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Exposure of Children to Rural Lifestyle Factors Associated With Protection Against Allergies Induces an Anti-Neu5Gc Antibody Response









	
	PERSPECTIVE
published: 16 July 2019
doi: 10.3389/fimmu.2019.01628





[image: image2]

Exposure of Children to Rural Lifestyle Factors Associated With Protection Against Allergies Induces an Anti-Neu5Gc Antibody Response


Remo Frei1,2*, Caroline Roduit1,3,4, Ruth Ferstl1,2, Liam O'Mahony5 and Roger P. Lauener1,4


1Christine Kuehne–Center for Allergy Research and Education (CK-CARE), Davos, Switzerland

2Swiss Institute of Allergy and Asthma Research (SIAF), University of Zurich, Zurich, Switzerland

3Children's Hospital, University of Zurich, Zurich, Switzerland

4Children's Hospital of Eastern Switzerland, St. Gallen, Switzerland

5Departments of Medicine and Microbiology, APC Microbiome Ireland, University College Cork, Cork, Ireland

Edited by:
Vered Padler-Karavani, Tel Aviv University, Israel

Reviewed by:
François J. M. A. Meurens, INRA UMR703 Ecole Nationale Vétérinaire, Agroalimentaire et de l'alimentation de Nantes-Atlantique, France
 Heinz Laubli, University of Basel, Switzerland

*Correspondence: Remo Frei, remo.frei@siaf.uzh.ch

Specialty section: This article was submitted to Nutritional Immunology, a section of the journal Frontiers in Immunology

Received: 07 January 2019
 Accepted: 01 July 2019
 Published: 16 July 2019

Citation: Frei R, Roduit C, Ferstl R, O'Mahony L and Lauener RP (2019) Exposure of Children to Rural Lifestyle Factors Associated With Protection Against Allergies Induces an Anti-Neu5Gc Antibody Response. Front. Immunol. 10:1628. doi: 10.3389/fimmu.2019.01628



Rural lifestyle has been shown to be highly protective against the development of allergies. Contact to farm-animals or pets and early-life consumption of milk products turned out to be important. These exposures provide contact to N-glycolylneuraminic acid (Neu5Gc), a sialic acid naturally expressed in mammalians but not in humans or microbes although both are able to incorporate exogenously provided Neu5Gc and induce thereby an anti-Neu5Gc antibody response. Farmers' children had elevated levels of anti-Neu5Gc antibodies associated with increased contact to Neu5Gc. Farm-related exposures that were associated with protection against allergies such as exposure to farm-animals or pets and consumption of milk were also associated with an antibody response to Neu5Gc in children. Exposure to cats was associated with increased anit-Neu5Gc IgG levels at different timepoints assessed between 1 year of age and school-age. Moreover, consumption of non-pasteurized milk in the first year of life was associated with increased anti-Neu5Gc IgG levels. Neu5Gc-providing exposures that were associated with protection against allergies were reflected in an elevated anti-Neu5Gc IgG level in children. Exposure to Neu5Gc was associated with anti-inflammation and protection of asthma development in children and mice without contribution of anti-Neu5Gc antibodies.

Keywords: N-glycolylneuraminic acid, asthma, regulatory T cells, anti-inflammatory, animal contact, hygiene hypothesis

The term “hygiene hypothesis” has emerged to describe the correlation between the increase in hygienic conditions and the elevation in allergic disorders and asthma, but also in autoimmune and inflammatory diseases in westernized countries over the last decades (1). The hygiene hypothesis was proposed after a lower risk of hay fever and atopic sensitization among children having more siblings was observed (2). The protective effect was assigned to an altered exposure to microbes during childhood. Other findings supported this hypothesis: early entry to day care of the children had a protective effect against the development of allergies and Italian military students with antibodies to hepatitis A virus had a lower prevalence of atopy and atopic respiratory diseases (3, 4). More recent studies have consistently linked altered exposures to microbes early in life with later life risk of allergy and asthma (5). Further, rural lifestyle, especially farm environment, turned out to be highly protective (6–11). We found that, in addition to microbial exposure, rural lifestyle also provide increased exposure to non–microbial-derived N-glycolylneuraminic acid (Neu5Gc) which was reflected by increased levels of anti-Neu5Gc antibodies (12). Although detailed underpinning immunological mechanisms were not fully known, this was the first study showing an immune-modulatory, anti-inflammatory effect of Neu5Gc itself, which is in contrast to findings of xenograft rejection and tumor growth where anti-Neu5Gc antibodies were associated with a pro-inflammatory status (13–19).

Neu5Gc is a specific marker for non-human cells and proteins. Neu5Gc is a sialic acid composed of nine carbon sugars found at the most outer unit of the cellular glycocalyx and on secreted glycoproteins in most mammalian cells. In contrast to all other mammals, including primates, humans and new world monkeys lack the enzyme CMP-Neu5Ac hydroxylase (CMAH) due to a mutation in the respective gene and are therefore not able to synthesize Neu5Gc from the precursor N-acetylneuraminic acid (Neu5Ac) (20–22). Humans are able to uptake Neu5Gc via fluid pinocytosis and a specific lysosomal transporter and incorporate it in newly synthesized glycoproteins. Known dietary sources of Neu5Gc are red meat and cow's milk products (23–25). As a consequence, humans mount a humoral immune response upon exposure to other mammalian cells by producing anti-Neu5Gc immunoglobulins (26, 27).

Rural lifestyle factors described to be protective against the development of allergies and asthma are contact to more and more-diverse microbes in the environment, contact to farm-animals or pets, and altered nutrition such as consumption of more milk products (9, 11, 28–31). To investigate which of the protective farm-exposures is associated with induction anti-Neu5Gc antibodies, we measured anti-Neu5Gc IgG in sera of children from a random sample of the cross-sectional PARSIFAL study (Prevention of Allergy Risk factors for Sensitization In children related to Farming and Anthroposophic Lifestyle) (n = 299) including school-age children and from the longitudinal PASTURE study (Protection against Allergy-Study in Rural Environments) including serum samples from cord blood (n = 836), 1 year (n = 734), 4.5 years (n = 700), and 6 years (n = 728). Anti-Neu5Gc IgG levels were assessed by quantifying anti-Neu5Gc-polyacrylamid IgG corrected by subtraction of anti-Neu5Ac-polyaccrylamid IgG, which is certainly an underestimation of the anti-Neu5Gc response (23, 26, 32). Anti-Neu5Gc IgG levels were associated with rural environmental exposures reflecting protection against allergies and asthma (contact to farm-animals assessed by the presence in facilities related to livestock, such as stables and contact to pets; nutritional factor such as consumption of cow's milk; contact to microbes assessed by levels of endotoxin and extracellular polysaccharide in children's mattresses) (Table 1).


Table 1. Association between farm-related exposures and anti-Neu5Gc IgG levels.
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Contact to animals specially contact to cats was strongly and consistently associated with increased anti-Neu5Gc IgG antibodies. Contact to cats was associated with elevated antibody levels at different timepoints assessed between 1 year of age and school-age, while contact to a stable environment was significantly associated with anti-Neu5Gc IgG levels in the school-age children of the cross-sectional study and in 4.5 years old children of the longitudinal study (Table 1). Worth mentioning is that children having contact to cats had a reduced risk to develop asthma later in life [adjusted odds ratio (aOR) for exposure to cat during pregnancy and asthma at 6 years: 0.6 (95% confidence interval (CI) 0.36–1); aOR for exposure to cat in the first year of life and asthma at 6 years: 0.59 (95% CI 0.35–0.98); aOR for exposure to cat at 4 years of age and asthma at 6 years: 0.52 (95%CI 0.31–0.87)]. Moreover, cow's milk consumption was significantly associated with increased anti-Neu5Gc IgG levels at 1 year of age. Remarkable, consumption of non-pasteurized milk was much stronger associate with anti-Neu5Gc antibody titers compared to pasteurized milk consumption, although we don't know if pasteurization reduces the immunogenicity of Neu5Gc bearing proteins (Table 1). Finally, exposure to microbial components such as endotoxin or extracellular polysaccharide in mattresses of the school-age children was not significantly associated with anti-Neu5Gc IgG levels.

The data outlined above show that exposure to rural lifestyle factors, which provide protection against the development of allergies or asthma and additionally provide contact to Neu5Gc such as contact to cats or early-life consumption of farm-milk induced an antibody response against Neu5Gc. Contact to microbes, not expressing Neu5Gc was not associated with anti-Neu5Gc levels. Elevated anti-Neu5Gc IgG levels were associated with dietary Neu5Gc intake and infections with certain viruses such as Epstein-Barr virus (13, 33). Our data indicate that also inhaled Neu5Gc provided by contact to cats induced an anti-Neu5Gc antibody response, although it is still possible that inhaled antigens reach the intestine.

The route of initial antigen exposure is crucial in determining whether tolerance or allergic sensitization occurs (34). In contrast to early-life exposure of antigens via the skin, which has been proposed as a key route for allergic sensitization to allergens, exposure via the oral route is associated with induction of tolerance. Inhaled antigens reaching the intestine or orally ingested antigens are encountered by the intestinal-draining lymph nodes which is also the site of antigen-specific regulatory T cell generation a crucial event for tolerance induction (34). Induction of tolerance is one key mechanism how environmental factors might protect children from the development of allergies and asthma (28, 30, 35). We have recently shown that Neu5Gc-feeding of mice had protective effects in models of airway and gut inflammation in the absence of anti-Neu5Gc antibodies (12). The beneficial effect of Neu5Gc was based on anti-inflammatory effects such as increased numbers of regulatory T cells and elevated expression of indoleamine 2,3-dioxygenase (IDO), retinaldehyde dehydrogenase 2 (RALDH2), and IL-10 in dendritic cells and on a reduction of T helper cell type 17 responses (12). Moreover, Massoud et al. showed that intravenous immunoglobulin therapy was able to attenuate airway hyperresponsiveness and inflammation mediated by regulatory T cells in a model of airway inflammation in mice. This effect was dependent on intravenous immunoglobulin sialylation, because neuraminidase-treated intravenous immunoglobulin was not able to induce regulatory T cells and intravenous immunoglobulin enriched in sialic acid displayed an enhanced anti-inflammatory activity. Furthermore, the authors showed that the anti-inflammatory effect of sialylated intravenous immunoglobulin was mediated by binding to the C-type lectin dendritic cell immunoreceptor (DCIR) (36, 37).

Other mechanisms underpinning the protective effect of Neu5Gc contact might be mediated by Neu5Gc binding to Sialic acid-binding Ig-like lectins (Siglecs). Siglecs have an intracellular immunoreceptor tyrosine-based inhibitory motifs (ITIM) thereby inhibiting activation signals by activation of Src homology region 2 domain-containing phosphatase (SHP)-1 and−2, tyrosine phosphatase, and suppressor of cytokine signaling (SOCS)-3 (38–40). Especially, activation of Siglec-8 on eosinophils by sialic acids turned out to be a promising target for asthma treatment because of induction of apoptosis of those cells (41). These data indicate that exposure to Neu5Gc might support tolerance development.

We suggest that Neu5Gc behaves as an anti-inflammatory molecule in the human immune system that is able to prevent the development of asthma symptoms but also colitis. The loss of Neu5Gc during human evolution, possibly driven by selective pressure of a pathogen, may have removed this anti-inflammatory molecule and consequently removed one of the “brakes” previously used to limit immune pathology (42). Exposure to animals or animal-derived foods containing Neu5Gc seems to replace this molecule and assist immune regulatory processes. However, the move away from traditional farming environments limits the exposure to Neu5Gc and thereby might contribute to exaggerated inflammatory responses. Future studies should consider the deliberate exposure to Neu5Gc as a novel anti-inflammatory strategy but also involve studies using Neu5Gc together with anti-Neu5Gc antibodies since there are studies showing a pro-inflammatory role of Neu5Gc in combination with anti-Neu5Gc antibodies in tumor and xenograft models (13–19).

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of guidelines of the ethics committee of the canton St. Gallen with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the ethics committee of the canton St. Gallen.

AUTHOR CONTRIBUTIONS

RFr, CR, RFe, LO, and RL conceived and designed the experiments, discussed the data, and wrote the paper.

FUNDING

The study was supported by the Christine Kuehne-Center for Allergy Research and Education (CK-CARE) Davos.

REFERENCES

 1. Bach JF, Chatenoud L. The hygiene hypothesis: an explanation for the increased frequency of insulin-dependent diabetes. Cold Spring Harb Perspect Med. (2012) 2:a007799. doi: 10.1101/cshperspect.a007799

 2. Strachan DP. Hay fever, hygiene, and household size. BMJ. (1989) 299:1259–60. doi: 10.1136/bmj.299.6710.1259

 3. Krämer U, Heinrich J, Wjst M, Wichmann HE. Age of entry to day nursery and allergy in later childhood. Lancet. (1999) 353:450–4. doi: 10.1016/S0140-6736(98)06329-6

 4. Matricardi PM, Rosmini F, Ferrigno L, Nisini R, Rapicetta M, Chionne P, et al. Cross sectional retrospective study of prevalence of atopy among Italian military students with antibodies against hepatitis A virus. BMJ. (1997) 314:999–1003. doi: 10.1136/bmj.314.7086.1009

 5. Lunjani N, Satitsuksanoa P, Lukasik Z, Sokolowska M, Eiwegger T, O'Mahony L. Recent developments and highlights in mechanisms of allergic diseases: microbiome. Allergy Eur J Allergy Clin Immunol. (2018) 73:2314–27. doi: 10.1111/all.13634

 6. Braun-Fahrländer C, Gassner M, Grize L, Neu U, Sennhauser FH, Varonier HS, et al. Prevalence of hay fever and allergic sensitization in farmer's children and their peers living in the same rural community. Clin Exp Allergy. (1999) 29:28–34. doi: 10.1046/j.1365-2222.1999.00479.x

 7. Von Ehrenstein OS, Von Mutius E, Illi S, Baumann L, Böhm O, Von Kries R. Reduced risk of hay fever and asthma among children of farmers. Clin Exp Allergy. (2000) 30:187–93. doi: 10.1046/j.1365-2222.2000.00801.x

 8. Frei R, Steinle J, Birchler T, Loeliger S, Roduit C, Steinhoff D, et al. MHC class II molecules enhance toll-like receptor mediated innate immune responses. PLoS ONE. (2010) 5:e8808. doi: 10.1371/journal.pone.0008808

 9. Frei R, Roduit C, Bieli C, Loeliger S, Waser M, Scheynius A, et al. Expression of genes related to anti-inflammatory pathways are modified among farmers' children. PLoS ONE. (2014) 9:e91097. doi: 10.1371/journal.pone.0091097

 10. Roduit C, Frei R, Depner M, Karvonen AM, Renz H, Braun-Fahrländer C, et al. Phenotypes of atopic dermatitis depending on the timing of onset and progression in childhood. JAMA Pediatr. (2017) 171:655–62. doi: 10.1001/jamapediatrics.2017.0556

 11. Roduit C, Frei R, Ferstl R, Loeliger S, Westermann P, Rhyner C, et al. High levels of butyrate and propionate in early life are associated with protection against atopy. Allergy Eur J Allergy Clin Immunol. (2018) 74:799–809. doi: 10.1111/all.13660

 12. Frei R, Ferstl R, Roduit C, Ziegler M, Schiavi E, Barcik W, et al. Exposure to nonmicrobial N-glycolylneuraminic acid protects farmers' children against airway inflammation and colitis. J Allergy Clin Immunol. (2018) 141:382–90.e7. doi: 10.1016/j.jaci.2017.04.051

 13. Samraj AN, Pearce OMT, Läubli H, Crittenden AN, Bergfeld AK, Banda K, et al. A red meat-derived glycan promotes inflammation and cancer progression. Proc Natl Acad Sci USA. (2015) 112:542–7. doi: 10.1073/pnas.1417508112

 14. Le Leu RK, Young GP, Hu Y, Winter J, Conlon MA. Dietary red meat aggravates dextran sulfate sodium-induced colitis in mice whereas resistant starch attenuates inflammation. Dig Dis Sci. (2013) 58:3475–82. doi: 10.1007/s10620-013-2844-1

 15. Eleftheriou P, Kynigopoulos S, Giovou A, Mazmanidi A, Yovos J, Skepastianos P, et al. Prevalence of anti-Neu5Gc antibodies in patients with hypothyroidism. Biomed Res Int. (2014) 2014:963230. doi: 10.1155/2014/963230

 16. Amon R, Reuven EM, Leviatan Ben-Arye S, Padler-Karavani V. Glycans in immune recognition and response. Carbohydr Res. (2014) 389:115–22. doi: 10.1016/j.carres.2014.02.004

 17. Hurh S, Kang B, Choi I, Cho B, Lee EM, Kim H, et al. Human antibody reactivity against xenogeneic N-glycolylneuraminic acid and galactose-α-1,3-galactose antigen. Xenotransplantation. (2016) 23:279–92. doi: 10.1111/xen.12239

 18. Salama A, Evanno G, Harb J, Soulillou JP. Potential deleterious role of anti-Neu5Gc antibodies in xenotransplantation. Xenotransplantation. (2015) 22:85–94. doi: 10.1111/xen.12142

 19. Samraj AN, Läubli H, Varki N, Varki A. Involvement of a non-human sialic Acid in human cancer. Front Oncol. (2014) 4:33. doi: 10.3389/fonc.2014.00033

 20. Münster-Kühnel AK, Tiralongo J, Krapp S, Weinhold B, Ritz-Sedlacek V, Jacob U, et al. Structure and function of vertebrate CMP-sialic acid synthetases. Glycobiology. (2004) 14:43R−51R. doi: 10.1093/glycob/cwh113

 21. Varki A. Loss of N-glycolylneuraminic acid in humans: mechanisms, consequences, and implications for hominid evolution. Am J Phys Anthropol. (2001) 116:54–69. doi: 10.1002/ajpa.10018

 22. Springer SA, Diaz SL, Gagneux P. Parallel evolution of a self-signal: humans and new world monkeys independently lost the cell surface sugar Neu5Gc. Immunogenetics. (2014) 66:671–4. doi: 10.1007/s00251-014-0795-0

 23. Tangvoranuntakul P, Gagneux P, Diaz S, Bardor M, Varki N, Varki A, et al. Human uptake and incorporation of an immunogenic nonhuman dietary sialic acid. Proc Natl Acad Sci USA. (2003) 100:12045–50. doi: 10.1073/pnas.2131556100

 24. Hedlund M, Tangvoranuntakul P, Takematsu H, Long JM, Housley GD, Kozutsumi Y, et al. N-glycolylneuraminic acid deficiency in mice: implications for human biology and evolution. Mol Cell Biol. (2007) 27:4340–6. doi: 10.1128/MCB.00379-07

 25. Puentea R, Huesob P. Lactational changes in the N-glycoloylneuraminic acid content of bovine milk gangliosides. Biol Chem Hoppe Seyler. (1993) 374:475–8. doi: 10.1515/bchm3.1993.374.7-12.475

 26. Taylor RE, Gregg CJ, Padler-karavani V, Ghaderi D, Yu H, Huang S, et al. Novel mechanism for the generation of human xeno-autoantibodies against the nonhuman sialic acid N-glycolylneuraminic acid. J Exp Med. (2010) 207:1637–46. doi: 10.1084/jem.20100575

 27. Nguyen DH, Tangvoranuntakul P, Varki A. Effects of natural human antibodies against a nonhuman sialic acid that metabolically incorporates into activated and malignant immune cells. J Immunol. (2005) 175:228–36. doi: 10.4049/jimmunol.175.1.228

 28. Ege MJ, Bieli C, Frei R, van Strien RT, Riedler J, Üblagger E, et al. Prenatal farm exposure is related to the expression of receptors of the innate immunity and to atopic sensitization in school-age children. J Allergy Clin Immunol. (2006) 117:817–23. doi: 10.1016/j.jaci.2005.12.1307

 29. Roduit C, Frei R, Depner M, Schaub B, Loss G, Genuneit J, et al. Increased food diversity in the first year of life is inversely associated with allergic diseases. J Allergy Clin Immunol. (2014) 133:1056–64. doi: 10.1016/j.jaci.2013.12.1044

 30. Roduit C, Wohlgensinger J, Frei R, Bitter S, Bieli C, Loeliger S, et al. Prenatal animal contact and gene expression of innate immunity receptors at birth are associated with atopic dermatitis. J Allergy Clin Immunol. (2011) 127:179–85. doi: 10.1016/j.jaci.2010.10.010

 31. Loss G, Apprich S, Waser M, Kneifel W, Genuneit J, Büchele G, et al. The protective effect of farm milk consumption on childhood asthma and atopy: the GABRIELA study. J Allergy Clin Immunol. (2011) 128:766–73.e4. doi: 10.1016/j.jaci.2011.07.048

 32. Padler-Karavani V, Yu H, Cao H, Chokhawala H, Karp F, Varki N, et al. Diversity in specificity, abundance, and composition of anti-Neu5Gc antibodies in normal humans: potential implications for disease. Glycobiology. (2008) 18:818–30. doi: 10.1093/glycob/cwn072

 33. Le Berre L, Rousse J, Gourraud PA, Imbert-Marcille BM, Salama A, Evanno G, et al. Decrease of blood anti-α1,3 Galactose Abs levels in multiple sclerosis (MS) and clinically isolated syndrome (CIS) patients. Clin Immunol. (2017) 180:128–35. doi: 10.1016/j.clim.2017.05.006

 34. Reynolds LA, Finlay BB. Early life factors that affect allergy development. Nat Rev Immunol. (2017) 17:518–28. doi: 10.1038/nri.2017.39

 35. Ege MJ, Frei R, Bieli C, Schram-Bijkerk D, Waser M, Benz MR, et al. Not all farming environments protect against the development of asthma and wheeze in children. J Allergy Clin Immunol. (2007) 119:1140–7. doi: 10.1016/j.jaci.2007.01.037

 36. Massoud AH, Yona M, Xue D, Chouiali F, Alturaihi H, Ablona A, et al. Dendritic cell immunoreceptor: a novel receptor for intravenous immunoglobulin mediates induction of regulatory T cells. J Allergy Clin Immunol. (2014) 133:853–63.e5. doi: 10.1016/j.jaci.2013.09.029

 37. Brückner C, Lehmann C, Dudziak D, Nimmerjahn F. Sweet SIGNs: IgG glycosylation leads the way in IVIG-mediated resolution of inflammation. Int Immunol. (2017) 29:499–509. doi: 10.1093/intimm/dxx053

 38. Frei R, Lauener RP, Crameri R, O'Mahony L. Microbiota and dietary interactions—an update to the hygiene hypothesis? Allergy Eur J Allergy Clin Immunol. (2012) 67:451–61. doi: 10.1111/j.1398-9995.2011.02783.x

 39. Crocker PR, Paulson JC, Varki A. Siglecs and their roles in the immune system. Nat Rev Immunol. (2007) 7:255–66. doi: 10.1038/nri2056

 40. Frei R, Akdis M, O'mahony L. Prebiotics, probiotics, synbiotics, and the immune system: experimental data and clinical evidence. Curr Opin Gastroenterol. (2015) 31:153–8. doi: 10.1097/MOG.0000000000000151

 41. Ilmarinen P, Kankaanranta H. Eosinophil apoptosis as a therapeutic target in allergic asthma. Basic Clin Pharmacol Toxicol. (2014) 114:109–17. doi: 10.1111/bcpt.12163

 42. Varki A, Martin PT, Olson J, Schwarz F, Ali SR, Glass CK, et al. Loss of CMAH during human evolution primed the monocyte-macrophage lineage toward a more inflammatory and phagocytic state. J Immunol. (2017) 198:2366–73. doi: 10.4049/jimmunol.1601471

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Frei, Roduit, Ferstl, O'Mahony and Lauener. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
’ frontiers
in Immunology

Exposure of Children to Rural
Lifestyle Factors Associated With
Protection Against Allergies Induces
an Anti-Neu5Gc Antibody Response









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





OPS/images/fimmu-10-01628-t001.jpg
Longitudinal§ Cross-sectional®
GMR [95% CI] Cord blood 1year 45years 6 years School-age

Contact to animal-related exposure

Stable contact ! 077(025,2.36)  078(0.15,402]  554[1.34,2292]  1.26[0.39,4.14]  3.79[1.7, 8.45]**
Contact to pets:'
Cats 159(0.65,3.91) 14.61[2.06,103.68]* 3.72[1.34,10.37]* 5.50 [2.13, 14.22]** 1.71 [1.14, 257]**
Dogs 223[098,537)  2.37(0.24,23.84] 1.13(0.40,3.19) 0.70 [026, 1.85] 1.57(0.88,2.8]
Nutrition
Non-pasteurized vs. pasteurized milk consumption ! 0.88 [0.32,2.40] 23.92[5.43, 111.57]** 160 (052, 4.97] 1.49[0.52, 4.3] 1.43[09,2.27)
Cow's milk vs. no-milk consumption ' 557[1.67,1858]"  050(0.15,1.73]  0.63(0.17,2.34]
Microbal exposure
Endotoxin 1.12[0.95,1.31]
Extracellular polysaccharide 1.11[0.97,1.27)

$GMR (geometric mean ratio), adjusted for center, fermer, parental atopy, sex, and duration of breastfeecing.

TCord blood: associations with exposure during pregnancy; 1 year, 4.5 years, and 6 years: associations with exposure during the last 12 months; for exposure during the fist year of
Ife, adjustment for prenatel exposure.

°GMR. Variables: adjusted for farming, sex, and age.

Bold values were statistically significant.

Two-sided P < 0.05 were considered signifcant.

P < 0.05: *P < 0.01; **P < 0.001.






