
The conception that antibodies, which should protect against 
disease, are also responsible for disease, sounds at first absurd.

Clemens von Pirquet (1906)

The term ‘allergy’ was coined by Clemens von Pirquet in 1906 to call 
attention to the unusual propensity of some individuals to develop 
signs and symptoms of reactivity, or ‘hypersensitivity reactions’, when 
exposed to certain substances1 (Box 1). Although the statement quoted 
above pertained to the cause of serum sickness2, allergic disorders (also 
known as atopic disorders, from the Greek atopos, meaning out of place) 
are also associated with the production of allergen-specific IgE and with 
the expansion of allergen-specific T-cell populations, both of which 
are reactive with what typically are otherwise harmless environmental 
substances. These disorders are increasingly prevalent in the developed 
world and include allergic rhinitis (also known as hay fever), atopic 
dermatitis (also known as eczema), allergic (or atopic) asthma and some 
food allergies3–5. Some people develop a potentially fatal systemic aller-
gic reaction, termed anaphylaxis, within seconds or minutes of exposure 
to allergens6. 

In recent years, it has become clear that much of the pathology, and 
therefore the burden of disease, associated with allergic disorders 
reflects the long-term consequences of chronic allergic inflammation 
at sites of persistent or repetitive exposure to allergens3,4 (Box 1). This 
realization has led to renewed efforts to define additional therapeutic 
targets in allergic disease7–9, to devise improved strategies to induce 
immunological tolerance to the offending allergens10,11, and even to 
manipulate the immune response to prevent the initial development 
of allergic disorders12. 

Here we outline some of the factors that can contribute to the develop-
ment of IgE-associated allergic disorders and describe the features of aller-
gic inflammation. We focus on the effects of short-term and long-term 
allergic inflammation on the structure and function of the affected tissues, 
particularly in asthma, and on the evidence that mast cells can contribute 
to multiple features of chronic, as well as acute, allergic inflammation. 
Finally, we briefly consider some of the approaches that are being used or 
contemplated to manage disorders associated with allergic inflammation. 
Some other disorders can also be considered allergic, such as allergic con-
tact dermatitis and hypersensitivity pneumonitis, but these do not develop 
by the same immunological mechanisms — that is, they do not involve 
IgE- and T helper 2 (TH2)-cell mediated responses4 — and therefore are 
not discussed here. 

Allergy and gene–environment interactions
Many features of allergic inflammation resemble those of the inflam-
mation that results from immune responses to infection with enteric 
helminths13 or from cutaneous responses to the bites of ectoparasites 
such as ticks14. Similarities to aspects of immune responses to parasites 
or environmental allergens have also been identified, notably that both 
involve TH2 cells and are associated with antigen-specific IgE. These 
similarities have led to the idea that in allergic disorders the immune 
system is ‘tricked’ into reacting to otherwise inconsequential allergens 
in the same way as it does to signals derived from enteric helminths 
or ectoparasites. 

In addition to the benefits conferred on the host by TH2-cell responses 
to parasites, such as the development and enhancement of effector mecha-
nisms that contribute to parasite clearance, chronic infection with certain 
parasites often also turns on immunological mechanisms that downregu-
late the inflammation and tissue damage that is associated with that infec-
tion13,15. Such mechanisms include the development of regulatory T cells 
that secrete interleukin 10 (IL-10), which has many immunosuppressive 
and anti-inflammatory effects13,15,16. In allergic disorders, it is thought 
that such downregulatory mechanisms do not fully develop, are lost or 
might be overwhelmed by inflammatory factors13,15,16. Indeed, observa-
tions of this type support the ‘hygiene hypothesis’5,13,15,16. This hypoth-
esis is based on the observation that, as living standards advance, there 
is reduced exposure to parasitic infections and to other pathogenic and 
non-pathogenic microorganisms (and their products). Such infections 
usually promote the normal development of immune responses (with a 
bias towards TH1 cells rather than TH2 cells) and favour the development 
of appropriate control of potentially harmful immune responses by vari-
ous populations of regulatory T cells. However, as exposure to infections 
is reduced, and exposure to certain otherwise harmless environmental 
allergens is increased, there is a propensity for genetically predisposed 
individuals to develop TH2-cell-type responses to a variety of common 
environmental allergens5,13,15,16. 

The molecular mechanisms underlying the hygiene hypothesis con-
tinue to be explored13,15–17, but there can be no doubt that the recent 
marked increase in allergic disorders reflects recent changes in the inter-
actions between the external environment and those individuals who 
are genetically predisposed to develop allergic diseases. Accordingly, 
many researchers are attempting to understand the gene–environment 
interactions that promote the development, increase the severity or limit 
the resolution of allergic inflammation18,19. There is already evidence that 
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exposure to the same microbial products can have the opposite effect on 
an individual’s propensity to develop allergic disorders, depending on an 
individual’s genotype19. 

Allergen sensitization and epithelial barriers
Sensitization to an allergen reflects the allergen’s ability to elicit a TH2-cell 
response, in which IL-4 and IL-13 drive IgE production by promoting 
immunoglobulin class-switch recombination in B cells4,10,11,20,21 (Fig. 1). 

Many factors affect the likelihood of developing clinically significant 
sensitization18,19: host genotype, type of allergen, allergen concentration in 
the environment and whether exposure occurs together with agents that 
can enhance the sensitization process. These agents include certain ligands 
of Toll-like receptors, including endotoxin, which can promote TH1-cell 
responses (as proposed in the hygiene hypothesis) and in certain circum-
stances (such as when encountered in appropriate concentrations together 
with an allergen) might be able to enhance the development of TH2-cell 
responses22. Other agents that can enhance allergic sensitization are chitin, 
which is found in many organisms (including some that are important 
sources of allergens23), and environmental pollutants24. Another impor-
tant factor is the pattern of contact of the immune system with allergens: 
for example, the amount, frequency and/or route of allergen exposure; and 
the type (myeloid and/or plasmacytoid) and phenotypic characteristics of 
the dendritic-cell subpopulations that participate in the responses25. The 
pattern of contact may affect whether there is a strong TH2-cell response 
(and therefore clinical allergy), a TH2-cell response that is kept in check 
by IL-10-secreting, and perhaps other, regulatory T cells10,11,16, a modified 
TH2-cell response that results in high concentrations of allergen-specific 
IgG4 (ref. 26) or another form of immunological tolerance25. 

Genetic or environmental factors that influence the epithelium, includ-
ing its permeability to allergens, can favour the subsequent development of 
a TH2-cell response18,27,28. For example, loss-of-function mutations in FLG, 
which encodes filaggrin (a protein that promotes the organization of inter-
mediate filaments of squamous cells into bundles for later crosslinking by 
transglutaminases), diminish the barrier function of the skin and result in 
ichthyosis vulgaris, a skin disease that is inherited in a semidominant pat-
tern with incomplete penetrance27. Many patients with ichthyosis vulgaris 
also develop atopic dermatitis, and inheriting a single copy of certain loss-
of-function alleles of FLG is associated with a markedly increased risk of 
developing atopic dermatitis27. Such FLG mutations have been identified 
in approximately 10% of subjects of European ancestry and may occur in 
as many as 50% of patients who develop atopic dermatitis27. 

Patients with FLG mutations and atopic dermatitis are at greatly 
increased risk of developing asthma, even though filaggrin protein expres-
sion has so far not been detected in the lungs29. This finding strongly 
suggests that a defect in epithelial barrier function that increases the like-
lihood of sensitization to allergens encountered in the skin and upper air-
way, for example, can contribute to the development of systemic immune 
responses that result in allergic disease at other sites exposed to that aller-
gen, such as the lungs. Genome-wide screens of individuals with atopic 
dermatitis and/or asthma have identified many other candidate genes that 
are expressed in the relevant epithelial-cell populations at the affected site, 
suggesting that mutations or polymorphisms that alter the normal barrier 
(and other) functions of epithelia may contribute to the development of 
allergies and allergic inflammation18,27.

Most allergens are proteins (some are lipids or carbohydrates), and many, 
including the major house-dust-mite allergen, Der p 1, are proteases25. 

The term allergy can be used to refer to abnormal adaptive immune 
responses that either involve or do not involve allergen-specific IgE. 
This Review focuses on the former: that is, on the development, 
characteristics and consequences of the allergic inflammation that 
occurs in disorders in which IgE is thought to participate. 

Allergy 
An abnormal adaptive immune response directed against non-infectious 
environmental substances (allergens), including non-infectious 
components of certain infectious organisms. In allergic disorders, such as 
anaphylaxis, allergic rhinitis (hay fever), some food allergies and allergic 
asthma, these responses are characterized by the involvement 
of allergen-specific IgE and T helper 2 (TH2) cells that recognize allergen-
derived antigens. In other kinds of allergy, such as allergic contact 
dermatitis, IgE is thought not to be important. 

Allergen 
There are two main types of allergen.

The first type encompasses any non-infectious environmental 
substance that can induce IgE production (thereby ‘sensitizing’ the 
subject) so that later re-exposure to that substance induces an allergic 
reaction. Common sources of allergens include grass and tree pollens, 
animal dander (sheddings from skin and fur), house-dust-mite faecal 
particles, certain foods (notably peanuts, tree nuts, fish, shellfish, 
milk and eggs), latex, some medicines and insect venoms. In some 
instances, allergen-specific IgE directed against foreign antigens can 
also recognize crossreactive host antigens, but the clinical significance 
of this is unclear.

The second type is a non-infectious environmental substance that can 
induce an adaptive immune response associated with local inflammation 
but is thought to occur independently of IgE (for example, allergic contact 
dermatitis to poison ivy or nickel).

Allergic inflammation 
The inflammation produced in sensitized subjects after exposure to 
a specific allergen(s). A single allergen exposure produces an acute 
reaction, which is known as an early-phase reaction or a type I 
immediate hypersensitivity reaction. In many subjects, this is followed by 

a late-phase reaction. With persistent or repetitive exposure to allergen, 
chronic allergic inflammation develops, with associated tissue alterations.

Early-phase reaction
An IgE-mediated type I immediate hypersensitivity reaction that can 
occur within minutes of allergen exposure. Reactions can be localized 
(for example, acute rhinoconjunctivitis in allergic rhinitis, acute asthma 
attacks, urticaria (hives) and gastrointestinal reactions in food allergies) 
or systemic (anaphylaxis). In such reactions, IgE bound to FcεRI on mast 
cells and basophils is crosslinked by allergen, resulting in the release of the 
cells’ diverse preformed and newly synthesized mediators. These events 
cause vasodilation, increased vascular permeability with oedema, and 
acute functional changes in affected organs (such as bronchoconstriction, 
airway mucus secretion, urticaria, vomiting and diarrhoea). Some of the 
released mediators also promote the local recruitment and activation of 
leukocytes, contributing to the development of late-phase reactions.

Late-phase reaction 
A reaction that typically develops after 2–6 h and peaks 6–9 h after 
allergen exposure. It is usually preceded by a clinically evident early-
phase reaction and fully resolves in 1–2 days. Skin late-phase reactions 
involve oedema, pain, warmth and erythema (redness). In the lungs, 
these reactions are characterized by airway narrowing and mucus 
hypersecretion. They reflect the local recruitment and activation of 
TH2 cells, eosinophils, basophils and other leukocytes, and persistent 
mediator production by resident cells (such as mast cells). Mediators that 
initiate late-phase reactions are thought to be derived from resident mast 
cells activated by IgE and allergen or from T cells that recognize allergen-
derived peptides (such T cells may be either resident at, or recruited to, 
sites of allergen challenge).

Chronic allergic inflammation 
Persistent inflammation induced by prolonged or repetitive exposure to 
specific allergens, typically characterized not only by the presence of large 
numbers of innate and adaptive immune cells (in the form of leukocytes) 
at the affected site but also by substantial changes in the extracellular 
matrix and alterations in the number, phenotype and function of 
structural cells in the affected tissues. 

Box 1 | Defining allergy, allergens and allergic inflammation 
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Some of these proteases can directly reduce epithelial barrier function30 
or hydrolyse substrates that participate in the development of TH2-cell 
responses, including CD23, CD25, CD40 and DC-SIGN (dendritic-cell-
specific ICAM3-grabbing non-integrin)25. Proteases are also used by para-
sites to invade tissues31, and recent work suggests that basophils activated 
by exogenous proteases are one potential source of both thymic stromal 
lymphopoietin (TSLP), which can promote allergic inflammation, and the 
‘early IL-4’ that can initiate sensitization for the development of TH2-cell- 
and IgE-mediated immune responses to allergens or parasites32,33.

Features of allergic inflammation
Allergic inflammation often is classified into three temporal phases. 
Early-phase reactions are induced within seconds to minutes of aller-
gen challenge, and late-phase reactions occur within several hours. By 
contrast, chronic allergic inflammation is a persistent inflammation that 
occurs at sites of repeated allergen exposure4,9 (Box 1). 

Early-phase reactions
Early-phase reactions (or type I immediate hypersensitivity reactions4) 
occur within minutes of allergen exposure and mainly reflect the secre-
tion of mediators by mast cells at the affected site. In sensitized indi-
viduals, these mast cells already have allergen-specific IgE bound to 
their surface high-affinity IgE receptors (FcεRI). When crosslinking 
of adjacent IgE molecules by bivalent or multivalent allergen occurs, 
aggregation of FcεRI triggers a complex intracellular signalling process 
that results in the secretion of three classes of biologically active product: 

those stored in the cytoplasmic granules, lipid-derived mediators, and 
newly synthesized cytokines, chemokines and growth factors, as well as 
other products8,34–37 (Fig. 2).

The secretion of preformed mediators occurs when the membrane of 
the mast cells’ cytoplasmic granules fuses with the plasma membrane in 
a process called degranulation (or compound exocytosis)38, exposing the 
granule contents to the external environment. The released mediators 
include biogenic amines (histamine and little or no serotonin in humans, 
but both histamine and serotonin in mice and rats35,36), serglycin proteo-
glycans (such as heparin and chondroitin sulphate), serine proteases (such 
as tryptases, chymases and carboxypeptidases) 39–41, and various other 
enzymes and certain cytokines and growth factors that can be associated 
with the granules (such as tumour-necrosis factor-α (TNF-α) and vascular 
endothelial growth factor A (VEGFA))35,36,42,43. Mast cells activated by the 
aggregation of FcεRI also release lipid-derived mediators. They metabolize 
arachidonic acid through the cyclooxygenase and lipoxygenase pathways, 
resulting in the release of prostaglandins (particularly prostaglandin D2 
(PGD2)), leukotriene B4 (LTB4) and cysteinyl leukotrienes (cys-LTs, 
particularly LTC4)44. Some activated mast cells can also release platelet-
activating factor (PAF)45. Both the phenotypic characteristics of mast cells 
(such as their mediator content and their susceptibility to activation by 
various stimuli) can vary considerably between mast-cell populations at 
different anatomical sites or as a result of exposure to cytokines or other 
microenvironmental factors at sites of immune responses34,35,38–44.

The release of preformed and lipid-derived mediators contributes to 
the acute signs and symptoms associated with early-phase reactions4,35,46 

Mast cell

FcεRI

Allergen-non-
specific IgE

Allergen-specific IgE

Airway smooth muscle

Allergen uptake
and processing
by dendritic cells

Allergen

Migration of
dendritic cells

Airway lumen

IgE production

T-cell receptor

MHC class II
molecule

Allergen-
derived
peptide

Dendritic cell

Naive
T cell

TH2 cell

CD40 ligand

B cell

Source
of early IL-4

Jagged
Notch IL-4

IL-13 CD40
CD80 or

CD86

CD28

Regional lymph nodes (or local mucosa)

Epithelial
cell

Figure 1 | Sensitization to allergens in the airway. Allergen can be sampled 
by dendritic cells in the airway lumen, and can enter tissues through 
disrupted epithelium (not shown) or, for some allergens with protease 
activity, can gain access to submucosal dendritic cells by cleaving epithelial-
cell tight junctions. Activated dendritic cells mature and migrate to 
regional lymph nodes or to sites in the local mucosa, where they present 
peptides derived from the processed allergen in the context of major 
histocompatibility complex (MHC) class II molecules to naive T cells. In the 
presence of ‘early interleukin 4’ (IL-4) (potentially derived from a range of 
cells, including basophils, mast cells, eosinophils, natural killer T cells and 
T cells), naive T cells acquire the characteristics of T helper 2 (TH2) cells, 
a process that may be enhanced by engagement of Notch at the surface of 
T cells with Jagged on dendritic cells). TH2 cells produce IL-4 and IL-13. In 
the presence of these cytokines and the ligation of suitable co-stimulatory 

molecules (CD40 with CD40 ligand, and CD80 or CD86 with CD28), B cells 
undergo immunoglobulin class-switch recombination, in which the gene 
segments that encode the immunoglobulin heavy chain are rearranged 
such that antibody of the IgE class is produced. Basophils and mast cells 
also can produce IL-4 and/or IL-13, and can stimulate B cells through 
CD40 (not shown). IgE diffuses locally and enters the lymphatic vessels. It 
subsequently enters the blood and is then distributed systemically. After 
gaining access to the interstitial fluid, allergen-specific or non-specific IgE 
binds to the high-affinity receptor for IgE (FcεRI) on tissue-resident mast 
cells, thereby sensitizing them to respond when the host is later re-exposed 
to the allergen. Sensitization does not produce symptoms (for example, 
if sensitization occurs by way of the airways, bronchoconstriction does 
not occur). This TH2-cell response to allergen can be downregulated or 
modified by various mechanisms (not shown). 
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(Fig. 3). These signs and symptoms vary according to the site of the reac-
tion but can include vasodilation (in part reflecting the action of mediators 
on local nerves, and producing erythema (reddening) of the skin or 
conjunctiva), markedly increased vascular permeability (leading to tis-
sue swelling and, in the eyes, tear formation), contraction of bronchial 
smooth muscle (producing airflow obstruction and wheezing), and 
increased secretion of mucus (exacerbating airflow obstruction in the 
lower airways and producing a runny nose). Such mediators can also 
stimulate nociceptors of sensory nerves (both C-fibre-type unmyelinated 
nerves and thinly myelinated Aδ nerves) of the nose47, skin48 and airway49, 
resulting in sneezing, itching or coughing. 

When such mediators are released locally, an early-phase reaction 
ensues. By contrast, the rapid and systemic release of such mediators, 
from mast cells and basophils (which also express FcεRI and can release a 
panel of mediators similar, but not identical, to those of mast cells35,50,51), 
accounts for much of the pathology associated with anaphylaxis6.

Late-phase reactions
Mast cells responding to IgE and allergen also release a broad range of 
newly synthesized cytokines, chemokines and growth factors8,35-37, but 
these are released more slowly than the preformed mediators. Some 

mast-cell populations also can rapidly secrete some of these prod ucts, 
inclu ding TNF-α, from preformed stores35. Some mast-cell prod ucts have 
the potential to recruit other immune cells either directly or indirectly 
(for example, TNF-α, LTB4, IL-8 (also known as CXCL8), CC-chemo-
kine ligand 2 (CCL2) and many other chemokines), to activate innate 
immune cells (for example, TNF-α and IL-5), and to affect many 
aspects of the biology of dendritic cells, T cells and B cells (for exam-
ple, IL-10, TNF-α, transforming growth factor-β (TGF-β) and hista-
mine)35,52. However, some products secreted by activated mast cells 
(such as IL-10 and TGF-β) can have anti-inflammatory or immuno-
suppressive functions52,53. Certain mast-cell-derived products can 
also influence the biology of structural cells, including vascular endo-
thelial cells, epithelial cells, fibroblasts, smooth muscle cells and nerve 
cells28,39–41,44,54,55. Other products that contribute to late-phase reactions 
can be derived from T cells that recognize allergen-derived peptides; 
such T cells may be either resident at or recruited to early-phase 
reactions at sites of allergen challenge4,9,56. 

Late-phase reactions (Fig. 4) are thought to be coordinated in part by 
certain long-term consequences of the mediators released by activated 
mast cells during early-phase reactions, and in part by antigen-stimulated 
T cells. The clinical features of late-phase reactions reflect the activities 
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Figure 2 | Highly simplified scheme of FcεRI signalling events in mast cells. 
Crosslinking of FcεRI-bound IgE with antigen induces aggregation of 
two or more FcεRI molecules and activates the protein tyrosine kinases 
LYN and FYN. LYN, in turn, phosphorylates the immunoreceptor 
tyrosine-based activation motifs (ITAMs) in FcεRI and activates the 
protein tyrosine kinase SYK (after SYK has bound to an ITAM). FYN 
phosphorylates the adaptor GAB2, activating the phosphatidylinositol-
3-OH kinase (PI(3)K) pathway. LYN and SYK phosphorylate many 
adaptor molecules (such as LAT, not shown) and enzymes, thereby 
regulating the activation of the RAS–MAPK (mitogen-activated protein 
kinase), phospholipase C-γ (PLC-γ) and PI(3)K pathways, as well as 
other pathways. (LYN also can negatively regulate FYN activity.) The 
RAS–MAPK pathway — a protein-kinase cascade that involves RAS, RAF, 
MEK and ERK — activates transcription factors (thereby regulating the 
synthesis of protein mediators) and activates PLA2, which participates 
in arachidonic acid metabolism (thereby regulating the production of 

lipid-derived mediators). PLC-γ activation regulates calcium (Ca2+) 
responses, by generating inositol-1,4,5-trisphosphate (InsP3), and protein 
kinase C (PKC) activation, by generating diacylglycerol (DAG). The 
PI(3)K product phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3) 
is an important lipid mediator that regulates the formation of other lipid 
mediators, such as DAG and sphingosine 1-phosphate (S1P), and the 
activity of various enzymes, such as Bruton’s tyrosine kinase (BTK) and 
AKT. FcεRI can be induced to co-aggregate with FcγRIIB (a low-affinity 
receptor for IgG), for example when IgE and IgG1 are bound to the same 
antigen. This process inhibits FcεRI signalling events, and therefore 
mast-cell activation and product secretion, through the LYN-mediated 
phosphorylation of the FcγRIIB ITIM (immunoreceptor tyrosine-based 
inhibitory motif) and the recruitment of the inositol phosphatase SHIP1 
(which catalyses the hydrolysis of PtdIns(3,4,5)P3 to PtdIns(3,4)P2) (not 
shown). Some arrows do not indicate direct interactions or targets. NF-κB, 
nuclear factor-κB; SPHK1, sphingosine kinase 1.
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of both resident cells and circulating leukocytes that are recruited to the 
site4,9,35. For example, calcitonin-gene-related peptide (CGRP), which 
is produced by epithelial cells, T cells, monocyte–macrophage lineage 
cells and possibly other sources, may contribute to the vasodilation that 
is associated with late-phase reactions57.

Late-phase reactions typically develop 2–6 h after allergen exposure, 
and often peak after 6–9 h. It is not understood why they do not develop in 
all sensitized subjects, and in other patients there may be no clear clinical 
demarcation between the end of the early phase and the onset of the late 
phase4. In human skin, leukocytes recruited in late-phase reactions consist 
of T cells (TH2 cells at early stages of the response, and TH1 cells at late 
stages), which can contribute to changes in the cytokine environment at 
such sites), granulocytes (eosinophils and smaller numbers of neutrophils 
and basophils) and monocytes58. A similar set of cells has been found to 
participate in late-phase reactions that are elicited in the lower airways of 
patients with asthma, as determined by analysing bronchoalveolar lavage 
fluid4,50,51. Experimentally induced late-phase reactions typically resolve 
fully without treatment, but the mechanisms responsible largely remain 
to be defined. 

Chronic allergic inflammation 
When allergen exposure is continuous or repetitive, inflammation 
persists, and many innate and adaptive immune cells derived from 
the blood can be found in the tissues at sites of allergen challenge. This 
persistent inflammation is associated with changes in the structural 
cells at the affected sites, and in many cases with markedly altered 
function of the affected organs. Whereas early-phase reactions and 
late-phase reactions can easily be studied experimentally in human vol-
unteers, most investigations of chronic allergic inflammation involve 
either experimental animal models of allergic disorders, none of which 
can be considered identical to the human diseases, or biopsy studies 
of human patients afflicted with these disorders. It is therefore not 
surprising that there is no clear understanding of how, after persis-
tent and/or multiple exposures to allergen, local tissue inflammation 

changes from a series of early-phase and late-phase reactions to chronic 
allergic inflammation.

It is known that inflammation in patients with chronic asthma can 
involve all of the layers of the airway wall and typically is associated with: 
changes in the epithelium, including an increased number of goblet cells 
(which produce mucus); increased production of cytokines and chemo-
kines by epithelial cells, as well as areas of epithelial injury and repair; 
substantial inflammation of the submucosa, including the development of 
increased deposition of extracellular-matrix molecules in the lamina retic-
ularis (beneath the epithelial basement membrane); changes in fibroblasts, 
increased development of myofibroblasts and increased vascularity; and 
increased thickness of the muscular layer of the airways, with increased 
size, number and function of smooth muscle cells28,59–61 (Figs 5 and 6). 

Some studies62, but not others63, have reported increases in the 
number and length of tachykinin-containing nerves in the airways of 
patients with asthma. However, production of tachykinins by immune 
cells may also contribute to ‘neurogenic inflammation’ in asthma64. 
Patients with asthma show a marked bronchial hypersensitivity to both 
cholinergic and non-adrenergic, non-cholinergic (NANC) agonists of 
bronchoconstriction, as well as decreased sensitivity to adrenergic and 
NANC bronchodilators65.

The complex interactions between affected airway epithelial cells and 
the underlying mesenchymal cells, which together are known as the 
‘epithelial–mesenchymal trophic unit’ and are thought to regulate the tis-
sue remodelling characteristic of chronic allergic inflammation of the air-
ways, have been likened to those at a persistent wound60. In patients with 
asthma, mast cells can appear in increased numbers in the smooth muscle 
of the airway (Figs 5 and 6), placing this potent source of mediators that 
can influence smooth muscle function in intimate proximity to this cru-
cial target-cell population54,66. This may contribute to the development 
of ‘non-specific airway hyperreactivity’ to agonists such as histamine, 
cys-LTs and methacholine, which is a hallmark of asthma46,67.

In individuals with asthma, infections with common respiratory viruses 
such as rhinoviruses, influenza viruses and respiratory syncytial virus can 
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Figure 3 | Early phase of allergen-
induced airway inflammation. 
The individual IgE molecules 
that are bound to the FcεRI 
molecules on a single mast cell 
can be specific for different 
antigens. The recognition of 
a particular allergen by FcεRI-
bound IgE specific for antigen 
derived from that allergen 
(allergen-specific IgE) induces 
FcεRI aggregation, which 
activates mast cells to secrete 
preformed mediators and lipid-
derived mediators and to increase 
the synthesis of many cytokines, 
chemokines and growth factors. 
The rapidly secreted mediators 
result in bronchoconstriction 
(lower left), vasodilation, 
increased vascular permeability 
and increased mucus production. 
Mast cells also contribute to 
the transition to the late-phase 
reaction (Fig. 4) by promoting 
an influx of inflammatory 
leukocytes, both by upregulating 
adhesion molecules on vascular 
endothelial cells (for example, 
through TNF-α) and by secreting 
chemotactic mediators (such as 
LTB4 and PGD2) and chemokines 
(such as IL-8 and CC-chemokine 
ligand 2 (CCL2)).
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produce a marked exacerbation of the signs and symptoms of asthma68. 
Although the mechanisms that underlie this exacerbation are not fully 
understood, one factor may be the way in which the viruses affect the 
function of bronchial epithelial cells68. Mast cells appear in the airway 
epithelium in asthma54 and can be activated by viral products through 
Toll-like receptors34. However, the role (if any) of mast cells in viral 
exacerbations of asthma remains to be determined.

In atopic dermatitis69 and allergic rhinitis70, as well as in asthma, chronic 
allergic inflammation is associated with tissue remodelling. This remod-
elling can involve long-term changes to the structural elements of the 
affected sites (such as increased vascularity) and substantial alterations in 
the barrier function of the affected epithelia. In many patients with allergic 
rhinitis, structural changes include the development of nasal polyps70. In 
atopic dermatitis, impaired function of the skin barrier is associated with a 
markedly increased risk of both cutaneous infections and the colonization 
of the affected skin with the bacterium Staphylococcus aureus69. In allergic 
rhinitis, impaired barrier function of the upper airway71 may contribute to 
an increased susceptibility of patients to chronic sinus infections70.

IgE and the exacerbation of allergic disorders 
Many patients who initially have a single allergic disorder, such as atopic 
dermatitis, eventually develop others, such as allergic rhinitis and aller-
gic asthma (this is called the allergic march or atopic march)72. This 

pro cess may be driven in part by a vicious circle in which allergic inflam-
mation diminishes the function of the epithelial barrier. This increases 
the immune system’s exposure to the original allergens and additional 
allergens, and existing allergen-specific IgE contributes to sensitiz ation 
to new allergens21. In this scheme, antigen-presenting cells (APCs) 
that express surface FcεRI and/or the low-affinity IgE receptor CD23 
(inclu ding FcεRI-bearing Langerhans cells and other dendritic cells, 
as well as CD23-bearing B cells) capture allergens by means of their 
surface-bound allergen-specific IgE. By processing these IgE-bound 
antigens, APCs can promote the development of TH2-cell responses 
to other epitopes of the allergen for which sensitization already exists 
or to other allergens that are being processed in parallel by the same 
APCs21. This proposed mechanism may result in epitope spreading (the 
production of IgE specific for multiple epitopes on single allergens and 
IgE specific for new allergens)21. 

In this model, the acquisition of IgE-dependent immunological reac-
tivity to more and more allergens would occur in parallel with the clonal 
expansion of populations of effector T cells that can respond to any of a 
group of allergen-derived peptides21. However, a diverse range of genetic 
and environmental factors can influence the extent to which the pathology 
in individual allergic subjects depends on allergen, allergen-specific IgE, 
FcεRI, mast cells and basophils, as opposed to allergen-derived peptides 
and effector T cells (either TH2 cells or TH17 cells21,73).
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Figure 4 | Late phase of allergen-induced airway inflammation. Late-phase 
reactions have many features in common with early-phase reactions 
(Fig. 3). But late-phase reactions typically occur hours after allergen 
challenge and are thought to reflect the actions of innate and adaptive 
immune cells that have been recruited from the circulation, as well as the 
secretion of inflammatory mediators by tissue-resident cells. The innate 
immune cells include neutrophils, monocytes (not shown), eosinophils 
and basophils. Other cells that secrete inflammatory mediators include 
mast cells that have been activated by IgE- and allergen-dependent 

FcεRI aggregation, and tissue-resident or recruited T cells that recognize 
allergen-derived peptides. Therefore, in a late-phase reaction, for example, 
elastase released by neutrophils promotes the activation of matrix 
metalloproteinases (MMPs) and the degradation of type III collagen. In 
addition, basic proteins released by eosinophils can injure epithelial cells, 
and several other mediators produced by recruited or tissue-resident 
cells can induce bronchoconstriction. CGRP, calcitonin-gene-related 
peptide; GM-CSF, granulocyte–macrophage colony-stimulating factor; 
TH17 cell, IL-17-producing TH cell.
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The increased levels of IgE observed in many allergic subjects can drive 
another amplification mechanism in allergic disorders. As local or cir-
culating concentrations of IgE increase, mast cells and basophils display 
more FcεRI on their surface and have enhanced IgE-dependent effec-
tor function8,35,74. In addition, certain IgE molecules seem to be able to 
undergo antigen-independent aggregation after binding to FcεRI, thus 
provoking some mediator secretion by mast cells even in the absence of 
specific antigen35,74. Should this mechanism occur in vivo, it might contrib-
ute to the persistence of symptoms in some patients even in the absence 
of ongoing exposure to specific antigen.

There is strong evidence that immunoglobulin class-switch recombi-
nation can occur locally in tissues affected by allergic inflammation21, 
resulting in the production of IgE. This finding can help to explain why 
mast cells at these sites display FcεRI molecules that remain fully saturated 
with IgE even when circulating IgE concentrations are relatively low21. 
It also suggests that IgE-dependent mechanisms of effector-cell activa-
tion might contribute to the development of inflammation (and related 
organ dysfunction) that is indistinguishable from that observed in allergic 
asthma, even in subjects who have low levels of IgE and in which a specific 
allergen has not yet been identified21. 
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Figure 5 | Chronic stage of allergen-induced airway inflammation. In chronic 
allergic inflammation, repetitive or persistent exposure to allergens has 
several effects. Innate immune cells (including eosinophils, basophils, 
neutrophils and monocyte–macrophage lineage cells) and adaptive immune 
cells (including TH2 cells, other types of T cells, and B cells) take up residence 
in the tissues. In addition, more mast cells develop in the tissue, and these 
cells display large amounts of IgE bound to FcεRI and have an altered 
anatomical distribution. Last, complex interactions are initiated between 
recruited and tissue-resident innate and adaptive immune cells, epithelial 
cells and structural cells (such as fibroblasts, myofibroblasts and airway 
smooth muscle cells) and blood vessels and lymphatic vessels, and nerves 
(not shown). Repetitive epithelial injury due to chronic allergic inflammation 
can be exacerbated by exposure to pathogens or environmental factors, and 
the consequent repair response results in an epithelial–mesenchymal trophic 
unit (EMTU) being established. This unit is thought to sustain TH2-cell-
associated inflammation, to promote sensitization to additional allergens or 
allergen epitopes (for example, epithelial-cell-derived TSLP can upregulate 

the expression of co-stimulatory molecules such as OX40, CD40 and CD80 
by dendritic cells), and to regulate the airway remodelling process. These 
processes result in many functionally important changes in the structure 
of the affected tissue. These changes include substantial thickening of the 
airway walls (including the epithelium, lamina reticularis, submucosa and 
smooth muscle), increased deposition of extracellular-matrix proteins (such 
as fibronectin, and type I, III and V collagen), and hyperplasia of goblet cells, 
which is associated with increased mucus production. In individuals who 
have such thickened airway walls, bronchoconstriction can result in more 
severe narrowing of the airway lumen than occurs in airways with normal 
wall thickness. In some individuals, especially those with severe asthma, 
TH17 cells (which secrete IL-17) may also contribute to the recruitment of 
neutrophils to sites of inflammation (not shown). EGF, epidermal growth 
factor; FGF, fibroblast growth factor; HBEGF, heparin-binding EGF-like 
growth factor; IGF, insulin-like growth factor; NGF, nerve growth factor; 
PDGF, platelet-derived growth factor; SCF, stem-cell factor (also known as 
KIT ligand).
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In addition, several effector mechanisms that are independent of IgE 
may also contribute to the pathology of allergic inflammation. In a mouse 
model of chronic asthma, mast cells can substantially influence features of 
chronic allergic inflammation and tissue remodelling (including expan-
sion of the number of goblet cells), independently of mast-cell signalling 
through either IgE–FcεRI or antigen–IgG1–FcγRIII75. Thus mast cells 
have the potential to drive important features of allergic inflammation 
independently of IgE. 

Moreover, in mouse models, allergic inflammation of the airways can 
be induced in mice that lack mast cells or B cells75. This underscores the 
important point that the coordination of chronic allergic inflammation 
may reflect complex and partly redundant pathways involving interac-
tions between mast cells35,51,52,55,75, T cells4,9,56, eosinophils76, basophils50,51, 
neutrophils73, monocyte–macrophage lineage cells77, platelets78 and 
natural killer T cells79,80, as well as a large and growing list of cytokines 
(inclu ding IL-4, IL-5, IL-12, IL-13, IL-15, IL-25 and IL-33). However, 
the relative importance of each of these potential effector or regu latory 
elements may vary in different disorders or between patients, and many 
of these interactions may not be markedly affected by IgE. This pos-
sibility may explain, at least in part, why the humanized IgE-specific 
monoclonal antibody known as omalizumab (Xolair) has shown vari-
able clinical effectiveness in patients with moderate-to-severe asthma81. 
Indeed, the results of attempts to target IgE-dependent mechanisms of 
inflammation in various allergic disorders support many other lines 
of evidence indicating that IgE has an important pathological role in 
some subjects with moderate-to-severe asthma81, allergic rhinitis81,82 or 

certain food allergies83, whereas T-cell-dependent effector mechanisms 
are more important in most patients with atopic dermatitis and perhaps 
in some with asthma as well4,58,69.

Suppression and resolution of allergic inflammation
Apart from the cessation of allergen-specific stimulation of effector cells, 
as occurs at the end of the pollen season in pollen-sensitive individuals, 
the factors that regulate the resolution of allergic inflammation are poorly 
understood. Some effector cells may undergo apoptosis as concentrations 
of cytokines that promote the survival of such cells locally diminish84; 
others (such as mast cells) may decrease the extent to which they dif-
ferentiate, mature or proliferate locally85; and others may emigrate from 
the affected site86. 

In some models of allergic contact hypersensitivity, the production 
of IL-10 by mast cells contributes significantly to the ability of mast 
cells to reduce many features of inflammation in the affected sites87. 
Whether similar anti-inflammatory or immunosuppressive actions 
of mast cells can be elicited in the context of IgE-associated allergic 
inflammation remains to be determined. However, several types of 
innate and adaptive immune cells that infiltrate sites of allergic inflam-
mation (including eosinophils and various populations of regulatory 
T cells) can produce mediators, cytokines, chemokines and growth 
factors that could reduce inflammation or promote repair at these sites. 
Such products include the resolvin and protectin lipid mediators88, IL-4 
(which can have anti-inflammatory effects89), TGF-β90,91, TGF-α92, 
IL-10 (refs 16, 87, 89, 91, 93) and IL-35 (ref. 93). 
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Figure 6 | Chronic allergic inflammation 
and tissue remodelling in asthma. Tissue 
sections from the airway of a non-asthmatic 
person (a–c) and a patient with severe 
asthma (d–f) are shown. Specimens were 
taken from lung resections (carried out for 
other indications), fixed in 10% neutral 
buffered formalin and processed routinely; 
sections 5 µm thick, from the same area of 
tissue, were stained with haematoxylin and 
eosin (a and d), periodic acid–Schiff with 
diastase (to stain mucus red; b and e), or 
pinacyanol erythrosinate (to stain mast cells 
purple; c and f). Scale bars, 500 μm (a and 
d), 100 μm (inset a and d), 400 μm (b and e), 
100 μm (inset b and e) and 100 μm (c and 
f). a–c, A normal small bronchus. There are 
few goblet cells (black arrows in insets) in 
the epithelium. The basement membrane 
and underlying lamina reticularis 
(at asterisk in a, hardly visible at this 
magnification) are normal. The submucosa 
(the length of the double-headed arrows 
in a) contains few leukocytes and the 
occasional mast cell (blue arrows in c), and 
the bronchial smooth muscle (SM) has 
few adjacent mast cells (red arrow in c). 
d–f, A small bronchus from a patient with 
a history of severe asthma. Mucus (M) fills 
the airway lumen (d and e). There are many 
goblet cells (black arrows in insets) and the 
occasional intra-epithelial mast cell (black 
arrows in f). The lamina reticularis (asterisk 
in inset in d) is markedly thickened. The 
submucosa (double-headed arrows in d) 
contains many eosinophils (green arrows in 
inset in d) and other leukocytes, as well as 
mast cells (blue arrows in f). There is more 
bronchial smooth muscle (SM) than in a–c, 
and there are many mast cells (red arrows 
in f) among bundles of smooth muscle cells. 
(Figure courtesy of G. J. Berry, Stanford 
University, California.)

452

NATURE|Vol 454|24 July 2008INSIGHT REVIEW



Allergen-specific regulatory T cells have been reported in patients after 
allergen-specific immunotherapy10,11,16,93. In addition, there is evidence 
from animal models of allergy and asthma that both antigen-specific 
regulatory T cells and naturally occurring regulatory T cells can limit dis-
ease, in part by IL-10- and TGF-β-dependent mechanisms16,93. However, 
the extent to which particular populations of regulatory T cells can limit 
allergic inflammation at the times of exposure to specific allergen, or help 
to resolve allergic inflammation when exposure to allergen ceases, and the 
mechanisms by which the regulatory T cells exert these effects remain to 
be fully understood.

Management of allergies and allergic inflammation
The two key elements of allergy management are preventing the expo-
sure of sensitized individuals to allergen and treating these individu-
als with therapeutic agents appropriate to the disorder. For example, 
antihistamines that target the H1 histamine receptor are a mainstay of 
treatment for allergic rhinitis but have been of limited value in asthma7,9. 
Asthma is generally treated with inhaled corticosteroids (which suppress 
many of the pathways that contribute to inflammation) and agonists of 
β-adrenergic receptors (which induce bronchodilation). These treat-
ments are effective in many (but not all) subjects7,9. Some patients with 
asthma are helped by drugs that target cys-LTs7,9. Omalizumab, which 
targets IgE, helps some subjects with moderate or severe asthma81 and 
is being evaluated in other settings82. 

The extent to which pharmacogenetic approaches can be used to 
understand the basis of variable clinical responses to the same agent, 
and to identify subjects who will benefit from particular treatments, is an 
area of active investigation94. Allergen-specific immunotherapy should be 
considered in situations in which this approach has been shown to 
be beneficial10,11. 

Many new pharmacological or biological agents that target the vari-
ous steps in the cell and mediator pathways implicated in allergic inflam-
mation are being investigated7,9. Some of these compounds are designed 
to exploit endogenous mechanisms to suppress effector-cell activation 
during allergic inflammation, such as co-engagement of FcεRI with the 
inhibitory receptor FcγRIIB95, or to take advantage of other mechanisms 
that can negatively regulate FcεRI-dependent signalling8,36.

Strategies to reduce sensitization and promote tolerance to common 
aller gens are also being considered. One example is reducing exposure to 
aller gens through routes that favour the generation of TH2-cell responses 
(for example, the skin and respiratory tract) while increasing exposure 
through routes that favour the production of tolerance (the gastrointesti-
nal tract)96. Other approaches include attempting to devise vaccines that 
can be used (carefully) to induce tolerance to substances before natural 
sensitization can occur7,9–11, using probiotics to promote the development 
of a ‘healthy’ immune system (that is, biased to TH1-cell responses or mod-
ified TH2-cell responses) 12, and using data derived from epidemiological 
studies to promote aspects of lifestyle that may reduce the risk of devel-
oping allergic disorders. Examples of this last approach include reducing 
exposure to common aeroallergens97, increasing exposure to certain pets 
(such as dogs)98, and increasing exercise and outdoor activities99.

What next?
The recent progress in our understanding of the genetic, environmental, 
tissue-specific and immunological factors that contribute to the develop-
ment of allergic disorders and allergic inflammation has suggested pos-
sible new approaches for managing, treating or even preventing these 
disorders. Will more specific or potent targeting of additional mediators, 
their receptors, IgE, FcεRI or effector cells (such as mast cells, T cells and 
natural killer T cells), used alone or in combination, afford a substan-
tial improvement over current approaches? Will marshalling the cur-
rent knowledge of the immunobiology of allergy and tolerance allow 
researchers to devise ways to prevent allergic sensitization (for exam-
ple, by improving epithelial barrier function in individuals in whom it 
is impaired) or to induce tolerance by safer and more effective forms of 
allergen-specific immunotherapy? Time will tell. Such efforts are impor-
tant because, although most patients with allergic disorders can be helped 

by current management strategies, these complex ‘disorders of advanced 
civilization’ have so far been difficult to control in many patients, let alone 
to prevent or cure. ■  
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