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ABSTRACT 

 Introduction: Asthma is a chronic inflammatory disease of the airways. It is the 

most common chronic disease of childhood and the leading cause of hospitalization among 

children. Asthma is a complex disease with genetic, developmental, and environmental 

factors contributing to the disease pathogenicity. The rapid increase in asthma rates in the 

last several decades has led us to focus on the environmental component in asthma. 

Children who grow up on small traditional family farms are protected against asthma and 

allergies. The asthma rates among the European farmers and non-farmers are recapitulated 

in two US based populations, Indiana Amish and South Dakota Hutterites. The two 

populations share lifestyles, which include large families, similar diets, no radio or TV, and 

they also share ancestry. The two communities part in the way in which they farm. The 

Amish practice traditional, small single family farming, while the Hutterites use state of 

the art technology in their highly mechanized farms that are located at the edges of their 

colonies. Amish are strongly protected against asthma, while Hutterites have rates that are 

comparable to the ones in the general population. We hypothesized that environmental 

exposures impact innate immune responses leading to decreased asthma risk.  

Methods: We utilized murine models of experimental asthma to determine the 

effects of aqueous extracts prepared from barn and house dust samples collected from 

Amish and Hutterite farms.   

Results: Amish house dust extract reduced OVA-induced airway 

hyperresponsiveness, airway inflammation and serum IgE, while Hutterite house dust 

extract did not. Administration of Amish dust extract to mice lacking MyD88 and TRIF, 

adaptors for TLR signaling, resulted in the abrogation of the protective effect seen in wild 
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type animals. Investigation of the effects of Hutterite barn dust extract revealed that this 

extract was able to reduce house dust mite induced airway hyperresponsiveness and airway 

inflammation to a degree comparable to Amish barn extract. Furthermore, a time-course 

analysis showed that the effects of the extracts became apparent after twelve days and 

include increases in airway inflammatory markers. Flow cytometry analysis of total lung 

cells revealed an increase in CD3+RORγt+γδ cells that was accompanied by an increase in 

IL17 expression. Lastly, transfer of gut microbiota from a healthy Amish child to germ free 

mice led to a time-dependent decrease in airway hyperresponsiveness and IL13 expression 

in the lungs.  

Conclusions: We have demonstrated that Amish and Hutterite environmental 

products are sufficient to recapitulate profiles of asthma susceptibility seen among Amish 

and Hutterite children, therefore demonstrating that the environment plays an important 

role in asthma susceptibility in this communities. Innate immunity plays an essential role 

in mediating the protective effects of Amish dust extracts. Amish fecal microbiota might 

influence asthma rates among the Amish.    
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CHAPTER 1: INTRODUCTION 

 

1.1 Asthma  

Classified as a chronic inflammatory disease of the airways, asthma is characterized 

by reversible airway narrowing resulting in wheezing, shortness of breath and cough1,2. It 

is a serious health condition that affects about 334 million individuals worldwide3, with a 

prevalence reaching over 20% in some developed countries4. It is a leading cause of 

hospitalization among children and the most common chronic disease of childhood3,5 

affecting one in every 11 children in the United States6. Rates of asthma have increased 

significantly in developed countries in the last five decades7, and it remains the leading 

cause for emergency room visits among children and accounted for nearly 440,000 

inpatient hospital stays among all age groups in 20108. The financial burden of asthma 

exceeds that of HIV and tuberculosis combined and amounts to 56 billion dollars per year 

in United States6,9. Asthma can be managed with medications, however the regimen is not 

always successful and the disease still significantly impacts patients’ quality of life.   

 

1.1.1 Asthma genetics  

The heterogeneous nature of asthma, as well as its multifactorial etiology, place it 

in the group of complex diseases characterized as having genetic, developmental, and 

environmental factors contributing to their pathogenesis2. Monozygotic twins were more 

likely to develop asthma, than dizygotic twins10, suggesting a hereditary component to 

asthma, since twin studies assume a common environment11. Additional evidence of 

genetic influences includes an association of genes with higher disease risk. Some 
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examples are CD1412,13 (a co-receptor for lipopolysaccharide), identified by linkage 

studies14, and HLA genes15,16, first associated with asthma in studies published in 197016,17. 

Genome wide association studies identified a large number of potential asthma 

susceptibility genes including ORMDL3, IL33, SMAD3, RORA, IL13 and many others18, 

some of these genes were later deemed to play a role in the early asthmatic inflammation19. 

Despite these findings, genetic studies are able to explain only a small portion of the 

phenotypic variance20. 

 

1.1.2 Environmental influences in asthma  

Asthma prevalence has increased drastically in the last several decades. This 

increase was most seen in developed countries that have adopted westernized life style7. 

There is a consensus in the asthma research field that this rapid increase in disease 

prevalence is unlikely to be due to genetic factors alone21. Additionally, a number of 

environmental exposures influencing asthma susceptibility have now been identified. 

Exposure to cigarette smoke22, air pollution23, and being born by caesarian section24 are all 

associated with higher asthma risk. Conversely, having older siblings25, day care 

attendance26, and dog ownership27 are examples of protective environments. Exposure to 

farming has been identified as a strong protective environment against the development of 

asthma across multiple studies28-30. 

 

1.1.3 Rationale for our study  

Despite our current understanding of asthma, we do not know its mechanisms and 

there is no cure for the disease. Medications have thus far been restricted to disease 
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management, and they have limited efficacy in severe asthma cases31. Increasing rates of 

the disease, its association with westernization7, and our inability to cure asthma, suggest 

we must focus our efforts on disease prevention. Among the many environmental factors 

that play a protective role, exposure to farming is both the strongest and most replicated 

factor that decreases the incidence of the disease30. This natural phenomenon provides us 

with a unique opportunity to study and understand immunological processes that drive 

asthma prevention. This knowledge could then be used to design prevention strategies 

applicable to general population, and improved drug regimens for already suffering 

patients. Therefore, we set out with the goal of gaining an understanding of the mechanism 

of the protective effect of farming and by extension, the mechanism of asthma. 

This work will first present the knowledge accumulated in the field of the 

environmental components and their influence on asthma, with the focus on farming 

studies and their outcomes. Studies presented in chapter 2 will illustrate the involvement 

of innate immunity in asthma prevention. This work was largely comprised of a manuscript 

prepared in collaboration with several institutions, published in the New England Journal 

of Medicine, which I co-authored; in chapter 3, we demonstrated that Hutterite barn dust 

extracts had protective effects on allergen induced asthma that were comparable to the 

effects of Amish barn extracts; and chapter 4 examines the role of Amish gut microbiota 

in modulating susceptibility to asthma. 
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1.2 Th2 responses and asthma 

Th2 responses are thought to have developed to control and eliminate intestinal 

helminth infections32. Humans and parasites have co-existed for millennia, with evidence 

showing parasitic worm infections as far back as ancient Egypt. Helminth infection is 

typically not fatal, but can persist for many years and lead to malnutrition and anemia33. 

While helminth infections are limited in developed countries through public sanitation and 

health care efforts, they still affect large populations in underdeveloped regions33. Th2 cells 

aid in the removal of helminthes from the body by increasing the production of IL-13, IL-

5 and IL-4. IL-13 increases mucus secretion and induces smooth muscle contraction 

provoking the expulsion of the worm from the intestine33. IL-5 promotes eosinophil 

recruitment which are cells that aid in parasite killing through their degranulation and 

release of toxic mediators34. IL-4 induces class switching to IgE production, prompting B 

cells to begin secreting IgE antibodies, leading to activation of mast cells whose secretions 

contribute to smooth muscle constriction33. Allergic asthma arises when Th2 responses are 

inappropriately elicited towards a non-infectious agent. 

Th2 cells are at the center of the inflammatory cascade in allergic asthma19, with 

the ability to induce a multifactorial response through cytokine secretion, this is particularly 

true in mouse models. IL-13 is the hallmark asthma cytokine that has pleiotropic effects. It 

induces: goblet cell hyperplasia35; stimulates airway hyperresponsiveness (AHR)36,37; 

activates fibroblasts to produce extracellular matrix38, and induces B cells to switch to IgE 

production39. IL-4 is required for Th2 cell differentiation40, and B cell switching to IgE 

production19. IL-5 induces differentiation of eosinophils from bone marrow progenitors 

and mediates eosinophil survival in the tissues41.  
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1.3 Hygiene Hypothesis  

 The hygiene hypothesis was first proposed by David Strachan in 1989 based on the 

observation on 17,000 British children born in 1958, where those who had older siblings 

were protected from hay fever. Strachan concluded that infections of young children, 

brought on by “unhygienic contact” with older siblings, could prevent allergic disease. 

Children who did not have older siblings had potentially lower exposures to infections25. 

This finding, concomitant with observations of increased rates of asthma and allergies in 

westernized countries and decreased rates of infectious disease7, has prompted researchers 

to focus on the interactions between environmental microbiota and immune system 

development.  

 

1.3.1 Infections and asthma 

 Humans have been exposed to infectious agents ever since they appeared on earth, 

but the rates of infectious diseases have fallen in the last several decades with the use of 

antibiotics and better living conditions. The decreased rate of infectious diseases have 

correlated with increased rates of asthma7. This is highlighted by a multitude of evidence 

linking infections with asthma prevention or protection42-44. For example, infections with 

the stomach bacteria H. pylori have been associated with decreased asthma prevalence in 

humans42,43. Arnold et al44 demonstrated that mice infected with H. pylori were protected 

against hallmarks of asthma, with the effect being stronger in mice infected as neonates44.   

 Helminth infections also confer protection against asthma. In Brazilian populations, 

infection with A. lumbricoides was associated with lower rates of asthma45. In a mouse 

model, infection with H. polygyrus protected animals from AHR and eosinophilia46. A 
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recent publication by Zaiss et al47 concluded that the protective effect of helminths was in 

part mediated through gut microbiota by a mechanism involving short chain fatty acids 

(SCFAs) 47. Gut microbiota have the capacity to produce SCFAs such as acetate, butyrate 

and propionate from fermentation of carbohydrates48, which have anti-inflammatory 

properties49. Butyrate and propionate have been demonstrated to induce Tregs50,51, and 

thereby modify host immune responses. Because of their asthma symptoms alleviating 

properties, hook worms have been used as an unconventional treatment for asthma in 

humans, albeit with limited success thus far52.  

 

1.3.2 Environmental microbiota and asthma 

 Evidence supports the link between environmental microbiota and susceptibility to 

asthma53,54. Children exposed to a large quantity of microbes in dust, were less likely to be 

sick demonstrating an inverse association between house dust microbial quantity and rates 

of asthma54. A number of house dust specific bacterial species have been identified to be 

inversely associated with asthma, including: Acinetobacter sp., Lactobacillus spp., 

Staphylococcus sciuri and others53. This represents the core of the hygiene hypothesis, 

supporting the notion that lack of exposure to microbiota, through improvements in living 

conditions, leads to an increased susceptibility to allergic diseases. 

 With our expanding knowledge of the importance of gut and lung microbiota and 

its role in human health and disease, also came a new insight into the importance of 

symbiotic microbes and asthma. We are now beginning to understand that our relationship 

with the environment is far more complex and so are the ways in which our immunity is 

shaped.  
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1.3.3 The microbiome of the lung 

 For a long time, lungs were considered a sterile environment, however, it is now 

clear that they are home to many commensal microbes. In a healthy lung, both upper and 

lower airways are colonized by microbiota55. The respiratory tract of asthmatics differs in 

microbial composition compared to healthy lungs56,57. Asthmatic lungs have increased 

microbial burden, and microbial diversity as compared to samples from non-asthmatic 

individuals58. Airways of asthmatics harbored more members of Proteobacteria 

phylum57,59, and colonization early in life with S. pneumoniae, H. influenza or M. 

catarrhalis is associated with an increased risk of developing asthma60. Airway microbial 

composition is associated with the degree of AHR severity58 and several disease features 

in severe asthma including sputum total leukocyte values and bronchial biopsy eosinophil 

values61. The microbial composition of the nasopharyngeal passages was associated with 

severity of lower respiratory infections62. This evidence points towards the role of healthy 

lung microbiome in mediating immune responses63.  

 

1.3.4 Microbiome of the gut 

 Humans live in a symbiotic relationship with microbiota, whose numbers equal the 

number of cells in the human body64. Gut microbiota were identified to play a role in many 

diseases and disorders, and more connections are discovered daily as methods for studying 

the microbiome are improving65,66. This is most clearly demonstrated in studies with germ 

free (GF) mice, born and raised in sterile environment; these animals do not harbor any 

microbiota67. GF mice show a heightened response to ovalbumin (OVA) by elevated AHR 

and inflammatory markers in the lungs. Reconstitution of fecal microbiota results in a 
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decrease in allergen responses back to control levels68. Therefore, the gut microbiome plays 

a role in tempering responses to allergens.  

 The gut microbiome of allergic individuals differs in composition between allergic 

and non-allergic persons58,60. A study in 2 year-old Estonian and Swedish children found 

that allergic toddlers were less often colonized with Lactobacilli, while they had higher 

abundance of aerobic micro-organisms in their guts compared to non-allergic children69. 

More so, the microbiome begins to be established at birth and association between 

microbial composition and later allergic disease susceptibility can already be detected in 

infancy70.  

 A number of early life environmental exposures are related to allergic disease risk 

including: pets in the home27, caesarian birth71, breastfeeding72 and maternal antibiotic use 

during pregnancy73. These same exposures have the capacity to influence composition of 

the microbiome49. These data further suggest that our interaction with microbiota, in 

particular early in life when the immune system is undergoing development and 

maturation, shape our susceptibility to allergic diseases49, giving the hygiene hypothesis a 

new meaning. 

 These findings have prompted attempts to modify the microbiome to change asthma 

susceptibility. Yu et al74 found that oral administration of Lactobacillus casei 

rhamnosus prior to allergic sensitization in Balb/c mice resulted in reduction of asthma 

features, while administration of the same agent prior to allergen challenge (post initial 

allergen exposure) had no protective effect74. Probiotics have also been tested in clinical 

studies with mixed success. In a Finnish study, Lactobacillus GG was found to decrease 

the incidence of atopic dermatitis in children whose mothers were taking the probiotic 
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twice daily during pregnancy75, but a later study utilizing the same protocol found no 

protective effect in the general cohort76. Broncho-Vaxom, (OM Laboratories, Geneva, 

Switzerland) is a lyophilized extract of eight species of bacteria that are known to cause 

upper respiratory illnesses77. This product, originally intended for boosting immunity 

against respiratory infections in children, has also been found to be a successful prevention 

against asthma in mice78. A high fiber diet was demonstrated to change microbial 

composition of the gut to favor SCFA producing species, in particular butyrate and acetate, 

which have anti-inflammatory properties. Mice placed on this diet were protected against 

asthma, furthermore, oral administration of propionate to mice was sufficient to reduce 

allergen induced AHR and eosinophilia79. These attempts show some promise for asthma 

prevention, however, it is becoming clear that no single microbial treatment will bring a 

solution to those with and at risk for asthma. Cumulatively, this evidence points towards a 

complex relationship between environmental microbial exposures that shapes the human 

microbiome, which in turn influences immune system development early in life, which 

ultimately shapes one’s susceptibility to asthma. These findings further highlight the need 

to understand the protective mechanisms in order to mimic them, rather than testing an 

array of potential therapeutic targets without a full understanding of their mode of function.  

 

1.4 The effect of farming on asthma 

The protective properties against developing asthma found in exposure to farming 

environments30, give us a unique opportunity to study these environments and their effects 

to identify the mechanisms through which they prevent asthma, and to ultimately apply 

this knowledge towards targeted therapeutic approaches.  
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Epidemiologic studies, conducted in Bavaria and Switzerland, showed a lower 

prevalence of asthma among children of farming parents, when compared to children of 

parents who did not have a farm28,80. The protective effect of growing up on a farm, 

specifically a small family farm, is the most replicated and the strongest protective 

environment against allergy and asthma. Multiple studies in Europe, North America and 

Australasia have replicated this effect (reviewed in Ref.30). The protective effect was 

independent of co-variables like family history of asthma and allergies, number of siblings, 

maternal smoking, and pet ownership80.  

Epidemiological studies identified three main exposures that contribute to the 

protective effect: contact with large stable animals, mainly cows; consumption of 

unpasteurized cow milk; and contact with straw29,81. Riedler et al29 showed that both time 

spent in stables, and consumption of raw milk, protected individually, however when 

combined, resulted in a much stronger, additive protective effect29. Ege et al82 further 

dissected the protective effect of the stables by looking at a cohort of 8,236 school age 

children from 5 European countries. It identified the following exposures as protective: pig 

farming, farm milk, animal shed, and haying; while exposures to sheep farming, pressed 

hay, loose hay, and hares or rabbits were not associated with protection against asthma. 

The lack of protection by sheep could be explained with the use of disinfectants on the 

wool. The protective effect of haying, but a reverse association between stored and pressed 

hay and asthma could be due to differences in microbial colonization between fresh and 

stored hay82. The protective effect of farm living is not limited to European farms, or even 

small traditional farms. The majority of animal farming in the U.S. is no longer done on 

small farms, but rather large scale industrialized swine and cattle farming is becoming more 
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frequent (these farms are referred to as concentrated animal feeding operations)83. A study 

conducted in a sample of Iowa farmers showed an inverse relationship between farming 

and rates of asthma, however this effect was not seen for swine farmers, contrasting the 

European study84. Furthermore, there was a negative association between antibiotic use in 

animal feed and rates of asthma84. Unlike the studied European farms, where the barn is 

frequently adjacent to the house, Iowa farms are not within the  immediate proximity to the 

house, as they tend to be larger on average82,84; but young children participate in farming 

practices from an early age. Similarly, Pavilonis et al85 found an adverse relationship 

between asthma rates and large swine farming85. This data suggests that while small, single 

family farms are associated with a protective effect against asthma, the same association 

for large industrial farms is not clear.    

In addition to contact with specific components of the farm, the timing of exposure is 

critical29. Riedler et al29 showed that children exposed to the farm environment in the first 

year of life had the strongest protection, while children exposed to farm environment after 

the first year of life had a higher percent of asthma diagnosis. Maternal farming also had a 

reverse relationship with asthma diagnosis29. A number of other studies showed a strong 

correlation between farming exposure in utero and first 3 years of life and lower rates of 

asthma81,86.  

 

1.4.1 Farm microbial environment and their effects 

Combining the hygiene hypothesis with the association between farming and 

asthma, researchers have examined the microbial environment of farms, as farms are rich 

in microbial products87. The microbial load in beds of children living on the farms was 
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assessed by measuring levels of endotoxin (lipopolysaccharide, LPS, component of gram 

negative bacterial wall) and N-acetyl-muramic acid, a component of all bacterial cell walls. 

Microbial load was greater in the homes of farmers as compared to non-farmers and was 

associated with lower rates of asthma88,89. Microbial burden in the house was related to 

how much time children spent in the stables, not to the microbial levels in those stables90. 

Waser et al90 demonstrated a dose-dependent relationship between time spent in the farm 

by the child, and house endotoxin levels. It is likely that children carry farm dust on their 

clothing, bringing associated microbiota with it. Interestingly, the level of mattress 

endotoxin decreased with the age of the child, pointing towards an increased level of 

cleanliness, and/or decreased time on the farm90.  

Farming environments contain a greater variety of bacteria and fungi when 

compared to non-farming environments. Ege et al91 collected and analyzed house dust from 

933 homes in Bavaria from both farmers and non-farmers. The prevalence of bacterial and 

fungal taxa tested was higher in farm samples as compared to non-farm controls. Living 

on a farm was associated with an increased number of bands detectable on single strand 

conformational polymorphism gel, but inversely associated with asthma probability. 

Similarily, the number of detectable fungal taxa was positively associated with farm living 

and inversely associated with asthma rates. Therefore, exposure to greater spectrum of 

bacteria and fungi is inversely associated with asthma risk91. 

The increased microbial burden of the farm environment provides a possible 

mechanism for the protective effect on asthma and explains the benefits of contact with 

large animals and straw that harbor microorganisms. This theory cannot be applied to the 

protective effect of farm milk. Comparison of the endotoxin levels between farm and store 
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milk reveled no significant differences, however both farm and store milk from non-

farming families contained 3 and 2 times more endotoxin, respectively, than farm and shop 

milk from farming families, likely because non-farmers store the milk for longer before 

consumption. Therefore, the protective effect of farm milk cannot be explained by 

increased endotoxin levels92. Consumption of farm milk has been associated with lower 

asthma rates, independently of other farming exposures29,81,93.  Loss et al94 determined that 

neither milk’s viable bacterial count (which was much higher for farm milk than for heated 

farm milk and pasteurized store milk) nor fat content were associated with asthma. The 

study found that some whey proteins including BSA, α-lactalbumin and β-lactoglobulin 

were associated with reduced risk of asthma94.   

 

1.4.2 Immunity in children who grow up on a farm 

Despite the growing body of knowledge about the farming environment, we still 

don’t understand the mechanisms through which growing up on a farm protects against 

asthma and allergies. The closest that human studies have come to answering this question 

was to compare gene expression and cytokine levels between farmers and non-farmers. For 

those studies, innate immunity genes encoding receptors involved in pathogen recognition 

and response were of particular interest. 

Comparison of expression of Toll-like receptors, a major class of innate receptors 

that are triggered by binding of microbial compounds, between farmers and non-farmers 

revealed increased expression of TLR2 (as a heterodimer recognizes a wide variety of 

ligands including bacterial lipoprotein, lipoteichoic acids present on gram positive bacteria 

and cell-wall β-glucans on bacteria and fungi95 and an asthma gene96,97) and CD14 (a co-
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receptor for LPS95, and asthma susceptibility gene13). However, expression of TLR4 

(recognizes bacterial LPS) was not different between farmers and non-farmers98. Maternal 

exposure to farming during pregnancy was associated with increased expression of TLR2, 

TLR4 and CD14 with a dose dependent relationship between the upregulation of 

expression, and the number of animal species the mother came into contact with. The 

protective effect was the strongest in children of mothers who were exposed to multiple 

animal species99. Cord blood gene expression analysis revealed significant increase in 

TLR7 and TLR8 among children of mothers who farmed during pregnancy, whereas at one 

year of age expression of TLR4, TLR5 and TLR6 was increased in the farm children, and 

was associated with consumption of unboiled farm milk100. Therefore, a clear association 

between modified expression of innate immune receptors and early life exposure to 

farming has emerged, although the influence of specific components of farming and their 

relationship to individual receptors is not clear yet.  

Pfefferle et al101 stimulated mononuclear cells collected from cord blood of farmers 

and non-farmers and determined that cells isolated from children of mothers who were 

exposed to farm animals and consumed farm milk during pregnancy, produced increased 

amounts of IFN-γ and TNF-α101. Levels of IFN-γ at birth has been associated with atopy 

by other studies, including a study based in Tucson, which reported an association between 

decreased levels of IFN-γ in blood and wheeze later in life102.  

T regulatory cells play an important role in modulating immune responses. Cord 

blood from farm children had increased numbers of Treg cells and, based on gene 

expression data, these cells were more efficient at early immunomodulation. This finding 

was concomitant with decreased levels of Th2 cytokines released from stimulated cord 



28 
 

 

cells from farm children, suggesting that in utero exposure to farming stimulates Treg cells 

that might suppress early pro-allergic immune responses103.  

Lastly, comparison of IgE responses to specific allergens in farm children and non-

farm controls, revealed lower grass specific IgE levels among farmers. The protection 

against IgE responses among the farmers appeared to result from multiple effects on the 

process of class switching to IgE production104.  

In summary, children born to farming mothers have increased expression of innate 

immune receptors that recognize microbial patterns, as well as increased anti-microbial 

cytokine responses. This evidence suggests that the protective effect could, at least in part, 

be mediated via innate immunity.  

 

1.5 Mouse models of asthma and asthma protection  

Mice are commonly used as a model to study asthma. There are clear advantages 

to using model organisms like mice, including obtainability and maintenance, relatively 

short generation time, abundance of specific reagents, and possibility of genetic 

manipulations105.  

Although mice do not spontaneously develop asthma, there are several models for 

induction of asthma-like features in mice. OVA derived from chicken egg is a frequently 

used allergen in mice. Animals treated with intraperitoneal (i.p.) injections of OVA mixed 

with aluminum hydroxide (sensitization phase) followed by intranasal challenges with 

OVA, will develop many of the classical hallmarks of asthma found in humans including 

AHR, airway inflammation, eosinophilia, increase in serum IgE and Th2 cytokines in 

broncho-alveolar lavage (BAL), as well as changes in histology of the lungs such as goblet 



29 
 

 

cell hyperplasia105. Despite its robustness and reproducibility, the OVA model is not the 

most relevant to human asthma, as OVA is not a human asthmagen105. For this purpose, 

house dust mite (HDM) model has been developed. HDM is associated with asthma world-

wide106. Additional advantages of this model are the immunization protocols that do not 

require an i.p. sensitization step with adjuvant. Intranasal treatments are sufficient to induce 

a response, without the need for systemic sensitisation107,108, thus relying on the same 

exposure route (inhalation) that is thought to be most relevant to human asthma. 

The most commonly used mouse strain for studying asthma is the Balb/c. These 

mice develop robust responses with high AHR and eosinophil counts105. C57BL/6 can also 

be used105, although their responses are not as robust.  

There are several mouse models of protection against asthma through use of farm 

dust or products reported in the literature (Table 1.1). The first model proposed by Peters 

et al109 used stable dust extract to show asthma protection in an OVA mouse model of 

asthma109. Repeated administrations of stable dust extract resulted in suppression of airway 

inflammation and AHR109. Later publications use a variety of other agents found in this 

dust extract including A. lwoffii, Lactococcus lactis110, Staphylococcus sciuri W620111, 

arabinogalactan from plants112, Bacillus licheniformis spores113 and endotoxin114 to show 

protection against induced asthma. The protection against the effects of OVA can also be 

induced prenatally in a mouse. Treatment of the mother with A. lwoffii resulted in the 

protection in the offspring. Among others, Conrad et al115 found a different TLR expression 

pattern in mothers treated with the bacterium. Moreover, treatment of a homozygous 

TLR2/3/4/7/9(-/-) knockout mother with A. lwoffii resulted in no protection in the 

heterozygous offspring115. A recent publication by Schuijs et al114 demonstrated that both 
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endotoxin and farm dust protected from allergy via induction of TNFAIP3 (an NF-κB) 

pathway suppressor) in lung epithelial cells. In the mouse model of epithelium-specific 

knockout of TNFAIP3, both endotoxin and farm dust lost their protective effect114.  

Taken together, the current knowledge of the protective effect of farming suggests 

that bacterial, fungal and plant based components of the farm are sufficient to elicit 

protection in mouse models. Further, TLRs might play a role in the farm-mediated 

protection, as well as innate immune pathways leading to activation of NF- κB. 
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Table 1.1: Effects of the protective components of the farm on allergen induced 

asthma in mouse models  

 

Type of treatment Animals showed decreases in:  

Stable dust extract AHR, Eosinophilia, OVA IgE in BAL, IL-5 

secretion by splenocytes stimulated in vitro109 

Arabinogalactan AHR, Eosinophilia, IL5 and IL13 in vitro, IgE in 

BAL112 

A. lwoffii or L. lactis AHR, Eosinophilia110 

spores of Bacillus licheniformis Eosinophilia113 

A. lwoffii prenatal treatment AHR, Eosinophilia115 

Endotoxin, farm dust AHR, Eosinophilia, serum HDM IgE, IgG1 and 

IgG2a; IL5, IL17A, IL10 and IL13 production by 

mesenteric lymph nodes114 

 

Staphylococcus sciuri W620 Eosinophilia, AHR, goblet cell score, serum OVA 

IgE, IgG1, BAL IL-5; IL-5, IL-10 production by 

mesenteric lymph nodes111 

 

Dried milk (milk-associated 

conjugated linoleic acid) 

No protective effect on OVA induced allergic 

airway inflammation116 
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1.6 Dissecting the protective effect of farming - the Amish and the Hutterites 

The low rates of asthma seen in European farmers, and the lack of protection among 

non-farmers, are recapitulated in two U.S. based populations: the Indiana Amish and the 

South Dakota Hutterites. Both Amish and Hutterites are farming communities with similar 

lifestyles including: large families with many siblings, consumption of raw farm milk, 

traditional life styles with no TV or radio, no indoor pets, and limited exposure to cigarette 

smoke117,118. Many of the mentioned factors are known to influence asthma 

susceptibility119. Additionally, the Amish and the Hutterite are founder populations with 

shared ancestry. Amish originated in Switzerland, Hutterites in South Tyrol. Both 

communities were faced with religious persecution, which forced them to migrate and 

eventually settle in the US (and parts of Canada). The Amish settled in the U.S in the 1700 

and Hutterites in 1800’s120,121. Despite many similarities in their lifestyles, the two 

populations have very different farming practices. Amish practice small family farming, 

much like the traditional European farm, where the barn is in close proximity to the home. 

Their style of faming today is much like it was centuries ago, they cultivate the land with 

the help of horses118. In contrast, Hutterites support large, communal, industrial type farms, 

located away from their homes. They use state-of-the-art, automated technology in their 

farming117. Interestingly, the two populations differ in their asthma susceptibility. Asthma 

prevalence among the Amish is 5.2% while among Hutterite children it is 21.3%117,118.  

This difference in the asthma prevalence cannot be explained by genetic factors, as 

the two populations share common ancestral background; therefore, an environmental 

etiology is more likely.  
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1.7 Hypothesis and goals of the study 

Previous studies have brought us closer to understanding the protective effect of 

the farm, however there is still much we do not know. The epidemiological studies 

demonstrated an association between farm living and lower rates of asthma29,82, they even 

identified components of the farm responsible for the protective effect81, but the 

mechanism by which these components exert their effects remains unknown. Most of the 

mouse studies of the farm effect were descriptive in nature109,110,112, mostly demonstrating 

that a component is, or is not protective, and overall giving little insight into the mechanism 

of action. A shortcoming of the human studies of the farm effect is a lack of negative 

controls. Epidemiological studies were limited to comparing farmers to non-farmers30. This 

type of comparison introduces a number of potential variables that need to be considered, 

for example potentially different life styles, diets, and family size, all of which can 

influence susceptibility to asthma119. Similar considerations apply to mouse studies of 

farming, which simply did not use negative controls for the farm dust109,114. 

Our studies have addressed these gaps in the field by comparing two farming 

populations with distinct asthma rates but similar lifestyles and shared genetic ancestry. By 

using Hutterites as our control, we can focus on determining the impact of the environment 

on the protective mechanism of farming on asthma.  

The aim of this study is to dissect the mechanisms through which the farm 

environment modifies asthma protection and risk in Amish and Hutterite populations.   

Based on the evidence presented in this introduction, we hypothesize that robust household 

microbial environment impacts the innate immune responses leading to decreased asthma 

risk.  
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CHAPTER 2: INNATE IMMUNITY AND ASTHMA RISK IN AMISH AND 

HUTTERITE FARM CHILDREN 

 

Chapter 2 is predominantly based on a recent multi-authored publication (Stein el al122).  

 

2.1 Introduction  

Many genetic risk factors have been reported to modify asthma and allergy 

susceptibility123,124, but the dramatic increase in the prevalence of these conditions in 

westernized countries over the last decades suggests the environment also plays a critical 

role7. The importance of environmental exposures for the development of asthma is most 

exquisitely illustrated by epidemiologic studies in central Europe demonstrating significant 

protection from asthma and allergic disease in children raised on traditional dairy farms. 

Particularly, children’s contact with farm animals and the associated high microbial 

exposures88,91 have been related to the reduced risk82,125. However, the impact of these 

traditional farming environments on immune responses is not well defined. 

  To address this gap in knowledge, we designed a study that contrasts two unique 

U.S. farming populations, the Amish of Indiana and the Hutterites of South Dakota, that 

recapitulate the differences in asthma and allergy prevalence observed between European 

farmers and non-farmers. These groups of farmers originated in Switzerland and the South 

Tyrol, respectively, during the Protestant reformation and then emigrated to the U.S. in the 

1700’s and 1800’s. Both have remained reproductively isolated since emigrating to the 

U.S.126,127.  Their lifestyles are similar to each other with respect to most of the factors 

known to influence asthma risk, including large sibship sizes, childhood vaccinations, diets 

rich in fat, salt, and raw milk, low rates of childhood obesity, long nursing durations, 
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minimal exposure to smoking and air pollution, and taboos against indoor pets. However, 

whereas the Amish practice traditional farming, live on single-family dairy farms, and use 

horses for fieldwork and transportation, the Hutterites live on large, highly industrialized, 

communal farms. Strikingly, the prevalence of asthma was 5.2% and 21.3%, and the 

prevalence of allergic sensitization was 7.2% and 33.3% in Amish and Hutterite 

schoolchildren, respectively117,118.  

  In this study, we characterized immune profiles in Amish and Hutterite 

schoolchildren with different asthma prevalence. Furthermore, we used mouse models of 

asthma to study the impact of the environment on airway responses and to create a 

mechanistic framework for interpreting the human observations.  
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2.2 Methods 

 

2.2.1 Study participants - Thirty Amish children (6-14 years old) were studied in Indiana 

in November 2012, and 30 age- (±1 year) and sex-matched Hutterite children were studied 

in South Dakota in December 2012. In two instances two Hutterite children were age- and 

sex-matched to the same Amish child and one had asthma; in both cases we selected the 

Hutterite child with asthma (see Supplementary Methods and Table 1). Written consent 

from the parents and written assent from the children were obtained. One parent of each 

child responded to a questionnaire on asthma symptoms and previous diagnoses. The study 

was approved by the institutional review boards at the University of Chicago and St. 

Vincent Hospital, Indianapolis. 

2.2.2 Collection of blood samples - Whole blood was collected into tubes containing either 

media alone, media + 0.1 µg/mL LPS, or media + 0.4 µg/mL anti-CD3 + 0.33 µg/mL anti-

CD28 (TruCulture®, Myriad RBM). After incubation at 37°C for 30 hours, supernatant and 

cells were frozen for cytokine and gene expression studies. Additional blood was collected 

to obtain peripheral blood leukocytes (PBLs) for flow cytometry and DNA isolation, and 

serum for IgE studies (see Supplementary Appendix).  

2.2.3 Genetic studies - A common set of 118,789 single nucleotide polymorphisms (SNPs) 

was genotyped or imputed in the 60 children (see Supplementary Appendix, Fig. S1).  

2.2.4 Dust collections in Amish and Hutterite homes - Electrostatic dust collectors were 

placed in one bedroom and in the living room in each of 10 Amish and 10 Hutterite homes 

to collect airborne house dust. All 10 Amish and 9 of 10 Hutterite homes housed children 
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who participated in the study. After one month, dust was analyzed for endotoxin and 

allergen levels and extracts were prepared for mouse studies. Additionally, Amish living 

room floor dust as well as Amish and Hutterite mattress dust was collected by vacuuming 

for microbiome studies (described in Supplementary Appendix).  

2.2.5 Farm dust collection - Hutterite barn dust was collected in 3 different barns in 2000 

by sweeping barn floors. Individual samples were then pooled.  Hutterite house dust was 

collected in 2000 by vacuuming the mattresses in 56 homes. Individual samples were then 

pooled. Dust was collected by members of the laboratory of our collaborator Dr. Carol 

Ober, University of Chicago.  

Amish barn dust was collected by sweeping the feeding sheds on the farms by our 

collaborators Erika von Mutius MD., Munich University and Mark Holbreich M.D., 

Allergy and Asthma Consultants, Indianapolis, IN.  

2.2.6 Preparation of dust extracts - To obtain aqueous extracts of Amish and Hutterite 

indoor dust collected in 2012, electrostatic cloths from EDCs were extracted with sterile 

pyrogen-free water (10 ml) by shaking for 1 hour at 22°C. Supernatants were centrifuged 

at 600xg for 15 min and decanted. Dust extracts from EDCs deployed in Amish and 

Hutterite homes (n=10 each) were pooled separately into one sample. SpeedVac 

centrifugation was then used to reduce each sample to the same volume (5-6 ml). The same 

procedure was followed to prepare aqueous extracts of floor dust collected from Amish 

homes in 2015, as well as Amish barn dust and dust collected from Hutterite barns and 

Hutterite homes in 2000 but dust extracts were standardized by weight and resuspended at 
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100 mg/ml of dust equivalent. Aqueous dust extracts were aliquoted and stored in cryovials 

at -80°C until used.  

Autoclaved Amish extract was prepared from Amish barn dust made as described above, 

with one modification: dust was homogenized prior to extraction. The extracts were 

subsequently autoclaved on a gravity cycle at 121ºC for 15 min. Dust extraction and 

autoclaving were performed by Mauricius Marques dos Santos (Department of Chemical 

& Environmental Engineering Dr. Shane Snyder Laboratory, University of Arizona). 

2.2.7 Experimental allergic asthma mouse models - Amish or Hutterite house dust 

extracts (50 μl) were instilled intra-nasally (i.n.) every 2-3 days (14 times total) beginning 

at day 0 into adult (7 weeks old) Balb/c mice (Harlan Laboratories) sensitized intra-

peritoneally (i.p.) with OVA (grade V, Sigma: 20 μg in 200 μL of PBS)-Alum (Pierce) at 

day 0 and 14 and challenged with OVA i.n. (50 μg in 50 μL of PBS) at day 28 and 38. The 

total amount of Amish and Hutterite dust extracts administered over the course of the 

experiment represented the total load of airborne dust collected on EDCs placed in Amish 

or Hutterite homes over a month’s period.  

In other experiments, Amish house dust extracts (7.5 mg of dust equivalent in 50 µl) were 

instilled i.n. every 2-3 days for a total of 14 times beginning at day -5 into 7-week old wild-

type, Myd88-deficient128 (Jackson Laboratories) and Myd88/Trif-deficient129 C57BL6 

mice that were sensitized i.p. with 20 µg OVA-Alum at day 0 and 14, and challenged i.n. 

with 75 µg OVA at day 26, 27 and 28. Airway resistance and BAL cellularity were 

measured at day 30. Terminal assessments at day 39 (Balb/c mice) and day 30 (C57BL6 

mice) included airway resistance and BAL cellularity.  
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In the HDM model, Balb/c mice received 4 i.n. treatments with HDM (Greer laboratories, 

Lot#191278 and #248041, 100 µg dry weight) in PBS (Gibco) on days 0, 7, 14 and 21. 

Amish or Hutterite barn or Hutterite house aqueous dust extracts (5 mg of dust equivalent 

in 50 µl per treatment for a total of 14 treatments) were instilled i.n. three times a week 

from day -10 to day 21. Airway resistance was determined 48 hours after the last HDM 

treatment, on day 23111. 

For Balb/c mice, to measure airway resistance in response to increasing concentrations of 

intravenous acetylcholine (Ach: 0-4 μg/g mouse), the animals were anesthetized with 

pentobarbital (90 µg/g body weight). For C57BL6 mice, to measure airway resistance in 

response to increasing concentrations of nebulized methacholine (0-100 mg/ml), the 

animals were anesthetized with ketamine and xylazine (100 and 10 mg/kg, respectively) 

and paralyzed with pancuronium bromide (4 µg/g). The trachea was then dissected free 

and cannulated with a 20 gauge cannula (BD) which was kept in place with a single tie 

suture. Mice were then connected to a small ventilator (FlexiVent, SCIREQ, Inc.) and 

ventilated with a tidal volume of 10 mL/kg, inspiratory/expiratory ratio of 66.67%, 

respiratory rate of 150/min and maximum pressure of 30 cm H2O as described in ref.130. 

BAL was performed by delivering cold 1% BSA in PBS (2 mL) into the airway via a 

tracheal cannula and gently aspirating the fluid. Cells were counted using a Countess II FL 

automated cell counter (Thermo Fisher Scientific) and differentials were determined by an 

operator blinded to mouse ID/grouping after staining with Hema 3 (Fischer) and examining 

at least 400 cells/slide. Cytokines in BAL were measured by ELISA (Quantikine, R&D). 

OVA-specific serum IgE levels were measured as described in ref131, but using 3% BSA 

as a blocking agent.   
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2.2.8 Flow cytometry - Cryopreserved human PBLs were incubated for 10 min with pooled 

human IgG (FcX, Biolegend) to block non-specific antibody binding before surface 

staining with fluorescently-conjugated antibodies (see Supplementary Appendix, Table 

S1), and intracellular staining for FoxP3 (eBioscience). Flow cytometry data were acquired 

on an LSRFortessa (BD Biosciences) and analyzed with FlowJo software (Tree Star, Inc.). 

2.2.9 Gene expression profiling and analysis - RNA was extracted from thawed cells using 

AllPrep DNA/RNA Mini Kits (Qiagen). RNA underwent cDNA synthesis and was then 

hybridized to HumanHT-12 v4 Expression BeadChip arrays (Illumina, Inc.).  

2.2.10 Cytokine measurements - Levels of 26 cytokines were measured by Milliplex Map 

Human TH17 Magnetic Bead Panel (EMD Millipore) or ELISA in the supernatant of 

TruCulture® cultures, using standard protocols. 

2.2.11 Quantitative polymerase chain reaction- Levels of IL5, IL13, IL4 and IL17 mRNA 

in the lungs were determined by quantitative polymerase chain reaction (qPCR). Left lung 

lobe was collected from each mouse within 15 minutes of airway measurements. Lung 

tissue was cut into small pieces and placed in 1 ml of RNAlater (Qiagen) at RT. Samples 

were stored overnight at 4ºC. After 24 h, RNAlater was removed by pipetting and lung 

tissue was frozen at -80ºC. For RNA extraction, lung tissue was allowed to thaw on ice. A 

small tissue fragment of up to 30 mg was randomly selected from each sample. The tissue 

fragments were then homogenized individually in lysis buffer (RLT buffer, RNeasy Protect 

Mini kit, Qiagen) using a LabGEN 125 tissue homogenizer system (Cole-Parmer) with 

changeable sterile plastic tips (Omni tip probes, USA Scientific). After extraction with 

RNeasy Protect Mini kit (Qiagen), total lung RNA (500 ng) was used as a template to 
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synthesize cDNA with QuantiTect Reverse Transcription Kit (Qiagen). Expression of 

cytokines was determined using QuantiTect SYBR Green PCR kit (Qiagen) and 

QuantiTect Primer Assay (Qiagen) for IL4, IL5, IL13, IL17 and GAPDH on an ABI7900  

Biosystems thermocycler. Each sample was run in triplicate. A cycle threshold (ct) value 

of 35 and above was assigned a value of undetermined. When one of the triplicates was 

undetermined, the average ct value was represented by a mean of two replicates. In cases 

when two out of three replicates were undetermined, the sample was assigned as 

undetermined. A Δct value was obtained by subtracting the average ct value for GAPDH 

from the average ct value for IL4, IL5, IL13 or IL17 for each mouse. The change in 

expression relative to GAPDH was calculated as 2^(-Δct). Samples with undetectable 

cytokine expression were assigned a value of 5 times lower than the lowest expression 

within each treatment group, and were included in the average.  

2.2.12 Total serum IgE ELISA- Ninety-six well ELISA plates (NUNC) were coated with 

purified rat anti-mouse IgE antibody (clone R35-72, BD Bioscience: 2 µg/ml in 0.5M 

carbonate bicarbonate buffer, pH 9.0: 50 µl) overnight at 4ºC. Plates were then washed 3 

times with 0.05% Tween in 1X PBS and blocked for 2 h with 3% BSA in 1X PBS at RT. 

After 3 washes with 0.05% Tween in 1X PBS, samples (50 µl of serum diluted 1:100 in 

1% BSA in PBS) and IgE standard (purified mouse IgE, BD Bioscience, clone C38-2, 200 

ng/ml for highest standard) were added and incubated overnight at 4ºC. The next day, after 

6 washes with 0.05% Tween in 1X PBS, plates were incubated for 1h at RT with 

biotinylated rat anti-mouse IgE (clone R35-118, BD Bioscience, 2 µg/ml: 100 µl). After 6 

washes with 0.05% Tween in 1X PBS, streptavidin (BD Bioscience: 100 µl) was added at 

a 1: 7,500 dilution for 30 min at RT. After six washes with 0.05% Tween in 1X PBS, 
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stabilized tetramethylbenzidine in hydrogen peroxide (substrate reagent R&D #DY999: 

100 µl) was used to develop the plates. 2N H2SO4 (50 µl) was added after 1 h to stop the 

reaction. Optical densities at 450 nm and 570 nm (wavelength correction) were determined 

with a microplate reader (LabSystems Multiskan MS). 

2.2.13 OVA-specific serum IgE – Ninety-six well ELISA plates (NUNC) were coated with 

OVA (Sigma, grade V: 50 µl (5 µg/ml in 0.5M carbonate bicarbonate buffer, pH 9.0: 50 

µl) overnight at 4ºC. Plates where then washed 3 times with 0.05 % Tween in 1X PBS and 

blocked for 2 h with 3% BSA in 1X PBS at RT. After 3 washes with 0.05 % Tween in 1X 

PBS, samples (50 µl of a 1:100 dilution in PBS-1% BSA) were added and incubated 

overnight at 4ºC. The next day, after 6 washes with 0.05 % Tween in 1X PBS, plates were 

incubated overnight with biotinylated rat anti-mouse IgE (BD Bioscience, clone R35-7, 2 

µg/ml: 50 µl). After six washes with 0.05 % Tween in 1X PBS, streptavidin (BD 

Bioscience: 100 µl of dilution) was added at a 1:1000 dilution for 1h at RT. After six 

washes with 0.05 % Tween in 1X PBS, stabilized tetramethylbenzidine in hydrogen 

peroxide (substrate reagent R&D #DY999: 100 µl) was used to develop the plates. 2N 

H2SO4 (50 µl) was added after 1 h to stop the reaction. Optical density at 450 nm and 570 

nm (wavelength correction) was determined with a microplate reader (LabSystems 

Multiskan MS). 

2.2.14 Statistical analyses - Statistical analyses were performed using R or Prism 

(GraphPad Software, Inc.). Differences in the distributions of median cytokines levels 

between Amish and Hutterite children were determined using a Wilcoxon signed rank test 

of median cytokine levels. We used linear regression to identify differentially expressed 

genes between Amish and Hutterites in untreated PBL samples. The methods of Benjamini 
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and Hochberg132 were used to control false discovery rate. For flow cytometric and mouse 

studies, differences in cell populations and airway resistance were assessed using an 

unpaired Student’s t test.   

Additional details on sample processing, quality control and statistical analyses for all 

methods described above are given in the Supplementary Appendix. 
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2.3 Results  

 

2.3.1 Rates of asthma and allergic sensitization, and genetic ancestry 

None of the Amish and six (20%) of the Hutterite schoolchildren had asthma, 

similar to earlier reports117,118. Levels of total serum IgE and numbers of children with high 

(>3.5 kUA/L) levels of IgE against common allergens were lower in Amish than in 

Hutterite children (Table 2.1, Table S2 in Supplementary Appendix). No differences were 

observed for serum Ig isotypes other than IgE (Fig. S2). 

To evaluate whether these differences could be attributed to population history, we 

assessed ancestry by principal component analysis (PCA) of genomic DNA markers and 

compared allele frequencies using genome-wide SNPs. These studies revealed remarkable 

genetic similarities between Amish and Hutterite children compared to other European 

populations (Fig. 2.1A and Fig. S3 in the Supplementary Appendix). 

 

2.3.2 Exposure to allergens, microbes and microbial products in Amish and Hutterites 

homes 

Common allergens (cat, dog, house dust mite, cockroach) were detectable in 

airborne dust from 4 of 10 Amish and 1 of 10 Hutterite homes (Table S3). In contrast, 

endotoxin was measurable in airborne dust from all 20 homes, and median levels were 

strikingly higher (6.7-fold) in Amish homes compared to Hutterite homes (4,399 EU/m2 

vs. 648 EU/m2, P=3.31x10-6) (Fig. 2.1B). Analysis of a single pooled sample of mattress 

dust from each population revealed different relative abundance profiles of bacteria at the 

family level (Fig. S4 in the Supplementary Appendix).  
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Table 2.1: Demographic and clinical Characteristics of the Study Population  
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Figure 2.1: Ancestries and environments of Amish and Hutterite children.  
(A) Principal components plot of PC 1 (x-axis) and PC 2 (y-axis) of 72,034 SNPs. Amish and Hutterite 

genotypes were projected onto the sample space created by Human Genome Diversity Project (HGDP) 

European populations133. (B) Endotoxin levels in airborne dust from 10 Amish and 10 Hutterite homes 

(Wilcoxon rank sum test, P=3.3x10-6).  
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2.3.3 Composition and phenotype of PBLs from Amish and Hutterite children 

PBLs from Amish children had increased proportions of neutrophils, decreased 

proportions of eosinophils, but similar proportions of monocytes compared to Hutterite 

children (Fig. 2.2A).  By flow cytometry neutrophils from Amish children when compared 

to those from Hutterite children expressed lower levels of the chemokine receptor CXCR4 

and the adhesion molecules CD11b and CD11c, suggesting that these cells may have 

recently emigrated from the bone marrow (Fig. 2.2B).  Although monocyte proportions 

were similar in Amish and Hutterite children (Fig. 2.2A), monocytes from Amish children 

when compared to those from Hutterite children exhibited a suppressive phenotype 

characterized by lower levels of HLA-DR and higher levels of the inhibitory molecule 

ILT3134,135 (Fig. 2.2C). In contrast to previous studies103,136, no difference in percentages 

of T regulatory cells (CD3+CD4+FoxP3+CD127-) was observed in Amish and Hutterite 

children (0.056±0.054% vs. 0.079±0.081% of PBLs, respectively, P = 0.29).  

 

2.3.4 Cytokine responses to innate and adaptive stimulation 

Cytokine levels were measured in supernatants from PBLs cultured for 30 hours 

with or without innate (LPS) or adaptive (combined anti-CD3 + anti-CD28 antibodies) 

stimuli.  Twenty-three cytokines were detectable in supernatants from LPS-treated PBLs. 

Median levels of each of these 23 cytokines were lower in Amish compared to Hutterite 

children, and these distributions were significantly different (Wilcoxon signed rank test, 

P=8.4x10-5) (Table S5-S6). Results were similar after excluding known asthmatic and 

allergic children (Table S7). In contrast, after adaptive stimulation, the overall distributions 
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of median cytokine levels did not differ in PBLs from Amish and Hutterite children 

(Wilcoxon signed rank test, P= 0.08) (table S8).  

 

2.3.5 Gene expression profiles in Amish and Hutterites PBLs 

The striking differences in PBL proportions observed between Amish and 

Hutterites were reflected in the gene expression profiles of these cells: at a false discovery 

rate (FDR) of 1%, 1,449 genes were upregulated in Amish PBLs as compared with 

Hutterite PBLs (blue points in Fig. 2.3A), whereas 1,360 genes were upregulated in 

Hutterite PBLs as compared with Amish PBLs (red points in Fig. 2.3A). These 

differentially expressed genes were organized into 15 co-expression modules by Whole 

Genome Co-Expression Network Analysis (WGCNA) (Table S9). To better understand the 

biological relationships among the set of genes within each module, we used Ingenuity 

Pathway Analysis (Qiagen) to construct unsupervised networks based on prior knowledge 

of the physical and functional connections between the molecules encoded by those genes. 

The most significant network (Fisher exact test, P=1.0x10-30) was within a module that 

contained 43 genes. This module was associated with Amish and Hutterite status 

(P=7.1x10-9), and therefore also with neutrophil (P=1.5x10-6) and eosinophil (P=1.0x10-3) 

proportions. Eighteen of the genes in this module were overexpressed in Amish PBLs and 

all clustered in a network that had as hubs TNF and IRF7, two key proteins in the innate 

immune response to microbial stimuli (Fig. 2.3B).  

 

 



49 
 

 

 

Figure 2.2: Peripheral blood leukocyte proportions and cell surface marker phenotypes in Amish and 

Hutterite children.  
(A) Percent of total PBLs was determined by flow cytometry for eosinophils (defined as CCR3+Siglec-8+), 

neutrophils (defined as CD16+CD66b+), and monocytes (defined as CD14+).  (B) Neutrophils were 

characterized for surface expression of CXCR4, CD11c, CD11b, CXCR1, and CXCR2 by mean fluorescence 

intensity (MFI). Expression of the IL-8 co-receptors CXCR1 and CXCR2 was not significantly different 

between groups (P=0.2627 and P=0.9086, respectively; data not shown). (C) Monocytes were characterized 

for surface expression of HLA-DR, ILT2, ILT3, ILT4, and ILT5 by MFI. The inhibitory receptors ILT2 and 

ILT4 did not differ between Amish and Hutterite children (P=0.6990 and P=0.2149, respectively; data not 

shown), while ILT5 was increased on Amish monocytes (P=0.001; data not shown). All P values were 

calculated using an unpaired Student’s t test. Cell proportions and phenotypes after exclusion of children 

with asthma and/or allergic sensitization are shown in Table S4.  
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Figure 2.3: Gene expression profiles in peripheral blood leukocytes from Amish and Hutterite children.  
(A) Volcano plot showing differences in baseline gene expression between Amish and Hutterite PBLs. 1449 

genes (blue) are significantly increased in Amish PBLs and 1360 genes (red) are significantly increased in 

Hutterite PBLs (at FDR 1%). Gene expression differences remain after excluding children with asthma and/or 

allergic sensitization (Figure S6-7). Changes in gene expression after regressing out innate cell proportions 

are shown in Figure S4. (B) Network of differentially expressed genes in untreated PBLs. Genes in blue have 

increased expression in the Amish, the gene in red has increased expression in the Hutterites.  
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2.3.6 Effects of Amish and Hutterite house dust extracts in a model of experimental 

allergic asthma 

To create a framework to interpret the human observations pointing towards a 

protective role of innate immunity, we used a classic OVA mouse model of allergic asthma 

to compare the activity of Amish and Hutterite house dust extracts administered by 

inhalation to mice over 4-5 weeks. Consistent with the lack of protection observed in 

Hutterite children, eosinophilia was observed in BAL, and AHR was even exacerbated in 

mice treated with OVA and Hutterite dust extracts compared to mice treated with OVA 

alone (Fig. 2.4A-B). In contrast, inhalation of Amish dust extracts was sufficient to 

significantly inhibit OVA-induced AHR, BAL eosinophilia, and OVA-specific IgE levels 

(Fig 2.4A, 2.7A, Table A1). Interestingly, numbers of lung T regulatory cells 

(CD3+CD4+FoxP3+) were not increased (Table A2) and all measured BAL cytokines, 

including IL-10, were suppressed in mice treated with Amish dust extracts (Table A3).  

When LPS content of the extracts was determined, the Amish extract contained 

9,100 EU/ml, while the Hutterite extract had only 16 EU/ml. To test if the differential 

responses to Amish and Hutterite extracts were mediated by LPS found in the extract, we 

administered LPS at concentrations found in Amish or Hutterite extract (10,000 EU/ml and 

16 EU/ml, respectively) to mice using the same OVA protocol as above. Neither LPS 

concentration had any effect on OVA-induced AHR or BAL eosinophilia (Fig 2.4B).  
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Figure 2.4: Effects of Amish and Hutterite house dust extracts on airway responses in experimental mouse 

models of allergic asthma. 

(A) Amish or Hutterite dust extracts (50 µl) were instilled i.n. every 2-3 days for a total of 14 times beginning 

at day 0 into 7 week old Balb/c mice sensitized with OVA-Alum i.p. at day 0 and 14 and challenged with 

OVA i.n. at day 28 and 38. Airway resistance (shown as cm H2O.s /ml) in response to increasing doses of 

acetylcholine administered intravenously and BAL cellularity were measured at day 39 (n=4-6 mice/group). 

The total amount of Amish and Hutterite dust extracts administered over the course of the experiment 

represented the total load of airborne dust deposited on electrostatic dust collectors placed in Amish or 

Hutterite homes over a month’s period. (B) LPS at concentrations found in Amish or Hutterite homes (10,000 

and 16 EU/ml) was instilled i.n. 2-3 times a week for a total of 14 times beginning at day 0 into 7 week old 

Bal/c mice sensitized and challenged with OVA as above. Airway responses were measured on day 38. (n=4-

5 mice/group). (C) Balb/c mice were sensitized and challenged with OVA as above and received 14 i.n. 

treatments with Amish barn dust extracts or autoclaved Amish barn dust extract (5mg/ml). Statistical 

differences in experimental parameters were assessed by Student’s t test. 
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To assess whether live microbiota are necessary for protection, we tested the effect 

of Amish extract autoclaved at 121 ºC for 15 min. Autoclaved extract significantly 

inhibited OVA-induced AHR (p=0.049 by Student’s t-test) and eosinophilia (p=0.048, Fig 

2.4C). Similarly to non-autoclaved extract, the autoclaved extract significantly decreased 

IL-5 and IL-13 levels in BAL (p=0.001 and p=0.002 respectively), had no effects on IL4 

expression in BAL, but increased IL17 mRNA levels in total lung (p=1.7E-5, Fig 2.5A-B). 

While none of the extracts had an effect on total serum IgE, only the non-autoclaved extract 

significantly reduced OVA-IgE in serum (p=0.008, Fig 2.5C).   

The inhibitory effects of these extracts in wild-type mice likely required innate 

immunity because protection was strongly reduced in mice deficient in MyD88 (Fig 2.6 B) 

and completely abrogated in mice lacking both MyD88 and Trif, molecules critical for 

multiple innate immune signaling pathways (Fig 2.6C).  

To assess whether our findings were model-dependent, we tested the effects of 

protective Amish barn dust extracts and control Hutterite house dust extracts in a HDM 

model of asthma. Amish barn extract or Hutterite house extract (5 mg of dust equivalent) 

were instilled i.n. 3 times a week, beginning on day -10, for a total of 14 administrations 

into Balb/c mice treated with HDM once a week for a total of 4 i.n. administrations (100 

µg). Amish barn dust extract, but not Hutterite house dust extract, significantly inhibited 

HDM-induced airway resistance (p=0.03: Fig. 2.7A). HDM-induced airway eosinophilia 

was significantly inhibited by both Amish dust extract (p=4.6E-4) and Hutterite house 

extract (p=0.001, Fig 2.7A).  

We finally tested whether the protective effects of Amish barn dust extracts are 

strain-dependent. To this purpose, C57BL/6 mice were treated with the extract (5 mg of 
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dust equivalent) for a total of 1, 3, 9 or 14 times, beginning on day -5. Mice were sensitized 

i.p. with OVA-Alum at day 0 and 14, and challenged i.n. with OVA at day 26, 27 and 28. 

Fourteen administrations of Amish barn dust extract inhibited OVA-induced airway 

resistance (p=0.04) and BAL eosinophilia (p=0.0002, Fig. 2.7B), however 1, 3, or 9 

treatments with Amish barn dust extract did not inhibit AHR.  Both 3 and 9 administrations 

significantly reduced HDM-induced BAL eosinophilia (p=0.01 and p=0.0001, 

respectively, Fig. 2.7B).   
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Figure 2.5: Effects of autoclaved Amish extract on airway inflammation and serum IgE. 

(A) Levels of IL-15 and IL-13 in BAL on day 38 were determined by ELISA. (B) mRNA levels of IL4 and 

IL13 in total lung relative to GAPDH. (C) Total serum IgE and OVA-IgE were determined by an ELISA.  
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Figure 2.6: Effects of Amish house dust extracts on airway responses in experimental mouse models of 

allergic asthma. 
(A-C) Amish house dust extracts (7.5 mg of dust equivalent in 50 µl) were instilled i.n. every 2-3 days for a 

total of 14 times beginning at day -5 into 7-week old wild-type (A), Myd88-deficient (B) and Myd88/Trif-

deficient (C) C57BL6 mice that were sensitized i.p. with 20 µg OVA-Alum at day 0 and 14, and challenged 

i.n. with 75 µg OVA at day 26, 27 and 28. Airway resistance (shown as fold-increase over baseline) in 

response to increasing doses of nebulized methacholine and BAL cellularity were measured at day 30 (n=12 

mice/group for wild-type mice and 6 mice/group for Myd88- and Myd88/Trif-deficient mice). Statistical 

differences in experimental parameters were assessed by Student’s t test. 
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Figure 2.7: Effects of Amish barn dust extract on airway responsiveness and inflammation in an HDM 

mouse model of asthma.  

(A) Amish barn dust extracts (5 mg dust equivalent in 50µl) were instilled i.n. 3 times a week for a total of 

14 times beginning at day -10 into 7 week old Balb/c mice sensitized with HDM (Greer, 100µg) at days 0, 7, 

12 and 21. Airway resistance (shown as fold-increase over baseline) in response to increasing doses of 

acetylcholine administered intravenously and BAL cellularity were measured at day 22 (n=6-10 mice/group).  

(B) Amish barn dust extracts (5 mg of dust equivalent in 50 µl) were instilled i.n. every 2 -3 days for a total 

of 1, 3, 9 or 14 times beginning at day -5 into 7-week old wild-type C57BL6 mice that were sensitized i.p. 

with 20 µg OVA-Alum at day 0 and 14, and challenged i.n. with 75 µg OVA at day 26, 27 and 28. Airway 

resistance (shown as fold-increase over baseline) in response to increasing doses of nebulized methacholine 

and BAL cellularity were measured at day 30 (n=4-6 mice/group). Statistical differences in experimental 

parameters were assessed by Student’s t test. 
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2.4 Discussion 

Our studies in Amish and Hutterite schoolchildren revealed marked differences in 

asthma prevalence despite similar genetic ancestries and lifestyles. Relative to the 

Hutterites, the Amish, who practice traditional farming and are exposed to an environment 

rich in microbes, showed exceedingly low asthma rates and distinct immune profiles 

suggestive of profound effects on innate immunity. Importantly, data generated in an 

experimental model of asthma support this notion by showing that the protective effect of 

the Amish environment requires innate immune signaling. 

Analyses of cell proportions and gene expression profiles of peripheral blood 

immune cells in Amish and Hutterites children revealed differences in cells and genes 

involved in innate immune responses to microbes. Indeed, neutrophils, eosinophils, and 

monocytes appeared to be major targets of the distinct environments to which Amish and 

Hutterite children are exposed because these cell types differed in relative abundance 

and/or phenotypes between these children. Moreover, the network most associated with 

these differences consisted of innate immune genes. Notable among the genes more highly 

expressed in the Amish was TNFAIP3, which encodes A20, a ubiquitin-editing enzyme 

that limits the activity of multiple NF-κB dependent inflammatory pathways137 and has 

been shown to mediate the protective effects of European farm dust extracts in murine 

models of allergic asthma114. IRF7, a hub in this network, regulates type I interferon 

transcription and is therefore essential for innate airway responses against viruses138 that 

are linked to asthma susceptibility139,140. In turn, TRIM8, the one gene in the network that 

was more expressed in the Hutterites, acts as a positive regulator of TNF-α- and IL-1β-

dependent NF-κB activation141. These findings suggest that in the Amish, intense and 
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presumably sustained exposure to microbes activates innate pathways that shape and 

calibrate downstream immune responses. Although the farm environment is rich in live 

microbiota, our findings demonstrate that live microbiota are not necessary for protection. 

This suggests that the protective effects could be mediated by microbial products or other 

components of farm dust.  

The strong effects of Amish barn dust extract in both the OVA and the HDM 

models and in both Balb/c and C57BL/6 mice, show that the protective effect is robust 

across models and strains of mice. We also observed a dose-dependent relationship 

between the number of total administrations of Amish dust extract and the inhibition of 

AHR and BAL eosinophilia. A higher number of doses was required to inhibit OVA-

induced AHR compared with BAL eosinophilia, suggesting that these two outcomes may 

be controlled by distinct pathways.   

Sustained microbial exposure was also reflected in the phenotypes of Amish 

peripheral innate immune cells. Repeated microbial stimulation can lead to reduced 

expression of HLA-DR on monocytes142,143 and drive immature neutrophils from the bone 

marrow144-147. Indeed, Amish children had both immature neutrophils bearing markers 

suggestive of recent emigration from the bone marrow, and monocytes with reduced HLA-

DR as well as increased ILT3, suggestive of anti-inflammatory function. Interestingly, 

proportions of T regulatory cells and levels of IL-10, which typically mediate immune 

balancing effects, were not increased in Amish children. However, qualitative and 

functional differences in regulatory cell populations remain to be defined. 

Innate immunity has evolved to sense the environment and transduce signals that 

calibrate adaptive responses to exogenous antigens. MyD88 and Trif are located at the 
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convergence of multiple innate signaling pathways148, and deletion of these molecules 

virtually disables innate immune responses thereby also dysregulating adaptive immunity. 

The fact that loss of protection was more marked in MyD88/Trif-deficient mice than in 

MyD88-deficient mice points to the involvement of multiple innate pathways.  The 

concordance between findings from the human and the mouse studies was remarkable: in 

both studies protection was accompanied by lower eosinophils, higher neutrophils, 

generally suppressed cytokine responses and no increase in T regulatory cells and IL-10. 

Thus, the finding that these features were largely dependent on innate immune pathways 

in mice suggests that innate immune signaling may also be the primary target of protection 

in Amish children, and these effects may also influence downstream adaptive immune 

responses 

Our study has several limitations. First, we were unable to include children younger 

than age 6 years, we collected samples at a single time point, and the numbers of Amish 

and Hutterite children in our study were relatively small. As a result, we may have missed 

important windows of immune development or lacked the ability to detect early, subtle 

shifts in cell composition, response or phenotype critical for immune maturation. Second, 

our microbiome assessments were limited, as only pooled dust samples from a limited 

number of homes were available for our studies assessing bacterial composition in dust 

from Amish and Hutterite homes. Therefore, we cannot further dissect microbial 

composition and identify potential target protective microbes. However, the striking 

differences found in endotoxin levels support the notion that the Amish indoor environment 

is much richer in microbial exposures than the Hutterite environment. Third, the strategy 

used for sampling Hutterite children enriched for those with asthma, although asthma 
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prevalence in our sample was similar to previous population-based estimates117. Moreover, 

excluding children with asthma or allergic sensitization from our analyses of gene 

expression, cell composition, and immune phenotypes did not affect the outcomes. 

Our study in a small number of children was sufficient to demonstrate significant 

differences in asthma prevalence and immune profiles, suggesting that very strong 

environmental factors must account for these differences. Indeed, we showed remarkable 

genetic similarities between the Amish and Hutterite children. Although we only 

interrogated common variants, variants occurring at very low frequency in these 

populations are unlikely to account for the observed large differences in asthma prevalence. 

In the end, the novelty of our work lies in the identification of innate immunity as the 

primary target of the protective Amish environment, a finding supported by results from 

both humans and mice. Conversely, our work suggests that asthma susceptibility may be 

increased when innate immune stimulation is weak. Deeper understanding of the relevant 

stimuli and the innate immune pathways they engage may ultimately pave the way for 

effective asthma prevention strategies. 
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CHAPTER 3: HUTTERITE BARN EXTRACTS PROTECT MICE AGAINST 

ALLERGIC ASTHMA 

 

Part of this work was published as a correspondence in The New England Journal of 

Medicine (Gozdz, Ober and Vercelli149). 

 

3.1 Introduction 

 

Children who grow up on small traditional family farms are protected against 

asthma and allergies29,81,82. Studies conducted in Bavaria showed that contact with large 

farm animals, straw, and the consumption of raw milk account for the majority of the 

protective effect of farming29,81. Increased microbial burden in the house is inversely 

associated with rates of asthma54,91, suggesting that the protective effect might be mediated 

by environmental microbiota or their products. Farm stables are environments rich in 

microbiota87, pointing to a potential link between the farming environment and the house 

microbiota. Waser et al90 described the relationship between the time children spent in the 

barn and the microbial exposure in their rooms. Endotoxin levels were higher in the homes 

of children who spent more time in stables, translating to an increased microbial burden in 

those homes, leading to the hypothesis that children were likely bringing the microbes from 

the barns into the homes on their shoes and clothes90.  

A recent study by Loss et al139 demonstrated that children who spent more than two 

hours per week around animal sheds (either cow, pig, horse, or poultry quarters) in 

traditional European single family farms had a lower odds ratio for developing asthma-

related phenotypes when compared to children who spent less than two hours in the shed, 
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thereby highlighting  a relationship between time spend on the farm and a decreased risk 

of allergic disease139.   

Previously, we showed that airborne Amish house dust extract had a protective 

effect against OVA-induced AHR and inflammation in mice, whereas Hutterite house dust 

extract did not, and even worsened AHR for submaximal doses of bronchoconstrictor122. 

These results demonstrate that we can recapitulate the differences in asthma susceptibility 

between the Amish and the Hutterites in our mouse model of allergic asthma. Additionally, 

it further emphasizes the critical importance of the environment in asthma, as 

environmental dust samples were sufficient to induce those differences. These findings 

however, do not fully explain why Hutterite farm children are not protected. Hutterites 

practice large industrialized farming117, and the relationship between large mechanized 

farms and asthma is not clear, and seems to depend on the specific type of farm84,85. It is 

possible that Hutterite farms are not protective. This could then explain both high asthma 

rates among the Hutterites as well as lack of protective effect of Hutterite house extract. 

The alternative explanation is that the barns are protective, but Hutterite children do not 

spend sufficient time in that environment. Looking back at the relationship between the 

farm house dust and barn dust, this could translate to lack of sufficient transfer of the barn 

dust into the house, which could explain the lack of protective effect of Hutterite house 

dust we reported previously122. Lastly, there is a possibility that Hutterite house dust is not 

protective because it contains components that increase asthma susceptibility. To 

distinguish among these possibilities, we compared the effects of Amish barn dust extract, 

Hutterite barn dust extract, and Hutterite house dust extract in an HDM-dependent model 

of asthma.   
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The in-house exposure is likely different between Amish and Hutterite children 

because the amounts of airborne dust recovered in 10 Hutterite homes in a period of one 

month was substantially less than the amount recovered in Amish homes (data not shown). 

Furthermore, the endotoxin levels in the dust recovered were 6.8 fold higher in the Amish 

dust (4399 vs 648 EU/square meter)122.  When these dusts were tested in a mouse model, 

Hutterite house dust lacked the protective effects of Amish house dust (Chapter 2.3, Fig 

2.4)122. An important feature of this design was the amount of the dust equivalent given to 

each mouse. The contents of the electrostatic dust collectors from the children’s bedrooms 

were extracted in the same amount of water, therefore, mice were treated with different 

amounts of dust equivalent that reflected the environmental loads in the Amish and 

Hutterite children’s bedrooms over a month. That design, however, did not allow us to 

distinguish between qualitative and quantitative differences in the two dusts. To be able to 

address the effects of the quality of the dust extract, in the set of experiments presented in 

this chapter we gave all mice the same amount of dust equivalent, thus standardizing the 

quantity. 

In this chapter, we analyzed the responses to Amish and Hutterite barn extracts and 

Hutterite house extract using several different approaches. First, we address the question 

of whether or not the Hutterite barns were a protective environment and what are the 

dynamics of the response to different dust extracts over time. Our results show that both 

Amish and Hutterite barn extracts protect against HDM-induced AHR, eosinophilia, and 

IL13 and IL5 induction in the lungs. Furthermore, we demonstrate differential effects on 

eosinophilia, cytokine expression, and serology of both barn extracts compared to Hutterite 

house extract after 12 days of treatment. The finding of distinct early effects of the extracts 
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suggest that early events are critical to the protective effect on asthma. Finally, we 

investigated the cellular composition of the lung by flow cytometry in the treated mice. 

This analysis revealed the barn dust extracts induce an influx of a CD3+RORγt+γδ T cell 

population into the lungs. These cells are novel targets for investigation of environment-

mediated asthma protection.  
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3.2 Materials and Methods 

 

3.2.1 Farm dust collection- As described previously in Chapter 2, section 2.2.5.  

3.2.2 Farm dust extraction – As described previously in Chapter 2, section 2.2.6. 

3.2.3 Mice - As described previously in Chapter 2, section 2.2.7  

3.2.4 Allergen treatments – As described previously in Chapter 2, section 2.2.7. For the 

time course animals were sacrificed at days -10, +2, +9 and +23 (Fig. 3.1). At day -10 all 

animals were untreated. Day +2 mice were sacrificed after five i.n. treatments (5 mg) with 

farm dust extract and one i.n. administration of HDM (100 µg). Day +9 mice received eight 

i.n. treatments with farm dust extracts (5 mg) and two i.n. administrations of HDM (100 

µg).   

3.2.5 Airway resistance measurements- as described in Chapter 2.2, with the following 

modifications: animals were anesthetized with either sodium pentobarbital (Sigma: 90 

µg/g, i.p.) in three out of four experiments presented in this chapter, or Ketamine/xylazine 

(100/10 mg/kg, i.p.) in one of the experiments. Mice were tracheotomized and cannulated 

using a 20 gage plastic catheter (BD), or a 19 gage metal cannula (Sai Infusion 

Technologies). Airway resistance was determined with a small animal ventilator (Legacy 

FlexiVent, Scireq, Inc) 

3.2.6 BAL collection and processing- as described in chapter 2, section 2.2.7. This 

procedure was performed by other members of the laboratory: Amanda Herrell and Ashley 

Horner.  
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3.2.7 BAL cell counts- as described in Chapter 2, section 2.2.7 

3.2.8 Total serum IgE ELISA- as described in Chapter 2, section 2.2.12 

3.2.9 Quantitative polymerase chain reaction- as described previously in Chapter 2, 

section 2.2.11 

3.2.10 Flow cytometry – as described previously in Chapter 2, section 2.2.8. Flow 

cytometry was performed and analyzed by Anne Sperling, Ph.D. and Cara Hrusch, Ph.D. 

at the University of Chicago. 

3.2.11 Statistical analysis – Statistical significance for AHR measurements was 

determined using a mixed-effects model for repeated measures. This model includes the 

multiple doses of acetylcholine given to each mouse as a repeated measure and delivers a 

combined estimate of the overall interaction between dose and treatment group. This 

interaction will report if there are differences between treatments over the entire range of 

dose. This analysis was performed by Avery DeVries (Donata Vercelli’s laboratory). 

Statistical significance for all other measurements was determined by an unpaired two 

tailed Student’s t-test. P-values <0.05 were considered significant. 
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Figure 3.1: Experimental design.  

Mice received 4 i.n. treatments with HDM (100 µg dry weight) on days 0, 7, 14 and 21. Amish barn, Hutterite 

barn, or Hutterite house aqueous dust extracts (5 mg for a total of 14 treatments) were instilled i.n. three times 

a week from day -10 to day 21. Airway resistance was determined 48 hours after the last HDM treatment, on 

day 23111. For the time course, animals were sacrificed on days -10, +2, +9 and +23. At day -10 all animals 

were untreated. Day +2 mice were sacrificed after five i.n. treatments with farm dust extract (5 mg) and one 

i.n. administration of HDM (100 µg). Day +9 mice received eight i.n. treatments with farm dust extracts (5 

mg) and two i.n. administrations of HDM (100 µg).   
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3.3 Results 

 

 

3.3.1 Hutterite barn extract decreased HDM-induced AHR and BAL eosinophilia 

Our previous data demonstrate that Amish and Hutterite house dust extracts had 

opposite effects on airway resistance in an OVA model (chapter 2.4)122. Administration of 

Amish extract resulted in reduction of OVA-induced AHR, while Hutterite dust was not 

protective, and actually increased AHR for some doses of bronchoconstrictor. In these 

experiments, we utilized an HDM-dependent model of asthma. Airway responses were 

determined on day +23 following four i.n. HDM treatments (100 µg) on days 0, 7, 14 and 

21 and fourteen i.n. treatments with PBS, Amish barn, Hutterite barn or Hutterite house 

dust extracts (5 mg) three times a week (Fig. 3.1). Hutterite barn extract reduced HDM-

induced AHR to a comparable degree as Amish barn dust extract (p=0.02 and p=0.03 

respectively). In contrast, Hutterite house dust extract did not have an effect on AHR (Fig. 

3.2).   

To assess how the protective response develops, we designed a time-course 

experiment (Fig. 3.1) still relying on the HDM-driven protocol. The first group of mice 

was sacrificed at day +2, after receiving 5 i.n. treatments with either PBS or dust extracts, 

and a single HDM sensitization. A second group was sacrificed on day +9, after 8 i.n. 

treatments with either farm extracts or PBS and two sensitizations with HDM. Lastly, some 

mice were treated for the full duration of the protocol, which lasts 4 weeks and consists of 

14 i.n. treatments of either farm extracts or PBS and 4 i.n. administrations of HDM (Fig. 

3.1).  
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At day +23, both Amish and Hutterite barn dust extracts significantly reduced 

HDM-induced eosinophilia (p=4.6E-04 and p=1.2E-05, respectively). Amish and Hutterite 

barn dust extracts induced eosinophilia that peaked at day +2 and then declined, while 

Hutterite house peaked at day +9 and remained high, and HDM peaked at day +23 (Table 

3.1 and Fig. 3.3). 

Neutrophils play an important role in airway inflammation and asthma19. Increase 

in BAL neutrophils is associated with a protective effect of Amish extract in an OVA 

model122. Treatment with Hutterite barn or Amish barn dust extract led to a significant 

increase in total BAL neutrophils at day +2 (p=9.0E-04 and 9.0E-04, respectively), 

followed by a decline at day +9. By day +23, BAL neutrophils were still significantly 

increased in mice treated with Hutterite or Amish barn dust extracts (p=0.03 and p=0.049, 

respectively), although their numbers were lower compared to day +2. In contrast, Hutterite 

house dust extract failed to increase BAL neutrophils (Table 3.2 and Fig. 3.4).    

Hutterite and Amish barn dust extracts also significantly increased total BAL 

macrophages (p=3.3E-04 and p=3.9E-04 respectively) on day +2, and day +9, followed by 

a drastic decline. Hutterite house dust extract recruited a modest number of macrophages 

by day +2 (p=0.03), followed by a decline in macrophage numbers over time (Table 3.3 

and Fig. 3.5).  
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Figure 3.2: Hutterite barn dust extract decreases HDM-induced AHR.    

Mice received 4 i.n. treatments with HDM (100 µg) on days 0, 7, 14 and 21, while control mice received 

PBS. Each animal also received 14 i.n. treatments with extracts of Amish barn, Hutterite barn or Hutterite 

house dust. Airway resistance in response to increasing doses of i.v. acetylcholine was measured on day +23, 

that is, 48 hours after the last HDM treatment, and is shown as fold-change in peak airway resistance over 

baseline (mean ± SE). Statistical differences among AHR curves were assessed by a mixed effects model for 

repeated measures. 
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Table 3.1: Time-course of BAL eosinophilia 

 
Group/Day  

 

Day -10 

(x103) 

Day +2 

(x103) 

P-value Day +9 

(x103) 

P-value Day +23 

(x103) 

P-value 

Untreated 0 

(n=4) 

__ __ __ __ __ __ 

PBS __ 3±0.4 

(n=7) 

__ 4±2 

(n=7) 

__ 2±1 

(n=10) 

__ 

Amish_barn __ 71±15 

(n=10) 
0.002♦ 

 

30±6 

(n=10) 
0.004♦ 

 

8±2 

(n=10) 
0.003♦ 

 

Hutterite_barn __ 54±16 

(n=6) 
0.004♦ 

 

13±4 

(n=6) 
0.049♦ 

 

11±6 

(n=6) 
0.04♦ 

 

Hutterite_house __ 19±5 

(n=6) 
0.006♦ 

 

9±3 

(n=6) 

0.2♦ 

 

62±40 

(n=6) 

0.07♦ 

 

HDM __ 7±2 

(n=4) 
0.008♦ 

 

43±5 

(n=3) 
3.5E-05♦ 

 

203±28 

(n=7) 
2.5E-07♦ 

 

HDM/ 

Amish_barn 

__ 102±12 

(n=4) 
2.4E-04* 

 

57±27 

(n=4) 

0.7* 

 

46±12 

(n=6) 
4.6E-04* 

HDM/ 

Hutterite_barn 

__ 62±10 

(n=4) 
0.002* 

 

61±5 

(n=4) 
0.04* 

 

38±6 

(n=9) 
1.2E-05* 

 

HDM/ 

Hutterite_house 

__ 17±9 

(n=4) 

0.3* 

 

80±18 

(n=4) 

0.1* 

 

72±18 

(n=8) 
0.001* 

 

The Table shows numbers of BAL eosinophils (mean ± SE x103) at four time points. ♦P-value relative to 

PBS, *P-value relative to HDM. P-values were determined by a Student’s t-test and are bolded when 

significant (<0.05)  

 

  
Figure 3.3: Amish and Hutterite barn dust extracts induce mild eosinophilia within the first 10 days of 

treatment.  

The Figure provides a graphic representation of the data shown in Table 3.1. 
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Table 3.2: Time-course of BAL neutrophilia 

 
Group/Day  

 

Day -10 

(x103) 

Day +2 

(x103) 

P-value Day +9 

(x103) 

P-value Day +23 

(x103) 

P-value 

Untreated 0.5 ±0.3 

(n=4) 

__ __ __ __ __ __ 

PBS __ 22±8 

(n=7) 

__ 

 

37±33 

(n=7) 

__ 

 

10±4 

(n=10) 

__ 

 

Amish_barn __ 490±78 

(n=10) 
1.6E-04♦ 

 

348±83 

(n=10) 
0.009♦ 

 

388±67 

(n=10) 
2.3E-05♦ 

 

Hutterite_barn __ 262±55 

(n=6) 
7.0E-04♦ 

 

195±67 

(n=6) 
0.0498♦ 

 

445±124 

(n=6) 
3.9E-04♦ 

 

Hutterite_house __ 75±11 

(n=6) 
0.002♦ 

 

51±13 

(n=6) 

0.7♦ 

 

114±43 

(n=6) 
0.007♦ 

 

HDM __ 230±30 

(n=4) 
1.3E-05♦ 

 

42±11 

(n=3) 

0.9♦ 

 

126±20 

(n=7) 
6.5E-06♦ 

 

HDM/ 

Amish_barn 

__ 688±69 

(n=4) 
9.0E-04* 

 

584±138 

(n=4) 
0.02* 

 

273±61 

(n=6) 
0.03* 

 

HDM/ 

Hutterite_barn 

__ 1070±135 

(n=4) 
9.0E-04* 

 

595±86 

(n=4) 
0.003* 

 

279±61 

(n=9) 
0.0499* 

 

HDM/ 

Hutterite_house 

__ 224±48 

(n=4) 

0.9* 

 

98±15 

(n=4) 
0.04* 

 

116±27 

(n=8) 

0.8* 

 

The Table shows numbers of BAL neutrophils (mean ± SE x103) at four time points. ♦P-value relative to 

PBS, *P-value relative to HDM. P-values were determined by a Student’s t-test and are bolded when 

significant (<0.05)  

 

  
 

Figure 3.4: Barn dust extracts modify neutrophil numbers in BAL over time.   

The Figure provides a graphic representation of the data shown in Table 3.2. 
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Table 3.3: Time-course of BAL macrophage recruitment 

  
Group/Day  

 

Day -10 

(x103) 

Day +2 

(x103) 

P-value Day +9 

(x103) 

P-value Day +23 

(x103) 

P-value 

Untreated 96 ±17 

(n=4) 

__ __ __ __ __ __ 

PBS __ 117±25 

(n=7) 

__ 

 

253±102 

(n=7) 

__ 

 

191±51 

(n=10) 

__ 

 

Amish_barn __ 1192±143 

(n=10) 
1.7E-05♦ 

 

981±143 

(n=10) 
0.002♦ 

 

1228±162 

(n=10) 
9.1E-06♦ 

 

Hutterite_barn __ 1065±262 

(n=6) 
0.002♦ 

 

1096±166 

(n=6) 
9.5E-04♦ 

 

1332±352 

(n=6) 
0.001♦ 

 

Hutterite_house __ 592±62 

(n=4) 
1.1E-05♦ 

 

513±56 

(n=6) 

0.06♦ 

 

515±101 

(n=6) 
0.007♦ 

 

HDM __ 116±16 

(n=4) 

1.0♦ 

 

183±30 

(n=3) 

0.7♦ 

 

352±63 

(n=7) 

0.06♦ 

 

HDM/ 

Amish_barn 

__ 935±110 

(n=4) 
3.3E-04* 

 

1218±312 

(n=4) 
0.04* 

 

603±105 

(n=6) 

0.06* 

 

HDM/ 

Hutterite_barn 

__ 1064±133 

(n=4) 
3.9E-04* 

 

1381±236 

(n=4) 
0.008* 

 

495±61 

(n=9) 

0.1* 

 

HDM/ 

Hutterite_house 

__ 483±132 

(n=4) 
0.03* 

 

471±37 

(n=4) 
0.002* 

 

246±40 

(n=8) 

0.2* 

 

The Table shows numbers of BAL macrophages (mean ± SE x103) at four time points. ♦P-value relative to 

PBS, *P-value relative to HDM. P-values were determined by a Student’s t-test and are bolded when 

significant (<0.05)  

 

 
 

Figure 3.5: Barn dust extracts modify macrophage numbers over time.   

The Figure provides a graphic representation of the data shown in Table 3.3. 
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3.3.2 Amish and Hutterite barn extracts modify HDM-dependent Th2 cytokine 

expression in the lung and serum IgE levels 

Allergic asthma is associated with an increase in Th2 cytokines including IL-4, IL-

5, and IL-13, which together orchestrate the inflammatory process in the lungs of humans 

and mice2,19. HDM treatment has been previously shown to induce production of Th2 

cytokines in murine models111. We assessed the impact of treatment with Hutterite barn 

extract on HDM-induced expression of Th2 cytokines and IL17 in the lung, as determined 

by quantitative PCR108.  

We observed a limited effect of the extracts on IL4 expression. Hutterite barn and 

Amish barn dust extract increased IL4 expression on day +2 (p=0.01 and p=0.02 

respectively), and subsequently inhibited HDM-induced increase on day +9 (p=0.01 and 

p=0.02 respectively). No early effects of Hutterite house dust extracts were seen, but it was 

the only extract that reduced IL4 expression on day +23 (p=0.035, Table 3.4 and Fig. 3.6). 

Hutterite barn and Amish barn dust extracts inhibited the HDM-induced increase 

in IL5 expression (p=8.6E-05 and p=4.1E-05, respectively). Hutterite house extract did not 

inhibit IL5 increase at day +9, but by day 23 IL5 mRNA levels were comparable to those 

seen in mice treated with Amish and Hutterite barn extracts (p=2.6E-05, Table 3.5 and Fig. 

3.7).  

HDM-induced IL13 expression in the lungs was inhibited by Hutterite and Amish 

barn dust extracts starting at day +9 and continuing until day +23 (p=0.002 and p=1.4E-

04, respectively). Hutterite house dust extract did not inhibit IL13 on days +2 and +9, but 

led to a significant decrease in IL13 expression by day +23 (p=0.003, Table 3.6 and Fig. 

3.8).  
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IL-17 is produced by cells expressing the transcription factor RORt150 and 

orchestrates neutrophilic inflammation in the lung151. Since we observed an increase in 

neutrophils in BAL of animals treated with Amish and Hutterite barn dust extracts, we 

asked if this increase was associated with increased expression of IL17. Administration of 

Hutterite and Amish barn dust extracts induced increases in IL17 mRNA levels that were 

significant at days +9 and +23 (p= 0.03 and 8.6E-04 respectively) for Amish extract and 

+2, +9 and +23 (p=1.2E-06, 0.004, and 5.67E-05 respectively) for Hutterite barn extract. 

Hutterite house dust extracts, on the other hand, induced increases in IL17 expression that 

were strongly significant at day +2 (p=1.8E-04), more modest at day +9 (p=0.03) and no 

longer significant at day +23 (Table 3.7 and Fig. 3.9).   

We finally asked whether the Amish or Hutterite barn and Hutterite house dust 

extracts have an effect on the induction of serum IgE responses. Hutterite and Amish barn 

dust extracts increased total serum IgE levels, even when given without HDM. Although 

IgE levels dropped over time, they remained significantly higher in mice treated with 

Amish and Hutterite barn extracts on day +23 (p=3.0E-04 and p=0.005 respectively). 

Similarity, Hutterite house dust extracts increased total serum IgE early on, albeit to a much 

lesser degree (p=0.02). However, the levels recorded for this group increased over time, 

resulting in IgE level on day +23 that were comparable to those of barn extracts and nearly 

significant (p=0.05, table 3.8 and Fig. 3.10).  
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Table 3.4: Time-course of IL4 expression in the lung 

 
Group/Day  

 

Day -10 Day +2 

(x10-5) 

P-value Day +9 

(x10-5) 

P-value Day +23 

(x10-5) 

P-value 

Untreated NA __ __ __ __ __ __ 

PBS __ 3.4 ±1 

(n=7) 

__ 

 

5.6 ±1 

(n=7) 

__ 

 

5.6 ±2 

(n=9) 

__ 

 

Amish_barn __ 9.6 ±3 

(n=10) 

0.08♦ 

 

25.4 ±4 

(n=10) 
6.2E-04♦ 

 

27.8 ±6 

(n=10) 
0.002♦ 

 

Hutterite_barn __ 10.5 ±2 

(n=6) 
0.007♦ 

 

23.4 ±12 

(n=6) 

0.1♦ 

 

33.2 ±16 

(n=6) 

0.05♦ 

 

Hutterite_house __ 4.6 ±1 

(n=6) 

0.4♦ 

 

7.2 ±2 

(n=6) 

0.5♦ 

 

54.5 ±34 

(n=4) 
0.045♦ 

 

HDM __ 3.0 ±2 

(n=4) 

0.8♦ 

 

72.6 ±16 

(n=3) 
1.2E-04♦ 

 

105 ±26 

(n=7) 
6.6E-04♦ 

 

HDM/ 

Amish_barn 

__ 16.4 ±3 

(n=4) 
0.01* 

 

15.8 ±5 

(n=4) 
0.01* 

 

52.0 ±11 

(n=6) 

0.1* 

 

HDM/ 

Hutterite_barn 

__ 19.6 ±5 

(n=4) 
0.02* 

 

26.9 ±3 

(n=4) 
0.02* 

 

64.1 ±26 

(n=9) 

0.3* 

 

HDM/ 

Hutterite_house 

__ 23.6 ±10 

(n=4) 

0.08* 

 

38.0 ±13 

(n=4) 

0.1* 

 

42.0 ±10 

(n=8) 
0.035* 

 

The Table shows expression of IL4 in lung (mean ± SE x10-5) at four time points. ♦P-value relative to PBS, 

*P-value relative to HDM. P-values were determined by a Student’s t-test and are bolded when significant 

(<0.05)  

 

 
 

Figure 3.6: Expression of IL4 in the lungs over time.   

The Figure provides a graphic representation of the data shown in Table 3.4. 
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Table 3.5: Time-course of IL5 expression in the lung 

 
Group/Day  

 

Day -10 Day +2 

(x10-5) 

P-value Day +9 

(x10-5) 

P-value Day +23 

(x10-5) 

P-value 

Untreated NA __ __ __ __ __ __ 

PBS __ 15.4 ±10 

(n=7) 

__ 

 

8.9 ±3 

(n=7) 

__ 

 

4.3 ±1 

(n=9) 

__ 

 

Amish_barn __ 6.0 ±1 

(n=10) 

0.3♦ 

 

10.8 ±3 

(n=10) 

0.7♦ 

 

4.6 ±1 

(n=10) 

0.9♦ 

 

Hutterite_barn __ 3.7 ±1 

(n=6) 

0.3♦ 

 

6.7 ±4 

(n=6) 

0.7♦ 

 

3.0 ±1 

(n=6) 

0.5♦ 

 

Hutterite_house __ 12.0 ±5 

(n=6) 

0.8♦ 

 

14.6 ±5 

(n=6) 

0.4♦ 

 

15.0 ±13 

(n=4) 

0.2♦ 

 

HDM __ 4.0 ±1 

(n=4) 

0.4♦ 

 

39.8 ±4 

(n=3) 
7.5E-04♦ 

 

51.1 ±6 

(n=7) 
8.0E-07♦ 

 

HDM/ 

Amish_barn 

__ 3.2 ±1 

(n=4) 

0.6* 

 

10.5 ±2 

(n=4) 
8.0E-04* 

 

9.7 ±1 

(n=6) 
8.6E-05* 

 

HDM/ 

Hutterite_barn 

__ 5.5 ±2 

(n=4) 

0.5* 

 

9.6±1 

(n=4) 
5.2E-04* 

 

9.8 ±4 

(n=9) 
4.1E-05* 

 

HDM/ 

Hutterite_house 

__ 8.8 ±4 

(n=4) 

0.3* 

 

22.1 ±8 

(n=4) 

0.1* 

 

9.9 ±3 

(n=8) 
2.6E-05* 

 

The Table shows expression of IL5 in lung (mean ± SE x10-5) at four time points. ♦P-value relative to PBS, 

*P-value relative to HDM. P-values were determined by a Student’s t-test and are bolded when significant 

(<0.05)  

 

 
 

Figure 3.7: Expression of IL5 in the lungs over time.   

The Figure provides a graphic representation of the data shown in Table 3.5.  
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Table 3.6: Time-course of IL13 expression in the lung 
 

Group/Day  

 

Day -10 Day +2 

(x10-5) 

P-value Day +9 

(x10-5) 

P-value Day +23 

(x10-5) 

P-value 

Untreated NA __ __ __ __ __ __ 

PBS __ 5.0 ±4 

(n=7) 

__ 

 

6.6 ±3 

(n=7) 

__ 

 

3.0 ±1 

(n=9) 

__ 

 

Amish_barn __ 5.4 ±2 

(n=10) 

0.9♦ 

 

10.8 ±3 

(n=10) 

0.4♦ 

 

5.3 ±1 

(n=10) 

0.2♦ 

 

Hutterite_barn __ 5.9 ±2 

(n=6) 

0.8♦ 

 

6.7 ±4 

(n=6) 

1.0♦ 

 

7.9 ±3 

(n=6) 

0.1♦ 

 

Hutterite_house __ 10.1 ±2 

(n=6) 

0.3♦ 

 

14.6 ±5 

(n=6) 

0.2♦ 

 

30.0 ±21 

(n=4) 

0.1♦ 

 

HDM __ 3.0 ±1 

(n=4) 

0.7♦ 

 

167 ±41 

(n=3) 
2.1E-04♦ 

 

159 ±28 

(n=7) 
1.4E-05♦ 

 

HDM/ 

Amish_barn 

__ 9.6 ±4 

(n=4) 

0.2* 

 

29.4±8 

(n=4) 
0.01* 

 

34.5 ±4 

(n=6) 
0.002* 

 

HDM/ 

Hutterite_barn 

__ 10.9 ±3 

(n=4) 

0.1* 

 

41.3 ±11 

(n=4) 
0.02* 

 

44.1 ±6 

(n=9) 
4.1E-04* 

 

HDM/ 

Hutterite_house 

__ 22.0 ±11 

(n=4) 

0.1* 

 

80.8 ±30 

(n=4) 

0.1* 

 

48.5 ±15 

(n=8) 
0.003* 

 

The Table shows expression of IL13 in lung (mean ± SE x10-5) at four time points. ♦P-value relative to PBS, 

*P-value relative to HDM. P-values were determined by a Student’s t-test and are bolded when significant 

(<0.05)  

 

  
 

Figure 3.8: Expression of IL13 in the lungs over time.   

The Figure provides a graphic representation of the data shown in Table 3.6. .  
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Table 3.7: Time-course of IL17 expression in the lung 
 

Group/Day  

 

Day -10 Day +2 

(x10-4) 

P-value Day +9 

(x10-4) 

P-value Day +23 

(x10-4) 

P-value 

Untreated NA __ __ __ __ __ __ 

PBS __ 1.2 ±1 

(n=7) 

__ 

 

1.9 ±1 

(n=7) 

__ 

 

1.6 ±1 

(n=9) 

__ 

 

Amish_barn __ 70.5 ±13 

(n=10) 
3.6E-04♦ 

 

149 ±19 

(n=10) 
9.7E-06♦ 

 

215 ±50 

(n=10) 
7.6E-04♦ 

 

Hutterite_barn __ 74.8±14 

(n=6) 
1.5E-04♦ 

 

89.1 ±22 

(n=6) 
0.001♦ 

 

165±29 

(n=6) 
1.1E-05♦ 

 

Hutterite_house __ 16.8 ±5 

(n=6) 
0.005♦ 

 

8.6 ±3 

(n=6) 
0.04♦ 

 

24.3 ±8 

(n=4) 
0.001♦ 

 

HDM __ 1.5 ±1 

(n=4) 

0.8♦ 

 

1.7 ±0 

(n=3) 

0.9♦ 

 

13.9 ±4 

(n=7) 
0.002♦ 

 

HDM/ 

Amish_barn 

__ 95.8 ±43 

(n=4) 

0.07* 

 

137 ±37 

(n=4) 
0.03* 

 

251 ±57 

(n=6) 
8.6E-04* 

 

HDM/ 

Hutterite_barn 

__ 116 ±6 

(n=4) 
1.2E-06* 

 

186 ±31 

(n=4) 
0.004* 

 

163±23 

(n=9) 
5.7E-05* 

 

HDM/ 

Hutterite_house 

__ 21.1 ±2 

(n=4) 
1.8E-04* 

 

19.7 ±5 

(n=4) 
0.03* 

 

27.9 ±6 

(n=8) 

0.07* 

 

The Table shows expression of IL17 in lung (mean ± SE x10-4) at four time points. ♦P-value relative to PBS, 

*P-value relative to HDM. P-values were determined by a Student’s t-test and are bolded when significant 

(<0.05)  

 

  
 

Figure 3.9: Expression of IL17 in the lungs over time.   

The Figure provides a graphic representation of the data shown in Table 3.7. 
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Table 3.8: Time-course of serum IgE levels 
 

Group/Day  

 

Day -10 Day +2 

(x103) 

P-value Day +9 

(x103) 

P-value Day +23 

(x103) 

P-value 

Untreated 0.6 ±0.3 

(n=4) 

__ __ __ __ __ __ 

PBS __ 0.9 ±0.3 

(n=7) 

__ 

 

1.7 ±0.2 

(n=7) 

__ 

 

1.5 ±0.2 

(n=10) 

__ 

 

Amish_barn __ 5.2 ±0.8 

(n=9) 
7.0E-04♦ 

 

6.2 ±0.6 

(n=9) 
1.8E-05♦ 

 

4.8 ±0.6 

(n=10) 
0.001♦ 

 

Hutterite_barn __ 4.3 ±0.5 

(n=6) 
9.3E-05♦ 

 

4.5 ±0.8 

(n=6) 
0.005♦ 

 

4.0 ±0.5 

(n=6) 
0.003♦ 

 

Hutterite_house __ 1.9 ±0.4 

(n=6) 

0.1♦ 

 

2.5 ±0.2 

(n=6) 
0.03♦ 

 

3.4 ±0.4 

(n=6) 
0.001♦ 

 

HDM __ 1.5 ±0.2 

(n=4) 

0.2♦ 

 

1.5 ±0.8 

(n=3) 

0.7♦ 

 

1.3 ±0.4 

(n=7) 

0.6♦ 

 

HDM/ 

Amish_barn 

__ 5.5 ±1.9 

(n=3) 

0.06* 

 

4.4 ±0.7 

(n=4) 
0.04* 

 

4.5 ±0.5 

(n=6) 
3.0E-04* 

 

HDM/ 

Hutterite_barn 

__ 5.3 ±0.4 

(n=4) 
2.0E-04* 

 

3.8 ±0.6 

(n=3) 

0.08* 

 

3.7 ±0.6 

(n=9) 
0.005* 

 

HDM/ 

Hutterite_house 

__ 2.4 ±0.2 

(n=4) 
0.02* 

 

2.3 ±0.3 

(n=4) 

0.3* 

 

3.3 ±0.8 

(n=8) 

0.05* 

 

The Table shows serum IgE levels (mean ± SE x103, ng/ml) at four time points. ♦P-value relative to PBS, 

*P-value relative to HDM. P-values were determined by a Student’s t-test and are bolded when significant 

(<0.05)  

 

 
 

Figure 3.10: Total serum IgE over time.   

The Figure provides a graphic representation of the data shown in Table 3.8.  
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3.3.3 Amish and Hutterite barn dust extracts modify cellular composition of the lungs 

To gain a better understanding of the cellular processes orchestrated by 

administrations of Amish and Hutterite barn extracts or Hutterite house extracts, we 

performed flow cytometry on whole lungs recovered from mice on day +23 of the HDM 

protocol (Fig. 3.1). All animals in this experiment were treated with both extracts and 

HDM, no extract alone mice were not included at this time.   

Amish barn dust extracts recruited T regulatory cells (CD3+CD4+Foxp3+, p=0.009 

relative to HDM), and Th17 cells (CD3+CD4+RORt+, p=1.2E-5), but had no effect on 

Th2 (CD3+CD4+GATA3+) and Th1 (CD3+CD4+Tbet+) cell numbers. Hutterite barn dust 

extract showed comparable activity to the Amish barn extract. In contrast, only CD3+ T 

cells were recruited in response to Hutterite home dust extract (p=0.03). Both Amish and 

Hutterite barn dust extracts induced a substantial increase in CD3+ T cells (p=0.0001 and 

p=0.001 respectively), and more specifically a 21 and 16 fold increase, respectively, in 

CD3+double negative (DN: CD4-CD8-) cells (p=6.1E-6 and p=0.0001 respectively), ≈80% 

of which were positive for the RORt transcription factor. Hutterite house extract also 

increased the numbers of CD3+DN cells, but only by 2.5 folds (p=0.001). Additionally, 

inhalation of Hutterite and Amish barn extracts led to recruitment of B220+ B cells 

(p=0.0002 and p=0.001, respectively) and CD11c+MHCII+/- macrophages (p=0.001 and 

p=0.009 respectively, Fig.3.11A).  

To test the systemic effect of administration of the extracts, spleens from the same 

animals were collected and cells were stained for flow cytometry analysis. Neither Amish 

nor Hutterite dust extracts induced changes in the cellular composition of spleens (Fig 

3.11B). 
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3.3.4 Amish and Hutterite barn dust extracts induce  T cells 

DN CD3+ cells can carry two different types of T cell receptor, αβ and 152,153. In 

order to better understand the potential role DN CD3+ cells play in the protective effect 

mediated by Amish and Hutterite barn dust extracts, we determined what TCR receptor 

was present on the cells found in the lungs in our model with flow cytometry. At day +2, 

treatment with Hutterite and Amish barn dust extract induced a significant increase in T 

cells that expressed the  TCR and were positive for the transcription factor RORγt 

(p=0.02 and p=0.0005 respectively). Although the numbers of these cells declined over 

time, they remained significantly higher in mice treated with Hutterite barn dust extract 

(p=0.005 and p=0.03 for days +9 and +23, respectively). Hutterite house extract induced a 

more modest increase in RORγt+ γδ T cells (p=0.01 and p=0.03, respectively, at days +2 

and +9, Fig. 3.11 C).  
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Figure 3.11: Amish and Hutterite barn dust extracts modify the cellular composition of the lungs. 
(A) Flow cytometry analysis of total lung cells. Cells were stained with CD3-FITC, DAPI-BV421, CD4-

AmCyan (or Qdot605), CD8-PE (or APC-Cy7), T-bet-Pacific Blue, FoxP3-PE, RORt-PerCP-Cy5-5, 

GATA3-APC. Gated on CD3+ and CD4+ cells. Flow cytometry was performed and analyzed by Anne 

Sperling Ph.D and Cara Hrusch Ph.D., University of Chicago. (B) Flow cytometry analysis of total spleen 

cells. Cells were stained with CD3-FITC, CD4-Qdot605, CD8-APC-Cy7. Flow cytometry was performed 

and analyzed by Anne Sperling Ph.D and Cara Hrusch Ph.D., University of Chicago. (C) Flow cytometry 

analysis of total lung cells. Cells were stained with CD3-FITC, RORt-AlexaFluor647, TCRγδ-AmCyan. 

Gated on CD3+ cells. Flow cytometry was performed and analyzed by Vadim Pivniouk Ph.D. Data was 

analyzed using FlowJo software. *p<0.05, **p<0.01, ***p<0.001 relative to PBS. P-values were calculated 

with Student’s t-test. Shown are mean ± SE of results from 2 mice/group. 
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3.4 Discussion 

 

Despite their shared genetic background and similar lifestyles, the Amish and the 

Hutterites have strikingly different asthma rates117,118. A number of potential explanations 

for this phenomenon have been proposed149: differences in antibiotic use; differences in  

the gut microbiome; or diesel emissions from tractors and other vehicles on the mechanized 

farm149. Use of antibiotics could have an impact on the human microbiome, that plays a 

role in susceptibility to asthma and allergies49,149,154. Gut microbiota could play a role in 

prevention of viral respiratory tract infections associated with later development of 

asthma149,155, while emissions from diesel vehicles could lead to increase in airway 

inflammation149,156. Much of the farming in the United States has moved away from a small 

farm model to large, highly mechanized farming83. This introduces a new angle to consider: 

do the large, highly mechanized farms confer a similar protection? A study of Iowa farmers 

showed that kids who grow up near the large farms have lower asthma prevalence, as long 

as they are not exposed to swine farming84. Other studies in the region showed no 

protection associated with large farms85, therefore the relationship between the 

industrialized farm and asthma rates is not clear. There are two possible explanations for 

the lack of protective effect of mechanized farms: the farms themselves are not protective, 

or young children do not spend a lot of time in the barn of highly mechanized farms out of 

fear of personal injury therefore not obtaining a sufficient exposure to the environment.  

Our data demonstrate that Hutterite barn dust extract has a strong protective effect, 

comparable to that of Amish barn dust extracts. Therefore, despite high mechanization, 

Hutterite barns remain a protective environment against asthma. This suggests that perhaps 
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the lack of asthma protection among the Hutterite children is due to the little time spent in 

the stables.  

The patterns of eosinophilic influx and lung cytokine expression in Amish and 

Hutterite barn extract treated mice suggest that an early inflammation in the lungs protects 

the animals against HDM-induced allergic responses later. While the protective extracts 

induce early inflammation, Hutterite house extract, which is not protective, doesn’t show 

an effect initially, and induces a response towards the end of our protocol. These findings 

are in line with our previous observations that Hutterite house extract had no protective 

effect in an OVA model (Chapter 2).  

The above observations correspond to our finding that serum IgE production was 

increased by the Amish and Hutterite barn extracts. We have previously demonstrated that 

HDM allergen was present in more samples from Amish than Hutterite homes and at a 

higher quantity122. This could explain the increase in total serum IgE. This data implies that 

contact with a mixture of protective elements and a high quantity of allergen invoke an 

immune response that leads to protection against asthma. In accordance with this finding, 

Lynch et al157 demonstrated that concomitant exposure of children growing up in cities to 

high quantity of allergens and certain environmental bacteria resulted in lower incidence 

of wheeze and allergic sensitization157.  

Two recent studies have brought us closer to understanding the mechanism of the 

protective effect of farming. Separately, through different models and pathways, the 

importance of innate immunity was demonstrated. Schuijs et al114 used LPS and farm dust 

extract to demonstrate that they both increased the expression of an NF-κB inhibitor A20 

(TNFAIP3). Tissue specific lung epithelial cell knockout of the A20 gene resulted in 
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abrogation of the protective effect of farm extract, by increasing the activation of NF-κB 

through the elimination of its suppressor in epithelial cells114. We showed that Amish dust 

extract did not have a protective effect against OVA-induced AHR and airway eosinophilia 

in mice lacking the immune signaling pathway adaptors MyD88 and TRIF122. Despite the 

recent progress, our understanding of the protective effect is still limited. We therefore 

continued our search for the mechanisms of the protective effect of farming. In this study, 

we focused on identifying cell populations that are enhanced by treatment with Amish and 

Hutterite barn dust extract but not Hutterite house extract, to identify the cellular targets 

for further studies. There was an influx of T regulatory (CD3+CD4+Foxp3+) cells in 

samples treated with Amish extract. The rather small increase we see suggest that these 

cells were unlikely to be the major mediators of the protection, despite the strong support 

for the role of Tregs in the suppression of allergies158, however the role of these cells in our 

model needs to be further explored as we did not examine Tregs functionally, and numbers 

don’t always translate to activity. Additionally, previous reports have shown that Tregs are 

not increased in Amish children122. The greatest enrichment was among the CD3+γδ cells, 

most of which carried the RORt transcription factor, which is an inducer of IL17 

transcription150, that coincided with increased expression levels of IL17 in the lungs of 

Amish and Hutterite barn dust extract-treated animals. T cells expressing the  receptor 

are diverse and carry multiple functions159. They are most abundant in epithelial-rich-

tissues including intestinal tract, skin, and reproductive tract, while they only constitute 1-

5% of total lymphocytes in blood159. The  lymphocytes are not classically MHC-

restricted and have been found to recognize a wide spectrum of antigens160,161. It is not yet 

clear how these cells recognize their targets. Similarly to αβ DN cells,  lymphocytes have 
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dual function, they produce cytokines and can have cytotoxic activity159. A subset of  

lymphocytes has been shown to play a role in asthma. Mice lacking  cells showed 

decreased immunoglobulins as well as reduced airway eosinophilia, hence these cells play 

a role in enhancing asthma phenotype162.  cells are increased in asthmatic airways163 and 

a number of studies demonstrated that  they contribute to airway eosinophilia (reviewed in 

Ref.164). They can also contribute to asthma in a regulatory fashion. Cells transferred from 

conventional C57Bl/6J OVA-tolerized mice decreased IgE production to this allergen in 

the recipient165, while δ-/- knockout resulted in increased AHR, but decreased 

eosinophilia166. IL-17, secreted by Th17 cells and other RORt cell subsets, has been shown 

to contribute to allergic inflammation in asthma patients167. IL-17-producing  cells were 

shown to be critical for resolution of OVA-induced inflammation where blocking of the 

TCR resulted in increased eosinophilia and Th2 cytokines at day 20 post allergen 

challenge153. Transfer of  cells aided in allergic inflammation resolution, interestingly, 

this process was dependent on IL-17 secretion153. Furthermore, depletion of  T cells led 

to increased airway remodeling via collagen deposition, they were also shown to have 

regulatory effects in HDM induced asthma phenotype168. The large enrichment of these 

cells in response to treatment with Amish dust extract suggest that they may play a role in 

mediating the protective effect. Further studies are required to elucidate the specific role 

these cells might play in the protective effect on asthma. These data demonstrate that 

Amish dust extract administration modifies cellular composition of the lungs via induction 

or recruitment of  T cells that express RORt transcription factor.   

Given that the Amish and Hutterite barn dust extracts recruited different cell 

populations into the lungs, we wondered if other organs were affected as well. Systemic 
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immunological changes are often seen in the spleen, as is the case with pneumonia model 

in mice169. Our analysis of the spleen cell populations demonstrates that neither Amish nor 

Hutterite extracts have a systemic effect when inhaled, and exert their strongest effects in 

the lungs at 23 days.  

The effect of the farming environment represents a natural mechanism of asthma 

prevention. Because rates of asthma have increased in the last several decades7, there is no 

cure for the disease, and treatment options are limited, understanding how to prevent 

asthma is now more important than ever. In this study we show that exposure to a farming 

environment is associated with induction of a distinct cell population in the lungs. 

Understanding whether these cells are required for asthma protection in our models may 

move us closer to understanding the mechanisms involved in asthma prevention.    
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CHAPTER 4: ROLE OF THE GUT MICROBIOTA IN ASTHMA PROTECTION 

AMONG THE AMISH  

 

 

 

4.1 Introduction 

 

The human intestinal tract is colonized by trillions of bacterial cells170,171 viruses172, 

and fungi173. Microbiota play a number of roles integral to human health including food 

digestion174, pathogen displacement, carcinogen metabolism, barrier function, vitamin 

synthesis, and ion absorption175.  

Several diseases, including autoimmune and inflammatory disorders and allergies, 

are thought to arise from an improper relationship between the host immune system and a 

microbiome that is tipped out of its delicate balance by a number of factors including 

modern diet176,177, antibiotic use, and elimination of intestinal co-habitants like helminth 

worms170. A prototypical example of a disorder stemming from gut dysbiosis is 

inflammatory bowel disease178-180. A disturbed relationship between microbiota in the gut 

leads to a chronic inflammatory state, which then potentially further influences the gut 

microbiota181.  

 

4.1.1 Gut microbiota in asthma and allergies 

The composition of gut microbiota is significantly different in patients suffering 

from asthma or asthma-associated phenotypes, and non-asthmatics and non-allergic 

individuals69,182,183. Moreover, the composition of the infant microbiome has been linked 

with the development of asthma and allergies later in life, where lower diversity of gut 

microbiome in infants at 1 week and 1 month was positively associated with asthma at 7 

years183. Kalliomaki et al184 found that 3 week old infants who went on to develop atopy 
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had different gut microbial profiles from infants who did not become allergic. In particular, 

an increase in Clostridia species was observed in infants who developed atopy184. A recent 

publication demonstrated that children in the highest group risk for developing atopy and 

asthma had the lowest abundance of certain bacteria in the gut, including 

Faecalibacterium, Bifidobacterium, Akkermansia as well as higher abundance of particular 

fungi including Candida and Rhodotorula combined with fecal metabolome enriched in 

pro-inflammatory metabolites185. Culture of T cells with sterile fecal water containing the 

metabolites from a high risk group resulted in an increased proportion of T cells producing 

IL-4 and decreased abundance of T regulatory cells (CD4+CD25+FOXP3+)185. This, 

combined with the fact that asthma likely begins at birth186, leads to a hypothesis that early 

changes in gut microbiome, or dysbiosis, result in an increased susceptibility to asthma and 

allergic disease. However, cross-sectional studies of this type are unable to discern between 

cause and effect, therefore it remains unclear whether the changes in gut microbial 

composition cause increased susceptibility to allergic disease, or if the latter influences a 

change in gut microbial composition. 

 

4.1.2 Relationship between gut microbiota and external environment in connection to 

asthma 

Although there are some reports of an in-utero microbial exposure based on 

findings from placenta187 and amniotic fluid188, our bodies are primarily colonized with 

microbiota at the moment of birth, as supported by the current belief that gastrointestinal 

tract of a fetus is GF189. The mode of delivery has been shown to affect gut microbiome 

composition. Babies born by vaginal delivery harbor microbes that are found in the birth 
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canal, while neonates delivered by a caesarian-section are colonized by skin microbiota190. 

Interestingly, being born by a C-section is one of the risk factors for asthma191,192. The 

gastrointestinal tract of infants is a new ecological niche, and the first microbiota to reach 

that environment have the capacity to shape it and influence what other organism will move 

in over the course of weeks and months as the baby develops49. The advent of high 

throughput sequencing of 16S ribosomal RNA has led to an expansion of microbiome 

studies that no longer rely on culture methods, which limited our understanding of the 

microbiome as the majority of microbiota can’t be cultured193. This has allowed for the 

determination of how early environmental triggers influence the microbiome. Breast-

feeding has been shown to modify gut microbiome composition194. Infant rhesus macaques 

that have been breast-fed by their mothers developed a distinct gut microbiome from bottle-

fed infants, furthermore the breast-fed animals developed a distinct immune system 

characterized by robust populations of memory T cells and Th17 cells195.  The use of 

antibiotics in early life is a well-known factor affecting gut flora196-198. People who have 

pets in their home share some of the microbiota with their animals199. Lastly, exposure to 

farming modifies gut flora200. Children who grow up on a farm have a lower diversity index 

compared to controls, therefore they harbor a less varied gut microbiota. A possible 

interpretation for this surprising finding suggests that the presence or absence of certain 

species might be vital for disease susceptibility, rather than large overall diversity200. All 

of the mentioned exposures are known to modify susceptibility to asthma49,154, therefore, 

an indirect link exists between environmental modifiers of gut microbiota and risk of 

developing asthma, leading to the question of whether the gut microbiome is the mediator 

and effector through which the outside environment affects asthma risk.  
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4.1.3 The gut-lung axis and how gut microbes mediate immune responses 

In line with the hypothesis that microbiota are the effectors and mediators between 

the outside environment and asthma risk, early life colonization of mice with Clostridium 

species from mice leads to decreases in serum IgE levels and IL-4 production by 

spleenocytes in response to i.p. OVA. Furthermore, the percent of Treg cells (FoxP3+) 

present in the lamina propria of animals harboring different microbiota revealed that GF 

mice associated with Clostridium had an increased proportion of these cells when 

compared to GF mice201. Similarly, Geuking et al202 found a cocktail of eight bacterial 

species including Clostridium and Lactobacillus led to induction of Tregs in the colon of 

mice202. The ability of gut microbes to induce T regulatory responses is critical to 

preventing an inflammatory state, as shown in mice lacking induced Tregs, in which case 

animals develop heightened Th2 responses with infiltration of CD4+ cells and increased 

Th2 cytokine levels in both the gut and the lungs with features resembling those of induced 

asthma203. That study demonstrated a critical role for extra thymic Tregs in controlling 

allergic inflammation203, bringing us to the concept of a gut-lung axis. Since both the gut 

and lungs are mucosal surfaces they share a common mucosal immunity where a change 

in one of these environments can bring forth a change in the other204. Therefore, gut 

microbiota could have asthma suppressing properties by a mechanism of T regulatory cell 

induction. This is further supported by Trompette et al79, who showed that high fiber diet 

as well as oral administration of SCFA propionate lead to attenuated responses to allergen 

in the lung79. This reinforces the gut-lung microbiome axis, where changes in the gut 

microbiota have an effect on lung function and allergen responses.  
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4.1.4 Characteristics of GF mice 

Mice serve as a suitable model as they can be reared under specific pathogen-free, 

or GF conditions. The number of studies utilizing GF mice has expanded over the years. 

These animals are born and raised in sterile incubators and do not harbor any microbiota 

on or in their bodies205. As a proof that microbes are imperative to health, GF mice exhibit 

an array of health problems67. Gross inspection shows enlarged cecum206, reduced 

intestinal motility207 and abnormal intestinal epithelial cell morphology208. One of the most 

pronounced pathologies of GF animals is the lack or limited size of gut associated 

lymphoid tissues (GALT), which lie at the barrier between the inside and outside of the 

body, and carry both protective and homeostatic functions67,205. GF mice also demonstrate 

immune system deficiencies manifesting as a decreased ability to fight off infections209,210. 

GF mice were more susceptible to infection with Listeria monocytogenes and exhibited 

impaired clearing of the intraperitoneally induced infection compared to conventional 

mice, likely due to a defect in T cell trafficking to the inflamed sites210. GF mice 

demonstrate a developmental defect in immune maturation, as a consequence they are 

typically Th2 skewed. Monocolonization with Bacteroides fragilis restored Th1 

population211. Association of GF mice with human microbiota showed a different 

activation pattern of immune genes in the intestine compared to association with mouse 

microbiota212. Differences included a lack of increase in CD3, IFNγ, TNFα, IL17 and 

Foxp3 expression compared to mice associated with conventional mouse microbiota212. 

Association with segmented filamentous bacteria (SFB) was sufficient for induction of 

intestinal CD4 T cell responses212. SFB increased the numbers of lymphoid cells present 

in intestine and increased IgA213.  GF mice demonstrate lack of Th17 responses, which can 
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be restored by colonization with SFB214, and a decreased number of colonic Tregs which 

can be normalized with monocolonisation with certain Clostridium species and 

others201,215. GF mice have increased numbers of iNKT cells in the lungs and colon. 

Colonization of neonatal mice with conventional mouse microbiome decreased iNKT cell 

numbers, but association of adult GF mice with microbiome did not have the same effect216. 

Bacteroides fragilis colonization also led to a decrease in colonic iNKT cells in neonatal 

mice217. Lastly, GF mice have a propensity to generate high levels of IgE, due to enhanced 

rates of B cell isotype switching to IgE that is dependent of IL-4 and CD4+ T cells. 

Colonization of GF mice with diverse microbiome in the first four weeks of life reversed 

the increased propensity to generate IgE antibodies218.  

When examined in the context of asthma and allergic responses, GF mice 

demonstrate enhanced responses to allergens. They had increased total cells, eosinophils 

and lymphocytes in BAL, which corresponded with increased AHR, increased lung tissue 

histology scores, IL-4 production in BAL, and elevated serum IgE compared to 

conventional mice68. No differences in IL-5 and IL-13 BAL levels were observed. 

Dendritic cells from the lungs exhibited lower levels of several activation markers and were 

found in decreased numbers68. This demonstrates the role of microbiota in asthma and its 

ability to alter allergen specific responses.  

 

4.1.5 GF mice as tools for microbiome research  

As a proof of principle that the interactions between the host and gut microbes are 

the mediators of immune development, Mazmanian et al211 showed that colonization with 

a single gram negative bacterium, Bacteroides fragilis, was sufficient to reverse many of 
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the alterations of the GF mice. The monocolonized mice had expanded splenic CD4 T cells, 

and restored normal physiology of the spleens that are abnormal in GF mice, emphasizing 

the role of microbiota in T cell differentiation. The immunomodulatory properties of the 

bacteria were attributed to its surface polysaccharide A, which was recognized by dendritic 

cells leading to activation of T cells in mesenteric lymph nodes211. Consequently, this same 

group showed that B. fragilis protected against experimental colitis219.  

In addition to mono-colonization with a single bacterial species, GF mice can be 

recolonized with either the mouse or human microbiome. Colonization with mouse 

microbiome restored lung responses in an OVA asthma model, to the levels seen in 

conventionally raised animals68. GF mice can also be colonized with human gut 

microbiota176. Association of GF mice with human microbiota has been used to 

demonstrate a mechanistic link between gut microbial composition and disease state65. GF 

mice associated with microbiota from human twins discordant for obesity showed that 

animals colonized with microbiota from the lean twin were healthy, whereas, mice 

colonized with microbiota from the obese twin also became overweight65. This 

demonstrated that GF animals can be successfully colonized with human microbiota, and 

that these microbiota can recapitulate a disease state in a mouse model. In the context of 

asthma, colonization by a human microbiome mediated a decrease in allergic responses, 

similarly to colonization with a mouse microbiome220. Mice were shown to adopt and 

maintain a large proportion of human microbiota which affected local and systemic 

immune responses in OVA sensitized and challenged mice including decreased TGF-β, 

MCP-1, IL-2 and IL-10 cytokine production in unstimulated spleen cultures, decreased 

levels of IFN-γ, IL-6, IL-10 and IL-5 in lung homogenates compared to association with 
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conventional mouse microbiome, while there were no differences in TNF, IL-12 and IL-

13 levels. Therefore, association with human microbiota decreased lung inflammation in 

OVA challenged mice to the same level or more than association with mouse microbiota220.  

 

4.1.6 Rationale and hypothesis  

In this study, we examined the relationship between the gut microbiota and asthma 

protection as it refers to the Amish and Hutterite populations. The discrepancy between 

asthma prevalence, differences in farming life styles as well as differences in home 

microbial exposures122 prompted us to hypothesize that different microbial environmental 

exposures between the Amish and the Hutterites impact the host gut microbiome which in 

turn modifies asthma susceptibility. This hypothesis is supported by preliminary data 

obtained by our collaborator Dr. Carole Ober (University of Chicago), showing significant 

differences in gut microbial community profiles between Amish and Hutterite children 

(personal communication). To address this question we associated GF mice with either 

Amish or Hutterite fecal microbiota and tested their responses in an allergen-driven model 

of experimental asthma. 

 

 

 

 

 

 

 

 



98 
 

 

4.2 Materials and methods 

 

4.2.1 GF mice – Male and female mice on a Balb/c background were housed in sterile 

isolators at the Gnotobiotic Research Animal Facility at the University of Chicago. Mice 

were enrolled into the study at 5-8 weeks of age. All experimental procedures were 

performed at the University of Chicago until the animals were transported by air to the 

University of Arizona for terminal airway function measurements. Control SPF mice were 

purchased from Envigo Laboratories (Harlan) and housed at the University of Chicago.   

4.2.2 Fecal association - Fecal samples were collected from healthy Amish (n=8) and  

Hutterite (n=5) children and immediately frozen at -80 C. All of the procedures pertaining 

to the collection and storage were performed by members of Dr. Carole Ober’s group at 

the University of Chicago. On the day of the association, a single human fecal sample (180 

mg) was thawed. Half of the sample was subsequently re-frozen, and the other half was 

used for the study. Ninety milligrams of fecal sample were suspended in 3 ml of sterile 

0.9% saline, to achieve a final concentration of approximately 30 mg/ml.  Each mouse 

received an oral gavage with 400 µl (approximately 12 mg of fecal sample) of the fecal 

slurry. All procedures were performed at the University of Chicago by Dr. Betty Theriault 

D.V.M.    

4.2.3 Allergen treatments - Mice were sensitized i.p. with OVA (Sigma, grade V: 50 µg) 

emulsified in 6 mg (150 µl) of Alum (Aluminum Hydroxide, Pierce) on days 0 and 7. On 

days 14, 15 and 16 animals were challenged i.n. with OVA (100 µg solubilized in 50 µl of 

sterile PBS) after inducing anesthesia with a cocktail of ketamine and xylazine (100/10 

mg/kg, i.p.). All of these procedures were performed at the University of Chicago by Dr. 
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Betty Theriault. On day 19, the animals were shipped to the University of Arizona through 

an approved animal carrier. On day 20, the animals were received and placed in a satellite 

animal facility located in our laboratory. Mice were housed in a biosafety cabinet, in closed 

crates, for the duration of their stay to avoid cross-contamination. Terminal measurements 

were performed on day 21, approximately 20 hours after arrival of the animals at the 

satellite facility.   

4.2.4 Airway resistance measurements –were performed as described in chapter 2, section 

2.2.7, with some modifications. Balb/c mice were anesthetized with ketamine and xylazine 

(100/10 mg/kg, i.p.).  

4.2.5 BAL cellularity – BAL was obtained and processed as described before in chapter 2, 

2.2.7. BAL slides were prepared by: Ashley Horner and Peace Ezeh Ph.D. (Dr. Donata 

Vercelli’s laboratory).  

4.2.6 Total serum IgE - were measured by ELISA as described in Chapter 2, section 2.2.12 

4.2.7 OVA-specific serum IgE – were measured by ELISA as described in Chapter 2, 

section 2.2.13 

4.2.8 Statistical analysis – Statistical significance for AHR measurements was determined 

using a mixed-effects model for repeated measures. This model includes the multiple doses 

of acetylcholine given to each mouse as a repeated measure and delivers a combined 

estimate of the overall interaction between dose and treatment group.  This interaction will 

report if there are differences between treatments over the entire range of dose. This 

analysis was performed by Avery DeVries (Donata Vercelli’s laboratory). Statistical 
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significance for all other measurements was determined by an unpaired two tailed 

Student’s t-test. P-values <0.05 were considered significant.  
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4.3 Results 

 

 

Impact of Amish and Hutterite gut microbiota on OVA-induced AHR and immune 

responses 

 To test the role that gut microbiota may play in the susceptibility to asthma 

among the Amish and Hutterites, we associated GF mice with Amish or Hutterite fecal 

material for 1 or 3 weeks before allergen treatment. The 1-week association took place at 

age 8 weeks, while the 3-week association occurred at age 5 weeks. Henceforth these 

animals will be defined as ExGF(A or H/1wk) and ExGF(A or H/3wk), respectively. GF 

and ExGF mice were then sensitized with OVA i.p. and subsequently challenged i.n. with 

the same allergen (Fig 4.1 A-C). Specific pathogen-free (SPF) mice served as controls. 

Female mice were used for all experiments except the Hutterite microbiota association, for 

which only male mice were available. Because of this gender mismatch, at this time the 

data for the Hutterite microbiota association are considered incomplete and are presented 

in this Chapter as a F.Y.I, without further analysis or discussion. 

 The mean weights recorded for each group immediately before terminal airway 

function measurements (day 21) are shown in Table 4.1. ExGF(A/1wk) mice exhibited no 

significant weight gain compared to GF mice. In contrast, ExGF(A/3wk) animals gained 

significant weight compared to both GF and ExGF(A/1wk) mice (p=0.002 and p=0.01, 

respectively).  

 The airway resistance data currently available are incomplete because 

measurements were successfully performed only in two female GF-OVA mice. Therefore, 

we present the data in Figure 4.2.A but we refrained from performing statistical 

comparisons involving this group. On the other hand, ExGF(A/3wk)-OVA mice exhibited 
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significantly decreased AHR to methacholine compared to ExGF(A/1wk)-OVA mice 

(p<0.0001; Fig. 4.2A). Indeed, AHR profiles in the ExGF(A/3wk)-OVA group were 

essentially identical to those found in SPF-OVA mice. 

 While the data presented above suggest that Amish fecal association may have 

strong effects on airway resistance, this association did not significantly affect BAL 

eosinophilia (Fig. 4.2B) and had negligible effects on airway neutrophilia. However, we 

observed a significant increase in the number of macrophages in ExGF(A/3wk)-OVA mice 

compared to GF and ExGF(A/1wk)-OVA mice (p=0.006 and p=0.0005, respectively; Fig. 

4.2B-D).  

 Association with Amish fecal microbiota for 1 week reduced expression of 

IL4, IL5 and IL13 mRNA in the lung (p=0.04, p=0.001 and p=0.01, respectively) but had 

no significant effects on IL17 mRNA levels. ExGF(A/3wk)-OVA mice exhibited a 

significant decrease in lung IL13 mRNA (p=0.02) but IL4, IL5 and IL17 mRNA expression 

was unaffected (Fig. 4.2E-H). 

 Serum levels of total but not OVA-specific IgE were significantly decreased 

in ExGF(A/1wk)-OVA mice (p=0.001; data not shown and Fig. 4.2I). ExGF(A/3wk)-OVA 

mice exhibited no change in total serum IgE (data not shown) and a decrease in serum 

OVA-specific IgE that approached but did not reach statistical significance (p=0.053).   
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Figure 4.1: Experimental protocols.  

Balb/c GF mice were associated with human fecal microbiota from either a healthy Amish child or a healthy 

Hutterite child. Panel A: association with Amish microbiota was performed at 8 weeks of age and lasted for 

the week before the first OVA sensitization. B: association with Amish or Hutterite microbiota was 

performed at 5 weeks of age and lasted for the 3 weeks before the first OVA sensitization. C: control GF or 

SPF mice were not associated with human microbiota. All groups received two i.p. sensitizations with 

OVA/Alum (50 µg/150 µl) on days 0 and 7, followed by i.n. challenges with 100 µg of OVA on days 14, 15, 

and 16. All mouse treatments were performed at the University of Chicago by Dr. Betty Theriault. At day 

19, animals were transported from the University of Chicago to the University of Arizona and were given 

approximately 18 hours to acclimate. Airway measurements were taken on day 21.  
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Table 4.1: Experimental characteristics  

 

Experiment (date) 

 

Treatment n/gender Weight (g) 

1 (September, 2015) ExGF(A/1wk)-OVA 4 Females 17 ±1.1 

2 (October, 2015) GF-OVA 3 Females 17.3 ±0.3 

SPF-OVA 3 Females 17.7 ±0.9 

3 (November, 2015) ExGF(A/3wk)-OVA 4 Females 21.3 ±0.5 ♦* 

7 (August, 2016) ExGF(H/3wk)-OVA 3 Males 25.3 ±0.3 

Weight were recorded on day 21, prior to AHR measurement, and are shown as mean ± SE. ♦ p=0.01 relative 

to ExGF(A1wk)-OVA, * p=0.002 P-value relative to GF-OVA.  
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Figure 4.2: Impact of Amish and Hutterite gut microbiota on OVA-induced immune responses.  

(B-D) Total numbers of eosinophils, neutrophils and macrophages were determined in BALs from animals 

on day 21. (E-H) Expression of IL4, IL5, IL13 and IL17 mRNA in total lung relative to GAPDH. (I) Serum 

OVA-IgE levels shown as O.D. at 450nm – blank. The p-values for panels B-I were obtained with Student’s 

t test. Error bars represent standard error of the mean. Data for ExGF(H3wk) mice (open symbols) are 

incomplete and are presented without further analysis. 

Figure 4.2: Impact of Amish and Hutterite gut 

microbiota on OVA-induced AHR.  

(A) The effects of association with Amish or 

Hutterite gut microbiota in 5 or 8-week-old mice. 

The mice were sensitized with OVA i.p. on days 0 

and 7 and challenged with OVA i.n. on days 14,15 

and 16. Airway resistance (shown as fold over 

baseline and stimulated in response to increasing 

doses of acetylcholine administered intravenously) 

were measured on day 21. Statistical differences 

were assessed by a mixed effects model for repeated 

measures. *p<0.05, ***p<0.001. 
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4.4 Discussion 

 

The relationship we share with our microbiota is complex and is emerging as a 

major component in many aspects of human health221,222. The association of GF mice with 

human microbiota has been used to demonstrate a mechanistic link between gut microbial 

composition and disease state65.  

Availability of age and gender matched mice heavily constrained the design of our 

experiments and the comparisons we could perform. We compared the effects of 

association with Amish human microbiota for one or three weeks prior to allergen 

treatment in an OVA-induced mouse model of asthma. GF animals associated with Amish 

fecal microbiota from a healthy child for 3 weeks showed reduced airway resistance, 

compared to mice associated for one week suggesting that microbiota from the Amish 

might modulate airway responses.  

Neither fecal association had an effect on OVA-induced airway eosinophilia. 

Arrieta et al 2016220 compared the effects of mouse and human microbiota in an OVA-

sensitized and challenged mice, and showed that there were no significant differences in 

the effects on BAL eosinophilia between the mouse and human microbiomes220. Therefore, 

the lack of effect in our model is unlikely to stem from an inability of human microbiota to 

reduce BAL eosinophilia in a mouse. In 2015, Arrieta et al223 identified four bacterial 

genera (Faecalibacterium, Lachnospira, Veillonella and Rothia, abbreviated as FLVR) that 

were found in lower abundance in children with atopy and wheeze compared to healthy 

children at 3 months of age. Wheezing and atopic children were 21.5 times more likely to 

develop asthma later in life compared to the control group, pointing to an association 

between abundance of FLVR and asthma223. To establish causation, the authors associated 
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one group of GF mice with fecal microbiota from a child with wheeze and atopy, and a 

second group of GF mice with same fecal sample but supplemented with FLVR. The 

subsequent generation (F1) of mice showed distinct differences in their gut microbiomes 

between offspring of supplemented or not supplemented parents. Mice from the F1 

generation were then immunized with OVA. Animals supplemented with FLVR had 

decreased numbers of BAL neutrophils and lymphocytes but no differences were seen in 

eosinophils. FLVR mice also had reduced IFN-γ, TNF, IL-17A and IL-6 in lung 

homogenates223. This data demonstrates that specific bacterial genera can have 

immunomodulatory effects of the lungs, additionally, the lack of an effect on BAL 

eosinophilia is in accordance with our observation of the effects of association with Amish 

microbiota.  

IL-5 mediates eosinophilia through induced differentiation of eosinophils from 

bone marrow progenitors and by supporting their survival in tissues41. Th2 cytokine 

profiles revealed that IL5 levels did not correspond to eosinophil abundance in BAL, 

suggesting that the effect we see might not be mediated by IL5, which was decreased in 

mice associated with microbiota for one week. The same was true for IL4 in the lungs, 

whose levels were unchanged after three weeks, while serum IgE was decreased by a three-

week association with Amish microbiota. Contrary to this finding, the decrease in IL13 in 

BAL was accompanied by a decrease in AHR, consistent with the fact that IL-13 plays a 

role in AHR induction37. Lastly, Amish fecal microbiota led to an increase in IL17 

expression in the lungs even though this increase did not reach statistical significance. This 

finding is in line with our previous studies, where we showed that the protective effect of 
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Amish dust extract was accompanied by increased expression of IL17 in the lungs (Chapter 

3). 

This study is incomplete and should be considered only preliminary. The difficulty 

of working with GF animals led to low subject numbers. The data presented here are a 

result of several independent experiments performed during different months, thus the 

animals were exposed to varying temperatures during transport.  Due to low litter numbers, 

we used female mice in the GF, SPF, ExGF(A/1wk)-OVA and ExGF(A/3wk)-OVA groups 

while only males were used for the ExGF(H/3wk)-OVA group. Therefore, the latter was 

removed from our analyses. We did not measure cytokines that have been shown by others 

to be differentially impacted by human and mouse fecal microbiome220, namely: IFN-γ, 

IL-6, IL-10, IL-5. 

From the data presented in this chapter, association of GF mice with Amish fecal 

microbiota showed some of the same effect we see with Amish dust extract: decrease in 

airway resistance, decrease in IL13 expression in the lung and an almost significant 

increase in IL17 expression. Further studies are necessary to establish whether gut 

microbiota contribute to decreased asthma risk among the Amish, and whether Hutterite 

gut microbiota exert similar or different effects. 
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APPENDIX A: Supplement to: Stein MM, Hrusch CL, Gozdz J, et al. Innate 

immunity and asthma risk in Amish and Hutterite farm children (Chapter 2) 

 

A1. Preparation of dust extracts - To obtain aqueous extracts of Amish and Hutterite 

indoor dust collected in 2012, electrostatic cloths from EDCs were extracted with sterile 

pyrogen-free water (10 ml) by shaking for 1 hour at 22°C. Supernatants were centrifuged 

at 600xg for 15 min and decanted. Dust extracts from EDCs deployed in Amish and 

Hutterite homes (n=10 each) were pooled separately into one sample. SpeedVac 

centrifugation was then used to reduce each sample to the same volume (5-6 ml). The same 

procedure was followed to prepare aqueous extracts of floor dust collected from Amish 

homes in 2015, but dust extracts were standardized by weight and resuspended at 100 

mg/ml of dust equivalent. Aqueous dust extracts were aliquoted and stored in cryovials at 

-80°C until used.  

A2. Experimental asthma models - Amish or Hutterite house dust extracts (50 μl) were 

instilled intra-nasally (i.n.) every 2-3 days (14 times total) beginning at day 0 into adult (7 

weeks old) Balb/c mice (Harlan Laboratories) sensitized intra-peritoneally (i.p.) with OVA 

(grade V, Sigma: 20 μg in 200 μL of PBS)-Alum (Pierce) at day 0 and 14 and challenged 

with OVA i.n. (50 μg in 50 μL of PBS) at day 28 and 38. The total amount of Amish and 

Hutterite dust extracts administered over the course of the experiment represented the total 

load of airborne dust collected on EDCs placed in Amish or Hutterite homes over a month’s 

period. In other experiments, Amish house dust extracts (7.5 mg of dust equivalent in 50 

µl) were instilled i.n. every 2-3 days for a total of 14 times beginning at day -5 into 7-week 
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old wild-type, Myd88-deficient128 (Jackson Laboratories) and Myd88/Trif-deficient129 

C57BL6 mice that were sensitized i.p. with 20 µg OVA-Alum at day 0 and 14, and 

challenged i.n. with 75 µg OVA at day 26, 27 and 28. Airway resistance and BAL 

cellularity were measured at day 30. Terminal assessments at day 39 (Balb/c mice) and day 

30 (C57BL6 mice) included airway resistance and BAL cellularity. For Balb/c mice, to 

measure airway resistance in response to increasing concentrations of intravenous 

acetylcholine (Ach: 0-4 μg/g mouse), the animals were anesthetized with pentobarbital (90 

µg/g body weight). For C57BL6 mice, to measure airway resistance in response to 

increasing concentrations of nebulized methacholine (0-100 mg/ml), the animals were 

anesthetized with ketamine and xylazine (100 and 10 mg/kg, respectively) and paralyzed 

with pancuronium bromide (4 µg/g). The trachea was then dissected free and cannulated 

with a 20 gauge cannula (BD) which was kept in place with a single tie suture. Mice were 

then connected to a small ventilator (FlexiVent, SCIREQ, Inc.) and ventilated with a tidal 

volume of 10 mL/kg, inspiratory/expiratory ratio of 66.67%, respiratory rate of 150/min 

and maximum pressure of 30 cm H2O as described in ref.130 . BAL was performed by 

delivering cold 1% BSA in PBS (2 mL) into the airway via a tracheal cannula and gently 

aspirating the fluid. Cells were counted using a Countess II FL automated cell counter 

(Thermo Fisher Scientific) and differentials were determined by an operator blinded to 

mouse ID/grouping after staining with Hema 3 (Fischer) and examining at least 400 

cells/slide. Cytokines in BAL were measured by ELISA (Quantikine, R&D). OVA-specific 

serum IgE levels were measured as described in ref131, but using 3% BSA as a blocking 

agent.   
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To assess proportions of CD4+Foxp3+ T regulatory cells (among live CD3+) cells in the 

lungs of mice treated i.n. with Amish or Hutterite dust extracts (4 treatments over 10 days, 

5 mg of dust equivalent/treatment), single cell suspensions were prepared from mouse 

lungs using Liberase TM (Roche Life Science) digestion. Cells (1x106) were stained as 

described for human PBLs using anti-mouse CD3-FITC, Foxp3-PE, CD4PECy5, CD8-

AF700 (all from BD Biosciences, San Jose, CA). Data were acquired on an LSR II flow 

cytometer (BD Biosciences) and analyzed with FlowJo software gating on live CD3+ cells. 

All animal procedures conform to the principles set forth by the Animal Welfare Act and 

the National Institutes of Health guidelines for the care and use of laboratory animals in 

biomedical research and were approved by the University of Arizona Institutional Animal 

Care and Use Committee.   

A3. Statistical analyses - For flow cytometric and mouse studies, differences in cell 

populations, airway resistance, and OVA-specific IgE were assessed using an unpaired 

Student’s t test. Differences in mouse T regulatory cells and cytokines were assessed with 

a Wilcoxon rank sum test.   
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Table A1: Effects of Amish dust extracts on total BAL cellularity and serum OVA-

specific IgE levels in OVA-treated mice  
 

 Saline OVA OVA/Amish P value* 

BAL Total Cells  409,425 

± 142,358 

2,356,250 ± 

647,484 

1,144,458 ± 

209,521 

0.08 

Total Eosinophils  7,284 ± 

5,574 

1,076,755 ± 

340,283 

61,812 

± 21,864 

0.007 

 

Total Neutrophils  2,376 ± 

193 

130,872 ± 

57,921 

153,266 ± 

20,156 

0.72 

 

Total Macrophages  137,677 ± 

4,800 

974,787 

± 259,360 

917,374 

± 191,636 

0.86 

 

 

 Saline OVA OVA/Amish P value* 

Serum OVA-specific 

IgE  

496.6 ± 

10.5 

1457.7 ±  

254.7 

858.9 ± 56.6 0.031 

 

C57BL6 mice (n = 12 mice/group) were treated with Amish house dust extracts (7.5 mg of dust equivalent 

in 50 µl) i.n. every 2-3 days for a total of 14 times beginning at day -5 and sensitized i.p. with 20 µg 

OVA/Alum at day 0 and 14. Animals were challenged i.n. with 75 µg OVA at day 26, 27 and 28 and sacrificed 

at day 30. Cells were counted using a hemocytometer and differentials were determined by an operator 

blinded to mouse ID/grouping after staining with Hema 3 and examining at least 400 cells/slide. OVA-

specific IgE in serum obtained at day 30 were measured by ELISA. Shown are means ± SE. *P value for 

OVA vs. OVA/Amish as determined by Student’s t test  
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Table A2: Percentages of CD4+Foxp3+ T regulatory cells (among live CD3+ cells) in 

the lungs of mice treated i.n. with Amish or Hutterite dust extracts 

 

   

PBS  Amish  Hutterite  P value*  

4.84 ± 1.93  8.97 ± 1.36  8.78 ± 2.54  0.69  

 

 

Balb/c mice (n = 4 mice/group) received dust extracts (5 mg of dust equivalent/treatment) i.n. 4 times over 

10 days. Following digestion with Liberase, single cell lung suspensions (1x106 cells) were stained with anti-

mouse CD3-FITC, Foxp3-PE, CD4-PECy5 and CD8-AF700. Data were acquired on an LSR II flow 

cytometer and analyzed with FlowJo software gating on CD3+ cells. Shown are means ± SE. *P value for 

Amish vs. Hutterite determined by the Wilcoxon two-sample test  
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Table A3: Effects of Amish and Hutterite dust extracts on cytokine levels in BAL 

from OVA-treated Balb/c mice 
 

Cytokine PBS OVA OVA/Amish OVA/Hutterite P value* 

IL-13 
3.9 

(3.9-3.9) 

116.4 

(47.6-182) 

3.9 

(3.9-3.9) 

47.02 

(33.9-107.6) 
0.007 

IL-5 
7.8 

(7.8-7.8) 

142.7 

(107.8-210.5) 

40.56 

(30.8-46.7) 

101.80 

(68.7-131.4) 
0.014 

IL-4 
3.9 

(3.9-3.9) 

42.4 

(21.8213.0) 

13.12 

(3.9-152.7) 

35.85 

(13.4-70.2) 
0.22 

IL-10 
7.8 

(7.8-7.8) 

33.4 

(19.9-49) 

7.8 

(7.8-7.8) 

15.7 

(7.8-35.4) 
0.029 

MIP-1α 
7.9 

(3.9-12.1) 

19.9 

(11.4-31.2) 

7.22 

(3.9-9.9) 

19.42 

(13.1-33.9) 
0.014 

 

All cytokines were measured by ELISA in BAL collected at day 39. Median cytokine levels (pg/ml) are 

shown, with range in parentheses. Undetectable samples were assigned a value corresponding to half of the 

lower limit of sensitivity of the relevant standard curve.*P value for OVA/Amish vs. OVA/Hutterite 

determined by the Wilcoxon rank-sum test (Mann-Whitney; corrected for ties), n=4-5 mice/group.  
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