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Abstract

Deeper insight into pathogenetic pathways and into the biological effects of

immunomodulatory agents will help to optimize or adopt therapeutic strategies

for atopic disorders. In this article, we highlight selected findings of potential

therapeutic relevance that emerged from recent mechanistic studies with focus on

molecular and cellular aspects of allergic inflammation. Furthermore, the often

complex mechanisms of action of pleiotropic immunomodulatory agents, such as

glucocorticoids, vitamin D, or intravenous immunoglobulin (IVIG), are discussed,

as their dissection might reveal targets for novel therapeutics or lead to a more

rational use of these compounds. Besides reporting novel evidence, this article

points to areas of current debate or uncertainty and aims at stimulating scientific

discussion and experimental work.

Clinicians and scientists working in the field of allergy experi-

ence a rapidly growing body of original articles on specific

aspects of allergic disease. Here, we highlight recent mecha-

nistic insights that reveal potential targets for therapy or may

lead to a more rational use of distinct therapeutic agents.

Novel therapeutic strategies for atopic diseases may be

derived not only from the analysis of molecular and cellular

processes in allergic inflammation, but also from a better

understanding of the mode of action of therapeutic com-

pounds used in daily practice or tested in clinical trials. While

pleiotropic agents, such as glucocorticoids, vitamin D, or

intravenous immunoglobulin (IVIG), act in manifold and

often complex ways, careful dissection of their molecular

mechanisms of action may lead to the identification of poten-

tial drug targets or reveal pathogenetic differences between

specific patient subgroups (e.g., genetic polymorphisms). For

more comprehensive and in-depth information on specific

topics, we refer to the abundant body of timely and excellent

review articles in the field. In the present article, areas of sci-

entific uncertainty or debate are also discussed, as the identi-

fication of today’s gaps of knowledge and the awareness of

methodological limitations are mandatory for goal-directed

research and the improvement in therapeutic strategies for

atopic disorders.

The allergic effector unit (AEU)

Allergic inflammation is a complex multiphase response that

is characterized by an early-phase reaction typically initiated

upon allergen-mediated activation of mast cells and the con-

sequent recruitment of circulating inflammatory leukocytes,

in particular eosinophils, leading to the late-phase reaction.

Mast cells and eosinophils are recognized as the dominating

cells in allergic inflammation and given that both cells

co-exist in the inflamed tissue during the late-phase or

chronic stage of allergic inflammation, a cross-talk between

them is a likely scenario to take place (1). This key mast cell-

eosinophil interplay, that is, both based on secreted media-

tors and on ligand-receptor interactions (Fig. 1), has been

designated as the allergic effector unit (AEU) and may play a

central role in maintaining allergic inflammation (2). Physical

associations between mast cells and eosinophils were found

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Allergy



in inflamed tissue sections, such as human nasal polyps and

asthmatic bronchi, as well as mice skin with atopic dermatitis

(2). Despite the observation of such conjugates in situ, the

exact role of mast cell–eosinophil interactions in allergen-

induced allergic disorders or atopic dermatitis remains to be

explored. Notably, it was reported that both resting and acti-

vated mast cells enhance and maintain the survival of eosin-

ophils by soluble mediators, such as granulocyte-macrophage

colony-stimulating factor (GM-CSF), but more significantly

by direct physical contact via the CD2-like receptors CD48

and 2B4. Remarkably, this increase in eosinophil viability

was even seen in dexamethasone-treated eosinophils in cocul-

ture with mast cells. Therefore, mast cell-mediated eosinophil

survival is likely to contribute to the persistence of late-phase

or chronic aspects of disease, such as maintained inflamma-

tion, tissue remodeling, and angiogenesis, and may offer a

possible explanation of the anti-IL-5 therapy failure to elimi-

nate eosinophils from asthmatic airways (2). In a further

study, a bidirectional activation of both cells was reported

(3). Eosinophils augmented mast cells’ mediator release, as

shown in b-hexosaminidase and tryptase release assays,

through the CD48-2B4 interaction. Similarly, mast cells also

enhanced eosinophils’ degranulation as assessed by eosinophil

peroxidase (EPO) secretion; however, this event was indepen-

dent of CD48-2B4 contact. Additionally, an upregulation in

the expression of intercellular adhesion molecule (ICAM)-1

on eosinophils was also seen during long-term full-contact

AEU cocultures; as well as an increased phosphorylation of

activatory signaling molecules, and a high release of the pro-

inflammatory cytokine tumor necrosis factor (TNF)-a, likely
contributing to the Th2 polarization in allergy (3). Therefore,

an outstanding, yet nonsymmetrical function of the CD48-

2B4 interaction is shown to be key within the AEU cross-talk

(3). Most recently, it was shown that eosinophil major basic

protein (MBP)1 induces activation of fibroblast-derived mem-

brane (FBM)-primed mast cells (4). MBP1-induced mast cell

activation was partially mediated by MBP1-b1 interaction on

the mast cell surface and involved signaling by src-kinase

Hck. Leukotrienes released by mast cells (5) and eosinophils

(6) might also contribute to the AEU bidirectional activation

(3), as both cell types express leukotriene receptors (7). More-

over, these lipid mediators could enhance the persistence of

allergic responses, as they are known to trigger airway

inflammation, bronchoconstriction, and tissue remodeling in

asthma (8). Altogether, these findings point toward a mast

cell–eosinophil AEU that enhances activation in both cells

1. IgE-mediated activation

2. Chemotaxis

3. Bidirectional cross-talk in the AEU
Mast cell

Eosinophil

TNF-α

NGF

EPO

Tryptase

Histamine

MBP
ECP SCF

Figure 1 Bidirectional cross-talk in the allergic effector unit (AEU).

1. IgE-mediated activation of mast cells by bound allergen (early

phase). 2. Chemotaxis of eosinophils to the site of allergic inflam-

mation. 3. Bidirectional cross-talk and activation between mast

cells and eosinophils as AEU (late phase or chronic stage), involving

both released mediators and surface receptors (e.g., 2B4-CD48

interaction). Illustration by Aldona von Gunten.
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via soluble or physical factors and thus may contribute to

the persistence of the allergic inflammatory reaction (3).

Basophils as amplifiers of allergic inflammation

Recent development of analytical tools (e.g., specific identifi-

cation markers, basophil-deficient animal models, in vitro dif-

ferentiation of mouse basophils) has considerably augmented

the number of studies on basophils and revealed some unac-

knowledged roles for the basophils (9). For example, apart

from their involvement in IgE-mediated allergic reaction and

their protective role against parasites, it has been suggested

that basophils may be acting as antigen-presenting cells

(APCs) and induce or amplify Th2 responses (10, 11),

although these aspects of basophil biology still remain a mat-

ter of debate (12–15). While evidence derived from animal

models has revealed novel mechanistic aspects, the role of

basophils in human allergen-induced disorders or in atopic

dermatitis remains to be further elucidated.

Basophils are often recruited to the affected tissue in aller-

gic disorders such as asthma, rhinitis, and atopic dermatitis

(9, 16). Basophil recruitment and tissue accumulation might

involve mast cell-derived prostaglandin D2 (PGD2), as it

may act as a chemotactic factor for prostaglandin D2 recep-

tor CRTH2-expressing cells, including basophils, Th2 lym-

phocytes, and eosinophils (11). It has recently been suggested

that basophils may contribute to exacerbation of airway

inflammation by viral infection, as treatment with double-

stranded (ds) RNA poly(A:U) increased basophil functions

by inducing Th2-type cytokine and histamine production and

increased peripheral basophil recruitment in vivo (17).

Basophil-mediated aggravation of inflammation and tissue

remodeling might involve the release of TNF-a following

IgE-dependent activation and subsequent stimulation of

monocytes to produce the protease matrix metalloproteinase-

9 (MMP-9) (18).

Strategies aimed at preventing cell recruitment and specific

network interactions are a promising area for the develop-

ment of more effective therapeutics. For example, OC000459,

a CRTH2-antagonist, has been shown to exert beneficial clin-

ical outcomes in patients with allergic rhinoconjunctivitis (19)

and eosinophil esophagitis (20), likely by preventing the acti-

vation and recruitment of CRTH2-positive inflammatory

cells.

Local synthesis of glucocorticoids in peripheral tissues

Although the potent anti-inflammatory effects of local or sys-

temic glucocorticoid (GC) therapy are well appreciated for

the local or systemic treatment for allergic diseases, cortico-

steroid resistance and adverse effects of concurrent or past

GC application remain unresolved issues (21, 22). The molec-

ular mechanisms of steroid resistance are complex and

include genetic variability, defective glucocorticoid receptor

(GR) binding and nuclear translocation, increased expression

of inhibitory GRb, transcription factor activation, abnormal

histone acetylation, or immune mechanisms, such as increased

numbers of Th17 cells that might orchestrate neutrophilic

inflammation (21). To address current challenges of GC

therapy, the molecular mechanisms of GC biology need to be

further elucidated, which might lead to the rational design of

novel therapeutics, such as selective glucocorticoid receptor

modulators (SGRMs) (23, 24).

While endogenous circulating glucocorticoids are mainly

produced by the adrenal gland under control of the hypotha-

lamic–pituitary–adrenal (HPA) axis, accumulating evidence

suggests that extra-adrenal production of glucosteroids in tis-

sues might regulate local immune responses (25–27). Notably,

glucosteroids have also been reported to be locally produced

by several organs affected by allergic diseases, including skin,

intestine, and the lung (25, 26, 28). As a stress response or

following immune cell stimulation active GC can be either

locally produced de novo from cholesterol, or by conversion

of circulatory GC by the enzyme 11b-hydroxysteroid dehy-

drogenase type 1 (11b-HSD1) in a tissue-dependent manner

(25–27). Although the complete GC-synthesizing enzymatic

machinery is expressed in the murine lung, increased levels of

corticosterone after immune cell stimulation are primarily

produced via 11b-HSD1-mediated conversion of inactive

serum dehydro-corticosterone (28). While immune cell activa-

tion by anti-CD3 antibody, lipopolysaccharide (LPS), or

TNF-a induced corticosterone synthesis, ovalbumin-induced

allergic airway inflammation failed to promote lung GC syn-

thesis (28). In analogy, another study showed absence of local

steroid production in Th2 cytokine-mediated colitis, whereas

local GC concentration was substantially increased in Th1-

type colitis (29), suggesting that at least in these experimental

models, Th1- but not Th2-type cytokines are able to induce

local GC synthesis. Other factors may also induce or suppress

local GC synthesis. For instance, 11b-HSD2 is a different

enzyme that solely inactivates endogenous GC and might

counterbalance the local activity of 11b-HSD11b(25).
However, pharmacological induction of local endogenous GC

synthesis (Fig. 2) may have several advantages compared with

current therapy with exogenous GC, especially in terms of

bioavailability and adverse effects (27).

Vitamin D

Recent awareness on the pleiotropic effects of vitamin D,

including immunomodulatory functions, has stimulated a

rapid increase in the number of publications on vitamin D

and atopic diseases (30). Vitamin D receptors (VDRs) are

nuclear receptors expressed in essentially every human tissue

that, following ligand binding and dimerization with the reti-

noid X receptor (RXR), modulate the transcription of a

broad variety of genes including immunomodulatory genes,

or junction genes responsible for the integrity of the physical

epithelial barrier (30, 31). Diverse effects of vitamin D on

cells of innate and adaptive immunity have been reported

including pro-allergic T helper type 2 (Th2) polarization and

cytokine production (IL-4, IL-5, and IL-10), but conversely

also anti-allergic effects such as inhibition of IgE production

by B cells, inhibition of dendritic cell (DC) maturation and

migration, or conversion of CD4+ T cells to T regulatory

cells (Tregs) (reviewed in (31)). In light of these studies, it is
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conceivable that differences in vitamin D levels and metabo-

lism, or aberrant responses of immune cells to vitamin D

(32), affect allergic immune reactions. Several studies have

linked genetic differences of enzymes of vitamin D metabo-

lism to variability in serum vitamin D concentrations and to

individual genetic susceptibility for atopic disorders. For

instance, single nucleotide polymorphisms (SNPs) of

CYP24A1, involved in clearance of 25(OH)D and other vita-

min D metabolites, have been linked to differences in total

immunoglobulin E (IgE) levels (33), and early assessment of

its genetic variant, together with the simultaneous consider-

ation of the vitamin D status, might serve as a means to

identify newborns at risk of developing allergen sensitization

and subsequent allergy (34). Besides the individual genotype

linked to vitamin D metabolism, a plethora of other genetic

or environmental factors such as ethnicity, gender, immuno-

phenotype, socioeconomic status, and seasonal exposure to

sunlight might influence vitamin D bioavailability and its role

in allergy (30, 35, 36). Elevated IgE production has been

observed in humans with both extremely low or high vitamin

D concentrations, suggesting that unbalanced vitamin D lev-

els deviating from a certain threshold could lead to aberrant

immune responses (37). Current definitions of vitamin D

deficiency is based on serum vitamin D levels determined as

biomarker of bone health, which might be different from

requirements to achieve or maintain immune homeostasis.

Results from a metabolomic analysis of exhaled breath con-

densate (EBC), an approach called breathomics, suggested a

lack of an active metabolite of vitamin D2 of children with

severe asthma in the lung (38). This study indicates that the

determination of the tissue-tropic vitamin D status of

the organ involved could be a valuable approach to study

the role of vitamin D in allergic disease and might eventually

better reflect disease-relevant processes than the assessment

of systemic vitamin D levels. Whether vitamin D deficiency

or its excess predispose or prevent allergy is controversially

discussed, as is the related question about the benefit of vita-

min D supplementation (30, 31, 39, 40). The need for well-

designed prospective studies has been emphasized given the

current controversy on the role of vitamin D in allergy (30,

31). Future research might show to which extent immuno-

modulatory effects of active vitamin D metabolites, or newly

developed synthetic VDR agonists with less calcemic side-

effects, are influenced by different concentrations of these

Endogenous GC production Inhaled GC (asthma)
Induced endogenous GC 
production (asthma)

GC molecules

Eosinophil

Apoptotic
eosinophil

Figure 2 Induction of endogenous glucosteroid (GC) production as

a potential therapeutic approach in asthma. Left panel: Local pro-

duction of GC in lung tissue. It remains to be shown whether fail-

ure of endogenous tissue production of GC contributes to the

pathogenesis of asthma. Middle panel: Eosinophil apoptosis

induced by inhaled GC is shown, exemplary for the manifold action

of GC. Right panel: Enhanced local production of endogenous GC

in the airways as a potential therapeutic strategy in asthma. Illustra-

tion by Aldona von Gunten.
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compounds (41). Furthermore, the requirement for mechanis-

tic studies has emerged to take into account genetic variabil-

ity of components of vitamin D pathways in different patient

subpopulations.

PARP-1

Recent evidence suggests that the nuclear protein poly(ADP-

ribose) polymerase-1 (PARP-1) acts as a key player in aller-

gic inflammation (12, 42, 43). While its role in DNA damage

repair has long been appreciated, more recent studies high-

lighted the role of PARP-1 in gene regulation through a vari-

ety of mechanisms, acting as a coregulator for DNA-binding

transcription factors, a regulator of DNA methylation, a

modulator of chromatin, or as scaffold protein for the tran-

scriptional machinery (42). PARP-1 contains three functional

domains (Fig. 3): one amino-terminal DNA-binding domain

containing zinc fingers, a C-terminal catalytic domain that

exerts its polymerase activity by sequential transfer of adeno-

sine diphosphate (ADP)-ribose subunits from NAD+ to pro-

tein acceptors, and a central automodification domain that

acts itself as acceptor of ADP-ribose moieties, but also allows

for protein–protein interactions involved in PARP-1 biology

(42, 44). PARP-1 mediates stimulation or repression of gene

transcription in a gene- and cell-type-specific manner and has

been identified as a coactivator of master transcription fac-

tors of inflammation NF-B, AP-1, and NFAT that also play

a role in allergic inflammation (42, 43). Recently, Datta et al.

reported that PARP-1 stabilizes signal transducer and activa-

tor of transcription-6 (STAT-6), a transcription factor

involved in IL-4 receptor signaling, by preventing its calpain-

dependent degradation (45). They found that PARP-1 gene

deletion in mice was associated with reduced GATA-3

mRNA and protein expression, and GATA-3 binding to the

IL-5 gene promoter was largely absent in IL-4-treated

PARP-1�/� splenocytes. Given the role of IL-5 in differentia-

tion, survival, and priming, PARP-1-mediated stabilization

of STAT-6 acting downstream of IL-4 but upstream of IL-5

might be relevant for diseases associated with hypereosino-

philia. Provided the potential of targeting PARP-1 as an

anti-inflammatory therapeutic strategy for allergic diseases,

PARP-1 inhibitors that are currently being evaluated in clini-

cal trials come into focus. While these agents are primarily

being tested for oncological indications (44), results from

these studies will eventually guide the clinical expansion of

specific PARP inhibitors into nononcological diseases (46).

Due to the role of PARP-1 in DNA repair, careful investiga-

tion of long-term therapy with these agents is warranted in

terms of the safety profile (44, 46). In phase I and II studies,

the oral PARP inhibitor olaparib was well tolerated and

common adverse effects were mild, including fatigue, nausea,

and vomiting (46). Further elucidation of PARP-1-related

pathways in allergic diseases is required and may have impli-

cations for the rational design of PARP-1 inhibitor for

nononcologic indications or lead to the identification of novel

targets for therapeutic intervention.

Anti-inflammatory effects of intravenous

immunoglobulin (IVIG)

The anti-inflammatory effects of IVIG preparations, if

administered as a high-dose therapy, are increasingly being

appreciated for the treatment of autoimmune and inflamma-

tory disorders (47). Although IVIG has been used success-

fully for the treatment of severe steroid-dependent asthma,

conflicting reports on its efficacy in atopic disease highlight

the need for further trials with randomized and controlled

study design (48). In animal models of allergic disease, bene-

ficial effects of administration of therapeutic human IVIG

have been observed (49, 50) and involved induction of Treg

cells mediated by tolerogenic DCs generated after IVIG

exposure (50). Furthermore, a better understanding of its

mode of action might lead to the identification of disease-spe-

cific, active compounds in IVIG and lead to the use of more

efficient immunoglobulin fractions (51) or novel therapeutics

for atopic disorders. IVIG, consisting predominantly of

pooled polyclonal IgG from thousands of donors, is a pleio-

tropic agent, and many nonmutually exclusive, Fab- and

Fc-mediated, mechanisms have been suggested for its anti-

inflammatory biological activity, including direct effects on

leukocytes (inhibition, cell death regulation), interactions

with immunomodulatory proteins (cytokines, chemokines,

receptors, adhesion molecules), enhanced antimicrobial

defense, or anti-idiotypic binding to pathogenic antibodies

(47, 51, 52). Studies in conventional animal models using

human IVIG must be critically interpreted in terms of poten-

tial xenogeneic loss- or gain-of-function effects and species

related-differences of immune effector molecules (e.g.,

complement, cytokines, receptors) or leukocyte subsets, and

PARP-1

DNA binding
domain

Automodification
domain

Core catalytic
domain

●

●

DNA damage recognition and repair

Gene regulation through interaction with:

- Basal transcription machinery
- DNA-binding transcription factors
- Coregulators
- Chromatin remodeling 
- Histone modification
- DNA methylation
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Figure 3 Structure and functions of poly(ADP-ribose) polymerase-1

(PARP-1). PARP-1 is a nuclear protein that plays key roles in a vari-

ety of nuclear processes including DNA damage repair and gene

regulation. These functions are mediated by three domains (DNA-

binding domain, automodification domain, and catalytic domain)

and are involved in multiple biological processes including inflam-

mation (see text).
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findings emerging from such studies require verification in a

human system (53–55).
We have previously shown that IVIG regulates the survival

of inflammatory eosinophils following priming by cytokines,

while resting eosinophils are comparably resistant to IVIG-

mediated death (56). Similarly, eosinophils from patients with

hypereosinophilic syndrome (HES) that have been exposed to

cytokines in vivo are more susceptible to IVIG-mediated

death than quiescent cells from healthy donors (56). Func-

tional depletion experiments revealed that this cytokine-

dependent death was associated with naturally occurring

antibodies to Siglec-8, a receptor known to mediate cytokine-

dependent eosinophil death (57). Similarly, IVIG-mediated

cell death of inflammatory, but not of unstimulated neu-

trophils, seems to be Siglec-9 dependent (58). These findings

suggest that IVIG-mediated activity remains targeted to gran-

ulocytes at the site of inflammation, while circulatory unstim-

ulated neutrophils are prevented from cell death. However, a

drop in circulating granulocyte levels following IVIG infusion

is observed by clinicians, but is a relatively rare event that

might occur in patients with systemically elevated cytokine

levels (55). The finding that antibody titers of specific anti-

bodies to immunoregulatory molecules have functional effects

(47, 51, 52) suggests that these antibodies bind with high

affinity to their targets, but might also explain the require-

ment of high IVIG concentrations used for anti-inflammatory

therapy, in the range of serum IgG levels of 2500–3500 mg

per deciliter (47). It has been postulated that IVIG that con-

tains dimeric or multimeric IgG could be more anti-inflam-

matory (59). Indeed, we found that the dimeric fraction of

IVIG contains specific antibodies to Fas and Siglec-9 bound

as anti-idiotypic complexes (60). However, dimeric IgG is not

stable and is thought to dissociate following injection of

IVIG due to changes in temperature, concentration (dilu-

tion), and pH (52), resulting in the release of specific antibod-

ies from anti-idiotypic complexes (60). As the extent of dimer

formation correlates with the donor pool size (52), it is cur-

rently unclear whether anti-idiotypic antibodies to Siglec-9 or

Fas have a regulatory function within the anti-idiotypic net-

work of healthy individuals or patients.

While Fab-mediated anti-inflammatory effects of IVIG

have been observed in a broad range of both animal models

(51) and human systems, the role of Fc-mediated effects is

controversially discussed (47, 53). Based on a mouse model

of rheumatoid arthritis, it has been postulated that the anti-

inflammatory activity of IVIG results from differential sialy-

lation of the Fc core polysaccharide (61). However, recently

the groups of D. R. Branch and T. Rispens independently

showed in other murine models of immune thromboycytope-

nia that IVIG-mediated beneficial effects were independent of

sialylation of the Fc regions of IVIG (62, 63). Furthermore,

in a human whole-blood inflammation assay, the anti-inflam-

matory activity of IVIG was associated with Fab and not Fc

sialylation (64). The mechanisms of action of IVIG in the

various murine models may not be consistent, and many of

the disease-specific mechanisms must be validated in humans,

as animal models may offer only limited insight into human

disease (47). In fact, a less simplistic view of its mechanisms

might lead to the appreciation of the magnitude of immuno-

modulatory effects that this pluripotent agent has on specific

pathogenetic pathways in different autoimmune and allergic

disorders. Further elucidation of the pleiotropic effects of

IVIG may lead to a more rational use of IVIG or specific

IVIG subfractions and eventually pave the way to the discov-

ery of novel therapeutic strategies for allergic diseases.

Toll-like receptor (TLR) signaling in asthma

Asthma, which affects approximately one person in 10 in the

United States or approximately one in 6 in the UK or New

Zealand (65), significantly affects quality of life. A recent glo-

bal comprehensive survey undertaken by the International

Study of Asthma and Allergies in Childhood (ISAAC) study

group revealed that the prevalence for asthma, rhinoconjunc-

tivitis, and eczema among teenagers of 13–14 years was as

high as 14.1%, 14.6%, and 7.3%, respectively (66). Allergic

asthma is a complex disease characterized primarily by eosin-

ophilic pulmonary inflammation, reversible airway obstruc-

tion, and mucus production (67). In recent years, the

growing understanding of basic innate immune mechanisms

has led to a more thorough understanding of atopy and

allergy. The so-called hygiene hypothesis proposes that

microbial exposure during childhood is protective against the

development of atopic disease.

Exposure to indoor allergens is known as a risk factor, but

asthma is also associated with high household levels of total

and particularly gram-negative bacteria (68), most likely as

bacterial products act as adjuvants. It seems to be clear that

both environmental and genetic factors contribute to the

development of allergic diseases. Studies on the impact of

genetic polymorphisms on allergic diseases (69–71) and the

importance of gene–environment interactions (72, 73) direc-

ted research toward innate immune receptors.

Toll-like receptors (TLRs) are an extensively studied group

of cell surface receptors. In every complex species, TLRs are

induced in response to challenge by pathogen-associated

molecular patterns (PAMPs), as for example LPS or peptido-

glycans from gram-negative or gram-positive bacteria, respec-

tively (74). However, these receptors might also play a

relevant role in the development of atopy and allergic dis-

eases, and to date, single nucleotide polymorphisms in every

TLR gene have been linked to asthma and less so to atopic

eczema and atopic sensitization, as summarized elsewhere

(75).

First evidence for the involvement of innate immune recep-

tors in allergic disease came from studies on CD14, an innate

immunity molecule, that together with TLR4 is primarily

involved in LPS recognition. However, in contrast to TLRs,

CD14 lacks a transmembrane domain and is therefore not

directly involved in the initiation of signaling. A French

initiative found gene–environment interactions between 10

polymorphisms in candidate genes such as CD14 in adults

that were living in rural areas during childhood (76). The

results are bolstered by another study that suggests that

peripheral blood mononuclear cells (PBMCs) from asthmatic

children with the TT genotype at position �159 of the CD14
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gene synthesize more IgE upon LPS stimulation than those

with the CC genotype (70).

Patients with asthma were shown to have high serum levels

of IL-29 (77). CD14-positive cells have been shown to release

IL-29 upon IL-4 stimulation and thus contribute to the path-

ogenesis of allergic inflammation via modulating immune

cells’ function to release proinflammatory cytokines (77).

Additionally, Bratke et al. found that plasmacytoid DCs,

which maturated under a Th2 dominant environment,

showed a significant increase in IL-4 expression following

stimulation of TLR7 (78). Whether this would in turn lead to

an IL-29 release was not addressed in the latter study.

In addition to allergic asthma being associated with a Th2-

oriented response, also Th17 cells seem to play a role in the

pathogenesis of asthma. It has been shown that the TLR3

agonist polyinosinic-polycytidylic acid (poly(I:C)) upregulated

the in vitro IL-17A production of a natural killer T (NKT)

cell subset, without modifying type 1 and type 2 cytokines

(79). These effects were attributable to IL-1b and IL-23

release from DCs. Interestingly, TLR7 agonists inhibited the

IL-17A production by poly(I:C). This was associated with

the increased production of IL-17A-inhibiting cytokines and

the dampening of IL-1b and IL-23 by DCs (79). Results from

Choi et al. point toward the same direction (80).

Only recently, Wilson and colleagues showed that the bac-

terial protein flagellin, a ligand to TLR5, promotes asthma-

like responses to house dust extracts and ovalbumin in mice.

This response was markedly reduced in TLR5�/� mice, but

not in wild-type or TLR4�/� mice, suggesting that flagellin is

a major component of house dust extracts for priming

asthma-like responses to inhaled antigens (81).

Another innate immune mechanism that might be involved

in the pathogenesis of asthma is the inflammasome. It is acti-

vated by endogenous danger signals such as adenosine tri-

phosphate (ATP) or uric acid crystals released from dying

cells (82). A critical role of the NLRP3 inflammasome was

recently highlighted in experimental allergic asthma induced

in the presence of aluminum hydroxide (alum) adjuvant (83).

In a study, using an adjuvant-free mouse model of allergic

asthma, a critical role of the NLRP3 inflammasome and IL-1

signaling in driving lung inflammation was shown as well

(84). The authors of this study demonstrated that NLRP3 in-

flammasome activation, occurring during allergic lung inflam-

mation, contributes to DC functions and the induction of

Th2 response. NLRP3 disruption strongly affected IL-1 sig-

naling, which is crucial for asthma pathogenesis (84). These

data suggest that the NLRP3/IL1 pathway might emerge as

a novel therapeutic target in allergy.

Millien and colleagues provide sound evidence for the the-

ory that allergic airway inflammation represents an antifun-

gal defensive strategy that is driven by fibrinogen cleavage

and TLR4 activation (85). The authors demonstrate that

TLR4 is activated by airway proteinase activity to initiate

both allergic airway disease and antifungal immunity.

TLR4�/� mice did not mount a robust allergic airway disease

when challenged by proteinase, viable fungi or other triggers

but exhibited normal Th2 immunity. These outcomes were

induced by proteinase cleavage of fibrinogen, yielding

fibrinogen cleavage products that acted as TLR4 ligands on

airway epithelial cells and macrophages (85). It can be

assumed that the described pathway might represent a novel

therapeutic target in allergic disease.

Extracellular nucleotides

Recently, extracellular nucleotides have gained considerable

attention as inflammatory mediators in allergic disorders.

Following allergen challenge, high levels of extracellular ATP

accumulate in the airways of asthma patients or sensitized

mice, as this product is released upon cellular damage or by

activated leukocytes (86, 87). ATP and other nucleotides act

as agonists of type 2 purinergic receptors, and this binding

has been reported to be crucial for the initiation and mainte-

nance of allergic airway inflammation, given that the P2Y2

receptor appears to be involved in asthmatic airway inflam-

mation by mediating ATP-triggered migration of DCs and

eosinophils (88). Likewise, an increase in ATP hydrolysis or

a deficiency of the P2Y2 receptor attenuate the recruitment

or activation of these cells, indicating a central role of puri-

nergic signaling in the pathogenesis and maintenance of aller-

gic inflammation (86, 88).

Purinergic signaling is terminated by receptor desensitiza-

tion (89), and/or scavenging of extracellular nucleotides by

ecto-nucleoside triphosphate diphosphohydrolases (NTPDas-

es) that mediate their hydrolysis. ATP is catabolized into

adenosine through a two-step enzymatic process mediated by

NTPDase1/CD39 and CD73 (5′-ectonucleotidase) (90). CD39

expression is induced by proinflammatory cytokines, oxida-

tive stress, and hypoxia through several transcription factors,

such as Sp1, Stat3, and zinc finger protein growth factor

independent-1 (91). CD39 mediates the hydrolysis of nucleo-

tides in a Ca2+- and Mg2+- dependent manner and therefore

plays a central role in regulating the effect of ATP-mediated

inflammation in the airways (92). Notably, it has been

reported that Cd39 deficiency in murine experimental models

is associated with a decrease in allergic airway inflammation,

likely as a consequence of an ATP-mediated desensitization

effect of P2YR in Cd39�/� DCs that affects their migration

and Th2 priming capacity (90). Similarly, mice deficient of

CD73 exhibit attenuated hyperresponsiveness and less eosino-

phil and mast cell infiltration in allergic inflammation (93).

Conversely, it was recently shown that inhibition of CD39

resulted in high levels of extracellular nucleotides, therefore

confirming the central role of this ectonucleotidase in regulat-

ing the amount of nucleotides produced upon antigenic chal-

lenge. However, the high quantities of extracellular

nucleotides resulted in P2Y receptor activation, which indi-

rectly triggers thromboxane 2 (TXA2) release, and allergic

bronchospasm (87). Additionally, it was observed that the

P2Y4 and P2Y6 receptors were upregulated upon sensitiza-

tion, suggesting a potential pathogenic role of these puriner-

gic receptors (87). Taken together, recent studies point

toward the therapeutic potential of approaches targeting pu-

rinergic signaling that might involve strategies to block P2

receptors and/or to enhance the catabolism of extracellular

nucleotides by ectonucleotidases.
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Pruritus

Pruritus (itch) is defined as an unpleasant sensation provok-

ing the desire to scratch and constitutes an essential feature

of atopic dermatitis (94). Chronic itch can be caused many

different etiologies and is a burdensome condition that often

substantially affects the quality of life. The itch in allergic

and other inflammatory diseases of the skin is categorized as

pruriceptive. This denotes the fact that the itch originates

from the activation of primary sensory nerve terminals

located in the skin and in some mucosal areas (95); in con-

trast, neuropathic and neurogenic itch originate from dam-

aged nerves and from inappropriate central nervous system

activation, respectively. The treatment of pruritus in allergic

and other conditions is still not satisfactory, and it is a seri-

ous unmet clinical need (94).

Current evidence favors the concept that the itch sensation

is mediated by specific itch pathways, that is, specialized pri-

mary sensory neurons connected to dedicated second-order

neurons in the spinal cord. Although the itch pathways have

not been conclusively elucidated, a great progress has been

made in this area in recent years [reviewed in (95)]. The stud-

ies in humans and nonhuman primates indicate that at the

level of primary sensory neurons, there are at least two itch

pathways – (1) histamine-sensitive C-fibers unresponsive to

heat and mechanical stimulation that mediate the histamine-

induced itch (96, 97), and (2) histamine-insensitive mechani-

cally sensitive C-fibers (98, 99). There is also evidence sug-

gesting that at least two central pathways in the spinal cord

are involved in the itch signal transmission. Importantly, a

recent paper provided a strong evidence that the itch path-

ways mediating responses to a wide range of pruritogens

(classed as inducing histamine- and non-histamine-related

itch) utilize the neuropeptide natriuretic polypeptide b

(Nppb) for neurotransmission (100). Nppb appears to act as

an excitatory neurotransmitter in the first synapse between

the primary sensory neurons and the spinal cord second-

order neurons that express Nppb receptor (Npra), upstream

of another important itch neurotransmitter gastrin-releasing

peptide (GRP). These findings reveal a molecular conver-

gence of itch pathways and provide a novel rational target

for the development of therapies to alleviate chronic itch.

A number of substances produced in inflammation are

capable of stimulating the itch C-fibers and cause pruricep-

tive itch in humans and animal models. In addition to hista-

mine, these substances include serotonin, leukotrienes,

proteases, substance P, IL-31, TLR7 agonists, lysophospha-

tidic acid, autotaxin, and others. Importantly, in a manner

analogous to sensitization of pain-mediating nociceptive

pathways (e.g., hyperalgesia and allodynia), the itch path-

ways can be also sensitized. For example, compared with

healthy skin, the atopic dermatitis patients have a tendency

to itch upon minimal stimuli because of reduced itch thresh-

old and perceive a prolonged itch duration (94). Consistently,

the dose of histamine required to evoke itch in lesional skin

of patients with atopic dermatitis is lower than in normal

healthy skin (101). The mechanisms of the itch pathways sen-

sitizations have not been clarified; it is often speculated that

they are similar to those in pain pathways and include central

and/or peripheral sensitization.

Cold contact urticaria (CCU) is a common subtype of

physical urticaria characterized by itchy wheal and flare

responses due to the release of histamine and other proin-

flammatory mediators after exposure to cold (102). This has

been attributed to the high propensity of mast cells of

patients with CCU to degranulate in response to cold expo-

sure. The evidence for mast cell degranulation has been

established by increased serum histamine levels and the local-

ized release of tryptase in postchallenge biopsies (103). In

extreme situations, such as swimming in colder water, this

condition can be life-threatening because of a more general-

ized mast cells degranulation and anaphylactic reaction (102).

While the mechanisms triggering the mast cell degranulation

are largely unknown (104), an interesting clinical experiment

indicated that the mast cell degranulation may be secondary

to nerve activation (105).

Symptomatic treatment of choice is the use of nonsedating

antihistamines that also effectively treat the pruritus. A

recent study addressed the question whether up-dosing with

new H1-antihistamine bilastine results in improved effective-

ness in cold contact urticaria (106). Overall, the study con-

cluded that the fourfold up-dosing increased efficacy of

bilastine and supports urticaria treatment guidelines. How-

ever, the study also noted that maximal effect on itch was

already achieved with the standard dose. The median pruri-

tus score (on the scale 0–3, with 75% confidence limits) for

the placebo treatment was 2.0 (1.25–3.0), and 3 of 20 patients

reported no itch. Following treatment with the standard

bilastine dose of 20 mg daily, the pruritus score was 0 (0–1)
(P = 0.001 vs placebo) with 13 of the 20 patients reporting

no itch. There was no difference between the effect of 20 mg

and increased doses of 40 mg and 80 mg. These data are

consistent with the conclusion that much of the itch in cold

contact urticaria is mediated by H1-receptor (presumably on

the histamine-sensitive C-fiber itch pathway). That the four-

fold increase in the H1-antihistamine dosing did not elimi-

nate itch in some patients demonstrates a minor contribution

of an H1-independent mechanism to itch in contact cold urti-

caria. Given that mast cells contain also pruritogens other

than histamine (e.g., proteaseses), it is interesting that in

CCU characterized by a mast cell degranulation, the itch is

nearly entirely H1-mediated. It suggests that either the mast

cells degranulate in a manner that leads predominately to his-

tamine release or the mast cells that degranulate are predomi-

nately located in the vicinity of histamine-sensitive itch nerve

terminals in the skin.

The histamine H4 receptor (H4R) plays important roles in

the activation of mast cells, eosinophils, monocytes, DCs,

and T cells. The experiments utilizing the H4R-deficient mice

(107) or H4R antagonists (108) indicated that H4R plays

roles in pruritus and acute inflammation. A recent study

explored the possibility that the combination of a H1R

antagonist and H4R antagonist attenuates chronic dermatitis

in a model of chronic allergic dermatitis established in NC/

Nga mice (109). The authors found that the combination of

H1R antagonist olopatadine and H4R antagonist
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JNJ7777120 improved scratching behavior and was more

effective than each of the antagonists individually. The effect

of antihistamines on itch in this study can be attributed to

both the effect on inflammation (the treatment reduced the

tissue mast cells, cytokines, and chemokines) and the direct

effect on the itch-mediating pathways. Histological analysis

demonstrated that 40% of spinal (dorsal root ganglia, DRG)

small diameter C-fiber neurons (the population that also

includes itch C-fibers) express the histamine H4 receptor

(110). Interestingly, the H1R and H4R antagonists also par-

tially reduced the level of NGF in inflamed skin. Inasmuch

as NGF is known to contribute to sensory hypersensitivity in

C-fibers, reducing the NGF levels is predicted to reduce the

C-fiber hypersensitivity and may thus contribute to reduced

scratch behavior in this model.

Conclusions

The network of cells and mediators involved in the pathogen-

esis and maintenance of allergic inflammation is complex.

Being aware that it is not possible to cover all important evi-

dence in the field, here we highlight select advances in deci-

phering this network with potential implications for novel

therapeutic strategies. Besides novel pathogenetic insights

derived from basic and translational research, a better under-

standing of the diverse pathways engaged by pleiotropic

immunomodulatory molecules and further analysis of genetic

differences will lead to the identification of novel therapeutic

targets and a more rational and individualized use of thera-

peutics in allergic disease.
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