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REGULATORY  T  CELLS

The adaptive immune system of higher vertebrates provides a more effi-
cient and specific immune defense against infectious microorganisms 
than that afforded by the innate immune system. The hallmark of the 
adaptive immune system is the random generation of antigen recep-
tors in developing lymphocyte clones through a process of somatic cell 
gene rearrangement mediated by the recombination-activating gene 
recombinase. The essentially unlimited specificities of this anticipatory 
recognition system provides an efficient counterbalance to the short 
reproduction cycles and high mutation rates of infectious microorgan-
isms. However, the diversity of antigen recognition afforded by the 
system also poses the threat of autoimmunity because of the generation 
of self-reactive receptors. Moreover, the emergence of major histocom-
patibility complex (MHC)–restricted T cell recognition exacerbates this 
threat, because to develop, T cells must express antigen receptors that 
interact with self peptide–MHC complexes.

The potential for “horror autotoxicus,” or autoimmunity, was rec-
ognized by Paul Ehrlich more than 100 years ago when he noted that 
a “well adapted regulatory contrivance” must exist to counter this 
problem1. Expanded and developed in the framework of the clonal 
selection hypothesis, the idea of immunological ‘tolerance’ proposed 
a requirement for the elimination of autoreactive lymphocyte clones 
during development2,3. A vast body of experimentation over the past 
half-century has elucidated both cellular and molecular mechanisms 
leading to deletion or functional inactivation of autoreactive T and 
B cells in the primary lymphoid organs, thymus and bone marrow, 
respectively, or in the periphery. Collectively, these mechanisms act in 

a cell-intrinsic way and are therefore dubbed ‘recessive tolerance’, as 
elimination of an individual autoreactive lymphocyte clone does not 
affect other self-reactive clones. Over the past decade a population of 
so-called ‘regulatory T cells’ (Treg cells) has been linked to the preven-
tion of autoimmunity. Treg cells act in a dominant, trans-acting way to 
actively suppress immune activation, thereby functioning as critical 
mediators of self-tolerance and immune homeostasis. Accumulating 
experimental evidence suggests that the immunosuppressive potential 
of these cells can be harnessed therapeutically to treat autoimmunity 
and facilitate transplantation tolerance or can be targeted to potentiate 
tumor immunotherapy. In this review we discuss the principal advances 
in our understanding of the molecular mechanisms of Treg cell devel-
opment and function. We focus on the identification of the forkhead 
transcription factor Foxp3 as the unique molecular marker of Treg cells 
and its function as the Treg cell lineage specification factor.

Dominant tolerance and Treg cells
The idea of a dominant form of immunological tolerance involving a 
specialized population of ‘suppressor’ T cells acting both to terminate 
conventional immune responses and to prevent autoimmune pathology 
was proposed over 30 years ago4. Early studies envisaged suppressor 
cell cascades involving multiple suppressor factors, anti-idiotypic T 
cell networks and ‘suppressor-inducer’ and ‘contra-suppressor’ cells5. 
However, the mechanisms responsible for these suppressive phenom-
ena were never characterized at the molecular or biochemical level. 
Moreover, key findings of those studies were found to be demonstrably 
inaccurate and the field of suppressor T cell biology was largely discred-
ited6. The present renaissance of the study of dominant tolerance can 
be traced mainly to the observation that mice thymectomized early in 
life develop organ-specific autoimmunity and that cells derived from 
adult spleen can prevent this disease7. Using this model or models of 
lymphopenia-induced autoimmunity, several groups made critical 
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The random generation of antigen receptors in developing lymphocytes results in a considerable risk of autoimmunity. Regulatory 
T cells (Treg cells) act in a dominant, trans-acting way to actively suppress immune activation and maintain immune tolerance. 
Here, we discuss the principal advances in our understanding of the molecular mechanisms of Treg cell development and function 
with particular emphasis on the forkhead transcription factor Foxp3. Accumulating evidence suggests that Treg cells represent 
a dedicated T cell lineage and that Foxp3 functions as the Treg cell lineage specification factor. The aggressive early-onset 
lymphoproliferative syndrome resulting from Foxp3 deficiency identifies Treg cells as vital mediators of immunological tolerance 
to self and Foxp3 as the mediator of the genetic mechanism of dominant tolerance. 
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observations demonstrating that specific CD4+ T cell subsets, frac-
tionated based on expression of various cell surface markers, including 
CD5 and CD45RB, are capable of preventing autoimmune disease8,9. 
Efforts to better define the subset of cells mediating suppression of 
autoimmunity culminated in the identification of CD4+ T cells consti-
tutively expressing the interleukin 2 receptor-α (IL-2Rα) chain (CD25) 
as being highly ‘enriched’ in suppressor activity10. These ‘naturally aris-
ing’ CD4+CD25+ Treg cells became the best candidates for the T cell 
population mediating dominant tolerance to self. To emphasize their 
origin and importance, Treg cell production has been called the third 
function of the thymus11.

An overview of functional properties of Treg cells
The identification of a cell surface marker (CD25) allowing the enrich-
ment of Treg cells has greatly facilitated the more rigorous study of T 
cell–mediated dominant tolerance. Another important milestone in the 
field was the development of an in vitro T cell suppression assay12–14. 
After T cell receptor (TCR) crosslinking in vitro, Treg cells are unable 
to proliferate or produce IL-2 but are able to inhibit proliferative 
responses and cytokine production by effector T cells. However, this in 
vitro anergy belies a more complex activity in vivo. The aforementioned 
adoptive transfer experiments suggest that Treg cells are capable of self-
renewal, as transfer of relatively small numbers of Treg cells afforded a 
long-lasting protection against autoimmunity. In addition, Treg cells are 
capable of robust MHC class II–dependent proliferation in lymphope-
nic conditions, after specific TCR stimulation or after transfer into mice 
genetically deficient in Treg cells15–21. Additionally, an in vitro protocol 
has been developed for the expansion of Treg cell populations after TCR 
and CD28 engagement in the presence of very high concentrations of 
IL-2, which could allow for isolation and cloning of antigen-specific Treg 
cells22. Thus, despite their apparent in vitro anergy, Treg cell populations 
are capable of robust expansion in vivo and their early description as 
anergic cells is misleading.

The important issue of the mechanism(s) of suppressive action by 
Treg cells remains unresolved (reviewed by von Boehmer23 in this issue). 
Although in vitro suppression is contact dependent and is insensitive 
to transforming growth factor-β (TGF-β) or IL-10 blockade, both 
IL-10 and TGF-β have been linked to suppression mediated by Treg 
cells in several in vivo experimental models24–26. Reverse signaling 
through crosslinking of B7 (CD80 and CD86) on the cell surface of 
antigen-presenting cells or activated T cells, mediated by cytotoxic T 
lymphocyte–associated antigen 4 (CTLA-4) expressed by Treg cells, has 
been proposed as yet another effector mechanism of suppression27. 
However, like IL-10 and TGF-β, CTLA-4 does not seem to be a non-
redundant mechanism of suppression, as Treg cells isolated from mice 
with the targeted deletions of genes encoding each of these molecules 
are suppressive in vitro28,29. The interplay of these mechanisms in Treg 
cell function in vivo remains to be further defined. In addition, after 
activation, human Treg cells may directly kill activated CD4 and CD8 T 
cells in a perforin- or granzyme-dependent way30. Finally, it has been 
proposed that Treg cells may suppress immune activation by ‘soaking up’ 
T cell growth factors such as IL-2 (refs. 17,31). It is likely the predomi-
nant effector mechanism of Treg cell–mediated suppression may vary 
depending on the specific tissue and inflammation type being studied. 
Treg cell–specific gene targeting may help to elucidate the suppressive 
mechanisms operating in vivo.

Other important, unresolved issues are whether Treg cells show con-
stitutive suppressive activity in vivo and whether this activity requires 
maintenance by ‘tonic’ Treg cell TCR and cytokine signals or whether 
the induction of suppressive mechanisms requires stronger TCR and/or 
cytokine receptor stimuli. Evidence supporting the idea of involvement 

of TCR signals in inducing the suppressive function of Treg cells in vivo 
has begun to emerge from the analysis of Treg cells derived from TCR-
transgenic mice in the presence or absence of cognate ligand. Indirect 
evidence for the involvement of specific TCR stimulation required for 
Treg cell–mediated suppression has come from the finding of much 
more efficient protection against organ-specific autoimmunity medi-
ated by Treg cells found in the organ-draining lymph nodes than by Treg 
cells found in nondraining lymph nodes or spleen32.

As for the involvement of cytokines in affecting suppressive proper-
ties of Treg cells, early reports indicated that Treg cell–mediated in vitro 
suppression could be overridden by provision of large amounts of IL-2 
(ref. 24). However, more recent studies have suggested that Treg cells are 
capable of suppressing IL-2 mRNA induction in responder cells even in 
the presence of large amounts of IL-2 (ref. 33). Moreover, two groups 
have reported that Treg cell suppressive activity in vitro is dependent on 
IL-2, as it is abrogated in the presence of IL-2-neutralizing antibod-
ies33,34. Those data and results suggesting that the maintenance of CD25 
expression on Treg cells depends on IL-2 (ref. 35) suggest the possibility 
of a relatively simple regulatory network whereby the maintenance and 
suppressive activity of Treg cells is conditional on IL-2 production by 
nonregulatory T cells. Furthermore, increased amounts of IL-2 result-
ing from immune activation may fuel the expansion of the Treg cell 
population (discussed below).

Thymic development of Treg cells
Initial observations of autoimmunity that is preventable after transfer 
of peripheral CD4+ T cells in neonatally thymectomized mice provided 
evidence for the thymic origin of Treg cells9. Indeed, subsequent studies 
have demonstrated the presence of a subset of CD25+ cells in the CD4 
single-positive thymocyte compartment in mice and humans36–38. These 
CD25+ CD4 single-positive thymocytes are capable of suppression in 
adoptive transfer models and in in vitro suppression assays37. In addi-
tion to its suppressive capacity and CD25 expression, this thymocyte 
subset displays markers characteristic of peripheral Treg cells, including 
increased expression of CTLA-4, glucocorticoid-inducible tumor necro-
sis factor receptor (GITR) and OX40 and resistance to deletion38,39.

The fact that thymectomy in mice on day 3 after birth, but not adult 
thymectomy, results in autoimmunity suggests that Treg cells are pro-
duced relatively late during neonatal development. Early reports indi-
cated that there are very few CD25+ T cells in the periphery before day 
3 of life40. However, subsequent examination of mice thymectomized 
at day 3 has shown reduced but considerable numbers of CD25+CD4+ 
thymocytes and peripheral T cells41. These cells seem to be fully func-
tional, as they mediate protection against autoimmunity when trans-
ferred together with CD45RBhiCD4+ T cells into lymphopenic hosts41. 
Thus, the autoimmunity developing in neonatally thymectomized mice 
may be due to a quantitative imbalance between regulatory and non-
regulatory T cells. However, it is possible that the Treg cells in neonatal 
mice are qualitatively different. This last possibility is suggested by the 
observation that almost no neonatal CD25+CD4+ T cells express the 
adhesion molecule CD103 (αE integrin), whereas in adult mice, 8–15% 
of the CD25+CD4+ Treg population is CD103+ (ref. 41). That study 
also noted reduced Foxp3 mRNA in neonatal versus adult thymocytes. 
One interpretation of those results is that the neonatal thymus is less 
efficient than the adult thymus in supporting Treg cell development 
(discussed below).

Treg cell development: the function of the TCR
TCR signaling is important in T cell lineage commitment during thy-
mocyte development. This is best demonstrated by the differentiation 
of thymocytes bearing MHC class I–restricted TCRs into CD8+ T cells 
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and the differentiation of thymocytes bearing MHC class II–restricted 
TCRs into CD4+ T cells42. An essential function for TCR signals in 
the development of Treg cells was suggested by the finding that TCR-
transgenic mice on a recombination-activating gene–deficient back-
ground (which lack endogenous TCR rearrangements) do not develop 
Treg cells, whereas most TCR-transgenic mice expressing functional 
recombination-activating genes contain varying numbers of Treg 
cells43,44. A vivid demonstration of how essential TCR specificity is 
in Treg cell biology was provided by the development of spontaneous 
autoimmune experimental allergic encephalomyelitis in mice transgenic 
for myelin basic protein–specific TCRs and lacking recombination-
activating gene expression. While in the presence of functional recombi-
nation-activating genes,  these TCR-transgenic mice are protected from 
experimental allergic encephalomyelitis45,46. This particular TCR is not 
subject to deletion by its cognate ligand in the thymus. However, the 
experiments suggest that small numbers of T cells expressing endog-
enously rearranged TCRα or TCRβ chains are capable of preventing 
autoimmunity in this TCR-transgenic mouse model. The idea of a 
specific function for TCR-ligand interactions in the development of 
Treg cells is supported by the observed increase in the proportion of 
Treg cells that develop in TCR-transgenic mice when the mice are bred 
onto a strain expressing a transgene encoding the cognate ligand for 
the particular TCR18,47–49. Increased expression of many attenuators of 
TCR signaling and cell survival factors, including CD5, PD-1, CTLA-4, 
OX40 and GITR, at both the mRNA and protein level in Treg cells is in 
agreement with the suggested increased affinity of Treg cell TCRs for 
self peptide–MHC complexes16,39,50. Consistent with involvement of 
TCR signaling in Treg cell development, genetic deficiencies in com-
ponents of the transcription factor NF-κB activation pathway ‘down-
stream’ of TCR signaling, including IκB kinase-2, Bcl-10 and PKC-θ, 
result in reduced relative numbers of Treg cells51,52. An investigation of 
Treg cell TCR specificities using retrovirus-mediated transfer of Treg cell 
TCRs into nonregulatory monoclonal CD25–CD4+ T cells showed an 
increased avidity of Treg cell TCRs for self peptide–MHC class II com-
plexes reflected in rapid peptide–MHC class II–dependent population 
expansion of the transduced cells in lymphopenic hosts53. In aggregate, 
these results suggest an essential function for TCR-ligand interactions in 
the development of Treg cells and indicate that naturally arising Treg cell 
lineage commitment is induced in response to self-reactive TCRs with an 
avidity range for self peptide–MHC somewhere between that required 
for positive and negative selection. This model of Treg cell development 
may also explain the preponderance of Treg cells in the CD4+ T cell 
lineage, as CD4+ T cell lineage commitment is thought to be favored by 
TCR signals of increased strength or duration54,55.

An alternative model of Treg cell lineage commitment suggests that 
Treg cell fate is not determined by the strength of TCR-ligand inter-
actions but may result from an unknown invariant signal (perhaps 
Notch-Notch ligand interactions) or selection on an unconventional 
TCR ligand, different from that required for nonregulatory T cell 
selection56. This model is based on the observation that although the 
proportion of Treg cells in the thymus of mice expressing a particu-
lar TCR transgene increases after encounter with the cognate ligand, 
the absolute number of Treg cells does not increase or increases only 
modestly. Consistent with published observations38, it was noted that 
Treg cells are more resistant to TCR-induced apoptosis56. Thus, the 
enrichment in Treg cells observed in TCR–cognate ligand transgenic 
systems is hypothesized to result from the preferential elimination 
of nonregulatory CD4+ T cells rather than from increased produc-
tion of Treg cells. To accommodate the finding of self-reactive TCRs 
displayed by Treg cells, this model argues that TCR-ligand interactions 
serve as survival or expansion signals after Treg cell lineage commit-

ment, allowing developing Treg cells to compete for ‘space’ with the 
bulk of  ‘nonregulatory’ thymocytes. In contrast to an induced mecha-
nism of dominant tolerance envisioned by TCR affinity models of Treg 
cell lineage commitment, this model suggests that the mechanism of 
dominant tolerance is ‘hard-wired’.

The best explanation for the available data is probably a combination 
of the two models. Specifically, we propose that a TCR signal within 
a certain avidity range is required but not sufficient for Treg cell lin-
eage commitment, and that one (or more) additional unidentified and 
likely limiting signal(s) is (are) needed (discussed below; Fig. 1). Not 
all anergic T cells that escape negative selection have regulatory pro-
perties57. Furthermore, the developmental delay in the appearance of 
a fully competent Treg cells in neonatal mice may be due to diminished 
availability of such a factor. It is possible that thymic epithelial cells may 
be particularly suited to support Treg cell lineage commitment. 

The idea of a specific function for thymic epithelial cells in Treg 
development was suggested by allogeneic thymic graft experi-
ments58,59. Subsequently, a Treg cell compartment of a size comparable 
to that in wild-type mice was found in mice expressing MHC class 

Figure 1  Treg cell lineage specification by Foxp3. In this inductive model 
of Treg cell lineage commitment, high-avidity TCR–self peptide–MHC 
interactions augmented by CD28 signaling and an additional, unidentified, 
perhaps limiting, signal converge to induce Foxp3 expression and thus 
Treg cell lineage commitment. The developmental delay in the appearance 
of a fully competent Treg cells in neonatal mice may be due to diminished 
availability of this unidentified signal. In this model, Foxp3 expression 
defines the Treg cell lineage, irrespective of CD25 expression or MHC 
restriction. Because TCR signals of an increased strength or duration favor 
the development of MHC class II–restricted CD4+ T cells, Foxp3-expressing 
Treg cells are highly enriched in but are not restricted to this population. 
Production of IL-2 by peripheral T cells expands the Treg cell population 
but is not required for Treg cell development. DP, double-positive; 
SP, single-positive; ±, with or without.
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II molecules only on thymic cortical epithelial cells60. Furthermore, 
expression of a cognate TCR ligand on thymic stromal cells favored 
the development of CD25+ Treg cells expressing a corresponding TCR 
transgene, whereas ligand expression on bone marrow–derived cells 
resulted in the development of anergic CD25–CD4+ T cells with regu-
latory properties48,49.

What peptide ligands are recognized by TCRs displayed by develop-
ing Treg cell precursors in the thymus? The very high diversity of TCRs 
of Treg cells in the periphery and in the thymus suggests that these cells 
are capable of interacting with any peptide–MHC class II ligand in a 
certain avidity range. Some Treg cell TCRs seem to recognize ubiqui-
tously expressed MHC class II–bound peptides present in high copy 
numbers53 (C.S. Hsieh and A.Y.R., unpublished data). The presence of 
Treg cells in mice with MHC class II–bound peptide repertoires mostly 
limited to a single predominant peptide supports this idea60,61. It is 
also likely that a subset of Treg cells can preferentially react with tissue-
specific peptides present in low copy numbers in the thymus. Based on 
the avidity model of Treg cell lineage commitment, we would predict 
a higher affinity of Treg cells for these low-abundance tissue-specific 
peptides. It is reasonable to further suggest that tissue-specific peptides 
are displayed for Treg cell recognition by medullary epithelial cells in an 
autoimmune regulator protein–dependent way62. However, the pos-
sibility of potential ‘holes’ in the Treg cell TCR repertoire contributing 
to autoimmunity found in autoimmune regulator protein–deficient 
mice remains purely speculative at present.

Treg cell development: costimulation and cytokines
Considering the essential involvement of TCR signals in Treg cell lin-
eage development, it is not surprising that costimulatory signals medi-
ated by CD28 engagement of CD80 or CD86 molecules are important 
in shaping the repertoire and size of the Treg cell compartment. Treg cell 
numbers are very much diminished in mice lacking CD28 or CD80 
and CD86 (ref. 63). It seems that this Treg cell deficiency is due to a 
combination of a direct effect on Treg cell thymocyte development and 
diminished peripheral IL-2 (discussed below) produced by nonregu-
latory T cells in the absence of CD28-CD80 or CD28-CD86 inter-
actions64. Nevertheless, Treg cells generated in the absence of CD28 
are functional63. This indicates that Treg cell lineage commitment 
can occur in the absence of CD28. Although CTLA-4 can influence 
thymocyte development and has been suggested as a potential effec-
tor molecule of Treg cells, functional Treg cells have been reported in 
CTLA-4–deficient mice29. Thus, CTLA-4 is also not required for Treg 
cell lineage development.

It is possible that Treg cell lineage commitment in the thymus can be 
facilitated by cytokine signals. The presence of high concentrations of 
TGF-β induces regulatory function in TCR-stimulated CD25–CD4+ 
T cells in vitro65–68. However, in vivo, TGF-β seems to be dispensable 
for thymic Treg cell development but involved in the maintenance of 
peripheral Treg cell numbers and functionality69,70 (Marie and A.Y.R., 
unpublished data).

Signals mediated by IL-2–IL-2R have been linked to the develop-
ment, maintenance, survival and expansion of Treg cell populations71. 
Consistent with critical involvement of IL-2 signals in Treg cell biol-
ogy, IL-2- and IL-2R-deficient mice suffer from lymphoproliferative 
autoimmune disorders. However, the protection afforded by adop-
tive transfer of peripheral CD4+ T cells isolated from IL-2-deficient 
mice but not from CD25-deficient mice in a TCR-transgenic model 
of experimental allergic encephalomyelitis suggests that Treg cells are 
present even in the absence of IL-2 (ref. 72). A subsequent report35 
by that same group supports this conclusion. Thus, it seems likely 
IL-2 signal is also dispensable for Treg cell lineage commitment in the 
thymus. However, definitive proof of this possibility has not yet been 
attained. Thus, although CD28 and IL-2 have a considerable effect on 
the size of the developing Treg cell subset, the nature of the putative 
nonredundant signal involved in Treg cell lineage commitment in the 
thymus together with the TCR remains to be identified.

Treg cells and Foxp3
Although CD25 expression has been useful in defining the Treg cell 
population in nonimmune mice and humans, accurate discrimina-
tion between Treg cells and recently activated nonregulatory T cells, 
which upregulate CD25, during immune activation associated with 
autoimmune pathology or infection is almost impossible. Increased 
expression of CD25, as well as GITR, CTLA-4 and lymphocyte activa-
tion gene 3, on activated nonregulatory T cells suggests that expression 
of these molecules does not functionally define the Treg cell population 
and raises the possibility that not all Treg cells express these molecules. 
Therefore, a principal challenge is to identify a unique functional 
molecular marker of Treg cells. The identification of such a molecule 
should help to resolve a fundamental issue regarding the nature of 
dominant tolerance. Two general models for T cell–mediated immu-
nosuppression have been considered: that Treg cells represent a dedi-
cated functional lineage (Fig. 2a), or that Treg cells represent a ‘plastic’ 
phenotype(Fig. 2b). The first model suggests the existence of a factor 
responsible for specifying a Treg cell lineage, which therefore serves as 
the mediator of the genetic mechanism of dominant tolerance. The 
second argues that T cell–mediated immunosuppression is not the 

IL-2

?

Nonregulatory T cells (Foxp3-, CD4+ or CD8+)

Foxp3+ T
reg

 cells (Foxp3+, CD4+ or CD8+)

Dedicated Treg cell lineage Adaptive Treg cell effectors
a b

Figure 2  Models of dominant tolerance. (a) Dedicated Treg cell lineage. 
In this model, Treg cell lineage commitment through induction of Foxp3 
expression occurs preferentially in thymocytes and recent thymic 
emigrants, whereas induction of Foxp3-expression in mature peripheral 
nonregulatory T cells in both humans and mice in physiological conditions 
is a rare and relatively inefficient process. Activation of effector T cells 
results in production of IL-2, which expands the Treg cell population 
during immune activation. Treg cells function mainly to control T cell 
self-reactivity and autoimmune inflammation. As a consequence of this 
function, Treg cells cause downmodulation of inflammation associated with 
pathogen-specific immune responses while not specifically developing 
to limit these responses. (b) Adaptive Treg cell effectors. In this model, 
Treg cells are generated both in the thymus and de novo from effector 
nonregulatory T cells as a consequence of immune activation. The signals 
inducing Foxp3 expression in peripheral T cells in vivo have yet to be 
clearly defined. Here, Foxp3 induction in effector nonregulatory cells 
acts as a form of negative feedback to directly regulate conventional 
antigen-specific immune responses. One prediction of this model is the 
generation of pathogen-specific Foxp3-expressing Treg cells during the 
course of an ongoing infection. In this model, Foxp3 functions not as a 
Treg cell lineage specification factor but as a transcriptional regulator of an 
immunosuppressive effector program.
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purview of a dedicated Treg cell lineage but is the consequence of a 
dynamic balance between cells expressing different amounts of cyto-
kine receptors and different cytokine production profiles73.

The identification of mutations in the gene encoding Foxp3 as the 
cause of the fatal human autoimmune disorder ‘immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked’ (IPEX) and the analogous 
disease in a spontaneous mutant mouse, scurfy, was a breakthrough in 
the field and led to subsequent studies that argue for the idea of Treg 
cells as a dedicated functional lineage74–77 (reviewed by Sakaguchi78 in 
this issue). At a very young age, human patients with this autoimmune 
syndrome present with massive lymphoproliferation, early-onset insu-
lin dependent diabetes mellitus, thyroiditis, eczema, severe enteropa-
thy and food allergies preventing normal food intake, and additional 
autoimmune pathologies such as autoimmune hemolytic anemia and 
thrombocytopenia, as well as severe infections79. Similar sequelae are 
found in scurfy mutant and Foxp3-deficient mice, including severe 
dermatitis, aggressive lymphoproliferation resulting in gross enlarge-
ment of secondary lymphoid organs, lymphocytic infiltration of mul-
tiple organs, hypergammaglobulinemia and autoimmune hemolytic 
anemia21,80. Affected males succumb to the IPEX syndrome between 
3 and 4 weeks of age. Analysis of the scurfy mutant before the iden-
tification of the causative mutation demonstrated that the disease is 
mediated by T cells, with CD4+ T cells being the primary effectors of 
the disease81–83. In fact, polyclonal activation of CD4+ T cells and, to a 
lesser extent, CD8+ T cells is found in Foxp3-deficient mice as early as 
7 days of age (ref. 21 and J.D.F. and A.Y.R., unpublished observations). 
In addition to showing substantially increased production of a broad 
spectrum of proinflammatory cytokines, the in vitro responses of T 
cells isolated from scurfy mice show a decreased activation threshold 
and lesser dependence on costimulation84,85. Furthermore, transgenic 
overexpression of Foxp3 results in reduced numbers of peripheral T 
cells, and the remaining T cells show impaired responses to TCR liga-
tion86. Those studies along with phenotypic similarities to TGF-β– and 
CTLA4-deficient mice led to the proposal that Foxp3 may mediate a 
general mechanism of negative regulation of T cell activation. 

Foxp3 belongs to a large family of functionally diverse transcription 
factors based on its winged helix–forkhead DNA-binding domain (fork-
head box (Fox)). These proteins have been classified into subfamilies 
(indicated by the letter after ‘Fox’) based on phylogenetic analysis of 
homology in the forkhead domain only, and each has been assigned a 
unique number (at the end of the name)87. In addition to the C-terminal 
forkhead domain, Foxp3 also contains a Cys2His2 zinc finger domain 
and a coiled-coil–leucine zipper motif. Homology among full-length 
human, mouse and rat Foxp3 is very high, suggesting a highly conserved 
function. At present there is very little understanding of the function of 
Foxp3 at the molecular level. Foxp3 binds DNA, localizes to the nucleus 
and can act as a transcriptional repressor88. Identification of consensus 
forkhead binding domains adjacent to NFAT transcription factor bind-
ing sites in the promoters of several cytokine genes, including those 
encoding IL-2, IL-4 and tumor necrosis factor, led to the proposal of a 
model of Foxp3-mediated transcriptional inhibition or repression in 
which Foxp3 antagonizes NFAT function by competition for DNA bind-
ing sites88. Based on those and other studies, it has also been proposed 
that Foxp3 is induced in a variety of cell types as a general mechanism of 
negative immune regulation by repressing production of inflammatory 
cytokines. However, so far there has been no characterization of Foxp3 
target genes or the transcriptional program specified by Foxp3.

The devastating lymphoproliferative autoimmune disease result-
ing from Foxp3 deficiency affects mutant males but not heterozygous 
female carriers for both humans and mice. Those observations and the 
fact that random X-chromosome inactivation is maintained in T cells 

from heterozygous female carriers suggest that control of the pathol-
ogy in heterozygous females is mediated by a cell-extrinsic mechanism 
consistent with the idea of dominant tolerance. That consideration and 
some resemblance between the range of target organs affected by the 
disease in Foxp3 mutant mice and that in mice depleted of CD25+CD4+ 
T cells prompted examination of the function of Foxp3 in Treg cell 
biology. Analysis of Foxp3 expression in T cells at both the mRNA 
and protein level has shown high expression in CD25+CD4+ Treg cells 
and low expression of Foxp3 in naive and, notably, recently activated 
CD25–CD4+ T cells21,89,90. Those results suggest that Foxp3 is a specific 
molecular marker of Treg cells and, unlike CTLA-4, GITR and lympho-
cyte activation gene 3, allows for discrimination between  Treg cells and 
activated nonregulatory T cells. Analysis of the origin of CD4+CD25+ 
Treg cells in chimeric mice containing a 1:1 mixture of allelically marked 
bone marrow stem cells derived from Foxp3-deficient and wild-type 
mice showed that Foxp3-deficient bone marrow cannot give rise to 
CD4+CD25+ Treg cells, thus demonstrating that CD4+CD25+ Treg cell 
development is critically dependent on Foxp3 expression21. In agree-
ment with that finding, transgene-driven Foxp3 overexpression in mice 
results in an increase in the CD4+CD25+ Treg cell subset and acquisition 
of suppressive properties by CD4+CD25– and CD8+ T cells, although 
these cells are not as efficient at inhibiting CD25–CD4+ T cell in vitro 
responses as are CD4+CD25+ Treg cells89. The essential involvement of 
Foxp3 in programming Treg cell function was further demonstrated by 
the acquisition of regulatory properties by CD4+CD25– T cells after 
retroviral transduction with Foxp3 (refs. 21,90). However, in those 
experiments, only some of the Foxp3-expressing cells acquired the char-
acteristics of CD4+CD25+ Treg cells, including high expression of CD25 
and suppressor activity. One possible interpretation of those results is 
that the acquisition of regulatory properties after expression of Foxp3 
in peripheral nonregulatory T cells is conditional on TCR specificity or 
the expression of additional cofactors either pre-existing or acquired in 
the process of activation and differentiation.

Foxp3 as the Treg cell lineage specification factor
Viewed as a whole, the available data demonstrate essential involvement 
of Foxp3 in the development and function of CD4+CD25+ Treg cells. 
However there are several issues that remain unresolved. The results 
from transgenic and retroviral overexpression studies raise the issue 
of the relationship among Foxp3, CD25 and the Treg cell population. 
Although CD4+CD25+ Treg cells have high expression of Foxp3, low 
expression of Foxp3 has been detected in CD4+CD25– and CD8+ T 
cells21,72,87. Do all T cells have low expression of Foxp3, or do subsets of 
cells with high expression of Foxp3 exists in these populations? Along 
the same lines, the issue of a cell-intrinsic role for Foxp3 in nonregu-
latory T cell function has not been conclusively resolved. Does low 
Foxp3 expression modulate T cell activation in nonregulatory T cells? 
Analysis of mice expressing a ‘knock-in’ allele encoding a green fluo-
rescent protein–Foxp3 fusion protein suggests that Foxp3 expression 
is highly restricted to Treg cells and that the low expression of Foxp3 
detected in CD4+CD25– and CD8+ T cells is due to the presence of 
Foxp3+ Treg cells in these populations91. 

Another principal issue in the field is the frequency of the conversion 
of mature, nonregulatory T cells to Treg cells in the periphery as well 
as the in vivo conditions necessary for such conversion. Does a subset 
of nonregulatory T cells upregulate Foxp3 and acquire Treg cell activ-
ity during the course of conventional immune responses as part of a 
negative feedback loop? Do experimental manipulations that generate 
increased numbers of Treg cells expand a preexisting Treg cell popu-
lation or convert them from nonregulatory T cells? If nonregulatory 
T cells can acquire Treg cell phenotype, is this a transient phenotype 
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or a terminal differentiation into Treg cells, and does such conversion 
occur during the course of a conventional immune response? Unlike 
mouse CD25–CD4+ T cells, human CD25–CD4+ T cells are reported 
to upregulate Foxp3 after in vitro activation92. However, because Foxp3 
expression was analyzed in bulk T cell populations in those studies, it is 
unclear if the observed increase in Foxp3 expression was due to expan-
sion of a small population of Foxp3+ CD25– Treg cells or conversion of 
nonregulatory T cells. The same caveat holds true for reports of TGF-β-
mediated upregulation of Foxp3 by nonregulatory T cells66–69. In con-
trast to the aforementioned report suggesting that human CD25–CD4+ 
T cells upregulate Foxp3 after in vitro activation92, published results 
analyzing mouse T cells in vitro21,90, our own single-cell analysis of 
mouse T cells in vitro and in vivo91 and another report analyzing activa-
tion of human CD25–CD4+ T cells93 have shown no upregulation of 
Foxp3 after activation of nonregulatory T cells. Although more work is 
required to reconcile the data in human T cells, one possibility is that 
the function of Foxp3 is different in mice and humans.

From a general perspective, peripheral upregulation of Foxp3 after 
activation of human CD25–CD4+ T cells would support a model of 
dominant tolerance in which Treg cells are generated de novo from non-
regulatory T cells as a consequence of immune activation and thereby act 
as negative feedback regulators of conventional immune responses (Fig. 
2b). We believe, however, that the salient conservation of Foxp3 at the 
protein and nucleic acid level, in both coding and noncoding sequence, 
and the notable similarity in autoimmune syndrome found in both mice 
and humans deficient in Foxp3 challenge the idea of such a scenario.

In conclusion, based on published data and analysis of green fluo-
rescent protein–Foxp3 ‘knock-in’ reporter mice93, we propose a model 
in which Foxp3 acts as the Treg cell lineage specification factor. Thus, 
we argue that expression of Foxp3, irrespective of CD25 expression or 
MHC restriction, defines the naturally occurring Treg cell lineage. In 
this model, induction of Foxp3 expression in developing thymocytes 
commits these cells to the Treg cell lineage (Fig. 1). We also suggest that 
induction of Foxp3 expression in peripheral nonregulatory T cells in 
both humans and mice in physiological conditions is a relatively rare 
process (Fig. 2a). The issue of whether Foxp3 is required only at the 
commitment stage of Treg cell differentiation or is also needed for the 
maintenance of Treg cell function remains to be addressed. The devas-
tating lymphoproliferative autoimmune syndrome found in both mice 
and humans deficient in Foxp3, and thus Treg cells, demonstrates that 
Treg cell–mediated dominant tolerance is a vital mechanism of immune 
homeostasis. We argue that the early onset of this syndrome indicates 
that this mechanism evolved specifically to control T cell self-reactivity 
and autoimmune inflammation. Nevertheless, we further speculate that 
as a consequence of shared characteristics of immune inflammation 
associated with autoimmunity and microbial exposure, in particular 
chronic infection, Treg cells cause downmodulation of pathogen-spe-
cific immune responses while not specifically developing to limit these 
responses. The discovery of a dedicated genetic mechanism of domi-
nant tolerance mediated by Foxp3 is manifest to the insight put forward 
by Paul Ehrlich a century ago.
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