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Abstract

The development of T cell self-tolerance in the thymus is important for establishing immune
homeostasis and preventing autoimmunity. Here, we review the components of T cell tolerance,
which includes TCR self-reactivity, costimulation, cytokines, and antigen presentation by a variety
of APCs subsets. We discuss the current evidence on the process of regulatory T (Treg) cell and
negative selection and the importance of TCR signaling. We then examine recent evidence
showing unique roles for bone marrow (BM)-derived APCs and medullary thymic epithelial cells
(mTECs) on the conventional and Treg TCR repertoire, as well as emerging data on the role of B
cells in tolerance. Finally, we review the accumulating data that suggest that cooperative antigen
presentation is a prominent component of T cell tolerance. With the development of tools to
interrogate the function of individual APC subsets in the medulla, we have gained greater
understanding of the complex cellular and molecular events that determine T cell tolerance.
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Introduction

A defining feature of adaptive immunity is its ability to harness somatic gene rearrangement
to generate a diverse antigen receptor repertoire, which allows for the recognition of a
variety of pathogens including those not previously encountered by the host species. For
most T cells, rearrangement of the TCR a and f chains occurs early during T cell
development in a specialized organ-the thymus. Thymocytes expressing functional TCR
genes can then undergo positive selection, where weak TCR recognition of self-antigen
MHC complexes on cortical thymic epithelial cells allows continued T cell development and
CD4 and CD8 lineage commitment (1-3). These mechanisms serve to generate the T cell
population responsible for immunity to pathogens.
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However, the potential cost of this randomly generated TCR repertoire is the presence of
TCRs that recognize self-antigens and contribute to the pathogenesis of autoimmune disease.
An important component of T cell development is therefore to limit the autoreactivity within
the T cell population in the thymus prior to their release into the periphery of the host. This
process in the thymus, generally referred to as central tolerance, is achieved through deletion
of autoreactive clones (i.e. negative selection), and for CD4* T cells, diversion of
autoreactive clones into the regulatory T (Treg) cell lineage (4-6), a subset of T cells that
inhibit, rather than induce, inflammatory responses (7).

Although central tolerance can occur throughout the thymus (2), the majority of this process
appears to occur in the medulla, which consists of a secondary lymphoid tissue-like structure
populated by hematopoiesis-derived dendritic cells, macrophages, and B cells; as well as
thymic epithelial cells (mTECs) and fibroblasts (8, 9). Thus, a diverse assortment of cell
types appears to be involved in central tolerance.

In this review, we will discuss recent advances in understanding how T cells develop
tolerance to self in the thymus. We will first focus on the signals that trigger the process of
negative or Treg cell selection in developing thymocytes, including those from cytokine,
costimulation, and T cell receptors. We will then examine how the various medullary antigen
presenting cells (APCs) shape the post-thymic TCR repertoire. Finally, we will conclude by
discussing the transcription factor Autoimmune regulator (Aire) and its role in coordinating
collaboration between mTECs and DCs to facilitate T cell tolerance.

Signaling T cells to become tolerant

It has been evident for some time that a certain level of self-reactivity drives the deletion of
thymocytes from the T cell repertoire (reviewed in (10)). A majority of evidence also
suggests that self-reactivity drives CD4* thymocytes into the Treg cell lineage. Although this
issue is still debated, recent studies have provided additional details regarding the range of
self-reactivity that facilitates Treg cell versus negative selection, as well as the role of other
factors such as IL-2 in determining Treg cell fate.

TCR signal strength and intraclonal competition for T cell tolerance induction

A substantial body of work over the past 15 years have supported the notion that TCR self-
reactivity is an important factor in thymic Treg cell selection based on several lines of
evidence (summarized in (4)). First, studies of TCR and antigen transgenic mice showed that
cognate antigen recognition in the thymus was required for Treg cell selection (11-15).
Second, TCR repertoire analyses demonstrated marked differences between Foxp3* and
Foxp3~ cells, consistent with an important role for TCR specificity in Treg cell selection (16,
17). More recently, the use of surrogate markers of TCR activation such as Nur77 (18), and
the development of TCR transgenic mice expressing thymic Treg TCRs (12, 19, 20) have
provided additional supporting evidence that Treg cell selection is driven by TCR specificity
(Figure 1).

One interesting observation from studies of natural Treg TCR transgenic cells is that Treg
cell development is typically limited by intraclonal competition, such that low clonal
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frequencies are required to observe appreciable frequencies of Foxp3* cells in the thymus
(12, 19, 20). This suggests that the ligands for these natural Treg TCRs are not abundant and
perhaps presented by small numbers of APCs, resulting in a limited “niche” for Treg cell
selection. Note that these data do not imply that this type of “niche” is required for Treg cell
selection, nor does it address the role of other factors such as cytokines, that may affect Treg
cell numbers as different kind of “niche.” In addition to the notion that natural thymic Treg
cell selection is typically associated with intraclonal competition for antigen, these data
showed that individual Treg TCRs vary considerably in their efficiency for inducing Foxp3.
However, quantification of the degree of self-reactivity that initiated Treg cell development
versus negative selection could not be inferred from those studies as the self-ligands were
unknown.

To address this question, we generated a panel of TCRs with a large range of sensitivity to
ovalbumin (OVA) to test Treg cell selection in vivo (21). Analysis of this panel of TCRs
revealed that in vivo encounter with OVA expressed via a rat-insulin-promoter (RIP-mOVA)
transgene induced Treg cell selection with an efficiency directly proportional to the in vitro
sensitivity of the TCR to OVA. The range of sensitivity to OVA that could elicit any
detectable Treg cell selection was broad (1000-fold) compared to affinity ranges required for
positive selection of conventional T (Tconv) cells or negative selection. Detectable negative
selection occurred only with sensitivity that was 100-fold higher than that required for Treg
cell selection (21). Thus, these data support the notion that thymic Treg cell selection is
driven by TCR specificity, and show that the efficiency of this process is directly correlated
to the degree of self-reactivity in a large continuum with negative selection.

Recently, crystal structures of two human induced Treg TCRs bound to their cognate
antigens were reported showing a 180 degree reversed polarity in their interaction with
peptide/MHC compared with all other TCR:peptide/MHC structures (22). Whether this is a
general feature of naturally occurring thymic Treg TCRs remains to be determined.
However, it is clear that “standard” TCR interactions with peptide/MHC are capable of
inducing Treg cell selection in murine TCR transgenic models. Similarly, the OVA-reactive
TCRs described above all utilized the same TCRa family paired with the same TCRp chain
from the OVA-reactive DO11 TCR suggesting that recognition of OVA over a broad range
occurs in the same TCR:peptide/MHC configuration. Nonetheless, this new report brings up
the intriguing possibility that the configuration of TCR recognition of peptide/MHC, via an
unknown mechanism independent of affinity, may affect Treg cell selection.

Others, however, have suggested that self-reactivity is not responsible for specifying thymic
Treg cell generation. For example, a recent study using mice engineered to express a single
dominant peptide:MHC argued against the notion that high affinity self-reactive TCRs lead
to Treg cell commitment (23). Whether the constraint of limiting the peptide repertoire to a
single epitope explains the differing interpretations is unclear. Similarly, it has been reported
that there is considerable overlap in the affinity for Myelin Oligodendrocyte Glycoprotein
(MOG) between Treg and Tconv cells during experimental autoimmune encephalomyelitis
(EAE) using 2D affinity measurements (24), which is consistent with previous TCR
repertoire studies (25, 26). These studies suggest that reactivity to MOG was not strongly
involved in thymic Treg cell selection, arguing against self-recognition as a driving factor in
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Treg cell selection. However, it may be possible that higher affinity MOG specific cells are
preferentially found in the Treg cell subset, but that the immunization protocol changes this
balance by expanding higher affinity Tconv cells. Alternatively, MOG may be poorly
presented in the thymus, such that the thymically derived MOG-reactive Treg cells are
actually selected on other self-antigens. Reactivity of Treg cells to antigens not present in the
thymus has been described, as we found several OVA-reactive TCRs that undergo thymic
Treg cell selection in the absence of RIP-mOVA (21). Identification of natural Treg cell
epitopes will be required to definitively address the role of self-reactivity in thymic Treg cell
selection.

Role of IL-2 in Foxp3 induction versus Treg cell survival

While TCR interaction with antigen may be considered the principle signal in Treg cell
selection, cytokines and costimulation also play important roles. It has been proposed that
TCR stimulation in Foxp3~ CD4* thymocytes induces CD25, the alpha-chain of the high
affinity IL-2 receptor. In turn, IL-2, and to a lesser extent IL-15, can then directly induce
Foxp3 expression (Figure 1, (27-29)). In addition to IL-2, the cytokine TGFp is reported to
be involved in Treg cell selection (30) or survival (31). In adult mice, IL-2 may be more
important for Treg development as TGFB-deficiency does not markedly alter the number of
Treg cells beyond the neonatal period (32).

Previous studies showed that CD25-deficiency does not completely abrogate induction of
Foxp3. Rather, the frequency of Treg cells was reduced by 80% in CD25-deficient cells
versus CD25-sufficient cells (33). This was in part attributed to the partially redundant effect
of IL-15 in place of IL-2 (34, 35). Recently, it was proposed that Foxp3 induction prior to
CD25-upregulation in response to TCR signals may be the major contributor to the mature
Treg cell population (Figure 1, (36)). They observed that expression of Foxp3 is inherently
pro-apoptotic, requiring rescue from death by IL-2 signaling and subsequent upregulation of
Bcl-2 (36). In this model, most developing Treg cells die because of limiting IL-2 in the
thymus. However, it remains unclear whether negative selection in CD4* T cells in general
occurs via a Foxp3-dependent pathway.

Future work will be required to determine the factors that result in the initial induction of
CD25 rather than Foxp3. Possibilities include the extent of CD28 costimulation (discussed
below), the strength of TCR signals, the type of APC, or the number of serial contacts of T
cells with different antigen-bearing APCs. Another question will be to determine the relative
contribution between the CD25 versus Foxp3 first pathways to mature Treg cells, perhaps
via TCR repertoire analysis of Foxp3'°VCD25~ versus Foxp3~ CD25* cells. Although these
two pathways differ in the mechanism by which IL-2 is involved (Figure 1), the pathways
are functionally convergent in that both involve IL-2 signals for establishment of the mature
Treg cell population.

Dendritic cell production of IL-2

T cells were proposed to be the source of IL-2 for Treg cell generation (37). However, a
recent paper using an in vitro thymic slice model suggested that dendritic cells may the
primary source of IL-2 and IL-15 (38). In this model, they observed that the frequency of
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Treg cell development increased proportional to antigen availability, consistent with the
notion that TCR signal strength is important in Treg cell selection (21). However, increased
precursor frequency did not decrease the efficiency of Treg cell development, contrary to
studies with natural Treg TCRs described above showing intraclonal competition. This may
be due to the use of exogenously added antigen to the thymic slice, leading to diffuse antigen
presentation by thymic APCs and a non-limiting antigenic “niche.” Competition for IL-2
also occurs with pre-existing Treg cells resulting in restriction of overall Treg cell numbers,
a phenomenon also observed in the periphery (39).

A second report suggested that Treg cells recirculating from the periphery can also limit
thymic Treg cell development by competing for IL-2 (40). This finding is consistent with
another paper using the Rag-GFP reporter (18) showing that many thymic Foxp3™* cells in
the thymus are older than conventional thymocytes, suggesting that they are recirculated
from the periphery or have been resident in the thymus for a longer period of time than
conventional T cells. Interestingly, recirculation of Treg cells from the periphery could
explain the presence of Treg cells in the thymus with specificity for microbial antigen (41),
in addition to the possibility that these foreign antigen-reactive TCRs cross-react with self-
antigen (21). However, a separate study utilizing an alternative lineage tracing strategy
suggested that Treg cell retention also constitutes part of the pool of Rag-GFP~ cells and
account for the majority of thymic Treg cells in older mice (42). Thus, while thymic
recirculation of Treg cells from the periphery has been clearly established, the relative
contribution of thymic Treg cells from intrathymic development versus peripheral
recirculation requires further clarification.

The factors contributing to retention or recirculation of thymic Treg cells remain unknown.
In addition, the immunologic benefit of a negative feedback loop for thymic Treg cell
development is unclear. If IL-2 rescues Foxp3* cells from death, then limiting IL-2 in the
thymus would lead to enhanced negative selection. However, if low IL-2 decreases Treg cell
selection, this may facilitate the release of self-reactive conventional T cells, perhaps
promoting autoimmunity with age.

Important role for costimulation in thymic Treg cell generation

The interaction of TCR with self-peptide:MHC alone does not efficiently drive Treg cell
development. It was discovered a number of years ago that costimulation by CD28 was
important for Treg cell development (43, 44). Subsequent studies have suggested that CD28
is important for generating an IL-2 responsive CD25* Foxp3~ CD4SP precursor (28, 45).
CD28 is also thought to be important for driving the development of Foxp3!°% CD25~ cells
in the Treg cell maturation process (37).

Interestingly, the loss of CD28-dependent signals do not appear to markedly affect the Treg
TCR repertoire even though there is a 3-5 fold reduction in the absolute number of thymic
Treg cells generated (28, 45). This suggests that CD28 signals primarily affect Treg cell
survival. By contrast, IL-2 can affect the TCR repertoire of Treg cells, as assessed by the use
of a hypersensitive mutant of Stat5, a factor involved in IL-2 signals (29). Thus, even though
CD28 and IL-2 signals may be associated with TCR activation, IL-2 has a greater impact on
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determine whether T cells become Foxp3*, either via induction of Foxp3 or survival of
Foxp3* cells.

In addition to CD28, other costimulatory factors have been reported to be involved in
increasing the number of Treg cells generated in the thymus. These include members of the
tumor-necrosis factor (TNF) receptor superfamily (TNFRSF, GITR, OX40 and TNFR2)
(46), 1d1(47), CD40-CDA40L interactions (48-50), and CD27-CD70 co-stimulation (51). The
impact of these costimulation signals on the Treg TCR repertoire is unclear.

While recent studies have shed light on the process of thymic Treg cell selection, several
important questions remain. First, identification of endogenous Treg cell ligands and their
corresponding TCRs would be useful to determine the affinity range of Treg cell selection.
This would also enable dynamic study of thymocyte: APC interactions with two-photon
microscopy, as well as assessment of the APC type and their distribution throughout the
medulla. Second, the molecular events that control Foxp3 induction remain imprecisely
defined as studies often report total Treg cell numbers or frequencies. Analysis of the TCR
repertoire would be useful to determine whether these molecules affect TCR-dependent Treg
cell selection (e.g. adding or subtracting TCRs from the repertoire) versus promote the
survival of Foxp3* cells—two non-mutually exclusive possibilities. Finally, understanding the
mechanism that results in the initial upregulation of CD25 versus Foxp3 may be instructive
in understanding how the Foxp3 locus is opened and transcribed, as it appears that there may
be multiple roads to get to Foxp3.

Role of mMTECs and BM APCs in self-tolerance

The importance of TCR specificity in the process of T cell tolerance necessitates an effective
means of thymic presentation of the self-antigenic repertoire, including those antigens
expressed in an organ specific manner. In both thymic compartments, it appears that
hematopoietic and non-hematopoietic cells contribute to T cell tolerance (52-58). Although
T cell tolerance occurs at any stage in their development after rearrangement of a functional
TCR (59, 60), the majority of T cell tolerance appears to occur in the thymic medulla
(reviewed in (61, 62)). We discuss here our current understanding of how the array of
medullary APC subsets contributes to thymic T cell tolerance.

MTEC antigen presentation

it remains technically challenging to delineate the specific contributions of each medullary
APC to T cell tolerance development (1). For instance, reduction or deletion of MHC 1l on
either compartment results in only a partial effect on Treg cell numbers or on negative
selection (58, 63). Additionally, mTECs require crosstalk with thymocytes via MHC class 11
for successful organization of the medulla (64), precluding targeted deletion of MHC class Il
on mTECs. An important advance came from Klein and colleagues who developed a mouse
with mTEC-targeted reduction of MHC class Il expression using Aire promoter driven
shRNA knockdown of the class Il transactivator (C2TAkd) (58), which does so without
altering medulla organization. They observed a modest increase in the polyclonal CD4SP
compartment due to loss of negative selection as well as increased Treg cell selection to a
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model antigen expressed in mTECs. Thus, these data demonstrate that direct mTEC antigen
presentation plays a role in T cell tolerance (Figure 2).

mMTECs, however, are known to be inefficient at using conventional antigen presenting
pathways (65, 66). Moreover, conventional pathways are not focused on presenting proteins
generated endogenously within the cell. Current data suggests that mTECs use
macroautophagy for presentation of cell-autonomous antigens (67, 68). Transplantation of
Atg5~/~ autophagy-deficient thymi under the kidney capsule of select TCR transgenic mice
resulted in increased CD4SP numbers, suggesting decrease negative selection. In addition, T
cells selected on Atg5~'~ thymi were capable of inducing multi-organ autoimmunity (67).
Recent work suggested that mTECs specifically require autophagy to load peptides onto
MHC class Il from model antigens targeted to the autophagosome or the mitochondria, but
not the cell membrane (68). These data on mTECs are consistent with reports from other
contexts showing a role for autophagy in loading of intracellular antigen onto MHC class 11
(69-73).

However, another group reported that mTEC-targeted deletion of Atg7 via the K14-Cre
resulted in no alteration of the thymocyte compartment or autoimmune disease despite
ablation of autophagy in TECs (74). One possible explanation for the discrepancy between
results from Atg5 versus Atg7 deficient mice is that autophagy associated antigen
presentation may utilize different components than the autophagy pathway itself (71, 75—
77). Interestingly, a recent report suggested that knockdown of Clec16a, an autophagy/
mitophagy-associated protein (78, 79), is protective in the Non-obese diabetes (NOD) model
of type 1 diabetes (80). They proposed that this was due to alterations in the generation and
presentation of ligands by mTECs responsible for selecting diabetogenic T cells, rather than
tolerance to islet associated antigens. Additional studies are required to determine whether
an effect on mTEC antigen presentation explains the observation that an CLEC16A SNP
results in increased susceptibility to human type 1 diabetes (81).

In summary, these data suggest that direct mTEC presentation of intracellular antigens to T
cells is mediated at least in part by autophagy proteins. Future work is required to dissect the
specific mechanism by which intracellular antigens are processed via the canonical
autophagy versus alternative antigen presentation pathways in mTECs. Moreover, future
analysis of TCR repertoires in mice with autophagy deficient mTECs would be useful to
determine the extent that autophagy affects mTEC antigen presentation.

Whereas mTECs arise within the thymus, the other major medullary APC subsets arise from
the bone marrow. Several lines of evidence suggest an important role for BM APCs in T cell
tolerance. First, deletion of MHC class I on BM APCs results in an increase in the CD4SP
thymocyte compartment (58, 63, 82), suggestive of a role in negative selection. The impact
of MHC 11 deletion on BM APCs on Treg cell numbers have been reported to be mild (58,
63, 82—84) to moderate (85). Second, use of neo-self antigen systems such as RIP-mOVA
suggest that BM APCs, and in particular DCs, can contribute to both negative and Treg cell
selection of antigen-specific TCRs (52, 56, 86, 87).
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Cooperation between BM APCs and mTECs

Antigen transfer from mTECs to BM APCs constitutes another pathway through which T
cell tolerance occurs (9, 54, 55, 58, 88, 89). It is apparent that certain neo-self antigen
transgenic models, such as nuclear or membrane-bound ovalbumin (OVA), require transfer
from mTECs to thymic DCs for deletion of OVA-specific CD4* and CD8* thymocytes (55,
63). Antigen transfer was also reported by a separate group, although they also observed a
concurrent role for cell-autonomous antigen presentation (52). In addition to model antigens,
Anderson and colleagues examined this issue using MHC |1 tetramers with
interphotoreceptor retinoid-binding protein (IRBP), a naturally occurring Aire-dependent
peripheral tissue antigen (PTA) (54). Consistent with the notion that IRBP undergoes
cooperative antigen presentation, they observed that deletion of MHC class Il on BM APCs
resulted in a significant increase in tetramer-positive cells, despite IRBP expression being
restricted to mTECs.

Studies of medullary APC subsets typically examined individual TCR specificities or their
effects on polyclonal T cell frequency. We therefore asked how BM APCs and mTECs shape
the conventional and regulatory TCR repertoires using deep sequencing of the TCRa gene
TRAV14 in a fixed TCRB model (89). The fixed TCRB model permits analysis of the TCR
repertoire at the individual TCR level via analysis of the TCRa chain. Furthermore, we
restricted the TCRa chain to a single functional locus preventing the potential confounder of
secondary TCR rearrangement with dual TCR expression. We then genetically ablated MHC
class Il on BM APCs or reduced MHC Il on mTECs via the C2TAkd strategy discussed
above. We found the largest effect on CD4* conventional T cells when MHC class 11 was
absent in BM APCs, with approximately 20% versus 10% of the unique TCR repertoire
dependent on BM APCs and mTECs, respectively. Note that the decrease of MHC Il on
mMTECs using C2TAKkd is only partial (58), and thus the role of mTECs is likely
underestimated in this analysis. We observed a similar phenomenon in the Treg cell subset,
with approximately 30% of the unique TCR repertoire dependent on BM APCs for negative
selection of Treg cells, versus ~5% on mTECSs. Importantly, we found that the Tconv and
Treg cell TCR repertoires deleted by BM APCs and mTECs were distinct, demonstrating
their non-redundant roles in T cell tolerance.

We were also able to determine if BM APCs and mTECs contributed to the selection of Treg
cells (89). Similar to their effect on negative selection, both medullary APC subsets select
different Treg cell TCR repertoires, contributing to around ~30-40% of the unique Treg
TCR repertoire. Retroviral expression of several of these TCRs on thymocytes in vivo
allowed us to confirm these TCR sequencing results as well as show that dendritic cells were
the primary BM APC subset. In summary, the TCR repertoire analyses along with previous
studies of TCR transgenic and polyclonal cells support the notion that cooperation between
BM APCs and mTECs plays a substantial role in the deletion and Treg cell selection of
developing thymocytes (Figure 2).

Role of Airein T cell tolerance

A key component of tolerance is the presentation of self-antigens in the thymus. It has
become clear that the Autoimmune Regulator (Aire) protein plays a critical role in this
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process by inducing the expression of tissue specific antigens in mTECs as well as mTEC
function and development (reviewed in (62, 90-92)).

Control of tissue specific antigen production by Aire

It is clear that generation of PTA is one of the main functions of Aire (93). Asan mTEC
matures into the CD80* MHC II* phenotype, Aire expression becomes detectable which
coincides with a dramatic increase in PTA expression. Despite the ability of the mTEC
population to produce thousands of unique PTASs, previous reports estimate that a single
MTEC expresses only ~1-3% of the total PTA ligandome (92). How a small subset of cells
expressing a fraction of the possible PTA ligandome at any given time could facilitate
tolerance remains unclear. Two recent studies utilizing single cell RNA-sequencing (SCRNA-
seq) address this complex process (94, 95). Analysis of ~200 individual mature mTECs
confirmed previous estimates showing that each mTEC expressed only a small fraction of
the total PTA ligandome. Combined, however, mTECs expressed the majority of known
PTAs. Interestingly, both studies found that correlated sets of PTAs were generated in
multiple distinct, small fractions of mTECs, providing evidence for a mosaic model of PTA
expression (94, 95). Additionally, these “co-expressed genes” tended to cluster in the
genome (95), providing a potential explanation for why a set of mTECs express a small,
related fraction of PTAs at a particular time. Taken together, it appears that subsets of mature
MTECs express clusters of PTAs and together these clusters of mTECs converge to express
the breadth of the PTA ligandome.

Recently, Takayanag and colleagues have identified the transcriptional regulator Fezf2 as an
Aire-independent mechanism for inducing PTA production in mTECs (96). Unlike Aire,
deletion of Fezf2 is lethal in young (~3—-4 week old) mice due to a failure of forebrain
neuronal development and subsequent malnutrition (97). Moreover, Fezf2 is regulated by the
lymphotoxin receptor 3, whereas Aire is affected by the RANK/CD40 pathway. TEC-
specific deletion of Fezf2 via Foxnl-cre results in lymphocytic infiltrates in the lung, liver,
kidneys and small intestine but not the retina or pancreas of C57BL/6 mice, consistent with
Fezf2 being required for expression of a different array of PTAs than Aire (96). The
discovery of Fezf2 poses interesting new questions in its relationship to Aire and its
relevance in human disease. Nonetheless, it appears that PTA expression in mTECs can be
generated via multiple mechanisms.

The small numbers of MTECs that express any given PTA raises the question of how
thymocytes are efficiently exposed to those antigens. One hypothesis is that the motility of
thymocytes could allow them to scan hundreds to thousands of APCs over the period of time
it resides in the medulla (1). Given the findings above, encountering ~200-500 mTECs
would be sufficient for a single thymocyte to see the majority of the PTA ligandome.
Another non-mutually exclusive possibility, as discussed in the preceding section, is that
antigen transfer to BM APCs can increase the overall presentation of a given antigen.

Early studies supported the notion that Aire-induced PTA facilitates negative selection (54,
98, 99). However, its role in Treg cell selection has been controversial. Initial reports
suggested that Aire is not required for Treg cell selection as Aire deletion does not alter
polyclonal Treg cell numbers (98). Additionally, Ignatowicz and colleagues reported that the
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absence of Aire has no effect on the Treg cell TCR repertoire (100). On the other hand, Treg
cell selection of TCR transgenic cells can be induced by the genetic expression of cognate
antigen on Airet mTECs (63). Furthermore, a recent report by Savage and colleagues
showed that two independent prostate specific TCR transgenic cells underwent Aire-
dependent Treg cell selection (20). Together, these data suggest that Aire play a role in
negative selection and can affect Treg cell selection at least in a limited capacity.

We also examined the effect of Aire on the Tconv and Treg TCR repertoire in our fixed
TCRp model (89). Aire was required for deletion of both Tconv and Treg cells, affecting
about ~6-7% of the unique TCR repertoire, which is similar to that of MHC Il reduction on
MTECSs using C2TAkd (~5%). By contrast, Aire was required for a substantial portion
(~30%) of the unique Treg TCR repertoire. Interestingly, our Morisita-Horn similarity
analysis showed substantial similarity between the Aire-sufficient and -deficient Treg cell
repertoires, consistent with the previous TCR analysis (100). However, we noted that a
handful of clones accounted for the similarity, masking the differences in lower frequency
clones noted above (89). We confirmed six TCR clones showing Aire-dependence by TCR
repertoire analysis using in vivo assays of Treg cell selection. Thus, our data support the
notion that Aire is involved in Treg cell selection (20).

By cross-referencing our BM APC and C2TAkd TCR repertoire data with the Aire data, we
were able to generate estimates of cooperative antigen presentation of Aire-dependent
antigens (89). Approximately 3% of Tconv cells were co-dependent on BM APCs and Aire,
suggesting that these TCRs were dependent on antigen transfer from mTECs to BM APCs
for their deletion. A smaller percentage (1%) of unique TCRs was co-dependent on C2TAkd
and Aire, consistent with cell-autonomous antigen presentation. Similar results were
observed with analyses of the Treg cell data. Thus, our findings support and extend previous
data suggesting that mTECs contribute to Treg cell selection via both cell-autonomous and
cooperative antigen presentation of Aire-dependent antigens. Moreover, these data suggest
that cooperative antigen presentation is not a rare process, but a primary pathway for
tolerance induction.

The data raise additional questions regarding the nature of the antigens that are transferred
versus presented endogenously by the mTEC, two non-mutually exclusive possibilities. RIP-
mOVA is a cell surface protein that has been shown to be transferred to BM APCs, perhaps
via transfer of membrane fragments—"“cross-dressing” (101). Intracellular contents may be
shunted into the autophagy pathway allowing for loading of endogenous peptide onto MHC
class 11 within the phagolysosome. On the other hand, exosomes and apoptotic bodies may
allow transfer of both cell surface and cytoplasmic proteins to BM APCs.

As discussed above, the rationale for antigen transfer from mTECs might be to expand the
number of APCs presenting any given antigen considering the stochastic nature of Aire-
dependent PTA expression. This would increase the likelihood that a single thymocyte can
encounter all PTAs expressed in the thymus, and functionally increase the “antigenic niche
size” for Treg and negative selection. Another intriguing possibility is that transfer to BM
APCs insures that the processing and presentation of antigens are consistent between the
thymus and periphery. For example, cathepsins are differentially expressed between TECs
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and BM APCs (102-105), potentially resulting in the loading of different peptide fragments
onto the MHC |1 of these APC subsets. Although this hypothesis has not been tested, a
dichotomy between thymic and peripheral antigen presentation has been hypothesized as a
determining factor for the loss of tolerance to insulin in NOD mice (106). Thus, cooperative
antigen presentation may limit discordant antigen peptide presentation by thymic versus
peripheral APCs.

Alternative roles for Aire in mTEC function

The TCR repertoire data imply that the effect of Aire on the TCR repertoire is due to its
ability to induce PTA. However, Aire affects many other aspects of mTEC biology. For
instance, Aire can affect mTEC production of chemokines such as CCL17, CCL19, CCL22
and CCL25 involved in thymocytes trafficking from the cortex to the medulla (107, 108).
Aire also induces mTECs to express XCL1 (108), a chemokine that recruits resident
XCR1*-expressing CD8a* DC and facilitates thymic Treg cell generation (108).
Additionally, mTECs may produce the chemokines CCL2 (109, 110) and CCL25 (111),
involved in the thymic entry of the migratory Sirpa™ DCs and plasmacytoid DCs (pDC),
respectively. Thus, it remains possible that changes in the TCR repertoire due to Aire-
deficiency may be related to recruitment of thymocytes and APCs to the thymic medulla.

Aire also appears to play an important role in mTEC development and maturation (112—
115). Aire may be involved in apoptosis of mature mTEC cells (116). However, two recent
reports have called into question the idea that Aire is pro-apoptotic (115, 117). In both,
bacterial artificial chromosomes were used to introduce a tamoxifen-inducible Aire-Cre
allowing for lineage tracing of developing mTECs. Both groups found that a post-Aire state
of mTEC development occurred, during which Aire production is stopped, MHC class Il and
CD80/CD86 are down-regulated, and peripheral tissue antigens (PTA) transcript production
is markedly diminished. These post-Aire mTECs reside for up to one week after reduction of
Aire, and segregate towards the center of the medulla. Interrupting the process of mTEC
maturation may affect the generation and transfer of antigens independent of PTA
generation. Future studies are required to discriminate these multiple mechanisms by which
Aire affect tolerance to self-antigens.

Importance of Aire-dependent tolerance early in ontogeny

The importance of Aire in medullary organization and PTA generation would suggest that
the expression of Aire is important throughout life to enforce central tolerance. Remarkably,
it has been shown that Aire expression is only required up to the end of the perinatal period
to prevent autoimmunity in the NOD background (118). Recently, Mathis and colleagues
explored the requirement for Aire in early ontogeny. Deletion of Treg cells via diphtheria
treatment of Foxp3-DTR mice during 0 to 10 days after birth led to disease phenotypically
similar to Aire-deficient mice though with substantially more general inflammation such as
enlarged spleen and lymph nodes (119). Rescue of these Treg-depleted mice required Treg
cells from 20 day old Aire-sufficient, but not -deficient, donors, consistent with a role for
Aire in Treg cell selection.
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To label Treg cells generated during the perinatal versus adult period of life, the authors
injected tamoxifen into young or adult Foxp3¢CFP-Cre-ERT2 Rosa 26-YFP mice. Interestingly,
rescue of autoimmunity in Aire-deficient mice required Treg cells generated during the
perinatal but not adult period of life. These perinatal generated Treg cells appear to be
distinct transcriptionally from adult labelled Treg cells with heightened suppressive capacity
in vitro. They also had distinct TCR repertoires from adult Treg TCRs. However, this did not
appear to result from differences in PTAs induced by Aire in perinatal mice. Instead, the
authors suggest that perinatal mTECs have a higher DM to DO ratio altering the antigen
presentation machinery. Another possibility is that thymic cDCs are sparse during the
perinatal period, potentially causing a difference in TCR repertoire independent of DM/DO
expression. Why the lack of antigen transfer would enhance the tolerogenic potential of
perinatal Treg cells, however, is unclear. Finally, it remains possible that peripheral
expansion of perinatal Treg cells (120) may generate a population of “memory” Treg cells
(121) with a different TCR repertoire and heightened Treg cell function compared with Treg
cells generated as an adult. The presence of pre-existing Treg cells in the adult, but not
perinatal, period may limit the activation of recent Treg cell thymic emigrants. Thus,
multiple mechanisms could explain the differences in TCR repertoire and function between
perinatal- versus adult-generated Treg cells.

BM-derived APC subsets

There are a variety of different BM-derived APC subsets in the thymic medulla, including B
cells, macrophages, and DCs, consisting of conventional DCs and pDCs (122), each with
potentially unique roles in thymic T cell tolerance.

Conventional DCs

The conventional DC subset is comprised of the CD8a* and SIRPa™ DC subsets (123). It
remains to be seen whether these thymic DC subsets can be further subdivided, such as that
seen in the peripheral tissue SIRPa* DC equivalent, the CD11b* DCs (124). While these
two cDC subsets are both efficient at presenting exogenous antigen, there are notable
difference. For instance, thymic SIRPa* DCs originate from outside of the thymus,
presumably entering the thymus via the vascular plexus connected to the outer portion of the
medulla (122, 123). By contrast, CD8a™ DCs arise primarily within the thymus. SIRPa™*
DCs also show a different localization, and generally remain close to vascular regions within
the medulla whereas CD8a* DCs are distributed throughout the thymus parenchyma (1).

These differences suggest non-overlapping functions in antigen presentation (125). For
instance, SIRPa* DCs have been shown to efficiently present blood-borne antigen for
negative and Treg cell selection, potentially related to their predilection for vascular regions
(Figure 2) (56, 57, 65, 86).

The extra-thymic origin of SIRPa* DCs may also be a vehicle for antigen transport into the
thymus. One study using fluorescent beads too large to permeate into the thymus showed
that SIRPa™ DCs and pDCs, but not CD8a* DCs, have the capacity to acquire and transport
antigen into the thymus (126). Similar findings were reported using skin-painting of
Fluoroscein Isothiocyanate (FITC) (127). Finally, mOVA expressed specifically in
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cardiomyocytes led to deletion of OT-11 thymocytes mediated by circulating DCs (127).
Taken together, SIRPa* DCs may present extra-thymic antigen both via DC migration as
well as capture of blood-borne antigens (Figure 2).

Factors that determine if a SIRPa* DC enters the thymus with extra-thymic antigen remain
unclear. In addition, the relative importance of this extra-thymic versus intra-thymic antigen
presentation is unknown. Another question is whether the extra-thymic antigen presentation
pathway can induce tolerance to pathogens or commensal bacteria. Unfortunately, thymic
SIRPa* DCs are not affected by genetic manipulation such as CD11c-Cre Notch2f!/fl (128)
or huLangerin-DTA (129) mice (Perry, J. S. A. and Hsieh, C.-S., unpublished data), in
contrast with their effects on the peripheral DC population. New tools are therefore required
to understand the importance of SIRPa* DCs and the extent that they present extra- versus
intra-thymic antigens.

Unlike SIRPa* DCs, CD8a* DCs are more likely to present antigen generated within the
thymus because of their localization (Figure 2, reviewed in (130)). CD8a* DCs
constitutively express the chemokine receptor XCR1 (131) which directs migration in
response to XCL1 from mTECs (108). This crosstalk between CD8a* DCs and mTECs is
supported by the observation that XCL1-deficient mice show a decrease in Treg cell
numbers and transfer of thymocytes from XCL1 deficient mice into nude mice develop
dacryoadenitis (108). Moreover, the enhanced ability of CD8a* DCs to cross-present
exogenous antigen on MHC | allows concomitant CD8* T cell tolerance, as observed in both
in vitro (132) and in vivo studies (55).

Given these clues, we hypothesized that CD8a*™ DCs might be involved in selection of TCR
clones that are co-dependent on Aire and BM APC antigen presentation. Indeed, four TCR
clones that were co-dependent on BM APCs and Aire required CD8a* DCs for Treg cell
selection (89). By contrast, four TCRs that were BM APC-dependent but not Aire-
independent were unaffected by the absence of CD8a* DCs. While these data do not
exclude a role for other BM APCs, it appears that CD8a* DCs are important mediators of
Aire-dependent, mTEC-mediated cooperative antigen presentation.

These data therefore demonstrate non-redundant roles for CD8a* and SIRPa* DCs in
thymic tolerance. However, a number of questions remain. Deletion of thymic CD8a* DCs
utilized germline knockouts of the Basic Leucine Zipper Transcription Factor, ATF-like 3
(Batf3) (133). Although the currently available evidence suggests that loss of Treg cell
selection is due to loss of the CD8a* DC population in these mice, it remains possible that
this represents a currently unknown function of Batf3in DCs. Another question is whether
CD8a™ DCs are the only DC subset involved in antigen transfer, or simply that it represents
the dominant subset. Our data suggest that cytoplasmic material in mTECs, marked by GFP,
can also be transferred to SIRPa* DCs, albeit to a lesser degree (89). Finally, it would be of
interest to determine the extent that antigen transfer drives CD8* T cell tolerance, as that
would be facilitated by the ability of CD8a* DCs to cross-present exogenous antigens.

Immunol Rev. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Perry and Hsieh

Page 14

Plasmacytoid DCs

pDCs are also able to acquire and traffic peripheral antigen into the thymus, as assessed by
fluorescently labeled particles injected into the periphery (126). pDCs are thought of as
relatively poor APCs compared with cDCs (135, 136), yet there is evidence that pDCs
participate in thymic tolerance. pDCs can present antigen to and promote the development of
Treg cells in vitro (137), and injection of pDCs loaded with OVA can facilitate deletion of
OT-1I thymocytes which is abrogated in CCR9-deficient pDCs (126). The expression of
CCR9 (126) might allow pDCs to migrate from the gut to the thymus with commensal
antigens (1), but this hypothesis is as yet untested. Thus, while the proof of principle exists
that pDCs can bring into the thymus antigens from the periphery to induce tolerance, the
overall importance of extra-thymic antigen presentation by pDCs remains to be determined
(Figure 2).

We performed a limited study of pDCs utilizing the CLEC4C-HBEGF (aka BDCA2-DTR)
mouse in which pDCs can be selectively deleted upon diphtheria injection (138). We did not
observe any effect of pDC depletion on Treg cell selection of several BM APC dependent
TCRs (89). However, caveats of this study include the limited number of TCRs, and the
possibility that pDCs could release antigen into the thymus during their deletion with
diphtheria toxin. A combination of genetic deletion of pDCs with TCR repertoire analysis
could be useful to test the hypothesis that pDCs may function to broaden thymic tolerance
by presentation of extra-thymic antigens.

Thymic B Cells

Similar to pDCs, thymic B cells are relatively poor at acquiring soluble antigen. However, B
cells are efficient at capturing antigen through their B cell receptor (BCR) (139). Thymic B
cells are found at similar frequency to thymic DCs and can develop either intrathymically
(140) or migrate from the periphery (141). Thymic B cells are unique from peripheral B
cells in that they express high levels of MHC class Il and various co-stimulatory molecules.
Several reports suggest that thymic B cells are required for deletion and Treg cell selection
(summarized in (141)) by providing co-stimulation via CD5-CD72 (142) or CD40-CD40L
(49, 50, 141, 143), or by MHC-dependent interactions (50, 141, 144). Studies of a BCR
transgenic specific for GPI showed that thymic B cells acquire this circulating self-antigen
and delete cognate specific TCR transgenic cells (140) (Figure 2).

A recent report suggested that B cells may play a role in T cell tolerance independent of
BCR specificity by presenting endogenous self-antigen (141). These cells enter from the
periphery as naive B cells and are stimulated or “licensed” by T cells and CD40:CD40L to
increase MHC class 11, CD80, and Aire, which was expressed in about 50% of thymic B
cells. In this model, BCR activation prevents this licensing process, arguing against a role for
BCR specificity. Rather, the induction of Aire results in the expression and MHC
presentation of self-antigens in B cells that are different from those in mTECs, thereby
expanding the self-peptide:MHC repertoire presented in the thymus (Figure 2).

Future studies will be required to quantify the relative contribution of BCR specific versus
Aire-dependent tolerance mediated by thymic B cells. Circulation of memory B cells to the
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thymus may result in efficient antigen presentation of soluble foreign antigens due to their
BCR specificity. However, while BCR specificities to self might be expected to promote
tolerance, BCRs specific to foreign antigens may result in immunodeficiency to those
antigens. Finally, the relative importance of Aire-dependent antigens in B cells versus
mTECs in T cell tolerance remains to be quantified. Thus, a number of questions remain
regarding the role of B cells in T cell tolerance.

Conclusions and future directions

There have been a number of recent advances in our understanding of how self-reactive
thymocytes are deleted or selected to become Treg cells. Recent data suggest that the
medullary APCs subsets often function non-redundantly. pDCs and SIRPa™ DCs appear
more adept at acquiring and presenting peripheral and blood-borne antigen, whereas mTECs
and B cells present different arrays of Aire-dependent peripheral tissue antigens. Recent data
also highlight the cooperativity between the APC subsets. Batf3-dependent CD8a* DCs
appear to preferentially acquire antigen from Airet mTECs to facilitate the development of
thymic Treg cells. In fact, cooperative antigen presentation of mTEC antigens transferred to
BM APCs may be as important as cell-autonomous mTEC antigen presentation.

However, a number of issues remain. First, identification of naturally occurring Treg cell
TCR ligands would be useful to address which APCs generate and present these ligands and
to determine the TCR affinity required for Treg and negative selection. Second,
quantification of the contribution of each APC subset, as well as the importance of transport
of extra-thymic antigens by migratory APC populations, to Treg and negative selection is
needed. Third, understanding the factors that determine the utilization of mTEC-autonomous
versus cooperative antigen transfer pathways for tolerance would be important for
understanding why and how antigen transfer occurs. Finally, it is important to examine
whether these mechanisms are regulated during ontogeny such that certain periods of life
favor tolerance versus immunity. Thus, future studies will seek to define the interaction of
the thymic antigenic repertoire with the APC subsets and the generation of thymic tolerance.
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