal
self-peptide repertoire. Given the normal self-peptide repertoire is absent in H-2M
deficient hosts because the peptide exchange machinery is disrupted, wide-type B6
CD4+ T cells failed to homeostatically proliferate. Additionally, in H-2M-deficient
mice, recognition of self-peptide/MHC may maintain the survival and repertoire of
mature CD4SP T cells (Kieper et al. 2004; Moses et al. 2003). Similar evidence
comes from studies of CD8+ T cells using TAP-deficient mice. OVA-specific CD8
T cells failed to proliferate when transferred into TAP-deficient mice, but they
would proliferate when transferred into transgenic mice expressing positively
selecting altered peptide transgenes of OVA (Goldrath and Bevan 1999).

Fig. 2 Positively selecting ligands may promote the positive selection in the thymus, as well as
function as coagonists and help maintain mature T cell survival in the periphery
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More recently, using the naturally occurring self-peptides for CD4+ T cell
selection (gp250 peptide for positively selecting AND TCR and Gag-Pol peptide
for 5C.C7 TCR) (Lo et al. 2009; Ebert et al. 2009), the relationship of the ligand
that positively select and that to mediate homeostatic proliferation was tested.
CFSE-labeled naive AND CD4+ T cells were adoptively transferred to chronic
lymphopenic B6.Rag1-/-H-2k recipients, and mice were injected intraperitoneally
with additional positively selecting ligand gp250 or non-selecting control peptide
Hb. Two- to ninefold more AND CD4+ T cells were recovered from the gp250-
injected mice (Lo et al. 2009). A single mutation of the gp250 TCR contact
residues disrupt gp250 ability to enhance the survival of AND CD4+ T cells,
suggesting the enhanced survival is gp250-peptide specific. Interestingly, the
recognition of self-peptides in periphery has the identical high degree of specificity
to that observed for positive selection (Lo et al. 2009). In the case of positively
selecting self-peptide Gag-Pol and 5C.C7 T cells, Gag-Pol peptide can also drive
the homeostatic proliferation of 5C.C7 CD4+ T cells (Singh et al. 2012; Walker
2012), supporting the hypothesis that the crucial role of positively selecting
ligands extends beyond the thymus into periphery.

3.2 Positively Selecting Self-Peptides May Function
as Co-agonists to Augment Functional
Sensitivity of Peripheral T Cells

In addition to homeostatic proliferation and maintenance of peripheral T cells,
positively selecting ligands can also directly contribute to the functional alertness
and responsiveness of naive T cells to cognate antigens. The first notion of such a
possibility was suggested by the observation that self-peptides were co-localized
with agonist peptides at the immunological synapse (Wulfing et al. 2002). The co-
localization of self-peptides with agonist peptides was shown to participate in T cell
activation by acting as a co-agonist in both MHC class I and class II systems (Irvine
et al. 2002; Krogsgaard et al. 2005). The pseudodimer model suggests CD4 core-
ceptor allows certain self-peptide/MHC complexes to contribute to T cell activation,
thus functioning as a coagonist. With 5C.C7 T cells (Irvine et al. 2002; Krogsgaard
et al. 2005), three out of seven self-peptides were demonstrated to act as co-agonists
and enhance T cell activation when presented in conjunction with small amounts of
agonist peptide. Despite the unlikelihood of the CD8 co-receptor forming a similar
pseudodimer, self-peptides have been shown to also function as coagonists in class I-
restricted responses (Yachi et al. 2005). These observations raise the possibility that
positively selecting peptides encountered in the thymus may continue to have
profound effects on T cell responses in the periphery. In the gp250/AND system, the
positively selecting self-peptide gp250 can enhance naive AND T cell activation to
lower concentration of agonist MCC (Lo et al. 2009). Similarly, in the case of 5C.C7,
the positively selecting ligand Gag-Pol can enhance naive 5C.C7 T cell activation in
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response to agonist MCC peptide, while other nonrelated peptides lacked such
capability (Juang et al. 2010). The validity of the co-agonist model is still debated,
and resolution of this issue awaits a determination of the precise number of TCRs
(one or more than one) in the initial T cell recognition with limiting number
(physiological numbers) of peptide/MHC complexes.

3.3 Positive Selection Signals May Program the Long-Term
Survival and Function of Peripheral T Cells

So how does the positive selection ‘‘experience’’ become a critical determinant to
influence peripheral T cell function and survival? Two studies in CD8+ T cells
have related positive selecting signaling events to T cell maintenance and func-
tional capability in periphery by using CD8+ TCR transgenic mouse lines which
have a different affinity for self-peptide/MHC complexes (Cho et al. 2010; Sinclair
et al. 2011), with OT-I CD8+ T cells having the highest sensitivity, followed by 2C
CD8+ T cells, where HY CD8+ T cells have very low or undetectable sensitivity to
homeostatic proliferation. The CD8+ T cell homeostatic proliferation relies on
TCR and IL-7 signaling. The propensity for T cells to undergo homeostatic pro-
liferation correlates with their intrinsic TCR affinity for self MHC ligands. Thus,
for CD8+ T cells, naive cells from OT-1 and 2C TCR transgenic mouse lines have
relatively high affinity for self-peptide/MHC ligands, while the HY CD8+ T cells
have the relatively low self reactivity, such that they fail to homeostatically pro-
liferate. The strength of positively selecting signals dynamically regulate IL-7Ra
abundance and CD5 surface expression (Sinclair et al. 2011). IL-7 receptor signals
are critical for all peripheral T cell subsets (Sinclair et al. 2011), and CD5 con-
stitutively associates with SHP-1 to negative regulate TCR signals (Azzam et al.
1998). The stronger the positive selection signals, the higher the expression of IL-
7R and CD5 express on the cell surface on mature T cells (Cho et al. 2010; Sinclair
et al. 2011). The variation in IL-7R and CD5 expression may determine the
capability of homeostatic survival and proliferation of these three TCR transgenic
CD8+ T cell clones. Therefore, positive selection programs IL-7Ra and CD5
expression on mature T cells to influence the ability of new generated T cells to be
maintained within the peripheral T cell repertoire (Fig. 3).

TCR affinity for self-peptide-MHC complexes not only influences their
potential for homeostatic proliferation, but also tunes T cell activation threshold in
response to cognate antigen. Our laboratory generated two TCR transgenic mice,
LLO56 and LLO118, specific for an immunodominant Listeria epitope (listeriol-
ysin 190–205) and only differing by 15 amino acids in their TCR sequences
(Weber et al. 2012). These cells differed only in their CD5 levels, and showed
dramatically different in vivo responses against Listeria infection. LLO56, with
higher CD5 expression, has a significantly stronger recall response, whereas
LLO118, with lower CD5 surface expression, mediated a better primary response.
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More interestingly, while sorting out LLO118 cells that express similar CD5 levels
as LLO56 cells, CD5hi LLO118 cells became good recall responders as well
(Fig. 3). This observation directly correlates CD5 expression level and peripheral
function. While positive selection signals program CD5 surface expression, the
competitive fitness and peripheral function are also imprinted in mature T cells.

Fig. 3 The strength of positive selection signal may influence the surface expression of CD5 and
IL-7Ra on the post-selection mature T cells, and therefore affect peripheral T cell function, such
as homeostatic proliferation and cell responses against pathogens
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4 Conclusion

Accumulated evidence strongly suggests that the recognition of a positively
selecting ligand is not promiscuous, or simply a passive rescue process to prevent
cell death by neglect or by negative selection. Instead, individual positively
selecting ligands may enrich unique repertoires of mature T cells. One positively
selecting self-peptide has to select more than several thousand T cells, and the
TCR recognition of positively selecting self-peptides has a high degree of speci-
ficity. The specific interaction between individual TCRs and self-peptide/MHC
complexes may determine the expression levels of signaling molecules and
cytokine receptors, such as CD5 and IL-7Ra, therefore affecting functional sen-
sitivity and competitive fitness of peripheral T cells. Similarly, one positively
selecting ligand may differ with the other ligands in terms of the capability of
positive selection, that some self-peptides may be better selectors to positively
select a broader TCR repertoire, and some might select a narrower repertoire.
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Central Tolerance Induction

Maria L. Mouchess and Mark Anderson

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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Trafficking to the Thymus

Shirley L. Zhang and Avinash Bhandoola

Abstract The continuous production of T lymphocytes requires that hematopoi-
etic progenitors developing in the bone marrow migrate to the thymus. Rare
progenitors egress from the bone marrow into the circulation, then traffic via the
blood to the thymus. It is now evident that thymic settling is tightly regulated by
selectin ligands, chemokine receptors, and integrins, among other factors. Identi-
fication of these signals has enabled progress in identifying specific populations of
hematopoietic progenitors that can settle the thymus. Understanding the nature of
progenitor cells and the molecular mechanisms involved in thymic settling may
allow for therapeutic manipulation of this process, and improve regeneration of the
T lineage in patients with impaired T cell numbers.
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1 Introduction

T lymphocytes are important in the adaptive immune response against pathogens,
while preventing inappropriate immune response to self (Stritesky et al. 2012). The
primary site of all T cell development is the thymus, which develops in the fetus
from mesenchymal cells and epithelial cells that attract immature lymphocyte
precursors (Anderson et al. 1993). T cell development begins in the fetus and
continues throughout adulthood. In adults, T cells originate from bone marrow
progenitors that egress from the bone marrow, traffic through the blood, and are
imported into the thymus (Donskoy and Goldschneider 1992). Entry of progenitors
into the thymus is regulated by the interaction of molecules on the surface of
lymphoid precursors with ligands and receptors on the endothelial layer of blood
vessels of the thymus. Progenitor cells immigrating to the thymus receive signals
to divide, differentiate, and commit to the T cell fate. The T cell receptor (TCR)
loci are recombined, and developing cells undergo positive and negative selection
based on the specificity of their TCRs (Morris and Allen 2012). Several lineages of
T cells mature in the thymus, including cd T cells, and subsets of ab T cells
including NK-T cells, CD4 helper cells, and CD8 cytotoxic T cells. Finally, the
matured T cells are released from the thymus into the periphery (Weinreich and
Hogquist 2008). Production of naïve T cells is maintained by the thymus through
life (Storek et al. 2003).

This chapter summarizes the current understanding of progenitor trafficking to
the thymus, which in adult mice involves progenitors exiting the bone marrow,
traveling though the circulation, homing to the thymus, and surviving in the
thymic settling progenitor niche. We first discuss the progenitors that are the likely
thymic settling progenitors that ultimately give rise to T cells. We address the
mechanisms known to be involved in bone marrow egress to the circulation and
homing to the thymus in the adult and the fetus. Most of what is known about
thymic settling has been established in mice; however, molecules implicated in
thymic homing in mice have orthologues that are required for T cell development
in other model species including zebrafish and medaka, suggesting that thymic
homing is similar not only among mammalian species, but also in other vertebrates
(Boehm et al. 2003).

Finally, we review potential clinical applications of modulating the process of
thymic settling in order to improve the regeneration of T cells. Following bone
marrow transplant (BMT), the T cell compartment is slow to reconstitute, leaving
patients immunocompromised (van Den Brink et al. 2013). Several aspects of T
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cell development are impacted by BMT; we discuss whether aberrant thymic
settling may contribute to slower reconstitution.

2 Candidate Thymic Settling Progenitors

T cell potential is broadly distributed among primitive hematopoietic progenitor
populations; many distinct progenitors can become T cells. Among these, a more
restricted group of thymic settling progenitors also possesses the ability to
mobilize from the blood and enter the thymus. The experimental systems used to
study progenitor populations that settle the thymus involve intravenous transfers of
large quantities of progenitors that can be recovered at early time points, but may
not reflect physiological levels of progenitors in the blood. An additional com-
plication is that the transferred cells may not settle the thymus immediately, but
may first differentiate into distinct cells that then settle the thymus (Porritt et al.
2004; Schwarz and Bhandoola 2004; Perry et al. 2006; Serwold et al. 2009). All of
the progenitors described below have T cell potential, as they will differentiate into
T cells if placed in the thymus by intrathymic injection. The characteristics of
thymic settling progenitors have been discussed in detail in several reviews
(Boehm and Bleul 2006; Bhandoola et al. 2007; Iwasaki and Akashi 2007; Izon
2008; Koch and Radtke 2011; Zlotoff and Bhandoola 2011).

During fetal development, hematopoiesis occurs primarily in the liver, whereas
in adults, candidate thymic settling progenitors reside within the bone marrow
(Mikkola and Orkin 2006). Hematopoietic progenitors are functionally and phe-
notypically heterogeneous, and can be distinguished by self-renewal capacity,
lineage potential, and combinations of surface markers. Hematopoietic stem cells
(HSC) are the precursor cells from which all blood cell types, including T cells,
originate. HSC have the ability to self-renew and continuously give rise to all
blood cell types throughout the lifetime of the organism (Spangrude et al. 1988;
Osawa et al. 1996). HSC develop via non-renewing progenitor intermediates into
terminally differentiated blood cells, which have lost the potential to differentiate
into any other lineages. Phenotypically, HSC are negative for all lineage markers
and have high levels of Kit and Sca1 expression (LSK, for Lineage-negative,
Sca1+ Kit+) (Table 1).

HSC give rise to multipotent progenitors (MPP), which can also reconstitute all
blood lineages, but cannot self-renew (Adolfsson et al. 2001). MPP share the LSK
phenotype with HSCs, but can be separated from HSC by surface expression of the
cytokine receptor Flt3, among other markers (Morrison et al. 1997; Christensen
and Weissman 2001; Wilson et al. 2008). MPP subsequently give rise to a subset
of cells termed lymphoid-primed multipotent progenitors (LMPP), which are the
highest Flt3-expressing LSK population. LMPP are also termed earliest lympho-
cyte progenitors (ELP) due to the expression of early lymphoid genes such as
Recombination Activating Gene 1 (RAG1) and RAG2 (Igarashi et al. 2002). These
cells retain myeloid and lymphoid potential, but no longer possess megakaryocyte
or erythroid potential (Adolfsson et al. 2005).
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Common lymphoid progenitors (CLP) differentiate from LMPP, accompanied
by down-regulation of expression of Kit and Sca1, retention of high Flt3
expression, and the expression of high levels of surface IL-7 receptor (Kondo et al.
1997). CLP have lymphoid potential but greatly attenuated myeloid potential
(Kondo et al. 1997). CLP are heterogenous, and can be further subdivided into the
more primitive Ly6D- CLP and downstream Ly6D+ CLP that also highly express
RAG genes (Inlay et al. 2009; Mansson et al. 2011). Cells further downstream of
Ly6D+ CLP primarily produce B cells if they are retained in the bone marrow.

The rapid kinetics with which intravenously transferred LMPP and CLP
develop into T cells suggest that physiological thymic settling progenitors are
among these populations (Schwarz et al. 2007). Upstream populations such as
HSC produce T lymphocytes with greatly delayed kinetics in comparison to LMPP
and CLP, suggesting these upstream progenitors may home to the bone marrow
prior to generating cells able to settle the thymus. In spite of these advances, the
precise identity of the cells that traffic to the thymus has remained controversial
(Allman et al. 2003; Martin et al. 2003; Porritt et al. 2004; Serwold et al. 2009). A
method of narrowing down the pool of potential thymic settling progenitors is to
determine the molecular requirements for trafficking from the bone marrow to the
circulation and migration from the circulation to the thymus. The cellular
machinery required for trafficking is only expressed on specific progenitor popu-
lations. As discussed later, this approach indicates that physiological thymus
settling progenitors likely reside within LMPP and CLP subsets.

3 Mobilization into the Circulation

In order for adult bone marrow-derived progenitors to arrive at the thymus, pro-
genitors with T lineage potential must first mobilize out of the bone marrow and
into the blood. Cells with progenitor phenotypes have been detected in peripheral

Table 1 Candidate thymic settling progenitors

Candidate thymic
settling progenitors

Surface phenotype Lineage potential Homing molecules

HSC Lin- Sca1+cKit+Flt3- All blood cells PSGL-1
MPP Lin-Sca1+cKit+Flt3lo All blood cells PSGL-1
LMPP Lin-Sca1+cKit+Flt3hi Lymphoid

Myeloid
CCR7, CCR9
PSGL-1 (functional)

Ly6D-CLP Lin-Sca1locKitloFlt3hi

IL-7R+Ly6D-
Lymphoid
Myeloid (residual)

CCR7
PSGL-1 (functional)

Ly6D+CLP Lin-Sca1locKitloFlt3hi

IL-7R+Ly6D+B220-/+
Lymphoid CCR7, CCR9,

PSGL-1
ETP Lin-Sca1+cKit+CD25- Lymphoid

Myeloid
N/A
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blood at low levels. Transfers of blood provide long-term multilineage reconsti-
tution in recipients, indicating that functional HSCs circulate (Goodman and
Hodgson 1962; Wright et al. 2001; Schwarz and Bhandoola 2004). MPP, LMPP,
and CLP have been detected in the blood; however the very low number of
progenitors in the circulation of adult mice has made it difficult to study the
physiological regulation of bone marrow progenitor migration (Schwarz and
Bhandoola 2004; Perry et al. 2006; Lai and Kondo 2007). For this reason, the
signals that may govern physiological mobilization, if any, are largely unknown.
However, there are pharmacological methods of mobilizing progenitors to the
blood, which have suggested possible mechanisms of retention and egress.
Exogenous administration of several cytokines and hormones, described below,
can induce progenitor release from the bone marrow.

Bone marrow progenitors reside in localized niches along perivascular sites at
the endosteum of the bone (Kunisaki and Frenette 2012). Many cells of the bone
marrow are thought to support the HSC niche including osteoblasts, perivascular
mesenchymal stem cells, and sinusoidal endothelial cells (Lymperi et al. 2010).
Mesenchymal stem cells express adhesion molecules and chemokines, which
retain and maintain hematopoietic progenitors within the bone marrow (Mendez-
Ferrer et al. 2010). Vascular cell adhesion molecule 1 (VCAM-1) tethers stem and
progenitor cells to the bone (Simmons et al. 1992). The chemokine receptor
CXCR4 and its ligand CXCL12, also known as stromal cell derived factor-1, have
been suggested to regulate the retention of progenitors (Pitchford et al. 2009).
Blockade of CXCR4 through administration of an antagonist, AMD3100, allows
for rapid mobilization of bone marrow progenitors into the blood. Other chemo-
kines have been reported to mobilize progenitor cells into the circulation,
including CCL3 (MIP-1a), CXCL8 (IL-8), and CXCL2 (GRO-b) (Marshall et al.
1997; King et al. 2001; Pruijt et al. 2002).

Erythropoietin, thrombopoietin, and granulocyte colony-stimulating factor
(G-CSF) have each been found to induce bone marrow progenitor mobilization
(Pettengell et al. 1994; Murray et al. 1998). G-CSF is widely used clinically to
mobilize stem and progenitor cells for transplants. The response of HSC mobili-
zation to G-CSF is more sustained than the response to AMD3100, although the
effects of both therapies are transient. G-CSF is thought to act on the bone marrow
niche through macrophage and neutrophil-mediated release of cytokines and
metalloproteases that degrade the extracellular matrix (Liu et al. 2000; Pelus et al.
2004; Winkler et al. 2012). G-CSF has also been found to disrupt CXCL12
expression (Petit et al. 2002; Levesque et al. 2003). G-CSF and AMD3100 act
synergistically to mobilize bone marrow progenitors (Broxmeyer et al. 2005).

More recently, sphingosine-1 phosphate (S1P) gradients have been found to be
important in mediating progenitor egress from the bone marrow (Golan et al.
2012). When S1P receptors are inhibited with FTY720, hematopoietic progenitors
are prevented from leaving the bone marrow and entering into the circulation.
Furthermore, blockade of CXCR4 or administration of G-CSF has been found to
upregulate S1P in blood plasma, which then facilitates progenitor egress (Rata-
jczak et al. 2010; Golan et al. 2012).
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Together, these data suggest a model in which competing chemokine gradients
favor either retention or mobility and thus regulate the rate of progenitor egress
from the bone marrow (Fig. 1). This model would imply that at homeostasis, most
progenitors in bone marrow receive more retention signals than mobilizing signals,
but specific populations of progenitors may egress the bone marrow through the
regulated control of their retention or mobilization molecules. Another possibility
is that small numbers of progenitors randomly escape from the bone marrow into
the blood. This latter hypothesis would be supported by equivalent relative ratios
of different progenitor populations in the blood and the bone marrow.

4 Entering the Thymus

4.1 The Molecular Basis of Homing

Settling of the thymus by hematopoietic progenitors in adult mice is thought to be
a rare event, and fewer than 20 cells per day have been estimated to lodge within
the thymus (Wallis et al. 1975). This estimate is based on intravenous injection of
a mixture of two bone marrow populations bearing congenic markers into irra-
diated mice. When the thymi of these mice were examined later, there was con-
siderable variation in the ratio of the congenic markers expressed on thymocytes in
different mice. Although this experiment involved radiation and is not the

Bone Marrow Blood

CXCL12

CXCL8, CXCL2, CCL3
S1P

Retention Mobilization

G-CSF

Osteoblasts

VCAM-1

MSC

Progenitor cell

Fig. 1 Model for bone marrow progenitor mobilization. Progenitors in the bone marrow are
retained by adhesion molecules such as VCAM-1 and the chemokine ligand CXCL12.
Mobilization can be mediated through the increase in cytokines and S1P in blood or through
G-CSF-induced downregulation of CXCL12
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physiological condition, it indicates that the number of thymic settling progenitors
can be very low. If this is also true in physiological conditions, this can help
explain why it has been so difficult to identify progenitors within the thymus that
have properties and surface phenotype identical to bone marrow populations.

The earliest defined T cell precursor population in the thymus are termed early
thymic progenitors (ETP), which have been characterized as negative/low for CD4
and CD8 co-receptors (double negative cells; DN), positive for CD44 and Kit, but
have not yet upregulated CD25 (DN1 Kit+) (Shortman and Wu 1996; Allman et al.
2003; Porritt et al. 2004; Benz et al. 2008). The phenotype of the thymic settling
progenitors has been shown to rapidly change once they enter the thymus and are
exposed to Notch ligands (Krueger et al. 2006). Since putative rare upstream
progenitors cannot yet be identified or analyzed directly, the characterization of
ETP has been used to deduce the properties of thymic settling progenitors. As
progenitor cells differentiate, developmental potentials for non-T cell lineages are
lost; therefore, the more primitive thymic settling progenitors are those that have
the same or more lineage potentials than ETP. ETP are not committed to the T cell
lineage and subsets of ETP retain B cell, NK cell, dendritic cell, and a degree of
myeloid potential (Bell and Bhandoola 2008; Luc et al. 2012). Some ETP adopt a
granulocyte fate within the thymus, providing support for the idea that some
thymic settling progenitors are myelo-lymphoid progenitors (Luc et al. 2012;
De Obaldia et al. 2013).

Homing of progenitors to the thymus has been suggested to be similar to
lymphocyte homing to lymph nodes, a process which involves selectin ligands,
chemokine receptors and integrins (Scimone et al. 2006). In this model, progen-
itors are thought to undergo a multistep cascade, which includes: rolling adhesion;
chemoattraction; tight adhesion; and transendothelial migration. L-selectin on T
lymphocytes mediates rolling adhesion by binding to peripheral node addressin
(PNAD) on the surface of endothelial cells. Expression of surface CCR7 allows
lymphocytes to migrate toward the chemokine ligand CCL21, which is found on
high endothelial venules. Signaling though the chemokine receptor activates
integrins to acquire a high affinity structure. Integrin binding arrests the cell and
additional signals induce transmigration of the cell through the endothelial layer
into the lymph nodes (Springer 1994). In trafficking to the thymus, P-selectin
glycoprotein ligand 1 (PSGL-1) and CCR7 or CCR9 on hematopoietic progenitors
interact with targets on the endothelium for migration into the tissue (Rossi et al.
2005b; Scimone et al. 2006; Krueger et al. 2010; Zlotoff et al. 2010).

PSGL-1 is an important molecule present on bone marrow progenitors involved
in homing to the thymus (Rossi et al. 2005b; Sultana et al. 2012). The receptor for
PSGL-1 is P-selectin, which is present on the surface of some endothelial cells
lining the vasculature of the thymus (Rossi et al. 2005b). Periodic alterations in
levels of P-selectin on thymic endothelial cells are suggested to regulate the
receptivity of the thymus to progenitors (Gossens et al. 2009). Progenitors defi-
cient in PSGL-1 are inefficient at generating thymocytes in competition with wild-
type progenitors; however, there is no deficiency in bone marrow progenitor
generation (Rossi et al. 2005b). Although all bone marrow progenitors express
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PSGL-1 transcripts, expression of functional protein able to bind P-selectin
requires post-translational modifications via sialyation, glycosylation, and sulfa-
tion (Li et al. 1996). Expression of functional PSGL-1 is low in HSCs and MPPs,
but upregulated on downstream CCR9+ LMPP and Ly6D- CLP. Additionally,
transcripts for glycosyltransferase enzymes Fut4 and Fut7, which are required for
functional PSGL-1 expression, are most abundant in LMPP and Ly6D- CLP, and
progenitors lacking Fut4 and Fut7 did not efficiently home to the thymus (Sultana
et al. 2012).

The involvement of chemokine receptors in thymic homing was suggested by
pertussis toxin blockade of G protein couple receptor (GPCR). Pertussis toxin
treatment of bone marrow progenitors prior to intravenous transfer diminishes ETP
numbers in the thymus, indicating that Gai signaling in bone marrow progenitors is
required for thymic homing (Jin and Wu 2008). The guanine nucleotide exchange
factors (GEFs) involved in homing to the fetal thymus are DOCK2 and DOCK180.
DOCK2 and DOCK180 double deficient mice have a smaller fetal thymus and
progenitor cells lacking DOCK2 and DOCK180 are defective in in vitro migration
to fetal thymic lobes; however, mutant progenitors were capable of producing T
cells when cocultured on a fetal thymic stroma (Lei et al. 2009). Together, these
results suggest that one or more receptors for chemoattractants (which are gen-
erally GPCRs) might be important in thymic homing.

Indeed, the chemokine receptors CCR7 and CCR9 have been implicated in
thymic homing in fetal and adult mice (Uehara et al. 2002; Liu et al. 2006; Krueger
et al. 2010; Zlotoff et al. 2010). The ligands for CCR7 and CCR9, which are
CCL21/CCL19 and CCL25 respectively, are produced by stromal epithelial cells
in the thymus (Ciofani and Zuniga-Pflucker 2007). CCL25 is expressed by all
thymic epithelial cells (TEC) whereas CCL19 and CCL21 are expressed by
medullary epithelial cells (Wurbel et al. 2000; Misslitz et al. 2004; Ueno et al.
2004). CCL25 is also found in the small intestine, whereas CCL21 is expressed in
a wide range of organs (Vicari et al. 1997; Willimann et al. 1998). When pro-
genitors deficient for either CCR7 and/or CCR9 are placed in competition with
wild-type cells using mixed bone marrow irradiation chimeras, the knockout cells
contribute less efficiently to thymic and peripheral T cell lineages; however,
hematopoietic progenitor development in the bone marrow is largely unaffected.
The defect is overcome when the cells are transferred directly to the thymus by
intrathymic injection (Schwarz et al. 2007; Krueger et al. 2010; Zlotoff et al.
2010). These data together indicate that most efficient progenitor homing relies on
CCR7 and CCR9. Other chemokines such as CXCR4 and CCR5 might also have a
role in progenitor migration; however, the relative contribution of these receptors
to homing in adult mice needs to be further evaluated (Robertson et al. 2006).

Integrins are thought to be responsible for mediating firm adhesion of rolling
progenitors in the vasculature of the thymus (Ruiz et al. 1995). CLP express high
levels of aLb2 and a4b1 integrins, which bind the receptors ICAM-1 and VCAM-
1 that are expressed by thymic endothelial cells. Inhibition of integrins on bone
marrow progenitors transferred intravenously reduced trafficking to the thymus,
suggesting that these integrin pairs play a role in homing (Scimone et al. 2006).
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Although thymic settling progenitors have not been unambiguously identified,
the available evidence implicates cells that express CCR9 or CCR7 (or both),
functional PSGL-1, and integrins. HSC and MPP do not express either CCR9 or
CCR7, eliminating them as efficient thymic homing progenitors. A subset of
common myeloid progenitors possesses a degree of T cell potential in addition to
myeloid potential; however, absence of CCR7 or CCR9 expression implies that
normally these cells do not contribute to T lymphopoiesis (Chi et al. 2010). CCR9
and CCR7 are expressed on subsets of LMPP, and nearly all CLP express CCR7
and some also express CCR9. Furthermore, functional PSGL-1 is most highly
expressed on CCR9+ LMPP and Ly6D- CLP (Sultana et al. 2012). The gene
expression profile and lineage potential of ETP have been found to be similar to
CLP and LMPP (Luc et al. 2012). Together these data narrow down the competent
thymic settling progenitors to subsets of LMPP and/or CLP; although their relative
contributions toward T cell development are not known with certainty.

4.2 The Thymic Settling Progenitor Niche

Although the precise identities of the progenitor cells have been elusive, several
characteristics of the thymic settling progenitor niche are known. Thymic settling
has been suggested to be a ‘‘gated’’ phenomenon. Progenitors settling the thymus
are thought to initially occupy niches that only become vacant when these pro-
genitors further differentiate, resulting in periodic waves of thymic entry (Donskoy
et al. 2003). The few thymic settling progenitors that have been found have been
imaged at the cortico-medullary junction (CMJ) where there are large, postcap-
illary venules (Lind et al. 2001). This suggests that the thymus settling progenitor
niche might be located adjacent to the CMJ (Porritt et al. 2003). Due to the
difficulty of studying the cells directly, the number of thymic settling progenitors
residing in the niche remains unclear; however, an early estimate was provided by
intrathymic injections of HSCs. Approximately 200 HSCs are sufficient to main-
tain the production of T cells (Spangrude and Scollay 1990). More recently, it was
shown that HSC injected into the thymus of ZAP70-deficient mice (which have a
block at the CD4/CD8 double positive stage of development) are able to sustain T
cell differentiation for considerably longer than physiological thymus settling
progenitors (Adjali et al. 2005). Because HSC are more efficient in producing
thymocytes than cells that normally settle the thymus, 200 cells is likely to be an
underestimate of the size of the niche. Intrathymic transplants of total bone
marrow progenitors in ZAP70-deficient mice increased the number of ETP,
indicating that this progenitor niche within the thymus is either unsaturated or can
be expanded (Vicente et al. 2010). The transplanted cells that engraft the thymus
after intrathymic injection of bone marrow progenitors are unable to maintain
long-term multilineage hematopoiesis on secondary intravenous transplant (Vi-
cente et al. 2010). Hence, the progenitor niche within the thymus does not support
the self-renewal of bonafide HSC.
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When fetal thymi are transplanted into mice with competent progenitor popu-
lations in bone marrow, resident thymocytes are substituted within four weeks by
the progeny of incoming progenitors (Berzins et al. 1998). This observation had
suggested that progenitors residing within the thymus were nonrenewing and a
constant supply of progenitors imported from the blood was required to maintain
progenitors in the thymus, and sustain long-term T cell development. However,
recent studies have used thymic transplants into mice lacking the common gamma
chain cytokine receptor, or lacking IL-7Ra. In these circumstances, T cell
development is sustained on the order of months, much longer than had been
previously suggested (Martins et al. 2012; Peaudecerf et al. 2012). These sur-
prising findings indicate that normally, the incoming cells to the progenitor niche
force out resident cells based on competition for IL-7 and possibly other growth or
differentiation factors such as Flt3 and Notch ligands. In the absence of compe-
tition for the niche, progenitors in the thymus can renew the early thymocyte
populations for a prolonged period. These data alter our understanding of self-
renewal of progenitor populations. Self-renewal ability may not be unique to stem
cells, but may depend on whether progenitor cells can compete for relevant niches.

5 Fetal Versus Adult Thymic Settling

Hematopoiesis in the mouse embryo differs from that in the adult. Primitive
hematopoietic cells first appear in the yolk sac, but these early progenitors do not
generate lymphocytes. Early lymphopoiesis appears to arise independently from
HSCs (Yokota et al. 2006). Such ‘‘spontaneous’’ lymphopoiesis occurs at
embryonic day 8.5; HSCs with lymphoid potential do not emerge from the aorta-
gonad-mesonephros (AGM) region until embryonic day 10.5 (Muller et al. 1994;
Li et al. 2012). The main source of hematopoiesis during the remainder of fetal life
is the liver (Christensen et al. 2004).

A thymus-parathyroid primordium forms out of the third pharyngeal pouch at
embryonic day 9.5; however, the thymic rudiment does not receive an influx of
progenitors until embryonic day 10.5 (Hilfer and Brown 1984). Lymphoid pro-
genitors are recruited to the area surrounding the thymic rudiment and are
encapsulated within the thymus by approximately embryonic day 12.5 (Jotereau
et al. 1987). In the fetal liver, there are well-characterized progenitors that are
restricted to T/NK/DC lineages that do not possess B or myeloid cell potential
(Kawamoto et al. 2000). These cells express paired immunoglobulin receptor
(PIR) and can also be found in the fetal blood and thymus (Ikawa et al. 2004;
Masuda et al. 2005). The early fetal T cell progenitors express high levels of Kit
and IL-7R and also appear to be restricted to the T/NK/DC lineage (Masuda et al.
2005). This suggests that commitment to the T/NK/DC lineage may occur prior to
migration to the thymus in fetal mice. A prethymic T lineage committed popu-
lation has also been found in adult mice (Dejbakhsh-Jones and Strober 1999;
Garcia-Ojeda et al. 2005; Krueger and von Boehmer 2007). It is unclear to what
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extent T lineage restricted progenitors contribute to thymopoiesis; progenitors
settling the thymus may be a heterogeneous population consisting of both lineage-
restricted and multipotent cells (Rodewald et al. 1994; Bhandoola et al. 2007).

Thymic homing in the fetus is initiated prior to the vascularization of the
thymus primordium. Therefore thymic settling has both prevascular and postvas-
cular stages. During the prevascular phase, chemotaxis is the key component
regulating thymic settling. As in the adult, chemokine receptors CCR7 and CCR9
are important to this process (Liu et al. 2006). In addition, CXCR4 has been found
to have redundant functions with CCR7 and CCR9 in thymic homing to the
prevascular thymus (Calderon and Boehm 2011). In the absence of CCR9, CCR7,
and CXCR4, fetal liver progenitors had a 100-fold decrease in thymic homing,
whereas any of the double deficient progenitors only had up to 10-fold decrease in
thymic homing (Calderon and Boehm 2011). After the fetal thymus vascularizes,
thymic homing is thought to occur primarily through the circulation (Dunon et al.
1999). Homing to the vascularized fetal thymus remains dependent on the same
three chemokine receptors but the requirement for other molecules must appear so
progenitors can migrate in the presence of blood flow (Calderon and Boehm 2011).
The progenitors require adhesion molecules such as selectins and integrins to slow
the cells, to allow for transendothelial migration into the thymus. The trafficking
molecules involved in homing to the vascularized fetal thymus are likely to be
similar to the molecules involved in the adult thymus; however, this has not yet
been confirmed.

Ephrins (Ephs) are molecules other than chemokines that have been shown to
be involved in thymic homing in the fetus (Stimamiglio et al. 2010). Ephs are
receptor tyrosine kinases which are essential for pattern formation during
embryonic development (Pasquale 2008). EphB2 is expressed on bone marrow
progenitors and progenitors deficient in EphB2 exhibit decreased homing to the
fetal thymus when in competition with WT cells (Stimamiglio et al. 2010). Fur-
thermore, thymi with TEC deficient in EphB2 do not support normal colonization
of progenitors, suggesting a non-cell autonomous effect of EphB2 signaling in
TEC on progenitors. In the adult thymus, Ephs are important in many aspects of T
cell development; however, more work is needed to determine whether they are
also involved in homing (Munoz et al. 2011).

There are several differences in thymopoiesis between the fetus and adult
(Fig. 2). In fetal mice, there are much higher levels of progenitors in the blood
(Rodewald et al. 1994). Fetal ETP constitute a larger percentage of thymocytes
(Hozumi et al. 2008; Belyaev et al. 2012). In adults, fewer progenitors are present
in the blood and the ratio of ETP to total thymocytes is lower. However, adult
progenitors appear more than 100-fold more efficient at expanding and giving rise
to T cells when directly compared by intrathymic injection [(Lu et al. 2005); see
Fig. 2]. These differences suggest that cells that settle the thymus are functionally
distinct between fetal and adult stages. In fetal mice, more progenitors may settle
the thymus to become ETP, however these progenitors have considerably less
proliferative capacity than cells with similar phenotypes in adult thymus. Perhaps
consistently, gene expression analysis of fetal ETP suggests that they are more
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similar to adult DN2 cells than adult ETP (Belyaev et al. 2012). Together, these
data suggest that in the adult, increased proliferative ability can compensate for
reduced thymic settling.

6 Evolution of the Thymus and Homing

Among jawed vertebrates, elements of progenitor homing to the thymus are
conserved. Studies of thymic homing in zebrafish and medaka have shown that
similar to mammals, homing relies on chemotaxis (Li et al. 2007; Kissa et al.
2008; Hess and Boehm 2012). The zebrafish genome includes over 100 chemo-
kines as a result of gene duplication during evolution. Two zebrafish chemokines
corresponding to mammalian CCL21 and CCL25 were recently characterized (Lu
et al. 2012). CCL25 is predominantly expressed in the thymus in both embryos and
adult zebrafish, suggesting that CCL25 might play a similar role in homing in
zebrafish as in mammals. It is unclear whether CCL21 is also involved in thymic
homing in zebrafish as its expression in the pharynx is scattered. It has been
suggested that CXCL12 recruits progenitors to the area near the thymic rudiment
where they encounter a CCL25 gradient, which then recruits the progenitors into
the thymus. Consistently, CCR9 and CXCR4 are implicated in thymic homing in
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Fig. 2 Differences in T lymphopoiesis between late fetal and adult mice. Progenitors with T cell
potential are more abundant in fetal than adult blood. Fetal early thymic progenitors (ETP)
constitute a greater fraction of thymocytes and make fewer double positive cells (DP) on a per
cell basis
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medaka, but CCR7 does not appear to be involved. In mice, CCR7 function in
thymic homing is redundant with CCR9 and CXCR4, suggesting that CCR7 was
co-opted for thymic homing more recently (Calderon and Boehm 2011). Studies in
zebrafish also indicate that hematopoietic progenitors do not require blood flow to
home to the thymus and progenitor cells are able to migrate to the thymus by
relying primarily on these chemokines (Hess and Boehm 2012).

The most phylogenetically distant existing jawed vertebrate, the cartilaginous
fish, possess MHC, TCR, and immunoglobulin, the genetic hallmarks of our
adaptive immune system. Jawless fish (agnathans), such as lamprey and hagfish, do
not have these genes, suggesting that the common ancestor of jawed vertebrates
developed this adaptive immune system after the divergence from jawless verte-
brates (Marchalonis and Schluter 1998). Recently, however, jawless vertebrates
have been found to have both T and B-like lymphocytes with diverse antigen
receptors that confer adaptive immunity (Bajoghli et al. 2009; Guo et al. 2009). The
development of the agnathan adaptive immune system appears to parallel that of
jawed vertebrates. The T-like lymphocytes (termed VLR-A+ lymphocytes) are
present in an immature state within organs found in the gill baskets of lamprey
larvae. These organs, termed thymoids, are structures containing lymphoid cells
and epithelial cells that express orthologues of Foxn1 and Delta-like ligand (Ba-
joghli et al. 2011). The evidence suggests that some structural and genetic patterns
were co-opted by both the jawed and jawless vertebrate immune systems. The
thymoid and the thymus develop in anatomical sites to support T-like and T lym-
phocyte development that are distinct from other blood cell types, which imposes
the requirement for competent progenitors to migrate to the thymoid/thymus.

This raises an interesting question in the field of thymic homing—why did the
thymus develop in the gill region at a particular location distant from the site of
hematopoiesis? Perhaps the environment of the pharyngeal epithelium provides a
unique aggregation of chemokine ligands with Delta-like ligands (Bajoghli et al.
2009; Calderon and Boehm 2012). Notch signaling drives transcriptional programs
that cause progenitors to commit to the T lineage (Maillard et al. 2005; Thompson
and Zuniga-Pflucker 2011; Rothenberg 2012). Future work can determine if
lamprey progenitor homing to the thymus uses the same trafficking molecules and
whether the same Notch-dependent transcriptional networks are present in epi-
thelium of the lamprey (Bajoghli et al. 2009). Orthologues of CCR9 and CXCR4
are expressed by mature VLR-A+ lymphocytes in lampreys; however, it is not
known whether they are present on VLR-A-lineage competent progenitor popu-
lations (Guo et al. 2009).

7 Regeneration of the T Lineage

Regeneration of the immune system is an area of clinical interest particularly in
immune compromised patients as well as the elderly. Aging is characterized by
changes in bone marrow and thymus that contribute to functional decline in T cell
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production (Haynes and Swain 2006). Aged bone marrow hematopoietic pro-
genitors lose T lineage potential (Rossi et al. 2005a; Zediak et al. 2007). The
architectural structure of the thymus changes as evidenced by disorganization and
reduced numbers of TEC (Flores et al. 1999). All T cell progenitor subsets are
present within the thymus, but in lower numbers (Min et al. 2004). Total thymic
cellularity is reduced, resulting in decreased thymic output of naïve T cells (den
Braber et al. 2012). In healthy individuals, it is not clear whether maintaining
continuous thymic output is necessary for immune protection; however, reviving
thymic function is clearly important for patients that have received cyto-reductive
therapies. (Mackall et al. 1995; Hakim et al. 2005).

One example where T cell regeneration is important is following BMT. BMT
patients receive conditioning regimens including chemotherapy and/or radiation
therapy to severely deplete host hematopoietic cells. Donor cells eventually
reconstitute the patient’s hematopoietic cell compartments; however, T cells are
usually the last of the hematopoietic cell lineages to recover (Wils et al. 2011).
This is the case even in autologous transplants, in which patients receive their own
bone marrow (Storek et al. 2004). Immune recovery after BMT is often charac-
terized by a prolonged reduction in total CD4+ T cell numbers that leave patients
susceptible to infections, correlating with higher rates of mortality (Small et al.
1999; Berger et al. 2008). Following irradiation conditioning, peripheral T cells
can be regenerated in several ways: (1) thymus-dependent development of naïve T
cells (2) thymus-independent homeostatic proliferation of donor and residual host
mature T cells or (3) naïve T cells developing extrathymically (Miller et al. 1963;
Dulude et al. 1997). Thymus-independent T cell regeneration results in skewed
and limited TCR diversity, which is associated with impaired immunity (Mackall
et al. 1996; Yager et al. 2008; Hsieh et al. 2012). Thymus-dependent T cell output
can be measured by high levels of T cell receptor excision circles (TREC), which
are by-products of V(D)J recombination (Douek et al. 1998). Higher levels of
thymic output before BMT, as determined by TREC levels, can predict the success
of T cell reconstitution and patient outcome (Svaldi et al. 2003; Chen et al. 2005).
In aged individuals who have impaired thymic function, another possible source of
naïve T cells are those that develop outside the thymus. This population of T cells
was found to develop in athymic nude mice after irradiation conditioning (Dulude
et al. 1997). These extrathymically developing cells have been shown to be
functional; however, in response to infections, these cells have limited prolifera-
tive ability and are a poor substitute for cells derived from the thymus (Blais et al.
2004; Holland et al. 2012).

Several components of thymus-dependent T cell regeneration have been
examined following BMT: (1) production of thymic settling bone marrow pro-
genitors, (2) trafficking of the progenitors into the blood and thymus, and (3) the
ability of intrathymic environment to support T cell development. Each of these
components of T cell development has been found to contribute to the slow
recovery of the T cell compartment following BMT. The supply of lymphoid
progenitors in the bone marrow is diminished, indicating that the pool of potential
thymic settling progenitors is reduced (Zlotoff et al. 2011). Trafficking of
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progenitors into the thymus is a limiting aspect of T cell recovery after BMT and
increasing the number of T cell precursors can enhance T cell reconstitution
(Zakrzewski et al. 2006; Dallas et al. 2007; Zlotoff et al. 2011). For BMT patients,
the defects in both production of progenitors and trafficking to the thymus can be
remedied by increasing the number of T cell competent progenitors that reach the
thymus. The intrathymic environment is altered post-BMT in part due to condi-
tioning regimens that deplete the thymus of cortical and medullary TEC (Chung
et al. 2001; Williams et al. 2009). Once T cell progenitors settle the thymus, their
expansion can be improved by growth factors and cytokines. Keratinocyte growth
factor (KGF) protects thymic epithelial cells from injury resulting from the con-
ditioning regimens that precede bone marrow transplantation (Min et al. 2002;
Kelly et al. 2008). In both mice and rhesus macaque models of BMT, adminis-
tration of KGF was shown to improve thymopoiesis and naïve T cell recovery
(Alpdogan et al. 2006). In addition, the cytokine IL-22 has recently been shown to
be important for TEC regeneration following BMT (Dudakov et al. 2012). Other
cytokines have been shown to affect lymphocyte proliferation and survival after
BMT. Providing lymphocytes with IL-7 and Flt3 ligand can enhance both pre-
thymic and intrathymic reconstitution. (Fry et al. 2004; Wils et al. 2007; Kenins
et al. 2008). Together, these data suggest that enhancing both lymphoid and non-
lymphoid tissues can improve regenerative efforts.

The aged thymus can also be regenerated though the ablation of sex steroids;
however, the increase in thymic size and naïve T cell output is only temporary
(Olsen et al. 1991; Weinberg et al. 2001; Roden et al. 2004). During sex steroid
ablation (SSA)-induced regeneration, thymic homing is improved through
increased TEC production of CCL25 (Williams et al. 2008). Presently it is unclear
whether the genes that dictate normal thymic development and growth are the
same as those that control regeneration after SSA. Analysis of the regenerated
thymus after SSA suggests that most gene pathways are more similar to those of an
old thymus rather than a young thymus (Griffith et al. 2011). Gene expression
analysis of the young and regenerated thymus would suggest that the pathways
governing initial thymic development and those that dictate regrowth may involve
two separate mechanisms. An alternate interpretation of these data is that there are
a small number of as yet unidentified shared pathways in both young and regen-
erated thymi, which dictate thymic size and functionality. The latter possibility
suggests that patients who require improved thymic regeneration may benefit from
the induction of these pathways.

8 Conclusions

Unlike other blood cells, T cells develop in a sequestered organ distant from the
bone marrow. This presents T cell precursors with the additional difficulty of
trafficking out of the bone marrow, through the blood, and entering the thymus.
Many bone marrow progenitors have the potential to become T cells, yet only a
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few subsets have the necessary molecules to home to the thymus. These subsets
are thought to be within the more lymphoid biased LMPP and CLP populations.

Although the identity of the thymic settling progenitors is becoming clearer, the
logic underlying the restriction of thymic homing ability to specific subsets of
progenitor cells is not fully understood. Progenitors with greater capacity to pro-
duce other blood lineages given unrestricted entry to the thymus might give rise to
progeny that compete with early T cell precursors. In the adult, very low numbers
of thymic settling progenitors indicate that T lymphopoiesis is mainly driven by
proliferative expansion. Why do so few progenitors settle the thymus in adult
mice? The small number of progenitors that home to the thymus seems para-
doxical as the redundancy of chemokines makes homing robust. The absence of a
single chemokine or even two chemokines does not abrogate thymic homing
entirely. In zebrafish and medaka, multiple chemokine receptors regulate thymic
homing (CCR9 and CXCR4) and more receptors have been implicated in the
mouse (CCR7, CCR9, and CXCR4). This redundancy suggests that either many
different types of progenitors could home to the thymus each via a separate che-
mokine receptor or that one specific subset of progenitors can use any of several
different chemokine receptors to home to the thymus. As the pool of potential
thymic settling progenitors is further narrowed, these two possibilities might be
differentiated.

Understanding the identity and properties of the thymic settling cells may
contribute to clinical treatments. For example, treating BMT patients with efficient
thymic settling progenitors in conjunction with treatments to improve intrathymic
reconstitution may help prevent delays in T lineage reconstitution.
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The CD4/CD8 Lineages: Central Decisions
and Peripheral Modifications
for T Lymphocytes

Hirokazu Tanaka and Ichiro Taniuchi

Abstract CD4+ helper and CD8+ cytotoxic T cells, two major subsets of abTCR
expressing lymphocytes, are differentiated from common precursor CD4+CD8+

double-positive (DP) thymocytes. Bifurcation of the CD4+/CD8+ lineages in the
thymus is a multilayered process and is thought to culminate in a loss of devel-
opmental plasticity between these functional subsets. Advances in the last decade
have deepened our understanding of the transcription control mechanisms gov-
erning CD4 versus CD8 lineage commitment. Reciprocal expression and antago-
nistic interplay between two transcription factors, ThPOK and Runx3, is crucial
for driving thymocyte decisions between these two cell fates. Here, we first focus
on the regulation of ThPOK expression and its role in directing helper T cell
development. We then discuss a novel aspect of the ThPOK/Runx3 axis in
modifying CD4+ T cell function upon exposure to gut microenvironment.
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1 Introduction

Understanding the mechanisms that underlie cell fate determination of multipotent
precursors is an overarching goal of developmental biology. Maturation of the
mammalian immune system requires many rounds of fate determination at
developmental branch points, resulting in a diverse array of immune soldiers
armed with specific functions (Carpenter and Bosselut 2010). T lymphopoiesis has
long been recognized as a useful model for lineage-decision mechanisms, in large
part because a plethora of cell surface markers are available for the high-resolution
separation of distinct cellular subsets. For instance, developmental stages of thy-
mocytes are readily identified by expression patterns of the CD4 and CD8 co-
receptors (Ellmeier et al. 1999; Singer and Bosselut 2004). Following their
migration to the thymus, early thymocytes progenitors (ETP) lack surface CD4
and CD8, and therefore are referred to as CD4-CD8- double-negative (DN)
thymocytes. Once the DN cells have assembled a functional Tcrb gene and express
the corresponding protein in the form of a pre-TCR (b-selection), they proliferate
and activate expression of the Cd4 and Cd8 genes, generating a large CD4+CD8+

double-positive (DP) thymocyte population. During the DN to DP transition,
thymocytes assemble Tcra, culminating in the expression of a mature abTCR on
the surface of DP thymocytes. To further differentiate into mature thymocytes, DP
cells must pass another selection process, known as a positive/negative selection,
during which reactivity of abTCR to self-peptide/MHC is evaluated (Germain
2002). Current evidence indicates that only a small portion of DP thymocytes
survive positive/negative selection and face a choice between two alternative fates;
to become helper or cytotoxic T cells.

A major factor involved in the cytotoxic/helper T lineage decision is the type of
MHC molecules engaged by DP thymocyte precursors during selection. While
MHC class I-selected thymocytes mature into cytotoxic T cells, acquiring a
CD4-CD8+ single-positive (CD8 SP) surface phenotype, those selected by MHC
class II differentiate into the helper T lineage and become CD4+CD8- single-
positive (CD4 SP) thymocytes (Koller et al. 1990; Grusby et al. 1991). Thus, in
addition to TCR-MHC specificities, expression of CD4/CD8 co-receptors perfectly
matches the segregation of helper/cytotoxic functional lineages. Accordingly, this
lineage selection process is often referred to as CD4/CD8 lineage choice. The links
between TCR/MHC specificity, co-receptor expression, and cell fate decisions
suggest that differences in TCR signal quality, quantity, or duration are converted
into distinct gene regulatory networks (Gascoigne and Palmer 2011). The output of
these networks then confers distinct cellular function and co-receptor expression
during the terminal stages of thymocyte maturation.

Together, these unique, well-defined characteristics have promoted helper/
cytotoxic T lineage decisions to a favored position among models to understand
how bi-potential precursors choose particular cell fates following their exposure to
differentiation cues. As such, the mechanisms that regulate helper/cytotoxic-line-
age choices have been studied extensively and, as a consequence, several models
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have been proposed and challenged (Singer et al. 2008). Although the molecular
nature of nuclear sensors that convert TCR signals into developmental programs
remains obscure, advances made in the last decade have identified nuclear factors
involved in the CD4/CD8 lineage choice. In this review, we will mainly focus on
two transcription factors, ThPOK and Runx3, as the major drivers of CD4+ helper
and CD8+ cytotoxic differentiation, respectively. We will discuss how expression
of these two factors is regulated and how, in turn, ThPOK and Runx3 regulate
developmental programs leading to the helper or cytotoxic T lineages. Lastly, we
discuss a new aspect of extrathymic modifications to helper T cell function that
occur specifically upon antigen stimulation in the gut environment, and highlight
the roles of ThPOK/Runx3 in reshaping a functional identity of abT cells (Fig. 1).

2 A Central Role for ThPOK in Transcription Factor
Networks That Guide Helper T Cell Development

ThPOK, also known as Zbtb7b or cKrox, is encoded by the Zbtb7b/Thpok gene
(hereafter referred to as Thpok) and belongs to a BTB (Broad complex, tramtrack,
bric-a-brac) domain containing zinc-finger family of transcription factors. Genetic
studies in mice demonstrated that ThPOK is a central transcription factor for CD4+

T cell development. Initial evidence came from Kappes and colleagues, who
identified a genetic locus responsible for the helper-deficient (HD) phenotype of a
spontaneous mouse mutant (Dave et al. 1998). Using a straightforward positional
cloning approach, they found a single nucleotide change in the Thpok gene, which
is causative for the HD phenotype and introduces a missense mutation (R389G) at
the second zinc-finger domain of the ThPOK protein (He et al. 2005). In HD mice,
almost all MHC class II-selected thymocytes are redirected into the alternative
CD4-CD8+ cytotoxic T cell lineage, a phenotype shared with ThPOK-deficient
mice generated by gene targeting. Thus, the ‘‘hd’’ mutation likely abrogates
ThPOK function. More importantly, ectopic expression of ThPOK at the DP stage
onward not only rescues the HD phenotype but also redirects all MHC class I-
selected thymocytes to differentiate into CD4+ T cells (He et al. 2005; Sun et al.
2005). These genetic data clearly demonstrate that ThPOK expression is not only
essential, but also sufficient, to guide post-selection thymocytes into the
CD4+CD8- lineage and acquire the functional properties of helper T cells.

Other studies have addressed the role of ThPOK in maintaining commitment of
peripheral CD4+ cells to the helper T lineage. Upon transfer into immunodeficient
recipients, CD4+ T cells from which Thpok had been conditionally excised
upregulate genes that are characteristic of the cytotoxic T lineage, including Cd8
and Granzyme B (GzmB) (Wang et al. 2008a). This finding revealed that contin-
uous extrathymic expression of ThPOK is necessary to maintain helper-lineage
gene signatures, which are established during differentiation in the thymus.
Moreover, helper-lineage commitment may be dependent on ThPOK dosage. In
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mice harboring a hypomorphic Thpok allele, which produces reduced levels of
ThPOK protein due to the insertion of a neomycin resistant gene, MHC class II-
selected cells are partially redirected into the CD4-CD8+ lineage (Egawa and
Littman 2008; Wang et al. 2008b). Importantly, CD4+CD8- T cells generated in
these mutant mice fail to repress cytotoxic-related genes, such as Runx3 and
GzmB, while helper-lineage signatures, such as CD40L induction, were impaired
as well. Consistent with these observations, when the developmental potential of
CD4+ thymocytes expressing ThPOK at intermediate or high levels was tested

Fig. 1 Roles of ThPOK and Runx3 in transcriptional networks for functional bifurcation of
CD4-helper and CD8-cytotoxic lineages. a Thpok gene expression is repressed in preselection
thymocytes and cytotoxic-lineage cells via the Thpok silencer, whose activity depends on
functions of Runx, MAZR, and Bcl11b transcription factors. Gata3, Tox, c-Myb transcription
factors are involved in not only Thpok activation but also in executing commitment to CD4-
helper lineage. b Role of ThPOK in programming toward CD4+ helper T cells. ThPOK
antagonizes the Cd4 silencer activity for CD4 expression in helper lineage cells and represses
cytotoxic lineage signature genes such as Runx3 and Cd8. Roles of ThPOK in regulating Treg and
Th17 differentiation in lamina propria are in part overlapped with a closely related transcription
factor, LRF. c Cytokine signaling mediated by Stat5, a target of IL-7 in thymus, promotes Runx3
expression. Ets1 transcription factor is also necessary for appropriate Runx3 expression. Ets1 also
activate the gene encoding IL-7 receptor. On the other hand, Runx3 expression is repressed by
ThPOK in CD4+ helper T cells. d Runx3 is necessary not only for repression of helper-lineage
signature genes, such as Thpok and Cd4, but also for activation of cytotoxic-lineage marker gene,
Cd8. Runx3 plays central roles in activating genes specific for cytotoxic T cells such as Gzmb,
perforin1, Infc, and eomes. Of note, Runx3 is also necessary for development of CD8aa IELs.
Red lines with arrows and green lines indicate activating and repressive effects on transcription,
respectively. Dashed lines indicate promotion of differentiation
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in vitro, CD4-CD8+ T cells emerged specifically from the cells expressing
intermediate amounts of ThPOK (Muroi et al. 2008). Thus, simple induction of
ThPOK expression is insufficient for full commitment to the helper lineage.
Rather, full commitment likely consists of sequential steps, including escalation of
ThPOK levels.

The ThPOK dosage-dependence during helper-lineage commitment has spurred
numerous studies of Thpok gene regulation. One genetic study showed that a
kinetic increase in ThPOK levels is regulated at the transcriptional level via the
activity of a proximal enhancer (PE), which locates *1 kb downstream from exon
Ib in the Thpok gene (Muroi et al. 2008). Removal of the PE from a Thpokgfp

reporter allele significantly attenuates GFP expression, mainly at the later stages of
differentiation in MHC class II-selected cells. Failure to upregulate ThPOK in the
PE-deficient thymocytes leads to a 50 % drop in the number of MHC class II-
selected cells that differentiate into the CD4+CD8- phenotyped cells. Another
recent study found that the ThPOK protein is acetylated on at least three lysine
residues by the p300 acetyltransferase (Zhang et al. 2010). This post-translational
modification may stabilize the ThPOK protein by curtailing its ubiquitin-mediated
degradation (Zhang et al. 2010). Thus, both transcriptional and post-translational
mechanisms play a key role in setting ThPOK protein levels.

Despite these advances, the mechanisms by which ThPOK activates the
developmental program conferring a helper-lineage expression signature remain
less characterized. Recent studies indicate that ThPOK requires additional input
from other transcription factors in programming the helper-lineage commitment.
In this regard, the Gata-3 transcription factor, known to play a key role at multiple
stages of T cell development (Hosoya et al. 2010), is also essential to direct
differentiation toward the helper lineage. Inactivation of Gata3 at the DP stage
inhibits generation of the CD4-SP, but not the CD8-SP, thymocyte subset (Zhu
et al. 2006). Indeed, Gata-3 may be an upstream activator of the Thpok gene based
on the lack of Thpok expression in post-selection Gata3-deficient thymocytes and
the presence of Gata-3 bindings at two regions in the Thpok gene (Wang et al.
2008b). However, Thpok gene regulation is not the only role of Gata-3 in CD4+

lineage commitment. Transgenic complementation of ThPOK in the Gata-3 defi-
cient cells fail to rescue differentiation of MHC class II-selected thymocytes into
CD4+ T cells, whereas this ectopic ThPOK expression could redirect MHC class I-
selected thymocytes toward CD4+ T cells (Wang et al. 2008b). Thus, in addition to
its function as an upstream factor for Thpok gene activation, Gata-3 has another
essential, yet uncharacterized, role(s) in CD4+ T cell development.

Similar to Gata-3, the Tox gene, which encodes a high-mobility group (HMG)
box protein, is essential for both CD4+ T cell development and Thpok activation
(Aliahmad and Kaye 2008). Since Tox deficiency does not alter Gata-3 expression
levels, the Tox- and Gata3-mediated pathways may function independently to
initiate Thpok expression. Transgenic expression of ThPOK in Tox-/- mice
restores CD4+ T cell development to some extent; however, the ‘‘rescued’’ CD4+

T cells are compromised in establishing an appropriate helper-lineage gene sig-
nature (Aliahmad et al. 2011). This finding indicates that TOX-dependent
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functions, beyond those involved in Thpok gene activation, are also necessary for
proper helper T cell development.

The E protein transcription factors, HEB and E2A, are also critical for helper-
lineage development. If both HEB and E2A activities are removed from DP
thymocytes, differentiation of CD8 SP, but not CD4 SP, thymocytes are induced
independent of TCR signaling (Jones and Zhuang 2007). Conversely, deletion of
two E protein inhibitors, Id2 and Id3, which would result in enhanced E protein
activities, drive CD4 SP, but not CD8 SP, thymocyte differentiation (Jones-Mason
et al. 2012). To further address the mechanisms of how E proteins regulate CD4-
lineage development, Gata-3 expression during thymocyte differentiation was
examined in either HEB/E2A or Id2/Id3 doubly deficient mice. While Gata-3
induction was impaired in the former genotype, it was enhanced in mice lacking
the Id inhibitors (Jones-Mason et al. 2012). These results demonstrate that HEB
and E2A proteins may work as upstream activators to enhance Gata-3 expression
in post-selection thymocytes. Taken together, current evidence indicates that
several ThPOK-independent regulatory mechanisms operate in parallel with
ThPOK-dependent pathways to direct MHC class II-restricted thymocytes into the
CD4+ T cell lineage.

Several lines of evidence suggest that, in addition to the dominant ThPOK-
driven pathway, other partially redundant pathways may also contribute to helper
T cell differentiation (Carpenter et al. 2012). Although the ‘‘HD’’ phenotype
caused by the hd mutation in Thpok stands for ‘‘HD’’ (Dave et al. 1998), a small
number of CD4+ T cells, including both CD4+CD8- and CD4+CD8+ subsets, are
present in the peripheral T cell pools of these animals. Thus, ThPOK deficiency is
‘‘leaky’’ since redirection of MHC class II-selected cells into the CD4-CD8+

cytotoxic T lineage is incomplete. Moreover, activation of the redirected MHC
class II-restricted CD4-CD8+ cells from ThPOK-deficient mice induced both CD4
and CD40L expression, two hallmarks of the helper T cell lineage, to some extent
(Carpenter et al. 2012). These findings show that a subset of helper-related sig-
natures is latently retained in the redirected MHC class II-selected cells from
ThPOK-deficient mice, a conclusion supported by the retention of active epige-
netic modifications at the Cd4 and Cd40 l loci.

Emerging study suggests that LRF, also known as Pokemon, is one factor that
may have at least some functional overlap with ThPOK during thymocyte dif-
ferentiation (Carpenter et al. 2012). LRF is encoded by the Zbtb7a gene and plays
a critical role in lymphoid lineage commitment, especially for differentiation of
B-lymphocytes in the bone marrow (Maeda et al. 2007). LRF functions, in part, via
the regulation of Notch-ligand (Delta-like 4) expression on erythroblasts (Lee et al.
2012). Amino acid sequence comparisons indicate that LRF is the closest homo-
logue to ThPOK among mammalian BTB-POZ family members (Lee and Maeda
2012), further supporting the possibility of functional redundancy between these
factors. Phenotypic analyses of ThPOK/LRF double-mutant mice have provided
genetic evidence that the two factors have at least some functional overlap in
regulating thymocyte differentiation. Specifically, ThPOK/LRF double-deficient
precursors could not give rise to CD4+CD8- or CD4+ CD8+ cells (Carpenter
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et al. 2012). In addition, the ThPOK/LRF double mutants lack a subset of
CD4+CD8+ T cells found in the lamina propria of ThPOK-deficient animals, which
are positive for Foxp3+ or Rorct+ expression, markers for Treg or Th17 effectors
cells, respectively. Thus, LRF overlaps partially with ThPOK function to support
Treg and Th17 differentiation. However, LRF does not provide compensatory
functions for ThPOK in all developmental pathways. For example, ThPOK-defi-
cient mice completely lack IL4-producing Th2 cells in their lamina propria,
indicating a unique function for this protein in supporting Th2 cell differentiation
that cannot be rescued by LRF. Instead, Th2 cell differentiation of ThPOK-defi-
cient cells can be restored in vitro by perturbation of Runx3 function (Carpenter
et al. 2012), suggesting that ThPOK preserves Th2 potency via its unique ability to
repress Runx3 expression. This finding is consistent in part with the restored
development of CD4+ T cells in ThPOK-deficient mice following elimination of
Runx function in the thymus. Specifically, DP thymocytes lacking both ThPOK
and Cbfb protein, an essential partner for Runx family proteins (Wang et al. 1996),
primarily give rise to CD4+CD8- T cells (Egawa and Littman 2008). However, it
should be noted that the requirement for ThPOK-mediated repression of Runx3 in
directing the differentiation of IL4-producing Th2 cells could reflect a dominant
Runx3 function in silencing the Il4 gene. A similar mechanism was shown to act
during Th1 differentiation through Runx3 binding to an Il4 gene silencer element
(Djuretic et al. 2007; Naoe et al. 2007).

3 Thpok Repression Is Required for CD8 T Cell
Development

It has become apparent that programming of helper-lineage T cell development is
regulated by transcription factors in both ThPOK-dependent and independent
manners. There also exists at least one factor, LRF, which is partially redundant
with ThPOK functions. However, ectopic expression of ThPOK alone is sufficient
to redirect MHC class I-selected thymocytes into the CD4+ T cells, demonstrating
that ThPOK occupies the central position in transcription factor networks that
govern helper T cell development. A corollary of this conclusion is that mecha-
nisms must exist to suppress Thpok expression in cells destined for the cytotoxic
lineage. Accordingly, studies focused on unraveling Thpok gene regulation have
moved to the forefront for understanding transcriptional programs involved in
CD4/CD8 lineage decisions. Using different approaches, two groups led by
Kappes and Taniuchi independently reported that an active repressive mechanism
ensures helper-lineage-specific expression of Thpok. While Kappes’ group per-
formed functional characterization of DNase hypersensitive sites (He et al. 2008),
Taniuchi’s group performed phenotypic analyses of Runx mutant mice combined
with ChIP to identify Runx binding sites in the Thpok locus (Setoguchi et al.
2008). These studies uncovered a transcriptional silencer within the distal
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regulatory element (DRE) located 3.2 kb upstream from the Thpok P1 promoter.
Importantly, this silencer element, hereafter referred to as Thpok silencer, is
essential for Thpok repression during the differentiation of MHC class I-selected
cells (He et al. 2008; Setoguchi et al. 2008). Deletion of the core Thpok silencer in
mice dramatically impairs the production of CD8+ cells, confirming the functional
relevance of silencer-mediated Thpok regulation for cytotoxic T cell differentiation
in vivo (Setoguchi et al. 2008).

Although the two studies identified similar silencer regions, the role of Runx
transcription factors in the enforcement of silencer activity has been controversial
(Hedrick 2008). Although depletion of the trans-acting Runx/Cbfb complex de-
represses Thpok in MHC class I-selected cells (Setoguchi et al. 2008), a substantial
silencer activity remains in mutant versions of the silencer that lacks Runx sites
when measured using a transgenic reporter assay (He et al. 2008). More recently,
we have generated mice harboring specific mutations at two Runx sites in the
endogenous Thpok silencer and find a nearly abrogation of its silencer activity for
Thpok repression in MHC class I-selected cells (Tanaka et al. 2013). These data
confirm a key role for Runx proteins in Thpok silencer function, which may
establish a platform for the recruitment of repressive nuclear complexes to the
DRE region. One remaining puzzle is that Runx complexes associate with the
Thpok silencer even in cells expressing the Thpok gene (Setoguchi et al. 2008). As
such, Runx binding is essential, but not sufficient, for silencer function, and the
‘‘on–off’’ switch for silencer activity may rely on additional layers of regulation.

These findings underscore the importance of other unidentified factors in Thpok
silencer function. In this regard, phenotypic analyses of mouse strains with
mutations in genes encoding the Mazr and Bcl11b revealed a requirement for these
transcription factors in Thpok repression. MAZR is another member of the BTB-
POZ family that had been established previously as a negative regulator of Cd8
gene expression (Bilic et al. 2006). Subsequent analyses of Mazr-deficient mice
revealed that a small proportion of MHC class I-selected cells are redirected into
the CD4+ lineage (Sakaguchi et al. 2010). Furthermore, partial de-repression of
Thpok was observed in MHC class I-selected cells lacking MAZR as measured by
a Thpok-gfp reporter allele. The transcription factor Bcl11b has been shown to
regulate T cell development at multiple levels. In mice lacking Bcl11b, early
thymocyte progenitors fail to differentiate beyond the DN2 stage, where full
commitment to the T-lineage occurs (Ikawa et al. 2010; Li et al. 2010a, b).
Moreover, positive selection at the DP to SP transition is severely impaired in the
Bcl11b mutants (Albu et al. 2007). Gene expression profiling revealed a premature
activation of Thpok in DP thymocytes that are deficient for Bcl11b (Kastner et al.
2010). Importantly, both Bcl11b and MAZR proteins bind the DRE in the Thpok
gene as measured by ChIP (Kastner et al. 2010; Sakaguchi et al. 2010). Together,
these findings suggest that Runx, MAZR, and Bcl11b function cooperatively to
regulate Thpok silencer activity.
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4 Activation of Genes Required for CD8+ T Cell
Development

During differentiation of MHC class I-selected cells into CD8+ cytotoxic cells,
expression of the Cd8 locus, which consists of the Cd8a and Cd8b genes, is
dynamically regulated. The Cd8 gene is temporally repressed after positive
selection and then reactivated specifically in MHC class I-selected cells, a process
designated as ‘‘coreceptor reversal’’ (Brugnera et al. 2000). However, the
molecular mechanisms that underlie dynamic expression of Cd8 during the CD4/
CD8 lineage decision remain obscure. Previous studies identified at least five
enhancers in the murine Cd8 locus, each of which exhibits distinct stage-specific
activity in reporter transgene assays (Ellmeier et al. 1997, 1998; Hostert et al.
1998). Among those Cd8 enhancers, the E8I enhancer is important for Cd8
expression at later stages of thymocyte development. When the E8I is juxtaposed
with the Cd8a promoter, it drives transgene expression specifically in CD8+ SP
thymocytes, CD8+ T cells, and CD8aa+ intraepithelial lymphocytes (IEL), but not
in DP thymocytes (Ellmeier et al. 1997). Of note, deletion of the E8I in mice did
not significantly impact CD8 expression in resting cytotoxic-lineage cells, indi-
cating the presence of additional enhancer that compensates E8I function. How-
ever, E8I-deficient cytotoxic T cells fail to maintain CD8 expression at normal
levels following activation, suggesting a greater importance for supporting Cd8
expression during an active immune response (Ellmeier et al. 1997; Hassan et al.
2011). Although the relevant enhancer(s) that compensate for loss of the E8I in
resting cytotoxic T cells has not been identified, Cd8 enhancer redundancy has
been reported. Combined deletions of E8II with E8III synergistically reduce CD8
expression on DP cells, albeit in a variegated manner (Ellmeier et al. 1998).
Collectively, these findings demonstrate that expression of the murine Cd8 gene
during T cell development is regulated in an ordered and coordinated manner via
the action of multiple enhancers (Ellmeier et al. 1998; Hostert et al. 1998).

Several transcription factors that bind to and regulate the activities of Cd8
enhancers have been identified. The binding of Runx/Cbfb complexes to Cd8
enhancers was first reported by Sato et al. (2005) and more recent studies have
confirmed the functional contribution of this transcription factor complex to Cd8
activation. Activated CD8+ T cells deficient for Runx3 or Cbfb fail to maintain
CD8 expression at normal levels (Hassan et al. 2011). In addition, mice lacking a
distal promoter-derived Runx3 protein, a major Runx3 variant expressed in the
CD8-lineage cells (Egawa et al. 2007), lack CD8aa IELs (Pobezinsky et al. 2012).
Thus, current evidence indicates that Runx3/Cbfb complexes are essential com-
ponents of protein complexes that bind and activate Cd8 enhancers, in particular
the E8I. Runx3 also associates with genes encoding Granzyme B, Perforin, and
IFN-c in effector CD8+ CTLs (Cruz-Guilloty et al. 2009). Indeed, CD8+ T cells
lacking Runx3 fail to efficiently induce this set of genes as well as the gene
encoding Eomesodermin (Eomes), a central transcription factor in the
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differentiation program of effector CD8+ T cells. As such, Runx3 plays a central
role in activating cytotoxic-related signatures genes.

In addition to Runx3, the transcription factor SATB1, special AT-rich binding
protein 1, is reported to be a positive regulator of Cd8 gene expression. Inacti-
vation of the Satb1 gene during early thymocyte differentiation impairs CD8-
lineage cell development (Alvarez et al. 2000). Recently, Bcl11b was also shown
to associate with Cd8 enhancers (Vanvalkenburgh et al. 2011). Conditional
deletion of Bcl11b at later stages of thymocyte maturation attenuates CD8
expression, cytotoxic activity, and clonal expansion of CD8-lineage cells (Van-
valkenburgh et al. 2011). Finally, as discussed above, MAZR negatively regulates
Cd8 expression at the DN to DP transition through its binding to certain Cd8
enhancers (Bilic et al. 2006).

Based on the accumulated body of data, we can conclude that thymocytes and
mature cytotoxic T cells must strike a delicate balance between positive and
negative factors for proper regulation of the Cd8 gene expression. Since repression
of ThPOK is critical for differentiation of CD8+ cytotoxic T cells, one could
speculate that a central function of ThPOK is to antagonize transcriptional pro-
grams that confer cytotoxic gene expression signatures, including activation of the
Cd8 gene. Recent ChIP studies confirm that the Cd8 locus is, in fact, a target of
ThPOK antagonism, which binds to multiple regions in the Cd8 gene, including
the E8I (Rui et al. 2012; Mucida et al. 2013). With regard to its repressive
function, ThPOK associates with histone deacetylase (HDAC) family proteins
(Rui et al. 2012). These observations suggest an antagonistic action by ThPOK for
Cd8 repression; ThPOK induces histone deacetylation at the Cd8 locus via its
competitive binding to enhancers, in turn excluding factors that activate enhancer
function. At the functional level, retroviral transduction of ThPOK expression
vectors into mature CD8+ T cells, full committed CD8-lineage cells, still reduces
Cd8 expression albeit less efficiently (Jenkinson et al. 2007). On the contrary, the
ThPOK-Cd8 connection is less clear in preselection DP thymocytes. In one study,
a ThPOK transgene significantly reduced Cd8 transcription in DP thymocytes (Rui
et al. 2012), whereas surface CD8 levels seemed to be unaffected by ectopic
ThPOK expression in another study of DP thymocytes (He et al. 2005). Although
this matter must be clarified, it remains likely that the mechanisms by which
ThPOK represses Cd8 differ at distinct stages of T cell development.

Given its potential role in the regulation of cytotoxic-lineage genes, an
important goal is to understand how Runx3 expression is controlled during T cell
development. As mentioned above, ThPOK represses the Runx3 gene during
helper-lineage commitment in the thymus, although few mechanistic insights into
this process are available. The factors that activate Runx3 gene expression are
beginning to emerge. Stat5, which acts downstream of IL-7 signaling, promotes
Runx3 expression after cessation of TCR signaling in post-selection thymocytes
(Park et al. 2010). In what may be a related finding, the Ets1 transcription factor
contributes to the activation of Runx3 gene expression (Zamisch et al. 2009) and
helps to maintain IL-7 receptor expression (Grenningloh et al. 2011). To test the
role of cytokine signaling in setting transcriptional programs for cytotoxic-lineage
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commitment, the common receptor c chain was conditionally deleted in thymo-
cytes. This loss-of-function approach showed that IL-7 and IL-15 signals are
crucial for differentiation of CD8 SP thymocytes. However, Runx3 expression was
unexpectedly induced to some extent in the absence of cc cytokine signaling
(McCaughtry et al. 2012). A clue to this apparent paradox is provided by exper-
iments showing that overexpression of SOCS1, an inhibitor of multiple cytokines
signals, inhibits Runx3 expression. Thus, it remains possible that signals from non-
cc cytokine receptor also contribute to the positive regulation of Runx3 expression
in the CD8 lineage. Alternatively, cc cytokine signals may not be required for
Runx3 activation. Since the available information about cis-regulatory regions in
the Runx3 locus is scant, future studies will have to unravel the mechanisms of
Runx3 induction in developing thymocytes.

Notwithstanding these uncertainties, compelling evidence supports an antago-
nistic interplay between ThPOK and Runx3 in cross-regulating the expression of
their corresponding genes. This negative feedback strategy for gene regulation is a
crucial component of the mechanisms governing helper versus cytotoxic fate
decisions (Egawa and Taniuchi 2009). In addition, Runx3 and ThPOK serve as
counterbalances to regulate target genes that functionally define the two distinct
lineages, including the genes that encode for CD4 and CD8 co-receptors. This type
of transcription factor antagonism appears to be a common theme in mechanisms
that regulate cell fate determination (Singh 2007). As such, the antagonistic
ThPOK/Runx3 axis and its central role in helper/cytotoxic-lineage decisions may
reflect a common evolutionary strategy for the emergence of new developmental
branch points from ancestral progenitors.

5 CD4/CD8 Lineage Modification in the Gut:
Unappreciated Novel Plasticity in CD4+ T Cell

Conventional wisdom has long held that commitment to the CD4+ helper or CD8+

cytotoxic T cell subset in the thymus confers specific cellular functions that are
maintained stably in the periphery. Recent progress in elucidating epigenetic
mechanisms that control gene expression status has provided important new
information on how cell identity is established and maintained along complex
developmental pathways. In the field of T cell development, studies of Cd4 gene
regulation in CD8+ cytotoxic T cells have generated new paradigms for under-
standing epigenetic mechanisms that maintain repression. Although the intronic
Cd4 silencer is essential to establish the initial repressive state at Cd4 during CD8-
lineage commitment in the thymus, repression is maintained after removal of the
silencer from mature CD8+ T cells in the periphery (Zhu et al. 2004). This pio-
neering work demonstrated that epigenetic mechanisms are engaged in peripheral
cells to stably maintain Cd4 silencing, whereas initial repression in the thymus is
mediated genetically via the silencer element. Runx3 binding to the Cd4 silencer
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was shown to be an essential component of the mechanisms that establish stable
epigenetic silencing of the Cd4 locus (Taniuchi et al. 2002; Woolf et al. 2003).
This finding raises the possibility that Runx3 is also involved in sealing the
repressive fate of other helper-related genes, thereby conferring stability to cyto-
toxic T cell identity. Given that the Thpok silencer depends on Runx binding
(Setoguchi et al. 2008), we recently demonstrated that epigenetic mechanisms of
gene silencing are also employed at the Thpok locus. Similar to stable silencing of
Cd4, once Thpok repression has been established particularly at the proximal
promoter, it is then maintained in mature CD8+ T cells after removal of the Thpok
silencer (Tanaka et al. 2013).

Contrary to our increasing knowledge of Cd4 and Thpok repression, the epi-
genetic mechanisms that control stable repression of Cd8 during helper-lineage
commitment remain unclear. For instance, a negative cis-regulatory element(s) is
yet to be identified for the Cd8 locus, if one even exists. However, as discussed
above, several lines of evidence have revealed parallel roles for ThPOK and
Runx3 in the repression of Cd8 and Cd4 genes, respectively (Taniuchi et al. 2002;
Rui et al. 2012). Inactivation of Thpok in mature CD4+ T cells, using Cre/loxP
mediated recombination, results in inappropriate Cd8 reactivation (Wang et al.
2008a), suggesting that the repressive state of Cd8 gene in CD4+ T cells is
reversible. Likewise, in vitro stimulation of CD4+ T cells with a combination of a-
CD3 antibody and cytokine TGF-b diminishes ThPOK levels and induces CD8
expression, albeit to a limited extent (Konkel et al. 2011). However, the physio-
logic relevance of ThPOK down-regulation and consequential CD8 reexpression
remained to be established in an in vivo setting.

One recent study has now provided clear evidence for the physiological rele-
vance of this potential form of lineage plasticity. Upon transfer of naïve
CD4+CD8- T cells containing the Thpok-gfp reporter allele into lympho-deficient
RAG KO recipient, a proportion of these cells not only down-regulated Thpok-gfp
but also reexpressed CD8a in both the small and large intestine, but not in other
peripheral lymphoid tissues such as spleen and lymph nodes (Mucida et al. 2013).
This ‘‘reawakening’’ of Cd8 was confirmed by in vivo fate mapping, which showed
that CD4+CD8aa+ IEL differentiate from CD4-lienage cells under normal,
immune-sufficient conditions (Mucida et al. 2013). However, similar to other IEL
subsets, the absence of CD4+CD8aa+ IEL in germ-free mice indicated that
accumulation of this cellular subset depends on gut microflora. Importantly, in
addition to CD8a, other cytotoxic-related molecules, including GzmB, 2B4, and
CRTAM, are induced in the absence of ThPOK. Consistent with these changes in
gene expression, CD4+CD8aa+ cells acquire significant cytotoxic activity. These
findings established that, in the context of gut-specific environmental cues, the
functional capacity of naïve CD4+ T cells can be reprogrammed to that of cyto-
toxic-like cells upon antigen stimulation. At a mechanistic level, the presence of a
small population of ThPOK/CD8a double-negative cells, which are thought to be
an intermediate stage before CD8a is reexpressed, indicates that ThPOK down-
regulation precedes CD8a induction. A follow-up study extended this notion and
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showed that Runx3 induction is important for reprogramming naïve CD4+CD8-

helper cells into this CD4+ CD8aa+ cytotoxic subset (Reis et al. 2013).
Together, these findings reveal a novel plasticity of CD4+ T cells and challenge

the dogma of stable commitment after helper versus cytotoxic-lineage decisions
are made in the thymus. Although many recent studies have addressed develop-
mental plasticity in CD4+ T cells (Nakayamada et al. 2012), they do not clearly
test whether mature CD4+ T cells retain a plasticity for the acquisition of a
functional cytotoxic phenotype in the periphery. However, armed with our current
knowledge, literatures retrospective reveal that CD4+ T cells bearing cytotoxic
functions have long been identified (Appay et al. 2002; Brown 2010; Marshall and
Swain 2011). The existence of this functional phenotype is now fully supported by
the novel finding that mature CD4+ T cells retain a flexibility to differentiate into
cells with cytotoxic function in response to specific environmental cues. Remi-
niscent of lineage commitment in the thymus, the reciprocal expression of ThPOK
and Runx3 is likely a key mechanism by which CD4+ helper cells switch their
functionality toward cytotoxic activity; a molecular process that is driven by
Runx3-mediated engagement of the Thpok silencer (Mucida et al. 2013; Reis et al.
2013). Thus, the ThPOK/Runx3 axis is employed by immune cells not only during
lineage commitment, but also to mediate flexibility in the functional differentiation
of CD4+ effector cells at mucosal borders.

6 Concluding Remarks

The identification of ThPOK and Runx3 as major regulators of the CD4/CD8
lineage decision has significantly advanced our understanding of how lineage
segregation is controlled at the transcriptional level. The mechanisms that balance
ThPOK and Runx3 expression are key features in the bifurcation of helper and
cytotoxic lineages in the thymus. However, in addition to these central players,
several other transcription factors contribute to the developmental programs that
direct helper or cytotoxic-lineage commitment, presumably in cooperative and
parallel manners with respect to ThPOK and Runx3. Surprisingly, recent studies
have uncovered a previously unappreciated plasticity that enables naïve CD4+ T
cells to differentiate into CD4+CD8aa+ effector cells with cytotoxic function in the
gut. Regulation of the ThPOK/Runx3 balance also serves as a key checkpoint for
this extrathymic functional modification. Of note, induction of ThPOK in certain
CD8+ effector cells has been described as well, albeit at very limited amounts, and
is potentially involved in regulating IL-2 production by memory CD8+ T cells
(Setoguchi et al. 2009). Thus, it is conceivable that an extrathymic balancing act
between ThPOK and Runx3 expression is utilized to modify functions of both
mature CD4- and CD8-lineage cells. Future studies addressing regulatory mech-
anism of ThPOK and Runx3 expression in the thymus and periphery will elucidate
how environmental cues connect basic lineage programming in the thymus with
functional plasticity in the periphery.
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