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Summary

The prevalence of atopy and allergic disease continues to escalate worldwide. Defining
immune mechanisms that suppress the underlying Th2-driven inflammatory process is
critical for the rational design of new treatments to prevent or attenuate disease. Allergen
immunotherapy has provided a useful framework for evaluating changes in the immune
response that occur during the development of tolerance. Despite this, elucidating the
phenotypic and functional properties of regulatory cells, has proven challenging in
humans with allergic disease. This article provides an overview of our current understand-
ing of the immune pathways that orchestrate allergen tolerance, with an emphasis on
emerging concepts related to human disease. A variety of regulatory cell types, including
IL-10-secreting T and B cells, play a pivotal role in suppressing allergic responses to
inhaled, ingested and injected allergens. These cells may inhibit Th2 effectors directly, or
else indirectly, through other cell types and mediators. Protective antibodies, including
IgG4, Fc sialylated IgG, and IgA, have the capacity to modulate the response by prevent-
ing allergen binding to surface-bound IgE, or inhibiting dendritic cell maturation. Immune
cell plasticity may augment suppression of Th2 cells by T regulatory cells, through mech-
anisms that involve T cell conversion, or else unconventional roles of classical effector
cells. These actions depend upon external cues provided by the in vivo milieu. As such,
specific anatomical sites may preferentially favour tolerance induction. Recent scientific
advances now allow a global analysis of immune parameters that capture novel markers
of tolerance induction in allergic patients. Such markers could provide new molecular tar-
gets for assessing tolerance, and for designing treatments that confer long-lasting protec-
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176. tion in a safe and efficacious fashion.

Introduction

Studies on allergen tolerance in both humans and ani-
mal models abound. Despite this, the immune mecha-
nisms that govern this process in humans remain
enigmatic. This can be attributed, in large part, to the
lack of reliable surface markers expressed on regulatory
cells in man, the plasticity of these cells, and limitations
of in vitro experimental systems that fail to mimic the
complex regulatory networks operating in wvivo. An
exhaustive review of the assortment of regulatory cells
is beyond the scope of this article. Instead, the objective
is to integrate current knowledge of mechanisms of
allergen tolerance in humans with emerging concepts.
Aspects highlighted include recent discoveries in regu-
latory cell types and cell plasticity, and their relevance
to regulatory networks underlying allergen tolerance.

What is allergen tolerance?

In 1953, Peter Medawar and colleagues reported in the
journal Nature on the discovery of ‘actively acquired
tolerance’ of foreign cells, stemming from their seminal
work on tissue transplantation [1]. By injecting fetal
mice (strain CBA) with cells from a different donor
strain (strain A), it was observed that the immune sys-
tem could be manipulated to prevent later rejection of
a skin graft from strain A mice. In this context,
immune tolerance was defined as ‘a state of indiffer-
ence or non-reactivity towards a substance that would
normally be expected to excite an immunological
response.’ It was proposed that it would be possible to
induce tolerance to more remotely foreign antigens,
and that tolerance encapsulates the following features:
(1) an alteration of the host, not antigenic adaptation
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of the grafted cells; (2) a systemic and specific immune
response; (3) continued presence of the antigen; (4)
varying degrees of the response (i.e. not an ‘all or
nothing’ response); and (5) a requirement for lymphoid
cells. Arguably, all of these features can be applied to
allergen tolerance.

At the simplest level, allergen tolerance can be con-
sidered as a non-pathogenic immune response to aller-
gen that is mediated by an active process. It develops
during allergen immunotherapy (IT), and can be
attained through a variety of different routes including
the skin, as is the case for conventional IT using aller-
gen extracts, and rush IT with bee venom. Similarly,
there is mounting data from clinical trials of both sub-
lingual IT and oral IT, to support the development of
protective responses at mucosal sites. In food allergy, a
distinction has been drawn between desensitization (an
increase in antigen dose required to elicit symptoms,
arising from a transient altered immune response) and
tolerance (the ability to ingest food without symptoms
once treatment has ceased, owing to persistent changes
in the immune response) [2, 3]. Allergen tolerance also
occurs upon natural exposure to high levels of allergen
in the environment, as typified by the modified Th2
response to cat allergen [4]. It is assumed that this
reflects high dose tolerance through the respiratory
tract. In all cases, regardless of the mode of tolerance
induction, it is likely that similar fundamental mecha-
nisms apply.

Despite the ubiquitous nature of allergens, the major-
ity of exposed subjects fail to mount an allergic
response. Whether this represents a form of tolerance
arising from an active control mechanism, or else a
state of non-responsiveness, remains open to debate.
Although some allergens (e.g. cat) can induce a charac-
teristic protective immune response, others (e.g. mite)
do not appear to do so. Nonetheless, the ability to
detect regulatory cells and evoke T cell responses to
diverse allergens in cultures from non-allergic subjects
provides convincing evidence for involvement of active
processes. These responses are likely governed by the
numerous and varied genetic and environmental deter-
minants that protect against allergy.

Allergen IT has proven effective for the treatment of
allergic rhinitis and provides a useful model for study-
ing the development of tolerance. Hallmarks of allergen
tolerance induced by IT include the following: (1)
increases in IgGl, IgG4 and IgA antibodies; (2)
decreased IgE; (3) a Th2 to Thl shift along with a
decrease in T cell proliferation and cytokine response to
allergen; and (4) increased T regulatory (Treg) cells
along with enhanced production of IL-10 and TGF-p.
There is substantial evidence that IL-10 governs many
of these changes through suppression of Th2-driven
processes.
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T regulatory cells: form and function

Induction of Treg cells

Much of the focus on mechanisms of allergen tolerance
has spotlighted the role of Treg cells. These cells act to
suppress effector T cells involved in allergic inflamma-
tory processes through effects on T cell differentiation
and amplification. This may occur through direct T cell
suppression, or else indirectly through inhibition of
dendritic cells (DCs). Until recently, those Treg cells
most often implicated in allergen tolerance in humans
were defined based on expression of surface CD25 (IL-
2Ra) and the transcription factor Foxp3, with or with-
out production of IL-10 or TGF-B. Despite the evidence
for Treg cell induction, it remains unknown how these
cells are generated. Data in both in vitro human-based
systems and in vivo mouse models indicate that pro-
inflammatory signals such as LPS and epithelial-derived
cytokines (e.g. IL-25, IL-33 and TSLP), act at the level
of DCs to induce Th2-driven allergic inflammation
[5-12]. During allergen IT, it is thought that a lack of
these pro-inflammatory signals, or else the presence of
alternate activation signals, results in a partially mature
or tolerogenic phenotype in DCs, which in turn favours
Treg cell induction. Once induced, Treg cells can act to
further suppress DCs, or else drive induction of IL-10-
producing DCs, which can then further enhance Treg
cell production [13-15].

Challenges to understanding mechanisms of action of
Treg cells in humans

The general view is that Treg cells suppress a variety of
effector T cell subtypes involved in the pathogenesis of
allergic disease, including Th2, Th1, Th17 and Th9 cells.
A role for Treg cells in suppressing mast cells, eosin-
ophils and basophils is also emerging; however, most
experimental evidence comes from animal models.
Although Treg cells can directly inhibit mast cells in
mice [16], it remains unknown whether Treg cells act
similarly in humans. Instead, it has been inferred that
the suppressive effects of Treg cells on mast cells and
granulocytes are mediated indirectly through suppres-
sion of Th2 cytokines. Beyond these cell types, IL-10
selectively enhances IgG4 production by human B cells,
and IL-10-producing Treg cells can induce IgG4
through a variety of molecules including IL-10 and
TGF-B, as well as the GITR-GITRL pathway [17, 18].
These observations provide a plausible mechanism for
Treg cell-mediated enhancement of IgG4 antibody pro-
duction during allergen IT.

Although a broad array of molecules has been impli-
cated in Treg cell-mediated suppression in vitro [19], it
has been difficult to validate these pathways in vivo in
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humans. Human Treg cells are highly heterogeneous
and difficult to identify. Moreover, rigorous analysis of
the functional properties of these cells has been hin-
dered by the lack of a reliable surface marker. Natural
Treg cells are arguably the best characterized Treg type
in humans. These cells, which are selected by high
avidity interactions in the thymus, constitutively
express high levels of CD25 and the transcription factor
Foxp3 (Fig. 1) [20]. In contrast, adaptive Treg cells arise
from naive conventional CD4" T cells in the periphery
following antigen encounter. These include IL-10-
secreting Tr1 cells and TGF-B-producing Th3 cells. In
humans, it remains unknown whether natural Treg cells
can become IL-10-expressing Treg cells, and how natu-
ral Treg cells may relate to Tr1 cells. In animal models,
Foxp3™ Treg cells can differentiate outside the thymus
upon antigen recognition, and these cells can control
allergic inflammation [21-25]. Thus, Foxp3™ Treg cells
involved in allergen tolerance in humans likely com-
prise a mixture of natural Treg cells and those induced
in the periphery. Other Foxp3™ Treg-like cell types iden-
tified in humans include those that produce IL-17 [26],
and those that are induced er vivo from naive CD4" T
cells by TGF-B in combination with other factors [27—
29]. However, the suppressive capacity of these latter
cell types has been questioned (Fig. 1).

Studying Treg cells in humans is further confounded
by the blurred distinction between these cells and effec-
tor T cells in the context of active inflammatory dis-
ease. Unlike cells in mice, activated effector T cells in
humans transiently express Foxp3 [30-32]. Expansion
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of the CD25"Foxp3* subset is a prominent feature of
circulating CD4" T cells in highly atopic subjects, and
this likely reflects the presence of both Treg cells and
activated effector cells [33]. Recent work indicates that,
unlike activated effector T cells, Foxp3* Treg cells
maintain Foxp3 expression over rounds of cell division.
This has been attributed to DNA demethylation within a
conserved mnon-coding region in the Foxp3 gene
[34-36]. Analysing methylation status at the Foxp3
locus should prove useful for clarifying Treg cells
induced during allergen IT.

The role of IL-10 in allergen tolerance

Immunotherapy and IL-10

Of all the molecules implicated in T cell suppression
associated with allergen tolerance, IL-10 remains the
most robust. In grass pollen IT, increases in allergen-
stimulated IL-10 production coincide with inhibition of
late skin responses (2—4 weeks), but precede the rise in
IgG4 antibodies and clinical effects [37]. This suggests
that IL-10 sets the stage for the immune sequelae that
ensue during IT. Work by Akdis and colleagues in the
late 1990s established a critical role for IL-10 in the
rapid induction of T cell tolerance to the major bee
venom allergen, phospholipase A, (PLA,), during rush
IT [38]. The same group recently reported the capacity
for allergen-specific Th2 cells to ‘switch’ to IL-10-
secreting cells in high dose tolerance induced through
the skin, by a process involving a direct effect of
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Fig. 1. Types of T regulatory cells implicated in suppressing inflammatory responses. Dashed lines indicate unresolved aspects of Treg cells in

humans. See text for details.
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histamine. A variety of other molecules, including
CTLA-4 and PD-1, were also implicated in the develop-
ment of tolerance, suggesting involvement of multiple
immune pathways [39].

The ability for IL-10 secretion to supplant Th2 cyto-
kine production in T effector cells provides one possible
mechanism for diminished Th2 responses observed dur-
ing allergen IT. In contrast, other studies indicate a role
for apoptosis or deletion of Th2 cells [40, 41]. Most
recently, preferential deletion of pathogenic terminally
differentiated (CD27°) allergen-specific CD4" T cells was
reported in patients receiving IT for alder pollen allergy
[41]. T cell deletion was accompanied by increased pro-
duction of IL-10 in surviving CD27" allergen-specific
CD4" T cells. In that study, direct ex vivo enumeration
of allergen-specific T cells using peptide/MHC II tetra-
mers provided an elegant method for determining the
nature of the T cell “switch”.

Lessons from a tolerogenic allergen

Our knowledge of the molecular biology of allergens
continues to evolve at a rapid pace. The ability for
allergens to trigger a broad array of receptors, including
toll-like receptors, C-type lectin receptors and protease
activated receptors, is integral to their capacity to pro-
mote pathogenic Th2 responses [6, 42—-47]. However, it
appears that while some allergens, such as the major
dust mite allergens Der p 1 and Der p 2, can drive a
robust IgE response, others, such as the major cat aller-
gen, Fel d 1, are less potent. Definition of the modified
Th2 response to cat allergen over a decade ago, shed
new light on these differences [4]. This immune
response, which is characterized by high titre IgG and
IgG4 antibodies to Fel d 1, in the absence of detectable
IgE antibodies or allergic symptoms, is associated with
high dose exposure to cat allergen in the environment.
This response was proposed to represent a form of high
dose respiratory tolerance.

The cat allergen, Fel d 1, shares structural similarity
to uteroglobin, a steroid-inducible cytokine-like mole-
cule that is expressed only in mammals [48, 49]. The
human homologue, Clara cell 16 kD protein (CC16) pro-
duced by lung epithelial cells, inhibits eosinophil
migration and downregulates factors that are critical to
Th2 differentiation [50-52]. Reduced levels of CC16 in
the asthmatic lung have been proposed to contribute to
airway inflammation [53]. Thus, it is plausible that Fel
d 1 constitutes a ‘tolerogenic allergen’, by virtue of its
shared structural features with an immunomodulatory
human protein. On the other hand, its marked sequence
divergence from CC16 at the primary amino acid level
may be sufficient to confer allergenicity. Work by sev-
eral groups supports the presence of an immunodomi-
nant ‘regulatory region’ within polypeptide chain 2 of
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the Fel d 1 that binds DR7 molecules and induces IL-10
[54-56]. Notably, T cell responses to peptides in this
region are enhanced in cultures from DR7+ subjects
with a modified Th2 response, as well as in cat-allergic
patients receiving conventional IT [54]. A peptide
within this region also binds to two DQ and DP alleles
that are common in the population (DQB1*06 and
DPB1*04) [56]. Collectively, these findings suggest that
chain 2 peptides are good candidates for inclusion in a
peptide vaccine for cat allergy.

Administration of Fel d 1 peptides has proven effec-
tive for inducing IL-10-mediated tolerance. As short
peptides (~16-mers) do not cross-link IgE, many of the
drawbacks of using whole allergen can be avoided. In a
pilot study, Kay and colleagues established the benefi-
cial effects of administering a low dose peptide vaccine
in cat-allergic asthmatics, as judged by inhibition of
upper and lower airway outcome measurements, includ-
ing late asthmatic reactions [57]. This vaccine, which
comprised peptides spanning both chains of Fel d 1,
suppressed T cell responses to both injected and non-
injected peptides, indicating a role for linked epitope
suppression [58]. These findings were supported by
work in an HLA-DR1 transgenic mouse model which
implicated IL-10-producing ‘bystander’ T cells in this
process. Thus, at least for certain allergens, vaccines
which contain a limited number of well-characterized T
cell epitopes may be sufficient to confer allergen toler-
ance.

B cells and IL-10

It is well known that mouse B cells have the capacity to
secrete IL-10. A subset of these cells, termed B10 cells,
display the CD1d™CD5*CD19" phenotype and are
increased in mouse models of diabetes and autoimmune
disease [59-61]. The capacity for these cells to suppress
T cell-dependent inflammatory responses is illustrated
by inhibition of contact sensitivity reactions to oxazo-
lone in recipient mice adoptively transferred with
CD1d"CD5* B cells from oxazolone-sensitized mice.
This effect is IL-10-dependent and antigen-specific [59].
More recently, IL-10-producing B cells were shown to
suppress allergic airway inflammation in mice through
induction of pulmonary Treg cells [62]. In humans, B10
cells have been identified within the CD24"CD27* B
cell compartment. These cells negatively regulate
monocyte cytokine production in an IL-10-dependent
manner [63]. A feature of B10 cells is their ability to
rapidly express cytoplasmic IL-10 after ex vivo stimula-
tion. Though these cells, along with their progenitor
counterparts (B10pro), represent only a small fraction
of blood B cells in healthy subjects (< 5%), they are
expanded in the blood of patients with inflammatory
disorders [63]. Recent work has implicated regulatory B
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cells in the development of tolerance to food allergens
in humans; however, it remains unknown how these
cells relate to human B10 cells [64, 65]. Expanding
analysis of IL-10-expressing cells during allergen IT to
include regulatory B cells could provide new insights
into IL-10 pathways that underlie allergen tolerance.

Regulatory cells and the gut

Other regulatory cell types that have been implicated in
allergen tolerance include TGF-B-expressing T and B
cells, as well as CD8" regulatory T cells. Arguably, these
cell types are most relevant to the development of tol-
erance to ingested food allergens. Despite this, there is
scant supporting data in humans, mainly because these
cells are difficult to study owing to their localization
within the gastrointestinal tract. Several studies suggest
an association between food allergies and a deficiency
in regulatory cells. A selective decrease in the number
of TGF-B-producing T lymphocytes, but not other cyto-
kine-expressing T cells, was reported in duodenal biop-
sies from children with food allergies [66]. In other
work, decreased allergen-responsive B cells expressing
TGEP (Br3) were observed in milk allergic children [67].
The actions of TGF-f are multifold. In murine systems,
TGF-p suppresses Th2 differentiation from naive T cells,
inhibits T cell proliferation, and induces Foxp3™ Treg
cells [68, 69]. This latter phenomenon is mediated by
mucosal CD103" DCs that induce Foxp3 in naive T cells
by activating latent TGF-3 via a process enhanced by
retinoic acid [70-73].

There is conflicting data in animal models on the rel-
ative contribution of TGF-B-producing Th3 cells and
Foxp3™* Treg cells to oral tolerance [74, 75]. This issue
is further compounded by inconsistent reports on the
actions of TGF-B in mouse and humans. Although this
cytokine can induce and maintain Foxp3 expression in
both mouse and human CD4" T cells, this may not con-
fer suppressive properties in human cells [27]. Thus, T
cell mechanisms observed in mouse models of food
allergy should be interpreted with caution. The site of
tolerance induction within the gut is also subject to
debate. It was recently reported in a mouse model of
oral tolerance that CD4" T cells present in the organized
lymphoid tissues of the Peyer’s patches express TGF-
BRII and up-regulate Foxp3 in response to oral
challenge [76]. In that report, mice lacking TGFBRII
signalling failed to mount a tolerant response, indicat-
ing a requirement for Foxp3® Treg cells induced by
TGF-B. In contrast, in a mouse model of peanut ana-
phylaxis, IFN-y-producing CD8" T cells in the mesen-
teric lymph nodes were required for protection induced
by a Chinese herbal remedy [77, 78]. Unfortunately,
studying allergen-responsive human CD8" T cells in vi-
tro is problematic owing to their anatomical inaccessi-

bility and weak proliferative capacity upon stimulation
ex vivo. Consequently, the role of CD8" T cells in pro-
moting, or else attenuating, responses to food and
inhalant allergens has largely been overlooked.

New insights into protective antibodies

Role of IgG4 antibodies

The rise in IgG and IgG4 antibodies during successful
IT is well documented. IgG4 antibodies bind Fcy recep-
tors with low affinity, do not fix complement and inhi-
bit IgG1-mediated complement activation. In addition,
these antibodies do not precipitate antigen owing to
their ability to bind different antigens at each antigen
binding site [79]. This bispecific feature limits the size
of antigen—antibody complexes through reduced cross-
linking [80]. As a consequence, triggering of IgE recep-
tor via surface-bound IgE may be reduced. The capacity
for IgG4 antibodies induced during IT to decrease IgE
receptor-facilitated allergen binding to B cells has been
demonstrated [81, 82]. Interactions between IgG4 and
allergen will likely also diminish activation of mast
cells and basophils.

During IT, the functional properties of IgG4 antibod-
ies, as opposed to serum titres, have been shown to
correlate with clinical response [83]. Consistent with
this, the inhibitory bioactivity of allergen-specific IgG
antibodies persists for several years after discontinua-
tion of IT, despite a decline in specific IgG1 and IgG4
antibodies to levels close to those existing prior to IT
[84]. Thus, long-term clinical tolerance may be main-
tained, at least in part, by the persistence of a subset of
allergen-specific IgG antibodies with potent inhibitory
activity.

In patients receiving grass pollen IT, IgG4 antibodies
account for < 40% of the inhibitory bioactivity in serum
as judged by assays dependent on IgE-grass pollen bind-
ing [84]. This phenomenon may be explained, at least in
part, by the type of antigen-presenting cell (APC)s used
to test the blocking action of IgG4 antibodies in these
assays (i.e. B cells vs. myeloid DCs). Myeloid DCs
expressing the high affinity IgE receptor, FceRI, play a
critical role in T cell events occurring in vivo in atopic
subjects [85, 86]. Thus, studying how these cells interact
with IgG4 antibodies could prove insightful. Alterna-
tively, other IgG subclasses, as well as other undefined
serum factors, may contribute to inhibition of allergen
binding to APCs in allergen tolerance.

Role of glycosylated antibodies

New evidence indicates that different Fc N-linked gly-
cosylation patterns determine the pro- vs. anti-inflam-
matory functions of IgG antibodies. In groundbreaking
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work, it was discovered that Fc sialylation was pivotal
to the anti-inflammatory actions of intravenous
immunoglobulin (IVIG) [87]. Sialylated antibodies bind
to the C-type lectin DC-SIGN present on myeloid cells
[88]. These antibodies inhibit Th1-driven inflammatory
processes through enhanced induction of the inhibitory
Fc receptor, FcyRIIB, on macrophages [89]. Surprisingly,
this phenomenon is promoted by IL-33-driven expan-
sion of IL-4-secreting basophils. Recent observations
also support a role for Fc sialylation of IgG antibodies
in allergen tolerance. Mice immunized with OVA under
tolerogenic conditions have been shown to produce
antigen-specific IgG antibodies that are Fc sialylated. In
that study, sialylated, but not non-sialylated, antibodies
that were generated in vitro, inhibited DC maturation in
vitro and protected against allergic inflammation
induced by OVA [90]. Extending these observations to
humans, sialylated allergen-specific IgG antibodies have
been identified in the serum of patients receiving IT for
birch pollen allergy [90]. The ability for sialylated IgG
molecules to enhance surface expression of FcyRIIB, a
receptor known to inhibit IgE receptor signalling, is
intriguing [89, 91, 92]. Despite this, inhibition of DC
maturation by sialylated IgG appears not to involve
FcyRIIB, suggesting that Fc sialylation triggers alternate
regulatory pathways in allergen tolerance [90]. Such
pathways could complement the ‘blocking’ actions of
IgG4 antibodies.

Role of antibodies in the gut

Recent studies support a role for serum IgA (as well
as 1gG) in suppressing allergic responses to food aller-
gens. In mouse models, ingested food antigens must
be absorbed to induce either anaphylaxis or diarrhoea
[93, 94]. Although this may not be unexpected for
anaphylaxis, it is perhaps less expected in the case of
diarrhoea. In those studies, mice with high serum IgA
but low IgA levels in the gut lumen showed slower
development of allergic diarrhoea, than wild-type ani-
mals [94]. Thus, while secretory IgA may act as a
gatekeeper to neutralize food proteins in the gut, IgA
in the serum may be pivotal to limiting allergic
responses. In the same animal model, IgE-mediated
allergic diarrhoea was suppressed by serum IgG1 (the
murine equivalent of human IgG4). This process was
independent of FcyRIIB, which inhibits IgE-dependent
activation of mast cells and basophils. Instead, the
authors proposed that IgG1 antibodies (as well as IgA)
intercept absorbed antigen and thus prevent binding
to mast cells. In a different mouse model of egg
allergy, oral administration of T cell epitope peptides
of ovomucoid, the dominant egg-white allergen,
resulted in increased production of the Thl-associated
isotype, 1gG2, as well as IgA. In contrast, IgG1 anti-
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bodies were actually decreased [95]. This study, which
also demonstrated subtle differences in immune out-
comes depending on whether single or multiple pep-
tides were used, raises the question of whether the
use of oral peptides would be adequate for the induc-
tion of blocking antibodies.

Emerging concepts in reqgulatory networks

T cell plasticity and allergic inflammation

It is apparent that allergen tolerance reflects a complex
regulatory system involving multiple cell types and
molecules (Fig. 2). The nature of immune interactions
required for tolerance induction is dependent upon the
constituents residing at the anatomical site of antigen
encounter, the type and dose of antigen, the presence
of adjuvants and immune status of the host. To under-
stand how regulatory cell types are induced, as well as
their functional properties, it is important to recognize
the plasticity within the immune system. If we first
consider CD4" T cells, these cells represent a vastly het-
erogeneous mixture. A variety of CD4" T cell subsets,
each with their own master transcription factors and
cytokine profiles, have been identified. These include
the helper CD4* T cells, Th1, Th2 and Th17, which
express the transcription factors, T-bet, GATA-3 and
RORyt, respectively, and Treg cells expressing Foxp3.
These subsets were originally believed to constitute dis-
tinct lineages with inflexible phenotypes. However, it is
now recognized that CD4" T cells can not only change
their profile of cytokines secreted, but also alter their
expression of master regulators [96]. For example, Treg
cells can acquire expression of transcription factors
characteristic of their effector T cell counterparts [97,
98]. Moreover, expression of these ‘hijacked’ factors
appears to be required for optimal Treg cell-mediated
suppression.

Recent work highlights the flexibility of Th2 cells. In
vitro differentiated IL-4-producing Th2 cells specific for
lymphocytic choriomeningitis virus (LCMV) were shown
to acquire the ability to produce IFN-y upon transfer
into mice that were subsequently infected with LCMV
[99]. In addition to the capacity to broaden their cyto-
kine repertoire, there is evidence that Th2 effector cells
can convert to Foxp3™ Treg cells and that this pathway
is bidirectional. In mice, treatment of antigen-specific
memory Th2 cells with TGF-f in the presence of
all-trans retinoic acid and rapamycin results in
expression of Foxp3 and down-regulation of the Th2-
associated transcription factors GATA-3 and IRF-4, in
conjunction with decreased Th2 cytokine production
[100]. These cells suppress Th2-mediated airway hyper-
reactivity, eosinophilia and specific IgE antibody pro-
duction, in a mouse model of asthma. Conversely, in
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humans, memory Treg cells down-regulate Foxp3
expression upon in vitro expansion [101, 102]. This
change is accompanied by up-regulation of Th2 signa-
ture genes, and occurs under non-polarizing conditions,
suggesting that Th2 differentiation is the default devel-
opmental programme in human Treg cells that down-
regulate Foxp3 [103]. There is evidence to suggest that
T cells with an intermediate phenotype between human
Th2 and Treg cells exist in allergic disease. Work by
our group showed that sort-purified CD25"CD4* T cells
isolated from the blood of highly atopic patients were
almost exclusively Foxp3™, but nonetheless had the
capacity to secrete Th2 cytokines [28]. When considered
collectively, these observations highlight the influence
of both intrinsic and extrinsic signals on T cell pheno-
type and function. Thus, as our understanding of T cell
differentiation continues to evolve, it will be necessary
to re-frame our concept of discrete subsets, based on
the shared features of many T cell types that were pre-
viously thought to exist as discrete terminally differen-
tiated lineages. With this in mind, a simple model of
allergen tolerance, wherein Treg cells act to suppress
Th2 cells seems unlikely. Instead, ‘Th2 suppression’
likely reflects a highly dynamic process involving not
only de novo induction of Treg cells but also conversion

of Th2 effectors to Treg cells and to T effector cells with
altered cytokine profiles.

Relevance of allergen encounter at anatomical sites

As external cues are required for T cell differentiating
events to occur, certain anatomical sites of antigen
exposure may be more effective at inducing Treg cells
during the development of allergen tolerance. Sublin-
gual immunotherapy (SLIT) is gaining favour as a safe
and effective alternative treatment to subcutaneous IT
for the treatment of allergic rhinitis [104, 105]. Changes
in a variety of immune parameters, including rise in
serum IgA and IgG4, along with an increase in Foxp3*
cells in the sublingual epithelium, indicate that this
strategy favours the induction of allergen tolerance
[106, 107]. Administering allergen through the oral
cavity, as opposed to through the skin, may not only
prove safer from a clinical standpoint but also offer the
advantage of enhanced induction of regulatory cells.
Consistent with this view, T cells within the oral
mucosa express higher levels of TGF-f1 and IL-10 than
those in the skin [108]. Moreover, allergen binding to
oral mucosal Langerhans cells appears to increase the
production of tolerogenic cytokines [108]. In contrast,
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the skin of allergic subjects is an important source of
cytokines that promote Th2-driven inflammation. As
such, allergen administered subcutaneously may
encounter dermal DCs that are equipped to enhance
Th2 responses, as appears to be the case for patients
with atopic dermatitis (AD). Keratinocytes present in the
skin lesions of these patients express increased levels of
TSLP, which can prime DCs to induce Th2 responses
[7]. Blood DCs from subjects with AD have the capacity
to efficiently up-regulate TSLP receptor in response to
allergen priming [86]. This phenomenon potentiates the
TSLP pathway in DCs resulting in a synergistic
enhancement of Th2 responses in vitro by DCs that
have been co-primed with allergen and TSLP. Such a
phenomenon could explain why some patients with AD
who receive conventional IT via the subcutaneous route
experience exacerbation of their skin disease.

Dual functionality and immune requlation

Not only is the in vivo milieu relevant to Treg cell
induction but Treg cells themselves may also modulate
their own microenvironment. In mice, CD25" Treg cells
can suppress mast cell degranulation through a cell
contact-dependent pathway involving 0X40-0X40L
interactions, and in vivo depletion of these cells
enhances the anaphylactic response [16]. On the other
hand, Treg cells can augment production of IL-6 by
mast cells through surface-bound TGF-f [109]. The
amount of mast cell-derived IL-6 produced is sufficient
to promote differentiation of naive CD4" T cells to
Th17 cells in the presence of TGF-B. Adoptive transfer
of Treg cells confirmed their contrasting effects on mast
cells in a mouse model of food allergy [109]. The
notion of dual functionality extends beyond Treg cells
to other cell types involved in allergic disease, includ-
ing mast cells which were recently shown to support
Treg cell-mediated suppression of chronic allergic skin
inflammation [110]. This phenomenon is perhaps not
surprising given the capacity for mast cells (and ba-
sophils) to exert pro- or anti-inflammatory effects
depending on the nature of the disease, and their ability
to vary their output of mediators depending upon the
activation signal provided [111, 112]. Such multiplicity
of labour may not only serve to modify the inflamma-
tory milieu but also regulate chronic inflammatory pro-
cesses, thereby limiting collateral damage.

Similar immune cell types may fulfil different roles
depending, not only on the stage of the inflammatory
process but also on anatomical localization. For exam-
ple, while mucosal CD103* DCs may be critical to toler-
ance induction in the gut, recent evidence in mice
supports a key role for pulmonary CD103" DCs in prim-
ing Th2 responses to inhalant allergen [113]. Th2 prim-
ing by CD103* DCs appeared to depend on low level
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antigen uptake occurring in vivo, since the same cells,
when forced to present high dose antigen ex vivo, pref-
erentially primed Th1 and Th17 differentiation. In the
same study, the ability for lung CD103" DCs, but not
CD11b™ DCs, to prime Th2 responses after allergen
exposure in vivo, implied a requirement for signals
unique to CD103" DCs. Altering the mode of allergen
delivery to DCs by targeting specific surface receptors,
could prove a useful strategy to ‘switch off’ these sig-
nals to attain tolerance.

Future directions

The development of allergen tolerance reflects regula-
tory networks that involve multiple secreted mediators,
surface molecules and regulatory cell types. Allergic dis-
eases are highly heterogeneous, both in their clinical
phenotype, and in their immunopathogenic origins. A
role for a broad array of pathogenic cells is now appar-
ent in asthma. In accordance with this, novel cell types
continue to emerge that could provide a target for regu-
latory cell types. Examples of these include innate cells
which respond to epithelial-derived cytokines and have
the capacity to secrete Th2 cytokines [114, 115]. Future
research directions should include elucidating the prop-
erties of novel effector cells, as well as the suppressor
effects of ‘non-conventional’ regulatory cells, including
B cells and mast cells. Exploring T cell plasticity in the
context of allergic disease in humans is also essential if
we are to fully understand mechanisms of allergen toler-
ance. In particular, understanding how T cell trafficking
can be re-programmed in vivo would aid in the design
of delivery systems for tolerogenic molecules.

The research tools available for studying allergen tol-
erance continue to evolve at a rapid pace. In this new
era of human proteomics and genomics, the possibilities
seem countless, yet daunting at the same time; how-
ever, creative approaches are already yielding fruit. In a
recent study, which used two complementary proteomic
strategies to analyse human regulatory DCs, novel can-
didate biomarkers of clinical responsiveness to allergen
IT were identified [116]. Adopting a systems biology
approach for studying the development of tolerance in
humans could avoid the pitfalls of previous clinical tri-
als of IT that were not optimally designed to capture
markers of allergen tolerance.

It is now well recognized that intestinal microbiota
influence the human immune system through the
induction of both Treg cells and effector cells. Recent
work suggests a link between the development of aller-
gic disease and reduced diversity of gut microbiota
[117]. Certain bacterial species within the gut may
favour the induction of Treg cells [118], and the
presence or absence of these species appears to be
linked to both allergy, and microbial diversity within
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the environment [119]. Proteogenomic approaches offer
much promise for studying these interactions, and for
delineating protective from non-protective bacterial
species in the commensal microbiota.

New strategies to induce allergen tolerance are in the
pipeline, which incorporate novel allergen formulations
and modes of delivery. Sublingual IT offers promise for
safe and effective tolerance induction to a variety of
inhalant allergens. Treatment of food allergy should
also be a high priority, given the continued rise in
prevalence of sensitization to foods. Although oral IT
appears to be clinically efficacious, alternate approaches
are warranted that might curtail the length of time
taken to attain tolerance. The use of allergen formula-
tions that induce diverse regulatory cell types could
prove useful in this regard [120]. Though the challenges
to inducing allergen tolerance are many, the significant

strides made in recent years will pave the way for new
therapies capable of providing long-lasting benefit to
allergic patients.
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