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Abstract

Regulatory T cells (Tregs), either natural or induced, suppress a variety of physiological and
pathological immune responses. One of the key issues for understanding Treg function is to
determine how they suppress other lymphocytes at the molecular level in vivo and in vitro. Here we
propose that there may be a key suppressive mechanism that is shared by every forkhead box p3
(Foxp3)1 Treg in vivo and in vitro in mice and humans. When this central mechanism is abrogated, it
causes a breach in self-tolerance and immune homeostasis. Other suppressive mechanisms may
synergistically operate with this common mechanism depending on the environment and the type of
an immune response. Further, Treg-mediated suppression is a multi-step process and impairment or
augmentation of each step can alter the ultimate effectiveness of Treg-mediated suppression. These
findings will help to design effective ways for controlling immune responses by targeting Treg
suppressive functions.

Introduction

Regulatory T cells (Tregs), especially naturally arising
CD25+CD4+ Tregs, in which expression of the transcription
factor forkhead box p3 (Foxp3) occurs in the thymus (as op-
posed to ‘induced’ Tregs, in which Foxp3 is induced in the
periphery), actively engage in the maintenance of immuno-
logical self-tolerance and immune homeostasis (1). Their
contribution is best illustrated by the spontaneous develop-
ment of autoimmune disease in normal rodents when
CD25+CD4+ T cells are depleted and also by the occurrence
of severe autoimmune disease, allergy and immunopathol-
ogy in humans and rodents with mutated Foxp3 genes (1,
2). This means that deficiency or dysfunction of natural
CD25+CD4+Foxp3+ Tregs alone is sufficient to break self-
tolerance in otherwise normal animals.
During the past decade, evidence has accumulated re-

garding the essential roles of natural Tregs in the control of
a variety of physiological and pathological immune res-
ponses, including anti-microbial and anti-tumour responses,
and transplantation immunity (3–5). Yet, it is still obscure as
to how they control other lymphocytes at the molecular
level (6–9). This issue is of cardinal importance since dys-

function of the Treg suppressive mechanism is presumed to
be causative of autoimmune and immunopathological dis-
eases as seen in Treg deficiency. Furthermore, the molecular
events specific for Treg-mediated suppression can be key
targets for immune intervention or potentiation, and the mol-
ecules, if any, that are specific for the immunosuppressive
mechanisms may be ideal Treg-specific markers with func-
tional relevance.
The advances in our understanding of the cellular and mo-

lecular basis of Treg-mediated suppression have been
mainly built on the following key findings. First, Foxp3-
expressing CD25+CD4+ natural Tregs can inhibit the devel-
opment of autoimmune disease or inflammatory bowel
disease (IBD) elicited by Treg depletion (10, 11). Second, in
in vitro culture, Tregs are able to suppress the proliferation
of antigen-stimulated naive T cells (12, 13). Third, induction
or forced expression of the Foxp3 gene in normal naive
T cells is able to convert them to Treg-like cells with in vivo
and in vitro suppressive function, thereby indicating that
Foxp3 is likely to control the expression of key molecules
mediating suppression (14–16).
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Efforts to analyse these cellular and molecular events,
in vivo and in vitro, in rodents and humans have revealed
multiple mechanisms of suppression mediated by Foxp3+

Tregs (6–9). However, it remains obscure as to (i) how and
to what extent each mechanism contributes to the mainte-
nance of self-tolerance and immune homeostasis; (ii) how
the findings made in vitro correlate with in vivo suppression;
(iii) which suppressive mechanism is controlled by Foxp3
and, more practically, (iv) which mechanism is a suitable tar-
get for effective control of immune responses via Tregs.
In this article, we discuss these issues after briefly review-

ing the mechanisms of Treg-mediated suppression that have
been proposed. Although the issues are highly contentious,
we hope that our view would help to understand Treg func-
tion and to design their clinical use.

Many possible mechanisms have been suggested for
Treg-mediated suppression

Soon after the discovery that CD25+CD4+ T cells that were
physiologically present in normal rodents were engaged in
suppressing the development of autoimmune disease,
a short-term in vitro assay was established that has been
widely used to assess the suppressive activity of
CD25+CD4+ Tregs in rodents and humans (12, 13). In this
simple 3-day in vitro assay, CD25+CD4+ Tregs potently sup-
press proliferation of other CD4+ and CD8+ T cells when Treg
and responder populations are co-cultured and stimulated
with specific antigen or a polyclonal TCR stimulator (such
as anti-CD3 mAb) in the presence of antigen-presenting
cells (APCs). CD25+CD4+ Tregs also suppress cytokine pro-
duction (especially IL-2 production) by CD4+ and CD8+ re-
sponder T cells and their effector activities such as CD8+

T cell cytotoxicity. As summarized below, this in vitro assay,
together with in vivo suppression of autoimmune disease
and IBD, revealed the contributions of both cell contact-
dependent and cell contact-independent (i.e. humoral factor
mediated) mechanisms of suppression as well as the mole-
cules involved in each mechanism.
The contribution of cell contact-dependent mechanisms

was suggested by the in vitro inability of Tregs to suppress
the proliferation of responder T cells when the two popula-
tions were separated by a semi-permeable membrane (12,
13). Culture supernatant of antigen-stimulated Tregs also
fails to exhibit suppressive activity. Following cell contact,
Tregs may kill responder T cells by a granzyme-dependent
or perforin-dependent mechanism (17, 18) or deliver a nega-
tive signal to responder T cells via (i) up-regulating intracellu-
lar cyclic AMP, which leads to inhibition of T cell proliferation
and IL-2 formation (19); (ii) generating pericellular adenosine
catalyzed by CD39 (ectonucleoside triphosphate diphospho-
hydrolase 1) and CD73 (ecto-5#-nucleotidase) expressed by
Tregs (20) and (iii) interacting with B7 (CD80 and CD86)
expressed by responder T cells (21).
Concerning modification of APC function, activated Tregs

may hamper the up-regulation or down-modulate the expres-
sion of CD80 and CD86 on APCs, as well as stimulate
dendritic cells (DCs) to express the enzyme indoleamine
2,3-dioxygenase (IDO) (22, 23). IDO catabolizes conversion
of the essential amino acid tryptophan to kynurenine, which

is toxic to T cells neighbouring the DCs. Both of these APC-
modifying pathways appear to be dependent on the Treg ex-
pression of CTL-associated protein 4 (CTLA-4 or CD152; this
binds CD80 and CD86). Activated Tregs can also kill APCs
including B cells (24). Lymphocyte activation gene 3 (LAG-
3; CD223), a CD4-related, activation-induced cell surface
molecule highly expressed on Foxp3+ Tregs, also plays a role
in Treg–APC interaction (25).
As short-range suppressive humoral factors involved in

Treg-mediated suppression, IL-10 and transforming growth
factor b (TGF-b) were first suspected to mediate Treg sup-
pression. However, neutralization of either IL-10 or TGF-b
does not abrogate in vitro suppression (12, 13). In contrast,
IL-10 and TGF-b contribute, at least in part, to the in vivo
suppression of IBD induced in mice by Treg depletion. For
example, IL-10-deficient Tregs are unable to suppress IBD
in a mouse model (26). Blockade of IL-10R and neutraliza-
tion of TGF-b can also abolish Treg-mediated inhibition of
the disease (27). In contrast with IBD, IL-10-deficient Tregs
are fully able to suppress autoimmune gastritis that is pro-
duced by Treg depletion (28).
TGF-b may act as a mediator of suppression as a mem-

brane-bound form (29), although this is a controversial. It
may condition responder T cells to be sensitive to suppres-
sion, maintain Foxp3 expression and suppressive activity
and might contribute to the differentiation of other T cells into
Treg-like cells (infectious tolerance) (30–34). A more recent
study demonstrates that Foxp3+ natural Tregs predominantly
produce immunosuppressive IL-35, a novel member of the
IL-12 family; IL-35-deficient Tregs are less suppressive in
controlling IBD in vivo and in the suppression assay in vitro
(35). In addition, cytokine absorption by Tregs induces cyto-
kine deprivation-mediated apoptosis in responder T cells
(36). Other molecules including carbon monoxide and
galectins produced by Tregs are also reported to play roles
in suppression (37, 38).
Taken together, these in vivo and in vitro findings suggest

that multiple mechanisms may operate in Treg-mediated
suppression and that various molecules may be secreted or
expressed on the cell surface of Tregs and directly contrib-
uting to their suppressive functions. This prompts one to ask
how such multiple mechanisms or modes of suppression in-
teract in the maintenance of self-tolerance and immune ho-
meostasis. It is conceivable that there is a single core
suppressive mechanism shared by every Treg and several
complementary mechanisms. Alternatively, a particular
mechanism may play a dominant role under a particular
condition, with different mechanisms operating in various sit-
uations. Furthermore, another possibility is that multiple sup-
pressive mechanisms operate simultaneously and
synergistically and that dysfunction of any of them is not suf-
ficient to seriously impair suppression.

CTLA-4-dependent or IL-2-dependent suppression as
possible core mechanisms of Treg-mediated suppression

Identifying core mechanisms contributing to Treg-mediated
suppression

One may argue that if disruption of any suppressive mecha-
nism discussed above breaches self-tolerance and immune
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homeostasis as seen in Treg or Foxp3 deficiency, that mech-
anism should be considered as central (core) or, at least, es-
sential. Among many mouse strains deficient in specific
genes involved in the putative suppressive mechanisms de-
scribed above, it is worth noting that systemic deficiency of
TGF-b, CTLA-4, IL-2 or its receptor, which consists of CD25
(IL-2R a-chain) and CD122 (IL-2R b-chain), causes fatal au-
toimmune or inflammatory disease.
Although the role of TGF-b is controversial (see above),

TGF-b1-deficient or -intact CD25+CD4+ Tregs are equally
able to suppress the development of IBD when each popu-
lation is co-transferred with normal CD4+CD45RBhigh cells in-
to SCID mice (30). This means that TGF-b is not a direct
mediator of suppression. IL-10 deficiency produces IBD but
not autoimmune disease, suggesting that IL-10-dependent
mechanism is important for mucosal immune homeostasis
but may not be indispensable for systemic self-tolerance, as
discussed above. Deficiency of IDO, IL-35, LAG-3, gran-
zyme or perforin reportedly fails to produce autoimmune dis-
ease in mice. However, if a molecule is essential for the
functions of both Tregs and non-Treg cells, deficiency of that
molecule may fail to reveal a key suppressive mechanism.
Nonetheless, if there exists a central suppressive mecha-
nism indispensable for the maintenance of self-tolerance,
then a CTLA-4-dependent and possibly an IL-2-dependent
mechanism are two plausible candidates.

Possible core contribution of CTLA-4 in Treg-mediated
suppression

The role of CTLA-4 in Treg function has been controversial
for over a decade. It was first found that CD25+CD4+ T cells
in normal mice constitutively express high levels of CTLA-4
(27, 39, 40). In humans, terminally differentiated
Foxp3highCD25highCD4+ T cells are highly suppressive in
vitro and are the only constitutive expressers of CTLA-4 (41).
The following findings support the notion that CTLA-4 is

essential for Treg function. First, blockade of CTLA-4 by ad-
ministration of a mAb produces organ-specific autoimmune
disease and colitis in otherwise normal mice (27, 40) and
exacerbates diabetes in diabetes-prone non-obese diabetic
mice (42). In addition, blockade of CTLA-4 expressed by
natural Tregs and not by responder T cells abrogates Treg
suppression as observed when Tregs from CTLA-4-intact
mice are co-cultured with CTLA-4-deficient responder T cells
in vitro or co-transferred into SCID mice (40, 43, 44). Sec-
ond, Foxp3, together with other transcription factors, up-reg-
ulates the expression of CTLA-4 by binding to the promoter
region of the CTLA-4 gene, thereby indicating that Foxp3
may sustain the high expression of CTLA-4 in Foxp3+ Tregs
(45–48). Furthermore and most importantly, a recent study
using mice in which CTLA-4 deficiency was Treg specific
clearly demonstrates that these mice succumb to lympho-
proliferation with splenomegaly, a variety of autoimmune dis-
eases, and develop hyper-production of IgE, as seen in
Foxp3 deficiency (49).
The Treg-specific CTLA-4 deficiency affects Treg suppres-

sive activity but not their thymic production, their in vivo sur-
vival or their activation status (49). When naive Tregs are
prepared from autoimmunity-free, female conditional knock-
out (CKO) mice (in which half of Tregs are CTLA-4 deficient

due to the localization of Foxp3 on the X chromosome and
its random inactivation in female Tregs), their suppressive
activity is severely impaired in vivo and in vitro. There are
also accumulating findings that mixed bone marrow (BM)
chimeras of CTLA-4-deficient and CTLA-4-intact BM cells fail
to develop autoimmunity or systemic inflammation (50). Fur-
ther, CTLA-4-deficient non-Treg cells from these chimeric
mice are functionally normal (51). All these findings collec-
tively support the notion that CTLA-4 expressed by Foxp3+

Tregs is essential for Treg function to sustain self-tolerance
and immune homeostasis. However, these results do not ex-
clude the possible function of CTLA-4 expressed by acti-
vated effector T cells as a brake to their activation.

Possible core contribution of IL-2 and IL-2R in Treg-mediated
suppression

In addition to CTLA-4, IL-2-related molecules including IL-2
itself, CD25 and CD122 may contribute to Treg suppression
as key suppressive mechanisms for the following reasons.
Deficiency in each of the IL-2-related molecules produces
fatal autoimmune or inflammatory disease (52, 53). Foxp3
binds to the promoter of the Il2 and Cd25 genes, repressing
the former and activating the latter (45–48). Further, addition
of IL-2 to the in vitro Treg suppression assay abrogates sup-
pression and allows the proliferation of responder T cells
(12, 13). Recent studies have shown that IL-2 is required for
the survival of natural Tregs (54–56). However, although the
reduction of Tregs in number and frequency in IL-2-deficient
mice or in IL-2-neutralized mice is only to 50% of the levels
present in control, IL-2-intact mice, it is sufficient to cause
autoimmune disease (54, 57).
These findings, taken together, suggest the possibility that

IL-2 may be required not only for the maintenance of natural
Tregs and de novo induction of Foxp3+ Tregs from naive
T cells in the presence of TGF-b but also for Treg-mediated
suppression. For example, although IL-2-deficient non-Treg
cells are able to proliferate upon antigenic stimulation (58),
Tregs may absorb IL-2 and thereby hamper the activation of
other T cells (36). IL-2 may also be required for Treg activa-
tion because IL-2 up-regulates Foxp3 expression via signal
transducer and activator of transcription 5 (STAT5) (59, 60).
It is thus interesting to observe that sub-optimally activated
Tregs need IL-2 for their full in vitro suppression, whereas
optimally stimulated Tregs do not (61).

In vitro cell contact-dependent suppression as
a multi-step process

Assuming that CTLA-4, and possibly IL-2, plays a key role
during in vivo and in vitro suppression, how does CTLA-4
contribute to Treg-mediated suppression? To address this
question, we have revisited the in vitro Treg-mediated sup-
pression assay systems that were established over 10 years
ago (see above) and further analysed the cellular and mo-
lecular basis of the process.
When the in vitro behaviour of Tregs and responder T cells

is visualized by dye labelling of Tregs and naive T cells,
which are co-cultured in the presence of DCs and antigen,
Tregs out-compete responder T cells in forming aggregates
around DCs, thereby apparently physically deterring the
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access of responder T cells to DCs (62). This aggregation
process is antigen dependent as there is no aggregate for-
mation without antigen. It is lymphocyte function-associated
antigen 1 (LFA-1; CD11a–CD18) dependent but CTLA-4 in-
dependent since CTLA-4-deficient Tregs efficiently out-
compete, whereas LFA-1-deficient Tregs do not.
By forming aggregates, Tregs inhibit the up-regulation of

CD80 and CD86 on immature DCs and also down-regulate
the expression of CD80 and CD86 by mature DCs without
affecting the expression of CD40 and class II MHC (49,
62). This modification of CD80 and CD86 expression is
CTLA-4 dependent as CTLA-4-deficient Tregs from com-
plete CTLA-4-KO mice or Treg-specific CKO mice fail to
modify expression of CD80 or CD86. The aggregate forma-
tion and down-modulation of CD80 and CD86 are robust
processes and occur even in the presence of strong DC-
activating stimuli such as LPS, Zymosan and type I IFN (62).
Thus, in vitro, Treg-mediated, contact-dependent suppres-

sion can be dissected into two steps based upon CTLA-4
dependency: (i) the LFA-1-dependent, CTLA-4-independent
initial formation of Treg aggregates with DCs and (ii) LFA-1-
dependent and CTLA-4-dependent, active down-modulation
of CD80 and CD86 expression on DCs. Both steps are re-
quired to prevent stable interaction between DCs and re-
sponder T cells and thereby inhibit activation of the latter.
LFA-1 is thus critical for the suppressive function of Tregs.

Yet, LFA-1 deficiency does not produce autoimmune dis-
ease, as LFA-1 is required for functions of both Tregs and
responder T cells; we highlighted this kind of concern above
when discussing the use of KO mice for analysing Treg func-
tion. A recent study utilizing Tregs from genetically LFA-1-de-
ficient individuals supports the findings obtained in mice
(61).
How CTLA-4 contributes to Treg-mediated suppression is

currently under active investigation. CTLA-4 ligation of CD80
or CD86 may not only down-regulate expression of CD80
and CD86 but also induce IDO in DCs, leading to the pro-
duction of immunosuppressive kynurenin (23). In addition,
activated Tregs, which express the high-affinity IL-2R at high
levels, may absorb IL-2 from the surroundings, thereby syn-
ergistically hindering the activation of other T cells recruited
to the DCs (36). These possible suppressive mechanisms
are in accord with in vivo finding utilizing intra-vital two-pho-
ton microscopy, which demonstrate that Tregs apparently in-
hibit stable contacts between antigen-activated T cells and
DCs (63, 64).

Key features of multi-step in vitro suppression

The two-step (LFA-1 dependent and CTLA-4 independent;
then LFA-1 dependent and CTLA-4 dependent) model of
in vitro suppression has the following features and provides
solutions to some controversial issues regarding in vitro
Treg-mediated suppression.

The requirement for cell–cell contact

The model is consistent with cell contact-dependent sup-
pression, which is a key feature of in vitro Treg-mediated
suppression. Since the advent of the in vitro Treg suppres-
sion assay, the requirement for cell contact in order to

achieve suppression is only demonstrated by the inability of
Treg to suppress across a semi-permeable membrane (12,
13). The finding that the interaction between LFA-1 on Tregs
and intercellular adhesion molecule 1 on APCs is essential
for Treg aggregation, the consequent physical out-competi-
tion of responder T cells on the surface of APCs, and the
subsequent down-regulation of CD80 and CD86 provides
unequivocal evidence for cell contact as an indispensable
prerequisite for in vitro suppression. It remains to be deter-
mined whether other adhesion molecules are also involved
in these steps or, as in the case for LAG-3 and galectins,
may contribute to intensifying the adhesion of Treg and
APCs.

The phenomenon of bystander suppression

The two-step process is the basis of cell contact-dependent
bystander suppression, another important feature of the
in vitro Treg-mediated suppression (12, 65). Both steps ham-
per the activation of responder T cells with different antigen
specificities. Further, via this mechanism, Tregs are able to
suppress not only CD4+ T cells but also CD8+ T cells
recruited to the same APC. It remains to be determined
whether the mechanism is also responsible for suppressing
the activation and proliferation of other types of lympho-
cytes, such as NK cells and NKT cells.

The capabilitiy of immature DCs to activate Treg

Immature DCs can preferentially activate natural Tregs. It is
well documented that Treg must be first activated by anti-
gen in order to exert their suppressive functions (12, 13).
Notably, Treg aggregation around DCs does not occur
without antigen (62). Further, as demonstrated with TCR
transgenic mice, Tregs can be activated and exert sup-
pression at a 1/10 to 1/100 lower concentration of antigen
than required for the activation of naive T cells specific for
the same antigen (12). These findings taken together indi-
cate that Treg can be activated by a small amount of anti-
gen presented by immature DCs irrespective of their low
expression of CD80 and CD86. Such activated Tregs may
further up-regulate LFA-1 expression, strongly adhere to
DCs, aggregate around them and sustain expression of
CD80 and CD86 below the level required for activation
and expansion of responder T cells. Further, Foxp3+ Tregs
exert in vitro suppression on plasmacytoid DCs, which
expresses low to undetectable levels of CD80 and CD86
(62).

The discrepancies between CTLA-4-KO mouse strains in
Treg-mediated suppression

There is a discrepancy in the suppressive activity between
Tregs from complete CTLA-4-KO mice and Tregs from mice
in which CTLA-4 CKO are Treg specific (40, 43, 66). The for-
mer retain in vitro suppressive activity almost equivalent to
normal CTLA-4-intact Tregs. This finding has made it difficult
for a decade to accept CTLA-4 as a key molecule for Treg
suppressive function. This in vitro suppressive activity of
CTLA-4-KO Tregs has been attributed to their abundant se-
cretion of IL-10 or TGF-b. However, neutralization of IL-10
and TGF-b fails to abolish the suppression (43).
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The two-step model of suppression indicates that the first
step, in which Tregs strongly aggregate to DC in a CTLA-4-
independent manner, is sufficient to exert in vitro suppres-
sion. Indeed, Tregs from CTLA-4-deficient mice with severe
systemic inflammation are strongly activated, express high
levels of adhesion molecules (including LFA-1) and therefore
efficiently out-compete responder T cells by forming aggre-
gates with DCs in a CTLA-4-independent fashion (62). Fur-
ther, such activated CTLA-4-deficient Tregs from CTLA-4-KO
or CTLA-4-CKO mice are suppressive in vitro in the pres-
ence of X-irradiated splenic non-T cells, but much less so
with live DCs. Overall, these findings indicate that the activa-
tion status of Tregs and the type of APCs (and their matura-
tion states) significantly contribute to the effectiveness of
in vitro Treg-mediated suppression.

The suppressive capabilities of Foxp3-non-expressing Tregs
and non-Tregs

Foxp3+ Tregs may share a suppressive mechanism with
Tregs that do not express Foxp3. Assuming the key contri-
bution of the LFA-1-dependent and CTLA-4-dependent
mechanism to Treg-mediated suppression, one can ask
whether activated non-Treg cells that highly express LFA-1
and CTLA-4 have a similar suppressive activity. Notably,
anergic T cells and IL-10-secreting Tr1 cells, both of which
fail to produce IL-2 but express CTLA-4 upon activation, ex-
ert in vitro cell contact-dependent suppression precisely in
the manner of Foxp3+ Tregs (67, 68). Further, activated con-
ventional T cells expressing CTLA-4 can down-modulate
CD80 and CD86 expression on DCs via CTLA-4, thereby
suggesting that activated effector T cells may concurrently
down-modulate APC function in a negative feedback manner
via CTLA-4 (49). It is thus tempting to speculate that non-
Treg cells, whether being effector, anergic or exhausted,
might exhibit some suppressive activity, albeit transiently
and weakly, and contribute to peripheral immune homeosta-
sis together with Foxp3+ natural Tregs (69, 70). This might
partly explain why systemic autoimmunity and inflammation
in mice with complete CTLA-4 KO are more severe than in
mice with CTLA-4 CKO specifically in Tregs.

Differentiation of Tregs to conduct context-dependent
suppression in vivo

Assuming that every Foxp3+ Treg exercises LFA-1-dependent
and CTLA-4-dependent suppression at any place as a core
suppressive mechanism, Tregs may additionally utilize other
suppressive mechanisms, which may synergistically operate
with the LFA-1-dependent and CTLA-4-dependent one.
Such auxiliary mechanisms, whose dysfunction per se does
not seriously affect self-tolerance or immune homeostasis,
may operate concurrently with the core one or subsequently
to the differentiation of Tregs depending on the environment,
the context and the type of an immune response.
For example, IL-10-producing Foxp3+ Tregs are rare in the

spleen but abundant in the lamina propria of the intestine,
which supports the observation that Treg-specific IL-10 defi-
ciency causes immunopathology in the mucosal surface of
the intestine and the lung (71–73). Perforin-expressing or

granzyme-expressing Foxp3+ Tregs are also rare in the
spleen but abundant in a tumour environment (18).
Similarly, Foxp3+ Tregs can functionally differentiate to ac-

quire the ability to specifically control Th1- or Th2-type
immune responses by modifying their expression of Th1-
related or Th2-related transcription factors. Thus, a fraction
of Foxp3+ natural Tregs express the Th1-specifying transcrip-
tion factor T-bet, which increases in Tregs stimulated in a Th1
cytokine milieu, causing the subsequent up-regulation of
C–X–C chemokine receptor 3, a T-bet-controlled chemokine
receptor, leading to Treg recruitment to type 1 inflammation
sites (74). Foxp3 also directly controls the expression of the
transcription factor IFN regulatory factor 4 (IRF4), which is
required for Th2 differentiation (75). Interestingly, Treg-
specific deletion of IRF4 impairs the control of Th2, but not
Th1 immune responses, resulting in spontaneous develop-
ment of Th2-type inflammation.
As such, Tregs and effector T cells recruited to the same

inflammation sites generally express similar sets of chemo-
kine receptors, which is exemplified by C–C chemokine re-
ceptor 6 (CCR6)+ Tregs preferentially recruited to Th17
inflammation site where Th17 cells express CCR6 under the
control of retinoic acid-related orphan receptor ct (76). It
remains to be investigated whether such inflammation-type-
specific Tregs also exercise an environment-specific sup-
pressive activity, for example, by acting as ‘cytokine sink’
for distinct effector cytokines, such as IFN-c, in a type 1 in-
flammatory environment.

Conclusion

We have discussed how Foxp3+ natural Tregs suppress
other lymphocytes in vivo and in vitro. Our main argument is
that the LFA-1-dependent and CTLA-4-dependent two-step
mechanism, as revealed in vitro, may be the core mecha-
nism of Treg-mediated suppression, thereby supporting the
indispensable role of CTLA-4 for Treg function in vivo. In-
deed, blockade of CTLA-4 by specific mAb in humans pro-
vokes effective tumour immunity and, at the same time,
affects self-tolerance, which can elicit autoimmunity (77). In
addition to this core mechanism, auxiliary suppressive
mechanisms may also operate depending on the environ-
ment and the type of the immune response. These core and
auxiliary suppressive mechanisms may be exploited for ef-
fective control of immune responses via Tregs.
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Abbreviations

APC antigen-presenting cell
BM bone marrow
CCR6 C–C chemokine receptor 6
CKO conditional knockout

Suppressive mechanisms of Foxp3+ regulatory T cells 1109

D
ow

nloaded from
 https://academ

ic.oup.com
/intim

m
/article/21/10/1105/883857 by guest on 13 M

arch 2024



CTLA-4 CTL-associated protein 4
DC dendritic cell
Foxp3 forkhead box p3
IBD inflammatory bowel disease
IDO indoleamine 2,3-dioxygenase
IRF4 IFN regulatory factor 4
LAG-3 lymphocyte activation gene 3
LFA-1 lymphocyte function-associated antigen 1
STAT5 signal transducer and activator of transcription 5
TGF-b transforming growth factor b
Treg regulatory T cell
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50 Bachmann, M. F., Köhler, G., Ecabert, B., Mak, T. W. and Kopf, M.
1999. Cutting edge: lymphoproliferative disease in the absence of
CTLA-4 is not T cell autonomous. J. Immunol. 163:1128.

51 Bachmann, M. F., Gallimore, A., Jones, E., Ecabert, B., Acha-
Orbea, H. and Kopf, M. 2001. Normal pathogen-specific immune
responses mounted by CTLA-4-deficient T cells: a paradigm
reconsidered. Eur. J. Immunol. 31:450.

52 Willerford, D. M., Chen, J., Ferry, J. A., Davidson, L., Ma, A. and
Alt, F. W. 1995. Interleukin-2 receptor alpha chain regulates the
size and content of the peripheral lymphoid compartment.
Immunity 3:521.

53 Suzuki, H., Kündig, T. M., Furlonger, C. et al. 1995. Deregulated T
cell activation and autoimmunity in mice lacking interleukin-2
receptor beta. Science 268:1472.

54 Setoguchi, R., Hori, S., Takahashi, T. and Sakaguchi, S. 2005.
Homeostatic maintenance of natural Foxp3+CD25+CD4+ regula-
tory T cells by interleukin (IL)-2 and induction of autoimmune
disease by IL-2 neutralization. J. Exp. Med. 201:723.

55 Fontenot, J. D., Rasmussen, J. P., Gavin, M. A. and Rudensky, A.
Y. 2005. A function for interleukin 2 in Foxp3-expressing regulatory
T cells. Nat. Immunol. 6:1142.

56 D’Cruz, L. M. and Klein, L. 2005. Development and function of
agonist-induced CD25+Foxp3+ regulatory T cells in the absence
of interleukin 2 signaling. Nat. Immunol. 6:1152.

57 Antony, P. A., Paulos, C. M., Ahmadzadeh, M. et al. 2006.
Interleukin-2-dependent mechanisms of tolerance and immunity in
vivo. J. Immunol. 176:5255.

58 Schorle, H., Holtschke, T., Hünig, T., Schimpl, A. and Horak, I.
1991. Development and function of T cells in mice rendered
interleukin-2 deficient by gene targeting. Nature 352:621.

59 Burchill, M. A., Yang, J., Vogtenhuber, C., Blazar, B. R. and Farrar,
M. A. 2007. IL-2 receptor beta-dependent STAT5 activation is
required for the development of Foxp3+ regulatory T cells. J.
Immunol. 178:280.

60 Yao, Z., Kanno, Y., Kerenyi, M. et al. 2007. Nonredundant roles for
Stat5a/b in directly regulating Foxp3. Blood 109:4368.

61 Tran, D. Q., Glass, D. D., Uzel, G. et al. 2009. Analysis of
adhesion molecules, target cells, and role of IL-2 in human
FOXP3+ regulatory T cell suppressor function. J. Immunol.
182:2929.

62 Onishi, Y., Fehervari, Z., Yamaguchi, T. and Sakaguchi, S. 2008.
Foxp3+ natural regulatory Tcells preferentially form aggregates on
dendritic cells in vitro and actively inhibit their maturation. Proc.
Natl Acad. Sci. USA 29:10113.

63 Tang, Q., Adams, J. Y., Tooley, A. J. et al. 2006. Visualizing
regulatory T cell control of autoimmune responses in nonobese
diabetic mice. Nat. Immunol. 7:83.

64 Tadokoro, C. E., Shakhar, G., Shen, S. et al. 006. Regulatory Tcells
inhibit stable contacts between CD4+ T cells and dendritic cells in
vivo. J. Exp. Med. 203:505.

65 Thornton, A. M. and Shevach, E. M. 2000. Suppressor effector
function of CD4+CD25+ immunoregulatory T cells is antigen
nonspecific. J. Immunol. 164:183.

66 Kataoka, H., Takahashi, S., Takase, K. et al. 2005. CD25+CD4+
regulatory T cells exert in vitro suppressive activity independent
of CTLA-4. Int. Immunol. 17:421.

67 Lombardi, G., Sidhu, S., Batchelor, R. and Lechler, R. 1994.
Anergic T cells as suppressor cells in vitro. Science 264:1587.

68 Vieira, P. L., Christensen, J. R., Minaee, S. et al. 2004. IL-10-
secreting regulatory T cells do not express Foxp3 but have
comparable regulatory function to naturally occurring CD4+CD25+

regulatory T cells. J. Immunol. 172:5986.
69 Vogtenhuber, C., O’Shaughnessy, M. J., Vignali, D. A. and Blazar,

B. R. 2008. Outgrowth of CD4low/negCD25+ T cells with
suppressor function in CD4+CD25+ Tcell cultures upon polyclonal
stimulation ex vivo. J. Immunol. 181:8767.

70 Duthoit, C. T., Nguyen, P. and Geiger, T. L. 2004. Antigen
nonspecific suppression of T cell responses by activated
stimulation-refractory CD4+ T cells. J. Immunol. 172:2238.

71 Uhlig, H. H., Coombes, J., Mottet, C. et al. 2006. Characterization
of Foxp3+CD4+CD25+ and IL-10-secreting CD4+CD25+ T cells
during cure of colitis. J. Immunol. 177:5852.

72 Maynard, C. L., Harrington, L. E., Janowski, K. M. et al. 007.
Regulatory T cells expressing interleukin 10 develop from Foxp3+
and Foxp3- precursor cells in the absence of interleukin 10. Nat.
Immunol. 8:931.

73 Rubtsov, Y. P., Rasmussen, J. P., Chi, E. Y. et al. 2008. Regulatory
T cell-derived interleukin-10 limits inflammation at environmental
interfaces. Immunity 28:546.

74 Koch, M. A., Tucker-Heard, G., Perdue, N. R., Killebrew, J. R.,
Urdahl, K. B. and Campbell, D. J. 2009. The transcription factor T-
bet controls regulatory T cell homeostasis and function during
type 1 inflammation. Nat. Immunol. 10:595.

75 Zheng, Y., Chaudhry, A., Kas, A. et al. 2009. Regulatory T-cell
suppressor program co-opts transcription factor IRF4 to control
T(H)2 responses. Nature 458:351.

76 Hirota, K., Yoshitomi, H., Hashimoto, M. et al. 2007. Preferential
recruitment of CCR6-expressing Th17 cells to inflamed joints via
CCL20 in rheumatoid arthritis and its animal model. J. Exp. Med.
204:2803.

77 Phan, G. Q., Yang, J. C., Sherry, R. M. et al. 2003. Cancer
regression and autoimmunity induced by cytotoxic T lymphocyte-
associated antigen 4 blockade in patients with metastatic
melanoma. Proc. Natl Acad. Sci. USA 100:8372.

Suppressive mechanisms of Foxp3+ regulatory T cells 1111

D
ow

nloaded from
 https://academ

ic.oup.com
/intim

m
/article/21/10/1105/883857 by guest on 13 M

arch 2024


