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Abstract. Regulated mechanisms sustain the ability of
the gut immune system to discriminate harmless food
antigens (Ag) and commensal bacteria from pathogenic
microorganisms, resulting in tolerance versus protective
immunity, respectively. Antigens of the gut commensals
are not simply ignored, but rather trigger an active im-
munosuppressive process, more commonly known as oral
tolerance, which prevents the outcome of immunopathol-
ogy. Both intrinsic properties of the gut microenviron-

ment and cellular actors, as well as peripheral events
induced by systemic dissemination of oral Ag, promote
the induction of regulatory mechanisms that ensure main-
tenance of gut homeostasis. The aim of this review is
to provide a synthetic update on the mechanisms of oral
tolerance, with particular emphasis on the complex inter-
play between regulatory CD4* T cells, dendritic cells and
the gut microenvironment.
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Introduction

The intestinal epithelium represents the largest surface of
the body in contact with the external milieu and through-
out life faces tremendous amounts of exogenous antigens
(Ags) that are either resident or ingested. Mounting
protective immune responses against harmful intestinal
pathogens while preventing excessive responses to harm-
less intestinal Ags is the difficult task achieved by the
intestinal immune system to maintain homeostasis (a dis-
ease-free state). Oral tolerance has long been recognized
as a physiological mechanism of immune unresponsive-
ness to dietary Ags and indigenous bacterial Ags, that
maintains tissue integrity by preventing harmful delayed-
type hypersensitivity responses in the intestine. Indeed,
various experimental settings in rodents have demon-
strated that Ag encounters in the intestine trigger an
active inhibitory process prevents the onset of both CD4*
and CD8' T cell-mediated Ag-specific immune responses
upon subsequent systemic immunization with the same
Ag [1]. Perturbations of this process, i.e. oral tolerance
breakdown, can lead to inflammatory pathologies exem-
plified in humans by celiac and Crohn’s diseases, which
result from excessive immune responses to wheat gluten
and indigenous flora, respectively [2].

* Corresponding author.

The physiological response to intestinal Ag is most often
characterized by immunoglobulin A (IgA) production [3]
and induction of T cells producing interleukin 4 (IL-4),
IL-10 and transforming growth factor 8 (TGF-), rather
than interferon y (IFNy) [4]. Both local events in the
gut-associated lymphoid tissues (GALT) and peripheral
events account for the induction of hyporesponsiveness
after oral Ag encounters [1]. This review will focus on the
various mechanisms involved in oral tolerance, with a
special emphasis on the complex interplay between the
gut microenvironment, regulatory T cells (T,) and den-
dritic cells (DCs).

Antigen penetration and presentation in the intestine

Constitutive sites of Ag penetration

The gut is chronically exposed to a tremendous amount
of dietary and environmental Ags. How and where lumi-
nal Ags come into contact with immunocompetent cells is
most likely instrumental in dictating the type of response
generated following Ag penetration through the gut. Ag
sampling can occur both in Peyer’s patches (PPs) and
through the villus epithelium of the mucosa. PPs, which
are present along the small intestine, contain lymphoid
aggregates separated from the lumen by a monostratified
epithelium called follicle-associated epithelium (FAE) and
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a subepithelial dome (SED) containing numerous DCs.
The FAE is characterized by the presence of microfold
(M) cells specialized in the capture and translocation of
microorganisms and particulate Ags from the lumen to
the underlying SED, where they can be captured and pro-
cessed by Ag-presenting cells (APCs), such as DCs, and
subsequently presented locally in the T cell-rich area and/
or in the mesenteric lymph nodes (MLNSs). Ag penetration
through M cells and subsequent cellular activation in PPs
are thought to be instrumental in initiating immune re-
sponses to intestinal Ag, should they result in immunity or
tolerance. However, whether PPs represent the site of oral
tolerance induction is still debated. Studies using PP-defi-
cient mice, obtained by treatment with LTSR-Ig fusion
protein, indicated that oral tolerance to proteins, but not
haptens, required M cells and PPs [5], whereas others re-
ported normal oral tolerance induction [6]. B cell-deficient
mice that harbor rudimentary PPs [7] and rats in which PPs
were surgically removed [8] are fully susceptible to oral
tolerance induction. Treatment of pregnant mice with
LT BR-Ig either alone or combined with tumor necrosis fac-
tor receptor I (TNFRI)-Ig, which abrogates the formation
of PPs or PPs and MLNG, respectively, argues for a domi-
nant role of MLNS in oral tolerance induction [9]. Finally,
following oral Ag delivery, neither peptide presentation nor
initial T cell activation was affected in PP-deficient mice
[10]. It is more likely that the small intestinal mucosa rep-
resent the major site of oral tolerance induction.

Intestinal epithelial cells and oral tolerance

Mucosal villi represent 99% of the small intestine and are
covered by a simple columnar epithelium [i.e. enterocytes
or intestinal epithelial cells (IECs)] specialized in absorp-
tion of dietary proteins. IECs are capable of translocating
Ags in native or partially degraded forms (see [11] for re-
view) and represent the major site of entry of luminal Ags.
IECs can capture and process apical Ag both in vitro [12]
and in vivo [13], suggesting that IECs might serve as
APCs for surrounding T cells, e.g. intraepithelial lym-
phocytes and lamina propria CD4" and CD8" T cells.
Several observations indicate that IECs are nonconven-
tional APCs that may play a tolerogenic role in vivo. IECs
harbor major histocompatibility complex (MHC) class I
and class II molecules but express few co-stimulatory
molecules [14], suggesting that anergy rather than suc-
cessful T cell activation may result from IEC/T cell inter-
actions. Isolated IECs lack invariant chain expression and
express surface MHC class II molecules with an atypical
conformation [15]. Furthermore, while able to present su-
perantigen, IECs appear inefficient in presenting nominal
Ag to specific MHC-class-II-restricted T cell hybridoma
and in stimulating allogeneic T cells. Whether IECs pre-
sent a particular set of peptides associated with their atyp-
ical MHC class-II molecules or whether lack of an invari-
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ant chain hampers loading of self or exogenous class II
peptides is still not clear [11, 15]. In agreement with their
poor CD4* T cell stimulatory ability, IECs were reported
to preferentially expand CD8" T cells [14] with some
evidence of suppressive function in vitro [16]. Therefore,
IECs might contribute to intestinal tolerance by main-
taining the survival and/or function of regulatory T cells
in the lamina propria. That the lamina propria essentially
contains effector/activated and memory T cells but few
naive T cells would suggest a rather limited role of IECs
acting as APCs in the inductive phase of oral tolerance.
Nevertheless, IECs can suppress already primed CD4*
[17] and CD8* T cells [18] in in vitro co-culture experi-
ments, suggesting that they might locally control effector
cells and tissue damage. In particular, we have shown that
IECs isolated from hapten-fed mice mediate bystander
suppression of hapten-specific CD8" T cell effectors
through the release of IL-10 and TGF-[18].

Besides cognate interaction with Ag-specific T cells,
IECs can affect the immune response to intestinal Ag in
several other ways. They can translocate native luminal
Ag into the basolateral compartment in the form of apop-
totic bodies [19] or exosomes [20] that professional APCs
near the epithelium might present as tolerogenic material
at a distance from the mucosal surfaces. IECs also pro-
duce numerous cytokines and chemokines that could play
a role in the type of immune response generated against
luminal Ag, such as recruiting certain APCs and modu-
lating their function. Toll-like receptor (TLR)-mediated
activation of IECs by pathogens stimulates the production
of DC-attracting chemokines, typified by CCL20 [21],
and inflammatory cytokines that can recruit and activate
DC:s for efficient T cell priming. Importantly, commensal
bacteria suppress production of proinflammatory media-
tors by IECs by limiting nuclear factor-kappaB (NF-xB)
activation [22, 23], demonstrating that IECs can adapt
their function to the gut luminal content. Thus, IECs,
which are the first cells in contact with fed Ags, likely
sense Ags from the gut lumen and transmit appropriate
signals to the immune system. In the case of innocuous
Ags, part of the tolerogenic signals might include IL-10
and TGF-f, whose production is enhanced following Ag
feeding [24]. These immunosuppressive cytokines, to-
gether with prostaglandin E2 produced by mesenchymal
cells and macrophages, might condition surrounding DCs
to induce T helper 2 (Th2) and/or T, differentiation [25]
and thus favor induction or maintenance of oral tolerance.

Ag spreading and systemic tolerance

One important consideration that may explain the efficacy
of systemic tolerance to fed proteins is that fed Ags can be
captured by APCs both in the GALT and systemic lym-
phoid organs. DCs, which are numerous both in the subep-
ithelial dome of PPs and in the lamina propria of the in-
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testine, are the most likely candidates for capture of fed
Ags after translocation through the epithelium. In addi-
tion, lamina propria DCs can directly sample luminal Ags
by extending their dendrites between IECs [26, 27]. DCs
can present the Ags to T cells locally or after migration via
efferent lymphatics to MLNs. Liu and MacPherson
showed that intestinal DCs acquire orally delivered Ags
and migrate through the mesenteric lymph to draining
MLNSs [28]. In addition to cell- or exosome-mediated Ag
transport, free Ags can circulate via the bloodstream and
rapidly spread to systemic lymphoid organs [29]. How-
ever, the contribution of free versus cell-transported Ags
depends on the dose and type of Ag, and their significance
in oral tolerance is unclear. Most studies aimed at tracking
fed Ags and defining the fate of Ag-specific T cells have
identified PPs and MLNs as major sites of Ag presenta-
tion and T cell activation [10, 30-33]. However, fed Ags
have also been detected in APCs from the spleen and pe-
ripheral lymph nodes [34, 35] and induce activation of
CD4" T cells as early as 3—6 h post-feeding [34, 36], sup-
porting the conclusion that oral feeding results in con-
comitant Ags presentation in the GALT and peripheral
lymphoid organs. Presentation of fed Ags in specific pe-
ripheral tissues might also contribute to oral tolerance. In
particular, the liver collects large number of Ags from the
intestine through portal veins, and fed Ags (i.e. haptens)
have been detected near portal veins, in bile ducts and in
sinusoidal cells [37]. Presentation of fed Ags to T cells is
more efficient and long-lasting in MLNs than in periph-
eral lymphoid organs [10, 32, 34, 36]. Along these lines,
fed hapten can be detected in MLNs for at least 24 h,
whereas it rapidly disappears from the spleen and liver
[37]. It is thus likely that the functional consequences of T
cell stimulation are different in MLNs, which collect fed
Ags, either free or loaded on migrating intestinal APC,
and in peripheral LNs, which receive only circulating
Ags. The nature of the bone marrow-derived APCs [32]
responsible for presentation of fed Ags in MLNs remains
largely unknown but may include myeloid DCs [35].

Various mechanisms contribute to oral tolerance

Two mechanisms, differing in sensitivity to cyclophos-
phamide (CPA) treatment, contribute to oral tolerance in-
duction [38]. Tolerance induced by feeding low doses of
Ag favors active immune suppression and is mediated
by CPA-sensitive T, that can transfer tolerance to naive
hosts, whereas tolerance after feeding high Ag doses is in-
sensitive to CPA treatment and proceeds through induction
of T cell hyporesponsiveness via anergy and/or deletion of
Ag-specific T cells [39].

Clonal deletion by apoptosis has been demonstrated in
CD4" T lymphocytes of T cell receptor (TCR) transgenic
mice using various model Ags, including ovalbumin (OVA)
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[40], myelin basic protein (MBP) [33] and cytochrome
C [34]. In conditions that promote systemic spreading of
fed Ags (i.e. after feeding either a single high dose of Ag
[33, 40] or multiple low doses [34]), T cell apoptosis pref-
erentially occurs in systemic lymphoid organs and proba-
bly also in the thymus [41]. Deletion of Ag-specific T
cells is preceded by rapid activation [34] and transient
downregulation of TCRs and anergy [33] and associated
with upregulation of the active form of caspase 3 [42].
The deletion mechanisms of Ag-specific T cells and their
contribution in oral tolerance in conventional animals
harboring physiological numbers of Ag-specific T cells
remains to be determined.

Although deletion might contribute to oral tolerance in cer-
tain situations, other mechanisms, such as clonal anergy or
active suppression, are necessary to maintain efficient tol-
erance, since the thymus continuously releases naive lym-
phocytes that could be activated after feeding. That clonal
anergy participates in oral tolerance was first suggested in
MBP-fed rats [43] and then demonstrated in OVA-fed mice
in which Ag-specific T cell hyporesponsiveness could
be reverted in vitro by exogenous IL-2 [44, 45]. Adoptive
transfer of limited numbers of TCR transgenic T cells into
normal mice further revealed that Ag-specific cells can
persist after oral feeding but remain hyporesponsive after
in vitro or in vivo re-stimulation with the same Ag [46]. In-
duction of anergy or T cell-mediated suppression following
oral Ag delivery seems to depend on the Ag dose and feed-
ing regimen [39], but based on the fact that anergic cells
have been found to exert some level of suppression [47],
the two mechanisms might be interrelated.

Active suppression has been demonstrated in various
model of oral tolerance by the ability of T cells from var-
ious lymphoid organs of fed donors to transfer tolerance
to naive recipients. Although initial studies indicated a
role for CD8" T cells [48] and yS T cells [49], there is now
compelling evidence that CD4" regulatory T cells are of
paramount importance for orally induced tolerance. In
particular, oral tolerance of B cell- or CD8* T cell-medi-
ated responses cannot be induced in CD4"* T cell-deficient
mice [50-53]. Moreover, the observation that a single oral
administration of hapten in mice depleted of CD4" T cells
or in MHC class-II-deficient mice induces oral priming
of functional CD8" cytotoxic T cells but not tolerance
[52] strongly argues for a pivotal role of regulatory CD4*
T cells in driving the decision process between immunity
and tolerance following Ag penetration through the gut.

CD4" regulatory T cells

Dedicated subsets of CD4* T cells involved

in oral tolerance?

Studies in the experimental autoimmune encephalomye-
litis (EAE) model in both rats and mice have indicated
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that feeding autoantigens generate CD4* T, cells named
Th3 that transfer suppression in vivo and protect animals
from EAE through TGF-f production [54, 55]. Th3 cells
can be cloned from PPs and MLNs as soon as 48 h after
feeding low doses of Ag and produce TGF-f in associa-
tion with a low to moderate amount of IL-4 and IL-10
[4]. The mucosal Th3 cells inhibit differentiation of au-
toimmune effector cells through TGF-B-mediated by-
stander suppression and likely favor mucosal IgA class
switching [56].

More recently, CD4*CD25" T cells were also proposed
to play a role in oral tolerance induction. These naturally
occurring T, cells, which represent 5-10% of peripheral
CD4" T cells, are involved in protection from autoim-
mune diseases, colitis and allograft rejection [57]. Differ-
entiation of CD4"CD25" T, critically depends on the
transcription factor Foxp3 [58]. Induction of tolerance
through the oral route in CD4* OVA-specific TCR trans-
genic mice was found to increase the number and sup-
pressive function of CD4*CD25" T cells [59, 60]. These
CD47CD25" T, rapidly divided preferentially in gut
lymphoid tissues and could transfer tolerance when iso-
lated from MLNs, but not spleen, 48 h after feeding
Ag [61]. Our own results, in a pathophysiological model
of skin inflammation mediated by hapten-specific CD8*
T cells [53, 62], further demonstrated that constitutive
CD47CD25" T, are instrumental for induction of oral
tolerance in normal mice [63]. We showed that depletion
of CD25" cells by antibody treatment impaired oral toler-
ance, since hapten feeding was unable to prevent the hap-
ten-specific CD8 response. Moreover, adoptive transfer of
naive CD4*CD25" T cells from normal mice fully restored
susceptibility to oral tolerance in invariant chain-deficient
mice (which have a dramatic CD4" T cell deficiency). In
this model we further showed that hapten feeding enhanced
the suppressive function of CD4*CD25* T cells, allowing
them to prevent the priming of specific CD8" effector cells
upon skin sensitization with the hapten. A recent report in-
dicates that CD4*CD25" T cells might also be involved in
oral tolerance in humans [64]. Cow’s milk allergy in chil-
dren is a disease of rather short duration that can disappear
after a period of a milk-free diet. Allergic children who be-
came tolerant to cow’s milk displayed increased frequency
of blood CD4°CD25" T cells that were able to inhibit
the proliferation of peripheral blood mononuclear cells
stimulated with S-lactoglobulin, suggesting that milk re-
introduction had activated CD4"CD25" T, Therefore,
CD4'CD25* T cells capable of silencing inflammatory
effector T cells can be activated in the human gut mucosa.
Because oral feeding enhances TGF-B production by
CD4*CD25" T cells [59], it is unclear at present whether
CD4'CD25" T, depend on TGF-p for their regulatory
functions [65] and differ from Th3 T, cells.

The third major subset of CD4" T, is composed of Trl
cells that can be induced in vitro by repetitive stimulation
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in the presence of IL-10 or immature DCs [66, 67]. Trl
cells often express CD25 and have comparable regulatory
functions to natural CD4*CD25" T, but they are most
likely distinct from the latter subset since they do not ex-
press Foxp3 [68]. Trl cells display a low proliferative po-
tential, produce high levels of IL-10 as well as low to
moderate amounts of TGF-f and can suppress the prolif-
eration and differentiation of most T cell subsets in an
IL-10-dependent fashion. Their implication in oral toler-
ance induction has not been formally demonstrated, al-
though mucosal (nasal) Ag delivery was shown to generate
Tr1 cells able to prevent airway hyper-reactivity by a mech-
anism dependent on IL-10 and inducible costimulator
(ICOS)-ICOS-ligand (L) interactions [69]. In addition,
CD4" T cells from the intestinal lamina propria exhibit
characteristics of Trl cells [70]. This, together with the
fact that activation of adoptively transferred Tr1 cells by
Ag feeding was found to prevent colitis in severe com-
bined immunodeficiency (SCID) mice reconstituted with
CD4"CD45RB"e" cells [66], suggests that Trl induced by
the mucosal route might contribute to gut homeostasis
and maintenance of tolerance.

The gut microenvironment favors induction of T

The GALT, particularly MLNs and PPs, provides a unique
microenvironment prone to T, cell differentiation. This
microenvironment is characterized by the presence of im-
munomodulatory factors and cytokines, a constant expo-
sure to commensal flora and, as will be discussed later,
DC subsets with particular functional properties.

The presence of cytokines during in vitro T cell activation
and in the lymphoid tissue microenvironment in vivo, can
induce functional polarization of T cells [71]. Modulation
of the gut cytokine milieu profoundly affects the nature of
T cell response to fed Ag. Indeed, while intestinal delivery
of IL-18, IL-12 [72] or IL-1 [73] abrogates oral tolerance,
mucosal delivery of IL-4, TGF-B[74], IL-10 or anti-1L-12
[75] favors hyporesponsiveness. At homeostasis, the PP
microenvironment renders naive T cells hyporesponsive
to several stimuli [76] and favors Th2/T,,, differentiation
[77, 78]. This might be at least partly mediated by gut
immunosuppressive cytokines such as IL-10 and TGF-8
[24]. IL-10 is a critical cytokine that drives T cell differen-
tiation toward Tr1 cells [66] and conditions DCs to induce
anergic T cells endowed with immunosuppressive proper-
ties [79]. IL-10 also contributes to CD4"CD25" T, induc-
tion, as their number increases dramatically after systemic
overexpression of 1L-10 [80]. TGF-f stimulates Th3 cell
differentiation [81] and was recently found to convert
naive peripheral CD4*CD25- cells into CD4*CD25" regu-
latory cells through induction of Foxp3 [82, 83]. A combi-
nation of IL-10 and TGF-f also induces conventional
CD4" T cells to acquire regulatory functions [84].
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The prominent feature of the gut microenvironment is
the constant contact with the commensal flora, which
participates in the differentiation of the mucosal immune
system. It may be postulated that bacterial components
translocating through the epithelium may exert immuno-
modulatory effects that could contribute to induction of
oral tolerance. Indeed, axenic mice and C3H/HelJ mice,
which are unable to respond to lipopolysaccharide (LPS)
due to a TLR4 mutation, were reported to be refractory to
tolerance induction after feeding sheep red blood cells
(SRBC) [85-87], and oral tolerance to OVA was either in-
complete [88] or of shorter duration [89]. This deficient
oral tolerance to SRBC in LPS hyporesponsive animals
correlated with failure to generate suppressor cells [85,
87]. That oral tolerance could be restored in germ-free
mice after reconstitution of the intestinal flora with Bifido-
bacterium infantis [88] or oral treatment with LPS from
Escherichia coli [86] suggests that both Gram-positive
and Gram-negative commensal bacteria contribute to oral
tolerance induction. In addition, oral LPS delivery at the
time of MBP feeding was found to ameliorate protection
from EAE [90].

The mechanisms by which commensal bacteria exert
their immunomodulatory functions are still not clear. As
discussed earlier, commensal bacteria can interact with
IECs through their apical pole and modulate their func-
tions. Intact bacteria and bacterial compounds such as
LPS [91] can translocate through IECs and might thus
directly affect the key actors of oral tolerance, e.g. DCs
and CD4" T cells. Feeding noncommensal bacteria, in the
form of probiotics, has yielded promising results in the
treatment of inflammatory diseases [92], and we recently
documented that Lactobacilli can reduce skin inflamma-
tion in mice by reducing priming of Ag-specific CD8" T
cells [93]. There is some evidence that the beneficial
effect of probiotics might be mediated through induction
or activation of CD4" regulatory cells [93] and is associ-
ated with enhanced IL-10 production by CD4*CD25* T
cells [D. Kaiserlian, unpublished data]. Recent studies in-
dicated that CD4" T cells, and T, in particular, can de-
tect and respond to conserved components of bacteria
[94]. Indeed, CD4"CD25" T, express most members of
the TLR family, and TLR4 activation by LPS elicits their
proliferation, enhances their survival and promotes their
suppressive functions even in the absence of APCs [95].
Another study also suggests that TLR2 signaling might
contribute to CD4*CD25" homeostasis [96]. Effects of
commensal bacteria on APCs, including DCs, might also
indirectly affect T, survival and functions. In particular,
Lactobacilli have been shown to differentially modulate
the maturation and cytokine production of DCs depend-
ing on species, with some being able to inhibit pro-Thl
cytokine production while maintaining IL-10 secretion, a
cytokine milieu that favors T, differentiation [97]. In
addition, a strain of Lactobacillus paracasei was found
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to induce CD4" T cells to differentiate into IL-10 and
TGF-B-producing cells with low proliferating potential
[98], reminiscent of previously described regulatory cells
involved in oral tolerance. Much has to be learned about
how indigenous nonpathogenic bacteria contribute to gut
homeostasis, and understanding their interaction with
regulatory circuits would allow their use as adjuvants to
induce or maintain tolerance.

Mechanisms of suppression by T,

Orally induced T, are characterized by their ability to
exert bystander suppression, e.g. once properly activated,
they can suppress effector function of Ag-specific sur-
rounding T cells [54]. Adoptive transfer studies revealed
that the suppressive function of Th3 and Trl T, es-
sentially depends on TGF-f and IL-10. In contrast, the
mechanisms by which CD4*CD25* T, achieve their sup-
pressive functions remains unclear. In vitro, CD4*CD25*
T, Tequire essentially cell surface molecules [57] includ-
ing membrane-bound TGF- [65], whereas in vivo their
protective effect is often mediated by IL-10 and TGF-g
[99-102]. Whether IL-10 and TGFf contribute to the
suppressive role of CD4" T, remains unclear at present.
Indeed, oral tolerance to OVA can be induced both in anti-
IL-10-treated mice [103] and in TGF-p1-deficient mice
[104]. In a model of uveitis, neutralizing anti-TGF-$
monoclonal antibodies (mAbs) did not affect the outcome
of oral tolerance, and IL-10 did not contribute to Ag-spe-
cific T cell anergy but was mandatory to prevent disease
[105]. Likewise, our data in the model of contact sensi-
tivity to hapten demonstrate that IL-10 is instrumental for
orally induced prevention of skin inflammation, since
oral tolerance was impaired both in IL-10~- mice and in
mice treated with neutralizing anti-IL-10 R mAbs [B.
Dubois and D. Kaiserlian, unpublished data]. However,
IL-10 produced by natural CD4*CD25* T cells is not re-
sponsible for their suppressive effect on hapten-specific
CDS8" T cell response [63], indicating that IL-10 produced
by other cell types, possibly mucosal mesenchymal or
epithelial cells, might contribute to oral tolerance. This is
reminiscent of another study showing that IL-10 produc-
tion by Ag-specific cells is dispensable for oral tolerance
induction [106]. However, this does not exclude IL-10 as
being instrumental in T, induction and/or T, .-mediated
suppression. Indeed, Fuss et al. showed that protection
from experimental trinitrobenzene sulfonic acid (TNBS)
colitis induced by feeding haptenated colonic protein is
mediated by TGF-g-producing (Th3) cells and IL-10,
which favor T, expansion and enhance their suppressive
function [107], likely by maintaining TGF-f responsive-
ness on Thl target cells [108]. More recently, using a
system of TGF- production regulated by doxycycline, it
was further shown that TGF-f producing cells induce
IL-10 production [109], suggesting that both cytokines
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may act in a coordinated fashion to induce or maintain
tolerance.

One mechanism that likely accounts for T, efficiency
during oral tolerance is their ability to convey their sup-
pressive activity to the T cells they suppress, a process
know as infectious tolerance. Thus, CD4"CD25" T, in-
duce anergy of co-cultured CD4* conventional T cells and
confer to them a suppressive ability mediated in part by
IL-10 and TGF-B[110, 111]. Several findings support the
view that APCs might be instrumental in these regulatory
amplification loops. In a model of oral tolerance to
nickel, T, and also spleen APCs, can transfer tolerance
to naive recipients and spread their suppressive ability to
the other cell type following immunization [112]. In a
diabetes model, orally induced insulin-specific T, can
suppress auto-reactive destructive T cells of a different
Ag specificity, likely via a cytokine-mediated modulation
of APCs [113]. A recent study by Matzinger et al. demon-
strates that DCs act as messengers to convey tolerance
from orally induced T, to naive CD4" T cells [114]. The
relay of information requires that the same DCs interacts
sequentially with two types of T cells. This education of
DC is dependent on IL-4, IL-10 and cell-cell contacts and
is favored when CD40 signaling on DCs is low or absent.

DCs and oral tolerance induction

That DCs are involved in both induction of immunity and
control of peripheral tolerance is now clearly established
in several models. The role played by mucosal DCs in the
regulation of adaptive immunity is the subject of a review
in this issue, and we will thus concentrate only on the
most silent points regarding their role in oral tolerance.
The first experimental evidence that DCs are involved in
oral tolerance was provided by Viney et al. who demon-
strated that FIt3L-driven enhancement of DC numbers
resulted in increased oral tolerance, especially with low
doses of fed Ag [115]. In addition, DCs recovered from
the MLNs of orally tolerized mice were able to induce in
vitro differentiation of T cells into cells producing IL-4,
IL-10 and TGF-B[7, 116], a cytokine profile reminiscent
of Th2/Th3/Trl cells that differentiate in the GALT of
tolerant mice.

Tolerogenic DCs of the GALT

Phenotypic characterization of DCs has revealed a high
number of different subsets in lymphoid organs that may
perform specialized functions. The GALT does not escape
this rule, and both MLNs and PPs contain at least four
populations of DCs, including CD11chehCD11b*CD8a
myeloid DCs, CD11c"¢"CD11b- CD8a* DCs, CD11chieh-
CD11b CD8a DCs and CD11cvLy6C"B220* plasma-
cytoid DC [117-121]. To date, analysis of DC subsets
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failed to identify a particular lineage unique to — or at least
hyper-represented in — the GALT that may account for the
propensity of these intestinal tissues to generate tolero-
genic responses. However, with regard to their tolerogenic
potential, two populations of DCs have recently gained at-
tention. Although present in all lymphoid organs, myeloid
DCs from PPs have the unique ability to produce high
levels of IL-10 in response to CD40 ligation, a property
that gives them the ability to induce differentiation of
Trl-like cells in vitro [118, 122]. That intestinal DCs
might be predisposed to IL-10 production was confirmed
by the finding that RANK stimulation induced PP DCs to
produce IL-10, whereas spleen DCs essentially produced
IL-12 [123]. Interestingly, treatment with RANK-L in
vivo at the time of Ag feeding resulted in enhanced in-
duction of T cell hyporesponsiveness, suggesting that
activation of GALT DCs to produce IL-10 might con-
tribute to oral tolerance [123]. Similarly, Wakkach et al.
described a population of IL-10-producing CDI11c'v-
CD45RB*B220- DCs characterized by an immature-like
phenotype and the ability to induce T, in vitro and in
vivo [124]. The finding that IL-10 is a key factor in the
differentiation of these tolerogenic DCs in vitro and in
vivo suggests that this DC subset might be enriched in the
GALT.

The GALT hosts a population of plasmacytoid DCs
(pDCs) that have tolerogenic potential. In the mouse,
pDCs are defined as CD11c¢*B220°Ly6C" and are the
main producers of type I IFN in response to virus [125].
One striking feature of these DCs is their extraordinary
functional plasticity; they can induce differentiation of
Thl and cytotoxic CD8" T lymphocytes cells when in-
fected by virus or stimulated via TLR9 and differentiation
Th2 cells when stimulated with IL-3 and/or CD40L [126,
127]. Recent findings also indicate that pDCs can induce
differentiation of IL-10-producing T, in both human
[128] and mouse [121, 129]. That pDCs from MLNs are
far more efficient than spleen pDCs in supporting Tr1-
like cell differentiation from naive CD4" T cells [121]
suggests their potential contribution in oral tolerance in-
duction. In the steady state, pDCs display a low T cell
stimulatory potential that can result in anergy [130]. These
tolerogenic functions of pDCs might be linked to their
ability to produce a-IFN and IL-10. In addition, pDCs ex-
press a high amount of indoleamine 2,3-dioxygenase
(IDO) [131, 132], a tryptophan-catabolizing enzyme that
has been proposed to contribute to several forms of toler-
ance [133]. In particular, IDO activity induces tryptophan
deprivation that results in suppression of T cell prolifera-
tion and generates kynurenines that can induce apoptosis
through processes mediated by oxygen-free radicals
[134]. It is interesting to note that IL-10 and TGF-8, two
characteristic cytokines of the gut microenvironment,
have been demonstrated to favor stable IDO expression in
DCs [135]. Thus, pDCs display intrinsically all the func-
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tional characteristics needed to induce T cell tolerance to
ingested Ag and could be involved in several mechanisms
that sustain oral tolerance.

A role for the liver DCs?

The liver is believed to play a critical role in peripheral
tolerance induction, as evidenced in clinical transplanta-
tion and many experimental systems [136]. The mecha-
nisms underlying immunological tolerance in the liver
may involve hepatocytes and sinusoidal endothelial cells,
which have been demonstrated to tolerize CD8" T cells
[136]. In addition to the fact that Ag injection in the por-
tal vein results in a state of T cell hyporesponsiveness
comparable to that induced by Ag feeding, a porto-caval
shunt in rats and dogs provided some direct evidence of
the critical role of the liver in oral tolerance induction to
haptens and proteins [137, 138]. In addition, oral admin-
istration of Ag was found to result in massive apoptosis of
Ag-specific CD4" T cells in the liver and the emergence
of T, producing IL-4, IL-10 and TGF-B[139]. The find-
ing that hepatic CD11c" cells that have captured ingested
Ag can induce T cell apoptosis and Th2/T,,,, differentia-
tion both in vitro and upon adoptive transfer suggests a
critical role of liver DCs in oral tolerance induction [140].
At least four DC subsets were recently identified within
the liver, including myeloid CD11c"CD8a DCs and
CDI11c*CD8a* lymphoid DCs that displayed potent T
cell stimulatory abilities similar to their splenic counter-
parts [141]. Strikingly, the liver also contains a high pro-
portion of CD11¢*¥NK1.1* DCs, accounting for 40-50%
of the total liver DCs [142] [A. Goubier and D. Kaiserlian
unpublished observations], that have been shown to dis-
play a regulatory potential in a diabetes model [143]. The
last population is composed of CD11c¥B220* pDCs,
which are over-represented compared with their number
in other lymphoid organs and which display poor T cell
stimulatory ability [141, 142]. Confirming their poor im-
munogenic potential [141], we recently demonstrated that
liver CD11c* DCs cannot prime hapten-specific CD8*
cytotoxic T cells upon adoptive transfer, but instead could
tolerize mice to subsequent skin sensitization. This latter
suppressive property is confined to pDCs and their in
vivo depletion using anti-Grl mAb abrogated oral toler-
ance [A. Goubier and D. Kaiserlian, unpublished obser-
vations]. We therefore propose that liver pDCs, which
likely encounter ingested Ags, might play a critical role in
the induction of T cell hyporesponsiveness during oral
tolerance induction.

Conclusions and perspectives

The efficiency of the oral route to induce tolerance in
experimental models of autoimmune and inflammatory

Mechanisms of tolerance induction through the gut mucosa

diseases has prompted the design of numerous clinical
trials, which unfortunately have led to variable results and
sometimes even adverse effects (see [144]). The major
pitfalls in these approaches are (i) that the nature of the Ag
responsible for the disease is not precisely defined in most
instances and (ii) that optimal regimen and antigen dose is
most often empirically determined. Progress in under-
standing the mechanisms of oral tolerance and, in particu-
lar, the role of the naturally occurring subset of regulatory
CD4'CD25* T cells may by-pass the need to design anti-
gen-specific approaches. In this respect, recent advances
in the regulatory/tolerogenic function of commensal bac-
teria and the potential of selected probiotics to alleviate
allergic and inflammatory diseases, possibly by acting as
selective adjuvants for regulatory T cells, may open new
therapeutic avenues for inducing oral tolerance.
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