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Abstract

This paper proposes that reduced allergen exposure is one
of the factors underlying the higher risk of IgE-mediated al-
lergic disease in populations with an urbanized, western-
ized, and affluent lifestyle. This lower allergen exposure re-
sults in the failure to induce and maintain immune tolerance
to common environmental allergens. The paper summarizes
different lines of evidence that may support or contradict
this hypothesis and points to areas where more knowledge
is needed. Copyright © 2008 S. Karger AG, Basel

Immune Tolerance: A Dose-Dependent
Phenomenon

Immune responses are directed against most patho-
gens but normally not against non-pathogenic antigens
abundantly present in the environment such as allergens
from pollens, house dust mites (HDMs), moulds, and an-
imals. This differential responsiveness is important to
avoid hypersensitivity reactions against allergens pene-
trating mucosal barriers and other non-specific defence
lines of the immune system. Allergy can be viewed as a
failure of the immune system to develop and maintain
specific unresponsiveness (immune tolerance) against al-
lergens. In 1911, Wells and Osborne [1] showed that ana-
phylactic reactions to ovalbumin (OVA) in guinea pigs
could be prevented by prior oral administration of OVA.

The concept of tolerance is well established for the oral
route of exposure where the events takes place or starts in
the gastrointestinal mucosa and gut-associated lymphoid
tissue [2-5]. However, tolerance induced via the inhala-
tion route of respiratory airway mucosa is also well-doc-
umented and important to obtain unresponsiveness to
inhalant allergens [6, 7]. Holt et al. [8] demonstrated that
prolonged as opposed to brief exposure of mice to OVA
via the respiratory tract induced unresponsiveness to
subsequent OVA inhalation. In mice, this tolerant im-
mune response is characterized by decreased specific IgE
and IgG1 response (Th2-associated response) accompa-
nied by increased specific IgG2a response (Thl-associ-
ated response) [8, 9]. Thus, data from experimental ani-
mal studies have shown that high-dose allergen exposure
independent of the route of administration favours im-
mune tolerance, while low-dose allergen exposure
favours immune responsiveness [2, 10-16]. Notably,
Tsitoura et al. [17] demonstrated that intranasally ad-
ministered OVA could prevent OVA-induced airway hy-
perresponsiveness and airway inflammation in mice im-
munized intraperitoneally with OVA. It may be of poten-
tial importance that induction of antigen-specific
tolerance may have non-specific effects in terms of in-
creased tolerance to unrelated antigens, also known as
bystander suppression possibly through control of regu-
latory T cell responses [6].

Factors other than the allergen dose are important.
Most importantly, there exists an individual genetic sus-
ceptibility to allergic disease and this also relates to toler-
ance. It has been shown in inbred strains of rodents that
tolerance to inhalation of both experimental allergen
(OVA) [18] and HDM allergens [19] is highly strain-de-
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pendent and thus dependent on genetic susceptibility.
Thus, the threshold dose of inhaled allergen required for
tolerance induction is highly dependent on genetic sus-
ceptibility. Furthermore, other environmental factors,
e.g. the presence of microbial products/antigens, may in-
fluence the outcome of allergen exposure. The complex
mechanisms of immune tolerance and gene-environ-
mental interactions are beyond the scope of this paper
and have been described in more detail elsewhere [2, 11,
12, 15, 20-25].

Allergy Is Associated with Urbanized, Westernized,
and Affluent Lifestyle

There is strong evidence that the prevalence of aeroal-
lergen sensitization and atopic diseases, such as allergic
rhinitis, asthma, and atopic dermatitis, has increased
over recent decades [26, 27]. The specific factors respon-
sible for these trends are largely unknown. However,
three factors have reasonably consistently been associat-
ed with a high prevalence of atopic disease: westerniza-
tion [28], urbanization [29], and affluence [30]. It is al-
most alaw of nature that populations that undergo chang-
estowards a westernized, urbanized, and affluentlifestyle
develop an increasing prevalence of aeroallergen sensiti-
zation and atopic diseases. In some populations, these de-
velopments have occurred over a surprisingly short pe-
riod of time. For example, an increase in hay fever was
observed in the former East Germany following the uni-
fication of the former East and West Germanies possibly
resulting in rapid changes towards a western lifestyle [31].
Accordingly, in Greenland, rapid lifestyle changes from
a native Inuit lifestyle towards a modern westernized life-
style were followed by a rapid increase in atopy [32]. The
urban-rural difference in prevalence of allergy is of par-
ticular interest, since the urban-rural gradient has been
observed within populations considered relatively homo-
geneous with regard to their genetic make-up and other
factors of potential importance to allergy development.
In Denmark, adults who had migrated from rural areas
to the urbanized area of Copenhagen were at increased
risk of novel allergy development suggesting that the fac-
tors underlying the urban-rural gradient also operate be-
yond childhood and that tolerance is not always a perma-
nent immunological state in adult life [33]. Hence, it ap-
pears that persons migrating from rural to urban areas
meet some new risk factors in the urban environment or
lose some protective factors in the rural environment de-
creasing immune tolerance and increasing allergy risk.
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Is Urbanization Associated with High or Low
Exposure to Allergens?

It has often been stated that urban living is associated
with high exposure to allergens, e.g. allergens from pets
that may more often be kept indoors in urban areas and
more often outdoors in rural areas. However, there is sur-
prisingly little evidence to support this notion. In fact, the
available evidence seems to suggest that high allergen ex-
posure levels are present in rural environments and it is
plausible that the quantitatively most important allergen
sources, such as allergens from pollens, moulds, and ani-
mals, are more abundantly present in rural compared to
urban areas. In Denmark, pets are less frequently kept
indoors in urban as compared to rural settings [34]. Thus,
anationwide representative Danish survey found that the
prevalence of cats or dogs in the home was 59, 44, 27 and
11% in farm houses, detached houses, non-detached town
houses, and apartment houses, respectively [34]. In Den-
mark, the most urbanized area (the municipality of Co-
penhagen) has the highest prevalence of self-reported al-
lergy. Nevertheless, in Copenhagen the prevalence of cats
or dogs in the home is very low (12%) compared to more
rural counties (ranging between 32 and 46%) [34]. In a
recent study in Greece it has been found that both cats
and dogs were markedly more often kept in the home by
a rural population compared to an urban population
(tig. 1). In striking contrast, both cat and dog IgE sensiti-
zation as reflected by skin prick test reactivity were mark-
edly more prevalent in the urban compared to the rural
population (fig. 1) [35]. Although it may be speculated
that pets spend more time indoors in urban homes as
compared to rural homes, the above observations suggest
that pet allergen exposure is frequent and significant in
rural homes and somehow this does not confer a high risk
of sensitization.

There is also limited data on possible urban-rural dif-
ferences in HDM exposure. It has been assumed that in-
creased insulation of buildings and increased indoor hu-
midity have resulted in an increase in HDM exposure
[36] and that this might particularly be the case in urban
areas. However, poorer housing conditions present in de-
veloping, rural, and poor populations may result in high
concentrations of allergens from HDMs, storage mites,
and moulds. Notably, a Danish study revealed levels of
HDM allergens in unheated summer cottages that were
at least 3-fold higher than levels in ordinary houses and
higher than levels usually found in urban dwellings in
Denmark [37] (fig. 2). In mattress dust from summer cot-
tages the median concentration was 2,000 HDMs/g cor-
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Fig. 1. Prevalence of cats and dogs in the home and skin prick test
reactivity (SPT+) to cat and dog in an urban and rural area in
Greece [from 35].

responding to 40 pg/g of mattress dust. In the urbanized
area of Copenhagen, mattress dust samples from a gen-
eral population sample showed a median level of 4 pg/g
of mattress dust [38], which was comparable to levels ob-
served in previous studies in Copenhagen [39, 40] (fig. 2).
In comparison, mattress dust from Danish farmers con-
tained high levels of HDMs: median count 148/0.1 g of
mattress dust [41], which corresponds to 30 pg/g of mat-
tress dust. A German study revealed that HDM levels
were 50-fold higher in the homes of pig farmers as com-
pared to the homes of urban dwellers [42]. Thus, the me-
dian concentration of Der p 1 was 53.4 and 1.1 g/g dust
from mattresses of farmers and urban dwellers, respec-
tively. In the PARCIFAL study conducted in five Euro-
pean countries, HDM levels were higher in dust samples
from homes of children living on farms as compared to
samples from homes of children who lived in the same
area, but not on farms [43].

Data from the European Community Respiratory
Health Survey (ECRHS) showed that living in a flat, hav-
ing a bedroom above ground level, and central heating
were associated with lower levels of HDM allergens in
mattress dust [44]. In many countries, these housing
characteristics are more common in urbanized as com-
pared to rural settings. Furthermore, it is conceivable
that some of the lifestyle factors characterizing urban,
westernized, and affluent lifestyle may be associated with
reduced allergen exposure. Thus, city dwellers may spend
more time indoors at the work place and during leisure
time, and often use the bus, train, or car as means of
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Fig. 2. Studies on the levels of HDM in mattress dust from Danish
homes. Copenhagen is the most urbanized area in Denmark.

transport (many of these have pollen filters!) reducing the
exposure at least to outdoor allergens. A physically inac-
tive as compared to a physically active lifestyle may de-
crease the volume of inhaled air manifold, thereby de-
creasing the cumulated dose of allergen filtrated by the
airway mucosa. Industrialized foods undergo procedures
such as pasteurization that decrease the antigenic proper-
ties of the dietary protein contents decreasing the expo-
sure to dietary antigens. The above-described lifestyle
factors are often more common in urbanized, western-
ized, and affluent populations, and may result in an over-
all generally lower allergen exposure (fig. 3). However,
few studies have specifically addressed these issues.

In summary, there is limited data to support the idea
that increased prevalence of allergy in urbanized areas as
compared to rural areas is due to a higher exposure to al-
lergens in the urban areas. On the contrary, the available
data seem to support the notion that allergen exposure
may be lower in urban as compared to rural settings.

What Can Be Learned from Observational
Epidemiology?

It seems beyond doubt that IgE sensitization to an al-
lergen requires exposure to that particular allergen. Not
surprisingly, the pattern of sensitization in a particular
population reflects the allergens prevailing in the envi-
ronment. Hence, the prevalence of sensitization to olive
pollen is high in Mediterranean regions (e.g. Southern
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Fig. 3. Common characteristics of a west-
ernized, urbanized, and affluent lifestyle
that may be associated with low allergen
exposure.
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France and Italy), but low in Scandinavia (e.g. Sweden
and Norway), while the prevalence of sensitization to
birch tree pollen is low in Mediterranean regions, but
high in Scandinavia [45]. Nevertheless, at the individual
level within each community there is often no clear rela-
tionship between exposure to allergens and risk of sensi-
tization. Many epidemiological studies have looked at the
relationship of pet keeping to IgE sensitization against
pets and allergic disease. It has generally been assumed
that pets confer an increased risk of sensitization and
atopic disease. However, during the 1990s a number of
studies emerged reporting a negative association between
pet keeping and the risk of pet allergy. Since then several
studies have reproduced this finding, although results
have not been consistent. It was suggested that this nega-
tive association was due to selective mechanisms, i.e. the
‘healthy pet keeper effect’. Nevertheless, many of these
studies have observed that previous pet keeping was as-
sociated with a decreased risk of sensitization to between
that of current and never pet keeping. This finding seems
to be inconsistent with a healthy pet keeper effect.

The relationship between HDM exposure and HDM
allergy seems to contradict the idea that high allergen ex-
posure induces tolerance and protection against HDM
allergy [46]. In a prospective German birth cohort (the
MAS study), there was a dose-response relationship be-
tween increased exposure to HDM levels in the home and
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later development of HDM sensitization, but not to the
development of asthma [47]. These German homes, how-
ever, were in the lower range of HDM allergen exposure
[43]. It might be hypothesized that such low levels of ex-
posure are insufficient to induce and maintain tolerance
in genetically susceptible children. In other words, the
dose-response relationship between HDM exposure and
HDM sensitization may be bell-shaped [43, 48, 49], i.e.
intermediate exposure confers an increased risk, while
high exposure facilitates tolerance induction, as has been
proposed for cat allergen exposure and cat sensitization
[50]. Of note is that estimates for the quantity of inhaled
cat allergens in homes with a cat are 10- to 100-fold high-
er than those for the quantity of inhaled HDM allergens
[51, 52]. In communities with a high prevalence of cats
and high levels of cat allergens in the society in general,
a cat in the home may not carry an increased risk of al-
lergic disease, whereas in communities with a low preva-
lence of catkeeping a cat in the home confers an increased
risk [53]. The interpretation of these findings is not
straightforward, but might be explained by the proposed
bell-shaped relationship between exposure and sensitiza-
tion [50]. When it comes to exposure to dogs in the home
and dog allergens, the balance of evidence supports that
exposure decreases the risk of sensitization to dog aller-
gens, and a non-specific protective effect against sensiti-
zation to other allergens has even been suggested.
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What Can Be Learned from Intervention Studies on
Allergen Avoidance?

For many years allergen avoidance, if possible, has
been recommended for the treatment of IgE-mediated
allergic disease. In some countries, allergen avoidance
has also been recommended for primary prevention in
high-risk infants. Recommendations include avoidance
of pet keeping in early life and measures for reducing
HDM exposure (vacuum cleaning, no carpets, washing
of bedding at a high temperature, impermeable mattress
covers, ventilation, etc.). Nevertheless, the available evi-
dence from HDM avoidance-randomized intervention
studies in high-risk infants does not support the recom-
mendation of HDM avoidance for primary prevention
of allergic disease. Some of these intervention studies
have included interventions other than HDM avoidance
making it difficult to estimate the effects attributable to
HDM avoidance. However, in three studies it was pos-
sible to estimate the independent effects of HDM avoid-
ance [54-56]. Significant reductions in levels of HDM
allergens were obtained without obtaining any signifi-
cant beneficial effects on the incidence of health out-
comes in the active group as compared to the placebo
group [54-56]. On top of this, the effects of HDM avoid-
ance measures for treatment of HDM-allergic respira-
tory disease have been questioned [57-60]. A Cochrane
review of the effects of chemical and physical measures
for reducing HDM exposure concluded that these mea-
sures cannot be recommended for treatment of asthma
[59]. Although a number of methodological limitations
should be considered in the interpretation of the data,
there has been some concern that narrative reviews on
this topic have been shown to be biased, favouring a pos-
itive effect of HDM avoidance [61]. To what extent such
publication bias plays a role and whether this favours a
positive effect of HDM avoidance is difficult to deter-
mine.

The generally recommended strategy for treatment of
IgE-mediated food allergy is the elimination diet (ED),
i.e. strict avoidance of the food items responsible for the
induction of IgE-mediated food-allergic reactions. Few
studies have compared the effect of ED on the effect of
specific oral tolerance induction (SOTI), which is an al-
ternative approach for treating food allergy [62]. The con-
cept of SOTT is to increase tolerance to the allergenic food
item by ingestion of increasing doses of the food item [63].
To the best of my knowledge only one randomized study
has compared the effect of ED to the effect of SOTI. SOTI
was found to be just as effective in inducing tolerance, as
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defined by double-blind placebo-controlled food chal-
lenge, to the allergenic food item as compared to ED (ap-
proximately 35% in both the SOTI and the ED group)
[64]. Importantly, an additional 30% in the group receiv-
ing SOTI was able to integrate the allergenic food item in
their diet, although they were not completely tolerant as
defined by double-blind, placebo-controlled food chal-
lenge. Thus, SOTI may further have the advantage of in-
creasing the threshold dose for allergic reactions and de-
creasing the risk of severe allergic reactions of inadver-
tent ingestion of the allergen. The value of SOTI for
treatment of food allergy needs to be further evaluated in
randomized studies.

The lifetime cumulated incidence of IgE-mediated
food allergy seems to be considerably lower compared to
the incidence of IgE-mediated allergic respiratory dis-
ease. Furthermore, the spontaneous course of food al-
lergy is transient with remission in the majority of cases
as opposed to allergic respiratory disease, which tends to
be more chronic in nature [65]. A possible explanation for
this apparent differential course of these two IgE-medi-
ated diseases was put forward by Holt [66], who noted
that the dose of allergens introduced to the immune sys-
tem is quantitatively manifold higher for food allergens
(doses in the range of micrograms to grams) as compared
to inhalant allergens (doses in the range of nanograms).
Thus, the lower prevalence and transient nature of food
allergy might be due to the high allergen dose obtained
from foods and the fact that for many food allergens, e.g.
cow’s milk proteins, complete avoidance of exposure is
difficult.

What Can Be Learned from Allergen-Specific
Immunotherapy?

Meta-analyses of randomized trials conclude that al-
lergen-specific immunotherapy (SIT) improves symp-
toms of allergic rhinitis [67] and allergic asthma [68]. A
long-term effect after discontinuation of treatment has
been shown indicating that SIT potentially can induce
long-term tolerance and change the course of disease
[69]. The concept of subcutaneously administrated SIT is
to induce immune tolerance to specific allergens by injec-
tion of high doses of allergens. To increase accessibility
and reduce the risk of side effects, novel routes of admin-
istrating SIT have been developed, i.e. sublingually ad-
ministrated SIT in the form of allergen drops or tablets
(70, 71]. Although the mechanisms underlying the effects
of SIT have not been fully elucidated [22, 72], the experi-
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ence from SIT tells us that the induction of tolerance in
IgE-sensitized allergic patients is not only biologically
plausible but a scientific fact. It is of potential interest that
SIT might also have non-specific immunological effects
in terms of a protective effect against the development of
new allergies [73]. This observation might raise the hy-
pothesis that a high level of natural exposure to specific
allergens, e.g. allergens from grass pollens, may have non-
specific effects in terms of increasing the likelihood of
tolerance to other allergens.

In summary, in a clinical setting high exposure to spe-
cific allergens by the subcutaneous or intravenous or oral
or mucosal routes induces immune tolerance in allergic
patients. We have no reason to assume that this phenom-
enon is not at play when allergen exposure takes place in
the form of natural environmental allergens.

Other Explanations for the Allergy Epidemic

It is important to acknowledge that many factors are
likely to play a role in the inception of the allergy epi-
demic, and that no single factor can explain all the vari-
ations in the prevalence of allergic disease over time,
and the variation between and within populations. The
hygiene hypothesis proposes that the rise in allergy is
explained by a decrease in exposure to infections and
microbes including microbial antigens leading to re-
duced stimulation of the immune system and reduced
immune tolerance. Results of randomized studies of the
effects of novel treatments such as probiotics and micro-
bial products may provide evidence for or against this
hypothesis. Furthermore, increasing knowledge on the
function of genes and genetic variations in metabolism
and detoxification enzymatic systems may help re-
searchers in the pursuit of novel risk factors and evi-
dence of causality [74, 75]. However, the hygiene hy-
pothesis does not in its current version take into account
reduced exposure to the quantitatively most important
environmental airborne antigens, i.e. antigens of com-
mon allergens such as pollens, HDMs, animals, and
moulds. Lower allergen exposure as a contributing fac-
tor to the allergy epidemic may be viewed as an exten-
sion of the hygiene hypothesis. Recently, lifestyle factors
such as obesity, physical inactivity, decreasing exposure
to sunlight (decreased vitamin D status), and diet have
attracted increasing interest and should be considered
in this context.
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Summary and Perspectives

Allergy has reasonably consistently been linked to an
urban, western, and affluent lifestyle. The author hypoth-
esizes that a common characteristic of this lifestyle is re-
duced exposure to the quantitatively most important en-
vironmental airborne antigens, i.e. antigens of common
allergens such as pollens, HDMs, animals, and moulds. In
genetically susceptible individuals low allergen exposure
results in a failure to induce and maintain immune toler-
ance to allergens and increased risk of allergic disease.
There is very limited data on levels of allergen exposure
according to gradients of urbanization, westernization,
and affluence. Studies of these gradients seem warranted.
However, several lines of evidence support the proposed
hypothesis. First, numerous experimental animal studies
have shown that exposure to high allergen doses (intro-
duced by the oral route, respiratory route, or by injection)
induces tolerance, whereas exposure to low allergen doses
confers an increased risk of IgE sensitization. Second,
many, but not all, observational epidemiological studies
suggest that exposure to pets decreases the risk of pet al-
lergy. When it comes to HDM exposure, the overall bal-
ance of evidence from observational studies suggests that
increasing exposure to HDM allergens increases the risk
of HDM IgE sensitization. Although this seems to contra-
dict the proposed hypothesis, it might be explained by the
possibility that the majority of populations studied were
at the very low end of the range of exposure, which may
be insufficient to induce and maintain tolerance to HDMs.
Third, randomized intervention studies of HDM allergen
avoidance (both primary/secondary and tertiary preven-
tion) do not support that avoidance has beneficial effects
on sensitization and clinical outcomes. Finally, there is a
large body of evidence to support that the induction of
immune tolerance in allergic patients can be obtained by
allergen SIT underlining the pivotal role of the concept of
immune tolerance induction by allergen exposure. New
routes of administrating SIT may facilitate the implemen-
tation of large-scale intervention studies of the effects of
SIT with regard to its ability to induce long-term immune
tolerance and its preventive effects on the development of
novel allergies and asthma. New target groups for SIT may
be considered, e.g. asymptomatic sensitized persons or
even persons with low risk of allergy.

It should be emphasized that some of the data present-
ed in this paper are indirect evidence and not specifically
designed to address the research questions. Clearly, more
data from randomized intervention studies and epide-
miological studies of gene-environment interactions are
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needed. It is going to take time to prove and accept the
proposed hypothesis, and it requires a change in the par-
adigm of allergy treatment. In particular, the concept of
allergen avoidance needs to be critically appraised. Im-
portantly, caution should be exercised in this process,
since a sudden increase in exposure to allergens in predis-
posed populations with a currently low allergen exposure
may increase morbidity and disease prevalence. The au-
thor of this paper acknowledges to the greatest extent pos-
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