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Naturally arising Foxp3-expressing CD25+
CD4+ regulatory T cells in immunological
tolerance to self and non-self
Shimon Sakaguchi
Naturally arising CD25+CD4+ regulatory T cells actively maintain immunological self-tolerance. Deficiency in or dysfunction
of these cells can be a cause of autoimmune disease. A reduction in their number or function can also elicit tumor immunity,
whereas their antigen-specific population expansion can establish transplantation tolerance. They are therefore a good target for
designing ways to induce or abrogate immunological tolerance to self and non-self antigens.

A key issue in immunology is understanding how the immune system
is able to discriminate between self and non-self, inhibiting autoimmune responses but allowing effective immune responses against
microbial antigens. The immune system has evolved several mechanisms to establish and sustain unresponsiveness to self antigens
(immunological self-tolerance), including physical elimination or
functional inactivation of self-reactive lymphocytes (clonal deletion
and anergy, respectively). There is also substantial evidence that T
cell–mediated active suppression of self-reactive T cells is another
essential mechanism of self-tolerance1–4. Although the idea of
T cells that negatively control immune responses is not new for
immunologists, there has been great controversy as to whether
they actually constitute a functionally distinct cellular entity in the
immune system and, if they exist, whether they are important in
controlling immunological disorders such as autoimmune disease.
Recent years, however, have witnessed resurgent interest in suppressor or regulatory T cells (Treg cells) in many fields of basic and clinical
immunology4,5. This change is partly due to an improved understanding that the normal immune system endogenously produces
as a normal cellular constituent a CD4+ T cell subpopulation that is
highly specialized for suppressive function and that an abnormality
in the number or function of these cells can be a chief cause of autoimmune and other inflammatory diseases in animals and humans4.
A cardinal feature of endogenous Treg cells is that most if not all are
produced by the normal thymus as a functionally distinct and mature
T cell subpopulation and are not induced de novo from naive T cells
after antigen exposure in the periphery. Most endogenous CD4+
Treg cells constitutively express the CD25 molecule (IL-2 receptor α-
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chain (IL-2Rα))6. In addition, they specifically express Foxp3, which
encodes a transcription factor, as a key control gene in their development and function7–9. With CD25 and Foxp3 as specific molecular
markers for detecting and manipulating naturally occurring Treg cells,
there is now accumulating evidence that the Foxp3+CD25+CD4+
Treg cell population is actively engaged in the negative control of a
variety of physiological and pathological immune responses and can
be exploited not only for the prevention or treatment of autoimmune
diseases but also for the induction of immunological tolerance to
non-self antigens (such as transplantation tolerance), negative control of aberrant immune responses (such as allergy and immunopathology) and enhancement of host defense (such as tumor immunity
and microbial immunity)4. This review will discuss how naturally
arising Foxp3+CD25+CD4+ Treg cells maintain immunological tolerance to self antigens, how their developmental or functional abnormality causes autoimmune disease and how they can be manipulated
to control autoimmune responses, to elicit immune responses to
‘quasi-self ’ antigens, as in tumor immunity, or to establish tolerance
to non-self antigens, as in organ transplantation.
Thymus-generated natural Treg cells
A crucial experiment for addressing the function of Treg cells in natural self-tolerance is to determine whether their removal from the
normal immune system can break self-tolerance, resulting in autoimmune disease. Attempts have been made since the mid-1980s to
resolve this issue and identify the purported Treg cells by expression
of particular cell surface molecules, such as CD5, CD45RC and CD25
(refs. 4,6,10–12). Such efforts have shown that the CD25 molecule,
which is expressed by 5–10% of CD4+ T cells and 5% of CD4+CD8–
mature thymocytes in normal naive mice, is able to operationally if
not specifically differentiate naturally present autoimmune-preventive Treg cells from other T cells6,13–15. For example, transfer of CD25+
cell–depleted T cell or thymocyte suspensions from normal mice into
syngeneic T cell–deficient nude mice results in various autoimmune
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Figure 1 Linkage of central and peripheral tolerance by thymic
production of natural CD25+CD4+ Treg cells that contribute to peripheral
self-tolerance. A reduction in CD25+CD4+ Treg cells or attenuation of
their suppressive activity may elicit autoimmunity, tumor immunity,
microbial immunity and allergy. In contrast, an increase in the number
of Treg cells or augmentation of their suppressive activity may establish
transplantation tolerance and maintain feto-maternal tolerance. Treg cells
may control effector T cells (Teff cells) either directly or indirectly through
APCs. †, death.

diseases in the recipient mice, and transfer of CD25+CD4+ T cells or
thymocytes together with the CD25+ cell–depleted population prevents those diseases6,14. Similar transfer of CD25–CD4+ T cells, especially CD25–CD45RBhiCD4+ T cells, induces colitis in T cell– and B
cell–deficient mice16. CD25+ cell–depleted mice also show enhanced
immune responses to non-self antigens, such as xenogeneic proteins
or allogeneic transplants6. In addition, selected strains of normal
mice spontaneously develop a similar spectrum of autoimmune
diseases after thymectomy during the critical neonatal period (2–4
days after birth) when CD25+CD4+ T cells become detectable in the
periphery; again, transfer of CD25+CD4+ T cells or thymocytes from
normal mice without thymectomy prevents the autoimmunity13.
These mouse autoimmune and inflammatory diseases are immunopathologically similar to their human counterparts, such as autoimmune gastritis and pernicious anemia, Hashimoto thyroiditis,
adrenalitis and Addison’s disease, insulitis and type I diabetes, premature ovarian failure with autoimmune oophoritis, and inflammatory bowel disease. Thus, one aspect of peripheral self-tolerance
is maintained by CD25+CD4+ Treg cells, which actively suppress the
activation and population expansion of potentially pathogenic selfreactive T cells normally present in the immune system (Fig. 1). They
also control immunopathology, such as inflammatory bowel disease
due to excessive immune responses to commensal bacteria in the
intestine. The normal thymus continuously produces Treg cells as a
functionally distinct and mature T cell subpopulation, which seems
to constitute a distinct cellular lineage contiguous with peripheral
CD25+CD4+ Treg cells (reviewed by Fontenot and Rudensky17 in this
issue). Furthermore, their generation in the normal immune system
is in part developmentally programmed.
Evidence for human natural Treg cells in self-tolerance
The X-linked immunodeficiency syndrome IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome)
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is associated with autoimmune disease in multiple endocrine organs
(such as type I diabetes and thyroiditis), inflammatory bowel disease,
severe allergy including atopic dermatitis and food allergy, and fatal
infection18. IPEX is caused by mutations in FOXP3 (Foxp3 in mice),
which encodes the forkhead–winged-helix family transcription factor Foxp3. Mutation of Foxp3 was first identified as being responsible
for an X-linked recessive inflammatory disease in scurfy mutant mice
and subsequently for IPEX in humans19–22.
Foxp3 is crucial in the development and function of natural
CD25+CD4+ Treg cells7–9. For example, CD25+CD4+ peripheral
T cells and CD25+CD4+CD8– thymocytes specifically express Foxp3,
whereas other thymocytes, T cells, B cells, natural killer cells and
natural killer T cells do not7,8. Notably, in contrast to the stable
expression of Foxp3 in natural Treg cells, activated naive T cells or
differentiated T helper type 1 or type 2 cells do not express Foxp3,
indicating that its expression is highly specific for natural Treg cells7–9
(discussed below). Foxp3-deficient mice fail to develop CD25+CD4+
Treg cells and succumb to scurfy-like inflammatory diseases, which
can be prevented by transfer of normal CD25+CD4+ Treg cells8.
Furthermore, retroviral transduction or transgenic expression of
Foxp3 in CD25–CD4+ T cells or CD8+ T cells phenotypically and
functionally converts them to natural Treg-like cells; for example,
Foxp3-transduced CD25–CD4+ T cells are able to suppress proliferation of other T cells in vitro as well as suppress the development of autoimmune disease and inflammatory bowel disease in
vivo7–9. Transduction of Foxp3 also suppresses IL-2 production but
upregulates the expression of Treg cell–associated molecules, such as
CD25, cytotoxic T lymphocyte–associated antigen 4 (CTLA-4) and
glucocorticoid-inducible tumor necrosis factor receptor (GITR)7
(Fig. 2; discussed below). Thus, Foxp3 (or FOXP3 in humans) seems
to be a ‘master control gene’ for the development and function of
natural CD25+CD4+ Treg cells, indicating that the development of
natural Treg cells is at least in part genetically and developmentally
programmed. It is most likely that in IPEX, disruption of FOXP3
abrogates the development of Treg cells or alters their function, leading to hyperactivation of T cells reactive with self antigens, intestinal bacteria or innocuous environmental substances, thus causing
autoimmune polyendocrinopathy, inflammatory bowel disease and
allergy, respectively. These findings substantiate the key contribution
of natural Treg cells to the control of immune responses to both self
and non-self antigens in humans (Fig. 1). Notably, females with a
hemizygous defect in FOXP3, which produces genetic mosaicism of
normal and defective Treg cells because of random inactivation of the
X chromosome in individual Treg cells, are completely normal and
do not have an intermediate disease phenotype23. This indicates that
the residual normal Treg cells dominantly control self-reactive T cells
in these females, similar to CD25+CD4+ Treg cell–replenished scurfy
mice, demonstrating that the mechanism of dominant self-tolerance
is operating physiologically in humans.
Generation and maintenance of natural Treg cells by IL-2
CD25 is a useful molecular marker for operationally differentiating
natural Treg cells from other T cells, as discussed above. Every T cell,
however, expresses CD25 after activation. Accumulating evidence
suggests that CD25 is not merely a marker for the chronically activated state of natural Treg cells but is a crucial molecule for their
generation, survival and function. For example, deficiency in IL-2,
IL-2Rα (CD25) or IL-2Rβ (CD122) produces similar fatal lymphoproliferative inflammatory disease with autoimmune components
(such as inflammatory bowel disease, lymphoproliferation and lymphocytic infiltration into multiple organs), generally called IL-2 defi-
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ciency syndrome24–27 (Fig. 2 and Table 1). Notably, the number of
CD25+CD4+ T cells is selectively reduced in the thymus and periphery of IL-2-deficient mice, regardless of the normal number, subset
composition and function of other CD4+ and CD8+ T cells24,28. This
syndrome can be prevented by inoculation of IL-2-replete spleen
cells or thymocytes28–31. Transfer of IL-2-deficient bone marrow cells
produces multiorgan inflammation in mice deficient in recombination-activating gene(s), whereas transfer of normal bone marrow
cells together with those cells inhibits the inflammation by giving
rise to CD25+CD4+ Treg cells29,30. Furthermore, administration of
neutralizing monoclonal antibody to IL-2 to normal naive mice
selectively reduces the number of CD25+CD4+ T cells in the thymus
and periphery32,33, resulting in the development of organ-specific
autoimmune diseases similar to those produced by depletion of
CD25+CD4+ T cells33. IL-2 neutralization inhibits the physiological
proliferation of CD25+CD4+ T cells that are presumably responding
to normal self antigens33.
IL-2 is also required for the in vivo and in vitro activation of Treg
cells and for sustaining their CD25 expression34,35. The main source
of IL-2 responsible for the in vivo maintenance and activation of
CD25+CD4+ Treg cells seems to be other T cells, including self-reactive T cells, in the physiological steady state33. Thus, IL-2 mediates
a feedback control between responder T cells and Treg cells; that is,
IL-2 secreted by responder T cells maintains and activates Treg cells,
which in turn inhibit IL-2 production in responder T cells.
Thus, IL-2 is a vital cytokine for the thymic generation and peripheral maintenance of natural CD25+CD4+ Treg cells. CD25 is therefore
indispensable for natural Treg cells as a component of the high-affinity IL-2R, because mouse IL-2R requires all three receptor chains
(α, β and γ) for IL-2 binding, in contrast to human IL-2R, for which
β- and γ-chains can also form an intermediate-affinity receptor for
IL-2 (refs. 36,37). This high IL-2 dependency, in addition to Foxp3
expression, is an important feature of natural Treg cells that may differentiate them from other T cells and other types of Treg cells, such
as IL-10- or TGF-β-dependent Treg cells38,39. Although these findings indicate CD25 is a ‘rational’ molecular marker for natural Treg
cells, some T cells in the CD25–CD45RBloCD4+ T cell fraction, which
represents less than 10% of CD25–CD4+ T cells in normal naive
mice, also have intermediate expression of Foxp3 and show in vitro
regulatory activity7,40,41. These CD25–CD4+ Treg cells become Foxp3hi
and CD25+ after T cell receptor (TCR) stimulation in vivo and in
vitro (refs. 7,40 and M. Ono and S.S., unpublished data). An autoimmune-suppressive activity found in the CD25– T cell population in
normal rodents could therefore be attributed to this CD25– fraction
of natural Treg cells42. It remains to be determined whether such
CD25–CD4+ Treg cells are derived from CD25+CD4+ Treg cells that
have lost CD25 expression, produced in the thymus as a functionally
committed population in parallel with CD25+CD4+ Treg cells, or have
differentiated in the periphery from CD25– naive T cells, which also
have low but detectable expression of Foxp3 mRNA7,41.
Control of the development and activation of natural Treg cells
There are several key molecules, including CD25 and Foxp3, whose
deficiency or functional alteration affects the generation or function
of natural Treg cells and thereby causes autoimmune diseases (Table 1
and Fig. 2). These molecules provide important clues to understanding the functions of natural Treg cells in immunological tolerance and
immunoregulation (reviewed by von Boehmer43 in this issue).
An intriguing feature of natural CD4+ Treg cells, whether CD25+
or CD25–, is that they constitutively express CTLA-4, whereas naive
T cells express the molecule only after T cell activation44–46. This raises
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the issue of what function, if any, the CTLA-4 molecules expressed
by natural Treg cells have in the control of immune responses. In
addition to substantial evidence for CTLA-4-transduced negative
signaling in activated effector T cells, several findings also support
the possible contribution of CTLA-4 to Treg cell–mediated suppression. Administration of monoclonal antibody to CTLA-4 to normal
young naive mice over a limited period elicits autoimmune disease
similar to that produced by depletion of CD25+CD4+ Treg cells, without reducing their number46. Likewise, treatment with monoclonal antibody to CTLA-4 treatment abolishes the protective activity
of CD25+CD4+ Treg cells in a mouse inflammatory bowel disease
model45. Furthermore, a lethal lymphoproliferative and autoimmune
syndrome that spontaneously develops in CTLA-4-deficient mice is
not T cell autonomous but can be inhibited by wild-type T cells47.
Finally, blockade of CTLA-4 by Fab fragments of monoclonal antibody to CTLA-4 abrogates in vitro CD25+CD4+ Treg cell–mediated
suppression in a setting in which Treg cells are prepared from normal mice (and hence constitutively express CTLA-4) and responder
T cells are from CTLA-4-deficient mice45,48. CTLA-4 blockade also
abrogates in vitro Treg cell–mediated suppression in humans49. These
results collectively suggest that CTLA-4 on Treg cells may transduce
a costimulatory signal; that is, signals via CTLA-4 and the TCR
together activate Treg cells to exert suppression and CTLA-4 blockade prevents Treg cell activation and hence attenuates suppression,
causing autoimmune diseases.
Another possible function of CTLA-4 in Treg cells is that it may
directly mediate suppression. CTLA-4 on Treg cells triggers induction of the enzyme indolamine 2, 3-dioxygenase by interacting with
CD80 and/or CD86 on dendritic cells (DCs)50. This enzyme catalyzes
the conversion of tryptophan to kynurenine and other metabolites,
which have potent immunosuppressive effects in the local environment of the DC51. CTLA-4 expressed by Treg cells may also ligate
CD80 and, to a lesser extent, CD86 expressed by responder T cells and
directly transduce a negative signal to them52. These possible functions of CTLA-4 in Treg cell–mediated suppression, however, need to
be further substantiated, as CTLA-4-deficient Foxp3+CD25+CD4+
Treg cells present in CTLA-4-deficient mice have in vitro suppressive
activity equivalent to that of CTLA-4-intact CD25+CD4+ Treg cells
from normal mice46,48.
Signals through CD28 are critical for thymic generation of
CD25+CD4+ Treg cells and their self-renewal and survival in the
periphery. The number of CD25+CD4+ T cells is substantially reduced
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Figure 2 Control of Treg cell–associated molecules in natural Treg cells.
Foxp3 seems to control some genes encoding Treg cell–associated
molecules (such as CD25, CTLA-4 and GITR). TCR signals and also the
binding of IL-2 to IL-2R enhance CD25 expression. Although Foxp3 is
stably expressed in mature natural Treg cells, it remains to be determined
whether TCR signals control Foxp3 expression in the thymic development
of Treg cells.
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in the thymus and periphery of CD28- or B7-deficient mice44,46,53.
Similarly, administration of monoclonal antibody to B7 (CD80 and
CD86) or B7 blockade by CTLA-4–immunoglobulin reduces Treg
cell numbers in the thymus and periphery of normal as well as thymectomized mice44. Notably, CD28 or B7 deficiency or B7 blockade
accelerates the development of type I diabetes in nonobese diabetic
mice, indicating a predominant effect of Treg cell deficiency on the
development of this autoimmune disorder and possible activation
of autoimmune effector T cells without CD28-B7 costimulation44.
It is likely that CD28- or B7-deficiency or B7 blockade may hamper
the activation of conventional T cells and consequently their IL-2
production, leading to a reduction in natural Treg cells because of
IL-2 deficiency33,53 (discussed above). Furthermore, a CD28 signal
to peripheral CD25+CD4+ Treg cells, together with a TCR signal,
attenuates suppression; for example, strong in vitro ligation of CD28
along with TCR stimulation abrogates the anergic and suppressive
state of CD25+CD4+ Treg cells, triggering their proliferation54,55.
Correspondingly, antigen-presenting mature CD86hi DCs trigger Treg
cell proliferation, indicating that activated DCs not only activate naive
T cells but also attenuate Treg cell–mediated suppression, thus synergistically provoking effective immune responses to microbes56,57.
In contrast, when immature DCs with low expression of CD80 and
CD86 molecules present self peptides in the absence of DC-maturing ‘danger signal’, they may activate mainly natural Treg cells and
hence sustain self-tolerance. Treg cells may be biased to such a response
because of their constitutive expression of CTLA-4 with higher avidity
to CD80 and CD86 than CD28, their highly self-reactive TCRs and
their apparently ‘antigen-primed’ state resulting in a low activation
threshold4. Furthermore, the expression of CD80 or CD86 may differentially activate or deactivate Treg cells; for example, CD80 has much
higher affinity for CTLA-4 than does CD86; similarly, CD86 has a
higher affinity for CD28 than does CD80 (refs. 58,59).
Natural CD4+ Treg cells, including CD25+ and CD25– Treg cells,
express GITR60,61. Other T cells, B cells, DCs and macrophages
have low expression of GITR, but increase their GITR expression
Table 1 Development of autoimmune disease in gene-deficient
mice or in normal mice treated with monoclonal antibody
Condition

Autoimmune disease

Reference

Foxp3

+

8

Il2

+

24,25

Il2ra

+

26

Il2rb

+

27

Ctla4

+

104,105

Tnfrsf18

–

62

Gene deficiency

Monoclonal antibody treatment
Anti-IL-2 (N)

+

33

Anti-CD25 (D)

+

46,106,107

Anti-CTLA-4 (B)

+

46

Anti-GITR (A)

+

60

Top, mutant mice; bottom, normal mice. Autoimmune disease developed in
experiments in reference 106, but not in those in references 46 and 107. Gene
products: Foxp3, Foxp3; Il2, IL-2; Il2ra, CD25 (IL-2Rα); Il2rb, CD122 (IL-2Rβ);
Tnfrsf18, GITR. Monoclonal antibodies: N, neutralizing; D, depleting; B, blocking; A,
agonistic.
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after activation60,61. Although GITR-deficient mice are reportedly
normal, administration of agonistic monoclonal antibody to GITR
to normal mice elicits autoimmune diseases similar to that produced
by Treg cell depletion60,62 (Table 1). In vitro studies have shown that
crosslinking of GITR, not its blockade, by a specific monoclonal
antibody, together with TCR stimulation, abrogates CD25+CD4+
Treg cell–mediated suppression and also triggers proliferation of Treg
cells in the presence of IL-2 (refs. 60,61). How an active GITR signal
can abrogate suppression, both in vivo and in vitro, remains controversial. In the presence of a TCR signal, it may attenuate suppressive
activity of Treg cells, activate responder T cells to overcome suppression or render responder T cells resistant to suppression60,63–65. Of
note, the natural ligand for GITR is expressed by immature DCs,
macrophages and B cells and is downregulated in DCs after maturation64–66 (T. Nishioka and S.S., unpublished data). It remains to be
determined how this change in the expression of GITR ligand with
DC maturation, together with reciprocal changes in the expression
of major histocompatibility complex class II, CD80 and CD86, contributes to the control of immune activation or tolerance.
The number of CD25+CD4+CD8– thymocytes and T cells is substantially reduced in CD40-deficient mice and to a lesser degree
in CD40 ligand–deficient mice67–69. No autoimmunity develops
in CD40-deficient mice however, because CD40-deficiency would
impair activation of self-reactive T cells. In contrast, transfer of
spleen cells from CD40-deficient mice to syngeneic athymic nude
mice results in various autoimmune diseases similar to those produced by the removal of CD25+CD4+ Treg cells67. The transferred
T cell populations, which contain a reduced number of Treg cells,
could be activated by the recipient CD40-intact antigen-presenting
cells (APCs) presenting self antigens. Reconstitution of nude mice
with CD40-deficient T cells and normal CD25+CD4+ T cells indeed
inhibits the autoimmune development67. Thus, CD40 is critically
required at least for the thymic development of natural Treg cells. The
CD40–CD40 ligand interaction may also contribute to activation of
APCs including DCs and thereby activation of Treg cells.
Toll-like receptors (TLRs) detect microbial infection and have an
essential function in the induction of innate and adaptive immunity.
A mechanism of TLR-mediated activation of T cell responses seems to
be blockade of suppression by Treg cells70,71. Stimulation of DCs deficient in the adaptor molecule MyD88 using lipopolysaccharide leads
to their maturation and migration to lymph nodes, but not to secretion of TLR-induced proinflammatory cytokines, and fails to elicit
primary CD4+ T cell responses, whereas depletion of CD25+CD4+
Treg cells in this setting restores the T cell response. Cytokines (IL-6
in particular) secreted by TLR-activated DCs render naive T cells
resistant to suppression, thus enabling them to respond effectively
to invading microbes70. In addition, natural CD25+CD4+ Treg cells
are reported to selectively express several members of the TLR
family, such as TLR4 (ref. 72). In vitro stimulation of CD25+CD4+
T cells with a high concentration of lipopolysaccharide via TLR4
elicits their proliferation, prolongs their survival, and augments
their in vitro suppressive activity even in the absence of APCs, indicating that lipopolysaccharide directly acts on TLR4 expressed by
Treg cells72. It will be useful to determine how stimulation of TLRs
on DCs or Treg cells directly or indirectly control Treg cell–mediated suppression. Cytokines such as TGF-β and IL-10 may also be
involved in Treg cell–mediated regulation; they mediate suppression,
contribute to the expansion and differentiation of Treg cell populations or condition other T cells to become susceptible to suppression38,39,72–76, as discussed by Fontenot and Rudensky17 and von
Boehmer43 in this issue.
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Figure 3 Induction of tolerance to organ grafts through in vivo or ex vivo
antigen-specific population expansion of Treg cells. Treg cells undergo in
vivo antigen-specific population expansion after sensitization with graft
(G) antigens. Graft rejection may be suppressed by selective inhibition
of the activation and population expansion of effector T cells during Treg
cell sensitization and population expansion, for example, by blocking
T cell costimulatory or accessory molecules and, hence, establishing
graft tolerance. Antigen-specific Treg cell population expansion can also
be achieved ex vivo by stimulation of Treg cells with allo antigens in the
presence of high doses of IL-2. Transfer of the ex vivo–expanded Treg cell
population can induce dominant graft tolerance.

Thus, various accessory or costimulatory molecules and cytokines
are key in controlling the thymic development, peripheral survival
and activation of natural CD25+CD4+ Treg cells (and responder T
cells) and thereby contribute to ‘tuning’ the intensity of Treg cell–
mediated suppression and stable maintenance of self-tolerance
(Fig. 2). How these signals are integrated in Treg cells remains to
be elucidated.
Autoimmunity, tumor immunity and organ transplantation
Natural CD25+CD4+ Treg cells have several immunological features
important for their use in inducing or attenuating immunological
tolerance to self or non-self antigens. The TCR repertoire of natural
CD25+CD4+ Treg cells is as broad and diverse as that of CD25–CD4+
T cells but is skewed more than the latter toward recognizing
complexes of self peptide and major histocompatibility complex
expressed in the thymus and periphery 54,77. They can recognize
normal self antigens targeted in autoimmune disease78, tumorassociated antigens79 and allogeneic transplantation antigens40.
When stimulated by their respective antigens, they can therefore
suppress autoimmunity, hamper tumor immunity and suppress
graft rejection. Moreover, they undergo antigen-specific proliferation in vivo after strong antigenic stimulation or in vitro stimulation
with antigen and high-dose IL-2, although to a lesser degree than
the proliferation of effector T cells40,54,55,80,81. They are actually
more proliferative than other T cells in the physiological steady state
through the recognition of self antigens33,82. Finally, they are already
specialized in suppressive function before antigen exposure and are
functionally stable after in vivo or in vitro population expansion54,55,
indicating that simple antigen-specific population expansion is sufficient for the preparation of antigen-specific Treg cells.
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As mentioned above, depletion or dysfunction of natural
CD25+CD4+ Treg cells alone suffices to cause autoimmune disease
in otherwise normal animals regardless of the physiological presence
of other types of Treg cells and the possible capacity of naive CD4 +
or CD8+ T cells to differentiate to Treg cells in certain conditions17.
This means that any genetic abnormality or environmental insult
could be a cause of or predisposing factor for autoimmune disease,
especially organ-specific ones, if it reduces the number or affects the
function of natural CD25+CD4+ Treg cells or, more generally, tips
the balance between natural Treg cells and self-reactive T cells toward
dominance of the latter4,5,83,84. As discussed above, deficiency or
functional alteration of costimulatory or accessory molecules (such
as CTLA-4 or GITR) on T cells or APCs, or a cytokine (such as IL2), can indeed break self-tolerance and cause similar autoimmune
disease by affecting natural Treg cells. Polymorphisms of the genes
encoding these molecules (for example, CTLA-4 and IL-2) have also
been shown to affect autoimmunity in humans and rodents85–87. In
a therapeutic context, there is accumulating evidence with animal
models that natural CD25+CD4+ Treg cell populations expanded in
vivo or ex vivo can be used not only for preventing autoimmune
disease but also for treating ongoing autoimmune responses by
suppressing the population expansion and function of effector
T cells88,89. Furthermore, it is well documented that the incidence of
autoimmune and other inflammatory diseases, including inflammatory bowel disease and allergy, has increased recently in developed
countries90. Assuming that natural CD25+CD4+ Treg cells are key in
the prevention of these diseases in humans, as best exemplified by
IPEX, this could be attributed in part to insufficient adaptive population expansion or activation of natural Treg cells because of less
frequent opportunities for microbial infections in hygienic environments. This needs to be examined at the population level.
The fact that many tumor-associated antigens recognized by
autologous T cells in cancer patients are antigenically normal self
constituents indicates that natural CD25+CD4+ Treg cells engaged
in the maintenance of self-tolerance may concomitantly impede
immunosurveillance against autologous tumor cells91,92. This possibility seems to be the case, because depletion of CD25+CD4+ T cells
before tumor challenge elicits effective immune responses to syngeneic tumors in otherwise nonresponding mice93–96. Furthermore,
T cell populations reactive with tumor-associated antigens can
expand and become detectable in the peripheral blood of normal
humans when T cell samples are first depleted of CD25+CD4+ T cells
in vitro and then stimulated with the antigens97. Manipulation of
natural Treg cells also helps in the treatment of established tumors.
For example, administration of monoclonal antibody to CTLA-4
or to GITR, either of which can cause autoimmune disease in mice,
is able to elicit effective tumor immunity by both attenuating Treg
cell–mediated control of effector T cells and enhancing their effector
activity95,98 (K. Ko and S.S., unpublished data). It is possible that
a combination of tumor vaccination plus Treg cell manipulation,
especially at the site of vaccination, may make cancer immunotherapy more efficacious, with the caveat that certain genetically
autoimmune-susceptible people could develop autoimmunity when
natural Treg cells are systemically manipulated98.
The ultimate goal of organ transplantation is to establish graft tolerance that is as stable as natural self-tolerance, without continuous
general immunosuppression. Natural CD25+CD4+ Treg cells show
spontaneous alloantigen-specific population expansion in vivo when
exposed to allografts (for example, allogeneic skin grafts)40. Their antigen-specific population expansion can also be achieved in vitro by antigenic stimulation in the presence of high-dose IL-2 (refs. 40,99,100).
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By exploiting these properties of natural CD25+CD4+ Treg cells, there
are two possible ways of using them to induce graft-specific tolerance
without hampering immune responses to other antigens (Fig. 3). One
is to prepare an immunological condition facilitating antigen-specific
spontaneous population expansion of natural Treg cells by controlling
graft-reactive effector T cells; for example, reducing the number or
blocking the activation of non–Treg cells as specifically as possible and
meanwhile sensitizing the remaining CD25+CD4+ Treg cells to alloantigens, allowing an alloantigen-specific Treg cell population to expand
to the extent that it can dominantly suppress graft-reactive T cells
recovering from the reduction or blockade40. Certain monoclonal antibodies or drugs whose administration for a limited period can induce
long-term Treg cell–dependent graft tolerance may have this effect as
a common mechanism of tolerance induction101,102. Another method
of tolerance induction using natural Treg cells is to isolate CD25+CD4+
Treg cells from the recipient of the organ transplant, stimulate them ex
vivo with donor stimulator cells and IL-2, and transfer the expanded
antigen-specific Treg cell populations back into the recipient, as is done
in living donor transplantation or when donor stimulator cells can be
preserved for Treg cell stimulation. Antigen-specific Foxp3-transduced
T cells or adaptive Treg cells prepared from alloantigen-reactive T cells
may also be instrumental in this cell therapy. These in vivo and in vitro
ways of inducing immunological tolerance to organ transplants could
in principle be applied to re-establish self-tolerance in autoimmune
disease, control aberrant or excessive immune responses to non-self
antigens (immunopathology and allergy) and maintain feto-maternal
tolerance in pregnancy103 (Fig. 1).
Conclusion and perspectives
Thymus-derived Foxp3+CD25+CD4+ Treg cells link central and peripheral mechanisms of self-tolerance; that is, thymic T cell selection is
responsible for both negative selection of self-reactive T cells and production of natural Treg cells, which act in the periphery to control selfreactive T cells that have escaped thymic negative selection. Control
of immune responses to self, ‘quasi-self ’ and non-self is also closely
linked, as the same Treg cell population is responsible for self-tolerance
and hyporesponsiveness to tumor antigens and can be exploited to
induce transplantation tolerance. Foxp3+CD25+CD4+ Treg cells are
naturally present in the normal immune system as a phenotypically
and functionally distinct T cell subpopulation. They are therefore a
good target for designing ways to treat and prevent immunological diseases and to control pathological and physiological immune responses.
Future searches for specific molecular markers, particularly cell surface
molecules, that can reliably differentiate between Treg cells and effector
T cells is essential for the specific manipulation of Treg cells. Further
elucidation of the molecular basis of their development and function
of Treg cells, especially the molecular mechanism of Treg cell-mediated
suppression, is also needed for reliable control of their function in
clinical settings.
ACKNOWLEDGMENTS
The author thanks Z. Fehervari for critically reading the manuscript. Supported
by grants-in-aids from the Ministry of Education, Science, Sports and Culture;
the Ministry of Human Welfare; Research Center for Allergy and Immunology;
Institute for Physical and Chemical Research; and Core Research for Evolutional
Science and Technology Program, Japan Science and Technology Agency, Japan.
COMPETING INTERESTS STATEMENT
The author declares that he has no competing financial interests.
Published online at http://www.nature.com/natureimmunology/
1.

350

Shevach, E.M. Regulatory T cells in autoimmunity. Annu. Rev. Immunol. 18,
423–449 (2000).

2.

Maloy, K.J. & Powrie, F. Regulatory T cells in the control of immune pathology.
Nat. Immunol. 2, 816–822 (2001).
3.
Coutinho, A. et al. Regulatory T cells: the physiology of autoreactivity in dominant tolerance and “quality control” of immune responses. Immunol. Rev. 182,
89–98 (2001).
4.
Sakaguchi, S. Naturally arising CD4+ regulatory T cells for immunologic selftolerance and negative control of immune responses. Annu. Rev. Immunol. 22,
531–562 (2004).
5.
Baecher-Allan, C. & Hafler, D.A. Suppressor T cells in human diseases. J. Exp.
Med. 200, 273–276 (2004).
6.
Sakaguchi, S. et al. Immunologic self-tolerance maintained by activated T cells
expressing IL-2 receptor α-chains (CD25). Breakdown of a single mechanism of
self-tolerance causes various autoimmune diseases. J. Immunol. 155, 1151–
1164 (1995).
7.
Hori, S., Nomura, T. & Sakaguchi, S. Control of regulatory T cell development
by the transcription factor Foxp3. Science 299, 1057–1061 (2003).
8.
Fontenot, J.D., Gavin, M.A. & Rudensky, A.Y. Foxp3 programs the development
and function of CD4+CD25+ regulatory T cells. Nat. Immunol. 4, 330–336
(2003).
9.
Khattri, R., Cox, T., Yasayko, S.A. & Ramsdell, F. An essential role for Scurfin
in CD4+CD25+ T regulatory cells. Nat. Immunol. 4, 337–342 (2003).
10. Sakaguchi, S., Fukuma, K., Kuribayashi, K. & Masuda, T. Organ-specific autoimmune diseases induced in mice by elimination of T cell subset. I. Evidence
for the active participation of T cells in natural self-tolerance; deficit of a T cell
subset as a possible cause of autoimmune disease. J. Exp. Med. 161, 72–87
(1985).
11. Powrie, F. & Mason, D. OX-22high CD4+ T cells induce wasting disease with
multiple organ pathology: prevention by the OX-22low subset. J. Exp. Med. 172,
1701–1708 (1990).
12. McKeever, U. et al. Adoptive transfer of autoimmune diabetes and thyroiditis to
athymic rats. Proc. Natl. Acad. Sci. USA 87, 7618–7622 (1990).
13. Asano, M., Toda, M., Sakaguchi, N. & Sakaguchi, S. Autoimmune disease as a
consequence of developmental abnormality of a T cell subpopulation. J. Exp.
Med. 184, 387–396 (1996).
14. Itoh, M. et al. Thymus and autoimmunity: production of CD25+CD4+ naturally
anergic and suppressive T cells as a key function of the thymus in maintaining
immunologic self-tolerance. J. Immunol. 162, 5317–5326 (1999).
15. Suri-Payer, E., Amar, A.Z., Thornton, A.M. & Shevach, E.M. CD4+CD25+ T
cells inhibit both the induction and effector function of autoreactive T cells
and represent a unique lineage of immunoregulatory cells. J. Immunol. 160,
1212–1218 (1998).
16. Singh, B. et al. Control of intestinal inflammation by regulatory T cells. Immunol.
Rev. 182, 190–200 (2001).
17. Fontenot, J.D. & Rudensky, A. A well adapted regulatory contrivance: regulatory
T cell development and the forkhead family transcription factor Foxp3. Nat.
Immunol. 6, 331–337 (2005).
18. Gambineri, E., Torgerson, T.R. & Ochs, H.D. Immune dysregulation, polyendocrinopathy, enteropathy, and X-linked inheritance (IPEX), a syndrome of systemic autoimmunity caused by mutations of FOXP3, a critical regulator of T-cell
homeostasis. Curr. Opin. Rheumatol. 15, 430–435 (2003).
19. Brunkow, M.E. et al. Disruption of a new forkhead/winged-helix protein, scurfin,
results in the fatal lymphoproliferative disorder of the scurfy mouse. Nat. Genet.
27, 68–73 (2001).
20. Chatila, T.A. et al. JM2, encoding a fork head-related protein, is mutated in
X-linked autoimmunity-allergic disregulation syndrome. J. Clin. Invest. 106,
R75–R81 (2000).
21. Wildin, R.S. et al. X-linked neonatal diabetes mellitus, enteropathy and endocrinopathy syndrome is the human equivalent of mouse scurfy. Nat. Genet. 27,
18–20 (2001).
22. Bennett, C.L. et al. The immune dysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome (IPEX) is caused by mutations of FOXP3. Nat. Genet. 27,
20–21 (2001).
23. Tommasini, A. et al. X-chromosome inactivation analysis in a female carrier of
FOXP3 mutation. Clin. Exp. Immunol. 130, 127–130 (2002).
24. Horak, I., Lohler, J., Ma, A. & Smith, K.A. Interleukin-2 deficient mice: a new
model to study autoimmunity and self-tolerance. Immunol. Rev. 148, 35–44
(1995).
25. Kramer, S., Schimpl, A. & Hunig, T. Immunopathology of interleukin (IL) 2deficient mice: thymus dependence and suppression by thymus-dependent cells
with an intact IL-2 gene. J. Exp. Med. 182, 1769–1776 (1995).
26. Willerford, D.M. et al. Interleukin-2 receptor α chain regulates the size and content of the peripheral lymphoid compartment. Immunity 3, 521–530 (1995).
27. Suzuki, H. et al. Deregulated T cell activation and autoimmunity in mice lacking
interleukin-2 receptor β. Science 268, 1472–1476 (1995).
28. Klebb, G. et al. Interleukin-2 is indispensable for development of immunological
self-tolerance. Clin. Immunol. Immunopathol. 81, 282–286 (1996).
29. Wolf, M., Schimpl, A. & Hunig, T. Control of T cell hyperactivation in IL-2-deficient mice by CD4+CD25- and CD4+CD25+ T cells: evidence for two distinct
regulatory mechanisms. Eur. J. Immunol. 31, 1637–1645 (2001).
30. Almeida, A.R., Legrand, N., Papiernik, M. & Freitas, A.A. Homeostasis of peripheral CD4+ T cells: IL-2Rα and IL-2 shape a population of regulatory cells that
controls CD4+ T cell numbers. J. Immunol. 169, 4850–4860 (2002).
31. Malek, T.R. et al. CD4 regulatory T cells prevent lethal autoimmunity in IL-2Rβdeficient mice. Implications for the nonredundant function of IL-2. Immunity

VOLUME 6 NUMBER 4 APRIL 2005 NATURE IMMUNOLOGY

REVIEW
17, 167–178 (2002).
Murakami, M. et al. CD25+CD4+ T cells contribute to the control of memory
CD8+ T cells. Proc. Natl. Acad. Sci. USA 99, 8832–8837 (2002).
33. Setoguchi, R., Hori, S., Takahashi, T. & Sakaguchi, S. A crucial role of IL-2 in
the homeostatic maintenance of CD25+CD4+ regulatory T cells: induction of
autoimmune disease by neutralization of IL-2. J. Exp. Med. (in the press).
34. Furtado, G.C., Curotto de Lafaille, M. A., Kutchukhidze, N. & Lafaille, J.J.
Interleukin 2 signaling is required for CD4+ regulatory T cell function. J. Exp.
Med. 196, 851–857 (2002).
35. Thornton, A.M., Donovan, E.E., Piccirillo, C.A. & Shevach, E.M. Cutting edge:
IL-2 Is critically required for the in vitro activation of CD4+CD25+ T cell suppressor function. J. Immunol. 172, 6519–6523 (2004).
36. Chastagner, P. et al. Lack of intermediate-affinity interleukin-2 receptor in mice
leads to dependence on interleukin-2 receptor α, β and γ chain expression for
T cell growth. Eur. J. Immunol. 26, 201–206 (1996).
37. Nelson, B.H. & Willerford, D.M. Biology of the interleukin-2 receptor. Adv.
Immunol. 70, 1–81 (1998).
38. Chen, Y. et al. Regulatory T cell clones induced by oral tolerance: suppression
of autoimmune encephalomyelitis. Science 265, 1237–1240 (1994).
39. Groux, H. et al. A CD4+ T-cell subset inhibits antigen-specific T-cell responses
and prevents colitis. Nature 389, 737–742 (1997).
40. Nishimura, E. et al. Induction of antigen-specific immunologic tolerance by in vivo
and in vitro antigen-specific expansion of naturally arising Foxp3+CD25+CD4+
regulatory T cells. Int. Immunol. 16, 1189–1201 (2004).
41. Yagi, H. et al. Crucial role of FOXP3 in the development and function of human
CD25+CD4+ regulatory T cells. Int. Immunol. 16, 1643–1656 (2004).
42. Stephens, L.A. & Mason, D. CD25 is a marker for CD4+ thymocytes that prevent autoimmune diabetes in rats, but peripheral T cells with this function are
found in both CD25+ and CD25– subpopulations. J. Immunol. 165, 3105–3110
(2000).
43. von Boehmer, H. Mechanisms of suppression by suppressor T cells. Nat.
Immunol. 6, 338–344 (2005).
44. Salomon, B. et al. B7/CD28 costimulation is essential for the homeostasis of
the CD4+CD25+ immunoregulatory T cells that control autoimmune diabetes.
Immunity 12, 431–440 (2000).
45. Read, S., Malmstrom, V. & Powrie, F. Cytotoxic T lymphocyte-associated antigen
4 plays an essential role in the function of CD25+CD4+ regulatory cells that
control intestinal inflammation. J. Exp. Med. 192, 295–302 (2000).
46. Takahashi, T. et al. Immunologic self-tolerance maintained by CD25+CD4+ regulatory T cells constitutively expressing cytotoxic T lymphocyte-associated antigen
4. J. Exp. Med. 192, 303–310 (2000).
47. Bachmann, M.F. et al. Cutting edge: lymphoproliferative disease in the absence
of CTLA-4 is not T cell autonomous. J. Immunol. 163, 1128–1131 (1999).
48. Tang, Q. et al. Distinct roles of CTLA-4 and TGF-beta in CD4+CD25+ regulatory
T cell function. Eur. J. Immunol. 34, 2996–3005 (2004).
49. Manzotti, C.N. et al. Inhibition of human T cell proliferation by CTLA-4 utilizes
CD80 and requires CD25+ regulatory T cells. Eur. J. Immunol. 32, 2888–2896
(2002).
50. Fallarino, F. et al. Modulation of tryptophan catabolism by regulatory T cells.
Nat. Immunol. 4, 1206–1212 (2003).
51. Munn, D.H., Sharma, M.D. & Mellor, A.L. Ligation of B7–1/B7–2 by human CD4+
T cells triggers indoleamine 2,3-dioxygenase activity in dendritic cells. J.
Immunol. 172, 4100–4110 (2004).
52. Paust, S., Lu, L., McCarty, N. & Cantor, H. Engagement of B7 on effector T cells
by regulatory T cells prevents autoimmune disease. Proc. Natl. Acad. Sci. USA
101, 10398–10403 (2004).
53. Tang, Q. et al. Cutting edge: CD28 controls peripheral homeostasis of CD4+CD25+
regulatory T cells. J. Immunol. 171, 3348–3352 (2003).
54. Takahashi, T. et al. Immunologic self-tolerance maintained by CD25+CD4+
naturally anergic and suppressive T cells: induction of autoimmune disease
by breaking their anergic/suppressive state. Int. Immunol. 10, 1969–1980
(1998).
55. Thornton, A.M. & Shevach, E.M. CD4+CD25+ immunoregulatory T cells suppress
polyclonal T cell activation in vitro by inhibiting interleukin 2 production. J. Exp.
Med. 188, 287–296 (1998).
56. Yamazaki, S. et al. Direct expansion of functional CD25+ CD4+ regulatory T cells
by antigen-processing dendritic cells. J. Exp. Med. 198, 235–247 (2003).
57. Fehervari, Z. & Sakaguchi, S. Control of Foxp3+ CD25+CD4+ regulatory cell activation and function by dendritic cells. Int. Immunol. 16, 1769–1780 (2004).
58. Collins, A.V. et al. The interaction properties of costimulatory molecules revisited. Immunity 17, 201–210 (2002).
59. Zheng, Y. et al. CD86 and CD80 differentially modulate the suppressive function
of human regulatory T cells. J. Immunol. 172, 2778–2784 (2004).
60. Shimizu, J. et al. Stimulation of CD25+CD4+ regulatory T cells through GITR
breaks immunological self-tolerance. Nat. Immunol. 3, 135–142 (2002).
61. McHugh, R.S. et al. CD4+CD25+ immunoregulatory T cells: gene expression
analysis reveals a functional role for the glucocorticoid-induced TNF receptor.
Immunity 16, 311–323 (2002).
62. Ronchetti, S., Nocentini, G., Riccardi, C. & Pandolfi, P.P. Role of GITR in activation response of T lymphocytes. Blood 100, 350–352 (2002).
63. Kanamaru, F. et al. Costimulation via glucocorticoid-induced TNF receptor
in both conventional and CD25+ regulatory CD4+ T cells. J. Immunol. 172,
7306–7314 (2004).
64. Stephens, G.L. et al. Engagement of glucocorticoid-induced TNFR family-related

© 2005 Nature Publishing Group http://www.nature.com/natureimmunology

32.

NATURE IMMUNOLOGY VOLUME 6 NUMBER 4 APRIL 2005

65.

66.

67.

68.
69.
70.

71.
72.
73.

74.

75.

76.
77.
78.

79.

80.

81.
82.
83.
84.

85.
86.
87.
88.
89.

90.
91.
92.
93.

94.

95.

96.

97.

receptor on effector T cells by its ligand mediates resistance to suppression by
CD4+CD25+ T cells. J. Immunol. 173, 5008–5020 (2004).
Ji, H.B. et al. Cutting edge: the natural ligand for glucocorticoid-induced TNF
receptor-related protein abrogates regulatory T cell suppression. J. Immunol.
172, 5823–5827 (2004).
Tone, M. et al. Mouse glucocorticoid-induced tumor necrosis factor receptor
ligand is costimulatory for T cells. Proc. Natl. Acad. Sci. USA 100, 15059–
15064 (2003).
Kumanogoh, A. et al. Increased T cell autoreactivity in the absence of CD40–
CD40 ligand interactions: a role of CD40 in regulatory T cell development.
J. Immunol. 166, 353–360 (2001).
Serra, P. et al. CD40 ligation releases immature dendritic cells from the control
of regulatory CD4+CD25+ T cells. Immunity 19, 877–889 (2003).
Bour-Jordan, H. et al. Costimulation controls diabetes by altering the balance
of pathogenic and regulatory T cells. J. Clin. Invest. 114, 979–987 (2004).
Pasare, C. & Medzhitov, R. Toll pathway-dependent blockade of CD4+CD25+
T cell-mediated suppression by dendritic cells. Science 299, 1033–1036
(2003).
Pasare, C. & Medzhitov, R. Toll-dependent control mechanisms of CD4 T cell
activation. Immunity 21, 733–741 (2004).
Caramalho, I. et al. Regulatory T cells selectively express toll-like receptors and
are activated by lipopolysaccharide. J. Exp. Med. 197, 403–411 (2003).
Nakamura, K., Kitani, A. & Strober, W. Cell contact-dependent immunosuppression by CD4+CD25+ regulatory T cells is mediated by cell surface-bound
transforming growth factor β. J. Exp. Med. 194, 629–644 (2001).
Peng, Y. et al. TGF-β regulates in vivo expansion of Foxp3-expressing CD4+CD25+
regulatory T cells responsible for protection against diabetes. Proc. Natl. Acad.
Sci. USA 101, 4572–4577 (2004).
Huber, S. et al. Cutting edge: TGF-β signaling is required for the in vivo expansion and immunosuppressive capacity of regulatory CD4+CD25+ T cells.
J. Immunol. 173, 6526–6531 (2004).
Thompson, C. & Powrie, F. Regulatory T cells. Curr. Opin. Pharmacol. 4, 408–
414 (2004).
Hsieh, C.S. et al. Recognition of the peripheral self by naturally arising CD25+
CD4+ T cell receptors. Immunity 21, 267–277 (2004).
Reddy, J. et al. Myelin proteolipid protein-specific CD4+CD25+ regulatory cells
mediate genetic resistance to experimental autoimmune encephalomyelitis.
Proc. Natl. Acad. Sci. USA 101, 15434–15439 (2004).
Nishikawa, H. et al. CD4+ CD25+ T cells responding to serologically defined
autoantigens suppress antitumor immune responses. Proc. Natl. Acad. Sci. USA
100, 10902–10906 (2003).
Klein, L., Khazaie, K. & von Boehmer, H. In vivo dynamics of antigen-specific
regulatory T cells not predicted from behavior in vitro. Proc. Natl. Acad. Sci.
USA 100, 8886–8891 (2003).
Walker, L.S. et al. Antigen-dependent proliferation of CD4+ CD25+ regulatory
T cells in vivo. J. Exp. Med. 198, 249–258 (2003).
Fisson, S. et al. Continuous activation of autoreactive CD4+ CD25+ regulatory
T cells in the steady state. J. Exp. Med. 198, 737–746 (2003).
Ginsberg-Fellner, F. et al. Diabetes mellitus and autoimmunity in patients with
the congenital rubella syndrome. Rev. Infect. Dis. 7, S170–S176 (1985).
Sullivan, K.E., McDonald-McGinn, D. & Zackai, E.H. CD4+ CD25+ T-cell production in healthy humans and in patients with thymic hypoplasia. Clin. Diagn. Lab.
Immunol. 9, 1129–1131 (2002).
Ueda, H. et al. Association of the T-cell regulatory gene CTLA4 with susceptibility
to autoimmune disease. Nature 423, 506–511 (2003).
Encinas, J.A. et al. QTL influencing autoimmune diabetes and encephalomyelitis
map to a 0.15-cM region containing Il2. Nat. Genet. 21, 158–160 (1999).
Podolin, P.L. et al. Differential glycosylation of interleukin 2, the molecular basis
for the NOD Idd3 type 1 diabetes gene? Cytokine 12, 477–482 (2000).
Tang, Q. et al. In vitro-expanded antigen-specific regulatory T cells suppress
autoimmune diabetes. J. Exp. Med. 199, 1455–1465 (2004).
Tarbell, K.V. et al. CD25+ CD4+ T cells, expanded with dendritic cells presenting
a single autoantigenic peptide, suppress autoimmune diabetes. J. Exp. Med.
199, 1467–1477 (2004).
Bach, J.F. The effect of infections on susceptibility to autoimmune and allergic
diseases. N. Engl. J. Med. 347, 911–20 (2002).
Boon, T. et al. Tumor antigens recognized by T lymphocytes. Annu. Rev. Immunol.
12, 337–365 (1994).
Dunn, G. P., Old, L. J. & Schreiber, R. D. The immunobiology of cancer immunosurveillance and immunoediting. Immunity 21, 137–148 (2004).
Shimizu, J., Yamazaki, S. & Sakaguchi, S. Induction of tumor immunity by
removing CD25+CD4+ T cells: a common basis between tumor immunity and
autoimmunity. J. Immunol. 163, 5211–5218 (1999).
Onizuka, S. et al. Tumor rejection by in vitro administration of anti-CD25
(interleukin-2 receptor α) monoclonal antibody. Cancer Res. 59, 3128–3133
(1999).
Sutmuller, R.P. et al. J. Synergism of cytotoxic T lymphocyte-associated antigen
4 blockade and depletion of CD25+ regulatory T cells in antitumor therapy
reveals alternative pathways for suppression of autoreactive cytotoxic T lymphocyte responses. J. Exp. Med. 194, 823–832 (2001).
Golgher, D. et al. Depletion of CD25+ regulatory cells uncovers immune responses
to shared murine tumor rejection antigens. Eur. J. Immunol. 32, 3267–3275
(2002).
Danke, N.A. et al. Autoreactive T cells in healthy individuals. J. Immunol. 172,

351

REVIEW
5967–5972 (2004).
Phan, G.. Q. et al. Cancer regression and autoimmunity induced by cytotoxic
T lymphocyte-associated antigen 4 blockade in patients with metastatic melanoma. Proc. Natl. Acad. Sci. USA 100, 8372–8377 (2003).
99. Hoffmann, P. et al. Large-scale in vitro expansion of polyclonal human
CD4+CD25high regulatory T cells. Blood 104, 895–903 (2004).
100. Godfrey, W.R. et al. In vitro-expanded human CD4+CD25+ T-regulatory cells can
markedly inhibit allogeneic dendritic cell-stimulated MLR cultures. Blood 104,
453–461 (2004).
101. Wood, K.J. & Sakaguchi, S. Regulatory T cells in transplantation tolerance. Nat.
Rev. Immunol. 3, 199–210 (2003).
102. Waldmann, H. et al. Regulatory T cells and organ transplantation. Semin.
Immunol. 16, 119–126 (2004).

© 2005 Nature Publishing Group http://www.nature.com/natureimmunology

98.

352

103. Aluvihare, V.R., Kallikourdis, M. & Betz, A.G. Regulatory T cells mediate maternal tolerance to the fetus. Nat. Immunol. 5, 266–271 (2004).
104. Waterhouse, P. et al. Lymphoproliferative disorders with early lethality in mice
deficient in CTLA-4. Science 270, 985–988 (1995).
105. T\ivol, E.A. et al. Loss of CTLA-4 leads to massive lymphoproliferation and fatal
multiorgan tissue destruction, revealing a critical negative regulatory role of
CTLA-4. Immunity 3, 541–547 (1995).
106. Taguchi, O. & Takahashi, T. Administration of anti-interleukin-2 receptor α
antibody in vivo induces localized autoimmune disease. Eur. J. Immunol. 26,
1608–1612 (1996).
107. McHugh, R.S. & Shevach, E.M. Cutting edge: depletion of CD4+CD25+ regulatory T cells is necessary, but not sufficient, for induction of organ-specific
autoimmune disease. J. Immunol. 168, 5979–5983 (2002).

VOLUME 6 NUMBER 4 APRIL 2005 NATURE IMMUNOLOGY

