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Oral tolerance, an active immunologic process 
mediated by multiple mechanisms
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Commentary

Oral tolerance, the specific suppression
of cellular and/or humoral immune
responses to an antigen by prior admin-
istration of the antigen by the oral
route, probably evolved to prevent
hypersensitivity reactions to food pro-
teins and bacterial antigens present in
the mucosal flora. As with other forms
of immunologic tolerance, oral toler-
ance also provides mechanisms to sup-
press pathologic reactivity against self
and, thus, to prevent or treat autoim-
mune diseases.

Tolerance as an active process
Three assumptions were implicit in the
classical concept of tolerance, as the
term was originally used by Burnet (1).
First, the primary function of the
immune system was seen as defense of
the organism against pathogens or, in
a broader sense, against non-self mate-
rials. Second, in order to perform this
function, the primary type of immuno-
logic response was thought to be
inflammation. Third, since the opera-
tion of the immune system is driven by
its reactions to foreign pathogens, tol-
erance was envisioned as the simple
absence of an immune response,
accomplished by neonatal deletion of
“forbidden” B- or T-cell clones, which
recognize self epitopes.

With a better understanding of the
immune system, it is now clear that tol-
erance is a much more complicated
and diverse process. Autoreactive
immune cells, such as those reacting
against brain antigens, thyroglobulin,
serum albumin, collagen, and other
autoantigens, are, in fact, not deleted
but are present in all individuals (2, 3).
These cells not only remain harmless
under normal conditions but may have
an important function in maintaining
tissue homeostasis and may be differ-
entially expanded or focused depend-
ing on the tissue and the autoantigen
(4). Furthermore, immunologic toler-
ance does not appear to rest on a sim-

ple discrimination between self and
non-self. Rather, the immune system
reacts efficiently to a variety of molec-
ular danger signals and often tolerates
antigens that occur in the absence of
such signals (5). Thus, immunologic
tolerance cannot rely solely on neona-
tal deletional events, but must involve
an active process that functions during
the entire life of the organism.

A more appropriate concept of toler-
ance would include any mechanism by
which a potentially injurious immune
response is prevented, suppressed, or
shifted to a noninjurious class of
immune response. Tolerance is related
to productive self-recognition rather
than blindness of the immune system
to its autocomponents. Mechanisms by
which immune tolerance can be
achieved, and their relationship to oral
tolerance, are listed in Table 1.

Oral tolerance, in this broader sense,
is of unique immunologic importance,
since it is a continuous natural
immunologic event driven by exoge-
nous antigen. Due to their privileged
access to the internal milieu, antigens
that continuously contact the mucosa
represent a frontier between foreign
and self components. Oral tolerance
evolved to treat external agents that
gain access to the body via a natural
route as internal components without
danger signals, which then become part
of self. Hence, it would seem logical
that autoimmune diseases caused by an
inappropriate response to self antigens
might ultimately be treated by present-
ing such autoantigens to the mucosal
surface, where they can be dealt with in
a noninjurious (noninflammatory)
immunologic environment (6).

Dose effects and oral tolerance
Like tolerance itself, oral tolerance is an
active immunologic process that is
mediated by more than one mecha-
nism and is dose-dependent (Table 1).
Low doses of antigen administration

favor the induction of active cellular
regulation (7, 8), whereas higher doses
favor the induction of clonal anergy (9)
or deletion (10). Although important
principles regarding oral tolerance
were described in the 1970s and 1980s,
most of these early studies of oral tol-
erance did not distinguish dose effects
(11). To exploit oral tolerance in treat-
ing autoimmune or inflammatory dis-
eases, it will be necessary to understand
the various responses that are induced
or suppressed during this process,
beginning when antigen first encoun-
ters gut-associated lymphoid tissue
(GALT). This well-developed immune
network consists of lymphoid nodules
(Peyer’s patches), epithelial villi,
intraepithelial lymphocytes, and other
lymphocytes scattered throughout the
lamina propria. Antigens may act
directly at the level of the GALT or may
exert their effects after absorption.
Although dietary antigens are degrad-
ed by the time they reach the small
intestine, studies in humans and
rodents indicate that degradation is
partial and that some intact antigen is
absorbed, especially when large doses
of antigen are fed (12, 13). In this
regard, “oral tolerance” and “mucosal
immunization” are part of one
immunologic continuum, which must
be explained with reference to antigen-
presenting cell interactions with T cells

Table 1
Mechanisms of immune tolerance and their
relationship to oral tolerance

Mechanism of tolerance Dose administered

Deletion High dose
Anergy High dose
Receptor downregulation High dose
Cellular regulation
Th2 cells (IL-4) Low dose
Th3 cells (TGF-β) Low dose
Tr1 cells (IL-10) Low dose
CD25+CD4+ cells High/low dose 

The dose relationships may be modified by adjuvants,
antigen structure, and dosing frequency.
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in the GALT. In addition to antigen
dose, the nature of the antigen, the
innate immune system, the genetic
background and immunologic status
of the host, and mucosal adjuvants
influence the immunologic outcome
following oral antigen administration.

In the current issue of the JCI, Benson
et al. offer a detailed explanation of a
mechanism by which high-dose oral
tolerance occurs (14). Working with
transgenic mice whose T cells carry a T-
cell receptor (TCR) specific for myelin
basic protein (MBP), these authors
show that T-cell activation and receptor
downmodulation occur after animals
are exposed to high oral doses of MBP
but that they precede deletion of the T
cells. Because the animals underwent
thymectomy in adulthood, prior to
feeding with MBP, Benson et al. (14)
were able to follow the responses of cir-
culating T cells, independent of any
effects of new thymic emigrants. One
day after exposure to the oral antigen
MBP, they find that these T cells down-
regulate their TCR, which returns to
the cell surface by 3 days after feeding.
These cellular events dramatically affect
the course of autoimmune responses:
Animals that were injected with the
antigen on day 1 after the feeding were
protected from developing experimen-
tal autoimmune encephalomyelitis
(EAE; an animal model for multiple
sclerosis [MS]), whereas those immu-
nized on day 3 were not. Similarly, T
cells taken from animals on day 3 could
be used to passively transfer EAE to
naive host animals, but cells taken on
day 1 could not. The transient decrease
of MBP-reactive T cells on day 1 was fol-
lowed by an intermediate state of aner-
gy and, later, deletion, which occurred
by 14 days after feeding. Furthermore,
these cells expressed markers character-
istic of activated T cells (CD69 accom-
panied by a decrease of CD62L), sug-
gesting that they had not been
triggered to become memory cells.
Clearly, tolerance in the immediate
aftermath of MBP feeding arose not
from T-cell deletion or anergy, but from
receptor downmodulation, which
could be observed in the increased lev-
els of intracellular TCRs.

Qualitative changes in T cell
responses
Cytokines play an important role in tol-
erance mechanisms, especially those
involving active cellular regulation. In

addition, there may be selective induc-
tion of tolerance for cell-mediated ver-
sus antibody responses, and for Th1-
like, rather than Th2-like, responses.
Benson et al. (14) did not report the
effect of their feeding regimen on
humoral immunity, but one presumes
that antibody responses were sup-
pressed. They did, however, carry out
detailed analysis of cytokine responses
following a single high-dose feeding.
They found that on day 1 there was an
increase in the number of cells express-
ing IL-2, IFN-γ, IL-5, and IL-4, followed
by their subsequent decrease and
apparent deletion by day 14, a conse-
quence of apoptosis. Cells secreting
TGF-β, referred to as Th3 cells, have
been implicated in the active suppres-
sion mechanism of oral tolerance (7);
in the present report (14), these cells
were distinctive in that they did not
undergo deletion following oral expo-
sure to MBP, consistent with findings
in previous studies (10).

The studies of Benson et al. (14),
demonstrating TCR downmodulation
as an immediate but reversible effect,
help to define the mechanisms of oral
tolerance associated with high-dose
feeding. This effect is associated with
protection from disease and repre-
sents the first step toward anergy and
deletion. The present studies also
show that large doses of orally admin-
istered antigen act systemically and
can suppress both Th1 and Th2
responses, and they highlight the
unusual nature of the not yet com-
pletely understood Th3 class of
immune cells. In addition, as more is
learned about mechanisms of cellular
regulation, the traditionally sharp dis-
tinction between anergic and regula-
tory cells is beginning to blur. Other
investigators have reported that aner-
gic cells can mediate active suppres-
sion (15, 16). Furthermore, an impor-
tant class of regulatory cells,
CD25+CD4+ cells, are anergic and have
suppressive properties that may act in
a nonspecific fashion (17), perhaps in
part because they express RNA for
cytokines such as TGF-β and IL-10
(18). We recently reported that
CD25+CD4+ regulatory cells can be
induced following oral antigen
administration in ovalbumin TCR
transgenic mice (19), raising the pos-
sibility that these cells could partici-
pate in oral tolerance induction to
MBP in the EAE model as well.

Oral tolerance in clinical
applications
Tolerance following mucosal adminis-
tration of antigens poses a number of
questions of basic biologic importance
and has also begun to take on major
clinical importance as mucosal toler-
ance (both oral and nasal administra-
tion) has been applied to human dis-
eases. Indeed, mucosal administration
of antigens has been shown in animal
models to ameliorate not only classic
autoimmune processes, but also stroke
(20), Alzheimer’s disease (21), and,
more recently, atherosclerosis (22). In
each of these cases, understanding the
mechanisms of action will be crucial for
the successful application of these ther-
apies to humans.

The work by Benson et al. (14) sheds
important light on mechanisms of tol-
erance following oral antigen and on the
qualitatively different effects of varying
antigen doses. In particular, the present
findings raise the possibility that Th2-
type responses in people might also be
successfully suppressed by high doses of
antigen, a finding reported by other
investigators (23). Thus far, multiple
doses of antigen have been used for
treating human conditions, and it will
be important to understand immuno-
logic mechanisms to monitor dose
effects properly. Other dosing regimens,
such as continuous feeding to provide
prolonged exposure of the gut to oral
antigens, have also been tested in ani-
mals and have been shown to suppress
Th2 type responses (24) and to be asso-
ciated with increased TGF-β (25).  It will
be of interest to know whether TCR
downregulation and clonal deletion also
occur under these conditions. In initial
human trials in MS, an oral myelin
preparation did not appear to block
progression of MS, but this disappoint-
ing finding may be due to the use of an
inadequate dose or to the type of anti-
gen administered (6). Currently, a multi-
center, 1300-patient, phase III clinical
trial of an orally administered MBP ana-
logue, glatiramer acetate, is in progress,
based on positive effects observed in the
animal model (26, 27). Two doses are
being administered on a daily basis for a
14-month period, and it will be interest-
ing to learn whether one dose is more
efficacious. In addition, an NIH-spon-
sored multicenter diabetes prevention
trial is in progress in which oral insulin
is being given to children at risk for
developing type 1 diabetes.



The mucosal route is extremely
attractive from a clinical standpoint, as
it is easily administered to patients and
accesses a major part of the immune
system. It is not clear how much the
immunologic effects of large doses of
oral antigen differ from the effects of
antigen given by the intravenous route,
although the advantage for clinical
application and safety is obvious.
Whitacre and her colleagues have been
pioneers both in the study of oral toler-
ance in the EAE model (28) and in
establishing the high-dose mechanism
of anergy (9). Their continued work fur-
ther defines basic mechanisms associ-
ated with orally administered antigen,
which should hasten the development
of mucosally administered antigens for
the treatment of human diseases.
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