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Introduction

Hematopoietic and epithelial stromal cells in the thymic medulla establish a unique microenvironment that is essential for the generation of a self-tolerant T cell repertoire [START_REF] Hogquist | Central tolerance: learning self-control in the thymus[END_REF][START_REF] Klein | Antigen presentation in the thymus for positive selection and central tolerance induction[END_REF] . However, the precise qualitative and quantitative contribution of individual thymic stromal cell subsets to distinct modes of central T cell tolerance, for instance, negative selection versus deviation into the Foxp3 + regulatory T (T reg ) cell lineage, has not been clarified.

Traditionally, deletion of autoreactive CD4 single-positive (SP) thymocytes has largely been attributed to the antigen presenting cell (APC) function of thymic dendritic cells (DCs). Elimination of major histocompatibility complex (MHC) class II expression on hematopoietic cells or, more recently, genetic ablation of DCs, increased the number of CD4SP thymocytes by 30 -60 % [START_REF] Ohnmacht | Constitutive ablation of dendritic cells breaks selftolerance of CD4 T cells and results in spontaneous fatal autoimmunity[END_REF][START_REF] Van Meerwijk | Quantitative impact of thymic clonal deletion on the T cell repertoire[END_REF] . This has been interpreted to reveal the contribution of antigen recognition on DCs to negative selection of CD4 + T cells. Whether the second major subset of stromal cells in the medulla, that is, medullary thymic epithelial cells (mTECs), has a crucial APC function remains to be established. It is undisputed that mTECs as such serve an essential role for central tolerance -for instance, a developmental block in the mTEC lineage through interference with the NF-kappaB signaling axis results in autoimmunity [START_REF] Akiyama | Dependence of self-tolerance on TRAF6-directed development of thymic stroma[END_REF][START_REF] Akiyama | The tumor necrosis factor family receptors RANK and CD40 cooperatively establish the thymic medullary microenvironment and selftolerance[END_REF][START_REF] Hikosaka | The cytokine RANKL produced by positively selected thymocytes fosters medullary thymic epithelial cells that express autoimmune regulator[END_REF][START_REF] Kajiura | NF-kappa B-inducing kinase establishes self-tolerance in a thymic stroma-dependent manner[END_REF][START_REF] Kinoshita | Essential role of IkappaB kinase alpha in thymic organogenesis required for the establishment of self-tolerance[END_REF][START_REF] Rossi | RANK signals from CD4(+)3(-) inducer cells regulate development of Aire-expressing epithelial cells in the thymic medulla[END_REF] . However, the interpretation of these observations remains complex because perturbations of mTEC differentiation do not only affect their bona fide APC function, but may also disrupt the three-dimensional organization of the medulla and diminish the phenomenon of 'promiscuous' expression of peripheral tissue-antigens (PTAs). PTA expression is to a substantial degree under the control of the autoimmune regulator (Aire) gene [11][START_REF] Peterson | Transcriptional regulation by AIRE: molecular mechanisms of central tolerance[END_REF] , whose expression is largely confined to terminally differentiated mTECs [START_REF] Derbinski | Promiscuous gene expression in thymic epithelial cells is regulated at multiple levels[END_REF] , and by itself is indispensable to prevent autoimmunity [START_REF] Anderson | Projection of an immunological self shadow within the thymus by the aire protein[END_REF] . Therefore, self-tolerance failure caused by defective mTEC differentiation may reflect their role as 'PTA reservoir' rather than any autonomous APC function.

The 'antigen reservoir' scenario is supported by a model system in which negative selection of CD4 + T cells specific for an mTEC-derived antigen was strictly dependent on antigen presentation by hematopoietic APCs, most likely DCs [START_REF] Gallegos | Central tolerance to tissue-specific antigens mediated by direct and indirect antigen presentation[END_REF] . Such 'spreading' of antigens or even intact MHC molecules from mTECs to DCs may be a common occurrence [START_REF] Millet | Intercellular MHC transfer between thymic epithelial and dendritic cells[END_REF][START_REF] Koble | The thymic medulla: a unique microenvironment for intercellular self-antigen transfer[END_REF] , possibly facilitated through an alleged pro-apoptotic function of Aire [START_REF] Gray | Proliferative arrest and rapid turnover of thymic epithelial cells expressing Aire[END_REF] . In support of an autonomous APC function of mTECs, transgenic hemagglutinin (HA)-expression in mTECs was found to promote the differentiation of specific CD4 + T cells into the T reg cell lineage through direct antigen recognition on HA-expressing and -presenting mTECs [START_REF] Aschenbrenner | Selection of Foxp3+ regulatory T cells specific for self antigen expressed and presented by Aire+ medullary thymic epithelial cells[END_REF] . Along these lines, the terminal differentiation of mTECs not only coincides with the onset of promiscuous gene expression, but also with the acquisition of a surface phenotype (MHC class II hi CD80 hi ) that is suggestive of potent APC capacity.

Intriguingly, in studies that characterized the contribution of DCs versus mTECs in tolerance towards mTEC-derived antigens, cross-presentation by DCs or autonomous presentation by mTECs resulted in a partly different mode of CD4 + T cell tolerance, that is, negative selection versus T reg induction, respectively [START_REF] Gallegos | Central tolerance to tissue-specific antigens mediated by direct and indirect antigen presentation[END_REF][START_REF] Aschenbrenner | Selection of Foxp3+ regulatory T cells specific for self antigen expressed and presented by Aire+ medullary thymic epithelial cells[END_REF] . A significant number of variables (TCR, antigen, topology and level of antigen expression) exist between the models used, so these studies do not necessarily indicate that qualitative differences between mTECs and DCs impose distinct mechanisms of tolerance. Instead, these observations are also compatible with a model of thymocyte fate specification according to which T reg differentiation occurs within an avidity window between positive selection and deletion [START_REF] Jordan | Thymic selection of CD4+CD25+ regulatory T cells induced by an agonist self-peptide[END_REF][START_REF] Liston | Thymic development and peripheral homeostasis of regulatory T cells[END_REF] . Importantly, the avidity hypothesis entails a testable prediction: under given conditions (i.e., fixed TCR and APC), reducing the avidity of antigen recognition should diminish clonal deletion and favor T reg induction within a specific cohort of MHC class II restricted thymocytes.

Here, we addressed the autonomous APC function of mTECs by interfering with MHC class II-restricted antigen presentation while preserving their 'antigen reservoir' function. Conditional ablation of MHC class II expression may appear to be suitable to address this question. However, because MHC class II dependent cognate interactions between thymocytes and mTECs have been implicated in mTEC homeostasis and maturation [START_REF] Irla | Autoantigen-specific interactions with CD4+ thymocytes control mature medullary thymic epithelial cell cellularity[END_REF] , the complete elimination of MHC class II could possibly perturb mTEC development and hence blur a clear dissociation of their APC-from their 'antigen reservoir'-function. Therefore we pursued a strategy that reduced, but not fully eliminated, MHC class II on mTECs. This strategy also allowed testing the central prediction of the avidity model of T reg differentiation. To do so, we devised a transgenic system in which MHC class II expression is diminished through tissue-specific expression of a 'designer' micro (mi)RNA which silences C2TA (class 2 transactivator), the master regulator of MHC class II expression [START_REF] Reith | Regulation of MHC class II gene expression by the class II transactivator[END_REF] .

Results

'Designer' miRNA mediated silencing of C2TA in vitro

Synthetic small hairpin RNA (shRNA) sequences integrated into the miRNA-30 backbone are processed by the miRNA machinery and can be used for gene silencing [START_REF] Zeng | Both natural and designed micro RNAs can inhibit the expression of cognate mRNAs when expressed in human cells[END_REF] . Unlike 'naked' short hairpins, whose transcription requires RNA Polymerase III (Pol III) promoters, transcription of such 'designer' miRNAs is driven by Pol II promoters, thus offering the potential for tissue-specific or temporally controlled gene silencing in vivo [START_REF] Stegmeier | A lentiviral microRNA-based system for single-copy polymerase II-regulated RNA interference in mammalian cells[END_REF][START_REF] Dickins | Tissue-specific and reversible RNA interference in transgenic mice[END_REF] .

Following this strategy, several shRNA sequences (see Methods for details of sequence selection) complementary to C2TA were cloned into the retroviral vector MSCV-LTRmiR30-PIG (LMP) [START_REF] Dickins | Probing tumor phenotypes using stable and regulated synthetic microRNA precursors[END_REF] . In these constructs, the synthetic shRNA is embedded in the pri-miRNA-30 backbone, replacing the physiologically processed miRNA-30 hairpin structure (Fig. 1a) [START_REF] Dickins | Probing tumor phenotypes using stable and regulated synthetic microRNA precursors[END_REF][START_REF] Paddison | Cloning of short hairpin RNAs for gene knockdown in mammalian cells[END_REF] . To assess C2TA silencing, MHC class II expression was determined by flow cytometry and Western analysis in LMP infected WEHI 279.1 cells. One construct, designated C2TAsh(6) (Fig. 1a,b), consistently mediated the most efficient MHC class II reduction (Fig. 1c,d) and was therefore chosen for further experiments.

mTEC-specific silencing of C2TA in transgenic mice

To silence C2TA specifically in mTECs, we generated a bacterial artificial chromosome (BAC) transgene in which the start codon of Aire was replaced by the C2TA-specific miRNA construct C2TAsh(6) (Fig. 2a). Of two individual founder lines that had essentially identical phenotypes in preliminary analyses, one (referred to as 'C2TAkd') was chosen for detailed analyses.

First, we assessed the faithful tissue specificity and proper processing of the C2TAkd transgene. To facilitate the phenotypic distinction of mTEC subsets, we crossed C2TAkd mice with AIRE-reporter (Adig) mice, in which green fluorescent protein (GFP) is expressed from a modified Aire locus [START_REF] Gardner | Deletional tolerance mediated by extrathymic Aireexpressing cells[END_REF] . We analyzed the abundance of the properly processed C2TAkd miRNA and of the Aire mRNA in purified thymic stromal cells using a custom miRNA TaqMan assay or quantitative RT-PCR, respectively.

The two RNA species tightly correlated. Specifically, both transcripts were most abundant in the 'mature' (CD80 hi Aire-GFP + ) subset of mTECs, were detectable at about three-fold lower expression levels in CD80 hi Aire-GFP -mTECs, and were hardly expressed in 'immature' (CD80 lo Aire-GFP -) mTECs (Fig. 2b,c).

Next, we used quantitative RT-PCR to asses whether the mRNA abundance of Ciita and of a representative C2TA target, H2-Aa, were altered in C2TAkd mTECs. In wildtype controls, Ciita and H2-Aa mRNA levels positively correlated with mTEC maturation, that is, both transcripts increased from CD80 lo AIRE -to CD80 hi AIRE -cells and had the highest expression in CD80 hi AIRE + mTECs. By contrast, this progressive up-regulation of Ciita and H2-Aa mRNA was abolished in C2TAkd mice (Fig. 3a).

Microarray expression profiling of C2TA target genes in CD80 hi mTECs revealed a significant down-regulation of all MHC class II subunits and of several accessory molecules of the MHC class II pathway (Fig. 3b). For comparison, we also included Ciita -/-mTECs, which expectedly displayed a more pronounced reduction of C2TA target gene expression (Fig. 3b). Consistent with MHC class I expression being largely C2TA independent [START_REF] Otten | Revisiting the specificity of the MHC class II transactivator CIITA in vivo[END_REF] , expression of MHC class I genes was not affected in C2TAkd or Ciita -/-mice (Fig. 3c). Likewise, several MHC class II-unrelated and controversially discussed putative targets of C2TA [START_REF] Leibundgut-Landmann | Mini-review: Specificity and expression of CIITA, the master regulator of MHC class II genes[END_REF] were expressed at identical levels in C2TAkd, Ciita -/-and wild-type mTECs (Fig. 3c), supporting the view that these genes may not at all or only indirectly be influenced by C2TA [START_REF] Otten | Revisiting the specificity of the MHC class II transactivator CIITA in vivo[END_REF] . Collectively, these data established the faithful tissue-specificity, proper processing and functionality of the 'designer' miRNA transgene.

Phenotype and APC-function of C2TAkd mTECs

Flow cytometric analyses revealed a marked reduction of MHC class II on 'mature' CD80 hi mTECs from C2TAkd mice (Fig. 4a). 'Immature' CD80 lo mTECs of wild-type animals are characterized by relatively low MHC class II surface expression, which was further reduced in C2TAkd mice. cTECs as well as three subsets of thymic DCs 32 (Sirpα -'autochthonous' DCs, Sirpα + 'migratory' DCs and plasmacytoid DCs) displayed MHC class II levels identical to wild-type controls (Fig. 4a), confirming the absence of transgene expression in stromal cells other than mTECs. Quantitative Western analysis of a representative MHC class II component, H2-Ea, demonstrated a ten-fold reduction in 'mature' C2TAkd mTECs (Fig. 4b). Consistent with our mRNA and FACS data, no differences in H2-Ea protein expression were seen in CD11c hi DCs (Fig. 4b). Low MHC class II on C2TAkd mTECs correlated with their reduced capacity to present peptide antigen to MHC class II-restricted T cells in vitro. In the presence of titrated amounts of peptide, purified C2TAkd mTECs required approximately ten-fold more antigen to elicit a response equivalent to wild-type cells in antigen specific CD4 + T cell hybridoma cells (Fig. 4c).

Cognate interactions between CD4SP thymocytes and MHC class II on mTECs were suggested to coordinate the differentiation and homeostasis of 'mature' mTECs [START_REF] Irla | Autoantigen-specific interactions with CD4+ thymocytes control mature medullary thymic epithelial cell cellularity[END_REF] .

However, the abundance of CD80 hi mTECs (Supplementary Fig. 1) and the frequency of the 'most mature' (AIRE + ) mTECs, which represent a subset of CD80 hi cells, was identical in C2TAkd and wild-type mice (Fig. 4d). In addition, histological examination showed that C2TAkd thymi were properly organized into cortical and medullary regions (Supplementary Fig. 2) in which AIRE + mTECs were normally distributed (Fig. 4e). Lastly, the 'promiscuous' expression of several representative Aire-dependent and Aire-independent PTAs was indistinguishable between C2TAkd and wild-type mTECs (Fig. 4f). These results indicate that the degree of MHC class II reduction achieved in C2TAkd mTECs does not interfere with their normal development.

Together, these observations show that C2TA silencing causes a considerable diminution of MHC class II in mTECs. The alteration of MHC class II surface expression exceeds that of individual C2TA-dependent mRNAs related to the MHC class II pathway, suggesting that additive effects amplify the degree of MHC class II reduction. This manipulation diminishes the capacity of mTECs to present antigen to CD4 + T cells, but does not perturb differentiation and organization of the medullary compartment and leaves the phenomenon of PTA expression intact.

Enlarged CD4SP compartment in C2TAkd mice

C2TAkd mice were viable and did not show overt signs of autoimmunity. Histological examination revealed a moderately elevated incidence of sporadic lymphocyte infiltrations in several organs of C2TAkd as compared to wild-type animals (Supplementary Fig. 3), yet without consistent involvement of a particular target organ.

We next asked whether C2TA silencing in mTECs had an impact on polyclonal thymocyte development. Flow cytometry revealed a significantly enlarged CD4SP compartment in C2TAkd thymi as compared to wild-type controls (Fig. 5a,b), and the frequency of Foxp3 + T reg cells among CD4SP thymocytes was slightly elevated (5.7 ± 1.4 % versus 3.9 ± 0.9 % (n = 9); P = 0.004). By contrast, no change was seen in the abundance of CD8SP cells (Fig. 5b). The increased CD4SP compartment in C2TAkd thymi might reflect the escape of CD4SP thymocytes from clonal deletion due to diminished MHC class II-restricted presentation of autoantigens by mTECs.

Because the enlarged CD4SP compartment in C2TAkd thymi was reminiscent of earlier studies addressing the quantitative impact of DCs on negative selection of CD4 + T cells [START_REF] Ohnmacht | Constitutive ablation of dendritic cells breaks selftolerance of CD4 T cells and results in spontaneous fatal autoimmunity[END_REF][START_REF] Van Meerwijk | Quantitative impact of thymic clonal deletion on the T cell repertoire[END_REF] , we directly compared the contribution of hematopoietic APCs and radioresistant mTECs in a set of bone marrow chimeras (Fig. 5c,d 

Altered fate of autoreactive CD4 + T cells

The described experiments did not address the antigen specificity or the fate of cells that presumably evaded central tolerance induction in C2TAkd mice. In addition, the tissue-specificity and expression levels of the endogenous tolerogenic self-antigens were not adequately evaluated. We therefore followed the developmental fate of MHC class II-restricted thymocytes of known antigen specificity. We used two previously established neo-self antigen transgenic model systems where cognate epitopes of ovalbumin (OVA) or hemagglutinin (HA) are expressed specifically in mTECs [START_REF] Aschenbrenner | Selection of Foxp3+ regulatory T cells specific for self antigen expressed and presented by Aire+ medullary thymic epithelial cells[END_REF] .

In Aire-OVA mice, a fusion protein containing the OVA(323-339) epitope recognized by the DO11.10 TCR is specifically expressed in mTECs from an Aire-BAC transgene. In DO11.10 x AIRE-OVA double-transgenic mice two thirds of DO11.10 + CD4SP cells are deleted concomitant with a considerable increase in Foxp3 + T reg cells among the remaining OVA-specific thymocytes [START_REF] Aschenbrenner | Selection of Foxp3+ regulatory T cells specific for self antigen expressed and presented by Aire+ medullary thymic epithelial cells[END_REF] . We verified that the introduction of the C2TAkd transgene into the Aire-OVA system did not alter the level and tissue-specificity of antigen expression (Fig. 6a). We also established that in the absence of cognate antigen positive selection of DO11.10 + thymocytes was indistinguishable in DO11.10 × C2TAkd versus DO11.10 mice (Fig. 6b). In the presence of cognate antigen expression, however, silencing of C2TA profoundly altered the fate of DO11.10 + thymocytes. First, the loss of OVA-specific cells was strongly diminished in DO11.10 × Aire-OVA × C2TAkd mice (Fig. 6b,c). Second, DO11.10 × Aire-OVA × C2TAkd thymi not only contained a significantly higher number of OVA-specific CD4SP cells with an apparently 'naïve' Foxp3 -phenotype, but also harbored a significantly increased frequency and absolute number of DO11.10 + T reg cells (Fig. 6d-f).

To ask whether these findings could be reproduced in a related model of different antigen specificity, we examined the consequences of mTEC-specific C2TA silencing in TCR-HA × Aire-HA mice. This model, in which CD4SP cells recognize the HA(107-119) epitope, is very similar to the DO11.10 × Aire-OVA model. Expression of HA exclusively in mTECs was sufficient for the differentiation of a considerable fraction of specific CD4SP cells into the T reg cell lineage, but also lead to a substantial loss of TCR-HA + thymocytes (Fig. 7a) [START_REF] Aschenbrenner | Selection of Foxp3+ regulatory T cells specific for self antigen expressed and presented by Aire+ medullary thymic epithelial cells[END_REF] . Silencing of C2TA through the introduction of the C2TAkd transgene reduced the extent of clonal deletion of TCR-HA + cells (Fig. 7a,b) and at the same time led to the emergence of a significantly higher number of T reg cells (Fig. 7c-e). A third system, the TCR-HA × Pgk-HA model [START_REF] Klein | In vivo dynamics of antigen-specific regulatory T cells not predicted from behavior in vitro[END_REF] , where expression of HA is driven by the ubiquitous phosphoglycerate kinase (Pgk1) promoter, yielded similar results (Supplementary Fig. 4). Collectively, these findings bolster the idea that reducing the avidity of autoantigen-recognition on mTECs can result in the escape of autoreactive CD4 + T cells from clonal deletion. Because this 'rescue' from clonal deletion coincides with an increased emergence of antigen specific T reg cells, these data also provide support for an avidity model of deletion versus T reg differentiation.

mTECs induce clonal deletion and T reg differentiation

Antigens expressed by mTECs may be transferred to and presented by thymic DCs 15, 17 . We therefore considered that the complex changes in the fate of autoreactive CD4 + T cells caused by silencing of C2TA in mTECs may have been partially caused by alterations in the relative contribution of mTECs versus 'cross-presenting' DCs.

The contribution of intercellular antigen transfer to central tolerance induction was previously addressed in bone marrow chimeras with MHC-deficient or -mismatched hematopoietic compartments [START_REF] Gallegos | Central tolerance to tissue-specific antigens mediated by direct and indirect antigen presentation[END_REF][START_REF] Aschenbrenner | Selection of Foxp3+ regulatory T cells specific for self antigen expressed and presented by Aire+ medullary thymic epithelial cells[END_REF] . Because 'spreading' of self-determinants from mTECs to DCs not only applies to protein antigens, but also to functional MHC molecules [START_REF] Millet | Intercellular MHC transfer between thymic epithelial and dendritic cells[END_REF] , the transfer of peptide loaded MHC molecules to DCs remains a confounding issue in such chimeras. To circumvent this caveat, we used bone marrow from mice expressing diphteria toxin in CD11c + cells ('ΔDC' mice) [START_REF] Ohnmacht | Constitutive ablation of dendritic cells breaks selftolerance of CD4 T cells and results in spontaneous fatal autoimmunity[END_REF] . Analysis of chimeric Aire-OVA mice reconstituted with DO11.10 or DO11.10 × ΔDC bone marrow revealed an identical phenotype of OVA-specific thymocytes in both groups (Fig. 8a), indicating that neither the partial deletion nor the concomitant T reg induction in this model required the physical presence of DCs.

We combined DC-deficiency with mTEC-specific silencing of C2TA by reconstitution of Aire-OVA × C2TAkd recipients with DO11.10 × ΔDC bone marrow. In this setting, the 'rescue' of DO11.10 + thymocytes from negative selection was very profound (Fig. 8a) and coincided with a significantly higher frequency and absolute number of DO11.10 + thymoctes that differentiated into Foxp3 + T reg cells (Fig. 8b,c) or emerged as apparently naïve Foxp3 -cells (Fig. 8d).

These findings were confirmed in the Aire-HA model (Supplementary Fig. 5).

Thymocyte subset composition and phenotype were identical in Aire-HA hosts reconstituted with TCR-HA or TCR-HA × ΔDC bone marrow. Irrespective of a potential contribution of DCs, the C2TAkd transgene decreased the negative selection of TCR-HA + cells and increased the selection of TCR-HA + T reg cells. In sum, these data strongly support the notion that both the decreased negative selection and the increased T reg induction resulting from mTEC-specific C2TA silencing ensue from an attenuation of the autonomous APC function of mTECs through diminution of their MHC class II levels and exclude an indirect contribution from DCs.

Discussion

Our findings illustrate the feasibility and value of the transgenic silencing approach in the context of qualitative and also quantitative aspects of a biological question. Using a strategy that diminished instead of entirely abolished MHC class II expression on mTECs, we avoided effects of MHC class II deletion on the composition or functional properties of the mTEC compartment [START_REF] Irla | Autoantigen-specific interactions with CD4+ thymocytes control mature medullary thymic epithelial cell cellularity[END_REF] and we could test the hypothesis that cell fate decisions of autoreactive CD4 + T cells are imprinted by the avidity of cognate antigen encounter.

Effects of C2TA silencing on target genes not immediately involved in MHC class IIrestricted antigen presentation or potential off-target effects of the 'designer' miRNA cannot be formally excluded. However, considering the consistency of our observations we think these effects are highly unlikely. Collectively, our data demonstrate several key aspects of the DC-independent contribution of mTECs to central CD4 + T cell tolerance.

First, deletion of polyclonal thymocytes resulting from cognate interactions with mTECs, when compared to the corresponding role of DCs, is clearly not a 'minority phenomenon'. Since our strategy did not entirely eliminate MHC class II from mTECs, but reduced its surface density to approximately 10 % of wild-type levels, it is likely that this approach underestimates the full extent of mTEC-mediated deletion of CD4 + T cells. These considerations may explain why selective attenuation of antigen presentation by mTECs only resulted in a sporadic incidence of mild tissue infiltrations, whereas defective mTEC development -affecting both their 'antigen reservoir' and APC function -led to spontaneous autoimmunity [START_REF] Akiyama | Dependence of self-tolerance on TRAF6-directed development of thymic stroma[END_REF][START_REF] Akiyama | The tumor necrosis factor family receptors RANK and CD40 cooperatively establish the thymic medullary microenvironment and selftolerance[END_REF][START_REF] Hikosaka | The cytokine RANKL produced by positively selected thymocytes fosters medullary thymic epithelial cells that express autoimmune regulator[END_REF][START_REF] Kajiura | NF-kappa B-inducing kinase establishes self-tolerance in a thymic stroma-dependent manner[END_REF][START_REF] Kinoshita | Essential role of IkappaB kinase alpha in thymic organogenesis required for the establishment of self-tolerance[END_REF][START_REF] Rossi | RANK signals from CD4(+)3(-) inducer cells regulate development of Aire-expressing epithelial cells in the thymic medulla[END_REF] . These results could be interpreted as an indication that antigen presentation by mTECs is not truly essential to prevent autoimmunity. However, the residual MHC class II expression in C2TAkd mice might still suffice to censor autoreactive CD4 + T cells at the very high end of the affinity spectrum. 'Escape' of such cells may be a critical event in the etiology of spontaneous autoimmunity. It should be noted that lack of Aire, which selectively abolishes the 'antigen reservoir' function of mTECs (as far as the Aire dependent set of PTAs is concerned), does not quantitatively alter the thymocyte subset distribution, but leads to spontaneous autoimmunity, whereas C2TA silencing promotes an inverse outcome. Given the complex interplay of dominant and recessive modes of central tolerance, future work is needed to globally characterize the impact of Aire deletion as compared to silencing of MHC class II on a polyclonal T cell repertoire. Large scale sequencing of thymic naïve and T reg repertoires may represent one approach.

Second, our data support the view that there is a significant degree of non-overlap between the spectra of autoantigen-derived MHC class II-bound epitopes presented by mTECs and DCs 2 . This becomes particularly evident from the additive effects of MHC class II-ablation in DCs and C2TA silencing in mTECs on the size of the polyclonal CD4SP compartment. This non-redundancy most likely relates to differences in the way these cells sample antigens presented by MHC class II. Thus, DCs predominantly select epitopes generated through classical, exogenous MHC class II loading, whereas MHC class II-bound peptides on mTECs may at least in part originate from unconventional, endogenous MHC class II loading [START_REF] Klein | Antigen presentation in the thymus for positive selection and central tolerance induction[END_REF][START_REF] Koble | The thymic medulla: a unique microenvironment for intercellular self-antigen transfer[END_REF][START_REF] Klein | Sampling of complementing self-antigen pools by thymic stromal cells maximizes the scope of central T cell tolerance[END_REF][START_REF] Nedjic | Autophagy in thymic epithelium shapes the T-cell repertoire and is essential for tolerance[END_REF][START_REF] Oukka | CD4 T cell tolerance to nuclear proteins induced by medullary thymic epithelium[END_REF] . The unexpectedly large contribution of peripheral, migratory DCs to the thymic DC pool 37- 38 adds a further layer of complexity to such a 'division-of-labor' among thymic stromal cells. Whether CD4 + T cell tolerance towards a particular mTEC-derived antigen requires transfer to and presentation by thymic DCs may be influenced by the frequency of expressing mTECs, the amount of antigen expressed by individual mTECs or the sub-cellular localization of the respective antigen.

Third, using TCR transgenic models we characterized the modalities of antigen recognition that may favor negative selection or T reg differentiation. In both transgenic systems analyzed, DC ablation had minimal if any bearing on the fate of CD4 + T cells specific for mTEC-derived antigens, substantiating the notion that antigen recognition on mTECs can promote both deletion and T reg development [START_REF] Aschenbrenner | Selection of Foxp3+ regulatory T cells specific for self antigen expressed and presented by Aire+ medullary thymic epithelial cells[END_REF] . Other stromal APCs have been implicated in shaping of the T reg repertoire [START_REF] Proietto | Dendritic cells in the thymus contribute to T-regulatory cell induction[END_REF][START_REF] Bensinger | Major histocompatibility complex class II-positive cortical epithelium mediates the selection of CD4(+)25(+) immunoregulatory T cells[END_REF][START_REF] Liston | Differentiation of regulatory Foxp3+ T cells in the thymic cortex[END_REF][START_REF] Spence | Foxp3+ regulatory T cells promiscuously accept thymic signals critical for their development[END_REF][START_REF] Wirnsberger | Regulatory T cell differentiation of thymocytes does not require a dedicated antigen-presenting cell but is under T cell-intrinsic developmental control[END_REF] , and it is conceivable that DCs and also cortical TECs may have a similar dual function. By inference, variables other than particular qualities of the APC itself may specify deletion versus T reg differentiation. The functional avidity of the cognate interaction is a prime candidate. Indeed, our observations are consistent with a central prediction of this 'avidity hypothesis'. Attenuation of MHC class II restricted antigen presentation by mTECs, while (i) preserving the level and tissue-specificity of antigen expression, (ii) keeping the responding thymocyte population identical and (iii) excluding potential 'crosspresentation' by DCs, diminished the efficacy of negative selection in two TCR transgenic models and led to the increased emergence of T reg cells.

Finally, there are several explanations for the relatively minor increase of the polyclonal T reg pool in C2TAkd mice. In view of the 'avidity hypothesis', it is conceivable that the T reg conversion of TCR specificities that would normally be negatively selected might be compensated by the 'escape' of bona fide T reg cells as naïve cells. However, a model solely based on avidity is certainly an oversimplification [START_REF] Liston | Thymic development and peripheral homeostasis of regulatory T cells[END_REF] . Thus, the size of the T reg cell pool is not just a reflection of the number of precursors carrying a 'matching' TCR, but is also controlled by additional factors. On the one hand, antigen-unspecific environmental cues have a role, as T reg differentiation is known to segregate into a TCR-driven instructive phase and a cytokine-dependent 'consolidation' phase ('two-step model') [START_REF] Lio | A two-step process for thymic regulatory T cell development[END_REF] . On the other hand, intraclonal competition, possibly caused by limited access to antigen, restricts the number of clonal precursors that actually enter the T reg lineage [START_REF] Bautista | Intraclonal competition limits the fate determination of regulatory T cells in the thymus[END_REF][START_REF] Leung | TCR-dependent differentiation of thymic Foxp3+ cells is limited to small clonal sizes[END_REF] . In this context, it is intriguing to note that the presentation of certain PTAs, due to stochastic fluctuations in 'promiscuous' gene expression, may be restricted to a very limited number of stromal APCs [START_REF] Derbinski | Promiscuous gene expression patterns in single medullary thymic epithelial cells argue for a stochastic mechanism[END_REF][START_REF] Venanzi | The variable immunological self: genetic variation and nongenetic noise in Aire-regulated transcription[END_REF] .

Accession Codes

Microarray data have been submitted to the GEO database (Accession number GSE20276). Differences between wild-type and C2TAkd were significant; P < 1× 10 -5 for all genes except for H2-Eb (P = 0.003)). (c) Microarray expression analysis of MHC class II unrelated 'putative' C2TA target genes in 'mature' (CD80 hi ) mTECs from wild-type, C2TAkd or C2TA-deficient (Ciita -/-) mice (P > 0.05 for all genes). Data in (b) and (c) summarize analyses of three biological replicates ± SD. Quantitative PCR. Total RNA was isolated from thymic stromal cells using the miRNAeasy kit including a DNase digest (Qiagen) and reverse transcribed using the iScript cDNA synthesis kit (Biorad). PCR reactions were performed in duplicates on a CFX96 realtime thermal cycler (Biorad) using the myIQ sybrgreen mastermix (Biorad). Primers were: Actb 5´ GCCTTCCTTCTTGGGTAT 3´ and 5´ 
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  ). Compared to thymi of wild-type into wild-type control chimeras, both wild-type into C2TAkd as well as H2-Ab1 -/-(MHCII-KO) into wild-type chimeras harbored a significantly enlarged CD4SP compartment. Combining hematopoietic MHC class II deficiency with MHC class II reduction on mTECs in MHCII-KO into C2TAkd chimeras resulted in the most pronounced increase in CD4SP cells, suggesting an additive, non-redundant contribution of DCs and mTECs to negative selection of MHC class II-restricted thymocytes. The fraction of Foxp3 + T reg cells among CD4SP cells in the different chimeras was not significantly different; however, there was a tendency towards an increased fraction of Foxp3 + cells among CD4SP thymocytes in WT→C2TAkd BM chimeras (data not shown). Collectively, these data suggest that mTECs substantially contribute to deletional CD4 + T cell tolerance through directly acting as APCs. Also, they support the idea that DCs and mTECs mediate clonal deletion of distinct spectra of MHC class II-restricted TCR specificities.
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 5 Fig. 5 Non-redundant contribution of mTECs and hematopoietic APCs to deletional tolerance of CD4 + T cells. (a) Thymic profiles in C2TAkd as compared to
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 7 Fig. 7 Rescue from clonal deletion and increased generation of HA-specific T reg cells in TCR-HA × Aire-HA × C2TAkd thymi. (a) Thymocyte subsets in TCR-HA or
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 819 Fig. 8 The C2TAkd mediated 'cell fate conversion' of DO11.10 × Aire-OVA

  Figure 1

3 H2-

 3 Figure 2

  Figure 5

Acknowledgements

We thank B. Kyewski (German Cancer Research Center) for critical reading of the manuscript, and C. Federle and S. Hoeflinger for expert technical assistance. M.S. Anderson (University of California San Francisco), K. Karjalainen (Nanyang Technological University) and H.S. Scott (University of Adelaide) kindly provided mice or reagents. Work in the lab of L.K. is supported through grants from the Deutsche Forschungsgemeinschaft (KL 1228/3-1 to L.K. and M.H.; SFB 455 to L.K. and M.A.). This work was also supported by the Austrian National Science Fund (FWF) (SFB23). D.V. receives support from the Emmy-Noether program of the Deutsche Forschungsgemeinschaft (VO 944/2-2).

Competing financial interest

The authors declare no competing financial interest.

Methods

Mice. MHCII-KO (H2-Ab1 -/-) [START_REF] Grusby | Depletion of CD4+ T cells in major histocompatibility complex class II-deficient mice[END_REF] , Ciita -/-49 , TCR-HA [START_REF] Kirberg | Thymic selection of CD8+ single positive cells with a class II major histocompatibility complex-restricted receptor[END_REF] , DO11.10 51 , Aire-OVA [START_REF] Aschenbrenner | Selection of Foxp3+ regulatory T cells specific for self antigen expressed and presented by Aire+ medullary thymic epithelial cells[END_REF] , Aire-HA [START_REF] Aschenbrenner | Selection of Foxp3+ regulatory T cells specific for self antigen expressed and presented by Aire+ medullary thymic epithelial cells[END_REF] , Pgk-HA [START_REF] Klein | In vivo dynamics of antigen-specific regulatory T cells not predicted from behavior in vitro[END_REF] , Adig [START_REF] Gardner | Deletional tolerance mediated by extrathymic Aireexpressing cells[END_REF] Cloning of these sequences into the LMP vector was performed according to the manufacturer´s protocol.

C2TAkd mice.

A construct containing a β-globin intron followed by the recombinant C2TAsh(6) miRNA precursor and a poly-A signal was inserted by homologous