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Hygiene hypothesis, allergy and BCG:
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Allergic disease incidence has increased globally, not only
in industrialized countries but also in developing coun-
tries [1]. One of the more plausible explanations for this
increase is the ‘hygiene hypothesis’, which suggests that a
decrease of or an altered exposure to microbes in the
environment, due to improved sanitation and personal
hygiene, smaller family sizes, shorter duration of breast-
feeding, immunizations and lack of serious childhood
infections results in alteration of immunoregulation [2].
There is considerable evidence from animal and experi-
mental studies to implicate mycobacteria as potential
microbial participants in the hygiene hypothesis, mainly
through studies showing that infection with these organ-
isms or exposure to their products leads to regulatory
mechanisms that restore immune homeostasis [3, 4]. An
inverse relationship between atopic disease and Mycobac-
terium bovis bacillus Calmette-Guérin (BCG) immuniza-
tion or wild-type Mycobacterium tuberculosis infection
has been observed in some populations [5–8], but not in
others [9, 10]. The discrepancy noted in epidemiological
studies may be related to the fact that a relationship may
be less direct than initially assumed. For example, it may
be modified under the influence of factors such as genetic
variability, time of exposure, amount and length of
exposure, type of infection and burden of environmental
allergens and other mycobacteria, which may differ be-
tween populations and settings [11, 12].

An inverse association between BCG immunization and
atopic disease was observed in 10 of 23 published epide-
miological studies (Table 1) [5, 6, 13–20]. Six of 16
published studies in Europe observed an inverse relation-
ship between BCG immunization and atopy [13–18]. Two
of four studies from Asia [5, 16], one of two studies from

Africa [6], one of three studies from the Americas [19] and
the only study from Australia [20] observed an inverse
relationship between BCG immunization and atopic disease.

Adding to the present body of evidence, Miyake et al.
[21] report in this issue their observation in 5567 BCG-
immunized Japanese children from Okinawa. The study
had the following methodological strengths: subjects were
homogenous in age and background, methods to measure
the prevalence of atopic diseases were well validated and
an adequate sample of the population under study was
obtained. Shortcomings included a low number of non-
BCG-immunized children for comparison and inability to
control for confounding factors such as pollution and
exposure to M. tuberculosis itself. The prevalence of
allergic disorders in the current study was also different
from reports in mainland Japan. The principal finding was
that the group with a positive tuberculin skin test (TST)
(X10 mm) had a significantly lower prevalence of wheeze,
asthma and atopic eczema than that with a negative TST
[21]. When groups were divided according to a history of
allergic disease in either parent, inverse associations
became more pronounced in children with a negative
parental history. Although there was no relationship
between BCG immunization history and allergic disease
(as expected, given the varying responses to vaccination),
the findings based on more precise TST measurements
again suggested an inverse relationship between BCG
immunization and atopic disease.

The biological framework to explain the inverse rela-
tionship between infection and atopic disease is that the
lack of microbial stimulation leads to either an inap-
propriate T helper (Th)-type immune response or an
inappropriate Th cell regulatory mechanism, resulting in
the development of atopic disease [22]. It was assumed
previously that the critical period for the establishment
of the Th cell balance is early childhood (when the Th2-
skewed immune system gradually becomes less Th2-
skewed in non-atopic individuals, but not in atopic
individuals). However, recent evidence of genetically pre-
disposed adult migrants developing atopic disease when
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they move from a developing country with a low pre-
valence to a westernized country with a high burden of
atopic disease seems to refute this assumption [11]. Recent
evidence also stresses the importance of reduced immune
suppression rather than of erratic immune deviation to
explain the increasing global incidence of atopy [22]. This
means that low microbial exposure does not act by
inducing a lower production of Th1-cytokines, but by
decreasing the activity of regulatory T cells (Tregs).
Immune suppression by Tregs is mediated through the
production of inhibitory or anti-inflammatory cytokines,
such as IL-10 and TGF-b [11, 22]. Although numerous
fundamental scientific studies have supported aspects
of the hygiene hypothesis, a translational connection
remains to be established between the experimental
scientific data supporting the hypothesis and epidemiolo-
gical findings as reported by Miyake et al. [21] and others
[5, 6, 13–20].

Important factors may explain differences in the out-
comes of epidemiological studies; they include heteroge-
neity in study design, variability in BCG-induced cellular
immunity, influence of other mycobacteria (including
M. tuberculosis) and simultaneous M. bovis BCG and
allergen exposure in the study population.

Bacillus Calmette-Guérin-induced cellular immunity

Only five studies that observed a significant inverse
relationship between BCG immunization and atopic dis-
ease performed a TST in the study population [5, 13, 15,
16, 20]. The remaining studies either assumed a positive
history or a record of BCG immunization or used the
presence of a BCG scar as a proxy for BCG-induced
immunity, although both are not specific for this vaccine
effect. None of the studies have so far applied a more
reliable method (such as IFN-g release assays, IGRAs) of
distinguishing TST reactivity induced by BCG from re-
sponses induced by other mycobacteria. In children, the
specificity of the TST is limited by exposure to routine
neonatal BCG immunization and non-tuberculous myco-
bacteria. The degree of BCG-induced-TST reactivity is
dependent on several factors including BCG vaccine
strain, age, nutritional status, frequency of skin testing
and years since BCG immunization.

Influence of other mycobacteria

BCG immunization seems to evoke weaker and shorter
immune stimulation and memory, and is therefore unable
to mimic the persistent immune stimulation provided by
frequent exposure to wild-type M. tuberculosis [11, 12].
This is supported by studies showing that M. bovis-BCG is
a poorer inducer of IL-12 production than natural M.
tuberculosis infection [11]. The effect of neonatal BCG
vaccination disappeared in African children at the age of

5 years [11]. M. tuberculosis infection is associated with a
larger TST size (usually X10 mm) than M. bovis-BCG or
environmental mycobacteria (usually 410 mm) [5, 7, 8].
In the studies in Japanese children, 58% of the children in
Shirakawa’s study and 49% in Miyake’s study had a
strongly positive TST of X10 mm [5, 21]. Although the
authors could not exclude the effects of other mycobac-
teria or natural M. tuberculosis infection on the TST sizes
in the study population, the strong positive TST reactivity
suggests an influence of M. tuberculosis [5]. This assump-
tion is supported by recent studies in South African
children from an area with endemic tuberculosis in which
not only was a strongly positive TST observed in more
than 50% of the children but also a group median TST size
of X18 mm and no observed influence of other environ-
mental mycobacteria was seen [7, 8]. There was a sig-
nificant inverse relationship between a TST X10 mm and
atopic disease symptoms [adjusted odds ratio (OR) 0.43;
95% confidence interval (CI) 0.24–0.79], and atopic rhini-
tis (adjusted OR 0.06; 95% CI 0.007–0.5) [7, 8]. Most of
the studies from Europe, on the other hand, either did not
perform a TST or observed a positive TST in a much
smaller proportion of the study population. In addition,
the fact that a stronger association was observed between
BCG immunization and atopic disease in non-European
migrant children suggests a different pattern of exposure
to mycobacterial agents [13, 14]. These observations
suggest that the proportion of strongly positive TST (a
marker of the delayed-type hypersensitivity stimulation)
rather than a history of BCG immunization may be
important. Future studies adopting both the TST and more
specific IGRAs are needed to exclude the possible influ-
ence of M. tuberculosis infection on the relationship
between BCG immunization and atopic disease.

Infectious burden

Triggering of the innate immune system through endo-
toxin exposure and the derived effect (increased or de-
creased atopic inflammation) may not only depend on the
exposure but also on the ‘dose’ of endotoxin [11]. A
possible implication of this is that the protective effect of
infections, such as that caused by mycobacteria, on atopic
disease would logically be more evident in populations
with a high and persistent burden of these infections
(where exposure to these chronic infections is more likely
to be intense and persistent) than in populations with a
low burden (as in most affluent westernized countries,
where exposure is more likely to be sporadic and inter-
mittent). In line with this observation, it has been pro-
posed that the difference in the ‘dose’ and persistence of
infections that trigger the innate immune system may be
important in explaining the lower prevalence of atopic
disease in the developing world [11, 12].
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Simultaneous exposure to infection and allergen

Priming of allergen-specific Th1 responses may be im-
portant in establishing a memory response capable of
long-term protection against an allergen-specific Th2
response [23]. Recombinant mycobacteria mice chal-
lenged with an allergen underwent a switch from a Th2
to a Th1 profile, which was specific only for vaccines
expressing the allergen peptide. In an experimental
model, simultaneous mycobacterial infection and allergen
challenge stimulated an immune response strong enough
to suppress Th2 activity [24]. Stimulation of T cells with
ovalbumin (OVA) only induced Th2-dominant responses,
whereas concomitant stimulation with both OVA and
M. tuberculosis caused induction of antigen-specific Th1
responses, with secretion of IFN-g, mediated by IL-12. If
this phenomenon, where both M. tuberculosis and aller-
gens are simultaneously presented by antigen-presenting
cells to the T cell, also applies to humans, then it is most
likely to occur in a population where M. tuberculosis
infection and allergen exposure are both highly prevalent.

Definition of atopy

The lack of uniformity in the definition of atopic disease
makes it difficult to compare the results of studies and
may account for some of the heterogeneity of the study
results. While some studies defined atopy as question-
naire-reported symptoms, or positive SPT or elevated
serum-specific IgE to common environmental allergens,
others used both definitions [12]. The adoption of the
World Allergy Organization definition of atopy [25] would
make it easier to compare future findings of studies on
this topic.
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13 Strannegård I, Larsson L, Wennergren G, Strannegård Ö. Pre-
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