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1. ABSTRACT

Dendritic cells (DCs) are professional antigen
presenting cells (APCs). CD4+CD25+ T regulatory cells (T
regs) are recognized as professional regulatory cells. DCs
not only initiate T cell immunity by uptake, processing and
presentation of specific antigens, but also induce immune
tolerance by deletion of T cells and/or induction of
regulatory T cells. CD4+CD25+ T regs maintain immune
tolerance by suppressing the function of CD4+ and CD8+ T
cells, B cells, macrophages, DCs and NK cells. It would be
inconceivable that the delicate balance between immunity
and tolerance could be kept impeccable without the
crosstalk between DCs and CD4+CD25+ T regs. This
review focuses on the recent development in our
understanding of DCs and CD4+CD25+ T regs in immune
tolerance, with transforming growth factor-beta (TGF-β)
serving as a potential link between these two professionals.

2. DCs
DCs are a sparsely distributed, migratory

population of bone-marrow-derived leukocytes that are
specialized in the recognition, uptake, transport, processing
and presentation of antigens to T cells (1-3). Firstly
discovered as the most important APCs in initiating innate
and adaptive immunity to infections and other non-self
antigens, DCs have been recently recognized as also a
crucial player (determinant) in induction of T cell
tolerance. To reconcile the two paradoxical functions of
DCs, a number of mechanisms have been introduced. In
this regard, it has been demonstrated that DCs, at an
“immature” stage of development in the ‘steady state’
(absence of inflammation), act as sentinels in peripheral
tissues, continuously sampling antigenic environment and
inducing tolerance by the deletion of naïve peripheral T
cells and the induction of regulatory T cells (2, 3). When
encountered with infection, inflammation and other
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“danger” signals, “immature” DCs migrate to the draining
lymph nodes and become “mature” DCs marked by up-
regulation of several surface molecules such as CD11c,
CD80, CD86, MHC class I and II, CD40 and by acquisition
of a unique marker CD83 to initiate T cell immune
responses (2, 3).

Immature DCs can reside in the non-lymphoid
and lymphoid tissues. DCs in the thymus, Langerhans cells
in skin, mucosal DCs in Peyer’s patch (PP) in intestine (4)
and in lungs and DCs in spleen are examples of immature
DCs. Thymic DCs reside almost exclusively in the medulla.
One of the most prominent functions of thymic DCs is to
delete self-reactive specific T cells (3). In periphery,
immature DCs may function as immunoregulatory cells.
Immature DCs are able to delete self-antigen or harmless-
antigen specific T cells when targeted with the respective
antigens under the steady state. In addition, immature DCs
possess the ability to capture and digest apoptotic cells and
present the antigen of the apoptotic cells to specific T cells,
which may result in T cell tolerance. It is however unclear
whether immature DCs may also produce
immunosuppressive cytokines TGF-β and IL-10 upon the
phagocytosis of apoptotic cells as macrophages do (5, 6).
Finally, immature DCs may induce IL-10 producing T
regulatory (Tr1) cells (7) and CD4+CD25+ T regs (8),
which may actively suppress immune responses.

When encountered with microbial antigens and
inflammation, immature DCs will change their phenotype
and function to become “mature DCs”. During maturation,
DCs dampen their endocytic receptor expression and lose
their endocytosis capacity(2). Many inflammatory and non-
inflammatory antigens induce immature DCs to mature.  A
number of microbial products may activate DCs through
the Toll-like receptors (TLRs) (2). Some proinflammatory
stimuli can also drive DCs to mature through pathways
distinct from TLRs. These include several TNF family
members like TNFα itself, FasL, and CD40L, Fc receptors
for immune complexes, IFN-α produced by plasmacytoid
DCs (9), certain types of necrotic cells and certain innate
cell types such as NK cells, γδT cells, and NKT cells (2).
The original hallmark of DC function involves the
induction of T cell proliferation and stimulation of T cell-
dependent antibody production (2). DCs also control the
differentiation of Th1 and Th2 cells. Recent evidence has
also demonstrated that mature DCs can expand
CD4+CD25+ Tregs in vitro and in vivo to control T cell
tolerance (8, 10).

3. CD4+CD25+ T REGS

CD4+CD25+ T regs constitute 5-10% of CD4+ T
cells in peripheral lymphoid tissues and in the thymus in
normal mice (11). Phenotypically, CD4+CD25+ T regs
express surface CD25+, CD62L+, CD45RB-/low, GITR+hi,
and LAG-3+hi and LAP/TGF-β+ and intracellular CTLA-4+.
However, these markers are not inherently specific for
CD4+CD25+ T regs, because CD4+CD25- T cells, once
stimulated by TCR engagement, also express these
molecules. The most specific marker so far for CD4+CD25+ T
regs is Foxp3, because only T regs express this gene (12-14).

Functionally, CD4+CD25+ T regs, in contrast to
CD4+CD25- “responder” T cells, show unresponsiveness
(anergy) to TCR stimulation in the presence of normal
splenic APCs in cultures. CD4+CD25+ T regs produce no
IL-2 (15). Significantly, when co-cultured with normal
CD4+ responder T cells or CD8+ T cells, CD4+CD25+ T
regs suppress TCR mediated T cell proliferation of the
responder T cells by inhibiting their IL-2 production (16).
CD4+CD25+ T regs can also regulate the function of DCs
and other APCs (discussed later). Intriguingly, the
immunosuppression mediated by CD4+CD25+ T regs is
antigen non-specific and even occurs among different
species. For example, CD4+CD25+ T regs from mice may
suppress rat CD4+ T cell proliferation (17). TCR
stimulation is required for CD4+CD25+ T regs to carry out
their immunosuppression. It has been shown that high
levels of exogenous IL-2 in cultures not only reverse the
anergic state, but also abrogate the suppressive activity of
CD4+CD25+ T regs (18). Amazingly, CD4+CD25+ T regs
preserve and even enhance their potent immunosuppressive
ability in vitro, once exogenous IL-2 is removed from the
cultures. Importantly, cell-contact is required for
CD4+CD25+ T regs to suppress their target cells in vitro
(18).

In vivo, however, CD4+CD25+ T regs could
vigorously proliferate to their specific antigen(19, 20).
Another feature of CD4+CD25+ T regs in vivo is that they
always express high levels of CD25.  In spite of their own
proliferation, CD4+CD25+ T regs potently inhibit normal
CD4+ and CD8+ T cell expansion in vivo. Consistently,
depletion of CD4+CD25+ T regs in normal mice either by
anti-CD25 antibodies or by thymectomy at day 3 of
neonatal life resulted in several types of autoimmune-like
inflammation in multiple organs (21). On the other hand,
adoptive transfer of CD4+CD25+ T regs prevents and
suppresses diseases in animal models of autoimmune
diseases, inflammation and transplantation (22).

CD4+CD25+ T regs in human possess most of the
basic features of their counterpart in mice (23, 24). Human
CD4+CD25+ (particularly CD25+hi) T regs also specifically
express Foxp3 and are immunosuppressive to normal CD4+

responder T cells when co-cultured(25). The indispensable
role of CD4+CD25+ T regs in maintaining immune
tolerance in human has also been gradually recognized.
CD4+CD25+hi T regs play a critical role in transplantation
(26). In patients with multiple sclerosis (MS) (27), diabetes
(28), SLE (29) or IBD (30, 31), decrease in numbers and/or
defect in suppressive activity of CD4+CD25+ T regs have
been observed, although the definite association between
the change of T regs and the pathogenesis of the diseases
remains to be established. CD4+CD25+ T regs are also
involved in tumor pathogenesis through their regulatory
effects on anti-tumor immunity. Many human cancers have
some degree of alteration (normally increase) in the number
of CD4+CD25+ T regs in peripheral blood as well as within
the solid tumor (32, 33). Although the intratumor
CD4+CD25+ T regs secrete high levels of TGF-β, the
underlying mechanisms responsible for the
immunosuppression of CD4+CD25+ T regs remain to be
elucidated (33). Recent evidence has started to reveal that
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Figure 1. The requirements for candidate molecule (M)
mediating immunosuppression of CD4+CD25+ T regs.  1)
M must be on the surface of T regs; 2) After TCR
stimulation, M should be enhanced, induced, prevented
from degradation or activated to its active form; 3) In the
presence of high levels of exogenous IL-2 in cultures, M
still expresses or even increases on T regs. Once IL-2 is
removed, M should still persist on T regs; 4) The target cell
should possess constitutive or inducible receptor for M (M-
R); 5) M binds to M-R to deliver a negative (inhibitory)
signal to responder cells, which is antigen-nonspecific; 6)
High levels of IL-2 could reverse or abrogate suppression
of T reg.

CD4+CD25+ T regs also play a significant role in the
pathogenesis of HIV infection. It has been reported that
patients with HIV infection have increased or decreased the
number of CD4+CD25+ T regs, which may influence
immune responses (34, 35). It is however unclear how
CD4+CD25+ T regs associated with HIV infection are
generated and regulated and it is premature to state whether
CD4+CD25+ T regs play a “good” or “bad” or even “ugly”
role in HIV infection. Although CD4+CD25+ T regs have
been unanimously recognized as one of the major players
in maintaining normal immune tolerance and in influencing
pathogenesis of various diseases, two mysteries of T regs
however still remain largely unresolved, i.e. mechanism(s)
of suppression and pathway(s) of development.

3.1. Mechanism(s) of suppression by CD4+CD25+ T regs
Despite intensive efforts during the past decade,

the molecular mechanisms by which CD4+CD25+ T regs
carry out their immunosuppressive activity still remain a
mystery. Based on the unique features of CD4+CD25+ T
regs in vitro, several molecules have been indicated in
mediating the suppression, including CD25, IL-2, CTLA-4,
IL-10, GITR, LAG-3, Granzyme B, Foxp3 and TGF-β.  It
is surprising however that none of the aforementioned
molecules on the list has been accepted by all
immunologists yet. It is possible that several
molecules/factors are responsible for the suppression, but
the idea that one molecule plays a direct role is valid. It
would be of interest to analyze each of the proposed
molecules on the list to examine which one of them fits the
known features of CD4+CD25+ T regs in vitro.

For this purpose, it is essential to outline the
minimal requirements for any candidate molecule to be the
direct player in mediating suppression of T regs. If we
examine the in vitro features of CD4+CD25+ T regs
carefully, it would not be difficult to summarize that the
ideal molecule must meet at least the following pre-
conditions. For easy reading, I mark this potential molecule
as M (Figure 1).  1) M has to be on the surface of T regs; 2)
After TCR stimulation, M should be enhanced, induced,
prevented from degradation or activated to its bioactive
form on the cell surface of T regs; 3) When high levels
(>100 u/ml) of IL-2 (plus TCR stimulation) are present in
cultures, M should be expressed or even increased on T
regs. Importantly, once IL-2 is removed, M should still
exist on T regs; 4) The target cells (e.g. CD4+CD25-

responder T cells) should possess constitutive or inducible
receptor(s) for molecule M (M-R); 5) Most importantly, the
signals delivered from M on T regs to its receptor (M-R) on
target cells must be negative, inhibitory and antigen non-
specific; 6) Finally, in a co-culture system, high levels of
IL-2 could reverse (abrogate) the suppressive signals
delivered from M to M-R.

Based on aforementioned pre-conditions, most of
the molecules on the list except TGF-β are unlikely the one
that directly mediates the immunosuppression by
CD4+CD25+ T regs, because they may meet some of the
requirements, but fail to fulfill all preconditions. Although
T regs express CD25, there is no evidence that CD25 on T
regs could bind surface IL-2 (if any) on target cells to
deliver an inhibitory signal. IL-2 is required for the
homeostasis and survival of CD4+CD25+ T regs, but it is
unlikely that IL-2 binds CD25 or its other receptors on
responder T cells to deliver an inhibitory signal to suppress
T cell proliferation. The opposite effect is true. Although
Granzyme B mediated cell death might be responsible for
some suppressive effects induced by T regs to their target
cells (36, 37), it is unlikely the major factor, because ample
evidence has clearly shown that most of the suppressed
cells still remain alive in vitro and in vivo (19, 38).
Although LAG-3 is expressed predominantly on
CD4+CD25+ T regs (39), there is no evidence that  LAG-3
on T regs and its receptor (ligand?) on responder cells
could deliver a suppressive signal. Foxp3 is the most
specific marker and the master gene for the development of
CD4+CD25+ T regs, but the role of Foxp3 as a mediator for
the suppression of T regs seems unlikely. Foxp3 is a
transcription factor in the nucleus (12) and can not be
expressed on the surface of T regs. The best scenario (if
any) would be that Foxp3 interacts with other suppressive
molecules that in turn mediate the suppression by T regs.

Although CD4+CD25+ T regs may produce
higher levels of IL-10, the cell-contact requirement
precludes the soluble factor as a main mechanism, and
indeed, anti-IL-10 or IL-10 receptor antibodies fail to block
immunosuppression in vitro. There is no evidence that
CD4+CD25+ T regs have cell membrane-bound IL-10 and
that exogenous IL-2 could abrogate IL-10 mediated
immunosuppression. Even though IL-10 is not essential for
suppression in vitro, the involvement of IL-10 in
immunosuppression in vivo merits careful consideration
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(50). It has been established that certain forms of immunity
such as colitis can be suppressed by CD4+CD25+ T cells
and require their secretion of IL-10 (31), whereas others
such as autoimmune gastritis can be suppressed
independently of IL-10 (18). The challenging question is
where and how IL-10 is responsible for suppression in vivo.

GITR was once thought the most promising
candidate in responsible for suppression induced by T regs
(17, 40), because anti-GITR antibody, by initiating a signal
to CD4+CD25+ T regs, led to proliferation of T regs and
abrogated their suppression to CD4+ responder T cells in
the co-culture systems. Recent evidence however has
demonstrated that GITR acts mainly on responder T cells
(e.g. CD4+CD25- T cells) through co-stimulatory effect to
produce more IL-2, which then in turn antagonizes the
suppressive activity of CD4+CD25+ T regs (41, 42).

Although accumulated evidence has indicated a
role for CTLA-4 in immunosuppression induced by T regs
(43-45), the question is whether CTLA-4 is the molecule
directly responsible for the suppression or it contributes to
the suppression indirectly. The emerging evidence favors
the later possibility. Although CD4+CD25+ T regs express
CTLA-4 and CTLA-4 fulfills most of the aforementioned
requirements, one fact may exclude CTLA-4 as the direct
mediator for the suppression. CTLA-4 binds CD80 and
CD86. Although activated CD4+ responder T cells may
express CD80 and CD86 to which CTLA-4 on T regs may
bind as an ‘outside-in’ signaling model (46, 47),
CD4+CD25+ T regs in the CTLA-4-/- mice exhibit same
suppressive capacity as those in the wild type mice. Thus, it
is likely that CTLA-4 is associated with the suppressive
mechanisms of T regs by an indirect manner.

Is TGF-β the best candidate in mediating
immunosuppression by CD4+CD25+ T regs? Since both
CD4+CD25+ T regs and TGF-β are indispensable for
immune tolerance, it is not surprising that the two are
linked. The role for TGF-β in immunosuppression by
CD4+CD25+ T regs was however originally disregarded
based on the fact that T regs needed cell-contact, but TGF-
β was normally regarded as a soluble cytokine. The
discovery that CD4+CD25+ T regs express cell membrane-
bound latent TGF-β (LAP-TGF-β), active TGF-β has re-
invigorated investigation in this field (45, 48, 49). When
TGF-β is placed into the aforementioned pre-conditions,
it is intriguing to note that TGF-β fulfills all the
requirements. First, TGF-β is expressed on the cell
surface of CD4+CD25+ T regs. In addition, T regs also
express higher levels of TGF-β receptor II (TβRII), a
binding receptor for TGF-β, which may explain the
anergy of T regs to TCR stimulation, because the
binding between autocrine or paracrine membrane-
bound TGF-β and TβRII on T regs may inhibit TCR
induced proliferation (45). Second, when CD4+CD25+ T
regs are activated via TCR stimulation and in the
presence of IL-2, the expression of cell membrane-
bound TGF-β on T regs persists and even increases (45,
48-50). Importantly, once exogenous IL-2 is removed, T
regs  still express high levels of cell membrane-bound

TGF-β (45, 49, 50). Third, naïve CD4+CD25- T cells
express very low levels (if any) of TβRII, but it increases
significantly after TCR stimulation (45). In a co-culture
system, cell membrane-bound TGF-β on T regs could bind
TβRII on CD4+CD25- responder T cells to deliver a
negative signal, which can be demonstrated by upregulation
of P-Smad2/3 in responder T cells (45, 50). Fourth, TGF-β
suppresses its target cells in an antigen non-specific manner
and even among species (51). Finally, high levels of
exogenous IL-2 are able to abrogate TGF-β mediated
immunosuppression of T cell activation (45, 52, 53). In
addition, a critical role for TGF-β in responsible for
suppression by CD4+CD25+ T regs in vivo has been
validated. Powrie and her colleagues have found that TGF-
β is absolutely required for CD4+CD25+ T reg suppression
of IBD induced by infusion of CD4+CD45RBhi T cells in
mice (43, 54), because co-administration of anti-TGF-β
antibody could completely abrogate the suppression.
Moreover, TβRII dominant-negative transgenic T responder
cells (CD8+ and CD4+) are resistant to suppression by wild
type CD4+CD25+ Tregs in vivo (54-56).

Although TGF-β fits well aforementioned
preconditions and growing evidence has gradually
appreciated it as a critical mediator in suppression induced
by CD4+CD25+ T regs, two pieces of unresolved puzzles
still prevent TGF-β from getting universal recognition.
First, it remains to be elucidated why some of anti-TGF-β
antibodies cannot reverse suppression by T regs in co-cultures.
Besides the different systems used in individual laboratory, it is
likely that the unique structure and/or conformation of cell
membrane-bound TGF-β might prevent the binding of anti-
TGF-β antibodies to inactivate its activity, whereas the same
antibody could effectively neutralize the activity of soluble
TGF-β. The other mystery is why CD4+CD25+ T cells in TGF-
β1-/- mice still possess suppressive function in cultures.
Several possibilities need to be considered to resolve this issue.
First, TGF-β1 is the dominant (in normal situation), but not the
only isoform of TGF-β in regulating immune responses. In the
absence of TGF-β1, TGF-β2 and/or 3 may compensate for the
TGF-β signal transduction, because all TGF-β1, 2 and 3 bind
the same receptors and execute the same signals in vitro,
although they may not substitute each other in vivo.
Additionally, the ability of CD4+CD25+ TGF-β1-/- T cells to
effect suppression in cultures must be viewed with caution
since maternal transfer of TGF-β and its passive binding to
these cells cannot be excluded.  It is unclear at present that the
cell membrane-bound TGF-β on normal CD4+CD25+ T
regs is solely produced by the T reg or it can be also passively
bound onto T regs (45). Finally, it should be noted that in
addition to T regs, many other cells including
macrophages/monocytes, DCs, epithelial cells, myeloid
suppressor cells and tumor cells also produce a large amounts
of TGF-β. The TGF-β produced from non-T reg cells may
explain the unexpected TGF-β-dependent immunosuppression
by TGF-β1-/- CD4+CD25+ T cells in vivo (54).

3.2.  Generation of CD4+CD25+ T reg
It is a general belief at present that “natural”

CD4+CD25+ professional T regs are generated and
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Figure 2. Interaction between DCs and T regs.  1) DCs induce IL-10 producing Tr1. IL-10 downregulates function of DCs;  2)
DCs (particularly mature DCs) expend CD4+CD25+ T regs in cultures and in vivo; 3) Can DCs (particular immature DCs)
induce/convert CD4+CD25+ T regs from CD4+CD25- naïve T cells? 4) Mature DCs abrogate CD4+CD25+ T cell suppression of
CD4+ T responder cells through IL-6 and unknown factors; 5) CD4+CD25+ T regs suppress maturation and function of DCs.

developed from the thymus. Considering the importance of
the thymus as an incubator (place) to generate CD4+CD25+

T regs, the detailed pathways and mechanisms by which
these T regs are developed remain largely undefined. The
current theory suggests that CD4+CD25+ T regs are derived
from a defined lineage and survive from negative selection
during a very fine “window” with strong affinity to TCR
engagement. One significant question is however why
CD4+CD25+ T regs express CD25+, CD45RB-low,
intracellular CTLA-4+ and GITR+hi, all of which have been
recognized as T cell activation-associated markers, whereas
CD4+CD25- T cells, which also encounter antigen and
survive from negative selection in the thymus, do not
express any of those activation-associated markers.
Importantly, are peripheral CD4+CD25+ T regs exclusively
generated in the thymus or converted from CD4+CD25- T
cells? Recent studies in mice and human have revealed that
TGF-β, together with TCR stimulation, could convert
peripheral CD4+CD25- naïve T cells to CD4+CD25+ T regs
through induction of T reg specific gene Foxp3 (26, 52, 57,
58). Strikingly, these TGF-β converted T regs are
phenotypically and functionally indistinguishable from the
natural “professional” CD4+CD25+ T regs (52). Thus,
CD4+CD25+ T regs are primarily developed in thymus, but
could also be converted from CD4+CD25- naïve T cells
under certain conditions. The challenging questions are
cellular and molecular mechanisms for the development of
Tregs in the thymus and the molecular events involved in
TGF-β induction of Foxp3 expression.

4. ROLE OF DCS IN THE INDUCTION/EXPANSION
OF CD4+CD25+ T REGS

One of the proposed mechanisms is that
inhibitory DCs induce immune tolerance by inducuction
and/or expansion of T regs. It has been shown that DCs
may induce Tr1 through IL-10 (7, 59, 60) (Figure 2). If a
naïve T cell encounters its antigen on immature DCs, it
may differentiate into Tr1 rather than a T-effector cell (61).
This can be obtained by repetitive exposure of naïve
peripheral blood CD4+ T cells to allogeneic immature DCs.
In another report, in vitro culture of bone marrow cells in
the presence of IL-10 induced differentiation of a distinct
subset of DCs with a specific expression of CD45RB (60).
These CD11clow CD45RBhigh DCs display plasmacytoid
morphology and an immature-like phenotype and secrete
high levels of IL-10 after activation. OVA peptide-pulsed
CD11clow CD45RBhigh DCs specifically induce tolerance
through the differentiation of Tr1 cells in vitro and in vivo.
Interestingly, antigen-exposed DCs in which RelB function
is inhibited lack cell surface CD40, prevent priming of
immunity, and suppress previously primed immune
responses (62). These RelB-CD40- DCs induce Tr1 cells
and transfer antigen-specific “infectious” tolerance to
primed recipients in an IL-10-dependent fashion. Thus,
immature DCs can drive the differentiation of Tr1 cells.
Since CD4+CD25+ Tr1 cells produce IL-10, it would be
conceivable that T regs contribute to this process, at least in
vivo, but the definite correlation remains to be established.
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Recent studies have indicated a role of immature
DCs in enhancing CD4+CD25+ T regs, however, whether it
is “induction” or “expansion” remains to be determined. By
manipulating DCs with different biological reagents and
immunologic means in vitro and in vivo, several groups
have shown that DCs are capable of enhancing
CD4+CD25+ T regs. When NOD bone marrow-derived
DCs were specifically treated with a mixture of antisense
oligonucleotides to down-regulate CD40, CD80, and CD86
primary transcripts ex vivo, the engineered DCs promoted
an increased prevalence of CD4+CD25+ T cells in NOD
recipients at all ages. Diabetes-free recipients exhibited
significantly greater numbers of CD4+CD25+ T regs
compared to untreated NOD mice (63). Human
plasmacytoid DCs activated by CpG oligodeoxynucleotides
also induced generation of CD4+CD25+ T regs (64).
Coupling of ovalbumin (OVA) to anti-DEC-205 mAb
(alpha DEC) induced proliferation of OVA-specific T cells
in vivo (65). Expansion was however short-lived, caused by
DCs and rendered T cells anergic thereafter. Phenotypic
analysis revealed that induction of CD4+CD25+CTLA-4+ T
cells could suppress proliferation and IL-2 production of
effector CD4+ T cells. Vitamin D receptor ligand-treated
DCs not only induce Tr1, but also enhance CD4+CD25+

suppressor T cells (66). It has been reported that mice
treated with granulocyte macrophage-colony stimulation
factor (GM-CSF) that could induce DCs with a semimature
phenotype, showed an increased CD4+CD25+ T cells
producing high levels of IL-10 and suppressing
experimental autoimmune thyroiditis (67). Similarly,
treatment with granulocyte colony-stimulating factor (G-
CSF) protected NOD mice from developing spontaneous
diabetes. G-CSF triggered marked recruitment of DCs,
particularly immature CD11c(low) B220(+) plasmacytoid
DCs, and increased accumulation of functional
CD4+CD25+ T regs that produce TGF-β1 (68). Although
thymic DCs almost exclusively reside in the medulla where
they play a critical role in negative selection rather than
induction of CD4+CD25+ T regs (19, 69), some reports
correlated migration of peripheral DCs  to the thymus with
generation of CD4+CD25+ thymic T regs (70). Most
recently, it has been shown that Hassall’s corpuscles,
groups of epithelial cells within thymic medulla, express
thymic stromal lymphopietin (TSLP) (71). TSLP-treated
human thymic DCs are able to induce proliferation and
differentiation of CD4+CD8-CD25- thymic T cells into
CD4+CD25+Foxp3+ regulatory T cells in vitro.  Moreover,
one study has demonstrated that CD8α(+) DCs can induce a
unique population of T helper type 1-like regulatory cells
that express the transcription factors Foxp3 and T-bet and
produce both IL-10 and IFN-γ (72). Since peripheral
CD4+CD25- could be converted into CD4+CD25+ Foxp3+ T
regs, which is at least in great part dependent on TGF-β
(52, 57, 58), it is of interest to study whether DCs,
particularly immature DCs, may play a part in this process.
Immature DCs produce TGF-β(73), but what are the
stimuli inducing DCs to produce TGF-β? Resolving these
issues will help validate the role of DCs in the generation
of CD4+CD25+ T regs (Figure 2).

DCs can overcome anergy and induce
proliferation of professional  CD4+CD25+ T regs in vitro

and in vivo (8, 74) (Figure 2). It has been known that
CD4+CD25+ T regs are anergic, unable to proliferate in
response to TCR stimulation by normal splenic APCs (16,
18), unless high levels of exogenous IL-2 or anti-CD28
antibodies are present in the cultures. Recent evidence has
shown that CD4+CD25+ T regs can proliferate in the
absence of exogenous cytokines in cultures and in vivo
when stimulated by antigen-loaded mature DCs (8, 74).
With high numbers of DCs in cultures, CD4+CD25+ T regs
and CD4+CD25- populations initially proliferate to a
comparable extent. However, the expansion of CD4+

CD25+ T regs stops by day 5, in the absence or presence of
exogenous IL-2, whereas CD4+CD25- T cells continue to
grow. CD4+ CD25+ T cell growth requires DC-T cells
contact and is partially dependent on the production of
small amounts of IL-2 by T regs and B7 costimulation by
DCs. Interestingly, expanded CD4+ CD25+ T regs still
preserve their surface CD25 and other featured molecules
and possess even stronger suppressive activity.
Intriguingly, mature DCs can expand CD4+ CD25+ T regs
in the absence of antigen but in the presence of exogenous
IL-2 (8, 74). Importantly, antigen-preloaded DCs can
induce proliferation of adoptively transferred CD4+ CD25+

T regs in vivo. These exciting studies have opened a new
avenue to grow CD4+ CD25+ T regs for potential clinical
application.  However, human CD4+ CD25+ T regs respond
poorly to mature monocyte-derived DCs in the mixed
leukocyte reaction (24, 75). The challenging question ahead
is to understand the molecular mechanisms by which DCs
abrogate the anergic state of CD4+ CD25+ T regs.

5. DC REGULATION OF SUPPRESSIVE ACTIVITY
OF CD4+CD25+ T REGS

In addition to overcoming anergy of T regs,
mature DCs may reverse the immunosuppression induced
by CD4+CD25+ T regs (Figure 2). Stimulation of toll-like
receptors (TLRs) such as TLR4 or TLR9 in DCs by LPS or
CpG reversed the immunosuppression by CD4+CD25+ T
regs, restoring responder T cell proliferation to near normal
levels (74, 76). The DC-mediated inhibition of suppressor
activity was independent of co-stimulation (74, 76), but
was dependent in part on interleukin-6 (IL-6), which was
induced by TLRs upon recognition of microbial products.
These findings have provided an explanation for DCs
(particularly mature DCs) to initiate immune responses
rather than tolerance to foreign antigens. Several interesting
questions however remain to be answered. For example, if
IL-6 affects T regs, what are the signaling pathways to
change the behavior of T regs and abrogate their
suppressive activity? If IL-6 signals on CD4+CD25-

responder T cells, how does IL-6 influence the responder T
cells to resist to suppression by T regs? What is (are) other
molecule(s) that may interact with IL-6 to block the
suppression by T regs (74, 76)?

6. CD4+CD25+ T CELL REGULATION OF DC
FUNCTION

CD4+CD25+ T regs can regulate phenotype and
function of DCs.  Co-culture of mouse CD4+CD25+ T regs
with mouse bone marrow-derived DCs inhibits maturation
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of DCs, characterized by preventing up-regulation of
several DC markers including CD11c, CD80, CD86, CD40
and MHC class II, which results in downregulation of DC-
mediated T cell function (77).  Although CD4+CD25+ T
regs down-regulate surface expression of CD80 and CD86
molecules on DCs, this suppression is at the steady-state
level for CD80 mRNA but not for CD86 mRNA in vitro
(78). Function of mature DCs is under the control of the
naturally occurring CD4+CD25+ T regs, in vivo. Depletion
of CD4+CD25+ T regs, in vivo, enhanced development of
MHC class I and II restricted IFN-γ producing cells and
induced higher cytotoxic activity of CD8+ T cells (10). By
contrast, priming of T helper (Th)2 cells was
downregulated at the same conditions. Development of
colitis is dependent on accumulation of activated CD134L+

DCs in mesenteric lymph nodes, which is inhibited by
CD4+CD25+ T regs (31). In a murine model with
melanoma, depletion of CD4+CD25+ T regs elicits long-
lasting protective tumor immunity induced by DCs
preloaded with stressed tumor cells (79). In humans, it has
been shown that co-culture of CD4+CD25+ T regs with
monocyte-derived DCs renders DC inefficient as APCs
despite prestimulation with CD40 ligand. In contrast to co-
cultured with CD4+CD25- T cells, DCs cultured with T regs
showed prevention of maturation (80). Although DCs co-
cultured with T regs increased IL-10 production, the
inhibitory effects of DCs can partially be reverted by
neutralizing antibodies to TGF-β, but not to IL-10. The
potent CD4+CD25+ T reg cells suppress the proliferation in
a DC-driven allo-mixed lymphocyte reaction (MLR)
culture by more than 90% (81). In the peripheral blood of
patients with squamous cell carcinoma of the head and
neck, the relative levels of HLA-DR expression on myeloid
and total DCs positively correlated with the ratios of Th1
and Th2, and the proportion of total circulating DCs was
inversely correlated with that of CD4+CD25+ T regs (82).
In addition to DCs, CD4+CD25+ T regs can exert direct
suppressive effects on monocytes/macrophages, thereby
affecting subsequent innate/adaptive immune responses
(83). Although the underlying cellular and molecular events
that are associated with CD4+CD25+ T regulatory cell
regulation of DCs are still largely unknown, it seems that
cell-contact and immunoregulatory cytokines are involved.
As another mechanism of immunosuppression, CTLA-4 on
CD4+CD25+ T regs upregulate indoleamine 2,3-
dioxygenase (IDO) expression that initiate tryptophan
catabolism in DCs (84, 85).

7. TGF-β: A MEDIATOR OF CROSSTALK
BETWEEN DCS AND CD4+CD25+ TREGS?

Since TGF-β is one of the most critical
immunoregulatory cytokines in regulation of immune
responses (51, 86), a role of TGF-β in mediating the cross-
talk between DCs and CD4+CD25+ T regs is inevitably
considered. As discussed, CD4+CD25+ T regs express cell
membrane-bound as well as soluble TGF-β (45, 50) that
can be responsible for the suppressive activity of T regs. It
would be reasonable to envision that CD4+CD25+ T regs
regulate DC function at least in part through TGF-β. TGF-β
has been shown to stimulate epithelial Langerhans cell
(LC) differentiation from hematopoietic progenitor cells or

from a monocytic differentiation pathway (73). It is of
interest to note that the effect of TGF-β is a dose dependent
in serum-free culture medium. Low concentration of TGF-
β (0.5 ng/ml) promotes proliferation and differentiation of
CD34+ progenitor to LC-like DCs, but higher
concentrations suppresses LC differentiation and
proliferation in the same cultures (73). This phenomena is
consistent with the differential role of TGF-β in regulation
of T cell proliferation (51-53). Importantly, DCs generated
from human hematopoietic progenitor cells in the presence
of TGF-β lack mature DC features. For example, TGF-β
induced DCs fail to express CD83 (CD83-) and have low
levels of CD86 (CD86dim) (73). Similar evidence was
obtained in TGF-β1 mediated differentiation of DCs in
cultures of murine bone marrow cells, resulting in DCs
expressing MHCIIlow and CD86dim. Effect of TGF-β on
differentiation of LC cells was also confirmed in vivo.
TGF-β1-/- mice selectively lack epidermal LC (87). In
contrast to a potential enhancement of differentiation of
immature DCs, TGF-β may suppress maturation and
function of mature DCs (73). Interestingly, it has been
recently shown that splenic stromal cell-derived TGF-β
induces mature DCs to differentiate into a type of
regulatory DC (88). This type of regulatory DCs strongly
inhibited proliferative responses of naïve CD4+ T cells to
antigen stimulation by mature DCs.

On the other hand, DCs also produce TGF-β.
Immunohistology studies have revealed expression of TGF-
β protein in LCs (89). In vitro-generated DCs also
abundantly synthesize TGF-β1 (73). TGF-β1 mRNA can
be detected in LC-type and germinal center-type DCs
generated in cultures of CD34+ cord blood. Although TGF-
β produced by DCs may play a role in the development of
CD4+CD25+ T regs, a direct connection is still missing.  An
unresolved but fascinating question is that under which
conditions DCs produce TGF-β. Since both immature and
mature DCs can produce TGF-β, it would be more
informative to analyze TGF-β quantitatively rather than
qualitatively and compare it with other inflammatory
cytokines and factors to determine the role of DC in
inhibition or promotion of T cell responses.

8. SUMMARY

CD4+CD25+ T regs and DCs represent the two
most important populations of cells in regulation of
immunity and tolerance. It takes these two types of
professionals to complete the task. The question is how
they interact. By reinforcing our investigations on
underlying molecular events and mechanisms of interaction
between CD4+CD25+ T regs and DCs, and extending our
studies to autoimmune diseases, chronic inflammation,
transplantation, cancers, bacterial and HIV infections, it
may become possible to manipulate host offense and
defense.

9. ACKNOWLEDGMENT

I thank Drs. SM. Wahl, S. Amarnath, and S.
Perruche, NIDCR, NIH for critically reading the



Dendritic Cells and CD4+CD25+ T Regulatory Cells in Immune Toleranc

1367

manuscript. This research was supported by the Intramural
Research Program of the NIH, National Institute for Dental
and Craniofacial Research.

10. REFERENCES

1. Banchereau, J., F. Briere, C. Caux, J. Davoust, S.
Lebecque, Y. J. Liu, B. Pulendran, and K. Palucka.
Immunobiology of dendritic cells. Annu Rev Immunol
18:767-811 ( 2000)
2. Steinman, R. M.  Some interfaces of dendritic cell
biology. Apmis 111:675-697 (2003)
3. Steinman, R. M., D. Hawiger, and M. C. Nussenzweig.
Tolerogenic dendritic cells. Annu Rev Immunol 21:685-711
(2003)
4. Iwasaki, A., and B. L. Kelsall. Freshly isolated Peyer's
patch, but not spleen, dendritic cells produce interleukin 10
and induce the differentiation of T helper type 2 cells. J
Exp Med 190:229-239 (1999)
5. Chen, W., M. E. Frank, W. Jin, and S. M. Wahl.TGF-
beta Released by Apoptotic T Cells Contributes to an
Immunosuppressive Milieu. Immunity 14:715-725 (2001)
6. Fadok, V. A., D. L. Bratton, A. Konowal, P. W. Freed, J.
Y. Westcott, and P. M. Henson. Macrophages that have
ingested apoptotic cells in vitro inhibit proinflammatory
cytokine production through autocrine/paracrine
mechanisms involving TGF-beta, PGE2, and PAF. J Clin
Invest 101:890-898 (1998)
7. Jonuleit, H., E. Schmitt, G. Schuler, J. Knop, and A. H.
Enk. Induction of interleukin 10-producing,
nonproliferating CD4 (+) T cells with regulatory properties
by repetitive stimulation with allogeneic immature human
dendritic cells. J Exp Med 192:1213-1222 (2000)
8. Yamazaki, S., T. Iyoda, K. Tarbell, K. Olson, K.
Velinzon, K. Inaba, and R. M. Steinman. Direct expansion
of functional CD25+ CD4+ regulatory T cells by antigen-
processing dendritic cells. J Exp Med 198:235-247  (2003)
9. Liu, Y. J. IPC: Professional Type 1 Interferon-Producing
Cells and Plasmacytoid Dendritic Cell Precursors. Annu
Rev Immunol 23:275-306 (2005)
10. Oldenhove, G., M. de Heusch, G. Urbain-Vansanten, J.
Urbain, C. Maliszewski, O. Leo, and M. Moser. CD4+

CD25+ regulatory T cells control T helper cell type 1
responses to foreign antigens induced by mature dendritic
cells in vivo. J Exp Med 198:259-266 (2003)
11. Sakaguchi, S., N. Sakaguchi, M. Asano, M. Itoh, and
M. Toda. Immunologic self-tolerance maintained by
activated T cells expressing IL-2 receptor alpha-chains
(CD25). Breakdown of a single mechanism of self-
tolerance causes various autoimmune diseases. J Immunol
155:1151-1164 (1995)
12. Fontenot, J. D., M. A. Gavin, and A. Y. Rudensky.
Foxp3 programs the development and function of CD4
(+)CD25 (+) regulatory T cells. Nat Immunol 4:330-336
(2003)
13. Hori, S., T. Takahashi, and S. Sakaguchi. Control of
autoimmunity by naturally arising regulatory CD4+ T cells.
Adv Immunol 81:331-371 (2003)
14. Khattri, R., T. Cox, S. A. Yasayko, and F. Ramsdell.
An essential role for Scurfin in CD4 (+)CD25 (+) T
regulatory cells. Nat Immunol 4:337-342 (2003)

15. Shevach, E. M. Certified professionals: CD4 (+)CD25
(+) suppressor T cells. J Exp Med 193:F41-46 (2001)
16. Sakaguchi, S. Regulatory T cells: key controllers of
immunologic self-tolerance. Cell 101:455-458 (2000)
17. Shimizu, J., S. Yamazaki, T. Takahashi, Y. Ishida, and
S. Sakaguchi. Stimulation of CD25 (+)CD4 (+) regulatory
T cells through GITR breaks immunological self-tolerance.
Nat Immunol 3:135-142 (2002)
18. Shevach, E. M. CD4+ CD25+ suppressor T cells: more
questions than answers. Nat Rev Immunol 2:389-400 (2002)
19. Klein, L., K. Khazaie, and H. Von Boehmer. In vivo
dynamics of antigen-specific regulatory T cells not
predicted from behavior in vitro. Proc Natl Acad Sci U S A
100:8886-8891 (2003)
20. Walker, L. S., A. Chodos, M. Eggena, H. Dooms, and
A. K. Abbas. Antigen-dependent Proliferation of CD4+

CD25+ Regulatory T Cells In Vivo. J Exp Med 198:249-
258 (2003)
21. Sakaguchi, S., S. Hori, Y. Fukui, T. Sasazuki, N.
Sakaguchi, and T. Takahashi. Thymic generation and
selection of CD25+CD4+ regulatory T cells: implications of
their broad repertoire and high self-reactivity for the
maintenance of immunological self-tolerance. Novartis
Found Symp 252:6-16 (2003)
22. Sakaguchi, S. Control of immune responses by
naturally arising CD4+ regulatory T cells that express toll-
like receptors. J Exp Med 197:397-401 (2003)
23. Baecher-Allan, C., J. A. Brown, G. J. Freeman, and D.
A. Hafler. CD4+CD25high regulatory cells in human
peripheral blood. J Immunol 167:1245-1253 (2001)
24. Dieckmann, D., C. H. Bruett, H. Ploettner, M. B. Lutz,
and G. Schuler. Human CD4 (+)CD25 (+) regulatory,
contact-dependent T cells induce interleukin 10-producing,
contact-independent type 1-like regulatory T cells
[corrected]. J Exp Med 196:247-253 (2002)
25. Baecher-Allan, C., E. Wolf, and D. A. Hafler.
Functional analysis of highly defined, FACS-isolated
populations of human regulatory CD4+ CD25+ T cells. Clin
Immunol 115:10-18  (2005)
26. Cobbold, S. P., R. Castejon, E. Adams, D. Zelenika, L.
Graca, S. Humm, and H. Waldmann. Induction of foxP3+
regulatory T cells in the periphery of T cell receptor
transgenic mice tolerized to transplants. J Immunol
172:6003-6010  (2004)
27. Viglietta, V., C. Baecher-Allan, H. L. Weiner, and D.
A. Hafler. Loss of functional suppression by CD4+CD25+

regulatory T cells in patients with multiple sclerosis. J Exp
Med 199:971-979 (2004)
28. Brusko, T. M., C. H. Wasserfall, M. J. Clare-Salzler, D.
A. Schatz, and M. A. Atkinson. Functional defects and the
influence of age on the frequency of CD4+ CD25+ T-cells
in type 1 diabetes. Diabetes 54:1407-1414 (2005)
29. Liu, M. F., C. R. Wang, L. L. Fung, and C. R. Wu.
Decreased CD4+CD25+ T cells in peripheral blood of
patients with systemic lupus erythematosus. Scand J
Immunol 59:198-202 (2004)
30. Kanai, T., and M. Watanabe. Clinical application of
human CD4+ CD25+ regulatory T cells for the treatment of
inflammatory bowel diseases. Expert Opin Biol Ther 5:451-
462 (2005)
31. Maloy, K. J., L. R. Antonelli, M. Lefevre, and F.
Powrie. Cure of innate intestinal immune pathology by



Dendritic Cells and CD4+CD25+ T Regulatory Cells in Immune Toleranc

1368

CD4+CD25+ regulatory T cells. Immunol Lett 97:189-192
(2005)
32. Curiel, T. J., G. Coukos, L. Zou, X. Alvarez, P. Cheng,
P. Mottram, M. Evdemon-Hogan, J. R. Conejo-Garcia, L.
Zhang, M. Burow, Y. Zhu, S. Wei, I. Kryczek, B. Daniel,
A. Gordon, L. Myers, A. Lackner, M. L. Disis, K. L.
Knutson, L. Chen, and W. Zou. Specific recruitment of
regulatory T cells in ovarian carcinoma fosters immune
privilege and predicts reduced survival. Nat Med 10:942-
949 (2004)
33. Woo, E. Y., H. Yeh, C. S. Chu, K. Schlienger, R. G.
Carroll, J. L. Riley, L. R. Kaiser, and C. H. June. Cutting
edge: Regulatory T cells from lung cancer patients directly
inhibit autologous T cell proliferation. J Immunol
168:4272-4276 (2002)
34. Nixon, D. F., E. M. Aandahl, and J. Michaelsson.  CD4
(+)CD25 (+) regulatory T cells in HIV infection. Microbes
Infect 7:1063-1065 (2005)
35. Tsunemi, S., T. Iwasaki, T. Imado, S. Higasa, E.
Kakishita, T. Shirasaka, and H. Sano. Relationship of
CD4+CD25+ regulatory T cells to immune status in HIV-
infected patients. Aids 19:879-886 (2005)
36. Gondek, D. C., L. F. Lu, S. A. Quezada, S. Sakaguchi,
and R. J. Noelle. Cutting edge: contact-mediated
suppression by CD4+CD25+ regulatory cells involves a
granzyme B-dependent, perforin-independent mechanism. J
Immunol 174:1783-1786 (2005)
37. Grossman, W. J., J. W. Verbsky, W. Barchet, M.
Colonna, J. P. Atkinson, and T. J. Ley.. Human T
regulatory cells can use the perforin pathway to cause
autologous target cell death. Immunity 21:589-601 (2004)
38. Thornton, A. M., and E. M. Shevach. CD4+CD25+

immunoregulatory T cells suppress polyclonal T cell
activation in vitro by inhibiting interleukin 2 production. J
Exp Med 188:287-296 (1998)
39. Huang, C. T., C. J. Workman, D. Flies, X. Pan, A. L.
Marson, G. Zhou, E. L. Hipkiss, S. Ravi, J. Kowalski, H. I.
Levitsky, J. D. Powell, D. M. Pardoll, C. G. Drake, and D.
A. Vignali. Role of LAG-3 in regulatory T cells. Immunity
21:503-513 (2004)
40. McHugh, R. S., M. J. Whitters, C. A. Piccirillo, D. A.
Young, E. M. Shevach, M. Collins, and M. C. Byrne. CD4
(+)CD25 (+) immunoregulatory T cells: gene expression
analysis reveals a functional role for the glucocorticoid-
induced TNF receptor. Immunity 16:311-323 (2002)
41. Stephens, G. L., R. S. McHugh, M. J. Whitters, D. A.
Young, D. Luxenberg, B. M. Carreno, M. Collins, and E.
M. Shevach. Engagement of glucocorticoid-induced TNFR
family-related receptor on effector T cells by its ligand
mediates resistance to suppression by CD4+CD25+ T cells.
J Immunol 173:5008-5020 (2004)
42. Tone, M., Y. Tone, E. Adams, S. F. Yates, M. R. Frewin,
S. P. Cobbold, and H. Waldmann. Mouse glucocorticoid-
induced tumor necrosis factor receptor ligand is costimulatory
for T cells. Proc Natl Acad Sci U S A 100:15059-15064 (2003)
43. Read, S., V. Malmstrom, and F. Powrie. 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)
44. Takahashi, T., T. Tagami, S. Yamazaki, T. Uede, J.
Shimizu, N. Sakaguchi, T. W. Mak, and S. Sakaguchi.
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)
45. Chen, W., and S. M. Wahl. TGF-beta: the missing link
in CD4 (+)CD25 (+) regulatory T cell-mediated
immunosuppression. Cytokine Growth Factor Rev 14:85-89
(2003)
46. Taylor, P. A., C. J. Lees, S. Fournier, J. P. Allison, A.
H. Sharpe, and B. R. Blazar. B7 expression on T cells
down-regulates immune responses through CTLA-4
ligation via T-T interactions [corrections]. J Immunol
172:34-39 (2004)
47. von Boehmer, H. Mechanisms of suppression by
suppressor T cells. Nat Immunol 6:338-344 (2005)
48. Nakamura, K., A. Kitani, and W. Strober. Cell contact-
dependent immunosuppression by CD4 (+)CD25 (+)
regulatory T cells is mediated by cell surface-bound
transforming growth factor beta. J Exp Med 194:629-644
(2001)
49. Oida, T., X. Zhang, M. Goto, S. Hachimura, M.
Totsuka, S. Kaminogawa, and H. L. Weiner. CD4+CD25- T
cells that express latency-associated peptide on the surface
suppress CD4+CD45RBhigh-induced colitis by a TGF-
beta-dependent mechanism. J Immunol 170:2516-2522
(2003)
50. Nakamura, K., A. Kitani, I. Fuss, A. Pedersen, N.
Harada, H. Nawata, and W. Strober. TGF-beta 1 plays an
important role in the mechanism of CD4+CD25+ regulatory
T cell activity in both humans and mice. J Immunol
172:834-842 (2004)
51. Chen, W., and S. M. Wahl. TGF-beta: receptors,
signaling pathways and autoimmunity. Curr Dir
Autoimmun 5:62-91 (2002)
52. Chen, W., W. Jin, N. Hardegen, K. J. Lei, L. Li, N.
Marinos, G. McGrady, and S. M. Wahl.. Conversion of
peripheral CD4+CD25- naive T cells to CD4+CD25+

regulatory T cells by TGF-beta induction of transcription
factor Foxp3. J Exp Med 198:1875-1886 (2003)
53. Kehrl, J. H., L. M. Wakefield, A. B. Roberts, S.
Jakowelw, M. Alvarez-Mon, R. Derynck, M. B. Sporn, and A.
S. Fauci. Production of transforming growth factor � by
human T lymphocytes and its potential role in the regulation of
T cell growth. J.  Exp. Med. 163:1037-1050 (1986)
54. Fahlen, L., S. Read, L. Gorelik, S. D. Hurst, R. L.
Coffman, R. A. Flavell, and F. Powrie. T cells that cannot
respond to TGF-beta escape control by CD4 (+)CD25 (+)
regulatory T cells. J Exp Med 201:737-746 (2005)
55. Chen, M. L., M. J. Pittet, L. Gorelik, R. A. Flavell, R.
Weissleder, H. von Boehmer, and K. Khazaie. Regulatory T
cells suppress tumor-specific CD8 T cell cytotoxicity through
TGF-beta signals in vivo. Proc Natl Acad Sci U S A 102:419-
424 (2005)
56. Green, E. A., L. Gorelik, C. M. McGregor, E. H. Tran, and
R. A. Flavell. CD4+CD25+ T regulatory cells control anti-islet
CD8+ T cells through TGF-beta-TGF-beta receptor
interactions in type 1 diabetes. Proc Natl Acad Sci U S A
100:10878-10883 (2003)
57. Fantini, M. C., C. Becker, G. Monteleone, F. Pallone, P.
R. Galle, and M. F. Neurath. Cutting edge: TGF-beta
induces a regulatory phenotype in CD4+CD25- T cells
through Foxp3 induction and down-regulation of Smad7. J
Immunol 172:5149-5153 (2004)



Dendritic Cells and CD4+CD25+ T Regulatory Cells in Immune Toleranc

1369

58. Wan, Y. Y., and R. A. Flavell. Identifying Foxp3-
expressing suppressor T cells with a bicistronic reporter.
Proc Natl Acad Sci U S A 102:5126-5131 (2005)
59. McGuirk, P., C. McCann, and K. H. Mills. Pathogen-
specific T regulatory 1 cells induced in the respiratory tract
by a bacterial molecule that stimulates interleukin 10
production by dendritic cells: a novel strategy for evasion
of protective T helper type 1 responses by Bordetella
pertussis. J Exp Med 195:221-231 (2002)
60. Wakkach, A., N. Fournier, V. Brun, J. P. Breittmayer,
F. Cottrez, and H. Groux. Characterization of dendritic
cells that induce tolerance and T regulatory 1 cell
differentiation in vivo. Immunity 18:605-617 (2003)
61. Levings, M. K., S. Gregori, E. Tresoldi, S. Cazzaniga,
C. Bonini, and M. G. Roncarolo. Differentiation of Tr1
cells by immature dendritic cells requires IL-10 but not
CD25+CD4+ Tr cells. Blood 105:1162-1169 (2005)
62. Martin, E., B. O'Sullivan, P. Low, and R. Thomas.
Antigen-specific suppression of a primed immune response
by dendritic cells mediated by regulatory T cells secreting
interleukin-10. Immunity 18:155-167 (2003)
63. Machen, J., J. Harnaha, R. Lakomy, A. Styche, M.
Trucco, and N. Giannoukakis. Antisense oligonucleotides
down-regulating costimulation confer diabetes-preventive
properties to nonobese diabetic mouse dendritic cells. J
Immunol 173:4331-4341 (2004)
64. Moseman, E. A., X. Liang, A. J. Dawson, A.
Panoskaltsis-Mortari, A. M. Krieg, Y. J. Liu, B. R. Blazar,
and W. Chen. Human plasmacytoid dendritic cells
activated by CpG oligodeoxynucleotides induce the
generation of CD4+CD25+ regulatory T cells. J Immunol
173:4433-4442 (2004)
65. Mahnke, K., Y. Qian, J. Knop, and A. H. Enk.
Induction of CD4+/CD25+ regulatory T cells by targeting of
antigens to immature dendritic cells. Blood 101:4862-4869
(2003)
66. Adorini, L., G. Penna, N. Giarratana, and M.
Uskokovic. Tolerogenic dendritic cells induced by vitamin
D receptor ligands enhance regulatory T cells inhibiting
allograft rejection and autoimmune diseases. J Cell
Biochem 88:227-233 (2003)
67. Gangi, E., C. Vasu, D. Cheatem, and B. S. Prabhakar.
IL-10-producing CD4+CD25+ regulatory T cells play a
critical role in granulocyte-macrophage colony-
stimulating factor-induced suppression of experimental
autoimmune thyroiditis. J Immunol 174:7006-7013
(2005)
68. Kared, H., A. Masson, H. Adle-Biassette, J. F. Bach,
L. Chatenoud, and F. Zavala. Treatment with
granulocyte colony-stimulating factor prevents diabetes
in NOD mice by recruiting plasmacytoid dendritic cells
and functional CD4 (+)CD25 (+) regulatory T-cells.
Diabetes 54:78-84 (2005)
69. Jordan, M. S., A. Boesteanu, A. J. Reed, A. L.
Petrone, A. E. Holenbeck, M. A. Lerman, A. Naji, and
A. J. Caton. Thymic selection of CD4+CD25+ regulatory
T cells induced by an agonist self-peptide. Nat Immunol
2:301-306 (2001)
70. Goldschneider, I., and R. E. Cone. A central role for
peripheral dendritic cells in the induction of acquired
thymic tolerance. Trends Immunol 24:77-81 (2003)

71. Watanabe, N., Y.-H. Wang, H. K. Lee, T. Ito, Y. Wang,
W. Cao, and Y.-J. Liu. Hassall's corpuscles instruct
dendritic cells to induce CD4+CD25+ regulatory T cells in
human thymus. Nature 436:1181-1185 (2005)
72. Stock, P., O. Akbari, G. Berry, G. J. Freeman, R. H.
Dekruyff, and D. T. Umetsu. Induction of T helper type 1-
like regulatory cells that express Foxp3 and protect against
airway hyper-reactivity. Nat Immunol 5:1149-1156 (2004)
73. Strobl, H., and W. Knapp. TGF-beta1 regulation of
dendritic cells. Microbes Infect 1:1283-1290 (1999)
74. Fehervari, Z., and S. Sakaguchi. Control of Foxp3+
CD25+CD4+ regulatory cell activation and function by
dendritic cells. Int Immunol 16:1769-1780 (2004)
75. Jonuleit, H., E. Schmitt, H. Kakirman, M. Stassen, J.
Knop, and A. H. Enk. Infectious tolerance: human CD25
(+) regulatory T cells convey suppressor activity to
conventional CD4 (+) T helper cells. J Exp Med 196:255-
260 (2002)
76. Pasare, C., and R. Medzhitov. Toll Pathway-Dependent
Blockade of CD4+CD25+ T Cell-Mediated Suppression by
Dendritic Cells. Science 299:1033-1036 (2003)
77. Serra, P., A. Amrani, J. Yamanouchi, B. Han, S.
Thiessen, T. Utsugi, J. Verdaguer, and P. Santamaria.
CD40 ligation releases immature dendritic cells from the
control of regulatory CD4+CD25+ T cells. Immunity
19:877-889 (2003)
78. Cederbom, L., H. Hall, and F. Ivars. CD4+CD25+

regulatory T cells down-regulate co-stimulatory molecules
on antigen-presenting cells. Eur J Immunol 30:1538-1543
(2000)
79. Prasad, S. J., K. J. Farrand, S. A. Matthews, J. H.
Chang, R. S. McHugh, and F. Ronchese. Dendritic cells
loaded with stressed tumor cells elicit long-lasting
protective tumor immunity in mice depleted of CD4+CD25+

regulatory T cells. J Immunol 174:90-98 (2005)
80. Misra, N., J. Bayry, S. Lacroix-Desmazes, M. D.
Kazatchkine, and S. V. Kaveri. Cutting edge: human
CD4+CD25+ T cells restrain the maturation and antigen-
presenting function of dendritic cells. J Immunol 172:4676-
4680 (2004)
81. Godfrey, W. R., Y. G. Ge, D. J. Spoden, B. L. Levine,
C. H. June, B. R. Blazar, and S. B. Porter. In vitro-
expanded human CD4 (+)CD25 (+) T-regulatory cells can
markedly inhibit allogeneic dendritic cell-stimulated MLR
cultures. Blood 104:453-461 (2004)
82. Sakakura, K., K. Chikamatsu, K. Takahashi, T. L.
Whiteside, and N. Furuya. Maturation of circulating
dendritic cells and imbalance of T-cell subsets in patients
with squamous cell carcinoma of the head and neck.
Cancer Immunol Immunother May 12 [Epub ahead of
print] (2005)
83. Taams, L. S., J. M. van Amelsfort, M. M. Tiemessen,
K. M. Jacobs, E. C. de Jong, A. N. Akbar, J. W. Bijlsma,
and F. P. Lafeber. Modulation of monocyte/macrophage
function by human CD4+CD25+ regulatory T cells. Hum
Immunol 66:222-230 (2005)
84. Fallarino, F., U. Grohmann, K. W. Hwang, C. Orabona,
C. Vacca, R. Bianchi, M. L. Belladonna, M. C. Fioretti, M.
L. Alegre, and P. Puccetti.. Modulation of tryptophan
catabolism by regulatory T cells. Nat Immunol 4:1206-1212
(2003)



Dendritic Cells and CD4+CD25+ T Regulatory Cells in Immune Toleranc

1370

85. Saito, S., Y. Sasaki, and M. Sakai. CD4 (+)CD25high
regulatory T cells in human pregnancy. J Reprod Immunol
65:111-120 (2005)
86. Gorelik, L., and R. A. Flavell. Immune-mediated
eradication of tumors through the blockade of transforming
growth factor-beta signaling in T cells. Nat Med 7:1118-
1122 (2001)
87. Borkowski, T. A., J. J. Letterio, A. G. Farr, and M. C.
Udey. A role for endogenous transforming growth factor
beta 1 in Langerhans cell biology: the skin of transforming
growth factor beta 1 null mice is devoid of epidermal
Langerhans cells. J Exp Med 184:2417-2422 (1996)
88. Zhang, M., H. Tang, Z. Guo, H. An, X. Zhu, W. Song,
J. Guo, X. Huang, T. Chen, J. Wang, and X. Cao. Splenic
stroma drives mature dendritic cells to differentiate into
regulatory dendritic cells. Nat Immunol 5:1124-1133
(2004)
89. Gruschwitz, M., P. U. Muller, N. Sepp, E. Hofer, A.
Fontana, and G. Wick. Transcription and expression of
transforming growth factor type beta in the skin of
progressive systemic sclerosis: a mediator of fibrosis? J
Invest Dermatol 94:197-203 (1990)

Key Words:  DCs, CD4+CD25+ Treg, TGF-β, Foxp3,
Cytokine, IL-6, IL-10, Anergy, indoleamine 2,3-
dioxygenase, CTLA-4, GITR, Review

Send correspondence to: Dr WJ. Chen, Mucosal
Immunology Unit, Oral Infection and Immunity Branch,
National Institute of Dental and Craniofacial Research, N
ational Institutes of Heath, 30, Convent Dr. Bethesda, MD
20892, Tel: 301-435-7168, Fax: 301-402-1064, E-mail:
wchen@mail.nih.gov

http://www.bioscience.org/current/vol11.htm


