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ABSTRACT

Immunosuppressive regulatory T lymphocytes (Treg)
expressing the transcription factor Foxp3 play a vital
role in the maintenance of tolerance of the immune-
system to self and innocuous non-self. Most Treg that
are critical for the maintenance of tolerance to self,
develop as an independent T-cell lineage from common
T cell precursors in the thymus. In this organ, their dif-
ferentiation requires signals from the T cell receptor for
antigen, from co-stimulatory molecules, as well as from
cytokine-receptors. Here we focus on the cytokines
implicated in thymic development of Treg, with a par-
ticular emphasis on the roles of interleukin-2 (IL-2) and
IL-15. The more recently appreciated involvement of
TGF-B in thymic Treg development is also briefly dis-
cussed. Finally, we discuss how cytokine-dependence
of Treg development allows for temporal, quantitative,
and potentially qualitative modulation of this process.

KEYWORDS regulatory T cells, thymus, differentiation,
IL-2, IL-15
INTRODUCTION

Several populations of T lymphocytes with immunosup-
pressive activity have been identified to date (Josefowicz
et al., 2012a; Kim and Cantor, 2011; Sakaguchi et al., 2010;
Shevach, 2011; Vuddamalay and van Meerwijk, 2017; Xu
et al., 2016). The most critical population of Treg expresses
Foxp3: Humans and mice carrying mutations in the gene
encoding this forkhead/winged helix transcription factor
develop a rapidly lethal autoimmune and inflammatory
pathology (Bennettetal., 2001; Brunkow et al., 2001; Fontenot
et al., 2003). Treg therefore prevent the development of
autoimmune pathology and chronic inflammation in interfaces
with the environment such as the intestines, lungs, and skin.

As other T lymphocytes, activation of Treg requires that
they recognize antigenic peptides presented by cell-surface
expressed molecules encoded in the major histocompati-
bility complex (MHC). Autoimmune pathology develops
upon activation of autospecific conventional T cells (Tconv)
and suppression of these immune-responses involves
autospecific Treg (Kieback et al., 2016; Yang et al., 2015).
The antigen-specificity of Treg involved in the prevention of
chronic inflammatory diseases remains less well defined,
but antigens from commensals as well as from infectious
agents are most certainly recognized. It therefore appears
appealing to postulate that Treg preventing autoimmune
pathology develop mostly in the thymus where autospecific
T cell precursors can recognize self-antigens presented by
thymic stromal cells (Klein and Jovanovic, 2011). It needs to
be emphasized, however, that autospecific Treg can also
differentiate from Tconv precursors in peripheral lymphoid
organs (Sun et al.,, 2015). The Treg preventing chronic
inflammation likely mostly differentiate in peripheral (lym-
phoid) organs where Tconv involved in immune-responses,
and therefore specific for the agents that provoked the
inflammation, differentiate into Treg under tolerogenic con-
ditions (Bilate and Lafaille, 2012; Josefowicz et al., 2012b).
Nevertheless, colonic Treg express T cell receptors for
antigen (TCR) that were also found on thymic Treg, sug-
gesting that Treg involved in the prevention of chronic
inflammation may develop in the thymus (Cebula et al.,
2013). Recent data showing that peripheral Treg recirculate
back to the thymus and that they represent a very sub-
stantial proportion of thymic Treg in adult mice (Cowan et al.,
2016; Thiault et al., 2015), however, urge for a reinvestiga-
tion of this issue.

In addition to signals via the TCR, cytokine signaling
plays a central role in Treg differentiation in the thymus and
the periphery. In this review, we focus on Treg development
in the thymus and will discuss TCR- and cytokine receptor-
derived signals. We will discuss how and where these

© The Author(s) 2017. This article is an open access publication


http://crossmark.crossref.org/dialog/?doi=10.1007/s13238-017-0425-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13238-017-0425-3&amp;domain=pdf

IL-2 and IL-15 dependent thymic development

REVIEW

distinct signals intersect to drive development of a Treg
repertoire  which efficiently protects the organism from
autoimmune pathology.

TCR-SIGNALING AND THYMIC TREG-
DIFFERENTIATION

Within the thymus two anatomically and functionally distinct
compartments can be distinguished; the cortex and the
medulla. Hematopoietic precursors enter the thymus at the
cortico-medullary junction. During their differentiation, thy-
mocytes will first migrate into the cortex, then back to the
medulla before leaving the thymus at the cortico-medullary
junction (Love and Bhandoola, 2011). Thymocytes acquire
the expression of the heterodimeric TCRap. The genes
encoding the TCR undergo random somatic rearrangements
that allow for the generation of a wide repertoire of TCR
capable of recognizing a vast variety of rapidly evolving
infectious agents. Distinct TCR-based selection processes
ensure that only functional and harmless T cells leave the
thymus (Kurd and Robey, 2016; Lucas et al., 2016; Ohigashi
et al., 2016).

In the thymic cortex, only thymocytes bearing a TCR with
a certain affinity for peptide/MHC complexes presented by
cortical thymic epithelial cells (cTEC) survive. This process,
called positive selection, ensures the selection of developing
T cells expressing a “functional” TCR and contributes to the
generation of a repertoire of T cells expressing TCR that can
recognize antigens in the context of self MHC-molecules.
Positively selected thymocytes rapidly upregulate the che-
mokine receptor CCR4 which attracts these cells to CCL17
and CCL22-producing, Sirpa™ dendritic cells (DC) and to the
medulla (Hu et al., 2015). Too high affinity interactions of the
TCR with peptide/MHC complexes, expressed by presum-
ably DC, lead to a first wave of negative selection of
autospecific and therefore dangerous T cell-precursors
(McCaughtry et al., 2008; Stritesky et al., 2013). Thus
deleted T cell-precursors are likely specific for ubiquitously
expressed and potentially for epithelial antigens. T lympho-
cytes that developed in a thymus in which MHC molecules
were exclusively expressed by cTEC are strongly autore-
active, suggesting that cTEC contribute little, if at all, to
negative selection (Capone et al., 2001; Laufer et al., 1996).
Interestingly, high affinity interactions in the cortex may also
lead to the differentiation of Treg (Liston et al., 2008; Ribot
et al., 2007), but Treg-differentiation in the cortex remains a
little-studied process. Thymocytes surviving cortical selec-
tion upregulate the chemokine-receptor CCR7 and migrate
to the medulla in response to CCL19 and CCL21 produced
by medullary thymic epithelial cells (nTEC) (Ueno et al.,
2004).

In the thymic medulla, thymocytes interact via their TCR
with peptide/MHC complexes presented by mTEC, DC, and
B lymphocytes. High avidity interactions of thymocytes with
medullary stromal cells can lead to their negative selection
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through induction of apoptosis (“deletion”) or clonal anergy
(Kyewski and Klein, 2006). High avidity interactions of
developing T cells with all cited types of thymic stromal cells
also lead to the differentiation of Treg (Klein et al., 2009) and
the majority of developing Treg is localized in the medulla
rather than in the cortex (Thiault et al., 2015). Combined, the
processes of negative selection and Treg-differentiation in
the thymus play a major role in the establishment of immune-
tolerance to self-antigens.

It has therefore been clearly established that high avidity
interactions of the developing T cells with thymic stromal
cells can lead to two quite distinct outcomes: negative
selection and differentiation of Treg. It remains less clear
what tips the balance between these two fates. The mere
affinity of the TCR with peptide/MHC complexes is not
responsible. In mice expressing a single TCR specific for a
non-self-antigen, no Treg develop. When the recognized
antigen is introduced as a transgene, deletion as well as
Treg-differentiation take place (Klein and Jovanovic, 2011).
Other factors must therefore be involved. The observation
that the distinct medullary stromal cell-types induce Treg-
differentiation at distinct doses of antigenic peptide in vitro,
suggests that the stromal cell with which thymocytes interact
in vivo may in part determine the choice between deletion
and Treg-differentiation (Wirnsberger et al., 2009). This may
be due to the distinct surface expression levels of ligands for
e.g. CD28, CD27 or other members of the TNF-receptor
superfamily, or other molecules involved in deletion and
Treg-differentiation (Coquet et al., 2013; Mahmud et al.,,
2014; Tai et al., 2005; Tang et al., 2003). However, even in
experimental systems in which agonist peptide/MHC ligand
was presumably exclusively presented by a single stromal
cell-type, i.e., mTEC, deletion as well as Treg-differentiation
were observed (Aschenbrenner et al., 2007). At least two
explanations can be proposed. First, Treg-lineage commit-
ment may take place independently of the thymocyte’s TCR
(Pennington et al., 2006) and distinct selection criteria for
Tconv and Treg precursors determine development of these
two populations. Second, heterogeneity among mTEC (and
potentially the other stromal cell-types) (Brennecke et al.,
2015; Meredith et al., 2015) may be involved. These issues
would merit further investigation.

EPIGENETIC MODIFICATIONS AND THYMIC
DEVELOPMENT OF TREG

Epigenetic gene regulation, such as DNA methylation and
histone modifications, is implicated in lineage specification
and maintenance. Several groups have demonstrated that
DNA demethylation at conserved non-coding sequence
within the Foxp3 locus ensures the stability of its expression
in thymic derived Treg (Floess et al., 2007; Kim and Leonard,
2007; Zheng et al., 2010). It was shown that DNA methylation
is lost during the last (i.e., Foxp3-expressing) stages of thy-
mic Treg-development through oxidation of 5-methylcytosine
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and other intermediates in the demethylation process. It was
suggested that two enzymes, TET2 and TETS3, initiate this
reaction (Toker et al., 2013). Indeed, in Tet2/Tet3 double
deficient mice, in which regulatory regions remain methy-
lated, Foxp3 expression is unstable and Treg lose their
suppressive functions (Yue et al., 2016). Interestingly, Treg-
specific demethylated regions (TSDRs) are also found in
other genes encoding for factors essential for Treg function,
such as CD25, CTLA-4, Eos, and GITR (Ohkura et al., 2012).
While TCR signaling is required for demethylation of TSDRs,
Foxp3 gene expression is dispensable. These data indicate
that to establish Treg lineage two independent but comple-
mentary molecular mechanisms are in play: Foxp3 gene
expression and epigenetic changes (Ohkura et al., 2012).
Establishment of a Treg epigenetic landscape may therefore
precede and promote Foxp3 gene expression. CpG
demethylation (or initiation of this process) in the TSDR or
CNS2 of the Foxp3 gene strictly correlated with expression of
this gene, yielding little insight into this question (Toker et al.,
2013; Yue et al.,, 2016). However, the recently described
binding of a global chromatin organizer, Satb1, to another
regulatory region of the Foxp3 locus (CNSO) in immature
CD4/CD8 double positive thymocytes and its requirement for
Treg development suggest that early epigenetic modifica-
tions control the expression of Foxp3 and Treg signature
genes (Kitagawa et al., 2017). How the expression and
activity of Satb1 are regulated remains to be determined.

INVOLVEMENT OF IL-2 AND IL-15 IN TREG
DIFFERENTIATION IN THE THYMUS

Early studies with mice genetically deficient in production of
the “T cell growth factor” IL-2 or expression of its receptor
surprisingly showed that these animals developed severe
autoimmune pathology instead of immunodeficiency (Sad-
lack et al., 1995; Suzuki et al., 1995; Willerford et al., 1995).
Initially, defects in IL-2 dependent activation induced cell-
death (AICD) of autoreactive T cells were suspected. How-
ever, complementation of mice deficient in IL-2 or its receptor
with WT Treg prevented pathology (Suzuki et al., 1999; Wolf
et al., 2001). The latter data indicated that a lack of Treg or
Treg-functional capacity was responsible for the lympho-
proliferation and lethal autoimmune pathology in mutant
mice. It was later appreciated that IL-2 plays a major role in
Treg homeostasis. The role of IL-2 in the differentiation of
Treg from Tconv precursors in peripheral lymphoid organs
(and potentially in tissues) and in survival and function of
mature Treg has recently been discussed (Chinen et al.,
2016) and is beyond the scope of this review.

One of the earliest indications that IL-2 may play a role in
the thymic development of Treg came from studies by Malek
and colleagues showing that mice in which the IL-2Rf3 was
exclusively expressed by developing thymocytes, survived
substantially longer than IL-2RB-deficient animals (Malek
et al., 2000). Later studies showed that substantially reduced
proportions of mature CD4*CD25" regulatory thymocytes
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developed in IL-2RB-deficient mice and that differentiation of
Treg with in vitro immunosuppressive activity was fully
restored in mice in which IL-2RB expression was restricted to
thymocytes (Burchill et al., 2007; Fontenot et al., 2005;
Malek et al., 2002; Soper et al., 2007; Vang et al., 2008).

Several other studies further addressed the role for IL-2 in
Treg development in the thymus using distinct mutant mice.
Rudensky and colleagues found approximately half the
number of Treg in the thymus of IL-2-deficient as compared
to that of WT mice (Fontenot et al., 2005). However, other
studies found practically normal numbers of Treg in IL-2
deficient mice (Burchill et al., 2007; D’Cruz and Klein, 2005).
Similarly discordant results were found in studies with mice
deficient in the IL-2Ra chain (D’Cruz and Klein, 2005; Fon-
tenot et al., 2005; Soper et al., 2007). It therefore appears
that IL-2 may play a role in Treg development, but that it is
not strictly required.

How then to explain the substantially reduced numbers of
Treg in the thymus of IL-2Rp deficient mice, a very consis-
tent observation? The IL-2RB chain is shared between the
receptors for IL-2 and for IL-15. The latter cytokine may
therefore play an important role in Treg development. Farrar
and colleagues found approximately half the number of Treg
in the thymus of IL-15 deficient mice as compared to WT
animals (Burchill et al., 2007). In IL-2 and IL-15 doubly
deficient thymuses, they found as few Treg as in the thymus
of IL2RB-deficient mice. However, Ziegler and colleagues
found normal proportions of Treg in the thymus of mice
lacking expression of the IL-15Ra chain, which is only
involved in signalling via the receptor for IL-15 (Soper et al.,
2007). It therefore appears likely that IL-15 is involved in
Treg development in the thymus but, again, that it is not
absolutely required.

Therefore, whereas in mice lacking expression of both IL-2
and IL-15 or both of their receptors substantially reduced
numbers of Treg were consistently found in the thymus, in
mice deficient for one or the other cytokine or receptor dis-
cordant results were obtained. These data therefore clearly
demonstrate that the cytokines IL-2 and IL-15 play important
roles in the thymic development of Treg. What then explains
the discordant results when only one of the two cytokines or
receptors is missing? In transgenic mice in which the green-
fluorescent protein is expressed under control of the Rag2
promoter (“Rag2-GFP mice”), newly developing T cells are
GFP* and cells that are “older” do no longer express GFP
(Yu et al., 1999). Using Rag2-GFP mice, it was observed that
only a small proportion of thymic Treg are actually newly
developing cells (Cuss and Green, 2012; McCaughtry et al.,
2007; Thiault et al.,, 2015). It was therefore important to
assess the roles for IL-2 and IL-15 in de novo development
of Treg. Seddon and colleagues used a particularly original
approach to study de novo T cell development in which the
developmental blockade of T cells in ZAP-70 deficient mice
can be lifted by inducing ZAP70 expression using a TetOn
transgenic system (Marshall et al.,, 2014). It was thus
unambiguously shown that in absence of signaling through
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the receptors for IL-2 or of IL-15 Treg development was
severely hampered. These results strongly indicate impor-
tant and non-redundant roles for IL-2 and IL-15 in Treg
development in the murine thymus. Importantly, using in vitro
culture systems, Sousa and colleagues demonstrated
quantitatively important and non-redundant roles for IL-2 and
IL-15 in the development of Foxp3-expressing human Treg
from immature thymic precursors (Caramalho et al., 2015).

THE MECHANISMS BY WHICH IL-2 AND IL-15
CONTROL TREG-DEVELOPMENT IN THE THYMUS

To investigate how IL-2 and IL-15 impinge on Treg develop-
ment in the thymus, it was important to determine at what
stage these cytokines act. Treg and Tconv develop from
common precursors. The CD4*CD8 TCR"" (“CD4SP”)
stage of development is apparently the last one shared
between Treg and Tconv. The CD4SP stage can be further
dissected into four subpopulations using expression of CD25
and of Foxp3 as criterion. In cultures of electronically sorted
CD4SP CD25 Foxp3~ thymocytes, no Foxp3™ cells develop
and the addition of IL-2 or IL-15 does not change this result
(Lio and Hsieh, 2008). By contrast, some CD25"Foxp3~ cells
expressed Foxp3 upon in vitro culture and this Treg differen-
tiation was greatly increased by addition of IL-2 or IL-15 (Lio
and Hsieh, 2008; Tai et al., 2013; Vang et al., 2008). Similar
results were obtained using human CD4SP CD25* CD127*
(in large majority Foxp3™) thymocytes (Caramalho et al.,
2015). These results suggested that CD4SP CD25Foxp3~
thymocytes, which develop independently of IL-2 and IL-15
(Marshall et al., 2014), are the Treg-precursors that require
IL-2 or IL-15 for their final steps of differentiation. However, in
absence of signaling through the receptor for IL-15 (but not
IL-2) the development of another CD4SP subpopulation,
CD25 Foxp3™ cells, was found to be reduced (Marshall et al.,
2014). Upon in vitro culture of WT CD4SP CD25 Foxp3”*
thymocytes in presence of IL-2, these cells become
CD25*Foxp3™ Treg (Marshall et al., 2014; Tai et al., 2013).

These and other data indicate that CD4SP CD25"Foxp3™*
Treg can develop via two distinct pathways. In the first
pathway, TCR-signaling allows CD4SP CD25 Foxp3~ thy-
mocytes to become CD25'Foxp3~ cells which, when stim-
ulated through their receptors for IL-2 or IL-15, will become
CD25"Foxp3* Treg. In the second pathway, signaling
through the TCR and the IL-15 receptor allows CD4SP
CD25 Foxp3~ thymocytes to become CD25 Foxp3* cells
which, when stimulated through their receptor for IL-2, will
become CD25"Foxp3* Treg. Interestingly, experiments in
which a Nur77-GFP reporter indicated the affinity of TCR-
peptide/MHC interactions suggested that the development of
CD4SP CD25"Foxp3~ precursors involves higher affinity
interactions with stromal cells than differentiation of
CD25 Foxp3™ precursors (Marshall et al., 2014).

In both proposed developmental pathways, the cytokines
IL-2 and IL-15 therefore appear to induce expression of
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Foxp3. Signaling downstream of the receptors for IL-2 and
IL-15 involves the JAK3-STAT5 pathway. Consistent with the
roles for these cytokines in Treg differentiation in the thymus,
in mice with a T cell-specific deficiency in STAT5 expression
a severe defect in Treg development was observed (Burchill
et al., 2007). Moreover, transgenic expression of constitu-
tively active STAT5 rescued Treg development in IL-2Rj-
deficient mice (Burchill et al., 2003; Burchill et al., 2007). The
Foxp3 gene contains several conserved potential STAT5
binding sites, some of which demonstrated binding of STAT5
in Treg but not Tconv (Burchill et al., 2007; Yao et al., 2007).
It therefore appears that signaling through the receptors for
IL-2 and IL-15 induces, via STAT5 activation, expression of
Foxp3.

An alternative but not mutually exclusive explanation for
the action of IL-2 (and potentially IL-15) was reported by
Singer and colleagues. They showed that Foxp3 expression
promotes cell-death by inducing expression of pro-apoptotic
(e.g., PUMA and BIM) and repressing pro-survival proteins
(e.g., Bcl-2) (Tai et al., 2013). In vitro experiments showed
that IL-2 protected Foxp3™ but not Foxp3~ CD4SP cells from
apoptosis by increasing the expression of Bcl-2, which was
mediated by STAT5. Though intriguing, these results will
need to be reconciled with the observation that transgenic
expression of Foxp3 restored Treg development and pre-
vented autoimmune pathology in IL-2RB deficient mice
(Soper et al., 2007).

IL-2 and IL-15 appear not implicated in the induction of
the demethylation of the regulatory region of the Foxp3 locus
of Treg precursors. Compared to the strong TSDR
demethylation observed in CD25"Foxp3~ cells stimulated via
their TCR in the presence of IL-2, precursors cultured in vitro
with IL-2 or IL-15 alone display only a minor TSDR
demethylation (8%—14%) (Toker et al., 2013).

THE CELLULAR ORIGINS OF THE IL-2 AND IL-15
INVOLVED IN TREG DEVELOPMENT

Identification of the cellular sources of the IL-2 and IL-15
involved in Treg differentiation may reveal important regu-
latory mechanisms of this process (cf. infra). In hematopoi-
etic chimeras in which only radioresistant stromal cells
carried an invalidating mutation in the //2 gene, normal
numbers of Treg developed, strongly suggesting that the IL-2
involved in Treg development is produced by (radiosensitive)
hematopoietic cells (Marshall et al., 2014). Probably the
most obvious candidates for the cells producing IL-2 in the
thymus are (developing) T cells. IL-2 would then potentially
act in an autocrine manner to stimulate Treg differentiation.
In mixed hematopoietic chimeras, //2-mutant thymocytes can
efficiently differentiate into Treg when other hematopoietic
cells can produce IL-2 (Tai et al., 2005), suggesting that an
autocrine loop does not play a major role. Robey and col-
leagues showed that IL-2 derived from DC added to in vitro
thymic slice cultures could drive Treg development (Weist
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et al., 2015). In the human thymus, IL-2 protein was found in
the cortex and the medulla, and the //2 gene appeared
expressed mostly by mature T cells (Caramalho et al., 2015).
No evidence was found for IL-2-production by human thymic
dendritic cells. It will now be important to identify the precise
thymic cell-type(s) that produce(s) the IL-2 involved in Treg
differentiation using conditional //2 KO mice (Popmihajlov
et al., 2012) bred to mice expressing the Cre-recombinase
under control of appropriate promoters, e.g., those control-
ling the genes encoding CD11c, CD4, or p56'*~.

The identity of the thymic population producing the IL-15
involved in Treg development is probably clearer, at least in
the mouse. In hematopoietic chimeras in which radioresis-
tant cells could not present, via their IL-15 receptor a-chain,
IL-15 to developing thymocytes, strongly reduced propor-
tions of Treg developed (Marshall et al., 2014). The thymic
development of iINKT cells also requires IL-15, which is
presented by radioresistant stromal (but not dendritic) cells
(Castillo et al., 2010). Using reporter mice, lkuta and co-
workers showed that, in the thymus, IL-15 is produced
mainly by mTEC and, at lower levels, by some pericytes and
blood endothelial cells (Cui et al., 2014). Flow-cytometry
analysis identified mTEC expressing high levels of MHC
class Il (“mTEC™") as the main IL-15 producing stromal
cell-type in the thymus. By contrast, dendritic cells and
macrophages did not produce IL-15. Lefrangois and co-
workers demonstrated, using reporter mice, that very
immature (and therefore cortical) thymocytes can produce
high levels of IL-15 and that these cells rapidly lose this
capacity during T cell development (Colpitts et al., 2013).
However, given that Treg mainly develop in the thymic
medulla suggests that this source of IL-15 is irrelevant to
Treg differentiation. Combined, the published data strongly
indicate that the IL-15 involved in Treg development in the
murine thymus is produced and presented by mTECM9M.
Intriguingly, these stromal cells ectopically express tissue-
antigens known to be involved in selection of the Treg's
TCR-repertoire (Aschenbrenner et al., 2007; Malchow et al.,
2013; Takaba et al., 2015; Yang et al., 2015). Also in the
human thymus, IL-15 was mainly found in the medulla. As in
mice, mTEC expressed the //15 gene. However, also B cells,
monocytes/macrophages, and NK cells produced this cyto-
kine (Caramalho et al., 2015). Given that B lymphocytes can
induce T cell-tolerance in the mouse thymus, the latter
observation may prove of importance (Yamano et al., 2015).

The distinct signals involved in T cell differentiation in
peripheral tissue are not necessarily derived from the same
cell. Thus, differentiation of Th2 cells, specialized in the
defense against large extracellular parasites such as hel-
minthes, requires TCR triggering through interactions with
peptide/MHC complexes, presented by dendritic cells, and
the Th2-polarizing cytokine IL-4, which can be derived from
type 2 innate lymphoid cells (Pelly et al.,, 2016). Signals
involved in T cell development and activation do not need to
be delivered all at once neither and can be accumulated
through multiple sequential interactions with different
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antigen-presenting cells in a multistep process (Khailaie
et al., 2014; Kisielow and Miazek, 1995; Valitutti et al., 1995;
Wilkinson et al., 1995). Similar mechanisms may act within
the thymus to drive Treg differentiation. In the “two-step
model” for Treg differentiation in the thymus proposed by
Hsieh and colleagues, the first step involves TCR-triggering
which leads to upregulation of the high-affinity receptor for IL-2.
The second step involves engagement of the latter receptor
by IL-2 which, in the experimental setup used by these
authors, was not derived from the same stromal cell (Lio and
Hsieh, 2008). Using biphoton microscope analysis of
explanted thymic tissue, Robey and colleagues demon-
strated that thymocytes migrate very rapidly during their
development, which is consistent with the notion that involved
stimuli may be derived from distinct stromal cells (Le Borgne
et al.,, 2009). On the other hand, in order to drive Treg dif-
ferentiation in explanted WT thymic tissue, the dendritic cells
that presented the peptide/MHC complexes involved in TCR
triggering, that were dropped onto the cultures, also needed
to produce IL-2 (Weist et al.,, 2015). It remains therefore
unclear if TCR and IL-2-receptor engagements take place
simultaneously or sequentially, and if the involved ligands are
expressed by the same or by distinct stromal cells.

HOW THE REQUIREMENT FOR IL-2 AND IL-15 MAY
ALLOW MODULATION OF THE GENERATION OF
THE TREG REPERTOIRE

The involvement of IL-2 and IL-15 may allow for control of
Treg development in the thymus in quantitative and quali-
tative terms. Transgenic mice expressing constitutively
active STAT5 had three- to seven-fold increased numbers of
Treg, suggesting that STAT5 activation (through the recep-
tors for IL-2 or IL-15) is a limiting factor in Treg differentiation
in the thymus (Burchill et al., 2008; Burchill et al., 2007). In
mutant mice lacking the pro-apoptotic proteins Puma and
Bim or expressing anti-apoptotic Bcl-2, substantially
increased numbers of Treg were found in the thymus,
showing that the large majority of developing Treg normally
die (Tai et al., 2013). In mixed hematopoietic chimeras in
which growing numbers of Treg precursors expressed the
common cytokine receptor y-chain (“y;”, a constituent of,
among others, the receptors for IL-2 and IL-15), the numbers
of thymic Treg saturated at approximately 10° cells, sug-
gesting that availability of IL-2 and IL-15 quantitatively con-
trols Treg development (Tai et al., 2013). Using cultures of
explanted thymic tissue, Robey and colleagues showed that
thymic Treg limited the differentiation of new Treg by com-
peting for IL-2 (Weist et al., 2015). In in vitro cultures of
human thymocytes, addition of IL-2 or IL-15 substantially
increased the development of Treg (Caramalho et al., 2015).
Interestingly, also in TCR-ligand doubly transgenic mice, the
absolute numbers of Treg found in the thymus were well
below the numbers expected if all autospecific T cell-pre-
cursors had differentiated into Treg (reviewed in ref.
Romagnoli et al., 2008), but the potential involvement of
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limiting availability of cytokines has, to our knowledge, not
been demonstrated.

It therefore appears that the availability of IL-2 (and
potentially IL-15) may be a limiting factor in Treg develop-
ment. IL-2 thus appears to quantitatively regulate the num-
bers of Treg developing in the thymus. Importantly, the
availability of IL-2 appears to diminish with age. T cells
activated in the periphery during immune responses can
migrate back to the thymus (Hale and Fink, 2009) and Treg
are not an exception to this phenomenon. Probably because
of their repertoire enriched in autospecific cells and the
resulting massive activation of peripheral Treg (Fisson et al.,
2003; Hsieh et al., 2004; Romagnoli et al., 2002), a very high
proportion of thymic Treg are cells that had re-entered the
thymus from the periphery (Cowan et al., 2016; Thiault et al.,
2015). We showed that recirculating Treg inhibit the differ-
entiation of their precursors and that they do so by limiting
the availability of IL-2. Importantly, the proportion of recir-
culating Treg among thymocytes grows substantially with
age, which results in a strongly fading de novo development
of Treg (Thiault et al., 2015). Treg recirculation may also be
modulated by e.g., infection, stress of other factors, which
thus would potentially lead to increased or decreased Treg
differentiation in the thymus.

Intriguingly, recirculating Treg appeared to control IL-2-
dependent but not IL-2-independent Treg differentiation in
the thymus (Thiault et al., 2015). Given that the proportion of
recirculating Treg among thymocytes substantially increases
with age, IL-2- (but not IL-15-) dependent Treg differentiation
will strongly decline. It is tempting to speculate that, with age,
Treg differentiation will decreasingly depend on IL-2-pro-
ducing dendritic cells and progressively on interactions with
IL-15-producing mTEC. The potential consequences of this
shift on e.g., selection of the TCR-repertoire expressed by
developing Treg would merit thorough examination.

INVOLVEMENT OF OTHER yc AND RELATED
CYTOKINES IN TREG DEVELOPMENT

In mice carrying mutations in the gene encoding the common
cytokine receptor y-chain y., very low proportions of Treg
develop in the thymus (Bayer et al., 2008; Burchill et al.,
2008; Burchill et al., 2007; Tai et al., 2013). Since y. is a
constituent of the receptors to the cytokines IL-2, IL-4, IL-7,
IL-9, IL-15, and IL-21, “y. cytokines” other than IL-2 and IL-15
may be involved in Treg development in the thymus. IL-4Ra-
deficient mice appear to have normal proportions of thymic
Foxp3* Treg (Vang et al., 2008). Similar to IL-2 and IL-15, IL-7
induced the conversion of murine CD4SP CD25"Foxp3~
precursors into Foxp3™ Treg in in vitro cultures (Vang et al.,
2008). IL-7 also drives Treg differentiation of human non-
regulatory thymocytes stimulated in presence of TGF-§, but
the relevance of this observation for physiological Treg
development in the thymus requires clarification (Caramalho
et al., 2015). IL-7, presumably produced by thymic epithelial
cells (Shitara et al., 2013), plays a major role in early stages
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of T-lymphocyte development. Therefore, mice deficient in
IL-7 or the IL-7Ra chain have severely reduced thymocyte-
counts and, consequently, absolute numbers of thymic Treg
(Bayer et al., 2008; von Freeden-Jeffry et al., 1995). How-
ever, the proportion of Foxp3™ cells among CD4SP thymo-
cytes appeared unaltered (Bayer et al., 2008; Vang et al.,
2008). To circumvent the effects of IL-7 on early T cell-de-
velopment, Ikuta and colleagues generated mice in which the
gene encoding the IL-7Ra cahin is deleted at the CD4*CD8*
stage of thymocyte development. The proportion of Foxp3™*
Treg among CD4SP thymocytes appeared unaltered in these
mice (Tani-ichi et al., 2013). It therefore appears unlikely that
IL-7 plays a role in the final stages of Treg differentiation in the
thymus. This conclusion is coherent with the observation that
mice deficient in IL-7 or its receptor do not develop
immunopathology (von Freeden-Jeffry et al., 1995).

To the best of our knowledge, the involvement of the y,
cytokines IL-9 and IL-21 in Treg development in the mouse
thymus has not been reported. In humans, IL-9 appears to
play a role in T cell-development, but involvement in Treg
differentiation was not investigated (De Smedt et al., 2000).
In vitro stimulation of non-regulatory thymocytes in presence
of TGF-B leads to Foxp3™* Treg differentiation in presence of
IL-2 or IL-15, but not of IL-4 nor of IL-21 (Caramalho et al.,
2015). Whereas very convincing evidence has been repor-
ted for a key-role for IL-2 and IL-15 in intrathymic Treg dif-
ferentiation, evidence that other y. cytokines are involved is
therefore currently lacking.

Thymic stromal lymphopoietin (TSLP) is an IL-7-related
cytokine, the receptor of which shares the IL-7Ra chain with
the receptor for IL-7. It was reported that human Hassall’s
corpuscles produce TSLP which activates thymic dendritic
cells to upregulate expression of CD80 and CD86. In vitro,
these dendritic cells then appeared to induce the differenti-
ation of Treg from thymocyte precursors (Hanabuchi et al.,
2010; Watanabe et al., 2005). Whereas IL-7 induces the
differentiation of murine Treg from CD4SP CD25Foxp3~
precursors, TSLP does not (Vang et al., 2008). Deficiency of
the IL-7Ra chain, and therefore in signaling through the
TSLP-R, leads to strongly reduced thymocyte numbers but
not to a specific Treg defect (Bayer et al., 2008). Durum and
colleagues argued that Treg development requires IL-7 or
TSLP mediated stimulation through IL-7Ra (Mazzucchelli
et al., 2008). However, it remains unclear why these authors
found normal absolute numbers of Treg in the thymus from
mice in which radioresistant thymic stromal cells did not
produce IL-7 (cf. ref. Shitara et al., 2013). Whereas in
humans TSLP may have an indirect role in the thymic gen-
eration of Treg, it appears therefore unlikely that TSLP plays
a role in this process in mice.

INVOLVEMENT OF TGF-B IN TREG DEVELOPMENT
IN THE THYMUS

Transforming growth factor-B (TGF-B) plays a central role in
the differentiation of conventional T cells into Treg in the
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periphery (“pTreg”) (Bilate and Lafaille, 2012). Treg that dif-
ferentiated as an independent lineage in the thymus (“tTreg”)
appear different from pTreg, e.g., in the methylation status of
their Foxp3 locus (Floess et al., 2007). Moreover, the Foxp3
locus contains at least one TGF-3 response element (i.e.,
CNS1) (Zheng et al.,, 2010). Even if CNS1 appears dis-
pensable for Treg development in the thymus, TGF- may
play a role in the thymic differentiation of Treg. This
hypothesis was investigated in mice in which TGF-8 medi-
ated signaling was perturbed. In TGF-$ deficient mice, Treg
differentiation in the thymus appeared normal (Fahlen et al.,
2005; Marie et al., 2005). Thymocytes deficient in expression
of the TGF-BRII also developed normally into Foxp3™ Treg
(Li et al., 2006; Marie et al., 2006). Nevertheless, TGF-3
appears to play an important role in thymic Treg differentia-
tion: In the first week of life of mice in which developing
thymocytes do not express the TGF-BRI, hardly any Treg
differentiate (Liu et al., 2008). However, these few Treg then
appear to be activated to proliferate in an IL-2 dependent

manner, which appears to explain the finding by several
groups of normal proportions of Treg in adult TGF- (sig-
naling)-deficient animals. It was subsequently suggested
that, rather than favoring Treg-differentiation, TGF- has an
anti-apoptotic effect on Treg (Ouyang et al., 2010). However,
mice in which the Tgfbr1 gene was inactivated in differenti-
ated Foxp3* Treg have normal numbers of these cells in the
thymus. The latter finding supports a role for TGF-§ in dif-
ferentiation rather than in survival of Treg (Konkel et al.,
2014). Interestingly, the involved TGF-B was apparently
produced by thymic macrophages, dendritic cells, and
epithelial cells in response to apoptosis of developing thy-
mocytes, which potentially explains why Treg develop later
than Tconv during ontogeny (Konkel et al., 2014). Other
mechanisms may modulate TGF-$ production in the thymus
and thus quantitatively influence tTreg differentiation.

In conclusion, substantial progress has been made in
deciphering the roles of IL-2 and IL-15 (and other cytokines)
in thymic differentiation of Treg (Fig. 1). The regulation of IL-2

Figure 1. A model for thymic development and selection of Treg. Rescue from programmed cell-death of probably common
Tconv/Treg precursors requires interaction of their TCR with MHC/peptide complexes expressed on the surface of cortical thymic
epithelial cells (cTEC) (a). The thus positively selected precursor-population undergoes a first wave of negative selection (i.e.,
induction of apoptosis) in the cortex, depleting it of cells specific for the “ubiquitous” antigens (UbAg) presented by cortical dendritic
cells (DC) (b). Surviving thymocytes upregulate CCR7 and CCR4 and migrate to the medulla (c) where precursors that recognize
MHC/self-peptide complexes with low affinity develop into fully mature Tconv (d). T cell-precursors that recognize MHC/self-peptide
complexes with higher affinity have three distinct destinies; become anergic, die by apoptosis, or differentiate into Treg. The latter
processes appear to especially concern cells specific for the peripheral-tissue restricted antigens (TRA) expressed by mTEC and
presented by mTEC or, upon transfer, by thymic DC. The signals, that determine which of the three distinct outcomes a given
autospecific T cell-precursor will adopt, remain incompletely identified, but the IL-2 produced by DC (e) and mTEC-derived IL-15

() drive precursors into the Treg lineage.
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bioavailability by peripheral Treg that recirculate back to the
thymus reveals a connection between peripheral immune
responses and thymocyte differentiation and offers a new
perspective on Treg function. Activated peripheral Treg,
therefore, not only control the homeostasis of the immune
system in the periphery, but also the development of new
Treg in the thymus. Studying the involvement of cytokines in
the development of Treg and other T cell-subsets will shed
light on modulation, by peripheral immune-responses, of T
cell differentiation and TCR-repertoire selection in the
thymus.
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