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T helper 2 cells

(T,2 cells). A T-helper-cell
subset that has an important
role in humoral immunity and
in allergic responses. T,2 cells
produce cytokines that
regulate IgE synthesis (IL-4),
eosinophil proliferation (IL-5),
mast-cell proliferation (IL-9)
and airway hyper-
responsiveness (IL-13). AT 2-
cell pattern of cytokine
expression is observed in
allergic inflammation and in
parasitic infections, conditions
that are both associated

with IgE production and
eosinophilia.
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and asthma

Treatment strategies for allergy

vaccine development.

Allergic diseases are those that are mediated by the
expansion of the T helper 2 cell (T;2-cell) subset of
T cells, together with isotype switching of B cells to gen-
erate IgE antibodies specific for common environmental
allergens'. Although almost half of the urban population
worldwide is atopic (genetically predisposed to produce
IgE antibodies in serum) and most allergy sufferers are
atopic, it is possible to develop allergies in the absence
of atopy — common examples of this are wasp and bee
allergies. Allergic reactions are symptomatic responses
to a normally innocuous environmental antigen. Allergic
diseases are highly patient specific and include asthma,
rhinoconjunctivitis, sinusitis, food allergy, atopic derma-
titis, angioedema and urticaria, anaphylaxis, and insect
and drug allergy, all of which can occur either alone or
in combination. Allergic diseases have reached epidemic
proportions worldwide and their incidence is continu-
ing to increase in association with the Western lifestyle,
making it imperative that we continue to improve our
understanding of the mechanisms of allergic disease®.
Allergies can affect all age groups and can appear at any
time, but it is the marked increase of allergies in children
and young adults that is of particular concern®. It is prob-
able that environmental exposure to potential allergens
early in life or during pregnancy has a pivotal role in the
development of allergy and its expression in different
organs (BOX 1).

Since the first description of ‘reagin’ in 1922 and its
characterization as IgE in 1966 (REF. 4), considerable
advances have been made in understanding the immu-
nological pathways that lead to allergy, the chemical
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Abstract | Allergic diseases have reached epidemic proportions worldwide. An understanding
of the cellular and soluble mediators that are involved in allergic inflammatory responses not
only helps in understanding the mechanisms of current treatments, but is also important for
the identification of new targets that are amenable to both small-molecule and biological
interventions. There is now considerable optimism with regards to tackling the allergy
epidemic in light of improvements in systemic and mucosal allergen-specific immunotherapy,
the identification of key cytokines and their receptors that drive T-helper-2-cell polarization,
a clearer understanding of the pathways of leukocyte recruitment and the signalling
pathways that are involved in cell activation and mediator secretion, and new approaches to

mediators involved and the innate and adaptive immune
responses that regulate its expression. Progress has also
occurred in understanding the structural and intrinsic
biology of environmental agents that determine their
allergenicity, and the role of other environmental factors,
such as pollutants and microorganisms, in augmenting
or inhibiting allergen sensitization®. As most allergic
disorders express themselves clinically at epidermal or
mucosal surfaces, a breakdown of the physical barrier that
is normally provided by these surfaces and altered innate
immunity is also recognized to be of great importance
in allergic reactions. The study of interactions between
many susceptibility genes and the environment is reveal-
ing new pathophysiological mechanisms and creating
unique opportunities for the prevention and treatment
of allergy.

The time has arrived to take a fresh look at the new
treatment strategies that are now appearing on the
horizon. This Review provides an overview of possible
innovative therapeutics, focusing on some exciting new
immunological and molecular targets and on vaccine
approaches for allergy and asthma.

The allergic cascade

The allergic inflammatory response is characterized
by selection of the T 2-cell pathway, which is initiated
by the uptake of allergens by professional antigen-
presenting cells (APCs) that present selected peptides
on MHC class II molecules to naive T cells, thereby
directing them in favour of a T 2-cell phenotype in
which the transcription factor GATA3 (GATA-binding
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Box 1| Early-life influences in the development of allergy and asthma

Environmental exposure to allergens that occurs early in life or during pregnancy is
thought to initiate the allergic response to increase T helper 2 (T ,2)-cell and decrease
T,1-cell and regulatory T-cell subpopulations.

Strong allergy-protective factors have been observed in farming environments. This
protective effect can be explained by dietary habits, lifestyle and environmental
exposures, and it is associated with an increased production of the T, 1-cell cytokines
tumour-necrosis factor and interferon-y by cord-blood mononuclear cells. Nutritional
factors that affect the development of allergic diseases early in life include
breastfeeding, dietary fatty acids, antioxidants, and foods that affect the gut
microflora. In many industrialized societies, the decreased consumption of w3-fatty
acids, which have been replaced by an increased intake of w6-fatty acids, favours a
T,2-cell phenotype during ontogeny and development.

Animbalance between reactive oxygen and antioxidants is another factor that
contributes to the chronic inflammatory process in asthma. Deficiency in dietary
antioxidants and vitamins in the Western diet, with decreased consumption of fresh
fruit and vegetables, correlates with changes in the prevalence of allergies and asthma.

The mammalian gastrointestinal tract harbours a complex ecosystem consisting of
bacteria that are in homeostasis with the host immune system, and a disturbance of this
homeostasis might have a role in the development of allergy. Exposure to microbial
products skews the T-cell balance towards a T, 1-cell response by interacting with Toll-
like receptors (TLRs) expressed by dendritic cells. Environmental indicators of microbial

exposure — such as the presence of endotoxin, muramic acid, 3(1,3)-glucans and
extracellular polysaccharides from Aspergillus spp. and Penicillium spp. — are inversely
related to the incidence of allergic diseases. Although there have been attempts to
harness protection against allergy by using microbial products such as Mycobacterium
vaccae to stimulate a T 1-cell response, a more promising approach is the application
of specific TLR ligands such as CpG oligonucleotides (which bind TLR9) and chitin
(which binds TLR2 and TLR4).

Atopy

This term (from the Greek
oTomLo, meaning
placelessness) refers to the
susceptibility to develop
exaggerated IgE responses to
common environmental
allergens, defined clinically
by the presence of one or
more positive skin-prick tests.
Atopy represents a genetic
predisposition towards allergic
diseases.

Regulatory T cells

[TRCE cells). These are
specialized cells that act to
suppress the function of other
cells. In allergic inflammation,
Tee Cells can have an important
role in limiting allergic
responses by suppressing the
function of T, 2 cells. The
molecular mechanism by which
Te, Cells exert their activity is
either through cell-to-cell
contact with the cell being
suppressed or through
secretion of the
immunosuppressive cytokines
TGFB and IL-10.

protein 3) mediates cytokine secretion® (FIG. 1). This is in
contrast to the T, 1-cell phenotype that is dominant in
autoimmune diseases, in which T-bet controls cytokine
secretion — for example, the secretion of interferon-y
(IENYy)". The crucial role played by dendritic cells (DCs)
acting as professional APCs in this sensitization process
is reviewed by Hamida Hammad and Bart Lambrecht
in this issue®. B cells are also important for allergen cap-
ture and processing, especially in the presence of small
amounts of allergen’.

In the presence of co-stimulation, T cells coordinately
upregulate expression of a cluster of genes encoded
on human chromosome 5q31-33 that include the
genes encoding interleukin-3 (IL-3), IL-4, IL-5, IL-9,
IL-13 and granulocyte/macrophage colony-stimulating
factor (GM-CSF)". These cytokines are involved in
the class-switching of B cells to IgE synthesis (IL-4
and IL-13), the recruitment of mast cells (IL-4, IL-9 and
IL-13) and the maturation of eosinophils (IL-3, IL-5
and GM-CSF) and basophils (IL-3 and IL-4), which
are the main mediator-secreting effector cells of the
allergic response. The imbalance between T, 2-cell and
T, 1-cell (that is, IFNy-producing) responses has formed
the basis for our understanding of allergic immune
responses for more than two decades''. More recently,
regulatory T cells (T cells) have been discovered as
another pivotal subset of CD4" T cells with implications
for allergic disease. These cells are characterized by
expression of the transcription factor FOXP3 (Forkhead
box P3) and the IL-2 receptor (CD25)", but in contrast
to activated effector T cells, they express low levels of
CD127 (REF. 13). Extensive studies in mouse models

strongly implicate T cells in the suppression of aller-
gic responses', and there is emerging evidence that
Ty, cells also control T, 2-cell responses in humans
through the inhibitory cytokmes IL-10 and transform-
ing growth factor-f (TGEp), with atopy resulting from
an imbalance between T, 2 cells and T, cells".

Another newly 1dent1f1ed type of CD4" T cell
has been named the T,17 cell on the basis of secre-
tion of IL-17A and IL-17F, which are associated with
neutrophilic inflammation’. The transcription fac-
tor RORYt (retinoic-acid-receptor-related orphan
receptor-yt) identifies T ;17 cells and is selectively
activated by IL-1f and IL-6 (REF. 17), with IL-23 being
responsible for the proliferation of these cells. IL-17A is
overexpressed in asthmatic airways in association with
neutrophil influx'® and it induces production of the
neutrophil chemoattractant IL-8 (CXCL8) by human
airway smooth muscle cells”.

Once an individual is sensitized to a particular aller-
gen, subsequent encounters with that allergen cause
crosslinking of IgE bound to the high-affinity IgE recep-
tor (FceRI) to stimulate the release of granule-associated
and newly generated mediators that are responsible
for the early allergic response (which occurs within
1-30 minutes), together with the release of cytokines
and chemokines that recruit macrophages, eosinophils
and basophils that comprise the late response (within
6-72 hours)®. Autacoid mediators such as histamine
and the cysteinyl leukotrienes (CysLTs) increase
endothelial expression of P-selectin and E-selectin to
initiate leukocyte rolling, followed by the expression of
intercellular adhesion molecule 1 (ICAM1) and vascu-
lar cell adhesion molecule 1 (VCAM]1), which interact
with integrin receptors to arrest the leukocyte and assist
its passage into the perivascular space”’. Chemokines,
such as CC-chemokine ligand 2 (CCL2), CCL8, CCL7
and CCL13 (monocyte chemotactic proteins 1-4),
CCL3, CCL24 and CCL26 (eotaxins 1-3) and CCL5
(RANTES), direct and prime leukocytes for mediator
secretion”. Although adhesion molecules and chemo-
kines might seem to be attractive therapeutic targets at
which to direct inhibitors, none has yet been translated
into clinical use®. The epithelium has a particularly
important role in mucosal and skin allergy as the source
of crucial cytokines and chemokines — such as CCL17
(TARC), CCL22 (MDC), IL-25 (IL-17E) and IL-33 —
that promote T ,2-cell function, as well as thymic stromal
lymphopoietin (TSLP), which interacts with DCs and
mast cells to increase the T, 2-cell response’**.

In asthma and atopic dermatitis, the epithelium
is more susceptible to oxidant stress and injury®. In
asthma, the presence of IL-13, as well as epidermal,
neural, vascular and fibroblast growth factors, leads
to mucous metaplasia and remodelling of the airway
walls? (FIC. 2). However, it is still not known how these
inflammatory and remodelling events relate to the
increase in airway smooth muscle and its increased
responsiveness in asthma. In the case of atopic derma-
titis, T, 1-cell pathways are also important through the
release of IFNY, which induces keratinocyte apoptosis
and the recruitment of further T cells into the lesion®.
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Figure 1| Allergic mechanisms. In predisposed individuals, initial exposure(s) of professional antigen-presenting cells
(APCs) to allergen leads mainly to the activation of allergen-specific T helper 2 (T 2) cells and IgE synthesis, which is known
as allergic sensitization. Subsequent exposures to allergen cause inflammatory-cell recruitment and activation and
mediator release, which are responsible for early (acute) allergic responses and late allergic responses. In the early allergic
response, within minutes of contact with allergen, IgE-sensitized mast cells degranulate, releasing both pre-formed and
newly synthesized mediators in sensitized individuals. These include histamine, cysteinyl leukotrienes and cytokines,

which promote vascular permeability, smooth-muscle contraction and mucus production. Chemokines released by mast
cells and other cell types direct the recruitment of inflammatory cells that contribute to the late allergic response, which is
characterized by an influx of eosinophils and T 2 cells. Eosinophils release a large number of pro-inflammatory mediators,
including cysteinyl leukotrienes and basic proteins (cationic proteins, eosinophil peroxidase, major basic protein and
eosinophil-derived neurotoxin), and they might be an important source of pro-inflammatory cytokines such as
interleukin-3 (IL-3), IL-5 and IL-13. There is now evidence that T, 1-cell responses might also be responsible for some of the
pathogenic features in patients suffering from chronic forms of atopy, including epithelial apoptosis and smooth-muscle-
cell activation. Regulatory T (T 5 cells are another important subset of CD4* T cells with implications for the suppression
of T, 2-cellresponses in humans |nvolvmg the inhibitory cytokines IL-10 and transforming growth factor- (TGFp). Another

newly identified CD4* T-cell subset, known as T |17 cells on the basis of secretion of IL-17A and IL-17F, seems to be
specifically associated with the neutrophilic inflammatory events that occur during disease exacerbation and in tissue
remodelling. FceRl, high-affinity receptor for IgE; IFNy, interferon-y; TCR, T-cell receptor; TNF, tumour-necrosis factor.

Allergen avoidance

In atopic individuals, allergen sensitization is fun-
damental to the development of any allergic disease.
Therefore, avoidance of allergens before or after
sensitization should be beneficial as primary or sec-
ondary prophylaxis. In the case of house dust mites,
birth-cohort studies have shown that the level of aller-
gen exposure early in life correlates with the extent of
sensitization®. For domestic pets, the situation is more
complex, with early-life exposure decreasing rather
than increasing allergen sensitization, possibly as a
result of simultaneous exposure to inhibitory products
from non-pathogenic microorganisms, whereas expo-
sure later in childhood leads to sensitization. Trials
looking at the effects of decreased exposure to house
dust mites in early childhood have produced mixed

results, with most of the trials either showing no effect
or increased IgE sensitization®. This disappointing
response to primary prophylaxis can be explained by
the fact that extremely low allergen exposures can lead
to sensitization and, as a result, anything less than com-
plete allergen avoidance is unlikely to be successful.
Greater success has been obtained by using multiple
early-life interventions in addition to the avoidance of
house dust mites and pets, such as breast-feeding with
the mother on a low-allergen diet or giving extensively
hydrolysed formula milk to babies®. A similar situation
applies to peanut allergy, in which avoidance during
pregnancy and early infancy can increase rather than
protect against sensitization®. Therefore, exposure to a
high dose of peanut, rather than avoidance in infancy,
might be a way to induce protective tolerance*.
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Figure 2 | Inflammatory and remodelling responses in asthma with activation of
the epithelial-mesenchymal unit. The airways in asthma show characteristics of a
chronic wound with evidence of ongoing epithelial injury and repair. As in any wound,
responses to tissue injury create the necessary stimuli to recruit the underlying
mesenchyme to participate in the repair process through the release of various

growth factors and cytokines. Interleukin-13 (IL-13) is a key cytokine in this process,
driving goblet-cell metaplasia and myofibroblast differentiation, and supporting
immunoglobulin class-switching to IgE. Both in human asthma and in mouse models of
allergen-induced remodelling, epidermal growth factors (EGFs), transforming growth
factor-f (TGFp), fibroblast growth factor 2 (FGF2) and FGF7 (KGF), insulin-like growth
factor 1 (IGF1), platelet-derived growth factor AA (PDGFAA) and PDGFBB, vascular
endothelial growth factor (VEGF) and IL-5 are allimplicated. The epithelium is more
susceptible to oxidant stress and to injury by prematurely entering into apoptosis.
Impaired wound repair leads to the increased production of growth factors by damaged
epithelium, activated structural cells and infiltrating inflammatory cells. In asthma this
leads to myofibroblast activation, mesenchymal hyperplasia, mucous metaplasia and the
induction of structural changes throughout the airway wall. The ongoing eosinophil- and
mast-cell-driven inflammatory responses are responsible for the maintenance and
progression of tissue injury and repair. The activation of T helper 1 (T, 1)-cell pathways is
also important for tissue inflammation and remodelling through the release of
interferon-y (IFNy, which induces epithelial apoptosis and the recruitment of further

T cells into the lesion) and tumour-necrosis factor (TNF, which elicits the proliferation and
activation of myofibroblasts and fibroblasts and induces a hypercontractile phenotype in
airway smooth muscle cells). APC, antigen-presenting cell; GM-CSF, granulocyte/
macrophage colony-stimulating factor.

Transactivation

A transcriptional mechanism
by which gene transcription is
induced resulting in the

de novo synthesis of
susceptible proteins.

In children who are already sensitized, single or
combination interventions to decrease exposure to
both dietary and aeroallergens result in a meaningful
and sustained improvement in the control of asthma
and rhinitis. However, in adults, the data are far less
convincing, probably because of the many allergenic
and non-allergenic factors that contribute to ongoing
disease. In the case of asthma and rhinitis, a double-

blind, randomized, placebo-controlled study of allergen-

Transrepression

A transcriptional mechanism
by which gene transcription is
prevented resulting in an
overall repressive effect.

impermeable bed covers involving 1,122 adults with
asthma and 279 patients with allergic rhinitis failed
to show any beneficial effects of reducing exposure to
house dust mites®¢.

Established treatments

Inhaled corticosteroids and short- and long-acting
B2-adrenoceptor agonists (SABAs and LABAs) are
now the mainstay of asthma treatment as advocated by
disease-management guidelines. In the case of rhinitis,
o-adrenoceptor agonists are used to relieve nasal
congestion, and non-sedating H1-antihistamines and
topical corticosteroids are well-established control
therapies. So, for most allergic disorders, a combina-
tion of symptom-relieving and control therapies forms
the basis of management guidelines. Asthma provides
a particularly good example of how an understanding
of the pathophysiology of the disease has underpinned
the treatment approaches that are in use.

Corticosteroids. T, 2-cell-mediated inflammation in
asthmatic airways is suppressed by corticosteroids
through the inhibition of expression of cytokines,
chemokines and adhesion molecules®’, whose encod-
ing genes are regulated by transcription factors such
as nuclear factor-xB (NF-xB) and activator protein 1
(AP1)*, Free corticosteroids diffuse across the cell
membrane, where they interact with cytoplasmic
glucocorticoid receptors. This results in the activation
of these receptors and their subsequent translocation
to the nucleus, where the transcriptional activity
of target genes is modulated by several different
mechanisms, including gene transactivation and gene
transrepression® (FIG. 3).

Whereas inhaled corticosteroids are highly effec-
tive at suppressing airway inflammation, they do
not influence the natural history of the disease, even
when treatment is started early in childhood***..
Inhaled corticosteroids are largely ineffective in
virus-induced exacerbations* and in those asthmatics
who smoke®.

P2-adrenoceptor agonists. Inhaled SABAs such as
salbutamol and turbutaline are the most effective
bronchodilators currently available for the rapid relief
of asthma symptoms. After binding of these agonists to
the B2-adrenoceptor, adenylate cyclase is stimulated by
the signal-transducing G_ protein to increase production
of cyclic adenosine 3’5-monophosphate (cAMP),
thereby activating protein kinase A. This mediates
smooth-muscle relaxation through the phosphoryla-
tion of myosin light-chain kinase and by opening
Ca*-dependent K* (KCa) channels, which relieves
bronchoconstriction in asthma.

The two inhaled LABAs, formoterol and salmeterol,
induce bronchodilation for at least 12 hours* and are
used as a supplementary therapy for asthma that is
not controlled by inhaled corticosteroids. It has also
been proposed that LABAs increase the efficacy of
inhaled corticosteroids®, although this is controversial.
Monotherapy with a LABA is not recommended as it
could mask worsening inflammation, with potentially
serious consequences®. Increased patient adherence
and convenience have led to the widespread use of com-
bination inhalers containing inhaled corticosteroids
and LABAs.
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Figure 3 | Anti-inflammatory actions of corticosteroids. Corticosteroids enter the
cell, bind to the glucocorticoid receptor (GR) in the cytoplasm and translocate to the
nucleus, where the transcription of target genes is initiated. Many genes contain
glucocorticosteroid response elements (GREs) in their promoters. Through transactivation,
binding of the activated glucocorticoid receptor homodimer to a GRE in the promoter
region of steroid-sensitive genes leads to the transcription of genes encoding anti-
inflammatory mediators such as annexin-1 (lipocortin-1), secretory leukoprotease
inhibitor (SLPI), interleukin-10 (IL-10) and the inhibitor of nuclear factor-xB (IkBo).
Through transrepression, the glucocorticoid receptor—corticosteroid complex interacts
with large co-activator molecules with intrinsic histone acetyltransferase (HAT) activity
(such as cyclic AMP response element binding protein, CBP), which are activated by pro-
inflammatory transcription factors (such as NF-xB and AP1), thus switching off expression
of the inflammatory genes that are activated by these transcription factors. RNA polll,
RNA polymerase II.

Gene repression

Mediator antagonists and synthesis inhibitors. H1-
antihistamines such as chlorpheniramine were the first
specific agents used to treat allergic reactions. Although
the early products were effective at controlling the
symptoms of allergy, their sedative and anti-cholinergic
side-effects were problematic. These have been over-
come by the development of a second generation of
drugs — including cetirizine, levocetirizine, loratadine
and desloratadine — that have a decreased capacity to
cross the blood-brain barrier, greater efficacy and selec-
tivity, and decreased cardiac toxicity”’. The CysLTs are
some of the most potent contractile agonists of airway
smooth muscle and they also have effects on microves-
sels, mucous glands, eosinophils and nerves by inter-
acting with the CysLT receptor 1 (CysLTR1). During
active asthma and rhinitis, increased levels of CysLTC »
CysLTD, and CysLTE, have been detected in biological
fluids. Neither the biosynthesis nor the actions of CysLTs
are inhibited by corticosteroids*. The currently avail-
able oral leukotriene modifiers are CysLTR1 antagonists
(montelukast, zafirlukast and pranlukast), but despite
numerous attempts, only one 5-lipoxygenase inhibitor,
zileuton, has so far passed clinical trials*. Although
CysLTR antagonists can be used as a monotherapy in
mild to moderate asthma (particularly in children),
their main use is as a supplementary therapy to inhaled
corticosteroids™. Leukotriene inhibitors are also effective

Xanthine

A purine base found in most
body tissues and fluids as a
result of purine degradation.
Theophylline is a methylated
xanthine with activities as
both a cyclic-AMP
phosphodiesterase inhibitor
and adenosine-receptor
antagonist, which is commonly
used for its effects as a mild
stimulant and as a
bronchodilator.

for the treatment of allergic rhinoconjunctivitis (which
frequently coexists with asthma)®!, but not for the
treatment of atopic dermatitis®.

Phosphodiesterase inhibitors. Theophylline is a xanthine
with activity as both a cAMP phosphodiesterase
(PDE) inhibitor and an adenosine-receptor antagonist.
Theophylline has been used to treat asthmatic broncho-
constriction, but the cardiac and central-nervous-system
side-effects that occur at doses similar to those required
to generate therapeutic effects (low therapeutic index)
have led to a marked reduction in its use. Although
it has been proposed that theophylline also has some
anti-inflammatory effect, the evidence is rather weak.
More effective PDE inhibition has been achieved by
targeting the type-4 isoenzyme with non-xanthine
drugs such as rofumulast®.

Drugs for refractory disease. There are some patients
with asthma whose symptoms are not adequately con-
trolled by conventional treatments. Lack of adherence to
treatment is an important cause, but otherwise refractory
asthma sometimes responds to immunomodulators such
as low-dose methotrexate, azathioprine or cyclosporine.
However, randomized, controlled trials of these immuno-
modulators have given mixed results and side-effects
are common®. By contrast, calcineurin inhibitors that
inhibit T-cell responses, such as oral cyclosporine A and
locally applied tacrolimus and pimecrolimus, are effec-
tive treatments for atopic dermatitis that is refractory to
corticosteroid treatment™.

The failure of corticosteroids to decrease the level of
expression of tumour-necrosis factor (INF) and other
T, 1-cell-associated cytokines in asthmatic airways might
explain why corticosteroids have limited effects in more
severe forms of the disease®. Based on the increased
expression of TNF in the airways® and in blood mono-
nuclear cells®® in severe asthma, two small studies have
reported the efficacy of the soluble TNF-receptor fusion
protein etanercept®®. Large multi-centre trials with
etanercept and TNF-specific monoclonal antibodies
are now in progress. Inhibitors of p38 mitogen-activated
protein kinase and IkB kinase (IKK), such as SB 220025
(REF. 60) and TPCA-1 (REF. 61) respectively, are also attrac-
tive new therapeutic approaches for refractory asthma,
as a result of their ability to inhibit the production of
pro-inflammatory cytokines such as TNF and IL-1.

Allergen-specific immunotherapy

Allergen-specific immunotherapy (SIT) is an immune-
modifying therapy that has been recommended for the
treatment of allergic rhinitis, venom hypersensitivity,
some drug allergies and mild bronchial asthma. SIT
induces immunological tolerance and the induction
of blocking IgG4 antibodies through repeated exposure
to allergen(s). After experimental or natural exposure to
allergens, SIT decreases the recruitment of mast cells,
basophils and eosinophils in the skin, nose, eye and
bronchial mucosa (FIC. 4). SIT produces an increase in the
level of allergen-specific IgA and IgG4 antibodies, and a
decrease in the level of allergen-specific IgE antibodies.
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Figure 4 | Effects of allergen-specific immunotherapy (SIT) on immune parameters.
SIT modifies cellular and humoral responses to allergen. The ratio of T helper 1 (T, 1)-cell
cytokines to T 2-cell cytokines is increased after SIT, and functional regulatory T (TReg)
cells are induced. The production of interleukin-10 (IL-10) by monocytes, macrophages,

B cells and T cells is increased. The production of transforming growth factor-f (TGFB) is
increased and, together with IL-10, TGF3 might contribute to TReg—cell function and
immunoglobulin class-switching to IgA, IgG1 and IgG4. These immunoglobulins compete
with IgE for allergen binding, thereby decreasing the allergen capture and presentation
that is facilitated by IgE in complex with the high-affinity receptor for IgE (FceRI) or the
low-affinity receptor for IgE (FceRIl, CD23). In addition, SIT decreases the number of mast
cells and the ability of mast cells to release mediators. The recruitment of eosinophils and
neutrophils to sites of allergen exposure is also decreased.

CpG oligonucleotide motifs
DNA oligonucleotide
sequences that include a
cytosine—guanosine sequence
and certain flanking
nucleotides. They have been
found to induce innate immune
responses through interaction
with TLRS. When coupled to
allergens, CpG DNA seems to
increase immunological
tolerance by shifting the
balance of T-cell phenotypes
fromT,2 to T,1 cells. CpG
motifs are also known as
immunostimulatory oligo-
deoxynucleotides (ISS ODNs).

Airway hyper-
responsiveness

An abnormally increased
sensitivity of the airways to
otherwise innocuous stimuli,
resulting in increased
responses to inhaled allergen
and airway smooth-muscle
spasmogens (for example,
methacholine or histamine).
In humans, this is generally
defined by PC,; (the
provocation concentration of
the spasmogen that causes a
20% decrease in forced
expiratory volume in one
second, FEV,).

It also induces CD4"CD25'FOXP3* T,  cells that pro-
duce high levels of IL-10 and/or TGFp, two cytokines
that are known to attenuate allergen-specific T ,2-cell
responses. IL-10 suppresses mast-cell, eosinophil and
T-cell responses®, and the pleiotropic functions of TGF3
maintain a diverse and self-tolerant T-cell repertoire,
including T, cells®.

Subcutaneous immunotherapy (SCIT) involves the
regular subcutaneous injection of allergen extracts or
recombinant allergens using incremental regimes, with
the induction of tolerance taking from several days to
several months depending on the regime used. The usual
approach is a build-up phase (consisting of weekly injec-
tions) followed by a maintenance phase (consisting of
monthly injections). Once tolerance is induced it can last
for several years without further treatment®. The limit-
ing factor in SCIT is anaphylactic side-effects, which vary
in incidence from 0.1-5% of individuals depending on
severity®. Improved efficacy with decreased side-effects
is the aim of the new approaches to SCIT, including T-cell-
reactive peptides®, hypoallergenic recombinant aller-
gens®, chemically modified allergens (allergoids)®,
replacing adjuvants such as alum with those containing
tyrosine or calcium phosphate, incorporation of immuno-
modulators such as monophosphoryllipid A (MPL)%, and
embedding of allergens into nanoparticles™. Attaching
CpG oligonucleotide motifs to purified allergens seems to
be a particularly promising approach to SCIT by increas-
ing the efficacy and decreasing the side effects, as recently
reported for the novel ragweed-allergen conjugate”.

The administration of allergens to the oral mucosa
as a route for immunotherapy has only recently gained
acceptance (sublingual immunotherapy, SLIT). Although
much higher doses of allergen are required than are used
for SCIT, the side-effect profile is impressively mild,
making this therapy an attractive alternative and suitable
for children’”. Several clinical trials and meta-analyses
show that SLIT is effective for the treatment of pollenosis
caused by grass, Parietaria judaica, olive, ragweed and
birch, as well as rhinitis that is associated with house-
dust-mite and cat allergies, but the benefit is less than
that of topical corticosteroids and antihistamines™.

The efficacy and safety of SCIT in patients with aller-
gic asthma is controversial. In the 2003 Cochrane review
of 75 trials covering a total of 3,188 patients with asthma,
SCIT led to a significant reduction in asthma symptom
scores, medication use and airway hyper-responsiveness,
with evidence of a dose-related effect’. Dose-response
studies carried out for dog’, cat”’, ragweed’® and grass”
allergies show consistent efficacy of SCIT for between
5 and 20 mcg of the major allergen.

SCIT and SLIT also decrease the development of
sensitization to new allergens and decrease the risk
of new asthma in both adults and children with rhinitis.
A significantly decreased rate for the development of
new allergen sensitizations has been shown in mono-
sensitized patients who received SCIT compared with
untreated, matched controls®*. Several studies have
indicated that allergic rhinitis often precedes asthma
and therefore that rhinitis might be an important risk
factor for the development of asthma®**!. A recent retro-
spective cohort study of 332 subjects with allergic rhini-
tis showed that 53.1% of subjects who were not treated
with SCIT developed asthma, whereas 41.6% of subjects
who received SCIT were diagnosed with asthma at the
end of the observation period®’. The observed effect of
SCIT in decreasing the incidence of new asthma cases
is of clinical importance, with a significant reduction
in the prevalence of physician-diagnosed asthma in
adults with allergic rhinitis. These findings seem to be
in agreement with the results of a ground-breaking,
prospective, multicentre study (the PAT study) of
205 children with a clinical history of grass- or birch-
induced rhinoconjunctivitis, who were randomized to
receive SCIT for 3 years or to an open control group®.
There was a statistically significant decrease in risk for
the development of asthma during the treatment period
(odds ratio, 2.52 in favour of SCIT for the prevention of
asthma). At the 5-year follow-up (2 years after discon-
tinuation of SCIT), the preventive effect of SCIT was
still evident. Of the 142 children without asthma before
the start of the study, those that had received SCIT had
significantly less asthma than those in the control group:
16/48 with asthma in the SCIT group compared with
24/29 in the untreated control group (odds ratio, 2.68
in favour of SCIT for the prevention of asthma)®. In a
randomized, placebo-controlled 3-year study of aller-
gen immunotherapy in non-asthmatic, rhinitic adults
monosensitized to Parietaria pollen, it was reported that
47% of patients in the placebo group developed asthma
symptoms by the end of the study, compared with only
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14% of the patients treated with SCIT¥. This significant
reduction in the incidence of new asthma cases seems
to be confirmed also in studies with SLIT. In a recent
prospective, multicentre study of 113 non-asthmatic
children with a clinical history of hay fever to grass who
were randomized to receive SLIT for 3 years or to an
open control group, there was a statistically significant
reduction in risk for the development of asthma during
the treatment period (odds ratio, 3.8 in favour of SLIT
for the prevention of asthma)®.

IgE as a therapeutic target

The sentinel role of IgE in increasing allergen uptake by
DCs and activating mast cells and basophils for mediator
release is reviewed in this issue by Hannah Gould and
Brian Sutton®. IgG antibodies specific for the C3 domain
of IgE that block IgE binding to FceRI (and FceRII, CD23)
were shown to inhibit allergen-induced inflammatory
responses in mice and in humans®. Omalizumab, a
humanized IgE-specific, non-anaphylactic IgG1 has been
developed for the treatment of severe allergic asthma®!
(FIC. 5). Clinical trials in adults, adolescents and children
with poorly controlled IgE-mediated asthma have shown
that omalizumab administered subcutaneously 2-4 times
per week (in proportion to the total level of IgE in the
patient’s serum and to the patient’s body weight) improves
symptom control and allows patients to be managed with
lower doses of inhaled corticosteroids. Omalizumab has
been well-tolerated in clinical trials lasting as long as 52
weeks. Although the level of circulating free IgE decreases
rapidly after the first dose of omalizumab, up to 16 weeks
of treatment is required before optimal clinical effects are
seen. Omalizumab is also effective for the treatment of
allergic rhinoconjunctivitis, but therapy has to begin long
before the pollen season®**. There is interest in develop-
ing a peptide-based vaccine for active immunization to
elicit long-term, protective, IgE-specific antibodies. In
sensitized rats, autoantibodies specific for IgE can be
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Figure 5| The effects of targeting IgE on allergic responses. The monoclonal IgE-
specific antibody omalizumab can decrease free IgE levels and decrease the amount of
IgE binding to both high-affinity (FceRl) and low-affinity (FceRIl) IgE receptors, resulting
in an attenuation of allergic reactions. In addition to inhibiting the binding of IgE to mast
cells, basophils and eosinophils, omalizumab downregulates the expression of FceRI. This
will also decrease the amplification of the inflammatory response mediated by T helper
cells to prevent IgE-dependent allergen presentation.

induced by IgE peptide-based vaccines®. RP01, a novel
immunotherapeutic that induces the production of IgE-
specific antibodies, has just entered Phase II clinical trials
for allergic asthma®. Lumiliximab, an antibody specific
for the low-affinity IgE receptor FceRII, also decreases
circulating IgE levels and has passed Phase 1 trials for
mild to moderate allergic asthma®.

Inhibitors of mast cells

The archetypal mast-cell-stabilizing drug sodium cro-
moglicate (SCG) was first introduced as a treatment for
asthma in 1968 and was followed by nedocromil sodium
in 1984 (REF. 97). After inhalation, both drugs inhibit the
allergen-induced early- and late-phase responses in
the upper and lower airways and conjunctiva, where
mucosal mast cells are crucially involved in the allergic
response”®. Nedocromil sodium and SCG inhibit the
flux of chloride ions in mast cells, epithelial cells and
neurons to increase their threshold for activation®.
Human mast cells also express a Ca**-activated K* chan-
nel — K(Ca)3.1 — that promotes mast-cell chemotaxis
and increases IgE-dependent mast-cell activation, which
indicates that the inhibition of K(Ca)3.1 with drugs such
as clotrimazole and TRAM-34 (1-[(2-chlorophenyl)
diphenylmethyl]-1H-pyrazole) might be a new approach
to mast-cell inhibition'*'"".

Another newly identified cell-surface target on mast
cells is CD63, a member of the tetraspanin family of pro-
teins. CD63 interferes with integrin signalling, localiza-
tion or trafficking and interacts with the a3, 04 and o6
chains of B1 integrins to modify adhesion to fibronectin
and vitronectin'”. A monoclonal antibody that blocks
CD63 inhibits FceRI-mediated activation of mast cells
that are adherent to extracellular matrix proteins but not
of nonadherent cells.

The SRC tyrosine kinases FYN and LYN are impor-
tant modulators of the molecular events that are initiated
by engagement of FceRI'®. A novel strategy to inhibit
mast-cell activation is to inactivate the SYK that propa-
gates FceRI signalling'®. A cell-based, high-throughput
screen for small molecules that block IgE signalling iden-
tified a 2,4-diaminopyrimidine (R112) as a reversible
mast-cell SYK inhibitor'®. In allergic rhinitis, intranasal
administration of R112 followed by allergen challenge
inhibited nasal obstruction and rhinorrhoea, together
with the inhibition of prostaglandin D, production'®.
In patients with seasonal rhinitis who were exposed for
2 days to a high pollen count, R112 was effective in reduc-
ing global symptoms of rhinitis with rapid onset'”".

The interaction of stem-cell factor (SCF) with its
tyrosine-kinase receptor KIT is obligatory for mast-
cell development, proliferation, survival, homing
and adhesion, and for optimal IgE-induced mast-cell
degranulation and cytokine production'®. Drug can-
didates that target SCF or KIT include SCF-specific
antibodies, antisense oligonucleotides, KIT inhibitors
and inhibitors of downstream signalling molecules'®.
Imatinib mesylate (imatinib), nilotinib and dasatinib
are tyrosine-kinase inhibitors that were developed to
treat BCR-ABL-expressing leukaemia and gastrointes-
tinal stromal tumours. By also inhibiting a mutant form
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Immunoreceptor tyrosine-
based activation motif
(ITAM). Activating receptors
often have ITAMs consisting
of a consensus amino-acid
sequence with paired
tyrosines and leucines
(YXXI/LX g, YXXI/L). These are
normally located in the

cytoplasmic domains of ligand-

binding transmembrane
receptors (such as FceRl and
TCR) and they mediate
interaction between the
transmembrane receptor
complex and protein tyrosine
kinase activity, which is
required to initiate early and
late signalling events.

Immunoreceptor tyrosine-
based inhibitory motif
(ITIM). Inhibitory receptors
often have one or more ITIMs
(consensus, S/A/NV/LXYxxI/V/L).
Ligand engagement by
inhibitory receptors (such as
CTLA4 in T cells) results in
ITIM phosphorylation and
the recruitment of
phosphotyrosine
phosphatases, which leads

to decreased tyrosine
phosphorylation of activation-
pathway effectors.
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of KIT, they induce the apoptosis of mast cells, which
is of value in the treatment of some forms of systemic
mastocytosis. This approach is also being evaluated for
treating allergic disease'’.

Modulating the expression of activating and inhibi-
tory receptors is an important mechanism for regulating
immune responses. Cells that are activated through liga-
tion of receptors bearing immunoreceptor tyrosine-based
activation motifs (ITAMs) can be negatively regulated by
other receptors bearing immunoreceptor tyrosine-based
inhibitory motifs (ITIMs)'"'!. Animals that are deficient
in some of these ITIM-containing receptors — for
example, animals that are deficient in FcyRIIB, gp49B1
(LILRB4) or paired immunoglobulin-like receptor B
(PIRB) — have increased allergic responses'®. IgG
can completely suppress IgE-mediated anaphylaxis by
interacting with FcyRIIB', which leads to activation
of the SRC homology 2 (SH2)-domain-containing
inositol polyphosphate 5’-phosphatase (SHIP) through
recruitment of DOK (docking protein) and RasGAP to
FceRI'™. Similar inhibitory mechanisms are invoked
when gp49B1 on mast cells is activated by its integrin
ligand, o3 (REF. 115). So, the immunoglobulin-like
receptors and their intracellular signalling molecules
provide important new therapeutic targets to inhibit
mast cells, as well as T cells, involved in the allergic
cascade. A human bifunctional Fcy-Fce fusion protein
designed to crosslink FcyRIIB and FceRI on human mast
cells and basophils inhibits IgE-dependent degranula-
tion and allergic reactions in mice transgenic for human
FceRIo'¢. A chimeric human-cat Fcy-Fel d 1 fusion pro-
tein inhibits allergic responses in mice sensitized to the
major cat allergen Fel d 1, and this strategy therefore has
potential as an enhanced form of immunotherapy'"”.

Cytokine-based immunotherapies

Because of the sentinel role that T 2 cytokines have in
orchestrating allergic inflammation, they and their recep-
tors are key therapeutic targets (FIC. 6). With almost no
exceptions, this approach has required the application
of biological agents in the form of blocking monoclonal
antibodies, fusion proteins and, most recently, inhibi-
tors of the T, 2-cell transcription factors STAT6 (signal
transducer and activator of transcription 6) and GATA3.

IL-4. Both IL-4 and IL-13 have a crucial role in the
immunoglobulin isotype switching of B cells to produce
IgE, whereas IL-4 alone is crucial for maintaining the
T, 2-cell phenotype, which makes both cytokines attrac-
tive therapeutic targets. A large number of animal stud-
ies have shown that blocking production or inhibiting
the effects of IL-4 has profound effects on the allergic
phenotype. A soluble, recombinant, human IL-4 recep-
tor (altrakincept) consists of the extracellular portion
of human IL-4Ro and is non-immunogenic. A small
proof-of-concept trial of nebulized inhaled altrakincept
for 12 weeks in patients with mild to moderate asthma
indicated efficacy by allowing withdrawal from treat-
ment with inhaled corticosteroids without relapse'$, and
this result was subsequently confirmed in a larger trial'*.
However, a Phase III trial failed to confirm the efficacy

of altrakincept for the treatment of asthma. This trial
does not invalidate IL-4 as a target for the treatment of
allergy and asthma, as there were concerns over the bio-
availability of altrakincept in this study. Further Phase II
studies are in progress using humanized IL-4-specific
and IL-4Ra-blocking antibodies such as pascolizumab
(SB240,683)'*". Two vaccines against IL-4 have been
tested in mice, one in which IL-4 is chemically coupled
to limpet haemocyanin'?' and the other in which a 14-
amino-acid peptide from IL-4 is inserted into variant
hepatitis B virus core antigen'*’. Both vaccines induced
high antibody titres specific for mouse IL-4 and inhibited
antigen-induced lung inflammation. However, using co-
stimulation blockade in a mouse model of allergy to grass
pollen'?, it was reported that the secondary IgE response
is not T-cell dependent, thereby raising doubts over the
usefulness of IL-4 blockade for treating established
allergic disease.

IL-13. The numerous functions of IL-13 in regulating
IgE production, eosinophilic inflammation, airway-
smooth-muscle hyperplasia, the induction of goblet-cell
hyperplasia with mucus production, and the recruitment
of monocytes, macrophages and T cells into the airway
spaces make it a key therapeutic target in allergy and
asthma'?*. IL-13 binds to a low-affinity IL-13Rol sub-
unit and a high-affinity complex comprised of IL-13Rot1
and IL-4Ro. Binding to this high-affinity complex leads
to the phosphorylation-dependent activation of Janus
kinase 1 (JAK1), JAK2 and STAT®6. IL-4Ra. also stabi-
lizes the binding of IL-13 to its receptor to augment
IL-13-mediated responses. However, a non-signalling,
high-affinity IL-13-binding chain, IL-13Ra.2, strongly
inhibits the activity of IL-13 (REF. 125). Selective block-
ade of IL-13 has been achieved in mice using a soluble
form of IL-13R0.2, which competes for binding to
IL-13 but not to IL-4, and this led to the reversal of
airway hyper-responsiveness and mucus production
in allergen-exposed sensitized mice'*. A soluble form
of IL-13Ro2 that binds IL-13 with 100-fold greater
affinity than does IL-13Ral is present in mouse but
not human serum.

Antagonizing the effects of IL-13 could also be
achieved by administering soluble IL-13 receptors or
IL-13R-specific monoclonal antibodies. In cynomol-
gus monkeys sensitized to Ascaris suum and then
challenged with antigen from this nematode, a mouse
antibody specific for human IL-13 (mAb13.2) and the
humanized counterpart (IMA-638) inhibited eosi-
nophil and neutrophil influx into the lungs as assessed
by bronchoalveolar lavage'””. Phase I trials of the IL-13-
specific monoclonal antibody CAT-354 in 34 mildly
asthmatic patients have been successfully completed
and Phase II trials are in progress. Subcutaneous or
inhaled pitrakinra, a mutant IL-4 protein that inhibits
the binding of IL-4 and IL-13 to IL-4Ro. complexes,
has recently shown efficacy in the treatment of allergen-
induced asthma'?. A novel, recombinant IL-13 peptide-
based vaccine has also been shown to reduce allergic
inflammatory responses in mice'’. As STAT6 is
the common transcription factor for both IL-4 and
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Figure 6 | Cytokine-based therapies in asthma. Allergic inflammation has been
characterized as a mainly T helper 2 (T, 2)-cell disease; therefore, efforts to alter the
T,2-T,1-cell balance in asthma have been aggressively pursued, either by inhibiting
T,2-cell cytokines (in particular, interleukin-4 (IL-4), IL-13 and IL-5) or promoting T, 1-cell
responses (interferon-y (IFNY) and IL-12). Inhibition of the allergic component of
atopic asthma can also be achieved using IgE-specific monoclonal antibodies. APC,
antigen-presenting cell; FceRI, high-affinity receptor for IgE; rh, recombinant human;
TCR, T-cell receptor.

IL-13 signalling, it is also an attractive therapeutic
target using a dominant-negative peptide'* and anti-
sense RNA-based approaches. Anti-sense and RNA-
interference-based therapeutic strategies are being
explored to target various upstream signalling mole-
cules in asthma and allergy, including FceRIa, cytokine
receptors, adhesion molecules, ion channels, cytokines
and related factors, intracellular signal-transduction
molecules and transcription factors involved in T, 2-cell
differentiation and allergic inflammation'".

IL-5. Rodent and non-human primate studies have
indicated an important role for IL-5 in various models
of asthma. Inhaled IL-5 modulates the number of eosi-
nophil progenitors in both the airways and bone marrow
of asthmatic individuals and induces local eosinophilia
in non-asthmatic individuals'*>. Two humanized, human-
IL-5-specific monoclonal antibodies, Sch-55,700 and
mepolizumab (SB-240,563), have been developed for
the treatment of asthma. In a small, double-blind trial,
mepolizumab produced a rapid dose-dependent reduc-
tion in the number of circulating and sputum eosinophils
that persisted for 3 months but, surprisingly, this had no
effect on either the late asthmatic response or on airway
hyper-responsiveness'*. In a group of patients with severe
persistent asthma, treatment with Sch-55,700 resulted in
a decrease in the number of blood eosinophils, but over
the course of 10 weeks it had no effect on any measures of
asthma outcome™, an observation that has recently been
confirmed in a large trial with mepolizumab'*.

A further study using mepolizumab confirmed the
persistent suppression of eosinophilia in blood, bone
marrow and airway lavage, but in airway biopsies, there
was only a 55% reduction in the number of tissue eosi-
nophils'*. As a proportion of eosinophils in the airways

of patients with asthma lack IL-5R"*”1%, it was suggested
that this might explain the apparent lack of clinical effi-
cacy of targeting IL-5 (REF. 139). IL-5 could have more
subtle effects on asthmatic airways — for example,
mepolizumab treatment decreases immunostaining for
tenascin, lumican and procollagen III in the bronchial
mucosal subepithelial basal lamina'* and in allergen-
challenged skin'*. In addition, IL-5-specific treatment
resulted in a parallel decrease in the number of airway
eosinophils expressing mRNA for TGFP1 and of TGFf1
levels in bronchoalveolar-lavage fluid, which indicates
a possible role for IL-5 in airway remodelling'*. In
contrast to asthma, mepolizumab is highly efficacious
in the treatment of hypereosinophilic syndrome'** and
eosinophilic oesophagitis'*, but not atopic dermatitis'**.
A therapeutic DNA-based vaccine against IL-5 is also
being developed.

IL-9. Blocking the actions of IL-9 reduces allergen-induced
airway inflammation and airway hyper-responsiveness
in mouse models. Two Phase I dose-escalation studies
of an IL-9-specific monoclonal antibody (MEDI-528)
in healthy volunteers have been completed without
problems'*. Phase II trials are in progress for treating
symptomatic, moderate to severe, persistent asthma.

Interferons. Of the T 1-cell-associated cytokines, IFNYis
the most potent in suppressing T, 2-cell-mediated allergic
inflammation, and the exogenous administration of IFNy
suppresses allergic airway inflammation in animal mod-
els. IFNvis also strongly induced during allergen-specific
immunotherapy. However, studies of the subcutaneous
administration of recombinant human IFNY in asthma
have been disappointing'¥. In mice, increased production
of IFNY together with an established T, 2-cell response
results in increased inflammation, possibly by damaging
the epithelial barrier'*. By contrast, two small trials have
shown that systemic administration of [FNy for 18 months
is effective for the treatment of severe corticosteroid-
refractory asthma, with one study showing reversal of the
T, 2-cell cytokine profile in blood mononuclear cells after
treatment of patients with severe asthma'**!*°,

The recent demonstration that epithelial cells from
asthmatic individuals in vitro have an impaired protec-
tive IFNf response to infection with the common cold
virus'®'*? has prompted clinical trials of recombinant
human IFNB by inhalation to prevent severe virus-induced
asthma exacerbations'®.

IL-12. IL-12 sends a powerful signal to naive precursor
T cells, directing their differentiation to T, 1 cells in vitro
and in vivo and shifting the immune response towards cell-
mediated immunity. In animal models, administration of
IL-12 during sensitization suppresses allergen-induced
T, 2-cell responses in favour of T 1-cell development
and inhibits airway hyper-responsiveness and airway
eosinophilia after antigen challenge. In asthma, the pro-
duction of IL-12 by whole blood cells and its expression in
airway biopsies is impaired. So, IL-12 has the potential to
modify allergic diseases. Injection of recombinant human
IL-12 in patients with mild asthma decreased the number
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of circulating blood eosinophils after allergen challenge
(but not sputum eosinophilia, the late-phase response or
airway hyper-responsiveness)'** and this was accompanied
by flu-like symptoms, abnormal liver-function tests and
cardiac arrhythmias. This approach is also brought into
question by the observation that in mice, DCs retrovirally
overexpressing IL-12 induce strong T ,1-cell responses to
inhaled antigen in the lung but fail to suppress T, 2-cell
polarization after sensitization'.

IL-10. IL-10 inhibits the expression of many pro-
inflammatory cytokines and chemokines, as well as
pro-inflammatory enzymes, and it is the main inhibi-
tory cytokine produced by T, cells in allergen immuno-
therapy. IL-10-deficient mice have increased airway
inflammation after allergen challenge'®, and in outbred
mice, this was inhibited by the intratracheal transfer of the
gene encoding IL-10 (REF. 157). Administration of IL-10
to normal volunteers decreases the numbers of circulating
CD4* and CD8" T cells, with suppression of mitogen-
induced T-cell proliferation and endotoxin-driven TNF
and IL-1p production'*®. Recombinant human IL-10 has
been developed and is currently being tested in rheuma-
toid arthritis, inflammatory bowel disease, psoriasis,
organ transplantation and chronic hepatitis C, but its
effect in asthma has yet to be studied.

Targeting barrier function

The increased access of allergens to immune cells in the
skin could explain the convincing association between
loss-of-function mutations of the barrier protein filag-
grin and the increased occurrence of atopic dermati-
tis'*®. In the case of asthma, impaired barrier function
is a consequence of defective tight-junction assembly?®,
which can be restored both in human cells in vitro and
in a mouse model in vivo'® by the topical application
of epidermal growth factor or keratinocyte growth

factor. The restoration of barrier function by growth-
factor administration has been highly successful in the
treatment of inflammatory bowel disease'®! and oral
mucositis associated with cytotoxic therapy's>.

Concluding remarks

Despite an enormous increase in our understanding of
the immune mechanisms involved in allergic diseases,
it is disappointing that this knowledge has not been
translated into new treatments. One possible reason for
this is our lack of understanding of disease chronicity
and the environmental factors that contribute to disease
in addition to allergen exposure. The recent success of
omalizumab as the first biological agent for the treatment
of allergy opens new opportunities for using biological
agents to target specific cytokines and cell-surface pro-
teins that are involved in the allergic cascade, such as
CCR4 in THZ-cell recruitment'®’, and TSLP and IL-25,
which link the epithelium with DC activation and the
T, 2-cell response. Several new cytokine therapeutic
targets are shown in TABLE 1.

The chemical engineering of monoclonal antibodies
to increase their antibody-dependent cytotoxic poten-
tial seems to be a particularly promising approach
when directed against cells expressing T 2-cell
markers such as IL-5R and CCR4 (REF. 164). Vaccine
approaches to allergy prevention and treatment are
developing rapidly. In addition to the use of recom-
binant allergens and peptide fragments to increase
efficacy and decrease side-effects, the coupling of
allergens to oligonucleotide stimulatory sequences
such as CpG DNA and other ligands of pathogen-
recognition receptors to tip the balance towardsa T ,1-
cell response, and the development of allergen-based
DNA vaccines will revolutionize allergen immuno-
therapy. Vaccine strategies are also looking promising
for generating endogenous blocking antibodies

Table 1 | Potential new cytokine therapeutic targets in allergy and asthma

Cytokine target Cellular origin Predicted effects Nature of intervention Refs

IL-15 Leukocytes, including phagocytes.  Increases T ,2-cell, B-cell, NK-cell, Blocking antibody and soluble 166
Also, neurons and muscle macrophage and monocyte responses IL-15Ro

IL-17A Subset of CD4* T cells Neutrophil influx Blocking antibody 167

IL-17F Subset of CD4* T cells Antagonizes the effects of IL-17A Receptor agonist 168

IL-17E (IL-25) Subset of CD4* T cells Increases the T 2-cell response and BHR Blocking antibody 169

IL-33 (IL-1F11) Epithelium Increases the mast-cell response and induces ~ Soluble receptor, ST2R 170

(IL-1/TLR superfamily) the production of T 2-cell cytokines

IL-31 T,2cells Increases the T 2-cell response, pruritis and None identified 171
dermatitis

IL-21 CD4* T cells Augments CD4*and CD8* T cells, NK cells None identified 172

(homology with IL-2, and B cells

IL-4 and IL-15)

TSLP Epithelium and mast cells Augments co-stimulation by DCs to increase  Blocking antibody 173

(IL-7 superfamily) the T, 2-cellresponse and activates mast cells

IL-18 Macrophages and activated T cells Increases IFN’Y production by T cells. IL-18 174

(IL-1 superfamily) Additional targets are macrophages,

neutrophils, DCs and endothelial cells

BHR, bronchial hyper-responsiveness; DC, dendritic cell; IFNy, interferon-v; IL, interleukin; NK cell, natural killer cell; T,2 cell, T helper 2 cell; TLR, Toll-like receptor;
TSLP, thymic stromal lymphopoietin
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