
COIMMU-1064; NO. OF PAGES 6
Differential processing of self-antigens by subsets of thymic
stromal cells
Sylvie Guerder1,2,3, Christophe Viret1,2,3, Hervé Luche4,5,6,
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The stromal network of the thymus provides a unique

environment that supports the development of mature CD4+

and CD8+ T cells expressing a very diverse repertoire of T cell

receptors (TCR) with limited reactivity to self-antigens. Thymic

cortical epithelial cells (cTECs) are specialized antigen-

presenting cells (APCs) that promote the positive selection of

developing thymocytes while medullary thymic epithelial cells

(mTECs) and thymic dendritic cells (tDCs) induce central

tolerance to self-antigens. Recent studies showed that cTECs

express a unique set of proteases involved in the generation of

self-peptides presented by major-histocompatibility encoded

molecules (pMHC) and consequently may express a unique set

of pMHC complexes. Conversely, the stromal cells of the

medulla developed several mechanisms to mirror as closely as

possible the constellation of self-peptides derived from

peripheral tissues. Here, we discuss how these different

features allow for the development of a highly diverse but

poorly self-reactive repertoire of functional T cells.
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Introduction
The progression through the discrete stages of intrathy-

mic T cell development and the fate of thymocytes is

determined by the affinity of their clonally distributed

TCR for self-pMCH complexes. Immature double-nega-

tive CD4�CD8� thymocytes develop into double-

positive (DP) CD4+CD8+ cells in the outer cortical

regions of the thymus. DP cells expressing TCR capable
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of interacting with self-pMHC complexes presented by

cTECs are rescued from programmed cell death — the

default fate of DP cells in the absence of TCR sig-

naling — and mature into single-positive (SP) CD4+

CD8�or CD4�CD8+ cells, a process called positive selec-

tion. In the thymic medulla, those SP cells expressing

TCR that interact with high affinity with self-pMHC

complexes presented by mTECs and tDCs are deleted,

a process referred to as negative selection, or ‘deviated’

into unconventional T cell lineages (for instance regulat-

ory T cells (Treg cells) [1]), whereas those that are weakly

self-reactive mature further before their release into the

blood circulation where they possibly benefit from

repeated contact with self-pMHC complexes for their

persistence and activation [2�,3–5].

A wealth of in vitro models support the affinity model of

thymocyte selection whereby the fate of the developing

T cell, survival or deletion, is determined by the affinity

of the TCR for self-pMHC complexes [6]. Those

models that have defined a fixed affinity threshold that

delimits positive and negative selection do not take,

however, into account the fact that positive and negative

selections occur in compartmentalized microenviron-

ments populated with different, highly specialized anti-

gen-presenting stromal cells. The present review

summarizes the recent data showing that the distinct

thymic stromal cells have distinct antigen-processing

and antigen-presentation capacities and that they pre-

sumably express partly non-overlapping sets of self-

antigens and discusses the possible raison d‘être for

minimizing the abundance of ‘shared’ peptides between

cTECs and mTECs-DCs.

Antigen presentation in the cortex
The foremost antigen-presenting cells (APCs) of the

cortex are cTECs that are devoted to positive selection

of developing thymocytes. Sparse tDCs are also found in

the cortex where they co-operate with cTECs to induce

the negative selection of a few self-reactive T cells [7,8].

Accumulating evidences indicate that cTECs stand apart

from other APCs. Hence, cTECs demonstrate unusually

high constitutive macroautophagy [9], express a unique

set of proteases involved in the MHC class II presentation

pathway, cathepsin (Cat)-L and Thymus Specific Serine

Protease (TSSP, prss16), and a unique subunit of the

proteasome that promotes the presentation of low affinity

peptides by MHC class I molecules, the b5T subunit

(Table 1, [10,11�,12]). The proteolytic specificity of
bsets of thymic stromal cells, Curr Opin Immunol (2012), doi:10.1016/j.coi.2012.01.008
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Table 1

Expression pattern of different antigen-processing enzymes in cTECs, mTECs and DCs.

Periphery Thymus medulla Thymus cortex 

DCs tDCs mTECs cTECs 

CatL  +++ − − −
TSSP  +++ − + −
CatS  +/-  ++  +++ +++  

MHC class II 
processing 

AEP − − ++ ++ 

β5t +++ − − −MHC class I 
processing β5i  +/− +++  +++ +++  

Autophagy  +++  ++ + ?  + 

Endocytosis +/− +/− +++ +++  

The relative expression level of different proteases involved in the MHC class II pathway and of the proteasome b5 subunit in the different thymic

stromal cells and peripheral DCs is presented. Also shown is the relative efficiency of autophagy or endocytosis in these different cell types. Note that

in the case of DCs, TSSP presents a particular pattern since it is expressed by thymic but not peripheral DCs. Green: Enzymes/processes

predominantly at work in cortical epithelial cell of the thymus. Red: Enzymes/processes predominantly at work in medullary epithelial cell of the

thymus and thymic or peripheral DCs.
proteasomes expressing the b5t subunit is discussed in an

accompanying paper and here we will discuss only results

pertinent to the MHC class II pathway.

Macroautophagy in MHC class II presentation
by cTECs
MHC class II ab heterodimers assemble in the endoplas-

mic reticulum where they bind the invariant chain (Ii). Ii

allows proper routing of the MHC class II complexes along

the endocytic pathway and prevents their premature load-

ing with endogenous peptides. Therefore, the chaperone

function of Ii dedicates MHC class II molecules to the

presentation of exogenous antigens. Removal of Ii is

accomplished by an ordered proteolysis mediated by the

cysteine proteases Cat-L or Cat-S and by the asparaginyl

endopeptidase (AEP), leading to the generation of MHC

class II complexes in which the Ii chain peptide (CLIP)

occupies the peptide-binding groove [13]. CLIP is sub-

sequently replaced by peptides derived from proteolytic

degradation of endosomal proteins.

TECs are poorly phagocytic and consequently mainly

present self-peptides derived from endogenous proteins.

Optimal delivery of cytosolic proteins into MHC class II

loading compartments is achieved in TECs and mainly

cTECs by enhanced constitutive macroautophagy, a gen-

eric protein degradation process that is induced by stress

in many cell types [14]. Disruption of macroautophagy in

mice deficient for the essential autophagy gene Atg5,

impaired positive selection of some TCR specificities

indicating that macroautophagy contributes to the routing

of some endogenous self-proteins into lysosomal com-

partments involved in the generation of positively select-

ing pMHC class II complexes [9]. Interestingly, positive

selection of some TCR specificities was also enhanced in

Atg5�/�mice. Consistent with the increased expression of
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one given pMHC complex by Atg5-deficient cTECs (I-

Ea52-68-I-Ab), these observations indicated that the

generation of some self-pMHC class II complexes was

more efficient in the absence of autophagy. Such rather

counterintuitive observations emphasize the complexity

of the MHC class II presentation pathway and the rather

opposite outcomes that result from the absence of macro-

autophagy or of a given protease (see below).

Role of Cat-L and TSSP in T cell repertoire
selection
Recent evidences indicate that the different thymic APCs

are equipped with different sets of endosomal proteases

(Table 1). Cat-L is only expressed by cTECs but not by

mTECs, tDCs or peripheral DC [10]. Conversely, Cat-S

is expressed by mTECs and by both thymic and periph-

eral DCs whereas AEP is only expressed at detectable

levels in DCs [10,15]. Although TSSP was initially

described as an evolutionarily conserved cTEC-specific

protease [16–18], more sensitive RT-PCR analysis

revealed that it is also expressed at low levels by all

tDC subsets, but not by peripheral DCs [19��].

Consistent with its selective expression in cTECs and its

major role in Ii processing, Cat-L-deficient cTECs mainly

present CLIP-MHC class II complexes at their surface

[10]. As a consequence, the number of thymic CD4+ T

cells is reduced by 70% in those mice [10,20,21]. Several

experimental evidence suggested that impaired differen-

tiation of CD4+ T cells in Cat-L-deficient mice was not

solely due to reduced diversity of pMHC complexes

linked to CLIP-MHC class II peptide accumulation

but also reflected a contribution of Cat-L in the gener-

ation of positively selecting ligands [20–22]. Interestingly,

in Cat-L-deficient mice in which DC-dependent nega-

tive selection was impaired, the number of CD4+ SP
bsets of thymic stromal cells, Curr Opin Immunol (2012), doi:10.1016/j.coi.2012.01.008
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thymocytes was restored to levels comparable to that of

Cat-L-sufficient mice [22]. The CD4+ T cell repertoire

positively selected by Cat-L-deficient cTECs is therefore

deleted by thymic DCs. This was the first indication that

the repertoire of positively and negatively selecting

ligands ought to be somehow different to minimize the

extensive deletion induced by mTECs and tDCs. The

differential expression of proteases involved in MHC

class II presentation — such as CatL — allowed for such

limited overlap between the pMHC complexes pre-

sented by cTECs and medullary TECs and DCs.

The initial analysis of TSSP-deficient B6 mice revealed

no significant alteration in the intra-thymic differentiation

of CD4+ T cells expressing polyclonal ab TCR [23].

Subsequent analysis of the intra-thymic differentiation

of CD4+ T cells expressing I-Ab restricted transgenic

TCR, specific for an ovalbumin (OVA)-derived peptide

(OT-II) or for a male specific peptide (Marylin) showed a

major impairment of positive selection when TECs

lacked TSSP [11�]. Consistent with the endosomal local-

ization of TSSP, these results suggested that TSSP plays

a role in the MHC class II Ag presentation pathway and

the generation of ligands for positive selection.

Since prss16 has been linked to a diabetes susceptibility

locus in humans, we analyzed the impact of TSSP-

deficiency on the development of CD4+ T cells reactive

to islet antigens in the NOD mouse. As observed for B6

mice, differentiation of polyclonal CD4+ T cells or of

CD4+ T cells expressing a GAD206–220 specific TCR

proceeded normally in TSSP-deficient NOD mice

[19��]. In contrast, the differentiation of CD4+ T cells

expressing a phogrin-specific TCR or a TCR denoted

NY4.1 and specific for an as yet unknown pancreatic islet

antigen was severely impaired in TSSP-deficient NOD

mice. Mixed bone-marrow chimeras showed that differ-

entiation of NY4.1-expressing CD4+ T cells was affected

when either TECs or bone marrow derived APCs lacked

TSSP expression. The phenotype and reduced thymic

cellularity observed in bone-marrow chimeras with

TSSP-deficient TECs strongly suggested that TSSP-

deficient TECs and more likely cTECs cause, either

directly or indirectly, the negative selection of developing

NY4.1 thymocytes. These results suggest that both

TSSP-deficient TECs and DC present a ligand that is

recognized by the NY4.1 TCR and capable of inducing

negative selection of thymocytes expressing the NY4.1

TCR. Accordingly, in WT mice, TSSP impairs the gener-

ation of this ligand in both TECs and tDCs.

Importantly, the enhanced deletion of CD4+ T cells

specific for some b-cell antigens in TSSP-deficient

NOD mice expressing a polyclonal TCR repertoire (esti-

mated at 15% of the functional islet-reactive CD4+ T cell

repertoire) correlated with a complete protection from

spontaneous diabetes indicating that in the NOD mouse,
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TSSP may limit, either directly or indirectly, the presen-

tation by cTECs or tDCs of several epitopes derived from

pancreatic islet antigens and consequently prevented

induction of central tolerance to these self-antigens [19��].

In addition to its role in the development of some CD4+ T

cells reactive against pancreatic islet antigens, thymic

expression of TSSP was also found necessary for the

development of CD4+ T cells specific for hen egg lyso-

zyme (HEL); the response against five additional foreign

protein antigens was, however, unaffected [24��]. The

development of polyclonal HEL-specific CD4+ T cells

and of CD4+ T cells expressing a TCR specific for HEL

was reduced when TECs or tDCs lacked TSSP expres-

sion. These results are best explained by an enhanced

negative selection driven by either TSSP-deficient TECs

and/or tDCs presenting a HEL mimotope of sufficient

affinity to delete the HEL-reactive CD4+ T cells, though

a role for TSSP in generating a positively selecting ligands

cannot be formally excluded akin to the observations

made for the OT-II or Marylin CD4+ T cells.

In the NOD mouse, TSSP appears to have a rather

‘destructive’ effect on the generation of some self-

MHC class II binding peptides that is not necessarily

due to a direct proteolytic cleavage of the corresponding

epitopes. Such a ‘destructive’ potential likely results in

opposite effects in that it prevents and allows the gener-

ation of some MHC class II ligands. This is suggested by

the effect of TSSP-deficiency on the positive and nega-

tive selection of some T cell specificities and may in fact

counterbalance the exacerbated autophagy of cTECs.

These observations also raised the intriguing possibility

that TSSP’s primary function may be to limit self-antigen

presentation and consequently limit self-tolerance induc-

tion to increase the diversity of the functional CD4+ T

cell repertoire. While providing a selective advantage to

control pathogens, such a function may, as observed in the

NOD mouse, lead to autoimmunity.

Antigen presentation in the medulla
Consistent with a primary role in inducing self-tolerance,

the different APCs found in the medulla have evolved

several independent and concerted strategies to purge the

repertoire of strongly self-reactive T cells. The pool of

thymic self-pMHC complexes available in the medulla

for T cell tolerance induction derives from proteins

expressed by tDCs and mTECs [25]. The ability of

mTECs to ectopically express tissue-restricted antigens

(TRAs) that represent most of the extra-thymic tissues

[8,26], a mechanism partly controlled by the autoimmune

regulator Aire gene extends the scope of central tolerance

[27]. Peripheral self-antigens can also gain access to the

thymus via the blood supply as freely circulating proteins

[28,29��,30]. Additionally, extra-thymic self-antigens can

be picked up by differentiated, peripheral DCs that are

capable of migrating via the blood to the thymus
bsets of thymic stromal cells, Curr Opin Immunol (2012), doi:10.1016/j.coi.2012.01.008
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[31,32�,33]. Therefore, the medulla displays a wide con-

stellation of self-peptides. However, to compensate for

incomplete representation of self-peptides in the thymus,

mTECs and tDCs are also capable of inducing the de-

velopment of Treg cells that suppress the activity of

conventional autoreactive T cells that have escaped cen-

tral tolerance [34–36].

Thymic DCs are heterogeneous and three subsets of DCs

coexist in the mouse thymus [37]. One subset expresses

CD45R and corresponds to plasmacytoid DCs, whereas

the two other tDC subsets are CD45R� and can be

distinguished based on the differential expression of

CD8a and CD172a (Sirpa). The CD8alowCD172a+

tDCs arise from quasi-differentiated blood precursors

that continuously enter the thymus [31,32�]. In contrast,

the CD8ahighCD172a� tDCs develop intrathymically

and have been thought to have a lymphoid origin

[32�,38,39]. Consistent with fate mapping experiments

that showed that thymic DCs have no lymphoid past [40],

it has been recently shown that CD8ahighCD172a� tDCs

are of myeloid origin [41�]. Whether the different types of

tDCs sample distinct pools of self-antigens and show

functional specialization remains to be determined.

Consistent with a major role in tolerance induction, the

antigen-presenting machinery of tDCs and mTECs mir-

ror that of peripheral APCs (Table 1). One exception is

the selective expression of TSSP by tDCs but not per-

ipheral DCs [19��]. It remains to be determined whether

this reflects a lineage specification of tDCs or is induced

by the thymic microenvironment. mTECs also show

exceptionally high levels of macroautophagy, a mechan-

ism likely permitting direct presentation of endogenous

antigens in the class II pathway [42��]. The autonomous

contribution of mTECs to deletional tolerance has been

evaluated using bone marrow chimeras designed to result

into thymi containing MHC-positive mTECs and MHC-

negative tDCs. These studies showed that mTECs can

induce central tolerance in an autonomous manner for

CD8+ but not CD4+ T cells [43]. Subsequent obser-

vations showed that intact membrane domains, harbour-

ing functional surface self pMHC complexes can be

unidirectionally transferred between mTECs and DCs

and questioned the autonomous role of mTECs

[42��,44��]. Further attempts to determine whether

mTECs can autonomously achieve central tolerance

involved transgenic mice expressing the A subunit of

diphtheria toxin under the control of a minimal cd11c
promoter (cd11c-DTA mice) [45,46]. Lack of CD11chigh

tDCs did not affect negative selection of CD8+ T cells.

Conflicting results were observed for CD4+ T cells with

one study showing normal negative selection [46] and the

other impaired negative selection [45,47]. Considering

that deletion of self-reactive SP cells can still be achieved

when the frequency of thymic APCs was lowered to 1% of

normal numbers [48], it is possible that the cd11c-DTA
Please cite this article in press as: Guerder S, et al. Differential processing of self-antigens by su
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mice still contained enough tDCs capable of both co-

operating with mTECs and of presenting their proper set

of self-antigens to mediate negative selection [49]. It

remains thus a daunting challenge to determine the

fraction of CD4+ and CD8+ T cells that are purged from

the repertoire by tDCs and mTECs and in the case of

mTECs to evaluate their autonomous versus DC-de-

pendent contribution [50].

Conclusions
Recent studies have highlighted the specific features of

the different stromal cell population of the thymus

(reviewed in [25,51] and here). The emerging concept

is that the expression of highly specialized antigen-pro-

cessing machinery by cTECs reduces the total amount of

shared pMHC complexes presented by cTECs and

mTECs/tDCs and consequently minimize the impact

of negative selection on T cell repertoire diversity. A

future challenge is certainly to evaluate whether predo-

minant expression of Cat-L, TSSP or the b5T subunit by

cTECs leads to substantial qualitative or quantitative

differences of the pMHC repertoire presented by these

stromal cells as compared to mTECs or DCs.

The stromal cells of the medulla have evolved several

distinct antigen-presenting features to reflect the ‘per-

ipheral immunological self’. The seminal demonstration

that mTECs express a variety of TRAs provided the first

conceptual framework for how tolerance to peripheral

tissues is achieved in the thymus. The recent demon-

stration that peripheral immature DCs gain access to the

thymus and induce tolerance to peripheral tissue antigens

further extended the scope of tissue self-antigens seen by

developing T cells. Still much work needs to be done to

understand the interplay between these different stromal

populations in deleting autoreactive CD4+ T cells and

inducing the differentiation of natural T regulatory cells.
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