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Purpose of review

Reduced exposure to childhood infections may explain the
increased prevalence of allergic diseases in industrialized
countries (the hygiene hypothesis). This review will
examine recent epidemiologic studies of the hygiene
hypothesis and asthma.

Recent findings

Recent studies have confirmed previous findings of an
inverse association between increased exposure to other
children during childhood and either allergen sensitization
or hay fever. However, there is conflicting evidence
regarding the relation between exposure to other children
and asthma. Although it has been hypothesized that
vaccinations may influence the development of asthma,
recent findings do not support this association. Serologic
evidence of exposure to certain gastrointestinal pathogens
(eg, hepatitis A virus) has been inversely associated with
either allergen sensitization or asthma in some, but not all,
recent studies. Although heavy infestation with certain
parasites (eg, helminths) is protective against allergen
sensitization, there is conflicting evidence regarding the
relation between parasitic infection and asthma. The
results of recent studies suggest that the relation between
endotoxin exposure and asthma is complex and likely
influenced by factors related to the exposure itself, the
host, and other covariates. Although it has been
postulated that antibiotic use in early life is a risk factor for
asthma, this hypothesis is not supported by recent
findings.

Summary

For every exposure studied with regard to the hygiene
hypothesis, there are inconsistent findings in relation to
asthma. The hygiene hypothesis is not likely to be the sole
explanation for the ongoing asthma epidemic in
industrialized nations.
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Introduction

Asthma is a major public health problem in industrialized
countries [1,2]. Over the past several decades, the preva-
lence of asthma, hay fever, and eczema has increased
substantially in countries with a “Western” lifestyle [1].
A potential explanation for the ongoing epidemic of al-
lergic diseases is that declining family size and improved
hygienic conditions have led to reduced exposure to in-
fections in early childhood and more widespread expres-
sion of atopic diseases in industrialized nations (the hy-
giene hypothesis) [3].

A review of potential immunologic mechanisms under-
lying the hygiene hypothesis is beyond the scope of this
review, and the reader is referred to recent reviews on
this topic [4-6]. We examine epidemiologic studies of
the hygiene hypothesis and asthma published in the past
2 years, focusing on the number of siblings; day care
attendance in early life; crowding; general hygiene; my-
cobacterial exposure and vaccinations; gastrointestinal
and parasitic infections; farming and endotoxin exposure;
and antibiotics, probiotics, and the intestinal flora.

Household size, crowding, day care
attendance, and general hygiene

There is consistent evidence of an inverse association
between number of siblings and hay fever, but there are
conflicting findings regarding the relation between num-
ber of siblings and asthma [7,8,9¢]. Among 18,530 Euro-
pean adults, an increasing number of siblings was asso-
ciated with decreased odds of hay fever but increased
odds of asthma symptoms and reduced lung function;
these findings were not appreciably changed after ad-
justment for potential confounders [9¢]. Among British
adults, there was an inverse association between number
of siblings and allergen sensitization that was not
changed after adjustment by physician-diagnosed infec-
tions in early childhood or previous infection with hepa-
titis A and Helicobacter pylori [8]. Although these findings



could have been due to residual confounding by early
infections, the authors hypothesized (as have others) that
the protective effect of siblings against atopy may be due
to iz utero programming of the immune system [7,8].

Day care attendance in early life has been inversely as-
sociated with childhood asthma in some studies but not
in others [10,11]. In a birth cohort study of children with
a parental history of atopy, Celedén ez a/. [12¢] found
that day care attendance in early life was inversely asso-
ciated with asthma at age 6 years among children without
a maternal history of asthma (odds ratio [OR] = 0.3; 95%
confidence interval [CI] = 0.1-0.7). Among children with
a maternal history of asthma, there was no significant
association between day care attendance in early life and
asthma or recurrent wheezing. These findings suggest
that a maternal history of asthma influences the relation
between day care attendance in early life and asthma
through yet-unidentified gene-by-environment interac-
tions and/or shared exposures between mother and child
in early life [12ee]. Although ecarly day care attendance
has been inversely associated with allergen sensitization
and/or eczema, little is known about the biologic mecha-
nisms underlying this association [10,11,12ee].

A recent matched case-control study from Sao Paulo,
Brazil, showed that crowding (defined as four or more
persons sharing the child’s bedroom) was associated with
a decreased incidence of asthma diagnoses (OR = 0.42;
95% CI = 0.21-0.87) but an increased incidence of lower
respiratory tract infections in children aged 2 to 59
months [13]. Among 2250 adolescent boys in Pelotas,
Brazil, crowding and living with other children in early
childhood were inversely associated with asthma [14].

In the Avon Longitudinal Study of parents and children
(ALSPAC), a high level of hygiene (as estimated by a
hygiene score) was a risk factor for wheeze at 30 to 42
months of age. This association was essentially un-
changed after adjustment for use of chemical cleaners
and other potential confounders [15].

Mycobacterial infections and vaccinations
Although ecologic studies have found that active tuber-
culosis is inversely related to atopic diseases, there is
little evidence to support the hypothesis that mycobac-
terial infections and/or immunization with bacille
Calmette-Guérin (BCG) protect against atopy and
asthma [16,17¢,18,19] Among Danish women who had
been vaccinated, there was no association between age at
BCG vaccination and cither asthma or allergen sensiti-
zation [18]. In a large study of schoolchildren in Green-
land, there was no association between either BCG vac-
cination or age at BCG vaccination and allergen
sensitization [17¢]. Among children in Gambia, there was
no association between either a BCG scar or delayed-
type hypersensitivity to tuberculin and allergen sensiti-
zation [19].
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There has been conflicting evidence of an association
between vaccination in infancy and asthma or atopy in
childhood. Among 13,810 children in the ALSPAC
study, pertussis vaccination was not associated with ei-
ther childhood asthma or allergen sensitization [20ee].
Among 29,238 children in the West Midlands General
Practice Research Database, vaccination with either dip-
theria, polio, pertussis, and tetanus or measles, mumps,
and rubella was associated with asthma only among chil-
dren with infrequent visits to a physician in the first 18
months of life. This finding was likely due to ascertain-
ment bias (children with less access to medical care are
less likely to be vaccinated and less likely to receive a
diagnosis of asthma) [21].

Gastrointestinal and parasitic infections

Serologic evidence of previous infection with oral-fecal
and food-borne microorganisms has been inversely asso-
ciated with allergen sensitization in some cross-sectional
studies but not in others [8,22,230¢ 24]. In a large study
of subjects aged 6 to 59 years in the United States, hay
fever (OR = 0.27; 95% CI = 0.18-0.41) and asthma (OR =
0.45; 95% CI = 0.31-0.66) were less common among in-
dividuals who had been previously infected with hepa-
titis A virus, Toxoplasma gondii, and herpes simplex virus
1 [23ee]. By contrast, there was no association between
previous infection with any of three organisms (hepatitis
A, H. pylori, or herpes simplex virus) and either allergen
sensitization or allergic diseases among Spanish and Ger-
man university students [24]. Among Danish adults, al-
lergen sensitization was inversely associated with having
at least two markers of poor hygiene (previous infection
with hepatitis A, H. pylori, or T. gondii) but positively
associated with previous infection with at least two bac-
terial pathogens (Clostridium difficile, Campylobacter jejuni,
or Yersinia enterocolitica) [25°]. These findings suggest
that specific organisms may have different influences on
allergen sensitization and/or serve as markers for other
relevant infectious and noninfectious exposures.

Several cross-sectional studies have examined the rela-
tion between parasitic infections and allergen sensitiza-
tion and atopic diseases [5,26-28,29¢, 30-33]. These
studies suggest that parasitic infections characterized by
heavy infestation with geohelminths (eg, Ascaris lumbri-
coides) or Schistosoma mansoni are inversely associated
with allergen sensitization and that parasitic infections
characterized by light infestation with geohelminths may
increase the risk of allergen sensitization. Of interest, a
recent longitudinal study found that treatment of severe
infestations with helminths leads to increased allergen
sensitization [34e]. Although infection with hookworm
was inversely associated with wheeze in Ethiopia, infec-
tion with A. /fumbricoides or Trichuris trichiura was not as-
sociated with asthma symptoms other than exercise-
induced wheeze in a recent study in Ecuador [27,29¢e].
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Farming and endotoxin exposure

Exposure to farming in early life has been associated
with a decreased risk of asthma and allergen sensitization
among schoolchildren in Central Europe and Canada,
and cross-sectional studies in children have shown that
early exposure to microbial products such as endotoxin
may be protective against atopic asthma and allergen
sensitization through down-regulation of immune re-
sponses or stimulation of Th1l immunity [35-38] Among
schoolchildren in New Zealand, farm residence in early
life was associated with an increased risk of hay fever but
no increased risk of asthma [39]. In Norway, adult farm-
ers who had two or more types of livestock had a higher
risk of nonatopic asthma and a lower risk of atopic
asthma than farmers without livestock [40e]. In that
study, current exposure to endotoxin, fungal spores, and
ammonia was positively associated with nonatopic
asthma but negatively associated with atopic asthma

[40e].

In a recent cross-sectional study in countries with high
(Sweden) and low (Estonia) prevalence of atopic dis-
eases, an inverse association between endotoxin expo-
sure and atopic diseases was shown in Sweden but not in
Estonia—a finding that may have been due to a low level
of variation in endotoxin levels in Estonian homes and/or
unmeasured factors associated with endotoxin exposure
in both countries [41].

A cross-sectional study of German schoolchildren found
that high levels of endotoxin in house dust were in-
versely associated with allergen sensitization [42]. In that
study, there was no association between exposure to en-
dotoxin in house dust and any of three allergic diseases
(asthma, hay fever, and eczema). Among infants with a
parental history of atopy, endotoxin exposure in early life
has been associated with a reduced risk of atopic eczema
but increased risks of wheezing in early childhood
[43,440 45]. Litonjua et al. [46®¢] studied 226 children
who were younger than 5 years of age and who had a
parental history of atopy over a 4-year period. In that
study, exposure to high concentrations of endotoxin in
house dust was associated with an increased risk of
wheeze over a 4-year period of observation; however,
that risk declined rapidly over time [46®¢]. Occupational
studies have shown inhaled endotoxin to be a risk factor
for occupational lung disease (including nonatopic
asthma), and epidemiologic studies have demonstrated
that the level of endotoxin in house dust is associated
with exacerbations of preexisting asthma [47,48]. Thus,
the relation between endotoxin exposure and asthma is
complex and likely dependent on the exposure itself
(timing, dose, and route), the host (genetic susceptibil-
ity), and other covariates. With regard to farming, endo-
toxin may be a marker of other relevant microbial and
nonmicrobial exposures.

In a recent cross-sectional study of European schoolchil-
dren from the Allergies and Endotoxin study, exposure
to muramic acid (a constituent of peptidoglycan that is
present in gram-negative and gram-positive bacteria) in
mattress dust was inversely associated with current
wheezing independently of endotoxin or farm exposure
[49¢]. However, there was no significant association be-
tween exposure to muramic acid in mattress dust and
either allergen sensitization or asthma.

Antibiotics, probiotics, and the

intestinal flora

The intestinal flora is, quantitatively, the most important
postnatal source of microbial stimulation of the immune
system [50]. Experiments in murine models suggest that
bacterial colonization of the gut is essential for postnatal
maturation of Thl immune responses and induction of
oral tolerance and that Toll-like receptor 4—dependent
signals provided by the intestinal flora inhibit the devel-
opment of allergy to food antigens [51,52]. Cross-
sectional studies and small prospective studies have
shown an association between the composition of the
intestinal flora and atopy in children [53].

In infant mice, antibiotics lead to alterations of the in-
testinal flora and impaired Th1l immune responses that
can be prevented by the subsequent administration of
probiotics [54,55] Although little is known about the
long-term effects of antibiotic use on the intestinal flora
of young children, it was postulated that antibiotic use in
carly life led to alterations in the intestinal flora and an
increased risk of atopy and asthma in childhood. How-
ever, none of the epidemiologic studies published to
date has found an association between early antibiotic
use and allergen sensitization, and a recent large study
showed no association between antibiotic use in early life
and hay fever [56,57¢]. Among 4408 children who were
enrolled in a health maintenance organization from birth
to the age of 5 years, Celedén ez @/. [58¢] found no sig-
nificant association between antibiotic use in the first
year of life and asthma diagnosed in children between
the ages of 2 and 5 years (OR for at least 5 courses vs no
courses of antibiotics = 1.0; 95% CI = 0.7-1.4). Among
746 adults in the United Kingdom, Cullinan ¢z a/. [56]
found no significant association between the use of an-
tibiotics for reasons other than lower respiratory infec-
tions in the first 5 years of life and asthma (OR for an-
tibiotic use in the first year of life = 0.95; 95% CI =
0.65-1.40). Thus, current evidence suggests that there is
no causal association between antibiotic use in early life
and asthma but rather that antibiotic use in early life is
more common among children with asthma.

A potential protective effect of the use of probiotics in
early life against atopic diseases was examined in a ran-
domized, double-blind, placebo-controlled study of 107



Table 1. Studies from October 2002 to July 2004 on the relation between various exposures and atopic diseases
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Hay fever/allergic

Study Study population Allergen sensitization Asthma rhinitis
Number of siblings
Svanes et al. [9¢] Adults (20-44 years) N/A R (wheeze) P
Cullinan et al. [8] Adults from the UK P (number of brothers) N/A N/A
Day care attendance
Celedon et al. [12¢4] Children with a parental history N/A P (children without maternal Null
of atopy history of asthma)
Crowding
Cardoso et al. [13] Brazilian children aged 2-59 N/A P N/A
months
da Costa Lima et al. [14] Brazilian male adolescents N/A P N/A
Farm exposure
Wickens et al. [39] Children aged 7-10 years in Null Null R
New Zealand
Eduard et al. [40°] Adult farmers from Norway Null R (non-atopic asthma) N/A
P (atopic asthma)
Microbial burden
Endotoxin exposure
Bottcher et al. [41] Children from Estonia and P (Sweden only) N/A N/A
Sweden
Bolte et al. [44-°] Infants from a birth cohort in R (in those with parental history R (repeated wheeze in those N/A
Germany of atopy) with parental history of atopy)
Litonjua et al. [46¢¢] Infants with parental hisotry of N/A R (for wheeze, but declined N/A
atopy over time)
Gehring et al. [42] German children aged 5-10 P Null Null
years
Muramic acid
van Strien et al. [49°] European children from ALEX Null P (current wheezing Null
study independent of endotoxin)
Mycobacteria/BCG
vaccination
Krause et al. [17°] Children aged 8-16 in Nul N/A N/.A
(BCG vaccination) Greenland
Bager et al. [18] Danish women Null Null Null
(BCG vaccination)
Ota et al. [19] Gambian schoolchildren Null N/A N/A
(BCG and tuberculin
response)
Parasites
Cooper et al. [29°] Children aged 5-18 years in P P (exercise-induced wheeze Null
rural Ecuador only)
Cooper et al. [30] Children aged 5-19 years in P (active and chronic infections) N/A N/A
rural Ecuador
Cooper et al. [31] Children 7-17 years in Ecuador P (any helminth) N/A N/A
Van denBiggelaar Children aged 5-14 years in P (SPT to dust mite) N/A N/A

et al. [347]
Gastrointestinal infections
Matricardi et al. [23+¢]

Uter et al. [24]
Linneberg et al. [25¢]

Cullinan et al. [8]

Vaccinations
Maitra et al. [20¢°]
McKeever et al. [21]

Antibiotics/probiotics
Celedon et al. [68¢]

Bremner et al. [57¢]

Cullinan et al. [56]
Kalliomaki et al. [69¢]

Gabon

Children and adults in the
United States

Spanish/Germans aged 18-20
years

Danish subjects aged 15-69
years

British adults

ALSPAC study (pertussis)

Children aged 0-11 years
(MMR and DPPT)

Children in the U.S. (monitored
up to age 5 years)

British children (monitored up to
age b5 years)

UK adults

Children from a RCT of
lactobacillus vs. placebo

P (aged <40 years and HAV
seropositive)

Null®

Pa

Rb

Null (HAV, H. pylori)

P (physician-diagnosed GlI
infections before age 5
years)

Null
N/A
N/A
N/A

Null
Null

P (aged 6-59 years
seropositive for HAV and
HSV-1)

Null?

N/A

N/A

Null

R (only in children with
infrequent physician visits)

Null

N/A

Null
Null

P (aged 6-59 years
seropositive for
HAV, T. gondii
and HSV-1)

Null*

Pa
Rb
N/A

N/A
N/A
N/A
Null

Null
Null

P, protective; R, risk factor; Null, no (null) association; N/A, not assessed; SPT, skin prick test; LRTI, lower respiratory tract iliness; HAV, hepatitis A
virus; HSV1, herpes simplex virus 1; MMR, measles, mumps, and rubella; DPPT, diphtheria, polio, pertussis, and tetanus.
2HAV, Helicobacter pylori, and Toxoplasma gondii.
bClostridium difficile, Campylobacter jejuni, and Yersinia enterocolitica.
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infants with a family history of atopy [59]. Treatment
with lactobacilli or placebo was begun prenatally and
then continued 6 months after birth. After 4 years of
follow-up, there was a reduced risk of atopic eczema
among children treated with probiotics (relative risk =
0.57; 95% CI = 0.33-0.97) [59¢]. However, treatment
with probiotics was not associated with reduced risks of
allergen sensitization, asthma, or allergic rhinitis.

Conclusion

Recent findings support the hypothesis that reduced ex-
posure to other children is associated with an increased
risk of allergen sensitization (T'able 1). However, no spe-
cific infectious agents or microbial components that may
be transmitted through contact with other children
and/or that protect against allergen sensitization and spe-
cific allergic diseases (e¢g, hay fever) have been confi-
dently identified.

For every exposure studied with regard to the hygiene
hypothesis, there are inconsistent findings in relation to
asthma (Table 1). This is not surprising, because asthma
comprises atopic and nonatopic phenotypes, and a sig-
nificant proportion of cases of asthma are not diagnosed
in childhood. Because most individuals with atopy do not
have asthma and a significant proportion of individuals
with asthma are not atopic, factors that may protect
against the development of allergen sensitization may
have no relation to asthma, and vice versa. In addition,
exposures that may be protective against asthma in low-
risk individuals (eg, those without a family history) may
not be protective or may even be detrimental in indi-
viduals at high risk for asthma. Because of the complex
pathogenesis of the asthma phenotype, reduced expo-
sure to infectious agents or microbial components in
early life is unlikely to be the sole explanation for the
increased prevalence of asthma in industrialized nations.
Longitudinal studies of the relation between accurately
measured microbial exposures and carefully assessed
asthma phenotypes in well-defined populations are
needed to clarify whether and how microbial exposures
in early life influence the development of atopic asthma
in childhood.
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