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The main function of our immune system is to protect us from invading pathogens and microorganisms by destroying infected
cells, while minimizing collateral damage to tissues. In order to maintain this balance between immunity and tolerance, current
understanding of the immune system attributes a major role to regulatory T cells (Tregs) in controlling both immunity and toler-
ance. Various subsets of Tregs have been identified based on their expression of cell surface markers, production of cytokines, and
mechanisms of action. In brief, naturally occurring thymic-derived CD4+CD25+ Tregs are characterized by constitutive expres-
sion of the transcription factor FOXP3, while antigen-induced or adaptive Tregs are mainly identified by expression of immuno-
suppressive cytokines (interleukin-10 (IL-10) and/or transforming growth factor-β (TGF-β)). While Tregs in normal conditions
regulate ongoing immune responses and prevent autoimmunity, imbalanced function or number of these Tregs, either enhanced
or decreased, might lead, respectively, to decreased immunity (e.g., with tumor development or infections) or autoimmunity (e.g.,
multiple sclerosis). This review will discuss recent research towards a better understanding of the biology of Tregs, their interaction
with other immune effector cells, such as dendritic cells, and possible interventions in human disease.

Copyright © 2007 Nathalie Cools et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

The main function of our immune system is to protect us
from invading pathogens and microorganisms by destroying
infected cells, while minimizing collateral damage to tissues.
Within the large pool of different immune effector cells, the
recently rediscovered regulatory T cells (Tregs) play an im-
portant role in controlling immune responses and silencing
self-reactive T cells.

2. ORIGIN AND SUBSETS OF REGULATORY T CELLS

Tregs were described for the first time in the early 1970s
and were called suppressor cells [1, 2]. Despite many ef-
forts, this research topic was abandoned in the late 1980s
due to difficulties in correctly identifying and isolating the
suppressor cells. In 1995, Sakaguchi et al. [3] showed that
the interleukin-2 receptor α-chain (CD25) could serve as a
phenotypic marker for CD4+ Tregs. These observations led
to the revival of Tregs, and this research field has evolved
rapidly ever since. Currently, various subsets of both CD25+

and CD25− Tregs populations have been described [4] (see
Table 1). Different Tregs subsets are now subdivided based on
expression of cell surface markers, production of cytokines,
and mechanisms of action.

Naturally occurring thymic-derived CD4+CD25+ Tregs
are a T cell population with immunosuppressive proper-
ties that constitutes 5–10% of the total peripheral CD4+

T cells [5, 6]. Besides the expression of CD25, they con-
stitutively express other several activation markers, such
as the glucocorticoid-induced tumor-necrosis factor (TNF)
receptor-related protein (GITR), OX40 (CD134), L-selectin
(CD62 ligand (CD62L)), and cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4 or CD152). However, it should
be noted that none of these markers exclusively identifies
Tregs as they can also be expressed to various degrees on
activated T cell subsets and various antigen-presenting cells
(APCs). More recent studies have identified the transcription
factor forkhead box P3 (FOXP3) as a more exclusive intra-
cellular marker for the identification of Tregs [7, 8]. In ad-
dition, FOXP3 is also a crucial transcription factor for the
development and functionality of CD4+CD25+ Tregs. Loss
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of function mutations in FOXP3, both in mice and men, re-
sults in the absence of Tregs, leading to a phenotype with
severe autoimmune disorders [9, 10], known as scurfy mice
and IPEX (immunedysregulation, polyendocrinopathy, en-
teropathy, X-linked syndrome) in men. The important func-
tion of FOXP3 was also confirmed by studies showing that
ectopic expression of FOXP3 in T cells leads to the gener-
ation of cells with a regulatory phenotype and a suppres-
sive function [7, 11]. In addition, with regard to the biolog-
ical function of FOXP3 in Tregs, it was demonstrated that
FOXP3 blocks the ability of the Rel-family transcription fac-
tors NFAT and NFκB to induce their target genes [12–14],
and as a consequence, it acts as a transcriptional repressor
of IL-2 and other cytokine genes (IL-4 and IFN-γ), thereby
programming a cell not to exert immune stimulatory func-
tions. Moreover, FOXP3 expression has also been demon-
strated in activated T cells in humans [15], presumably acting
as a negative feedback in order to control ongoing immune
responses.

There is still ongoing discussion whether CD4+CD25+

Tregs originate in the thymus and constitute a separate lin-
eage or they are generated from mature T cells in the periph-
ery. Most likely, both origins seem to play an important role.
During early life, Hassall’s corpuscules, epithelial substruc-
tures in the thymus, play an important role in the generation
of Tregs [16, 17]. In addition, the expression of FOXP3 as a
Treg lineage specification factor [18] also supports the no-
tion that Tregs are a separately derived T cell lineage. More-
over, neonatal mice that have undergone thymectomy spon-
taneously develop autoimmune diseases [19, 20]. On the
other hand, while thymic function is largely reduced after
puberty in man, Tregs persist throughout life. This implies
that (all) Tregs might originate from a pool of self-renewable
long-term surviving thymic emigrants. However, Akbar et
al. [21] recently showed that the number and function of
CD4+CD25+FOXP3+ Tregs are maintained in humans even
after the age of 70 years. Therefore, they suggested that these
cells most probably do not derive from the thymic lineage
of Tregs, but they are generated from the peripheral pool of
CD4+CD45RO+CD25−FOXP3− memory T cells.

Furthermore, several other studies also reported the exis-
tence of various subsets of antigen-induced or adaptive Tregs.
The suppressive function of these induced Tregs is mediated
by the production of suppressive cytokines (IL-10 and trans-
forming growth factor-β (TGF-β)). Therefore, the current
classification of induced Tregs is based on expression of dif-
ferent suppressive cytokines. CD4+ regulatory T cells of type
1 (Tr1) express high levels of IL-10 and moderate levels of
IL-5, IFN-γ, and TGF-β, and they are negative for IL-2 and
IL-4 [22, 23]. T helper 3 (Th3) regulatory T cells express high
levels of TGF-β [24, 25]. Both types of induced Tregs equally
suppress Th1− as well as Th2− mediated immune responses.
Tr1 and Th3 have been shown to originate from naive rest-
ing T cells after stimulation with dendritic cells (DCs) [26],
depending on DC type and activation status. In addition,
naturally occurring Tregs are also involved in the genera-
tion of induced Tregs, a mechanism proposed as “infectious
tolerance.” The latter is based on expression of certain in-
tegrins by naturally occurring CD4+CD25+FOXP3+ Tregs

[27]. While α4β7 integrin expression induces IL-10 produc-
ing Tr1 cells, α4β1 integrin expression induces TGF-β pro-
ducing Th3 cells. Furthermore, we have recently described an
additional population of TGF-β and IL-10 double-positive
CD4+CD25−FOXP3− adaptive Tregs [28], induced after in
vitro culture of peripheral blood lymphocytes (PBLs) with
immature and mature DCs. Moreover, the suppressive capac-
ity of this CD4+ T cell population was transferable to already
activated antigen-specific CD8+ T cells when CD4+ T cells
were conditioned by immature DCs, but not when CD4+ T
cells were conditioned by Toll-like receptor-3 (TLR3) ligand-
matured DCs.

Next to the involvement of CD4+ naturally occurring and
induced Tregs in controlling proper function of the immune
system, CD8+ T suppressor cells have also been described.
CD8+ T suppressor cells are derived from an oligoclonal T
cell population, and they lack CD28 and express FOXP3,
GITR, CTLA-4, OX-40, and CD62L at the same level as com-
pared to CD4+CD25+ Tregs [29, 30]. In addition, CD8+ T
suppressor cells, that are able to inhibit T cell proliferation,
can be induced by xenogenic APCs or by peptide-pulsed au-
tologous APCs [31, 32].

Of note, a special population of natural killer (NK) cells
and NKT cells with regulatory function has also been de-
scribed. Their immune suppressive function is mediated by
secretion of various cytokines (IL-13, IL-4, IL-10) or by di-
rect cell-cell contact [33]. In this review, however, we will fo-
cus on the different subsets of Tregs.

3. MECHANISMS OF SUPPRESSION

All Tregs, both naturally occurring and induced, need T
cell receptor (TCR) triggering for their suppressive function.
However, once activated, their suppressive activity seems
to be antigen-nonspecific [34]. To date, the precise mech-
anism(s) by which Tregs suppress effector T cell activation
and/or function remains unclear. Moreover, results from
many in vitro and in vivo studies or studies performed on
mice and men are sometimes contradictory.

3.1. Cell-cell contact

Several in vitro studies have demonstrated that CD4+CD25+

Tregs suppress proliferation and IFN-γ production by effec-
tor T cells through a direct cell-cell contact-dependent stim-
ulation between suppressor and effector cells, possibly medi-
ated by the expression of their cell surface markers GITR and
CTLA-4 [35]. Ligation of CD80/CD86 on effector cells may
transmit suppressive signals after engagement by cell surface
CTLA-4 on suppressor cells, and it results in inhibition of
effector T cell function (see Figure 1) [36]. Another mecha-
nism for Tregs to affect effector T cell activation can be estab-
lished by modulating DC function. Ligation of CD80/CD86
on DCs by CTLA-4 on suppressor cells results in expression
and activation of indoleamine 2,3-dioxygenase (IDO) [37],
a catabolic enzyme involved in tryptophan degradation. Re-
duced tryptophan concentration in culture medium has been
reported to be associated with decreased activation of T cells
and T cell deletion [38, 39]. Also, in several in vivo models for
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Figure 1: Possible mechanisms of suppression by regulatory T cells
(Tregs). Tregs mediate their suppressive action by direct cell-cell
contact mediated by CTLA-4 on both effector T cells as well as
antigen-presenting cells (APCs), such as dendritic cells (DCs). Pro-
duction of immunosuppressive cytokines, such as IL-10 and TGF-
β, suppresses DC maturation, making DCs tolerogenic. Moreover,
Tregs can kill effector T cells by expression of perforin and granzyme
A. The figure also indicates therapeutic action of the anti-CTLA-4
antibody.

disease disorders, it was demonstrated that CTLA-4 block-
ade abrogates the suppressive function of murine (e.g., in-
flammatory bowel disease [40]) and human (e.g., melanoma
patients [41–44]) Tregs. These results indicate that CTLA-4
plays a functionally significant role in Treg suppressive ac-
tivity. On the other hand, CTLA-4 knockout mice appear to
have cells that express the Treg-specific transcription factor
FOXP3 and that are capable of suppression [45, 46]. These
observations reveal that CTLA-4 is not the only accessory
molecule required for Treg function.

Indeed, cell surface-bound TGF-β has been reported to
mediate cell-cell contact-dependent immune suppression by
CD4+CD25+ Tregs [47]. However, the latter remains con-
troversial as functionally suppressive CD4+CD25+ Tregs can
be isolated from TGF-β deficient mice [34]. In addition,
CD4+CD25− T cells transduced to express a dominant nega-
tive TGF-β receptor are still susceptible for Treg suppressive
activity. Moreover, inhibition of T cell proliferation in vitro
by IL-10 secreting Tr1 cells has been demonstrated to be in-
dependent of IL-10 production [48, 49]. Also O’Garra and
Vieira [50] postulated that the regulatory activity of IL-10
secreting Tregs might be in competition with effector T cells
for APC contact or for survival factors (e.g., IL-2). Therefore,
contact-dependent suppression mechanisms might be domi-
nant in vitro, circumventing the requirements for long-range
suppressive cytokines.

3.2. Soluble factors

While above described results suggest a contact-dependent
cytokine-independent mechanism of T cell suppression by
Tregs, other in vitro studies clearly demonstrate that Tr1 cells
and Th3 cells mediate their suppressive activity by produc-
ing immunosuppressive cytokines, IL-10, and TGF-β, respec-

tively [51, 52]. Therefore, a definitive explanation regarding
the in vitro suppressive mechanism of Tregs remains un-
clear due to well-known limitations of in vitro cellular as-
says differing in different laboratories. However, several in
vivo studies have indicated the role of immune suppres-
sive cytokines in Treg-mediated activity. Their involvement
might be affected by many physiological factors, including
the nature of the target organ and the magnitude of in-
flammation. Indeed, some autoimmune diseases are caused
by IL-10 deficiency (e.g., colitis) [53, 54], whereas other
autoimmune diseases are IL-10-independent (e.g., gastritis)
[55] and/or -dependent on TGF-β deficiency (e.g., diabetes)
[56]. Furthermore, CD4+CD25+ Tregs can be activated to ex-
press granzyme A and kill activated CD4+ and CD8+ T cells
through a perforin-dependent mechanism, while Fas ligation
has been demonstrated not to be involved [57, 58]. In addi-
tion, Tregs prevent DC maturation and activation through
secretion of cytokines, both in mice and men. For this, IL-
10 impairs the antigen-presenting capacity by downregulat-
ing MHC class II and costimulatory molecules on DCs [59].
TGF-β also downregulates MHC class II expression and pre-
vents upregulation of costimulatory molecules [60, 61]. In
addition, CD8+ suppressor cells, from healthy volunteers as
well as transplant patients, have also been shown to inhibit
upregulation of costimulatory molecules (CD80/CD86) on
DCs and, importantly, increase the expression of Ig-like tran-
scripts 3 (ILT3) and ILT4 on DCs [62]. These ILT molecules
belong to the family of Ig-like inhibitory receptors and they
are functionally related to killer cell inhibitory receptors. Lig-
ation of ILT in antigen-presenting cells inhibits Ca2+ mo-
bilization and tyrosine phosphorylation [63–65]. Moreover,
such ILT-expressing DCs were shown to convert CD4+ allo-
reactive T cells towards Tregs with immune suppressive func-
tion [66].

4. REGULATORY T CELLS IN HUMAN DISEASE

4.1. Autoimmunity

Reduced functional activity of Tregs results in an increased
susceptibility to autoimmune disease. Patients with multi-
ple sclerosis (MS) [67], polyglandular syndrome of type II
[68], active rheumatoid arthritis (RA) [69], type-I diabetes
[70], psoriasis [71], and myasthenia graves [72] show a sig-
nificant decrease in the suppressive function of CD4+CD25+

Tregs as compared with cells from healthy donors. Because
the percentage of CD4+CD25+ Tregs in peripheral blood of
these patients is unaltered as compared with healthy con-
trols, it has been suggested that it is mainly defective Treg
function, rather than its number, that contributes to dis-
ease development in these disease conditions. In addition, in
some autoimmune diseases, reduced levels of CD4+CD25+

Tregs have been observed in the peripheral blood of patients
[73, 74]. However, in these cases, the recruitment or migra-
tion of Tregs from the blood to the inflammatory site may
be responsible for the decreased number of Tregs in periph-
eral blood. Indeed, studies on patients with RA or juvenile
idiopathic arthritis (JIA) demonstrated that at the site of
inflammation (i.e., in the synovial fluid) the percentage of
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Table 1: Different subsets of regulatory T cells.

Cell type Phenotype Suggested immunosuppressive mechanism

CD4+ regulatory T cells

Thymic-derived naturally
CD4+CD25+FOXP3+

Cell-cell contact-dependent in vitro (CTLA-4); cell-cell
contact- and cytokine-dependent in vivo (IL-10 and
TGF-β)

occurring Treg

Peripheral-induced naturally
CD4+CD25+FOXP3+

occurring Treg

Tr1 cells CD4+CD25±FOXP3−IL-10hi Cell-cell contact

Cytokine-mediated (IL-10 production)

Th3 cells CD4+CD25±FOXP3−TGF-βhi Cytokine-mediated (TGF-β production)

TGF-β/IL-10 double-positive CD4+ Treg
TGF-β/IL-10 double-positive Cytokine-mediated (IL-10)

CD4+CD25−FOXP3− and (TGF-β production)

CD8+ regulatory T cells

T suppressor cells (Ts) CD8+CD28− Cell-cell contact-dependent (CTLA-4)

IL-10 producing CD8 T cells CD8+IL-10+ Cytokine-mediated (IL-10 production)

CD4+CD25+ Tregs was significantly increased as compared
with the percentage in peripheral blood [75].

In addition to the autoimmune diseases described above,
in allergic patients there is strong evidence for a dysfunction
of CD4+CD25+ Tregs in suppressing Th2 responses [76, 77].
In individuals with allergic or asthmatic disease, a decrease
and/or dysfunction of IL-10 secreting Tr1 cells was observed
as compared to healthy individuals [78–81].

4.2. Cancer

Although the physiological function of Tregs is central for
maintaining self-tolerance, this negative regulatory activity
can also be counterproductive as Tregs might also suppress
bonafide immune responses against tumors and viral infec-
tions. High numbers of CD4+CD25+ Tregs have been found
in lung, pancreas , breast, liver, and skin cancer patients, ei-
ther in the peripheral blood or around and within the tumor
[82–86]. Moreover, Tregs isolated from tumors of lung can-
cer patients demonstrated potent immune suppressive activ-
ity of autologous peripheral blood T cells stimulated by anti-
CD3 or anti-CD3/anti-CD28 in vitro [87]. Therefore, it can
be postulated that Tregs can impair antitumor immune re-
sponses in cancer patients. In addition to naturally occurring
CD4+CD25+ Tregs, also IL-10 producing Tr1 cells have been
demonstrated to contribute to ineffective antitumor immune
responses in cancer patients [88, 89]. In human ovarian tu-
mors, it is demonstrated that plasmacytoid DCs induce IL-
10 secreting CD8+ regulatory T cells capable of suppress-
ing antitumor immunity through IL-10 [90]. In addition,
Curiel et al. [91] described that tumor cells and surround-
ing macrophages produce the CCL22 chemokine, which me-
diates Treg-trafficking to the tumor through CCR4, thereby
possibly contributing to the immune privileged features of
these tumors. This observation was recently also confirmed
in B cell non-Hodgkin lymphomas [92]. Furthermore, it is
now believed that increased frequencies of Tregs in cancer
patients are associated with a high mortality and reduced
disease-free survival [93–95].

4.3. Infectious diseases

Several studies have also reported involvement of Tregs in
infectious diseases, as Tregs might affect the magnitude of
the immune response and therefore the outcome of viral
clearance [96]. Indeed, after depletion of Tregs by anti-CD25
antibody in herpes simplex virus (HSV) infected mice, in-
creased CD4+ T cell responses, enhanced CD8+ proliferative
and cytotoxic T cell responses, and increased mucosal anti-
body levels were reported as compared to nondepleted an-
imals [97, 98]. In addition, viral clearance occurred more
rapidly in Treg-depleted mice [99]. In humans with chronic
hepatitis B virus (HBV) and HCV infection, an increase in
peripheral CD4+CD25+ Tregs, as compared to healthy indi-
viduals, has been described [100, 101]. Moreover, these Tregs
are able to suppress HCV-specific CD8+ T cell immune re-
sponses [102, 103]. Besides increased levels of Tregs in pa-
tients, IL-10 producing Tr1 cells could also be isolated and
cloned from patients with chronic HCV infection, but not
from patients who cleared the infection [104].

Following the demonstration of the role of Tregs in sup-
pressing antiviral immune responses, several in vitro studies
showed that depletion of Tregs from peripheral blood of vi-
rally infected patients results in increased T cell responses to
HBV, HCV, cytomegalovirus (CMV), and human immun-
odeficiency virus (HIV) [105, 106]. While the presented re-
sults are clear for HBV, HCV, and CMV infections, the in-
fluence of Tregs during HIV infection might be more com-
plex. The data provided so far do not provide conclusive ev-
idence whether Tregs in HIV-infected individuals limit or
contribute to immune activation, which results in immune
dysfunction. On the one hand, the frequency of Tregs in-
versely correlates with the magnitude of SIV/HIV-specific
CTL responses [105, 107]. Moreover, patients with long-term
nonprogressing disease have low numbers of Tregs in dif-
ferent lymphoid compartments, further supporting the no-
tion that Tregs prevent efficient anti-HIV responses [108].
On the other hand, the number of circulating Tregs has also
been reported to be decreased in chronically HIV-infected
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patients, and this correlates with hyperactivation [109, 110].
This observed decrease of Treg frequency in blood can be
due to altered trafficking and/or accumulation of Tregs into
lymphoid tissues, and it warrants further investigation [108,
111].

5. MANIPULATING REGULATORY T CELLS FOR
THERAPEUTIC APPLICATIONS

The observations mentioned above have therapeutic impli-
cations for targeting Tregs in human disease. Most advanced
studies regarding this topic have been performed in the field
of autoimmunity, where the challenge is to enhance Treg re-
sponses against those self-antigens involved in disease pro-
gression. Moreover, it is clear that experimental strategies to
activate and expand self-reactive Tregs in order to dimin-
ish tissue damage may also be applicable to control virus-
induced immune pathology or to inhibit transplant graft re-
jection. Alternatively, limiting or preventing Treg responses
would be required to enhance insufficient immune responses
against certain viral antigens and tumor-associated antigens
(TAAs). Below we discuss several possibilities to manipulate
Treg function in vitro and in vivo.

5.1. Treg-inducing therapies

Nonspecific (experimental) therapies using antibodies and
anti-inflammatory cytokines have been documented to mod-
ify Treg function. For example, treatment with infliximab
(anti-TNF-α) in RA was able to restore the defective suppres-
sive function of Tregs and to increase the number of periph-
eral Tregs [69]. Also, administration of nonmitogenic anti-
CD3 monoclonal antibodies [112] and immunomodulatory
cytokines, such as TGF-β [113], are Treg-modulating strate-
gies currently under investigation. Several in vitro studies
have revealed a role for costimulation through CD28 to pro-
mote Treg proliferation [114, 115]. In support of this con-
cept, superagonistic anti-CD28 antibodies, which probably
cause augmented CD28 signaling, are particularly effective
at supporting Treg expansion in vivo [116, 117]. However, it
is worth remembering that these antibodies, when tested in
six healthy volunteers in a clinical trial, sent all these healthy
male subjects to critical care, unlike two additional partici-
pants who had received a placebo. What probably happened
is that, since CD28 receptors are found on different cells of
the immune system, this may have caused mass activation of
the immune system, causing a devastating “cytokine storm”
[118, 119].

Although only the antigen-nonspecific approaches yield-
ed clinical benefit so far, the dramatic outcome of the clin-
ical trial mentioned above or the risk of opportunistic in-
fections using such antigen-nonspecific strategies might be-
come problematic. Therefore, current research focuses on the
development of novel antigen-specific Treg therapies in order
to reduce or prevent immune-mediated pathologies by se-
lective enhancement of antigen-specific Treg populations in
vitro or in vivo. Recent studies have investigated the poten-
tial to isolate CD4+CD25+ Tregs from peripheral blood and
to (antigen-nonspecifically) expand them in vitro for sub-

sequent adoptive transfer in patients, in order to modulate
ongoing immune responses in vivo. These expanded cells re-
tained expression of CD25, FOXP3, and lymph node homing
receptors. Moreover, such in vitro expanded Tregs appeared
to be more efficient in in vitro suppression assays as com-
pared to freshly isolated Tregs [120, 121]. In addition, in vitro
expansion protocols for Tregs can be combined with strate-
gies to generate antigen-specific artificial Tregs. In this con-
text, Mekala and Geiger [122] described that genetic mod-
ification of polyclonal Tregs with a chimeric receptor con-
sisting of a myelin basic protein (MBP) epitope bound to
the extracellular and transmembrane domains of an MHC
linked to the cytoplasmic domain of the TCR ζ-chain results
in functional Treg activation upon recognition of these mod-
ified Tregs by MBP-specific T cells. These receptor-modified
CD4+CD25+ Tregs inhibited both the onset and the de-
velopment of experimental autoimmune encephalomyelitis
(EAE). This inhibition only occurred when EAE was induced
by MBP, but not by any other known EAE autoantigen. While
the strategy described above alters the fundamental mecha-
nism of Treg biology, Jaeckel et al. [123] developed another
strategy based on transduction of naive CD4+ T cells from
nonobese diabetic (NOD) mice with FOXP3, the trancrip-
tion factor associated with Treg development and function.
These FOXP3-transduced CD4+ T cells produce IL-10 and
they are able to suppress CD4+ T cell proliferation. How-
ever, a therapeutic effect was only observed when FOXP3 was
transduced in T cells from TCR transgenic mice that recog-
nize a pancreatic islet antigen. Again, this indicates that anti-
gen specificity of Tregs will be important for therapeutic effi-
cacy.

Next to genetic modification of T cells, in order to ob-
tain antigen-specific artificial Tregs, the fact that CD4+-
CD25+FOXP3+ Tregs can also be generated in the periph-
ery might have important clinical implications as no clear
phenotypic or functional differences have been observed that
distinguish them from thymic-derived Tregs [21, 124, 125].
In this context, it has been demonstrated in several stud-
ies that DCs can induce different subsets of Tregs. More-
over, it has been demonstrated that tolerogenic DCs loaded
with specific antigen in combination with IL-2 are able to ex-
pand antigen-specific Tregs ex vivo [114, 126–128]. Alterna-
tively, in vivo targeting of DCs in a steady-state condition by
anti-DEC-205 antibody preferentially increases the number
of CD4+CD25+ Tregs [129, 130]. Importantly, such strategies
require that DCs remain in their tolerogenic state in order to
prevent immune activation. The latter is currently a subject
of major interest.

5.2. Treg-depleting strategies

As mentioned above, limiting or preventing Treg responses
might be desired to enhance insufficient immune responses
against certain viral and tumor antigens. Elimination of
Tregs by CD25+ T cell depletion with ONTAK has recently
been evaluated in clinical trials. ONTAK or denileukin difti-
tox is a ligand-toxin fusion protein that consists of full-length
IL-2 fused to the translocating and enzymatically active do-
main of diphtheria toxin [131]. Several studies demonstrated
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that administration of ONTAK in cancer patients results in
reduced prevalence of peripheral Tregs and increased effector
T cell activation [132–134]. Moreover, Dannull et al. [132]
showed that administration of ONTAK combined with vac-
cination, with DCs transfected with total tumor RNA, led
to improved stimulation of tumor-specific effector T cells as
compared to DC vaccination alone.

However, because of their nonexclusive phenotype, de-
pletion of Tregs in vivo is difficult to achieve and may also
lead to severe autoimmune complications (“collateral dam-
age” [135]). Therefore, interfering with Treg activity would
be a more appropriate strategy. Enhanced immune responses
have been observed after addition of anti-GITR antibodies.
Ligation of GITR on Tregs results in abrogation of their sup-
pressive function [136]. Moreover, ligation of GITR on ef-
fector T cells provides effector T cells with additional cos-
timulation and makes them refractory to the suppressive ef-
fects of Tregs [137, 138]. Alternatively, it has been demon-
strated that anti-CTLA-4 antibody inhibits the suppressive
activity of Tregs in patients with malignant melanoma. Ef-
fective reduction in tumor mass was shown in approximately
20% of patients. Interestingly, reduction of tumor size was
linked to the development of severe, but manageable, au-
toimmune syndromes [41–44]. However, in cancer patients
treated with the anti-CTLA-4 antibody, no effect was ob-
served on the number or the suppressive activity of periph-
eral blood Tregs. This indicates that CTLA-4 signaling might
represent a regulatory mechanism independent, at least in
part, of Tregs [139]. Moreover, it is also demonstrated that
both mechanisms, Treg depletion and CTLA-4 blockade, can
work synergistically [140] on enhancing antitumor immu-
nity in experimental B16 melanoma.

Finally, another potential strategy to interfere with Treg
function is to target molecules involved in Treg trafficking.
Blocking CCL22 has been proposed to reduce Treg trafficking
in ovarian cancer in order to prevent their inhibitory func-
tion on APCs and on tumor-specific T cells [91].

6. CONCLUSIONS

Since the reappraisal of suppressor T cells by the pioneer-
ing work of Sakaguchi et al. [3], the field of immune control
by Tregs has been progressing exponentially. Despite recent
advances, several major questions remain regarding their in-
teractions with other cells of the immune system, leading to
their suppressive activity. The quest for more specific mark-
ers on naturally occurring or induced Tregs will ultimately
lead to improved methods to isolate and functionally char-
acterize these Treg subsets. Better insights will then improve
the design of new and better immunotherapies that should
be able to (i) antigen-specifically enhance immune responses
against pathogens and tumors or (ii) antigen-specifically ab-
rogate immune responses against self-antigens or cell and or-
gan transplants.
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