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Abstract

Oral tolerance is a type of immune hypo-responsiveness induced by oral administration of food or harmless gastrointes-
tinal antigens. It is evident that the induction of oral tolerance can protect our body from enteric problems, such as food 
allergies and colitis caused by autoimmunity. Here we review the immunological mechanisms of oral tolerance, the role 
of T cell cytokines in generating tolerance and the impact of Peyer’s patches and mesenteric lymph nodes, and discuss  
the part played by commensal microflora in the regulation and maintenance of the intestinal barrier. The potential clinical 
applications of oral tolerance in human disease therapy are also included in this review. Understanding the mechanisms 
of oral tolerance may lead to the development of alternative strategies for preventing or suppressing the symptoms of  
autoimmune diseases and allergies.
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remains the most rigorously investigated form of tolerance  
because the oral administration of proteins or peptides can 
lead to the induction of systemic and local unresponsiveness  
to innocuous antigens. A benefit of induced mucosal tolerance 
(orally or nasally) is that it is non-invasive. However, when  
inducing mucosal tolerance with normal food antigens or syn-
thetic antigens a high amount of antigen is needed, as compared 
with systemic (intradermal) induction and an adjuvant may be 
needed in some situations.

The capability to induce oral tolerance has been recognized 
for decades. Many studies of induced oral tolerance have been 
performed using animal models and several have been per-
formed using human subjects.6 The aims of most oral tolerance 
studies have been to prevent and treat diseases, particularly 
allergic and autoimmune diseases (ADs), and even to prevent 
transplantation rejection.7 The aim of this review was to focus 
on the key issues of oral tolerance, particularly the mechanisms 
of induced oral tolerance, the roles of the immune system, mu-
cosal tissues and commensal microflora and the application of 
oral tolerance in humans. Furthermore, a comprehensive con-
clusion on oral tolerance with an emphasis on future research 
directions is provided.

Introduction
The immune response functions to prevent invasion of 

pathogens and also includes suppression tolerance mecha-
nisms to prevent targeting self-antigens and the development 
of autoimmunity. Tolerance can occur both in developing and  
mature lymphocytes (central and peripheral immune tolerance, 
respectively).

In central immune tolerance, immature or developing T 
and B cells that react strongly to self-antigens are eliminated 
by clonal deletion.1 However, clonal deletion is not perfect be-
cause some self-reactive T cells may not react strongly enough 
to induce deletion signals and antigens must be present in 
the thymus to induce central tolerance. Peripheral tolerance  
occurs outside of primary lymphoid organs (the thymus and 
bone marrow). Mechanisms of peripheral tolerance include 
clonal anergy (lymphocytes fail to respond), deletion of chron-
ically activated T cells (activation induced cell death) and sup-
pression by regulatory immune cells.2,3

The most common methods to induce tolerance to non 
-harmful antigens in humans and animals involve introducing 
proteins or peptides without adjuvants by intravenous injection, 
portal vein injection, intranasal administration, oral mucosal 
or sublingual administration or gastrointestinal mucosal ad-
ministration or skin administration.4,5 However, oral tolerance
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Figure 1. Mechanisms of immunological hyporesponsiveness include active immune suppression, clonal anergy, cell deletion 
(apoptosis), bystander suppression and antibody induction.

mice by feeding a high dose of ovalbumin. These results indi-
cate that oral tolerance can be induced independently of Th1  
or Th2 cytokines.13 Moreover, feeding mice a high or low Ag 
dose was associated with increased TGF-β production by stim-
ulated splenocytes. Furthermore, feeding mice a high Ag dose 
reportedly induced proliferation of a specific T- cell subset with 
an activated phenotype (increased CD69 and CTLA-4 with 
decreased CD45RB and CD62L expression) and secretion of 
the cytokines interferon (IFN)-γ, IL-4 and IL-10 in the PPs or 
MLNs soon after feeding and prior to anergy or apoptosis.2

Oral antigen administration can induce systemic immune 
tolerance via bystander suppression, which occurs when toler-
ance is developed against one antigen, such as by oral adminis-
tration, and then that antigen is administered in combination 
with a second antigen, resulting in tolerance to both. Bystander 
suppression can be induced by a specific antigen and then  
suppressed in an antigen-nonspecific manner.

The mechanism of bystander suppression may best be ex-
plained by the microenvironment at the priming site where a 
tolerized antigen might induce hyporesponsiveness to a sec-
ond antigen. Bystander suppression does not reflect clonal 
deletion or reduced clonal expansion of T cells specific to the 
bystander antigen.14 Upon serum transfer, CD25+ Tregs play a 
role in the suppression of T cell proliferation.15 Bystander sup-
pression may be used to induce tolerance when the immuno-
genic antigen is unknown. Repeated low-dose ingestion of an 
antigen leads to induction of antigen-specific Tregs that have  
suppressor activity. Various Treg populations may be induced, 
including TGF-β-producing CD4+ Th cells and gut-derived  
antigen-specific CD4+/CD25+/Foxp3+ T cells, also known as 
induced Tregs (iTregs).16,17 While various T-cell subsets with 
regulatory activity have been shown to confer tolerance in  
transfer experiments, gut-derived iTregs are critical for oral  
tolerance induction as deletion of iTregs in a DEREG (DEple-
tion of REGulatory T cells) mouse model resulted in loss of  
tolerance.18 In contrast, naturally occurring thymus-derived 
Tregs do not appear to be required for successful oral tolerance 
induction.19

Mechanisms of oral tolerance induction
Many experiments aimed to explain the mechanism of  

oral tolerance induction have been performed using animals 
with varying doses of antigens, mostly ovalbumin, in the feed. 
Oral tolerance occurs after either administration of a single  
high dose of antigen (> 20 mg) or repeated exposure to lower 
doses (100 ng–1 mg).8 These two forms of tolerance, now 
termed high- and low-dose tolerance, are mediated by dis-
tinct mechanisms. The proposed mechanisms of oral tolerance  
involve clonal anergy, deletion (apoptosis) of antigen-specific 
T cells, active immune suppression, bystander suppression, 
and antibody response (Figure 1). Both CD4+ T helper (Th) 
and CD8+ cytotoxic T cells are important for oral tolerance  
induction. A subset of Th cells, including Th1, Th2 and regula-
tory T cells (Tregs), is most often associated with oral tolerance. 
However, the exact mechanisms of oral tolerance induction by 
Th9, Th17 and Th22 cells remain unknown.9

Feeding of mice with a high dose of antigen results in  
anergy of antigen-specific T cells in the Peyer’s patches (PPs),  
mesenteric lymph nodes (MLNs), spleen and peripheral lymph 
nodes (LNs). This strategy also induces apoptosis of antigen 
-specific T cells in PPs. However, transferring T cells from 
mice fed a high dose of antigen to naïve mice failed to transfer  
tolerance.2

In contrast, feeding a lower dose of antigen induced pro-
liferation of antigen-specific T cells and subsequent secretion 
of cytokines, particularly interleukin (IL)-4, IL-10 and trans-
forming growth factor-beta (TGF-β), resulting in suppression  
of the Th1 immune response.10 CD4+ and CD8+ T cells  
isolated from mice fed a low antigen dose were able to trans-
fer immunity against further immunization with the same  
antigen when administered to naïve mice.11 In contrast, feed-
ing either a high or low dose of ovalbumin antigen to rats  
with ovalbumin-induced arthritis resulted in T cell anergy  
that could not be transferred to naïve rats.12

In IL-4-deficient mice, feeding a high dose of ovalbumin 
suppressed both Th1 and Th2 responses, and induced tolerance. 
Likewise, tolerance was induced in both Th1- and Th2-defective
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In human adults, the oral antigen uptake which can per-
suade systemic immune response are poorly understood. The 
tolerance to food antigens (bovine gamma globulin, ovalbumin
and soybean) is dose specific and usually mediated by T cell 
anergy. A study of repeated low dose and single high dose of 
keyhole limpet hemocyanin (KLH) has been documented 
in healthy volunteers. Repeated low dose oral KLH induced  
antigen specific CD4+ T cells for the gut homing receptor  
integrin b7 and the cytokines IL-2 and TNF-α. Oral feeding 
of KLH increased a subsequent parenterally induced systemic 
CD4+ T-cell response and cytokine production of IL-4 and  
IL-10, whereas IFN-c, IL-2 and TNF-α-producing cells were  
decrease. In contrast, a single high dose oral KLH had less  
effect on antigen-specific immune responses comparing with 
repeated low dose oral KLH.20 Foxp3+ Tregs play a key role 
in controlling the magnitude of immune responses to the  
antigens. One study reported that a low dose antigen promotes  
induction of Foxp3+ in human CD4+ cells.21 Besides, these 
Tregs not only suppress Ag-specific responses, but also mediate 
bystander suppression. Bystander suppression of T cells specific 
to the tetanus toxoid was detected after tolerance induced by  
bovine gamma globulin or ovalbumin with heterogeneity in  
the responses between individuals and types of food antigens.22

Table 1 summarizes the studies of high and low dose toler-
ance in this context. Overall, these studies of antigenic exposure 
in both mice and human suggest that the different mechanisms 
of oral tolerance are determined by the dose of fed antigen. 
These mechanisms are mutually inclusive manner, which more 
than one mechanism may be functional with the same antigen.

Animal Studies

High Dose Tolerance Low Dose Tolerance

1. Anergy of antigen-specific T 
cells in PPs, MLNs, spleen and 
peripheral LNs.2 

2. Apoptosis of antigen-specific T 
cells in PPs.2

3. Suppression of Th1 and Th2  
responses in IL-4-deficient 
mice.13

4. Induced proliferation of a 
specific T- cell subset with 
an activated phenotype and 
secretion of the cytokines such 
as IFN-γ, IL-4 and IL-10 in the 
PPs or MLNs.2

1. Induced proliferation of  
antigen-specific T cells and  
subsequent secretion of  
cytokines, particularly IL-4,  
IL-10 and TGF-β.10

2. Immunity transferred via CD4+ 
and CD8+ T cells from  
immunized mice to naïve 
mice.11

3. Induction of iTregs.16,17

Human Studies

High Dose Tolerance Low Dose Tolerance

Induction of CD4+ T cell  
periferation without  
antigen-specific response.20

1. Induction of antigen-specific 
CD4+ T cells, antigen-specific 
IgG1, IgG3 and IgG4, IL-2, IL-4 
and TNF-α.20

2. Induction of Tregs by  
suppressing Ag-specific  
responses, together with  
bystander suppression.21

Table 1. Dose tolerance studies performed in Animals and 
human

Cytokines with positive roles Cytokines with negative roles

1. Th2 cytokines: IL-4,29,32,33,36  
IL-139,32,33

2. Treg cytokines: IL-10,29,32,36 
TGF-β29,31,35

3. Others: macrophage-derived  
IL-1β,72 ILC3-derived  
GM-CSF,72 ILC3-derived IL-2273

Th1 cytokines: IL-12,35 IFN-γ38-40

Table 2. Role of cytokine in oral tolerance

Another mechanism of oral tolerance is through induction 
of antibodies. Tolerance to antigens can be transferred using 
serum from antigen-fed mice.23,24 Administration of IgG anti-
bodies to mice can also suppress IgE-mediated hypersensitivity 
by mast cells.25 In human, early introduction of peanut in chil-
dren resulted in increased peanut-specific IgG4 that conferring 
protection against peanut allergy.26 Perezabad et al. reported 
that the oral food desensitization in children involves decreased 
reactivity of mast cells and basophils, increased food-specific 
IgG4 antibodies, and eventually decreased food-specific IgE  
antibodies.27 Thus, the role of antibodies appear to be crucial for 
oral tolerance induction, but the mechanisms underlying this 
effect remains to be determined.

Role of cytokines in oral tolerance
Although no single mechanism is solely responsible for 

tolerance, cytokines play important roles in oral tolerance 
induction. Over the past several years, much attention has  
focused on the function of various T cell-secreted cytokines in 
tolerance induction. 

T cell-produced cytokines are classified into six groups: 
Th1 cytokines, such as IL-2 IL-12 and IFN-γ, which stimulate 
cell-mediated immune responses, Th2 cytokines, such as IL-4, 
IL-5, IL-10 and IL-13, which stimulate antibody production 
during an allergic reaction that counteract Th1 cytokines, Th17 
cytokines, such as IL-17 and IL-17F, which are involved in the 
host defense against extracellular pathogens, Th22 cytokines, 
such as IL-22, which induces human skin-homing memory  
T cells and functions in host defense at mucosal surface as well 
as in tissue repair, Th9 cytokines, such as IL-9, which are as-
sociated with the immunopathology of asthma, and regulatory 
T (Treg) cytokines, such as IL-10 and TGF-β, which suppress 
T cell proliferation and regulate the functions of macrophages, 
as well as Th1 and Th2 effector T cells. A dominance of Th1  
cytokines plays a negative role in oral tolerance and causes a loss 
of tolerance, whereas a dominance of Th2 and Treg cytokines 
plays a positive role and promotes oral tolerance by suppressing 
the Th1 response (Table 2).29,33,35,36,38-40,72,73 Food and non-harm-
ful antigens normally induce the Th2 or regulatory cytokine  
response.28 For example; TGF-β -producing cells are increased 
in the colonic tissue of mice in response to oral tolerance to  
haptenized colonic proteins, and in the brain of mice with toler-
ance to myelin basic protein (MBP). The PPs of mice fed three 
times with low doses of interphotoreceptor retinoid-binding 
protein and systemically administered IL-2 had secreted more 
TGF-β, IL-4 and IL-10 after antigen stimulation. In addition, 
the splenocytes of mice fed with a low dose of MBP secreted 
higher levels of IL-4, IL-10 and TGF-β after stimulation. 
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Although IL-4 and IL-10 have been associated with oral tol-
erance, IL-4 or IL-10 knockout mice had normal oral tolerance. 
In an autoimmune uveitis mouse model, IL-4 or IL-10 knockout 
mice had defective oral tolerance development in response to 
oral antigens at doses that induce cytokine production in naïve 
mice. Reconstitution of IL-10 in IL-10-depleted mice restored 
the ability to develop oral tolerance; however, reconstitution 
with IL-4 did not. In an EAE model, IL-10 knockout reduced 
oral tolerance development, but to a lesser degree than normal 
mice, while IL-10 knockout mice seemed to develop more se-
vere disease.37

Despite many studies showing that IFN-γ levels are reduced 
concomitantly with a decrease in T cell proliferation in vitro 
and with the severity of IFN-γ-mediated autoimmunity, feed-
ing of an antigen at either a high dose38 or low dose39 increased 
IFN-γ levels in PPs, MLNs and the spleen ex vivo or after cul-
ture with antigen. In IFN-γ receptor knockout mice and IL-12 
deficient mice, oral tolerance resulted in a normal decrease in 
delayed-type hypersensitivity (DTH) and antibody response. 
IFN-γ or IFN-γ receptor knockout mice still had a decreased 
Th2 response, indicating that oral tolerance in these mice was 
not the result of the deviation to Th2 cytokines.

Although the outcomes of blocking IFN-γ were contro-
versial, IFN-γ was shown to decrease the number of antigen 
-specific T cells at effector sites during oral tolerance, and  
induces effector cell death after stimulation without co-stimu-
latory cells in vitro. IFN-γ knockout mice had a greater T cell 
response (increased DTH and proliferation) and altered cyto-
kine production compared with normal mice,40 suggesting that 
IFN-γ may play a role in the regulation of T cell responses.

The role of PPs and MLNs in oral tolerance
The intestinal immune tissue is a primary site of sensitiza-

tion to oral antigens. Gut-associated lymphoid tissue (GALT) 
plays an important role in oral tolerance induction. GALT, 
which is composed of PPs and MLNs, is organised in the intes-
tinal lymphoid follicles. This section describes the involvement 
of PPs and MLNs in oral tolerance induction.41

MLNs are clearly essential for oral tolerance induction;  
however, the necessity of PPs remains controversial. Fujihashi  
et al. demonstrated that mice with normal MLNs, but lack-
ing PPs, failed to develop oral tolerance after administration 
of high-dose ovalbumin,42 which was demonstrated by DTH  
development, induction of an antibody response and T cell  
proliferation. However, oral tolerance was induced in response 
to hapten but not a hapten-ovalbumin conjugate. Conversely, 
other studies reported that normal oral tolerance can be in-
duced in the absence of PPs. For instance, Spahn et al. found 
that mice deficient of PPs could develop oral tolerance to  
ovalbumin, resulting in decreased DTH and IFN-γ production 
and higher TGF-β secretion, similar to normal mice,43 while oral 
tolerance induction failed in mice lacking both PPs and MLNs. 
Worbs et al. verified that MLN lymphadenectomized mice and 
C-C chemokine receptor 7 [a homing receptor for T cells and 
dendritic cells (DCs) to LNs] knockout mice failed to develop 
oral tolerance.44

Cellular components of GALT have been shown to be cru-
cial for oral tolerance induction. The role of microfold (M) cells 
in oral tolerance induction was investigated by Suzuki et al., 

Furthermore, the peripheral LNs from mice fed hen egg white 
lysozyme had higher IL-4 and TGF-β production after antigen 
stimulation. Another study demonstrated that oral admin-
istration of staphylococcal enterotoxin A enhanced the im-
mune tolerance to MBP in the gut mucosa by increasing IL-10 
and TGF-β levels.29 Recently, TGF-β present in the milk also  
enhanced the generation of tolerance to antigens carried in the 
breastmilk.30

T-cell proliferation was decreased in TGF-β knockout mice 
fed a high dose of antigen. However, feeding TGF-β knockout 
mice a low dose of antigen also resulted in decreased T cell  
proliferation, but to a lesser degree than in normal mice.  
TGF-β knockout mice and normal mice fed a low dose of  
antigen have decreased cytokine production (IL-10, IL-4 and 
IFN-γ), suggesting that TGF-β might not be the exclusive  
mechanism for tolerance, particularly in this mouse mod-
el for which tolerance was induced by feeding a low antigen 
dose rather than inhibition of cytokine production. Thus,  
tolerance might be induced by clonal anergy.11 These findings 
indicate that cytokines play important roles in the regulation  
of mucosal immune responses. Other studies have indicated  
that TGF-β can convert peripheral CD25−/CD4+ T cells to 
CD25+/CD4+ T cells that have a phenotype and function  
resembling those of natural Tregs, which may be caused by 
TGF-β-induced expression of Foxp3 and CTLA-4, and induc-
tion of anergy of CD25−/CD4+ T cells in a contact-dependent 
manner, leading to reduced secretion of cytokines by Th1 and 
Th2 cells. In this study, IL-10 had no role in the conversion of 
CD25− T cells to CD25+ T cells.31

Numerous studies have demonstrated that the adminis-
tration of specific cytokines can induce oral tolerance. For 
example, feeding IL-10 or IL-4 together with an oral antigen 
enhanced the development of oral tolerance compared with 
feeding of the antigen alone. The administration of IL-4  
intraperitoneally together with MBP feeding also reduced 
the severity of experimental autoimmune encephalomyelitis  
(EAE), while injection of IL-4 or feeding MBP alone did not. 
This study also found that IL-4 can induce TGF-β secretion 
by T cells in vitro, while culture with IL-4 and IL-13 induced 
the generation of peripheral CD25+ Tregs with an anergic 
phenotype that suppressed the proliferation of CD25−T cells  
in vitro.32 IL-4 and IL-13 can downregulate expression of toll-
like receptors (TLR)-3 and -4, and secretion of IL-8 in human 
intestinal epithelial cell lines, suggesting that signalling of 
IL-4 and -13 is decreased through TLR-3 and -4.33 Also, TLR2  
activators were recently found to modulate oral tolerance in 
mice34 however; the role of TLR2-mediated cytokines in oral 
tolerance remains unclear.

In an experimental granulomatous colitis mouse model, 
the systemic administration of anti-TGF-β or IL-12 abrogated 
oral tolerance,35 indicating that TGF-β and IL-12 have oppo-
site effects in the regulation of the mouse mucosal immune  
response.

IL-4 knockout mice developed abnormal PPs that lack 
germinal centres but had intact MLNs. These mice also had  
defective gut antibody and T cell responses after immunization 
with ovalbumin and keyhole limpet hemocyanin, but a normal 
systemic response to intravenous immunization.36
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who demonstrated that a delivery system targeting antigens 
against M cell proteins facilitated oral tolerance induction 
due to a reduction in Ag-specific CD4+T cells and increased  
levels of TGF-β1- and IL-10-producing CD25+/CD4+ Tregs 
in both systemic and mucosal lymphoid tissues.45 Moreover,  
much evidence indicates that B cells are also important for oral  
tolerance induction. B cell-deficient mice having defective PP 
and M cell development fed antigens have defective production 
of the regulatory cytokines IL-10 and TGF-β. The EAE mice  
retained a state of anergy after being fed antigens with more  
severe encephalomyelitis than normal mice. Other studies  
have demonstrated that B cell-deficient mice have the same 
responses as normal mice to oral ovalbumin administration, 
which decreased the extent of T cell proliferation and IFN-γ 
secretion, while retaining a decreased DTH response and  
increased secretion of IL-4, IL-10 and TGF-β in vitro.46 Fur-
thermore, DCs also play an important role in determining the  
induction of immunity or tolerance. Gastrointestinal DCs  
reside in the lamina propria, PPs and MLNs and migrate to the 
intestinal lymph ducts and thoracic ducts. Viney et al. showed 
that mice fed the haematopoietic growth factor FMS-like  
tyrosine kinase-3 (FLT3) ligand, which increases the number 
of mature DCs in peripheral tissues, had an increased number 
of DCs in the spleen and mucosal sites. Mice treated with the 
FLT3 ligand developed greater tolerance to orally administered  
ovalbumin than control mice,47 suggesting that DCs also have 
an important function in oral tolerance development.

Gastrointestinal DCs are divided into subtypes according 
to the expression of specific surface molecules and have differ-
ent locations, as well as T cell stimulatory, cytokine production  
and migratory activities. It is evident that intestinal and hepatic 
lymphoid DCs have at least three subsets based on a high or low 
expression of signal regulatory protein-α (SIRP-α),48 and the 
presence or absence of CD103, CD11b, and CX3CR1.49,50 Low 
SIRP-α-expressing DCs are found in the T cell areas of PPs and 
MLNs, while high SIRP-α-expressing DCs are found outside 
of these areas. Intravenous lipopolysaccharide administration  
induced the migration of high SIRP-α-expressing DCs to the 
T cell areas and enhanced lamina propria DC migration to the 
draining LNs of the intestines.

In pigs, DCs in the lamina propria are mainly CD11b+/
SIRP-α+, while those in the subepithelial dome of PPs are 
mainly CD11b-/SIRP-α+ and those in the interfollicular region 
of PPs are CD11b−/SIRP-α−. In MLNs, the DCs are mainly 
CD11b+/SIRP-α−, while those in the intestinal LNs (after re-
moval of MLNs) are CD11b+ and SIRP-α positive or negative.51 
These findings indicate that DCs that migrate to the MLNs are 
mainly from the lamina propria and those in the intestinal LNs 
have mature phenotypes but are poor T cell stimulators. 

In mice, CD8α+ plasmacytoid DCs in the spleen and 
MLNs secrete IFN-α after stimulation,52 but are less effective  
at inducing T cell proliferation and produce more IL-10 and 
less IFN-γ during culture with ovalbumin specific T cells, as  
compared with CD8α+ non- plasmacytoid DCs. MLN CD8α+ 
plasmacytoid DCs drive naïve CD25− T cells into a regulatory 
phenotype that can suppress proliferation of other T cells and 
produce greater amounts of IL-10 and IL-4 with some IFN-γ.

In mice PPs, there are three distinct populations of CD-
11c+DCs: CD11b−/CD8α+, CD11b+/CD8α− and CD11b−/

CD8α−, respectively. CD8α+DCs are derived from lymphoid 
precursors and found predominantly in the interfollicular T 
cell areas, whereas CD11b+DCs are derived from myeloid pre-
cursors and found predominantly in the subepithelial dome. 
CD11b−/CD8α− DCs are found in the subepithelial dome,52 

interfollicular T cell areas, and intraepithelium.53 After stim-
ulation with an antigen, CD11b+ cells mature and move to  
interfollicular T cell areas to present the acquired antigens to 
T cells. An in vitro study showed that CD11b+ cells from PPs 
produced higher levels of IL-10 after stimulation with a CD40 
ligand trimer and that these DCs stimulated naïve T cells into 
Th2 cells, whereas PP CD11b+ DCs in the MLNs and periph-
eral LNs did not secrete IL-10. CD8α+ DCs and CD11b−/ 
CD8α− DCs produce IL-12 after stimulation.54 In a mouse mod-
el of collagen-induced arthritis, mice with oral tolerance had  
increased numbers CD11b+ DCs and CD25+/CD4+ Tregs in 
the PPs. The CD11b+DCs produced more IL-10, induced a 
higher number of CD25+/CD4+ Tregs in vitro and also induced 
T cells to produce more IL-10 and TGF-β.55

The local microenvironment is important for the function  
of DC subsets. The tolerogenic features of DCs can be influ-
enced by various factors produced by intestinal epithelial cells, 
such as TGF-β and retinoic acid.56,57 Another factor is mucin  
secretion of goblet cells can increase the uptake by CD103+ 
DCs, which favour the induction of Tregs and promote the de-
velopment of tolerance response.58 In addition, intestinal com-
mensal microbes also play critical roles in shaping the function 
of DCs and promoting tolerance. For example, DCs cultured 
in the presence of intestinal epithelial cells and Gram-positive 
commensal bacteria differentiate into IL-10-producing tolero-
genic DCs.59 Taken together, these findings establish a key role 
of the local microenvironment in tolerance regulation of DCs.

The role of commensal flora in oral tolerance
The intestinal tract is colonized after birth with a variety of 

ingested environmental and maternal commensal microflora. 
Previously, it was believed that epithelial cells and microflora 
do not interact because the microflora would not be able to 
access pattern recognition receptors on the epithelial cells that 
recognize common microbial molecules. However, it has been 
reported that the presence of microflora and their metabolites 
in the gut is important for the development and maintenance 
of intestinal immune homeostasis.60 For example, commensal 
bacteria and their metabolites, such as short-chain fatty acids 
(SCFAs), including acetate, butyrate and propionate, play a role 
in homeostasis.61,62 SCFAs derived from microbiota-mediated 
digestion of diet fibres prevent inflammation. Recently, it was 
found that the exposure of monocyte-derived DCs to SCFAs 
inhibited the release of proinflammatory cytokine induced by 
incubation with lipopolysaccharides,63 which might be due to 
the effect of lipid mediators that activate anti-inflammatory  
peroxisome proliferator-activated receptors.64

In addition, normal microbial colonization of the intestine is 
important for the development of tolerance to foods and plays 
vital roles in the regulation and maintenance of the intestinal 
barrier. Murine models have been used to demonstrate that 
bacteria and their components can affect the induction of oral 
tolerance. For instance, Rodriguez et al. reported that germ-free 
mice colonized with microbiota from a healthy human infant



Figure 2. Mechanisms of commensal flora in oral tolerance are multifactorial process involving with the maintenance of the 
intestinal barrier and interaction with immune cells to support induction of oral tolerance.
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and sensitized with whey protein exhibited milder allergic 
symptoms following challenge with β-lactoglobulin than their 
germ-free counterparts.65 In another study, Gaboriau-Routhi-
au and Moreau demonstrated that feeding mice cholera toxin 
or labile toxin with ovalbumin prevented the development of 
oral tolerance; however, as compared with germ-free mice, the  
presence of gut microflora shortened this effect and facilitated 
recovery of oral tolerance.66

Moreover, Lotz et al. reported that recognition of microbes 
by TLRs induced tolerance immediately after birth by exposure 
to exogenous endotoxins to facilitate microbial colonization 
and the development of intestinal host-microbe homeostasis.67 
TLR2 has been identified as a regulator of oral tolerance in  
the gastrointestinal tract. It was recently demonstrated that 
the probiotic Bifidobacterium breve develops regulatory IL-10 
secreting T cells via TLR2 stimulation by CD103+ DCs, thus 
reducing inflammation in the large intestine.68 Indeed, it is  
evident that microbiota have the ability to induce the develop-
ment of Foxp3+Tregs. In a mouse model, protection against  
allergic sensitization to food conferred by Clostridia-contain-
ing microbiota was associated with an increase in the content 
of Foxp3+ Tregs in the colonic laminar propria and an increase 
in the concentration of IgA in faeces. Furthermore, Clostridium 
spp.69 as well as Bacteroides fragilis70 is potent inducers of Fox-
p3+Treg differentiation. Another study revealed that bacterial 
capsular polysaccharide A can alter the migratory capacity of 
CD39+/Foxp3+/CD4+ Tregs.71 Polysaccharide A-treated mice 
had increased numbers of CD39+/Foxp3+/CD4+ Tregs homing 
to the inflamed central nervous system in EAE, which delayed 
the onset and reduced the severity of EAE, suggesting that bac-
teria-specific Foxp3+Tregs may also direct anti-inflammatory 
responses in the gut. Recent studies showed that microbiota 
can regulate host intestinal immunity by triggering intestinal  
macrophages to secrete IL-1β.72,73 This IL-1β supported GM-
CSF and IL-22 release by local type 3 innate lymphoid cells 
(ILC3s). ILC3-derived Il-22 has important function in mucosal 
defence by strengthening the epithelial barrier.73 Meanwhile, 

ILC3-derived GM-CSF functions in DC and macrophage  
secretion of retinoic acid and IL-10, which were found to  
maintain the homeostasis of mucosal Tregs.72 In this process, 
Tregs plays a major role in promoting B cell class switching to 
produce IgA response, inducing T cell anergy of effector cells, 
and inhibiting the inflammatory process. Together, these data 
support a role of microbiota in establishment of oral tolerance. 
It is possible that intestinal microbiota may be important for 
the development of T-cell tolerance. We proposed a mechanism 
in which an intestinal microbiota and their products induce 
oral tolerance by interacting with the intestinal epithelial and  
immune cells in the mucosal system (Figure 2).

The role of diet in oral tolerance
Some nutrients, such as retinoic acid (vitamin A) and 

tryptophan, are known to affect the immune system by con-
ditioning mucosal DCs, thus providing the anti-inflammatory 
microenvironment needed in the mucosa.74,75 Vitamin A 
upregulates DC enzymes, such as retinal dehydrogenase 2  
(RALDH2), which catalyse the synthesis of biologically active 
retinoic acid to maintain mucosal immunity by generating the 
homing regulator T and B cells. Besides, vitamin A from diet is 
essential for the generation of Tregs.76 In vitamin A–deficient 
mice, it was clearly shown the loss of IgA secreting B cells and 
T cells in the intestine.77 This indicates the role of vitamin A in 
inducing oral tolerance.

Vitamin D has been proposed to play a part in oral tolerance 
as it can affect B and T cell migration, and Th17 cell matura-
tion.78 Moreover, vitamin D is required for the development of 
subset of intraepithelial CD8aa-expressing T-lymphocytes from 
the intestinal mucosa. Nevertheless, there was evident showing 
the involvement of vitamin D–deficiency with increased risk of 
shrimp and peanut allergy.79 While one study found a feasible 
chance of food allergy after obtained vitamin D supplementa-
tion.80 However, future investigation of clinical correlation is 
needed to support the effect of vitamin D on development of 
oral tolerance.
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linked to cholera toxin B to develop oral tolerance in patients 
with Bechet’s disease and uveitis enabled the withdrawal of  
immunosuppressive drugs with no relapse in five of eight pa-
tients, and three were relapse-free for 10 months without treat-
ment. In addition, oral administration of bovine type 2 collagen 
for 3 months resulted in a clinical improvement in eight of 11 
juvenile arthritis patients. Six of these patients had decreased 
IFN-γ and increased TGF-β3 production by peripheral blood 
mononuclear cells. Likewise, chicken type 2 collagen has been 
effective in the treatment of rheumatoid arthritis and is safe for 
human consumption.89 Moreover, in a clinical trial, patients 
with Crohn’s disease given autologous colonic protein antigen 
by oral administration had a higher remission rate, as compared 
to the untreated group, although the difference was not statis-
tically significant.90 Oral insulin treatment was used to prevent 
the development of type 1 diabetes mellitus in the relatives 
of type 1 diabetes mellitus patients.91 The oral insulin-treated 
group had a lower incidence of diabetes among those who had 
some degree of autoimmunity (insulin autoantibody ≥ 80 nU/
ml), but no benefit was achieved in patients without insulin  
autoantibodies.

Results from the above studies suggest that patients with 
ADs are heterogeneous in their responses to oral tolerance 
induction with the responding group having immunologic 
profiles that differ from the unresponsive group. Multiple fac-
tors are likely involved in individuals with ADs who are more  
refractory to developing immune tolerance. The observed  
heterogeneity of responses may be caused by different stages of 
disease, drug treatments, genetic factors and/or environmental 
factors among patients.

Conclusions and future perspectives
Oral tolerance is a type of immune hyporesponsiveness 

to gastrointestinal antigens that can be acquired through oral  
administration. This review discusses a number of mechanisms 
of immunological hyporesponsiveness and highlights possi-
ble methods to facilitate the prevention or therapy of ADs and  
allergy. Although the mechanisms underlying oral tolerance are 
complex and involve multiple cellular and molecular processes, 
we have reviewed four mechanisms of immunological hypore-
sponsiveness including (1) anergy or the suppression of specific 
T cell subsets and Th1 and/or Th2 cytokines, (2) suppression 
by Th2 or regulatory cytokines, (3) bystander suppression by 
Tregs, (4) and induction of antibody response. Although most T 
cell subsets (Th1, Th2 and Tregs) and their cytokines are clearly 
involved in the development of oral tolerance, little is known 
about the underlying signaling pathways that regulate the  
immune responses responsible for oral tolerance. A better  
understanding of these processes is needed in order to identify 
new targets for modulating tolerance.

There is much evidence that PPs, MLNs and DCs actively 
participate in maintaining intestinal immune homeostasis and 
play important roles during oral tolerance induction. Likewise, 
there is increasing interest in the possible role of dietary factors 
in maintenance of mucosal immunity and development of oral 
tolerance. Interestingly, microflora in the gut also contributes to 
oral tolerance induction by interacting with intestinal epitheli-
al cells and delivering tolerogenic signals that are transmitted

to the immune system. Microflora and their metabolites, such 
as SCFAs, including acetate, butyrate and propionate, also play 
a role in homeostasis and immune system development in the 
gut. When these factors are disrupted, the system may be biased 
towards the Th2 phenotype and interfere with Treg develop-
ment. There is a considerable interest in investigating the role 
of the intestinal microflora and metabolites in oral tolerance 
induction. Perhaps, probiotics may be useful materials for oral 
tolerance induction.

At present, clinical trials of oral tolerance are being con-
ducted in a variety of human diseases, including allergy and 
ADs. However, the success of oral administration to induce 
hyporesponsiveness to gastrointestinal antigens in humans is  
limited, which might be due to the fact that most studies of 
oral tolerance induction have been conducted in non-human 
subjects, such as rodents and larger mammals (i.e. rabbits, pigs, 
sheep and non-human primates). It is possible that these ani-
mals may not respond to oral immunity similarly to humans. 
Moreover, in regard to the physiology of human intestinal  
absorption, a sufficient dose for humans may differ from those 
needed for other animals. Furthermore, there are individual 
genetic differences and genetic disorders in humans that have 
not yet been identified, which may explain why trials of oral 
tolerance in patients are more difficult than in animal models 
and why there is heterogeneity in the response to oral antigens. 
Indeed, additional studies on the variations and formulations of 
antigens to induce oral tolerance are required to determine the 
most effective method for humans. Lastly, we need to pay more 
attention to the short- and long-term safety of oral tolerance. In 
summary, while there is still a long way to go in better under-
standing of oral tolerance induction, the continued progress in 
this field has brought us closer to effective clinical development 
of oral tolerance for the treatment of human diseases.
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