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Antigen presentation in the thymus
for positive selection and central
tolerance induction
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Abstract | Understanding how thymic selection imparts self-peptide–MHC complex
restriction and a high degree of self tolerance on the T cell repertoire requires a detailed
description of the parameters that shape the MHC ligand repertoire of distinct thymic
antigen-presenting cells and of how these cells communicate with T cells. Several recent
discoveries pertaining to cortex-specific pathways of antigen processing, the heterogeneity
of thymic dendritic cells and the intercellular transfer of self antigens have uncovered
surprising and unique aspects of antigen presentation in the thymic microenvironment.
Here, we discuss these new findings in the context of how individual thymic stromal cell
types support T cell selection in a cooperative rather than a redundant manner.
Negative selection
(Also known as clonal deletion).
The intrathymic elimination of
double-positive or singlepositive thymocytes that
express T cell receptors with
high affinity for self antigens.

Positive selection
The process by which
immature double-positive
thymocytes expressing T cell
receptors with intermediate
affinity and/or avidity for
self-peptide–MHC complexes
are induced to differentiate
into mature single-positive
thymocytes.
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The fact that recognition of ‘self ’ is essential for thymo
cyte survival and lineage commitment but may also
induce cell death (through a process known as negative
selection) remains an incompletely resolved issue termed
the selection paradox. Building on seminal work from the
mid 1990s, the recent discovery that quantifiable vari
ations in the affinity of a T cell receptor (TCR) for a
peptide–MHC complex can result in qualitatively dif
ferent signals and thus determine thymocyte fate is an
important advancement 1. These findings extend the
classical affinity model, which suggests that thymo
cytes expressing TCRs with no or very low affinity for
peptide–MHC complexes die by neglect, whereas very
high affinity contacts lead to death through negative selec
tion. Only interactions with an intermediate affinity allow
positive selection and CD4 or CD8 lineage commitment,
such that thymocytes carrying these TCRs ultimately
become part of the peripheral T cell repertoire (FIG. 1).
The central assumptions of the affinity model are sup
ported by a considerable body of evidence. In its present
form, however, this model neither sufficiently explains
mechanisms of central tolerance other than negative selec
tion, such as the deviation of autoreactive thymocytes into
the natural CD4+CD25+ regulatory T (TReg) cell lineage, nor
incorporates the spatial and temporal compartmentaliza
tion of thymic selection processes. As T cell development
proceeds along a wellordered passage of thymocytes
through discrete thymic microenvironments (FIG. 2), it is
likely that distinct properties of individual stromal cell
types, in conjunction with partly nonoverlapping sets

of selfantigenderived epitopes presented by these dif
ferent antigenpresenting cells (APCs), have a pivotal role
in the fate choices of developing T cells. In this Review
we discuss recent progress in elucidating the cell biol
ogy of the main stromal cell types involved in thymocyte
selection, with particular emphasis on the delineation of
determinants that shape the repertoire of selfpeptide–
MHC complexes on the surface of these APCs. For con
ceptual clarity, we confine this discussion to factors that
are likely to impinge on positive selection and tolerance
induction in the αβ T cell lineage (but excluding natural
killer T cells) and restrict the range of APCs reviewed to
cortical thymic epithelial cells (cTECs), medullary TECs
(mTECs) and dendritic cells (DCs).

Antigen presentation in the cortex
The survival and CD4 or CD8 lineage commitment
of doublepositive thymocytes depend on interactions
with selfpeptide–MHC complexes displayed by cTECs.
Although there is some evidence that cTECs may also
contribute to negative selection2,3 and TReg cell induc
tion4,5, we focus our discussion on a series of recent
discoveries relating to the selfpeptide–MHC complex
repertoire of cTECs in the context of positive selection.
A brief history of positive selection. One of the concepts
put forward in the mid 1980s, to resolve the apparent par
adox that interactions between developing thymocytes
and selfpeptide–MHC complexes can result in diametri
cally different cell fate decisions, posed that ligands on
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Figure 1 | The affinity model of thymocyte selection. According to this model, the
affinity of the T cell receptor (TCR)–peptide–MHC interaction is the key determinant of
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T cell selection. Double-positive (DP) thymocytes expressing TCRs
with
no or |too
low an
affinity for self-peptide–MHC complexes die by neglect. This mechanism is thought to
account for 80–90% of the loss of thymocytes during thymic selection. Thymocytes with
intermediate affinity for self-peptide–MHC complexes receive a survival signal (in a
process termed positive selection), commit to the CD4 or CD8 T cell lineage and
subsequently pass through the thymus medulla to become part of the peripheral T cell
pool. High-affinity binding of the TCR to self-peptide–MHC complexes induces cell death
by apoptosis, a process that is known as negative selection (or clonal deletion). There is
evidence from in vitro experiments that a remarkably narrow, quantifiable affinity
threshold defines whether a given interaction leads to positive or negative selection1.

Central tolerance
Self tolerance that is created at
the level of the central
lymphoid organs. Developing
T cells in the thymus, and
B cells in the bone marrow,
that strongly recognize self
antigen face deletion or
marked suppression.

CD4+CD25+ regulatory T
(TReg) cells

A subset of lymphocytes that
suppress autoreactive T cells
that escape negative selection
in the thymus.

positively selecting cTECs might be different from those
on toleranceinducing APCs in the medulla. In addi
tion to suggesting a spatial and temporal segregation of
positive selection and tolerance induction, this ‘altered
peptide’ model suggested that developing thymocytes
would engage combinations of peptides and MHC for
positive selection that are not encountered anywhere else
in the body 6. However, when the same authors directly
tested this hypothesis by sequencing MHCbound
peptides, they found that the main epitopes associated
with MHC class II molecules on cTECs were also present
in preparations from splenic APCs7. Of note, although
pooled material equivalent to several hundred mice was
analysed, technological limitations at the time allowed the
identification of only ~12 of the most abundant peptides
that together occupy ~20% of MHC class II molecules.
nevertheless, on the basis of these findings and inde
pendent studies showing that pooled splenic or synthetic
peptides could mediate positive selection in fetal thymic
organ cultures8,9, the notion that positive selection would
require an entirely distinct set of peptides or a unique
MHC conformation was largely abandoned.
Two other hypotheses to resolve the selection para
dox were based on the avidity or the affinity of the TCR–
peptide–MHC interaction. Although the two models are
frequently used synonymously, they are based on distinct
assumptions. The avidity model predicts that the quantity
of a given peptide–MHC complex expressed by cTECs
dictates whether a thymocyte expressing an interacting
TCR will be positively selected or deleted, whereas the
affinity model instead postulates a crucial role of the qual
ity of the individual TCR–peptide–MHC interaction. The
observation that agonist peptides that efficiently activated
mature T cells could also promote positive selection in

fetal thymic organ cultures when present at very low con
centrations provided support for the avidity model10,11.
However, it was subsequently shown that T cells gener
ated in this way were functionally impaired12. Related
experimental models indicated that positive selection of
functional T cells required peptides with antagonist or
partial agonist properties13, thus emphasizing the impor
tance of the quality (affinity) rather than the quantity
(avidity) of the TCR–peptide–MHC interaction14, and to
date there is some consensus that peptides that efficiently
mediate positive selection in vitro are structurally related
(although not necessarily in their primary sequence), but
not identical, to ligands that can fully activate mature
T cells. More recent refinements of the affinity model are
based on the evidence that a surprisingly narrow affinity
threshold determines whether a given TCR specificity is
positively or negatively selected1 (FIG. 1). The biophysical
properties of TCR–peptide–MHC interactions capable
of supporting positive selection in vitro and the ensuing
signalling events have been reviewed elsewhere15.
Much of our current knowledge regarding peptide–
MHC complexes that can drive positive selection of
particular TCR specificities derives from in vitro models
using permutations of cognate epitopes. More recently,
‘naturally occurring’ peptides capable of inducing posi
tive selection in such in vitro systems have been identi
fied16–19. However, none of these studies provided direct
evidence that the respective peptides (identified by bio
informatic approaches or eluted from peripheral APCs)
are present on cTECs or that these peptides contribute
to positive selection under natural conditions. Thus, lim
ited information is available regarding the physiological
peptide–MHC repertoire expressed by cTECs in vivo and
the way that these complexes might shape the polyclonal
αβ T cell repertoire. Although model systems of limited
peptide–MHC diversity still induced the selection of a
remarkably large T cell repertoire, it has become clear
that the generation of a fully diverse T cell repertoire
in vivo depends on a matching complexity of selecting
ligands (reviewed in ReFS 20,21) and that peptides of
very low abundance can support the development of
most positively selected thymocytes22. This suggests that
the interaction between TCRs and self peptides during
positive selection in vivo is highly specific, so that with
an enhanced diversity of peptide–MHC complexes on
cTECs, the fraction of TCRs in the preselection T cell rep
ertoire that encounter one or more interaction partner(s)
of matching affinity will increase.
Most of the available studies pertaining to peptide–
MHC complexes on cTECs in vivo found a positive cor
relation between the peptide complexity and the diversity
of the T cell repertoire. However, our knowledge of the
actual nature of the ligands on cTECs that are involved
in positive selection in vivo is limited, and it should be
emphasized that the postulates of the affinity model and
the altered peptide hypothesis are clearly not mutually
exclusive. Indeed, several recent discoveries indicate that
cTECs generate MHCbound peptides through path
ways that are distinct from those used by other thymic
or peripheral APCs and are therefore reminiscent of the
central postulate of the altered peptide model.
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Figure 2 | Stromal cell interactions along the migratory route of developing
T cells. T cell progenitors enter the thymus through blood vessels near the corticomedullary junction. Development of sequential stages of double-negative (DN)
thymocytes is accompanied by an outward movement of cells
towards
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sub-capsular zone. After T cell receptor β-selection, double-positive (DP) cells
randomly move through the cortex and presumably scan cortical thymic epithelial
cells (cTECs) for positively selecting ligands119–121. After positive selection and CD4 or
CD8 lineage commitment, single-positive (SP) thymocytes rapidly relocate to the
medulla, where they scan medullary antigen-presenting cells (mostly dendritic cells
(DCs) and medullary TECs (mTECs)), presumably for their entire 4–5 day residency48,70.

Cathepsins
Proteases that are mostly
located in lysosomes and
lysosome-like organelles and
can be divided into cysteine,
aspartate and serine cathepsin
subgroups according to their
active-site amino acid.

Cathepsins. The first evidence for a distinct proteo
lytic pathway that shapes the MHC ligand repertoire
of cTECs identified a role for cathepsins in CD4+ T cell
development. Cathepsins are a class of lysosomal pro
teases implicated in the degradation of the invariant
chain (Ii; also known as H2 class II histocompatibility
antigen γchain), which protects against premature
loading of MHC class II molecules, and in the gen
eration of antigenic peptides from substrates in the
lysosome22. Interestingly, cTECs preferentially express
cathepsin l (encoded by Ctsl), whereas other haemato
poietic APCs and mTECs predominantly express
cathepsin s. Inactivation of the Ctsl gene resulted in a
60–80% reduction of the thymic CD4 singlepositive
(sP) T cell compartment 23. The analysis of mice defi
cient in both cathepsin l and Ii indicated that this
was not solely due to inefficient cleavage of Ii but
due to, at least in part, changes in the MHC ligand
repertoire of cTECs24. supporting this, three trans
genic TCR specificities that were efficiently selected
in the thymi of wildtype mice were not selected in
Ctsl –/– mice. Considering the correlation of the diver
sity of peptide–MHC complexes and the diversity of
the T cell repertoire9,25,26, one plausible explanation

for the reduced CD4 sP T cell numbers in Ctsl–/– mice
could be a reduced complexity of the MHC class II
ligand repertoire. However, as arguably much less
diverse peptide–MHC complexes — such as those of
H2DMdeficient mice27 or of mice that supposedly
express only a single peptide–MHC complex 28 — sup
port the generation of surprisingly heterogeneous CD4
sP T cell compartments (comparable in size to that
of Ctsl –/– mice), a mutually nonexclusive explana
tion also has to be taken into account: when lacking
cathepsin l, cTECs may generate MHC class IIbound
peptides through the action of residual cathepsin s,
thereby rendering the positively selecting MHC
class IIbound peptides of cTECs more akin to those
of tolerogenic APCs in the medulla (both mTECs and
DCs constitutively use cathepsin s). As a consequence,
a disproportionately large fraction of CD4 sP cells may
be subject to clonal deletion due to reencounter on
mTECs or DCs of the same peptides that promoted
their positive selection.
In order to test this hypothesis, one would have to
experimentally eliminate the effect of clonal deletion
on the CD4 sP T cell repertoire. This can be achieved
in bone marrow chimaeras in which haematopoietic
cells, but not stromal cells, are MHC class II deficient,
so that the positively selected CD4+ T cell repertoire is
not censored by clonal deletion (at least to the extent
that results from encounters with selfantigen on DCs).
Indeed, in chimaeras in which MHC class IIdeficient
bone marrow cells are transferred to Ctsl–/– mice, the
size of the CD4 sP T cell compartment was substantially
increased and was similar to that in wildtype mice that
had received MHC class IIdeficient bone marrow cells24.
This supports the notion that positive selection on MHC
class IIbound peptides generated by cathepsin l is not
essential for efficient CD4 sP T cell generation per se, but
rather prevents subsequent excessive loss of positively
selected sP T cells.
Thymus-specific serine protease. A recent finding
that corroborates the hypothesis that cTECs use dis
tinct pathways to generate positively selecting MHC
class II ligands involves thymusspecific serine pro
tease (TssP; encoded by Prss16), which was discov
ered in a screen for cTECspecific genes29,30. The exact
positioning of TssP in the MHC class II pathway
remains elusive; however, its subcellular localization
in endosomal and/or lysosomal compartments sug
gests that TssP has a role in the proteolytic generation
of MHC class IIbound peptides. The phenotype of
Prss16–/– mice is more subtle than that of Ctsl –/– mice:
the overall size of the CD4 sP T cell compartment is
unaltered31. However, positive selection of two MHC
class IIrestricted transgenic TCR specificities was
substantially decreased in Prss16–/– mice32. Of note,
polymorphisms in the PRSS16 gene are associated with
susceptibility to autoimmune diabetes in humans33,
possibly pointing to a link between an altered MHC
ligand repertoire expressed by cTECs in the absence of
this serine protease and the selection of an incompletely
tolerized CD4+ T cell population.
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Box 1 | Macroautophagy
Macroautophagy is an evolutionarily conserved catabolic process by which portions of
cytoplasm, ~1 μm in diameter, are engulfed by a double-membrane organelle. These
macroautophagosomes can contain other organelles, such as mitochondria, as well as
fragments of the nucleus. They fuse with endosomes and lysosomes, resulting in
proteolytic degradation and recycling of their cargo. Although macroautophagy has
traditionally been regarded as a metabolic adaptation to starvation104, it also has a role
in the removal of protein aggregates105, in developmental processes (discussed in
ReF. 106) and in the immune system (reviewed in ReFS 38,107).
Early work indicated that inhibition of macroautophagy abrogated MHC class
II-restricted presentation of a cytoplasmic antigen in vitro108. Subsequently, these
findings were extended to include an endogenous tumour antigen109 and viral
epitopes110. Recent experiments argue that a broad range of macroautophagosomeassociated cytoplasmic antigens are delivered to MHC class II molecules through the
macroautophagy pathway111,112. A tissue survey identified the thymus as a unique site
of unusually high constitutive macroautophagy39. Among thymic stromal cells, the
highest activity was detected in cTECs, with 60% of cells classed as macroautophagy
positive, whereas ~10% of mature mTECs showed macroautophagic activity40.
Importantly, constitutive macroautophagy was not detected in thymic dendritic cells.

Macroautophagy. Another indication that the peptide–
MHC class II complexes expressed by cTECs are different
to those expressed by toleranceinducing haematopoietic
APCs comes from evidence that these cell types sample
self antigens from different compartments: intracellular
sources and the extracellular space, respectively. Thus,
TECs in general and cTECs in particular are inefficient at
presenting exogenous proteins from the classical endocytic
pathway on MHC class II molecules, despite their high
level of surface expression of MHC class II molecules34–36.
Therefore, it was postulated that TECs use unconventional
pathways of MHC class II loading that would lead to the
predominant presentation of endogenously derived self

antigens37. This prediction has recently been confirmed
by the demonstration that macroautophagy (BOX 1), a bulk
protein degradation process implicated in the delivery
of intracellular antigens to the MHC class II pathway 38,
shapes the nascent CD4+ T cell compartment. TECs, espe
cially cTECs, are among the few cell types that display an
unusually high level of constitutive macroautophagy 39.
The potential contribution of macroautophagy in
TECs to T cell selection was tested in mice that lack the
essential autophagy gene Atg5. It was found that bulk poly
clonal thymocyte development seemed unaffected with
respect to the relative abundance of CD4 or CD8 sP thy
mocyte subsets or TCR variable (v) region usage; how
ever, positive selection of some MHC class IIrestricted
transgenic TCR specificities was altered in Atg5–/– thymi40,
consistent with macroautophagy being required for the
generation of certain, but not all, peptide–MHC class II
complexes for positive selection (reviewed in ReF. 41).
Thymoproteasome. The discovery of the proteasome sub
unit β5t (encoded by Psmb11) revealed that alterations in
the biochemistry and cell biology of antigen processing
in cTECs also apply to the MHC class I pathway (BOX 2).
β5t is exclusively expressed in cTECs, and Psmb11–/–
mice revealed that β5t deficiency resulted in a severely
diminished CD8 sP T cell compartment 42. Moreover,
impaired allo and virusspecific immune responses in
these mice indicated a qualitatively altered CD8+ T cell
repertoire43. less efficient positive selection cannot be
attributed to reduced expression levels of MHC class I
molecules on cTECs as a result of destabilized peptide–
MHC complexes because MHC class I expression levels
on cTECs are not changed in Psmb11–/– mice42,43. Thus, it

Box 2 | Proteasomes in immunity
Endocytic pathway
A trafficking pathway used by
all cells for the internalization
of endocytosed molecules
from the plasma membrane to
lysosomes.

Macroautophagy
(Also known as autophagy).
The generally nonspecific
autophagic sequestration of
cytoplasm into a double- or
multiple-membrane-delimited
compartment (a macroautophagosome) of
non-lysosomal origin. Certain
proteins, organelles and
pathogens may be selectively
degraded by macroautophagy.

Proteasome
A giant multicatalytic protease
resident in the cytoplasm and
the nucleus. In addition to
having a crucial role in protein
turnover, the proteasome is
thought to carry out the first
catalytic step in the MHC class
I-restricted processing of most,
if not all, antigens.

Peptides for MHC class I loading are a by-product of the basal proteolytic degradation of ubiquitylated intracellular
proteins by the proteasome. The barrel-shaped proteasome (see the figure) is a molecular machine consisting of a catalytic
core (the 20S proteasome) and two 19S regulatory subunits (not depicted). The 20S core is composed of two pairs of
staggered heptameric rings containing seven α- or β-subunits. In the ‘housekeeping’ proteasome, each β-ring has three
proteolytically active sites that reside in the subunits β1 (also known as δ), β2 (also known as Z) and β5 (also known as MB1),
which have different preferences for protein cleavage after acidic, basic and hydrophobic residues, respectively.
Consistent with a role for the chymotrypsin-like activity of β5 in the generation of epitopes bound to MHC class I
molecules, the carboxyl termini of peptides that have been experimentally isolated from MHC class I molecules often
contain hydrophobic anchor residues.
Although the housekeeping proteasome is the predominant species in steady-state tissue cells, exposure to
interferon-γ (IFNγ) results in the incorporation of the inducible catalytic subunits β1i (also known as LMP2), β2i (also
known as MECL1) and β5i (also known as LMP7) into newly assembled immunoproteasomes113. The immunoproteasome
is constitutively expressed in professional antigen-presenting cells and medullary thymic epithelial cells. Its proteolytic
activity increases the prevalence of peptides with hydrophobic or basic C termini, thereby possibly increasing the
production of peptides that neatly fit into MHC class I molecules.
In cortical thymic epithelial cells, the
specific subunit β5t is incorporated into the
‘Housekeeping’
ImmunoThymoβ2i
proteasome instead of β5 or β5i to form the
proteasome
proteasome
proteasome
β5i
44
thymoproteasome . The thymoproteasome
β1i
β5t
α
displays diminished chymotrypsin-like
+IFNγ
β
activity, resulting in a reduced production of
β2i β1i β5i
β2i β1i β5t
β2 β1 β5
β
peptides with a hydrophobic residue at the
α
C terminus. Because hydrophobic C termini
β2
are preferred by MHC class I molecules, it is
β5
possible that the thymoproteasome generates
β1
peptides with lower MHC affinity and thus
less stable peptide–MHC complexes.
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seems likely that an altered composition of MHC class I
ligands is responsible for the aberrant CD8+ T cell selec
tion in Psmb11–/– mice (reviewed in ReF. 44), a suppo
sition that is supported by impaired positive selection
of several MHC class Irestricted transgenic TCRs in
these animals43.
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Figure 3 | unique peptide–mHC complexes on cortical thymic epithelial cells may
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be necessary to prevent excessive loss of positively selected
cells. The
deletion
of single-positive (SP) thymocytes in the medulla may not only occur as a result of
high-affinity interactions with self peptides selectively presented by medullary
antigen-presenting cells (APCs) (including tissue-restricted antigen (TRA)-derived
epitopes) (a), but may also result from the re-encounter of MHC ligands present on
both cortical thymic epithelial cells (cTECs) and medullary APCs, including medullary
TECs (mTECs) and dendritic cells (DCs) (b). Such ‘shared’ peptides, in particular those
with an affinity that is close to the threshold between positive and negative selection
of double-positive (DP) thymocytes (FIG. 1), might initially deliver a survival signal for
thymocytes in the cortex but may lead to the negative selection of immature SP
T cells in the medulla when encountered in the context of co-stimulatory molecules
that potentiate the TCR signal122,123. Furthermore, it is possible that subsequent to
positive selection, differentiating SP thymocytes enter an intrinsically regulated,
transient phase of susceptibility to negative selection124. Enhancement of the signal
intensity by the co-stimulatory properties of medullary APCs would increase the
proportional loss of T cells that have been positively selected on ‘shared’ peptides.
We propose that this deletion pathway resulted in an evolutionary pressure to select
for cTEC-specific antigen processing pathways that generate unique peptides and
thus minimize the abundance of ‘shared’ peptides. Note that the affinity of the
interaction of the TCR with the peptide–MHC complex is assumed to be different
in the cortex and medulla in part a but not in part b.

It is possible that the reduced size of the CD8+ T cell
pool in Psmb11–/– mice reflects a diminished complexity
of MHC class I ligands on cTECs. However, Psmb11–/–
cTECs may assemble proteasomes that instead contain
the β5i subunit, termed immunoproteasomes (BOX 2)
(indeed, β5i is also expressed in cTECs, albeit at lower
levels than β5t 42), so that their MHC class I ligand
repertoire may still be of considerable diversity but be
similar to that of the toleranceinducing mTECs and DCs
(which constitutively express the immunoproteasome).
Therefore (in analogy to what has been argued with
respect to cathepsin ldeficient mice) rather than
reflecting less efficient positive selection, the diminished
CD8 sP T cell compartment in Psmb11–/– mice may
result from a disproportionately high level of clonal
deletion of CD8+ T cells owing to the same peptide–
MHC class I complexes being expressed on positively
selecting cTECs as on negatively selecting APCs in the
medulla (FIG. 3).
A renaissance of altered peptides? Direct evidence
that the thymoproteasome, TssP or macroautophagy
alters the MHC ligand repertoire of cTECs can only be
obtained by an analysis of all MHCbound peptides.
As we currently lack such information, it remains
possible that these proteolytic enzymes or pathways
(summarized in FIG. 4 ) have substrates other than
MHC ligands that could also influence selection.
nonetheless, perhaps the most plausible scenario is
that cTECs indeed generate a partly (but not entirely)
unique set of MHCbound peptides. so, it seems
that the altered peptide hypothesis may have been
dismissed prematurely.
It is not immediately evident how such a crucial
role for cTECspecific MHC ligands can be reconciled
with the hypothesis that the ligands that promote posi
tive selection may also be essential for the peripheral
homeostasis of mature T cells18,45 and/or could act as
coagonists in the context of immune responses to for
eign antigen16,18,46,47. According to this view, positive
selection selects for TCRs within an affinity window
that ensures that reencounter of positively selecting
self ligands in the periphery does not lead to overt acti
vation, but would provide a ‘subthreshold’ signal that
promotes survival and full responsiveness. It remains
to be seen whether and how this ‘reinterpretation’ of
positive selection and the newly discovered cTEC
specific proteolytic pathways can be incorporated into
a unifying conceptual framework.

Antigen presentation in the medulla
subsequent to positive selection and CD4 or CD8 line
age commitment, thymocytes translocate to the medulla,
where they reside for ~4–5 days before receiving their
‘exit permit’48. numerous experimental observations
highlight that the quality control of developing T cells
through interactions with peptide–MHC complexes on
medullary APCs is indispensable for central tolerance.
For example, genetic lesions that impede the entry of
positively selected thymocytes into the medulla or result
in premature egress of thymocytes49,50, disorganization
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unique pathways. MHC class I-bound peptides on the surface of cortical thymic
epithelial cells (cTECs) seem to be primarily generated by the thymoproteasome.
Regarding the production of MHC class II-bound peptides, cTECs display a notable
inefficacy in classical exogenous MHC class II loading. Instead, they seem to focus their
MHC class II-bound peptides on endogenously derived antigens by shuttling cytoplasmic
material into the MHC class II compartment (MIIC) through macroautophagy. The
proteolytic degradation of lysosomal substrates in cTECs is, at least in part, executed by
enzymes specifically expressed by these cells, namely cathepsin L and thymus-specific
serine protease (TSSP). Whereas biochemical data support a role for cathepsin L in both
the processing of the invariant chain (Ii) and the generation of MHC class II-bound
peptides, a role for TSSP in the proteolytic degradation of lysosomal substrates has
so far only been inferred from the knock-out phenotype. ER, endoplasmic reticulum;
TAP, transporter associated with antigen processing.

of the medullary architecture51 or disrupted develop
ment of mTECs52–56 result in severe manifestations of
systemic autoimmunity.
Here, the discussion of selfpeptide presentation by
stromal cells in the medulla is focused on mTECs and
DCs. we elaborate on factors that are likely to shape the
MHC ligand repertoire of either cell type and address
the intricacies of intercellular transfer of self peptides.
Medullary thymic epithelial cells. with the development
of sensitive PCR methods in the late 1980s, allowing
detection of minute amounts of a given mRnA species,
the notion arose that ‘transcriptional noise’ may allow the
lowlevel transcription of any gene in any cell57,58.
Intrigued by this new perspective, speculation arose that
the thymus might be a ‘patchwork quilt’ of ectopic gene
expression, offering an explanation as to how developing
thymocytes might be exposed to the antigenic diversity
of peripheral tissues59. we now know that the ectopic
transcription of hundreds, if not thousands, of tissue
restricted antigens (TRAs) in the thymus, controlled
in part by the autoimmune regulator (Aire) gene, is
an essential cornerstone of T cell tolerance60 (BOX 3).
However, rather than reflecting an inherent leakiness

of transcriptional control, this phenomenon, termed
promiscuous gene expression, is a distinct property of
mTECs61,62. The cellular and molecular control of pro
miscuous gene expression, its relevance for the preven
tion of autoimmunity and the role of Aire have been
exhaustively reviewed elsewhere60,63,64. In the context of
this discussion, it is sufficient to highlight the stochastic
nature of promiscuous gene expression, reflected by the
low frequency (1–3%) of mTECs that express a particu
lar TRA65, and that, contrary to previous assumptions,
mature mTECs are replaced every 1 to 2 weeks, thus con
tinuously changing the topology of antigen expression
within the medulla66,67.
To reconcile the astounding efficacy of tolerance
induction towards TRAs with the dispersion of few
mTECs expressing a given antigen throughout the
medulla, it has been suggested that thymocytes may
use their lengthy medullary residency to scan numer
ous APCs and/or that transfer of mTECderived TRAs
to neighbouring DCs would increase the probability
of such antigens being encountered by developing thy
mocytes35,68. Both concepts recently received experi
mental support: realtime imaging of sP thymocyte
motility revealed that these cells — in a similar man
ner to mature T cells in the secondary lymphoid tis
sue69 — engage in multiple sequential and shortlived
interactions with APCs in the medulla70. Of note, this
study focused on CD8 sP T cell–DC interactions, and
it remains to be seen whether the behaviour of CD4 sP
T cells and the interactions of thymocytes with mTECs
follow similar rules. Assuming this to be the case, such
a highly dynamic scanning process may in fact allow
‘saturating’ encounters with medullary APCs during
the 4–5 day residency of sP T cells in the medulla71.
However, evidence for intercellular antigen transfer
from mTECs to DCs has also been obtained and is
discussed below.
The observations outlined so far are consistent
with a model whereby mTECs may not by them
selves function as tolerogenic APCs of endogenously
expressed self antigens, but instead primarily serve
as suppliers of TRAs that eventually spread to and
are presented by neighbouring DCs. However, such
a mandatory division of labour between mTECs and
DCs is clearly not the rule. For example, mTECs were
found to autonomously — that is, independently of
antigen transfer to and presentation by DCs — induce
clonal deletion of CD8 + T cells specific for a model
antigen expressed in a manner reflecting promiscu
ous gene expression72. Furthermore, an autonomous
tolerogenic function of mTECs as APCs is suggested
by the fact that during their progressive differentia
tion, the onset of AIRE and TRA expression is linked
to the acquisition of several hallmarks of full APC
competence (for example, expression of CD30l (also
known as TnFsF8), CD80, CD86 and intercellular
adhesion molecule 1 (ICAM1))65,73.
Considering the established rules of MHC class I
loading, it may not be unexpected that epitopes
derived from intracellular antigens are presented on
MHC class I molecules of mTECs and thereby induce
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Box 3 | Promiscuous gene expression in mTECs and the role of AIRE
In the late 1980s, seminal work on the intrathymic expression of pancreas-specific
genes challenged the concept of a clear demarcation between the transcriptomes
of peripheral tissues and the thymus114,115. Various experimental models suggested
that expression of tissue-restricted antigens (TRAs) by rare stromal cells in the
medulla was sufficient to induce CD4+ T cell tolerance35,116. The analysis of highly
purified thymic stromal cell preparations unambiguously identified mTECs as
the principal intrathymic source of promiscuous gene expression62. The scope
and interspecies conservation of promiscuous gene expression have been
characterized in great detail. Intrathymically expressed genes encode functionally
and structurally diverse antigens representing essentially all organs (reviewed
in ReF. 60).
In 1997, two groups reported that mutations in the human autoimmune regulator
(AIRE) gene cause the monogenically transmitted autoimmune disease autoimmune
polyendocrinopathy candidiasis ectodermal dystrophy (APECED)117, 118. Targeted
disruption of the Aire gene in mice reduces promiscuous expression of numerous
genes in mTECs and elicits various organ-specific autoimmune manifestations61. The
mechanisms by which AIRE controls promiscuous gene expression remain unclear.
Structural motifs and proteomic analyses of interacting proteins indicate that AIRE
may activate transcription through binding to inactive histone marks and/or may
facilitate splicing or transcript maturation (reviewed in ReFS 63,64). Single-cell
analyses have revealed variations in promiscuous gene expression between
individual mTECs, suggesting that the regulation of promiscuous transcription by
AIRE involves stochastic components65.

Cross-presentation
The presentation of exogenous
antigen that has been
re-routed to the MHC class I
pathway of antigen
presentation by APCs to CD8+
T cells.

Plasmacytoid DCs
(Plasmacytoid dendritic cells).
Immature DCs with a
plasmacytoid morphology,
which produce type I
interferons in response to viral
infection.

CD8+ T cell tolerance. However, as discussed above,
mTECs (which, together with their cortical coun
terparts, are the only nonhaematopoietic cells that
constitutively express high levels of MHC class II
molecules) contribute to CD4 + T cell tolerance by
shuttling endogenous self antigens onto MHC class II
molecules. For instance, negative selection of CD4+
T cells specific for a liverassociated antigen that was
ectopically expressed by mTECs was independent of
antigen presentation by haematopoietic APCs 35. In
another system, targeting of a model antigen to mTECs
resulted in the deviation of specific CD4+ T cells into
the TReg cell lineage, which again did not require a con
tribution of DCs, but was autonomously mediated by
antigenpresenting mTECs themselves74. Importantly,
we recently could show that mTECs also present non
transgenic, physiologically expressed endogenous
TRAs to CD4+ T cells75.
like cTECs, mTECs exhibit a remarkably poor effi
cacy in MHC class IIrestricted presentation of extra
cellular antigens35, suggesting the preferential use of
unconventional, endogenous MHC class II loading
pathways to sample the different subcellular com
partments (such as the cytoplasm, nucleus and mito
chondria) in which TRAs are localized. Among several
potential mechanisms (reviewed in ReF. 41), the unu
sual occurrence of a high rate of constitutive macro
autophagy in a subset of mature mTECs rendered this
pathway a particularly attractive candidate that may
favour the delivery of endogenous self antigens into
the MHC class II pathway for the induction of CD4+
T cell tolerance (BOX 1). Indeed, mice with disrupted
autophagy in TECs (generated by the transplantation
of embryonic Atg5–/– thymi into athymic nude mice)
show perturbed positive selection of CD4+ T cells and
signs of organspecific autoimmunity 40.

These experiments are limited because currently
they cannot distinguish between a specific requirement
for macroautophagy in cTECs versus mTECs. The effect
of disrupted macroautophagy in TECs on positive selec
tion can almost certainly be attributed to alterations in
the composition of MHC class II complexes on cTECs.
However, future work will show whether the lack of self
tolerance caused by the absence of macroautophagy
in all TECs truly reflects the escape of otherwise
‘censored’ (that is, clonally deleted or TReg celldeviated)
T cell specificities from central tolerance owing to
incomplete presentation of endogenous self antigens on
MHC class II molecules of mTECs.
Dendritic cells. Peripheral DCs have been known for
a long time to be heterogeneous with regard to lineage
derivation, migratory behaviour, antigen processing
(for example, cross-presentation) and effector function76;
however, a similar phenotypic and functional hetero
geneity of thymic DCs has only recently been shown.
Accordingly, thymic DCs are now subdivided into three
major subsets: two subtypes of CD11chi conventional
DCs (cDCs) that are either CD11b–CD8α+CD172a– or
CD11b +CD8α –/lowCD172a + and CD11c midCD45RA +
plasmacytoid DCs (pDCs) (reviewed in ReF. 77). Because
the function of pDCs in the thymus, despite constitut
ing ~30% of all thymic DCs, remains elusive, we focus
here on cDCs and highlight features that are of particular
relevance for central tolerance.
Thymic DCs were thought to arise intrathymically
from a common progenitor of T cells and DCs 78.
More recently, it has become clear that only CD11b–
CD8α+CD172a– cDCs, which make up approximately
two thirds of cDCs in the thymus, are of intrathymic
origin, whereas CD11b+CD8α–/lowCD172a+ cDCs (and
all pDCs) are immigrants from peripheral sites79–81.
Depending on their site of differentiation, we refer
here to these cDC subsets as autochthonous (intra
thymic origin) and migratory cDCs, respectively. It
has been contested whether autochthonous cDCs
truly derive from a common T cell and DC progeni
tor 82,83. Instead, new cell lineage tracing experiments
suggest a branching point between T cells and auto
chthonous cDCs that precedes the immigration of
progenitor cells into the thymus (H.R. Rodewald,
personal communication).
several studies have attempted to define the
parameters guiding the translocation of migratory
cDCs from peripheral sites to the thymus. Following
the intravenous injection of numerous steadystate
splenic DCs, all three major subsets of periph
eral cDCs (that is CD11b –CD8α + ‘lymphoid’ DCs,
CD11b+CD8α– ‘myeloid’ DCs and CD11b–CD8α– DCs)
displayed a similar ability of homing to the thymus84.
The marker CD172a (also known as sHPs1) was not
used in this study, but other studies have shown that
it is expressed by peripheral CD11b+CD8α– myeloid
cDCs 85. The apparent discrepancy of the observa
tion that all peripheral cDC subsets can migrate to
the thymus with the observation that under physio
logical conditions almost all migratory thymic cDCs
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Superantigen
A protein that binds to and
activates all T cells that express
a particular set of Vβ T cell
receptor genes.

Lipopolysaccharide
(Also known as endotoxin). A
constituent of the cell walls of
Gram-negative bacteria that is
important for eliciting the
immune response to
Gram-negative bacterial
infection.

Dominant tolerance
The active suppression of an
autoimmune response, in vitro
or in vivo, by suppressor cells
including TReg cells. By contrast,
deletional tolerance and
induction of anergy are types
of passive tolerance. Dominant
tolerance is transferable to
naive recipients, whereas
passive tolerance is not.

(that is, CD11b+CD8α–/lowCD172a+ cDCs) have mye
loid characteristics may result from the artificial mobi
lization (by intravenous injection) of DC subsets into
the circulation84 as opposed to physiological migration
patterns. Consistent with this, most circulating cDCs
in the blood are CD172a+, thus resembling migratory
cDCs in the thymus80. Accordingly, the fact that nearly
all peripherally derived migratory cDCs in the thymus
have a myeloid phenotype may reflect their relative
abundance in the circulation rather than unique fea
tures, for example a currently unknown combination
of chemokine receptors and/or adhesion molecules that
enable their migration into the thymus.
shortly after entering the thymus, migratory
CD172a+ cDCs undergo further maturation, includ
ing upregulation of MHC class II and costimulatory
molecules80. Immigrant cDCs preferentially locate to
the medulla and intermingle with autochthonous cDCs
in a seemingly random fashion, whereas few migra
tory cDCs localize to the cortex 80,84. Interestingly, some
migratory cDCs undergo one or two cell divisions on
entering the thymus. This is reminiscent of what has
been shown for DCs in the spleen, where daughter DCs
continually presented antigens captured by their pro
genitors, hence potentially prolonging the duration of
antigen presentation86.
Functional evidence for the tolerogenic capacity of
migratory cDCs has been obtained in several experi
mental systems; for example, antigenpulsed or superantigenexpressing DCs that were intravenously injected
into mice were found to induce negative selection of
specific thymocytes84,87. Interestingly, pretreatment
of adoptively transferred DCs with lipopolysaccharide
impaired their homing to the thymus, suggesting a
mechanism whereby under physiological conditions
unwanted central tolerance induction towards patho
genderived antigens taken up by peripheral DCs in an
inflammatory context would be prevented84.
The tolerogenic consequences of DC trafficking to
the thymus under steadystate conditions have been
addressed in two models that did not involve the exper
imental transfer of DCs. In the first, clonal deletion
of MHC class IIrestricted TCR transgenic (OTII)
thymocytes (which recognize ovalbumin (OvA)) in
mice that expressed OvA specifically in cardiomyocytes
(and supposedly not in mTECs) was reduced by injec
tion of a monoclonal antibody specific for α4 integrin,
which is a component of very late antigen 4 (vlA4).
As DC homing to the thymus is vascular cell adhe
sion molecule 1 (vCAM1)–vlA4 dependent, this
suggests that migratory DCs that had taken up OvA
in the periphery contributed to the induction of cen
tral tolerance84. In a second study, thymi from OTII
TCRtransgenic mice were grafted into host mice that
expressed OvA under the control of a DCspecific
promoter 88. It was found that before the emergence of
autochthonous DCs (the development of which occurs
after the influx of migratory DCs), migratory cDCs not
only led to a partial deletion of OvAspecific CD4 sP
T cells but also induced a slight increase in the number
of OTII+ TReg cells.

The observation that an increase in TReg cell develop
ment was induced by migratory cDCs is related to the
question of whether the capacity for intrathymic induc
tion of TReg cells is a specific attribute of one or several
thymic APC subset(s). This issue applies not only to the
general distinction between epithelial and haemato
poietic APCs but also, within the respective lineages,
to the role of cTECs versus mTECs and autochthonous
versus migratory DCs. Of note, all thymic DC subsets,
as well as mTECs, have proved similarly effective in
converting immature thymocytes, but not peripheral
naive CD4+ T cells, into TReg cells in vitro89. Therefore,
it seems that TReg cell induction is under T cellintrinsic
developmental control rather than dependent on par
ticular features of a dedicated APC type. nevertheless,
although these findings reveal a certain redundancy in
the ability of various APC types to induce TReg cells,
it remains possible that in the in vivo microenviron
ment, distinct thymic APC subsets differ in their spe
cific contribution to the composition of the polyclonal
TReg cell repertoire.
Related to their role in deletional versus dominant
tolerance is the issue of whether autochthonous and
migratory DCs present discrete ranges of MHC ligands.
Intuitively, their distinct anatomical origin would
suggest that they sample different selfantigen pools.
Furthermore, it is conceivable that differences in the
principal pathways of antigen sampling and process
ing render the MHCbound peptides they present
partly unique; however, current experimental evidence
addressing this question is ambiguous. Thus, an intra
venously administered protein antigen was taken up
equally well by autochthonous and migratory cDCs
in vivo80, and MHC class IIrestricted presentation of
cellassociated antigen in vitro resulting from uptake
of apoptotic cells was indistinguishable81. By contrast,
particulate highmolecular weight antigen in the serum
could be detected only in the migratory subset of thymic
cDCs, presumably after acquisition in the periphery 80.
By inference, the finding that only migratory DCs could
sample serum antigen indicates that certain peripheral
self antigens may indeed be selectively presented by
migratory DCs. Conversely, it is conceivable that auto
chthonous cDCs tap into selfantigen reservoirs that are
less accessible to the migratory subset. Consistent with
this, autochthonous cDCs efficiently crosspresented
antigens derived from apoptotic cells to CD8+ T cells
in vitro, whereas migratory DCs were much less capable
of doing so81. Future studies will show whether this fea
ture predisposes autochthonous cDCs to crosspresent
mTECderived self antigen in the in vivo environment.
Taken together, it may be assumed that the hetero
geneity and the distinct origin of thymic DC subsets
broaden the range of self antigens displayed in the thy
mus (FIG. 5). Migratory cDCs are likely to present periph
eral self antigens that are not included in the array of
TRAs promiscuously expressed by mTECs or are not
present in the circulation at tolerogenic levels. It is also
possible that they contribute to the maintenance of tol
erance to innocuous foreign antigens derived from the
commensal gut flora or food.
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Figure 5 | Determinants that shape the peptide–mHC complex repertoires of medullary thymic epithelial cells
and thymic conventional dendritic cells. Promiscuously expressed tissue-restricted antigens (TRAs) gain access to
Nature Reviews | Immunology
both the MHC class I and the MHC class II pathways of medullary thymic epithelial cells (mTECs), whereby
macroautophagy may enhance the loading of endogenous antigens onto MHC class II molecules. At the same time,
mTECs are inefficient at presenting exogenous antigens. mTEC-derived antigens can also be transferred to and
presented by conventional dendritic cells (cDCs) in the thymus. Depending on the nature of the respective self antigen,
it is conceivable that TRAs are released or shed in soluble form to be subsequently captured and processed by cDCs for
presentation on MHC class I or MHC class II molecules. In addition, apoptosis of terminally differentiated mTECs may
lead to the release of apoptotic fragments that can also transfer mTEC-derived self antigens to cDCs for crosspresentation, a process presumably enhanced by the pro-apoptotic function of autoimmune regulator (AIRE). In
addition, functional peptide–MHC complexes are unidirectionally translocated from mTECs to cDCs; however, the
mechanistic details remain unclear. In contrast to mTECs, thymic cDCs efficiently present blood-borne antigens that
reach the thymus through the circulation. It is assumed that autochthonous CD172a– cDCs (that is, cDCs of intrathymic
origin) are the preferred recipients of mTEC-derived antigens, as depicted here. We think this is likely because migratory
CD172a+ cDCs undergo further maturation on reaching the thymic microenvironment, suggesting that, akin to what has
been described for mature, tissue-derived DCs in secondary lymphoid organs, they may ‘freeze’ their peripherally
imprinted cargo of MHC ligands. In addition to tissue-specific peripheral self antigens, the antigens captured and
processed by migratory cDCs before their relocation to the medulla may also encompass non-self antigens derived
from innocuous foreign sources such as commensal bacteria or food.

Intercellular antigen transfer: where, how and why? As
outlined above, various studies have shown that mTECs
have an autonomous role as presenters of endogenously
expressed self antigens in the context of both MHC class I
and MHC class II molecules. A second route by which
mTECderived antigens are presented to developing
CD4+ and CD8+ T cells is by transfer to and presentation
by thymic DCs. Early studies in 1994, using a mono
clonal antibody that recognizes a peptide derived from
the αchain of the MHC class II allele IEd (amino acids
52–68; Eα52–68) when bound to IAb MHC class II mol
ecules90, showed the in vivo transfer of the Eα52–68 peptide
from TECs onto MHC class II molecules on thymic DCs,
and it was appreciated that this may be a mechanism that
enhances the efficacy of tolerance induction by spreading
self antigens through the thymic microenvironment91. Of
note, the intercellular transfer of the Eα52–68 peptide was
unidirectional, consistent with the differential efficacies of
TECs and DCs at presenting exogenous antigen on MHC
class II molecules through the classical endocytic path
way 91,92. subsequent experiments involving OvAspecific

TCRtransgenic mice showed that antigen transfer to and
presentation by thymic DCs similarly applies to MHC
class Irestricted epitopes, as it resulted in the deletion
of both MHC class I and MHC class IIrestricted OvA
specific thymocytes when OvA was expressed exclusively
by mTECs72. In this particular system, which was devised
to mimic promiscuous gene expression, deletion of CD8+
T cells — but not CD4+ T cells — also occurred when this
route of antigen transfer was abolished; that is, when only
mTECs could potentially present endogenously expressed
OvA. This shows that, for CD4+ T cell tolerance to cer
tain antigens expressed by mTECs, cooperation with DCs
is necessary. In another model system, two variants of
hen egg lysozyme (HEl) were expressed by mTECs. The
soluble form of HEl was more efficient at intrathymic
deletion of specific CD4+ T cells than the membrane
bound variant 93. Here, facilitated presentation of soluble
as opposed to cellbound TECderived antigen by DCs
is a plausible explanation; however, the study did not
explore whether antigen transfer from mTECs to DCs
actually occurred.
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Exosome
A small lipid-bilayer vesicle
that is released from dendritic
cells and other cells. They are
composed of cell membranes
or are derived from the
membranes of intracellular
vesicles. They might contain
antigen–MHC complexes and
interact with antigen-specific
lymphocytes directly, or they
might be taken up by other
antigen-presenting cells.

Recently, the unidirectional, steadystate transfer
of physiologically expressed, native TRAs, such as
the tumour rejection antigen P1A and the myelin
component proteolipid protein, from mTECs to DCs
has been shown to occur in vivo 75. Importantly, such
presentation of mTECderived self antigens by DCs
under physiological conditions is not restricted to
secreted molecules but covers all major subcellular
compartments, as it also includes membrane, cyto
plasmic and nuclear proteins75. Although the mecha
nistic details of this directional antigen transfer are
unknown, it is conceivable that antigens released
from mTECs in soluble form or in vesicles (for exam
ple, apoptotic bodies) are likely to gain access to MHC
class I and class II molecules on DCs by means of
established pathways of processing and presentation
of exogenous material (crosspresentation in the case of
MHC class Irestricted presentation). These transfer
routes might be facilitated by the surprisingly rapid
turnover of mTECs66,67, so that dying mTECs, possi
bly enhanced by a proapoptotic function of the AIRE
protein67, may constitute a permanent source of TRAs
for thymic DCs.
Recently, an additional and less conventional mecha
nism to spread self antigens in the thymic microenvi
ronment has been proposed that involves the exchange
of intact membrane domains that include functional
peptide–MHC complexes75,94. Remarkably, this phenom
enon also seems to be unidirectional from mTECs to
DCs (or may occur between mTECs, but not from DCs
to mTECs). such a transfer of preformed peptide–MHC
complexes from mTECs to DCs is a formal caveat for
the interpretation of results in bone marrow chimaeras
designed to abrogate antigen presentation on DCs and
thereby reveal the autonomous role of mTECs in cen
tral tolerance. It follows that proof of the contribution
of mTECs to central tolerance by autonomous presenta
tion of TRAs will require the physical ablation of thymic
DCs rather than the genetic elimination of MHC genes
in the haematopoietic system. new tools are at hand to
make this goal attainable in the near future. For example,
diphtheria toxinmediated ablation of all of the main DC
subsets has been achieved95,96, and other mutant mouse
strains are available that selectively lack CD8+ DCs97
or pDCs98.
In summary, the antigen transfer between thymic
APCs is an obvious means by which to increase the
probability of autoreactive T cells encountering rare
antigens. How this transfer, which is possibly unique
to the thymic medulla, proceeds and how its uni
directionality is regulated remain poorly understood.
It is conceivable that conventional routes such as the
passive diffusion of material released from apoptotic
mTECs — but also more exotic mechanisms, for exam
ple endocytosis of mTECderived exosomes by DCs99,
membrane nibbling 100,101, antigen transfer through gap
junctions102 or tunnelling nanotubes94 — are involved.
Obtaining definitive proof for the involvement of these
mechanisms in central tolerance will depend on the
development of methods to selectively manipulate
these processes in vivo.

Conclusion and perspectives
In the context of positive selection, we feel that the dis
covery of distinct pathways for the generation of the
MHC ligand repertoire of cTECs warrants a reconsid
eration of the altered peptide hypothesis in a modi
fied form. Although the central tenet of the original
hypothesis — that cTECs display an entirely unique set
of MHC ligands — has not proved to be correct, it is an
intriguing perspective that components of the proteo
lytic machineries that generate MHCbound peptides,
such as the cTECspecific proteasomal subunit β5t, may
have arisen during evolution to have an exclusive role
in T cell selection (reviewed in ReF. 103). One possible
explanation is that positive selection of a fully diverse
T cell repertoire might require peptides with unique
structural properties, although presently there is little
evidence for this. Alternatively, the evolutionary selec
tion of cTECspecific proteolytic pathways of peptide
generation may have been driven by the necessity to
limit the overlap between the peptide–MHC complexes
presented by cTECs in the thymic cortex and APCs in
the thymic medulla (and presumably also in secondary
lymphoid organs), as reencounter of positively select
ing MHC ligands in a context that is optimized for toler
ance induction may unduly limit the T cell repertoire.
It remains to be shown how this idea can be reconciled
with the hypothesis that peptide–MHC complexes iden
tical to those that mediate positive selection may be
required for peripheral T cell homeostasis and/or may
act as coagonists during T cell activation. ultimately, a
refined synthesis of the altered peptide theory and the
affinity model will hinge on delineating truly physiolog
ical peptides on cTECs that are necessary for the selec
tion of a given TCR specificity in vivo; this goal remains
the ‘Holy Grail’ in the field of positive selection.
Concerning the tolerogenic function of medullary
APCs, we have discussed determinants that are likely to
shape the peptide–MHC repertoires of mTECs and DCs
and outlined recent evidence for autonomous and cooper
ative functions of these APCs. It has become clear that
mTECs are not only unique in their ability to promiscu
ously express TRAs, but they also have adapted their cell
biology to focus their MHC class IIbound peptides on
this endogenous antigen pool, thus fulfilling an autono
mous APC function not only in CD8+ but in CD4+ T cell
tolerance. Because mTECderived self antigens may also
be transferred to and presented by DCs, it will be chal
lenging to separate this dual contribution of mTECs to
central tolerance — as a ‘TRA expresser’ and as a ‘TRA
presenter’. Furthermore, we are just beginning to appre
ciate the biological implications of the heterogeneity of
thymic DCs and the way in which the various DC sub
sets may differentially contribute to the intrathymic rep
resentation of peripheral tissues. similarly, it remains to be
established whether individual thymic DC subsets differ
in their cooperation with mTECs, for example whether
they are equivalent recipients of mTECderived antigens.
we would also like to understand whether and how the
heterogeneity of medullary APCs and their peptide–MHC
complexes are functionally related to distinct modes of
tolerance: TReg cell induction versus negative selection.
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