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Sébastien André,*†‡ David F. Tough,§
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CD4�CD25� regulatory T cells (Tregs) play a critical
role in preventing immune aggression. One way in
which Tregs exert immune surveillance activities is
by modifying the function of antigen presenting cells
(APCs) such as dendritic cells, macrophages, and B
cells. Tregs can induce apoptosis of APCs or inhibit
their activation and function, thereby regulating subse-
quent innate and adaptive immune responses. These
actions of Tregs are mediated by both soluble factors
(interleukin [IL]-10, transforming growth factor-� ,
perforins, granzymes) and cell-associated molecules
(cytotoxic T lymphocyte antigen 4, lymphocyte acti-
vation gene-3, CD18, neuropilin-1, LFA-1/CD11a,
CD39), of which cytotoxic T lymphocyte antigen 4 has
a key role. However, in autoimmunity, chronically
activated APCs under the influence of intracellular
signaling pathways, such as phosphatidyl inositol 3
kinase, JAK-STAT, MAPK, and nuclear factor-�B path-
ways, can escape surveillance by Tregs, leading to the
activation of T cells that are refractory to suppression
by Tregs. Moreover, APCs and APC-derived inflamma-
tory cytokines such as tumor necrosis factor, IL-6,
IL-1� , and IL-23 can render Tregs defective and can
also reciprocally enhance the activity of the IL-17-
producing pathogenic Th17 T cell subset. Emerging
knowledge of the importance of APC-Treg interactions
in maintaining immune tolerance and aberrations in
this cross talk in autoimmune diseases provides a

rationale for therapeutic approaches specifically tar-
geting this axis of the immune system. (Am J Pathol

2009, 174:1575–1587; DOI: 10.2353/ajpath.2009.080987)

The immune system is constantly subjected to regulatory
mechanisms. Apart from central tolerance, several mech-
anisms operate in the periphery to control undesired
pathogenic immune responses to self-antigens (autoim-
mune diseases) and to prevent excessive inflammatory
responses to foreign antigens. One level of control in-
volves immune regulation by T cells with suppressive
activity. Several prominent suppressive T cell subtypes
have been characterized, including CD4�CD25� regula-
tory T cells (Tregs), interleukin (IL)-10-producing T regu-
latory 1 cells, transforming growth factor (TGF)-�-produc-
ing Th3 cells, CD8� T suppressor cells, and natural killer
(NK)T cells. Among these populations, CD4�CD25�

Tregs have been extensively studied in recent years. This
population includes those cells that acquire regulatory
potential during differentiation in the thymus, termed ‘nat-
ural’ Tregs, and a population induced from naïve T cells
in the periphery, called ‘induced’ or ‘adaptive’ Tregs.

Natural Tregs express glucocorticoid-induced tumor
necrosis factor receptor, CCR4 (chemokine receptor for
CCL17 and CCL22), CD62L (lymph node homing recep-
tor), cytotoxic T lymphocyte antigen 4 (CTLA-4, a CD28-
family receptor that binds to CD80 and CD86 on antigen-
presenting cells), and the lineage-specific transcription
factor forkhead box protein FoxP3, and most Tregs dis-
play markers of previous activation (eg, CD45RO in hu-
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man and CD45RBlow in mouse). While induced Tregs
share similar phenotype markers, the induced Tregs are
functionally unstable and regulatory regions of the Foxp3
gene are more widely dimethylated in natural Tregs than
in induced Tregs.1,2 In this review, we focus on natural
Tregs as these are hitherto the best characterized pop-
ulation of regulatory T cells, and the mechanisms of main-
tenance of immune tolerance and the therapeutic strate-
gies to target these Tregs are being explored in detail.

The central role of natural Tregs in maintaining self-
tolerance has been shown clearly by the fact that their
deficiency leads to fatal autoimmune diseases and in-
flammatory conditions with dysregulated lymphoprolif-
eration. Thus, deficiency of Tregs in experimental animals
results in either the appearance or exacerbation of auto-
immune disease, whereas adoptive transfer of Tregs ei-
ther before or during the early phase of induction of
autoimmune disease cures the disease (Figure 1). In
humans, IPEX (immune dysregulation, polyendocrinopa-
thy, enteropathy, X-linked) syndrome is a severe autoim-
mune inflammatory disorder that results from a deficiency
of Tregs due to mutations in FoxP3.3–5 A naturally occur-
ring mutation in FoxP3 similarly results in systemic auto-
immunity in mice,6,7 as does ablation of Tregs in healthy
adult mice.8 These observations indicate that Tregs ac-
tively regulate autoimmunity throughout life.

The population of natural Tregs is polyclonal and po-
tentially able to recognize various self-antigens. Natural
Tregs develop in the thymus, and their selection process
is similar to conventional T cells except that natural Tregs
are positively selected through recognition of self-pep-
tides with a special range of avidities presented by thy-
mic stromal cells. The signaling during these interactions
likely imparts anergic status to Tregs and induces anti-
apoptotic molecules, such as glucocorticoid-induced tumor
necrosis factor receptor, that protect Tregs from negative
selection.1 However, several aspects of the cellular basis of

Treg maturation, including the role of antigen presentation,
T cell receptor diversity, and interactions with thymic micro-
environment are still not completely understood.

Once generated in the thymus, Tregs migrate to the
periphery where they receive appropriate signals to sur-
vive. Mature naïve T cells in the periphery apparently
require repeated contact with self-peptide-major histo-
compatibility complexes (MHCs) in the T-cell zones of
secondary lymphoid organs, identical or similar to those
on which they were originally selected in the thymus.
However, several lines of evidence suggest that Tregs do
not require such contacts, but that cytokines such as IL-2
and co-stimulatory pathway B7/CD28 may be involved in
their maintenance in the periphery.1 On exposure to anti-
gens in secondary lymphoid organs, Tregs become acti-
vated and exert suppressive functions at a much lower
concentration of antigen than naive T cells, suggesting that
Tregs can be activated even by immature dendritic cells
(DCs), which express levels of co-stimulatory molecules
such as CD80/86 and self-peptide/MHCs that are too low to
activate naive self-reactive T cells.1

Several molecular and cellular mechanisms have been
described to explain the process by which Tregs contrib-
ute to the maintenance of immune tolerance.2,9,10 Tregs
inhibit the proliferation and cytokine production by con-
ventional T cells in vitro and in vivo. In vitro studies have
generally indicated that suppression of T cell responses
requires direct cell–cell contact between the responding
T cells and Tregs, but soluble factors, particularly TGF-�
and IL-10, have also been implicated in Treg activity. In
addition, Tregs can target several other cell types, includ-
ing natural killer cells, natural killer T cells, and antigen
presenting cells (APCs) such as DCs, macrophages, and
B cells. Overall, the cumulative data suggest that the
Treg-mediated surveillance mechanism might depend on
several pathways that target multiple cell types at differ-
ent anatomical sites. Given the crucial role of APCs in

Figure 1. Role of Tregs in the pathogenesis of
autoimmune diseases: lessons from experimen-
tal models. A: Using several experimental animal
models, it has been demonstrated that depletion
of Tregs in animals before or after the induction
of autoimmune disease leads to increased cellu-
lar and humoral responses and to an exacerba-
tion of disease. B: Adoptive transfer of Tregs at
the time of induction of disease has been shown
to decrease the severity of disease and inflam-
mation, suggesting that Tregs have a potential
therapeutic application in the early stages of an
autoimmune disease. C: Transfer of Tregs ap-
pears unable to cure established chronic inflam-
matory process, in part due to the influence of
chronically activated APCs.
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initiating, regulating, and maintaining immune responses,
elucidating the nature of Treg-APC interactions is of great
importance for the understanding of the pathogenesis of
autoimmune and inflammatory diseases. Moreover, the
ability to modify such regulatory mechanisms could pro-
vide novel therapeutic opportunities in these disorders.
Here we discuss how Tregs exert immune tolerance by
monitoring the activation and functions of APCs and the
processes by which these cells can escape immune
suppression by Tregs.

Modulation of Dendritic Cell Function by Tregs

DCs are professional APCs at the interface of innate and
adaptive immunity and have several features which make
them unique among APCs.11 Because of their capacity to
stimulate naive T cells, DCs have a central role in the initi-
ation of primary immune responses. However, this T cell
stimulatory activity is not constitutive. Resting, or “immature”
DCs have a high capacity to capture and internalize anti-
gens but are poor stimulators of T cells. To acquire T cell
stimulatory ability, DCs must undergo a maturation and
activation process that involves up-regulation of surface
expression of MHC class II and of co-stimulatory molecules,
secretion of immunoregulatory cytokines, and migration into
T cell areas of secondary lymphoid tissues. In addition to T
cell stimulation, DCs also regulate B cell growth and secre-
tion of immunoglobulins.

The functional plasticity of DCs is also related to the
existence of heterogeneity within this cell population, which
appears to be independent of maturation stage. Thus, sev-
eral subpopulations of DCs with distinct features have been
identified in human and mouse in lymphoid and nonlym-
phoid tissues.12 The major subtypes of human DCs are Lang-
erhans cells, interstitial dermal DCs, monocyte-derived inflam-
matory DCs (Mo-DCs), BDCA-1� and BDCA-3� myeloid DC
subsets, and plasmacytoid DCs. The major subsets of
mouse DCs include CD4�CD8�hiCD205hiCD11b� DCs,
CD4�CD8��CD205�CD11b� DCs, CD4�CD8��CD205�

CD11b� DCs, CD4�CD8��CD205�CD11b� DCs, plas-
macytoid DCs, and Langerhans DCs.

Several recent reports demonstrate that Tregs modu-
late the maturation, activation, and function of various
subsets of human and murine DCs both in vitro and in
vivo.13–30 Interaction of immature or activated human Mo-
DCs or circulating myeloid DCs, murine CD11c�splenic,
or bone marrow-derived DCs (BM-DCs) in vitro with Tregs
has been shown to result in the down-regulation of the
co-stimulatory molecules CD80, CD86, and CD40, and
the number of MHC-peptide complexes on DCs, as well
as up-regulation of the inhibitory B7-H3 molecule (a
member of the programmed death ligand family that
comprises B7-H1, B7-DC, B7-H3, and B7-H4), leading to
impaired T cell stimulatory function of DCs. Furthermore,
Tregs have been shown to reduce significantly the pro-
duction of several DC-associated inflammatory cytokines
such as IL-12, IL-1�, IL-6, and IL-8, but to enhance
expression of the anti-inflammatory cytokine IL-10. These
Treg “educated” DCs were found to be poor stimulators
of T cell proliferation and induce lower amounts of T-cell
cytokines such as IL-2, interferon (IFN)-�, IL-4, and IL-5.

Consistent with in vitro results, in vivo results in exper-
imental models show that Tregs inhibit T cell immune
responses mediated by CD11c� splenic and lymph node
DCs, BM-DCs, pulmonary myeloid DCs, and airway mu-
cosal DCs.23,31–33 Tregs can exert an early effect on the
immune responses by attenuating the establishment of
stable contacts during priming of naive T cells by CD8��

DCs, CD11b� DCs, and BM-DCs both in vitro and in vivo
and by forming synapses and aggregation with DCs
more frequently than naive T cells.18,19,34 These pro-
longed interactions of Tregs with DCs are mediated by
virtue of high expression of neuropilin-1 and adhesion
molecules such as LFA-1 (CD11a) on Tregs.18,28,34 Visu-
alization of adoptively transferred Tregs in the lymph
nodes of mice revealed that Tregs form stable associa-
tions with CD8�� and CD11b� DCs that in turn prevents
subsequent strong interactions between DCs and auto-
reactive effector T cells. Significant contact between
Tregs and effector T cells was not observed, thus imply-
ing that DCs are the primary targets of Tregs in vivo.18,19

Modulation of Cross Talk between DCs and NK
Cells by Tregs

NK cells are a type of cytotoxic lymphocyte that consti-
tute a major component of the innate immune system.
DCs can prime resting NK cells, which, in turn, after
activation, might induce DC maturation. However, NK
cells also negatively regulate the function of DCs by
killing immature DCs in peripheral tissues. Interestingly
several reports demonstrate that Tregs modulate the in-
teractions between DCs and NK cells. Thus, in one study,
Tregs were shown to interfere with IL-15-mediated prolif-
eration of NK cells by suppressing the expression of
IL-15R�, on DCs, which normally “trans-presents” bound
IL-15 to NK cells.35 In another report, Tregs were shown
to control mature NK cell number in lymph nodes, in the
process indirectly modulating the proportion of CD8��

immature DCs in these locations.36 Thus, it was demon-
strated that depletion or adoptive transfer of Tregs in vivo
leads to increased or decreased numbers of mature NK
cells and decreased or increased proportions CD8�� im-
mature DCs, respectively, in the lymph nodes (ie, increased
Tregs 3 decreased NK cells 3 increased CD8�� imma-
ture DC, and vice versa). Since immature DCs maintain
steady state tolerance to peripheral self-antigens, the ability
of Tregs to regulate the number of these cells could repre-
sent part of the mechanism by which Tregs act in vivo.

Mechanisms of Modulation of DC Functions by
Tregs

Several mutually nonexclusive mechanisms have been
proposed to describe the modulation of DCs by Tregs
(Figure 2). While for many of these, the significance re-
mains to be verified in vivo, the implication is that Treg
modulation of DCs involves multiple mechanisms; several
of the reported mechanisms are described briefly below.
It remains to be determined whether these mechanisms
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represent components of the same pathway or of parallel
pathways that converge into a common point.

Tregs constitutively express high levels of CTLA-4 that
binds to CD80 (B7–1) and CD86 (B7–2) with higher af-
finity. In addition to blocking CD28-B7 co-stimulatory sig-
naling between effector T cells and DCs, the interaction
of CTLA-4 on Tregs with CD80 and CD86 molecules on
CD11c� splenic DCs transduces a negative signal to
DCs, and reduces the expression of these co-stimulatory
molecules on DCs in vitro.28,30 Since co-stimulatory mol-
ecules provide intense stimuli for activation of lympho-
cytes, inhibition of these molecules by CTLA-4 affects the
capacity of CD11c� splenic and BM-DCs to activate
lymphocytes and thus renders them less competent
APCs.21,30 Interestingly, deficiency of CTLA-4 abolishes
the capacity of Tregs to induce tolerance. Furthermore,
CTLA-4 interaction with B7 molecules may induce in-

doleamine 2,3-dioxygenase (IDO) expression in CD11c�

splenic DCs in vitro and prime DCs for tolerogenic anti-
gen presentation in vivo.15,37 IDO catalyzes the conversion
of tryptophan into kynurenines that act as potent immuno-
suppressive metabolites in the local environment of DCs by
means of either cytotoxicity or by inducing de novo gener-
ation of Tregs from naïve CD4�CD25� T cells. These data
thus indicate that CTLA-4 engagement of B7 molecules on
DCs represents a critical mechanism of tolerance induction
in vivo.15,30

Treg-derived IL-10 and TGF-� confer a suppressive
phenotype on human Mo-DCs, circulating myeloid DCs,
and murine BM-DCs and inhibit expression of inflamma-
tory cytokines in vitro.16,20,22,25 Tregs also induce produc-
tion of the anti-inflammatory cytokine IL-10 by DCs, which
further spreads the immunosuppression by acting on
both DCs and effector T cells.16,17 DC-derived IL-10 can

Figure 2. The mechanisms of suppression of dendritic cells by Tregs. Several mutually nonexclusive mechanisms have been proposed to account for the
modulation of DCs by Tregs. The suppression of DCs by Tregs is mediated by both soluble factors and cell-associated molecules. However, recent reports suggest
that CTLA-4 molecule has a key role in Treg-mediated suppressive functions. A: Treg-derived IL-10 and TGF-� induce a suppressive phenotype in DCs and inhibit
inflammatory cytokine expression by DCs while enhancing the secretion of the anti-inflammatory cytokine IL-10. B: Activated Tregs express high levels of
granzyme A and perforin and exert CD18/CD54 adhesive interaction-dependent cytotoxicity against both immature and mature DCs, thus reducing the
antigen-presenting and co-stimulatory pool. C: CTLA-4 interaction with B7 molecules transduces a negative signal for DCs CTLA-4 diminishes the co-stimulatory
molecules CD80 and CD86 and converts DCs into less potent APCs with reduced T cell stimulatory potential. CTLA-4 can also induce indoleamine 2,3-dioxygenase
(IDO) expression in DCs. IDO catalyzes the conversion of tryptophan into kynurenines, which are potent immunosuppressive metabolites. D: Tregs can interact
with MHC class II on DCs via lymphocyte activation gene-3 (LAG-3), a CD4-related transmembrane protein that inhibits DC activation by a mechanism involving
ERK-mediated recruitment of SHP-1. E: Tregs express CD39 (nucleoside triphosphate diphosphohydrolase-1), an ectoenzyme that degrades ATP to AMP. Thus,
Tregs reduce ATP-mediated activation of DCs and the adjuvant activities of ATP. Some of these mechanisms are also reported to be critical in Treg-mediated
regulation of functions of macrophages and B cells.
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also induce T regulatory 1 cells, which can inhibit anti-
gen-specific T cell responses.

In addition, activated Tregs express high levels of
granzyme A and can display perforin-dependent cytotox-
icity in vitro against both immature and mature human
Mo-DC.38 This cytotoxicity is dependent on CD18/CD54
adhesive interactions but is independent of Fas/FasL.
These findings suggest that the perforin/granzyme path-
way is one of the mechanisms that Tregs can use to
control immune responses by reducing the antigen-pre-
senting and co-stimulatory pool.

Tregs have been reported to interact with MHC class II
on human Mo-DCs, murine BM-DCs and CD11c� splenic
DCs via lymphocyte activation gene-3 (LAG-3), a CD4-
related transmembrane protein, the expression of which
is regulated by heme oxygenase-1.24,39,40 It was shown
that during Treg-DC interactions, LAG-3 engagement
with MHC class II molecules inhibits Mo-DC activation
and generates semimature DCs with the potential to mi-
grate into secondary lymphoid organs. Indeed, MHC
class II cross-linking by agonistic antibodies in vitro reca-
pitulates the activity of LAG-3, characterized by the in-
duction of an ITAM-mediated inhibitory signaling path-
way, and involves Fc�R and ERK-mediated recruitment
of SHP-1, which suppresses BM-DC maturation and im-
munostimulatory capacity. This novel, ITAM-mediated in-
hibitory signaling pathway in DCs triggered by MHC
class II engagement of LAG-3 provides a molecular
mechanism by which Tregs may down-modulate immune
responses via modulating DC function.

Tregs express CD39 (nucleoside triphosphate diphos-
phohydrolase-1 [NTPDase 1]), an ectoenzyme that de-
grades ATP to AMP.41 In the immune system, extracellu-
lar ATP functions as a “natural adjuvant” that exhibits
multiple pro-inflammatory effects. By virtue of the expres-
sion of CD39, activated Tregs are able to abrogate in vitro
ATP-related effects such as P2 receptor-mediated cell
toxicity and ATP-driven maturation of BM-DC.41

The Physiological Significance of Treg-Mediated
Inhibition of DC Function

Accumulating evidence suggests that DCs attain a semi-
mature tolerogenic phenotype on interaction with Tregs
and gain an ability to migrate to secondary lymphoid
tissues, where presentation of self-antigenic peptides to
effector T cells in the context of reduced co-stimulatory
signaling and inflammatory cytokines results in down-
regulation of T cell activation, proliferation, and intensity
of immune response. Thus, in addition to directly sup-
pressing autoreactive T cells, Tregs maintain immune
tolerance via modulating DC function.

Tregs have also been shown to participate in the con-
trol of immune responses against infection, helping to
avoid pathology and tissue damage that could be asso-
ciated with excessive responses. Indeed, inhibition of
Treg activity either by their depletion by monoclonal an-
tibodies or by blocking their migration results in markedly
superior immune responses to pathogens and vac-
cines.27,42,43 The inhibitory effects of Tregs on DCs

exposed to infection-associated molecules, such as
lipopolysaccharide, CpG, and Poly I:C, could involve
the generation of tolerogenic DCs with low levels of
expression of co-stimulatory molecules and inflamma-
tory cytokines, and the generation of IDO, which compro-
mises effector function of T cells by affecting their trypto-
phan metabolism.15,17,20,22,24,31,44 Thus, modulation of DCs
by Tregs in the context of infection may provide a fail-safe
mechanism; should presentation of self antigens predomi-
nate on an activated DC, Tregs could help prevent induc-
tion of autoimmunity during the context of infection.

Modulation of Functions of
Monocytes/Macrophages by Tregs

Monocytes/macrophages play a critical role in both in-
nate and adaptive immunity that is linked to several key
functions of these cells: (1) recognition of foreign anti-
gens via pattern-recognition receptors, (2) phagocytosis
of antigens and antigen clearance, (3) processing and
presenting antigen-derived peptides in the context of
MHC class II molecules to CD4� T cells, and (4) secre-
tion of a wide range of immunoregulatory cytokines and
chemokines. At present, macrophages are classified as
belonging to two major subtypes based on their func-
tional properties and mode of generation.45 The initiation
of the inflammatory process is mediated by M1, or clas-
sically activated, macrophages, which produce elevated
amounts of pro-inflammatory cytokines and reactive ox-
ygen species. This subset can be generated in vitro by
activation with IFN-�/lipopolysaccharide. On the contrary,
M2, or alternatively activated macrophages, are associated
with the resolution phase of inflammation. The M2 macro-
phages mainly produce anti-inflammatory cytokines, ex-
press high levels of the endocytic macrophage-mannose
receptor CD206 and/or the hemoglobin scavenger receptor
CD163, and have high phagocytic activity. This subset of
macrophages can be obtained by stimulating macro-
phages with IL-4/IL-13 or IL-10 or glucocorticoids.45–47

Several in vitro and in vivo experiments suggest that
Tregs exert direct suppressive effects on monocytes/
macrophages, thereby affecting subsequent innate and
adaptive immune responses. Co-culture of monocytes
with Tregs results in reduced expression of MHC class II,
CD40, CD80, and CD86, and reduced inflammatory cy-
tokine production as compared with stimulation with ef-
fector T cells.48–50 On the other hand, Tregs steer mono-
cyte differentiation toward alternatively activated (M2-like)
macrophages, which produce increased amounts of
CCL18.

Treg-conditioned monocytes and macrophages ineffi-
ciently produce inflammatory cytokines and chemokines
such as IL-1�, IL-6, IL-8, tumor necrosis factor (TNF), and
macrophage inflammatory protein-1�, even on activation
with toll-like receptor-ligands.48,50 In addition, Tregs also
inhibit lipopolysaccharide-induced survival of monocytes
through a pro-apoptotic mechanism involving the Fas/
FasL pathway.51 While in vivo experiments provide evi-
dence that Treg-derived IL-10 and TGF-� can suppress
innate immune responses,49,52 Tregs can also trigger
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high levels of IL-10 production by monocytes and mac-
rophages. This IL-10 can act in an autocrine manner to
stimulate expression of B7-H4 on monocytes/macro-
phages.53 Importantly, Treg-conditioned monocytes and
macrophages are poor stimulators of T cells, and high
expression of B7-H4 on monocytes/macrophages partly
contributes to reduced T cell activation.48,53

Thus, these data provide evidence that Tregs promote
the induction of alternatively activated monocytes/macro-
phages, which will help to maintain tissue homeostasis
and prevent local tissue damage. These findings may
help us to understand the pathogenesis of many autoim-
mune diseases and may also provide tools to manipulate
local immune responses.

Modulation of Functions of B Lymphocytes by
Tregs

The function of B lymphocytes in the immune response is
not only restricted to the production of antibodies; B cells
also mediate multifaceted functions essential for dynamic
immune equilibrium. B cells are required for optimal
CD4� T cell activation and, through specific B cell recep-
tor, can internalize, process, and then present antigenic
peptides to T cells in an MHC class II-restricted manner.
B cells also produce cytokines and chemokines that pro-
mote the organization of lymphatic architecture.54 There-
fore, a harmony in the activation and function of B cells is
a critical factor in maintaining immune tolerance.

Regulation of B cell functions appears to be another
important factor in the maintenance of tolerance by
Tregs. Tregs have been reported to regulate the antigen-
presenting pool of B cells both in vitro and in vivo by
directly inducing apoptosis of proliferating antigen-spe-
cific B cells via perforin and granzymes.55,56 In addition,
administration of Tregs into autoimmune animals signifi-
cantly reduces autoantibody responses.57 Recruitment of
Tregs to B cell areas of secondary lymphoid tissues by
the chemokine CCL4 can suppress T cell-dependent B
cell humoral responses in vivo to both self and foreign
antigens, whereas a defect in Treg recruitment leads to
autoimmune activation and excessive humoral immune
response to target antigens.58–60 Interestingly, Lim and
colleagues have shown that Tregs that are found in T
cell-B cell area borders and within germinal centers of
human lymphoid tissues can suppress directly the B cell
immunoglobulin response without the need to first sup-
press T cells.61 The direct suppression of B cell immu-
noglobulin production by Tregs is accompanied by inhi-
bition of immunoglobulin class switch recombination.

There is evidence that Tregs exert immunosuppression
on T cell-dependent B cell immunoglobulin production by
a cell-cell interaction involving cell surface TGF-�1.60,62 It
has also been suggested that Tregs maintain human B
cell tolerance via CD40L-CD40 and T cell receptor-MHC
class II interactions.63 Further, Fields et al report that
Tregs inhibit the maturation, rather than the initiation, of
autoantibody responses in vivo. This function of Tregs is
associated with an inhibition of production of Th cell
cytokines IL-10 and IFN-�.64

Role of APCs in Autoimmune and Inflammatory
Diseases

A breakdown in immune tolerance is central to the initia-
tion and progression of autoimmune disease. APCs play a
crucial role in the pathogenesis of autoimmune and inflam-
matory disorders. In human leukocyte antigen-restricted au-
toimmune diseases, DC priming of the immune response in
lymphoid organs is a requisite first step that leads to the
activation of T cells and the production of pathogenic auto-
antibodies and the ensuing chronic inflammatory pro-
cess.65,66 Unabated induction of DC maturation by IFN-�
has been proposed to drive the autoimmune responses in
systemic lupus erythematosus.67 By coordinating the re-
cruitment and/or activation of other immune cells, DCs can
also drive the generation of ectopic lymphoid tissues, as in
the case of inflamed synovia in rheumatoid arthritis (RA) and
systemic lupus erythematosus.68

Monocytes/macrophages, in addition to presenting au-
to-antigens in the context of MHC class II molecules,
produce a broad range of cytokines and chemokines that
influence the migration of immune cells at the site of
inflammation. Macrophages have destructive and remod-
eling capabilities that determine the course and intensity
of the immune response in inflammation and autoimmune
diseases. The abundance and activation state of macro-
phages frequently correlates with the severity of inflam-
matory process.

B lymphocytes contribute to the pathogenesis of auto-
immune diseases by producing autoantibodies, but a
broader role of B cells is becoming recognized from the
somewhat unexpected efficacy of B cell-targeted thera-
pies in autoimmune diseases not thought to be primarily
antibody-mediated. One other important function of B
cells is their ability to act as APCs for T cells; in the
context of autoimmunity, this can contribute to the acti-
vation of autoreactive T cells. In addition, reciprocal
“help” from the activated T cells further leads to the
expansion of autoreactive B cell clones. Extra-follicular
germinal center-like structures and a disturbance of pe-
ripheral blood B cell homeostasis are characteristic fea-
tures of patients with autoimmune diseases,54 and
chronic activation of B cells in inflammatory settings such
as RA and systemic lupus erythematosus may also lead
to B cell lymphoproliferative disorders.69

Tregs in Autoimmune and Inflammatory
Diseases

An imbalance in immune regulation due to Treg deficiency
or defective function can lead to autoimmunity.8,70 Analysis
of the frequency of peripheral blood CD4�CD25� Tregs in
autoimmune patients has, however, yielded contradictory
results. While some studies have reported an increased
frequency of peripheral blood Tregs, others have dem-
onstrated either no difference in the frequency of Tregs,
as compared with healthy donors, or a decreased level of
peripheral blood Tregs (see review by Brusko et al).70 In
part, this may reflect the imprecision in identifying Tregs
phenotypically, particularly in using CD25, which is also
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expressed on recently activated conventional T cells, as
a Treg marker. This is clearly a potential confounding
factor in disease settings in which T cell activation figures
prominently. In addition, although FoxP3 is required for
and closely associated with Treg development and ac-
tivity, it too can be transiently expressed by activated
human non-Treg T cells.71 Therefore, these conflicting
results might be due in part to the different methodolo-
gies used to analyze the Treg populations or be related to
the analysis of Tregs in patients with different stages of
pathogenesis, the past history of the patients, and the
modes of immunosuppressive treatment they receive.

On the contrary, several reports have demonstrated an
increase in the frequency of Tregs at the sites of inflam-
mation. This could be due to preferential homing of Tregs
to inflammatory sites and/or local expansion of a Treg
population as a compensatory mechanism to reduce the
inflammation. However, the persistence of inflammation
despite an increased number of Tregs at the site of
inflammation indicates that these cells are ineffective in
controlling the inflammatory response. While this may
again reflect the lack of definitive phenotypic markers
for Tregs, it also highlights that analyzing the fre-
quency of Tregs alone is not sufficient to decipher the
relevance of Tregs in autoimmune diseases.72 Ulti-
mately, assessing Treg function is essential.

Notwithstanding these caveats, there is now a widely
held view that defective regulation of the immune system
by Tregs contributes to the pathogenesis of several au-
toimmune diseases. Patients with autoimmune diseases
such as multiple sclerosis, autoimmune polyglandular
syndrome type II, systemic lupus erythematosus, type 1
diabetes, psoriasis, myasthenia gravis, RA, and chronic
immune thrombocytopenia appear to possess Tregs with
compromised functional activity.70,73–84 Thus, putative
Tregs isolated from patients with autoimmune diseases
show functional defects such as reduced expression of
FoxP3, CTLA-4, impaired survival, inability to suppress
the proliferation of effector T cells, inability to suppress
pro-inflammatory cytokine secretion from activated T
cells and monocytes, and an inability to confer a sup-
pressive phenotype on conventional T cells. One possi-
ble explanation for these observations is that the “Treg”
population, defined phenotypically, actually contains a
significant proportion of activated conventional T cells in
autoimmune disease, which would confound in vitro as-
says of suppressive activity. Hence, the defect could lie
in Treg numbers rather than function. However, there is
also clear evidence that exposure to inflammatory cyto-
kines released by APCs can render Tregs defective in
mediating their suppressive, anti-inflammatory functions.

Chronically Activated APCs Can Escape
Surveillance by Tregs

Adoptive transfer of Tregs fails to cure the established
autoimmune disease in various experimental models
(Figure 1). These results indicate that under conditions of
chronic inflammation or in a situation where disease is
already established, Tregs are unable to exert their func-

tions. This appears to be due in part to the influence of
chronically activated APCs on Tregs. APCs can render
Treg-mediated immune regulation defective by several
mechanisms.

APCs receive and respond to environmental stimuli
provided by co-stimulatory molecules (mediated, for ex-
ample, by increased co-stimulation through CD40 or
ICOSL) and inflammatory cytokines via several distinct
intracellular signal transduction pathways. The major in-
tracellular signaling pathways that are implicated in
chronic activation of APCs and inflammatory response
include phosphoinositide-3 kinase (PI3K), Janus protein
tyrosine kinase family (JAK)-signal transducers and acti-
vators of transcription (STAT), Ras-mitogen-activated
protein kinase (MAPK), and nuclear factor (NF)-�B path-
ways. Chronically activated APCs can escape suppres-
sion by Tregs and generate activated T cells that are
refractory to the suppression by Tregs. In several exper-
imental models, it has been demonstrated that CD154-
CD40 interactions and strong innate stimuli can release
immature DCs and macrophages from suppression by
Tregs.14,26,44,85 This escape of DCs and macrophages
from Tregs suppressor activity is dependent in part on
IL-6 induced by toll-like receptors on recognition of mi-
crobial products.

Although Tregs can suppress the production of inflam-
matory cytokines by recently activated APCs, high
amounts of pro-inflammatory cytokines that are released
by APCs due to constant and prolonged activation can
render Tregs functionally defective. For instance, pro-
longed exposure to TNF can inhibit the function of Tregs
by signaling through TNF receptor II, which is constitu-
tively expressed on Tregs and the expression of which is
up-regulated by TNF.78,80 TNF-mediated inhibition of
Tregs function was shown to associate with a decrease in
the expression of FoxP3 mRNA and protein by
CD4�CD25high Tregs. Further, IL-6, IL-12, and IL-1� may
also promote autoimmunity by interfering with the regu-
latory functions of Tregs and promoting activation and
expansion of effector T cells.44,86–88 These findings high-
light an interaction between the innate and adaptive im-
mune systems, in which inflammatory cytokines, prod-
ucts of the innate immune compartment, could promote
immune reactivity by limiting the action of Tregs.

In addition to directly suppressing the functions of
Tregs, APC-derived cytokines such as IL-6, IL-1�, and
IL-23 can reciprocally regulate the populations of in-
duced Tregs and IL-17-producing pathogenic Th17
cells.89 Th-17 cells are characterized by the expression
of transcription factor RORC2� (in human) or ROR�t� (in
mice), require STAT3 signaling for differentiation, and
produce IL-17 as well as other cytokines including IL-17F
and IL-22. Th17 cells are critical for protection against
several extra-cellular pathogens but are also implicated
in the induction and progression of many autoimmune
diseases such as RA, multiple sclerosis, systemic sclero-
derma, and psoriasis.89,90 In humans, IL-1� and IL-6
promote IL-17 and IL-21 production from activated and
memory T cells. IL-21 further supports the differentiation
of RORC2� Th17 cells from naïve CD4 T cells in the
presence of TGF-�. Notably, TGF-� typically functions as
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an anti-inflammatory cytokine; it can induce FoxP3�

Tregs from non-Tregs populations and is required for the
maintenance of induced Treg in the periphery. IL-23 may
further expand or stabilize differentiated Th17 cells.91–96

Conversely, in mice, TGF-� contributes to the generation
of ROR�t� Th17 cells in the presence of IL-6,97,98 while
IL-21 amplifies and IL-23 stabilizes the differentiated
Th17 cells.99–101 IL-6 attenuates the FoxP3 function and
hence the activity of Tregs by down-regulating FoxP3
binding to chromatin in the presence of TGF-� and by
inhibiting the recruitment of FoxP3 on the human IL-2
promoter.102

Therapeutic Strategies to Render Tregs
Functionally Fit in Vivo

The emerging knowledge of the importance of APCs,
APC-derived cytokines, and intracellular signal transduc-
tion pathways in creating an inflammatory environment in
autoimmune diseases provides a rationale for pursuing
strategies to block these inhibitory pathways as a means
to render Tregs functionally competent and restore toler-
ance mechanisms in vivo.103 In fact, evidence to date
suggests that therapies aimed at APCs and APC-derived
cytokines do have positive effects on Tregs.

Targeting Inflammatory Cytokines by
Monoclonal Antibodies

In accordance with the negative effect of TNF on Treg
function, treatment of RA patients with anti-TNF monoclo-
nal antibodies has been reported to restore the function
of Tregs, increase FoxP3 mRNA and protein expression,
enhance survival of Tregs, and decrease expression of
TNF receptor II.78 Further investigation in patients with RA
has suggested that anti-TNF (infliximab) therapy leads to
de novo production of a differentiated population of Tregs
that exerts its suppressive function via TGF-� and IL-
10.79 Unlike natural Tregs, these de novo-generated
CD4�CD25highFoxP3� Tregs lack CD62L expression
and hence are phenotypically distinct. Interestingly, de-
spite the fact that these de novo-differentiated Tregs pos-
sess potent suppressor activity, the natural CD62L�

Tregs remained defective in patients treated with inflix-
imab. Of note, clinical studies have demonstrated that
anti-TNF therapy, in addition to neutralizing TNF, can also
suppress the production of other cytokines, such as IL-6
and IL-1�, that are also implicated in rendering Tregs
defective.104 Such a broad range of anti-inflammatory
effects of anti-TNF therapy may explain the restoration of
Treg functions, although future studies will be required to
investigate directly the effects on Tregs of individual neu-
tralizing monoclonal antibodies to IL-6 and IL-1�. In ad-
dition, considering the role of IL-23 in stabilizing the Th17
population, neutralization of IL-23 by monoclonal anti-
body specific for the p40 subunit of IL-12 and IL-23
(anti-IL-12p40) might also allow Treg function105,106; data
on this question are yet to be reported.

Depletion of APCs

There is evidence that targeting APCs can improve Treg-
mediated tolerance mechanisms. In particular, depletion
of B cells by anti-CD20 monoclonal antibody (rituximab)
in patients with mixed cryoglobulinemia vasculitis and
systemic lupus erythematosus results in a significant in-
crease in the Treg population.107,108 Thus, while restora-
tion of Treg function has thus far not been a direct goal of
these therapeutic interventions, it may contribute to the
benefit that has been observed.

Targeting Intracellular Signal Transduction
Pathways

Distinct intracellular signaling pathways regulate diverse
cellular responses, such as activation, proliferation, se-
cretion of soluble factors, survival, migration, and cellular
differentiation in response to stimuli. Therefore these sig-
naling pathways are possible therapeutic targets to in-
hibit inflammatory response and hence we can expect
that these therapeutic approaches may also improve the
functions of Tregs.

PI3K signaling pathway: PI3K is activated by multiple
signals including inflammatory cytokines, the B7/CD28
co-stimulatory pathway and adhesive molecules. Of par-
ticular interest, TNF, one of the major inflammatory cyto-
kines that inhibits the functions of Tregs, activates PI3K
through Akt and NF-�B.109 Interestingly, the PI3K/Akt
pathway is dispensable in cytokine-mediated survival of
Tregs, and reduced activity of this pathway is necessary
for the suppressive function of human Tregs.110,111

Therefore, small molecule inhibitors of PI3K pathways are
possible targets to improve the functions of Tregs.112

Alternatively, generation of small molecule agonists to
phosphatase and tensin homologue deleted on chromo-
some 10, a molecule expressed highly in Tregs and
implicated in negative regulation of the PI3K signaling
pathway,110 may also be of benefit. In fact, mice that are
haploinsufficient for or have a T cell-specific deletion of
phosphatase and tensin homologue deleted on chromo-
some 10 develop autoimmune disease.113

JAK-STAT signaling pathways: Several inflammatory
cytokines mediate immune responses via JAK-STAT sig-
naling pathways. JAKs are receptor-associated protein
tyrosine kinases and contain four members: JAK1, JAK2,
JAK3, and TYK2. STATs are latent cytoplasmic transcrip-
tion factors that are activated by tyrosine phosphorylation
and there are seven STAT proteins: STAT1–4, 5A, 5B,
and 6. In general, cytokine stimulation involves the liga-
tion of at least two different receptor subunits, and asso-
ciation of a pair of different JAKs.114 For example, IL-6
activates JAK1 and JAK2, and IL-15 activates JAK1 and
JAK3. Although individual STATs may be activated by
multiple ligands, some cytokines preferentially activate
particular STATs. Thus, IL-6 preferentially activates
STAT3, and IFN-� preferentially activates STAT1.114

Therefore by targeting JAK-STAT pathways, inflammatory
responses mediated by selective cytokines can be inhib-
ited and hence can improve the functions of Tregs.
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Interestingly, selective inhibitors of JAK kinases have
been discovered in recent years with promising results in
experimental models and clinical trials.114 For example,
clinical trials for a small molecule antagonist (CP690550)
that targets the JAK-3 pathway, and hence blocks signals
of IL-2, IL-4, IL-7, and IL-15, are ongoing in patients with
RA.115 On the contrary, small molecule inhibitors of
STATs have not yet been successfully developed. The
pleiotropic nature of STATs, which can have divergent
activities on the pathogenesis of autoimmune disease,
depending on cell type and stage of the disease, may be
a confounding factor.114 Therefore STATs might have
both pathogenic and protective roles and hence caution
should be exercised while targeting these pathways.

MAPK signaling pathways: The MAPKs are group of
signaling molecules that relay pro-inflammatory signals to
the nucleus via a cascade of phosphorylation events.
Among the members of MAPKs, ERK, c-Jun N-terminal
kinase, and MAPKp38 have received particular attention.
Inflammatory cytokines regulate activation, proliferation,
survival, and differentiation of immune cells by signaling via
these molecules. In fact, these signaling pathways are
known to be activated in several inflammatory disorders
such as RA.115

Inhibition of MAPKp38 or c-Jun N-terminal kinase with
specific small-molecule inhibitors has been tested in ex-
perimental arthritis. The blockade of these signaling path-
ways was associated with a reduction in the expression
of numerous inflammatory cytokines such as TNF, IL-1�,
and IL-6.116,117 Considering the direct inhibitory effect of
these inflammatory cytokines on Tregs and their role in
reciprocal regulation of the populations of induced Tregs
and Th17 subsets, it is tempting to speculate that block-
ing MAPKs would render Tregs functionally competent
and restore tolerance mechanisms in vivo. However, con-
sidering the fact that MAPKs are involved in diverse
physiological processes and due to overlapping func-
tions of the different MAPKs, highly selective therapeutic
molecules with a fine balance between therapeutic ef-
fects and safety should be considered.

NF-�B signaling pathways: The transcription factor
NF-�B is widely recognized as a critical mediator of im-
mune and inflammatory responses. In nonstimulated
cells, NF-�B is bound to inhibitor of nuclear factor-�B
(I�B) and is thereby sequestered in the cytoplasm. Sig-
naling by inflammatory cytokines and toll-like receptors
promotes phosphorylation of I�B by I�B kinase. The
phosphorylated IkB then dissociates from NF-�B in the
cytosol and activated NF-�B then translocates to nucle-
us.118 In the nucleus, NF-�B regulates genes encoding
cytokines, cytokine receptors, cell adhesion, and co-
stimulatory molecules, and genes involved in cell-growth,
differentiation, and the inflammatory process. Therefore,
therapeutic molecules that inhibit phosphorylation of I�B
(for eg, BMS-345541) and thus inhibit the activation of
NF-�B and inflammation119 may prove to be very prom-
ising candidates to improve Treg functions.

Conclusion and Perspectives

Enhancing or restoring Treg function appears to be a
promising avenue for therapeutic immunointervention in
autoimmune and inflammatory diseases. For this reason,
recent years have witnessed a flurry of proposed ap-
proaches for Treg immunotherapy, through adoptive
transfer of Tregs, to treat such disorders.120 In favor of
such a strategy, several experimental models have dem-
onstrated that prophylactic Treg therapy or therapy dur-
ing the early stages of disease can be of benefit. How-
ever, there are currently numerous obstacles to the use of
Treg therapy in patients. First, isolation and expansion of
antigen-specific Treg populations from patients will re-
quire highly specialized facilities and the procedure will
be extremely costly. Second, identifying and isolating
relevant antigen-specific Treg populations remains a se-
rious challenge. Third, chronic exposure of Tregs to an
inflammatory environment appears to result in irreversible
defects in Treg function. Therefore, Treg-immunotherapy
based on isolating and expanding potentially defective

Figure 3. Neutralization of inflammatory cytokines and blocking APC function are critical for the success of Treg immunotherapy in chronic autoimmune and
inflammatory diseases. A: Tregs are reported to be defective in several autoimmune diseases such as multiple sclerosis (MS) and rheumatoid arthritis (RA).
Therefore, Treg-immunotherapy, by isolating and expanding these ‘defective’ Tregs, might not be efficacious in inducing tolerance. Further, ongoing inflammation
within the host could also render Tregs defective after adoptive transfer. B: In such conditions, therapeutic restoration of the Treg compartment in vivo either by
targeting inflammatory cytokines or B cells, blocking co-stimulatory pathways, or targeting intracellular signal transduction pathways (PI3K, JAK-STAT, MAPK, or
NF-�B signaling pathways) might constitute a primary goal. Once conditions are established in which Treg function is restored, Treg-immunotherapy by isolating,
expanding, and re-infusing these competent cells could be considered as a second step for inducing long-term immune tolerance.
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Tregs might not be efficacious if such defects are not
reversed (Figure 3). Furthermore, ongoing inflammation
within the host could also render Tregs defective after
adoptive transfer.

In light of these challenges, therapeutic restoration or
boosting of the Treg compartment in vivo by direct or
indirect (ie, targeting factors that inhibit Treg function)
approaches might constitute a better option (Figure 3).
The amenability of these approaches to small molecule or
biopharmaceutical therapeutics would allow for such
treatments to be more affordable and more widely avail-
able than customized Treg therapy. However, it is also
unclear whether current transient anti-inflammatory ap-
proaches can lead to long-term restoration of Treg-me-
diated tolerance. Therapies that preferentially target Treg
enhancement or regeneration might prove more effica-
cious. Ultimately, combining Treg-immunotherapy with
an anti-inflammatory approach might offer an improved
opportunity for maintaining long-term immune tolerance.
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