Regulatory T cells as a target for induction of immune tolerance

in allergy
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Purpose of review

Reduced activity of regulatory T cells has recently been
described in several diseases, including allergy. This
concept of an alteration in the balance between the
suppression and activation of harmful T helper type 2
immunity in allergy has important potential implications for
strategies to prevent and control disease.

Recent findings

The past year has seen several important advances in
analysing the determinants of this balance and models for
inducing tolerance through regulatory T cells, including
several different subtypes. These include the recognition
that although T helper type 2 responses drive atopic
sensitization, the expression of disease involves additional
factors, and of a potential role for regulatory T cells in the
development of neonatal tolerance. In addition to
CD4"CD25" regulatory T cells, experimental protocols for
the induction of IL-10-producing, transforming growth
factor beta and T helper type 1 regulatory T cells have been
described in mouse models of airway disease. IL-6 and co-
stimulation have been identified as potential determinants of
the balance between the suppression and activation of
allergic responses.

Summary

Different strategies for inducing regulatory T cells in animal
models of allergic inflammation and an improved
understanding of the factors accentuating or reducing
suppression have identified important questions for future
translational research.
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Introduction

Allergic diseases such as rhinitis, asthma and atopic
dermatitis affect up to 15% of the population and their
prevalence has increased. Despite effective anti-inflam-
matory medication, these diseases impact the quality of
life of many patients, and there is a continued rate of
deaths from asthma. Topical corticosteroids and other
widely used drugs do not alter underlying sensitization,
and although allergen immunotherapy offers disease
modification and the potential to prevent progression,
potential side effects limit its use.

There is general consensus that allergic inflammation is
driven by the activation of T helper (Th) type 2 CD4
T cells producing I1.-4 and IL.-13, which contributes to
IgE production, mucus hypersecretion and airway hyper-
responsiveness, and IL.-5 that promotes eosinophilic in-
flammation [1]. With the description of regulatory T cells
(Tregs) @ hypothesis has emerged that the active suppres-
sion of inappropriate Th2 responses to allergens by both
CD4"CD25" T cells and IL-10-producing Tegs is cither
defective or is overcome in those who develop allergic
disease. These interactions have been the subject of
several recent reviews [2—4]. Much attention has been
focused on determining the factors that drive the balance
between active and suppressive immune responses to
allergen, and how this balance might be manipulated for
the treatment or prevention of allergic disease. Here we
will consider publications from the past year that have
added to our understanding of allergic disease and how
Tcqs might be exploited to induce tolerance.

The T helper type 2 hypothesis revisited

Although there is a considerable body of evidence linking
Th2 responses to allergens to atopic sensitization and
allergic disease, not all sensitized individuals develop
symptoms [1]. A recent large immuno-epidemiological
survey [5°] studied 172 children and related their per-
ipheral blood T-cell responses to allergen stimulation
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with atopic sensitization, airway hyperresponsiveness and
clinical symptoms of asthma (wheeze). Although atopy
was associated with Th2 cytokine production, asthma
symptoms were correlated with IL-5 production, and
airway hyperresponsiveness with IFN-y. These find-
ings are in agreement with other studies of peripheral
blood and may not reflect T-cell responses at the disease
site. However, the large survey did reinforce the theory
that although atopic sensitization is associated with Th2
responses, other factors, including Th1l cytokines, may
be important for the clinical expression of disease. The
regulation of the multiple and heterogeneous factors
contributing to allergic disease should thus be consid-
ered when designing therapeutic strategies to induce
tolerance.

The same group also followed up on their previous
studies of neonatal sensitization to allergens with an
elegant study of T-cell responses in umbilical cord blood
[6°]. These data questioned previous reports that fetal
allergen sensitization might occur, and showed that
assumed recent thymic emigrant T cells were responsive
to a number of neoantigens (including allergens) but not
self-antigens. Furthermore, CD47CD25" T cells with
regulatory function developed in these cultures, and the
authors suggested that this might represent a normal
braking mechanism leading to peripheral tolerance.
The waning of specific IgE was associated with the
loss of food allergy in children in a further report [7],
and in an animal model tolerance was associated with the
development of mucosal antigen-specific IgA responses.
The balance of IgE and IgA or IgG4 responses to aller-
gens seems to be an important theme in allergy versus
tolerance and may be determined by the relative balance
between Th2 cytokines and transforming growth factor
(TGF)-g and 1L-10 [2].

Regulatory T cells and allergic disease

The concept has arisen that a contributing factor to atopy
(IgE sensitization to allergens) may be a lack of the
adequate suppression of inappropriate Th2 responses
by both CD47CD25" and IL-10-producing Tregs [2,3].
Further support for this came from the observations of
Grindebacke ¢z a/. [8°], who confirmed the importance of
seasonal allergen exposure in a study demonstrating the
diminished suppression of birch allergen-stimulated IL-5
and IL-13 production by CD4tCD25" T cells during
the pollen season. There was no difference between
suppression by CD47CD25% T cells from non-allergic
and birch-allergic donors out of season, nor was there
any difference in season in allergen-driven proliferation
or IFN-y production. The mechanism of the effect of
allergen exposure is unclear, but one report demonstra-
ted increased plasma IL.-10 and kynurenine in asympto-
matic sensitized individuals during the pollen season [9].
IL-10 can suppress T-cell responses and kynurenine is

an end-product of indoleamine 2,3 dioxygenase (IDO)
activity, which is suppressive of T-cell function, partly
through the induction of apoptosis [10]. A report examin-
ing CD47CD25" T-cell function in asthma found no
difference in the ability to suppress anti-CD3, anti-CD28-
stimulated Th2 cytokine production between cells from
asthmatic and non-asthmatic individuals [11], confirming
earlier observations [12]. There thus does not appear to be
a generalized defect in CD4"CD25" Treg function in
asthma, in contrast to reports from autoimmune disease
patients [13,14].

The emerging possibility is therefore that allergic sen-
sitization (or atopy) may result partly from a lack of
appropriate T’ activity. Allergen exposure seems to
tip the balance further away from suppression and
towards active Th2 immunity, and this effect seems to
be short lived, resolving after seasonal exposure in bee
keepers, for example [15]. Atopic sensitization still does
not generally lead to disease, and the mechanisms pre-
venting the suppression of Th2 responses that are broken
in allergic asthma, rhinitis and atopic dermatitis remain to
be resolved but may relate partly to differences in the
innate response [9] or antibody response to allergen
exposure. Interestingly, eosinophils were also shown to
have suppressive activity through IDO activity [16],
although in this case there was preferential suppression
of Th1 cells but not Th2 clones, so that eosinophilic
inflammation might actually amplify Th2 responses to
allergen. Further work is needed on the bidirectional
interplay between granulocytes or structural cells and
T cells and dendritic cells.

Regulatory T-cell biology: the importance

of FoxP3

Although numerous examples of T, function have been
described 7z vivo in mice, and in human cells iz vitro,
the mechanism of suppression by CD4"CD25" T cells
remains uncertain. A role for the immunosuppressive
cytokines I1.-10 and TGF-B is demonstrated in most,
but not all, in-vivo mouse models. A major advance was
the association of regulatory function with the activity of
the forkhead transcription factor, FoxP3 [17]. FoxP3
was shown to interact with nuclear factor of activated
T cells and nuclear factor kappa B to prevent gene
activation by these transcription factors [18]; this trans-
repression is presumably important in switching off
inflammatory cytokine expression by regulatory T cells,
although IFN-y-producing FoxP3* cells were recently
described (see below).

An elegant paper by Fontenot ¢ a/. [19°°] defined the
biology of FoxP3 using a number of different transgenic
mouse models. A green fluorescent protein (GFP) FoxP3
construct allowed the demonstration that FoxP3 expres-
sion was restricted to af8 T-cell receptor T cells (mostly
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CD4), and this expression correlated closely with regu-
latory function for both CD25-positive and CD25-
negative T cells. CD25"FoxP3 GFP-expressing T cells
formed up to 50% of FoxP3-expressing T cells in tissue.
Furthermore, the generation of FoxP3GFP-OT-1I T-cell
receptor transgenic mice on a RAG 1-deficient back-
ground allowed the demonstration that FoxP3 did not
play a role in limiting effector cell function, and that
‘adaptive’ FoxP3-expressing T cells were not generated
during acute immune responses [19°°]. The same group
defined an important role for TGF-81 in the mainten-
ance of suppressor function in CD4"CD25" T cells by
sustaining FoxP3 expression [20], and responsiveness to
TGF-B was shown to be important in regulation in TGF-
receptor knockout mice [21]. However, other groups
published data from an analysis of human T cells that
suggested that FoxP3 expression might arise ¢ #ovo in
activated CD25-negative T cells [21,22]. It is possible
that such cells expand from the human equivalent of
the CD25'FoxP3 population defined by Fontenot ez a/.
[19°°]. More recently, FoxP3 expressing CD4"CD25™"
Tiegs in inflamed synovium were identified as CD27"
[23]. Understanding the factors that derive and expand
FoxP3-expressing cells, as well as their tissue trafficking,
will be important if the cell type is to be exploited for
therapy.

Determinants of active T helper type 2
responses versus tolerance in the airway

If the expression of allergic disease results from an
imbalance between the activation and suppression of
"Th2 responses, it will be important to define the factors
driving each of these outcomes to allergen challenge;
potential factors are summarized in Fig. 1. A number of
reports have recently defined potential determinants in
mouse models, both of Th2 sensitization and airway
challenge, and of tolerance induced by intranasal antigen
administration.

Cells, cytokines and co-stimulation in T helper
type 2-dependent airway inflammation
Dendritic cells play a pivotal role in primary antigen
sensitization, but their role in maintaining airway inflam-
mation is less certain. Van Rijt ez a/. [24°] showed that the
depletion of CD11c™ cells from the airway in CD1lc
diphtheria toxin receptor transgenic mice by the inhala-
tion of diphtheria toxin before inhaled challenge of
sensitized mice abrogated airway hyperresponsiveness,
eosinophilic inflammation and airway Th2Z cytokine
expression. Piggott ez al. [25] have previously shown a
requirement for low-dose lipopolysaccharide in airway
Th2 responses and went on to report that lung dendritic
cells (unlike dendritic cells derived from other sites)
mediate this effect via MyD88-dependent signalling
pathways.

Figure 1. Determinants of the balance between T helper type 2
and regulatory T-cell responses to allergen exposure.
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T helper (Th) type 2 responses are accentuated by IL-6, antigen
presentation via CD11c-positive dendritic cells (DCs), TIM-1 co-stimu-
lation and low-dose lipopolysaccharide (LPS) exposure, whereas IL-10,
transforming growth factor beta (TGF-g), glucocorticoids, CpG oligo-
deoxynucleotides (ODN) and indoleamine 2,3 dioxygenase (IDO) activity
all suppress Th2 cytokine expression. Regulatory T-cell (T,eg) numbers or
function is increased by TGF-B (partly through sustaining FoxP3 expres-
sion), B7RP-1 and ICOS co-stimulation, plasmacytoid dendritic cells in
the airway, glucorticoids (which increase FoxP3 expression), CpG
oligodeoxynucleotides (ODN) (increase IDO activity), and heat-killed
Listeria (HKL). IL-6 reduces the expansion of CD4*CD25™" regulatory
T cells. PDC, Plasmacytoid dendritic cell.

CD8 T cells have been suggested to play potential
suppressive roles, but can also express type 2 cytokines
both in mice and human airways. Stock ez /. [26] showed
that CD8 depletion before Th2 sensitization increased
IgE responses and subsequent airway inflammation and
airway hyperresponsiveness upon airway challenge in
mice, whereas the depletion of CD8 T cells after sen-
sitization had no effect. CD8 T cells may thus regulate
the development of IgE responses, but at least in this
model do not appear to suppress airway inflammation.

An intriguing role for 1L.-6 in determining airway Th2
effector and T,., function was described by Doganci
et al. [27°°]. IL-6 can act either via membrane-anchored
IL-6Ra chain associated with gp130 or by binding to
soluble IL-6R, which then associates with gp130 on the
cell membrane. The blockade of sIL-6R in the airway
inhibited Th2 responses to inhaled antigen in sensitized
mice, whereas the blockade of mIL-6R induced the
expansion of FoxP3"™ CD47CD25" Tregs- Increased
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sIL-6R was detected in bronchoalveolar lavage fluid from
asthmatic patients compared with non-asthmatic individ-
uals, and this was further increased after allergen inhala-
tion challenge. These data suggest that the inhibition of
IL-6 might be a useful therapeutic approach in allergic
asthma [27°°].

The inhibitory co-stimulator molecules CTLA-4 and
PD1 have been linked to CD4TCD25" T function.
In a mouse model of airway inflammation, the expression
of PD-1 and PD-L.2 was increased but a PD-L.2-Fc acti-
vating protein actually accentuated airway inflammation
when given iz vivo, despite suppressive activity 7 vitro
[28], emphasizing that regulation depends on multiple
cell interactions.

Inhaled antigen exposure has been shown to induce
tolerance in a number of experimental protocols.
Repeated low-dose antigen exposure in mice induced
a FoxP3™" CD4 subset of suppressive T cells with surface-
associated T'GF-8[29°]. In contrast, high-dose intranasal
antigen-induced tolerance acts through IL.-10 production
by dendritic cells and the induction of IL.-10-producing
Tiegs- Stock et al. [30°] described a further T, popula-
tion induced by the co-administration of heat-killed
listeria at the time of ovalbumin sensitization in a mouse
model. This led to the development of FoxP3 and T-bet
messenger RNA-positive T, that produced both IL-10
and IFN-y. This was dependent on CD8w-positive den-
dritic cells and their production of both IL-10 and IL.-12
[30°]. In contrast, T\, induced via high-dose inhaled
antigen were described as FoxP3 and GATA3 mRNA-
positive, but did not express mRNA for T-bet. It will
be important to determine how these models relate to
the development of tolerance to airborne allergens in
humans.

Several reports have examined the determinants of high-
dose inhaled tolerance in mice; this was shown to depend
on plasmacytoid dendritic cells [31°], and B7RP-1 co-
stimulation (in addition to the previous definition of a role
for the inducible costimulator) [32]. Furthermore, TIM-4
interaction with TIM-1 was shown to activate Th2 cells,
and an agonist TIM-1 antibody could prevent airway
tolerance and potentiate airway Th2 responses [33°,
34°]. This pathway may be an important determinant
of the activation/suppression balance in allergic disease as
an atopy-associated gene encodes TIM-1.

The route of antigen exposure may be important. [t has
previously been suggested that epicutancous sensitiza-
tion might be important for the development of peanut
allergy [35], and Strid ez a/. [36] showed that epicutaneous
exposure could prevent and partly reverse existing oral
tolerance induction to peanut allergen in a mouse model,
with subsequent amplification of Th2 responses.

Tipping the balance: how can tolerance be
promoted?

Clearly, understanding T, biology and the induction of
tolerance in mouse models is of interest, but how can we
translate this information to therapy? Glucocortico-
steroids are the most widely used anti-inflammatory
treatment for allergic diseases. They inhibit Th2 cyto-
kine expression, induce IL-10-producing T,cg [3], and
increase CD4"CD25" T-cell suppression of allergen-
driven T-cell responses iz vitro by increasing IL-10
production [37]. Furthermore, these drugs increased
FoxP3, both /# vitro and in asthmatic patients treated
with either inhaled or oral steroids [38°].

Allergen immunotherapy has also been associated with
the activation of IL-10 production from CD4"CD25"
T cells [2], and these observations were supported by the
observation of increased numbers of IL.-10-expressing
CD4"CD25" T cells in the peripheral blood of patients
treated with house-dust mite extract immunotherapy,
although functional suppression by these cells was not
confirmed [39]. Interestingly, immunotherapy using
"T'-cell epitope peptides of cat allergen decreased blood
CD4 cell responses to cat allergen, but did not alter
suppression by CD47CD25" T cells [40]. As this therapy
reduces allergen responsiveness, increases IL-10 pro-
duction, and was shown to induce a suppressive popu-
lation of CD4 T cells [41°], this raises the possibility of
the induction of non-CD25-positive IL-10-producing
T'reqs> analogous of those described for peptide treatment
in mice [42]. There is much current interest in the use of
adjuvants to increase the efficacy of allergen immu-
notherapy to improve safety and simplify dosing. One
approach is to co-administer Toll receptor ligands such as
bacterial DNA sequences rich in CpG repeats (TLR9
ligand). As TLRO ligation induces dendritic cell pro-
duction of IFN-¢, this might be expected to deviate
the immune response towards a Thl pattern, and this
was suggested by the analysis of allergen responses of
blood T cells in patients treated with allergen—-CpG
conjugate [43]. Interestingly, in a mouse model CpG
induced pulmonary IDO activity to inhibit Th2 inflam-
mation, raising the possibility of the regulatory activity of
such treatment, or indeed natural exposure to bacterial
products [44°].

Conclusion

T'he past year has seen an expansion in the understanding
of T, biology and murine models of tolerance in allergic
sensitization and airway inflammation. The challenge is
now to relate these findings to clinical allergic disease,
and to the development of prevention and treatment
strategies. One important point will be to distinguish
between factors driving atopic sensitization and those
leading to allergic disease.



Regulatory T cells as target for induction of immune tolerance Ahern and Robinson 535

References and recommended reading

Papers of particular interest, published within the annual period of review, have
been highlighted as:

e  of special interest

ee Of outstanding interest

Additional references related to this topic can also be found in the Current
World Literature section in this issue (pp. 580-581).

1 Robinson DS. Th-2 cytokines in allergic disease. Br Med Bull 2000; 56:956 —
968.

2 Robinson DS, Larche M, Durham SR. T4 and allergic disease. J Clin Invest
2004; 114:1389-1397.

3 Hawrylowicz CM, O'Garra A. Potential role of interleukin-10-secreting
regulatory T cells in allergy and asthma. Nat Rev Immunol 2005; 5:271-
283.

4  Umetsu DT, Akbari O, DeKruyff RH. Regulatory T cells control the develop-
ment of allergic disease and asthma. J Allergy Clin Immunol 2003; 112:480—
487.

Heaton T, Rowe J, Turner S, et al. An immunoepidemiological approach
e to asthma: identification of in-vitro T-cell response patterns associated

with different wheezing phenotypes in children. Lancet 2005; 365:142—

149.
In this study atopy was closely associated with Th2 cytokine production, whereas
both atopic and non-atopic children gave IFN-y, TNF-« and IL-10 responses. Skin-
prick test wheal size was related to IL-5 and IFN-y and negatively correlated with IL-
10 production by allergen-stimulated peripheral blood mononuclear cells. Asthma
symptoms were associated with eosinophilia and IL-5 production, whereas airway
hyperresponsiveness was associated with IFN-y production in response to poly-
clonal stimulation.

6 Thornton CA, Upham JW, Wikstrom ME, et al. Functional maturation of

e CD4+CD25+CTLA4-+CD45RA+ T regulatory cells in human neonatal
T cell responses to environmental antigens/allergens. J Immunol 2004;
173:3084-3092.

This paper challenged previous concepts of allergen sensitization in utero and

suggested initial promiscuous T-cell reactivity of recent thymic emigrants followed

by the development of a CD47CD25™ regulatory response.

7 Shek LP, Soderstrom L, Ahlstedt S, et al. Determination of food specific
IgE levels over time can predict the development of tolerance in cow's
milk and hen's egg allergy. J Allergy Clin Immunol 2004; 114:387-
391.

Grindebacke H, Wing K, Andersson AC, et al. Defective suppression of Th2
e  cytokines by CD4CD25 regulatory T cells in birch allergics during birch pollen
season. Clin Exp Allergy 2004; 34:1364-1372.
This paper confirmed a seasonal defect in suppression in allergic subjects, which
was confined to Th2 cytokines.

9 von Bubnoff D, Fimmers R, Bogdanow M, et al. Asymptomatic atopy is
associated with increased indoleamine 2,3-dioxygenase activity and inter-
leukin-10 production during seasonal allergen exposure. Clin Exp Allergy
2004; 34:1056-1063.

10 Grohmann U, Fallarino F, Puccetti P. Tolerance, DCs and tryptophan: much
ado about IDO. Trends Immunol 2003; 24:242-248.

11 Shi HZ, Li S, Xie ZF, et al. Regulatory CD4+CD25+ T lymphocytes in
peripheral blood from patients with atopic asthma. Clin Immunol 2004;
113:172-178.

12 Ling EM, Smith T, Nguyen XD, et al. Relation of CD4+CD25-+ regulatory
T-cell suppression of allergen-driven T-cell activation to atopic status and
expression of allergic disease. Lancet 2004; 363:608-615.

13 Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA. Loss of functional
suppression by CD4+CD25+ regulatory T cells in patients with multiple
sclerosis. J Exp Med 2004; 199:971-979.

14 Ehrenstein MR, Evans JG, Singh A, et al. Compromised function of regulatory
T cells in rheumatoid arthritis and reversal by anti-TNFalpha therapy. J Exp
Med 2004; 200:277-285.

15 Jutel M, Akdis M, Blaser K, Akdis CA. Are regulatory T cells the target of
venom immunotherapy? Curr Opin Allergy Clin Immunol 2005; 5:365—
369.

16 Odemuyiwa SO, Ghahary A, Li Y, et al. Cutting edge: human eosinophils
regulate T cell subset selection through indoleamine 2,3-dioxygenase.
J Immunol 2004; 173:5909-5913.

17 O’'Garra A, Vieira P. Twenty-first century Foxp3. Nat Immunol 2003; 4:304 -
306.

18 Bettelli E, Dastrange M, Oukka M. Foxp3 interacts with nuclear factor of
activated T cells and NF-kappa B to repress cytokine gene expression and
effector functions of T helper cells. Proc Natl Acad Sci U S A 2005; 102:
5138-5143.

19 Fontenot JD, Rasmussen JP, Williams LM, et al. Regulatory T cell lineage

ee specification by the forkhead transcription factor FoxP3. Immunity 2005;
22:329-341.

This paper addressed many important questions about FoxP3 biology and sug-

gested that both CD25-positive and CD25-negative T cells can express FoxP3,

that FoxP3 expression defines regulatory function and that T cells do not develop

de-novo FoxP3 expression as part of an ongoing immune response.

20 Marie JC, Letterio JJ, Gavin M, Rudensky AY. TGF-beta 1 maintains sup-
pressor function and Foxp3 expression in CD4(+)CD25(+) regulatory T cells.
J Exp Med 2005; 201:1061-1067.

21 Fahlen L, Read S, Gorelik L, et al. T cells that cannot respond to TGF-beta
escape control by CD4(+)CD25(+) regulatory T cells. J Exp Med 2005;
201:737-746.

22 Walker MR, Carson BD, Nepom GT, et al. De novo generation of antigen-
specific CD4+CD25+ regulatory T cells from human CD4+. Proc Natl Acad
Sci U S A 2005; 102:4103-4108.

23 Ruprecht CR, Gattorno M, Ferlito F, et al. Coexpression of CD25 and CD27
identifies FoxP3+ regulatory T cells in inflamed synovia. J Exp Med 2005;
201:1793-1803.

24 van Rijt LS, Jung S, KleinJan A, et al. In vivo depletion of lung CD11c(+)

e  dendritic cells during allergen challenge abrogates the characteristic features
of asthma. J Exp Med 2005; 201:981-991.

This study defined a vital role for CD11c-positive airway dendritic cells in airway

responses to allergen after the initial Th2 sensitization phase.

25 Piggott DA, Eisenbarth SC, Xu L, et al. MyD88-dependent induction of
allergic Th2 responses to intranasal antigen. J Clin Invest 2005;
115:459-467.

26 Stock P, Kallinich T, Akbari O, et al. CD8(+) T cells regulate immune
responses in a murine model of allergen-induced sensitization and airway
inflammation. Eur J Immunol 2004; 34:1817-1827.

27 Doganci A, Eigenbrod T, Krug N, et al. The IL-6R a chain controls lung

ee CD4-+CD25+ Treg development and function during allergic airway inflam-
mation in vivo. J Clin Invest 2005; 115:1388.

Interleukin-6 was identified as a potentially important factor that may expand Th2

responses to allergen and prevent the proliferation of regulatory CD4*CD25™ in

the airway: identifying one of the first switch factors to redress the balance

between activation and suppression.

28 Oflazoglu E, Swart DA, Anders-Bartholo P, et al. Paradoxical role of pro-
grammed death-1 ligand 2 in Th2 immune responses in vitro and in a mouse
asthma model in vivo. Eur J Immunol 2004; 34:3326-3336.

29 Ostroukhova M, Seguin-Devaux C, Oriss TB, et al. Tolerance induced by

e inhaled antigen involves CD4(+) T cells expressing membrane-bound TGF-
beta and FOXP3. J Clin Invest 2004; 114:28-38.

Low-dose inhaled tolerance in mice was shown to depend on the induction of

FoxP3 expressing, TGF-8 surface-positive T cells.

30 Stock P, Akbari O, Berry G, et al. Induction of T helper type 1-like regulatory

e cells that express Foxp3 and protect against airway hyper-reactivity. Nat
Immunol 2004; 5:1149-1156.

This paper describes a novel Th1-like regulatory subset induced by inhaled heat-

killed listeria given at the time of inhaled allergen challenge.

31 de Heer HJ, Hammad H, Soullie T, et al. Essential role of lung plasmacytoid

e dendritic cells in preventing asthmatic reactions to harmless inhaled antigen.
J Exp Med 2004; 200:89-98.

Here the depletion of plasmacytoid dendritic cells prevented inhaled tolerance,

suggesting that the dendritic cell phenotype is a vital determinant of the balance

between tolerance and allergy.

32 Gajewska BU, Tafuri A, Swirski FK, et al. B7RP-1 is not required for the
generation of Th2 responses in a model of allergic airway inflammation but is
essential for the induction of inhalation tolerance. J Immunol 2005;
174:3000-3005.

33 Meyers JH, Chakravarti S, Schlesinger D, et al. TIM-4 is the ligand for TIM-1,

e and the TIM-1-TIM-4 interaction regulates T cell proliferation. Nat Immunol
2005; 6:455-464.

This paper and that of Umetsu et al. [34°] show that TIM-1 co-stimulation favours

Th2 responses in the airway and identify its ligand TIM-4. This may be a novel

intervention target for allergic disease.

34 Umetsu SE, Lee WL, Mclntire JJ, et al. TIM-1 induces T cell activation and

e inhibits the development of peripheral tolerance. Nat Inmunol 2005; 6:447 -
454,

See Ref. [33°].

35 Lack G, Fox D, Northstone K, Golding J. Factors associated with the
development of peanut allergy in childhood. N Engl J Med 20083;
348:977-985.

36 Strid J, Hourihane J, Kimber |, et al. Epicutaneous exposure to peanut protein
prevents oral tolerance and enhances allergic sensitization. Clin Exp Allergy
2005; 35:757-766.



536 Immunotherapy

37 Dao Nguyen, X, Robinson DS. Fluticasone propionate increases CD4CD25 T
regulatory cell suppression of allergen-stimulated CD4CD25 T cells by an
IL-10-dependent mechanism. J Allergy Clin Immunol 2004; 114:296-301.

38 Karagiannidis C, Akdis M, Holopainen P, et al. Glucocorticoids upregulate

e  FOXP3 expression and regulatory T cells in asthma. J Allergy Clin Immunol
2004; 114:1425-1433.

This report showed that steroid treatment of asthmatic patients may increase

FoxP3+ T,eg numbers.

39 Gardner LM, Thien FC, Douglass JA, et al. Induction of T ‘regulatory’ cells by
standardized house dust mite immunotherapy: an increase in CD4+ CD25+
interleukin-10+ T cells expressing peripheral tissue trafficking markers. Clin
Exp Allergy 2004; 34:1209-1219.

40 Smith TR, Alexander C, Kay AB, et al. Cat allergen peptide immunotherapy
reduces CD4(+) T cell responses to cat allergen but does not alter suppres-
sion by CD4(+) CD25(+) T cells: a double-blind placebo-controlled study.
Allergy 2004; 59:1097-1101.

41 Verhoef A, Alexander C, Kay AB, Larche M. T cell epitope immunotherapy

e induces a CD4+ T cell population with regulatory activity. PLoS Med 2005;
2:e78.

This study showed that allergen peptide immunotherapy can induce regulatory

CD4 T cells in humans.

42 Larche M, Wraith DC. Peptide-based therapeutic vaccines for allergic and
autoimmune diseases. Nat Med 2005; 11:5S69-S76.

43 Simons FE, Shikishima Y, Van Nest G, et al. Selective immune redirection in
humans with ragweed allergy by injecting Amb a 1 linked to immunostimu-
latory DNA. J Allergy Clin Immunol 2004; 113:1144-1151.

44 Hayashi T, Beck L, Rossetto C, et al. Inhibition of experimental asthma by
e indoleamine 2,3-dioxygenase. J Clin Invest 2004; 114:270-279.

This study confirmed that CpG oligonucleotides may induce the immunosuppres-
sion of Th2 responses, not just immune deviation to Th1.



