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Introduction

Summary

The CD4" CD25" regulatory population of T cells (Treg cells), which
expresses the forkhead family transcription factor (Foxp3), is the key
component of the peripheral tolerance mechanism that protects us from a
variety of autoimmune diseases. Experimental evidence shows that Treg
cells recognize a wide range of antigenic specificities with increased reac-
tivity to self antigens, although the affinity of these interactions remains
to be further defined. The Treg repertoire is highly diverse with a distinct
set of T-cell receptors (TCRs), and yet is overlapping to some extent with
the repertoire of conventional T cells (Tconv cells). The majority of Treg
cells are generated in the thymus. However, the role of the TCR specificity
in directing thymic precursors to become Treg or Tconv cells remains
unclear. On the one hand, the higher self reactivity of Treg cells and utili-
zation of different TCRs in Treg and Tconv repertoires suggest that in
TCR interactions an initial decision is made about the ‘suitability’ of a
developing thymocyte to become a Treg cell. On the other hand, as Treg
cells can recognize a wide range of foreign antigens, have a diverse TCR
repertoire, and show some degree of overlap with Tconv cells, the signals
through the TCR may be complementary to the TCR-independent process
that generates precursors of Treg cells. In this review, we discuss how dif-
ferent features of the Treg repertoire influence our understanding of Treg
specificities and the role of self reactivity in the generation of this popula-
tion.
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complexes (positive selection), ensuring the ability of the
immune system to respond to different pathogens in the

The basis of immune tolerance is associated with the
ability of the immune system to purge autoreactive T
cells in the thymus (central tolerance) and impose un-
responsiveness in the periphery (peripheral tolerance).
During thymic development of T cells, immature thymo-
cytes express a highly diverse repertoire of aff T-cell
receptors (TCRs), which is a critical factor in differentia-
tion and activation of T cells." Theoretically, the combi-
natorial and junctional diversity of TCRs is sufficient for
recognition of more antigens than the number of T cells
present at any time in an individual.> When TCRs and
major histocompatibility complex (MHC) molecules pre-
senting self antigens interact, this highly diverse set of
TCRs is shaped into a repertoire of TCRs that is devoid
of high-affinity autoreactive clones (negative selection)
but that can interact weakly with MHC/self-peptide

context of self MHC molecules."”* Unfortunately, some
autoreactive T cells escape thymic negative selection and
enter the periphery, where peripheral tolerance is imple-
mented by T-cell anergy, deletion or active suppression.’
Failure in the effectiveness of these processes leads to the
development of many autoimmune diseases. One of the
major components of peripheral tolerance is a suppres-
sion mechanism carried out by Treg cells.”” Although
Treg cells can be recruited to this lineage in the peri-
phery from conventional CD4" T cells (adaptive/induced
Treg cells), the majority of the Treg repertoire is gener-
ated during the normal process of maturation in the
thymus and plays a central role in the control of auto-
immunity.ﬁf11 In this review, we will focus on the TCR
repertoire of natural Treg cells that is shaped in the
thymus.
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The existence of an immunosuppressor subset within
the CD4" T-cell population was indicated by the rescue
of thymectomized rodents from developing autoimmune
disease by inoculation with the total T-cell population or
the CD4" T-cell subset.'”™"” Sakaguchi et al. proposed the
CD25 molecule [the interleukin (IL)-2 receptor o-chain]
to be a phenotypical marker of regulatory/suppressor
cells.'® CD4" CD25" T cells constitute 5-10% of peri-
pheral CD4" T cells in normal naive mice and humans,
and they are associated with inhibition of the effector
functions of autoreactive T cells.'®™'® However, the most
accurate definition of Treg cells came with identification
of the forkhead family transcription factor (Foxp3),
allowing more precise classification of the regulatory pop-
ulation.’”' Foxp3 does not act as a master switch for
Treg cell lineage commitment but rather stabilizes the
phenotype and suppressive function of anergic thymo-
cytes by altering the wide array of Treg cell-specific
genes.”> > Despite advances in our understanding of Treg
cell development and function, we still do not know how
these cells are generated and what the role of specificity
of the TCR is in diverting thymocytes into the conven-
tional or regulatory lineage of T cells.

Specificity of the Treg repertoire

At the basis of our understanding of Treg cell identity lies
the role of their TCR, which seems to be involved during
both the developmental and the functional phases of Treg
cells. The importance of the TCR is highlighted by the
fact that Treg cells do not develop spontaneously in
ofTCR transgenic mice deficient in recombination acti-
vating gene (RAG™7), and the number of thymocytes is
reduced in afTCR and BTCR transgenic mice, suggesting
that only certain TCRs can be responsible for Treg cell
thymic development.”®*” Also, both in vitro and in vivo
experiments show that activation of the suppressor func-
tions of Treg cells is TCR dependent and that this activa-
tion relies on recognition of a cognate antigen.”®”!
However, once activated, the Treg cells exhibit a TCR-
non-specific bystander suppression of other T cells.*
Indications that Treg cells may preferentially express
TCRs directed towards self antigens come from a few
sources. Neonatal thymectomy at around day 3 after
birth (d3tx) induces organ-specific autoimmune diseases
such as gastritis, thyroiditis, dacryoadenitis and oophori-
tis.”” > d3tx eliminates CD4* CD25" regulatory T cells
from the periphery; however, adoptive transfer of these
cells can rescue thymectomized mice from an auto-
immune phenotype, leading to the conclusion that this
population is involved in peripheral tolerance to self
antigens.'”® Experiments with double transgenic mice
for TCR and its ligand showed that high-affinity inter-
actions with a neo-autoantigen expressed on radio-resistant
cells in the thymus can induce TCR transgenic thymo-

TCR repertoire of regulatory T cells
cytes to undergo selection and to become Treg cells.”®?’
Similar observations were made in other TCR transgenic
systems where selection or conversion of regulatory T
cells was achieved by ectopic expression of cognate anti-
gen or by crossing transgenic TCR mice with mice
expressing a particular ligand.”*™*' Interestingly, thymo-
cytes expressing lower affinity TCR could not differentiate
into Treg cells in the presence of different levels of trans-
gene-encoded antigen, suggesting that a high-affinity
interaction is required for development of Treg cells.”’
Taken together, these findings form the basis for the
opinion that TCRs expressed on Treg cells can recognize
self antigens with high affinity and that these high-affin-
ity interactions are required for Treg cell lineage
commitment.

A competing view is that an increase in the size of
the Treg population is attributable not to instructive
selection of thymocytes by high-affinity antigens, but
rather to the ability of Foxp3-positive cells to resist neg-
ative selection coinciding with the massive deletion of
Tconv cells.**™** In experiments where a transgenic TCR
was confronted with different levels of expression of
tetracycline-induced neo-self antigen, the proportion of
Treg cells increased without a change in absolute num-
bers.*” Similar observations were made in other TCR
transgenic models with Aire-dependent ectopic expres-
sion of hen egg lysozyme under insulin promoter or
injection of ovalbumin (OVA) peptide-loaded dendritic
cells.**** The numbers of CD25" T cells in the thymus
did not change, although there was an efficient deletion
of TCR" CD25™ T cells, resulting in an increased pro-
portion of CD25" regulatory T cells.

The proposed intrinsic self reactivity of Treg cells is
also obscured by the fact that Treg cells can recognize
exogenous antigens derived from bacteria, viruses and
parasites, neo-antigens and allo-antigens, and can sup-
press graft versus host disease.””>> The ability of Treg
cells to control different types of immunity prompted
experiments to determine the contribution of self versus
non-self specificities within this population. Unfortu-
nately, Treg cells have an inherent inability to proliferate
upon TCR stimulation, making them difficult to study
in vitro. A temporal break of anergy is achieved by anti-
TCR stimulation in the presence of exogenous recombi-
nant IL-2.°%* A comparison of in vitro responses of
CD25" versus CD25~ CD4" T cells in the presence of
IL-2 and/or IL-15 showed that Treg cells can respond to
allogeneic, but not syngeneic, antigen-presenting cells
(APCs) in both mice and humans.”>™>®> However, when
limiting dilutions were used to compare the precursor
frequencies of self- and allo-specificities within Tconv and
Treg cells, the precursor frequency of self-specific TCRs
was found to be two to three times higher than the pre-
cursor frequency of allo-specific TCRs in the C57Bl/6
Treg repertoire.’® This suggested enrichment, but not
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dominance, of self-reactive specificities of Treg cells. To
directly address the specificity of the Treg cells in vivo
and in vitro, Hsieh et al. ‘disconnected’ the TCRs from
anergic parental Treg cells by retroviral transduction of
their TCRs into conventional CD4" T cells using TCRB
transgenic mice.”” These transductants proliferate more
rapidly than transductants expressing TCRs derived from
Tconv cells upon adoptive transfer into lymphopenic
hosts or in co-cultures with autologous APCs. Moreover,
when these TCRp transgenic mice were crossed with
Foxp3-deficient mice that are prone to autoimmunity, the
Treg and autoreactive Foxp3~ CD25" cells, but not the
Foxp3™ CD25" cells, expressed TCRs with overlapping
receptors.”® These results implied that Treg cells express
TCRs with increased affinity to self, higher than that
required for homeostatic expansion, and that these TCRs
overlap with TCRs expressed by pathogenic, self-reactive
T cells. Surprisingly, analysis of T-cell hybridomas derived
from Treg and Tconv cells bearing TCRs representing the
most dominant TCRs in each of the unmanipulated
populations did not reveal increased reactivity of Treg
cells towards self.”® Taken together, these results demon-
strate that the frequency of high-affinity, self-reactive
TCRs in the Treg population is very low, even if it is
higher than the frequency in Tconv cells. They also indi-
cate that further analysis is required to determine at what
levels of avidity this increased self reactivity of Treg cells
‘operates’ and how it correlates with the avidity range of
self reactivity of Tconv cells.

Diversity of the Treg repertoire

Treg cells are only a fraction of the whole CD4 T-cell
population and can respond not only to self but also to
foreign antigens, and this raises the question of how such
a small population can control so many different specific-
ities and how this diversity of TCRs is achieved.

Early analyses of afTCR diversity on CD4" CD25" T
cells showed that their repertoire is diverse, which contrasts
with the canonical or semi-diverse repertoires of TCRs
expressed on other minor thymic subpopulations of CD4"
T cells expressing natural killer cells antigen (NK1.1) or
being selected on CD1 molecules.””*® The comparison of
the usage of TCR variable region segments VP (and/or Vo)
on Tconv and Treg cells showed similar contributions of
variable subfamilies to the two subpopulations of T cells in
both mice and humans.”*>***°%¢! Further analysis of com-
plementarity-determining region 3 (CDR3) size distribu-
tion by spectratyping showed that the diversity of CDR3f3
was also very similar between CD4" CD25" and
CD4" CD25 T-cell subsets and that there was no skewing
of the CDR3p repertoire of CD4* CD25% T cells.®™®" The
conclusion drawn from these analyses was that the reper-
toire of Treg cells is very diverse. Unfortunately, the global
analysis of millions of different TCRs®*®® using only a

limited number of parameters based on TCRYV region usage
and/or CDR3 length distribution cannot determine the
identity of individual TCRs and can show differences only
when there is a clonotypic, oligoclonal response.®*®> A
more detailed approach to identify TCR repertoires is to
compare sequences of individual Tconv and Treg cells by
single-cell reverse transcription—polymerase chain reaction
(RT-PCR).>*%%%67 Such an analysis was performed in
mice expressing a transgenic TCRp and/or a miniature rep-
ertoire of TCRs in which all T cells express one TCRf chain
and various TCRa chains. Therefore, the CDR3a region
could be used as a molecular marker of individual T-cell
clones. The comparison of thymic and peripheral TCR rep-
ertoires of Tconv and Treg cells confirmed that both popu-
lations have very diverse TCR repertoires with a substantial
fraction of unique TCRs. As the thymic positive selection
of Tconv cells is very promiscuous, because of weak avidity
interactions between TCRs and self MHC/peptide com-
plexes, the high diversity of the Treg repertoire suggests a
similar promiscuity in the selection of Treg cells. This is
even more evident in ‘single-peptide’ mice, where MHC
class II molecules (A®) are loaded exclusively with one pep-
tide, covalently bound Ea52-68 (Ep, fragment of alpha
chain of class IT EY molecule) peptide (A°Ep mice) or class
II-associated invariant chain (CLIP) peptide (H2-DM-defi-
cient mice), but the diversity of Treg repertoires remains as
high as in Tconv cells.**®” This is consistent with a previ-
ous report that, in mice with a different diversity and level
of expression of the MHC class II/peptide complexes in the
thymus, the total number of selected Treg cells remains
proportional to the numbers of Tconv cells.>* Moreover, as
Tconv and Treg cells express distinct TCR repertoires, there
is a noticeable overlap, ranging from 10 to 42%. In mice
expressing a polyclonal population of self antigens on
MHC class II molecules (APwt) the overlap is estimated to
be approximately 10-20% (Morisita Horn index of 0-1—
0-2).°7°%% In ‘single-peptide’ mice, the estimated overlap
increases to 38% (AbEp mice) and 42% (H2-DM-deficient
mice).*>®” This correlation of increasing overlap with
decreasing diversity of selecting ligands suggests that selec-
tion and possibly commitment of the Treg cells in the thy-
mus is not directly linked (hardwired) to the high self
reactivity of TCRs. Another possibility is that selected TCRs
in ‘single-peptide’ mice are enriched in specificities towards
the MHC frame rather than a peptide.®® This would suggest
that shared TCRs between Tconv and Treg cells are
enriched in more promiscuous TCRs, which are character-
ized by shorter CDR3 lengths,’>®” as is characteristic for
cross-reactive TCRs.®® Nevertheless, the expression of dis-
tinct TCRs by Tconv and Treg cells might be a result of dif-
ferent selection niches of the two populations. In this
scenario, the increase in diversity of selecting ligands does
not increase the relative diversity of Treg versus Tconv cells
but rather allows selection/survival of TCR repertoires that
are more exclusive for each of the two lineages.
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Thymic localization of Treg lineage commitment

Development of Treg cells relies not only on signals
through the TCR, but also on cytokine signalling or
accessory molecules interacting with thymic stromal cells
[IL-2, CD28, CD40 and glucocorticoid-induced tumour
necrosis factor receptor (GITR)].*"7® This different
requirement for additional signals might be characterized
by different accessory cell types expressing MHC II mole-
cules or by different timing of self-antigen recognition. As
the selection of Treg cells occurs in the thymus with a
primary role for thymic epithelial cells,”®’* the spatial
and temporal localization of factors involved in this pro-
cess is of great importance to understanding how the
Treg repertoire is generated.

During thymic development, low-avidity TCR/MHC
interactions provide a survival signal to CD4" CD8" TCR"
thymocytes, whereas high-avidity interactions (coinciding
with the transition of thymocytes from the thymic cortex
to the medulla) lead to a deletion of potentially harmful
specificities. However, for Treg cells it was reported that,
when BALB/c mice were infected with mouse mammary
tumour virus (MMTV) SW, a subset of V[6-bearing
CD4" CD25" T cells appeared to be resistant to apoptosis
mediated by superantigens.”” A similar observation was
made for the C57Bl/6 background, where
VB5" CD4" CD25" T cells were roughly three times more
frequent than VB5" CD4" CD25 T cells,”® probably as a
result of endogenous expression of mammary tumour virus
locus 9 (Mtv-9).”® In contrast, when self antigen was
encoded by abundantly expressed covalent A®/peptide
complex (A’Ep63K), both regulatory and conventional thy-
mocytes bearing V14 TCRs were negatively selected. The
APEp63K complexes are expressed in both the thymic cor-
tex and the medulla, while expression of Mtv-9-encoded
superantigen was not found in the thymic cortex.”” As the
expression of MHC 1II on the thymic cortex was shown to
promote selection and differentiation of Treg cells,”® we
suggested that, while the CD4" CD25" Treg cells were first
detectable in the thymic medulla,® their functional com-
mitment must have occurred in the thymic cortex.”* More
extensive analysis of superantigen-mediated deletion of
thymocytes showed that superantigens can efficiently
induce deletion of Treg precursors from the thymic popu-
lation in DBA/2 mice, where both the thymic epithelium
and APCs of bone marrow origin are present.5 ¢ However,
when superantigens were present only on the thymic epi-
thelium, negative selection of Treg cells was impaired, and
enhanced development of Treg cells was observed.”” The
difference between C57Bl/6 and DBA/2 mice was attributed
to the difference in avidity strength between I-E%/superanti-
gen (high-avidity) and I-A"/superantigen (low-avidity),
suggesting that Treg cells with TCRs of low avidity to self
may escape negative selection. Moreover, expression of
cognate antigen on cortical epithelial cells may contribute

TCR repertoire of regulatory T cells

to positive selection of Treg cells.*” This conclusion is con-
sistent with previous findings that thymocytes that interact
with cognate self antigen presented on thymic epithelial
cells may become Treg cells.”*”® The importance of cortical
induction of Treg cells as a dominant mechanism of Treg
cell generation is also supported by experiments in CCR7-
deficient mice, which have impaired thymocyte trafficking
from the cortex to the medulla and in which mature T cells
are exported to the periphery directly from the cortex.®!

However, there is also published evidence supporting
the view that thymic commitment (or even positive selec-
tion) of Treg cells occurs in the thymic medulla. Most of
the Foxp3" thymocytes are found in the thymic medulla,
and, based on the tracking of Treg precursors within the
thymus during ontogeny, it has been proposed that sig-
nals associated with the medulla are responsible for com-
mitment to the Treg lineage.”>® Similarly, in humans it
has been proposed that Hassall's corpuscles instruct thy-
mic dendritic cells to induce expression of Foxp3 on
medium- to high-affinity, self-reactive T cells, leading to
the generation of Treg cells.*> Additionally, interaction
with a cognate antigen presented by a subset of Aire*
medullary thymic epithelial cells (mTECs) leads to the
differentiation of Foxp3"™ Treg cells in mice.** This last
conclusion relies on the access of developing thymocytes
to Aire" mTECs being limited; however, recently it has
been shown that Aire” mTECs undergo rapid turnover.®’
This ‘speedy’ apoptosis promotes cross-presentation of
the tissue antigens on other types of Aire-negative cells.
Interestingly, in Aire-deficient mice, where expression of
tissue-specific antigens is reduced, there is still efficient
maturation of Treg cells.*® Nevertheless, identification of
the CD25" Foxp3~™ population as precursors of
CD25" Foxp3" Treg cells argues in favour of medullary
conditioning of Treg precursors leading to induction of
Foxp3 expression.””®® The most recent study by Liston
et al. addresses the question of cortical versus medullary
commitment of Treg cells and concludes that the thymic
cortex is fully capable of supporting Treg cell differentia-
tion.*” However, these data do not exclude the possibility
that the thymic medulla also contributes to the process of
Treg cell selection.®

The contrasting conclusions from the experimental evi-
dence may be explained by the fact that Treg cells repre-
sent a set of T cells that reach their functional identity
through different thymic developmental pathways, includ-
ing even the MHC-independent pathway.”®

Implications for the model of Treg repertoire
selection

Our understanding of the requirements for the differenti-
ation of Treg cells and the shaping of their TCR reper-
toires has evolved with time, but unfortunately confusion
remains as to where, in the thymus, commitment to this
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lineage occurs and what the role of the TCR signal of a
particular strength is in this process. The vague descrip-
tion of self reactivity of Treg cells adds to the confusion.
TCRs on Treg cells have been described as recognizing
self ligands with high affinity, increased or moderate avid-
ity, avidity between positively and negatively selecting sig-
nals, a certain increased affinity range, or an overlap with
pathogenic autoreactive T cells. Also, in vitro data show
that, although cognate specificities of Treg cells can be
defined, it is very difficult to identify the range of self
reactivities, especially with respect to a lower limit, using
polyclonal TCR repertoires of Treg cells. Therefore we
cannot completely exclude the possibility that even TCRs
with weak affinities to self will be included in the Treg
repertoire. This uncertainty makes it difficult to define
the avidity range and its role in sequential processes lead-
ing to the selection of Treg cells.

Experiments with TCR transgenic mice suggest an
instructive model of Treg cell development where ‘higher’
avidity interactions with the selecting ligand drive the
lineage commitment of these cells.’®”™*' With this in
mind, a two-step model has been proposed that is rein-
forced by recent data, where the thymic selection of Treg
cells relies on TCR-dependent signals followed by TCR-
independent IL-2RB-signal transducer and activator of
transcription 5 (Stat5) signals.87’88’91 In this model, devel-
oping thymocytes with potentially autoreactive TCRs
receive signals upon recognition of self antigens, which in
turn up-regulates expression of the CD25 molecule. The
CD4" CD8™ CD25" Foxp3~ precursors of Treg cells are
then rescued by an IL-2 signal in the thymic medulla.
However, the contribution of medullary Foxp3™ precur-
sors to the Treg lineage competes with the cortical popu-
lation of CD4" CD8" Foxp3" CD69" CCR7" precursors
identified by Liston et al., where the cortex is sufficient to
generate Foxp3 thymocytes, and their medullary localiza-
tion is associated with rapid CCR7-dependent migration
following cortical induction of Foxp3.* Nevertheless, if
we assume sequential events in the two-step model, where
TCR instruction occurs prior to the second ‘survival/con-
ditioning’ signal, then we have to consider that a certain
‘cut-off avidity will define the separation between the
receptors used by Tconv and Treg cells. As TCRs with an
avidity below the negative selection signal are effectively
selected into the Tconv lineage, this cut-off avidity would
have to be quite close to negative selection to be able to
separate TCRs used by Tconv and Treg cells. One would
expect, in this case, a limited diversity of TCRs on Treg
cells with a dominant reactivity to self and avidity in a
range close to negative selection (Fig. la). However, that
is not the case as the diversity of the Treg repertoire is
huge, with a wide range of different specificities.

Alternatively, we can assume that the separating ‘cut-
off’ avidity represents avidity that is close to a positively
selecting signal. After all, every T cell has a TCR with

avidity to ‘self’ above the threshold for positive selection
(although not all T cells are autoreactive). This is evident
from the partial phosphorylation of a TCR-{ chain in
Tconv cells, which allows them to maintain their sensitiv-
ity to a low density of foreign peptides in the periphery.””
This partial phosphorylation is elevated in peripheral Treg
cells, suggesting that they exist in a partially activated
state.”> This partially activated state could be the conse-
quence of a requirement for a continuous homeostatic/
survival signal through the TCR to sustain responsiveness
of Treg cells to IL-2, as is the case for Tconv cells, which
require to sustain responsiveness to IL-7 (discussed in
Sprent & Cho).”* It would also be consistent with a
‘quantal theory’ where a summation of signals through
the TCR and IL-2R may determine distinct fates such as
positive selection (survival), the differentiation to Treg
cells (anergy), and negative selection (apoptosis).”> How-
ever, if we set our cut-off avidity close to positively select-
ing avidity, then it is no longer a ‘cut-off’ but rather is a
lower limit of the selection range for Treg cells that over-
laps substantially with a selection range used by Tconv
cells. This would also reduce the importance of ‘instruc-
tion” through a TCR-dependent signal and put the
emphasis on the functional status of precursors of Tconv
and Treg cells. In this case, the recognition of MHC/self-
peptide complexes would contribute to signals required
for Treg cells to survive in the thymus and periphery.
Even in the two-step model, if we change the timing of
TCR-dependent signals and assume that they coincide
with TCR-independent signals, then conceptually the
model is similar to that where precursors of Treg cells are
pre-committed and their functional status changes the
‘interpretation’ of the signal through the TCR.

The idea of pre-commitment of Treg precursors is sup-
ported by findings that the expression of Foxp3 can occur
in pre-selected CD4~ CD8™ thymocytes, where these cells
develop in the absence of trans-conditioning by
CD4" CD8" thymocytes.”® Also, thymocytes with ‘dis-
abled” Foxp3 expression appear anergic, demonstrating
that some of the key features of Treg cells are acquired
independently of Foxp3 expression and TCR specificity to
self antigens.23 97 Similarly, in humans, developing
CD4™ CD8" thymocytes express Foxp3 in the absence of
TCR-mediated signals.”® All this suggests the alternative,
stochastic-survival model as a selection process for the
majority of Treg cells (Fig. 1b). In this model, commit-
ment of Treg precursors (pre-Treg) occurs prior to thy-
mic selection by the TCR, based on the stochastic
process. The pre-Treg cells have a unique physiological
status and exist as a fraction of the cortical CD4" CD8"
or late double-negative thymocytes. This ensures that pre-
Treg cells have a chance to rearrange and test every possi-
ble TCR. These seeds of the TCR repertoires for both
Tconv and Treg populations might already be partially
differentiated, based on several TCR-dependent and
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Figure 1. Generation of specificities of the regulatory T (Treg) repertoire. (a) Commitment of Treg cells is driven by higher affinity interactions
between the T-cell receptor (TCR) and major histocompatibility complex (MHC)/self-peptide complexes. These interactions induce the Treg
phenotype and forkhead family transcription factor (Foxp3) expression and skew the specificity of the TCR repertoire towards self antigens. Con-
sequently, conventional T cells (Tconv cells) and Treg cells express different sets of TCRs that recognize non-self or self antigens, respectively.
The size of the sets of cognate specificities represents a number of different specificities, not the total number of cells. The distribution of TCR
specificities does not account for the clonal frequency of individual specificities. (b) Currently unknown mechanisms generate precursors of Treg
cells prior to the TCR selection. Treg precursors are subjected to TCR-dependent and -independent signals. Positive selection of both lineages
proceeds on the same pool of self ligands testing the unbiased distribution of TCRs. Both Tconv and Treg repertoires have cognate specificities
primarily directed to recognition of non-self antigens with small fractions of high-affinity self-reactive TCRs. (c) The functional status of pre-Treg
cells allows a separation of TCRs between Tconv and Treg cells in combination with different accessory signals [interleukin (IL)-2/IL-2R, CD28/
B7, CD40/CD40L and antigen-presenting cell (APC) types].

TCR-independent factors, including different proliferative
kinetics of precursors, accumulation of subthreshold posi-
tive selecting signals, last-minute rescue from death by
neglect, temporary arrest in the cell cycle or a currently
unknown signal(s) delivered upon contact of thymocytes
with other thymocytes or thymic stromal cells. The final
Treg repertoire can be enriched in self-reactive TCRs as a
result of increased resistance to negative selection, possi-

bly not influencing reactivity to ‘non-self. The proposed
Stat5-dependent signalling would contribute to the sur-
vival of thymic precursors, together with other accessory
signals coming from different cellular sources.””

The role of TCR-dependent signals may be comple-
mentary rather than dominant in the selection phase of
the process. This would also explain results obtained from
the analyses of ‘single-peptide’ mice, where a decrease in
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diversity of TCR-dependent signals (all MHC II molecules
occupied by one peptide) forces an increase in the overlap
of TCR repertoires between Tconv and Treg cells without
compromising the relative diversity of TCRs on both
populations. And finally, if we treat TCRs on Treg cells as
we treat TCRs on Tconv cells, meaning that every TCR
has dual specificity, to self and non-self, then it would
not be a surprise that Treg cells can recognize both self
and non-self antigens even if the self reactivity of Treg
cells is somewhat increased (Fig. 1).5°°
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