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 THE NEED FOR PERIPHERAL TOLERANCE TO ANTIGEN IN 
THE INTESTINE 
 During lymphocyte differentiation, a virtually unlimited reper-

toire of B- and T-cell receptors is generated to recognize all kinds 

of different antigens. As a result, a large number of developing 

lymphocytes will have receptors that can react to self-antigens, as 

well as innocuous foreign antigens such as food and commensal 

bacteria. Deleterious immune responses against self-antigens 

are normally prevented by the process of negative selection 

or central tolerance, in which developing T and B cells in the 

thymus and bone marrow are eliminated from the repertoire. 

Additionally, some T cells recognizing self-antigen with high 

affinity will express the transcription factor Foxp3 (forkhead 

box P3) and become natural regulatory T cells (nTregs). Both 

central tolerance of T cells and nTreg differentiation require the 

interaction of the T-cell receptor with its cognate antigen in the 

thymus. Consequently, both of these mechanisms are unsuited 

for preventing responses against antigens such as those coming 

from the intestine and that are not present or expressed at the 

sites of lymphocyte differentiation. Thus, additional layers of 

peripheral tolerance are needed to ensure tolerance to antigens 

such as foods and commensal organisms.   

 MUCOSALLY INDUCED TOLERANCE TO ANTIGEN IN 
THE INTESTINE 
 The intestine is exposed continuously to vast amounts of foreign 

antigenic material. As well as ingesting     >    100   g of foreign protein 

per day in our diet, the intestine is colonized by a dense commu-

nity of commensal microbes, referred to as the microbiota. The 

density of these microbes increases along the gastrointestinal 

tract, reaching up to 10 12  bacteria per gram of gut content in the 

colon. At the same time, the mucosal barriers are thin and very 

vulnerable to pathogenic infection, meaning that the intestinal 

immune system has to discriminate between generating protec-

tive immunity against harmful antigens and tolerance against 

harmless materials. Active immune responses directed against 

the microbiota can result in inflammatory bowel diseases such as 

Crohn ’ s disease and ulcerative colitis. The incidence of Crohn ’ s 

disease and ulcerative colitis is increasing throughout the world 

and in some countries can affect up to 0.6 %  of the population. 1  

Failure to induce tolerance to food protein is thought to result in 

food allergy and celiac disease, which is the most prevalent food-

induced pathology. 2  The ability of orally administered antigen 

to suppress subsequent immune responses, both in the gut and 

in the systemic immune system, was first described 100 years 

ago and has been studied widely since. 3,4  This phenomenon is 

referred to as  “ oral tolerance ”  and its effects on systemic immu-

nity have led to attempts to exploit it therapeutically to prevent 

or treat autoimmune diseases (reviewed in ref. 5  ). However, 

there is an important difference between tolerance to gut bac-

teria and tolerance to food proteins: whereas tolerance to food 

protein induced via the small intestine affects local and systemic 

immune responses, tolerance to gut bacteria in the colon does 

not attenuate systemic responses. Such differences are frequently 
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overlooked in the field and the term oral tolerance is often used 

interchangeably to describe tolerance to food protein and bacte-

ria. In our opinion, this arbitrary terminology is misleading and 

has hampered a better understanding of the underlying proc-

esses. Here we will use  “ oral tolerance ”  to describe tolerance to 

orally administered soluble antigens and will discuss its role in 

the broader context of  “ mucosally induced tolerance ”  that can be 

induced by other antigens in different parts of the intestine.   

 ORAL TOLERANCE: SCOPE AND EFFECTS 
 Oral tolerance has been demonstrated extensively in rodents 

using many different model antigens including purified pro-

teins, cellular antigens, and small haptens, and it has also been 

shown in humans. 6 – 8  The effects of oral tolerance are measured 

typically as reductions in systemic delayed-type hypersensitivity, 

T-cell proliferation, and cytokine production. Serum antibody 

responses can also be suppressed, particularly immunoglobulin 

E (IgE) and T helper type 1-dependent IgG2a production, as can 

mucosal T-cell and immunoglobulin A responses. Moreover, 

oral tolerance has been shown to suppress immunopathology 

in experimental models of autoimmune encephalitis, 9  colla-

gen-induced arthritis, 10  type 1 diabetes, 11  and others (see ref. 5   

for review). Thus, oral tolerance attenuates a broad range of 

immune responses and appears to play a central role in immune 

homeostasis. 

 As the basic aspects of oral tolerance have been reviewed 

exhaustively over the years, 4,5,12  here we will concentrate on 

aspects that have attracted particular interest recently. First, we 

will discuss the routes by which antigen is taken up in the intes-

tine and where tolerance is induced. Second, we will discuss 

the mechanisms that underlie local and systemic tolerance to 

orally administered antigens, before presenting a framework 

that might underpin future mechanistic studies.   

 MECHANISMS OF ANTIGEN UPTAKE IN THE INTESTINE 
 The intestinal immune system can be divided into inductive and 

effector sites. Inductive sites include the gut-associated lymphoid 

tissues (GALT) such as Peyer ’ s patches (PP) and isolated lymphoid 

follicles and the gut-draining mesenteric lymph nodes (mLNs); 

the lamina propria (LP) and epithelium constitute the main 

effector sites, harboring large populations of activated T cells 

and antibody-secreting plasma cells. 13  As we discuss below, the 

LP may also contribute to the induction of tolerance, as a site 

of antigen uptake and loading of the migratory dendritic cells 

(DCs) that encounter na ï ve T cells in the mLNs ( Figure 1 ). 

 There is considerable evidence that the organized structures of 

the GALT (PP and isolated lymphoid follicles) are critical for the 

immune recognition of particulate antigens such as bacteria and 

viruses. This reflects the special ability of the so-called microfold 

cells (M cells) present in the epithelium of PP / isolated lymphoid 

follicles to actively transport material from the gut lumen into 

the lymphoid areas of the GALT 14  ( Figure 1 ). It is less clear if 

M-cell-mediated antigen uptake into GALT also plays a role 

in oral tolerance to soluble antigens. Targeting protein antigen 

directly to M cells has been reported to facilitate tolerance induc-

tion, 15  and one study observed that inhibition of PP development 

during gestation reduced oral tolerance to protein but not hap-

tens in adult mice. 16  However, other studies reported normal 

oral tolerance induction in the absence of PP, 17,18  and oral tol-

erance could be induced in spliced out intestinal loops, irre-

spective of the absence or presence of PP in the respective gut 

fragment. 19  On balance, it seems that antigen uptake by PP and 

isolated lymphoid follicles might play a subordinate role in oral 

tolerance to proteins, but may be more important in the analo-

gous process that controls immune responses to commensal 

bacteria (see below). 

 In contrast, there is mounting evidence that antigen uptake 

by DCs in the LP underlying regular villus epithelium is crucial 

for the induction of tolerance to soluble antigens in the small 

intestine ( Figure 1 ). Despite the low pH in the stomach and 

the presence of proteolytic enzymes that can degrade nutrients 

in the upper gastrointestinal tract, some food components are 

resistant to degradation and immunogenic material enters the 

      Figure 1             Mechanisms of antigen uptake in gut-associated lymphoid 
tissue (GALT) and lamina propria. ( a ) In organized tissues of the GALT 
such as Peyer ’ s patches and isolated lymphoid follicles, specialized 
microfold cells (M cells) in the epithelium overlying the lymphoid follicles 
mediate transcellular transport of particulate material including intestinal 
microbiota (I). This antigen is then passed on to dendritic cells (DCs) that 
lie either below the epithelium or in a  “ pocket ”  created at the basolateral 
surface of the M cell. Production of CCL20 by surrounding epithelial cells 
can attract further DCs via their expression of CCR6. 86  Some DCs in the 
GALT may also take up antigen directly from the lumen. 87  ( b ) CD103     +      
DCs in the lamina propria underlying normal villus epithelium also play 
a critical role in presenting antigen for the induction of tolerance. They 
may acquire soluble antigens that have diffused through epithelial tight 
junctions (II), or that have been transferred across epithelial cells by 
transcellular routes (III). Exosomes containing antigen derived from 
class II MHC     +      enterocytes may be taken up by DCs (IV). CX3CR1 high  
macrophages have also been reported to capture luminal antigens by 
extending processes through the epithelial layer and they may pass this 
on to neighboring CD103     +      DCs (V). There may also be a few M cells 
within villus epithelium 88  (not depicted).  
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intestinal lumen. Orally administered antigen has been detected 

in the gut epithelium and LP within minutes after feeding, 20  and 

we observed antigen-loaded CD11c     +      cells in the LP 30 – 60   min 

after feeding mice labeled dextran or ovalbumin. 21  

 How luminal antigen gains access to these DCs through the 

supposedly impermeable epithelial barrier remains something 

of a mystery. Material of low molecular weight, such as haptens 

and polypeptides, may pass directly across the epithelium by 

paracellular diffusion through pores in the tight junctions con-

necting epithelial cells. Conversely, larger molecular complexes 

can be taken across enterocytes by transcytosis after fluid phase 

uptake at the apical membrane ( Figure 1 , see ref. 22   for a recent 

review on intestinal permeability). Antigenic material may also 

reach the LP within exosomes derived from major histocompat-

ibility complex class II – expressing enterocytes. Exosomes are 

formed when major histocompatibility complex class II loading 

compartments fuse with endosomes containing only partially 

degraded proteins. Notably, exosomes can be taken up efficiently 

by antigen-presenting cells and, when isolated from serum of 

antigen-fed mice, they are capable of inducing tolerance in 

recipient mice. 23  Recently, attention has focused on the idea 

that a population of LP myeloid cells expressing the chemokine 

receptor CX3CR1 may be able to sample the intestinal lumen 

by extending cellular processes across the epithelial barrier 24  

without perturbing tight junctions and epithelial integrity. 25  

Although it has been speculated that these CX3CR1 high  cells 

might facilitate antigen uptake  in vivo  ( Figure 1 ), the frequency 

of transepithelial protrusions varies markedly between mouse 

strains and between the various segments of the intestine. 26,27  

Finally, our own and other work has shown that the CX3CR1 high  

cells in LP do not appear to be  bona fide  DCs, as they do not 

migrate from LP to mLNs and cannot present luminal antigen 

to naive T cells. 28 – 30  Nevertheless, they do seem to be loaded 

efficiently with antigen and hence may play an accessory role, 

by passing it on to neighboring migratory DCs for transport and 

presentation. As discussed below, CX3CR1 high  cells may also be 

important for local differentiation of the Tregs needed to main-

tain oral tolerance. Furthermore, as the transepithelial dendrites 

from CX3CR1     +      myeloid cells in the LP have been shown to 

interact with bacteria in the lumen, they may play a specific role 

in inducing tolerance to commensal bacteria. 31  However, orally 

administered inert particles or nonpathogenic bacteria appear 

to localize preferentially in organized tissues of the GALT rather 

than the villous LP, 32,33  indicating that the efficient uptake of 

particulate material usually requires follicle-associated epithelia 

and M cells. In conclusion, the nature of the antigen determines 

its route of uptake. Particulate material and microbiota mostly 

enter into GALT by M-cell-mediated transcytosis, whereas solu-

ble antigens induce oral tolerance after being taken up by DCs 

in the LP and, to a lesser extent, the GALT.   

 BEYOND THE GUT: DISSEMINATION OF 
INTESTINAL ANTIGEN 
 As we have discussed, one of the characteristic features of oral 

tolerance to soluble antigens is that it can involve the entire 

animal. This is difficult to explain in the context of current 

views on anatomical compartmentalization within the mucosal 

immune system, as antigen uptake and recognition restricted 

to the LP, GALT, and mLNs should limit the resulting effects to 

the intestinal mucosa. One explanation for this could be that 

orally administered antigens can disseminate systemically via 

blood and lymph ( Figure 2 ). Food protein can be detected in 

the blood of mice and humans soon after eating. 34,35  This does 

not go unnoticed by the immune system, as feeding antigen 

can induce simultaneous expression of the activation marker 

CD69 and behavioral changes in T cells in mLNs and periph-

eral LNs. 36,37  Furthermore, serum from protein-fed mice can 

induce antigen-specific tolerance in naive recipients, indicating 

the presence of tolerogenic material. 38  This raises the important 

question of how and where this absorbed antigen can contribute 

to oral tolerance induction. 

 One possible site is the liver. The portal vein drains blood 

from the intestine to the liver ( Figure 2 ) and injection of antigen 

directly into the portal vein is well known to induce antigen-

specific tolerance. 39  Conversely, diverting the blood flow away 

from the liver by portocaval shunting prevents the induction of 

oral tolerance. 40,41  The liver contains several subsets of special-

ized antigen-presenting cells that may contribute to tolerance 

induction. Liver sinusoidal endothelial cells efficiently sample 

circulating antigen, can act as antigen-presenting cells, and have 

been shown to induce tolerance rather than active immunity. 

Antigen presentation by Kupffer cells and conventional liver 

DCs also favors tolerance over immunity (reviewed in ref. 39  ), 

whereas plasmacytoid DCs are particularly abundant in the liver 

and have been implicated in the induction of systemic tolerance 

to orally administered proteins and haptens. 20  Antigen reach-

ing beyond the liver into peripheral LNs and spleen might be 

expected to induce tolerance in these sites, as it will be presented 

by resident DCs in the absence of costimulation, leading to the 

induction of anergy or Tregs. 

   Figure 2             Routes by which intestinally derived antigen might 
disseminate and generate widespread systemic tolerance. Antigen 
taken up into Peyer ’ s patches (PP) or lamina propria may enter the 
bloodstream via the portal vein, first reaching the liver before it becomes 
distributed into the wider circulation. Systemic tolerance may then occur 
because of antigen presentation in the liver by sinusoidal endothelial 
cells, tolerogenic conventional dendritic cells (DCs) or plasmacytoid DCs 
(pDCs), or because antigen reaching peripheral lymph nodes (pLNs) 
will be presented by resident DCs in the absence of costimulation. Free 
antigen taken up into afferent intestinal lymph will pass through the 
mesenteric lymph nodes (mLNs) and eventually enter the bloodstream 
via the thoracic duct.  
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 In contrast to this evidence that dissemination of fed antigen is 

important for oral tolerance, we found that the transport of anti-

gen from the LP into the mLNs by CD103     +      DCs is the key event 

for inducing the systemic consequences of oral tolerance. 42  The 

constitutive migration of DCs into draining LNs requires the 

chemokine receptor CCR7. 43  Consequently, genetic deficiency 

in CCR7 prevents the recognition of fed antigen by T cells in 

the mLNs and impairs the induction of oral tolerance. 44  Other 

reports have also emphasized a central role for the mLNs in oral 

tolerance induction. Oral tolerance is abrogated in lymphotoxin 

 � -deficient mice lacking all LNs and PP, but can be restored 

by selective rescue of mLN development. 18  Moreover, surgical 

removal of mLNs prevented the induction of oral tolerance in 

wild-type mice. 44  The reason for these discrepant findings on 

the relative roles of the mLNs vs. more widespread dissemina-

tion of antigen to the liver and elsewhere is unknown. However, 

the concentration of antigen reaching the circulation may vary 

considerably depending on the nature and dose of antigen, as 

well as the health status of the animals. Therefore, subtle differ-

ences in housing conditions and experimental models might 

explain some of the differences. Nevertheless, we consider that 

the mLN is the crucial site involved in oral tolerance induc-

tion, 42  and recently there has been considerable progress in 

understanding the molecular mechanisms involved.   

 MIGRATORY CD103     +      DCS AND LOCAL CONDITIONING 
CREATE A TOLEROGENIC ENVIRONMENT IN THE MLNs 
 The integrin chain  �  E  (CD103) is expressed by a major popula-

tion of migratory DCs present in the LP. These CD103     +      DCs that 

carry antigen from the intestine do not travel beyond the mLNs 

and are largely excluded from entering the bloodstream and 

other lymphatic organs. 45  CD103     +      DCs from the LP and mLNs 

have a unique ability to induce the expression of gut- homing 

molecules on T cells, 46  and are particularly potent in inducing 

the generation of Foxp3     +      Tregs. 47  Both of these properties are 

linked to the ability of CD103     +      DCs to metabolize dietary retin-

oids (Vitamin A) to retinoic acid (RA). RA is sufficient to induce 

the gut-homing molecules CCR9 and  �  4  �  7  integrin on activated 

T cells  in vitro , and the ability of CD103     +      DCs to induce these 

homing molecules is blocked by antagonists of RA synthesis 

and / or signaling. 48  Moreover, CD103     +      DC-derived RA can act 

as a cofactor in the transforming growth factor- �  (TGF- � )-medi-

ated conversion of naive CD4 T cells into Tregs. 47  CD103     +      DCs 

can themselves activate TGF- �  by virtue of their expression of 

the  �  v  �  8  integrin, and selective lack of  �  v  �  8  on these DCs abro-

gates the induction of Tregs and oral tolerance. 49,50  

 The special properties of mucosal CD103     +      DCs are not 

shared by CD103     +      DCs from other tissues and seem to be 

imprinted by the gut tissue itself. 51  In particular, gut epi-

thelial cells promote a tolerogenic phenotype in DCs via 

the production of thymic stromal lymphopoietin, TGF- � , 

and RA. 52,53  RA seems to play a crucial role in defining the 

properties of CD103     +      DCs, not only mediating their effects 

on T cells, but also helping to induce and maintain their 

unique phenotype. 54  DCs isolated from the gut of mice fed 

an retinoid-free diet have reduced levels of RA-producing 

enzymes and RA can induce its own generation by DCs 

 in vitro . 55,56  The sources of RA in the intestine may include RA 

produced by epithelial cells that metabolize retinoids taken up 

from the diet or from the bile. 57  Other external factors present 

in the gut may also contribute to the production of RA by local 

DCs, such as ligands for Toll-like receptor 2, 58  granulocyte-

 macrophage colony-stimulating factor, and interleukin-4 (IL-4). 59  

Whether CD103 itself plays any role in the function of these DCs 

is unclear, although the fact that wild-type Tregs cannot prevent 

colitis in CD103-deficient recipients could support this idea. 60  

 Although these findings suggest that intestinal CD103     +      DCs 

are imprinted with their unique functions in the mucosa itself, 

the situation appears to be more complex  in vivo . Our own group 

and that of Molenaar  et al.  61  have found that the full ability of 

intestine-derived DCs to drive gut tropism in T cells requires 

cooperation with nonhematopoietic stromal cells in the mLNs. 62  

Stromal cells from mLNs express higher levels of RA-producing 

enzymes than peripheral LN stromal cells. Moreover, peripheral 

LNs fail to support the induction of gut-homing molecules on 

T cells, even when transplanted into the intestinal mesentery, 

where they are populated by gut-derived DCs. 62  Similarly, stro-

mal cells from mLNs but not from skin-draining LNs support 

the generation of Foxp3     +      Tregs (S Cording, B Wahl, J H ü hn, 

O Pabst, unpublished observations). Indeed, LN stromal cells 

of the mLNs and skin-draining LNs possess unique transcrip-

tome profiles. 63  Thus, tissue-specific differences in stroma help 

generate a uniquely tolerogenic environment in mucosal LNs, 

and additional imprinting of CD103     +      DCs in this environment 

is needed for them to play their full role in regulating intestinal 

immune responses.   

 MECHANISMS OF ORAL TOLERANCE 
 As with other models of peripheral tolerance, a number of 

different mechanisms have been implicated in oral tolerance, 

including active regulation by Tregs, as well as clonal deletion 

and clonal anergy of T cells. In this context, Weiner  et al.  4,64,65  

suggested that the mechanism of oral tolerance was deter-

mined by the feeding regime used, with single high doses of 

antigen favoring clonal deletion or anergy, whereas multiple 

low doses of antigen were linked to T-cell-mediated suppres-

sion. However, more recent work has found that the frequencies 

of Foxp3     +      Tregs in oral tolerance were highest when a high 

dose of antigen was used. 66  Moreover, there is little direct evi-

dence that clonal deletion and / or anergy contribute to oral toler-

ance in the presence of a polyclonal T-cell repertoire, although 

the direct entry of free antigen to the mLNs could account for 

such effects. Nevertheless, the influence of antigen dose on the 

mode of suppression needs to be re-evaluated. 

 The fact that CD103     +      DCs and the mLNs seem to have 

special abilities to drive the generation of Tregs, and both are 

required for the induction of oral tolerance, suggests that Tregs 

should play a central role in oral tolerance. Indeed, the induc-

tion of T cells with active suppressor function was first shown 

in oral tolerance several decades ago. 12  Although most of this 

work pre-dated the discovery of Foxp3 and molecularly defined 

subsets of Tregs, it has been substantiated subsequently using 
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more modern techniques. Transfer of CD4     +     CD25     +      CD4 T cells 

(which are highly enriched in Foxp3     +      Tregs) can transfer oral 

tolerance to na ï ve animals, and depletion of CD25     +      cells  in vivo  

abrogates oral tolerance. 67  A number of different Tregs have 

been implicated in oral tolerance, including IL-10-producing 

Tr1 T cells and Th3 T cells, 12  in addition to the Foxp3     +      Tregs 

that are currently the focus of most attention. As much of the lit-

erature on  “ Tr1 ”  cells and  “ Th3 ”  T cells in the intestine was pub-

lished before the Foxp3 era, it is not always possible to define the 

exact nature of the Tregs that have been described. However, it is 

known that Foxp3     +      and Foxp3  –   populations of IL-10-secreting 

Tregs are present in the mucosa 68  and, judged by their secre-

tion of TGF- � , the TH3 cells described by the Weiner group are 

likely to be similar to, if not identical to, what we now know as 

Foxp3     +      Tregs. 

 The best characterized population of Tregs found in other 

forms of tolerance expresses Foxp3. Foxp3     +      Tregs come in two 

distinct flavors, natural Foxp3     +      Tregs (nTregs) and induced 

Foxp3     +      (Tregs (iTregs). 69  nTregs are selected in the thymus as a 

consequence of their reactivity to self, whereas iTregs are gener-

ated from na ï ve CD4 T cells in the peripheral immune system. 

Whereas nTregs are stable  in vivo , 70  iTregs can differentiate into 

other helper T cells under inflammatory conditions. 71  Still, under 

noninflammatory conditions, Foxp3     +      Treg-mediated immune 

regulation is a robust phenomenon and may confer longlasting 

oral tolerance. Interestingly, oral tolerance to ovalbumin could 

not be induced in a mouse model in which nTregs but not iTregs 

could be generated, suggesting that this model required periph-

eral conversion of naive CD4 T cells into iTregs. 72  This observa-

tion is consistent with the findings described above showing that 

the mLN provides a specialized microenvironment in which 

CD103     +      DCs drive the selective differentiation of iTregs, as well 

as our own observation that depletion of ovalbumin-induced 

Tregs abolished oral tolerance. 73    

 A FRAMEWORK FOR THE GENERATION AND 
MAINTENANCE OF ORAL TOLERANCE 
 Given the considerable amount of foreign protein antigen taken 

up with our daily diet and the knowledge that oral tolerance can 

be maintained for several months after a single encounter with 

antigen 12,74  one would envision that the generation of iTregs in 

response to intestinal antigens might be a continuously ongoing 

process. Pathways by which this can occur  in vivo  are suggested 

by our recent work showing that the induction and maintenance 

of oral tolerance may reflect a multi-step process involving both 

lymphoid organs and the mucosal tissues ( Figure 3 ). 73  Key to 

this is our observation that oral tolerance was reduced in mice 

lacking  �  7  integrin or its ligand MadCAM-1 (mucosal vascu-

lar addressin cell adhesion molecule 1), whose interaction is 

critical to enable gut homing of T cells. 75  Importantly, neither 

gene deficiency impaired the initial generation of iTregs in the 

mLNs, and defective oral tolerance in  �  7 -integrin-deficient but 

not MadCAM-1-deficient mice could be rescued by adoptive 

transfer of  �  7 -competent T cells. Thus, oral tolerance requires 

the  �  7 -integrin-dependent gut homing of iTregs after their ini-

tial generation in the mLNs. 73  In support of this idea, the group 

of Rodrigo Mora recently observed defective oral tolerance in 

CCR9-deficient mice. 76  CCR9 along with  �  7  integrin targets 

T cells to the small intestine 77  and, as we found in  �  7 -integrin-

deficieint mice, defective oral tolerance in CCR9-deficieint mice 

could be restored by transfer of wild-type T cells. 76  However, in 

our hands, CCR9-deficient mice developed normal oral toler-

ance to ovalbumin (independent unpublished observations in 

the Mowat and Pabst labs), suggesting there may be differences 

in individual strains of CCR9-deficient mice, or that differences 

in the composition of the microbiota may influence the impact 

of CCR9 on oral tolerance. There are controversial reports 

on the capacity to induce oral tolerance in germ-free mice 

devoid of live intestinal bacteria. 78,79  Yet, no doubt, the intesti-

nal microbiota has profound effects on the gut immune system; 

for example, distinct bacterial species may favor or disfavor 

Foxp3     +      Treg induction. 80  Thus, it is conceivable that differences 

in microbiota composition may also affect oral tolerance. 

 The second crucial finding to arise from our own studies was 

that the mLN-derived iTregs in antigen-fed mice appeared to 

undergo secondary expansion after arrival in the small intestinal 

LP ( Figure 3 ). Both the expansion of iTregs and the induction 

of oral tolerance required the chemokine receptor CX3CR1, as 

they were abrogated in CX3CR1-deficient mice. This correlated 

with reduced production of IL-10 by myeloid cells in the LP 

   Figure 3             A multistep model of oral tolerance to soluble antigens. Oral 
tolerance is initiated by the migration of antigen-loaded CD103     +      dendritic 
cells (DCs) from the lamina propria (LP) into the draining mesenteric 
lymph nodes (mLNs; I). In the mLN, retinoic acid (RA) produced by DCs 
and local stromal cells induces the expression of gut-homing receptors 
 �  4  �  7  integrin and CCR9 on antigen-specific T cells and favors the 
transforming growth factor- �  (TGF- � )-dependent differentiation of Foxp3     +      
induced regulatory T cells (iTregs; II). These committed Tregs home 
back to the intestinal lamina propria (III), where they undergo secondary 
expansion under the influence of interleukin-10 (IL-10) produced by 
CX3CR1 high  macrophages in the lamina propria (IV). In a putative 
fifth step (V), some of the Tregs may exit from the mucosa via lymph 
and / or bloodstream, disseminating throughout the immune system, and 
promoting the systemic consequences of oral tolerance. Foxp3, forkhead 
box P3; MadCAM-1, mucosal vascular addressin cell adhesion molecule 1.  
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and could be restored with IL-10-producing wild-type macro-

phages. 73  This suggestion that IL-10 produced in the mucosa is 

needed to drive or maintain local Foxp3 iTregs is supported by 

work from Murai  et al. , 81  which showed that IL-10 production 

by CD11b     +      myeloid cells in LP is needed to maintain Foxp3 

expression by iTregs in the colon. Thus, secondary maintenance 

of iTregs by IL-10-producing gut-resident macrophages may be 

common to both classical oral tolerance to proteins in the small 

intestine and in tolerance to commensal bacteria in the colon. 

 On the basis of these findings, we propose that both forms of 

mucosally induced tolerance are initiated in the draining LNs, 

but are then expanded and sustained in the LP. In the case of oral 

tolerance induced in the small intestine, cooperative production 

of RA by antigen-loaded, gut-derived CD103     +      DCs and mLN 

stromal cells leads to the imprinting of gut-homing molecules 

on specific T cells. Some of these also begin to differentiate into 

Foxp3     +      iTregs. These  “ primed ”  iTregs then leave the mLN and 

home to the small intestine, where they undergo secondary 

expansion and are sustained by IL-10-producing CX3CR1 high  

myeloid cells. Clearly, this can explain the ability of oral toler-

ance to maintain an inhibitory environment that can prevent 

hypersensitivity in the mucosa itself. Interestingly, intestinal 

antigen may also sustain Tregs in the gut. The T-cell receptor 

repertoire of Tregs present in the small intestinal LP showed a 

higher overlap with the Treg repertoire of gut-draining mLNs 

than skin-draining LNs, 82  and many Tregs present in the colon 

seem to arise only after response to microbiota-derived anti-

gen. 83  Thus, there is a concept emerging that intestinal antigen 

not only triggers the generation of iTregs but might subsequently 

allow for the maintenance of an antigen-specific Treg pool in the 

intestine. As Tregs can produce TGF- �  and may even convert 

into follicular helper T cells within GALT, 84  these processes may 

also account for the production of noninflammatory immu-

noglobulin A responses against intestinal antigens, something 

that plays a particularly crucial role in maintaining the local 

symbiotic relationship between the host and its microbiota. Less 

obvious is how these local processes could suppress immune 

responses systemically. As a potential explanation, we speculate 

that a fraction of Tregs that have undergone secondary expan-

sion in the LP may exit the tissue and enter the circulation either 

via the draining lymphatics, or directly via the bloodstream. In 

this respect, it is interesting to note that Foxp3     +      Tregs constitute 

a significant population in skin-draining afferent lymphatics. 85  

Escape from the LP in this way could allow iTregs generated 

initially in the intestinal lymphoid tissues to act more generally, 

either by directly inhibiting systemic effector T cells or by fueling 

generation of further iTregs in systemic tissues by the process of 

infectious tolerance. Further experiments should explore these 

processes in more detail. It will also be important to understand 

why this dissemination of iTreg-dependent tolerance only seems 

to occur with soluble antigens, whereas tolerance to microbiota 

is limited to the intestinal tissues.   

 CONCLUSIONS 
 Oral tolerance is a multifaceted process and multiple cellular and 

molecular processes may be needed to ensure durable tolerance 

to harmless intestinally derived antigens, both in the mucosa 

itself and in the systemic immune system. The chain of events 

we propose here suggests that tolerance involves stepwise and 

anatomically defined processes of induction, maintenance, and 

migration of Tregs that ensure immune regulation in all appro-

priate tissues. The model also highlights how these processes are 

dependent on the unique properties of the intestinal immune 

system and these may allow the identification of new targets for 

modulating tolerance.     

   ACKNOWLEDGMENTS  
 We are grateful to Dr Simon Milling, Dr Andreas Krueger, and Dr Immo 
Prinz for critical review of the manuscript. Oliver Pabst ’ s research cited 
here was supported by Deutsche Forschungsgemeinschaft Grant 
PA921 / 1-1 and Allan Mowat is supported by the Wellcome Trust UK.   

  DISCLOSURE  
 The authors declared no conflict of interest. 

  ©  2012 Society for Mucosal Immunology       

   REFERENCES  
   1   .      Molodecky  ,   N . A .        et al.       Increasing incidence and prevalence of the 

infl ammatory bowel diseases with time, based on systematic review  . 
  Gastroenterology     142   ,    46   –   54.e42   (  2011  ).  

   2   .      Meresse  ,   B .    ,    Ripoche  ,   J .    ,    Heyman  ,   M .      &     Cerf-Bensussan  ,   N .        Celiac 
disease: from oral tolerance to intestinal infl ammation, autoimmunity and 
lymphomagenesis  .   Mucosal Immunol.     2   ,    8   –   23   (  2009  ).  

   3   .      Wells  ,   H . G .      &     Osborne  ,   T . B .        The biological reactions of the vegetable 
proteins. I: Anaphylaxis  .   J. Infect. Dis.     8   ,    66   –   124   (  1911  ).  

    4   .      Weiner  ,   H . L .    ,    da Cunha  ,   A . P .    ,    Quintana  ,   F .      &     Wu  ,   H .        Oral tolerance  . 
  Immunol. Rev.     241   ,    241   –   259   (  2011  ).  

    5   .      Faria  ,   A . M .      &     Weiner  ,   H . L .        Oral tolerance: therapeutic implications for 
autoimmune diseases  .   Clin. Dev. Immunol.     13   ,    143   –   157   (  2006  ).  

   6   .      Kapp  ,   K .        et al.       Modulation of systemic antigen-specifi c immune 
responses by oral antigen in humans  .   Eur. J. Immunol.     40   ,    3128   –   3137   
(  2010  ).  

  7   .      Kraus  ,   T . A .    ,    Toy  ,   L .    ,    Chan  ,   L .    ,    Childs  ,   J .      &     Mayer  ,   L .        Failure to induce oral 
tolerance to a soluble protein in patients with infl ammatory bowel disease  . 
  Gastroenterology     126   ,    1771   –   1778   (  2004  ).  

  8   .      Husby  ,   S .    ,    Mestecky  ,   J .    ,    Moldoveanu  ,   Z .    ,    Holland  ,   S .      &     Elson  ,   C . O .        Oral 
tolerance in humans. T cell but not B cell tolerance after antigen feeding  . 
  J. Immunol.     152   ,    4663   –   4670   (  1994  ).  

   9   .      Higgins  ,   P . J .      &     Weiner  ,   H . L .        Suppression of experimental autoimmune 
encephalomyelitis by oral administration of myelin basic protein and its 
fragments  .   J. Immunol.     140   ,    440   –   445   (  1988  ).  

   10   .      Nagler-Anderson  ,   C .    ,    Bober  ,   L . A .    ,    Robinson  ,   M . E .    ,    Siskind  ,   G . W .      &  
   Thorbecke  ,   G . J .        Suppression of type II collagen-induced arthritis by 
intragastric administration of soluble type II collagen  .   Proc. Natl. Acad. 
Sci. USA     83   ,    7443   –   7446   (  1986  ).  

   11   .      Zhang  ,   Z . J .    ,    Davidson  ,   L .    ,    Eisenbarth  ,   G .      &     Weiner  ,   H . L .        Suppression of 
diabetes in nonobese diabetic mice by oral administration of porcine 
insulin  .   Proc. Natl. Acad. Sci. USA     88   ,    10252   –   10256   (  1991  ).  

     12   .      Mowat  ,   A . M .    ,    Faria  ,   A . M .      &     Weiner  ,   H . L .        Oral tolerance: basic 
mechanisms and clinical implications  .   In     Mucosal Immunology   
 ( Mestecky J., Bienenstock J., Lamm M.E., Strober W., McGhee J.R., 
Mayer L., eds). 3rd edn (487–538) (Academic Press, San Diego,     2005  ).  

   13   .      Brandtzaeg  ,   P .    ,    Kiyono  ,   H .    ,    Pabst  ,   R .      &     Russell  ,   M . W .        Terminology: 
nomenclature of mucosa-associated lymphoid tissue  .   Mucosal Immunol.   
  1   ,    31   –   37   (  2008  ).  

   14   .      Macpherson  ,   A . J .    ,    McCoy  ,   K . D .    ,    Johansen  ,   F . E .      &     Brandtzaeg  ,   P .       
 The immune geography of IgA induction and function  .   Mucosal Immunol.   
  1   ,    11   –   22   (  2008  ).  

   15   .      Suzuki  ,   H .        et al.       Ovalbumin-protein sigma 1 M-cell targeting facilitates oral 
tolerance with reduction of antigen-specifi c CD4+ T cells  . 
  Gastroenterology     135   ,    917   –   925   (  2008  ).  

   16   .      Fujihashi  ,   K .        et al.       Peyer’s patches are required for oral tolerance to 
proteins  .   Proc. Natl. Acad. Sci. USA     98   ,    3310   –   3315   (  2001  ).  



238 VOLUME 5 NUMBER 3 | MAY 2012 | www.nature.com/mi

REVIEW

   17   .      Spahn  ,   T . W .        et al.       Induction of oral tolerance to cellular immune responses 
in the absence of Peyer’s patches  .   Eur. J. Immunol.     31   ,    1278   –   1287   (  2001  ).  

   18   .      Spahn  ,   T . W .        et al.       Mesenteric lymph nodes are critical for the induction of 
high-dose oral tolerance in the absence of Peyer’s patches  .   Eur. J. 
Immunol.     32   ,    1109   –   1113   (  2002  ).  

   19   .      Kraus  ,   T . A .        et al.       Induction of mucosal tolerance in Peyer’s patch-defi cient, 
ligated small bowel loops  .   J. Clin. Invest.     115   ,    2234   –   2243   (  2005  ).  

    20   .      Goubier  ,   A .        et al.       Plasmacytoid dendritic cells mediate oral tolerance  . 
  Immunity     29   ,    464   –   475   (  2008  ).  

   21   .      Chirdo  ,   F . G .    ,    Millington  ,   O . R .    ,    Beacock-Sharp  ,   H .      &     Mowat  ,   A . M .      
  Immunomodulatory dendritic cells in intestinal lamina propria  .   Eur. J. 
Immunol.     35   ,    1831   –   1840   (  2005  ).  

   22   .      Menard  ,   S .    ,    Cerf-Bensussan  ,   N .      &     Heyman  ,   M .        Multiple facets of intestinal 
permeability and epithelial handling of dietary antigens  .   Mucosal Immunol.   
  3   ,    247   –   259   (  2010  ).  

   23   .      Karlsson  ,   M .        et al.        “ Tolerosomes ”  are produced by intestinal epithelial 
cells  .   Eur. J. Immunol.     31   ,    2892   –   2900   (  2001  ).  

   24   .      Niess  ,   J . H .        et al.       CX3CR1-mediated dendritic cell access to the intestinal 
lumen and bacterial clearance  .   Science     307   ,    254   –   258   (  2005  ).  

   25   .      Rescigno  ,   M .        et al.       Dendritic cells express tight junction proteins and 
penetrate gut epithelial monolayers to sample bacteria  .   Nat. Immunol.   
  2   ,    361   –   367   (  2001  ).  

   26   .      Chieppa  ,   M .    ,    Rescigno  ,   M .    ,    Huang  ,   A . Y .      &     Germain  ,   R . N .        Dynamic 
imaging of dendritic cell extension into the small bowel lumen in 
response to epithelial cell TLR engagement  .   J. Exp. Med.     203   ,  
  2841   –   2852   (  2006  ).  

  27   .      Vallon-Eberhard  ,   A .    ,    Landsman  ,   L .    ,    Yogev  ,   N .    ,    Verrier  ,   B .      &     Jung  ,   S .      
  Transepithelial pathogen uptake into the small intestinal lamina propria  . 
  J. Immunol.     176   ,    2465   –   2469   (  2006  ).  

   28   .      Bain  ,   C . C .      &     Mowat  ,   A . M .        Intestinal macrophages - specialised 
adaptation to a unique environment  .   Eur. J. Immunol.     41   ,    2494   –   2498   
(  2011  ).  

  29   .      Schulz  ,   O .        et al.       Intestinal CD103+, but not CX3CR1+, antigen sampling 
cells migrate in lymph and serve classical dendritic cell functions  .   J. Exp. 
Med.     206   ,    3101   –   3114   (  2009  ).  

  30   .      Bogunovic  ,   M .        et al.       Origin of the lamina propria dendritic cell network  . 
  Immunity     31   ,    513   –   525   (  2009  ).  

   31   .      Hapfelmeier  ,   S .        et al.       Microbe sampling by mucosal dendritic cells is a 
discrete, MyD88-independent step in DeltainvG S. Typhimurium colitis  . 
  J. Exp. Med.     205   ,    437   –   450   (  2008  ).  

   32   .      Shreedhar  ,   V . K .    ,    Kelsall  ,   B . L .      &     Neutra  ,   M . R .        Cholera toxin induces 
migration of dendritic cells from the subepithelial dome region to T- and 
B-cell areas of Peyer’s patches  .   Infect. Immun.     71   ,    504   –   509   (  2003  ).  

  33   .      Macpherson  ,   A . J .      &     Uhr  ,   T .        Induction of protective IgA by intestinal 
dendritic cells carrying commensal bacteria  .   Science     303   ,    1662   –   1665   
(  2004  ).  

   34   .      Walker  ,   W . A .      &     Isselbacher  ,   K . J .        Uptake and transport of macromolecules 
by the intestine. Possible role in clinical disorders  .   Gastroenterology     67   ,  
  531   –   550   (  1974  ).  

  35   .      Husby  ,   S .    ,    Jensenius  ,   J . C .      &     Svehag  ,   S . E .        Passage of undegraded dietary 
antigen into the blood of healthy adults. Quantifi cation, estimation of size 
distribution, and relation of uptake to levels of specifi c antibodies  .   Scand. 
J. Immunol.     22   ,    83   –   92   (  1985  ).  

   36   .      Smith  ,   K . M .    ,    Davidson  ,   J . M .      &     Garside  ,   P .        T-cell activation occurs 
simultaneously in local and peripheral lymphoid tissue following oral 
administration of a range of doses of immunogenic or tolerogenic antigen 
although tolerized T cells display a defect in cell division  .   Immunology     106   ,  
  144   –   158   (  2002  ).  

  37   .      Zinselmeyer  ,   B . H .        et al.        In situ  characterization of CD4+ T cell behavior in 
mucosal and systemic lymphoid tissues during the induction of oral 
priming and tolerance  .   J. Exp. Med.     201   ,    1815   –   1823   (  2005  ).  

   38   .      Peng  ,   H . J .    ,    Turner  ,   M . W .      &     Strobel  ,   S .        The generation of a  ‘ tolerogen ’  after 
the ingestion of ovalbumin is time-dependent and unrelated to serum 
levels of immunoreactive antigen  .   Clin. Exp. Immunol.     81   ,    510   –   515   
(  1990  ).  

    39   .      Thomson  ,   A . W .      &     Knolle  ,   P . A .        Antigen-presenting cell function in the 
tolerogenic liver environment  .   Nat. Rev. Immunol.     10   ,    753   –   766   (  2010  ).  

   40   .      Callery  ,   M . P .    ,    Kamei  ,   T .      &     Flye  ,   M . W .        The effect of portacaval shunt on 
delayed-hypersensitivity responses following antigen feeding  .   J. Surg. 
Res.     46   ,    391   –   394   (  1989  ).  

  41   .      Yang  ,   R .    ,    Liu  ,   Q .    ,    Grosfeld  ,   J . L .      &     Pescovitz  ,   M . D .        Intestinal venous 
drainage through the liver is a prerequisite for oral tolerance induction  . 
  J. Pediatr. Surg.     29   ,    1145   –   1148   (  1994  ).  

    42   .      Pabst  ,   O .    ,    Bernhardt  ,   G .      &     Forster  ,   R .        The impact of cell-bound antigen 
transport on mucosal tolerance induction  .   J. Leukoc. Biol.     82   ,    795   –   800   
(  2007  ).  

   43   .      Forster  ,   R .    ,    Davalos-Misslitz  ,   A . C .      &     Rot  ,   A .        CCR7 and its ligands: 
balancing immunity and tolerance  .   Nat. Rev. Immunol.     8   ,    362   –   371   
(  2008  ).  

    44   .      Worbs  ,   T .        et al.       Oral tolerance originates in the intestinal immune system 
and relies on antigen carriage by dendritic cells  .   J. Exp. Med.     203   ,  
  519   –   527   (  2006  ).  

   45   .      Milling  ,   S .    ,    Yrlid  ,   U .    ,    Cerovic  ,   V .      &     MacPherson  ,   G .        Subsets of migrating 
intestinal dendritic cells  .   Immunol. Rev.     234   ,    259   –   267   (  2010  ).  

   46   .      Jaensson  ,   E .        et al.       Small intestinal CD103+ dendritic cells display unique 
functional properties that are conserved between mice and humans  . 
  J. Exp. Med.     205   ,    2139   –   2149   (  2008  ).  

    47   .      Sun  ,   C . M .        et al.       Small intestine lamina propria dendritic cells promote de 
novo generation of Foxp3T reg cells via retinoic acid  .   J. Exp. Med.     204   ,  
  1775   –   1785   (  2007  ).  

   48   .      Iwata  ,   M .        et al.       Retinoic acid imprints gut-homing specifi city on T cells  . 
  Immunity     21   ,    527   –   538   (  2004  ).  

   49   .      Worthington  ,   J . J .    ,    Czajkowska  ,   B . I .    ,    Melton  ,   A . C .      &     Travis  ,   M . A .        Intestinal 
dendritic cells specialize to activate transforming growth factor-beta and 
induce Foxp3+ regulatory T cells via integrin alphavbeta8  . 
  Gastroenterology     141   ,    1802   –   1812   (  2011  ).  

  50   .      Paidassi  ,   H .        et al.       Preferential expression of integrin alphavbeta8 
promotes generation of regulatory T cells by mouse CD103+ dendritic 
cells  .   Gastroenterology     141   ,    1813   –   1820   (  2011  ).  

   51   .      Scott  ,   C . L .    ,    Aumeunier  ,   A . M .      &     Mowat  ,   A . M .        Intestinal CD103+ dendritic 
cells: master regulators of tolerance?     Trends Immunol.     32   ,    412   –   419   
(  2011  ).  

   52   .      Iliev  ,   I . D .        et al.       Human intestinal epithelial cells promote the differentiation 
of tolerogenic dendritic cells  .   Gut     58   ,    1481   –   1489   (  2009  ).  

  53   .      Iliev  ,   I . D .    ,    Mileti  ,   E .    ,    Matteoli  ,   G .    ,    Chieppa  ,   M .      &     Rescigno  ,   M .        Intestinal 
epithelial cells promote colitis-protective regulatory T-cell differentiation 
through dendritic cell conditioning  .   Mucosal Immunol.     2   ,    340   –   350   (  2009  ).  

   54   .      Agace  ,   W . W .      &     Persson  ,   E . K .        How vitamin A metabolizing dendritic cells 
are generated in the gut mucosa  .   Trends Immunol.     33   ,    42   –   48   (  2011  ).  

   55   .      Molenaar  ,   R .        et al.       Expression of retinaldehyde dehydrogenase enzymes 
in mucosal dendritic cells and gut-draining lymph node stromal cells is 
controlled by dietary vitamin A  .   J. Immunol.     186   ,    1934   –   1942   (  2011  ).  

  56   .      Villablanca  ,   E . J .        et al.       MyD88 and retinoic acid signaling pathways interact 
to modulate gastrointestinal activities of dendritic cells  .   Gastroenterology   
  141   ,    176   –   185   (  2011  ).  

   57   .      Jaensson-Gyllenback  ,   E .        et al.       Bile retinoids imprint intestinal CD103+ 
dendritic cells with the ability to generate gut-tropic T cells  .   Mucosal 
Immunol.     4   ,    438   –   447   (  2011  ).  

   58   .      Wang  ,   S .        et al.       MyD88-dependent TLR1/2 signals educate dendritic cells 
with gut-specifi c imprinting properties  .   J. Immunol.     187   ,    141   –   150   (  2011  ).  

   59   .      Yokota  ,   A .        et al.       GM-CSF and IL-4 synergistically trigger dendritic cells to 
acquire retinoic acid-producing capacity  .   Int. Immunol.     21   ,    361   –   377   
(  2009  ).  

   60   .      Annacker  ,   O .        et al.       Essential role for CD103 in the T cell-mediated 
regulation of experimental colitis  .   J. Exp. Med.     202   ,    1051   –   1061   (  2005  ).  

   61   .      Molenaar  ,   R .        et al.       Lymph node stromal cells support dendritic cell-
induced gut-homing of T cells  .   J. Immunol.     183   ,    6395   –   6402   (  2009  ).  

    62   .      Hammerschmidt  ,   S . I .        et al.       Stromal mesenteric lymph node cells are 
essential for the generation of gut-homing T cells  in vivo   .   J. Exp. Med.   
  205   ,    2483   –   2490   (  2008  ).  

   63   .      Fletcher  ,   A . L .        et al.       Reproducible isolation of lymph node stromal cells 
reveals site-dependent differences in fi broblastic reticular cells  .   Front. 
Immunol.    2 , 35;  doi: 10.3389/fi mmu.2011.00035  (  2011  ).  

  64   .      Chen  ,   Y .        et al.       Peripheral deletion of antigen-reactive T cells in oral 
tolerance  .   Nature     376   ,    177   –   180   (  1995  ).  

  65   .      Chen  ,   Y .        et al.       Oral tolerance in myelin basic protein T-cell receptor 
transgenic mice: suppression of autoimmune encephalomyelitis and 
dose-dependent induction of regulatory cells  .   Proc. Natl. Acad. Sci. USA   
  93   ,    388   –   391   (  1996  ).  

   66   .      Siewert  ,   C .        et al.       Experience-driven development: effector/memory-like 
alphaE+Foxp3+ regulatory T cells originate from both naive T cells and 
naturally occurring naive-like regulatory T cells  .   J. Immunol.     180   ,    146   –   155   
(  2008  ).  

   67   .      Dubois  ,   B .        et al.       Innate CD4+CD25+ regulatory T cells are required for oral 
tolerance and inhibition of CD8+ T cells mediating skin infl ammation  . 
  Blood     102   ,    3295   –   3301   (  2003  ).  



MucosalImmunology | VOLUME 5 NUMBER 3 | MAY 2012 239

REVIEW

   68   .      Maynard  ,   C . L .        et al.       Regulatory T cells expressing interleukin 10 develop 
from Foxp3+ and Foxp3- precursor cells in the absence of interleukin 10  . 
  Nat. Immunol.     8   ,    931   –   941   (  2007  ).  

   69   .      Curotto de Lafaille  ,   M . A .      &     Lafaille  ,   J . J .        Natural and adaptive foxp3+ 
regulatory T cells: more of the same or a division of labor?     Immunity     30   ,  
  626   –   635   (  2009  ).  

   70   .      Rubtsov  ,   Y . P .        et al.       Stability of the regulatory T cell lineage  in vivo   .   Science   
  329   ,    1667   –   1671   (  2010  ).  

   71   .      Koenecke  ,   C .        et al.       Alloantigen-specifi c de novo-induced Foxp3+ Treg 
revert in vivo and do not protect from experimental GVHD  .   Eur. J. 
Immunol.     39   ,    3091   –   3096   (  2009  ).  

   72   .      Curotto de Lafaille  ,   M . A .        et al.       Adaptive Foxp3+ regulatory T cell-
dependent and -independent control of allergic infl ammation  .   Immunity   
  29   ,    114   –   126   (  2008  ).  

      73   .      Hadis  ,   U .        et al.       Intestinal tolerance requires gut homing and expansion of 
FoxP3+ regulatory T cells in the lamina propria  .   Immunity     34   ,    237   –   246   
(  2011  ).  

  74   .      Strobel  ,   S .      &     Ferguson  ,   A .        Persistence of oral tolerance in mice fed 
ovalbumin is different for humoral and cell-mediated immune responses  . 
  Immunology     60   ,    317   –   318   (  1987  ).  

   75   .      Wagner  ,   N .        et al.       Critical role for beta7 integrins in formation of the 
gut-associated lymphoid tissue  .   Nature     382   ,    366   –   370   (  1996  ).  

   76   .      Cassani  ,   B .        et al.       Gut-tropic T cells that express integrin alpha4beta7 and 
CCR9 are required for induction of oral immune tolerance in mice  . 
  Gastroenterology     141   ,    2109   –   2118   (  2011  ).  

   77   .      Svensson  ,   M .        et al.       CCL25 mediates the localization of recently activated 
CD8alphabeta(+) lymphocytes to the small-intestinal mucosa  .   J. Clin. 
Invest.     110   ,    1113   –   1121   (  2002  ).  

   78   .      Walton  ,   K . L .    ,    Galanko  ,   J . A .    ,    Balfour Sartor  ,   R .      &     Fisher  ,   N . C .        T cell-
mediated oral tolerance is intact in germ-free mice  .   Clin. Exp. Immunol.   
  143   ,    503   –   512   (  2006  ).  

  79   .      Ishikawa  ,   H .        et al.       Effect of intestinal microbiota on the induction of 
regulatory CD25+ CD4+ T cells  .   Clin. Exp. Immunol.     153   ,    127   –   135   (  2008  ).  

   80   .      Atarashi  ,   K .        et al.       Induction of colonic regulatory T cells by indigenous 
Clostridium species  .   Science     331   ,    337   –   341   (  2011  ).  

   81   .      Murai  ,   M .        et al.       Interleukin 10 acts on regulatory T cells to maintain 
expression of the transcription factor Foxp3 and suppressive function in 
mice with colitis  .   Nat. Immunol.     10   ,    1178   –   1184   (  2009  ).  

   82   .      Fohse  ,   L .        et al.       High TCR diversity ensures optimal function and 
homeostasis of Foxp3+ regulatory T cells  .   Eur. J. Immunol.     41   ,  
  3101   –   3113   (  2011  ).  

   83   .      Lathrop  ,   S . K .        et al.       Peripheral education of the immune system by colonic 
commensal microbiota  .   Nature     478   ,    250   –   254   (  2011  ).  

   84   .      Tsuji  ,   M .        et al.       Preferential generation of follicular B helper T cells from 
Foxp3+ T cells in gut Peyer’s patches  .   Science     323   ,    1488   –   1492   (  2009  ).  

   85   .      Tomura  ,   M .        et al.       Activated regulatory T cells are the major T cell type 
emigrating from the skin during a cutaneous immune response in mice  . 
  J. Clin. Invest.     120   ,    883   –   893   (  2010  ).  

   86   .      Salazar-Gonzalez  ,   R . M .        et al.       CCR6-mediated dendritic cell activation of 
pathogen-specifi c T cells in Peyer’s patches  .   Immunity     24   ,    623   –   632   
(  2006  ).  

   87   .      Lelouard  ,   H .        et al.       Pathogenic bacteria and dead cells are internalized by 
a unique subset of Peyer’s patch dendritic cells that express lysozyme  . 
  Gastroenterology     138   ,    173   –   184     e1 – 3   (  2010  ).  

   88   .      Jang  ,   M . H .        et al.       Intestinal villous M cells: an antigen entry site in the 
mucosal epithelium  .   Proc. Natl. Acad. Sci. USA     101   ,    6110   –   6115   (  2004  ).     

This work is licensed under the Creative Commons 
Attribution-NonCommercial-No Derivative Works 3.0 

Unported License. To view a copy of this license, visit 
http://creativecommons.org/licenses/by-nc-nd/3.0/


	Oral tolerance to food protein
	The Need for Peripheral Tolerance to Antigen in the Intestine
	Mucosally Induced Tolerance to Antigen in the Intestine
	Oral Tolerance: Scope and Effects
	Mechanisms of Antigen Uptake in the Intestine
	Beyond the Gut: Dissemination of Intestinal Antigen
	Migratory CD103+ DCs and Local Conditioning Create a Tolerogenic Environment in the mLNs
	Mechanisms of Oral Tolerance
	A framework for the generation and maintenance of oral tolerance
	Conclusions
	Acknowledgements
	References




