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ABSTRACT: There is increasing evidence from epidemiological studies to support the
"hygiene hypothesis" with regard to the development of allergic diseases. This review
will discuss the epidemiological findings relating to atopy and asthma, separately.

The strongest arguments in favour of the "hygiene hypothesis" are the findings
relating early life day care attendance to a significantly reduced risk of atopy and
asthma, and the strong link between sibship size and the occurrence of atopy as
confirmed by numerous studies.

Furthermore, data relating serological immune responses to certain infections such as
hepatitis A and Toxoplasma gondii suggest a role for such infections, or alternatively
the lack of hygiene, to be operative in the inhibition of the development of allergic
immune responses. The effects described seem to be stronger for atopy than for asthma.

Furthermore, biological plausibility for such a hypothesis can be found from findings
of recent in vitro studies and from animal experiments. Epidemiological studies
attempting to identify single infections as being harmful or beneficial could fail, because
it may be the total burden of microbial stimuli rather than a certain infection that
directs the maturing immune system into a Th1-type T-helper cell polarized response.
The timing of the exposure seems to be essential for promoting beneficial or harmful
effects, and may provide a "window of opportunity".
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There have been few studies of the prevalence of
allergic rhinitis and atopic eczema comparing pre-
valences over several areas, and although hundreds
of asthma prevalence studies have been conducted in
various parts of the world, these studies have rarely
adopted a standardized approach. The programme of
the International Study of Asthma and Allergies in
Childhood (ISAAC) has eventually allowed a stand-
ardized assessment of the prevalence of self-reported
symptoms of asthma, allergic rhinoconjunctivitis and
atopic eczema in children throughout the world.
Likewise, the European Community Respiratory
Health Survey (ECRHS) has developed standardized
instruments for epidemiological studies of asthma in
young adults. Up to 20-fold variations in the pre-
valence of self-reported symptoms of asthma, allergic
rhinoconjunctivitis and atopic eczema were observed
in different ISAAC centres throughout the world [1].
These worldwide variations in prevalence, and to a
lesser extent the variations observed within some
countries, suggest that environmental factors, in their
broadest sense, may be critical in the development of
these atopic conditions in childhood.

The ISAAC findings have also supported results
from previous European studies showing an East-
West gradient in the prevalence of atopic conditions

over Europe. Several studies performed after the fall
of the communist systems have documented large dif-
ferences in the prevalence of atopic diseases between
East and West Europe. In West Germany, the pre-
valence of hay fever (8.6% versus 2.7%, pv0.0001),
asthma (9.3% versus 7.2%, pv0.05) and airway hyper-
responsiveness (8.3% versus 5.5%, pv0.0001) among
children aged 9–11 yrs was significantly higher than
the prevalence in East Germany [2]. The frequency of
atopic sensitization measured by skin-prick tests in
East German children was about half the rate of West
German children (18.2% versus 36.7%, pv0.0001).
Likewise, significantly lower prevalences of atopic
sensitization were found in children aged 10–12 yrs
living in Estonia and Poland, as compared to Sweden
(10.9% versus 13.6% versus 30.3%, pv0.0001) [3].
These differences were not limited to children, as they
were also seen among adults living in East and West
Germany [4].

Atopy and asthma?

Many hypotheses have been proposed to explain
these large variations over geographical areas, includ-
ing those discussing the potential role of ambient
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air pollution levels, concentrations of indoor aller-
gens, housing conditions, nutrition, and other lifestyle
factors such as family size and early childhood
infections. One difficulty in assessing the role of such
potential determinants for the inception of allergic
and wheezing illnesses is the heterogeneity of atopic
conditions. There is increasing evidence that subjects
presenting with the same symptom, e.g. with wheeze,
can differ markedly with respect to associated features
such as the detection of immunoglobulin (Ig)-E anti-
bodies to environmental allergens, bronchial respon-
siveness to direct and indirect stimuli, age of onset of
the disease and response to medication [5]. Further-
more, segregation studies have shown that distinct
types of atopic conditions are preferentially trans-
mitted in families, suggesting that a parental back-
ground of hay fever is likely to increase an offspring9s
risk for this disease, but not necessarily for asthma
and atopic eczema [6]. Likewise, the natural course of
atopic conditions differs, asthma showing its peak of
incidence in the first 1–4 yrs of life [7], in contrast to
hay fever, which is increasingly manifest in school-age
children. If the concept that a risk factor for a certain
condition has to be present before the inception of
the disease is to be believed, then different "windows
of opportunity" for environmental exposures may be
operative for certain atopic illnesses. Thereby, the
timing of exposure may play a critical role when
considering potential adverse or beneficial effects of
environmental stimuli.

Nevertheless, a significant proportion of children
with asthma produce specific IgE antibodies to
environmental allergens in significant amounts. In
cross-sectional and clinical studies atopic sensitization
has been related to an increased prevalence of asthma,
airway hyperresponsiveness and a greater severity of
respiratory symptoms as compared with the absence
of atopy [8–10]. This relationship between atopy and
asthma weakens considerably in epidemiological
studies. The population based proportion of asthma
cases that are attributable to atopy has recently been
estimated to be v50% [11]. Recent analyses of the
Multicentre Birth Cohort Allergy Study in Germany
have shed some light on the potential link between
the development of asthma and atopy. This prospec-
tive investigation, which included w1,000 infants
enrolled at birth, measured IgE antibodies to food
and inhalant allergens at yearly intervals from the first
birthday onwards [12]. Likewise, the occurrence of
wheeze was assessed at all time points up to the age
of 7 yrs, at which time children also underwent bron-
chial challenge with histamine to measure airway
responsiveness.

Sensitization to food allergens developed first, and
was followed by the development of sensitivity
towards inhalant allergens. Only persistent sensitiza-
tion, which developed early in life as food-related IgE
production and continued at school age as sensitiza-
tion towards inhalant allergens, such as house dust
mites, cat dander and pollen, was a strong determi-
nant of asthma [13]. Twice as many children who were
diagnosed as asthmatics or presented with airway
hyperresponsiveness at 7 yrs had had measurable IgE
antibodies towards food allergens at the age of 1 yr, as

compared to nonasthmatic children [14]. These find-
ings suggest that some common underlying process(es)
may determine both the early development of
sensitization and the incidence of asthma. Risk factors
for the development of asthma may, therefore, also
result in an earlier onset of IgE production towards
environmental allergens, most probably towards food
allergens. Thus, factors enhancing the production of
specific IgE antibodies, or the lack of protective
mechanisms to induce tolerance towards environmen-
tal allergens early in life, might also increase the risk
for asthma. Nevertheless, atopy and asthma may
differ in their associations with infections, and there-
fore, the evidence relating to both outcomes is pre-
sented separately.

Role of infections for the development of atopy

Crowding and sibship size

The results of recent cross-sectional studies support
the notion of a potential protective effect of early-life
infections on the development of atopy later in child-
hood. There is increasing, consistent evidence that
crowding [3] and particularly sibship size contributes
to the expression of atopy in families. Many authors
have shown that the number of siblings is inversely
related to the prevalence of self-reported inhalant
allergy, atopic eczema, skin test reactivity and the
presence of specific IgE antibodies in the serum [15] in
children, adolescents and adults. Most reports which
were large enough to allow a separate analysis of the
influence of older and younger siblings found a
stronger relationship with the presence of older
siblings than with younger brothers and sisters. In a
large Australian survey, the interbirth interval to the
next older sibling was also assessed [16]. For youngest
children, having two siblings rather than one was
associated with a significantly lower odds ratio (OR)
for asthma and hay fever, and a short interbirth
interval to the next older sibling was associated with a
lower rate of hay fever. The consistency and strength
of these associations over all age groups and different
populations is intriguing and suggests a major under-
lying strong determinant for the responses.

Several hypotheses have been put forward to
explain the sibling effect. It seems very unlikely that
the age of the mother is the underlying causal factor,
since in some reports the sibling effect was still seen
after adjusting for the mother9s age at the birth of her
child. Furthermore, increasing age of the mother has
been related to increasing prevalence of hay fever
and skin test reactivity [17], which contrasts with the
inverse relationship found for sibship size. STRACHAN

[18], who first described the phenomenon in 1989
pointing towards the importance of birth order, pro-
posed that "infection in early childhood, transmitted
by unhygienic contact with older siblings, or acquired
prenatally from a mother infected by contact with
her older children" may prevent the development of
allergic diseases. This "hygiene hypothesis" is in fact
based on biological grounds and may be explained by
an imbalance of different T-helper (Th) cell activation
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[19]. In much simplified terms, Th1-like T-cells
produce, among other cytokines, interleukin (IL)-2
and interferon gamma (IFN-c) [20]. Th2-like T-cells,
in turn, produce IL-4, IL-5, IL-13 and other chemo-
kines. IL-4 is one of the necessary signals to induce
B-cell clones to switch from the production of IgM to
IgE. IFN-c, in turn, is produced in the course of viral
infectious diseases and inhibits the proliferation of
Th2 clones and the production of IgE by B-cells [21,
22]. Thus, a predominant activation of Th1-like
T-cells in the course of recurrent viral or bacterial
infections may prevent the proliferation of Th2 clones
and the development of allergic disease [20]. Although
the evidence for Th cell polarization was initially
developed in experimental mouse models, numerous
clinical studies have also shown Th2 dominance with
IL-4 and IL-5 overproduction in patients with hay
fever, allergic bronchial asthma, and atopic derma-
titis. The results were obtained using cells from
peripheral blood and inflamed tissues of nose, airways
and skin by employing in situ and in vitro techniques
[23–25]. To better understand the concepts of the
"hygiene hypothesis" also requires an appreciation of
the developing immune system [26]. Th2-like cyto-
kines are produced in the uterine environment to
hamper abortion of the foetus and induce similar Th2-
like responses in the immature immune system of the
newborn. Therefore, at birth, the neonatal immune
responsiveness is distorted towards Th2-like res-
ponses. Repeated infections involving the activities
of Th1-like cytokines, particularly early in life, would
help T-cell immune responses to mature into a
balanced phenotype, which would be less likely to
favour allergen sensitization and manifestation of
atopic illnesses in childhood.

Day care

Child day care may be seen as an indicator of early
life exposure to numerous infectious agents. In a large,
cross-sectional Norwegian study, attendance to day
care was found to significantly increase the risk of
upper respiratory tract infections and recurrent otitis
media in 3–5-yr-old children [27]. These findings were
confirmed by a recent prospective birth cohort study
in Boston, MA, USA, which showed that infants
attending day care centres in their first year of life are
at a higher risk of developing ear infections, a runny
or stuffed nose or doctor-diagnosed lower respiratory
illnesses such as croup, bronchitis, bronchiolitis and
pneumonia [28]. Interestingly, birth status has been
shown to modify the relationship between day care and
lower respiratory illness incidence. The cohort study
following w1,000 infants up to the age of 2 yrs and
found that firstborn children who were not in day care
had the lowest rate of infections [29]. The rate of lower
respiratory illnesses was intermediate for children with
siblings who were not in day care, and very similar for
children in day care, regardless of sibling status.

Day care attendance early in life was characteristic
of the former East German lifestyle. In a large cross-
sectional survey of East German children aged
5–14 yrs, KRÄMER et al. [30] showed that children

from small families, i.e. at most three family members,
entering day nursery in the first year of life were at
significantly lower risk of developing hay fever and a
positive skin-prick test than children attending day
care after their second birthday. A recent prospective
study from the USA corroborated these findings [31].
Attendance to day care in the first 6 months of life
was associated with a significantly lower risk of atopy
over the 13-yr follow-up period.

Infections with hepatitis A and measles

Furthermore, infection with hepatitis A may be
regarded as a marker of poor hygienic living condi-
tions. A report from southern Italy showed that
military recruits who were seropositive for hepatitis
A had a significantly lower prevalence of atopic
sensitization to common aeroallergens and a lower
prevalence of atopic diseases as compared to their
peers, who did not have antibodies to hepatitis A [32].

Viral and bacterial, as well as respiratory and
gastrointestinal infections may exert different effects
on a maturing immune system. Furthermore, it seems
conceivable that only certain infections convey pro-
tection or risk depending on the nature of the
infectious agent or the host9s predetermined immune
response. Measles and tuberculosis, two types of
microbial infections which are known to be potent
inducers of Th1 responses, have been particularly
scrutinized in recent years. In Guinea-Bissau, West
Africa, SHAHEEN et al. [33] followed children at the age
of 0–6 yrs into young adulthood. The subjects with
childhood measles had about half the rate of atopic
sensitization, defined as skin-prick test positivity to
aeroallergens compared to those who had been vac-
cinated and did not acquire measles (12.8% versus
25.6%). The study findings should, however, be
interpreted with caution since a substantial loss to
follow-up occurred over time. The high mortality rate
for measles, affecting 25% of the study children,
further points to the hazards associated with exposure
to this virus, particularly in the Third World.

Findings from high-income countries have not
clearly supported the notion that measles infections
may result in a reduced risk of atopy. ALM et al. [34]
from Sweden showed that children from anthropo-
sophic families, where there was a high rate of measles
affecting approximately two-thirds of the study popu-
lation, had a markedly reduced prevalence of atopic
conditions and atopy as measured by skin-prick tests
and serum IgE. However, many other environmental
influences such as dietary habits and use of antibiotics
also differed between anthroposophic and other
Swedish families, precluding an unequivocal inference
about the role of measles infections in this population.
A very large Finnish study, which included half a
million subjects aged 14 months to 19 yrs, related a
history of measles to a history of atopic illnesses at
the time of vaccination in Finland9s national measles-
mumps-rubella vaccination programme [35]. The
investigators reported that children with a history of
measles had an increased risk to develop eczema,
allergic rhinitis and asthma, and this increase in risk
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was seen over all age groups, However, the authors9
discovery that the risk of allergic rhinitis also
increased in children aged 1–2 yrs, an age at which
allergic rhinitis normally does not occur, is difficult
to interpret. In a Scottish study, a history of measles
infection in childrenw3 yrs was found to be inversely
related to asthma prevalence at age 10–14 yrs, but not
to hay fever, which was only reported from 3.7% of
the teenagers, suggesting under-reporting or misclas-
sification of allergic rhinitis [36]. Another British
cross-sectional survey showed that a history of
measles infection up to the age of 10 yrs was inversely
related to the prevalence of hay fever, but only in
children with multiple older-sibling contacts [37].
Thus, no consistent effect of measles infection on the
development of atopic sensitization and hay fever was
found in studies in affluent countries, contrary to the
intriguing data from Guinea-Bissau.

Tuberculosis

Interest has also focused on the role of Mycobacter-
ium tuberculosis, which is known to induce Th1-type
immune responses [38, 39]. Epidemiological evidence
that this immunological response is associated with
a reduced risk of developing atopy comes from
the study of SHIRAKAWA et al. [40]. These authors
reported that, amongst Japanese school children aged
12–13 yrs, allergic and asthmatic symptoms were only
one-half to one-third as common in positive tuber-
culin responders as in negative responders, and that
remission of atopic symptoms between the ages of
7–12 yrs was 6–9 times more likely in positive tuber-
culin responders. The positive tuberculin responders
had significantly lower levels of the Th2 cytokines IL-4,
IL-10 and IL-13, and higher levels of the Th1 cytokine
IFN-c. The interpretation of these findings has been
debated intensively. The inverse association between
allergic status and tuberculin reactivity may simply
reflect the imbalance of Th1/Th2 responsiveness
characteristics in atopic individuals, who have been
shown to express smaller delayed type-hypersensitivity
skin reactions to recall antigens than nonatopic
subjects [41]. This imbalance may relate to genetic or
other constitutional factors rather than to exposure to
mycobacteria. However the alternative hypothesis,
suggesting that exposure to M. tuberculosis reduces
the risk of developing asthma and/or atopy, is equally
conceivable. If this alternative hypothesis is correct,
the reduction in the incidence of tuberculosis in many
countries during this century may have contributed to
the concurrent increase in the prevalence of asthma
and other atopic diseases. Indeed, recent findings
have inversely related tuberculosis notification rates
to the prevalence of asthma, wheeze and allergic
rhinitis. The study, which included participants from
23 centres of the large ISAAC study, suggested that
exposure to Mycobacterium spp. may reduce the risk
of childhood asthma and allergic rhinitis [42]. Some
support for this notion also arises from a Finnish
study, which followed verified cases of childhood and
adolescent tuberculosis for 28–32 yrs and compared
reimbursement rates for asthma and allergy drugs

with age, sex, and geographically-matched controls
[43]. Among females, tuberculosis of the respiratory
tract or other organs in childhood (i.e. before 16 yrs)
was associated with a significantly reduced prevalence
of asthma 30 yrs later. Likewise, tuberculosis at any
age was inversely related to reimbursement rates for
allergic conditions in females. No such association
was found for males.

Little is known with respect to a potential protective
or adverse effect of other infections of the upper and
lower respiratory tract. In the prospective Tucson
Cohort Study, children who had nonwheezing lower
respiratory tract illnesses such as pneumonia and
tracheobronchitis in their first 3 yrs of life, subse-
quently, had reduced skin test reactivity and depressed
levels of total serum IgE at the age of 6 yrs [44]. The
MATRICARDI et al. [45] study of Italian military recruits
found that serology to respiratory virus infections
was not related to atopy. In agreement with this result,
these types of infections were also unrelated to an
effect on atopic sensitization in the Tucson Cohort
Study [46].

Gut colonization

Microbial stimulation, both from normal commen-
sals and pathogens through the gut, may be another
route of exposure, which alters the normal intestinal
colonization pattern in infancy. Thereby, the induc-
tion and maintenance of oral tolerance to innocuous
antigens, such as food proteins and inhaled allergens,
may be substantially hampered [47, 48]. MATRICARDI

et al. [45] have recently expanded their studies;
serology to Toxoplasma gondii and Helicobacter
pylori in addition to hepatitis A was related to atopy
in southern Italian military recruits. Seropositivity to
one or more of these types of microbes showed an
inverse relationship with hay fever, allergic asthma
and atopy as assessed by skin-prick tests and serum
IgE measurements in a dose-dependent manner.
Subjects with two or more positive serology tests
had approximately one-third the risk of developing
atopic conditions when compared to their seronega-
tive peers. The authors proposed that the orofaecal
route of infection was a strong protective determinant
for the development of atopy and atopy-related
conditions.

In animal studies, colonization of the gut by normal
commensals has been shown to be a prerequisite for
the development of immune tolerance [46]. It remains
to be seen in humans whether the early composition
of the gut flora determines the processes inducing
tolerance towards environmental allergens. SEPP et al.
[49] have shown that the gut flora of Estonian children
differs from the gut flora of Swedish infants, parallel-
ing a marked difference in the prevalence of atopy
between these regions. In 1-yr-old Estonian infants,
lactobacilli were more frequently found, and the
counts were higher than in the Swedish 1-yr-olds. In
contrast, clostridia counts (in particular, Clostridium
difficile) were higher in the Swedish infants than in the
Estonian infants. These investigators expanded their
studies to include the stool flora of allergic and
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nonallergic 2-yr-old children in Estonia and Sweden
[50]. The allergic children in Estonia and Sweden were
less often colonized with lactobacilli, as compared with
the nonallergic children in the two countries. Further-
more, the proportion of aerobic micro-organisms of
the intestinal flora was also higher in allergic children,
whereas the proportion of anaerobes was lower as
compared to nonallergic 2-yr-olds. In both studies, the
number of subjects was rather low, but some indirect
evidence may corroborate the notion that lactobacilli
in the gut flora may play a role in the development of
atopy. Firstly, populations with a higher consumption
of acid-fermented vegetables, such as anthroposophic
individuals or people from Estonia, have been shown
to have lower rates of allergy. Secondly, preliminary
findings from Finland may indicate that the admini-
stration of a strain of Lactobacillus to the diet of
infants with atopic dermatitis can ameliorate the
clinical manifestation of the disease [51]. The num-
ber of involved infants was low, however, and the
dietary intervention was not blinded to the investi-
gator assessing the severity of the eczema, thereby
limiting the validity of these findings.

Furthermore, intestinal parasitic infections in the
Third World may play a role for tolerance induction;
however, the potential effects have not yet been suf-
ficiently explored. In developed countries such as East
Germany, parasitic infections are likely to be of no
major importance for the reduction in the prevalence
of atopic conditions seen in these areas [52].

Farming environments

A "human model" which may prove interesting in
this context is the recent observation, reported by
several authors, that growing up on a farm confers
significant protection against the development of
atopy [53–55]. In a Swiss population of schoolchildren
between the ages of 6–15 yrs, the odds of having
seasonal symptoms of hay fever (adjusted OR=0.34,
95% CI: 0.12–0.89) and of developing atopic sensitiza-
tion as measured by radioallergosorbent test (RAST)
(adjusted OR=0.31, 95% CI: 0.13–0.73) were strongly
decreased in children raised on a farm as compared to
their peers from the same rural area whose parents
were not farmers [53]. Similarly, in a large survey of
Bavarian children entering school at age 5–7 yrs, the
prevalence of hay fever among children raised on a
farm was significantly lower than that found among
their peers from the same villages who did not grow
up on a farm (1.8% versus 4.9%, pv0.001) [54].
Adjustment for potential confounding variables con-
firmed the strong inverse relationship (adjusted
OR=0.52, 95% CI: 0.28–0.99). A recent Austrian
survey of 8–10-yr-old children has confirmed the find-
ings [55]. In all surveys, a slight protective effect was
also seen for the prevalence of asthma (e.g. adjusted
OR=0.65, 95% CI: 0.39–1.09 in Bavaria); whereas, the
development of atopic eczema was not affected by the
farming activities of the parents.

Living conditions of farming families differ in many
respects from the lifestyles of other families including
larger family size, more pets, frequent heating of

the family home with wood or coal, less maternal
smoking, more dampness and characteristic dietary
habits. None of these factors would explain the strong
inverse association between atopy and growing up
on a farm. In contrast, contact to livestock and poul-
try was found to explain much of the relationship
between farming and atopy in the Austrian study [54].
Likewise, in the Bavarian survey a strong, inverse,
dose-dependent relationship between exposure to live-
stock and the prevalence of atopic diseases was found
(adjusted OR=0.41, 95% CI: 0.23–0.74 for frequent
contact to livestock) [54]. Furthermore, Austrian
children with regular contact to farm animals who
did not live on a farm also had a significantly lower
prevalence of atopic sensitization (13.5% versus 34.8%,
p=0.01) when compared with children with no contact
[55]. These findings suggest that factors prevalent in
stables, and presumably also in the homes of farming
families, confer the protection which is associated with
a farming lifestyle.

Endotoxin

A potential candidate among other factors is the
exposure to bacterial products such as endotoxin and
lipopolysaccharides (LPS) in the stables and homes
of farming families. Endotoxin concentrations have
recently been shown to be higher in homes of children
living on a farm as compared to homes of nonfarming
families [56]. Furthermore, in families where children
had regular contact with livestock, higher endotoxin
concentrations were found in the children9s mattresses
as compared to control households. These findings
suggest that contact with livestock not only strongly
increases LPS exposure while staying in a stable, but
also augments daily exposure indoors.

Endotoxin consists of a family of molecules (LPS),
which form an intrinsic part of the outer membrane of
gram-negative bacteria [57]. LPS and other bacterial
wall components engage with antigen-presenting cells
eliciting strong IL-12 responses [58]. IL-12, in turn, is
regarded as an obligatory signal for the maturation of
naive T-cells into Th1-type cells [59]. Endotoxin is
ubiquitous in nature, being present in normal indoor
environments as a constituent of house dust [60].
Previously, it was suggested that endotoxin levels
increase where animals are kept indoors, and it seems
noteworthy that several recent studies have shown a
protective effect of early exposure to cats and dogs
on the development of atopic sensitization [61, 62].
Furthermore, endotoxin levels are likely to be parti-
cularly high in developing countries where poultry
and livestock are kept in close proximity to human
housing. In this context, it is of interest to note that a
previous study from Africa has found a significantly
decreased OR for the development of atopic sensi-
tization (adjusted OR=0.49, 95% CI: 0.28–0.87) in
children, in whose homes pigs were kept [33]. High
exposure levels to endotoxin may, however, be a
surrogate for other bacterial wall components from
gram-positive bacteria or atypical mycobacteria,
which are likely to affect immune responses in similar
ways as LPS [63, 64]. In particular, Listeria, a germ
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also abundant in stables, is known to induce IL-12
production [65], thereby potentially deviating the
immune response towards a Th1-like phenotype.
Recent studies suggest that certain motifs of bacterial
deoxyribonucleic acid (DNA) might also prevent the
development of atopy, at least in the experimental
animal model [66].

Endotoxin exposure in house dust has recently been
related to the development of atopic sensitization in
infants enrolled in a cohort study in the USA [67].
Among 61 children aged 9–24 months with three
physician-documented wheezing episodes and low
socioeconomic status, endotoxin levels in the house
dust were inversely related to atopic sensitization.
Interestingly, a strong relation between endotoxin
exposure and IFN-c production by CD4zand CD8z
cells was seen, suggesting a stimulation of the immune
system towards Th1 responses by environmental levels
of indoor exposure to endotoxin. The infant cohort
enrolled in this study was, however, a high risk
group with a history of repeated wheezing episodes.
It remains to be seen whether there is a potential
inhibitory effect of indoor endotoxin exposure for the
development of atopy in other children.

Role of infections for the development of asthma

Respiratory syncytial virus infections

There is an ongoing debate about a potential
deleterious role of viral infection, mainly by the
respiratory syncytial virus (RSV), for the subsequent
development of childhood wheezing illness and
asthma. Two major hypotheses have been proposed
to explain the association between respiratory tract
infections and subsequent respiratory abnormalities
[68]. One hypothesis states that viral infections early in
life damage the growing lung or alter host immune
regulation. The second hypothesis holds that respira-
tory infections are more severe in infants and children
with some underlying predisposition. In this case, the
symptomatic viral infection is merely an indicator of
an otherwise silent condition, whereas viral infections
are causal risk factors if the first hypothesis holds true.
These two arguments are not mutually exclusive. It is
conceivable that severe viral lower respiratory tract
infections occur primarily in infants and children with
an inherent predisposition, and that both the infection
and the predisposition contribute to the development
of wheezing illness or other long-term respiratory
abnormalities. RSV, in particular, has been shown to
induce Th2 responses which may enhance inflam-
matory changes in susceptible subjects eventually
resulting in damage to the airway epithelium and the
triggering of asthmatic responses.

ROMÁN et al. [69] showed that peripheral blood
mononuclear cells (PBMCs) obtained from children
hospitalized for RSV had both lower IL-4 and lower
IFN-c responses to nonspecific stimuli when com-
pared to the PBMCs of control infants. However, the
IFN-c/IL-4 ratios were significantly higher in the con-
trol children, suggesting that, although hospitalized
infants with RSV may have deficits in both Th-type

responses, these deficits are more marked for Th1 than
Th2 responses. Similar findings showing increased
IL-4 production by the peripheral T-cells of infants
with RSV infections have recently been reported [70].

RSV infection is very common in the first year of
life. According to LONG et al. [71], ¢80% of all infants
are infected with RSV up to their first birthday, but
only y1% of all infants are hospitalized for RSV
disease and only 0.1% require intensive care. There-
fore, a significant proportion of children undergo
undetected RSV infections in the first years of life,
suggesting that there are one or more host factors
which determine the development of bronchiolitis
after RSV infection.

Several investigators have followed children with
proven RSV bronchiolitis for several years. Most
authors [72–74] reported reductions in lung function
and increased prevalence of airway hyperresponsive-
ness in cases as compared to controls, suggesting that
RSV infection subsequently leads to airways damage.
However, these results are also consistent with the
notion of an underlying premorbid respiratory abnor-
mality. PULLEN and HEY [73] followed 130 infants with
proven RSV bronchiolitis, who had been admitted to
hospital at a mean age of 14 weeks, and compared
them with matched controls. Of the RSV group, 6.2%
were wheezing at the age of 10 yrs as compared to
4.5% of the control group. A slightly increased pre-
valence of episodic mild wheeze was found during the
first 4 yrs of life of the RSV group (38% versus 15%),
but no increased rate of atopic sensitization was seen
in the RSV cases as compared to the controls. Others
confirmed these findings [72]. A recent meta-analysis
of 10 controlled studies of children hospitalized
for RSV bronchiolitis came to the same conclusion.
It showed that wheezing was common after RSV
bronchiolitis, but that there was no significant differ-
ence between the RSV bronchiolitis and the control
group regarding recurrent wheezing after 5 yrs of
follow-up [74]. A more recent report from a controlled
follow-up of 47 infants hospitalized for RSV bronchi-
olitis up to the age of 7.5 yrs suggested that RSV
bronchiolitis may be an independent risk factor for
asthma and atopic sensitization at school age [75, 76].
The population included in this study may, however,
have been skewed towards the more severe and more
atopic end, thus making it impossible to distinguish an
underlying premorbid respiratory abnormality from
airway damage resulting from the RSV infection.
To avoid this potential severe selection bias, studies in
a general population sample are needed to address
these questions. Findings from the longitudinal Tucson
Birth Cohort Study corroborated the previous obser-
vations in a general population sample. In this study,
RSV lower respiratory tract illnesses were associated
with a diminishing risk of recurrent wheezing over
the school years, starting with a 4-fold increased risk
at 6 yrs, which then reduced to no risk at 13 yrs [77].

Other infections of the respiratory tract

In several studies, an inverse relationship between
asthma and the overall burden of respiratory infections
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has been reported. In Papua New Guinea, ANDERSON

[78] observed that respiratory infections were more
common among young children in the Highlands,
where the asthma rate was exceedingly low as
compared to the coastal regions of the country
where asthma occurred more frequently. In the Fiji
Islands, FLYNN [79, 80] studied two groups of children,
the indigenous Fijians who showed a high hospital
admission rate for pneumonia and the Fiji Indians
whose asthma admission rate was three times higher
than in the Fijians. Consistent with the hospitaliza-
tion rates, Indian children had a three-fold higher
prevalence of asthma and airway hyperresponsiveness
than Fijians, whereas respiratory infections were
more than twice as common in Fijian than in Indian
children. In the East European countries, a higher
prevalence of bronchitis and respiratory infection was
found, whereas asthma and bronchial hyperrespon-
siveness were significantly lower than in Sweden and
West Germany [1, 2].

As described earlier, attendance to day care centres
early in life is associated with a significant risk of
infectious illnesses, among these lower respiratory
tract illnesses such as croup, bronchitis, pneumonia
and wheezing illnesses. Therefore, in contrast to the
potential beneficial effects of early life infections on
the development of hay fever and atopy, the inception
of asthma may be favoured by such exposures. In fact,
several studies have reported that at preschool age the
prevalence and incidence of wheezing, lower respira-
tory tract illnesses was increased in children attending
day nurseries. A report from the longitudinal follow-
up of the Tucson cohort has recently reconciled these
apparently contradictory findings. The investigators
showed that children in day care very early in life (i.e.
in the first 6 months of life) were at increased risk
of wheezing in the first years of life. This relationship,
however, reversed at age y6 yrs, by which time
attendance to day care early in life had proved to be
protective against the occurrence of wheezing ill-
nesses. This beneficial effect increased up to the age of
13 yrs when the risk of wheezing among former day
care attendees was less than one-third as compared
to other children raised at home. Recent analyses of
the German longitudinal Multicentre Allergy Study
(MAS) are in line with these findings and suggest that
repeated episodes of rhinitis in the first year of life
and viral infections of the herpes type in the first 3 yrs
of life are associated with a significant decrease in the
risk of subsequent wheezing up to the age of 7 yrs [81].

The role of other types of infections in the deve-
lopment of childhood asthma awaits further clarifica-
tion. Two studies have shown an inverse relationship
between asthma and tuberculosis. The ecological ana-
lysis of the variation of asthma prevalences over
geographical areas as assessed in the ISAAC study,
and tuberculosis notification rates, suggest a signifi-
cant inverse relationship between the occurrence of
both diseases at a population level [42]. Likewise, the
Finnish study has supported these findings, showing
an inverse association between tuberculosis, infec-
tions in childhood and the prevalence of asthma
28–32 yrs later [43]. This effect, however, was only
seen among females. Animal models of mice strongly

support the notion of a protective effect of bacille
Calmette-Guérin (BCG) infections on the develop-
ment of asthma. Several studies have consistently
shown that infection with Mycobacterium strongly
inhibits an established allergic response and sup-
presses allergen-induced airway eosinophilia [82–85].

Role of vaccinations and antibiotic use

Many have speculated about a potential harmful
effect of vaccinations and antibiotic use. However,
most studies have allayed concerns about an increased
risk of atopy and asthma from immunizations with
measles, pertussis or other vaccines. About half of
the British 1970 birth cohort, w13,000 children, were
vaccinated against measles and no substantial differ-
ence in the prevalence of hay fever or eczema was
evident at the age of 5 yrs when immunized and non-
immunized subjects were compared [86]. Although,
in theory, pertussis vaccine or its associated adjuvant
may increase IgE production and thereby the risk of
allergy, the results of several epidemiological studies
have excluded a major increase in the risk of allergy
[87, 88]. Conversely, immunization with BCG, which
may induce Th1 responses, has not been shown to
confer protection from the development of allergy
when administered once early in life [89, 90].

Furthermore, there is no evidence to date to suggest
that the use of antibiotics may be causally related to
the inception of childhood asthma or allergies. Two
recent retrospective studies [91, 92] showing a positive
association between antibiotic use and asthma must
be interpreted with great caution, since a potential
severe bias by reverse causation cannot be excluded,
i.e. children with pre-existing symptoms of asthma
may receive more antibiotics because of their disease.
The recent analysis of the German MAS study
supports this notion, finding no association between
antibiotic use in the first 3 yrs of life for indications
other than lower respiratory tract illnesses and asthma
or atopy at the age of 7 yrs [81].

Conclusions

There is increasing, though still not conclusive,
evidence to support the "hygiene hypothesis". The
strongest arguments for such an effect are the findings
that relate early life day care attendance to a signi-
ficantly reduced risk of atopy and asthma, and the
strong link between sibship size and the occurrence of
atopy as confirmed by numerous studies. Further-
more, data relating serological immune responses to
certain infections such as hepatitis A and T. gondii
suggest a role for such infections or the lack of hygiene
to be operative in the inhibition of the development of
allergic immune responses. Biological plausibility for
such a hypothesis can also be found from recent
in vitro studies and from animal experiments. Epide-
miological studies attempting to identify single infec-
tions as harmful or beneficial could fail because it may
be the total burden of microbial stimuli, rather than
a certain infection that directs the maturing immune
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system into a T-helper1-polarized response. The
effects described in epidemiological studies seem
stronger for atopy than for asthma; whereas, in ani-
mal models, infections have also been shown to
suppress asthmatic features such as airway eosino-
philia. The reasons for this apparent discrepancy
may be twofold. Firstly, an asthmatic9s susceptibility
to react to viral infections with lower respiratory tract
symptoms will suggest a positive, causal association,
where in fact reverse causation is the most likely
explanation. Secondly, the timing of the exposure may
be essential to promote beneficial or harmful effects.
Exposure in the first months of life, before asthma
has become evident, may exert protective effects;
whereas, infections later in life may trigger symptoms
and exacerbate the disease once it is established. The
"window of opportunity" for hay fever is likely to
increase, as its incidence does not peak in the first
1–4 yrs of life like asthma, but rather in school age
and adolescence.
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