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inflammation

Summary: Allergic inflammation is due to a complex interplay between
several inflammatory cells, including mast cells, basophils, lymphocytes,
dendritic cells, eosinophils, and sometimes neutrophils. These cells pro-
duce multiple inflammatory mediators, including lipids, purines, cyto-
kines, chemokines, and reactive oxygen species. Allergic inflammation
affects target cells, such as epithelial cells, fibroblasts, vascular cells, and
airway smooth muscle cells, which become an important source of
inflammatory mediators. Sensory nerves are sensitized and activated dur-
ing allergic inflammation and produce symptoms. Allergic inflammatory
responses are orchestrated by several transcription factors, particularly
NF-kB and GATA3. Inflammatory genes are also regulated by epigenetic
mechanisms, including DNA methylation and histone modifications.
There are several endogenous anti-inflammatory mechanisms, including
anti-inflammatory lipids and cytokines, which may be defective in aller-
gic disease, thus amplifying and perpetuating the inflammation. Better
understanding of the pathophysiology of allergic inflammation has iden-
tified new therapeutic targets but developing effective novel therapies has
been challenging. Corticosteroids are highly effective with a broad spec-
trum of anti-inflammatory effects, including epigenetic modulation of
the inflammatory response and suppression of GATA3.
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Introduction

All allergic diseases are characterized by a distinct pattern of
inflammation that is largely driven via immunoglobulin E
(IgE)-dependent mechanisms. Genetic factors play an impor-
tant influence on whether atopy develops, and several genes
have now been identified in asthma and other allergic diseases
using genome-wide association studies (GWAS), although
few have been reproduced between studies or between differ-
ent ethnic groups (1). So far the novel genes identified by
over 20 GWAS have provided few new insights into the path-
ophysiology of allergic diseases, although T-helper 2 (Th2)
cytokine genes have been consistently identified. In a GWAS
of total serum IgE the most striking hits were functional vari-
ants in the genes encoding the o-chain of the high affinity
receptor for IgE (FceRal), RADSO0, located adjacent to the
gene for interleukin-13 (IL-13), and signal transducer and

activator of transcription 6 (STAT6), which is regulated by
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IL-4 and IL-13 (2). Environmental factors appear to be more
important in determining whether an atopic individual devel-
ops a particular allergic disease, although genetic factors may
exert an influence on how severely the disease is expressed
and the extent of the allergic inflammatory response.

The inflammatory process has several common characteris-
tics shared between different allergic diseases, including
asthma, allergic rhinitis/rhinosinusitis, and atopic dermatitis
(eczema) (3-5). Allergic inflammation is characterized by
IgE-dependent activation of mucosal mast cells and an infiltra-
tion of eosinophils that is orchestrated by increased numbers
of activated CD4" Th2 lymphocytes. However, in patients
with more severe disease, other cells such as neutrophils, Th1,
and CD8™ (cytotoxic) lymphocytes may also be involved. The
clinical differences between these diseases are largely deter-
mined by anatomical differences and the interaction between
allergic inflammation and structural cells, such as airway
smooth muscle cells in the lower airways, resulting in bron-
choconstriction, vasodilatation in the upper airways leading to
nasal blockage and rhinorrhea and activation of keratinocytes
in the skin. The fact that there are common characteristics of
allergic diseases suggests that it may be possible to treat these
common diseases with single agents, particularly, as they
often coexist.

This review focuses on how allergic inflammation is orches-
trated, whereas detailed information about the different
cellular components (mast cells, eosinophils, basophils, lym-
phocytes, dendritic cells), inflammatory mediators (cytokines,
chemokines, lipid mediators), and structural cells (epithelial
cells, airway smooth muscle cells, keratinocytes, endothelial
cells, mucus-secreting cells) is provided in the detailed specific
reviews included in this issue. No single cell or mediator can
account for all the features of allergic disease and different
cells and mediators may be more important in one manifesta-
tion of allergic disease than another. For example, histamine
clearly plays a key role in rhinitis yet has a relatively minor
role in asthma, as judged by the differences in efficacy of anti-
histamines between these conditions.

The allergic inflammatory response has evolved from the
inflammatory process mounted in response to parasite and
worm infections (6). This inflammatory response not only
provides an acute defense against these organisms but is also
involved in healing and restoration of normal function after
tissue damage as a result of infection or toxins. Helminth
infections appear to provide protection against the develop-
ment of allergic diseases, but the nature of this protective
immunity is not yet clear (7). In allergic diseases, the inflam-

matory response is activated inappropriately so that it becomes
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harmful rather than protective. Allergens, such as house dust
mite and pollen proteins, activate mast cells and eosinophil
inflammation, which has evolved to kill the invading parasites
and would therefore be self-limiting, but in allergic disease,
the non-infective inciting stimulus persists and the normally
acute inflammatory response becomes converted into a persis-
tent inflammation that may have structural consequences in
the airways and skin.

The relationship between inflammation and clinical symp-
toms of allergy is not yet completely clear. There is evidence
that the degree of inflammation is related to airway hyperre-
sponsiveness (AHR), as measured by histamine or methacho-
line challenge. AHR is an exaggerated airway narrowing in
response to many stimuli, which is characteristic of asthma,
and the degree of AHR relates to asthma symptoms. Inflamma-
tion of the airways may increase airway responsiveness, which
thereby allows triggers that would not narrow the airways to
do so (8). But inflammation may also directly lead to an
increase in asthma symptoms, such as cough and chest tight-
ness, by activation of airway sensory nerve endings. In rhini-
tis, nasal blockage is due to vasodilatation, and nasal discharge
is due to plasma exudation and mucus secretion. The charac-
teristic sneezing is a manifestation of hypersensitivity of sen-
sory nerves and is the equivalent of cough in asthma. In skin,
disruption of the epithelial barrier leads to infection and

hypersensitivity of sensory nerves that result in itching.

Inflammatory cell interactions

Many inflammatory and structural cells are involved in allergic
inflammation (Fig. 1), but it is not clear how these cells inter-

act or how the inflammatory process is maintained.

Mast cells and symptoms

Mast cells appear to play a critical role in initiating allergic
inflammation in the airways, since they are directly activated
by allergens through an IgE-dependent mechanism. This leads
to the rapid release of preformed and synthesized mediators
that result in bronchoconstriction, vasodilatation, and plasma
exudation thus leading to symptoms of asthma (wheezing and
dyspnea) or allergic rhinitis (nasal blockage and secretions).
Mast-cell activation therefore plays a key role in generating
the symptoms of asthma and rhinitis, as mast cells may be
activated by many of the triggers causing symptoms, includ-
ing allergens, cold air, and osmolality changes (which mediate
exercise-induced asthma). Mucosal mast cells are maintained
at mucosal surfaces in allergic diseases by cytokines such as IL-
9 and stem-cell factor (SCF) (9). SCF interacts with mast cells
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Fig. 1. Inflammation in allergy. Inhaled allergens activate sensitized
mast cells by cross-linking surface-bound IgE molecules to release several
bronchoconstrictor mediators, including cysteinyl-leukotrienes (cys-LT)
and prostaglandin D, (PGD,). Epithelial cells release stem-cell factor
(SCF), which is important for maintaining mucosal mast cells at the air-
way or skin surface. Allergens are processed by myeloid dendritic cells,
which are conditioned by thymic stromal lymphopoietin (TSLP) secreted
by epithelial cells and mast cells to release the chemokines CC-chemokine
ligand 17 (CCL17) and CCL22, which act on CC-chemokine receptor 4
(CCR4) to attract T-helper 2 (Th2) cells. Th2 cells have a central role in
orchestrating the inflammatory response in allergy through the release of
interleukin-4 (IL-4) and IL-13 (which stimulate B cells to synthesize
IgE), IL-5 (which is necessary for eosinophilic inflammation) and IL-9
(which stimulates mast-cell proliferation). Epithelial cells release CCL11,
which recruits eosinophils via CCR3. Patients with allergic disease may
have a defect in regulatory T cells (Treg), which may favor further Th2-
cell activation.

through its tyrosine kinase receptor c-Kit, and several c-Kit
inhibitors, based on imatinib, are in development for asthma
and other mast cell-mediated diseases (10). While mast cells
account for the early response to allergen in the airways and
skin, it is not clear how important they are for the develop-
ment of late responses and for the chronic inflammatory
changes that occur. Allergen-derived T-cell peptides derived
from Fel d1 have been shown to induce isolated late responses
and AHR without any mast-cell activation or eosinophil infil-
tration in the lower airways through direct activation of CD4 "
T cells (11).

Th2 cells as orchestrators of allergic inflammation

Th2 cells play an important role in orchestrating allergic
inflammation through the release of cytokines that include
IL-4, IL-5, IL-9, and IL-13 (12) (Fig. 2). Th2 cells are
recruited and activated at the sites of allergic inflammation,
and a major focus of research has been to understand how
topical allergens regulate Th2 cells via antigen-presenting cells
(APCs). Dendritic cells (DCs) are the main APCs that process
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Fig. 2. T lymphocytes in allergy. Asthmatic inflammation is character-
ized by a preponderance of T-helper 2 (Th2) lymphocytes over T-helper
1 (Th1) cells. Regulatory T cells (Treg) have an inhibitory effect, whereas
T-helper 17 (Th17) cells have a proinflammatory effects. Th9 cells secrete
IL-9 important for mast-cell differentiation. MHCI, Class 1 major histo-
compatibility complex; IL, interleukin; IFN-vy, interferon vy; TGF-p, trans-
forming growth factor B; IgE, immunoglobulin E; Th0, uncommitted T
cell; TGF, transforming growth factor; Be, B cell producing € transcripts
and IgE.

allergens and present T-cell peptides to naive T cells, and DCs
play a critical role in the recruitment and activation of Th2
cells through the secretion of chemokines CCL17 and CCL22
(13). IL-4 is necessary for differentiation of Th2 cells but is
not secreted by DCs, so accessory cells may be needed as a
source of IL-4. There is increasing evidence that basophils,
which are c-Kit negative, express FceR1, major histocompati-
bility complex (MHC) class II, and costimulatory molecules
CD80/CD86, may play a role in antigen recognition and pro-
cessing and when recruited to lymph nodes are able to induce
Th2 cell differentiation through the release of IL-4 (14-16).
Other cells also have the capacity to process and present aller-
gens, including mast cells, macrophages, eosinophils, and nat-
ural helper cells. Natural helper cells are innate cell
populations that include innate Th2 cells and are activated by
IL-25 and IL-33 to secrete Th2 cytokines (17).

Other T cells involved in allergy

Although Th2 cells predominate in allergic disease and Th2
cytokines play a key role in the pathophysiology of these dis-
eases, other types of T cells may also play a role, particularly
in more severe disease (18). Thl cells and CD8" cells that
secrete Th2 cytokines (Tc2 cells) have also been implicated in
allergic disease, as have natural killer cells and invariant natu-
ral killer T cells. Th9 cells are CD4" T cells that produce IL-9,

which are dependent on transforming growth factor-8
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(TGF-B) for their development through activation of the tran-
scription factor PU.1, and are regulated by IL-25 (19). Th17
cells may be associated with more severe asthma and may
mediate a more neutrophilic pattern of inflammation (see
below). Although Th17 cells produce IL-22, a distinct set of
CD4" IL-22 producing cells (Th22) has been described in
allergic inflammatory diseases (20).

Regulatory T cells (Tregs) may play an important role in
suppressing allergic inflammation. Several types of Tregs are
now recognized, including CD4"CD25" innate Tregs that
express the transcription factor forkhead box protein 3
(FoxP3) and inducible Tregs. They may suppress inflamma-
tion through secretion of IL-10 or by inducing IL-10 secretion
for bystander cells, as well as direct inhibition of cells, such as
DCs, by cell—cell contact. There is some evidence that Treg
function is impaired in patients with allergic diseases and that

Treg function is enhanced by specific immunotherapy (21).

Role of eosinophils

Eosinophils are also common to allergic inflammation at dif-
ferent sites and are orchestrated by Th2 cells through the
release of IL-5. Indeed, blocking IL-5 with a monoclonal anti-
body (mepolizumab) virtually eliminates eosinophils from
the circulation and markedly reduces eosinophils in sputum
(22, 23). Eosinophils contribute to the pathophysiology of
asthma through the release of cysteinyl-leukotrienes (cys-LTs)
but are less important as a source of these mediators than mast
cells. They may also function as APCs and also produce several
Th1 and Th2 cytokines (24). Eosinophils express high levels
of TGF-P, and this has been linked to the characteristic subepi-
thelial fibrosis in asthma (25), which has also been observed
in patients with eosinophilic bronchitis who present with
chronic cough and no AHR (26). Cationic proteins released
from eosinophils are important in helminth killing but may
also be profibrotic and lead to shedding of epithelial cells in
asthma, although this does not occur in nasal epithelial cells.
Depletion of eosinophils with anti-IL-5 reduces exacerbations
of asthma and the requirement for oral corticosteroids in
selected patients with severe asthma but does not reduce
either symptoms or AHR, suggesting that eosinophils play no
role in these features of asthma (23, 27). The clinical effects
of anti-IL-5 therapies in other allergic diseases are not yet

known.

B lymphocytes

B lymphocytes play a key role in allergic inflammation

through the synthesis of IgE, and these cells are mainly local-
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ized to draining lymph nodes. Isolated B cells are also found
in the respiratory mucosa, but they are rarely organized into
lymphoid tissue as in the gut (28). IgE synthesis is regulated
by IL-4 and IL-13 and may be augmented by IL-9. Local IgE
synthesis may occur on the upper and lower airways in aller-
gic diseases. In the mucosa of patients with allergic rhinitis
and asthma, Ce germline transcripts as well as IL-4 and IL-13
are produced after exposure to allergen in vitro (29, 30). B cells
also function as APCs, and in murine models of chronic aller-
gen exposure, MHC class II-expressing B cells drive Th2 cells
(31). B cells may also play a regulatory role through secretion
of IL-10, but the role of different subsets of B cells in allergic
diseases remains to be determined. A member of the tumor
necrosis factor (TNF) called B-cell activating factor (BAFF)
plays an important role in B-cell survival, and immunoglobu-
lin class switching is increased after segmental allergen chal-

lenge in asthmatic patients (32).

Neutrophils

The role of neutrophils in allergic diseases is still uncertain
and remains poorly explored. Patients with severe asthma are
more likely to have infiltration of neutrophils in bronchial
biopsies and sputum (33, 34), but increased neutrophils in
sputum may be seen even in mild asthma. Increased sputum
neutrophils are also found in smoking asthmatics and during
virally induced exacerbations. Patients with neutrophilic
asthma appear to be less responsive to corticosteroids, and
high doses of corticosteroids may increase neutrophils by
reducing apoptosis (35). The mechanism for increased neu-
trophils may be due to secretion of several neutrophil chemo-
tactic factors, including LTB,, CXCL1, and CXCL8, and may be
driven by Th17 cells through the secretion of IL-17A and
IL-17F (36). However, the increased IL-17A and IL-17F
expression in asthmatic airways does not appear to be corre-
lated with neutrophil numbers (37). Neutrophils may be
increased in asthma as a result of high doses of corticosteroids
or they may be recruited by chemotactic factors and Th17
cells. The functional role of neutrophils in asthma will only
become clear when specific therapies that selectively reduce
neutrophils, such as CXCR2 antagonists, are tested in asth-

matic patients.

Non-atopic allergic disease

Some patients with asthma, rhinitis, rhinosinusitis, and
eczema have negative skin prick responses to common inhal-
ant allergens, and no allergen-specific circulating IgE yet have

clinical features very similar to patients with allergic disease.
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These non-atopic forms of ‘allergic’ disease might give
insights into the nature of allergic inflammation. Furthermore,
the allergic pattern of inflammation with activated mast cells,
eosinophils, and Th2 cells is found in the tissues (38). Total
circulating IgE is elevated in around 30% of patients with
non-atopic (intrinsic) asthma (39). There is evidence for local
IgE production in the airways of patients with non-atopic
asthma, with local expression of € germ-line transcripts (30).
This observation suggests that the disease is driven by an
unidentified allergen, an endogenous allergen or by an infec-

tive agent.

Role of infective agents

Staphylococcus aureus is thought to be an important amplifying
mechanism in allergic and non-allergic atopic dermatitis and
chronic rhinosinusitis with nasal polyps, but it might also be
important in asthma (40, 41). S. aureus is able to invade epithe-
lial cells and release its enterotoxins (exotoxins), which func-
tion as superantigens that have the capacity to stimulate T and
B-cell proliferation directly. They are also able to induce class
switching to IgE and the production of allergen-specific IgE in
mucosal B cells. Specific IgE antibodies against Staphylococcal
enterotoxins (termed ‘superallergens’) have been found in
patients with severe asthma, aspirin-sensitive asthma, and
nasal polyposis and are able to sensitize mast cells and DCs
(42—44). S. aureus is also capable of invading mast cells and
causing the release of cytokines (45). It is therefore possible
that patients with non-atopic allergic diseases may in some
way be susceptible to colonization of the lower airways with
S. aureus, which through the local release of superantigens
drives an allergic inflammatory response and local IgE synthe-
sis. Superantigens are associated with more severe disease, as
the anti-inflammatory response to corticosteroids is reduced
(46). It is also possible that S. aureus superantigens lead to
chronic rhinosinusitis, which then affects the lower respira-
tory tract without the need for direct infection of the lower

airways.

Superantigens

Superantigens are also derived from other bacteria (including
Mycoplasma), viruses, parasites, and fungi, and all of them are
immunostimulatory, acting as Vf-restricted extremely potent
polyclonal T-cell mitogens (47). They bind MHC class II mol-
ecules without any prior antigen processing by APCs and stim-
ulate large number of T cells on the basis of epitopes specified
by this receptor though their unique ability to cross-link MHC
class II and the B-subunit of the T-cell receptor (TCR), form-
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ing a tight trimolecular complex. They also appear to cause
class switching in B cells by binding to immunoglobulins,
resulting in clonal expansion and expression of polyclonal IgE
and specific IgE directed against the superantigen. Some
superantigens may even become incorporated into the gen-
ome and thus may provide continuous endogenous stimula-
tion (47).

Nasal and inhaled Staphylococcal enterotoxin B (SEB) induces
lymphocytic inflammation and eosinophilia in the lungs of
mice with increased production of IL-4, together with AHR
in both IgE and non-IgE producing strains, demonstrating the
capacity of superantigens to induce allergic inflammation
independently of any allergen (48). Inhaled SEB also
enhances the eosinophilic inflammatory response to inhaled
allergen in sensitized mice (49). In nasal polyp tissue, there
are IgE antibodies to SEB, and these are able to activate mast
cells (50). Staphylococcal enterotoxin A also results in lung
inflammation characterized by increased CD8" cells and
increased secretion of interferon-y (IFN-y) (51). These ani-
mal studies demonstrate the ability of small concentrations of
locally applied superantigens to induce complex inflamma-
tory responses in the lungs and suggest a mechanism for
intrinsic or non-allergic asthma. Inhaled bacteria may invade
airway epithelial cells and result in the release of various
superantigens, which may directly activate Th2 cells to release
IL-4 and other Th2 cytokines, as well as causing class switch-
ing of B cells in the airways to release IgE locally, which then
sensitizes mast cells so that they are more easily activated. SEB
stimulates the release of several cytokines with a Th2 cell bias,
as well as mast-cell mediators from nasal polyp tissue in vitro
and to a greater extent than from normal nasal tissue, indicat-
ing some sort of sensitization to the effects of superantigens
(52). There is evidence for local clonal expansion of airway T
cells in patients with intrinsic asthma compared to circulating
T cells, suggesting that this could be induced by local super-
antigens (53).

Staphylococcal superantigens also inhibit the immunosuppres-
sive activity of regulatory T cells (Tregs) and may therefore
amplify the activity of Th2 cells and CD8" cells (54). SEB
inhibits CD4"CD25" Tregs by inducing the protein gluco-
corticoid-induced TNF receptor-related protein ligand in
monocytes (55). Superantigens induce corticosteroid resis-
tance by activating mitogen-activated protein kinase (MAPK)
cascades and through the increased expression of a form of
the glucocorticoid receptor (GRf), which may act as a decoy
to block the action of corticosteroids (56). Finally, SEB has
recently been shown to stimulate Th17 cells directly (57,
58).
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Role of autoantibodies

Another possible mechanism of activating IgE signaling with-
out an exogenous allergen may be through the production of
autoantibodies that activate this pathway. This would also be
consistent with the fact that intrinsic asthma often has a late
onset and is more frequently seen in women. Anti-nuclear
antibodies are more common in patients with asthma than
non-asthmatics, but there is no difference between allergic
and non-allergic asthmatics, although patients with aspirin-
sensitive asthma have a higher frequency of these antibodies
(59). However, there is no increase in autoantibodies against
double-stranded DNA or anti-neutrophil cytoplasmic antibod-
ies in asthma. Autoantibodies to FceRI have been detected in
the serum patients with asthma (approximately 35% com-
pared to 10% in non-asthmatics) but do not appear to be
more common in intrinsic compared to extrinsic asthma (60).
Circulating antibodies to cytokeratin-18 and o-enolase, which
occur in epithelial cells, have been described in patients with
intrinsic asthma and more severe asthma (61, 62). IgG
autoantibodies from patients with intrinsic asthma have
cytotoxic effects on epithelial cells, whereas these antibodies
are not found in extrinsic asthma (63). It is possible that these
autoantibodies damage airway epithelial cells so that superan-
tigen-producing organisms are able to more easily infect the

airway surface.

Inflammatory mediators

Many different mediators have been implicated in allergic dis-
ease, and they may have a variety of effects on the airways or
skin, which account for all of the pathological features of
allergic diseases (64—66) (Fig. 3). Mediators such as hista-
mine, prostaglandins, leukotrienes, and kinins contract airway

smooth muscle, increase microvascular leakage, increase air-

Mediators
Histamine
Leukotrienes
Prostanoids
PAF

Kinins
Purines
Endothelins
Mitric oxide
Cytokines
Chemokines
Growth factors

Fig. 3. Multiple cells, mediators, and effects. Many cells and mediators
are involved in asthma and lead to several effects on the airways. Th2, T-
helper 2 cells; Sm, smooth; PAF, platelet activating factor; AHR, airway
hyperresponsiveness.
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way mucus secretion, and attract other inflammatory cells.
Because each mediator has many effects, the role of individual
mediators in the pathophysiology of allergic diseases is often
unclear. The multiplicity and redundancy of effects of media-
tors makes it unlikely that preventing the synthesis or action
of a single mediator will have a major clinical impact on aller-
gic diseases. However, some mediators may play a more
important role if they are upstream in the inflammatory cas-
cade and trigger a sequence of downstream events. The effects
of single mediators can only be evaluated through the use of
potent specific receptor antagonists or mediator synthesis
inhibitors. The role of mediators may differ between allergic
diseases. Thus, anti-histamines have a useful clinical effect in
allergic rhinitis, whereas they are not useful in the treatment
of asthma (67). In contrast, anti-leukotrienes have clinical
effects in asthma but appear to be less useful in rhinitis and

atopic dermatitis (68).

Lipid mediators

Several lipid mediators derived from arachidonic acid (eicosa-
noids) are involved in the pathophysiology of allergic disease,
and this has led to therapeutic strategies to block their produc-
tion or their receptors on target cells (69). Cys-LTs are potent
bronchoconstrictors and antagonism of cys-LT,-receptors pro-
vides clinical benefit in asthma (68). Cys-LTs are also involved
in eosinophilic inflammation, although antagonists have only
weak anti-inflammatory effects. LTB, has also been implicated
in asthma, not only as a chemoattractant of neutrophils, which
express BLT -receptors, but also as an important activator of T
cells (70). In mice, LTB, plays a role in recruiting IL-13
secreting CD8" cells in allergic inflammation (71). Most of
the effects of LTB, appear to be mediated via the high affinity
BLT,, but a low affinity receptor BLT, is also expressed on
inflammatory cells and reducing expression of this receptor
by antisense oligonucleotides reduces the inflammatory and
AHR response to inhaled allergen in sensitized mice, implicat-
ing this receptor in the allergic response to LTB, (72).
Prostaglandins have potent and diverse effects on airway
function. PGD, has attracted particular attention as it is
released in large amounts from mast cells. It is a potent bron-
choconstrictor through the activation of thromboxane recep-
tors (TP) on airway smooth muscle cells but also activates
DP,-recpetors, which mediate vasodilatation and DP,-recep-
tors fist identified as chemoattractant homologous receptor
expressed on Th2 cells (CRTH2), which is expressed on Th2
cells, eosinophils, and basophils and provides a link between

mast-cell activation and allergic inflammation (73). Many
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CRTH2/DP, antagonists are now in development as oral anti-
allergic therapies (74, 75).

Other lipid mediators that are less well-investigated in aller-
gic diseases include 5-oxo-eicosateraenic acid (5-0xo-ETE), a
product of 5-lipoxygenase that is markedly increased by oxi-
dative stress and which is a potent chemoattractant of eosin-
ophils, which express distinct OXE receptors (76). Oxidation
of arachidonic acid by oxidative stress results in the formation
of F2-isoprostanes which are bronchoconstrictors and media-
tors of plasma exudation (77). Eoxins are generated from ara-
chidonic acid by the 15-liopxygenase pathways and are
produced by eosinophils and mast cells (78). Eoxin C4 has

proinflammatory effects and causes microvascular leakage.

The cytokine network

Cytokines play a key role in the orchestration and perpetuation
of allergic inflammation and are now targeted in therapy
(79). Allergic inflammation is characterized by the secretion
of Th2 cytokines, including IL-4, IL-5, IL-9, and IL-13, which
are secreted by Th2 cells but now recognized to be secreted
by other cells involved in allergic inflammation including
mast cells, basophils, eosinophils, and structural cells. Details
of the particular roles of these cytokines is provided in another
review in this volume. The use of blocking antibodies is now
beginning to shed new light on the role of individual Th2
cytokines. IL-4 and IL-13 play a key role in IgE synthesis
through isotype switching of B cells and appear to play a criti-
cal role in animal models of asthma. So far blocking IL-4 and
IL-13 or their common receptor IL-4Ro has not yet been
shown to be of clinical benefit in asthma, but many clinical
trials are currently underway (80). IL-5 is of critical impor-
tance in the differentiation, survival, and priming of eosin-
ophils. A humanized monoclonal blocking antibody
(mepolizumab) induces a profound decrease in eosinophils in
the blood and induced sputum in patients with mild asthma
but has no effect on the response to inhaled allergen (22).
Clinical trials of anti-IL-5 in unselected symptomatic asthmatic
patients showed no overall clinical improvements (81). How-
ever, in highly selected patients with severe asthma and spu-
tum eosinophils, despite high doses of inhaled or oral
corticosteroids, mepolizumab reduced exacerbations and
requirements for oral corticosteroids yet did not improve
symptoms or AHR (23, 27). This observation suggests that
blockade of individual cytokines may only provide clinical
benefit in carefully selected patients.

Several proinflammatory cytokines have been implicated in
allergic diseases, including IL-1f, IL-6, TNF-o, and GM-CSF,
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which are released from a variety of cells, including macro-
phages and epithelial cells, and may be important in amplify-
ing the allergic inflammatory response. Although there is
persuasive evidence that TNF-o0 may be important in patients
with severe asthma and small clinical studies with anti-TNF-o
therapies had been promising, a large placebo-controlled trial
of an anti-TNF antibody (golimumab) in severe asthma
showed no overall benefit (82). However, it is possible that
there are some responders, and there was a suggestion that
patients with greater bronchodilator reversibility showed a
reduction in exacerbations. IL-17 is also increased in severe
asthma (36), but anti-IL-17 antibodies have not yet been
tested in asthma patients.

Interest has now focused on upstream regulatory cytokines
in the pathogenesis of asthma, as it is considered that they
may have greater therapeutic potential. Thymic stromal lym-
phopoietin (TSLP) is an upstream IL-7-like cytokine that may
initiate and propagate allergic immune responses and plays an
important role in immune responses to helminths (83). TSLP
is produced predominantly by airways and nasal epithelial
cells and by skin keratinocytes, and TSLP stimulates immature
myeloid dendritic cells, which express the heterodimeric TSLP
receptor to differentiate into mature dendritic cells (Fig. 4).
TSLP-activated DCs promote naive CD4 " T cells to differentiate
into a Th2 phenotype and promote the expansion of Th2
memory cells through the release of Th2 chemotactic cyto-

kines CCL17 and CCL22 and expression of the costimulatory

Mast cell

B lymphocyte

Eosinophil

Fig. 4. Thymic stromal lymphopoietin (TSLP). TSLP is an upstream
cytokine produced by epithelial cells/keratinocytes and mast cells that
acts on immature dendritic cells to mature and release CCL17, which
attracts Th2 cells via CCR4. Th2, T-helper 2; CCL, chemokine; CCR,
chemokine receptor.
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molecule OX40 ligand. In addition, TSLP suppresses the IL-12
p40 receptor in DCs and, by suppressing Th1 responses, fur-
ther enhances Th2 responses. TSLP also promotes allergic
inflammation by promoting the differentiation and IL-4 tran-
scription in Th2 cells, the production of IL-13 from mast cells,
by recruiting eosinophils and by amplifying responses of
basophils (84). TSLP may therefore plays a pivotal role in the
initiation of allergic asthma, rhinitis, and atopic dermatitis. It
is highly expressed in the airways of asthmatic patients, and
its expression is correlated with disease severity and the
expression of CCL17 (85). TSLP is also expressed in epithelial
cell of patients with allergic rhinitis (86) and atopic dermati-
tis. Overexpression of TSLP in skin keratinocytes of mice
amplifies the inflammatory response of inhaled allergen in
sensitized animals, thus providing a mechanism for the ‘aller-
gic march’, whereby atopic dermatitis commonly precedes
the development of asthma in children (87).

IL-25 (IL-17E) is a member of the IL-17 family of cytokines
and induces allergic inflammation through increased produc-
tion of Th2 cytokines. Although originally shown to be pro-
duced by Th2 cells it is now known to be released from many
different cells, including mast cells, basophils, eosinophils,
macrophages, and epithelial cells (88). Blocking IL-25 is
effective in animal models of allergic disease and blocking
antibodies are now in clinical development.

IL-33 is another upstream cytokine and a member of the IL-
1 family of cytokines, which is unusual in its localization
within the nucleus where it may regulate chromatin structure
and gene expression (89). It appears to be released only on
damage to epithelial or endothelial cells and may act as an
alarmin and is constitutively expressed at mucosal surfaces,
such as the airways. It signals through a receptor ST2 that acti-
vates NF-kB and MAPK pathways. Its relevance to allergic
inflammation is that it enhances Th2 cell function, leading to
eosinophilia, mast-cell activation, and mucus hypersecretion,
and thus may act as a bridge between innate and adaptive
immunity in allergic inflammation. It also directly activates
eosinophils, mast cells, epithelial cells, and DCs (90). It
appears to switch alveolar macrophages to the alternatively
activated form (M2) that has been found in animal models of
asthma with increased secretion of CCL17 (91), although
whether this is relevant to human allergic disease is uncertain.
IL-33 shows increased expression in airway epithelium of
asthmatic patients, and this is related to disease severity (92).
IL-33 is increased in the skin of patients with atopic dermatitis
and is released into the circulation during as well as mediating
anaphylactic shock (93). IL-33 is expressed in mast cells after

activation through IgE receptors and also activates mast cells,
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providing a means of maintaining mast-cell activation (94).
Antibodies that block IL-33 or ST2 are now in clinical devel-

opment.

Chemokines

Many chemokines are involved in the recruitment of inflam-
matory cells in allergic diseases and work through G-protein
coupled receptors from which small molecule inhibitors have
now been developed (79, 95). Chemokines appear to act in
sequence in determining the final inflammatory response, and
so inhibitors may be more or less effective depending on the
kinetics of the response (96). Chemokines, such as CCLI11,
CCL24, CCL28, CCL5, and CCL13, that are chemotactic for eo-
sinophils activate a single receptor CCR3, so blocking this
receptor with small molecule antagonist was an attractive
approach to treating allergic diseases (97). Several selective
CCR3 antagonists have failed in toxicology testing. Other
chemokine receptors are now being targeted, including CCR4,

which is expressed predominantly on Th2 cells (98).

Oxidative stress

As in all inflammatory diseases, there is increased oxidative
stress in allergic inflammation, as activated inflammatory cells,
such as macrophages, eosinophils, and neutrophils, produce
reactive oxygen species. Evidence for increased oxidative stress
in asthma is provided by the increased concentrations of 8-
isoprostane (a product of oxidized arachidonic acid) in
exhaled breath condensates (99) and increased ethane (a
product of oxidative lipid peroxidation) in exhaled breath of
asthmatic patients (100). There is also persuasive epidemio-
logical evidence that a low dietary intake of antioxidants is
linked to an increased prevalence of asthma (101). Increased
oxidative stress is related to disease severity and may amplify
the inflammatory response and reduce responsiveness to corti-
costeroids, particularly in severe disease and during exacerba-
tions (101).

Nitric oxide

Nitric oxide (NO) is produced by several cells in the airway
by NO synthases (102, 103). NO is a potent vasodilator and
may be a key mediator of vasodilatation in allergic inflamma-
tion. The level of NO in the exhaled air of patients with
asthma is higher than the level of NO in the exhaled air of
normal subjects and is increased further during the late
response to inhaled allergen (104). NO production is also

increased in allergic rhinitis (105). Measurement of exhaled
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NO in asthma is increasingly used as a non-invasive way of
monitoring the inflammatory process (106). The increased
NO in asthma is derived mainly from increased expression of
inducible NO synthase (NOS2) in airway epithelial cells and is
normalized by selective inhibitors of NOS2 (107, 108).
Exhaled NO measurements are less useful in rhinitis, as the
local production of NO by the nasal mucosa is diluted by the
high NO production from paranasal sinuses (109).

Purines

Purines are now recognized to be important mediators of
allergic inflammation. Adenosine causes bronchoconstriction
by activating A,y receptors on mast cells and adenosine recep-
tors are a target for new drugs (110). Recently there has been
greater interest in adenosine triphosphate (ATP) as a mediator
of allergic disease through signaling of P2X receptors (ion
channels) and P2Y receptors (metabolic). ATP acts as a danger
signal that alerts the immune system to tissue damage. ATP is
released by danger signals such as oxidative stress. ATP,
mainly acting via P2X; receptors, enhances the chemotaxis
and activation of mast cells, eosinophils and T cells, but
induces apoptosis of Tregs, thus enhancing allergic inflamma-
tion (111). ATP also activates DCs and is increased in bronc-
hoalveolar lavage of asthmatic patients after allergen challenge
(112). ATP is also a potent stimulus of mucus secretion and
activation of sensory nerves. Inhaled ATP causes bronchocon-
striction, cough, and dyspnea in asthmatic patients (113).
ATP activates P2X; receptors, which associate with pannexin-
1, leading to activation of the NALP3 inflammasome, resulting
in cleavage of the precursors of IL-1f, IL-18, and IL-33 by

caspase-1 to release these cytokines (114).

Structural cells

Although infiltrating and resident inflammatory and immune
cells are important source of inflammatory mediators, it is
now apparent that structural cells in the airways and skin play
a critical role in the secretion of inflammatory mediators and
in maintaining chronic allergic inflammation. Perhaps the
most important structural cells are epithelial cells of the air-
ways and skin, which express a wide variety of inflammatory
mediators in allergic disease. There are important interactions
between epithelial cells and DCs, with the release of key medi-
ators such as granulocyte-macrophage colony stimulating fac-
tor (GM-CSF), TSLP, IL-25, and IL-33, which promote a Th2
bias in DC precursors (13). In addition, contact between epi-
thelial cells and DCs may involve OX40 ligand and OX40,

which also drives a Th2 bias. Surface epithelial cells interact
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directly with the environment and may be activated by patho-
gens and endotoxin through various pattern recognition
receptors, such as Toll-like receptors (TLRs), thus enhancing
or triggering an allergic response. Mechanical factors may also
be important in releasing inflammatory mediators from epi-
thelial cells (115). For example, compressive forces acting on
airway epithelial cells release growth factors, fibrogenic medi-
ators, and inflammatory mediators. Epithelial cells appear to
be fragile in asthma and are easily shed as the intercellular
connections are weak. This may be an aspect of failure to
repair the structural changes that are a consequence of allergic
inflammation in the airway. However, these epithelial changes
that are prominent in asthma are not described in rhinitis or
atopic dermatitis, indicating that epithelial cells at different

anatomical sites may show different responses.

Airway smooth muscle

Airway smooth muscle cells play a key role in airway narrow-
ing in asthma, and bronchoconstriction results mainly from
the release of bronchoconstrictor mediators from mast cells,
including histamine, cys-LTs, and PGD,. But airway smooth
muscle mass is increased in asthma through hyperplasia and
hypertrophy as a result of various growth factors released
from airway epithelial and inflammatory cells. This is particu-
larly pronounced in severe asthma, and there is evidence for a
marked increase in proliferation in patients with severe
asthma (116). Airway smooth muscle cells also release multi-
ple inflammatory mediators and growth factors and are likely
to be an important source of these mediators in the airways.
However, it is not certain whether these abnormal smooth
muscle cells have altered contractility or response to bron-
chodilators. The thickened smooth muscle is space occupying
and may show a poor relaxation response, thus contributing
to the irreversible airway narrowing in severe asthma. Never-
theless, selective removal of airway smooth muscle cells by
bronchial thermoplasty has rather small effects on airway
physiology, perhaps because peripheral airways beyond the
reach of the bronchoscope are more important in severe dis-
ease (117).

Fibroblasts

The role of fibroblasts in allergic inflammation appears to
depend on the site and therefore the nature of the fibroblast.
This has been studied most carefully in asthma where there is
evidence for subepithelial fibrosis in most patients, which
may be due to the activity of myofibroblasts, fibroblasts,
or infiltrating fibrocytes (118, 119). TGF-f may play an
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important role in mediating airway fibrosis (25). Myofibro-
blasts may migrate from airway smooth muscle toward the
airway surface, but the origin of these cells is not certain. Eo-
sinophils may be important in activating fibroblasts/myofi-
broblasts, and subepithelial fibrosis is seen in eosinophil
bronchitis as well as in asthma (26). This is underlined by the
demonstration that eosinophilic esophagitis is associated with
marked fibrosis (120).

Blood vessels

All allergic diseases are characterized by vasodilatation, which
is a key component of the inflammatory response. Vasodila-
tion is often accompanied by microvascular leakage from
postcapillary venules, resulting in plasma exudation and local
edema, which is prominent in allergic rhinitis but also is seen
in asthma and atopic dermatitis. It is most directly observed in
the skin, where allergen injection in atopic individuals causes
a wheal and flare response. Many mediators directly relax vas-
cular smooth muscle or release NO, a potent vasodilator.
Other mediators may also cause plasma leakage and some
mediators, such as histamine, PGD, and cys-LTs cause both
(121). Airway blood flow can be measured non-invasively by
the inhalation of soluble gases, such as acetylene, and is
increased in asthma and correlated with increase breath tem-
perature and exhaled NO concentrations (122). In asthma
there is evidence for increased angiogenesis and this is corre-
lated with increased production of vascular endothelial
growth factor (VEGF) (123, 124). The role of angiogenesis in

other allergic diseases is less certain.

Mucus hypersecretion

Mucus hypersecretion is a prominent feature of allergic
inflammation at mucosal surfaces. Mucus secretion is part of
the innate response of the respiratory trace and increased
mucus secretion from goblet cells in the epithelium and sub-
mucosal glands is a prominent feature of the allergic inflam-
matory response. Several inflammatory mediators stimulate
mucus secretion and cause goblet cell hyperplasia (125).
Mucous plugging in asthma is due to an interaction of mucus
glycoproteins (MUCSAC, MUC5B) with exuded plasma pro-
teins and is commonly seen in the airways of patients with
fatal asthma. Th2 cytokines stimulate goblet cell hyperplasia
and secretion, linking this response to allergic inflammation.
IL-13 is the most potent cytokine that stimulates MUCS5AC
and MUCB transcription and acts via IL-4Rol, which activates
Jak1l and STAT6. STAT6 then switches on MUC genes and

causes mucus hyperplasia via a transcription factor SAM-
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pointed domain-containing Ets-like factor (SPDEF) (126).
Other cytokines, including IL-4, IL-9, IL-17, and IL25, also
act at least in part via IL-13. The most potent stimulant of
mucus secretion is ATP, which acts on P2Y,-receptors on gob-
let cells (127). Epithelial growth factor receptors (EGFRs) also
regulate mucus hypersecretion and may be activated via its
ligand TGF-al and indirectly by oxidative stress and by various
proteinases, including neutrophil elastase and MMP9 (128).

Neural mechanisms

Neural mechanisms play an important role in the pathophysi-
ology of allergic diseases, and there is a complex interplay
between allergic inflammation and neural effects. Autonomic
nervous control of the airways is complex; in addition to clas-
sical cholinergic and adrenergic mechanisms, non-adrenergic
non-cholinergic (NANC) nerves and several neuropeptides
have been identified in the nerves of the upper and lower
respiratory tracts (129, 130). Several inflammatory mediators
may act on prejunctional receptors on airway nerves to modu-
late the release of neurotransmitters. Thus, thromboxane and
PGD, facilitate the release of acetylcholine from cholinergic
nerves in canine airways, whereas histamine inhibits choliner-
gic neurotransmission at both parasympathetic ganglia and

postganglionic nerves via histamine Hs-receptors.

Sensory nerves

Sensory nerves in the respiratory tract and skin play a key role
in producing cough, sneezing, and itch, which are prominent
symptoms of allergic disease. Inflammatory mediators may
activate sensory nerves to produce these symptoms and may
also initiate reflex effects. For example, bradykinin, histamine,
and protons (acidity) are potent activators of unmyelinated
C-fibers and produce coughing and sneezing when applied
locally to the mucosal surface but also activate reflex effects,
such as bronchoconstriction and mucus secretion via choliner-
gic neural pathways. Several inflammatory mediators, includ-
ing PGE,, bradykinin, and neurotrophins also sensitize
sensory nerve endings in the airway epithelium or skin
(hyperalgesia), so that the nerves become more easily acti-
vated by other stimuli or by stimuli that would not normally
elicit any effects. Airway sensory nerves may also be involved
in AHR, and one reason why animal models of asthma fail to
show the high degree of AHR compared to human asthma is
that the animals are usually anesthetized so that the sensory
nerve component is absent. Transient potential receptor Al
(TRPA1) ion channels play a key role in the nociception in the

airways and skin and may be activated by various irritants to
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produce coughing, sneezing, and itching. TRPA1 expression
is increased in asthma and with inflammatory cytokines,
whereas blocking TRPA1 by gene deletion or a selective inhib-
itor reduces AHR and airway inflammation in a murine model
of asthma (131).

Neuropeptides and neurogenic inflammation

Airway nerves may also release neurotransmitters that have
proinflammatory effects. Thus, neuropeptides such as sub-
stance P (SP), neurokinin A, and calcitonin gene-related pep-
tide (CGRP) may be released from sensitized inflammatory
nerves in the airways or skin to increase and extend the ongo-
ing inflammatory response (Fig. 5). There may also be a
reduction in the activity of enzymes, such as neutral endopep-
tidase, that degrade neuropeptides like SP. The role of neuro-
genic inflammation, either via a classical axon reflex with
antidromic release of neuropeptides from sensory nerve end-
ings or from other nerves via a neural reflex pathway, is
uncertain. It has been difficult to demonstrate the presence of
neurogenic inflammation in the lower airways, but there is
good evidence that it may be important in the nasal mucosa
and skin (132, 133). Sensory nerves may be very closely asso-
ciated physically with inflammatory cells, including mast cells
and eosinophils. Neuropeptides released from sensory nerves
in the skin may cause vasodilatation through the release of
CGRP and mast-cell degranulation via the release of SP. Neuro-
peptides may also be released from inflammatory and struc-
tural cells involved in allergic diseases, and neuropeptide
receptors may be expressed on inflammatory cells, so that the
boundaries between neural and inflammatory cells has
become less distinct. For example, during the late skin
response to allergen, there is an infiltration of neutrophils
expressing the sensory neuropeptide CGRP, which is a potent
vasodilator (134).

Inflammatory mediators
Neurotrophins

TRPA1

Neuropeptides (SP, CGRP)

Inflammato
i Neurogenic inflammation

cells

Sensory nerves

Fig. 5. Neural mechanism in asthma. There is a close interaction
between asthmatic inflammation and neural mechanisms. SP, substance
P; CGRP, calcitonin gene-related peptide; TRPA1, transient receptor
potential Al ion channel.
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Neurotrophins

The role of neurotrophins in allergic diseases is increasingly
recognized (135-137). Nerve growth factor (NGF), brain-
derived neurotrophic factor, and neurotrophins 3 and 4/5 are
nerve-related cytokines that play an important role in the
function, proliferation, and survival of autonomic nerves. In
sensory nerves, neurotrophins increase responsiveness and
may also promote the expression of tachykinins. Neurotro-
phins may be produced by inflammatory cells, such as mast
cells, lymphocytes, macrophages, and eosinophils, as well as
structural cells, such as epithelial cells, fibroblasts, keratino-
cytes, and airway smooth muscle cells (138). Although neuro-
trophins have predominant effects on neuronal cells they may
also act as growth factors for inflammatory cells, such as mast
cells, as well as increasing chemotaxis and survival of eosin-
ophils (139). NGF induces AHR in various animal models of
asthma, including guinea pig, mice, and rats, and this is
blocked by antibodies to NGF or its receptor TrkA (135, 140).
In guinea pig, NGF enhances AHR by increasing the release of
SP from sensory nerves (141) and increases sensory nerve
activation (139). The role of neurotrophins in human allergic
diseases is uncertain. However, NGF levels are increased in
bronchoalveolar lavage fluid of asthmatic patients and there is

a further increase after allergen challenge (142).

Stress and allergic inflammation

Psychological or social stress is a well known exacerbating fac-
tor in allergic diseases, especially asthma and atopic dermati-
tis, and may be explained by neuroimmune interactions
(143). However, the mechanisms are far from clear. Activa-
tion of neuroendocrine and the sympathetic nervous system
through cortisol and catecholamines secretion may influence
the immune system, tipping the balance in favor of Th2
responses by reducing IL-12 release (144, 145). The increase
in endogenous cortisol might be expected to benefit allergic
disease since corticosteroids are highly effective in therapy,
but it is possible that chronic stress induces a state of cortico-
steroid resistance (146). In a murine model of chronic
psychosocial stress, there was a delay in resolution of inhaled
allergen-induced lung inflammation in sensitized animals
with increased Th2 cytokines. This was associated with in vitro
evidence of a reduced anti-inflammatory response to cortico-
sterone, suggesting that chronic stress may induce corticoste-
roid resistance (147). AHR has also demonstrated with
psychological stress in other allergen-sensitized animal models

(148). The fact that psychological factors may increase allergic
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inflammation suggests that there may be psychological
approaches to alleviating allergic diseases. The interaction
between the central nervous system and allergic inflammation
suggests that psychological treatments or alternative therapies,
such as hypnotism and acupuncture, may provide clinical ben-
efit, although this has yet to be demonstrated convincingly in
controlled trials (149).

Transcription factors

The inflammation of asthma, allergic rhinitis, and atopic der-
matitis is due to increased expression of multiple inflamma-
tory proteins (cytokines, adhesion

enzymes, receptors ,

molecules), which are regulated by transcription factors
(150). Many transcription factors have now been implicated
in the pathophysiology of allergic disease and have been con-
sidered as potential targets for new anti-inflammatory thera-
pies. Proinflammatory transcription factors are involved in the
regulation of multiple inflammatory genes and are activated in
all inflammatory diseases; they probably play an important

role in amplifying and perpetuating inflammation.

NF-kB

NF-kB can be activated by multiple stimuli, including aller-
gens (151). NF-xB is activated in asthmatic airways, particu-
larly in epithelial cells and macrophages (152), and regulates
the expression of several key genes that are overexpressed in
asthmatic airways, including proinflammatory cytokines
(IL-1B, IL-6, TNF-o, GM-CSF), chemokines (CCL1, CCL5,
CCL11, CCL17, CCL22), (ICAM-1,

VCAM-1), and inflammatory enzymes (cyclooxygenase-2 and

adhesion molecules

NOS2). There is a common mechanism for inflammatory
gene activation that involves activation of co-activator mole-
cules by proinflammatory transcription factors, such as NF-
kB, at the start site of transcription to induce acetylation of
core histones, around which DNA is wound in the chromo-
some. This unwinds DNA, opening up the chromatin struc-
154).

Activated inflammatory genes are then switched off by the

ture, and allows gene transcription to proceed (153,

nuclear enzyme histone deacetylase-2 (HDAC2), which is
recruited by activated glucocorticoid receptors to the activated

inflammatory gene complex (155).

T-cell transcription

Other transcription factors have a more specific effect as the
transcript factor is restricted to specific cell types, such as T
cells or epithelial cells. The transcription factor GATA3

(GATA-binding protein 3) is crucial for the differentiation of
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uncommitted naive T cells into Th2 cells, and it also regulates
the secretion of Th2 cytokines (156, 157) (Fig. 6). There is an
increase in the number of GATA3" T cells in the airways of
asthmatic subjects compared with normal subjects (158,
159). Following simultaneous ligation of the T-cell receptor
(TCR) and co-receptor CD28 by APCs, GATA3 is phosphory-
lated and activated by p38 MAPK. Activated GATA3 then
translocates from cytoplasm to nucleus via the nuclear trans-
porter protein importin-o,, where it activates gene transcrip-
tion (160). GATA3 expression in T cells is regulated by the
transcription factor STAT6 (signal transducer and activator of
transcription 6) via IL-4 receptor activation. By contrast, Thl
cells are regulated by T-bet, which regulates the express ion of
IEN-v. T-bet expression is reduced in T cells from the airways
of asthmatic patients compared with non-asthmatic patients
(161). When phosphorylated, T-bet can associate with and
inhibit the function of GATA3, by preventing it from binding
to its DNA target sequences (162). T-bet-deficient mice show
increased expression of GATA3 and production of Th2 cyto-
kines, confirming that T-bet is an important regulator of
GATA3 (161). GATA3 expression is also regulated by IL-27, a
member of the IL-12 family, which downregulates GATA3
expression and upregulates T-bet expression, thereby favoring
the production of Thl-type cytokines, which then act to fur-
ther inhibit GATA3 expression (163). In turn, GATA3 inhibits
the production of Thl-type cytokines by inhibiting STAT4,

IL-27

l

B2 [ﬂam
Th1 cells

\_/
. m —°—> Th2 cells

Th1 cytokines Th2 cytokines
(IL-2, IFN-y) (IL-4, IL-5, IL-9, IL-13)

Allergic inflammatio:n

Fig. 6. GATA-3 in allergic inflammation. The transcription factor
GATA3 (GATA-binding protein 3) is regulated by interleukin-4 (IL-4)
via STAT-6 (signal transducer and activator of transcription 6) and regu-
lates the expression of IL-4, IL-5, IL-9, and IL-13 from T-helper 2 (Th2)
cells and also inhibits the expression of T-bet via inhibition of STAT4. IL-
33 enhances the actions of GATA3. T-bet regulates Th1-cell secretion of
IL-2 and interferon-y (IFN-y) and also has an inhibitory action on
GATA3. T-bet is regulated by IL-12 via STAT4 and by IL-27 via STAT1.
This demonstrates the complex interplay of cytokines and transcription
factors in asthma.

IL-12 IL-4 IL-33
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the major transcription factor activated by the T-bet-inducing
cytokine IL-12 (164). Nuclear factor of activated T cells
(NFAT) is another T-cell-specific transcription factor and
appears to enhance the transcriptional activation of GATA3 at
the IL4 promoter (165). GATA3 nuclear translocation is rap-
idly and potently inhibited by corticosteroids though compe-
tition of the activated glucocorticoid receptor for nuclear
import via importin-o, as well as by induction of MAPK phos-
phatase-1, which inhibits the phosphorylation of GATA3 by
p38 MAPK (166).

Th17 cells are characterized by the expression of the tran-
scription factor retinoic acid orphan receptor-yt (ROR-vt),
whereas Tregs express FoxP3. However, some T cells may
express different T-cell-regulating transcription factors. For
example, a novel type of CD4" cell that co-expresses GATA3
and ROR-vyt and coproduces Th2 cytokines and IL-17 have
been described in mice and might may play a key role in exac-
erbations, when increased eosinophils and neutrophils are
found (167). Interestingly, this new subtype can be induced
by exposing Th2 cells to the proinflammatory cytokines IL-1j3,
IL-6, or IL-21, illustrating the plasticity of T-cell populations.

Jak-STAT

Expression of many of the key cytokines in allergy is regulated
by STAT transcription factors that are activated by Janus-acti-
vated tyrosine kinases (Jaks) (168, 169). IL-4 and IL-13 stim-
ulate Jakl and Jak3 to phosphorylate STAT6, which activates
GATA3 resulting in Th2 differentiation and cytokine expres-
sion. IL-12 activates Jak2 and Tyk2 to phosphorylate STAT4,
which activates T-bet to drive differentiation into Th1 cells, so
the balance between STAT4 and STAT6 plays a key role in
Th-cell differentiation and function. In mice and human
monocytes, IFN-y activates STAT1, which in turn regulates
suppressor of cytokine synthesis-1 (SOCS1) to suppress STAT6
and thus inhibit IL-4 expression. STATS appears to play an
important signaling role in mast cells and mediates effects of
IgE receptors and c-kit on proliferation, survival, and mediator
release (170). The TSLP receptor signals through activation of
STAT1, STAT3, and STATS via the activation of Jakl and Jak2
(171). Several Jak inhibitors are now in development as
immunomodulators to interfere with these Jak-STAT signaling
pathways in allergic diseases (169). SOCS proteins may also
be important therapeutic targets in allergy (172).

Epigenetic regulation

Epigenetic changes include post-translational modification of

histones (acetylation, methylation, phosphorylation, ubiqui-
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tination), small RNAs, and DNA methylation, all of which
may alter the expression of genes involved in allergic inflam-
mation (154, 173). Methylation of cytosine residues at CpG
dinucleotide sequences in DNA may result in gene suppres-
sion, and these changes are long lasting and are involved in
cell differentiation and may be heritable. Differentiation of
naive T cells into Th1 cells is associated with methylation of
the promoter region of IL4, whereas Th2 differentiation is
associated with demethylation of this region (174). Deme-
thylation of IL4 and ILI3 allows binding of STAT6 and
GATA3, whereas Thl differentiation is also associated with
demethylation of the IFNG gene and the binding of T-bet.
Similar mechanisms may regulate the expression of Th2 cyto-
kine genes in other cells, such as mast cells. In Tregs, the
promoter region of FOXP3 becomes demethylated and there-
fore activated (175). DNA methylation may be affected by
environmental influences, such as diet. In mice fed with a
diet rich in folate (a methyl donor), there was increased
allergic inflammation, IgE and AHR in the progeny associated
with increased methylation and suppression of a RUNX3, a
gene associated with suppression of IL4 and activation of
FOXP3 (176).

Acetylation of core histones plays an important role in the
regulation of inflammatory genes through the NF-kB-acti-
vated acetyltransferase activity of coactivator molecules such
as CREB-binding protein, p300, and PCAF, which result in
hyperacetylation of histones and unwinding of DNA so that
RNA polymerase 2 binding may occur leading to gene tran-
scription (153, 177). This is reversed by HDACs, particularly
HDAC2. In bronchial biopsies of asthmatic patients, there is
evidence for increased histone acetyltransferase activity and
reduced HDAC activity, thus favoring increased inflammatory
gene transcription (178). HDAC activity is reduced in mono-
cytes and macrophages from patients with severe asthma and
associated with increased inflammatory gene expression (179,
180).

MicroRNAs are small single stranded non-coding RNAs that
may influence the expression of groups of genes by repression
of their translation. For example, selective blockade of miR-
126 suppresses the Th2 response in sensitized mice by inhibit-
ing GATA3 expression (181).

Anti-inflammatory mechanisms in allergy

Although most emphasis has been placed on inflammatory
mechanisms in allergy, there are endogenous anti-inflamma-
tory mechanisms that may be defective in allergic diseases,

resulting in increased inflammatory responses (Fig. 7).
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Fig. 7. Anti-inflammatory mediators in asthma. There may be an
imbalance between increased proinflammatory mediators and a defi-
ciency in anti-inflammatory mediators. IL, interleukin; IL-1ra, interleu-
kin-1 receptor antagonist; IFN-vy, interferon y; PGE,, prostaglandin E,.

Cortisol

Endogenous cortisol may be important as a regulator of the
allergic inflammatory response, and nocturnal exacerbation of
asthma may be related to the circadian fall in plasma cortisol.
Blockade of endogenous cortisol secretion by metyrapone
results in an increase in the late response to allergen in the
skin (182). Cortisol is converted to the inactive cortisone by
the enzyme 11B-hydroxysteroid dehydrogenase-2, which is
expressed in the epithelium and endothelium of asthmatic air-
ways and may be a determinant of corticosteroid sensitivity
(183). It is possible that this enzyme functions abnormally in

asthma or may determine the severity of asthma.

Inhibitory cytokines

Various cytokines have anti-inflammatory actions (184). IL-1
receptor antagonist (IL-1ra) inhibits the binding of IL-1 to its
receptors and therefore has a potential anti-inflammatory
effects. In a murine model of allergic asthma adenovirus
expressing IL-1ra has a protective effect (185). There is
increased expression if IL-1ra in airway epithelial cells in
asthma (186).

IL-12 promotes the differentiation of Th1 cells and thus the
suppression of Th2 cells, resulting in a reduction in eosino-
philic inflammation (187). IL-12 infusions in patients with
asthma indeed inhibit peripheral blood eosinophilia (188).
There is some evidence that IL-12 expression may be impaired
in asthma (189). IL-27 is a member of the IL-12 family that
promotes Th1 cell differentiation through a STAT1-dependent
mechanism independently of IL-12 (190). It is produced by

activated APCs and enhances Thl function by downregulating
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GATA3 expression and upregulating T-bet expression, thereby
favoring the production of Thl-type cytokines, which then
act to further inhibit GATA3 expression (163).

IL-10 is a potent anti-inflammatory cytokine that inhibits the
synthesis of many inflammatory proteins, including several
cytokines (such as TNF-o,, GM-CSF, IL-5, and several chemokin-
es) that are overexpressed in allergic disease and also inhibits
antigen presentation (191). There is a reduction in IL10 tran-
scription and secretion from macrophages in individuals who
have asthma (192). IL-10 is produced by a subset of Tregs and
by macrophages (193). Specific allergen immunotherapy results
in increased production of IL-10-producing Tregs (194). Sev-
eral cytokines belong to the IL-10 superfamily, including IL-19,
1L-22,10-24, IL-26, IL-28, and IL-29, and have immunomodu-
latory or anti-infective properties, but how they are involved in

allergicinflammation hasnot yet been defined (195).

Lipid anti-inflammatory mediators

Several lipid mediators may also have anti-inflammatory and
immunosuppressive effects. PGE, has inhibitory effects on
macrophages, epithelial cells, and eosinophils, and exogenous
PGE, inhibits allergen-induced airway responses, and its
endogenous generation may account for the refractory period
after exercise challenge (196). However, it is unlikely that
endogenous PGE, is important in most asthmatics, since non-
selective COX inhibitors only worsen asthma in a minority of
patients (aspirin-induced asthma).

Lipoxins are generated from arachidonic acid through cell-
cell interaction via 5- and 15-lipoxygenase and inhibit the
action of cys-LTs (197). Lipoxins are generated in asthma but
are reduced in aspirin-sensitive and severe asthma (198).
Resolvins are related anti-inflammatory lipids molecules that
are generated from omega-3 fatty acids in the diet that are
involved in the resolution of acute inflammation. In a murine
model, resolvin E; promotes the resolution of allergic inflam-
mation through inhibiting the effects of IL-23 and IL-6, which
drive Th17 cells (199), and promotes the resolution of aller-
gic inflammation (200). Protectins are related lipid mediators
that are involved in the resolution of inflammation. Protectin
D, accelerates the resolution of allergic inflammation in a
murine model (201). Protectin D; is found in the exhaled
breath condensate of normal subjects, but is reduced during

exacerbations of asthma.

Indoleamine 2, 3-dioxygenase

Indoleamine 2, 3-dioxygenase (IDO), a tryptophan-degrad-

ing enzyme, is an important T-cell immunomodulator that

© 2011 John Wiley & Sons A/S @ Immunological Reviews 242/2011



promotes immunological tolerance (202). IDO expression
by DCs may suppress T-cell responses and promote toler-
ance to allergens through direct effects on T-cell function,
which are mediated by tryptophan depletion, or toxic
metabolites. IDO inhibits eosinophilic inflammation in mur-
ine models of asthma. IDO activity is reduced in asthma
and restored by corticosteroid therapy through increased
IL-10 secretion (203) and is reduced in DCs of house dust
mite sensitive subjects by the allergen Der pl (204). Inter-
estingly, statins enhance the anti-inflammatory effects of
corticosteroids in asthma through increasing IDO activity
(205).

Therapeutic implications

Allergic inflammation is complex, involving many cells and
mediators, as discussed above. This has identified many thera-
peutic targets. However, targeting individual mediators (such

as individual cytokines) or cell types (such as eosinophils) is
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unlikely to produce very effective therapies for allergic dis-
eases, suggesting that treatments with a broader spectrum of
action are needed. Corticosteroids are highly effective in treat-
ing allergic diseases and when applied topically largely avoid
systemic side effects. Corticosteroids are effective, as they have
multiple anti-inflammatory effects, including recruitment of
HDAC2 to switch off activated inflammatory genes (155) and
inhibition of GATA3 activity (166). It has proved very difficult
to develop new therapies for asthma and other allergic disease
that are as effective as corticosteroids (206). Specific immuno-
therapy may be effective when specific allergens are involved,
and major progress has been made in understanding the cellu-
lar and molecular mechanisms so that more effective immu-
notherapy may be available in the future through enhancing
Treg function (21). The recognition that epigenetic factors are
likely to be important in regulating the inflammatory genes
involved in allergic disease has also suggested that this may

lead to new therapeutic approaches in the future (207, 208).
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