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INTRODUCTION

A hallmark of the adaptive immune system is
the generation of diverse immune receptors
for the anticipated encounter with rapidly
evolving pathogens. This powerful strategy for
host defense brings considerable challenges,
however. Because T cell receptors (T'CRs)
are selected by highly diverse endogenous
ligands, i.e., self-peptide-MHC complexes,
potentially pathogenic autoreactive T cells
can be generated. The adaptive immune
system must refrain from mounting deleterious
responses against self, food antigens, com-
mensal microorganisms, and environmental
antigens, which may or may not shape the
TCR repertoire in the thymus. Furthermore,
the restraint of immune responses against
pathogens is essential to spare the host from
excessive damage to its own tissues.

Negative selection of self-reactive T cells
in the thymus leads to elimination or inac-
tivation of self-reactive T cell clones and is
likely responsible for neutralization of most
high-affinity T cells recognizing self (see for
review Reference 1). In the periphery, chronic
engagement of T'CRs by self antigens induces
anergy. Peripheral tolerance is also reinforced
by the requirement of simultaneous engage-
ment of TCRs by a cognate peptide-MHC
complex and the T cell costimulatory receptor
CD28 by CD80 and CD86 (2). CD80 and
CD86 are induced on antigen-presenting cells
(APCs) upon the activation of innate immune
receptors directly in response to microbial or
viral products or through sensors of metabolic
changes invoked by microorganisms.

Mechanisms of tolerance, operating in
a cell-intrinsic manner, and the two-signal
requirement for the induction of a produc-
tive immune response appear insufficient to
counter the threat of immune-mediated pathol-
ogy without a specialized subset of T cells
acting in #rans to restrain pathogenic immune
responses. The initial evidence in support of
thymic generation of cells that can mediate
immune tolerance through the suppression of
other cells came from neonatal thymectomy
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experiments  performed by  Nishizuka,
Sakaguchi, and others (3-6) and from
studies of transplantation tolerance in chicken-
quail chimeras and in mice performed by Le
Douarin and colleagues (7). In mice, neonatal
thymectomy performed between two and four
days of life resulted in T cell-mediated tissue
inflammation, which was prevented upon
adoptive transfer of thymocytes or splenocytes
from adult euthymic mice (3—6). These experi-
ments showed that a T cell subset generated in
the mouse thymus after three days of life can
prevent autoimmunity.

In another line of experimentation,
chicken-quail chimera studies demonstrated
that grafted thymic epithelium (TE) is re-
sponsible for xenograft tolerance (7). In this
experimental system, thymectomized chicken
embryos receive TE grafts from quail embryos
before hematopoietic colonization of the
thymus occurs, resulting in differentiation
and selection of recipient (chicken) T cells in
response to antigens presented on donor (quail)
TE cells. The resulting T cells are immuno-
logically competent—capable of rejecting
third-party grafts—but are tolerized against
grafts of TE donor (quail) origin. Similar
allogeneic TE transplantation experiments in
mice also demonstrated that complete clonal
deletion of alloreactive (TE donor-reactive) T
cells was not necessary for inducing tolerance to
allogeneic tissue grafts (8) and implicated a pop-
ulation of thymus-derived cells in suppression
of alloreactive T cells. Additional experiments,
in which decreasing numbers of graft-tolerized
T cells were transferred into athymic nude
mice, showed reduced or abrogated tolerance
to grafts with diminished cell numbers. These
observations suggested that tolerant TE
chimeras contain both graft-reactive effector T
cells and a less abundant, limiting population
of suppressive T cells capable of preventing
graft rejection (9). Based on this series of
studies, Le Douarin and colleagues concluded
that “tolerance to self results at least in part
from the interplay between cells potentially
harmful for self component and others which
exert a strong control on their reactivity. The
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latter cell type depends upon interactions of
thymocytes with the endodermal component
of the thymus” (10, p. 49). In addition to these
autoimmunity and transplant tolerance studies,
other experiments revealed the suppressive
function of a subset of CD4" T cells with
these
experiments employed cotransfers of these
cells with naive colitogenic CD45RBhghCD4+
T cells into athymic rats or SCID mice (11,
12). The amelioration of colitis observed in
these early studies suggested that, in addition

an antigen-experienced phenotype;

to control of immune responses to self and
transplantation antigens, suppressive CD4+
T cells might also limit responses to dietary
antigens and the gut-resident microbiota.

A culmination of this early work came
in 1995, when a subset of CD4" T cells
constitutively expressing high amounts of the
interleukin (IL)-2 receptor «-chain (CD25)
was identified. These cells, termed regulatory
T cells or Treg cells, were highly enriched in
suppressor activity (13). Treg cells were able
to prevent autoimmunity upon transfer into
day-3 thymectomized mice and, in various
other experimental models of autoimmunity,
inhibit transplant rejection and thwart tumor
immunity (reviewed in 14, 15). The presence
of a subset of CD257CD4" single-positive
(SP) thymocytes with suppressive activity in
the thymus (6) indicated that CD25% Treg
cells differentiate in the thymus. Although
identification of CD25 as a marker of Treg
cells allowed for the functional analyses of
these cells following their isolation from non-
immune animals, its utility was limited because
of the upregulation of CD25 in all activated
T cells. The inability to discriminate between
tolerance- and inflammation-promoting cells
during the immune response impeded fur-
ther understanding of dominant tolerance,
especially its mechanistic aspects. Moreover,
it was proposed that CD25-expressing Treg
cells represented a state of activation of con-
ventional CD4 T cells and that CD25*CD4*
downmodulation of immune responses occurs
because of competition for IL-2.

FOXP3 ORCHESTRATES
DOMINANT TOLERANCE

The recent insights into the biology of
Treg cells were facilitated largely by the
identification and study of mutations in the
X-chromosome encoded transcription factor
Foxp3 in mice and in human IPEX (immune
dysregulation, polyendocrinopathy, enteropa-
thy, X-linked) syndrome patients (16-19). Mice
and humans with a loss-of-function mutation
in the Foxp3 gene are afflicted with a fatal,
early-onset, T' cell-dependent, lymphoprolif-
erative, immune-mediated disorder manifested
by diabetes, thyroiditis, hemolytic anemia,
hyper-IgE syndrome, exfoliative dermatitis,
splenomegaly, lymphadenopathy, and cytokine
storm (as reviewed in 20). Importantly, the
disease affects only hemizygous mutant males
and not heterozygous female carriers of Foxp3
mutations. The latter remain healthy because
of random X-chromosome inactivation, which
ensures that some T cells express a wild-type
Foxp3 allele (21). These cells then keep in
check pathogenic T cells with a mutant Foxp3
allele, which is consistent with suppression
occurring in #rans, if one assumes the likely
case that Foxp3 mutations do not affect random
X-chromosome inactivation in T cells. Indeed,
this assumption was confirmed by analysis of
Foxp3 reporter mice (22, 23).

On the basis of these considerations, three
laboratories assessed the expression of Foxp3
in mouse CD257CD4% Treg cells. These
studies in mice revealed stable expression of
high amounts of Foxp3 in mouse CD25*CD4*
Treg cells, but not in naive CD25-CD4+ T
cells or in activated CD4" T cells (24-26). T
cells in Foxp3 mutant mice become activated
within a few days of birth, whereas the numbers
of CD25*CD4" thymocytes are markedly
reduced (25, 26). Although these experiments
were consistent with the notion that Foxp3
is required for differentiation of Treg cells,
early-onset autoimmune disease complicated
interpretation of these observations. However,
additional evidence of a critical role for Foxp3
in the differentiation of Treg cells came from
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analysis of CD257CD4" T cell populations
in the thymus and peripheral lymphoid organs
of mixed bone marrow chimeras generated
upon transfer of Foxp3-deficient and allelically
marked wild-type bone marrow into T cell-
deficient mice. The recipient mice were free
of lymphoproliferative disease and immune-
mediated tissue lesions, and CD25" Treg cells
were generated only from Foxp3-sufficient,
but not -deficient precursor cells (26), demon-
strating an absolute requirement for Foxp3
in Treg cell differentiation in the thymus. In
addition, retroviral transfer of the Foxp3 gene
into activated peripheral CD25-CD4* T cells
confers suppressor function and Treg cell
surface phenotype (24, 26). In mice, expression
of a Foxp3 transgene facilitated suppressor
activity of CD8 T cells (25). The level of Foxp3
protein expression in Treg cells is critical for
suppressor function, given that experimentally
induced reduction in Foxp3 amounts resulted
in impaired suppressor function (27). Further-
more, sustained Foxp3 expression in mature
Treg cells is necessary for maintenance of the
Treg cell phenotype and suppressor function.
Cre-mediated ablation of a conditional Foxp3
allele in mature Treg cells results in a loss over
time of suppressor function and characteristic
Treg cell surface markers and acquisition of
effector T cell properties including production
of immune response—promoting cytokines
IL-2, IL-4, IL-17, and IFN-y (28). Together,
these studies showed that Foxp3 is essential
for Treg cell differentiation and suppressor
function and defines the Treg cell lineage.

THE INDISPENSABLE ROLE
OF TREG CELLS IN
IMMUNE HOMEOSTASIS

Analysis of Foxp3 reporter mice expressing GFP
or RFP coding sequences under control of the
Foxp3 locus revealed that Foxp3 protein ex-
pression is limited to a subset of CD4 T cells
(22, 29-31). In addition to the CD25MCD4+
T cell subset, some CD4" T cells with a low
level of CD25 or lacking CD25 express Foxp3
(22). The potent suppressive capacity of both
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CD25" and CD25  Foxp3* T cell subsets sup-
ports a dedicated function of Foxp3 in Treg cell
differentiation.

Several lines of experimentation provide
proof that the lack of Treg cells is the cause of
fatal autoimmunity resulting from Foxp3 de-
ficiency. First, adoptive transfers of Treg cells
rescue neonatal Foxp3-deficient mice from the
disease (26). Second, mice subjected to either
the T cell-specific or germ-line ablation of the
Foxp3 gene are indistinguishable in the pro-
gression and severity of the autoimmune lesions
(22). Furthermore, deletion of a conditional
Foxp3 allele in thymic epithelial cells or den-
dritic cells, which shape the repertoire of de-
veloping T cell precursors, did not result in any
discernible immune dysregulation or alteration
in T cell differentiation (32; L.M.Williams &
A.Y. Rudensky, unpublished observations). Ad-
ditionally, ablation of a conditional Foxp3 allele
in macrophages using LysM-Cre did not result
in changes in the immune status of unchal-
lenged mice, nor did it affect the rate of tumor
growth or metastatic burden in an experimen-
tal model of transplantable breast carcinoma
(P.D. Bos & A.Y. Rudensky, unpublished ob-
servations). Thus, the overwhelming evidence
from genetic studies indicates that deficiency of
Foxp3 within the T cell lineage is the sole cause
of the disease observed in Foxp3 mutant mice.
During thymic differentiation, negative selec-
tion or anergy induction in self-reactive T cells
was also unaffected by Foxp3 deficiency (33,
34). Furthermore, Foxp3 ablation did not alter
the sensitivity of TCR-triggered activation of
naive T cells and its dependence on costimu-
lation (22, 26, 33). Finally, Foxp3 deficiency in
effector T cells did not have an effect on levels
of cytokine production or clonal expansion
in the course of immune responses (22, 26).
Thus, these studies prove that the lack of Treg
cells is the cause of the disease associated with
Foxp3 deficiency (22, 26, 33, 34).

The aforementioned analysis of Foxp3-
deficient mice and bone marrow transfer
studies demonstrated a requirement for Foxp3
in the differentiation of Treg cells and their
critical role early in life for establishing immune
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homeostasis. A role for Treg cells in adult mice
was revealed through the generation and analy-
sis of Foxp3P"® knock-in and Foxp3-DTR BAC
transgenic mice in which Treg cells are deco-
rated with the human diphtheria toxin receptor
(DTR) (35, 36). Chronic ablation of Treg cells
in adult healthy Foxp3P™ mice caused their
death within 2-3 weeks from rampant lympho-
and myeloproliferative disease, demonstrating
that Treg cell-mediated suppression is indis-
pensable for preventing immune pathology
throughout the life span of normal mice (35).
Although the observed pathology appeared to
depend on CD4" T cells specific for self anti-
gens because simultaneous ablation of CD4*
T cells and Treg cells spared mice from the
lympho- and myeloproliferative disease, den-
dritic cell activation remained (35). This raised
the question of whether the disease is driven by
the commensal microbiota, the largest source
of non-self ligands activating the innate and
adaptive immune systems, or whether Treg
cells restrain T cells with a diverse self-MHC-
restricted TCR repertoire independently of the
commensal microbiota. The latter scenario was
proven true by a study in germfree Foxp3P™®
mice in which similarly explosive lympho- and
myeloproliferative disease was observed upon
Treg cell ablation (37). These observations
showed that Treg cells play a critical role in
maintaining immune homeostasis throughout
the life span of normal animals and that they are
required for restraint of self-MHC-restricted
T cells regardless of the presence of the
commensal microbiota. We now turn the dis-
cussion to the recent advances in mechanistic
studies of Foxp3* Treg cell biology.

TREG CELL DIFFERENTIATION
IN THE THYMUS: ROLES OF TCR
AND OTHER SIGNALS

During thymic differentiation,
in TCR signaling characteristics such as

variations

functional avidity and duration are central de-
terminants of T cell lineage fate determination,
informing the CD4 or CD8 T cell choice (38,
39) and the differentiation of specialized T cell

subsets, which include NKT cells, CD8xo
T cells, and mucosal-associated invariant T
cells. These characteristics can also affect the
cytokine production bias during T helper
differentiation (40, 41). It is not unexpected,
then, that a particular requirement for TCR
signaling is pivotal for Foxp3 induction and
Treg cell lineage commitment. The first
indications that Treg cells are exposed to
TCR signals of increased strength came from
early findings of increased relative expression
by Treg cells of CD25, CDS5, and cytotoxic
T lymphocyte antigen 4 (CTLA-4), which
are all induced upon TCR stimulation. CD5
functions as a rheostat that attenuates TCR
signaling in a tunable manner through recruit-
ment of the tyrosine phosphatase SHP-1 to its
cytoplasmic tail (42, 43). Functional support
for Treg cell fate instruction by strong TCR
signals came from the observation of increased
frequencies of Treg cells in mice with CD5 or
SHP-1 deficiency and of associated defects in
negative feedback of TCR stimulation (44).
Direct experimental support for the critical
role of TCR specificity in thymic Treg (tTreg)
cell differentiation came from unexpected
findings: Mice that express a T'CR transgene
specific for myelin basic protein, in the absence
of endogenous TCR rearrangements due
to RAG deficiency, develop inflammatory
lesions in the brain (experimental allergic
encephalomyelitis), whereas a subset of T
cells expressing endogenous TCRs was able
to prevent the disease in RAG-sufficient mice
(45, 46). These findings were further extended
by observations that to differentiate Treg cells
bearing transgene-encoded TCR required
coexpression of a cognate ligand for the re-
ceptor, encoded by another transgene (47-50).
In these studies of TCR transgenic cells, the
predominance of negative selection, accom-
panying the generation of Foxp3-expressing
Treg cells (47-49), led to the interpretation
that self-reactive Treg cells expressing Foxp3
were conferred a selective survival advantage,
whereas without Foxp3 expression, cells
receiving equivalent TCR signaling were
deleted (51). Consistent with this idea, many
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prosurvival molecules are highly expressed in
Treg cells in a Foxp3-dependent manner.

However, a considerable body of recent
work points to an instructive role for TCR
signaling in Foxp3 induction and Treg cell dif-
ferentiation. In addition to the aforementioned
studies of T'CR transgenic mice, sequence anal-
ysis of polyclonal TCR repertoires displayed
by Treg versus non-Treg cells bearing a single
transgene-encoded TCRf chain showed that
Treg TCR«x sequences were of broad variety
and only partially overlapped with TCR« se-
quences in non-Treg cells (52-55). Retroviral
expression of either Treg or naive CD4" TCR
in effector T cells of a defined specificity for a
single foreign antigen demonstrated that Treg
TCRs exhibit increased self-reactivity. This
self-reactivity manifested in the capacity of
effector T cells transfected with Treg TCR for
robust expansion and induction of autoimmune
disease upon transfer into lymphopenic recip-
ient mice. However, these same pathogenic
T cells with Treg TCRs can mount only
weak in vitro responses to syngeneic APCs
relative to the robust responses these cells can
mount against the transgenic TCR-recognized
foreign ligand (52). These data indicate that
the affinity range of conventional T'CRs that
recognize foreign antigen during a typical im-
mune response is above the range of affinities of
Treg TCRs for self antigens. Therefore, Treg
cell selection is likely instructed by TCRs with
affinities or avidities for self peptide-MHC
ligands in the range between those that mediate
positive selection of conventional CD4* T
cells and stronger signals in self-reactive T cells
that mediate their negative selection under
normal conditions (see Figure 1).

In support of this hypothesis, partially
impaired negative selection that is due to
diminished quantities of MHC class II expres-
sion in mTEC was accompanied by increased
frequencies of Treg cells (56). Similarly,
increased negative selection in the absence
of TGF-B receptor (TGF-BR) expression on
double-positive (DP) and SP thymocytes led to
reduced production of Foxp3™ cells in neonates
(57). Foxp3 gene expression did not affect the
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Figure 1

'TCR signal strength instructs CD4* thymocyte fate
and regulatory T cell differentiation. Immature
CD4 single-positive (SP) thymocytes receive TCR
signals of varied strength via interactions with
peptide-MHC on antigen-presenting cells. The
strength of TCR signals (or functional avidity, based
on a composite of individual peptide-MHC-TCR
interaction affinity and peptide-MHC abundance)
and their duration determines CD4 SP thymocyte
fate. Upon reception of a TCR signal of high
strength, most CD4 SP thymocytes undergo
programmed cell death. A number of CD4 SP
thymocytes receiving TCR signals of intermediate
strength are able to escape deletion and are enriched
for cells that are instructed to differentiate into
Foxp3™ Treg cells. Weight of arrows reflects
relative probability of the indicated outcomes.

extent or sensitivity of negative selection in thy-
mocytes by high-affinity TCR ligand (33, 34),
and furthermore, TCR utilized by Treg cells
in Foxp3-sufficient mice are found on activated
T cells in Foxp3-deficient mice, a finding that
is consistent with their escape from negative
selection despite a lack of Foxp3 expression
(33). Finally, further support for a role of TCR
signaling in this process comes from two exper-
iments: (#) in mice harboring a Foxp3 reporter
null allele (Foxp3PKO) that was generated
upon insertion of a GFP coding sequence into
the Foxp3 locus with a concomitant ablation
of the Foxp3 protein expression (23) and
(b)) in mice expressing a truncated Foxp3
protein. In both of these cases, thymocytes
expressing these nonfunctional alleles were
readily detectable. These cells—considered
an equivalent to Treg cell precursors, with
self-reactive TCRs—are not deleted but
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instead, upon maturation, become activated
and contribute to pathology in Foxp3-deficient
animals.

Initial studies of transgenic mice express-
ing a single monoclonal TCR originating
from Treg cells revealed that, in the ab-
sence of endogenous TCR rearrangements,
such Treg cell-derived transgenic TCRs
support differentiation of very few Foxp3*
Treg cells (58; C.S. Hsieh, J. Marie, ]J.D.
Fontenot, and A.Y. Rudensky, unpublished
observations). Recently, however, studies of
Treg cell TCR transgenic mice have revealed
exquisite T'CR-instructed characteristics of
the Treg cell population differentiating in the
thymus. Experiments by the Hsieh and Lafaille
laboratories showed that when the number
of precursor cells was dramatically reduced,
expression of a single Treg cell-derived
transgenic TCR could drive efficient gener-
ation of Foxp3* thymocytes (58, 59). These
results imply that severe intraclonal precursor
competition restricts the differentiation of nu-
merous Treg cells expressing TCR of identical
specificity and, thus, facilitates generation of a
broad Treg TCR repertoire in the thymus.

Beyond TCR stimulation, numerous exper-
imental conditions favor induction of Foxp3,
including constitutive NF-kB signaling, loss of
maintenance DNA methyltransferase activity,
deficiency in mTOR or sphingosine-1 phos-
phate receptor type 1 (S1P;), and reduction
of PI3K signaling (60-65). Such evidence
supports the idea that particularly tuned TCR
signaling and its appropriate coordination with
other cell-extrinsic and -intrinsic cues instruct
Treg cell differentiation. Besides the TCR,
CD28 costimulatory signals also play an es-
sential cell-intrinsic role in the differentiation
of thymus-derived Treg cells, with marked
decreases in frequencies of Treg cells in both
CD28-deficient and CD80-CD86-deficient
mice (66, 67). Moreover, the Ick-binding do-
main of the CD28 cytoplasmic tail is required
for the induction of Foxp3 (67) and indicates a
role for coordinated TCR-CD28 signaling dur-
ing differentiation of Treg cells in the thymus.
Consistent with an important role for TCR and

CD28 signaling in Treg cell differentiation,
several TCR/CD28-downstream transcription
factors, including NFAT, NF-«B, and AP-1,
have been implicated in the transcriptional
control of Treg cell differentiation. For ex-
ample, NFAT and AP-1 bind to the Foxp3
promoter (68). Foxol and 3 also bind to the
Foxp3 promoter and to an intronic regulatory
element at the Foxp3 locus, conserved noncod-
ing sequence 2 (Foxp3-CNS2) (69). In addition,
CREB-ATF-1 binds Foxp3-CNS2, and both
CREB-ATF1 and Foxo enhance expression
of a luciferase reporter driven by a Foxp3
promoter in a transient transfection assay (69,
70). Combined Foxol and 3 deficiencies result
in a severe impairment in Treg cell differenti-
ation in the thymus (see below). Also, targeted
ablation or loss-of-function mutations of genes
involved in the TCR-dependent NF-«kB sig-
naling pathway, including PKC6, CARMAL,
Bcl10, and IkB kinase (IKK) 2, lead to defective
Treg cell generation (71-74). Importantly,
Alegre and colleagues (75) found that provision
of survival signals, through forced expression of
Bcl2 or a constitutively active form of STATS
(STATS-CA), to CARMAI1-deficient T cell
precursors failed to rescue the defect in thymic
Foxp3 induction and Treg cell differentiation.
Intriguingly, CARMAI-deficient peripheral
CD4 T cells were able to induce Foxp3, in
contrast to CARMAI-deficient thymocytes
(74). The observed differential requirement for
CARMALI might be a consequence of iTreg
cell generation in response to stronger TCR
signals, which would result in quantitative and
qualitative differences in downstream effectors
of Foxp3 induction that would likely induce
apoptosis in thymic precursors. These obser-
vations strongly support an instructive role for
TCR signaling in Treg cell differentiation.
Although these studies emphasize the im-
portance of NF-kB signaling in tTreg cells, the
specific NF-kB family members that are re-
quired for Treg cell differentiation and their
specific mechanisms of action (i.e., target genes)
remain to be elucidated. One study demon-
strated that frequencies of Foxp3-positive
thymocytes were reduced in mice bearing a
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mutation in the pl05-encoding gene that re-
sults in an inability of IKK to phosphorylate
cleaved p50 (76). Additionally, it was recently
demonstrated that the NF-«B family mem-
ber c-Rel has a critical cell-intrinsic role in
Foxp3 induction (60, 77-80). c-Rel binds to an-
other intronic conserved noncoding element,
Foxp3-CNS3. Foxp3-CNS3 is characterized by
monomethylation of histone 3 at position K4
(H3K4mel) in Treg precursor cells and, thus,
is accessible or poised. Gene-targeting stud-
ies showed that this element greatly increases
the probability of Foxp3 induction. Further
evidence connecting CNS3 and c-Rel func-
tions in Foxp3 comes from comparable de-
fects in Foxp3 induction in the CNS3- and
c-Rel-deficient thymocytes observed in wild-
type/CNS3 and wild-type/c-Rel /= mixed
bone marrow chimeras (80). Although the
molecular mechanism of CNS3- and c-Rel-
mediated induction of Foxp3 remains to be
elucidated, one possibility is that c-Rel bind-
ing to CNS3 initiates chromatin remodeling
analogous to the role of c-Rel at the IL-2 lo-
cus following binding to the CD28 response
element (81). Another possibility is that c-Rel
binding to CNS3 facilitates the formation of
the c-Rel enhansosome at the Foxp3 promoter
(78). Whether or not the c-Rel enhansosome
formation at the Foxp3 promoter is dependent
on CNS3 and if CNS3 physically interacts with
the promoter have yet to be determined.

In another study, enhancing NF-«B activity
via a constitutively active IKKf transgene in
T cells led to increased numbers of Treg cells
in the thymus, which further supports the
notions that subtle differences downstream of
TCR and costimulatory signaling determine
Foxp3 induction (60). Interestingly, this study
demonstrated c-Rel binding to the CNS2,
the regulatory element required for heritable
maintenance of Foxp3 expression but dispens-
able for its induction, suggesting that c-Rel
may contribute to the maintenance of Foxp3
expression. Thus, the current data indicate
that the pioneer element CNS3, through
recruitment of c-Rel, influences the probability
of Foxp3 induction within a population of
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precursor cells by acting as a classical enhancer
(82), but outstanding questions remain as to
how CNS3 is regulated during differentiation
and what signals confer its poised state.

TREG CELL DIFFERENTIATION
IN THE THYMUS: THE ROLE
OF CYTOKINES

Analysis of TCR sequence repertoires ex-
pressed by thymic precursors of Treg and non-
Treg cells revealed partial overlap (33). That
the same T'CR with an increased reactivity for
self can be expressed by a Treg cell and a non-
Treg cell suggested that TCR signals alone
are not sufficient to specify Foxp3 upregula-
tion and Treg cell differentiation. Similarly, a
small proportion of thymocytes in TCR trans-
genic (and RAG-deficient) mice differentiate
into Treg cells, whereas the rest become an-
ergic non-Treg cells (48, 50). Additional ar-
guments that more signals are required come
from the observation that the generation of
Treg cells is delayed in neonatal mice, whereas
their immediate precursors (CD25"Foxp3~
cells, described below) are present in the
thymus immediately after birth (83-85). This
early wave of thymocytes is rather enriched in
self-reactive TCRs because of a lack of terminal
deoxynucleotidyl transferase expression (86),
and, therefore, the delay in Treg cell generation
results from a paucity of additional signals that
are required for Treg cell fate determination.

These essential additional signals for Treg
cell differentiation include IL-2 and to a lesser
degree two other cytokines, IL-7 and IL-15,
acting through the common gamma-chain
(yc) cytokine receptors. Mice deficient in IL-2
or IL-2R« chain have a 50% decrease in the
proportion and absolute numbers of Foxp3*
thymocytes, whereas loss of IL-15 or IL-7
alone does not perturb generation of Foxp3*
cells. However, mice with a combined ablation
of IL-2, IL-7, and IL-15 are completely devoid
of Foxp3* thymocytes and peripheral Foxp3*
T cells, as are yc cytokine receptor—deficient
mice (87-90).
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the
precursors of tTreg cells

Following characterization ~ of
CD25%Foxp3~
in the neonatal thymus and based on the
critical role for IL-2 and also increased TCR
signaling strength for tTreg cell differentiation,
Lio and Hsieh proposed a two-step model of
tTreg cell differentiation (84, 85). The model
suggests that a high functional avidity TCR
signal results in the upregulation of CD25 and
a subsequent increase in the responsiveness
of Treg precursor cells to IL-2 signals that
facilitate induction of Foxp3 (84, 85). A likely
candidate transcription factor for direct regu-
lation of Foxp3 expression is STATS because
it is activated downstream of IL-2 and other
yc cytokine receptors (84). In fact, STATS
binds to the Foxp3 promoter and also to the
Foxp3-CNS2  element. Furthermore, Stat5
conditional allele ablation in DP thymocytes
results in a severe reduction in Foxp3* CD4SP
thymocytes, and the few Foxp3* thymocytes
remaining originate from cells that escape
STATS deletion (91, 92). In complementary
gain-of-function studies, expression of a con-
stitutively active STATS results in expansion
of Treg cells and rescued Treg cell numbers in
the absence of IL-2 (84, 93).

Nevertheless, how IL-2 signaling in these
immediate Treg cell precursors instructs Foxp3
induction and Treg cell differentiation is not
clear. Although there is an important role for
IL-2 receptor-STATS signaling for the dif-
ferentiation of Treg cells, it is still unclear if
STATS (a) directly drives Foxp3 transcription,
() induces changes in the chromatin character-
istics at the Foxp3 locus, or instead (c) promotes
survival or expansion of Treg cells and/or their
precursors. Considering these possibilities, if
STATS played an essential nonredundant role
in de novo expression of Foxp3, rather than fa-
cilitating the survival of Treg cells, then forced
expression of a prosurvival molecule such as
Bcl2 in STATS5-deficient cells (as in CARMAL -
deficient cells; see above) should not rescue the
defect in Treg cell numbers. However, expres-
sion of a Bcl2 transgene did indeed rescue the
differentiation of STATS5-deficient Treg cells,
indicating that an important role for IL-2 and

STATS signaling is to facilitate the survival of
differentiating Treg cells (94).

Beyond requirements for TCR and yc
cytokine receptors, TGF-BR signaling was
suggested to be critical for an early wave
of tTreg cell generation. This is especially
intriguing considering the established role for
TGF-BR signaling in peripheral generation
of induced Treg (iTreg) cells (see below)
and considerations that TGF-BR-dependent
induction of Foxp3 might be restricted to
iTreg cell generation. In these studies, ablation
of the TGF-BRI subunit in DP thymocytes
precipitated a substantial, but only transient,
impairment in generation of Foxp3 ™ Treg cells
during the first week of life and was followed by
the recovery of Foxp3 thymocyte numbers to
levels observed in wild-type mice (95). Earlier
reports had failed to observe a defect in tTreg
generation in seven-day-old mice lacking
TGF-B1 or subjected to TGF-BRII ablation
in DP thymocytes (96-98). Based on the more
recent neonatal studies and experiments with
luciferase reporter assays, it was proposed that
TGF-B-induced Smad-mediated activation of
the Foxp3 gene through binding of a conserved
Smad-NFAT response element (Foxp3-CNS1)
in thymocytes is essential for tIreg cell gen-
eration (99), which resembles the mechanism
of peripheral generation of Foxp3* Treg cells
discussed in detail below. The rebound of
tTreg cells was attributed to compensation of
TGF-p signaling deficiency by age-dependent
increases in IL-2 levels (95). However, there
are several alternative explanations for the
observed effect of TGF-3 on tTreg generation
besides those explanations that rely on direct
transcriptional control of Foxp3 through Smad
and NFAT binding to CNSI. In this regard,
TGF-p signaling mediates the survival of
tTreg cells or their precursors, when a rela-
tively small population of thymic precursors
reaches maturity in the lymphopenic neonatal
thymus. Indeed, Li and colleagues (57) recently
reported that TGF-p signaling is necessary for
inhibiting Bim-dependent apoptosis of self-
reactive thymocytes and, therefore, increasing
the Treg precursor pool size. We recently
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demonstrated that Foxp3-CNS1 is dispensable
for tTreg cell differentiation but critical for
iTreg cell generation in the periphery (80).
Together, these studies indicate that in the
thymus TGF-B functions to confer survival
advantage to Treg precursors, but not to
promote Foxp3 expression in thymocytes via
Smad binding to Foxp3-CNSI1.

PERIPHERAL DIFFERENTIATION
OF TREG CELLS:
REQUIREMENTS FOR

TCR SIGNALING

While the documented vital role of Foxp3-
expressing Treg cells is to control autoreactive
immune responses and associated lymphopro-
liferative disease, the question remains as to
whether Treg cells that differentiate in the thy-
mus and in the periphery have overlapping or
distinct functions. The aforementioned finding
that the requirements, i.e., intact CNSI ele-
ment, for the induction of Foxp3 in the thymus
and the periphery are distinct suggests that the
functions of these two Treg cell subsets, tTreg
cells and i Treg cells, are also distinct.

The differentiation of tTreg cells in the
thymus is promoted by increased affinity in-
teractions with self-peptide-MHC complexes,
whereas differentiation of peripheral iTreg cells
likely occurs in response to non-self antigens,
e.g., allergens, food, and the commensal mi-
crobiota (33, 48, 50, 100-102). A requirement
for a distinct TCR signal and ligand specificity
supporting iTreg cell generation was suggested
by an analysis of the TCR repertoire of Foxp3*
T cells generated upon transfer of purified
Foxp3~ CD4" T cells into lymphopenic recip-
ients compared with that of cells that remained
Foxp3~ (103). The resulting TCR repertoires
were distinct and only partially overlapping
in resemblance to T'CR utilization by Foxp3™*
Treg cells and Foxp3 ™ non-Treg CD4" T cells
present in unmanipulated mice (52, 103). A di-
rect demonstration of distinct T'CR specificities
of iTreg cells was provided by a recent finding
that colonic Treg cells feature TCRs distinct
from those displayed by Treg cells in other
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tissues or tissue-draining lymph nodes and that
a subset of these TCRs recognizes antigens
derived from the commensal microbiota (102).
TCRs displayed by iTreg cells are likely of
high affinity, as suggested by an observation
that rare high-affinity antigenic peptides allow
for most efficient Foxp3 induction upon stim-
ulation of a cognate transgenic T'CR displayed
by peripheral CD4* T cells in comparison with
a markedly less efficient iTreg generation by
low-affinity peptide variants (104). In addition,
induction of Foxp3 was observed upon TCR
stimulation under tolerogenic conditions in
the presence of nondepleting CD4 blocking
antibodies (105). Consistent with the idea
of suboptimal T cell activation favoring
Foxp3 induction, CTLA-4—dispensable for
tTreg cell differentiation—is required for
TGF-p-mediated induction of Foxp3 in vitro
(106), whereas CD28 cross-linking has the
opposite effect (107, 108). Thus, in general,
these studies suggest that high-affinity TCR
signaling together with suboptimal costimula-
tion (increased CTLA-4 and decreased CD28
signaling) favors Foxp3 induction and iTreg
cell generation.

TCR transgenic T cells, which upregulate
Foxp3 following oral administration of the
cognate antigen, can alleviate antigen-induced
airway inflammation (109-111). Along the
same lines, chronic systemic administration of
low-dose foreign antigen results in induction of
antigen-specific iTreg cells in both TCR trans-
genic and polyclonal T cell populations (101,
112, 113). Insulin mimotope-specific Treg cells
induced in such a manner were able to fully
protect nonobese diabetic (NOD) mice from
diabetes (114). Thus, TCRs that recognize
antigens to which an organism is chronically
exposed under homeostatic, noninflammatory
conditions, such as those derived from the
commensal microbiota or environmental anti-
gens, can support differentiation of iTreg cells
and shape their distinct TCR repertoire. The
unique repertoire of iTreg TCRs indicates
their nonredundant, delegated function and
further implies that their antigen specificity is
a critical determinant of their functional niche.
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A ROLE FOR TGF- AND IL-2 IN
PERIPHERAL DIFFERENTIATION
OF TREG CELLS

Both in vitro and in vivo studies have demon-
strated that, besides strong T'CR signaling and
suboptimal costimulation, induction of Foxp3
expression in peripheral naive CD4* T cells
is facilitated by high amounts of TGF-f (101,
115-117). TGF-BR signaling appears to be re-
quired for most, if not all, induction of Foxp3 in
peripheral CD4* T cells (101, 115-117), with
the exception of those CD25%Foxp3~CD4+*
T cells that were likely poised to acquire
Foxp3 expression in the thymus but failed to
receive a sufficient IL-2 signal. These cells,
like their aforementioned thymic counterparts,
upregulate Foxp3 upon provision of IL-2 with
little if any involvement of TGF-f signaling or
restimulation through the TCR (118). IL-2 is
also required for TGF-p-mediated induction
of Foxp3 in peripheral T cells in vitro (119,
120). In addition to potential direct STATS5-
dependent activation of the Foxp3 locus and
promotion of cell survival and division in the
presence of high amounts of TGF-f, IL-2
opposes differentiation of activated CD4" T
cells into T helper 17 (Th17) cells (121). The
latter differentiation pathway is favored when
TCR and TGF-BR activation in naive CD4*
T cells coincides with IL-6R stimulation (122).
Another mechanism by which TGF-p may
regulate Treg cell differentiation is through the
repression of Gfi-1, a transcriptional repressor
that inhibits the differentiation of both iTreg
and Th17 cells upon activation of peripheral T
cells under Th2 conditions (123).

The induction of Foxp3 upon chronic anti-
gen exposure in vivo also requires TGF-BR
signaling and is inversely correlated with cellu-
lar proliferation (101). This phenomenon can
be explained by a study suggesting that TGF-f3
cooperates with TCR signals to induce Foxp3
in part by antagonizing cell cycle-dependent
recruitment of maintenance DNA methyl-
transferase I (Dnmtl) to the Foxp3 locus and
thereby opposing its inactivation (62). There-
fore, the cytostatic effects of inhibitory signals

emanating from CTLA-4 and TGF-BR may be
partially responsible for their effects on Foxp3
induction by allowing an active gene state to
be established that is associated with the com-
bination of requisite signaling cascades (TCR,
IL-2, TGF-BR, etc.) and reduced proliferation.
Thus, TGF- signaling can promote the differ-
entiation of Treg cells through both direct and
indirect mechanisms including (#) binding of
Smad3 to Foxp3-CNSI1 together with NFAT,
(b) opposition of Dnmtl recruitment, and
(¢) signaling from the TGF-BR for the survival
or fitness of tTreg cells or their precursors.
Maizels and colleagues (124) recently
provided an example of a key role for TGF-BR
signaling in iTreg generation, the putative
function of iTreg cells in control of im-
mune activation at mucosal surfaces, and
their exploitation by parasitic helminths.
These studies demonstrated the existence of
a TGF-p mimic produced by the helminth
Heligmosomoides polygyrus that induces Foxp3
induction and iTreg cell differentiation in a
TGF-fR-dependent, TGF-p-independent
manner (124). Therefore, helminths have
evolved to exploit host mechanisms for induc-
tion of mucosal tolerance dependent on the
action of TGF-BR, including the generation
of iTreg cells (discussed below), which likely
allows chronic H. polygyrus infection in the
gastrointestinal tract to be established.

AKT ACTIVATION AND
PERIPHERAL DIFFERENTIATION
OF TREG CELLS

Additional insights into signal requirements for
expression of Foxp3 were provided by studies
of a role for Akt activation in iTreg and tTreg
cell generation. Early blockade of PI3K signal-
ing through the use of PI3K-mTOR inhibitors
after 18 h of stimulation resulted in robust
induction of Foxp3 (125), and sustained Akt ac-
tivation inhibited the stable induction of Foxp3
in peripheral Foxp3~ CD4% T cells (126). A
similar trend was observed upon modulation
of Akt activity in fetal thymic organ cultures,
suggesting that in this regard iTreg and tTreg
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cell induction is similar (126). Furthermore,
researchers reported that TORC2, which phos-
phorylates (Ser473) and activates Akt, represses
Foxp3 induction and that TORC2 deficiency
promoted Foxp3 induction under normal acti-
vation conditions (61). In addition to activating
the Ake-mTOR axis via PI3K downstream
of TCR and IL-2R signaling pathways, S1P;
activation of the Akt-mTOR pathway also
inhibits Foxp3 induction and differentiation
of Treg cells (63). Two recent studies connect
these observations to direct transcriptional
regulation of Foxp3 by demonstrating that
Foxol and Foxo3a, which are inactivated by
Akt, bind to the Foxp3 promoter and to CNS2
and drive Foxp3 expression (69, 127, 128).
However, the relative contribution of Foxo
family members to Treg cell survival and fitness
versus direct transcriptional activation of the
Foxp3 locus during Treg cell differentiation
Furthermore, complex
PI3K-Akt-mTOR pathways incorporate and
converge onto numerous other factors that

remains unknown.

might affect Treg cell differentiation.

The specific conditions resulting in optimal
induction of factors activating Foxp3 expres-
sion (e.g., Smad2/3, NFAT, CREB, NF-kB,
AP-1, Foxo, RAR, and STATYS) while limiting
the activity of Foxp3 inhibitory pathways (i.e.,
Akt-mTOR) still remain to be fully understood.
Nevertheless, it seems that, based on these stud-
ies, subtle quantitative and kinetic variations in
TCR, costimulatory, and cytokine receptor sig-
naling determine the probability of Foxp3 in-
duction rather than serving as distinct, digital
on-and-off switches.

SITES OF PERIPHERAL TREG
CELL GENERATION

Distinct and TCR
requirements—in particular, strong TCR and
suboptimal costimulatory signals and TGF-
p—for iTreg cell generation do not indicate

signaling

specificity

that all chronic exposure of a peripheral T
cell to a cognate self or foreign antigen would
result in generation of iTreg cells. Indeed,
it appears that most of the peripheral Treg
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cell pool in younger animals originates in
the thymus, as indicated by considerable
overlaps between TCR repertoires displayed
by thymic and peripheral Foxp3* cells and by
thymic and peripheral Foxp3~CD4*" T cells,
respectively, but not between corresponding
Foxp3* and Foxp3~ cell subsets (33). In
addition, in TCR«f BDC2.5 transgenic mice,
both thymic and peripheral Foxp3*CD4" T
cells expressed a highly similar repertoire of
endogenous TCR« chains, which served as
unique tags of individual T cell clones. Effector
T cells expressing the BDC2.5 TCR specific
for chromogranin A cause aggressive diabetes
in the absence of Treg cells. The generation
of Foxp3* cells in BDC2.5 TCR transgenic
mice requires endogenous TCRo chain rear-
rangement. Analysis of TCR« chain utilization
revealed that both thymic and peripheral
Foxp3~ mnon-Treg cells expressed TCRs
distinct from Foxp3™ Treg cells (129). The
intriguing observation in this study was that
BDC2.5 TCR-expressing Treg cell clones and
non-Treg cell clones present in the pancreas
and pancreatic lymph nodes (and therefore
exposed to chronic stimulation by self antigen)
were distinct and that their endogenous TCRo
chain usage reflected their thymic origin (129).
Together, these results indicate that most
Treg cells present in the periphery are of
thymic origin and that iTreg cell generation
has specific prerequisites, exceeding that of the
chronic exposure of BDC2.5 T'CR-expressing
T cells to their cognate antigen.

"The data discussed so far indicate that TCR-
dependent, sustained expression of high lev-
els of Foxp3 in iTreg cells is influenced by a
particular mode of T'CR signaling, by kinetics
of cell proliferation, and through synergy with
other signals, such as TGF-f and IL-2. These
prerequisites imply that iTreg cell differenti-
ation is limited to particular environments or
tissues. The appropriate factors, together with
constitutive exposure to antigens derived from
the commensal microbiota and to environmen-
tal and food antigens, are all present at mu-
cosal tissues that serve as environmental in-
terfaces. Indeed, the gut-associated lymphoid
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tissues (GALT) or Peyer’s patches serve as
unique environments favoring iTreg cell gen-
eration. The capacity of these tissues to support
iTreg cell generation is in part attributable to
CD103" dendritic cells present in the GALT
or the gut-draining mesenteric lymph nodes,
which under homeostatic conditions can induce
Foxp3 expression in peripheral naive CD4*
T cells through presentation of antigen to-
gether with production of TGF-f and retinoic
acid (108, 130-132). Whereas TGF-p acts di-
rectly, the mechanism by which retinoic acid
enhances Foxp3 induction may be predomi-
nantly through curtailing production of IFN-y,
IL-4, and TL-21 by bystander CD44" effector
memory CD4* T cells (133). Retinoic acid also
exerts direct effects on iTreg cell differentiation
(134,135), and the relative contribution of these
cell-intrinsic and -extrinsic pathways in vivo is
difficult to assess. RAR binds to CNS1 and can
activate Foxp3 gene expression (136). Interest-
ingly, although retinoic acid augments Foxp3
induction, it inhibits expression of IL-10, in-
dicating that at least some differentiation cues
for iTreg cells and IL-10-producing Tr1 cells
are distinct and that these two immunoregula-
tory cell subsets may represent competing and
alternative cell lineages (137).

Thus, the GALT and mesenteric lymph
nodes represent tissues rich in retinoic acid
and conducive to the induction of Foxp3 in
response to chronic antigen exposure under
tolerogenic conditions (101, 109, 112, 138,
139). Further evidence for the generation
of a distinct population of iTreg cells in the
gut comes from studies revealing a distinct
TCR repertoire among Treg cells present in
the mesenteric lymph nodes and in the colon
compared with Treg cells from other lymphoid
compartments (102, 103), likely reflecting the
efficient generation of iTreg cells in response
to distinct gut-associated antigens such as those
derived from food and the commensal micro-
biota. Indeed, the numbers of Foxp3* Treg
cells are diminished in the colon of germ-free
animals, and their colonization with particular
members of the commensal microbiota, i.e., a
cocktail of several Clostridium species, results

in a marked increase in their numbers (140).
In agreement with these results, the aforemen-
tioned analysis of T'CR specificity of colonic
Treg cells identified a subset of iTreg cells
specific for antigens encoded by specific com-
mensal microorganisms (102). However, the
function of these normal, polyclonal iTreg cells
has yet to be explored in unmanipulated mice.
Given their prevalence at mucosal tissues and
their known and presumed TCR specificity,
iTreg cells may control immune responses to
innocuous antigens and prevent allergic-type
inflammation. Further support of these ideas
comes from studies using Rag-1-deficient T-B
monoclonal mice sufficient or deficient in
Foxp3. In these experiments, TCR transgenic
iTreg cells were sufficient to establish mucosal
tolerance and control allergic inflammation
induced by the model antigen recognized by
the TCR (109). However, it is as yet unclear
what the relative contribution of iTreg cells is
to the mature peripheral Treg cell population
or if the control of allergic responses and
mucosal immune homeostasis represents a
nonredundant function of iTreg cells for which
tTreg cells cannot substitute. Further studies
using genetic models comparing selective
impairment of tTreg and iTreg cell generation
will be important for dissecting the functional
niches of these cells.

FOXP3-DEPENDENT TREG CELL
TRANSCRIPTIONAL AND
FUNCTIONAL PROGRAMS

The central role of Foxp3 in Treg cell identity
and function raised the question regarding how
much Foxp3 directly affects the transcriptional
signature of Treg cells. Analysis of gene ex-
pression profiles in Foxp3™ and Foxp3~ T cells
generated under different conditions (141, 142)
suggested that the distinct Foxp3-independent
features of the Treg cell transcriptional pro-
gram precede or are established in parallel with
the Foxp3-dependent transcriptional program,
from IL-2R-, TCR-,
and TGF-BR-associated responses. A direct
investigation of the contribution of Foxp3 to

with contributions
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transcriptional and functional features of Treg
cells was made possible through the analysis
of aforementioned mice harboring a Foxp3
reporter null allele (Foxp3¢PKO) (23) or a
truncated version of the Foxp3 protein lacking
the DNA-binding domain tagged with GFP
(Foxp3AeGFP) (31). Cells expressing these
alleles exhibit some of the phenotypic and
molecular characteristics of Foxp3™ Treg cells,
including (#) an inability to proliferate and
produce IL-2 in response to T'CR stimulation,
(b) expression of low amounts of IL-7R« chain,
and (c¢) elevated amounts of CD25, CTLA-4,
and GITR, albeit at significantly lower levels
compared with Treg cells. However, unlike
Treg cells, GFP*Foxp3¢PKO T cells produce
the Th2 and Th17 cytokines IL-4 and IL-17,
and the block in their autonomous proliferative
activity is reduced, as their in vitro proliferation
can be readily restored by limited TCR/CD28
costimulation. The Foxp3-mediated repression
of IL-17, a characteristic cytokine of Th17 cells,
is likely due to a modulation of transcriptional
activity of the orphan nuclear receptors RORy
and RORo through direct interaction with
Foxp3 (143), with RORYy serving as a key Th17
lineage—specifying factor (144). In addition, the
GFP* Foxp3GFPKO T cell population was quies-
cent, whereas Foxp3™ Treg cell subsets exhibit
impressive proliferative activity in vivo in the
absence of inflammation. Most importantly,
GFP* Foxp3GFPKO T cells were completely de-
void of suppressor activity (23). Similar results
were obtained by Chatila and colleagues (31),
although notable differences in the phenotype
of T cells expressing the dysfunctional Foxp3
allele were observed in the latter study, most
likely because of the presence of the Foxp3
protein lacking the DNA-binding domain yet
capable of protein-protein interactions (31),
in contrast to a complete Foxp3 ablation in
the former study (23). Together these studies
showed that Foxp3 is absolutely required for
the suppressor function, proliferative potential,
and metabolic fitness of Treg cells.

In addition, Foxp3 prevents differentiation
of Treg precursor cells into effector T cell
lineages. Characteristically, Foxp3 amplifies
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and stabilizes expression of a number of
genes transiently upregulated in activated
nonregulatory T cells. Many products of these
Foxp3-dependent amplified or stabilized genes
in Treg cells (such as CTLA-4, IL-10, IL-10ra,
CD35, Fasl) actin a cell-intrinsic manner to limit
activation of conventional T cells and serve as
negative feedback regulators. Indeed, we pro-
pose that Foxp3 co-opts these pathways for im-
plementation of negative regulation of immune
responses in trans. At the same time, Foxp3
enforces repression of the immune response—
promoting genes normally induced in naive
and effector T cells upon TCR stimulation.
Thus, Foxp3 controls Treg cell differentiation
by potentiating or consolidating the beneficial
features and at the same time correcting the
disadvantageous features of precursor cells.
The analyses of the Foxp3-dependent tran-
scriptional program invite the question of how
many genes are directly regulated by Foxp3.
Initial studies of Foxp3 target genes were un-
dertaken using a combination of chromatin im-
munoprecipitation (ChIP) with mouse genome
tiling array or promoter array analyses (145,
146). Recent in-depth exploration of Foxp3
target genes using ChIP combined with high-
throughput sequencing (ChIP-Seq) confirmed
these earlier studies and expanded the number
of genes bound by Foxp3 in Treg cells (147;
R.M. Samstein, A. Aarvey, S.Z. Josefowicz, and
A'Y. Rudensky, manuscript in preparation). A
cross-comparison of the data sets of Foxp3-
bound genes and genes differentially expressed
in Foxp3* Treg cells versus GFP* Foxp3¢PKO
T cells revealed that approximately 20-30% of
Foxp3-dependent genes are directly regulated
by Foxp3 (145; R.M. Samstein, A. Arvey, S.Z.
Josefowicz, and A.Y. Rudensky, manuscript in
preparation). The direct Foxp3 target genes
include numerous sequence-specific tran-
scription factors and microRNAs (miRNAs),
playing important roles in Treg cell biology
and contributing to differential mRNA and
protein expression in Treg cells (145). The
analysis of Foxp3-binding genes also showed
that in contrast to the early notion that Foxp3
acts as a transcriptional repressor (148-151),
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more Foxp3-bound genes are upregulated than
repressed in Treg cells (145). Thus, Foxp3 acts
as both transcriptional activator and repressor.
Furthermore, Foxp3 binding correlates with
marked enrichment in permissive (H3K4me3)
and inhibitory (H3K27me3) histone modifica-
tions associated with its binding sites in acti-
vated and repressed genes, respectively (145).
These results suggest that Foxp3 may mediate
its regulatory function through association
with, or recruitment of, chromatin-modifying
enzymes, and they also establish the possibility
of a unique Foxp3-dependent chromatin land-
scape and heritable transcriptional program
during Treg cell differentiation and cell divi-
sion. Indeed, these features appear to be Foxp3
dependent because ablation of a conditional
Foxp3 allele in mature Treg cells resultsin a loss
of characteristic gene expression and suppressor
function and the acquisition of effector T cell
function (28). Thus, the heritable maintenance
of a developmentally established Treg cell tran-
scriptional and functional program requires
continuous expression of Foxp3. One recent
study demonstrated a similar requirement for
Pax5 for the maintenance of the B cell lineage
identity (152). Additionally, the continuous
expression of the transcription factor PU.1
is required for the maintenance of cell type—
specific regulatory chromatin characteristics
following macrophage and B cell differenti-
ation (153, 154). These observations suggest
that sustained expression of lineage-specifying
transcription factors is likely a common feature
of late cellular differentiation required for the
maintenance of a given cell identity in the
progeny of dividing differentiated cells.

FOXP3 AND ITS
INTERACTION PARTNERS

studies
interactions of several transcription factors,
including IRF4 and RORy, with Foxp3 (143,
155). RORy and Foxp3 are co-expressed in a

Co-immunoprecipitation revealed

subset of human and mouse CD4* T cells in
intestinal lamina propria. Such co-expression
likely occurs during a transient uncommitted

stage of T cell activation in the presence of
varied amounts of TGF-f and inflammatory
cytokines—IL-6, IL-21, and IL-1—during
which RORy and Foxp3 instruct opposing
Th17 or Treg cell fates (143). In addition, it
is likely that RORYy can be stably expressed in
some Foxp3® T cells in the gut, however its
role in this context remains unknown.

These observations emphasized the im-
portance of understanding the composition of
Foxp3 transcriptional complexes and different
modalities afforded by Foxp3-interacting
partners. Recent mass-spectrometric anal-
ysis of Foxp3 protein complexes isolated
by immunoprecipitation revealed numerous
regulators of gene expression, including
factors involved in chromatin remodeling
(BRG1, Ku70/Ku80, and MBD3), acetyl-
transferase TIP60 and histone deacetylase
HDACY7, and sequence-specific transcription
factors (156). Investigators also proposed
that the recruitment of TIP60 into Foxp3
transcriptional complexes results in Foxp3
acetylation, whereas HDAC?7 deacetylates
Foxp3, and that the ensuing changes in the
Foxp3 acetylation state modulate Foxp3 ac-
tivity in a manner analogous to c-myc (157,
158). Among sequence-specific transcription
factors serving as Foxp3-interaction partners,
NFAT and Runxl were proposed to be
indispensable for establishing Treg cell tran-
scriptional and functional programs (159,
160). The molecular details of NFAT-Foxp3
interactions were initially provided by crys-
tallographic analysis of tertiary complexes of
DNA and DNA-binding domains of NFAT
and Foxp2, a close relative of Foxp3 (159),
and subsequently of similar ternary complexes
with the Foxp3 forkhead domain (161). DNA
template—dependent interactions of Foxp3
with NFAT are thought to prevent formation
of NFAT-AP-1 complexes, required for the
expression of immune response—promoting
genes in effector T cells, thereby ensuring their
repression in Treg cells. NFAT-Foxp3 cooper-
ation can drive the genomic program required
for Treg cell differentiation and function (159).
In addition, Foxp3 may inhibit AP-1 function
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through direct association with the activated
AP-1 protein (162). Site-directed mutagenesis
of predicted NFAT interaction sites in the
DNA-binding domain of the Foxp3 protein
resulted in a loss of its ability to impose the
Treg gene signature and suppressor function
(159). A similar loss of function was observed
upon introduction of mutations disrupting
Foxp3 interactions with Runxl, initially iden-
tified in a yeast two-hybrid screen (160). As a
note of caution, a considerable caveat to the
site-mutagenesis approach is that introduced
mutations might lead to a loss of interacting
partners in addition to those under study.
Indeed, our studies have shown that even in the
absence of functional Runx1-CBFf complexes,
Foxp3 can confer Treg cell-specific gene ex-
pression and suppressive capacity and that the
moderate decline in suppressor function of
Treg cells lacking Runx1/CBF is largely due
to progressively diminishing Foxp3 expression
(163). Considering the complexity of the Foxp3
interactome, further biochemical, genetic, and
functional studies of the components of Foxp3
transcriptional complexes are warranted.

ROLE OF MIRNA IN FOXP3+
TREG CELLS

Foxp3 can control the differentiation and
function of Treg cells directly and indirectly
by changing expression of various regulators
of genes expression including miRNAs (145),
small untranslated RNA species that have been
well recognized for their roles in organ devel-
opment, cellular differentiation, homeostasis,
and function through target mRNA degrada-
tion or translational interference (164). Recent
studies suggest that miRINA-dependent post-
translational regulation is playing a prominent
role in the Foxp3-dependent Treg genomic
program (165-168). Ablation of either Dicer
or Drosha, two RNase III enzymes critical for
the generation of mature miRNAs in Treg
cells, results in a fatal autoimmunity indis-
tinguishable from that in Treg cell-deficient
mice (166-168). The suppressor capacity of
Dicer-deficient Treg cells is reduced under
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noninflammatory conditions but is lost entirely
in inflammatory settings. These findings impli-
cate miRNAs as key guardians of a stable Treg
cell suppressor program under inflammatory
conditions. Finally, similar to its role in T and
B cells, the miRINA pathway facilitates survival
and proliferative potential of Treg cell lineages
(166).

Catastrophic consequences and the develop-
ment of systemic disease phenotypes observed
in Treg cell-specific Dicer and Drosha abla-
tion studies raised a question as to the identity
of specific miRNAs regulating distinct aspects
of Treg cell biology. Differential miRNA ex-
pression in Foxp3* Treg cells was first demon-
strated by Cobb and colleagues (165). Further-
more, many of Treg cell-specific miRNAs are
expressed in Treg cells in a Foxp3-dependent
manner (145, 146, 169). We have previously
demonstrated that, albeit dispensable for Treg
cell differentiation and suppressor function,
Foxp3-driven miR-155 upregulation is criti-
cal for heightened responsiveness of Treg cells
to their key survival and growth factor, IL-2,
through targeting SOCS1, a negative regulator
of IL-2R signaling, and for Treg cell mainte-
nance in a competitive environment (169).

The role of miRNA in controlling Treg cell
suppressor capacity was first demonstrated by
the study of miR-142-3p in Treg cells (170).
The authors suggested that a high level of
cAMP expression in Treg cells is conditional
upon low amounts of miR-142-3p and that
forced expression of this miRINA in Treg cells
attenuates their ability to suppress T cell pro-
liferation in vitro. However, the striking loss
of suppressor function observed in Dicer- or
Drosha-deficient Treg cells is most likely due
to the loss of miRNAs that are overrepresented
in these cells (166, 167). Recently, we demon-
strated that miR-146a, another miRINA preva-
lently expressed in Treg cells, is indispensable
for suppression mediated by Treg cells in vivo.
Excessive activation of STATT in Treg cells is
kept in check by miR-146a to ensure efficient
control of spontaneous IFN-y-dependent
Th1-mediated

prevent deviation of activated Treg cells into

immunopathology and to
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IFN-y-producing Th1-like cells (171). Thus,
miR-146a plays a pivotal role not only in
regulating Treg cell suppression function but
also in maintaining Treg cell identity in re-
sponse to dynamically changing inflammatory
environments.

Together, these findings provide the first
few examples of a single miRNA controlling
defined Treg cell function, consistent with the
aforementioned notion that distinct facets of
Treg cell biology are regulated by different
miRNAs.

STABILITY AND REGULATION
OF FOXP3 EXPRESSION

Given the central role that Foxp3 plays in main-
taining the Treg cell transcriptional program
and cellular phenotype, maintenance of Foxp3
expression is central to Treg cell lineage sta-
bility. Foxp3 represses production of proin-
flammatory cytokines, including IL-2, TNF-«,
IFN-y, IL-17, and IL-4, by Treg cells (23, 27,
31). The latter feature is particularly important
because Treg cells bear TCRs with an increased
affinity for self-peptide-MHC complexes and,
therefore, have the potential to mount autoim-
mune responses (48, 50, 52, 55). Indeed, in dis-
eased Foxp3-deficient mice, activated but not
naive T cells utilize TCRs normally expressed
by Treg cells in healthy mice. This observation
is consistent with the idea that in the absence
of Foxp3 a significant number of self-reactive
T cell precursors, which would normally dif-
ferentiate into Treg cells, do not undergo dele-
tion or functional inactivation and instead give
rise to activated effector T cells that likely
contribute to immune-mediated inflammation
(33).

In agreement with these results, ablation
of a conditional Foxp3 allele in mature Treg
cells leads to eventual loss of the devel-
opmentally  established  Foxp3-dependent
functional and transcriptional program (28).
Therefore, continuous expression of Foxp3 is
required for the maintenance of the Treg cell
transcriptional program and suppressor func-
tion and for the restraint of conventional

activated T cell-associated effector function
(including expression of the aforementioned
cytokines). In addition, experimental pertur-
bation of the amount of Foxp3 in Treg cells
results in immunopathology and elevated Th2
cytokine production by these cells, further
highlighting the potential hazards of unstable
or diminished Foxp3 expression (27). Thus,
high levels of sustained Foxp3 expression
define the identity and function of Treg cells
and prevent their diversion into potentially
pathogenic self-reactive effector T cells.

These results suggest that the stability of
Foxp3 expression or lack thereof under basal
and inflammatory conditions is an important
determinant of immune homeostasis. Foxp3
stability is also of immediate relevance to the
more general question of whether Treg cells
represent a distinct cell lineage characterized
by a stable and heritable cell fate or a tran-
sient meta-stable activation state maintained
through chronic stimulation of IL-2R and
TCRs.

Recent studies present a complicated pic-
ture of Treg cell stability. One study indicates
that relatively few Treg cells exhibit unstable
expression of Foxp3 and that detectable former
Treg cells are derived from a very rare sub-
population, which is preferentially enriched
following  lymphopenia-driven
(172). An intriguing possibility is that this rare
population, Foxp3TCD25~ cells, is enriched
for cells that transiently upregulate expression

expansion

of Foxp3 during their differentiation into alter-
native T helper lineages, a feature consistent
with the lack of a stable Foxp3-dependent
transcriptional program. Several other reports
suggest that Foxp3 expression in Treg cells is
unstable under basal or inflammatory condi-
tions. In this regard, loss of Foxp3 expression
was observed in Treg cells following exposure
to TNF-«, IL-6, or OX40 (173-177). Most
of these studies relied on isolation of Foxp3™*
Treg cells, followed by their in vitro stim-
ulation in the presence of proinflammatory
cytokines, e.g., IL-6, or their adoptive transfer
into lymphopenic or lymphoreplete recipients.
However, the potental outgrowth of a few
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contaminating Foxp3-negative cells and the
stress associated with cell purification proce-
dures and culture may account for the outcomes
of these experiments. Alternatively, these par-
ticular culture conditions may be peculiar in
facilitating conversion of Foxp3* Treg cells to
effector cells. Regardless, the study of Treg cell
stability in vivo under relevant physiological
conditions is of critical importance.

The results of these studies and the idea of
plasticity of Treg cell fate received further sup-
port from a recent study suggesting that the in-
stability of Foxp3 expression in Treg cells yields
a population of ex-Treg cells that mediate au-
toimmune pathology under certain conditions.
To genetically mark cells that express Foxp3
at some point in their history and to trace the
fate of these cells, these investigators employed
a Cre recombinase encoded by a Foxp3 BAC
transgene, together with a Cre-mediated re-
combination reporter allele of the ubiquitously
expressed ROSA26 locus harboring a targeted
insertion of a loxP site-flanked STOP cassette
followed by a DNA sequence encoding YFP
(178). These studies, utilizing genetic tagging
of Treg cells by a constitutive Foxp3 BAC-
driven Cre, demonstrated loss of Foxp3 expres-
sion in the autoimmune microenvironment af-
ter crossing the reporter mice to NOD mice
and upon transfer of Foxp3™* reporter cells into
NOD mice. However, this result does not pre-
clude the possibility that committed Treg cells
stably express Foxp3 and represent a faithfully
committed cell lineage.

Indeed, in vivo evaluation of the stability of
Foxp3 expression in a temporal manner using
Foxp3°GFP-Cre-ERT2 y R26Y mice, which allowed
for noninvasive inducible labeling of Foxp3-
expressing cells and tracking their fate in vivo,
demonstrated that the Treg cell population
exhibits remarkably stable expression of Foxp3
under basal physiologic conditions. Stability of
Foxp3 expression was also maintained following
various challenges, including radiation-induced
lymphopenia, Thl cytokine—induced inflam-
matory response, and acute bacterial infection
(179). The observed stability of the Treg cell
lineage implies the existence of dedicated
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mechanisms that underlie stably maintained
expression of Foxp3. One such putative mech-
anism involves binding of Foxp3 in a complex
with Runx1-CBF3 to CNS2, a proximal
conserved noncoding DNA element within
the Foxp3 locus (see below) (80). This binding,
conditional upon demethylation of a CpG
island within CNS2, affords heritable main-
tenance of the active state of the Foxp3 locus
in the progeny of dividing Treg cells likely via
yet-to-be-understood epigenetic mechanisms
(65, 80).

The Foxp3 basal promoter has relatively
weak transactivation activity as observed in
luciferase reporter assays (70, 99). Therefore,
Foxp3 gene expression is heavily reliant on the
activity of other proximal regulatory DNA ele-
ments. The previously discussed CNS1, which
contains binding sites for NFAT, RAR/RXR,
and T'GF-p-activated Smad3, is critical for the
induction of Foxp3 in peripheral naive CD4+ T
cells (180). In addition to activation of CNSI,
other Foxp3 regulatory DNA elements are
likely to impact the chromatin state, thereby
promoting accessibility of the Foxp3 locus and
recruitment of activating factors to increase
the probability of Foxp3 induction. Of course,
chromatin modifications associated with ac-
tive gene states (i.e., H3K4me3 and histone
acetylation) at CNSI and the Foxp3 promoter
will coincide with or directly precede Foxp3
expression (68, 70, 99, 125). However, because
acquisition of an activated chromatin state at the
Foxp3 promoter and at CNS1 is coincident with
Foxp3 expression, it seemed unlikely that these
regulatory DNA elements would act as the
early mediators of chromatin remodeling and
de novo activation of the locus. Instead, a dis-
tinct regulatory DNA element mightact earlier
than CNSI and the Foxp3 promoter in locus
activation through the reception of appropriate
signals. Indeed, CNS3 is characterized by chro-
matin modifications associated with distal regu-
latory DNA elements, including H3K4mel and
H3K27Ac, and accessibility, not only in Treg
cells actively expressing Foxp3, but also in both
thymic and peripheral Treg cell precursors,
thereby implicating CNS3 in early regulation
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of Foxp3 locus activation. Consistent with
this, CNS3 controls the probability of Foxp3
expression among a population of precursors
cells (rather than the level of Foxp3 expression
on a per cell level) and is bound by the NF-«xB
family member, c-Rel (80). Thus, CNS3
represents a developmentally poised regulatory
DNA element that functions early in Foxp3
locus activation, likely before the other regu-
latory DNA elements, i.e., Foxp3 promoter,
CNS1, and CNS2. Future studies will identify
the mechanisms and kinetics of regulatory
DNA element function throughout the events
of Foxp3 induction and stable high-level ex-
pression in Treg cells. It will also be exciting to
identify additional regulatory DNA elements,
transcription factors, and chromatin modifying
and remodeling complexes and reveal their
concerted function with the Foxp3 promoter,
CNS1, CNS2, and CNS3 to promote and
propagate the activated chromatin state, which
allows for the induction and maintenance of
Foxp3 expression.

Given the impressive stability of Foxp3 in
differentiated Treg cells, it is interesting to
consider the molecular mechanisms employed
by Treg cells to confer it. Several studies have
pointed to CpG dinucleotide demethylation
at the Foxp3 promoter and at CNS2 as an
important requirement of stable Foxp3 expres-
sion. Demethylation of these methylcytosines
at the Foxp3 regulatory DNA correlates with
stable Foxp3 expression in ex vivo isolated
human and mouse Treg cells. Intriguingly,
these elements remain heavily methylated in
in vitro—generated iTreg cells, which do not
stably express Foxp3 (65, 181, 182). Methylated
CpG motifs could function in repression or
aborted activation of the Foxp3 locus in iTreg
cells through a combination of both shrouding
transcription factor-binding motifs on the
proximal DNA and the direct recruitment of
repressive chromatin machinery. These path-
ways are likely active at the CNS2 element, and
transcription factors that mediate stable heri-
table maintenance of Foxp3 expression might
bind to CNS2 in a demethylation-dependent
manner.

Indeed, CNS2 binds Foxp3/Runx1/CBFf3

protein complexes, and this binding is
dependent on demethylation of CNS2 CpG
dinucleotides (80). This Foxp3 complex

binding at CNS2 was therefore absent in in
vitro-generated iTreg cells, which maintain
high levels of CpG methylation at CNS2.
Additionally, CREB/ATF, NF-kB, and Ets-1
bind to CNS2 in a demethylation-dependent
manner as well (183). Therefore, unstable
expression of Foxp3 in in vitro iTreg cells may
be the result of a failure to engage the CNS2
demethylation-dependent Foxp3 autoregula-
tory loop as well as other transcription factors.
In support of this idea, both Foxp3 protein and
Runx1/CBFp are required for maintenance of
high levels of Foxp3 expression in mature Treg
cells (23, 27, 163, 184-186). In this putative
autoregulatory loop, Foxp3 protein complexes,
acquired by the progeny of dividing mature
Treg cells, bind to the demethylated CNS2
to maintain faithful expression of Foxp3 and,
therefore, Treg cell lineage stability. A bistable
teed-forward autoregulatory loop could explain
the remarkable stability of Foxp3 expression
observed in mature Treg cells (179).

While the functions of Foxp3 are clearly
shared between humans and mice, there are
some apparent differences in the control of
FOXP3 expression in activated human T cells
(187). Although stable, high-level expression of
Foxp3 is unique to Treg cells in both species,
after stimulation human T cells transiently
induce FOXP3 expression (49, 188-191).
This relatively low-level FOXP3 expression
in activated human T cells requires TGF-
produced by activated T cells or present in
serum, and it does not result in acquisition of
Treg cell phenotype and suppressor activity
(27, 191). Additionally, this FOXP3 expression
in conventional human T cells in the presence
of high amounts of TGF-f does not confer
suppressor function (189, 192). We suggest that
low-level FOXP3 expression upon activation
of conventional human T cells and unstable
expression of Foxp3 in iTreg cells generated in
vitro are the results of a lack of engagement of
the CNS2 regulatory DNA element due to its
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methylated and repressed state. In agreement
with this hypothesis, knockdown, pharma-
cologic inhibition, or ablation of the Dnmil
gene and resultant CpG motif demethylation
increases both the induction and, critically,
the stability of Foxp3 expression (62, 65, 70).
However, the mechanisms responsible for
establishing the appropriate active chromatin
features and for initiating the demethylation of
CNS32, as well as the Foxp3 protein complex—
dependent propagation of these states for
heritable maintenance of Foxp3 expression in
dividing Treg cells, remain poorly understood.
Further mechanistic studies will considerably
advance our understanding of Foxp3 induction

and Treg cell biology.

MOLECULAR MECHANISMS
OF TREG CELL-MEDIATED
SUPPRESSION

Despite the rapidly accumulating knowledge of
Treg cell involvement in immune regulation,
our understanding of molecular mechanisms
of suppression is still limited. Transcriptional
profiling of Treg cells versus naive or activated
T cells revealed a substantial number of genes,
including cell-surface molecules and secreted
proteins, that could potentially function as
suppression molecules in Treg cell-mediated
immune regulation (193-196).

Several cell-surface molecules were pro-
posed to play a role as mediators of Treg
cell-mediated suppression; CD25, a subunit of
IL-2 receptor (IL-2R) and the original Treg
cell marker, is upregulated on effector T cells
and is constitutively expressed at a high level
on Treg cells. While indispensable in Treg
cell homeostasis (87, 197), high-level IL-2R
expression on Treg cells could deprive effector
T cells of IL-2 and inhibit their proliferation
(198). Similarly, another well-known Treg
cell-specific surface molecule, CTLA-4, is
implicated in Treg cell-mediated suppression
function, in addition to its important cell-
intrinsic role in limiting responses of activated
T cells (199). Building on earlier reports using
cell transfer and antibody blockade (200-202),
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a role of CTLA-4 in Treg cells has been
recently reassessed in genetic studies, in which
the mice with a selective loss of CTLA-4 in
Treg cells were analyzed (203, 204). In these
studies, selective CTLA-4 deficiency resulted
in greatly increased numbers and activation of
Treg cells under inflammatory conditions, yet
the suppressive activity of CTLA-4-deficient
Treg cells was impaired. It was suggested that
in BALB/c mice, known for their susceptibility
to various immune-mediated disorders, the
reduced suppression capacity of CTLA-4-
deficient Treg cells is due to their inability
to downregulate CD80 and CD86 via trans-
endocytosis (203, 205). These results were
consistent with a pronounced expansion and
activation of dendritic cells observed early
upon acute Treg cell ablation (35). However,
Treg cell-specific ablation of CTLA-4 on a
less autoimmune-prone genetic background of
C57Bl/6 mice did not cause an increase in den-
dritic cell numbers or CD80/CD86 expression,
yet Treg cell suppressor capacity was partially
impaired and their TCR repertoire altered
(Y. Rubtsov, A. Patterson, R.M. Samstein,
A.Y. Rudensky, A. Sharp, manuscript in prepa-
ration). Thus, CTLA-4 function in facilitating
Treg cell suppression and its contribution to
the overall control of immune homeostasis by
Treg cells can be significantly modified by the
genetic background.

Other cell-surface molecules such as CD39
and CD73, two ectoenzymes highly expressed
on Treg cells, have also recently been shown
to take part in Treg cell-mediated suppression
by facilitating the elaboration of adenosine
and the extrusion of cAMP (206-209). As a
consequence, adenosine signaling initiated
by Treg cells not only directly inhibits the
proliferation of effector T cells, but also
negatively impacts the function of dendritic
cells. As Treg cells were suggested to play a
pivotal role in controlling the priming of ef-
fector cells through APCs, there are also other
molecules that Treg cells might use to control
APC function. For instance, LAG-3, a CD4
homolog that exhibits a high binding affinity
with MHC class II, is suggested to be required
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for maximal suppressive activity of both natural
and induced Treg cells (210). Engagement of
a MHC molecule on immature dendritic cells
through LAG-3 could lead to the inhibition
of their maturation and costimulatory capacity
(211). Moreover, the dendritic cell-dependent
Treg cell-mediated immune regulation is
further supported by a recent discovery of
a novel Ig family member, TIGIT, that is
expressed, like CTLA-4, ata high level on Treg
cells and on activated conventional T cells.
Upon Treg cell interactions with dendritic
cells, TIGIT appears to induce production
of immunosuppressive cytokines IL-10 and
TGF-f by dendritic cells (212). Finally, long-
lasting Treg cell interactions with dendritic
cells were convincingly documented by recent
studies employing intravital microscopy (213,
214). These interactions are facilitated by a
neuronal guidance protein neuropilin-1, which
is highly expressed by most Treg cells, and
neuropilin-1 blockade or ablation interferes
with suppression mediated by Treg cells
(215, 216). However, rather than serving as an
effector molecule, neuropilin-1 likely facilitates
interactions of Treg cells with their targets.

TNF receptor family members such as
GITR are important players in controlling
Treg cell function (193, 194). In addition
to elevated expression on Treg cells, GITR
is upregulated on activated effector T cells,
where—along with other TNFR family mem-
bers OX40, 4-1BB, and TNFRI[—it serves as
a potent costimulatory and survival molecule.
It seems more likely that engagement of GITR
on the surface of effector T cells enhances their
responses, effectively releasing these cells from
Treg cell-mediated suppression (195, 196).
Consistent with these results, GITR deficiency
does not result in noticeable aberrations in
immune homeostasis or tolerance (217), yet
GITR serves as a potential target for cancer
immunotherapy.

In addition to functionally important trans-
membrane molecules, several secreted proteins
identified in gene expression studies have been
implicated in Treg cell-mediated suppression,
including IL-10, IL-35, granzyme B, IL-9, and

TGF-B (reviewed in 218, 219). Selective abla-
tion of IL-10 in Foxp3* Treg cells revealed that
IL-10 production by Treg cells is essential for
keeping the immune response in check at envi-
ronmental interfaces such as colon and lungs
(220). Similarly, another immunosuppressive
cytokine secreted by Treg cells, IL-35, has
also been suggested to maintain immunologi-
cal tolerance in the gut. In the absence of IL-
12p35 or Ebi3, two of the major components
of IL-35, Treg cells adoptively transferred into
lymphopenic hosts cannot control homeostatic
proliferation, which ultimately leads to the de-
velopment of inflammatory bowel disease (221).
Furthermore, TGF-f produced by Treg cells
can suppress Thl responses (222).

Cytolysis of target cells as a means for
Treg cell-mediated suppression was first sug-
gested by the finding that, in human Treg cells,
granzyme A can be induced by a combination
of CD3 and CD46 stimulation, resulting in the
induction of apoptosis in activated target cells
(223). Later, several groupsidentified granzyme
B (but not granzyme A) as being highly upreg-
ulated in mouse Treg cells. Upon activation,
Treg cells can kill either responder T cells or
APCs in a granzyme B—dependent manner in
vitro (224, 225). These findings have been fur-
ther confirmed by the in vivo studies in which
granzyme B has been critical in maintaining
Treg cell-dependent long-lived skin graft tol-
erance as well as in Treg cell-mediated suppres-
sion of tumor clearance (226, 227).

TREG CELL-MEDIATED
SUPPRESSION OF DISTINCT
CLASSES OF THE IMMUNE
RESPONSE

It is important to note that none of the afore-
mentioned mechanisms of suppression can
singly account for Treg cell-mediated control
of immunity. Moreover, the Foxp3-dependent
suppressor program implemented by Treg cells
keeps in check various types of effector im-
mune responses to self antigens and pathogens.
However, it was not clear originally whether
Treg cells implement a universal hard-wired
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Regulatory T (Treg) cell heterogeneity and suppression of distinct classes of the immune response. Treg cells generated in the thymus
or extrathymically can further specialize through upregulation or activation of transcription factors in response to different
environmental stimuli. These environmental response factors can cooperate with Foxp3 to confer to Treg cells a transient or lasting
cell state, enabling their tailored function under particular environmental or inflammatory conditions; for example, STAT3 activation
in response to IL-10 leads to the generation of pPSTAT3 ™" Treg cells capable of suppressing Th17 responses, or activation of STATT in
response to IFN-y or other STAT1-signaling cytokines leads to generation of Tbet™ Treg cells. In a given tissue, Treg cells, upon
instruction by the tissue environment, induce expression of tissue-specific transcription factors whose cooperation with Foxp3 results in
a distinct tissue-specific Treg cell transcriptional signature and function, and also supports Treg cell subset homeostasis.
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program to limit different types of immunity or
modular programs of suppression tailored to
inhibit a particular class of the immune
response. In the past few years, mounting ex-
perimental evidence has suggested that distinct
suppressor mechanisms prominently feature in
particular tissue and inflammatory settings (see
Figure 2). For example, the analysis of IRF4, a
transcription factor required for differentiation
of Th2 effector cells, demonstrated that in
regulatory T cells IRF4 forms complexes with
Foxp3 and in a cooperative manner regulates
a set of genes that endow Treg cells with the
ability to suppress Th2 responses. Ablation of
a conditional Irf# allele in Treg cells resulted
in a selective dysregulation of unprovoked
pathogenic Th2 responses, i.e., increased
production of Th2 cytokines, IL-4-dependent
Ig isotype production, and pronounced plasma
cell infiltration (155).

Similarly, another study has shown that the
expression of T-bet, a key transcription factor
in Thl effector cell differentiation, in Treg
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cells enables them through the expression of
CXCR3 to migrate, proliferate, and accumulate
at the sites of Thl responses (228). Although
not clearly altering Treg cell suppressor activ-
ity, T-bet deficiency in Treg cells leads to a
failure in regulation of Thl, but not Th2 or
Th17, responses. Consistent with these stud-
ies, selective ablation of STAT3, a transcription
factor required for Th17 induction, in Treg
cells results in uncontrolled Th17-dependent
pathology (229). Finally, as demonstrated by
two recent studies, in Treg cells the expres-
sion of Bel6, a transcription factor pivotal for
the development of T follicular helper cells,
is essential for Treg cell-mediated regulation
of germinal center responses, likely through
the induction of CXCRS5 (230, 231). Whether
Th lineage—specific transcription factors allow
Treg cells (#) to be equipped with selective
migration properties, (b) to strengthen certain
suppression capacities specialized for efficiently
controlling the corresponding type of immune
responses, or (¢) to do both remains to be further
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explored. Nonetheless, these findings clearly
suggest the possibility that transcription fac-
tors required for different Th lineage develop-
ment play an equally important role in Treg
cell homeostasis and function in the presence of
similar inflammatory cues. Moreover, as men-
tioned above, miR-146a-deficient Treg cells
fail to control Th1 responses, likely due to un-
restrained expression and activation of Statl.
Similarly, excessive Statl activation in SOCS1-
deficient Treg cells also leads to dysregulated
Th1 pathology (171).

These findings support the aforementioned
concept of symmetry in the integration of
environmental cues by Treg cells and im-
mune effector cells. However, in the earlier
studies, it was the lack of Th lineage-specific
transcription factors Bcel6, Stat3, IRF4, and
Statl/T-bet in Treg cells that resulted in
impaired suppression of T follicular helper,
Th17, Th2, and Thl responses, respectively.
In contrast, the aforementioned studies of a
role of miR-146a and SOCS1 showed that
unrestrained activation of Statl in Treg cells
leads to immunopathology. The observations
that both the lack of Statl and unrestrained
Statl activation resulted in a breakdown of im-
munologic tolerance implied a general scheme
in which specialized Treg cell suppression pro-
grams are established in dynamically changing
inflammatory environments by maintaining an
optimal threshold of activation of transcription
factors downstream of cytokine receptors
crucial for the corresponding type of immune
responses.

To extend this further, one could envi-
sion that other cell-/tissue-specific genomic
programs orchestrated by the corresponding
transcription factors might also facilitate the
ability of tissue-resident Treg cell subpop-
ulations to maintain tissue homeostasis (see
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study demonstrating that Treg cells isolated
from adipose tissue exhibit a distinct gene
expression signature when compared with
those isolated from secondary lymphoid
tissues (232). A role for Treg cells in opposing
metabolic inflammation in fat tissue was also
suggested by another group (233). Further-
more, a recent study by Mathis, Benoist, and
coworkers demonstrated that high amounts
of peroxisome proliferator activated receptor
gamma (PPARY), a transcription factor essen-
tial for adipocyte differentiation, is a unique
distinguishing feature of fat Treg cells and
that PPARYy plays a central and important role
in homeostasis of fat Treg cells and possible
function (D. Mathis & C. Benoist, personal
communication). These observations raise two
questions: Is the principle that a corresponding
tissue-specific transcription factor(s) controls
the numbers and functions of Treg cells
present in a given nonlymphoid tissue similarly
applicable to other tissues? And is this principle
also applicable to a tumor environment?

CONCLUDING REMARKS

Recent progress in dissecting molecular mech-
anisms of differentiation and function of Treg
cells opens new avenues for analyses of het-
erogeneity within regulatory T cells and their
adaptation to and stability in diverse inflam-
matory and tissue environments. The potential
roles of Treg cells in the regulation of nonim-
mune tissues and organs and the involvement
of these cells in responses to stress, injury, and
cellular transformation are under investigation.
We expect this work to yield novel insights into
integration of immune and nonimmune mech-
anisms of homeostasis.
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NOTE ADDED IN PROOF

In our overview of early studies of regulatory T cells, we inadvertently omitted a reference to an
important paper by Waldmann and coauthors (234). This study showed that, upon treatment witha
nondepleting CD4 antibody, CD4" T cells stimulated with alloantigens acquired a nonresponsive
state and were capable of transferring tolerance to the same alloantigen to third-party recipients.
A recent follow-up study showed that the tolerance observed in this model was dependent on
generation of Foxp3-expressing Treg cells (235).
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