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ASTHMA is an inflammatory disease of the small airways
of the lung. Asthma has now reached epidemic propor-
tions, with more than 10% of children being affected in
many westernized societies. Infantile eczema (ATOPIC 

DERMATITIS, AD) is also increasingly common in the
developed world, affecting up to 15% of children in
some countries. Asthma is present in 60% of children
with severe AD, a significant proportion of whom con-
tinue with problems into adult life. Both diseases are
familial and arise from the interaction between strong
genetic and environmental factors.

AD, asthma and hay fever (allergic rhinitis) are often
considered to be part of a common syndrome of atopic
diseases1. Although the term ‘ATOPY’ has various defini-
tions, it most consistently refers to the presence of
immunoglobulin E (IgE)-mediated skin-test responses
to common ALLERGENS. Atopic individuals are also typi-
fied by the presence of increased levels of total and
allergen-specific IgE in the serum.

The scientific study of asthma and its related disor-
ders began around 1900. The success of vaccination
against infectious disease meant that the injection of
antigens and immune serum was widely used at that

time when investigating diseases. These experiments
resulted in the discovery of serum sickness (and von
Pirquet’s coining of the term ‘allergy’2), WHEAL-AND-FLARE

RESPONSES to the injection of antigens in the skin (the
basis of modern SKIN-PRICK TESTING for allergen sensitiv-
ity), the passive transfer of skin-test sensitivity by serum
from atopic individuals, systemic ANAPHYLAXIS, and
immunotherapy for hay fever with injections of crude
antigen3. Although these findings arose from artificial
circumstances (the injection of foreign substances), they
still distort and sometimes confuse the understanding of
asthma and AD today.

The serum factor that transferred skin-test sensitivity
to allergens was eventually discovered to be IgE1.
Allergen-specific IgE binds to mast cells in the skin and
lungs through a high-affinity Fc receptor (FcεRI,
encoded by FCERI). The penetration of allergen into
epithelial-cell surfaces causes crosslinking of FcεRI
molecules, resulting in mast-cell degranulation and the
release of many mediators of inflammation (FIG. 1).
IgE-mediated sensitivity has subsequently been consid-
ered to be central to the initiation of atopic disease4 and
a large body of research has been directed towards
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as-yet unknown environmental factors. However,
increases in exposure to house-dust mites and other
allergens have not been sufficient to explain the increase
in asthma prevalence7, and air pollution has effectively
been excluded as a cause of the asthma epidemic8.
However, asthma prevalence has been linked to increas-
ing hygiene standards and the progressive westerniza-
tion of lifestyles in many countries, and a protective
effect against asthma of microbial exposure in early
childhood has been suggested by the ‘hygiene hypothe-
sis’9,10. This hypothesis argues that early childhood expo-
sure to infections inhibit the tendency to develop aller-
gic disease. As a consequence, children with westernized
lifestyles, protected as they are from the infectious bur-
dens of early life that are common in the developing
world, suffer an increased risk of developing allergic dis-
ease. There is now strong evidence indicating that
microbial exposure is important for protection against
asthma (BOX 1), although the nature of the microbial
protective effect is still unknown.

Several theories have been put forward to explain the
association between asthma and hygiene. The theory of
immune deviation suggests that atopic asthma is initi-
ated soon after birth, when the naive immune system is
first confronted with potentially allergenic airborne anti-
gens11. It is suggested that the initial phase of allergen
exposure results in compartmentalization of immuno-
logical memory into either T

H
1- or T

H
2-cell phenotypes

in non-atopic and atopic individuals, respectively.
Microbial exposure in infancy encourages a milieu in
which initial allergen exposures produce benign T

H
1-cell

responses. In the absence of such exposure, T
H

2-cell
responses predominate, and can be followed by chronic
T

H
2-cell-driven inflammation in the airways11. This

raises the possibility that manipulation of the immune
system in early life could result in persistent T

H
1- or T

H
2-

type responses. If this is the case, vaccination to induce
T

H
1-cell responses might be effective against asthma and

other allergic disorders12. As an alternative to the
immune deviation theory, it has been proposed that lack
of ‘normal’ microbial exposure leads to reduced activity
of regulatory T cells rather than T

H
2-cell deviation13.

The current view that high IgE levels driven by T
H
2-

cell responses account for the pathogenesis of atopic
disease has several inconsistencies. First, 10% of cases of
childhood asthma or of AD have normal levels of total
IgE and do not have specific IgE responses to common
allergens14. These patients are, however, clinically indis-
tinguishable from individuals with diseases character-
ized by elevated IgE levels1. Furthermore, immuno-
therapeutic strategies that block allergen-specific IgE
responses15–17 or that remove total serum IgE18 are of
incomplete efficacy for the treatment of atopic asthma
and AD, indicating that IgE-independent mechanisms
probably contribute to the presence of both diseases.

The second problem relates to the initiation of dis-
ease by exposure to allergens. It is assumed that allergens
are important primarily because they are allergenic, and
that they produce allergic responses because they are
respirable (that is, able to penetrate into the respiratory
tract) and soluble. However, as discussed later, the

understanding the humoral and cellular factors that
regulate IgE production5,6.

The effective production of IgE in atopic disease by
B cells depends on support by T helper 2 (T

H
2) cells,

which produce interleukin-4 (IL-4), IL-5, IL-9 and IL-13.
In general, T

H
1 cells promote cellular rather than

humoral immune responses, and they are prominent in
other chronic disorders, such as Crohn’s disease and
PSORIASIS. Cells with the T

H
2-cell phenotype have been

well studied for their role in the pathogenesis of airway
inflammation and asthma, and a well-supported model
of asthma pathogenesis denotes that T

H
2 cells function

as key players by promoting IgE production by B cells6.
Any model of the immunology of asthma and AD

has to take into account the observation that both dis-
eases have increased in prevalence during the past cen-
tury. It is unlikely that genes that modify susceptibility
to these diseases have changed in this short time, so the
increase in disease must be attributable to a change in

ATOPY

(meaning ‘strange disease’).
A term invented to describe the
familial syndrome of asthma
and hay fever and their
association with positive skin-
prick tests.
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Common inhaled proteins that
induce allergic responses.
Typical allergen sources include
house-dust mite, grass pollens
and animal danders (droppings
from skin and fur).
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Figure 1 | Classical mechanisms of atopy in asthma and atopic dermatitis. Allergens are
taken up by dendritic cells and presented to T cells. In the absence of childhood microbial
exposure, the balance between T helper 1 (TH1) and TH2 cells is altered. TH2 cells encourage the
production of immunoglobulin E (IgE) by B cells. Allergen-specific IgE then binds to the high-
affinity receptor for IgE (FcεRI) on mast cells. Allergen exposure induces crosslinking of receptor-
bound IgE with subsequent mast-cell degranulation and the release of pro-inflammatory
molecules. IL, interleukin; TCR, T-cell receptor.

Box 1 | The hygiene hypothesis

Atopic asthma has increased in frequency over the past 100 years, and a high prevalence
of asthma and atopy is found in westernized and urbanized societies. Protective effects
against asthma and atopy include
• Living with pets127,128

• Living with several brothers and sisters9,127,129

• Drinking unpasteurized milk130,131

• Living on a farm130

• Living in close proximity to farm animals130

These findings indicate that
• Asthma and atopy have a strong environmental component

• Abundant microorganisms in the childhood environment seem to be protective

• Manipulation of the environment might prevent asthma
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that were reproducible between screens and four regions
that were statistically significant but not replicated by
other groups23. Those regions that were consistently
identified are likely to contain the genes with the strongest
effect on disease (FIG. 2).

Genome screens have also been carried out for
many other immune diseases that have a genetic basis
and have identified regions of linkage that are shared25

(FIG. 2). Asthma, for example, consistently shows link-
age to the MHC loci on the short arm of chromosome 6
(REF. 26) — as with many other diseases — and linkage
loci for asthma also overlap with loci for other inflam-
matory and autoimmune diseases, such as ankylosing
spondylitis (on chromosomes 1p31–36, 7p13 and
16q23); type 1 diabetes (on chromosomes 1p32–34,
11q13 and 16q22–24); and multiple sclerosis and
rheumatoid arthritis (on chromosome 17q22–24)
(REF. 26). These findings indicate that the susceptibility to
different diseases arising from these loci might be
influenced by individual genes in various forms (alleles).
Alternatively, as in the case of the MHC loci, disease
susceptibility might be modified by physical clusters
of genes that have many effects on immune responses.
In either event, the mapping of these shared loci is of
particular interest, as they indicate that pathways
might be common between diseases and, therefore,
might lead to the elucidation of as-yet unknown
immune processes.

Three genome screens for AD have been carried out
and have identified significant linkage to AD in four
regions (reviewed in REF. 27). However, these regions do
not overlap with known regions of linkage to asthma,
indicating that susceptibility to asthma and AD are
mediated through different genes rather than through a
common atopic background. The four AD loci are,
however, closely coincident with regions that are known
to contain genes that are associated with psoriasis sus-
ceptibility27, and one of the shared loci, on chromosome
20p, also shows strong linkage to leprosy susceptibility
in families from a region of endemic leprosy in South
India28. This indicates that particular genes or families 
of genes have general effects on immune reactions in
the skin.

Single-gene disorders: Netherton’s disease
The POSITIONAL CLONING of novel genes from regions that
are linked to complex diseases is a long and difficult
task. By contrast, the identification of Mendelian (single-
gene) disorders is much more straightforward, and can
sometimes give insight into complex diseases.

An example of a single-gene disorder is Netherton’s
disease, a rare recessive disorder that is characterized by
a generalized congenital erythroderma. Importantly,
children with this syndrome consistently develop symp-
toms of atopic disease (hay fever, food allergy, urticaria
and asthma) and high levels of IgE in the serum, and
might therefore shed light on common disease
pathways29,30. In 2000, mutations in the gene encoding a
serine protease inhibitor known as SPINK5 (also known
as LEKTI) were shown to cause disease in patients with
Netherton’s disease31,32. Subsequent work has shown

presence of foreign proteins at mucosal surfaces is, on its
own, insufficient to produce an immune response, and
other factors have to be invoked to explain why allergens
are associated with disease.

Given that the basic causes of asthma and AD are still
unclear, it is proving increasingly helpful to understand
their genetic basis. Genetic experimentation offers a
structured approach to identifying unknown genes and
pathways, and the genes so far identified in asthma 
and AD are beginning to close some of the gaps in our
understanding of these diseases. This review describes
what is known about the genetics of asthma and AD, and
then suggests potential mechanisms to explain the inter-
action between genes and the environment in disease
pathogenesis.

Immunogenetics
In general, the study of genetics is the study of polymor-
phism. However, not all genes are polymorphic, such as
those that are crucial to normal development, and not
all disease pathways will be discovered using a genetic
approach. Nevertheless, survival in a hostile environ-
ment characterized by constantly evolving threats from
microorganisms depends on spending considerable
energy on evolving and maintaining immunity.
Consequently, many genes and proteins of the immune
system are polymorphic.

Although disease can result from mutations in single
genes, most of the common diseases with familial clus-
tering are due to complicated interactions between an
unknown number of genes and environmental factors.
Genetic research into these ‘complex diseases’ or ‘com-
plex traits’ has begun to make a substantial contribution
to the understanding of mechanisms for illnesses such
as Alzheimer’s disease, diabetes, asthma and inflamma-
tory bowel disease (IBD). Functional polymorphisms
might be expected in many genes that influence immu-
nity, and many of these might show associations with
disease if they are tested carefully enough. However, it
seems likely that complex diseases are most influenced
by a few polymorphisms that have a large effect19, and it
is these polymorphisms that are of particular interest in
the unravelling of disease pathogenesis.

Genome screens of asthma and AD
As childhood asthma runs strongly in families, and
studies of twins with asthma or AD show a heritability
of approximately 60% (REFS 20–22), many GENOME SCREENS

have been carried out to search for genetic effects on
these illnesses. Genome screens involve the study of
families containing individuals with the disease of inter-
est. In these familial screens, evenly spaced genetic poly-
morphisms (markers) that cover all the chromosomes
are typed in family members, and a search is made for
genetic regions that are co-inherited with disease (a
phenomenon known as GENETIC LINKAGE). Linked regions
(loci) are then mapped in detail to identify the underlying
‘disease gene’ or genes.

At least 11 whole-genome screens have been reported
for asthma and its associated phenotypes (reviewed in
REFS 23,24). These have identified ten regions of linkage

WHEAL-AND-FLARE RESPONSE

The acute response of the skin 
to an allergen in a skin-prick test.
The wheal is a swelling of the
epidermis around the site of the
prick (usually several
millimetres in diameter). The
flare is a reddening of the skin
over a wider area that is induced
by neuronal mechanisms.

SKIN-PRICK TEST

The introduction of minute
amounts of allergen into the
epidermis by a prick or scratch
induces mast-cell degranulation
if allergen-specific IgE is present.
A wheal and flare is visible if
degranulation takes place, and
its size is used as a measure of an
individual’s allergen sensitivity.

ANAPHYLAXIS

The generalized release 
of histamine and other
inflammatory mediators
following systemic induction 
of mast-cell degranulation by
allergen. Anaphylaxis can cause
bronchospasm, cardiovascular
collapse and death.

PSORIASIS

The most common skin disease
of adults, typically affecting the
extensor surfaces of elbows 
and knees but can also be
generalized. It is not associated
with atopy.

GENOME SCREEN

The systematic localization of
chromosomal regions that are
co-inherited with disease.
Typically, a panel of markers
covering all the chromosomes
are genotyped in multiple
families containing individuals
with the disease.

GENETIC LINKAGE

The identification of
a chromosomal region that 
is co-inherited with disease 
in families.

POSITIONAL CLONING

The process of systematically
identifying disease genes from
the study of families. Positional
cloning begins with genetic
linkage regions, which can cover
20–30 million base pairs of DNA
and contain 300 genes. The
region is refined to 5–10 genes
by genetic ‘fine mapping’, and
the remaining genes are studied
individually to determine
whether they contribute to
disease.
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death41. If these external sources of proteases are impor-
tant in disease pathogenesis, then inhibition of protease
activity might be a new approach in the therapy of AD.
Indeed, encouraging results have been obtained from a
small study in which α1-proteinase inhibitor was effec-
tive in the treatment of AD42, although more compre-
hensive studies are now required.

The epidermal differentiation complex
Genetic linkage studies of AD and of psoriasis 
have highlighted the importance of chromosome 1q21
(REFS 43,44). This chromosome region contains a collec-
tion of genes known as the epidermal differentiation
complex (EDC)45. Many of these genes have shown
increased expression in the skin of patients with AD46

and psoriasis46–48. Although polymorphisms in individ-
ual genes of the EDC have not yet been associated with
disease, it has been established that disease susceptibility
alleles are contained within the cluster44.

Several gene families are present within the EDC:
these encode small proline-rich region proteins
(SPRRs), S100A calcium-binding proteins and late
envelope proteins (LEPs)45,49. The SPRR and LEP 
families of genes encode precursor proteins of the 
CORNIFIED ENVELOPE and are involved in keratinocyte 
terminal differentiation49,50. Expression of the EDC pro-
teins occurs late during the maturation of epidermal
cells51, and like SPINK5, proteins of the EDC are mainly
localized just beneath the cornified envelope52.

Global gene-expression studies have been used to
investigate the skin lesions of active psoriasis47,48. In
these studies, 30 of the genes in and around the EDC
were differentially expressed when normal skin and skin
lesions were compared, with several S100A and SPRR

that a common polymorphism in SPINK5 (particularly
Glu420Lys) modifies the risk of developing AD, asthma
and elevated levels of serum IgE33–36, indicating that
SPINK5 might be involved in an unexpected pathway in
the development of atopic disease.

The SPINK5 protein contains 13 active protease
inhibitory domains, which are joined together by link-
ing domains. The sequence of each of the SPINK5 pro-
tease inhibitory domains is slightly different32, indicating
a polyvalent action against multiple substrates. SPINK5
is expressed in the skin in the outer epidermis, the seba-
ceous glands and around the shafts of hair follicles37,
indicating that it might be important for the inhibition
of environmental proteases, such as those that arise
from bacteria or allergens that penetrate the skin. This is
consistent with the observation that a third of patients
with AD suffer from frequent, severe bacterial infections
in the skin, and the lesions of over 90% of AD patients
are colonized with Staphylococcus aureus38,39. Moreover,
nearly all strains of S. aureus from skin lesions of AD
have high levels of proteolytic activity40, which is in con-
trast to the low levels that are typical of control strains
isolated from healthy carriers40, indicating that SPINK5
might be important in suppressing this proteolytic
activity.

Many children with AD have high titres of IgE spe-
cific for allergens from the ubiquitous house-dust mite
Dermatophagoides pteronyssinus, so named because it
feeds on human skin that is shed from the outermost
cornified layer. The main house-dust-mite allergens
(Der p I and Der p II) are present in its faecal pellets and
are proteases that have profound effects on epithelial
cells, including disruption of intercellular adhesion,
increased paracellular permeability and initiation of cell

CORNIFIED ENVELOPE

The cell walls of fully
differentiated keratinocytes,
which form the stratum
corneum.

1 2 3 4 5 6 7 8 9 10 11 12 1413 15 16 17 18 19 20 21 22 X Y

Asthma Other autoimmune diseasesAtopic dermatitis Psoriasis

Figure 2 | Susceptibility loci identified by genome screens for asthma, atopic dermatitis and other immune disorders.
Only loci with significant linkages are indicated. Clustering of disease-susceptibility genes is found for the MHC on chromosome
6p21, but also in several other genomic regions. Note that several loci for atopic dermatitis and psoriasis overlap.
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might be the target for a new asthma therapy54. GPRA
encodes an orphan G-protein-coupled receptor with
isoforms that show distinct patterns of expression 
in bronchial epithelial cells and smooth muscle cells 
in asthmatic versus healthy individuals55. In general,
G-protein-coupled receptors are good targets for phar-
maceutical therapy, but more needs to be known about
GPRA before it can become a focus for treating or 
preventing asthma.

Although their functions are still largely unknown, it
is of interest that the expression of both DPP10 and
GPRA is concentrated in the terminally differentiating
bronchial epithelium — the epidermal layer that corre-
sponds to the site of highest expression of SPINK5 and
proteins encoded in the EDC (FIG. 3). This indicates that
all of these proteins might play a part in the maintenance
of the epithelial barrier or that they might be involved in
the first lines of response when this barrier is breached.

Studies of CANDIDATE GENES have also identified genes
that might be involved in asthma susceptibility, many of
which might exert their effects in the mucosa. For exam-
ple, IL-13 polymorphism influences mucus production
as well as serum IgE levels58 through a receptor encoded
by the polymorphic IL-4R59. FCERIB variants modify the
activity of FcεRI on mast cells, possibly by modulating
the level of expression of the receptor on the cell sur-
face60,61. A receptor expressed by T cells for the key mast-
cell signalling factor prostanoid DP has also been
reported to be associated with asthma62. These findings
indicate that the role of mast cells in epithelial inflamma-
tion might also be a potential target in asthma therapy.

Other asthma susceptibility genes include the pattern-
recognition receptors (PRRs) of the innate immune sys-
tem, which are expressed by dendritic cells and other
cells, and recognize specific microbial components and
activate innate immune responses. Polymorphism in
CD14 (REF. 63), TLR2 (Toll-like receptor 2) (REF. 64),
NOD2 (nucleotide-binding oligomerization domain 2,
also known as CARD15) (REF. 65) and TIM1 (T-cell
immunoglobulin domain and mucin domain 1, also
known as HAVCR1) (REF. 66) have all been shown to
influence asthma susceptibility, indicating that these
genes might be important in providing the link between
microbial exposure and reduced susceptibility to
asthma. Whereas CD14 polymorphisms have been asso-
ciated with total serum IgE levels63, TLR4 does not seem
to be associated with asthma67,68, and although TLR2
polymorphisms have been associated with asthma in
children raised on farms64, they do not seem to be asso-
ciated with asthma in the general population68. TLR10,
which responds to an unknown ligand, has recently
been associated with asthma69. However, none of these
studies has tested for IgE responses to particular aller-
gens, so systematic studies of PRR activation in asthma
and AD are now needed.

Other recognized effects are from tumour-necrosis
factor (TNF)70,which encodes a potent pro-inflammatory
cytokine that is released by many cells, including airway
epithelial cells and transforming growth factor-β
(encoded by TGFB)71, which is an important local 
regulator of epithelial inflammation.

family members upregulated in psoriatic skin47,48. The
expression pattern of particular genes of the EDC in AD
has not yet been described in detail, but is has been
observed that SPRR2C is expressed at a level that is ten-
times higher in psoriasis than in AD, and that S100A12
gene expression is three-times higher46.

The functions of some of the EDC gene products
indicate that the skin is not functioning as a passive bar-
rier. Accordingly, the S100A calcium-binding proteins
are often secreted in response to inflammation and have
a wide range of immunological actions53 (TABLE 1). Given
that the skin is the primary interface of the body with
the external environment and that it can initiate a range
of responses to a variety of insults, it is now of interest to
investigate the role of these proteins in inflammatory
diseases.

Genes for asthma and other epithelial diseases
Asthma, psoriasis, Crohn’s disease and other diseases
that affect epithelial surfaces all have a strong genetic
component. The positional cloning of susceptibility
genes for asthma has been remarkably successful
recently, with the identification of four novel genes:
DPP10 (dipeptidyl peptidase 10; chromosome 2q14)54,
GPRA (G-protein-coupled receptor for asthma suscep-
tibility; chromosome 7p14)55, PHF11 (plant homeo-
domain finger protein 11; chromosome 13q12)56 and
ADAM33 (a disintegrin and metalloproteinase 33;
chromosome 20p)57.

The functions and activities of these genes are so far
poorly understood, but they do not fit into classical
pathways of asthma pathogenesis. ADAM33 is
expressed in bronchial smooth muscle, and is thought
to alter the hypertrophic response of bronchial smooth
muscle to inflammation (a component of airway
remodelling)57. PHF11 encodes a nuclear receptor that
is part of a complex containing a histone methyl trans-
ferase (SETDB1), a regulator of HDAC (RCBTB1) and
a nuclear transport molecule (karyopherin α3). Their
function in asthma is unknown. DPP10 encodes a pro-
lyl dipeptidase, which can remove the terminal two
peptides from certain pro-inflammatory chemokines.
It is uncertain whether this would activate or deactivate
them, but if the substrate for DPP10 is what has been
predicted, and if chemokines are activated, then DPP10

CANDIDATE GENES

Known genes that are
investigated for a role in 
disease by the comparison 
of polymorphisms in patients 
and controls.

Table 1 | Products encoded in the EDC, and their functions

Protein Function References

S100A2 Chemotactic agent for eosinophils 132

S100A7 Chemotactic agent for for CD4+ T cells and 113,133
(psoriasin) neutrophils. Antimicrobial activity

S100A8–S100A8 Chemotactic agent for leukocytes 134–136
homodimer

S100A8–S100A9 Cytostatic activities. Antimicrobial activities. 114,115,
heterodimer Inhibitor of macrophage activation. Inhibitor of 137–140

immunoglobulin synthesis by B cells

S100A12 Pro-inflammatory activity towards endothelial cells 117,141
and inflammatory cells. Filaricidal and filariastatic
activity

EDC, epidermal differentiation complex.



©  2004 Nature  Publishing Group
NATURE REVIEWS | IMMUNOLOGY VOLUME 4 | DECEMBER 2004 | 983

R E V I E W S

and SLC12A8 from chromosome 3q21 (REF. 72) (FIG. 3).
PSORS1, on chromosome 6p, is another psoriasis-
susceptibility locus. This region is complex because of
the presence of multiple genes in tight linkage disequilib-
rium that are possibly co-regulated, and genetic studies
have implicated both HLA-Cw*0602 and the neigh-
bouring gene encoding corneodesmosin (CDSN) in
mediating the susceptibility to psoriasis73–76. CDSN is
also expressed by terminally differentiating keratinocytes
and is a key linking component in the STRATUM CORNEUM,
making it vital for the maintenance of an effective
physical barrier76.

Susceptibility to IBD is conferred by NOD2 on chro-
mosome 16p77,78, DLG5 on chromosome 10q23 (REF. 79)

and organic cation transporter (OCTN) genes (SLC22A4
and SLC22A5) on chromosome 5q31 (REF. 80). NOD2
mutants interfere with the function of Paneth cells,
which are most numerous in the terminal ileum and are
critically important in enteric antibacterial defences81,82.
The highest levels of expression of DLG5 and OCTN
genes are in terminally differentiating epithelial cells.
DLG5 encodes a scaffolding protein involved in the
maintenance of epithelial integrity79 (FIG. 3).

OCTN genes (SLC22A4 and SLC22A5) are predicted
to be cation transporters on the basis of their sequence
homologies, but they do not have known substrates or
functions. Other equally mysterious cation transporters
that are involved in the genetic predisposition to epithe-
lial disease include SLC12A8 and psoriasis (described
above), and CLCA1, which has recently been implicated
in asthma83 and CHRONIC OBSTRUCTIVE PULMONARY DISEASE84,
and is found at high levels in the mucus.

The list of susceptibility genes so far discovered for
each of these diseases contains many surprises and
many unanswered questions. However, the expression
of many of these genes in the skin or mucosa indicates
that their function lies in these tissues. Although previ-
ous understanding of asthma, AD, psoriasis and IBD
has centred on mechanisms in the adaptive immune
system, often with an emphasis on the T

H
1–T

H
2 para-

digm, the results from genetic studies indicate that fur-
ther understanding of innate mechanisms of epithelial
defence is essential to the treatment and prevention of
these disorders.

Mechanisms of epithelial immunity
In evolutionary terms, epithelial surfaces have had to
cope with infections and other insults long before the
emergence of the adaptive immune system, and most
life on earth still exists without the help of an adaptive
immune system. Immunity must first have evolved in
the primitive epithelium, and the subsequent evolution
of specialized immune effector cells of the innate and
adaptive immune system has built on mechanisms
initially developed in epithelial cells.

It should therefore not be surprising that gene-
expression studies indicate that epithelial cells are
immunologically active. Keratinocytes in the skin are the
most-studied epithelial cell and are known to produce a
wide range of cytokines85.Although this activity has been
assumed to be secondary to signalling from classical

Several other recent observations have indicated the
importance of proteins that are expressed by epithelial
cells in conferring susceptibility to (or protection
against) disease. Terminally differentiating keratinocytes
express psoriasis-susceptibility genes SLC9A3R1 (also
known as EBP50), recently cloned from the psoriasis-
susceptibility locus 2 (PSORS2) on chromosome 17q25,
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Mucus: CLCA1

b Airway

Dendritic cell: CD14,
TLR2, TIM1 and NOD2
(also expressed by other
cells including epithelial cells)

Basal epithelial
cell: TNF

Stratum corneum
Terminally differentiating
keratinocytes

a Skin

Dermis

Epidermis

Expression of SPINK5,
GPRA, SLC9A3R1, SLC12A8
and genes of the EDC

Figure 3 | The distribution of genes causing susceptibility to asthma and atopic
dermatitis. a | In the skin, proteins encoded by SLC9A3R1, SLC12A8, SPINK5, GPRA and 
the genes of the epidermal differentiation complex (EDC) are found in terminally differentiating
keratinocytes. b | In the airways, proteins encoded by DPP10, GPRA and SPINK5 are found in 
the terminally differentiated airway epithelium. The function of all of these positionally cloned genes
is uncertain. Pattern recognition receptors for microbial products such as CD14, TLR2, TIM1 and
NOD2 are expressed by various cells, including dendritic cells and epithelial cells. ADAM33 is
expressed in bronchial smooth muscles, and is believed to modify bronchial responsiveness to
allergens. The recently identified cation transporter CLCA1 is detected at high levels in the mucus.
TNF, tumour-necrosis factor.
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genes on chromosome 20q12 (REF. 91), close to a region
that has been linked to AD and asthma43. These pro-
teins, which have homology to whey acidic protein
(WAP), are produced at epithelial-cell surfaces and
include elafin and secretory leukocyte protease inhibitor
(SLPI)91. Elafin is a component of the cornified envelope,
and has antimicrobial activity against Gram-negative
and Gram-positive bacteria92. SLPI is found in airway
surface fluid, where it might have a prominent role in
mucosal defences against microbial attack93, as it has
been shown to be a potent antimicrobial agent with
antiretroviral, bactericidal and antifungal activity94.
However, the functions of other members of the WAP
cluster have not yet been studied.

The importance of airway surface fluid and airway
mucus is often neglected in the current understanding
of allergic processes. In addition to SLPI, the airway sur-
face fluid contains other small antimicrobial peptides
such as β-defensins and cathelicidins95–97, which are
secreted in response to damage and danger signals, and
significant antimicrobial activity is also conferred by
lysozyme and lactoferrin93,98. Whereas the airway
mucosa produces high levels of immunoglobulins, par-
ticularly IgA, as shown by microarray analyses of gene
expression in the nasal mucosa99, deficiency or low levels
of IgA are associated with an increased prevalence of
atopic disease100,101. Failure of nonspecific components
of the epithelial barrier, such as IgA or SPINK5, can
therefore give rise to increases in serum IgE and the
manifestations of atopy. This suggests a hypothesis in
which IgE responses to allergens are either the result of
an inability to prevent allergens from breaching epithe-
lial surfaces, or are the result of secondary penetration of
allergens into epithelial-cell surfaces that have already
been damaged by other factors.

The concept of a general barrier failure in atopic dis-
ease helps to explain why more than 95% of the serum
IgE in most individuals is specific for unknown anti-
gens, why many individuals with asthma and AD do not
have atopy, and why specific immunotherapy and treat-
ment with IgE-specific antibodies do not abolish asthma
or AD in patients with atopy.

Danger recognition. Before an organism can respond to
infection and damage, it first has to recognize that dan-
ger and damage are present. Microbial infection is rec-
ognized by PRRs that respond to a wide variety of
pathogen-associated molecular patterns (PAMPs). In
addition to the recognition of microbial antigens, the
initiation of an immune response also requires ‘danger’
signals produced by injured tissues102,103. Many PRRs,
including pulmonary collectins, surfactant-associated
proteins A and D, C-reactive protein (CRP) and soluble
CD14 exert their effects by binding microbial molecules
and facilitating their neutralization or degradation by
specialized cells104. These molecules do not contain sig-
nalling motifs. However, other PRRs do produce intra-
cellular signals when they bind to particular microbial
ligands. The TLRs are the most-studied of these, and are
now known to induce specific reactions to a wide variety
of bacterial and fungal components105.

immune cells86, keratinocytes express functional receptors
such as CD14 and TLR4 — which recognize lipopoly-
saccharides — and can induce pro-inflammatory
responses without pre-induction by other cells87.Airway
epithelial cells also express PRRs88, and cultures of
pneumocytes show marked alteration of expression of
cytokines, DNA-binding proteins and nuclear factor-κB
(NF-κB)-regulated genes after exposure to respiratory
pathogens89,90.

The mechanisms through which the epithelium
interacts with the environment, including barrier
defences, the recognition of danger and the call for help
from specialized inflammatory cells are discussed
below (FIG. 4).

Barrier defences. The simplest form of defence consists
of putting up a mechanical barrier to bacterial entry and
bacterial proteolysis. The ubiquitous presence of bacte-
ria on the surfaces of the body means that an effective
barrier needs to be augmented by protease inhibition
and by bacteriostatic and antibiotic molecules.
Numerous components that make up this barrier have
now been defined, many of which are encoded in the
EDC on chromosome 1q21.

The location of SPINK5 expression and its polyva-
lent activity indicate that it might be an important com-
ponent of the epithelial barrier. Other protease
inhibitors with similar roles are encoded by a cluster of

STRATUM CORNEUM

The mechanically and
chemically resistant outermost
layer of the skin, which is made
up of a complex mixture of
lipids and proteins.

CHRONIC OBSTRUCTIVE

PULMONARY DISEASE

A disease of irreversible airway
constriction. It usually results
from a combination of cigarette
smoking and asthma.

Stratum corneum

Skin
Barrier defences
Stratum corneum
(or mucus in the
lung and intestine)

Danger

Release of active defences
Antimicrobials, proteinase
inhibitors and lipase inhibitors

Call for help
Release of cytokines,
chemokines and
inflammatory mediators

Recognition of
danger or damage
through various PRRs

Figure 4 | Defence mechanisms in epithelial cells. Epithelial cells resist damage owing to the
stratum corneum of the skin or the mucus in the airway or intestine. Immune responses to external
antigens are only induced in the presence of danger and damage. Danger is recognized through
pattern-recognition receptors (PRRs), with the resultant release of active defences, such as
antimicrobials or antiproteinases, and signalling molecules to recruit help from specialized immune
cells. Different receptors recognize different microbial products or other factors, and can modify 
the immune-signalling millieu appropriately. In this model, T helper 1 (TH1)- or TH2-cell responses
are driven by the nature and site of the initial injury.
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immune signalling from molecules that were originally
secreted solely for defence against microbial insults.

Early innate modulation of TH1 or TH2 cells
The nature of the immune response is first influenced
by the specific signals that are involved in the early
recruitment of immune components to the site of
inflammation. As different PRRs can signal through dif-
ferent pathways, different pathogens or antigens can
induce different immune responses104,119. Second, the
nature of the local immune response might also be
strongly influenced by tissue-specific factors, and it has
been suggested that epithelial cells, in general, tend to
initiate T

H
2- rather than T

H
1-type responses103. In addi-

tion, there is evidence that dendritic cells from airways
encourage T

H
2-cell development by default120, and that

the induction of T
H

2- or T
H

1-type responses by den-
dritic cells depends on the stimulus with which they are
activated121.

The perception that specific early signals induced by
different infections (or damage by different proteins or
other entities) might modify the nature of the subse-
quent immune response has implications for the
T

H
1–T

H
2 paradigm of atopic disease. One important

issue is the timing of establishment of the T
H
2-cell bias:

on the one hand, T
H
1- or T

H
2-cell responses to allergens

might be fixed at the time of first exposure in early
childhood, and the bias might be subsequently manipu-
lated by bacterial or other adjuvants. On the other hand,
T

H
1- or T

H
2-cell responses might develop as a conse-

quence of activation of particular PRRs by particular
PAMPs that are present in allergens.

The therapeutic options are different for the two pos-
sibilities. If T

H
2-cell responses to allergens are the default

mechanism, then the ability to modulate the T
H
2–T

H
1

balance by therapeutic methods is diminished.
Alternative therapeutic possibilities might stem from
examination of the specific events that are induced by
allergen contact with epithelial-cell surfaces. These might
include boosting of the epithelial barrier with protease
inhibitors, blocking of particular PRR ligand-binding
sites and their downstream signals, or interference 
with the early signals of inflammation, such as those
potentially identified by positional cloning studies.

Microbial protection against atopy
Although the current emphasis in understanding
asthma and AD is now moving from involvement of
distant adaptive immune responses to local responses at
epithelial-cell surfaces, it is probable that a full under-
standing of these diseases will also depend on studies
that include the commensal bacteria.

Current understanding of the hygiene hypothesis
rests on the suggestion that microbial stimulation during
early life is essential for the normal development of the
immune system and to achieve the ‘correct’ cytokine
balance122. However, the evidence described earlier indi-
cates that damage to the epithelium is probably the initi-
ating event in atopic disease, and the T

H
1- or T

H
2-cell

bias of subsequent inflammation might be secondary to
the nature of the damage.

Intracellular PAMPs, particularly peptidoglycans, are
recognized by the NOD/CARD family of proteins106.
The NOD/CARD proteins are themselves part of a
wider family of NBS-LRR (nucleotide binding site and
leucine-rich repeat) proteins that bind microbial prod-
ucts through their LRRs and bear structural similarities
to PRRs in plants107. This family alone contains over 
40 members, and the list of PRRs will probably continue
to grow.

Additional endogenous danger signals that arise
from cell damage (heat-shock proteins and cardiolipin)
(reviewed in REF. 108), also activate PRRs and amplify the
immune response.

The initial immune response to allergens now needs
to be examined in the context of these innate mecha-
nisms that have evolved for responding to foreign
antigens. The requirement of tissue injury to trigger an
immune response means that allergens cannot be con-
sidered soluble proteins that accidentally induce
immune responses, as they appear in the wrong place. It
is more likely that they excite an immune response
because they damage epithelial integrity. The toxic
effects of Der p I and Der p II from house-dust mites are
well documented41, and the observations that Fel d I, the
main cat allergen, degrades denatured collagens and
cleaves fibronectin109 and that the main grass allergen
Phl p V is an RNAase110, favour the hypothesis of
epithelial damage by allergens. If allergen damage to the
airways or skin initiates disease through innate path-
ways, then treatment strategies to circumvent specific
adaptive antigen-driven immune reactions are unlikely
to be successful.

The call for help. The recognition of danger is fol-
lowed by the induction of active defences against
microorganisms and the recruitment of help from
specialized cells of the innate and adaptive immune
systems. Many molecules secreted by epithelial cells in
response to danger have the ability to regulate
immune reactions and recruit cells of the innate and
adaptive immune systems. These include S100 pro-
teins from the EDC, chemokines, the human catheli-
cidin cationic antimicrobial peptide LL-37 (REF. 111),
and α- and β-defensins, which possess structural and
signalling similarities to chemokines112.

Recent studies have indicated that the novel asthma
gene DPP10, owing to its peptidase activity, might
serve as a checkpoint in the activation or deactivation
of chemokines that have an Xaa-Xaa-Pro-Xaa-Ser
motif at their amino (N)-terminal54. Chemokines with
this motif include SDF1α, IP10, eotaxin and
RANTES54. These putative substrates are active in asth-
matic airway inflammation, tentatively indicating that
DPP10 might be a target for the therapy of asthmatic
airway inflammation.

It is of interest that many of these early signalling
molecules also have antimicrobial activities as well as the
ability to regulate immune reactions. Molecules with this
dual function include several S100A proteins113–117 and
about two-thirds of known chemokines118. This duality
of function might be an indication of the evolution of
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as DPP10 and GPRA, a focus on the epithelium encour-
ages investigation of the mechanisms by which allergens
damage the epithelium and the danger signals and PRRs
that they activate. The profound effects of SPINK5
mutations on the development of Netherton’s disease
indicate that high IgE levels and symptoms of AD 
or asthma might result from failure of the epithelial
barrier, and that damage from non-allergens such as 
S. aureus in AD might be important in driving disease
in some circumstances.

The initiation and maintenance of inflammation
at epithelial surfaces is induced by local mechanisms
that have marked effects on the outcome of the
immune response. Genetic studies indicate the pres-
ence of many previously unknown or ignored mole-
cules, such as the S100 proteins from the EDC, which
might be novel targets for the control and suppression
of epithelial inflammation.

A central mystery of asthma revolves around the
protective effect of microbial exposures in childhood.
This effect has mainly been investigated in the context
of T

H
1- or T

H
2-biased responses, but it might also be

explicable by mechanisms confined to epithelial-cell
surfaces. Some genetic factors, such as CD14 and
TLR2, have been identified that might interact with
this microbial environment. The full characterization
of genes interacting with microorganisms in asthma
and AD might be expected to shed light on these 
crucial events.

Alternative mechanisms for bacterial products to
modify the risk of atopic disease include the enhance-
ment of an effective airway barrier by the induction of
mucus production through IL-13 stimulation58, or the
induction of sufficient polyclonal IgA or IgE to provide
nonspecific protection against allergens. Additionally, a
protective role by microorganisms might follow the
acquisition of distinct commensal or symbiotic organ-
isms. Once an individual’s commensal microflora is
established in the first year of life it remains relatively
stable123,124. Substantial differences have been observed
in the intestinal microflora between neighbouring
countries with a different prevalence of atopic disease125,
and between atopic and non-atopic children living in
each of these countries126. As commensal and symbiotic
organisms actively manipulate host immunity and the
activity of other bacteria124, it should be considered that
interactions among commensal bacteria, pathogens and
the host might contribute to the increase in prevalence
of asthma and AD.

Concluding remarks
Although our knowledge of host-susceptibility factors
to asthma and AD is still incomplete, involvement of
proteins in the outermost layers of the skin and mucosa
is a consistent theme that is emerging from genetic stud-
ies of these and other epithelial-cell diseases. In addition
to specific questions raised by the discovery of individ-
ual genes that contribute to asthma susceptibility, such
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DATABASES
The following terms in this article are linked online to:
Entrez Gene:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
ADAM33 | CD14 | CLCA1 | DLG5 | DPP10 | FCERI | IL-4 | IL-5 | 
IL-9 | IL-13 | NOD2 | PHF11 | PSORS1 | S100A12 | SLC12A8 |
SLC22A4 | SLC22A5 | SLC9A3R1 | SPINK5 | SPRR2C | TGFB |
TIM1 | TLR2 | TLR10
OMIM: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM
ankylosing spondylitis | multiple sclerosis | Netherton’s disease |
rheumatoid arthritis | type 1 diabetes
Access to this interactive links box is free online.
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