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SUMMARY

Thymic antigen-presenting cells (APCs) such as
dendritic cells and medullary thymic epithelial cells
(mTECs) use distinct strategies of self-antigen ex-
pression and presentation to mediate central toler-
ance. The thymus also harbors B cells; whether
they also display unique tolerogenic features and
how they genealogically relate to peripheral B cells
is unclear. Here, we found that Aire is expressed in
thymic but not peripheral B cells. Aire expression
in thymic B cells coincided with major histocom-
patibility class II (MHCII) and CD80 upregulation
and immunoglobulin class-switching. These features
were recapitulated upon immigration of naive periph-
eral B cells into the thymus, whereby this intrathymic
licensing required CD40 signaling in the context of
cognate interactions with autoreactive CD4+ thymo-
cytes. Moreover, a licensing-dependent neo-antigen
selectively upregulated in immigrating B cells medi-
ated negative selection through direct presentation.
Thus, autoreactivity within the nascent T cell reper-
toire fuels a feed forward loop that endows thymic
B cells with tolerogenic features.

INTRODUCTION

Various thymic stromal cell types together establish a unique

microenvironment for the generation of a functional and self-

tolerant T cell repertoire (Klein et al., 2014). Individual stromal

cell subsets are positioned in distinct anatomical niches and

exhibit functional adaptations allowing them to support partic-

ular aspects of T cell differentiation. Cortical thymic epithelial

cells (cTECs) serve an indispensable role in positive selection,

specified in part by unique proteolytic pathways related to anti-

gen presentation (Guerder et al., 2012; Klein et al., 2014; Taka-
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hama et al., 2012). Medullary thymic epithelial cells (mTECs),

through promiscuous expression of tissue-restricted antigens

(TRAs) and direct presentation of these TRAs, fulfill a dual

role as self-antigen reservoir and antigen-presenting cells

(APCs) (Derbinski et al., 2001; Hinterberger et al., 2010). Thymic

classical dendritic cells (cDCs) comprise intrathymically—and

peripherally—derived subsets (Wu and Shortman, 2005). cDCs

are commonly considered the major hematopoietic APC type

involved in central tolerance, owing to their efficacy in capturing

and presenting serum-borne, mTEC-derived, or peripherally ac-

quired self-determinants (Atibalentja et al., 2009; Bonasio et al.,

2006; Koble and Kyewski, 2009).

The thymus also harbors stromal cells whose contribution

to T cell selection is less well understood. Macrophages have

a crucial function in the removal of apoptotic thymocytes,

whereas their role as bona fide APCs has remained contentious

(Volkmann et al., 1997). Plasmacytoid DCs were shown to

import peripherally acquired antigens into the thymus and pre-

sent these for central tolerance induction (Hadeiba et al., 2012).

The thymus also contains B cells, whose capacity to act as

APCs for central tolerance has been documented in the context

of superantigens or B cell receptor (BCR)-mediated antigen

capture and presentation, through B-cell-specific expression

of a self-antigen or by selectively expressing major histocom-

patibility complex (MHC) molecules on B cells (Frommer and

Waisman, 2010; Fujihara et al., 2014; Kleindienst et al., 2000;

Perera et al., 2013). Recent evidence also suggests that thymic

B cells might be involved in regulatory T cell induction (Walters

et al., 2014). However, it remains to be established whether

thymic B cells display unique tolerogenic features distinguish-

ing them from peripheral B cells. Moreover, their precise gene-

alogical relationship to B cells in secondary lymphoid organs is

unknown.

Among the various functional adaptations of thymic APCs for

T cell repertoire selection, promiscuous gene expression stands

out owing to its link to the monogenically inherited human auto-

immune disease APECED (autoimmune polyendocrinopathy-

candidiasis-ectodermal dystrophy). Mutations in AIRE (autoim-

mune regulator) are the causal defect in APECED, and mice
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deficient in Aire recapitulate several features of APECED (Mathis

and Benoist, 2009; Peterson et al., 2008). TRA expression is sub-

stantially reduced in Aire–/– mTECs, and there have been recent

advances in deciphering the molecular workings of Aire (Abram-

son et al., 2010; Anderson et al., 2002; Mathis and Benoist, 2009;

Peterson et al., 2008). Besides its function in the promotion of

promiscuous gene expression, Aire has also been implicated in

mTEC differentiation, chemokine production, and thymic DC

positioning, and fate-mapping studies insinuated extrathymic

functions during early embryogenesis (Laan et al., 2009; Lei

et al., 2011; Nishikawa et al., 2010; Yano et al., 2008). Moreover,

there is accruing evidence for Aire expression in cells other than

mTECs (Gardner et al., 2009), and a role of Aire beyondmTECs is

strongly supported by the detection of Aire expression in a rare

cell population in lymph nodes and spleen (Gardner et al.,

2008). These extrathymic Aire-expressing cells (eTACs) express

Aire-regulated TRAs distinct from those in mTECs, are of he-

matopoietic origin and exhibit certain DC features; however,

their exact lineage identity remains elusive (Gardner et al.,

2013). The present study was initiated to address the possibility

that also within the thymic microenvironment, the expression

and function of Aire might not be solely restricted to mTECs.

RESULTS

Aire Is Expressed in Thymic but Not Peripheral B Cells
Aire-HCO mice carry a transgenic Aire gene locus encoding a

chimeric influenza hemagglutinin (HA) protein and a human (h)

CD2 reporter (Aschenbrenner et al., 2007; Hinterberger et al.,

2010). Besides the expected Aire-reporter-expressing EpCAM+

mature mTECs, we noted a population of non-epithelial (Ep-

CAM–) reporter+ cells in thymi from both Aire-HCO and Adig

Aire-GFP-reporter mice (Figure 1A; Gardner et al., 2008). These

EpCAM–reporter+ cells were similarly found in Adig / WT

bonemarrow (BM) chimeras (Figure 1B), indicating their hemato-

poietic origin and excluding false positives emerging from inter-

cellular transfer of mTEC-derived proteins (Koble and Kyewski,

2009). Around 95% of these EpCAM–Aire-reporter+ cells ex-

pressed CD19, and a minor fraction expressed CD11c

(Figure 1B).

CD19+ cells account for 0.2%–0.5% of the thymic cellularity

(Figure S1A; Akashi et al., 2000; Perera et al., 2013). In BM

chimeras, we consistently observed a 4- to 5-fold reduction

of thymic CD19+ cells (Figure S1A), matching the reduction

of reporter+ cells observed in Adig / WT bone marrow

(BM) chimeras compared to unmanipulated Adig mice (Figures

1A and 1B). Essentially all thymic CD19+ cells expressed a

Pax5 reporter (Figure S1B). Moreover, EpCAM–Aire-reporter+

cells were largely absent from thymi of B-cell-deficient homo-

zygous Mb1-Creknockin/knockin (Hobeika et al., 2006) Aire-re-

porter mice (referred to as Mb1-Creki/ki), confirming their B

cell identity (Figure 1C). Remarkably, among thymic CD45+

MHCII+ cells, B cells were at least as abundant as CD11c+

DCs (Figure S1C).

Of thymic B cells, around 50% were Aire-reporter+, whereas

reporter expression was undetectable in B cells from spleen or

BM (Figure 1D). In further distinction from B cells in other or-

gans, thymic B cells were homogenously MHCIIhi and CD80+

(Figure 1E; Perera et al., 2013). Endogenous Aire mRNA was
readily detectable in reporter+ thymic B cells, confirming faithful

expression of the reporter (Figure 1F). Intracellular staining

revealed Aire protein in reporter+ but not reporter– thymic B

cells, albeit at substantially lower amounts compared to Aire-

reporter+ mTECs (Figure 1G). Imaging flow cytometry revealed

that Aire in thymic B cells localized to one or few nuclear dots

that were reminiscent of Aire’s sub-cellular localization in

mTECs (Su et al., 2008), yet less numerous (Figures 1H, S1D,

and S1E). Of thymic B cells, 2.2% ± 0.1% and of mTECs

26% ± 3.5% displayed a punctate, nuclear distribution of Aire

protein (Figures S1D and S1E).

Gene expression profiles of thymic B cells from Aire+/+ and

Aire–/– mice revealed 205 significantly differentially expressed

transcripts. This is in a similar range as what has been observed

for eTACs (Gardner et al., 2008), whereas several thousand

genes have been estimated to be modulated by Aire in mTECs

(Anderson et al., 2002; Derbinski et al., 2005; Sansom et al.,

2014). Of the differentially expressed transcripts in thymic B

cells, 88 were Aire induced and 117 were Aire repressed (Tables

S1 and S2). Among Aire-induced transcripts, 21 (23.9%) were

classified as TRAs according to previously used criteria and

manual scoring (Table S1; Derbinski et al., 2005). Thus, unlike

the reported Aire-dependent transcriptomes of mTECs or eTACs

(Anderson et al., 2002; Derbinski et al., 2005; Gardner et al.,

2008), Aire-induced genes in thymic B cells are not enriched in

TRAs compared to any random set of genes (around 25%) (An-

derson et al., 2002; Gardner et al., 2008).

Expression analyses of representative TRAs (Grik2, expressed

in the brain; Ggn, spermatocytes; Lamp3, lung) confirmed that

their mRNA levels correlated with the expression of Aire (Fig-

ure 1H). Strikingly, these transcripts were only weakly expressed

in mTECs (Figure 1H). Moreover, the overlap between Aire-

induced transcripts in thymic B cells and previously reported

Aire-dependent genes in mTECs or eTACs was limited to one

or two genes, respectively (Table S1).

Together, these data identified Aire expression as a surprising

characteristic of thymic B cells. This unique feature of thymic B

cells induced a distinct transcriptional program and went along

with the display of potent APC surface characteristics.

Intrathymic Licensing of Immigrating B Cells
Based upon previous reports on intrathymic B lymphopoiesis

(Akashi et al., 2000), we considered that Aire expression might

be an intrinsically programmed feature of an intrathymically

differentiating B lineage. Around one third of CD19+ thymic B

cells were surface IgM–IgD– and thereby resembled B cell pre-

cursors in the BM (Figure 2A). However, whereas in the BM

CD19+IgM–IgD–cells could be subdivided into CD2+c-Kit–

pre-B cells and CD2–c-Kit+ pro-B cells, CD2–c-Kit+ pro-B cells

and transitional CD2–c-Kit– cells were essentially undetectable

in the thymus. Moreover, most thymic CD19+IgM–IgD– cells, in

distinction from genuine BM pre-B cells, expressed isotype-

switched surface (s)Igs, suggesting that they were the progeny

rather than the precursors of IgM+IgD+ and IgM+IgD– cells (Fig-

ures 2A and S2). This paucity of B cell precursors rendered intra-

thymic B lymphopoiesis an unlikely source of the majority of

thymic B cells.

Compared to IgM–IgD– thymic B cells (most of which had

class-switched) and IgM+IgD– cells, Aire-reporter+ cells were
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Figure 1. Thymic B Cells Express Aire and Display Enhanced APC Features

(A) Expression of Aire reporters (hCD2 or GFP) in total thymus cells from Aire-HCO or Adig mice, respectively. The average frequency of Aire-reporter+EpCAM–

cells is indicated (n = 4 each).

(B) Expression of Aire-GFP in thymus cells fromWT/WTand Adig/WTBMchimeras. The dot plot on the right showsCD19 versus CD11c on gated Aire-GFP+

cells (n = 4 each).

(legend continued on next page)
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less frequent among thymic IgM+IgD+ B cells, i.e., among cells

resembling naive peripheral B cells (Figure 2B). This raised the

possibility that Aire expression and other distinctive features

of thymic B cells might be induced in circulating peripheral

B cells subsequent to entry into the thymus. We therefore

tested whether thymic immigration of peripheral B cells

occurred and whether it coincided with the acquisition of

steady-state thymic B cell characteristics. Seven days after

intravenous transfer of splenic B cells, donor B cells were

detectable in the thymus (Figure 2C). Essentially all of these

cells exhibited elevated MHCII, and around 50% had become

Aire-reporter positive, whereas donor cells in the spleen re-

tained their initial Aire–MHCIIint phenotype. Donor B cells in

the thymus underwent several divisions, whereby Aire and sur-

face Ig expression correlated with the extent of proliferation

(Figure 2D). To more rigorously test whether these phenotypic

changes reflected an intrathymically induced process and to

also exclude expansion or accumulation of pre-existing Aire-

GFP+ and/or sIgG+ cells, we performed intrathymic injections

of purified Aire-GFP–IgD+IgG– lymph node B cells, which

confirmed the efficient induction of Aire expression and class

switching within the thymus (Figure 2E).

Thus, thymic homing of mature peripheral B cells induces

phenotypic changes recapitulating several hallmarks of steady-

state thymic B cells. Wewill refer to this microenvironmental pro-

gramming as thymic B cell licensing.

B Cell Licensing Requires CD40 Signaling
Thymic B cell licensing resembled the phenotypic changes that

accompany the process of mTEC maturation (MHCIIloCD80–

Aire– / MHCIIhiCD80+Aire+), which is primarily orchestrated

by receptor activator of NF-kB (Rank) signaling (Akiyama et al.,

2008; Hikosaka et al., 2008; Rossi et al., 2007). However,

whereas immature mTECs cultured in the presence of Rank-

ligand expressing stromal cells expectedly initiated Aire expres-

sion, B cells treated in the same manner or with an agonistic

Rank antibody remained Aire–MHCIIint (Figures 3A and S3). By

contrast, an agonistic anti-CD40 antibody induced Aire-reporter

expression and AiremRNA transcription together withMHCII up-

regulation in B cells (Figures 3A, 3B, and S3). In Cd40–/– and

Cd40lg–/– mice, thymic but not peripheral B cells were substan-

tially diminished, consistent with CD40 signals controlling thymic

B cell numbers (Figure 3C; Fujihara et al., 2014). Most signifi-

cantly, thymic B cells in these mice did not express Aire

mRNA, had not undergone class-switching, and failed to upre-

gulate CD80 (Figures 3D–3F). Thus, distinct signals control the

acquisition of a MHCIIhiCD80+Aire+ phenotype by mTECs or

licensed thymic B cells.
(C) EpCAM‒Aire-GFP+ cells are largely absent in B-cell-deficient (Mb1-Creki/ki) Ad

from WT controls, Adig, or Adig (Mb1-Creki/ki) mice. The lower dot plots show sta

(Mb1-Creki/ki) mice (representative of n R 3 each).

(D) Expression of Aire-GFP in CD19+B220+ cells from thymus, spleen, or BM of

(E) MHCII and CD80 on B cells from thymus (red) or spleen (blue).

(F) Aire mRNA in thymic APC subsets. Data show mean values ± SEM of triplica

(G) Intracellular staining for Aire protein in Aire-GFP– or Aire-GFP+ thymic B cells (to

(H) Nuclear localization of Aire protein in thymic B cells or mTECs visualized by i

(I) Relative mRNA expression of TRAs in Aire-GFP+ B cells, Aire-GFP– B cells, an

Data show the mean ± SEM from three biological replicates (AU; arbitrary units).
Thymic B Cell Licensing Requires Cross-Talk with CD4
Single-Positive Cells
We next explored from which source the signals for B cell

licensing emanated. Among thymocyte subsets, only CD4 sin-

gle-positive (SP) cells had detectable CD40L on their surface

(Figure S4A; Hikosaka et al., 2008; Irla et al., 2008). Thymic B

cells in Tcra–/– mice, where thymocyte development is arrested

at the CD4+CD8+ stage, were Aire negative and had not upregu-

lated MHCII, consistent with a critical role of SP thymocyte-

derived signals (Figures 4A and 4B). By contrast, Aire+ mTECs

were only quantitatively reduced in these mice, further corrobo-

rating the idea that distinct signals orchestrate B cell licensing

and mTEC maturation. Adoptively transferred B cells homing

to the thymus of Ciita–/– recipients, which lack CD4 SP cells,

failed to upregulate Aire and MHCII, confirming that B cell

licensing crucially required CD4 SP cells (Figure S4B).

Surprisingly, although crossing an OVA-specific TCR trans-

gene (OTII) into the Tcra–/– strain rescued a sizable CD4 SP

compartment, thymic B cells in these mice neither expressed

Aire nor up-regulated MHCII (Figure 4C, compare Figure 4A).

We considered whether a lack of CD40L on monoclonal anti-

foreign CD4 SP thymocytes might account for this. However,

their CD40L expression was similar to that of polyclonal CD4

SP cells, indicating that CD40L on CD4 SP cells is independent

of agonist autoreactive TCR stimulation, yet probably reflects the

preceding positively selecting weak interactions with cTECs

(Figure S4C; Irla et al., 2008). A significant, albeit slight, restora-

tion of B cell licensing was seen in OTII Tcra+/– mice (Figures 4C

and 4D), in which endogenous TCRa rearrangements moder-

ately diversify the TCR repertoire. Thus, B cell licensing crucially

involves signals from CD4 SP cells and requires a degree of

diversity among TCR specificities.

Licensing Is Initiated through BCR-Independent Self-
Antigen Presentation
Wehypothesized that the requirement for diverse TCRs reflected

a critical role of autoreactivity within the nascent CD4 SP

compartment. In Ciita–/– / WT BM chimeras, all hematopoietic

APCs lack MHCII, and impaired negative selection results in an

enlarged CD4 SP compartment (Figure S5A; Hinterberger

et al., 2010; van Meerwijk et al., 1997). Unexpectedly, despite

this increase in CD4 SP cell autoreactivity, thymic B cells did

not undergo licensing (Figure S5B). Because B cells themselves

lack MHCII in such chimeras, a plausible explanation was that

licensing-inducing CD4 SP cell-B cell interactions did not occur

in a bystander fashion, but required direct MHCII-restricted anti-

gen presentation by immigrating B cells. Indeed, adoptively

transferred MHCII-less (Ciita–/–) B cells did not upregulate Aire
ig mice. The upper dot plots show the expression of GFP in total thymus cells

ining for CD19 and B220 in total thymus cells from WT controls, Adig, or Adig

Adig mice (n = 4).

tes (AU; arbitrary units).

p) ormTECs (bottom) fromAdigAire+/+mice (red) or AdigAire–/– controls (blue).

maging flow cytometry (see also Figure S1).

d mTECs.

See also Figure S1 and Tables S1 and S2.
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Figure 2. Immigrating B Cells Adopt the

Licensed Phenotype of Steady-State Thymic

B Cells

(A) Top: Surface IgD and IgM on CD19+ B cells in

BM or thymus. Middle: CD2 versus cKit on

CD19+IgM–IgD– B cells from the BM or thymus.

Bottom: Surface (s)IgG on CD19+IgM–IgD–CD2+ B

cells (n = 3).

(B) Expression ± SEM of Aire-GFP in IgM+IgD+,

IgM+IgD–, and IgM–IgD– thymic B cells from Adig

mice, gated as in (A) (n = 4).

(C) Frequency of donor cells and expression of

MHCII and Aire-GFP among CD19+ B cells in

spleen and thymus of CD45.1 mice 7 days after i.v.

injection of splenic B cells from CD45.2 Adig mice

(n = 4). The mean fluorescence intensity (MFI) ±

SEM of MHCII was 9,600 ± 1,000 in the spleen and

31,000 ± 6,300 in the thymus (p = 0.0006).

(D) Aire-GFP or surface IgG expression in donor B

cells in spleen and thymus 7 days after transfer of

CellTrace-Violet-labeled splenic B cells from

CD45.2 Adig mice into CD45.1 recipients (n = 3).

(E) Purified CD19+sIgD+ lymph node B cells un-

dergo licensing upon intrathymic injection. Top: Re-

analysis of sorted follicular B cells from CD45.2

Adig mice before intrathymic injection into CD45.1

recipients. Bottom: Percentage of donor cells

(CD45.2+) among thymic CD19+ B cells and

expression of Aire-GFP and surface (s)IgG 7 days

after i.t. injection (n = 4).

See also Figure S2.
upon entering the thymus (Figure S5C). Most importantly,

MHCII-less thymic B cells in 1:1 mixed [Ciita–/–: WT] / WT BM

chimeras, in contrast to MHCII-sufficient B cells co-existing in

the identical microenvironment, failed to display any manifesta-

tion of licensing, conclusively documenting a B-cell-autonomous

requirement for MHCII (Figure 5A). Furthermore, in vitro co-cul-

ture with DO11.10 Rag2–/– CD4 SP cells triggered Aire expres-

sion in peripheral B cells when these presented the OVA-peptide

recognized by the DO11.10 TCR (Figure 5B), consistent with
1052 Immunity 42, 1048–1061, June 16, 2015 ª2015 Elsevier Inc.
MHCII-restricted cognate B cell-CD4 SP

cell interactions being a platform for

CD40 signaling for B cell licensing.

B cells are comparably inefficient in

MHCII-restricted presentation of exoge-

nous substrates, whereas BCR-mediated

antigen uptake leads to exceptionally effi-

cient presentation (Lanzavecchia, 1985;

Yuseff et al., 2013). Hence, we wondered

whether natural autoreactivity within the

polyclonal B cell repertoire (Wardemann

et al., 2003) might facilitate BCR-medi-

ated self-antigen presentation, which in

turn promotes licensing. If this were the

case, non-autoreactive B cells would be

disfavored or even excluded from this

process. We tested this idea with SWHEL

mice, which express a transgenic anti-

foreign BCR specific for hen egg lyso-

zyme (HEL) on the majority of B cells
(Phan et al., 2003). HEL-specific B cells can be distinguished

from cells displaying endogenously rearranged diverse BCRs

(likely harboring a similar degree of autoreactivity as the poly-

clonal BCR repertoire) by incubation with HEL followed by stain-

ing with an anti-HEL antibody. The percentage of HEL-specific

cells among thymic B cells of SWHEL mice was similar to that

in the spleen (Figure 5C). Moreover, these HEL+ cells expressed

Aire (Figure 5D), had elevated MHCII and CD80, and underwent

class-switching (Figure 5E) to an extent that closely resembled or
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RankL cells (n = 4).

(B) Aire mRNA in B cells cultured for 3 days with or

without agonistic anti-CD40. Mean ± SEM of three

replicates.

(C) CD19 and B220 on thymus or spleen cells from

WT, Cd40–/–, or Cd40lg–/– mice.

(D) Aire mRNA in thymic or splenic B cells fromWT,

Cd40–/–, or Cd40lg–/– mice. Mean ± SEM of three

replicates.

(E) Surface IgG on thymic B cells from WT,

Cd40–/–, or Cd40lg–/– mice.

(F) CD80 MFI on thymic B cells from WT, Cd40–/–,

or Cd40lg–/– mice.

Data in (C), (E), and (F) are from n = 3. See also

Figure S3.
even exceeded the respective hallmarks of licensing in cells ex-

pressing diverse BCRs (HEL-BCR–). Thus, BCR autoreactivity

was a prerequisite neither for B cell immigration into the thymus

nor for subsequent licensing.

Next, we addressed whether expression of Aire affected

other manifestations of thymic B cell licensing in a cell-

intrinsic manner. To this end, we generated mixed [Aire–/–:

WT] / WT BM chimeras. Strikingly, compared to their WT

counterparts, Aire-deficient thymic B cells in these chimeras

consistently displayed a diminished extent of MHCII upregu-

lation and Ig class-switching (Figure 5F). Together, these

data showed that BCR-independent, MHCII-restricted presen-

tation of self to CD4 SP cells establishes licensing-inducing B

cell-T cell interactions. Moreover, Aire influences B cell

licensing in a cell-intrinsic manner, possibly through a feed

forward loop.

BCR Stimulation Counteracts Aire Induction
Several aspects of thymic B cell licensing (the initiating cognate

B cell-T cell interplay, the central role of CD40, MHCII and CD80

up-regulation, and class-switching) were reminiscent of the

germinal center (GC) reaction in secondary lymphoid tissues

(Victora and Nussenzweig, 2012). Indeed, around 20% of thymic

B cells displayed a GC-like Fas+GL7+ phenotype (Figure 6A). We

therefore wondered whether induction of Aire also occurred in

peripheral GC B cells. However, neither steady-state Fas+GL7+

B cells in spleen, lymph nodes, or Peyer’s patches of untreated

mice nor GC B cells induced by immunization expressed Aire

(Figures 6A and 6B).
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Given that despite the obvious paral-

lels between thymic licensing and the

GC reaction, GC B cells do not express

Aire, we presumed that either a unique

CD4 SP cell-derived co-signal other

than CD40L is necessary for Aire

expression during thymic licensing or

that a distinct GC-associated co-signal

prevents Aire expression in GC B cells.
Our previous observations indicated that thymic B cell

licensing in all likelihood occurred independently of BCR

stimulation, which contrasts with a central hallmark of B cell

activation during GC formation. We therefore tested whether

Aire induction in B cells through CD40 stimulation in vitro was

influenced by concomitant BCR activation. Indeed, cross-

linking of the BCR simultaneous to CD40 stimulation strongly

diminished the upregulation of Aire in B cells, whereas it had

a synergistic effect in enhancing MHCII expression (Fig-

ure 6C). These findings suggest that lack of BCR triggering

mechanistically separates thymic B cell licensing from B

cell activation in GCs.

Direct Presentation of a Licensing-Associated Neo-
antigen by Thymic B Cells
Mice lacking B cells (Mb1-Creki/ki) (Hobeika et al., 2006) dis-

played a significantly enlarged thymic CD4 SP cell compart-

ment (Figure 7A). This was reminiscent of previous observa-

tions in mice that either lacked DCs or had a diminution of

MHCII on mTECs, suggesting a non-redundant contribution

of thymic B cells to negative selection (compare also Fig-

ure S5A; Birnberg et al., 2008; Hinterberger et al., 2010; Ohn-

macht et al., 2009). CD4+ T cells from B-cell-deficient mice

proliferated more than control B cells upon transfer into syn-

genic recipients, and a considerable fraction of these cells

spontaneously acquired a CXCR5+PD-1+ follicular T helper

cell phenotype (Figure 7B). Although this was consistent with

a distinct contribution of B cells to CD4 T cell tolerance, it

failed to distinguish between central and peripheral
1, June 16, 2015 ª2015 Elsevier Inc. 1053
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Figure 4. A CD4 SP Compartment with

Diverse TCRs Is Required for Thymic B Cell

Licensing

(A) Thymic CD4 versus CD8 profiles in Adig Tcra+/–

and Adig Tcra–/– mice and MHCII versus Aire-GFP

in gated CD19+ thymic B cells. The MFI ± SEM of

MHCII was 37,000 ± 2,800 on Adig Tcra+/– (n = 5)

and 5,700 ± 1,200 on Adig Tcra–/– thymic B cells

(n = 6) (p < 0.0001).

(B) Frequency of Aire-GFP+ cells among thymic B

cells or mTECs from Adig Tcra+/– (n = 5) and Adig

Tcra–/– (n = 6) mice.

(C) Thymic CD4 versus CD8 profiles in Adig OTII

Tcra+/– or Adig OTII Tcra–/– mice and MHCII versus

Aire-GFP on thymic B cells.

(D) MHCII MFI on thymic B cells from Adig OTII

Tcra+/– and Adig OTII Tcra–/– mice (left). Frequency

of Aire-GFP+ cells among thymic B cells (right).

n = 4 (C and D each). See also Figure S4.
mechanisms. We therefore directly assessed the reactivity of

CD4 SP thymocytes selected in the absence or presence of

thymic B cells. We reasoned that the tolerogenic potential of

licensed thymic B cells might in particular comprise activated

B cell autoantigens, so that T cells selected in the absence of

thymic B cells should be hyper-responsive to activated B

cells. Indeed, upon co-culture with anti-CD40-activated syn-

geneic B cells, CD4 SP thymocytes from B-cell-deficient

mice proliferated substantially more than controls from WT

mice, whereas their response to allogenic B cells was indistin-

guishable (Figure 7C). Together, these findings supported the

idea that in the absence of thymic B cells, the CD4+ T cell

repertoire is incompletely tolerized.

In order to directly assess whether and how an antigen that

is expressed in thymic B cells in a licensing-dependent

manner is presented and contributes to CD4+ T cell tolerance,

we employed the Aire-HCO transgenic mouse model. In

addition to the hCD2 Aire-reporter, Aire-HCO mice also ex-

press a chimeric influenza hemagglutinin (HA) protein from a

bi-cistronic mRNA. The expression of this neo-self antigen in

mTECs and thymic B cells from Aire-HCO mice faithfully reca-

pitulated the expression pattern of endogenous Aire mRNA

(Figure 7D, compare 1E). Within the B cell lineage, the selec-

tive expression of the Aire-HCO transgene exclusively in

licensed thymic B cells but not resting peripheral B cells

thereby not only mimicked the licensing-dependent upregula-

tion of Aire-dependent TRAs, but also emulated Aire-indepen-

dent changes in the transcriptional profile of B cells associ-

ated with the acquisition of an activated phenotype. To

address how this expression pattern correlated with antigen
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presentation, purified thymic B cells,

mTECs, thymic DCs, and peripheral B

cells from Aire-HCO mice were cultured

together with the HA-specific CD4+

T cell hybridoma A5 (Aschenbrenner

et al., 2007). mTECs elicited the stron-

gest response, consistent with their pro-

nounced capacity to present endoge-

nously expressed antigens on MHCII
(Figure 7E; Aschenbrenner et al., 2007; Hinterberger et al.,

2010). Remarkably, despite the differential Aire-HCO mRNA

expression in thymic B cells but not DCs, both cell types pre-

sented the HA epitope with a similar efficacy (Figure 7E),

whereas no presentation was detectable with peripheral B

cells (Figure S6). In Aire-HCO / WT BM chimeras, presenta-

tion of HA on thymic B cells remained intact, whereas presen-

tation by DCs was abolished, indicating that HA presentation

by DCs from unmanipulated Aire-HCO thymi reflected the

acquisition of mTEC-derived antigen (Figure 7F). Thus, thymic

B cells directly present an endogenously expressed antigen

whose induction reflects and depends upon intrathymic B

cell licensing.

B Cell Presentation of an Endogenous, Licensing-
Dependent Antigen Induces Negative Selection
Expectedly, HA-specific CD4 SP cells underwent negative se-

lection in Aire-HCO TCR-HA double-transgenic mice, in which

both mTECs and thymic B cells express the neo-antigen (Fig-

ure S7A). Negative selection likewise occurred in TCR-HA Aire-

HCO / WT BM chimeras, indicating that hematopoietically

expressed HA was sufficient for clonal deletion (Figure S7B).

Deletion through HA expression in BM-derived cells also re-

mained intact in TCR-HA Aire-HCO DDC/WT chimeras, which

lack CD11c+ cells due to expression of diphteria toxin in CD11c+

cells (Figures S7C and 7D; Ohnmacht et al., 2009). This demon-

strated that DCs were not required as indirect presenters of

exogenously acquired antigen and also rendered the small

population of CD11c+Aire-reporter+ non-B cells (see Figure 1B)

an unlikely essential source of negatively selecting antigen.



Together with our analyses of antigen presentation (Figures 7E

and 7F), these findings strongly supported the idea that direct

presentation of an endogenous, licensing-dependent antigen

by thymic B cells was sufficient for negative selection.

Finally, we established a reductionist model to assess the

capacity of immigrating peripheral B cells to mediate negative

selection. In exploratory experiments, the transfer of peripheral

Aire-HCO B cells into TCR-HA recipients failed to measurably

affect the thymic development of TCR-HA+ CD4 SP cells. We

reasoned that this was due to the limited thymic B cell chimerism

achieved in this way (typically less than 0.1%; see Figure 2C),

possibly owing to competition at the level of thymic entry and/

or available niches. Hence we conditioned CD45.1 recipient

mice by irradiation and reconstituted them with mixed CD45.1

WT and CD45.2 TCR-HA Rag2–/– BM cells prior to adoptively

transferring splenic CD45.1+CD45.2+ B cells from Aire-HCO

or WT donors (Figure 7G). 3 weeks after transfer,

CD45.1+CD45.2+ donor B cells that had immigrated into the

thymus still accounted for 36% ± 7.6% of thymic B cells. At

this point in time, the transit of donor BM-derived thymocytes

through the DN, DP, and SP compartments had reached a

steady state, with 22% ± 3.4% of the progeny of TCR-HA

Rag2–/– BM cells residing in the CD4 SP compartment in recipi-

ents of WT B cells (i.e., in the absence of cognate antigen). By

contrast, recipients of Aire-HCO B cells displayed a significantly

reduced frequency of CD4 SP cells among TCR-HA Rag2–/– thy-

mocytes but not among polyclonal bystander cells (Figures 7H

and 7I). Thus, a self-antigen that is exclusively expressed by

immigrating peripheral B cells in a licensing-dependent manner

mediates central tolerance.

DISCUSSION

Our findings reveal an intricate interplay between B cells and

CD4 SP thymocytes that endows thymic B cells with potent

tolerogenic features. Mature peripheral B cells readily acquired

a licensed phenotypewhen exposed to the thymicmicroenviron-

ment, indicating that intrathymic B lymphopoiesis (Akashi et al.,

2000) is not a crucial prerequisite for the unique phenotype of

thymic B cells. Moreover, the paucity of B cell precursors in

the thymus suggests that most thymic B cells might stem from

immigration. However, our data certainly do not dismiss the

notion that an as yet unknown fraction of thymic B cells arises

through an intrathymic developmental pathway (Perera et al.,

2013). Importantly, irrespective of the exact quantitative contri-

bution of intrathymic and conventional B lymphopoiesis, the

homogeneity among thymic B cells regarding MHCII and CD80

expression indicates that licensing applies to essentially all cells

regardless of their origin. Conceivably, Aire expression might lag

behind MHCII and CD80 up-regulation because it might require

cell division-associated permissive chromatin alterations.

Cross-talk-dependent induction ofMHCII and CD80 and post-

mitotic onset of Aire expression also characterize mTECmatura-

tion (Akiyama et al., 2008; Gray et al., 2007; Hikosaka et al., 2008;

Rossi et al., 2007). However, whereas B cell licensing requires

CD40 signals in the context of cognate CD4 SP cell-B cell inter-

actions, this signaling axis is of lesser relevance in mTEC matu-

ration. Although CD40 signals from autoreactive CD4 SP cells

are thought to sustain mTEC homeostasis (Irla et al., 2008; White
et al., 2008), the acquisition of an MHCIIhiCD80+Aire+ mTEC

phenotype as such is orchestrated by Rank signals. Unlike

CD40 signals for B cell licensing, Rank signals for mTECmatura-

tion are supplied not only by CD4 SP cells, but also by LTi cells,

invariant gd T cells, and iNKT cells (Akiyama et al., 2008; Hiko-

saka et al., 2008; Roberts et al., 2012; Rossi et al., 2007; White

et al., 2014). This difference might explain the ontogenetically

early appearance of mature mTECs, whereas the licensed

phenotype in thymic B cells coincides with the perinatal emer-

gence of SP thymocytes (our unpublished observation).

The cognate T cell-B cell interplay that initiates thymic B cell

licensing bears striking resemblance to the GC reaction. How-

ever, whereas T cell-B cell interactions in GCs are driven by

BCR-mediated antigen internalization and MHCII-restricted pre-

sentation of foreign antigens (Victora and Nussenzweig, 2012),

the corresponding signal exchange in the thymus appears to

center around the BCR-independent display of self antigens.

The exact nature of the licensing-inducing self-antigens that

are presented by immigrating B cells remains to be determined.

Conceivably, the relevant peptide-MHCII (pMHC) ligands that

are recognized by an as yet unknown fraction of polyclonal

CD4 SP thymocytes are derived from a heterogeneous group

of endogenously expressed proteins. Such endogenous self-an-

tigens constitute a considerable part of the resting B cell

pMHCII-ligandome (Brooks et al., 1991; Dengjel et al., 2005),

and the nascent CD4 SP compartment is apparently not (yet)

fully purged of the respective autoreactive specificities.

Another parallel between the GC reaction and thymic B cell

licensing is the essential role of CD40 signaling (Victora and Nus-

senzweig, 2012). Strikingly, cross-linking of the BCR simulta-

neous to CD40 stimulation, that is, mimicking a key aspect of

GC formation (Yuseff et al., 2013), selectively suppressed Aire in-

duction but not MHCII upregulation. These findings offer an

explanation for why GC B cells do not express Aire, although

seemingly identical intercellular interactions elicit proliferation,

class-switching, and enhanced APC features in both GC B cells

and thymic B cells.

In addition to providing thymic B cells with enhanced APC fea-

tures such as elevated MHCII and CD80, CD40 signaling was

shown to also control the size of the thymic B cell pool, which

in sum should quantitatively enhance the tolerogenic potential

of the thymic B cell population as a whole (Fujihara et al.,

2014). Importantly, our findings strongly suggest that besides

these quantitative effects, intrathymic licensing is likely to have

a substantial qualitative influence on the self antigen spectrum

displayed by thymic B cells.

First, the licensing-dependent pMHCII ligandome should

reflect Aire-mediated changes in the transcriptome of thymic B

cells. Remarkably few Aire-induced transcripts in thymic B

cells are Aire-dependently upregulated in mTECs or eTACs (Der-

binski et al., 2005;Gardner et al., 2008), supporting the notion that

Aire’s function as a transcriptional regulator is cell context depen-

dent. Importantly, there is accruing evidence that Aire also

orchestrates APC functions beyond promiscuous gene expres-

sion, for instance by regulating chemokine expression (Laan

et al., 2009; Lei et al., 2011), cellular differentiation, or antigen pre-

sentation as such (Anderson et al., 2005; Nishikawa et al., 2010;

Yano et al., 2008). All these possibilities need to be considered

in the context of Aire’s potential role(s) in thymic B cells.
Immunity 42, 1048–1061, June 16, 2015 ª2015 Elsevier Inc. 1055
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Figure 5. BCR-Specificity-Independent MHCII-Restricted Presentation of Self to Autoreactive CD4 SP Cells Initiates B Cell Licensing

(A) Expression of the Aire-hCD2 reporter, surface IgG, and CD80 on MHCII-sufficient (gated CD19+CD45.2–CD45.1+ cells) or MHCII-deficient (gated CD19+

CD45.2+CD45.1– cells) splenic and thymic B cells in mixed BM chimeras generated by reconstitution of lethally irradiated CD45.1+ mice with a 1:1 mixture of BM

from Aire-HCO Ciita+/+ CD45.1+ and Aire-HCO Ciita–/– CD45.2+ mice.

(B) Expression of Aire-hCD2 on Aire-HCO splenic B cells after 3 day co-culture with DO11.10 Rag2–/– CD4 SP cells with or without OVA peptide (n = 3).

(C) Percentage ± SEM of HEL-BCR-expressing cells among splenic and thymic B cells from SWHEL mice (n = 4).

(D) Aire mRNA in HEL-BCR+ and HEL-BCR– B cells from spleen or thymus of SWHEL mice. Data show mean values ± SEM of three replicates.

(E) MFI of MHCII, CD80, and surface IgG on HEL-BCR+ or HEL-BCR– B cells from spleen or thymus of SWHEL mice (n = 3 or 4).

(legend continued on next page)
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Figure 6. BCR Stimulation Counteracts

CD40-Mediated Aire Induction

(A) Steady-state Fas+GL7+ B cells in the thymus,

spleen, popliteal (p)LN, mesenteric (m)LN, and

Peyer’s patches of Adig mice (n = 3). Histograms

show the expression of Aire-GFP in gated

CD19+Fas+GL7+ cells from Adig mice compared

to WT controls (gray histograms).

(B) Germinal centers were induced in Adig or WT

mice through SRBC immunization (n = 4 each). On

day 7, CD19+ splenocytes were analyzed for sur-

face expression of Fas and GL7. The histogram

overlay shows the expression of Aire-GFP in

CD19+Fas+GL7+ cells from Adig mice (open his-

tograms) or WT controls (gray histograms).

(C) Percentage of Aire-GFP+ cells and MHCII MFI

in Adig spleen B cells that had been cultured for

3 days with or without agonistic anti-CD40 anti-

body (10 mg/ml) and anti-IgM antibody (20 mg/ml)

(n = 3). Representative of two independent

experiments.
Second, and regardless of Aire’s contribution, the spectrum of

licensing-dependent autoantigens expressed by thymic B cells

is expected to comprise a variety of B-cell-specific self antigens

that are otherwise selectively expressed or upregulated in acti-

vated peripheral B cells. Hence, the pMHCII ligandome dis-

played by thymic B cells for central T cell tolerance might to a

substantial degree emulate the composition of MHCII-bound

peptides on GC B cells, including B lineage-specific neo-epi-

topes generated through isotype class switching or possibly

also somatic hypermutation.

Robust T helper cell tolerance is deemed key to the control

of BCR-hypermutation-related neo-autoreactivity among GC
(F) Lethally irradiated mice (CD45.1+) were reconstituted with a 1:1 mixture of congenically marked BM ce

5weeks later, donor B cells in spleen and thymuswere analyzed for expression of MHCII (left) and sIgG (right)

color coded. Statistical significance was assessed via a paired Student’s t test.

See also Figure S5.
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B cells, because self-reactive B cells are

thereby deprived of cognate help (Good-

now et al., 2010). This requires not only

stringent helper cell tolerance toward

exogenously derived self-determinants

presented by GC B cells as a conse-

quence of antigen capture via their hyper-

mutated BCR, but also that the T helper

cell repertoire is efficiently purged of

reactivity toward any endogenously

derived B cell autoantigen that is concur-

rently presented. We propose that thymic

B cell licensing is crucial to pre-empt

T cell recognition of activated B cell auto-

antigens in an inflammatory context in

secondary lymphoid tissues. Future

work combining tissue-specific depletion

of B cells selectively in the thymus, condi-

tional ablation of Aire in B cells, and/or in-

depth TCR repertoire analyses (Perry
et al., 2014) under such conditions can be expected to shed

more light on how thymic B cell licensing shapes the T cell

repertoire.

EXPERIMENTAL PROCEDURES

Detailed experimental procedures are described in the Supplemental Informa-

tion section.

Mice

References for mouse strains can be found in Supplemental Experimental Pro-

cedures. All animal studies were approved by local authorities (Regierung von

Oberbayern).
lls from WT (CD45.1+) and Aire‒/‒ (CD45.2+) mice.

(n = 10). Experimental pairs from individual mice are

1, June 16, 2015 ª2015 Elsevier Inc. 1057
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Figure 7. Direct Presentation of a Licensing-Associated Neo-antigen by Thymic B Cells Promotes Negative Selection

(A) Frequency of thymocyte subsets in WT and B-cell-deficient (Mb1-Creki/ki) mice (n = 4).

(B) Purified peripheral CD4+ T cells (CD45.1) fromWT orMb1-Creki/ki mice were CFSE labeled and intravenously injected into CD45.2 WT recipients. Seven days

after transfer, the frequency of dividing donor T cells that had diluted the CFSE label was determined. Spontaneous Tfh cell differentiation was assessed by

determining the frequency of CXCR5+PD-1+ cells among donor cells that had undergone at least one division (n = 3 each).

(legend continued on next page)
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Antibodies and Flow Cytometry

Stainings were performed according to standard procedures. For intracellular

Aire staining, fixed and permeabilized cells were stained with Alexa Fluor 660-

conjugated mAb 5H12-2 (eBioscience).

Imaging Flow Cytometry

Cells were stained for surfacemarkers, fixed, permeabilized, and intracellularly

stained with an Alexa Fluor 660-conjugated anti-Aire mAb. DAPI was added

immediately prior to the analysis. Images were acquired with the ImageStream

imaging flow cytometer (Amnis), and data were analyzed with Ideas 6.0

software.

In Vitro Stimulation of B Cells

Purified B cells (2 3 105) were cultured for 3 days with or without 2 3 104

irradiated (3,000 rad) ST2 or ST2-RankL (Nutt et al., 1999) BM stroma cells

in flat-bottom 96-well plates. Where indicated, agonistic anti-CD40 mAb

(FGK45, Bio X Cell) (10 mg/ml), agonistic anti-Rank mAb (AF692, R&D Systems),

and/or anti IgM F(ab’)2 (Jackson Immuno Research) (20 mg/ml) were added.

Sheep Red Blood Cell Immunization

Mice were immunized i.v. with 43 108 sheep red blood cells (SRBCs) in 200 ml

PBS. After 7 days, spleen cells were analyzed by flow cytometry.

Adoptive B Cell and T Cell Transfer

B cells (13 107) were i.v. injected in 200 ml PBS into the lateral tail vein of recip-

ient mice. Where indicated, cells were labeled with 1 mM of CellTrace Violet

(Life Technologies). After 7 days, organs were collected and single-cell sus-

pensions were analyzed by flow cytometry.

Purified LN T cells (13 107) were labeled with CFSE (Life Technologies) and

i.v. injected into the lateral tail vein of congenic recipient mice. After 7 days,

spleen cells were analyzed by flow cytometry.

In Vitro Stimulation of CD4 SP Cells with B Cells

CD4 SP cells were enriched by depletion of total thymocytes with biotin

conjugated anti-CD8, anti-CD25, and anti-SAVMicroBeads (Miltenyi Biotech).

2 3 105 CFSE-labeled cells were co-cultured with 2 3 105 syngeneic or allo-

geneic B cells. Where indicated, B cells had been anti-CD40 activated before

(10 mg/ml). After 3 days, cells were harvested and analyzed.

Intrathymic Injection

FACS sorted CD19+IgG– LN B cells (53 105) were injected in 3 ml PBS into one

thymic lobe. After 7 days, the thymus was collected and analyzed by flow

cytometry.

Antigen-Presentation Assay

2 3 104 A5 hybridoma cells were cultured with 2 3 104 APCs in 200 ml IMDM

medium supplemented with 1% FCS. After 17 hr, cells were harvested and

GFP expression was measured by flow cytometry (Aschenbrenner et al., 2007).

Preparation of Thymic APCs

Thymic epithelial cells and DCs were isolated as described elsewhere

(Aschenbrenner et al., 2007). Surface markers for sorting were as follows:

mTECs, CD45�EpCAM+Ly51�; B cells, CD45+CD19+; pDCs, CD45+CD11cint
(C) Purified CD4 SP thymocytes from WT orMb1-Creki/ki mice were CFSE labeled

Where indicated, B cells were pre-activated with agonistic CD40 antibody. After 3

label was determined (n = 3).

(D) Aire-HCO mRNA in mTECs, thymic cDCs, thymic B cells, and splenic B cells

(E) Presentation of HA by mTECs, thymic cDCs, or thymic B cells from Aire-HCO

(F) Presentation of HA by mTECs, thymic cDCs, or thymic B cells from Aire-HCO

n R 3).

(G) Experimental strategy to assess the consequences of licensing-associated a

(H) Thymocyte composition in WT mice 3 weeks after irradiation and reconstitu

peripheral B cells from Aire-HCO or WT mice (control).

(I) Summary of the percentage of HA-specific or bystander CD4 SP cells (n = 9 e

See also Figures S6 and S7.
CD45RA+; Sirpa+ cDCs, CD45+CD11chiCD172a+; Sirpa� cDCs, CD45+

CD11chiCD172a�.

Bone Marrow Chimeras

BM was B and T cell depleted using biotinylated B220, CD8, and CD4 mAbs

and streptavidin beads (Miltenyi Biotech). Recipient mice were irradiated

with 2 3 450 rad and reconstituted with 1 3 107 bone marrow cells. For

the generation of mixed BM chimeras, BM cells from the indicated donors

(5 3 106 each) were mixed at a ratio of 1:1.

Statistical Analysis

Unless indicated otherwise, statistical significance was assessed using the

two-tailed Student’s t test with unequal variance.
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Derbinski, J., Gäbler, J., Brors, B., Tierling, S., Jonnakuty, S., Hergenhahn, M.,

Peltonen, L., Walter, J., and Kyewski, B. (2005). Promiscuous gene expression

in thymic epithelial cells is regulated atmultiple levels. J. Exp.Med. 202, 33–45.

Frommer, F., andWaisman, A. (2010). B cells participate in thymic negative se-

lection of murine auto-reactive CD4+ T cells. PLoS ONE 5, e15372.

Fujihara, C., Williams, J.A., Watanabe, M., Jeon, H., Sharrow, S.O., and

Hodes, R.J. (2014). T cell-B cell thymic cross-talk: maintenance and function

of thymic B cells requires cognate CD40-CD40 ligand interaction.

J. Immunol. 193, 5534–5544.

Gardner, J.M., Devoss, J.J., Friedman, R.S., Wong, D.J., Tan, Y.X., Zhou, X.,

Johannes, K.P., Su, M.A., Chang, H.Y., Krummel, M.F., and Anderson, M.S.

(2008). Deletional tolerance mediated by extrathymic Aire-expressing cells.

Science 321, 843–847.

Gardner, J.M., Fletcher, A.L., Anderson, M.S., and Turley, S.J. (2009). AIRE in

the thymus and beyond. Curr. Opin. Immunol. 21, 582–589.

Gardner, J.M., Metzger, T.C., McMahon, E.J., Au-Yeung, B.B., Krawisz, A.K.,

Lu, W., Price, J.D., Johannes, K.P., Satpathy, A.T., Murphy, K.M., et al. (2013).

Extrathymic Aire-expressing cells are a distinct bone marrow-derived popula-

tion that induce functional inactivation of CD4+ T cells. Immunity 39, 560–572.

Goodnow, C.C., Vinuesa, C.G., Randall, K.L., Mackay, F., and Brink, R. (2010).

Control systems and decision making for antibody production. Nat. Immunol.

11, 681–688.
1060 Immunity 42, 1048–1061, June 16, 2015 ª2015 Elsevier Inc.
Gray, D., Abramson, J., Benoist, C., and Mathis, D. (2007). Proliferative arrest

and rapid turnover of thymic epithelial cells expressing Aire. J. Exp. Med. 204,

2521–2528.

Guerder, S., Viret, C., Luche, H., Ardouin, L., and Malissen, B. (2012).

Differential processing of self-antigens by subsets of thymic stromal cells.

Curr. Opin. Immunol. 24, 99–104.

Hadeiba, H., Lahl, K., Edalati, A., Oderup, C., Habtezion, A., Pachynski, R.,

Nguyen, L., Ghodsi, A., Adler, S., and Butcher, E.C. (2012). Plasmacytoid den-

dritic cells transport peripheral antigens to the thymus to promote central toler-

ance. Immunity 36, 438–450.

Hikosaka, Y., Nitta, T., Ohigashi, I., Yano, K., Ishimaru, N., Hayashi, Y.,

Matsumoto, M., Matsuo, K., Penninger, J.M., Takayanagi, H., et al. (2008).

The cytokine RANKL produced by positively selected thymocytes fosters

medullary thymic epithelial cells that express autoimmune regulator.

Immunity 29, 438–450.

Hinterberger, M., Aichinger, M., Prazeres da Costa, O., Voehringer, D.,

Hoffmann, R., and Klein, L. (2010). Autonomous role of medullary thymic

epithelial cells in central CD4(+) T cell tolerance. Nat. Immunol. 11, 512–519.

Hobeika, E., Thiemann, S., Storch, B., Jumaa, H., Nielsen, P.J., Pelanda, R.,

and Reth, M. (2006). Testing gene function early in the B cell lineage in mb1-

cre mice. Proc. Natl. Acad. Sci. USA 103, 13789–13794.

Irla, M., Hugues, S., Gill, J., Nitta, T., Hikosaka, Y., Williams, I.R., Hubert, F.X.,

Scott, H.S., Takahama, Y., Holländer, G.A., and Reith, W. (2008). Autoantigen-

specific interactions with CD4+ thymocytes control mature medullary thymic

epithelial cell cellularity. Immunity 29, 451–463.

Klein, L., Kyewski, B., Allen, P.M., and Hogquist, K.A. (2014). Positive and

negative selection of the T cell repertoire: what thymocytes see (and don’t

see). Nat. Rev. Immunol. 14, 377–391.

Kleindienst, P., Chretien, I., Winkler, T., and Brocker, T. (2000). Functional

comparison of thymic B cells and dendritic cells in vivo. Blood 95, 2610–2616.

Koble, C., and Kyewski, B. (2009). The thymic medulla: a unique microenviron-

ment for intercellular self-antigen transfer. J. Exp. Med. 206, 1505–1513.
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