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Abstract
Immunological tolerance is defined as a state of specific non-responsiveness to a
particular antigen induced by previous exposure to that same antigen. The muco-
sal surfaces comprise the upper and lower respiratory tracts, the gastrointestinal
tract and the urogenitary tract, and are a major site of antigenic challenge. The
immune system associated with the mucosa has the extraordinary potential to
discriminate between antigens that are harmless (e.g. inhaled and dietary anti-
gens) and those that are associated with pathogens. Normally soluble proteins
delivered through the mucosal surfaces do not elicit a strong systemic immune
response but instead induce a transient local immune response that is replaced by
long-term peripheral unresponsiveness – this is termed mucosal tolerance. The
phenomenon of oral tolerance is well established and considerable attention has
focussed on defining the underlying mechanisms. However, only comparatively
recently was the induction of tolerance via the respiratory mucosa described, and
it is this form of mucosal tolerance which forms the basis of this review.
.. . . . . . . . . . . . . . . . . . . .
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Tolerance to Self Antigens

Central tolerance to self antigens takes place during T-
cell development, primarily through the deletion of self-re-
active T cells in the thymus [1–4].

However, not all self-rective T cells are eliminated by
central tolerance, either because they are not expressed in
the thymus or the affinity between the T-cell receptor (TCR)
and the self antigen major histocompatibility complex is too
low allowing escape from negative selection [5]. Therefore,
the immune system must regulate these potentially self-re-
active T cells in the periphery – this is termed peripheral
tolerance.

Several different mechanisms for peripheral tolerance to
self antigens have been suggested, including T-cell anergy [5–
7], T-cell deletion [8–10], immunological ignorance [11, 12],
receptor modulation [13, 14] and immune deviation [15, 16].

Similar mechanisms also appear to regulate peripheral
tolerance to foreign antigens.

Mucosal Tolerance

The mucosal surfaces within the body – comprising the
upper and lower respiratory tract, the gastrointestinal tract
and the urogenital tract – cover an area of 400 m2 and are,
thus, a major site of antigenic challenge. The mucosal im-
mune system must discriminate between ubiquitous harm-
less antigens such as aeroallergens and dietary antigens that
should be ignored, and those associated with microbial
pathogens that merit an efficient immune response [17].

In the majority of cases, this discrimination is achieved.
The default response to intrinsically inert soluble protein anti-
gens delivered via intact mucosal surfaces is the induction of
a local transient immune response that is replaced by long-
term peripheral tolerance [17, 18]. It is the breakdown of toler-
ance which leads to allergic disease or food enteropathies.

The phenomenon of oral tolerance has been recognised
for many years, first observed by Wells and Osborne [19] in
1911 by controlled feeding of egg proteins to guineapigs.
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Comparatively recently, the induction of tolerance via the
respiratory mucosa was described in detail by Hold et al.
[20] in 1981, and it is this form of mucosal tolerance which
will be discussed in this review.

Allergic Immune Response in the RT

The prevalence and severity of allergic diseases, in par-
ticular those associated with the respiratory tract, are in-
creasing with up to 20% of the population in developed
countries affected [21]. The inflammatory reactions that
mediate respiratory tract damage in patients with allergic
rhinitis/asthma arise from inappropriate T-cell responses to
a range of harmless aeroallergens. Allergens are abundant
in the environment and are derived from a variety of sources
including pollen, fungi, animal danders and mites.

An allergic inflammation is characterised by an over-pro-
duction of specific IgE antibody and the activation and infil-
tration of the disease sites with basophils, eosinophils and
mast cells which release a variety of inflammatory mediators.

When sensitised airways of atopic individuals are ex-
posed to the relevant allergen, cross-linking of specific IgE
bound to mast cells (and in some cases eosinophils and
monocytes) via the Fcε receptors, results in mast cell de-
granulation and release of various mediators resulting in the
clinical symptoms of allergy such as bronchial constriction,
oedema and mucous secretion. In addition, release of che-
moattractants such as RANTES, MCP-4, MIP-1α and eo-
taxin and cytokines such as IL-5, GM-CSF and IL-3 induce
activation and recruitment of eosinophils, neutrophils, ba-
sophils and mononuclear cells which in turn release various
mediators eliciting tissue damage and airway hyper-respon-
siveness [22, 23].

The production of specific IgE is T-cell dependent [24].
In man, as in the mouse, CD4+ T helper (Th) cells comprise
functionally heterogeneous subpopulations with distinct
cytokine profiles (Th1, Th2, Th0) [25]. Th1 cells promote a
strong cellular immune response with secretion of IL-2,
IFN-γ and TNF-â (type-1 cytokines), whilst Th2 cells pro-
mote a strong humoral response with secretion of IL-4, 5, 6
and 13, which induce immunoglobulin (Ig) isotype class
switching towards IgG1 and IgE [25–27]. Memory B cells
may well be T independent and provide a persistent aller-
gen-specific IgE response in vivo. A predominance of Th2
cells will maintain the drive of eosinophils to the lung from
the bone marrow through production of IL-5, chemotaxis
and regulation of eoataxin [22, 23]. Evidence supporting a
role for CD4+ Th2-type cells in allergic sensitization in hu-
mans is compelling [28–33]. Th2 cells have been found as

the predominat T-cell population in bronchoalveolar lavage
from atopic patients [34] and high numbers of T cells posi-
tive for IL-2, IL-3, IL-4, IL-5, IL-13 and GM-CSF mRNA
and chemokines were also seen in biopsy specimens from
allergic rhinitis and asthmatic patients [35, 36].

Regulation of the Immune Response to
Aeroallergens

As the respiratory tract is continually exposed to a wide
variety of non-pathogenic antigens, the immune response at
this site must be tightly controlled. There are a number of
innate barrier exclusion methods to limit contact between
allergens and the immune system. These include the nasal
filter, tight gap junctions preventing diffusion of antigens
across the epithelium, bronchial cilia, the muco-ciliary
transport system and specific secretory antibodies and
phagocytic cells contained in the fluid layer overlying the
epithelium [37].

However, it has been reported in experimental animal sys-
tems that there is a small degree of antigen leakage across the
intact lung, thus providing a direct route for the penetration
of antigen into the peripheral blood [20, 38]. This may be
particularly relevant in relation to encounters with allergens.
These proteins are normally small, highly soluble and have
enzymatic activity, and thus may diffuse across the epitheli-
um more readily than larger proteins. Such an event could
lead to chronic exposure and, thus, perpetuate a mechanism
for low-dose priming of the immune-response.

There exists a further immunosuppressive mechanism in
the lower respiratory tract – resident pulmonary alveolar
macrophages have been shown to be efficient inhibitors of
T-cell activation both in vivo [39] and in vitro by secretion
of lymphostatic mediators [40]. They have also been shown
to be poor antigen-presenting cells (APC), as they show de-
fective antigen processing and presentation [40] and lack
co-stimulatory molecules CD80 and CD86 [41]. In addition
pulmonary alveolar macrophages can prevent the matuation
of dendritic cells (DC [42] which are the most potent APC
of the immune system, and this would have the effect of re-
ducing T-cell priming to inhaled antigen.

Initially, it was thought that allergy was caused by a break-
down in the barrier mechanisms and identification of secreto-
ry IgA deficiency as a predisposing factor in the development
of allergy [43] served to reinforce this general view. However,
the observation that both atopic and non-atopic individuals
mount an immune response to aeroallergens argues against
this hypothesis. Peripheral blood of normal individuals con-
tains CD4+ T cells specific for aeroallergens. These cells give
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rist to Th1clones capable of secreting IL-2 and IFN-γ on anti-
gen stimulation, whilst in atopic patients, Th2 clones that se-
crete IL-4, IL-5 and IL-13 dominate [29, 44–46]. House dust
mite (HDM)-specific T-cell clones derived from atopic pa-
tients were shown to provide help for IgE production from
autologous B cells, whereas mite-specific T-cell clones from
non-atopic patients were unable to provide this help, even
with addition of exogenous IL-4 [45]. Therefore, recognition
of allergens is not unique to atopic individuals. The qualita-
tive nature of the immune response to allergen distinguishes
the allergen-responder status of atopics (Th2 response) from
that of non-atopic individuals (Th1 response).

Allergic individuals are genetically predisposed to
production of a predominant Th2 cytokine profile in re-
sponse to allergen [27], and unknown environmental fac-
tors also play a role. However, the majority of individuals
are non-atopic and, therefore, it appears that under normal
circumstances, allergic sensitisation to aeroallergens may
be avoided by a process of natural re-programming
(Th2 Th1) of the T-cell effector function.

This natural re-programming takes place during the per-
inatal period (recently reviewed by Hold and Macaubas
[47]). Initial T-cell priming may occur via placental transfer
of allergens – T cells capable of in vitro proliferation in re-
sponse to both inhaled and dietary allergens are common in
cord blood samples [43, 48]. The production of Th1 cyto-
kines is tightly downregulated in utero by the combined ef-
fects of prostaglandin E2, progesterone, IL-4 and IL-10 in
order to minimise the intrauterine production of Th1 cyto-
kines, known to be highly toxic towards the placenta [49].
Therefore, this priming occurs in an environment which is
strongly inhibitory to Th1-associated functions, and this re-
sults in the initial generation of low-level Th2 polarised im-
munological memory [50, 51].

Following birth, these weakly primed Th2 response are
no longer under the influence of placental Th1-inhibitory
factors and can be further modulated via direct stimulation
with much higher levels of the same environmental aller-
gens – these Th2 cell populations can either be boosted or
deviated towards the Th1 pathway. In non-atopic children,
Th2 IgE responses are biphasic but may persist at a low lev-
el up to 7 years before termination (Th2 deviated to Th1). In
contrast, these IgE responses persist in atopic children and
may increase with age (Th2 boosted) [52, 53]. There is evi-
dence that the capacity for IFN-γ production is generally
low in infancy as a result of immature APC and T-cell pop-
ulations [54–56]. However, this IFN-γ production is lowest
in children with a genetic background of atopy, and suggests
that a slow post-natal development of Th1-associated func-
tions serves as a risk factor for atopy [57].

Therefore, resistance or sensitivity to atopy appears to be
determined by the balance between Th2-boosting and im-
mune deviation to Th1 responses during infancy. Why atop-
ic individuals fail to undergo immune deviation is not clear,
but may involve developmental deficiencies during the
process in which the Th2-skewed priming in utero is re-
dressed in infancy.

Role of Immune Deviation as a Mechanism of
Respiratory Tolerance

Although IgE responses to inhaled antigen have been in-
vestigated by several groups [58–60], these studies in-
volved administration of antigen in conjunction with artifi-
cial adjuvants, and its was Holt et al. [20] who investigated
the specific IgE response in mice exposed to nebulised anti-
gen alone, thus mimicking the natural immune response to
inhaled aeroallergens.

Holt et al. [20] showed that brief exposure of mice to
low-level nebulised or intra-nasally (i.n.) administered ov-
albumin (OVA) induced transient allergen-specific IgE re-
sponses, which spontaneously stopped after 3–4 weeks de-
spite continuing aerosol exposure. When these animals
were challenged parenterally with OVA up to 6 months after
the final exposure, allergen-specific IgG responses were
normal or enhanced, whereas corresponding IgE responses
were markedly or totally suppressed. However, analysis of
the individual IgG sub-classes indicated that suppression of
the IgE response was accompanied by decreased IgG1 reac-
tivity (Th2-induced isotype) and a compensatory rise in
IgG2a (Th1-induced isotype). IgG2b and IgG3 responses
remained unaltered [61]. This inhalation regime was found
to be operative only during the initial phase of host response
to allergen, as it had no effect on an ‘on-going’ IgE response
in pre-sensitised animals [62]. Using adoptive transfer ex-
periments, they demonstrated that this tolerance could be
transferred from aerosol-exposed animals by splenocytes or
lymphocytes from draining lymph nodes, but not by serum
[20, 63, 64]. Further studies employing cell fractionation
with monoclonal antibodies against lymphocyte markers
identified the cells that transferred tolerance as Thy1+ T
cells in the mouse, and as CD8+ suppressor/cytotoxic T
cells in the rat [63, 64]. This population of regulatory T cells
lacked TCR-α and â chains, suggesting that they may be
part of the γδ+ T-cell lineage. This assumption was sup-
ported by the observation that the sorted population of
cells were enriched for TCR-γ chain-specific mRNA [65].
Indeed, two further studies using adoptive transfer ex-
periments with either negatively or positively selected
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γδ T cells showed that these cells could transfer tolerance
[61, 66].

Sedgwick and Holt [63] reported that loss of T-helper
rather than B-cell function appears to be the dominant factor
involved in the suppression of IgE in the animal model. In-
deed, kinetic studies carried out by McMenamin and Holt
[67], on T-cell reactivity in vitro to OVA aerosol-exposed
rats, revealed that a CD4+ Th2 response with secretion of
IL-4 and IgE production terminated coincident with the ap-
pearance of MHC class I-restricted, OVA-specific, IFN-γ
producing CD8+ T cells. These CD8+ T cells were found to
require an exogenous source of IL-2 (provided by the CD4+
T helper cells) for initial activation [67]. Separate studies
have demonstrated that the γδ+ T cells shown to transfer
tolerance have the capacity to secrete large amount of IFN-γ
after in vitro stimulation with the specific antigen [66].

Therefore, antigen-specific non-responsiveness, or mu-
cosal tolerance, which develops in experimental animals af-
ter exposure to inhaled protein antigens can be described as
immune deviation. This protects against development of
CD4+ Th2-mediated allergic reactivity to inhaled inert anti-
gens by deviating the host response from a Th2 response
(seen with decreased IgE and IgG1and enhanced IgG2a) via
the release of IFN-γ – this appears to be secreted by
γδ+CD8+ regulatory T cells.

In another similar study using nebulised OVA, it was ob-
served that two different populations of CD4+ T cells are
activated by inhaled antigen [68]. CD4+ T cells expressing
a Vâ8.2 TCR appear to be import for the induction of IgE
synthesis, while CD4+ T cells employing a Vâ2 TCR inhib-
it the production of IgE in vivo [68]. CD8+ T cells are also
activated in this model, which can inhibit IgE synthesis
when adoptively transferred into naive animals [69]. It is
not clear if these CD8+ T cells express γδ TCR as reputed
for the regulatory CD8+ T cells in the previous model de-
scribed above.

It is speculated that γδ+CD8+-regulatory T cells may be
involved in oral tolerance induction [70, 71], although it is
now clear that both CD8+- and CD4+-regulatory T cells are
generated after oral antigen administration, as oral toler-
ance can be induced in CD8+ T-cell-deficient mice [72–74].
Antigen dose is known to play a major role in induction of
oral tolerance, and the induction of regulatory CD8+ T cells
are thought to be favoured by low-antigen dose, with high-
antigen dose favouring deletion or anergy of both Th1 and
Th2 cells [75–79]. Inhibition of unresponsiveness in oral
tolerancve is suggested to be mediated by the secretion of
immunosuppressive cytokines such as IL-4, IL-10 and
TGF-â. However, as yet there is no evidence to support a
role for TGF-â in respiratory tolerance [61].

Respiratory Tolerance Protects against
Autoimmune Disease in Animal Models

The lack of systemic responsiveness that follows inhala-
tion of specific antigen has been exploited in the regulation
of a range of animal models of autoimmune disease, includ-
ing collagen-induced arthritis (CIA) [80, 81], adjuvant ar-
thritis [82], experimental allergic encephalomyelitis (EAE)
[83], uveoretinitis [84] and diabetes in the non-obese dia-
betic (NOD) mouse [85–87].

Early studies on mucosal tolerance were restricted to
analysis of cellular responses to whole protein antigens, but
it now appears that immunogenic peptides containing T-cell
epitopes can also act as potent tolerogens in vivo, as evaluat-
ed in several of the models cited above.

As regards the mechanisms suppressing autoimmunity
following i.n. delivery of antigen, there is some evidence for
immune deviation.

Staines et al. [80] used a rat model to study CIA, thought
to be a relevant model of rheumatoid arthritis in humans.
High doses of collagen II or the synthetic peptide 184–198
(containing the dominant T-cell epitope) instilled i.n. into
rats before induction of CIA were found to delay the onset
and reduce the severity of the disease. This was accompa-
nied by reduced T-cell proliferation to both collagen II and
184–198, and a shift in the anti-collagen II or -peptide anti-
body response to favour IgG1 rather than IgG2a, which is
consistent with immune deviation from a Th1 Th2 im-
mune response.

Several groups have investigated the NOD mouse which
develops insulin-dependent diabetes mellitus (IDDM) with
similarities to the human disease [85–87]. IDDM is an au-
toimmune disorder in which the insulin-producing â cells
are specifically destroyed. It has been shown that autoreac-
tive Th1 responses against insulin develop spontaneously in
these mice, and insulin-specific Th1 clones can mediate the
adoptive transfer of diabetes [85].

Daniel and Wegmann [85], using the dominant T-cell
epitope of insulin, peptide B(9–23), demonstrated that
3 40 µg doses delivered i.n. to pre-diabetic NOD mice re-
sulted in a marked delay in the onset and a decrease in the
incidence of diabetes. The protective effect was associated
with a reduced T-cell proliferative response to B(9–23).
When cervical lymph node cells of peptide-treated NOD
mice were re-stimulated in vitro with B(9–23), a pro-
nounced Th2 cytokine profile was seen.

Deviation from a Th1 Th2 phenotype was also report-
ed by Tian et al. [87] using i.n. administration of another
autoantigen (GAD65) in the NOD mouse. A spontaneous
Th1response against GAD65 has also been described in this
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mouse model. However, after a single 200-µg i.n. dose of
GAD65 peptides, reduced insulinitis and long-term IDDM
was seen with inhibition of T-cell proliferative responses to
GAD65. GAD65 peptide-treated mice displayed induced
high levels of IgG1 antibodies and IL-5 secretion, with
greatly reduced IFN-γ secretion, confirming the deviation
of the spontaneous GAD65 Th1 response to the Th2 pheno-
type. Consistent with the induction of an active tolerance
mechanism, splenic CD4+ (but not CD8+) T cells from
GAD65-treated mice inhibited the adoptive transfer of
IDDM to NOD-scid/scid mice.

Harrison et al. [86] investigated the effects of inhaled
aerosol insulin on NOD mice with on-going disease and
they found that pancreatic pathology and diabetes incidence
were both significantly reduced. Insulin-treated mice
showed absent splenocyte proliferation to B(9–23), associ-
ated with increased IL-4 and particularly IL-10 secretion
compared with controls. However, no significant difference
was seen in IL-2, IFN-γ or TGF-â1 levels. Insulin-treated
mice had a higher level of circulating antibodies to insulin
which was thought to be, together with cytokine profile re-
sults, indicative of a Th1 to Th2 switch. When T cells from
diabetic mice were adoptively transferred to non-diabetic
mice, the development of diabetes was prevented by co-
transferring splenocytes from i.n. insulin-treated NOD
mice. Cell fractionation showed that this was mediated, in
contrast to the results of Tian et al. [87], by CD8+ (but not
CD4+) γδ T cells. Therefore, this model is supportive of
immune deviation from the Th1 to Th2 phenotype mediated
by regulatory CD8+ γδ T cells and, thus, is in agreement
with the invivo animal models of allergy.

The ability of these CD8+ γδ regulatory T cells to sup-
press, on one hand, a Th1-mediated autoimmune disease
and, on the other, a Th2-mediated allergic response remains
unclear. It would be of interest to directly investigate which
cytokines were being secreted by the CD8+ γδ T cells in the
NOD mouse model – perhaps they were the source of the
increased IL-4 and IL-10 found in the splenocyte popula-
tion. There is evidence to suggest that CD8+ αâ T cells can
be separated by the cytokine profiles in functional subsets
(Tc1 and Tc2) [88, 89], but this has to be confirmed for
CD8+ γδ T cells. It is also not clear how an exogenous anti-
gen can so effectively enter a CD8+ T-cell antigen-process-
ing pathway. However, it is known that γδ T cells frequently
lack both CD4 and CD8 markers [90] and develop normally
in â2-microglobulin-deficient and MHC class-II-deficient
mice [91, 92], implying that they may not be MHC-restrict-
ed. In addition γδ T cells appear to recognise protein direct-
ly without the need for antigen processing, and recent stud-
ies have shown that the Vδ domain of the γδ TCR more

closely resembles that of the Ig heavy chain than Vα or Vâ
TCR, suggesting that antigen recognition by γδ T cells may
resemble that of antibodies [93]. Why the tolerance in simi-
lar experimental models can be transferred in some cases by
CD4+ (but not CD8+) T cells [86, 87] and in others by
CD8+ (but not CD4+) T cells is not known. However, a sim-
ilar situation is found in models of oral tolerance [94].

Role of Anergy in Respiratory Tolerance

Antigen dose influences the mechanisms underlying oral
tolerance with a low-antigen concentration inducing CD4+
and CD8+ regulatory T cells, while high dose favours aner-
gy and deletion. Anergy, or specific unresponsiveness, also
plays a part in respiratory tolerance. Using a model of
HDM-specific immunity in mice, Hoyne et al. [95–97] ad-
dressed the mechanisms of respiratory tolerance.

In vitro studies with human HDM-reactive CD4+ T-cell
clones have demonstrated that they can be rendered unre-
sponsive by exposure to either high doses of their specific
peptide epitope or to superantigens [98–100]. Extending
these studies, Hoyne et al. [95–97] investigated the regu-
latory activity of high-dose peptide in vivo using C57BL/6J
H-22 mice which are high responders to the HDM allergen
Der p1. T cells from these mice recognise 4 different epi-
topes located in the following sequences: 110–131 (dom-
inant T-cell epitope); 78–100; 197–212, and 21–49 (three mi-
nor T cell epitopes).

Naive mice treated i.n. with the immunodominant pep-
tide p 111–139 could be rendered profoundly unresponsive
to an immunogenic challenge with the whole Der p1 pro-
tein. Tolerance induced to the single peptide could down-
regulate T-cell responses to the native protein and this was
reflected by loss of T-cell reactivity to all epitopes on the
antigen. Lymph node cells from tolerised mice secreted ve-
ry low levels of IL-2 and proliferation poorly compared to
controls when re-stimulated in vitro with antigen suggest-
ing that antigen-specific cells were anergic. Lymph node
cells from p111–139-treated mice also inhibited in vitro anti-
body production from Der p1 immune cells. Furthermore,
the duration of unresponsiveness induced by peptide treat-
ment was found to be stable, lasting beyond 6 months [96].
I.n. treatment with p111–139 could inhibit an established T-
cell response to HDM in mice, thus suggesting that peptide
therapy may be of benefit in the treatment of chronic al-
lergic diseases in humans.

The induction of tolerance to high dose i.n. peptide coin-
cided with a rapid but transient activation of MCH class-II-
restricted CD4+ T cells that peaked 4 days after peptide treat-
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ment and was of similar magnitude to that induced by parent-
eral immunization with antigen in adjuvant. During the early
phase of the response, lymph node and splenic T cells secret-
ed a range of cytokines including IL-2, IL-3/GM-CSF and
IFNγ when re-stimulated in vitro with p111–139; however,
by day 14, all cytokine secretion was donwregulated.

Although the i.n. peptide induced a strong transient
CD4+ T-cell response, only low levels of peptide-specific
antibodies were detected either after the initial or subse-
quent i.n. exposure to p111–139 which were mostly of the
IgM isotype with minimal induction of IgG2a or IgG1.
Studies using CD8 gene-deficient mice have indicated that
CD8+ T cells are not essential for the downregulation of the
CD4+ T-cell response in respiratory tolerance induced with
high-dose peptide. Additionally, when cytokine secretion
patterns of tolerant lymph node T cells were investigated, it
was found that all cytokines including IL-5 and IFN-γ, in
addition to IL-2, were downregulated compared with con-
trol mice, with no induction of TGF-â [97].

Thus, there are fundamental differences in the mecha-
nism of respiratory tolerance described here and that of im-
mune deviation, namely tolerance, was not dependent on
CD8+ T cells, and no switch in Ig isotype or induction of
inhibitory cytokines was detected. Instead both Ig isotypes
were low level and both Th1 and Th2 cytokine levels were
down-regulated in the tolerised mice. It seems that respira-
tory tolerance, like oral tolerance, can involve multiple
mechanisms. It also appears to depend on antigen dose –
Hoyne et al. [95–97] used a higher i.n. antigen dosage than
the studies showing immune deviation and this, like oral tol-
erance, favoured anergy.

The failure of T cells to secrete IL-2 following antigenic
stimulation has been used as a definition of clonal anergy
[101]. T cells require two signals for normal activation – sig-
nal 1 is transmitted through the TCR following the recog-
nition of peptide-MHC molecules on APCs, and signal 2 is
a non-specific signal delivered through CD28 on the T cell
by interaction with its ligand comprising the B7 family of
molecules on the APC [102, 103]. Previous in vitro studies
have proposed that anergy is induced if T cells are activated
by their TCR in the absence of signal 2 (co-stimulation)
[104]. However, this is clearly not the mechanism under-
lying lack of responsiveness in this model since tolerance
induction was an active process in which CD4+ T cells be-
came transiently activated and were able to secrete IL-2 and
other cytokines in response to antigen. This suggests that
the mucosal APC must present antigen to the naive T cells
with appropriate co-stimulation. This is supported by other
studies in which intestinal DC were shown to prime naive T
cells with orally administered antigen [105]. In addition,

Metzler and Wraith [83], used i.n. administration of an im-
munodominant peptide analogues with higher affinity bind-
ing for I-Au in an H-2u mouse model of EAE. There was
found to be a positive correlation between class-II MHC-
binding affinity and the degree of protection from EAE –
this prompted the authors to suggest that this inhalation tol-
erance was dependent on direct and high-affinity interac-
tions between peptide-specific T cells and class-II MHC on
the APC of the respiratory tract.

Recent studies employing tangential sections of the air-
way segments demonstrated that the majority of MHC
class-II-positive cells in noninflammed airway mucosa had
the characteristic morphology of DC which form a network
beneath the airway epithelium [106]. There is also an abun-
dant macrophage population but, as stated before, they were
found to be poor T-cell activators, and although they can
inhibit DC function in vitro [107], the DC is considered to
be the most potent APC in the respiratory tract [108]. Lung
DC can capture aerosolised protein and can present immu-
nogenic complexes on their surface which stimulate anti-
gen-specific T-cell lines in vitro [109].

However, it appears that the mucosal APC must have
primed the naive T cells to become anergic. Perhaps muco-
sal APC are able to also deliver an additional inhibitory sig-
nal that can override the positive co-stimulatory signals de-
livered through the CD80/CD86–CD28 interaction on T
cells. This third signal could directly influence the pathway
of differentiation adopted by the naive T cell responding to
the tolerogen. For the vast majority of effector T cells, rec-
ognition of antigen with appropriate co-stimulation on APC
enables differentiation to either humoral or cell-mediated
immune effector cells. In contrast, when naive T cells rec-
ognise antigen on a mucosal APC, they would receive a nov-
el inhibitory signal directing the cells to differentiate into an
immunoregulatory T cell. This cell may display an anergic
phenotype in vitro (such as no IL-2 secretion), be main-
tained in the peripheral circulation for a prolonged period,
where it would retain responsiveness to its antigen and
therefore provide a memory response to the tolerogen in vi-
vo. Therefore, the function of this immunoregulatory T cell
is to inhibit rather than promote antigen-specific immune
responses.

Linked Suppression in Respiratory Tolerance

A feature of the tolerance model investigated by Hoyne
et al. [95–97] was that treatment of the mouse with peptide
containing a single immunodiminant epitope (p111–139)
can lead to inhibition of T-cell responses directed to the oth-
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er epitopes on Der p1 (p21–49, p78–100, p197–212). This
depended on the tolerant mouse being immunised with the
intact Der p1 protein. This phenomenon is termed ‘linked
suppression’ and has been found in other models of mucosal
and transplantation tolerance [80, 81, 83, 87, 110–113].

Our studies on respiratory tolerance suggest that high-
dose peptide induces a population of regulatory CD4+ T
cells specific for the peptide tolerogen. Although the cells
display an anergic phenotype in vitro, it appears that they
remain responsive to the peptide or Der p1 protein for a long
period ( 6 months). When tolerant mice are rechallenged
with the intact protein, APC will process the antigen and
present multiple epitopes on its surface. This provides an
environment in which regulatory T cells can cluster around
the same APC as naive T cells specific for the minor epo-
topes. Reactivation of the regulatory T cells will enable
them to inhibit the growth of the naive T cells.

The induction of oral tolerance to orally administered
antigens can lead to linked (bystander) suppression. It has
been proposed that bystander suppression can be mediated
by CD4+ or CD8+ regulatory T cells through the secretion
of inhibitory cytokines, e.g. IL-4, IL-10 and TGF-â [94,
114]. In our own studies on respiratory tolerance we have
found no secretion of these inhibitory cytokines and simi-
larly, no role for CD8+ T cells.

We have previously proposed that regulatory T cells in-
duced with nasally administered peptide could lead to link-
ed suppression through a cell–cell contact-dependent proc-
ess which may alleviate the requirement for IL-4, IL-10 or
TGF-â. It has been suggested that the T-cell surface antigen
CTLA-4 may play a critical role in the induction of toler-
ance [115] and CTLA-4 signalling requires contact between
the T cell and the APC. We are currently exploring whether
linked suppression may be induced by direct cell contact
between the regulatory T cell and naive T cells and investi-
gating various possible signalling pathways (fig. 1).

Concluding Remarks

It appears that respiratory tolerance, like oral tolerance,
may involve multiple mechanisms, with antigen dose being
a key factor. Low-antigen dose seems to favour immune de-
viation of antigen-specific CD4+ T cells and activation of
CD8+ γδ T cells but it is unclear how the latter population
mediates its effect in vivo. Higher antigen dose favours acti-
vation of CD4+ regulatory T cells that display an anergic
phenotype in vitro. Although we understand many of the
signals that may lead to induction of a productive immune
response, very little is known about the signals which are

Fig.1. Model of linked suppression in mucosal tolerance. APC
will process a protein antigen and present multiple epitopes on its sur-
face. This would enable T cells of different specificities to be attracted
to the surface of the APC. Prior treatment with high-dose peptide in-
tranasally or orally will induce a population of regulatory (suppressor)
CD4+ T cells. When activated, these previously tolerised T cells could
deliver a negative signal to naive T cells either via inhibitory cytokines
such as IL-4, IL-10 and TGF-â, or through a direct cell–cell interac-
tion. We hypothesise that naive T cells constitutively express a mem-
brane-bound receptor that is capable of transducing a growth-inhib-
itory signal, and T cells differentially express the ligand for this recep-
tor following the induction of tolerance.

delivered by APCs causing the activation of regulatory T
cells in tolerance.

Linked suppression has been observed in a number of
rodent models, however, it is not clear if such a mechanism
functions in peripheral T-cell tolerance in humans.

Respiratory tolerance has the potential for therapeutic
application. The i.n. route appears equally efficient as the
oral route in suppression of allergic and autoimmune dis-
ease in animal models [94]. One advantage in respiratory
tolerance is that smaller antigen doses can be administered
compared with the oral route.

Finally, a better understanding of the cellular and molec-
ular interactions in mucosal tolerance will lead to the design
of more effective therapeutic agents for the treatment of im-
mune-based diseases.
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