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Antigens elicit qualitatively distinct immune responses
based on their portal of entry (TABLE 1). Introduction of
antigen systemically, whether by injection (subcutaneous
or intramuscular) or injury, leads to local infiltration of
inflammatory cells and specific immunoglobulin pro-
duction1. By contrast, antigens introduced at mucosal
surfaces (such as the gastrointestinal and genitourinary
tracts) elicit active inhibition of the immune response to
those antigens, systemically. In 1946, Merill Chase2

showed that oral administration of a CONTACT-SENSITIZING

AGENT (2,4-dinitrochlorobenzene) did not lead to sensi-
tization, but rather prevented the animal from eliciting
an immune response to subsequent intracutaneous
injections and cutaneous challenges (FIG. 1). The specific
induction of these regulated responses by administra-
tion of antigen through the gastrointestinal tract is
known as ORAL TOLERANCE.

In the decades since the landmark experiment by
Chase2, researchers have gained important insights into
the mechanisms of tolerance. We now know that toler-
ance is a normal feature of the immune system at
mucosal surfaces. Tolerance can also be generated
through nasal3 and airway4 administration of antigen.
Two related forms of tolerance have also been described.
Direct injection of antigen into the portal vein can lead
to systemic non-responsiveness to that antigen (portal
tolerance)5, as can inoculation of the anterior chamber of
the eye, in a phenomenon known as anterior-chamber-
associated immune deviation (ACAID)6.

However, oral tolerance remains the most rigorously
investigated form of tolerance. Moreover, because oral
administration of antigen can lead to systemic unre-
sponsiveness, it is a potentially powerful tool for the
therapy of autoimmunity and chronic inflammatory
conditions, and an attractive alternative to immuno-
suppressive medical interventions that have undesirable
side-effects (such as steroids). Several successful thera-
peutic trials in animal models have supported a limited
number of human clinical trials. Unfortunately, in
humans, heterogeneity in the design and results of
these trials have made efficacy difficult to discern. In
this review, we attempt to identify those factors that are
essential for the use of oral tolerance as a therapeutic
approach. First, a brief overview of the underlying
mechanisms of oral tolerance is provided, followed by a
selected review of animal models of disease, highlighting
key issues that are important for the induction of oral
tolerance. Finally, a comprehensive survey of human
clinical trials using oral tolerance is discussed with an
emphasis on future directions for research.

The path to oral tolerance
The mucosal immune system of the gastrointestinal
tract has several special anatomical and physiological
characteristics to carry out its unique functions. A com-
prehensive review of these characteristics with particu-
lar respect to tolerance has been published recently7;
so, only a short summary of these is presented here.

THERAPEUTIC POTENTIAL OF 
ORAL TOLERANCE
Lloyd Mayer and Ling Shao

The immune system has the daunting task of distinguishing between self and non-self. The
mucosal immune system, present along the respiratory, gastrointestinal and genitourinary tracts,
has the additional burden of coexisting with an abundance of dietary antigens and lumenal bacterial
flora. A key feature of the mucosal immune system is its ability to remain tolerant to these antigens
while retaining the capacity to repel pathogens effectively. Furthermore, tolerance generated at
mucosal surfaces can translate to a more generalized systemic tolerance — a characteristic of
great therapeutic potential, but with many unforeseen complexities that are explored in this review.

CONTACT-SENSITIZING AGENT 

A substance that results in a
local inflammatory response 
to that substance following
repeated cutaneous or
subcutaneous exposure.

ORAL TOLERANCE

Active non-response to an
antigen administered through
the oral route.
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of the gut and allow for controlled nutrient absorp-
tion. Defects in this regulated state, such as immune
responses to normal commensal flora, are thought to
be an important contributing factor in the develop-
ment of Crohn’s disease — an inflammatory disorder
of the gastrointestinal tract. This delicate balance in the
gut between tolerance to innocuous antigens and
immunity to pathogens is histologically recognized as
controlled or physiological inflammation. As seen in
FIG. 2, the external environment is separated from the
lamina propria, which contains the largest collection of
lymphoid tissue in the body, by a single layer of epithe-
lium. The immune system at this interface is poised to
react to insults, but remains tolerant to harmless or
beneficial antigens. The decision to initiate immunity
or tolerance integrates signals from several sources. For
example, danger signals can be transmitted by receptors
for pathogen-associated molecular patterns (PAMPs)
known as pattern-recognition receptors (PRRs). These
receptors, including the Toll-like receptors8 and the
NOD (nucleotide-binding oligomerization domain)
family9 of proteins, detect common motifs that are pre-
sent on pathogens and can initiate an inflammatory cas-
cade. Interestingly, these pathways seem to be dampened
in the gut. In addition, the route by which antigens
cross the epithelial-cell barrier is likely to dictate the
type of immune response that is generated.

In the normal non-diseased intestine, most antigens
must pass through the large surface area of the intestinal
epithelium. Estimates of the absorptive area of the
human small bowel reach 200 m2 (about the size of a
tennis court)10. Intestinal epithelial cells might act as
NON-PROFESSIONAL ANTIGEN-PRESENTING CELLS (APCs)11,12 (FIG. 2)

and have the capacity to modulate local immune
responses through the activation of CD8+ T cells13.
Although in some circumstances CD8+ T cells have
been reported to mediate suppression after oral admin-
istration of antigens14,15, many experiments have shown
that CD8+ T cells are dispensable for oral tolerance16–18.
Antigens passing through intestinal epithelial cells
might also be absorbed into capillaries that culminate in
the portal vein, and early experiments in rats showed
that surgical diversion of the portal vein (portal–caval
shunt) abrogates tolerance19.Also, allogeneic tissue grafts
are tolerated temporarily if donor splenocytes are
injected through the portal vein simultaneously20–22.
Mouse models indicate that the mechanism of portal
tolerance might involve the presence of NK1.1+ T CELLS23. So,
one important pathway for tolerance might involve
passing through intestinal epithelial cells, escaping
capture by lamina-propria phagocytes and proceeding
through blood capillaries to the liver.

Another important portal of entry for antigens are
the organized lymphoid structures known as PEYER’S

PATCHES (FIG. 2), which are distributed in the small
bowel below specialized epithelial cells known as
MICROFOLD CELLS (M cells). Although early studies sup-
ported a role for Peyer’s patches in tolerance induc-
tion24–26, more recent studies have cast doubt on this
concept. M cells are specialized to take up particulate
antigens, whereas peptide presentation of orally

Similar to the skin, the intestinal epithelium is a
barrier to COMMENSAL BACTERIA and potential pathogens.
Unlike the skin, however, the intestine must also be
permeable to water and other nutrients. The unique
nature of the mucosal immune response might be the
consequence of a large antigenic burden of dietary
antigens and commensal bacteria that are in constant
contact with the intestinal epithelium. Damaging
immune responses to these beneficial and/or harmless
antigens must be prevented to maintain the integrity

Table 1 | Route of antigen administration affects immunological outcome

Route of antigen Usual outcome References
administration

Subcutaneous Immunization 1

Intramuscular Immunization 1

Injury Immunization 1

Intravenous Tolerance 120

Mucosal Tolerance 3,4
(oral, nasal and respiratory)

Portal vein Tolerance 5

Anterior chamber of the eye Tolerance 6

Introduction of antigen through different routes lead to distinct outcomes. Immunization is
characterized by local inflammation and specific antibody production. Tolerance is characterized
by inhibition of systemic immunity to the specific antigen being administered.

a

b

c
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Figure 1 | Induction of oral tolerance. a | Mice that are immunized subcutaneously and then
boosted subcutaneously with antigen plus adjuvant, such as Freund’s complete adjuvant or alum,
show a robust in vitro cell-mediated and antibody response to the immunizing antigen. b | Mice that
are first orally fed antigen, then immunized subcutaneously with antigen plus an adjuvant have
reduced immune responses to that antigen after in vitro restimulation. c | Finally, T cells from mice
that are fed antigen (low dose) can be transferred to naive mice. Immunization of mice that received
the tolerized T cells results in the same reduced response as seen in the mice that were fed antigen
orally. This shows that oral feeding of antigen can induce an active (but inhibitory) immune response
that is mediated by T cells.

COMMENSAL BACTERIA

Any one of the harmless or
beneficial bacteria that colonize
the small and large intestine.
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enhancement of oral tolerance32. Antigen-carrying
dendritic cells traffic through the lymphatics
(lacteals) to the mesenteric lymph nodes33,34. Genetic
or pharmacological deletion of the mesenteric lymph
nodes indicates that these structures are essential for
oral tolerance, supporting a role for this pathway35.

The pathways by which antigen either passes through
the epithelium into blood capillaries, or is carried by
phagocytic cells to the mesenteric lymph nodes through
lymphatics (taken up through M cells or captured by
dendritic cells) ultimately converge at the spleen. This

administered soluble antigens occurs in the absence of
Peyer’s patches27. Mowat and colleagues28,29 have shown
that soluble antigens lead to systemic tolerance,
whereas particulate antigens generally prime immune
responses. Finally, ablation of Peyer’s patches by genetic
or pharmacological means does not affect tolerance30.

Alternatively, it has recently been shown that intestinal
dendritic cells can intercalate between epithelial cells
and sample antigens directly from the lumen31 (FIG. 2).
Interestingly, expansion of dendritic-cell populations
with FMS-LIKE TYROSINE KINASE 3 LIGAND (FLT3L) leads to an

NON-PROFESSIONAL ANTIGEN-

PRESENTING CELLS

Cells that can be induced to
express antigen-presenting
molecules or non-classical
antigen-presenting molecules.
These cells also often lack
expression of co-stimulatory
molecules such as CD80 and
CD86.

NK1.1+ T CELLS 

Recently, these cells have been
shown to be restricted by the
non-classical MHC class Ib
molecule CD1d. These cells
respond to the antigens 
α-galactosylceramide and
glycerol-phosphatidylinositol
in mice and have important
functions in immunity against
infections and malignancies.

PEYER’S PATCHES

Organized lymphoid structures
in the small intestine, underlying
M cells. Peyer’s patches consist of
a T-cell zone surrounding a B-cell
zone, similar to germinal centres
in lymph nodes.

MICROFOLD CELLS

(M cells). Specialized epithelial
cells that have a characteristic
shape with a deep basolateral
pocket and little cytoplasm.
This makes them efficient at
transporting insoluble materials
across the epithelial-cell barrier,
where these antigens immediately
encounter macrophages and
dendritic cells.

FMS-LIKE TYROSINE KINASE 3

LIGAND

(FLT3L). A cytokine that
promotes the clonal expansion
of dendritic cells in vivo.
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Figure 2 | The path to oral tolerance. Fed antigens can cross the intestinal epithelial-cell barrier in several ways. Antigens can be
processed and presented on MHC molecules by intestinal epithelial cells (a) or cross through the epithelium, where they are absorbed
into capillaries (b) that drain into the portal vein and the liver. Antigens can also be captured by macrophages (c) and carried to local
draining lymph nodes in lymphatics. Dendritic cells have recently been shown to be capable of extending processes into the gut lumen
(d), where they can capture antigen directly, which would then allow them to carry antigen to the local mesenteric lymph node 
in lymphatics. Each of these pathways ultimately converge at the spleen. It is possible that many redundant pathways exist to
generate tolerance or that each individual pathway generates different forms of tolerance to specific antigens. TCR, T-cell receptor.
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would implicate the spleen as a potential site for tol-
erance induction. Some evidence indicates that
splenectomy abrogates oral tolerance in a model of
autoimmune uveitis36. Interestingly, absence of the
spleen also eliminates ACAID37,38. So, different modes
of tolerance might share common features.

High- and low-dose tolerance
In the 1960s, investigators studying the mechanisms of
contact sensitization determined that systemic toler-
ance could be induced by administration of two widely
separated doses of antigen39. In mice, we now know
that 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)40–42. These two
forms of tolerance, now termed high- and low-dose
tolerance, are mediated by distinct mechanisms (FIG. 3).

Autoreactive cells that escape negative selection in
the thymus (central tolerance) but then later
encounter an abundance of self-antigen in the periph-
ery may be either anergized or deleted in a process
known as PERIPHERAL TOLERANCE. High doses of oral
antigen can also induce lymphocyte ANERGY and/or
deletion43,44. High-dose-induced deletion occurs by
CD95 (FAS)-dependent caspase activation leading to
apoptosis45. Interestingly, interleukin-12 (IL-12), a
prototypical T helper 1 (T

H
1)-cell-inducing cytokine,

blocks the CD95 pathway and can block peripheral
deletion in high-dose tolerance46. Anergy occurs
through T-cell receptor (TCR) ligation with inadequate
co-stimulation, either by cognate interactions between
factors such as CD80 or CD86 on APCs with CD28 on
T cells, or by soluble cytokines such as IL-2 (REF. 47).

Low-dose tolerance is now known to be mediated by
active suppression of immune responses by T cells48.
Specifically, the effector cells of low-dose tolerance have
been shown by depletion, transfer and reconstitution
studies to be mainly CD4+ T cells16,17,49. However, these
CD4+ T cells defy the classical categorization of T

H
1 and

T
H

2 cells and instead form a third broad grouping.
Regulatory T cells that might have a role in oral toler-
ance can be divided into three subgroups: CD4+CD25+

regulatory T cells48,50,51, T
H
3 cells52,53 and TR1 cells54,55.

CD4+CD25+ regulatory T cells (CD4+ T cells that
co-express high levels of IL-2 receptor α-chain, CD25)
mature in the thymus56, are reactive to self-antigens in
the periphery57 and express the transcription factor
forkhead box P3 (FOXP3)58,59. In humans, the impor-
tance of CD4+CD25+ regulatory T cells can be inferred
from patients with a genetic defect in FOXP3. These
patients develop a syndrome of immune dysregula-
tion, polyendocrinopathy and enteropathy that is car-
ried by the X chromosome (IPEX)60. In mice, the
importance of CD4+CD25+ regulatory T cells in oral
tolerance is indicated by experiments in transgenic
mice that express a TCR specific for ovalbumin48.
Ovalbumin-specific-TCR-transgenic mice that are fed
ovalbumin have an increased number of CD4+CD25+

regulatory T cells. These cells were further shown to
express high levels of cytotoxic T lymphocyte antigen 4
(CTLA4), as well as the immunosuppressive cytokines

PERIPHERAL TOLERANCE

Potentially autoreactive T cells
that have escaped negative
selection in the thymus (central
tolerance) can be deleted or
anergized by one of several
mechanisms. Deletion can be
mediated by high-affinity T-cell
receptor (TCR) crosslinking or
by CD95–CD95L-mediated
apoptosis. Anergy can occur
when incomplete activation
signals are sent through the TCR
(low-affinity interactions) or
when there is a lack of co-
stimulation during activation.

ANERGY

A reversible immune
hyporesponsiveness to antigen.
Incomplete activation signals
mediated by low-affinity T-cell
receptor interactions or a lack 
of co-stimulation can lead to
anergy. Anergy has been shown
to be reversible by stimulation
with antigen and interleukin-2.

TGF-βR

Effector T cell
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Figure 3 | Potential mechanisms of oral tolerance.
a | The generation of an immune response requires ligation
of the T-cell receptor (TCR) with peptide–MHC complexes.
In the context of appropriate co-stimulatory molecules
(CD80 and CD86) and cytokines, an active immune
response is generated. b | However, with high doses of oral
antigen, TCR crosslinking can occur in the absence of co-
stimulation, or concurrently in the presence of inhibitory
ligands (CD95 and CD95 ligand, CD95L), leading to
immunosuppressive responses such as anergy or deletion.
c | Low doses of oral antigen lead to the activation of
regulatory T cells, which suppress immune responses by
cognate interactions, and soluble (interleukin-10, IL-10,
and transforming growth factor-β, TGF-β) or cell-surface-
associated suppressive cytokines. R, receptor.
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Oral tolerance in animal models of human disease
A resurgence of interest in oral tolerance followed the
finding that oral administration of autoantigens could
prevent and/or ameliorate disease activity in animal
models of rheumatoid arthritis62 and multiple sclerosis63.
Soon afterwards, investigators began to report similar
results in other autoimmune diseases, as well as in
models of allograft rejection. Oral tolerance has even
shown beneficial effects in several non-autoimmune
inflammatory applications such as atherosclerosis and
stroke64–66. Several themes have emerged from these
studies that might prove important for the application
of oral tolerance in humans.

Dose. Independent of the model system, prevention of
disease by low-dose oral tolerance occurs in a surpris-
ingly narrow dose range. In experimental autoimmune
encephalomyelitis (EAE) models, for example, prophy-
lactic low doses of myelin basic protein (MBP) span a
one log range (100–1000 µg)40. Higher doses of anti-
gen can also protect a naive animal if administered
before the onset or initiation of disease, probably
through anergy or deletion of autoreactive cells45,67.
Low doses are thought to be required to generate regula-
tory cells that are crucial for downmodulating ongoing
inflammation68.

IL-10 and transforming growth factor-β (TGF-β).
Further work has shown that an important mecha-
nism of action of CD4+CD25+ T cells might involve
the expression of cell-surface-bound TGF-β, which can
act as a cognate suppressive factor61 (although other
groups have not reproduced these findings).

TGF-β-secreting T
H
3 cells have also been implicated

in oral tolerance. These cells were found to be increased
in patients with multiple sclerosis who are fed myelin
compared with non-fed patients52,53. Finally, TR1 cells
are activated by chronic alloantigen stimulation and
require IL-10 for their growth as well as to suppress
inflammation in mouse models of inflammatory bowel
disease54,55, but their contribution to oral tolerance is
unclear. An intriguing feature shared by each of these
subtypes of regulatory T cell is that, although they can
be activated in an antigen-specific manner, based on
their mechanism of action — suppressive cytokines and
cell-surface ligands — they can suppress immune
responses in the immediate surrounding area in an anti-
gen non-specific manner. This phenomenon is known as
BYSTANDER SUPPRESSION.

The ability to control this phenomenon is a poten-
tially powerful therapeutic tool for controlling
autoimmune/inflammatory conditions. Some examples
of these are listed in TABLE 2.

BYSTANDER SUPPRESSION

Antigen non-specific inhibition
of the immune response by
virtue of temporal and physical
proximity to regulatory cells.

Table 2 | Oral tolerance in animal models of disease

Animal model Human Induction Effective oral antigens Prophylactic Dose References
disease or therapeutic

Experimental Multiple sclerosis Commonly induced by Whole myelin, myelin basic Prophylactic High dose 42–44
autoimmune injection of susceptible protein, proteolipoprotein, Prophylactic Low dose 63,94,95,125
encephalomyelitis animals with myelin proteins myelin oligodendrocyte and therapeutic

plus pertussis toxin as glycoprotein, glatiramer
an adjuvant to permeabilize acetate (copolymer 1)
the blood–brain barrier

Collagen-induced Rheumatoid Induced by injection of Collagen types II and IX, Prophylactic Low dose 74
arthritis arthritis type II collagen in adjuvant HSP65

Adjuvant-induced Rheumatoid Induced by injection of HSP60, HSP65, type II Therapeutic Low dose 114
arthritis arthritis Freund’s adjuvant, collagen

bacterial products or HSPs

Experimental Autoimmune Induced by immunization Retinal S-antigen, IRBP, Prophylactic Low dose 78,79,97
autoimmune uveitis uveitis with sequestered retinal HLA-B27 mimetope 

antigens or IRBP (HLA-B27PD)

Experimental Myasthenia Immunization with Acetylcholine receptor Prophylactic Low dose 77
autoimmune gravis acetylcholine receptor
myasthenia gravis

Non-obese diabetic Type 1 diabetes Spontaneous destruction Insulin Prophylactic Low dose 90,98,99,121
mice of pancreatic islet cells

Rat insulin promoter Type 1 diabetes Transgenic expression of Insulin Prophylactic Low dose 101
LCMV diabetes LCMV proteins under the rat
model insulin promoter. Infection

with LCMV initiates disease

Middle cerebral Stroke Surgical occlusion of the Myelin basic protein Prophylactic Low dose 64
artery occlusion middle cerebral artery

LDL-receptor- Atherosclerosis Mice lacking the LDL receptor HSP65 Prophylactic Low dose 65,66
deficient mice are fed a high-fat diet

Tissue transplant Tissue transplant Surgical transplantation of Donor cells, donor MHC Prophylactic Low dose 80,92
allogeneic tissue proteins

Several common models are used to study oral tolerance. Models are prophylactic if the regimen of oral feeding is begun prior to induction or onset of clinical disease,
whereas they are therapeutic if oral tolerance is initiated after induction or onset of disease. Low doses correspond to <1 mg per day, whereas >1 mg per day is considered a
high dose. This division is based on studies with myelin proteins in experimental autoimmune encephalomyelitis and might not accurately reflect doses with other antigens in
other disease models. HSP, heat-shock protein; IRBP, interphotoreceptor retinoid-binding protein; LCMV, lymphocytic choriomeningitis virus; LDL, low-density lipoprotein. 
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Altered peptide ligands and peptide analogues. MBP
(NAc1–11)-specific TCR-transgenic mice are highly sus-
ceptible to the development of EAE after systemic
immunization with MBP.Yet, the oral administration of
NAc1–11 to these mice leads to tolerance rather than
immunity76.Again, this experiment shows that the route
of antigen administration clearly dictates the subsequent
immune response. However, the mechanism by which
the same cell can, in different microenvironments,
mediate both disease and tolerance remains unclear.
One possibility might be that the nature of the APC or
the cytokine microenvironment is responsible for the
distinct responses seen.Alternatively, the avidity of inter-
action between the TCR and peptide–MHC complexes
can dictate the functional phenotype of the T cell.

In the periphery, high-avidity interactions between
the TCR and peptide–MHC complexes can lead to the
deletion of that T cell, whereas low-avidity contact is
simply ignored. Optimal activation of a T cell resulting
in clonal expansion and/or effector functions occurs in
an intermediate range. Some evidence indicates that this
paradigm also holds true for the induction of regulatory
T cells89. Developing techniques to deliver a precise
tolerogenic stimulus through the TCR might lead to
more effective therapies.

One method to deliver the appropriate signal
could be the use of closely related antigens or synthet-
ically modified agents (altered peptide ligands and
peptide analogues) that bind the TCR with slightly
different avidity. Indeed, in two models of type 1 dia-
betes, non-obese diabetic (NOD) mice and RIP-LCMV
mice (which express lymphocytic choriomeningitis
virus proteins under control of the rat insulin pro-
moter), the use of insulin β-chain derived from pigs,
mice or humans protects these mice from disease with
different efficiencies90. In a rat model of transplanta-
tion, Stepkowski et al.91,92 created an altered peptide
ligand by fusing donor and recipient MHC class I pro-
teins. After transplant, T cells from rats fed the chimeric
MHC molecules showed decreased phosphorylation of
ζ-chain-associated protein of 70 kDa (Zap70; down-
stream of the TCR) and diminished IL-2-mediated
activation of signal transducer and activator of trans-
cription 5 (Stat5) compared with rats fed donor MHC
molecules alone. Cells activated by chimeric MHC mol-
ecules consequently produced greater amounts of IL-4
and reduced levels of the pro-inflammatory cytokines
interferon-γ (IFN-γ) and IL-2.

Synthetic peptides such as glatiramer acetate
(copolymer 1) also have tolerogenic activity in mouse
EAE models. Copolymer 1 seems to act as a structural
analogue of the immunodominant MBP epitope
NAc1–11 (REF. 93). Interestingly, the outcome of oral
administration of copolymer 1 compared with the
native MBP peptide is a marked increase in secretion of
the immunosuppressive cytokines IL-10 and TGF-β,
and a concurrent decrease in production of the inflam-
matory cytokines IL-2 and IFN-γ, and subsequently
greater protection from EAE94,95. Overall, altered peptide
ligands and peptide analogues show great promise as
therapeutic alternatives to native antigens.

Closely associated with the issue of dose is antigen
digestion and absorption by the intestine. Barone and
colleagues69 showed that protecting the model antigen
—  in this case, ovalbumin — from digestion, by
encapsulation in water-soluble acrylic microspheres,
can interrupt established tolerance. Also, in a mouse
model of food allergy, Untersmayr et al.70 showed that
mice had an increased propensity to food allergy when
fed parvalbumin (derived from fish) together with an
oral antacid. Tolerance might require gastric and gut
lumenal pre-processing of antigen to create the appro-
priate tolerogenic epitopes, or alternatively, these studies
might have involved the delivery of antigen doses that
are unsuitable for tolerance induction in the intestine.

Antigen selection. Although the dose of antigen is cru-
cial, the actual antigen used to induce tolerance can be
variable in a particular disease. Several groups have
now shown that feeding any one of the major myelin
components — MBP, myelin oligodendrocyte glyco-
proteins (MOGs) or proteolipoprotein (PLP) — can
protect susceptible animals from the development of
EAE71,72. Models of type-II-collagen-induced arthritis
can be ameliorated by feeding bacterial heat-shock
protein 65 (HSP65)73 or type IX collagen74. Models of
adjuvant-induced arthritis can be prevented by the
feeding of collagen75.

Reinforcing the role of administration route in
generating unique immune responses, even the
immunodominant pathogenic peptide of MBP
(NAc1–11) can act as a tolerogen when administered
orally76, as can the immunodominant epitopes of the
acetylcholine receptor in experimental autoimmune
myasthenia gravis77 and retinal S-antigen in experimental
autoimmune uveitis78,79.

MBP has also been used to protect animals in a model
of stroke. Inflammatory infiltration after transient local
ischaemia might contribute to the pathogenesis of stroke.
As regulatory T cells can act in an antigen non-specific
manner, generating these cells against the abundant
central nervous system antigen MBP might provide pro-
tection against inflammation in the brain by bystander
suppression. Indeed, mice fed low doses of MBP have
smaller infarcts after carotid occlusion than mice fed
ovalbumin or immunized systemically with MBP64.

In allogeneic transplants, donor MHC-derived
peptides can prevent rejection of cardiac grafts80.
Particularly in the case of allogeneic transplants,
tolerogen flexibility is crucial. Although feeding allo-
geneic MHC antigens can prevent acute rejection,
mismatched minor antigens can lead to chronic rejec-
tion80,81. To overcome this potential limitation, several
groups have successfully induced graft tolerance by
feeding a complex mixture of alloantigens such as
donor splenocytes82–86, donor bone-marrow cells87, or
donor epithelial or endothelial cells81,88. The myriad of
antigens that can act as tolerogens indicates that devel-
oping generic therapies might be effective as an alterna-
tive to defining and using the specific autoantigen of the
patient and allows for greater flexibility in preventing
allograft rejection.
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inflammatory or T
H
1-type cytokines, such as IL-12 or

IFN-γ, have been thought to prevent or abrogate tol-
erance, as confirmed in mice with targeted gene
defects102,103. Several recent reports show that adminis-
tration of oral antigen leads to the activation of TGF-β-
secreting regulatory cells24,104–112, although genetically
manipulated mice that lack TGF-β1 can be orally
tolerized113. This indicates that both TGF-β-dependent
and -independent mechanisms of tolerance exist.
Further work must be carried out to clarify the contri-
bution of each of these pathways to the phenomenon
of oral tolerance.

Salbutamol (a β-adrenergic agonist) can inhibit
IFN-γ production, while stimulating the production of
IL-4 by T cells, whereas in macrophages, it stimulates
IL-10 production and inhibits IL-12 production. These
properties led Cobelens and colleagues114 to study
salbutamol in a rat model of adjuvant-induced arthritis.
Co-administration of the antigen Hsp65 and salbuta-
mol led to decreases in disease score as well as inflam-
matory cytokine production and T-cell proliferation
compared with antigen alone. However, in contrast to
all other known adjuvants, salbutamol does not aug-
ment the effect of feeding antigen before the induction
of disease, but rather potentiates a therapeutic effect of
oral Hsp65 after disease has been established.

Age, gender and genetic background. Because the age of
onset of autoimmune and inflammatory diseases varies
widely in humans, and allogeneic transplants can occur at
almost any age, the role of age in oral tolerance induction
is an important consideration.

Early studies showed that neonatal mice have
defects in oral tolerance induction, possibly due to
inherent defects in intestinal permeability (increased
permeability)115,116. This is supported by studies in
indomethacin-treated mice, which have microscopic
mucosal lesions and subsequently a dose-dependent
increase in intestinal permeability. Animals fed oval-
bumin showed increased serum levels of the protein
when treated with indomethacin and had a statistically
significant reversal in systemic tolerance to ovalbumin117.
However, more recent reports indicate that rapid anti-
gen entry into the bloodstream after oral administra-
tion might actually enhance tolerance118,119. Tetramer
technology was used to follow cytochrome-c-specific
TCR-transgenic T cells after oral administration of anti-
gen. After feeding of cytochrome c, T cells were rapidly
redistributed (within 6 hours) from peripheral blood
and mesenteric lymph nodes to the spleen and Peyer’s
patches and were resistant to in vitro antigen restimula-
tion. Furthermore, orally administered antigen was
found to be presented by splenocytes, possibly by naive
B cells, within 6 hours. Interestingly, these data might be
helpful in unifying oral tolerance with tolerance gener-
ated by rapid systemic entry of antigen by intravenous
injection120.

Maron et al.121 showed that low doses of oral insulin
protected neonatal NOD mice from developing sponta-
neous diabetes to a greater extent than in adult mice.
However, this phenomenon was specific to the NOD

One caveat to translating these encouraging findings
to human disease lies in the genetic heterogeneity that
is present in humans but not in experimental systems.
As Hafler’s group96 demonstrated, small variations in
MHC alleles (polymorphisms) can lead to distinct
functional outcomes with the same ligand. In this
study, several T-cell clones were selected for strong
proliferative and cytotoxic capacity against a peptide
presented on HLA-A*0201. These clones when chal-
lenged with the peptide presented on closely related
HLA-A2 molecules had diverse proliferative and cyto-
toxic responses. If similar genetic diversity can affect the
generation of tolerogenic responses, designing altered
peptide ligands or peptide analogues must also take
into account HLA haplotypes.

Adjuvants. SYSTEMIC ADJUVANTS, such as alum or Freund’s
adjuvant, serve to enhance and propagate a peripheral
immune response. In the setting of the tolerogenic
mucosal immune system, an adjuvant might have the
opposite effect to enhance inhibition of immune
responses. One compound known to have this property
is the B-subunit of cholera toxin.

The cholera holotoxin consists of two subunits,
A and B. The A-subunit is responsible for the activation
of adenyl cyclase, leading to ion and water secretion, and
diarrhoea, whereas the cholera toxin B-subunit (CTB)
targets the complex to a polysaccharide present on the
intestinal epithelium (Gm1 ganglioside) and initiates
internalization of the toxin. In addition, the B-subunit
of cholera toxin alone, in contrast to the holotoxin
(which is a potent mucosal adjuvant) or the A-subunit,
promotes tolerance. Several groups have attempted to
take advantage of this specific targeting to suppress
inflammatory responses in animal models of disease.

The most striking example of the effectiveness of CTB
was shown by Phipps et al.97; HSP60 can induce a form of
experimental autoimmune uveitis when fed to genetically
susceptible animals, but this is completely reversed by the
conjugation of HSP60 to CTB. HSP60 conjugated to
CTB activates IL-10- and TGF-β-producing cells in the
mesenteric lymph nodes, which results in concomitant
protection against disease.

Several groups have also shown that conjugating
recombinant CTB to insulin increases the efficiency of
tolerance induction. For example, studies in NOD mice
have shown that oral administration of a CTB–insulin
fusion protein induces IL-4- and TGF-β-secreting CD4+

regulatory T cells and protects mice from spontaneous
diabetes98,99. Also, pig, mouse and human insulin differ
in their tolerogenic potency in the RIP-LCMV mouse
model of type 1 diabetes. However, when conjugated
to CTB, both pig and human insulin show increased,
and now equal, effectiveness at inducing tolerance
when administered within a narrow range of 1–5 µg
twice a week100,101.

Another approach in terms of mucosal adjuvants is
to consider the mechanisms underlying low-dose tol-
erance. Immunosuppressive cytokines and T

H
2/T

H
3-type

cytokines, such as IL-10, TGF-β and IL-4, have all
been hypothesized to enhance tolerance, whereas

SYSTEMIC ADJUVANTS

Substances that help initiate 
a robust immune response.
Typically, adjuvants contain 
a mixture of substances that
mimic an active infection,
such as bacterial cell-wall
components to simulate danger
signals and emulsifiers to allow
for the slow release of antigen.
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feeding of allergen. These data indicate that, even in
genetically complex diseases, treatment by oral tolerance
might still be useful.

Most autoimmune diseases have a greater incidence
in women, so gender differences might also have a role
in oral tolerance. Bebo et al.125 fed B10.PL mice with the
MBP NAc1–11 peptide or a high-affinity analogue
NAc1–11[Tyr4] and then attempted to induce EAE125.
Female B10.PL mice are normally unresponsive to the
induction of oral tolerance126, but male mice showed
marked protection when fed the high-affinity peptide
analogue. Interestingly, this protection was lost if
males were castrated prior to feeding. This indicates
that sex hormones might also contribute to the phe-
nomenon of oral tolerance.

Oral tolerance in human disease
Tolerance studies in normal healthy adults have been
hindered by a lack of suitable neo-antigens. These
antigens must be non-toxic, capable of being ingested
and rarely encountered by the general population,
such that immune responses can be compared
between naive and orally tolerized individuals. Husby
et al.127 used keyhole limpet haemacyanin (KLH) to
confirm the principle that oral tolerance to fed anti-
gens could be established in humans. Eight adults
were tolerized after ingestion of KLH at 50 mg per
day for a total of 10 days. In vitro T-cell recall
responses to KLH were inhibited, albeit with wide
variability. Interestingly, serum immunoglobulin

model, as oral feeding of PLP or MOG to neonates had
no protective effect against the induction of EAE. In
fact, in the EAE model, two groups have shown that
early administration of MBP can exacerbate disease.
Oral administration of MBP during the neonatal period
to susceptible rats increased EAE clinical disease score122.
This exacerbation slowly diminished if feeding was
delayed. At the onset of adulthood (6 weeks of age), oral
administration of MBP had a protective role against
EAE induction. Melo et al.123 described a similar
enhancement of EAE in mice when guinea pig MBP was
inoculated nasally during early life123. This immuno-
stimulatory effect of nasal administration also gradually
diminished in adult life and was indistinguishable from
controls in 8–11-month-old mice. These studies high-
light possible dangers in attempting oral tolerance
induction in young children.

Many animal models, such as NOD mice, have a
strong genetic predisposition to the development of
disease. Analogous genetic variability might dictate
tolerogenic immune responses as well. Russo et al.124

compared the ability of two mouse strains that are
susceptible to experimental asthma for their respon-
siveness to oral tolerance. BALB/c mice develop
asthma in an IL-4-dependent manner, whereas BP2
mice develop airway hyperreactivity with high levels
of IL-5 production and greater eosinophilia. Despite
these differences, both strains of mice had suppressed
allergic airway responses with decreased airway
eosinophilia and immunoglobulin levels after oral

Table 3 | Oral tolerance in human diseases

Disease Oral antigen Dose Prophylactic Outcome References
or therapeutic

Food allergy Allergen Increasing dose over time Therapeutic About 80% of patients are 130
successfully desensitized

Autoimmune Sequestered 4 mg capsules 3 times a week for Therapeutic Marginal clinical benefit. 131,132
uveitis retinal antigens, 12 weeks All patients relapsed after

HLA-B27PD cessation of treatment

Retinal S-antigen, 30 mg S-antigen or 50 mg soluble Therapeutic No benefit, with possible 133
soluble retinal retinal antigens or both. exacerbation of disease in
antigens Decreasing dose, starting from 3 times patients receiving a mixture

a week for 8 weeks, ending with once of soluble retinal antigens
a week

Rheumatoid Collagen 0.1 mg bovine type II collagen Therapeutic No benefit 135
arthritis daily for 1 month, followed by 

0.5 mg daily for 6 months

20, 100, 500 or 2,500 µg chicken Therapeutic Clinically significant response 136
type II collagen daily for 24 weeks at 20 µg dose

0.05, 0.5 or 5 mg bovine type II Therapeutic Response at 0.5 mg 137
collagen daily for 6 months

0.5 mg bovine type II collagen daily Therapeutic Response at 0.5 mg 138
for 3 months

0.1 mg chicken type II collagen daily Therapeutic Improvement in most clinical 139
for 1 month, followed by 0.5 mg for measures, 4 out of 28 patients
2 months had complete remission

Type 1 diabetes Insulin 7.5 mg insulin Prophylactic No benefit *

2.5 mg or 7.5 mg insulin Therapeutic No benefit 140

Multiple sclerosis Myelin 300 mg bovine myelin Therapeutic No clinically significant benefit 52,141

*For trial results see National Institutes of Health News website in Further Information. In contrast to experimental animal models, most human clinical trials have attempted
to induce oral tolerance after the onset of disease (therapeutically). Treatments are prophylactic if the regimen of oral feeding is begun prior to the onset of clinical disease,
whereas they are therapeutic if oral tolerance is initiated after the onset of disease. HLA-B27PD, HLA-B27 mimetope.
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This study indicates a possible role for oral toler-
ance in treating allergy, although the optimal dose to
induce tolerance to individual allergens still needs to
be determined. This could potentially decrease the
length of time necessary for desensitization. Indeed,
over the course of treatment in this study130, 12 out of
59 patients were lost due to poor compliance.

Autoimmune uveitis. One small uncontrolled trial for
the treatment of uveitis by administration of a MIMETOPE

of sequestered retinal antigens (HLA-B27PD) showed
marginal clinical improvement among nine patients
given 4 mg of encapsulated peptide three times a week
for 12 weeks131,132. However, all patients relapsed after
the cessation of treatment. Together with the previous
study, these data indicate that once tolerance is estab-
lished in humans, it must be maintained by continued
exposure to the antigen.

Two additional trials have also been carried out
using oral tolerance in uveitis. The first trial tested 45
patients with purified retinal S-antigen, soluble retinal
antigens or a combination of the two compared with
placebo133, whereas in the second trial, small doses of
collagen (60 µg and 540 µg) were fed to 13 patients
with uveitis associated with juvenile rheumatoid
arthritis134. Neither of these trials showed a statistically
significant benefit, nor were any toxic effects observed
(although potential exacerbation of disease was found
in one study133 with patients fed the retinal mixture).
Although the clinical benefit remains unclear, the second
trial does suggest that oral tolerance can be safely used
in children.

Rheumatoid arthritis. As suggested by mouse models,
human studies in rheumatoid arthritis have highlighted
the narrow dose range that can induce tolerance. One
large multi-centre double-blind placebo-controlled trial
showed no disease improvement in 190 patients that
were fed 0.1 mg of bovine type II collagen daily for one
month, followed by 0.5 mg per day for five months135.
By contrast, Barnett et al.136 showed a statistically and
clinically significant effect at a dose of 20 µg but not
100 µg of chicken type II collagen. Additional smaller
trials have shown some effectiveness at doses of 0.1 mg
and 0.5 mg per day137–139.

Differences in the results of these trials might be
attributable to several factors: antigen source (bovine
versus chicken type II collagen) and formulation, or
concomitant use of medications. In the trial in which
tolerance induction was unsuccessful135, patients were
allowed to remain on all medications, including
steroids and non-steroidal anti-inflammatory drugs
(NSAIDs), as well as disease-modifying antirheumatic
drugs (DMARDs). However, in the trials that showed
some success136–138, patients were required to cease all
DMARDs but, in some cases, were allowed to continue
steroid or NSAID use. Little is known about the effects
of immunomodulatory medications on oral tolerance
and no rigorous studies have been reported in
humans. One report in mice, as discussed previously,
showed a decrease in oral tolerance after treatment

titres of KLH-specific IgG and IgM, and secretory
KLH-specific IgA titres seemed to be increased by the
oral administration of KLH, demonstrating a
dichotomy between the T- and B-cell responses to oral
antigens. A second, more recent study128 has con-
firmed that oral tolerance can be generated to orally
administered antigen in normal humans. Together,
these studies indicate that oral tolerance can be
induced in humans, but indicate a greater benefit of
oral tolerance in treating cell-mediated or T

H
1-type

inflammatory/autoimmune diseases, while potentially
aggravating diseases, such as food allergy, systemic
lupus erythematosus or glomerulonephritis, that are
mediated by humoral or T

H
2-type responses.

The obvious conclusion that can be drawn from
the oral tolerance trials in normal human individuals
and from the discussion of animal models is that the
mechanisms behind oral tolerance are complex.
Translation of oral tolerance from animal models to
human disease must take into account not only issues
relating to dose, antigen selection and age, but also
genetic and environmental diversity. In addition, the
effects of disease heterogeneity (genetic variability)
and concomitant immunomodulatory medications
must be considered. Indeed, the wide gap in the
translation of studies in inbred mouse systems to
humans has been confirmed by the limited number
of human clinical trials carried out so far. In the fol-
lowing sections, we provide a comprehensive review
of the use of oral tolerance in human diseases (TABLE 3).
In all cases, except one (the diabetes prevention trial
type 1, DPT-1), oral tolerance was used therapeuti-
cally. This is in contrast to most of the data from animal
models discussed in the previous section, in which
tolerance was induced prophylactically. Where possi-
ble, the lessons from both successes and failures are
highlighted.

Food allergy. Several attempts have been made to
lessen allergic responses by the feeding of allergen.
The caveat here is that even minimal exposure to
many food allergens (such as peanuts) can result in
anaphylaxis. Classical immunotherapy protocols in
food allergy use increasing doses of antigen that are
administered subcutaneously, but the results of such
approaches are variable129. In a recent clinical trial,
allergen was fed to 59 patients with food allergy and
their responses were compared with those of 16 con-
trols who had not been treated130. The desensitization
protocol used in this oral immunotherapy protocol
involved an increasing dose of allergen, in some cases
starting from nanogram quantities and increasing to
gram quantities over the course of several months.
Oral administration of a specific patient’s allergen
successfully desensitized ~80% of patients who could
complete the study, whereas untreated patients
showed no change in allergic status. No difference
was found when patients were stratified by age.
Finally, successfully treated patients could maintain
the tolerogenic state by occasional oral exposure to
the allergen.

MIMETOPE

An epitope that structurally
resembles another. Epitopes 
are three-dimensional structural
motifs recognized by antibodies
or by T-cell receptors (in the
context of MHC). Similar 
or identical three-dimensional
structures can be created by
different peptides or synthetic
compounds and can mimic the
activity of the original antigen.
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initial trial in 30 patients who were fed capsules con-
taining 300 mg of bovine myelin showed no differences
between myelin-fed and placebo-fed patients141.
Another trial found increases in the number of TGF-β-
secreting cells in peripheral blood of patients given oral
myelin, but this objective measure did not correlate
with a significant clinical benefit52. Subcutaneous injec-
tion of the peptide analogue, copolymer 1, has been
shown, in several large clinical trials, to be effective in
preventing relapses and reducing the severity of clinical
disease, when compared with the placebo142. It remains
to be seen whether oral copolymer 1 shows any efficacy
in treating patients with multiple sclerosis.

Concluding remarks
Successful use of oral tolerance in treating human dis-
eases will require a more detailed understanding of the
underlying mechanisms behind the phenomenon.
Although the field continues to progress rapidly, several
key issues remain poorly understood and need to be
addressed before this approach is ready for human use.
Some of these are listed in BOX 1.

The key issue remains the translation of what is
known in mouse models to human subjects.
Tolerance is not synonymous in both species. Some
studies in humans have indicated that the immune
response can be deviated after the feeding of antigen,
but this clearly needs to be evaluated more rigorously.
Although studies in animal models can provide valu-
able clues, only direct studies in human subjects will
provide appropriate answers.

In addition, some caution must be taken to prevent
the aggravation or even initiation of disease. For
example, in a model of type 1 diabetes, the oral
administration of autoantigen induced disease143.
Using transgenic mice that express ovalbumin under
the rat insulin promoter, the investigators created a
susceptible host by transferring T cells expressing a
transgenic TCR specific for ovalbumin (OT-1 cells) to
these mice. These mice did not spontaneously develop
disease, but rather developed diabetes only after
ingesting a 20 mg dose of ovalbumin. Experimentally,
this model resembles the prophylactic high doses
given to moderate-risk individuals in the DPT-1.
However, oral administration of insulin in the DPT-1
did not lead to increased development of diabetes in
these genetically susceptible individuals. Still, some
evidence from human clinical trials supports caution.
In the allergy trial carried out by Patriarcha et al.130

discussed above, 9 out of 47 patients treated orally
with allergen withdrew due to uncontrollable allergic
complications.

Future work must clearly and carefully elucidate
mechanisms of induction and maintenance of toler-
ance. Furthermore, defined animal models must be
more meticulously translated to normal human sub-
jects. Despite the disappointments in human clinical
trials, oral administration of antigen to prevent
autoimmune/inflammatory disease, as well as to
delay tissue-graft rejection, remains a worthwhile and
tantalizing goal.

with the non-steroidal drug indomethacin, poten-
tially due to increased intestinal permeability caused
by the drug117. Until more information is available,
interpretations of failed trials will be incomplete.

Type 1 diabetes. Although the efforts described so far
have focused on the therapeutic induction of low-dose
tolerance, the DPT-1 chose to attempt prophylactic tol-
erance in genetically predisposed patients at moderate
risk of developing type 1 diabetes (see Further
Information website for trial results). Unfortunately, oral
administration of insulin at 7.5 mg per day failed to
reduce the risk of developing disease, although there was
no exacerbation of disease either.

In patients diagnosed with diabetes, oral insulin also
failed to show any clinical benefit. 131 patients who met
the World Health Organisation criteria for type 1 dia-
betes were fed 2.5 mg or 7.5 mg of insulin or a placebo.
No differences were found between any of the groups in
any of the diabetes parameters measured in this study140.

Multiple sclerosis. Attempts to use oral tolerance for
the treatment of multiple sclerosis held much promise
based on the results of studies in EAE, but they have
so far produced disappointing results in humans. An

Box 1 | Unanswered questions in oral tolerance

Therapeutic versus prophylactic
Can oral tolerance be used to treat human diseases (therapeutically) or only used
prophylactically?

Disease specificity
How will disease-specific factors affect oral tolerance?
How can tolerance be better targeted to the site of disease (for example, the joints in
rheumatoid arthritis)?
Would certain diseases be better treated by inducing tolerance through other routes 
of administration (for example, the use of anterior-chamber-associated immune
deviation in autoimmune uveitis)?

Background genetics
Will oral tolerance have to be tailored to specific HLA haplotypes?
Do all individuals have an equal potential to generate regulatory T cells?
Is there an inherent defect in tolerance in individuals with autoimmune or chronic
inflammatory conditions because of other background genes (for example, co-
stimulatory molecules)?

Optimal doses for each antigen
Is the optimal dose the same or different for each antigen (for example, myelin versus
insulin versus synthetic peptides)?
Are certain antigens more tolerogenic?

Bystander suppression and other mechanisms of tolerance
Does bystander suppression exist in humans?
What are the antigen-presenting cells involved in tolerance induction? Dendritic cells,
B cells, macrophages, epithelial cells or others?
What are the effector cells and mechanisms involved in oral tolerance? Regulatory-cell
subsets; contact-dependent and -independent mechanisms of suppression; innate
immune mediators?

Other factors
What are the effects of immunomodulatory factors or pharmaceuticals on oral
tolerance: adjuvants (Flt3 ligand, salbutamol or cholera toxin, for example), steroids 
or non-steroidal anti-inflammatory drugs?
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