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Summary

About 15 years have gone by since Strachan first proposed the idea that
infections and unhygienic contact may confer protection from the develop-
ment of allergic illnesses. The so-called ‘hygiene hypothesis’ has since under-
gone numerous modifications in the field of epidemiology, clinical science
and immunology. Three main areas of research have been brought forward:
to explore the role of overt viral and bacterial infections for the inception of
allergic diseases; to investigate the significance of environmental exposure to
microbial compounds on the development of allergies; and to study the
effect of both exposures on underlying innate and adaptive immune
responses. A concept unifying these various aspects has not been found, but
various pieces of a complex interplay between immune responses of the
host, characteristics of the invading microorganism, the level and variety of
the environmental exposure and the interactions between an exposed sub-
ject’s genetic background and the environmental exposures becomes appar-
ent. A natural experiment relating to the hygiene hypothesis is the recurrent
observation of a protective effect of growing up on a farm for asthma and
allergies. This has been shown in a large number of epidemiological studies
across the world among children and adults. The timing and duration of
exposure are likely to play a critical role. The largest reduction in risk has
been demonstrated for those exposed prenatally and continuously thereafter
until adulthood. The protective factors in these farming environments have
not been unravelled completely. Findings from various studies suggest that
the contact with farm animals, at least in childhood, confers protection. Also
the consumption of unprocessed cow’s milk directly from the farm has been
shown to protect from childhood asthma and allergies. Increased levels of
microbial substances may, at least in part, contribute to the ‘farm effect.
However, only few studies have measured microbial exposures in these envi-
ronments and the results obtained so far suggest that the underlying pro-
tective microbial exposure(s) have not been identified, but a number of
studies using metagenomic approaches are currently under way. The mecha-
nisms by which such environmental exposures confer protection from res-
piratory allergies are also not well understood. There is good evidence for
the involvement of innate immune responses, but translation into protective
mechanisms for asthma and allergies is lacking. Furthermore, a number of
gene X environment interactions have been observed.
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Hygiene hypothesis revisited

Introduction

In recent years, the ‘hygiene hypothesis’ has received much
attention [1]. This field of allergy research investigates the
potential link between exposure to microbial sources and the
development of allergic and autoimmune diseases. At least
three distinct claims on the underlying nature of the hygiene
hypothesis have been brought forward. First, the potential
role of overt and unapparent infections with viruses and
bacteria has been discussed; secondly, the relevance of non-
invasive microbial exposures in the environment has been
shown to influence the development of allergic and also
autoimmune diseases; and thirdly, the influence of such
exposures and infections on a subject’s innate and adaptive
immune response is being discussed.

Before addressing these various aspects of the hygiene
hypothesis, one must consider the complex nature of the
problem. In clinical practice allergic illnesses may appear
somewhat uniform because most patients present with a
limited variety of symptoms, yet the underlying mechanisms
and causes are likely to be numerous. Asthma and allergies
are complex diseases determined by genetic variation inter-
acting with environmental exposures. There is increasing
evidence that it is not one single gene that causes, for
example, asthma, but that many genes with small effects
contribute to new-onset asthma. Moreover, several environ-
mental determinants have been identified for different aller-
gic illnesses which interact with an exposed subject’s genetic
background.

Furthermore, when considering the various environmen-
tal exposures and potential underlying mechanisms, one
must bear in mind that the effect of an exposure has been
shown to depend upon the timing. At least during infancy,
childhood and adolescence the human organism is in a con-
stant stage of development and maturation. These pre-
defined processes display windows of accessibility and
vulnerability to intrinsic and extrinsic influences only at
certain stages of development. Most studies suggest that for
asthma and allergies, early life, i.e. pregnancy and the first
1-3 years, plays the most important role, either through
mechanisms acting in wutero or as epigenetic modulation
of subsequent developmental trajectories. Environmental
exposures may, however, also modify health outcomes post-
natally by affecting the innate and adaptive immune
responses. Moreover, genetic factors are clearly of impor-
tance for the incidence of asthma and allergies, but our
journey into the discovery of relevant genes for allergic dis-
eases has just begun. It seems likely that no single gene will be
responsible for the clinical manifestation of any allergic
illness. Rather, polymorphisms in many genes interacting
with environmental influences at various time-points of
development are likely to contribute to the mechanisms
underlying the various atopic conditions.

Several immunological concepts have been proposed to
account for the hygiene hypothesis. First, the skewing of the
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T helper type 1 (Th1)/Th2 balance away from allergy-
promoting Th2 towards Thl cells has been at the centre of
attention [2]. The link between the Th1/Th2 balance and
allergic diseases is mediated in part by immunoglobulin
(Ig)E: Th2 cells, by secreting interleukin (IL)-4 and IL-13,
promote immunoglobulin class switch recombination to IgE
[3]. This notion has, however, been debated and conflicting
data cannot be disregarded. Not only has the prevalence of
Th2-related diseases such as allergies been increasing during
recent decades, but so also has the prevalence of autoim-
mune diseases such as Crohn’s disease and diabetes mellitus
[4,5]. Furthermore, helminthic infections favouring Th2-
type immune responses have been shown to be protective for
the development of allergic diseases [6]. In vitro and animal
data have shown that activation of the innate immune
system does not necessarily promote a Th1 response, but that
Th2 responses may also occur, depending upon the experi-
mental conditions [7]. Therefore, regulation of the Th1/Th2
balance through regulatory T cells and Th17 cells may con-
tribute to the development of both allergic and autoimmune
illnesses. Not only effector cells, but also cells of the innate
immune response recognizing microbial signals such as den-
dritic cells may occupy a central role in controlling immune
responses. Their importance for the development of allergies
has been well documented [8,9].

Infections as intermediary of the hygiene
hypothesis

A number of surveys have suggested that infections with
hepatitis A might protect from the development of allergy
[11-13], but others could not confirm these results [14-16].
All studies used a positive serology to hepatitis A as a marker
of past disease. However, a positive serology and an inappar-
ent hepatitis A infection may simply be a proxy of other
unhygienic environmental exposures. However, immuno-
logical characteristics of hepatitis A virus may suggest a truly
allergy-modulating effect. The receptor for the hepatitis A
virus is TIM-1 (T cell, immunoglobulin and mucin) [10].
This receptor and its ligand TIM-4 belong to a family of
proteins which are involved in the regulation of CD4 T cell
differentiation, airway inflammation and airway hyperre-
sponsiveness [17].

Few other viruses have been investigated in population-
based studies. Two reports have suggested a protective role
for herpes infections [11,18], but confirmation in other
populations is needed. Even fewer studies have investigated
the association between the occurrence of bacterial infec-
tions and the development of asthma and allergies. In Italy,
children hospitalized for salmonellosis had a lower preva-
lence of allergic rhino-conjunctivitis and asthma compared
to children who had been hospitalized with non-bacterial
enteritis [19]. These findings, however, need confirmation in
other populations. A number of other reports suggest that
infections with oro-faecal pathogens such as Helicobacter
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pylori and Toxoplasma gondii may affect the development of
asthma and allergic disorders. Several studies have shown an
inverse relation between a positive serology to H. pylori and
T. gondii and atopic sensitization, allergic rhinoconjunctivi-
tis and allergic asthma [14,20,21]. A dose—response relation-
ship has been observed in these studies: the more infections
these subjects have encountered as assessed by positive serol-
ogy, the lower was the observed prevalence of atopy, allergic
rhinitis and asthma. These findings suggest that it is not one
single microorganism which may confer protection, but
most probably a number of different agents.

The evidence regarding a potential protective effect of
exposure to Mycobacteria in population-based surveys is
conflicting. These microorganisms, however, show remark-
able immunomodulatory characteristics in experimental
studies. In murine models of allergic asthma, treatment with
Mycobacteria resulted in the suppression of several allergic
features [22-25]. In westernized societies, parasitic infec-
tions are likely to play a minor role in the protection from
asthma and allergies. In endemic areas such as Africa or Latin
America parasitic infections are, however, related strongly
inversely to the development of atopy. These findings have
been reviewed in detail in [26,27].

Environmental exposure as intermediary of the
hygiene hypothesis

A number of studies have been performed in rural areas in
Europe, contrasting the prevalence of asthma and allergies in
children and adults living on farms to the prevalence of these
illnesses in subjects living in rural areas but not on farms. A
large body of evidence suggests that the prevalence of hay
fever, allergic rhinoconjunctivitis and atopic sensitization is
reduced significantly among farm children compared to
non-farm children. Similar figures have been observed for
adult farming populations. In the European farmers study,
for example, the prevalence of allergic rhinitis was signifi-
cantly lower in 20—44-year-old animal farmers compared to
other participants of the European Community Respiratory
Health Survey [28]. The prevalence of asthma was also sig-
nificantly lower among these farmers when compared to the
general population.

Sources of protective exposures in farming
environments

Two studies conducted outside Europe [29,30] suggested
that an important component of the farm environment is
livestock exposure, as no protective effect of farming was
observed among children living in a primarily crop-farming
region in Australia. This notion is supported by findings
from the European studies, where exposure to livestock has
been identified as an important contributor to the protective
‘farm effect’ [31-34]. Children not living on a farm but being
exposed regularly to farm animals also had a lower preva-
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lence of allergic sensitization and allergic rhinitis compared
to non-exposed non-farm children. Another consistently
identified source of protection is the consumption of
unprocessed cow’s milk, as shown in a number of studies
[30,31,34]. As with livestock exposure, the protective effect
from the consumption of raw milk was not restricted to
children living on a farm, but was also seen among non-farm
populations consuming unpasteurized cow’s milk [34].
Among adult farmers, the protective effect of farming on
atopic diseases has also been shown to be more pronounced
among animal farmers, with the strongest effect among pig
and cattle farmers [35-37]. This observation, however, is not
consistent across studies.

Timing of farm exposures

In the ALEX (Allergen and Endotoxin) study, a multi-
centre, cross-sectional survey in rural alpine areas in Swit-
zerland, Austria and Germany, children exposed to animal
sheds and the consumption of unprocessed cow’s milk in
the first year of life (Fig. 1) but not thereafter were pro-
tected significantly from the development of asthma, hay
fever and atopic sensitization. In the PARSIFAL study (Pre-
vention of Allergy — Risk Factors for Sensitization Related
to Farming and Anthroposophic Lifestyle), the risk of
atopic sensitization was influenced not only by a child’s
exposure to the farming environment, but also determined
strongly by maternal exposure to animal sheds during
pregnancy [38]. Since then a prospective birth cohort in
rural populations of farming and non-farming women has
been initiated. The notion of a prenatal maternal influence
on the development of allergic diseases has been corrobo-
rated by showing that maternal exposure to animal sheds
and unpasteurized cow’s milk influences the production of
specific IgE antibodies in the cord blood of the neonate
[39]. Furthermore, the production of interferon-y and
tumour necrosis factor-o. by neonatal cord blood cells dif-
fered according to maternal exposure to animal sheds and
unprocessed cow’s milk [39].

In studies of adult farmers, the relevance of the timing of
exposures has also been addressed. The protective effect of
farming environments and respiratory allergies were stron-
gest when farm contact started during childhood, and was
sustained until adulthood [35,40—45]. A study among 137
university employees, of whom approximately one-third
were working with laboratory animals, indicated that those
with farm contact during infancy were protected from sen-
sitization to occupational allergens later in life [46]. Many of
the subjects exposed in early childhood to a farm environ-
ment may already have been exposed during pregnancy.
Thus, the effect of prenatal to postnatal exposure in early life
cannot be disentangled in the surveys of adult populations.
With respect to asthma, the findings across studies among
adult farmers have been less clear-cut. These inconsistencies
may, in part, be attributable to the difficulties in the diagno-
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Fig. 1. Growing up on a farm protects from
childhood asthma and allergy. Timing: during
pregnancy and first years of life, continued
exposure is best. Protective exposures: farm
animals, farm milk and animal fodder.
Microbial exposures: bacteria, fungi.
Mechanisms: activation of innate immunity.
Gene—environment interactions.

sis of asthma versus the ‘asthma-like syndrome’ in adults.
Also, long-term exposure to endotoxin has been shown
clearly to be a risk factor for non-atopic asthma in adults, as
discussed below [42,44,47-51].

Microbial exposures

It seems likely that children exposed to animal sheds encoun-
ter more allergens, bacteria, viruses and fungi than children
without such exposures, but only few of these potential
protective exposures have been assessed in farming
environments. Bacterial substances such as endotoxin from
Gram-negative bacteria and muramic acid, a component of
peptidoglycan from the cell wall of all types of bacteria, have
been found to be more abundant in mattress dust from farm
children compared to non-farm children [52]. Similarly, a
marker for fungal exposures, i.e. extracellular polysaccha-
rides from Penicillium and Aspergillus spp., is more prevalent
in farming households than in non-farming households.
Endotoxin levels in children’s mattress dust have been shown
to relate inversely to the prevalence of hay fever, atopic
asthma and atopic sensitization [53]; yet high levels of
endotoxin were associated positively with non-atopic
wheeze. In turn, levels of muramic acid in mattress dust were
associated with a lower frequency of wheezing and asthma
among rural children in the ALEX study [54]. These findings
are comparable to studies among adult farmers. In the Neth-
erlands, a job exposure matrix was designed to assign indi-
vidual occupational exposures to endotoxin [55]. Using
this job exposure matrix, endotoxin exposure was related
inversely to self-reported symptoms of allergic rhinitis.
However, the prevalence of asthma was augmented with
increasing exposure. Similar findings have been reported
from an earlier case—control study among Dutch pig farmers
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[51]. While higher endotoxin levels were associated with a
reduced risk for atopic sensitization, farmers with higher
levels of endotoxin were more likely to show airway hyper-

responsiveness and to have reduced lung function. There-
fore, endotoxin may have both beneficiary effects (atopic
sensitization, allergic rhinitis) while simultaneously being a
risk factor for non-atopic asthma and wheeze.

Mechanisms of protection in farming environments

Little is known about immune responses in farm as com-
pared to non-farm children. The Swiss arm of the ALEX
study investigated whether growing up on a farm affects the
expression of receptors for microbial compounds. Pathogen-
associated molecular patterns, evolutionarily highly con-
served structural components of microbes, are recognized by
similarly conserved receptors of host innate immune systems
such as the human Toll-like receptors and CD14. Peripheral
blood leucocytes from children in the ALEX population
living on a farm were found to display increased expression
of the genes for CD14, TLR2 and TLR4 compared to non-
farm children [56]. These results were confirmed in the PAR-
SIFAL study [38], suggesting that environmental exposures,
in particular to microbial components, affect the expression
of genes encoding microbial ligand receptors [56]. A
number of individual characteristics were related to the
up-regulation of distinct TLR genes [57]. Interestingly, gene-
expression correlated with prenatal exposure to farm factors.
Maternal exposure to animal sheds during pregnancy corre-
lated significantly with an increase in the expression of
TLR2, TLR4 and CD14 [38]. Also, a dose—response relation-
ship was seen. Expression of TLR2, TLR4 and CDI4
increased with the number of different farm animal species
with which the mother had contact during her pregnancy.
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Genetic studies performed in farm children further
support the notion that Toll-like receptors are involved in a
mechanism contributing to the protection from asthma and
allergies. Polymorphisms in the genes for TLR4, TLR2 and
NOD?2 have been shown to interact with the farm environ-
ment, modulating the asthma and allergy protective effect
[58]. Furthermore, a significant interaction between genetic
variation in CD14 and unprocessed cow’s milk consumption
was found. These findings suggest that a protective effect of
various farm exposures is modified by an individual’s
genetic make-up. In adults, gene—environment interactions
between genes for CDI14 have also been shown in adult
farmers and the general population with respect to child-
hood farm exposure [59,60].

In conclusion, there is convincing evidence that a farm
childhood confers protection from respiratory allergies with
a sustained effect into adulthood, particularly with contin-
ued exposure. The nature of individual protective exposures
has not been elucidated completely. Studies suggest that at
least in childhood contact with farm animals, their fodder
and their products, such as milk consumed directly from the
farm, contribute to the ‘farm effect. The underlying mecha-
nisms are still ill-defined, but are likely to involve a number
of steps in innate and adaptive immunity. An individual’s
genetic background modifies the effects of the environmen-
tal exposures.
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