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A large number of studies have consistently shown that growing
up on a farm in various rural areas in Europe confers protection
from the development of hay fever, atopic sensitization, and less
consistently of asthma from childhood into young adulthood. Expo-
sures to livestock as well as consumption of unpasteurized milk are
likely to be distinct and relevant sources of protective exposures.
In turn, the underlying microbial exposures have not been identified
with certainty. Although environmental exposures to bacterial and
fungal components have been found to be inversely related to
asthma and atopy, they do not explain the “farming effect.” The
mechanisms conveying the protection are still poorly understood.
An important role for innate immune responses is suggested by
findings relating to increased expression of genes of Toll-like recep-
tors in exposed children. How this activation of innate immunity is
translated into reduced IgE-specific adaptive immune responses
remains to be elucidated, but may invoke a number of distinct
allergen-specific steps.
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Widespread attention has been given to the advancement of
one field in allergy research that investigates the potential link
between exposures to microbial sources and the development
of asthma and allergic illnesses (1). The theory attempting to
catch the various elements of this complex relation has been
coined the “hygiene hypothesis.” A large scientific and lay audi-
ence has been confronted with these ideas over the last years
and in the course of numerous deliberations, new angles and
aspects of the hypothesis have been proposed. At least three
distinct claims on the true nature of the “hygiene hypothesis”
have been brought forward. These contentions relate to the
potential role of overt and inapparent infections of human sub-
jects with viruses and bacteria; the relevance of noninvasive
microbial exposures in the environment; and the influence of
such exposures and infections on a subject’s innate and adaptive
immune responses.

Before attempting to address these various aspects of the
“hygiene hypothesis,” it seems justified to highlight the complex
nature of the problem. The most relevant levels of complexity
so far identified relate to the development of specific phenotypes,
the timing of a given exposure, the environmental factors,
and a subject’s genetic susceptibility. Although in clinical prac-
tice manifestations of asthma and allergic illnesses sometimes
appear rather uniform, a number of prospective studies have
clearly shown that distinct phenotypes exist over childhood, ado-
lescence, and adulthood. It seems therefore reasonable to as-
sume that not a single cause but many will underlie the clinical
manifestation.

Recent work has clearly demonstrated that the effect of a
given exposure depends on the timing. At least throughout in-
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fancy, childhood, and adolescence the human organism is in a
constant process of development and maturation. It is conceiv-
able that these predefined processes display windows of accessi-
bility and vulnerability toward extrinsic influences at certain
stages of development. Moreover, prenatal factors may play a
significant role either through mechanisms acting in utero or as
epigenetic modulation of subsequent developmental trajectories.
The discovery of genes associated with asthma and allergic dis-
eases is still in its beginnings, and so far the findings suggest that
no single gene will be responsible for the clinical manifestation
of asthma and allergic illnesses. Rather, alterations in many
genes interacting with environmental influences at various time
points during development are expected to contribute to the
mechanisms underlying the various atopic conditions. There is,
however, increasing interest in the regulation and fine tuning of
gene expression by epigenetic processes. The relatively short
time during pregnancy and early life for environmental expo-
sures to impact on the subsequent development of asthma and
allergy-related phenotypes supports the notion that epigenetic
processes may be centrally involved in the biological responses
of exposed subjects.

Such fine tuning of gene expression eventually results inter
alia in distinct immune responses of exposed subjects. The immu-
nologic mechanisms potentially underlying the protection
against allergies mediated by living in a “less hygienic” environ-
ment are still being debated. One mechanism frequently associ-
ated with the “hygiene hypothesis” is the skewing of the Th1/
Th2 balance away from allergy-promoting Th2 toward Th1 cells
(2). The link between Th1/Th2 balance and allergic diseases is
mediated in part by IgE: Th2 cells, by secreting IL-4 and IL-13,
promote immunoglobulin class switch recombination to IgE.

However, there are some conflicting data which cannot be
disregarded. Not only Th2-related diseases such as allergies are
on the rise over the last decades, but also Th1-related inflamma-
tory diseases such as multiple sclerosis and Crohn’s disease (3).
Thus, while mechanisms related to Th1/Th2 balance undoubt-
edly are of importance for the development of allergies, they
may not suffice to explain the effects related to the “hygiene
hypothesis.” Mechanisms operative at other steps of immune
development have to be considered when trying to understand
the effects of microbial exposures. Serum levels of IgE, as of
any other immunoglobulin isotype, are not only determined by
class switch recombination to this isotype but also by factors
regulating terminal differentiation of already switched B cells
and the rate of secretion of IgE. T regulatory cells (Tregs) in
interaction with dendritic cells occupy a central role in control-
ling immune responses, and their importance for the develop-
ment of allergies has been well documented (4).

Numerous studies have addressed the “hygiene hypothesis,”
which has undergone numerous more or less subtle modifications
by various researchers in the field of epidemiology, clinical sci-
ence, and immunology. Overall, three major tracts have devel-
oped: (1) exploring the role of overt viral and bacterial infec-
tions; (2) studying the significance of environmental exposure
to microbial compounds; and (3) investigating the effect of infec-
tions and environmental exposures on underlying responses of
the innate and adaptive immunity. The strongest claim for a critical
role of protective environmental exposures in the inception of
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asthma and allergies arises from studies investigating environ-
mental factors in rural areas of Europe, particularly in the farm-
ing community.

THE EPIDEMIOLOGICAL EVIDENCE

Since 1999, 15 studies have been performed in rural areas in
Europe, namely in Switzerland (5–7), Germany (6–8), Austria
(6, 7, 9), France (10), Sweden (7, 11, 12), Denmark (13, 14),
Finland (15–17), and Britain (18). Almost all studies reported a
decreased prevalence of hay fever and allergic rhinoconjunctiv-
itis, and all surveys that included objective measures of specific
IgE antibodies either by skin prick tests or by serum measure-
ments demonstrated a significantly decreased prevalence of
atopic sensitization among farm children compared with non-
farm children (19). Findings relating to asthma and wheeze are
less consistent. While in a large survey including over 10,000
schoolchildren in Germany (8), children of farmers had a lower
prevalence of asthma (odds ratio [OR], 0.65; 95% confidence
interval [95% CI], 0.39–1.09) and wheeze (OR, 0.55; 95% CI,
0.36–0.86), other surveys in Switzerland (5), France (10), and
Finland (15) did not find significant differences between groups.
Only two studies included measures of airway hyperresponsive-
ness and one of these using wood and coal heating as a proxy for
farming (13, 20, 21). In Denmark and Germany the prevalence
of airway hyperresponsiveness was significantly reduced among
farm children compared with nonfarm children (13, 20). Another
Canadian survey confirmed these findings (22). To my knowl-
edge, no study has shown an increased prevalence of airway
hyperresponsiveness among children raised on farms.

Children raised on farms in Europe seem to retain their
protection from allergy at least into young adulthood (10, 14,
23, 24). In a comparison of Danish farming students and, as
control subjects, conscripts from the same rural areas, the preva-
lence of atopic sensitization to common allergens was lowest in
farmers who in childhood had lived on a farm, intermediate in
farmers without a farm childhood and control subjects with a
farm childhood, and highest in control subjects without a farm
childhood (14). Likewise, in a German study of adult farmers
aged 18 to 44 years (23, 24), farm animal contact in childhood
was associated with a decreased risk of atopic sensitization. Con-
tinued exposure to farm animals in adulthood further decreased
the odds ratio of atopic sensitization associated with symptoms
of allergic illnesses (OR, 0.2; 95% CI, 0.1–0.4). However, starting
farm animal contact in adulthood increased the odds of asymp-
tomatic atopic sensitization (OR, 2.4; 95% CI, 1.1–5.2). Whether
the increased protection of continued exposure from infancy
into adulthood is attributable to sustained exposure, or whether
a “healthy worker effect” in part explains these findings, remains
to be elucidated.

Farming practices vary between farms and between countries,
and this diversity may contribute to the heterogeneity of farm
effects on asthma across studies and countries. Some investiga-
tors have attempted to identify individual exposures in farm
surroundings contributing to the reduction in risk of asthma
and allergic diseases. Initial observations from Germany and
Switzerland reported that children from full-time farmers had
lower risk of atopic disease than children of part-time farmers
(5, 8) suggesting a dose–response effect. Two recent studies
conducted outside Europe (25, 26) seem to suggest that an impor-
tant component of the farm environment is livestock exposure,
since no protective effect of farming was observed among chil-
dren living in a primarily crop farming region in Australia. This
notion is supported by the finding of the European studies in
which exposure to livestock has been identified as an important
contributor to the protective farm effect (6, 8, 15, 18). Interest-

ingly, in the Austrian study children who did not live on a farm
but who had regular contact with farm animals also had a lower
prevalence of allergic sensitization (13.5% versus 34.8%) (9).
Another source of protection has been identified in a number
of studies: the consumption of unpasteurized milk (6, 18, 26).
As with livestock exposure, this effect was not restricted to
children living on a farm, but was also seen among nonfarm
populations consuming unpasteurized milk (18). Recent work
has transferred this observation into experimental studies and
has shown that treatment of BALBc mice with extracts of stable
dust during a conventional sensitization protocol with ovalbumin
inhibits the development of airway hyperresponsiveness and eo-
sinophilia upon ovalbumin challenge (27). These findings suggest
that dust from stables of animal farms contains strong immune-
modulating substances and that these as yet unknown substances
suppress allergic sensitization, airway inflammation, and airway
hyperresponsiveness in a murine model of allergic asthma.

Few studies have investigated the role of the timing of the
various farm exposures. In both the ALEX and the PARSIFAL
studies there is strong evidence pointing toward the importance
of early life exposures either in the first year of life or even
in pregnancy for the development of protection from atopic
sensitization and asthma (6, 28). Exposures occurring after the
first year of life had no or much weaker effects (6). Although
these studies admittedly are cross-sectional in design and there-
fore the exposure has been assessed retrospectively, recall bias
is unlikely to significantly confound the findings, since infantile
exposures are closely linked to maternal exposures, reflecting a
continuing pattern of maternal tasks on the farm.

MICROBIAL EXPOSURES

If livestock exposure is indeed associated with a decreased preva-
lence of asthma and atopy, then underlying exposures should
be investigated. Children exposed to livestock may be exposed to
more allergens, bacteria, viruses, and fungi than children without
exposure to livestock. Yet only few out of the many microbial
exposures have been measured in farming environments so far.
Bacterial substances such as endotoxin from gram-negative spe-
cies 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 than in that from
nonfarm children (29). Likewise, extracellular polysaccharide
(EPS) from Penicillium and Aspergillus spp. is more prevalent
in farming households than in nonfarm households (29).

In the ALEX study, the multicenter study conducted in
Austria, Switzerland, and Germany, endotoxin levels in samples
of dust from the children’s mattresses were inversely related to
the occurrence of hay fever, atopic asthma, and atopic sensitiza-
tion (30). However, nonatopic wheeze was not significantly asso-
ciated with the endotoxin level. In turn, independently of the
endotoxin concentration, increasing mattress dust muramic acid
concentrations were associated with a lower frequency of wheez-
ing and possibly asthma among rural school children in the
ALEX study (31).

The inverse association found in the ALEX study between
endotoxin and atopic wheeze was confirmed in the larger
multicenter PARSIFAL survey performed in Sweden, the
Netherlands, Germany, Austria, and Switzerland (32). When
restricting the PARSIFAL analyses to similar groups of children
as in the ALEX study, farm and farm-reference children in
Germany, Austria, and Switzerland, an adjusted odds ratio
(aOR) of 0.56 (95%CI, 0.35–0.90) was observed. After adjust-
ment for glucans and EPS, the effect of endotoxin was, however,
no longer significant. Since exposures to endotoxin, EPS, and
glucans were moderately, but significantly correlated, a firm
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conclusion on the degree to which specific agents contributed
to the observed effect is precluded. Moreover, these microbial
agents might be markers of a much broader spectrum of micro-
bial agents. Muramic acid was not measured in the PARSIFAL
study. It is furthermore noteworthy that in this study all mea-
sured microbial compounds (endotoxin, glucans, and EPS) did
not explain the protective “farming effect,” suggesting that other
yet unknown microbial exposures confer the protection seen in
the farming environments. The results do, however, also suggest
that mold components might modulate immune responses and
thereby protect against allergic diseases, as previously suggested
for endotoxin (33, 34). This is in line with a study on the effects
of endotoxin and fungal spores on atopy and asthma in adult
farmers, in which fungal spores, rather than endotoxin, were
inversely related to atopic wheeze (35).

PROTECTIVE IMMUNE RESPONSES IN FARMING
ENVIRONMENTS

Few studies have investigated immune responses in children
raised on farms and have compared them to immune responses
in children raised in rural but nonfarming environments. Since
farming is associated with elevated exposure to microbes and/
or microbial components, the Swiss arm of the ALEX study
investigated whether growing up on a farm affects the expression
of receptors for microbial compounds such as the monocytic
antigen CD14 (involved in recognition of gram-positive and
gram-negative products), TLR2 (a receptor for bacterial lipopro-
teins), and TLR4 (the receptor for lipopolysaccharide [LPS]).
Peripheral blood leukocytes from children of the ALEX popula-
tion living on a farm were found to display increased expression
of the genes for CD14, TLR2, and TLR4 (36).

The impact of farming on the expression of innate immunity
genes was then further examined by the Swiss research team in
125 children of farmers and 127 children of nonfarmers from
the PARSIFAL study. RNA was extracted from EDTA-treated
blood, and expression of TLR2, TLR4, and CD14 was deter-
mined by quantitative PCR (TaqMan). The results confirmed
the initial observation suggesting that environmental exposures,
in particular to microbial components, affects the expression of
genes encoding microbial ligand receptors (28).

The Swiss research team then assessed whether changes in
gene expression correlated with prenatal or postnatal exposure
to farm factors (Figure 1). After adjusting for age, sex, family
history of atopy, parental education, environmental tobacco
smoke, maternal smoking during pregnancy, number of older

Figure 1. Innate immune receptor gene expres-
sion (GM � CI) among farm and nonfarm children
in the PARSIFAL study (data from Reference 28).

siblings, contact with pets ever, study center, and current farm
exposures, maternal exposure to stables during pregnancy (i.e.,
prenatal exposure of the child) significantly correlated with an
increase in the expression of TLR2 (1.44 [1.04–1.98], geometric
means ratio and 95% CI), TLR4 (1.40 [1.07–1.83]), and CD14
(1.66 [1.18–2.33]). Interestingly, a dose–response relation was
seen (Figure 2). Expression of TLR2, TLR4, and CD14 increased
with the number of different farm animal species the mother had
contact with during her pregnancy (28). Overall, these findings
suggest that environmental exposures very early in life may lead
to epigenetic changes, which in turn may alter gene expression.

These findings also suggest a role for innate immunity in
response to these environmental exposures. Pathogen-associated
molecular patterns (PAMPs), evolutionarily highly conserved
structural components of microbes, are recognized by similarly
conserved receptors of host innate immune systems, the pattern
recognition receptors (PRRs). Examples for PAMPs are the
bacterial compounds cited above, LPS (endotoxin), and muramic
acid, a component of peptidoglycan that is part of the cell wall
of most bacteria. Examples for human PRRs are the human
Toll-like receptors (TLRs) and CD14. To date, 10 functional
TLRs have been described in humans. The cellular signaling
cascade ensuing engagement of TLRs initiates innate host de-
fense mechanisms (37), but it also provides signals required for
initiating and modulating the adaptive immune response (38).
In the context of the development of asthma and allergies, TLR4
as receptor for LPS, and TLR2 that recognizes peptidoglycan
of gram-positive bacteria, have received the most attention. Poly-
morphisms in the genes for TLR4 and TLR2 have furthermore
been shown to interact with the farm environment modulating
the allergy protective effect (39).

Engagement of TLRs triggers a signaling cascade resulting in
activation of host defense mechanisms, inflammatory responses,
and signals for initiating adaptive immune responses. Exposure
to microbial compounds may thereby skew the Th1/Th2 balance
toward Th1 responses. However, in the ALEX study no skewing
toward Th1 responses was observed among school-aged farm
children (30). Production of both Th1 and Th2 cytokines (TNF-�,
IFN-�, IL-10, IL-12) by leucocytes stimulated with LPS was
inversely related to the endotoxin level in the bedding, indicating
a marked down-regulation of adaptive immune responses in
exposed children. These findings point toward a phenomenon
described as endotoxin tolerance, reflecting an old observation
that repeated or prolonged exposure to endotoxin results in a
refractory state (40). The potential role of regulatory T cells has
so far not been explored in the context of farm exposures.
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Figure 2. Adjusted geometric means of
gene expression of TLR2, TLR4, and CD14
for increasing numbers of different farm
animal species the mother had contact
with during pregnancy. Reprinted by per-
mission from Reference 28.

With respect to sensitization to common aeroallergens, the
underlying mechanisms may be even more complex. In the
ALEX study allergen-dependent switching patterns were recon-
structed in vivo to identify the level(s) at which farm exposure
acts to protect against atopy by assessing serum IgG1 to IgG4
and IgE levels to grass, cat, and mite allergens (41). Farm expo-
sure had complex allergen-specific effects on IgG1, IgG4, and
IgE levels. Exposure protected against grass-specific responses
at every step along the IgG1/IgG4/IgE switching pathway. Pro-
tection from cat responses was concentrated at the IgG1 level.
For all allergens, failure to express IgG1 was associated with
low prevalence of IgG4 or IgE responses. These findings suggest
that the protective effects of farm exposure on atopic sensitiza-
tion are allergen- and switch stage–specific. No counterbalanc-
ing, protective effect of IgG4 production as proposed in the
context of urban cat exposure (42) has been seen in these farming
environments.
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