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Review
Mucosal surfaces, especially those of the gastrointesti-
nal (GI) tract, are sites for tolerance induction to numer-
ous exogenous antigens (Ags), and provide a
microenvironment suitable for generating tolerogenic
dendritic cells (DCs) that contribute to the functional
maturation of regulatory T cells. During immune homeo-
stasis in the GI tract, innate immune signals provided by
innocuous or commensal bacteria play important roles
in stabilizing this noninflammatory microenvironment
and function of regulatory T cells. Thus oral tolerance
consists of two phases of immune response: the main-
tenance of homeostasis and the suppression of immune
responses mediated by Ag-specific regulatory T cells.
Elucidating mechanisms for both phases should contrib-
ute to physiological intervention of local and systemic
immunity, thereby improving homeostasis in both
health and disease.

The gut is designed to tolerate harmless exogenous
antigens
To accommodate the vast antigenic exposure to harmless
food components and commensal bacteria, the gut has
evolved a naturally anti-inflammatory environment. By
means of this complex immunological network, the gut
acts to tolerate harmless antigens (Ags) yet remains able
to eliminate pathogens. This tolerance of food Ags is not
dependent on the ability of the digestive system to break
down food into components ‘invisible’ to the immune sys-
tem; rather food Ags are presented to the mucosal immune
system in a tolerogenic manner. Exogenous Ags are pro-
cessed by the gut associated lymphoid tissue (GALT) sys-
tem and utilized for an active suppression mechanism to
render the host immunologically unresponsive to them.
Recent knowledge gleaned from immunoregulatory cells
suggests that specialist dendritic cells (DCs) in the gastro-
intestinal (GI) tract present food Ag to T cells as tolerogens
thus granting them regulatory functions. Under normal
physiological conditions, the GALT likewise employs
mechanisms to tolerate, or exist in symbiosis with, a large
innocuous community of gut microbes. Thus, the immune
system of the gut must exhibit ‘dominant tolerance’ and an
ability to generate a regulatory immune response is a key
component of this.

Oral tolerance and regulatory T (Treg) cells
Oral tolerance is defined as the lack of a systemic immune
response following parenteral immunization with an Ag to
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an animal that had been previously exposed to (or been
immunized with) the same Ag through the GI tract [1]. In
other words, oral tolerance is induced in an Ag-specific
manner and its effects are not constrained to the local
immunity within the gut. Indeed inflammatory immune
responses induced in distal nonlymphoid organs, such as
skin delayed-type hypersensitivity, allergic responses, or
insulitis, can all be significantly down regulated by means
of oral tolerance (or oral administration of Ags) [1,2]. This
fact strongly suggests that immunoregulatory cells with
suppressive function circulate in the entire body and per-
form the immunosurveillance responsible for maintaining
this Ag-specific tolerance. It is now widely accepted that
oral tolerance effector mechanisms include not only anergy
or apoptosis (deletion) of Ag-specific T cells in the gut but
also active suppression through the induction of Ag-specific
regulatory T cells [2–5]. Suppressive T cell populations
seem to overlap with anergic cells in some of their charac-
teristics. For instance the naturally occurring regulatory T
cells (nTreg) originally described by Sakaguchi et al. as
CD25hiCD4+ cells, are generated through the thymus,
express the transcription factor Foxp3+ and produce little
IL-2 [6]. Similarly, a majority of the Ag-experienced T cells
in the gut not only arereluctant to proliferate or produce
IL-2 but also function as suppressor cells against neighbor-
ing immune or inflammatory cells (see Box 1 detailing the
various types of Treg cells).

The concept that a majority of T cells rendered anergic
by Ag exposure in the GI tract share suppressive charac-
teristics with induced regulatory T cells, particularly cells
with a memory phenotype, seems to explain the long-term,
Ag-specific systemic nonresponsiveness induced by oral
tolerance. The presence of memory cells exhibiting Ag-
specific regulatory functions could explain why established
oral tolerance can be long-lasting (sometimes for the life-
time of the host) [7].

Ag-specific Treg are observed in the Peyer’s patches
(PP), and mesenteric lymph nodes (MLN) of the gut as
early as 24–48 h after oral administration of Ag [8,9],
suggesting that Ag- presenting cells (APCs) that trigger
a tolerogenic response exist constitutively in the GALT and
the draining lymphoid organs. Similarly, Ag-specific toler-
ance is observed in isolated lymphoid organs following oral
immunization [10]. This begs the question of whether
circulating T cells originating in the gut itself are entirely
responsible for systemic immunoregulation or whether
tolerogens and/or tolerogenic DCs themselves also enter
isolated lymph nodes to generate Treg cells in situ. This
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Box 1. Regulatory T cell subsets involved in gut

homeostasis and oral tolerance: Tr1, Th3, and nTreg

Regulatory T (Treg) cells appear to come in many different forms. IL-

10-producing Tr1 cells were first described for splenocytes cultured

and matured in vitro in the presence of IL-10. With the help of this

regulatory cytokine, naı̈ve CD4+ cells develop into unique

CD4+CD25-Foxp3- cells with suppressive functions attributed to IL-

10 and TGF-b. It was subsequently shown that Tr1-like cells could

also be generated from naı̈ve T cells upon chronic exposure to

antigen even in the absence of IL-10. Immunosuppressive drugs, IL-

27, or complementation of IL-10 with IFN-a or TGF-b have been

shown to be effective for the generation and ex vivo expansion of

Tr1 cells. Although IL-10 is the predominant product of Tr1, both IL-

10 and TGF-b are effective suppressive cytokines that inhibit

cytokine production by activated T cells, the expression of co-

stimulatory molecules on APCs, and antibody production.

Th3 cells are TGF-b-producing Ag-specific CD4+ T cells originally

isolated from MLN of orally tolerized mice. Th3 cells are considered

to be a part of the LAP+ T cell population that exert potent

immunosuppressive properties via TGF-b and form effective anti-

inflammatory cell populations for the maintenance of immune

homeostasis. Because TGF-b alone induces expression of Foxp3, a

definitive marker for Treg cells, Th3 cells can influence Treg cell

development of neighboring cells (so-called infectious tolerance). In

the gut, RA promotes the conversion of conventional T cells into

Foxp3+ Treg cells, suggesting significant roles for intestinal DCs that

produce RA to form Foxp3+ Treg cell populations.

nTreg develop in the thymus as CD4+CD25+ cells and express high

levels of Foxp3. They are suppressive by nature and inhibit other

effector cell functions in vitro and in vivo. Suppression mediators

include inhibitory molecules such as CTLA-4 and immunoregulatory

cytokines IL-10, TGF-b, or IL-35. nTreg are considered to maintain

systemic homeostasis and prevent autoimmune diseases. All these

regulatory T cells are involved in the mechanism of oral tolerance

but a clear distinction of their contribution in the induction and

stabilization of local and systemic tolerance remains to be

determined.
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question has been resolved, at least in part, by a study
showing that the proximal draining lymph nodes (e.g.
MLN for the intestinal lymphatic pathway) receive Ag-
bearing DCs from the lamina propria (LP) in a CCR7-
dependent manner where they play a substantial role in
the induction of Ag-specific immune responses. However,
distal lymph nodes such as inguinal lymph nodes, or the
spleen, are isolated from the initiation of this tolerogenic
process [11]. Systemic oral tolerance therefore seems to
depend on the mobility of Ag-specific T cells that circulate
in the body although the priming of these cells occurs in gut
lymphoid tissue (i.e. PP and MLN) [reviewed in 12]. Sim-
ilarly, we have observed Ag-specific in vitro active suppres-
sion in PP-derived CD4+ T cells but no such active
suppression in distal lymph node cells 1 week after feeding
Ag to BALB/c mice, suggesting the generation of immu-
noregulatory cells in GALT in situ [13]. However, active
suppression can also be observed in distal lymph node of
orally tolerized mice following parenteral (i.e. via a route
other than the gut) immunization with the same Ag [10].
This discrepancy can likely be explained by postulating
that under steady-state conditions (i.e. in the absence of
pathogen exposure) Treg cells induced in the gut reside in
mucosal sites but once they sense inflammation (e.g. from
infection, injury, or from the adjuvant supplied during
immunization) they migrate to distal lymphoid tissues
and exert their suppressive function. Accordingly, specific
Ag is required for the induction and activation of Treg,
whereas the suppressive effects themselves are mediated
in an Ag-nonspecific manner (i.e. bystander suppression)
[14,15]. Interestingly, there are studies that show oral
tolerance and Treg cell suppressionmight be dysfunctional
in some patients suspected of having, or diagnosed with,
inflammatory bowel disease (IBD) [16,17].

Ag-nonspecific mode of oral tolerance: intestinal
homeostasis
Wewould like to define two phases of oral tolerance each of
which shows physiological benefits. One phase is the gener-
ation and maintenance of local (i.e. the gut) immunosup-
pressive conditions, preventing unwanted inflammation
and exhaustion of immune cells in situ, and consequently
providing a suitable immunological environment for gen-
erating Ag-specific immune responses. The other phase is
the establishment of Ag-specific anergy or Treg that can
maintain systemic immune quiescence (Figure 1). Because
APCs in the gut, particularly DCs, are responsible for both
the production of regulatory cytokines and presentation of
Ags to T cells, intestinal DCs are likely to play key roles in
both phases of oral tolerance. Their multiple roles include
(1) the generation of an immunosuppressive or anti-inflam-
matory microenvironment via regulatory cytokines, (2) the
generation of Ag-specific regulatory T cells via Ag presen-
tation, chemical mediators [e.g. the vitamin A metabolite
retinoic acid (RA), or indoleamine 2,3 dioxygenase (IDO)],
and possibly providing inhibitory co-stimulatory molecules
(such as ligands for inducible T cell co-stimulation ligand,
ICOS and/or programmed death 1, PD-1).

Moreover, to initiate and stabilize the interaction be-
tween T cells and DC, the localization of tolerogenic DCs
and Treg seems to be controlled by chemokines. Intestinal
DCs influence T cells to express a4b7 and CCR9 via (RA
signaling so that imprinted Treg have the ability to home
to mucosal sites (also see the article by Agace in this issue).
LPDCs produce theCCR4 ligands CCL17 or CCL22 so that
they can attract CCR4+ Tregand retain them at mucosal
sites [18]. Recently, the function of Foxp3+ Treg to prevent
unwanted inflammation was observed not only at the late
stages of infection but also at the initiation of the protective
immune response [19]. This suggests that the function of
Foxp3+ Treg is to avoid unfocused inflammation to inno-
cent neighbors and to localize immunological defenses at
the site of inflammation. Treg are therefore responsible for
avoiding activation-induced exhaustion of effector T cells
and enable effective immune defence against pathogens.

Ag-specific mode of oral tolerance and regulatory T cells
De novo generation of Ag (OVA)-specific Foxp3+ cells is
observed in PP and MLN after feeding OVA to mice in
nontransfer system [8], reflecting efficient Ag-uptake viaM
cells in PP and possibly via villous M cells [20,21]. Soluble
Ag can also be taken up directly from the intestinal lumen
via epithelial cells (transcytosis) or possibly by DCs that
form tight-junction-like structures with intestinal epi-
thelial cells [22]. LP DCs load Ag and carry them to
MLN through a continuous steady-state cell trafficking
and present Ag to T cells, whereas PP DCs migrate to
MLN or interact with PP T cells in situ. The most promi-
nent Ag-specific suppressive activity can be observed in
533



Figure 1. Oral tolerance: a physiological avenue towards intestinal and systemic homeostasis by means of regulatory T cells. Ag-specific and Ag-nonspecific regulatory

mechanisms of intestinal immunity contribute to both local and systemic immune responses. During intestinal responses, regulatory cells protect the intestine from unwanted

inflammation (immunopathology) and exhaustion of immune cells thereby preventing food allergy or inflammatory bowel disease. IL-10 and TGF-b-producing regulatory T

cells play important roles in maintaining intestinal homeostasis. During systemic immune responses, observations in experimental oral tolerance suggest that gut-induced Ag-

specific T cells are able to migrate to distal inflammatory sites and regulate unwanted inflammation such as allergic hypersensitivity and inflammatory disorders.
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PP-derived cells, when intestinal and spleen cells are
monitored after feeding Ag [13]. Accordingly, mice lacking
PP were shown to be more susceptible to disease devel-
opment than PP-bearing mice in a food allergy model.
These protective effects were related to Ag-specific IL-10
producing CD4+CD25+ cells [23]. PPs are thus one of the
major inductive sites of acquired immunity in GALT,
including regulatory immune responses. Unfortunately,
information regarding the physiological APC(s) respon-
sible for generating Treg cells remains limited.

Among the various types of APCs, DCs exhibit the most
potent stimulatory capacity for Ag-specific T cells by virtue
of their high levels of MHC class II and co-stimulatory
molecule expression. There are various DC (CD11c+) sub-
sets in PPs (e.g. CD11b+, CD8a+, and CD4-CD8a-CD11b-)
with each subset involved in a specific type of immune
response such as the induction of Treg and/or elimination
of pathogens. For instance, CD11b+ PP DCs observed at
the PP subepithelial dome (SED) produce IL-10 and induce
IL-10-producing Th2 cells from naı̈ve T cells, whereas
CD8a+ DCs at the T-cell zone (interfollicular region,
IFR), and CD4-CD8a-CD11b- DCs at both the SED and
IFRs, produce IL-12 and induce IFN-g-producing Th1 cells
and are likely responsible for pathogen clearance [24].
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Plasmacytoid DCs (CD11cintB220+) are also observed in
PPs at the IFR region. CD8a+CD11c+B220+ (CD8a+ plas-
macytoid DC) are expanded after flt3-ligand treatment of
animals. These DC are reported to express IDO and can
induce IL-10 producing Tregin vitro [25]. Likewise the
expanded population of plasmacytoid DC in flt3-treated
animals were found to produce less type I interferon com-
pared to plasmacytoid DC in spleen, probably due to the
effect of regulatory cytokines in PPs (e.g. IL-10, TGF-b)
[26]. This cell population also produces prostaglandin E2
(PGE2), which might be relevant to the effect observed in
the humans that PGE2 can convert CD4+CD25- T cells into
FOXP3+ Treg [27]. studies using PP DCs from mice with-
out flt3-ligand treatment described that CD11c+CD11b+

cells [28] or IDO+ CD11c+ cells [29] from orally tolerized
mice can induce IL-10 producing CD4+CD25+ T cells.

Several mechanisms involved in Ag-induced oral toler-
ance occurring at the DC-T cell interface have been
described using gene-deficientmice, although none of these
mechanisms appears to be unique to PP DCs. The inhibi-
tory co-stimulatory molecules cytotoxic T lymphocyte anti-
gen 4 (CTLA-4) and ICOS seem to play distinct roles in
tolerance induction; namely, CTLA-4 is suggested to be
required in high-dose tolerance (anergy and deletion),



Table 1. Defined characteristics of intestinal DCs

Organ Phenotype Function Refs

PP CD11b+ CD11c+ cells Produce IL-6 and induce IgA secretion [97]

CD11b+ CD11c+ cells Produce high levels of IL-10 and low levels of IL-12, induce IL-4 and

IL-10-producing CD4 T cells

[37]

CD8a+ CD11c+ and CD11b� CD8a �CD11c+ cells Produce IL-12p70 [37]

CD11c+ cells Induce a4b7 and CCR9 expression on B and T cells via RA [80,81,98]

IDO+ CD11c+ cells (from orally tolerized mice) Induce CD4+CD25+Foxp3+ T cells [29]

CD11b+ CD11c+ cells (from orally tolerized mice) Generate CD4+CD25+ T cells [28]

pDC (B220+ Gr1+ CD11cint cells) Produce low levels of type I IFNs [26]

MLN CD103+ CD11c+ cells Promote the generation of Foxp3+ T cells via TGF-b and RA [78]

CD103+ CD11c+ cells Induce a4b7 and CCR9 expression on T cells [100,

101]

pDC (induced by Flt3L: CD8a+ B220+ CD11clo cells) Induce Tr1-like cells [25]

PDL2+ (CD8a�) CD11c+ cells Induce oral tolerance [32]

CD103+ CD11c+ cells (induced by cholera toxin) Promote Th2 skewing via OX40 [101]

CD11c+ cells Enhance TGF-b-dependent Foxp3+ T cell differentiation by RA [79]

CD103- CD11c+ cells Promote the differentiation of IFN-g-producing cells [99]

LP CD8a� CD11b- CD11c+ cells Produce IL-12p40 [102]

CD11b+ CD11c+ cells Induce IL-17 production by CD4 T cells [36]

CD11c+ cells (induced by Flt3L) Express significant levels of IL-10 mRNA and low levels of IL-12p40

mRNA

[103]

MHC class II+ CD103+/- CD11c+ cells Promote the generation of Foxp3+ T cells via TGF-b and RA [53]

avb8-expressing CD11c+ cells Induce Foxp3+ T cells [77]

iNOS+ CD11c+ cells Induce IgA production [104]

TLR5-expressing CD11c**hi** CD11b**hi** cells Induce IgA production [41]

Colon (human) TSLP-treated CD11c+ cells Induce Th2-type responses [105]
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whereas ICOS is important for low-dose oral tolerance,
suggesting the ICOS-ICOS-L system is related to generat-
ing IL-10 producing Tr1 cells [30,31]. Similar to the ICOS-
ICOS-l pathway, the PD-1-PD-L co-stimulatory pathway is
known to be involved in inhibitory mechanisms. Particu-
larly PD-L2 expressed exclusively on activated DC might
play a substantial role in tolerance induction [32,33].
CD40L�/� mice also fail to establish oral tolerance,
suggesting that CD40-CD40L interaction is required for
limiting immune responses or induction of regulatory cells
during the course of tolerance induction [34]. Ablation of
the CD11b molecule resulted in enhanced IL-6 production
by APCs and preferential differentiation of naı̈ve T cells
into Th17 cells, and consequently abrogated the develop-
ment of oral tolerance [35]. This could be related to the
finding that CD11b+ LP-macrophages limit Th17 cell
differentiation [36], or CD11b+ PP DCs induce IL-10 pro-
ducing T cells [37]. In terms of the cytokine milieu, IL-18
has also been shown to have a role in establishing oral
tolerance via its ability to enhance IL-10-production from
PP-CD11c+ cells and generation of Ag-specific suppressive
T cells [38]. Additionally, local IgG seems to be important
in both oral and nasal tolerance by limiting DC activation
via its interaction with the inhibitory Fc receptor
(FcgRIIB) [39]. The role of Toll-like receptor (TLR) ligation
on intestinal DC and modulation of gut immune responses
has begun to be intensively examined [40,41]. Further
studies on the specific tolerogenic mechanisms employed
by the various mucosal DC subsets are keenly awaited
(summarized in Table 1).

Role of TGF-b and IL-10 in the generation of regulatory
T cells in oral tolerance
Progress in the study of Foxp3+ Treg cells has accelerated
our understanding of the specialized microenvironment
necessary for the physiological maturation of different
subsets of regulatory T cells [6,42]. The immunosuppres-
sive cytokine TGF-b is abundantly expressed in the gut
and plays an important role in maintaining immune
homeostasis. TGF-b is produced by both stroma and T
cells in the gut. In addition to its immunosuppressive
properties, TGF-b is also a critical factor for IgA class
switching that helps generating the IgA-predominated
immunoglobulin milieu characteristic to the intestine
[43,44] (also see the article by Fagarasan and colleagues
in this issue). An intriguing connection between TGF-b and
Foxp3 has now been widely reported whereby TGF-b
signals induce Foxp3 expression in conventional T cells
(i.e. CD4+CD25–) and cause them to become regulatory in
nature [45–48]. In turn, Foxp3 downregulates the expres-
sion of Smad7 that blocks TGF-b signaling, thereby ren-
dering responding T cells more susceptible to TGF-b [49].
Because Foxp3 works as a negative regulator of IL-2
transcription [50,51], its expression limits T cell prolifer-
ation unless there is an exogenous source of IL-2. Not only
does TGF-b trigger Foxp3 expression, it also inhibits the
differentiation of Th1 and Th2 cells by blocking the expres-
sion of the lineage specific transcription factors T-bet and
GATA-3, respectively [52].

Cell transfer studies have revealed that the conversion
of conventional T cells into Foxp3+ Treg cells in the gut is
an efficient process, reflecting the TGF-b-rich milieu. Mice
orally tolerized to specific Ag show the highest numbers of
converted Foxp3+ T cells in PP, followed by LP, and finally
the MLN [53]. Thus, the intestinal microenvironment
seems to be essential for the extra-thymic generation of
Foxp3+ T cells and probably also the maintenance of their
Foxp3 expression levels (Figure 2). Although it is not yet
known if such a conversion system is involved in the de-
velopment and maintenance of Ag-specific oral tolerance,
one can see how it would be important for the maintenance
of intestinal immune homeostasis.
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Figure 2. A simplified scheme depicting the generation and functional maturation of intestinal effector cells including regulatory T cells. The intestinal cytokine milieu such

as IL-10, TGF-b, and/or RA modifies local DCs and T cells, resulting in the generation of regulatory T cells (Foxp3+, LAP+ and IL-10-producing cells). Ag-uptake via M cells in

the PP and possibly via villous M cells enables intestinal APCs such as DC (CD8a+, CD11b+), macrophages, and possibly B cells to present Ag to T cells in the GALT (PP, LP)

or the draining lymph nodes (i.e. the MLN). RA generated by DC in GALT and MLN enhances expression of Foxp3 in T cells, facilitates IgA class switching in B cells, and

imprints gut-homing ability to immune cells by inducing expression of the appropriate homing receptors (a4b7 and CCR9). TGF-b and IL-6 generate IL-17-producing Th17

cells. IL-23 promotes pathological features of this cell population, which can disturb intestinal homeostasis and cause inflammatory disorders. LP DCs load Ag and carry

them to MLN through a continuous steady-state cell trafficking and present Ag to T cells, whereas PP DCs migrate to MLN or interact with PP T cells in situ. Ag carriage to

MLN by LP DC is CCR7-dependent. Ag, antigen; DC, dendritic cell; Foxp3, forkhead box P3; LP, lamina propria; LAP, latency associated peptide; MLN, mesenteric lymph

nodes; PP, Peyer’s patch; RA, retinoic acid.
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The physiological role of TGF-b and induced Treg cells
(or iTreg) in oral tolerance was originally described by
Weiner et al. through the discovery of Ag-specific Th3 cells
[43]. Further studies revealed that cells bearing the mem-
brane-bound form of TGF-b (latency-associated peptide,
LAP), are potent regulatory T cells [54,55]. The existence of
these LAP+ regulatory T cell populations are described in
both CD25+CD4+ and CD25–CD4+ cells. The LAP+

CD4+CD25– cells exhibit a similar pattern of cytokine
secretion to Th3 cells, except that they also produce a
significant amount of IFN-g. The effector molecule for in
vivo suppression seems to be TGF-b, whereas IL-10 is
required at the early phase for these cells to function.
CD4+CD25+LAP+ cells show higher expression levels of
Foxp3 and more potent suppressive activity than
CD4+CD25+LAP- cells [56]. Maintenance of high levels of
expression of Foxp3 is dependent on TGF-b, and this in
turn ensures Foxp3 cells to be potent regulatory T cells
536
[57]. Since CD4+ cell-specific modification or ablation of
TGF-bRII causes a severe phenotype of colitis and organ
inflammation [58,59], the observation that high levels of
TGF-bRII is expressed preferentially on LAP+ T cells
(especially on CD4+CD25+LAP+ cells) is important,
although it needs be confirmed if the receptor signaling
is fully effective in creating an immunosuppressive micro-
environment for LAP+ and neighboring T cells [56].

Recently, TGF-b was also shown to play an important
role for the induction of IL-10 secreting regulatory cells, in
an IL-27 [60,61] or IL-6 [62]-dependent manner,
suggesting DCs that produce IL-27 or IL-6 have the ability
to induce IL-10-producing T cells (i.e. Tr1 cells, IL-10
producing Th1 and/or Th17 cells). IL-27 producing DCs
are generated by interaction with Foxp3+ cells, whereby
TGF-b augments such cellular communication [60].
Because both IL-27 and IL-6 are proinflammatory cyto-
kines mostly produced by innate immune cells including



Table 2. Ag-stimulated regulatory T cells observed in the intestine

Organ Phenotype Cytokine produced Refs

PP Ag-induced, CD4+, CD4+CD25+ TGF-b > IL-10 [1,10]

Ag-induced, CD4+, CD4+CD25+(Foxp3?) IL-10 > TGF-b [13,28]

Ag-induced, CD4+CD25+Foxp3+ IL-10 > TGF-b [23,29]

anti-TCR injecteda IL-10 (TGF-b?) [63]

Ag-inducedb, CD4+CD25+(Foxp3?), CD4+CD25-(Foxp3?) Not applicable [8]

Ag-inducedb, CD4+Foxp3+ Not applicable [53]

MLN Ag-induced, CD4+ TGF-b > IL-10 [1]

oral anti-TCR induced, LAP+CD25+ and LAP+CD25� TGF-b > IL-10 [107]

Ag-inducedc, CD4+Foxp3+ Not applicable [77]

Ag-inducedb, CD4+Foxp3+ Not applicable [53]

LPd Ag-inducedb, CD4+Foxp3+ Not applicable [53]

IEL Anti-TCR injecteda IL-10 (TGF-b?) [63]
aIL-10 reporter mouse model.
bTCR-transgenic cell transfer model.
cTCR-transgenic mouse model.
dResident regulatory T cells in LP bear anti-inflammatory property via IL-10, TGF-b and CTLA-4 [106].
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DCs andmacrophages upon TLR ligation, commensal flora
and food componentsmight greatly affect such an immuno-
logical feedback (repression) system in the GALT environ-
ment through induction of IL-27 and/or IL-6 production.
Indeed IL-10-producing T cells are highly abundant in the
intestine and most frequently observed in PP and intrae-
pithelial lymphocytes (IEL) in the small and large intestine
[63]. IL-10-producing T cells can be induced from both
Foxp3+ and Foxp3- T cells when IL-10 gene-sufficient T
cells are transferred into IL-10�/� mice, suggesting that
supply of IL-10 itself from other cells is not an essential
condition for the generation of Tr1 and other IL-10-produ-
cing T cells [64]. It was also shown that the IL-10-produ-
cing Foxp3+ cells are necessary to protect animals from
colitis [65]. Therefore, IL-10 can be induced in T cells
without IL-10 from other cell types and T cell-produced
IL-10 is important for the maintenance of immunological
homeostasis. However, the direct effect of exogenous IL-10
on the induction of Ag-specific Tr1 is also well established
[66]. The physiological role of IL-10 produced from T cells
and other cell types in the gut on the generation of intes-
tinal Foxp3+ and Foxp3- IL-10-producing cells needs to be
further elucidated. Table 2 summarizes the phenotypes
and cytokine production of Ag-induced (or TCR-stimu-
lated) intestinal regulatory T cells observed under homeo-
static conditions. Many of these studies suggest that IL-10-
producing T cells are physiological in PP whereas TGF-b-
producing T cells are more easily observed in MLN.

APC microenvironment in the GI tract
TGF-b does not just play an anti-inflammatory role. It is
now well described that TGF-b, in concert with proinflam-
matory cytokines (IL-1b, IL-6, IL-21, and/or IL-23),
induces Th17 cells, which express the transcription factor
ROR-gt and produce the inflammatory cytokines IL-17A,
IL-17F and IL-22 [67,68]. Th17 cells have been shown to
cause pathogenesis in experimental allergic encephalo-
myelitis and rheumatoid arthritis, as well as colitis. It
has been suggested that IL-21 and IL-23 stimulation of
Th17 cells expands these cells and elicits their effector
function to cause pathology in mouse models in vivo
[69,70]. Moreover, IL-23 is a key factor that breaks intes-
tinal homeostasis because this cytokine can alone control
regulatory T cell induction and overrides their immuno-
suppressive abilities [71]. It still needs to be confirmed
whether TGF-b plus IL-6 is a sufficient combination to
alone induce ‘IL-10-producing’ Th17 in the setting of the
gut. In relation to this question, one study showed using
IL-6�/�mice that IL-6 is essential in vivo to promote IL-17-
producing cells but not IL-10-producing ROR gt+ T(ab)
[72]. The combination of TGF-b and IL-6 inhibits the
generation of Foxp3+ cells [73] and in turn Foxp3 antagon-
izes ROR-gt function to inhibit Th17 cell differentiation
[74,75]. Therefore, to understand the functional matu-
ration of Foxp3+, LAP+ and IL-10-producing cells, and their
mutual relationship in vivo, it will be important to under-
stand how active TGF-b can be provided to T cells both
spatially and temporally. Further evidence for the role of
TGF-b comes frommice with a DC-specific ablation of b8 (a
component of the integrin avb8) that develop colitis and
autoimmunity [76]. Interestingly, the inflammatory phe-
notype of these mice resembles that of CD4-specific
depletion of TGF-bRII or TGF-b1. Integrin avb8 acts on
LAP to release the bioactive function of TGF-b; therefore
the interaction between DCs and LAP+ T-cells is of particu-
lar interest in the generation of regulatory T cells in the GI
tract. Other LAP-activating factors such as thrombospon-
din-1 and avb6 also exist, but their physiological roles in
the GI tract have yet to be demonstrated.

An intriguing role for specialized APCs in the GI tract
was recently demonstrated. The induction of Foxp3 in T
cells by TGF-b is enhanced in the presence of intestinal
DCs via RA [53,77–79]. Intestinal DCs express retinal
dehydrogenase that catalyses retinal to RA, which not only
affects the generation of Foxp3+ T cells but also induces the
expression of gut-homing receptors for T cells (a4b7 and
CCR9) [80], as well as supporting the mechanisms to
enrich IgA production in the gut microenvironment [81].
Thus several mechanisms such as generation of Foxp3+

cells, IgA production, and the tropism of gut lymphocytes
(T cells and B cells) are mobilized in a coordinated manner
by RA. These observations consolidate a central role of
intestinal DC in tuning the immunity of the gut. There are
several other subpopulations and distinct functions of
intestinal DCs, and they are summarized in Table 1
together with the DC subpopulations mentioned above.

Specialist macrophage-APCs in the GALT also show
related immunoregulatory activities. CD11b+CD11c- LP
537
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macrophages induce the generation of Foxp3+ T cells more
efficiently than DC populations in the presence of TGF-b
[36]. The ability of these LPmacrophages to induce Foxp3+

T cells is possibly associated with their ability to produce a
large amount of IL-10. This would have the effect of limit-
ing the local production of inflammatory cytokines such as
IL-6 and thereby enhance TGF-b’s ability to induce Foxp3
expression.

Conclusion: oral tolerance as an avenue leading to
intestinal and systemic homeostasis with Ag-specific
regulatory T cells
Induction of tolerogenic DCs and Treg does not result in
suppression of the total immune response. Rather, it can be
accomplished in such a way that immunological homeo-
stasis is stabilized, unwanted inflammation is reduced,
and the potential of immunological activities to focus on
harmful agents is increased (also see an analogous process
related to the eye in the article by Stein-Streilein). Physio-
logically, such dynamic modulation of immunological
activity and the abilities of GALT to achieve this are
introduced at birth by exposure to environmental micro-
organisms and especially by acquisition of commensal
microflora. Such early modulation of intestinal immunity
ensures efficient and specific immune quiescence to food
components (i.e. oral tolerance) and robust responses to
pathogens encountered via mucosal surfaces (i.e. protec-
tive immunity including IgA production). Establishment of
the two phases of oral tolerance (i.e. local and systemic) is
critical for effective immune homeostasis and necessary to
be maintained throughout life. When the body fails to
establish this intestinal immune homeostasis and periph-
eral immune response at the early life, it might not be able
to establish the systemic immune response in a sufficient
manner later in life. For instance, congenitally germ-free
animals not only fail to establish oral tolerance but also
show poor Ag-specific immune responses [82,83]. Sim-
ilarly, in humans the breakdown of either phase of oral
tolerance might result in intestinal inflammatory dis-
orders and/or food allergy in infancy, and consequently
more disseminated defects in immunological homeostasis
later in life. Therefore, it is essential for the body to
encounter commensal bacteria at an early stage of life to
achieve appropriate condition of the intestinal microenvir-
onment (also see the article by Nanno and colleagues in
this issue).

Co-opting the immune system towards avoiding
unwanted inflammation and stabilizing its homeostasis
is an ideal approach for the treatment of immune dys-
function. To this end, induction of Ag-specific tolerance is
an attractive solution whereby promising strategies for
induction of Ag-specific regulatory T cells might include
usage of soluble peptides, tolerogenic adjuvants and/or
cytokines, as well as direct application of Ag via the
mucosal route [84–96].
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