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Abstract CD25" CD4* T cells (TR) are a naturally arising subset of regulatory T cells
important for the preservation of self-tolerance and the prevention of autoimmunity.
Although there is substantial data that TCR specificity is important for Tr development
and function, relatively little is known about the antigen specificity of naturally arising
Tr. Here, we will review the available evidence regarding naturally arising TR TCR
specificity in the context of Tr development, function, and homeostasis.

1
Introduction

A fundamental finding regarding the significance of T cell receptor specificity
for the development of CD25" CD4" regulatory T cells (Tg) is that Ty are
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not observed in TCR transgenic mice lacking RAG genes (Hori et al. 2002;
Itoh et al. 1999, Olivares-Villagomes et al. 1998). The presence of functional
RAG genes does permit the development of CD25* Ty in TCR transgenic mice,
presumably via expression of endogenously rearranged TCR chains. Thelikely
explanation for the lack of CD25" T cell development in these monoclonal
TCR transgenic mice is that the transgenic CD4* TCRs reported so far most
likely originated from CD25" T cells. This is inferred from the well-known
inability of Tg to proliferate or produce IL-2 in response to TCR engagement in
vitro (Takahashi et al. 1998; Thornton and Shevach 1998), which would favor
the use of TCRs in these transgenic mice from CD257, and not CD25%, T cells
expanded after in vivo immunization and in vitro re-stimulation. Thus, these
data demonstrate that a particular TCR specificity is required to facilitate Tg
development.

In addition to affecting Tr development, TCR specificity likely controls Tg
function. In vitro studies using both polyclonal and TCR transgenic Tg clearly
show that activation through the TCR is required for suppression of CD25"
CD4* T cell proliferation via a contact-dependent mechanism (Takahashi
et al. 1998; Thornton and Shevach 1998). Similar in vivo studies have been
performed using Ty isolated from TCR transgenic mice (Apostolou et al.
2002; Walker et al. 2003a). In these experimental models, TCR transgenic Tg
encounter with its cognate peptide ligand can be conveniently controlled, with
the caveat that the transgenic TCR interaction with its cognate peptide may
be of higher affinity than those interactions involving naturally arising Tg
TCRs. Taken together, these data suggest that Tr may have antigen specificity
different from conventional CD25™ T cells, and that this TCR specificity is
required for their development and function. In this review, we will discuss the
currently available evidence for the antigen specificity of Tr and hypothesize
how this specificity may direct Tr development and dictate the activation of
Tr to suppress the immune response.

2
The Antigen Specificity of Naturally Arising Tg

The prevailing hypothesis regarding the TCR specificity of naturally arising
regulatory T cells is that they recognize self-antigen, and that this interaction
isimportant for Tr development and function to suppress autoimmunity. This
model was originally prompted by two studies in the 1990s that indirectly sug-
gested that naturally arising Ty recognize tissue-specific self-antigens. Initial
studies by Taguchi and colleagues suggested that the functional maintenance
of CD4* T cells capable of protection against prostatitis or oophoritis required
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the presence of the corresponding organ, as adoptive transfer of T cells from
male mice were more effective at preventing neonatal thymectomy-induced
autoimmune prostatitis than oophoritis, and vice versa for T cells from fe-
male mice (Taguchi et al. 1994). Studies from Mason’s group extended this
observation by demonstrating that ablation of the thyroid gland resulted in
the selective functional loss of T cells within the CD4* population capable
of preventing radiation-induced autoimmune thyroiditis, but not diabetes
(Seddon and Mason 1999). Curiously, thyroid ablation did not result in the
loss of protective thymic CD4* T cells. Although the CD4" T cell population
was not fractionated in these studies to ensure that the suppressing cells were
indeed CD25" Tg, these data support the hypothesis that tissue-specific anti-
gen recognition by Ty is necessary for their survival, development, and/or
expansion in the periphery, as the tissue-protective CD4* T cell population is
functionally lost in the absence of the target organs studied.

Studies of TCR transgenic models offer additional support for the hypoth-
esis that Tr may recognize self-antigen. These models rely on the expression
of the cognate ligand for the transgenic TCR as a neo-self-antigen driven by
another transgene (Jooss et al. 2001; Jordan et al. 2001; Walker et al. 2003a).
In one well-characterized model, a high level of peptide expression resulted
in the deletion of TCR transgenic T cells, whereas a moderate level resulted
in partial deletion, with the development of CD25" cells resembling Tx in
approximately 50% of the remaining cells (Jordan et al. 2001). Thus, these
data serve as a direct demonstration that regulatory T cells could develop due
to interactions with self-peptide:MHC complexes.

Where does this TCR interaction with antigen occur? Early reports sug-
gested that CD25™ T cells originate in the thymus, as animals thymectomized
at day 3 of life develop spontaneous autoimmunity which could be rescued
by the adoptive transfer of normal CD25* regulatory T cells (Sakaguchi et al.
1995). Thus, the development of autoreactive cells relative to Ty is favored
under the conditions of early thymectomy, and these observations suggested
that the cause of autoimmunity in day 3-thymectomized mice was the insuffi-
cient export of Tg from the thymus during the first few days ex utero. Further
work directly demonstrated that regulatory T cells are indeed generated in
the thymus, and that these thymic CD25* CD4" mature cells are capable of
suppressor function as revealed by adoptive transfer experiments (Itoh et al.
1999; Seddon and Mason 2000). Consistent with these earlier reports, it was
found in one of the TCR transgenic models described above that the expres-
sion of cognate peptide by radiation-resistant thymic stromal cells alone was
sufficient for the generation of CD25* TCR transgenic T cells in bone mar-
row chimera studies (Jordan et al. 2001). Development of CD25* T cells with
suppressor capabilities has also been observed in mice that express class II
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only on thymic epithelium and not bone marrow-derived cells (Bensinger et
al. 2001). Thus, these data form the current paradigm for T development,
which maintains that T develop due to an interaction with self-antigen in the
thymus at an avidity range between positive and negative selection (reviewed
in Maloy and Powrie 2001).

However, there are some data that suggest that a simple avidity threshold
model does not satisfactorily explain T development. For example, it has
been argued that regulatory T cell development depends on a high affinity
interaction between TCR and peptide:MHC class II complexes. This was sug-
gested based on the use of two transgenic TCRs with a 100-fold difference in
the sensitivity of the response to the cognate hemagglutinin (HA) peptide as
assessed by an in vitro proliferation assay (Jordan et al. 2001). As described
above, enhanced CD25% Ty development was observed in transgenic mice
expressing a higher affinity anti-HA TCR. In contrast, increased development
of CD25" T cells was not observed in mice co-expressing a lower-affinity
HA-specific transgenic TCR with several transgenic constructs driving vary-
ing levels of HA peptide expression, even though mild to marked deletion of
T cells expressing this lower-affinity TCR was observed in the double trans-
genic mice. Although it remains possible that the transgenic mice utilized
in this study were unable to express the HA-peptide at levels optimal for
development of Tr expressing this lower-affinity TCR, these data do suggest
that TCR engagement by a higher-affinity ligand may result in a qualitatively
different signal required for regulatory T cell development. Thus, these results
question a simple avidity model for Tr development.

Very recently, an alternative view of the role of TCR-ligand interactions
in Tg development has been offered by the Mathis and Benoist group (van
Santen et al. 2004). Using mice co-expressing a transgenic TCR (tgTCR) and
its cognate peptide ligand encoded by a tet-inducible transgene, these inves-
tigators observed increasing percentages of CD25" tgTCR* T cells in the thy-
mus corresponding to the level of the TCR ligand induced upon doxycycline
treatment. However, there was a relatively small increase in the absolute num-
bers of thymic CD25" T cells, despite their significantly elevated frequency.
This model implies that thymic Tr precursors are relatively insensitive to
deletion (Fig. 1), which may be due to previously reported up-regulation of
pro-survival factors, e.g., 0X40, GITR, TNF-RII (Gavin et al. 2002; McHugh et
al. 2002), and that the development of regulatory T cells is not instructed by
TCR signals, but is determined either stochastically or influenced by non-TCR
signals. Nevertheless, the existing data supporting this alternative stochastic-
selective model of Tr development, in our opinion, do not dispute an essential
role for TCR signaling in T development and cannot definitively rule out the
original instructive model.
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Fig.1 Models for the role of TCR signalsin regulatory T cell development in the thymus.
The “instructive” model (fop) suggests that regulatory T cell development results
from specific TCR signals due to encounter with self ligands, whereas the “stochastic
selective” model argues that regulatory T cell precursors develop due to stochastic
expression of non-TCR signals, or factors such as Foxp3, affecting regulatory T cell
commitment. Engagement of TCR by high-affinity ligands would result in a selective
increase in the frequency of regulatory versus non-regulatory T cells of the same
specificity due to preferential deletion of non-regulatory T cells upon encounter with
self-ligands. Regulatory T cells would be relatively resistant to deletion in this model.
However, a hybrid model based on “instructive” TCR signals for recruitment into the
Tr phenotype coupled with preferential “selection” or survival of CD25" T cells may
represent the most likely mechanism of thymic Tr development

3
Antigenic Specificity of Induced Regulatory T Cells

Our discussion so far has focused on studies addressing the role of TCR
specificity in regulatory T cells that arise naturally in the absence of immune
challenge. Other studies have examined the antigen specificity of regulatory
T cells elicited under inflammatory conditions. Such T cells have been de-
scribed as “adaptive” regulatory T cells (reviewed in Bluestone and Abbas
2003). These studies have added further support for an important functional
role of the recognition of self-antigens by Tg. For example, in a transgenic
model of diabetes elicited upon the induction of the pro-inflammatory cy-
tokine TNFa and co-stimulatory molecule CD80 in pancreatic islet j cells, it
was shown that as few as 2000 CD25" T cells isolated from the draining pan-
creatic lymph nodes were capable of delaying onset of diabetes upon adoptive
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transfer into a prediabetic host (Green et al. 2002). Thus, these suppressive
CD25" T cells appear to be elicited by the pro-inflammatory environment in
the pancreatic islets, although it is unknown whether these cells represent ex-
panded naturally arising Tr or CD25™ T cells converted into Tg. The putative
specificity of these T cells for islet cell antigen(s) is underscored by the fact that
adoptive transfer of tenfold higher numbers of CD25% T cells isolated from
non-pancreatic lymph nodes was unable to protect recipient mice from dia-
betes. It must be noted, however, that in addition to TCR specificity, potential
differences between the activated “adaptive” regulatory T cells in the draining
lymph nodes at the site of inflammation and the naturally arising CD25" Tg
found elsewhere, such as increased suppressor activity or different cytokine
and chemokine receptor profiles, could also account for these observations.

Other evidence for the existence of adaptive regulatory T cells specific
for self-antigens and their significant biological role comes from studies of
tumor immunity. Initial observations suggested that the presence of CD25"
regulatory T cells can diminish anti-tumor responses, but it was not clear
whether this effect was antigen-specific (Shimizu et al. 1999). Several re-
cent studies have suggested that adaptive CD25" T cells may suppress tumor
immunity by recognizing self-antigens. For example, CD25" T cells with sup-
pressor ability can be elicited by gene gun immunization with autoantigens
identified in the SEREX screen (Nishikawa et al. 2003). In another example,
human T cell clones with a phenotype resembling regulatory T cells were
isolated from tumor-infiltrating lymphocytes of melanoma patients (Wang et
al. 2004). Some of these clones were identified to be reactive to the self-protein
LAGEL. However, it also remains unclear in these experiments whether these
cells arose from naturally arising Tr or were elicited from the CD25™ T cell
population. Although the lineage relationship between naturally arising and
adaptive regulatory T cells has not been definitively addressed, these reports
on the self-reactivity of adaptive regulatory T cells are consistent with the
self-reactivity of naturally arising Tr described above.

4
The Paradox of Foreign Antigen Recognition by Regulatory T Cells

The above description of self-reactivity within the naturally arising regulatory
T cell population fits with the original identification of regulatory T cells as
a critical mechanism for the prevention of autoimmunity. However, it has
become increasingly evident that T play an important role in the regulation
of virtually allimmune responses. While initial studies focused on defining the
progression of a variety of autoimmune responses in the absence or presence
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of regulatory T cells, more recent studies have examined the role of Ty in the
regulation of immune responses to foreign antigens.

For example, it has been reported that infection of mice with Helicobacter
hepaticus results in the generation of both CD25% and CD25" cells capable of
producing IL-10 in response to bacterial antigens and suppressing Helicobac-
ter-induced inflammatory colitis (Kullberg et al. 2002). As in aforementioned
studies, it is not clear whether these IL-10-producing T cells originate from
naturally arising CD25" Ty or differentiate from the CD25" T cell population.
As Helicobacter is considered to be a commensal microorganism in immuno-
competent hosts, it is intriguing to hypothesize that gut flora may significantly
influence the TCR repertoire of “naturally arising” CD25* T cell populations
(as well as CD25~ populations) by facilitating selective expansion of Tx and
CD25™ T cell clones bearing TCR reactive to bacterial antigens. Along the
same line, studies of oral tolerance to foreign antigens have demonstrated
the ability to generate CD25" T cells with regulatory properties from CD25"
T cells (Thorstenson and Khoruts 2001).

Thus, a portion of the normal naturally arising regulatory CD25% T cell
population in the periphery may actually contain adaptive CD25* T cells pro-
duced upon interactions with foreign antigens. In support of this hypothesis,
several groups have reported in vitro generation of CD25* T cells with regu-
latory properties from peripheral CD25™ T cells in both human and murine
models (Chen et al. 2003; Nagler-Anderson et al. 2004; Walker et al. 2003b). In
the latter, TGF-f was shown to play an essential role in the “peripheral conver-
sion” of murine CD25~ T cells into CD25* T cells with regulatory properties
(Chen et al. 2003). Furthermore, von Boehmer’s group has also reported on
the generation of CD25* Ty from peripheral CD25~ TCR transgenic x RAG-
deficient T cells upon chronic provision of constant levels of the cognate
peptide antigen using an osmotic peptide pump as a delivery device (Apos-
tolou and von Boehmer 2004). Thus, these studies serve as a proof of principle
that under certain circumstances, such as high levels of TGF-f, CD25" regu-
latory T cells can arise from peripheral CD25~ T cells upon encounter with
their cognate antigen.

To complicate matters further, recognition of foreign antigen by the nat-
urally arising CD25% T cell population has also been demonstrated using
immunization with hapten 2,4-dinitrofluorobenzene, or infection with Can-
dida albicans or Leishmania major (Belkaid et al. 2002; Dubois et al. 2003;
Montagnoli et al. 2002). For example, adoptive transfer studies revealed that
the Leishmania-reactive CD25% T cells accumulating at the sites of infection
were derived primarily from the naturally arising CD25%, and not CD257,
donor T cells. In fact, it was observed that persistent immunologic memory
to Leishmania as well as Candida requires the presence of these adaptive Tg
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originating from the naturally arising Tr population, arguing for an impor-
tant biological role for regulatory T cells in the down-modulation of immune
responses to pathogens.

These reports describing reactivity to foreign antigens within the naturally
arising Tr population appear to be at odds with the prevalent paradigm of
Tr development commencing upon recognition of high-affinity self-antigens
in the thymus. One scenario that might account for both self- and foreign-
antigen reactivity of Tg would be that the TCR specificity requirements for Tr

Thymus Periphery

Mature
Precursor CD4* thymocytes

Maintenance or
expansion due to
self antigen recognition

Maintenance/expansion
dependent on
self antigen encounter

Peripheral conversion
due to encounter with ~
peripheral self antigen
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foreign antigen

Conventional CD25
T cell specific for
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Fig.2 Developmentof CD25* regulatory T cells. Potential TCR-ligand interactions that
may result in generation of CD25" T cells with regulatory properties in the thymus
(left) and in the periphery (right)
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development is analogous to conventional CD25~ T cell development, except
that Ty are simply positively selected based on higher-avidity interactions with
self-peptide:MHC class II complexes. A logical extension of this hypothesis
is that the Tgx TCR repertoire may be functionally as diverse as the CD25"
TCR repertoire, allowing for recognition of a wide variety of foreign antigens.
The available evidence regarding the diversity of the Tz TCR repertoire does
not exclude such a possibility, as it has been shown that Va and Vf usage is
similar between CD25" and CD25~ CD4" T cells (Takahashi et al. 1998). The
actual diversity of the Tr TCR repertoire, however, has not been extensively
studied until now (see below).

The possibility of a foreign antigen inducing peripheral conversion of
CD25™ T cells into CD25" regulatory T cells as well as stimulating the expan-
sion of naturally arising CD25* T cells may significantly complicate our view
of the development and function of naturally arising Tg (Fig. 2). Thus, it is
plausible that there may be several subsets within the peripheral Tg popula-
tion in regards to specificity of their TCR and their origin. Some peripheral
Tr may develop in the thymus as a result of increased avidity recognition of
self-antigen, whereas others may have been elicited from CD25" T cells under
special conditions, e.g., upon chronic exposure to a foreign or self-antigen
in the presence of TGF-p. Finally, thymically derived Tr expanded upon en-
counter with a high-affinity foreign or self-antigen might also be found within
the naturally arising Tr population. The relative size of each of these putative
subsets and their functional potential are, however, unknown.

5
Tr Appear to Have a Diverse TCR Repertoire
That Is Different from the CD25~ TCR Repertoire

To reconcile the findings suggesting that naturally arising regulatory T cells
display TCRs having an increased affinity for self-ligands with the observa-
tions suggesting that T TCRs may also recognize foreign antigens, our group
has recently attempted to compare the TCR repertoires displayed by T and
CD25~ CD4" T cells and to test whether the naturally arising Tr population
recognizes self-peptide:MHC class II complexes with greater avidity than
that of the CD25~ T cell population (Hsieh et al. 2004). To directly address
these issues, we have analyzed the naturally arising CD25" and CD25~ TCR
repertoires represented by variable TRAV14 (Va2) TCRa chains paired with
a fixed TCRf chain in TCRf transgenic mice. Importantly, T cells were se-
lected in these mice by a highly diverse wild-type array of peptide:MHC class
IT complexes. Based on the observations regarding CD25" Ty development
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in TCR transgenic mice with or without RAG expression discussed above,
we expected that individual randomly generated TCRa chains will facilitate
thymocyte differentiation into either the CD25% or CD25" subset.

Direct sequence analyses of the TCR repertoire represented by Va2 TCRa
chains paired with a fixed TCRf chain suggested that the Tr TCR repertoire is
diverse, similar to to the CD25" T cell subset (Hsieh et al. 2004). In agreement
with these results, a remarkable diversity in the Tg TCR repertoire has also
been observed using CDR3 spectra-typing analysis of human CD25" T cells
from peripheral blood (Kasow et al. 2004).

This diversity may explain the apparent ability of the naturally arising
regulatory T cell population to participate in regulation of immune responses
to pathogens such as Leishmania. Although Ty were shown to inhibit a steril-
izing immune response in the Leishmania infection model, thereby allowing
for the maintenance of functional “memory” T cells, these and other analo-
gous results provide insufficient support for the idea that the naturally arising
Tr population evolved to control infectious immunity. From a general per-
spective, the potential benefits of preserving a chronic low level infection to
maintain functional memory T cells over a sterilizing immune response to
pathogens are not immediately obvious. Furthermore, it is possible that Tg
involvement in responses to pathogens may be happenstance due to the di-
versity of the regulatory T cell receptor repertoire and the shared features of
inflammation associated with both chronic infection and autoimmunity.

6
A Large Proportion of Peripheral CD25* TCRs
Have Greater Self-Reactivity than CD25~ TCRs

The aforementioned paradigm of regulatory T cell development implies that
the CD25" and CD25™ TCR repertoires are different, as they are selected based
on a different avidity for self-antigen. Our sequencing analyses of the TCR
repertoire represented by a variable TRAV14 associated with a transgenic
TCRp chain is consistent with this prediction, as we find that there is an
overlap estimated at less than 25% between the TCRs isolated between both
subsets (Hsieh et al. 2004).

Although increased self-reactivity within the naturally arising regulatory
T cell population has been proposed at least a decade ago based on indi-
rect experimental approaches (Taguchi et al. 1994), definitive proof of this
hypothesis has been elusive. In vitro studies showed that regulatory T cell
recognition of endogenous self-peptide:MHC class IT complexes is incapable
of inducing suppressor function, and that additional TCR signal is required,
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e.g., by anti-TCR antibody or mitogen (Takahashi et al. 1998; Thornton and
Shevach, 1998). However, there is substantial concern regarding the extent
that established methods to assess Tr-mediated suppressor function in vitro
represent the physiologic situation in vivo. Thus, this in vitro finding does not
exclude the possibility that naturally arising Tg function based on recognition
of such self-antigen:MHC class II ligands in vivo. Other in vitro evidence in
support of CD25" T cell self-reactivity obtained by limiting dilution cloning
in the presence of syngeneic antigen-presenting cells is hard to interpret
because of the difficulty of assessing the cloning efficiency of T and the pos-
sible contamination of Tg population with activated T cells with up-regulated
CD25 expression (Romagnoli et al. 2002). Thus, these in vitro data neither
strongly support nor exclude the possibility that Tg recognize self-antigens
with greater avidity than CD25~ T cells.

Direct characterization of naturally arising Tgr interactions with self-
antigens in vivo has also proven difficult, primarily because for some time
the only available readout for Tr function in vivo was the prevention of
induced or spontaneous pathology. However, it was found independently by
several groups that TCR transgenic Tr that develop in the presence of the
TCR’s cognate peptide ligand encoded by another transgene can proliferate
in response to the same neo-self-antigen in vivo (Cozzo et al. 2003; Klein
et al. 2003; Walker et al. 2003a; Yamazaki et al. 2003). The proliferative
responses of adoptively transferred TCR transgenic Ty in these experimental
systems as assessed by dilution of CFSE fluorescence was strictly antigen-
specific.

Proliferation within the naturally arising polyclonal Tx populations has
also been described in vivo in CSFE dilution or BrDU-labeling experiments
(Fisson et al. 2003; Tang et al. 2003). Extrapolating the data described above
from TCR transgenic models to these data might suggest then, that naturally
arising regulatory T cells are proliferating because of their TCR self-reactivity.
However, it is not clear from these data what the precursor frequency of
the proliferating cells is. Moreover, the differing proliferative capacity of the
CD25* and CD25" T cell subsets may be explained by distinct properties
unrelated to TCR specificity, such as expression of chemokine receptors or
cytokine receptors such as IL-2R. This consideration makes interpretation of
these experiments complicated. Although the demonstration of an increased
basal level of proliferative turnover within the naturally arising CD25* T cell
population in normal animals is an interesting and important observation,
it can be considered only as circumstantial evidence for the self-reactivity of
the naturally arising regulatory T cell population.

We have recently addressed these caveats by directly testing whether Tg-
derived TCRs exhibit greater self-reactivity than TCRs derived from CD25"
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CD4* T cells (Hsieh et al. 2004). These TCRs were identified in our sequenc-
ing studies of TRAV14 TCR-« chain expressing CD25* and CD25~ CD4 T cells
isolated from TCRf chain transgenic mice. In these experiments, we retro-
virally transduced the corresponding TCRa chains into monoclonal CD25~
T cells that express the original transgenic TCRf chain and are specific for
a known foreign peptide antigen. Thus, the transfer of TCRa chains resulted
in the recreation of the TCRs from Tr or CD25~ CD4" T cells and allowed
for the meaningful comparison of TCR specificities between the subsets as
the intrinsic proliferative capacity and signaling properties of the recipient
cells are held constant. The extent and rate of expansion of Tg and CD25~
TCR-transduced T cells adoptively transferred into lymphopenic hosts were
used as the most sensitive in vivo readout for the reactivity of TCRs for self-
peptide:MHC class II complexes. Using this approach, we found that 40% of
the individually expressed Tr TCRs conferred the ability to rapidly expand
in vivo while none of the ten CD25~ CD4* TCRs tested did so. These data
therefore suggest that a large proportion of naturally arising Tgx TCRs rec-
ognize constitutively presented peripheral self-antigens with greater avidity
than CD25~ TCRs.

7
What Is the Tissue Distribution of Tg Target Self-Antigens?

We already discussed earlier studies suggesting that regulatory T cells need
to specifically recognize tissue-derived self-antigens for their survival and/or
functional activity in the periphery (Seddon and Mason 1999; Taguchi et al.
1994) and subsequent work supporting tissue specificity of Tg -mediated pro-
tection from autoimmunity (Green et al. 2002; Walker et al. 2003a). However,
the recognition of tissue-specific antigens by some Tg does not exclude the
recognition of ubiquitously presented self-antigens by others. Such recog-
nition is predicted by TCR transgenic models in which regulatory T cell
development is directed by a transgene driving expression of the cognate
antigen in a variety of tissues (Cozzo et al. 2003). Furthermore, the develop-
ment of regulatory T cells in H-2M-deficient mice, which express primarily
a single peptide-MHC class IT complex, CLIP:I-AP, or in mice expressing Ea
peptide covalently bound to I-A® molecules, strongly argues for the existence
of Tg recognizing ubiquitously presented self-peptides expressed in high copy
numbers (Bensinger et al. 2001; Pacholczyk et al. 2002). Our laboratory has
obtained analogous results (M. Gavin, J. Fontenot, and A.R., unpublished ob-
servations) in studies of previously described single-peptide mice (Barton et
al. 2002).
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Our aforementioned studies of the regulatory T cell receptor repertoire
formed by variable TRAV14 (Va2) TCRa chains and a fixed TCRf chain are
consistent with the existence of Tr specific for both tissue-specific and ubiq-
uitously expressed MHC class II-bound self-peptides. The latter notion is
supported by our observation that complex pools of CD25"- but not CD25"-
derived TCRs, conferred the ability of T cells to proliferate in vitro to autol-
ogous splenic APCs (Hsieh et al. 2004). When tested individually, however,
the proliferative response was observed upon expression of some but not all
CD25* TCRs. TCR recognition of these ligands also appeared to be peptide-
specific rather than peptide-promiscuous, as APCs with drastically skewed
repertoire of peptides bound to MHC class II molecules failed to induce
proliferative in vitro responses (Fig. 3). Thus, these data imply that T TCR
recognition is peptide-specific and a subset of naturally arising Tr recognizes
ubiquitously presented self-peptides with a sufficiently high affinity to be
detected in vitro.

On the other hand, T cells transduced with some CD25", but not CD25~
TCRs, were capable of inducing tissue-specific pathology, e.g., bronchiolitis
and lung perivasculitis identified histologically upon adoptive transfer of
these T cells into lymphopenic hosts (C.H. and A.R., unpublished observa-
tions). In preliminary experiments, we have also observed alveolitis induced
by adoptively transferred activated T cells transduced with a single CD25*
TCR. Although it is formally possible that organ-specific pathology, i.e.,
autoimmunity, in these experiments may result from reactivity of TCR with
ubiquitously expressed self-peptides, a more straightforward interpretation
of these observations is that some Tr TCR recognize tissue-specific antigens.

How might antigen specificity affect regulatory T cell development? Devel-
opment of tissue-specific regulatory T cells is likely to require an encounter
with the tissue-specific antigen in the thymus, as suggested by an experimen-
tal model where TCR transgenic T precursors recognize transgene-encoded
cognate antigen expressed in the thymus under the rat insulin promoter
(Walker et al. 2003a). Presumably, expression of these tissue-specific antigens
would be under the control of the AIRE gene. Although the numbers of natu-
rally arising CD25% CD4" regulatory T cells are normal in AIRE-deficient mice
(Anderson et al. 2002), detailed analysis of the effect of AIRE deficiency on
the specificity of regulatory T cells generated in the thymus and their ability
to suppress tissue-specific autoimmunity has not been reported. It is expected
that the putative tissue-specific Trx would expand and suppress local autoim-
mune responses upon antigen encounter in the draining lymph nodes and/or
peripheral tissues. It can also be hypothesized that the extent of Tr expan-
sion and suppression would correlate with the level of the corresponding self-
antigen presented, allowing for more suppression during periods of increased
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Fig. 3 Recognition of ubiquitous self-peptides displayed by autologous APCs in
a peptide-specific manner. Three different individual TRAV14 TCRa chains originally
isolated from CD25* Ty from TCli-f TCRf transgenic mice were retrovirally trans-
duced into TCli-af8 TCR transgenic RAG-deficient T cells to reconstitute the original
TCRs as described (Hsieh et al. 2004). TCR clones E21, E22, and E30 were isolated
from an in vitro-enriched TCR pool obtained by serial passage of T cells transduced
with TCRs from a CD25" -derived TCR library in the presence of irradiated autologous
splenocytes and IL-2. Retrovirally transduced T cells were rested over 14 days, and
then restimulated in the presence of irradiated APCs described below. Incorporation
of *H-thymidine was assessed between 48 and 72 h. T cells transduced with the three
individual TCRs or with a pool of TCR (positive control) proliferated, albeit to a dif-
fering degree, in response to syngeneic B6 splenic APCs. In contrast, TCli-a TCR
transgenic RAG-deficient T cells transduced with the empty vector (negative control)
failed to mount a significant proliferative response. The notion that some T may rec-
ognize ubiquitously expressed self peptides is supported by the observation that two
of three individual TCR responded to Ii-deficient APCs. In the absence of Ii, surface
expression of MHC class II molecules is decreased five- to tenfold, and they harbor
a significantly restricted repertoire of peptides derived primarily from proteins en-
dogenously synthesized by the APCs (Kovats et al. 1998). In contrast, none of the tested
TCR was able to recognize Ii x DM double-deficient APCs, which in comparison to
li-deficient APCs, exhibit a drastic reduction in diversity and expression level of class
II-bound self-peptides, but maintain the same overall surface MHC class II expression.
Similarly, no response was observed to APCs from previously characterized Ea-dbl°,
Rab-dbl°, and CD22-dbl® mice. These single-peptide APCs display wild-type levels of
surface MHC class II molecules bound almost exclusively with a single peptide derived
from I-Ea, Rab5, or CD22 proteins (Barton et al. 2002)
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self-antigen expression or availability, and less suppression during periods of
decreased self-antigen expression, permitting tunable suppression of inflam-
mation associated with infection and autoimmunity. Thus, self-recognition
would serve as a sensor for a cell-extrinsic negative feedback loop in which
regulatory T cells would protect small areas of the body against inadvertent
immune responses to excessively presented self-antigens. In a situation of
increased efficiency of self-antigen presentation due to infection-associated
tissue damage, concurrent innate immune activation via TLR signals induced
by microbial ligands during acute infection has been proposed to permit initi-
ation of the adaptive immune response by abrogating or rendering resistance
to Tr-mediated suppression (Pasare and Medzhitov 2003). However, we would
predict that down-modulation of TLR signals during chronic infection would
allow Ty to effectively limit inflammation, as discussed above.

In contrast to tissue-specific regulatory T cells, the potential biological role
of Tg recognizing ubiquitously presented antigen appears less obvious. In this
regard, we would like to put forward a hypothesis that these T cells make up
a significant portion, if not the majority, of the Tr population and provide
basal protection against relatively weak low-affinity autoimmune responses of
abroad specificity, but cannot efficiently protect from autoimmunity mediated
by high-affinity tissue-specific effector T cells. A related intriguing notion is
that perhaps these Ty act to preserve tolerance to ubiquitous antigens, such
as nuclear antigens potentially involved in systemic lupus erythematosus.

In conclusion, it has become evident that the antigen specificity of nat-
urally arising regulatory T cells is very complex, as their TCR repertoire is
arguably as diverse as that of CD25" T cells. The naturally arising regulatory
T cell population found in the periphery is likely largely comprised of the
classic, thymus-derived Ty with an increased avidity for self peptide:MHC
class II complexes. However, a number of peripheral Tr may also be gener-
ated upon repeated or chronic encounters with foreign antigens, such as orally
derived or inhaled antigens, as well as commensal non-pathogenic microbes,
or self-antigens. These subsets of naturally arising Tr with different antigen
specificities for self- or non-self-antigens may then serve to prevent unnec-
essary tissue damage associated with autoimmunity or chronic infection.
Nevertheless, it is clear that there is still much to learn regarding regulatory
T cell antigen specificity and its impact on the development, peripheral sur-
vival and expansion, and suppressive function mediated by this T cell subset,
which is critically important for the maintenance of immune homeostasis.
Development of transgenic mice expressing Tr-derived TCR and identifica-
tion of their foreign and self-peptide ligands will be necessary to further our
understanding of the role of TCR-ligand interactions in the development and
function of naturally arising regulatory T cells.



40 C.-S. Hsieh - A. Y. Rudensky

Acknowledgements The authors are supported by grants from the National Institutes of
Health (C.H. and A.R.), the Howard Hughes Medical Institute (A.R.), and the Arthritis
Foundation/American College of Rheumatology (C.H.).

References

Anderson MS, Venanzi ES, Klein L, Chen Z, Berzins SP, Turley SJ, von Boehmer H,
Bronson R, Dierich A, Benoist C, Mathis D (2002) Projection of an immunological
self shadow within the thymus by the Aire protein. Science 298:1395-1401

Apostolou I, Sarukhan A, Klein L, von Boehmer H (2002) Origin of regulatory T cells
with known specificity for antigen. Nat Immunol 3:756-763

Apostolou I, von Boehmer H (2004) In vivo instruction of suppressor commitment in
naive T cells. ] Exp Med 199:1401-1408

Barton GM, Beers C, deRoos P, Eastman SR, Gomez ME, Forbush KA, Rudensky AY
(2002) Positive selection of self-MHC-reactive T cells by individual peptide-MHC
class IT complexes. Proc Nat Acad Sci U S A 99:6937-6942

Belkaid Y, Piccirillo CA, Mendez S, Shevach EM, Sacks DL (2002) CD4+ CD25+ regula-
tory T cells control Leishmania major persistence and immunity. Nature 420:502-
507

Bensinger SJ, Bandeira A, Jordan MS, Caton AJ, Laufer TM (2001) Major histocompat-
ibility complex class II-positive cortical epithelium mediates the selection of CD4+
CD25+ immunoregulatory T cells. ] Exp Med 194:427-438

Bluestone JA, Abbas AK (2003) Natural versus adaptive regulatory T cells. Nat Rev
Immunol 3:253-257

Chen W, Jin W, Hardegen N, Lei, K-J, Li L, Marinos N, McGrady G, Wahl SM (2003)
Conversion of peripheral CD4+ CD25- naive T cells to CD4+ CD25+ regulatory
T cells by TGF-beta induction of transcription factor Foxp3. ] Exp Med 198:1875-
1886

Cozzo C, Larkin III ], Caton AJ (2003) Cutting edge: self-peptides drive the peripheral
expansion of CD4+ CD25+ regulatory T cells. ] Immunol 171:5678-5682

Dubois B, Chapat L, Goubier A, Papiernik M, Nicolas J-F, Kaiserlian D (2003) Innate
CD4+ CD25+ regulatory T cells are required for oral tolerance and inhibition of
CD8+ T cells mediating skin inflammation. Blood 102:3295-3301

Fisson S, Darrasee-Jeze G, Litvinova E, Septier F, Klatzmann D, Liblau R, Salomon BL
(2003) Continuous activation of autoreactive CD4+ CD25+ regulatory T cells in the
steady state. ] Exp Med 198:737-746

Gavin MA, Clarke SR, Negrou E, Gallegos A, Rudensky A (2002) Homeostasis and
anergy of CD4+CD25+ suppressor T cells in vivo. Nat Immunol 3:33-41

Green EA, Choi Y, Flavell RA (2002) Pancreatic lymph node-derived CD4+ CD25+ Treg
Cells: highly potent regulators of diabetes that require TRANCE-RANK signals.
Immunity 16:183-191

Hori S, Haury M, Coutinho A, Demengeot ] (2002) Specificity requirements for se-
lection and effector functions of CD25+4+ regulatory T cells in anti-myelin basic
protein T cell receptor transgenic mice. Proc Nat Acad Sci U S A 99:8213-8218



The TCR Specificity of Tr 41

Hsieh C-S, Liang Y, Tyznik AJ, Self SG, Liggitt D, Rudensky AY (2004) Recognition of
the peripheral self by naturally arising CD25+ CD4+ T cell receptors. Immunity
21:267-277

Itoh M, Takahashi T, Sakaguchi N, Kuniyasu Y, Shimizu ], Otsuka F, Sakaguchi S (1999)
Thymus and autoimmunity: production of CD25+ CD4+ naturally anergic and
suppressive T cells as a key function of the thymus in maintaining immunologic
self-tolerance. ] Immunol 162:5317-5326

Jooss K, Gjata B, Danos O, von Boehmer H, Sarukhan A (2001) Regulatory function of
in vivo anergized CD4+ T cells. Proc Nat Acad Sci U S A 98:8738-8743

Jordan MS, Boesteanu A, Petrone AL, Holenbeck AE, Lerman MA, Naji A, Caton AJ
(2001) Thymic selection of CD4+ CD25+ regulatory T cells induced by an agonist
self-peptide. Nat Immunol 2:301-306

Kasow KA, Chen X, Knowles J, Wichlan D, Handgretinger R, Riberdy JM (2004) Human
CD4+ CD25+ regulatory T cells share equally complex and comparable repertoires
with CD4+ CD25- counterparts. ] Immunol 172:6123-6128

Klein L, Khazaie K, von Boehmer H (2003) In vivo dynamics of antigen-specific
regulatory T cells not predicted from behavior in vitro. Proc Nat Acad Sci U S A
100:8886-8891

Kovats S, Grubin CE, Eastman SE, deRoos P, Dongre A, Van Kaer L, Rudensky AY (1998)
Invariant chain-independent function of H-2M in the formation of endogenous
peptide-major histocompatibility complex class II complexes in vivo. ] Exp Med
187:245-251

Kullberg MC, Jankovic D, Gorelick PL, Caspar P, Letterio JJ, Cheever AW, Sher A
(2002) Bacteria-triggered CD4+ T regulatory cells suppress Helicobacter hepaticus-
induced colitis. ] Exp Med 196:505-515

Maloy KJ, Powrie, F (2001) Regulatory T cells in the control of immune pathology. Nat
Immunol 2:816-822

McHugh RS, Whitters M]J, Piccirillo CA, Young DA, Shevach EM, Collins M, Byrne MC
(2002) CD4+ CD25+ Immunoregulatory T cells: gene expression analysis reveals
a functional role for the glucocorticoid-induced TNF receptor. Immunity 16:311-
323

Montagnoli C, Bacci A, Bozza S, Gaziano R, Mosci P, Sharpe AH, Romani, L (2002)
B7/CD28-dependent CD4+ CD25+ regulatory T cells are essential components of
the memory-protective immunity to Candida albicans. ] Immunol 169:6298-6308

Nagler-Anderson C, Bhan AK, Podolsky DK, Terhorst C (2004) Control freaks: immune
regulatory cells. Nat Immunol 5:119-122

Nishikawa H, Kato T, Tanida K, Hiasa A, Tawara I, Ikeda H, Ikarashi Y, Wakasugi H,
Kronenberg M, Nakayama T et al (2003) CD4+ CD25+ T cells responding to sero-
logically defined autoantigens suppress antitumor immune responses. Proc Nat
Acad Sci U S A 100:10902-10906

Olivares-Villagomez D, Wang Y, Lafaille JJ (1998) Regulatory CD4" T cells expressing
endogenous T cell receptor chains protect myelin basic protein-specific transgenic
mice from spontaneous autoimmune encephalomyelitis. ] Exp Med 188:1883-1894

Pacholczyk P, Kraj P, Ignatowicz L (2002) Peptide specificity of thymic selection of
CD4+ CD25+ T cells. ] Immunol 168:613-620

Pasare C, Medzhitov R (2003) Toll pathway-dependent blockade of CD4+ CD25+
T cell-mediated suppression by dendritic cells. Science 299:1033-1036



42 C.-S. Hsieh - A. Y. Rudensky

Romagnoli P, Hudrisier D, van Meerwijk JPM (2002) Preferential recognition of self
antigens despite normal thymic deletion of CD4+ CD25+ regulatory T cells. ] Im-
munol 168:1644-1648

Sakaguchi S, SakaguchiN, Asano M, Itoh M, Toda M (1995) Immunologic self-tolerance
maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25).
J Immunol 155:1151-1164

Seddon B, Mason D (1999) Regulatory T cells in the control of autoimmunity: the
essential role of transforming growth factor beta and interleukin 4 in the prevention
of autoimmune thyroiditis in rats by peripheral CD4+ CD45RC- cells and CD4+
CD8- thymocytes. ] Exp Med 189:279-288

Seddon B, Mason D (2000) The third function of the thymus. Immunol Today 21:95-99

Shimizu J, Yamazaki S, Sakaguchi S (1999) Induction of tumor immunity by removing
CD25+CD4+ T cells: a common basis between tumor immunity and autoimmunity.
J Immunol 163:5211-5218

Taguchi O, Kontani K, Tkeda H, Kezuka T, Takeuchi M, Takahashi T (1994) Tissue-
specific suppressor T cells involved in self-tolerance are activated extrathymically
by self-antigens. Immunology 82:365-369

Takahashi T, Kuniyasu Y, Toda M, Sakaguchi N, Itoh M, Iwata M, Shimizu J, Sakaguchi
S (1998) Immunologic self-tolerance maintained by CD25+ CD4+ naturally aner-
gic and suppressive T cells: induction of autoimmune disease by breaking their
anergic/suppressive state. Int Immunol 10:1969-1980

Tang Q, Henriksen KJ, Boden EK, Tooley A], Ye ], Subudhi SK, Zheng XX, Strom TB,
Bluestone JA (2003) Cutting edge: CD28 controls peripheral homeostasis of CD4+
CD25+ regulatory T cells. ] Immunol 171:3348-3352

Thornton AM, Shevach EM (1998) CD4+CD25+ immunoregulatory T cells suppress
polyclonal T cell activation in vitro by inhibiting interleukin 2 production. J Exp
Med 188:287-296

Thorstenson KM, Khoruts A (2001) Generation of anergic and potentially immunoreg-
ulatory CD25+ CD4 T cells in vivo after induction of peripheral tolerance with
intravenous or oral antigen. ] Immunol 167:188-195

van Santen H-M, Benoist C, Mathis D (2004) Number of T reg cells that differentiate
does not increase upon encounter of agonist ligand on thymic epithelial cells. ] Exp
Med 200:1221-1230

Walker LS, Chodos A, Eggena M, Dooms H, Abbas AK (2003a) Antigen-dependent
proliferation of CD4+ CD25+ regulatory T cells in vivo. ] Exp Med 198:249-258

Walker MR, Kasprowicz DJ, Gersuk VH, Benard A, Van Landeghen M, Buckner JH,
Ziegler SF (2003b) Induction of Foxp3 and acquisition of T regulatory activity by
stimulated human CD4+ CD25- T cells. J Clin Invest 112:1437-1443

Wang HY, Lee DA, Peng G, Guo Z, Li Y, Kiniwa Y, Shevach EM, Wang R-F (2004)
Tumor-specific human CD4+ regulatory T cells and their ligands: implications for
immunotherapy. Immunity 20:107-118

Yamazaki S, Iyoda T, Tarbell K, Olson K, Velinzon K, Inaba K, Steinman RM (2003) Di-
rect expansion of functional CD25+ CD4+ regulatory T cells by antigen-processing
dendritic cells. ] Exp Med 198:235-247





