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Allergic diseases have a strong environmental component,

illustrated by the rapid rise of their prevalence in the Western

world. Environmental exposures have been consistently shown

to either promote or protect against allergic disease. Here we

focus on protective exposures and the pathways they regulate.

Traditional farming, natural environments with high biodiversity,

and pets in the home (particularly dogs) have the most potent

and consistent allergy-protective effects and are actively

investigated to identify the environmental and host-based

factors that confer allergy protection. Recent work emphasizes

the critical protective role of microbial diversity and its

interactions with the gut/lung and skin/lung axes — a cross-

talk through which microbial exposure in the gut or skin

powerfully influences immune responses in the lung.
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Introduction
Allergic diseases such as asthma, atopic dermatitis and

allergic rhinitis have a strong environmental component,

eloquently illustrated by the rise of their prevalence in

the Western world over the last few decades [1,2]. Several

environmental factors have been consistently shown to

increase allergic disease risk in isolation or in the context

of gene–environment interactions [3,4], but remarkably

other environmental exposures have been repeatedly

found to confer protection against these diseases. These

exposures, and the allergy-protective pathways they reg-

ulate, are the focus of this review.
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Among the exposures known to protect human popula-

tions from allergy and asthma, traditional farming [5],

natural environments with high biodiversity [6��], and

pets in the home (particularly dogs) [7] appear to have the

most potent and consistent effects. Therefore much

research in both humans and mice is currently dissecting

the environmental and host-based factors that confer

allergy protection under these conditions. As we will

see, despite the distinct characteristics of these protective

environments, a unifying theme is emerging from this

research: the strong nexus between protection from aller-

gic disease and microbiota in the environment and/or the

host. In combination with population-based studies that

identify the most relevant questions, mouse models are

playing a critical role in shaping this novel paradigm

because even with the caveats necessary when translating

results across distant species, they provide a powerful tool

to go beyond associations and characterize causal path-

ways. Seminal studies in specific pathogen-free or germ-

free mice that illustrate the connection between allergic

disease and microbiota have been recently reviewed [8].

Here we will discuss recent work that specifically high-

lights the complex relation between the environment and

protection from allergic disease.

The farm effect
A strong association between traditional farming and

protection from IgE-mediated allergic diseases including

asthma, hay fever, atopic dermatitis and atopic sensitiza-

tion has been consistently shown throughout the world

[5], particularly for prenatal exposure [9�]. Moreover,

recent data from the PASTURE birth cohort enrolled

in rural areas of Austria, Finland, France, Germany, and

Switzerland demonstrated that not only asthma, but also

rhinitis, respiratory tract infections, otitis, fever and C-

reactive protein levels at 12 months were reduced by

about 30% following raw milk consumption in early life

[10], thus significantly extending the scope of the protec-

tion conferred by farm exposure. Interestingly, whereas

the overall farm effect can be explained by specific

exposures (cows, straw, and farm milk for asthma, and

fodder storage rooms and manure for atopic dermatitis),

the link between the farm effect and hay fever and/or

atopic sensitization is still partially missing [11].

To decipher the mechanisms underpinning the farm

effect, human studies have explored the impact of farm

exposure on immune system maturation (Figure 1).

Farm-related exposures were associated with modified

expression of innate immune receptor genes in early life
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Figure 1
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Underlying potential mechanism of allergy protection through environmental exposure (traditional farming/high biodiversity/pets at home).
[9�] and increased T regulatory (Treg) cells at age 4 years

but also already at birth [12�,13]. At age 4 years, Treg cells

in part explained the asthma-protective effect of farm

milk exposure [12�]. The role of diet is looming large in

these studies. Indeed, a recent comparison of urban

(Guangzhou) and rural (Shoaguan) China confirmed that

the prevalence of self-reported asthma (6.6% vs 2.5%),

rhinitis (23.2% vs 5.3%) and eczema (34.1% vs 25.9%) was

significantly higher in urban subjects, and showed that

the schoolchildren’s diet is affected by the country’s

urbanization and in turn affects asthma risk. High vege-

table and low milk intake protected against childhood

asthma [14]. Introduction of an increasing diversity of

foods within the first year of life was positively associated

with increased Treg markers and protection from the

development of food sensitization, food allergy and asth-

ma up to 6 years also in children from the PASTURE/

EFRAIM study. One possible protective mechanisms

involving Treg cells is the inhibition of isotype switching

to IgE: a decrease in Ce germline transcripts was associ-

ated with increased food diversity [15�]. Furthermore,

serum IgA levels were positively associated with contact

to farm animals or cats during pregnancy, and inversely

associated with atopic dermatitis up to 2 years, indepen-

dent of breastfeeding duration [16]. It is noteworthy that
www.sciencedirect.com 
not only the Treg but also the Th17 lineage appears to be

targeted by prenatal farm exposure. Expression of Th17

cell markers in cord blood per se was not influenced by

maternal farming. Yet, after stimulation of the cord blood

cells with LpA, the main component of endotoxin, we

found that Th17 and Treg cell markers were positively

correlated only in non-farming children, potentially sug-

gesting a stimulus-specific TH17/Treg mRNA correlated

effect in children with low exposure or, alternatively, no

effect in previously exposed children [17].

Several mouse studies demonstrated that inhalation of

farm-derived dust extracts or selected microbes can pre-

vent allergen-driven airway hyperresponsiveness (AHR)

and lung eosinophilia [18–22]. While suggestive, those

studies are difficult to interpret because the lack of true

negative controls prevents determining how specific

these inhibitory effects were. Significant progress may

be fostered by a different, novel approach that compares

and contrasts traditional and modern farm environments

and populations with closely comparable genetic make-

ups. Indeed, differences in asthma prevalence between

farm and non-farm children are recapitulated in 2 U.S.

farming populations, the Indiana Amish and the South

Dakota Hutterites. Both are founder populations with
Current Opinion in Immunology 2015, 36:88–93
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similar levels of inbreeding and patterns of linkage dis-

equilibrium [23,24]. Moreover, the two populations share

several lifestyle and dietary factors known to affect asth-

ma and allergy susceptibility (e.g. large sibships, child-

hood vaccinations, diets rich in fat, salt, and raw milk, low

rates of childhood obesity, long nursing durations, mini-

mal exposure to smoking and air pollution, taboos against

indoor pet). However, the Amish practice traditional

farming and use animals for transportation, whereas the

Hutterites embrace modern farming technologies. Strik-

ingly, the prevalence of asthma and allergic sensitization

was 5.2% and 7.2%, respectively, in Amish school chil-

dren [25�] and >15% and >40%, respectively, in Hutter-

ite school children [26,27�], with profound differences in

immune regulatory profiles [27�]. Environmental factors

underpin the opposite profiles of asthma and allergy

prevalence among Amish and Hutterites because these

profiles can be recapitulated by administering extracts of

Amish or Hutterite house dust to allergen-sensitized mice

[28]. Inhalation of Amish dust extracts was sufficient to

strongly protect animals from AHR and lung inflamma-

tion in an ovalbumin (OVA) model of experimental

asthma. In contrast, AHR was not attenuated and was

even exacerbated in mice treated with Hutterite house

dust extracts. Lung gene expression profiling revealed

multi-pronged suppression of OVA-dependent pathways

related to epithelial, dendritic and Th2 cell activation,

alternative macrophage activation and airway remodeling

in mice treated with Amish but not Hutterite house dust

[28]. This approach is promising because comparing two

farming environments, rather than a farming and a non-

farming one, significantly reduces the search space and

thus lends itself to a highly granular dissection of the

environmental and host factors involved in allergy pro-

tection.

The biodiversity hypothesis
The farm effect, which is intertwined with the Hygiene

Hypothesis [29] both conceptually and experimentally,

has been recently integrated and extended by the Biodi-

versity Hypothesis [6��]. The notion that reduced contact

with natural environmental features and biodiversity,

including environmental microbiota, may adversely affect

the human commensal microbiota and their immunoreg-

ulatory properties was originally proposed by a group of

researchers who compared prevalence of allergy in Finn-

ish and Russian Karelia, two adjacent areas in northern

Europe that are socio-economically distinct but geocli-

matically similar. The Karelia Allergy Study was launched

in 1998 to characterize the allergy profiles in the two areas.

The key finding was that allergic symptoms and diseases

were systematically more common in Finnish children

and adults than in their Russian counterparts [30]. For

example, in the early 2000s, hay fever in school children

was almost non-existent in Russian Karelia, and only 2%

of children were sensitized to birch pollen compared with

27% in Finnish Karelia. Among adults born in the 1940s,
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sensitization to pollens and pets was at the same low level

in both countries, but among the younger generation born

in the late 1970s, differences were already manifold.

Seropositivity to some pathogens, microbial content in

house dust and drinking water seemed to confer allergy

protection in Russia. Later studies of atopic sensitization

in children from a small region in Eastern Finland showed

that environmental biodiversity around the study sub-

jects’ homes, human microbiota and allergy are interre-

lated [31��]. Indeed, compared with healthy individuals,

atopics had lower environmental biodiversity (amounts of

forested and agricultural land) in the surroundings of their

homes and significantly lower generic diversity of gam-

maproteobacteria on their skin. The functional link be-

tween gammaproteobacteria and atopy susceptibility was

supported by the positive correlation that existed be-

tween IL-10 expression by peripheral blood mononuclear

cells and the abundance of the gammaproteobacterial

genus Acinetobacter on the skin in healthy, but not atopic,

individuals [31��]. More recently, using a mouse model

that seeks to recapitulate the atopic march and induces

allergic lung inflammation by intradermal sensitization

with OVA followed by OVA airway challenge, the same

group showed that intradermal administration of Acineto-
bacter lwoffii together with OVA significantly decreased

broncho-alveolar lavage eosinophilia, Th2 cytokine gene

expression in lung tissue and serum levels of OVA-spe-

cific IgE upon OVA challenge through the airways. More-

over, one week after the last exposure to A. lwoffii,
microbe-treated mice had increased levels of IL-10 and

IFN-g in the skin at the site of injection [32�]. Overall,

these results suggest that skin commensals play an im-

portant role in tuning the balance of Th1, Th2, and anti-

inflammatory responses to environmental allergens both

locally and more systemically.

Exposure to indoor pets
A U.S.-based group that includes microbial ecologists,

immunologists and epidemiologists is characterizing the

impact that exposure to dogs has on the gut microbiome

and immune system of the host. This group previously

showed that dog exposure in early infancy reduces the

risk of developing allergic disease in childhood [7], and

dog ownership is associated with distinct microbial pro-

files in house dust [33]. More recently, these researchers

have demonstrated that administering dog-associated

house dust to mice through the gastro-intestinal tract

protects against OVA or cockroach allergen-mediated

airway pathology [34]. Protected animals exhibited sig-

nificant reduction in the total number of airway T cells

and down-regulation of Th2-related airway responses and

mucin secretion. Notably, following dog-associated dust

exposure, the cecal microbiome of protected animals was

extensively restructured. Lactobacillus johnsonii, in partic-

ular, was significantly enriched in these mice, and sup-

plementation of wild-type animals with L. johnsonii
protected them against both airway allergen challenge
www.sciencedirect.com
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and infection with respiratory syncytial virus. At the

cellular level, L. johnsonii-induced protection was associ-

ated with significant reductions in the total number and

proportion of activated CD11c+/CD11b+ and CD11c+/

CD8+ cells, as well as significantly reduced airway Th2

cytokine expression. These results indicate that exposing

the gut to dog-associated household dust results in pro-

tection against allergen challenge through the airways and

leads to a distinct gastrointestinal microbiome composi-

tion. Moreover, the study identified L. johnsonii as a

bacterial species within the gastrointestinal tract that

influences adaptive immunity at remote mucosal surfaces

so as to protect against a variety of respiratory insults

relevant to children’s health.

Unifying mechanisms for allergic disease
protection?
Microbial diversity has been associated with asthma and

allergy protection [35,36]. The data discussed above

suggest that changes in the skin, intestine and lung

microbiome may modulate immune responses in a way

that modifies allergy risk. Microbiota may be actively

selected by the host through complex interactions of

different receptors with molecular patterns presented

to mucosal cells, particularly during the neonatal period

[37,38�]. For instance, defined commensals have been

recently shown to dominantly affect skin immunity.

Colonization with Staphylococcus epidermidis induced IL-

17A+CD8+T cells that home to the epidermis, enhance

innate barrier immunity and limit pathogen invasion.

Commensal-specific T cell responses resulted from the

coordinated action of skin-resident dendritic cell subsets

and were not associated with inflammation, demonstrat-

ing that tissue-resident cells were poised to sense and

respond to alterations in microbial communities [38�].

Several studies link microbiota to maintenance of basal

immune homoeostasis and propose that a reduced diver-

sity of the gut flora is associated with the development of

childhood asthma [39]. An allergy-protective effect of

microbial diversity may be explained by prevention of

colonization of the lower airways with harmful bacteria

and in parallel stimulation of innate immune receptors

that leads to adequate maturation of innate and adaptive

immunity [35]. Recent airway microbiome studies dem-

onstrated that neonatal colonization with a single strain or

different combinations of Streptococcus pneumoniae, Mor-
axella catarrhalis, Haemophilus influenzae is associated with

increased risk for recurrent wheeze and asthma early in

life [40]. Furthermore, an efficient immune surveillance

of respiratory mucosal dendritic cells directed against

pathogens from the nasopharyngeal microbiome was

shown to be critical for resistance to respiratory viral

infections and susceptibility to allergy and asthma early

in life [41�]. Caesarean section, formula feeding or early

antibiotic administration affected early-life gut micro-

biota composition, with higher Clostridia and lower
www.sciencedirect.com 
Bifidobacteria counts, and in parallel were associated with

increased risk for asthma in later childhood [42]. Further-

more, a high degree of intestinal inflammation at 2 months

of age (as revealed by elevated levels of fecal calprotectin)

predicted asthma and atopic dermatitis by age 6 years, and

was associated with low abundance of fecal Escherichia
and impaired IL-10 production [43]. Again, microbial

profiles in the gut/skin/lung axis in early life appear to

powerfully influence allergic disease risk later on.

Conclusion: why should we care?
Several studies have established that selected bacterial

species can confer protection against experimental asth-

ma. The work discussed above, however, pushes the field

forward because it emphasizes the critical role of micro-

bial diversity and its interactions with the gut/lung and

skin/lung axes — a cross-talk through which microbial

exposure in the gut or skin powerfully influences immune

responses in a distant organ, the lung. So far, the mecha-

nisms underlying these distant effects are unclear, and

current mouse and human data have primarily explored

one microbial niche (and therefore one axis) at a time.

However, it is conceivable (and in fact likely) that expo-

sure to animals and biodiverse natural environments of

high microbial complexity affects multiple niches. There-

fore, models that test more than one axis simultaneously

are highly desirable, especially because these data also

suggest that a single commensal species (e.g. Acinetobacter
lwoffii) may target allergen-induced lung inflammation

through distinct routes (e.g. intradermal and intranasal).

Therefore, future work in both humans and mice will

need to decipher the pathways that connect the gut/lung/

skin axes on the one hand to protective environmental

exposures and on the other, to specific mechanisms that

lead to allergic disease protection.
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Fresenius-Stiftung 2013_A177 (all BS).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Asher MI, Montefort S, Björkstén B, Lai CKW, Strachan DP,
Weiland SK, Williams H: Worldwide time trends in the
prevalence of symptoms of asthma, allergic
rhinoconjunctivitis, and eczema in childhood: ISAAC Phases
One and Three repeat multicountry cross-sectional surveys.
Lancet 2006, 368:733-743.

2. Bach JF: The effect of infections on susceptibility to autoimmune
and allergic diseases. N Engl J Med 2002, 347:911-920.

3. Ober C, Vercelli D: Gene–environment interactions in human
disease: nuisance or opportunity? Trends Genet 2011, 27:
107-114.

4. Martinez FD, Vercelli D: Asthma. Lancet 2013, 382:1360-1372.

5. von Mutius E, Vercelli D: Farm living: effects on childhood
asthma and allergy. Nat Rev Immunol 2010, 10:861-868.
Current Opinion in Immunology 2015, 36:88–93

http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0220
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0220
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0220
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0220
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0220
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0220
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0225
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0225
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0230
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0230
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0230
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0235
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0240
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0240


92 Allergy and hypersensitivity
6.
��

Haahtela T, Laatikainen T, Alenius H, Auvinen P, Fyhrquist N,
Hanski I, von Hertzen L, Jousilahti P, Kosunen TU, Markelova O
et al.: Hunt for the origin of allergy – comparing the Finnish and
Russian Karelia. Clin Exp Allergy 2015, 45:891-901.

This unique study about Finnish and Russian Karelia, two adjacent areas
in northern Europe, which are socio-economically distinct but geo-cli-
matically similar, shows more common allergic symptoms and diseases
in Finnish as compared to Russian counterparts. This supports the notion
that the epidemic of allergy and asthma results from reduced exposure to
natural environments with rich microbiota, changed diet and sedentary
lifestyle.

7. Ownby DR, Johnson CC, Peterson EL: Exposure to dogs and
cats in the first year of life and risk of allergic sensitization at
6 to 7 years of age. JAMA 2002, 288:963-972.

8. Wlasiuk G, Vercelli D: The farm effect, or: when, what and how a
farming environment protects from asthma and allergic
disease. Curr Opin Allergy Clin Immunol 2012, 12:461-466.

9.
�

Loss G, Bitter S, Wohlgensinger J, Frei R, Roduit C, Genuneit J,
Pekkanen J, Roponen M, Hirvonen M-R, Dalphin J-C et al.:
Prenatal and early-life exposures alter expression of innate
immunity genes: the PASTURE cohort study. J Allergy Clin
Immunol 2012, 130:523-530 e529.

This is one of the strongest examples for asthma protection in the farming
environment, namely the PASTURE (Protection Against Allergy: Study in
Rural Environments) Study, a birth cohort study on 1133 pregnant women
from rural areas of Austria, Finland, France, Germany, and Switzerland. In
particular raw farm milk consumption was associated with a change in
gene expression of innate immunity receptors in early life, indicating an
impact of microbial exposure on innate immune regulation.

10. Loss G, Depner M, Ulfman LH, van Neerven RJ, Hose AJ,
Genuneit J, Karvonen AM, Hyvarinen A, Kaulek V, Roduit C et al.:
Consumption of unprocessed cow’s milk protects infants
from common respiratory infections. J Allergy Clin Immunol
2015, 135:56-62 e52.

11. Illi S, Depner M, Genuneit J, Horak E, Loss G, Strunz-Lehner C,
Buchele G, Boznanski A, Danielewicz H, Cullinan P et al.:
Protection from childhood asthma and allergy in Alpine farm
environments-the GABRIEL Advanced Studies. J Allergy Clin
Immunol 2012, 129:1470-1477.

12.
�

Lluis A, Depner M, Gaugler B, Saas P, Casaca VI, Raedler D,
Michel S, Tost J, Liu J, Genuneit J et al.: Increased regulatory T-
cell numbers are associated with farm milk exposure and
lower atopic sensitization and asthma in childhood. J Allergy
Clin Immunol 2014, 133:551-559.

This mechanistic study, also from the PASTURE/EFRAIM birth cohort,
showed that farm milk exposure was associated with increased Treg cell
numbers on stimulation in 4.5-year-old children. Thus microbial exposure
also induces an adaptive regulatory phenotype early in life, potentially
contributing to a protective effect for the development of childhood
allergic diseases.

13. Schaub B, Liu J, Hoppler S, Schleich I, Huehn J, Olek S,
Wieczorek G, Illi S, von Mutius E: Maternal farm exposure
modulates neonatal immune mechanisms through regulatory
T cells. J Allergy Clin Immunol 2009, 123:774-782 e775.

14. Yang Z, Zheng W, Yung E, Zhong N, Wong GW, Li J: Frequency of
food group consumption and risk of allergic disease and
sensitization in school children in urban and rural China. Clin
Exp Allergy 2015 http://dx.doi.org/10.1111/cea.12532.

15.
�

Roduit C, Frei R, Depner M, Schaub B, Loss G, Genuneit J,
Pfefferle P, Hyvarinen A, Karvonen AM, Riedler J et al.: Increased
food diversity in the first year of life is inversely associated with
allergic diseases. J Allergy Clin Immunol 2014, 133:1056-1064.

This follow-up study of the PASTURE birth cohort, namely EFRAIM study,
showed that an increased diversity of food within the first year of life may
have a protective effect on asthma, food allergy, and food sensitization
and is associated with increased expression of a marker for regulatory T
cells.

16. Orivuori L, Loss G, Roduit C, Dalphin JC, Depner M, Genuneit J,
Lauener R, Pekkanen J, Pfefferle P, Riedler J et al.: Soluble
immunoglobulin A in breast milk is inversely associated with
atopic dermatitis at early age: the PASTURE cohort study. Clin
Exp Allergy 2014, 44:102-112.

17. Lluis A, Ballenberger N, Illi S, Schieck M, Kabesch M, Illig T,
Schleich I, von Mutius E, Schaub B: Regulation of TH17 markers
Current Opinion in Immunology 2015, 36:88–93 
early in life through maternal farm exposure. J Allergy Clin
Immunol 2014, 133:864-871.

18. Peters M, Kauth M, Schwarze J, Korner-Rettberg C, Riedler J,
Nowak D, Braun-Fahrlander C, von Mutius E, Bufe A, Holst O:
Inhalation of stable dust extract prevents allergen induced
airway inflammation and hyperresponsiveness. Thorax 2006,
61:134-139.

19. Debarry J, Garn H, Hanuszkiewicz A, Dickgreber N, Blumer N, von
Mutius E, Bufe A, Gatermann S, Renz H, Holst O et al.:
Acinetobacter lwoffii and Lactococcus lactis strains isolated
from farm cowsheds possess strong allergy-protective
properties. J Allergy Clin Immunol 2007, 119:1514-1521.

20. Vogel K, Blumer N, Korthals M, Mittelstadt J, Garn H, Ege M, von
Mutius E, Gatermann S, Bufe A, Goldmann T et al.: Animal shed
Bacillus licheniformis spores possess allergy-protective as
well as inflammatory properties. J Allergy Clin Immunol 2008,
122:307-312 312 e301–308.

21. Peters M, Kauth M, Scherner O, Gehlhar K, Steffen I, Wentker P,
von Mutius E, Holst O, Bufe A: Arabinogalactan isolated from
cowshed dust extract protects mice from allergic airway
inflammation and sensitization. J Allergy Clin Immunol 2010,
126:648-656.

22. Conrad ML, Ferstl R, Teich R, Brand S, Blumer N, Yildirim AO,
Patrascan CC, Hanuszkiewicz A, Akira S, Wagner H et al.:
Maternal TLR signaling is required for prenatal asthma
protection by the nonpathogenic microbe Acinetobacter
lwoffii F78. J Exp Med 2009, 206:2869-2877.

23. Van Hout CV, Levin AM, Rampersaud E, Shen H, O’Connell JR,
Mitchell BD, Shuldiner AR, Douglas JA: Extent and distribution of
linkage disequilibrium in the Old Order Amish. Genet Epidemiol
2010, 34:146-150.

24. Thompson EE, Sun Y, Nicolae D, Ober C: Shades of gray: a
comparison of linkage disequilibrium between Hutterites and
Europeans. Genet Epidemiol 2010, 34:133-139.

25.
�

Holbreich M, Genuneit J, Weber J, Braun-Fahrlaender C, Waser M,
von Mutius E: Amish children living in Northern Indiana have a
very low prevalence of allergic sensitization. J Allergy Clin
Immunol 2012, 129:1671-1673.

This important study recapitulated differences in asthma prevalence in
2 U.S. farming populations, the Indiana Amish and the South Dakota
Hutterites. The prevalence of asthma and allergic sensitization was as low
as 5.2% and 7.2%, respectively, in Amish school children while it was
>15% and >40% in Hutterite children.

26. Motika CA, Papachristou C, Abney M, Lester LA, Ober C: Rising
prevalence of asthma is sex-specific in a US farming
population. J Allergy Clin Immunol 2011, 128:774-779.

27.
�

Hrusch CL, Stein M, Igartua C, Holbreich M, Thorne P, Vercelli D, von
Mutius E, Ober C, Sperling AI: Differences in immune regulatory
phenotypes in two U.S. farming populations mirror differential
asthma and atopy risk: Studies in Amish and Hutterite school
children. Am J Respir Crit Care Med 2015, 191:A5171.

Importantly, this study on Amish and Hutterite school children with very
low versus high prevalence of asthma could prove profound differences in
immune regulatory profiles indicating distinct influences by two different
farming environments.

28. Gozdz J, Holbreich M, Metwali N, Thorne P, Sperling A, Martinez F,
Ober C, von Mutius E, Vercelli D: Opposite effects of farming on
asthma: mice exposed to Amish and Hutterite environmental
products recapitulate asthma protection and risk. Am J Respir
Crit Care Med 2015, 191:A2489.

29. Schaub B, Lauener R, von Mutius E: The many faces of the
hygiene hypothesis. J Allergy Clin Immunol 2006, 117:969-977.

30. Laatikainen T, von Hertzen L, Koskinen JP, Makela MJ,
Jousilahti P, Kosunen TU, Vlasoff T, Ahlstrom M, Vartiainen E,
Haahtela T: Allergy gap between Finnish and Russian Karelia
on increase. Allergy 2011, 66:886-892.

31.
��

Hanski I, von Hertzen L, Fyhrquist N, Koskinen K, Torppa K,
Laatikainen T, Karisola P, Auvinen P, Paulin L, Makela MJ et al.:
Environmental biodiversity, human microbiota, and allergy are
interrelated. Proc Natl Acad Sci U S A 2012, 109:8334-8339.

This study assesses the biodiversity hypothesis, which indicates that
reduced contact with natural environmental features and biodiversity may
www.sciencedirect.com

http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0245
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0245
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0245
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0245
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0250
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0250
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0250
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0255
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0255
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0255
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0260
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0260
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0260
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0260
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0260
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0265
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0265
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0265
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0265
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0265
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0270
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0270
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0270
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0270
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0270
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0275
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0275
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0275
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0275
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0275
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0280
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0280
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0280
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0280
http://dx.doi.org/10.1111/cea.12532
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0290
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0290
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0290
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0290
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0295
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0295
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0295
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0295
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0295
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0300
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0300
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0300
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0300
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0305
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0305
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0305
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0305
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0305
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0310
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0310
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0310
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0310
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0310
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0315
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0315
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0315
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0315
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0315
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0320
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0320
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0320
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0320
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0320
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0325
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0325
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0325
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0325
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0325
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0330
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0330
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0330
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0330
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0335
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0335
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0335
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0340
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0340
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0340
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0340
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0345
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0345
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0345
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0350
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0350
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0350
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0350
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0350
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0355
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0355
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0355
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0355
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0355
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0360
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0360
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0365
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0365
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0365
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0365
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0370
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0370
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0370
http://refhub.elsevier.com/S0952-7915(15)00101-6/sbref0370


Environmental protection from allergies Schaub and Vercelli 93
adversely affect the human commensal microbiota and its immunomo-
dulatory capacity. Here, in healthy, but not in atopic, individuals, IL-10
expression was positively correlated with the abundance of the gamma-
proteobacterial genus Acinetobacter on the skin. These results raise
fundamental questions about the consequences of biodiversity loss for
both allergic conditions and public health in general.
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