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General introduction and design

BACKGROUND

Eczema is one of the major common chronic health problems in children worldwide
with a prevalence of up to 25%.' The prevalence of eczema in The Netherlands varies
from 18.4% in children age 6 months to 5 years to 5.7% in children age 13 years.” It is
important to understand the origins and consequences of childhood eczema in more
depth in order to develop more effective prevention and management strategies to
reduce the prevalence of eczema. Eczema is a heterogeneous and multifactorial chronic
skin disease, and its underlying pathophysiology has not fully been unraveled. Due
to the rise of personalized medicine, there has been a shift in eczema research from
considering eczema as a single overlapping disease to a more differentiated entity.’
Eczema could be differentiated based on external (phenotypes) factors, such as clini-
cal symptomes, severity, and age of onset, and/or internal factors (endotypes), such as
genetic risk factors and serum biomarkers.?

Eczema is a condition of recurrent red patchy scaly skin lesions with intense itchiness
located over the entire body. Skin lesions in infants are often located in the face, and at
the extensor site of the limbs, and sometimes the trunk. In older children, skin lesions
are mostly located in the flexural folds. The clinical definition of eczema is based on the
criteria of Hanifin and Rajka published in 1980, and consists of 4 major and 23 minor cri-
teria.* However, the Hanifin and Rajka criteria have not been standardized and validated
for use in epidemiological studies. For epidemiological studies, a questionnaire-based
definition of eczema is more practical and efficient. Therefore, the United Kingdom
Working Party’s (UKWP) criteria were developed, consisting of 1 major and 5 minor
criteria, and validated in pediatric patients with eczema in different countries.” Even
more practical for large-scale population studies is a single parental-reported physician
diagnosis question, which has demonstrated to be sufficiently valid for such studies.®
This single question definition of eczema as a dichotomous trait is used in many stud-
ies. However, this definition does not take the age of onset and persistence of eczema
into account, which varies considerably during childhood. Generally, the prevalence is
highest in early childhood, and declines in later childhood. Therefore, defining eczema
as a dichotomous trait might be an oversimplification. Few studies identified eczema
phenotypes, taking into account age of onset and persistence of eczema, and were
performed in children of mainly European ancestry, or until the age of 4 years.”® It is
unclear whether similar eczema phenotypes can be found in multi-ethnic children until
age 10 years. Additionally, using eczema phenotypes might enable better identification
of specific genetic, and early life risk factors, and later life consequences. Genetic, early
environmental and microbial factors could potentially be most influential risk factors of
eczema phenotypes. Consequently, specific eczema phenotypes might predispose to
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higher risk of asthma and allergies, and emotional and behavioural problems. Eventually,
studying eczema in more depth, including identifying specific early life risk factors and
consequences, could provide new insights for better prevention and treatment strate-
gies focused on early life to reduce the prevalence and burden of childhood eczema.

GENETIC AND EARLY LIFE ENVIRONMENTAL FACTORS

Both genetic and early life environmental factors affect the risk of developing childhood
eczema and the course of the disease.’ The heritability of eczema in previous pediatric
cohort studies in twins ranged from 39-90%.'° The most important known genetic risk
factors for eczema are loss-of-function mutations in the gene encoding filaggrin (FLG),
an indispensable protein for epidermal differentiation and maintenance of an optimal
skin barrier."" Multiple cohorts additionally identified approximately 40 FLG mutations,
of which the four most common FLG mutations in Caucasians are 2282del4, R2447X,
R501X, and $S3247X." " Furthermore, 31 single nucleotide polymorphisms (SNPs) have
been identified in genome-wide association (GWA) studies of mostly population-based
cohorts to be associated with childhood eczema.” ' '* However, the combination of
these SNPs and four FLG mutations together explain up to approximately 14.91% of the
variance in liability of eczema in children of European ethnicity."* A previous study that
identified eczema phenotypes in children of European ethnicity showed that the genetic
risk score based on 23 European SNPs was associated with increased risk of persistent
eczema.” The eczema-liability of these genetic factors in children with non-European
ethnicity has not been studied.

Previous population-based studies showed that a variety of main early life environ-
mental risk factors for childhood eczema are higher maternal education, having older
siblings, shorter duration or non-exclusiveness of breastfeeding, day care attendance
and having no pets.'®? Also, children of non-European ethnicity, and more specifically
those of Surinamese-Creole and Surinamese-Hindustani origin have an increased risk of
eczema.” Only two previous studies have examined the association between early life
environmental factors and eczema phenotypes.” ® Furthermore, genetic and environ-
mental risk factors were studied independently of each other in univariate analyses, and
in children of predominantly European ethnicity. It remains unclear whether the genetic
variants and early life exposures are associated with eczema phenotypes in children of
multi-ethnicity, and if they are still risk factors when they are adjusted for each other in
multivariate analyses.

MICROBIAL FACTORS

Recently, research on human microbiota have gained major interest in the develop-
ment of eczema and other atopic diseases, since genetic susceptibility and established
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environmental risk factors alone do not explain the increasing prevalence of eczema,
and related other atopic diseases.”* > According to the biodiversity hypothesis, which
builds upon the hygiene hypothesis, urbanization and modern public health practices
lead to less microbial exposure, and thereby a less stimulated immune system, and
subsequently an increased risk of eczema, allergy and asthma.” *® In addition, children
with eczema are more prone to develop skin infections such as herpes simplex and
impetigo.”’” A less diverse skin microbiome has been associated with increased risk of
eczema and eczema severity.”**° However, the evidence of a causal relation between

skin microbiome and eczema is lacking.”*°

One of the most well-known microorganism associated with increased risk of eczema is
Staphylococcus aureus (S. aureus), a commensal bacteria on humans, that often spreads
from the nose to other body sites, and can occasionally cause severe infections.*' Early
life nasal carriage of S. aureus increases the risk of eczema and its severity in children at
age 1-2 years, but persistent effects in later childhood are not clear.’> Other commensal
airway bacteria, such as Haemophilus influenzae, Moraxella catarrhalis, and Streptococcus
pneumonia, are suspected to play a role in the development of childhood atopic respira-
tory diseases.**** Therefore, it might be that early life nasopharyngeal carriage with H. in-
fluenzae, M. catarrhalis or S. pneumoniae is also associated with risk of eczema. However,
few studies examined these associations.”®*** Also, it remains unclear whether there is
a causal relation between bacterial nasal/nasopharyngeal carriage and eczema.”’

Another relevant microbiota site related to eczema and other atopic diseases is the gut.
Previous studies has shown that the gut microbiota affects the development and regula-
tion of the immune system greatly, especially in early childhood.*® Infants with a less
diverse stool microbiota, and with greater abundance of Bacteroidaceae, Clostridiaceae
and Enterobacteriaceae, and lower abundance of Bifidobacteriaceae and Lactobacillaceae,
had a higher risk of eczema, allergy or asthma until age 3 years.?* However, the majority
of studies linking the gut microbiota to atopic diseases were performed in relative small
number of children, and the role of gut microbiota in eczema, and other atopic diseases
in later childhood is less clear.

ATOPIC DISEASE CONSEQUENCES

Eczema is strongly related to asthma and allergies.*® According to the atopic march
hypothesis, children with eczema and food allergies in early life are at risk to develop
asthma and allergic rhinitis in later life.*' Microbial and/or genetic factors combined
with environmental factors may lead to dysfunction of the epithelial barrier, leading
to transcutaneous sensitization, and type 2 inflammation, and thereby predisposing to
asthma and allergic conditions.” ** However, studies on early intervention of eczema in
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order to prevent epithelial barrier dysfunction progressing into a proinflammatory state
to for example prevent food allergy show contradictory results.**® Early introduction of
peanut consumption in infants decreases the risk of peanut allergy, but not the risk of
other food and inhalant allergies, eczema or asthma.*”** The underlying mechanism of
the atopic march remains unclear. In addition, previous longitudinal population-based
cohort studies only found a small proportion of children with eczema that follow this
atopic march.”’ An explanation for this contradicting observation might be due to the
use of a dichotomous definition of eczema. Few studies that identified eczema pheno-
types suggest that children with early onset and persistent eczema have higher risks of
asthma and allergy in later childhood.”® However, it is unclear whether eczema pheno-
types in a multi-ethnic pediatric population are similarly related to asthma and allergies
in later life, and whether eczema phenotypes are also associated with lung function, and
more comprehensive allergy outcomes.

EMOTIONAL AND BEHAVIOURAL CONSEQUENCES

In children, previous studies showed that eczema was associated with more emo-
tional problems, anxiety, depression, attention deficit hyperactivity disorders, and
conduct disorders.””* In addition, children with early onset and/or chronic eczema
had increased risks of emotional and behavioural problems at school-age.*®*” A pos-
sible explanation is that eczema related symptoms such as chronic itchiness, red
patchy skin appearance and disturbed sleep could negatively affect mental health via
social isolation, low self-image, lack of concentration and more irritability. *>***® On
the other hand, children with emotional and behavioural problems had more severe
eczema and eczema exacerbations.> *> %' It has been suggested that stress, as proxy
of psychopathological problems, could shift the balance towards type 2 T-helper cells
via the hypothalamic-pituitary-adrenal axis and sympathetic adrenomedullary system
leading to more susceptibility of atopic inflammation and diseases, and resulting in a
vicious cycle.”” Maternal psychiatric symptoms during pregnancy were associated with
an increased risk of childhood eczema.® Therefore, it is unclear what the (causal) direc-
tion is between eczema and emotional and behavioural problems.** Additionally, using
eczema phenotypes might clarify which children with eczema in early life are most at
risk of emotional and behavioural problems later in life.

HYPOTHESIS

The hypothesis of this thesis is that genetic, early life environmental, and microbial
factors modulate the immune system, and affect the age of onset and persistence of
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eczema, and that specific eczema phenotypes might predispose to higher risk of other

atopic diseases, and emotional and behavioural problems.

GENETIC AND EARLY
ENVIRONMENTAL FACTORS

Filaggrin mutations, SNPs, parity, parental
history of atopic diseases, sex, ethnic
origin, breastfeeding, daycare attendance,
pet exposure, wheezing

MICROBIAL FACTORS

Nasal/nasopharyngeal bacterial carriage
Gut microbiota

ECZEMA AND ECZEMA PHENOTYPES

ATOPIC DISEASES

Food allergy, inhalant allergy, asthma

EMOTIONAL AND BEHAVIOURAL
PROBLEMS

Symptoms of anxiety, withdrawnness,
depression, somatic complaints,
aggressive behaviour, and attention
problems

Figure 1. Overview of the specific risk factors, and consequences of eczema and eczema phenotypes stud-

ied in this thesis

OBJECTIVES

The major aims of these thesis are:
1. To identify eczema phenotypes

2. To assess the association of genetic, early life environmental and microbial factors

with eczema, and eczema phenotypes

3. To assess the relation of eczema phenotypes with other other atopic diseases, and

emotional and behavioural problems
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GENERAL DESIGN

The studies included in this thesis were embedded in the Generation R Study, a
population-based prospective cohort study in Rotterdam, the Netherlands, following
pregnant women and their children from fetal life until adulthood (www. generationr.
nl).** The aim of the study was to identify genetic and early environmental factors, and
causal pathways leading to normal and abnormal growth, and development of health
and diseases during fetal life, childhood and adulthood. Women were enrolled primar-
ily during the first trimester, and until birth of the child. In total, 9,778 mothers with a
delivery date from April 2002 until January 2006 were enrolled in the study, and the
response rate at baseline was 61%.

Data collection for this thesis comprised parent-reported questionnaires for health
and life style habits during pregnancy, and after birth, child’s physical examination,
and biological samples, including cord blood, nasal swabs and stool samples (Figure
2). Umbilical cord blood was collected in order to genotype the child’s DNA by lllumina
670K platform, and modified Tagman allelic discrimination assays were used to identify
the four most prevalent FLG mutations in Caucasians (2282del4, R2447X, R501X, and
$3247X).'*"*% Between ages 6 months to 6 years, nasal swabs for Staphylococcus aureus,
and nasopharyngeal swabs for Streptococcus pneumoniae, Moraxella catarrhalis and
Haemophilus influenzae were collected and cultured. At age 10 years, stool samples were
collected and analyzed using 16S rRNA gene sequencing.®® Birth characteristics were
obtained from midwife and hospital registries. Information on other covariates, includ-
ing demographic, socioeconomic, and health-related and lifestyle factors, was mainly
obtained by postal questionnaires in the first years of life. Between age 6 months and 10
years, physician-diagnosed eczema, food and inhalant allergy, and asthma was obtained
by questionnaires adapted from the International Study on Asthma and Allergy in Child-
hood (ISAAC).'® °® At age 10 years, we measured lung function via spirometry according
to the American Thoracic Society / European Respiratory Society (ATS/ERS) criteria, and
sensitization for food and inhalant allergens using skin prick testing.””° Between the
ages of 1.5 to 10 years, emotional and behavioural problems were measured repeatedly
using the Child Behavior Checklist.”'”?

OUTLINE OF THIS THESIS

Chapter 2 focuses on the association of risk factors with eczema and eczema phenotypes.
In Chapter 2.1, the identification of eczema phenotypes, and its association with genetic
and early life environmental factors are presented. In Chapter 2.2, the associations of
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Chapter 1

bacterial nasal and nasopharyngeal carriage with eczema phenotypes are described.
The associations of child’s stool microbiota with atopic diseases are explored in Chapter
2.3. Chapter 3 focuses on the consequences of eczema phenotypes. In Chapter 3.1,
the risk of eczema phenotypes with allergy and asthma are presented. Associations of
eczema phenotypes with emotional and behavioural problems from birth until school
age are described in Chapter 3.2. Chapter 4 includes the general discussion with the
main observations, and discusses the clinical implication of the studies described by this
thesis. In Chapter 5, an English and a Dutch summary are presented.

18



General introduction and design

REFERENCES

10.

11.

12.

13.

14.

15.

16.

Odhiambo JA, Williams HC, Clayton TO, Robertson CF, Asher Ml , Group IPTS. Global variations
in prevalence of eczema symptoms in children from ISAAC Phase Three. J Allergy Clin Immunol
2009;124:1251-8 e23.

Bruijnzeel-Koomen CAFM, Poos MJJC. Prevalentie van constitutioneel eczeem: Rijksinstituut voor
Volksgezondheid en Milieu; 2018.

Bieber T, D’Erme AM, Akdis CA, Traidl-Hoffmann C, Lauener R, Schappi G et al. Clinical phenotypes
and endophenotypes of atopic dermatitis: Where are we, and where should we go? J Allergy Clin
Immunol 2017;139:558-564.

Hanifin JM , Rajka G. Diagnostic features of atopic dermatitis. Acta Derm Venereol Suppl
(Stockh);Suppl 92:44-7.

Williams HC, Burney PG, Pembroke AC, Hay RJ. The U.K. Working Party’s Diagnostic Criteria for
Atopic Dermatitis. lll. Independent hospital validation. Br J Dermatol 1994;131:406-16.
Silverberg JI, Patel N, Immaneni S, Rusniak B, Silverberg NB, Debashis R et al. Assessment of atopic
dermatitis using self-report and caregiver report: a multicentre validation study. Br J Dermatol
2015;173:1400-4.

Paternoster L, Savenije OEM, Heron J, Evans DM, Vonk JM, Brunekreef B et al. Identification of
atopic dermatitis subgroups in children from 2 longitudinal birth cohorts. J Allergy Clin Immunol
2018;141:964-71.

Roduit C, Frei R, Depner M, Karvonen AM, Renz H, Braun-Fahrlander C et al. Phenotypes of
Atopic Dermatitis Depending on the Timing of Onset and Progression in Childhood. JAMA Pediatr
2017;171:655-62.

Tsakok T, Woolf R, Smith CH, Weidinger S, Flohr C. Atopic dermatitis: the skin barrier and beyond.
British Journal of Dermatology 2019;180:464-74.

Bataille V, Lens M, Spector TD. The use of the twin model to investigate the genetics and epi-
genetics of skin diseases with genomic, transcriptomic and methylation data. Journal of the
European Academy of Dermatology and Venereology 2012;26:1067-73.

van den Oord RA , Sheikh A. Filaggrin gene defects and risk of developing allergic sensitisation
and allergic disorders: systematic review and meta-analysis. BMJ 2009;339:b2433.

Irvine AD, McLean WH , Leung DY. Filaggrin mutations associated with skin and allergic diseases.
N Engl J Med 2011;365:1315-27.

Kezic S, O'Regan GM, Yau N, Sandilands A, Chen H, Campbell LE et al. Levels of filaggrin degrada-
tion products are influenced by both filaggrin genotype and atopic dermatitis severity. Allergy
2011;66:934-40.

Paternoster L, Standl M, Waage J, Baurecht H, Hotze M, Strachan DP et al. Multi-ancestry genome-
wide association study of 21,000 cases and 95,000 controls identifies new risk loci for atopic
dermatitis. Nat Genet 2015;47:1449-56.

Paternoster L, Standl M, Chen CM, Ramasamy A, Bonnelykke K, Duijts L et al. Meta-analysis of
genome-wide association studies identifies three new risk loci for atopic dermatitis. Nat Genet
2011;44:187-92.

Dom S, Droste JH, Sariachvili MA, Hagendorens MM, Bridts CH, Stevens WJ et al. The influence
of parental educational level on the development of atopic sensitization, wheezing and eczema
during the first year of life. Pediatr Allergy Immunol 2009;20:438-47.

19



Chapter 1

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

20

Strachan DP, Ait-Khaled N, Foliaki S, Mallol J, Odhiambo J, Pearce N et al. Siblings, asthma, rhino-
conjunctivitis and eczema: a worldwide perspective from the International Study of Asthma and
Allergies in Childhood. Clin Exp Allergy 2015;45:126-36.

Elbert NJ, van Meel ER, den Dekker HT, de Jong NW, Nijsten TEC, Jaddoe VWV et al. Duration and
exclusiveness of breastfeeding and risk of childhood atopic diseases. Allergy 2017.

Pelucchi C, Galeone C, Bach JF, La Vecchia C, Chatenoud L. Pet exposure and risk of atopic
dermatitis at the pediatric age: a meta-analysis of birth cohort studies. J Allergy Clin Immunol
2013;132:616-22 e7.

Loo EX, Shek LP, Goh A, Teoh OH, Chan YH, Soh SE et al. Atopic Dermatitis in Early Life: Evidence
for at Least Three Phenotypes? Results from the GUSTO Study. Int Arch Allergy Immunol
2015;166:273-9.

Kaufman BP, Guttman-Yassky E , Alexis AF. Atopic dermatitis in diverse racial and ethnic
groups-Variations in epidemiology, genetics, clinical presentation and treatment. Exp Dermatol
2018;27:340-57.

Cramer C, Link E, Bauer CP, Hoffmann U, von Berg A, Lehmann | et al. Association between at-
tendance of day care centres and increased prevalence of eczema in the German birth cohort
study LISAplus. Allergy 2011,;66:68-75.

Elbert NJ, Duijts L, den Dekker HT, Jaddoe VW, Sonnenschein-van der Voort AM, de Jongste JC et
al. Role of environmental exposures and filaggrin mutations on associations of ethnic origin with
risk of childhood eczema. The Generation R Study. Pediatr Allergy Immunol 2016;27:627-35.
Ferreira MA, Vonk JM, Baurecht H, Marenholz |, Tian C, Hoffman JD et al. Shared genetic origin of
asthma, hay fever and eczema elucidates allergic disease biology. Nat Genet 2017;49:1752-7.
Lambrecht BN, Hammad H. The immunology of the allergy epidemic and the hygiene hypothesis.
Nature Immunology 2017;18:1076.

Haahtela T. A biodiversity hypothesis. Allergy 2019;74:1445-56.

Wang V, Boguniewicz J, Boguniewicz M, Ong PY. The infectious complications of atopic dermati-
tis. Annals of Allergy, Asthma & Immunology 2021;126:3-12.

Totte JEE, Pardo LM, Fieten KB, Vos MC, van den Broek TJ, Schuren FHJ et al. Nasal and skin
microbiomes are associated with disease severity in paediatric atopic dermatitis. Br J Dermatol
2019;181:796-804.

Bjerre RD, Bandier J, Skov L, Engstrand L, Johansen JD. The role of the skin microbiome in atopic
dermatitis: a systematic review. British Journal of Dermatology 2017;177:1272-8.

Paller AS, Kong HH, Seed P, Naik S, Scharschmidt TC, Gallo RL et al. The microbiome in patients
with atopic dermatitis. Journal of Allergy and Clinical Immunology 2019;143:26-35.

Totté JEE, van der Feltz WT, Hennekam M, van Belkum A, van Zuuren EJ, Pasmans SGMA. Preva-
lence and odds of Staphylococcus aureus carriage in atopic dermatitis: a systematic review and
meta-analysis. British Journal of Dermatology 2016;175:687-95.

Lebon A, Labout JA, Verbrugh HA, Jaddoe VW, Hofman A, van Wamel WJ et al. Role of Staphy-
lococcus aureus nasal colonization in atopic dermatitis in infants: the Generation R Study. Arch
Pediatr Adolesc Med 2009;163:745-9.

Bisgaard H, Hermansen MN, Buchvald F, Loland L, Halkjaer LB, Bannelykke K et al. Childhood
asthma after bacterial colonization of the airway in neonates. N Engl J Med 2007;357:1487-95.
van Meel ER, Jaddoe VWYV, Looman KIM, de Jongste JC, Moll HA, Duijts L. Airway bacterial carriage
and childhood respiratory health: A population-based prospective cohort study. Pediatric Allergy
and Immunology;n/a.



35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

General introduction and design

Wang IJ, Huang L-M, Guo YL, Hsieh W-S, Lin T-J , Chen P-C. Haemophilus influenzae type b
combination vaccines and atopic disorders: A prospective cohort study. Journal of the Formosan
Medical Association 2012;111:711-8.

Arkwright PD, Patel L, Moran A, Haeney MR, Ewing Cl , David TJ. Atopic eczema is associated
with delayed maturation of the antibody response to pneumococcal vaccine. Clin Exp Immunol
2000;122:16-9.

George SMC, Karanovic S, Harrison DA, Rani A, Birnie AJ, Bath-Hextall FJ et al. Interventions to
reduce Staphylococcus aureus in the management of eczema. Cochrane Database of Systematic
Reviews 2019.

Kamada N, Seo SU, Chen GY, Nunez G. Role of the gut microbiota in immunity and inflammatory
disease. Nat Rev Immunol 2013;13:321-35.

Zimmermann P, Messina N, Mohn WW, Finlay BB, Curtis N. Association between the intestinal
microbiota and allergic sensitization, eczema, and asthma: A systematic review. J Allergy Clin
Immunol 2019;143:467-85.

Kapur S, Watson W, Carr S. Atopic dermatitis. Allergy Asthma Clin Immunol 2018;14:52.

Khan SJ, Dharmage SC, Matheson MC , Gurrin LC. Is the atopic march related to confounding
by genetics and early-life environment? A systematic review of sibship and twin data. Allergy
2018;73:17-28.

Tham EH , Leung DY. Mechanisms by Which Atopic Dermatitis Predisposes to Food Allergy and
the Atopic March. Allergy Asthma Immunol Res 2019;11:4-15.

Hill DA , Spergel JM. The atopic march: Critical evidence and clinical relevance. Ann Allergy
Asthma Immunol 2018;120:131-7.

Salem |, Ramser A, Isham N, Ghannoum MA. The Gut Microbiome as a Major Regulator of the
Gut-Skin Axis. Front Microbiol 2018;9:1459.

Sweeney A, Sampath V, Nadeau KC. Early intervention of atopic dermatitis as a preventive strat-
egy for progression of food allergy. Allergy, Asthma & Clinical Immunology 2021;17:30.
Dissanayake E, Tani Y, Nagai K, Sahara M, Mitsuishi C, Togawa Y et al. Skin Care and Synbiotics for
Prevention of Atopic Dermatitis or Food Allergy in Newborn Infants: A 2 x 2 Factorial, Random-
ized, Non-Treatment Controlled Trial. Int Arch Allergy Immunol 2019;180:202-11.

Skjerven HO, Rehbinder EM, Vettukattil R, LeBlanc M, Granum B, Haugen G et al. Skin emollient
and early complementary feeding to prevent infant atopic dermatitis (PreventADALL): a factorial,
multicentre, cluster-randomised trial. The Lancet 2020;395:951-61.

Chalmers JR, Haines RH, Bradshaw LE, Montgomery AA, Thomas KS, Brown SJ et al. Daily emol-
lient during infancy for prevention of eczema: the BEEP randomised controlled trial. The Lancet
2020;395:962-72.

du Toit G, Sayre PH, Roberts G, Lawson K, Sever ML, Bahnson HT et al. Allergen specificity of early
peanut consumption and effect on development of allergic disease in the Learning Early About
Peanut Allergy study cohort. The Journal of allergy and clinical immunology 2018;141:1343-53.
Du Toit G, Roberts G, Sayre PH, Bahnson HT, Radulovic S, Santos AF et al. Randomized Trial of
Peanut Consumption in Infants at Risk for Peanut Allergy. New England Journal of Medicine
2015;372:803-13.

Belgrave DC, Granell R, Simpson A, Guiver J, Bishop C, Buchan | et al. Developmental profiles
of eczema, wheeze, and rhinitis: two population-based birth cohort studies. PLoS Med
2014;11:e1001748.

21



Chapter 1

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

22

Patel KR, Immaneni S, Singam V, Rastogi S, Silverberg JI. Association between atopic dermatitis,
depression, and suicidal ideation: A systematic review and meta-analysis. J Am Acad Dermatol
2019;80:402-10.

Ahn HJ, Shin MK, Seo JK, Jeong SJ, Cho AR, Choi SH et al. Cross-sectional study of psychiatric
comorbidities in patients with atopic dermatitis and nonatopic eczema, urticaria, and psoriasis.
Neuropsychiatr Dis Treat 2019;15:1469-78.

Mitchell AE. Bidirectional relationships between psychological health and dermatological condi-
tions in children. Psychology research and behavior management 2018;11:289-98.

Schans Jvd, Cicek R, de Vries TW, Hak E , Hoekstra PJ. Association of atopic diseases and attention-
deficit/hyperactivity disorder: A systematic review and meta-analyses. Neuroscience & Biobehav-
joral Reviews 2017;74:139-48.

Schmitt J, Apfelbacher C, Chen CM, Romanos M, Sausenthaler S, Koletzko S et al. Infant-onset
eczema in relation to mental health problems at age 10 years: results from a prospective birth
cohort study (German Infant Nutrition Intervention plus). J Allergy Clin Immunol 2010;125:404-
10.

Teyhan A, Galobardes B, Henderson J. Child Allergic Symptoms and Well-Being at School: Find-
ings from ALSPAC, a UK Cohort Study. PLoS One 2015;10:e0135271.

Ramirez FD, Chen S, Langan SM, Prather AA, McCulloch CE, Kidd SA et al. Association of Atopic
Dermatitis With Sleep Quality in Children. JAMA Pediatr 2019:190025.

Gregory AM , Sadeh A. Sleep, emotional and behavioral difficulties in children and adolescents.
Sleep Med Rev 2012;16:129-36.

Ronnstad ATM, Halling-Overgaard AS, Hamann CR, Skov L, Egeberg A , Thyssen JP. Association
of atopic dermatitis with depression, anxiety, and suicidal ideation in children and adults: A
systematic review and meta-analysis. J Am Acad Dermatol 2018;79:448-56 e30.

Chida Y, Hamer M , Steptoe A. A bidirectional relationship between psychosocial factors and
atopic disorders: a systematic review and meta-analysis. Psychosom Med 2008;70:102-16.
Elenkov IJ. Glucocorticoids and the Th1/Th2 balance. Ann N'Y Acad Sci 2004;1024:138-46.

Elbert NJ, Duijts L, den Dekker HT, de Jong NW, Nijsten TE, Jaddoe VW et al. Maternal psychiatric
symptoms during pregnancy and risk of childhood atopic diseases. Clin Exp Allergy 2017;47:509-
19.

Kooijman MN, Kruithof CJ, van Duijn CM, Duijts L, Franco OH, van IMH et al. The Generation R
Study: design and cohort update 2017. Eur J Epidemiol 2016;31:1243-64.

Radjabzadeh D, Boer CG, Beth SA, van der Wal P, Kiefte-De Jong JC, Jansen MAE et al. Diversity,
compositional and functional differences between gut microbiota of children and adults. Scien-
tific Reports 2020;10:1040.

Asher M|, Keil U, Anderson HR, Beasley R, Crane J, Martinez F et al. International Study of Asthma
and Allergies in Childhood (ISAAC): rationale and methods. Eur Respir J 1995;8:483-91.

van der Valk JP, Gerth van Wijk R, Hoorn E, Groenendijk L, Groenendijk IM , de Jong NW. Measure-
ment and interpretation of skin prick test results. Clin Transl| Allergy 2015;6:8.

Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A et al. Standardisation of spirom-
etry. Eur Respir J 2005;26:319-38.

van Meel ER, den Dekker HT, Elbert NJ, Jansen PW, Moll HA, Reiss IK et al. A population-based
prospective cohort study examining the influence of early-life respiratory tract infections on
school-age lung function and asthma. Thorax 2018;73:167-73.



70.

71.

72.

73.

General introduction and design

Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH et al. Multi-ethnic reference values
for spirometry for the 3-95-yr age range: the global lung function 2012 equations. Eur Respir J
2012;40:1324-43.

Achembach TM, Rescorla LA. Manual for the ASEBA School-age Forms & Profiles. Burlington, VT:
University of Vermont; 2001.

Ivanova MY, Achenbach TM, Rescorla LA, Harder VS, Ang RP, Bilenberg N et al. Preschool psycho-
pathology reported by parents in 23 societies: testing the seven-syndrome model of the child
behavior checklist for ages 1.5-5.J Am Acad Child Adolesc Psychiatry 2010;49:1215-24.

Basten MM, Althoff RR, Tiemeier H, Jaddoe VW, Hofman A, Hudziak JJ et al. The dysregulation
profile in young children: empirically defined classes in the Generation R study. J Am Acad Child
Adolesc Psychiatry 2013;52:841-50 e2.

23






2

Risk factors of eczema phenotypes







2.1

Early life environmental exposures,
genetic risk factors, and eczema
phenotypes

Adapted from British Journal of Dermatology. 2019 Dec;181(6):1190-1197.

Chen Hu

Liesbeth Duijts

Nicole S. Erler

Niels J. Elbert
Christophe Piketty
Valérie Bourdeés
Sandrine Blanchet-Réthoré
Johan C. de Jongste
Suzanne G.M.A. Pasmans
Janine F. Felix

Tamar Nijsten




Chapter 2.1

ABSTRACT

Background Childhood eczema is variable in onset and persistence.

Objective To identify eczema phenotypes during childhood, and their associations with
early life environmental and genetic factors.

Methods In this study among 5,297 children of a multi-ethnic population-based pro-
spective cohort study, phenotypes based on parental-reported physician-diagnosed
eczema from age 6 months until 10 years were identified using latent class growth
analysis. Information on environmental factors was obtained by postal questionnaires.
Four filaggrin mutations were genotyped and a risk score was calculated based on 30
genetic variants. Weighted adjusted multinomial models were used for association
analyses.

Results We identified five eczema phenotypes: never (76%), early (8%) , mid- (6%) and
late transient (8%), and persistent eczema (2%). Early transient and persistent eczema
were most common in first born children, those with a parental history of eczema, allergy
or asthma and those with persistent wheezing (odds ratio (95% confidence interval):
range 1.37 (1.07,1.74) and 3.38 (1.95, 5.85)). Early transient eczema was most common
in males only (1.49 (1.18,1.89)). Children with late transient or persistent eczema were
more often of Asian ethnicity (2.04(1.14;3.65) and 3.08 (1.34;7.10), respectively). Children
with early, late transient and persistent eczema more often had a filaggrin mutation or
additional risk alleles (range 1.07 (1.02,1.12) and 2.21 (1.39, 3.50)). Eczema phenotypes
were not associated with maternal education, breastfeeding, day care attendance and
pet exposure.

Conclusion Five eczema phenotypes were identified in a multi-ethnic pediatric popula-
tion with limited differences in risk profiles, except for sex and ethnicity.
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INTRODUCTION

Childhood eczema is a major common chronic health problem with a prevalence of
up to 25%.' The age of onset and the persistence of eczema during childhood vary. To
better predict the natural course of eczema and to prevent the onset and worsening of
eczema, there is a need for defining more detailed eczema phenotypes and for under-
standing their specific underlying risk factors. Defining eczema as a dichotomous trait
is an oversimplification. Eczema phenotypes that take into account the age of onset
and persistence over time may enable better identification of specific environmental
exposures and genetic mechanisms that might play a role in the development of ec-
zema.” Previous studies suggest that higher maternal education, non-European ethnic-
ity, having older siblings, shorter duration or non-exclusiveness of breastfeeding, day
care attendance and no pet exposure are associated with an increased risk of childhood
eczema.”"" In addition, loss-of-function mutations in the gene encoding filaggrin (FLG),
an indispensable protein for epidermal differentiation and maintenance of an optimal
skin barrier, are well known to be associated with eczema.'? Furthermore, genome-
wide association (GWA) studies identified 31 variants to be associated with childhood
eczema.” ™ It is unclear whether these early life exposures and genetic variants are
related to the various eczema phenotypes. Two previous longitudinal birth cohorts
identified different eczema phenotypes with sex, parental history of eczema, asthma
or allergies, breastfeeding, pet exposure, FLG mutations, genetic risk score, asthma and
other allergenic comorbidities as determinants' '® However, those cohorts consisted
predominantly children of European ethnicity, did not take the correlation between
repeated measurement of eczema into account in the cluster analysis, or only explored
the risk of early life exposures and genetic variants in unadjusted analyses.

Therefore to better predict and prevent the natural course of eczema, we aimed to
identify eczema phenotypes in a multi-ethnic population-based prospective cohort
study among 5,297 children. We further examined the associations of socioeconomic
and lifestyle exposures in early life and genetic risk factors with the identified eczema
phenotypes.

METHODS

Design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early fetal life onwards.”” Written informed consent was obtained
from both parents or legal guardians. Of 7,893 live born children participating after
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birth, those without data on physician-diagnosed eczema available on at least 3 time
points were excluded, leaving a total of 5,297 children for the current analyses.

Eczema definition

Information on eczema was obtained from parental questionnaires at age 6 months, and
atages 1,2,3,4and 10 years (response rates: 72 -76%). Physician-diagnosed eczema was
defined as a positive response to the question ‘Was your child diagnosed with eczema in
the last 6 months/last year by a physician?’ (no; yes).'® This question was adapted from
the core questionnaire of the International Study of Asthma and Allergies in Childhood
(ISAAQC)."”

Early life environmental exposures

Information on parity (nulliparous; multiparous), maternal education (primary or sec-
ondary school; higher than secondary school), and parental history of eczema, allergy
or asthma (no; yes) was available from parental questionnaires obtained at enrolment.
Child sex was obtained from midwives and hospital records. Ethnic origin (European;
non-European) of the child was based on the parents’ country of birth according to Sta-
tistics Netherlands."” Postnatal questionnaires provided information on breastfeeding
(never; ever) at 2, 6 or 12 months after birth, pet exposure at ages 2 and 6 months (no;
yes, exposure to cat, dog, rodent or bird at home) and day care attendance at age 12
months (yes; no). Questionnaires adapted from the ISAAC study were used to determine
wheezing at ages 1-6 years (no, yes).'” Wheezing patterns were classified based on time
of onset and persistence into‘never’ ‘early’ (wheezing at age <3 years only), late’ (wheez-
ing at ages >3-6 years only), or ‘persistent’ wheezing (wheezing at age <3 years and at
age >3-6 years) for children with data on wheezing available on at least 2 time points.”

Genetic risk factors

The most prevalent FLG mutations in Caucasians (2282del4, R2447X, R501X, and
S3247X) were genotyped by modified Tagman allelic discrimination assays, using previ-
ously described primers.”"?* Children without any mutant alleles were classified as wild
type. Because we only observed two cases of homozygous FLG mutations, we created a
combined FLG genotype (no mutation; =1 mutations).”> A recent and large GWA study
identified and replicated 30 single nucleotide polymorphisms (SNPs) that were associ-
ated with childhood eczema.” Information on these SNPs was available from the GWA
screen performed on DNA isolated from cord blood leukocytes or, in a small minority
of children with missing cord blood samples, at age 6 years using the lllumina 670K
platform."” Genotype data were imputed for all polymorphic SNPs to the 1000 Genomes
panel. A genetic risk score for each individual was calculated by summation of the num-
ber of eczema-increasing risk alleles (between 0-2 for each SNP) across all SNPs."
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Statistical analysis

First, we compared characteristics of those included and not included in our study
by using independent sample T-, Mann-Whitney U, and Pearson’s Chi-square tests.
Second, eczema phenotypes were identified using latent class growth analysis based
on parental-reported-physician-diagnosed eczema data. This type of analysis assumes
that a number of different latent classes exist in the study population that describe
the variation of observed responses over time, and clusters subjects with similar pat-
terns while taking into account correlations between measurements from the same
subject.”*?® Details on model selection are provided in the supplementary material. For
comparison with previous studies on eczema subgroups, we performed longitudinal
latent class analysis to identify eczema phenotypes.” '® Third, we examined the asso-
ciations of early environmental exposures and genetic risk factors with the identified
eczema phenotypes using weighted mutually adjusted multinomial regression models.
Multiple imputation using chained equations was used to impute missing values of
environmental exposures (range 0 to 30% per variable). Twenty completed datasets
were created and the results pooled using Rubin’s rules.”’” Physician-diagnosed eczema,
FLG genotype and the calculated genetic risk score were not imputed since they could
not be appropriately predicted from the available data.”® Last, in order to examine the
associations between different ethnicities and eczema phenotypes in more detail, we
divided ethnicity based on similarities in skin type and cultural background into Euro-
pean (European, American or Oceanian), Mediterranean (Turkish or Moroccan), Asian
(Asian, Indonesian, Surinamese-Hindustani or Surinamese-mixed) and African (African,
Dutch-Antillean or Surinamese-Creole) subgroups.'”?° All measures of association are
presented as odds ratios (OR) with corresponding 95% confidence intervals (95% Cl).
Latent class analyses were performed using Mplus (version 7.11) for Windows (Muthén
and Muthén, Los Angeles, CA, USA), imputation and weighted multinomial regression
analyses were performed using the packages ‘mice’ (version 2.46.0)*° and ‘nnet’ (version
7.3.12) in R version 3.4.3%, respectively.

RESULTS

Subject characteristics

Maternal and child characteristics are presented in Table 1. The prevalence of eczema
declined from 16% (n=662) at age 6 months to 7% (n=347) at age 10 years. Subjects that
were not included in the current analyses partly had less favourable socio-economic and
environmental factors (Supplementary Table 1).
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Table 1. Characteristics of children and their mothers after multiple imputation

Parental characteristics

Parity (nulliparous) % (n) 59 (3,096)
Maternal education (higher) % (n) 57 (3,009)
History of eczema, allergy and asthma (yes, at least one parent) % (n) 60 (3,189)

Child characteristics

Sex (male) % (n) 50(2,632)
Ethnicity (non-European) % (n) 26 (1,359)
Breastfeeding (ever) % (n) 92 (4,885)
Day care attendance (yes) % (n) 59 (3,145)
Pet exposure (yes) % (n) 39 (2,038)
Wheezing pattern % (n)

Never 55 (2,887)

Early 28 (1,495)

Late 5(261)

Persistent 12 (655)
FLG genotype (= 1 mutations) % (n)* 8 (247)
Genetic risk score (mean (SD))* 31 (3.45)
Physician-diagnosed-eczema % (n)*

6 months 16 (662)

1 years 13 (637)

2 years 14 (719)

3 years 9 (442)

4 years 8(378)

10 years 7 (347)

Values are based on 20 imputed datasets. *Data on FLG genotype, genetic risk score and physician-diagnosed eczema
were not imputed. Data were missing for FLG genotype (41% (n=2,186)), genetic risk score (36%(n=1,880), and physician-
diagnosed eczema at 6 months (30% (n=1,569)), 1 year (14% (n=730)), 2 years (9% (n=457)), 3 years (14% (n=726)), 4 years
(15% (n=789)) and 10 years (27% (n=1,418)).

Eczema phenotypes

In children with data on physician-diagnosed eczema available from at least 3 time
points (n=5,297), latent class growth analysis identified the model with five eczema
phenotypes as the best fit (Figure 1, Supplementary Table 2 and 3). The five eczema
phenotypes were described as never eczema (76%), early transient eczema (8%), mid-
transient eczema (6%), late transient eczema (8%) and persistent eczema (2%). Similar
results were observed in children with data on physician-diagnosed eczema available at
all 6 time points (n=1,975) (Supplementary Table 2). To compare our results with previ-
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Figure 1. Eczema phenotypes trajectories from latent class growth analysis

ous studies, we used longitudinal latent class analysis and identified that the model
with three, not five, eczema phenotypes best fitted our data (Supplementary Table 3,
Supplementary Figure 1a and 1b). The three phenotypes were similar in pattern to the
never, early transient and persistent eczema phenotypes identified using latent class
growth analysis.

Early environmental exposures and eczema phenotypes

No major differences in the magnitude or the direction of the effect estimates were
observed between analyses with imputed data and analyses with complete cases only.
We only present the results based on imputed data. Nulliparity and parental history of
eczema, allergy or asthma were positively associated with early transient and persistent
eczema compared with never eczema and reference groups (OR range (95% Cl): 1.37
(1.07,1.74) and 2.01 (1.20,3.36), respectively) (Table 2). Boys were significantly more likely
to have early transient eczema (1.49 (1.18,1.89)), while non-European ethnicity was asso-
ciated with late transient (1.35 (1.03,1.78)) and persistent eczema (1.76 (1.10, 2.82)). Chil-
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dren with late onset wheezing had higher risks for early transient and persistent eczema
(2.65 (1.67-4.20) and 3.63 (7.71, 7.71), respectively) than children with never wheezing
and never eczema. Children with persistent wheezing more often had early and late
transient, and persistent eczema (2.67 (1.94,3.69), 1.89 (1.36,2.65), and 3.50 (2.03,6.04),
respectively) than children with never wheezing and never eczema. No other significant
associations of early environmental exposures with eczema phenotypes were observed.

Genetic risk factors and eczema phenotypes

Children with one or more FLG mutations had increased risks of early and late transient
eczema (2.21 (1.40, 3.49) and 2.09 (1.30,3.34), respectively) compared with children with-
out FLG mutations and never eczema (Table 3). Per additional risk allele in the genetic
risk score, children had increased risks of early transient and persistent eczema (1.08
(1.03,1.13) and 1.09 (1.01, 1.18), respectively). The size and the direction of the effect
estimates of the associations of genetic risk factors with eczema phenotypes remained
similar when we additionally adjusted for all early environmental exposures. Also, the
size and the direction of the effect estimates of the associations of early environmental
exposures with eczema phenotypes remained similar, although some attenuated into
non-significant, when we additionally adjusted for FLG genotype and the genetic risk
score (Supplementary Table 4).

Ethnicity and eczema phenotypes

After dividing ethnicity into more detailed subgroups in our early environmental expo-
sure model, we observed that Asian and African ethnicity were positively associated with
late transient (1.83 (1.20,2.80) and 1.49 (1.00,2.23), respectively) and persistent eczema
(2.26 (1.11,4.60) and 2.01 (1.06,3.79), respectively), compared with never eczema and
European ethnicity (Table 3, Supplementary Table 5). When we additionally adjusted for
genetic risk factors, only the associations of Asian ethnicity with an increased risk on
late transient (2.04 (1.14,3.65)) and persistent eczema (3.08 (1.34,7.10)) remained (Table
3, Supplementary Table 6).

DISCUSSION

Five eczema phenotypes were identified in a multi-ethnic pediatric population followed
from birth until age 10 years based on age of onset and persistence of eczema. Several
known risk factors for eczema were associated with distinct phenotypes, but no clear
patterns emerged suggesting that the previously known eczema risk factors have
limited differentiating capacities for eczema phenotypes. Most of the associations were
found in relation to early transient and persistent eczema. Early transient and persis-
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tent eczema were most common in first born children, those with a parental history of
eczema, allergy or asthma and those with persistent wheezing. Early transient eczema
was most common in males only. Children with late transient or persistent eczema were
more often of Asian and African ethnicity. Eczema phenotypes were not associated with
maternal education, breastfeeding, day care attendance and pet exposure. Children
with early and late transient and persistent eczema more often had a filaggrin mutation
or additional risk alleles in the genetic risk score. Most effect estimates did not materially
change when we mutually adjusted our analyses for both environmental and genetic
factors. The explanation of why early transient and persistent eczema phenotypes share
several determinants is not clear, but both patterns are dominant around the age of 1
year. This may be an important age in the exposure to environmental factors and the
expression of genetic predisposition in the maturation of the skin and the immune
system leading to the development of eczema.*

Comparison with previous literature

Never, early and late transient and persistent eczema showed a similar pattern as those
identified in a cohort study among 1,038 children followed from birth until age 6 years.'
Compared to a different study among 3,652 and 9,894 children followed from birth until
age 11 and 16 years, higher early eczema probabilities were observed with more steeper
resolving curves and no phenotype was identified with an onset after age 6 years."” The
patterns were more similar when we used longitudinal latent class analysis. However,
this analysis does not take repeated measurements into account, which we considered
relevant in this study due to eczema measurements at different time intervals. The re-
maining discrepancy in number and pattern of phenotypes might be explained by the
differences in follow-up time (10 versus 6 and 11-16 years), number of repeated eczema
measurements (6 versus 7 and 10-12), eczema definition (physician-diagnosed-eczema
versus itchy rash on specific locations) and population characteristics (multi-ethnic
versus mostly European ethnicity).

The observations in this study supports that nulliparity, parental history of eczema, al-
lergy and asthma, late onset and persistent wheezing, FLG genotype and the genetic risk
score based on previously identified SNPs are risk factors for childhood eczema.® > "> ¢
The functions of many of these SNPs are not yet determined, but might be related to
autoimmunity and skin barrier.” A previous study suggest that children of Surinamese-
Creole and Surinamese-Hindustani origin have an increased risk of eczema.” In addition,
this study showed that Asian and African children had an up to 3.6-fold increased risk of
late transient and persistent eczema compared to European children. Possible underly-
ing mechanisms include differences in skin barrier properties, parental psychological

distress, microbiome development and other genetic factors.' >3
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In contrast with literature, no associations were observed between breastfeeding and
eczema phenotypes. However, most literature focused on the presence or absence of
eczema and not distinct phenotypes or have used univariate analysis.”” Even though
favorable effects have been found between pet exposure and eczema, we did not found
any effect between postnatal pet exposure eczema phenotypes.® This is in line with
previous studies on eczema phenotypes.'® '° Differences with literature might be due
to timing of the measurements, different distribution of risk factors or mild severity of
included eczema cases as is illustrated by the low prevalence of FLG mutations in our
multi-ethnic pediatric population.'

Interpretation of results

The number of eczema phenotypes is based on statistical fit and depends on clinical rel-
evance. The three eczema phenotypes identified by latent class growth analysis might
present a more useful model for clinical practice, because it makes a clearer distinction
between transient and persistent eczema. All patients with eczema should receive opti-
mal care, but it would be useful to identify children with a higher chance of developing
persistent eczema, as they may well benefit from earlier more aggressive treatment.*
For future studies, it would be clinically relevant to know whether specific eczema
phenotypes are more prone to develop other atopic diseases such as asthma and/or
food allergies in time. From an etiological point of view, it is important to better identify
specific early life environmental exposures and genetic risk factors in the development
and persistency of eczema. Sufficient number of cases of eczema and detailed informa-
tion on endogenic factors are needed to compare immunological response, skin barrier
defects and genetic predisposition in children with different eczema phenotypes.

Strengths and limitations

The strengths of this study include the prospective population-based design, multi-
ethnic population with detailed information on eczema, early environmental exposures
and genetic factors. Our eczema phenotypes model seems valid for a multi-ethnic popu-
lation in an ever-globalizing world. Latent class growth analysis is an objective method
to identify classes within a population. More precise and unbiased effect estimates are
obtained by using multivariate multinomial models based on imputed data. However,
some methodological limitations need to be considered in this study. We assumed that
data was missing at random. Missing not at random is always a possibility, which might
lead to biased estimates.* Including children with at least 50% of the data observed
ensures a more reliable model. Selection bias might be present if the associations of
the selected environmental and genetic factors with eczema phenotypes were different
between children included and not included in the analyses. Furthermore, we cannot
rule out underreporting or misreporting of eczema. There is, however, evidence that
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parental-reported physician-diagnosed eczemaiis sufficient for epidemiological research
and eczema prevalence in our study is similar to that of the Dutch population.®** No
information was available to determine the severity of eczema or subtypes of eczema,
which could have influenced the observed effect estimates and associations. Residual
confounding might exist. Also a longer follow-up period could influence the number
and pattern of eczema phenotypes. The uncertainty of class assignment of children is
only partially accounted for by using weights in the multinomial analyses. Moreover,
the results were not adjusted for multiple testing. We extracted the SNPs from the most
recent GWA study including non-European populations, still most of the genetic risk
factors, including FLG mutations, have been discovered in European populations."
Although early transient and persistent eczema appear to share several determinants,
most of the selected environmental and genetic factors did not strongly differentiate
between the various eczema phenotypes. This may partly be explained by minimizing
the number of categories per factor in order to maximize the number of factors to
maintain appropriate statistical models. Future large-scale studies examining early life
environmental exposures in more detail could provide better differentiation between
eczema phenotypes.

Conclusion

Five eczema phenotypes were identified in a multi-ethnic pediatric cohort followed
from birth until the age of 10 years. Previously known eczema risk factors differentiated
between the different phenotypes to a limited degree. Male sex and Asian and African
ethnicity were differently associated with eczema phenotypes and therefore could be
useful for prediction purposes. Further studies are needed to compare the trajectories of
different eczema phenotypes and identify other potential predictive factors, ideally in a
‘hypothesis free approach’ because known risk factors are relatively poor discriminators,
in order to improve eczema management and prevention strategies.
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Supplementary Table 1. Characteristics of children and their mothers of those included and not included
in the analyses

Parental characteristics 2.1

Parity % (n) ¢
Nulliparous 59(3,019) 48 (1,156) <0.001
Multiiparous 41 (2,134) 52 (1,271)

Maternal education % (n)
Primary or secondary 43 (2,166) 79 (1,494) <0.001
Higher 58(2,925) 21 (406)

History of eczema, allergy or asthma % (n)
No 50(2,528) 58(1,120) <0.001
Yes, at least one parent 50 (2,539) 42 (802)

Child characteristics

Sex % (n)
Male 50(2,632) 52(1,350) 0.052
Female 50 (2,665) 48 (1,244)

Ethnicity % (n)
European 74 (3,920) 41 (891) <0.001
Non-European 26 (1,347) 59 (1.291)

Breastfeeding % (n)
Never 8(395) 10 (164) 0.003
Ever 92 (4,756) 90 (1,468)

Day care attendance % (n)
No 40 (1,683) 68 (274) <0.001
Yes 60 (2,556) 32(130)

Pet exposure % (n)
No 66 (3,119) 74 (748) <0.001
Yes 34(1,614) 26 (260)

Wheezing pattern % (n)
Never 50 (1,600) 4(1) <0.001
Early 29 (929) 15 (4)
Late 5(143) 0(0)
Persistent 16 (511) 82(22)

FLG genotype % (n)
No mutation 92 (2,864) 96 (1,235) <0.001
> 1 mutations 8(247) 4 (54)

Genetic risk score(mean (SD)) 31(3.5) 32(3.3) 0.030

Values are percentages (absolute numbers) or means (SD) based on observed data. Observed characteristics of notincluded
children were missing for parity (7% (n=169)), maternal education (27%(n=696)), parental history of eczema, allergy or asth-
ma (26% (n=674)), ethnicity (16% (n=414)), breastfeeding (37% (n=964)), day care attendance (84% (n=2,192)), pet exposure
(61% (n=1,588)) and wheezing pattern (99% (n=2,569)), FLG genotype (50% (n=1,307)), genetic risk score (47% (n=1,227)).

43



Chapter 2.1

1Y |9pow 1seq 9yl juasaldal son|jeA
plog "(3se1 ones pooyiayi| C_ﬁsmu_mﬁcw<,_|01_|mcoz>v 14T HWA ‘(3591 olrel pooyiayi| Qm\_uwuoonv 1479 ‘(UoLisId uonewlojul 9y1eyy) DIV (U031 uoljewojul Cm_ww>mmv Dlg ‘pasn uoneirlIqqy

vl L¥8°0 0000°L 0000°L  0¢Ss98l9L  SLL'¢os9l 8 ¢SL0 €C60'0 00090 Cv/L€COL 186°L6CL L
143 LLZ0 040L°0 €80C°0 899'8/1l9lL  6€L'8YYOL 6 €080 ¢60C0  98T¥'0 6€E°SLOL LoV VTL 9
S€ ¥92°0 00S0°0 0005°0  196°G/Z19l  £0S'66£9L oL 640 GSL90  0S/Z€0 /LLE600L 0cCeE66LL S
LEL SLL°0 €¥00°0 L000'0>  /9T°€LLl9L  06£0S€91 €9 5890 860C°0 L0000> 0¢8900L SOL°/LSLL 14
6VE 94L°0 1000°0> L0O00°0> LPS'LL8SL 9SL'SPEIL L6 S6L°0 6S00°0 LO00°0> 60S°CLOL 9LT'VTLL €
8G/ 6€£'0  1000°0> L000'0> 9/9'6£€9L  6¥L'STYIL €0¢€ ¢sL0 L000'0> 10000> 979€90L VLT9ELL [4

sisA|eue ssed Juaie| jeuipniibuoy| J93je 1y [9pol *€ d|qel A1ejuswajddng

‘Il [9POW 153q DY} JUSs1dD4 SAN|RA PlOg ‘(353 O13RS POOYIISYI| UIGNY-|DPUSIN-0T-BUONA) 14T HINTA ‘(3593 013l pooy
-119%1| de13s300q) 1479 (UOLISHID UOLBWIOUI 3Y1BYY) DIV (UOLISIID UolewIOUl UBISDARY) DIg PaSN UORIASIGAY ‘(D) W) d13eipenb /(s) adojs /()1dad133ul [2poW UMOYS Ul P3SN S103D.) YIMOID

143 €090 §/50°0 0000°L SS6/ZL9L £L0/SEOQL S 2590 ¥8¢C°0 6CvL'0  £19600L <C0S09LZ L
14 €90 0000 0000°L LEEBLIL €SPEEOL oL 2590 €5¢00 £999°0 9S9/'800L 88T/LELL 9
(44} 8/9°0 L000°0> L000°0> L9°S8LO9L tS'OLEOL Ly 829°0 €870°0 L0O00°0> S€9°900L €1L8'CLLL S
9ce €50 L000°0> L000'0> 66'CECOL L9LEEIL (014 ¢s80 0%700°0 L000'0> ¢/8/LLOL L69°LOLL 14
LLE ¥//°0  1000°0> L000'0> +9'8/C9l L6'0SE9L 9Ll 0180 L0000  LO00'0> 656'8C0L 0£¥'060L €
VA7 ¥€£°0  1000°0> L000'0> L6'€8E9L €6'6CVIL 1473 9¥/'0  1000°0> L000'0> L8EV/L0L 66VELLL [4

siskjeue yimolb sse|d Juale| Jaye 1y [9poly *z qelL A1ejuswajddng

<
<



‘[oA3] §0°0=P 31 18 3dURDYIUBIS [ED11S11RIS D1RDIPUI SON|EA PjOg "UOIIEINW HT4 OU JO Buizaaym JaAau ‘ainsodxe 1ad ou ‘aduepualie a1ed Aep ou ‘Guipasjisealq Jansu ‘A1dIuyla
ueadoing ‘xas ajewsy ‘ewyise Jo ABI3||e ‘ewazd9 Jo A103s1y [erualed ou ‘uonesnpa Arewnd ‘snosedijnw pue ‘(Gez‘z=u) dnoib adA1ousyd ewazda Jansu ale sdnoib 9ouUaIa)eY PaINdwi 10U IaM
21025 ¥sli d112uab pue adA1ousb D74 's101e) ¥s1 J11PUSL pue SBINSOAXD [EIUSWUOIIAUS || 10) PaIsn(pe Ajjeninw Sem [SPOA "S|BAIDIUI 9IUSPYUOD %SG6 41941 YUM SOl1es sppo pajood aie sanjep

45

Early life environmental exposures, genetic risk factors, and eczema phenotypes

(8L°L“00°L) 60°L (90°L '£6°0) LO'L (TL°L'66°0) SO'L (Tr'L‘ToL) Lo'L (313]]e [euonippe 13d) 2105 st DNBUID
(Ly'v'€L°0) 08'L (rz'e'9z'L) 20T (PT€'5L0)95°L (os'€‘6€'L) LT'T (suoneinw | <) adAjousb 574
(09°£VL°L) ¥9°€E (€TT’'L80)6€°L (or'z'L5°0)91°L (ze'€‘9€°L) €L°T (3us3sisiad) ussnred buizaaym
(88°0L ‘v8°'L) LYV (90°€°£9°0) V'L (¥6'€ '65°0) TG'L (60'%‘SL°L) LL°T (®1€)) UISNIRd BUIZIBYM
(EV'T'€ES0) PL'L (LE'L29'0) 06'0 (£8'1'69°0) €L°L (¥8°L '98'0) 9T'L (A4es) usenied buizeaym
(Z1'L'€€°0) T9°0 (6€'1 ‘2£°0) 00°L (LT'L '6¥7°0) 6L°0 (z€'1 '89°0) 560 (s9K) ansodxa 134
(80T '65°0)OL'L (z8'1'68°0) LT'L (S6'L’LL0)8LL (9r'L ‘2L'0) €0°'L (s3A) >uepuanie ased Aeq
(8€'L 'ST°0) 65°0 (SE'L'¥¥'0) LLO (S8'1°£€°0) T80 (6€'L "L17'0) 180 (19A3) Buipaspisealg
(9€°€‘10°L) ¥8°L (8L°2'S0°L) LS°L (P€'T'28°0) 8€'L (LLL'6L0)9L°L (ueadoin3-uou) Aud1uyig
(E¥'T '¥8°0) €V'L (T1'L'190) €8°0 (#9°L‘0£°0) LO'L (€6°L 'PO°L) 2H'L (Sew) xS
(55°€'68°0) 8L (v6'L '56°0) 9€°L (T6'L'9L0) LT'L (99°7°0Z°L) 6£°L (s9A) ewiyse 1o ABia||e ‘ewazds Jo Aiolsiy [eaudied
(£1°179€°0) S9°0 (L¥'L'vL0)¥0'L (z8'1'89°0) L (95°L'82°0)0L°L (43yb1y) uonedNps [eusleP
(sce‘gL'L)oL'e (¢v'L '8£°0) SO'L (Lzz'06°0) Ltr'L (€8°L 'L6°0) €€°L (snouedijinu) Ayed
9/=u Geg=u LLL=U 85z=u

sadAjouayd ewazdd Yiim $1030.) d139uUab pue |eIUSWIUOIIAUS A[1ED JO SUOIRIDOSSY * d]qe) Alejuswalddng



‘|2A3] G0"0=D dY3 1e dUedYIUBIS [BD11SIIR)S 91RDIPUI SaN|eA plog “Buizeaym
J3A3U 40 ainsodxa 1ad ou ‘@duepualie a1ed Aep ou ‘Buipasjsealq JaAsu ‘A1dIUYlS ueadoin] ‘Xas ajeway ‘ewyise 1o ABI3||e ‘ewazdad Jo A103siy [eyualed ou ‘uonednpa Alewnd ‘snosednnw pue
(810"p=u) dnoib adA1ouayd ewazda JaAau d1e sAN0I6 9DUIJRY S2UINSOAXD [EIUSWIUOIIAUS [|€ J0j PAISNIpe A||eninw Sem [SPOJA S|eAISIUI DIUSPYUOD %56 19Y) YUM SOI1es Sppo pajood aie sanjep

Chapter 2.1

(0L°9“L1°2) 6S°€E (99T LE°L) L6°L (ozz'sco) 6Tl (LL°Ev6°L) 89°C (quassisiad) usaned Buizaaym
(06°2°LL°L) £9°€E (FTT'eo0)8lL'L (8£'7'95°0) ST'L (6L'¥‘S9°L) €9°C (e1€]) UISNRd BUIZBAYM
(191 '05°0) 06°0 (87'L'58°0)CL'L (#S'1'0£0) ¥O'L (#9°1'68°0) LT'L (Aue3) usened Huizasym
(90°L ‘0%°0) $9°0 (ov'L'98°0) OL'L (S1°1'55°0) 08°0 (711 '89°0) 88°0 (s9) 2ansodxa 194
(8€'7'98°0) €¥'L (SS'1L'06°0)8L°L (89'1'8£°0)SL'L (6€°1'6£°0) ¥O'L (s9K) @>uepuaiie a1ed Aeg
(€¥'1'S€°0) 00 (6€°1 '65°0) 06°0 (09°L '8%°0) £8°0 (6€°1 '85°0) 06°0 (49A9) Buipasjiseaig
(6£°€90°L) LO'CT (eTT’00'L) 61°L (90'2'090) LL'L (50T '68°0) S€'L (uesnyy) Audtuyig
(09'v‘LL°L)9T'C (o8'z‘0T’L) €8°L (L0'€E°16°0) 99'L (90T '8L0) LT'L (uersy) Audiuyig
(or'z'050)0L°L (PLLTro)elL (S0°L '8L°0) #t'0 (9T'L '8¥°0) 8£°0 (ueauendUpaN) AdIUYI3
(#8'1'08°0) LT'L (#0°L ‘99°0) €8'0 (S€'1'0£0) 860 (68°L'8L°L) 6L (91ew) xoS
(8z°€‘0L°L) 06°L (95°L '¥6°0) LT'L (torL'gLo)el'L (9z'z'6T'L) LL'L (s9K)ewyise o ABis||e ‘ewazdd Jo A10)sy |ejudied
(60°L ‘2¥°0) 89°0 (9€°1“18°0) SO'L (¢s'L'2L0)¥0'L (9€°1 '08°0) SO'L (43yb1y) uonesnpa |eusdle
(6%°Z ‘€0°L) LO°L (ot'L'88°0) LL'L (06°L '96'0) SE'L (PL°L L0°L) 9E°L (snouedijnu) Aieg
zzi=u Tiy=u 90¢€=u 6Ep=u

uolIsIAIpgns A1D1UY1d Yyum sadAjouayd ewiazos pue [PJUSWUOIIAUS A1 JO suoneossy g a|qel Atejuswalddng

46



‘|9A3] S0°0=P dY3 Je dUEDYIUBIS [ED11S11R)S DJRDIPUI SAN|BA PlOg "UOIIEINW T4 OU JO BuiZadyMm J9A3U ‘DInsodxa 1ad ou ‘@duepualie a1ed Aep ou ‘Huipasjiseaiq Jandu ‘A1dIuyld
ueadoing ‘xas ajewsy ‘ewyise Jo ABI3||e ‘ewdzd9 Jo A103s1y [eruaied ou ‘uonesnps Asewnd ‘snosedijnw pue ‘(Gez‘z=u) dnoib adA1ousyd ewazda Jansu ale sdnoib 9ouUaia)eY PaINdwi 10U IaM
21025 ¥s11 d132udb pue adA1ouab H74 's1030ey YS1 D11UIB pue SAUINSOAXD [EIUSWUOIIAUS ||e 10j PAISN[pe A||eninW sem [9POJA "S|eAISIUl 9DUIPLUOD %66 13U YIM SOlles Sppo pajood ale sanjep

47

Early life environmental exposures, genetic risk factors, and eczema phenotypes

(8L°L“L0°L) 60°L
(ev'v '2L0)8L°L
(85°2'88°L) LL'E
(Z1'LL‘68°L) 6S°F
(8€'T'SS0) 7L'L
(0L°L '2€0) 650
(LL'z'090) TL'L
(6¥°'L "£LT°0) ¥9°0
(ZL'¥'2L0)08°L
(oL2'veE’L) 80°€
(€8'2'5€°0) 00'L
(9¥'7's8°0) St'L
(87°€'98°0) 89°L
(£0'L '€€°0) 650
(9S°€‘LL°L) 66°L
9/=u

(90°L‘£6°0) TO'L
(8Te‘LT'L)¥0°C
(62°T'L6°0) vt'L
(€6'T'SL0) 8t L
(E€°L'€9°0) L6°0
(0¥'L'€£°0) LO'L
(¥8'L '680) 8T'L
(8€°L 'S¥"0) 6£°0
(05T'L80) €¥'L
(S9°€ ‘¥L°L) ¥0°T
(6¥'C'6L°0) Lt'L
(TL'L'190) €8°0
(S8'1'56'0) TE'L
(L¥'L'€L0) ¥0'L
(L¥'L°LL0)¥0°L
Geg=u

(¢1'1'66°0) SO'L
(0T€'vL0) ¥S'L
(6¥'7'85°0) 0T'L
(€0'¥ '09°0) 95°L
(98°'L‘690) €L°L
(cTL'L0)9L0
(eg'L'290)0L°L
(S6°'L ‘6€°0) £8°0
(€v'€ '28°0) 89'L
(L€' '88°0) 6L
(0£71'61°0) £SO
(€9°L '690) £O'L
(S6'L'SL°0) LT'L
(LL'L'%9°0) SO°L
(€1'7'980) 9€'L

LL1=U

(Tr'L‘To’L) Lo'L
(zse‘ov'L) TTe
(ze'e ‘vE'L) OL'T
9L’y ‘vL°L) 8L°T
(£8'1'68'0) 6T'L
(¢€1'890) 560
(L¥'1'120)T0'L
(L¥'LL¥'0) T80
(t€T'LL0)SEL
(€£T'SL0) eV’ L
(98°L '€5°0) 66°0
(€6°L'O°L) 2H'L
(9s'z'zz'L) 9LL
(€571 '9£°0) 80°L
(18°L 96°0) TE'L
8Gz=u

(313]1e |euorppe Jad) 2103 Sl d1}DUSD
(suoneinw | <) adKiouab o74
(3ud3sisiad) uiened buizasaypp

(91e]) IR BUIZIAYM
(Aj4ea) uiared buizasaypp
(s9A) 21nsodxa 13d

(s9A) @duepULIR 31D AR
(19n3) Bulpaspsesig
(ueduyy) Aud1uyi3

(veisy) Awd1uyi3
(ueaues1palN) AMd1UYI3

(9ew) x2S

(sak) ewyise 1o ABJs||e ‘ewazd3 Jo K101S1Y |eIusied

(419yb1y) uoredNpPS [RUIDIRI

(snosediinu) Ayuued

uolsIAIpgns AHdIUYIS yum sadAlousyd ewszds Yyim 103064 D13auab pue [eJUSWUOIIAUS A[Je3 JO suoliedossy 9 ajqel Areyuawajddng



Chapter 2.1

0.8+

o
[e)]
f

Estimated probability of Eczema
o o
N ~

0.0

Eczema phenotypes
== Never 85% (n=4,514)

=8= Early transient 8% (n=425)
=0= Persistent 7% (n=358)

\/\/

1y

2.5 5.0

7.5 10.0

Time (years)

Supplementary Figure 1a. Three eczema phenotypes after longitudinal latent class analysis
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Supplementary Figure 1b. Five eczema phenotypes after longitudinal latent class analysis

Further detailed online resources can be found in the published article online:
https://onlinelibrary.wiley.com/doi/full/10.1111/bjd.17879

10.0
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ABSTRACT

Background An association has been reported between early life Staphylococcus aureus
nasal carriage and higher risk of childhood eczema, but it is unclear whether this rela-
tionship is causal and associations with other bacterial species are unclear.

Objective To examine the associations of early life nasal and nasopharyngeal bacterial
carriage with eczema phenotypes, and the direction of any associations identified.

Methods Among 996 subjects of a population-based prospective cohort study, nasal
swabs for Staphylococcus aureus, and nasopharyngeal swabs for Streptococcus pneu-
moniae, Moraxella catarrhalis and Haemophilus influenzae were collected and cultured
from age 6 weeks to 6 years. Never, early, mid-, late transient and persistent eczema
phenotypes were identified from parental-reported physician-diagnosed eczema from
age 6 months until 10 years. Multinomial regression models and cross-lagged models
were applied.

Results Staphylococcus aureus nasal carriage at 6 months was associated with an in-
creased risk of early transient and persistent eczema (OR (95% Cl): 2.69 (1.34, 5.39) and
4.17 (1.12, 15.51)). The associations between Staphylococcus aureus nasal carriage and
eczema were mostly cross-sectional, and not longitudinal. No associations of Strepto-
coccus pneumoniae, Moraxella catarrhalis and Haemophilus influenza nasopharyngeal
bacterial carriage with eczema and eczema phenotypes were observed (OR range (95%
Cl): 0.71 (0.35, 1.44) to 1.77 (0.84, 3.73)).

Conclusions Early life Staphylococcus aureus nasal carriage, but not Streptococcus
pneumoniae, Moraxella catarrhalis and Haemophilus influenza nasopharyngeal carriage,
was associated with early transient and persistent eczema. Staphylococcus aureus nasal
carriage and eczema were mostly cross-sectionally associated, and not longitudinally,
making a causal relationship in either direction unlikely.
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INTRODUCTION

Childhood eczema is a common chronic skin disorder with variable age of onset and
persistence.' We previously identified eczema phenotypes taking into account the vari-
ability of eczema onset and persistence within and between individuals over time. > The
use of eczema phenotypes, instead of the simplified dichotomous outcome of eczema,
might better reflect the natural course of eczema and help understand their specific
underlying risk factors. Both genetic and environmental factors seem to influence the
development and persistency of eczema.? Additionally, bacterial carriage of the main
commensals Staphylococcus aureus, Haemophilus influenzae, Moraxella catarrhalis, and
Streptococcus pneumoniae in the nasal cavity and nasopharynx was suggested to be as-
sociated with eczema.”® The nasal and nasopharyngeal area may function as important
reservoirs for bacteria to spread to different body sites. In addition, competitive and
cooperative inter-bacterial, and host-bacterial interactions affect the microbial coloniza-
tion dynamics and the priming of the host’s immune responses, and thereby altering
the susceptibility of developing atopic diseases.’ A previous meta-analysis of mainly
hospital-based cohorts showed that nasal carriage of S. aureus was associated with an
increased risk of eczema in children and adults.* We previously showed in a population-
based cohort that early life nasal carriage of S. aureus was associated with increased
risk of eczema and eczema severity in children aged 1-2 years, but persistent effects at
older ages were not clear.” Also Haemophilus influenzae, Moraxella, and Streptococcus
pneumoniae in the nasopharynx are suggested to be associated with increased risk of
eczema.”®® However, studies only used vaccinations against Haemophilus influenzae and
Streptococcus pneumoniae, not bacterial carriage, and were performed in hospital-based
or adult populations.>®? Furthermore, it remains unclear whether bacterial nasal and/or
nasopharyngeal carriage leads to increased risk of the development of eczema, is a con-
sequence of eczema, or occurs simultaneously with eczema due to other mechanisms.™

Therefore, we aimed to examine the associations of early life bacterial nasal and naso-
pharyngeal carriage with eczema phenotypes from birth until age 10 years among 996
subjects of a population-based prospective cohort study. Next, we aimed to disentangle
whether the direction of associations was from bacterial nasal and nasopharyngeal car-
riage leading to an increased risk of eczema or reversely.
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METHODS

Design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early fetal life onwards in Rotterdam, the Netherlands."" "> The study
has been approved by the Medical Ethical Committee of the Erasmus MC, University
Medical Centre in Rotterdam (MEC 198.782/2001/31; MEC 217.595/2002/202; MEC-2007-
413; and MEC-2012-165). Written informed consent was obtained from all participants. A
total of 996 children were included for the current analysis (Figure 1).

n =1,246

Generation R Focus Cohort

n =136

Children without information on
any bacterial nasal or
nasopharyngeal swab

n=1,110

Children with available information
on any bacterial nasal or
nasopharyngeal swab

n=114

Missing information on >3
eczema measures from birth
until age 10 years

n =996

Children with available information
on any bacterial nasal or
nasopharyngeal swab, and
information on 23 eczema
measures from birth until age 10
years available

Figure 1. Flow chart of participants included for analysis

Bacterial nasal and nasopharyngeal carriage

Swabs of the nose and nasopharynx area were taken by trained research nurses at the
research center at ages 6 weeks, 6 and 14 months, and 2, 3 and 6 years, as previously de-
scribed.” ' For this, sterile transport swabs with liquid Amies medium were used. Nasal
swabs were put in phenol red mannitol broth at 35 °C for 5 days. Material from tubes that
turned yellow were plated on a blood agar plate with 5% sheep blood at 35 °C for 1 day
to isolate Staphylococcus aureus. Nasopharyngeal swabs were plated on a Haemophilus
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selective agar plate, a blood agar plate with 5% sheep blood, and a chocolate agar plate
for Haemophilus influenzae, Moraxella catarrhalis and Streptococcus pneumoniae, respec-
tively. The plates were kept at 35 °C in a CO, rich environment for 2 days, and assessed
daily for growth of bacteria. Swabs were classified as either negative or positive for S.
aureus, H. influenzae, M. catarrhalis or S. pneumoniae. Nasopharyngeal carriage with any
bacteria was classified as positive when one of the bacteria H. influenzae, M. catarrhalis
or S. pneumoniae was positive, and negative if all three were negative. Additionally, to
study the bacterial nasopharyngeal carriage in detail, sensitivity analysis was performed
on each of the three bacteria separately.

Eczema phenotypes

Information on physician-diagnosed eczema was obtained from parental-reported
questionnaires at the ages of 6 months, and 1, 2, 3, 4 and 10 years (‘Was your child diag-
nosed with eczema in the last 6 months/last year by a general practitioner or physician in
the hospital?’) (no; yes). In children with available data on physician-diagnosed eczema
on at least 3 time points, we previously identified five eczema phenotypes (never, early
transient, mid-transient, late transient and persistent eczema) using latent class growth
analysis, in which missing data is handled by maximum likelihood algorithm.? Subjects
were assigned to the eczema phenotype for which they had the highest posterior prob-
ability. Children with early, mid- and late transient eczema had a high probability of de-
veloping eczema at approximately the age of 6 months, 2 years and 5 years, respectively,
after which the eczema gradually declines. Children with persistent eczema had a high
probability of eczema from birth until the age of 10 years. Ever eczema included those
with early transient, mid-transient, late transient or persistent eczema. Due to relative
low number of subjects in the persistent eczema phenotype in the five eczema pheno-
types model, we performed sensitivity analyses with stronger statistical stability using
three eczema phenotypes (never, early-mid transient, and late-persistent phenotype).

Covariates

Information on pet keeping and maternal psychiatric symptoms using the Global Sever-
ity Index (GSl) was obtained by questionnaires during pregnancy."” The mode of delivery
was obtained from midwives and hospital records. Postnatal questionnaires provided
information on daycare attendance, and antibiotic use in the first year after birth.

Statistical analysis

We compared characteristics of those included and not included in our study using
Pearson’s Chi-square and Mann-Whitney U tests. First, we examined the associations of
bacterial nasal and nasopharyngeal carriage with ever eczema and with five eczema
phenotypes from birth until age 10 years using logisticand weighted multinomial regres-

55



Chapter 2.2

sion models, respectively. Weights were based on class probabilities. Next, cross-lagged
models were used to examine bidirectional associations of bacterial nasal carriage with
eczema from birth until 10 years. Cross-lagged models allow associations between two
repeatedly measured variables to be examined in both directions simultaneously while
accounting for continuity between the repeated measures over time. A conceptual
model of the studied cross-lagged associations is presented in Supplementary Figure
1. For example, the effect estimates of the association of bacterial carriage at earlier
age with eczema at later age will be adjusted for all earlier associations between and
within bacterial carriages and eczema. With this method, we aimed to disentangle the
predominant direction of the observed association between bacterial nasal carriage
and eczema. We examined cross-lagged effects, cross-sectional effects, and stability
effects in the period from birth until age 3 years, and only cross-lagged and stability
effect in the period from 4 until 10 years due to the uneven distribution of repeated
measures of bacterial nasal carriage and eczema at those ages. As a sensitivity analy-
ses for increased statistical power, we applied generalized estimating equation (GEE)
models with an unstructured and autoregressive correlation matrix to examine the
associations between bacterial nasal and nasopharyngeal carriage at age 6 weeks with
repeated measures of eczema from 6 months until 10 years. All analyses were adjusted
for potential confounders, which were first selected from literature including known
potential underlying biological mechanisms.” ''® Next, confounders were selected
if they were associated with both the exposure (bacterial nasal/nasopharyngeal car-
riage) and the outcome (eczema phenotypes), and were not within the causal pathway
based on epidemiological concept. Additionally, they were included if they changed
the effect estimates or the unadjusted analyses with =10% in adjusted analyses. Family
history of atopic diseases, maternal age, parity and education, and child’s gestational
age, birth weight, sex, and breastfeeding did not meet our defined statistical criteria of
confounding, and therefore, were not included in the models. For better interpretation
we adjusted all analyses models for the same confounders. We assumed that data were
missing at random. Twenty datasets were created to handle missing data in covariates
(<12%) using multiple imputation by chained equations. Missing data in bacterial nasal
and nasopharyngeal carriage and eczema was not imputed. The size and direction of the
effect estimates were similar when we used complete-case-analyses, and therefore, we
only present the results based on imputed data. We did not adjust for multiple testing in
the main analyses (nasal carriage with S. aureus and nasopharyngeal carriage with any
bacteria), because the bacterial carriages were examined under the same hypothesis.
For the sensitivity analysis of the separate nasopharyngeal bacteria, we corrected for
multiple testing using alpha 0.05 divided by the effective independent number of tests
calculated based on the correlation structure between the bacteria."” All measures of
association are presented as odds ratios (OR) together with their corresponding 95%
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confidence intervals (95%Cl). Imputation and regression analyses were performed using
the packages ‘mice’ (version 3.6.0), ‘stats’ (version 3.6.1.) and ‘nnet’ (version 7.3.12), cross-
lagged analyses were performed in Mplus (version 8.2), and using package ‘MplusAuto-
mation’ (version 0.7-3), and GEE analyses were performed using the package ‘geepack’

(version 1.2-1) in R version 3.6.1.°%

RESULTS

Subject characteristics

Characteristics of children and their mothers are shown in Table 1. Compared with chil-
drenincluded in the analysis, those not included had mothers who had more psychiatric
symptoms during pregnancy (Supplementary Table 1). The number of children eligible
for inclusion during follow-up were 1,190 children at ages 6 weeks to 4 years, 1,166
children at age 5 years, and 1,109 at age 10 years. Physician-diagnosed eczema ranged
from 13.4% at age 6 months to 6.0% at age 10 years (Supplementary Table 1).

Table 1. Characteristics of children and their mothers (n = 996)

Maternal characteristics

Pet keeping, yes % (n) 43.1 (429) 42.4 (326) 443 (101)
Pyschiatric symptoms, median (IQR)  0.12 (0.06, 0.23) 0.10 (0.06, 0.21) 0.13 (0.04, 0.25)
Mode of delivery % (n)

Vaginal 85.1(848) 86.4(664) 80.9 (184)
Primary caesarian section 6.6 (66) 6.0 (46) 8.3(19)
Secondary caesarian section 8.2(82) 7.6 (58) 10.9 (25)
Childrens characteristics
Daycare attendance, yes % (n) 68.5 (682) 68.8 (525) 67.1(153)
Antibiotic use, yes % (n) 35.7 (356) 34.7 (266) 38.6 (88)
S. aureus carriage, yes % (n/total n)*
Age 6 weeks 52.7 (302/573) 51.9 (232) 55.6 (70)
Age 6 months 20.9 (150/718) 18.2(101) 30.2 (49)
Age 1 year 14.5 (98/676) 14.9 (78) 13.0 (20)
Age 2 years 13.4 (79/590) 12.1 (54) 17.4 (25)
Age 3 years 14.7 (89/604) 13.5(62) 18.5 (27)
Age 6 years 28.0 (238/850) 26.3 (173) 34.0 (65)

Nasopharyngeal carriage with any bacteria, yes % (n/total n) *
Age 6 weeks 22.9(131/573) 21.9(98) 26.2 (33)
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Table 1. Characteristics of children and their mothers (n = 996) (continued)

Age 6 months 61.1(438/717) 60.8 (338) 62.1 (100)
Age 1 year 67.0 (453/676) 67.4(352) 65.6 (101)
Age 2 years 63.6 (375/590) 63.5 (283) 63.9 (92)
Age 3 years 50.0 (302/604) 50.0 (229) 50.0(73)
Age 6 years 36.9 (314/850) 36.6 (241) 38.2(73)
Eczema phenotypes, % (n)*
Never eczema 77.1 (768) 100.0 (768) 0.0 (0)
Early transient eczema 7.5 (75) 0.0 (0) 32.9(75)
Mid-transient eczema 6.7 (67) 0.0 (0) 29.4 (67)
Late transient eczema 7.1(71) 0.0 (0) 31.1(71)
Persistent eczema 1.5(15) 0.0 (0) 6.6 (15)

Values are means (SD), valid percentages (absolute numbers) or medians (95% range) based on imputed data. *Nasal car-
riage of S. aureus and nasopharyngeal carriage with any bacteria (H. influenzae, M. catarrhalis or S. pneumoniae) were not
imputed, and were missing (%) for the following ages: 43% at 6 weeks, 28% at 6 months, 32% at 1 year, 41% at 2 years, 39%
at 3 years and 15% at 6 years. Eczema phenotypes had no missing values.

Early life bacterial nasal and nasopharyngeal carriage and eczema
phenotypes

Compared with never eczema and no nasal carriage of S. aureus, nasal carriage of S.
aureus at age 6 months was associated with an increased risk of ever eczema (OR (95%
Cl): 2.01 (1.33, 3.02)); Table 2). Nasal carriage of S. aureus at other ages, and nasopharyn-
geal carriage with any bacteria was not associated with ever eczema. When examining
eczema phenotypes, nasal carriage of S. aureus at age 6 months was associated with an
increased risk of early transient and persistent eczema, compared with no nasal carriage
of S. aureus and never eczema phenotype (OR (95% Cl): 2.69 (1.34, 5.39) and 4.17 (1.12,
15.51), respectively) (Table 2). Nasal carriage of S. aureus at ages 6 weeks, and 1,2 3, and
6 years were not associated with eczema phenotypes. Similar size and direction of es-
timates were observed when using the regrouped three eczema phenotypes, although
the associations of nasal carriage of S. aureus at age 6 months with late-persistent
eczema attenuated into non-significant (Supplementary Table 2). We found no associa-
tions of nasopharyngeal carriage with any bacteria between the ages of 6 weeks and 6
years with eczema phenotypes (Table 2). When we studied the nasopharyngeal carriage
with H. influenzae, M. catarrhalis and S. pneumoniae separately in a sensitivity analyses,
only nasopharyngeal carriage of H. influenzae at age 6 months was associated with an
increased risk of early transient eczema phenotype (2.09 (1.03, 4.24)) (Supplementary
Table 3). This association attenuated to non-significant after correcting for multiple test-
ing. We observed no associations of nasal carriage of S. aureus or nasopharyngeal car-
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riage with any bacteria at ages 6 weeks with overall eczema from birth until age 10 years
in the sensitivity analyses with GEE models (data not shown).

Direction of associations between bacterial nasal and nasopharyngeal
carriage and eczema

Figure 2 and Supplementary Table 4 show the bidirectional associations between bacte-
rial nasal and nasopharyngeal carriage and eczema as dichotomous outcome from age 6
weeks to 10 years using cross-lagged models. Stability effect analysis showed that nasal
carriage of S. aureus at earlier age was associated with increased risk of nasal carriage
of S. aureus at later age between ages 6 weeks and 6 months, 2 to 3 years, and 3 to 6
years (OR (95% Cl): 2.23 (1.36, 3.60), 2.39 (1.27, 4.48), and 1.73 (1.04, 2.89), respectively)
(Supplementary Table 4). Stability effect analysis showed that eczema at earlier age was
associated with eczema at later age between age 6 months and 10 years (OR (95% Cl)
range: 4.53 (1.99, 10.28) to 11.02 (6.36, 18.92)). Cross-sectional effect analysis showed
that nasal carriage of S. aureus was associated with eczema at ages 6 months and 2 years
(OR (95% Cl): 2.39 (1.38, 4.14) and 2.20 (1.16, 4.18), respectively) (Figure 2A) (Supple-
mentary Table 4). Cross-lagged effect analysis showed that children with eczema at age
2 years had an increased risk of nasal carriage of S. aureus at age 3 years (1.95 (1.02,
3.71)), but not at other ages. Reversely, no associations were observed of nasal carriage
of S. aureus with eczema. For nasopharyngeal carriage with any bacteria, stability ef-
fect analysis showed that nasopharyngeal carriage with any bacteria at earlier age was
largely associated with increased risk of nasopharyngeal carriage with any bacteria at
later age between age 6 weeks and 6 years (OR (95% Cl) range: 1.28 (0.86, 1.92) to 3.32
(2.29, 4.81)) (Supplementary Table 4). No cross-sectional or cross-lagged associations
were observed between nasopharyngeal carriage with any bacteria and eczema (Figure
2B). Results from cross-lagged models were similar in effect size and direction when
examining nasopharyngeal carriage with H. influenzae, M. catarrhalis and S. pneumoniae
separately (Supplementary Table 5).

DISCUSSION

In this population-based prospective cohort study, we observed that only nasal carriage
of S. aureus at age 6 months was associated with an increased risk of ever eczema, and
specifically with an increased risk of early transient and persistent eczema phenotypes
until age 10 years. The direction of effects between nasal carriage of S. aureus and ec-
zema was largely cross-sectional, making causality either way unlikely. Nasopharyngeal
bacterial carriage with H. influenzae, M. catarrhalis and/or S. pneumoniae from age 6
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Chapter 2.2

weeks until age 6 years was not associated with ever eczema or eczema phenotypes
from birth until age 10 years.

Comparison with previous studies

A previous meta-analysis, cohort and case-control studies showed that nasal carriage
of S. aureus was associated with an up to 5-fold increased risk of eczema in children
and adults.* > We observed in our current study that nasal carriage of S. aureus at age 6
months was associated with an increased risk of ever eczema at age 10 years, which is in
line with results of our previous study in children until age 2 years.” We now additionally
explored eczema phenotypes across childhood, taking the onset and persistence of
eczema into account, and observed that nasal carriage of S. aureus at age 6 months was
associated with an increased risk of early transient and persistent eczema. Nasal carriage
of S. aureus at other ages until 6 years were not associated with ever eczema, and eczema
phenotypes until age 10 years. Studies examining the direction of association between
nasal carriage of S. aureus and eczema are scarce. Only two previous longitudinal stud-
ies, using one-directional statistical methods, examined the association between skin
carriage of S. aureus and eczema in children, and showed conflicting results.”’*® Skin car-
riage of S. aureus 2 months prior to eczema onset was associated with an increased risk
of eczema in a cohort of 149 children until age 2 years, while skin carriage of S. aureus at
age 2 months was associated with a decreased risk of eczema in a nested case-control
study of 20 children.”?® The use of cross-lagged models allowed us to examine the ef-
fects between nasal carriage of S. aureus and eczema in both directions (bidirectional),
and we observed that this association was largely cross-sectional, and not longitudinal.

Airway carriage of H. influenzae, M. catarrhalis and S. pneumoniae are suspected to play
a role in the development of childhood atopic respiratory diseases by influencing the
microbiota composition dynamics and/or the priming of the host’s immune respons-
es.>'** Therefore, we hypothesized that early life nasal and/or nasopharyngeal carriage
with H. influenzae, M. catarrhalis or S. pneumoniae might also be associated with eczema,
however few studies examined these associations. A cross-sectional cohort study in
children with eczema showed that nasal carriage of different Moraxella species was
associated with both increased, and decreased risk of eczema severity.” A previous case-
control and cohort study showed that adults with eczema had higher risks of severe S.
pneumoniae infections, and children with eczema had a delayed response to Pneumo-
coccal vaccine, respectively.” * One cohort study showed that H. influenzae vaccination
at age 6 months was associated with an increased risk of eczema at age 18 months.?
We observed no associations of nasopharyngeal carriage of H. influenzae, M. catarrhalis
and S. pneumoniae with ever eczema, and eczema phenotypes on a population-level.
The difference between our results and the suggested positive associations of these
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specific bacteria with eczema in previous studies might be explained by differences in
study population (general versus hospital-based) and methods (microbial culture versus
more sensitive rRNA sequencing, and nasal carriage versus vaccination responses), and
potential publication bias towards positive findings.

Interpretation of results

Children with early transient and persistent eczema have a high probability of eczema
at approximately 6 months of age.” Our observations of nasal carriage of S. aureus at
age 6 months being associated with increased risks of early transient and persistent
eczema, and not with mid-transient or late transient eczema, suggest that nasal carriage
of S. aureus is associated with active eczema, and not with eczema developing in later
life. This hypothesis is also supported by the results from our cross-lagged analyses that
showed predominantly cross-sectional associations between nasal carriage of S. aureus
and eczema rather than causal associations from nasal carriage of S. aureus to eczema or
vice versa. Previous experimental and case-control studies showed that S. aureus might
play a role in the development and worsening of eczema via the production of proteins,
proteases and superantigens that can induce chronic inflammation of the skin.?'*
However, a recent review found insufficient evidence for beneficial effects of S. aureus
reducing interventions on eczema.'® Therefore, S. aureus carriage or overgrowth might
also be the consequence of a favorable skin environment in children with eczema. For
instance, in eczema the skin has a higher pH compared to normal skin, and changes in
skin microbiome composition may lead to more S. aureus growth.*' Another possibility is
that underlying immune dysregulation or skin characteristics, such as dry skin due to re-
duced levels of natural moisturizing factor and loss of function mutation in the filaggrin
gene, prior to eczema development might benefit S. aureus growth.?" *** Interestingly,
nasal carriage of S. aureus at age 6 months, and not at older ages, was associated with
eczema phenotypes. The prevalence of nasal carriage of S. aureus is highest at age 6
weeks, and declines at age 6 months in children with and without eczema. However, the
prevalence of nasal carriage of S. aureus is higher in children with eczema than in those
without eczema at age 6 months. A possible explanation is that the maturation of the
skin and immune system is disrupted and/or delayed especially in children with early
onset eczema, which increases the susceptibility of S. aureus (over)growth on the nose,
and perhaps also on other body sites.*’ Future studies should focus on the microbiota
on multiple body sites, such as nose, skin and gut in a longitudinal way, to further assess
the relationship between bacteria and eczema.

Strengths and limitations

The strengths of this study include that it is embedded in a population-based prospec-
tive designs with detailed and repeated information on bacterial nasal carriage and
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eczema, the use of eczema phenotypes and cross-lagged models to statistically examine
longitudinal associations. However, methodological limitations of this study must also
be taken into account when interpreting the results. Selection bias might occur when
the associations between bacterial nasal carriage and eczema phenotypes were differ-
entin children included versus those not included in the analysis. Second, we used nasal
swabs to examine S. aureus carriage. While the nose is the most frequent carriage site,
other S. aureus prevalent body sites, such as the axilla and perineum, were not examined,
thereby limiting the generalizability to nasal carriage of S. aureus only.*®* Third, a rela-
tively small number of children had nasal swabs, and not all of these had nasal swabs at
every visit. Therefore, we were not able to cluster trajectories of bacterial nasal carriage
in order to study the associations of bacterial nasal carriage phenotypes with eczema
phenotypes. Fourth, non-differential misclassification of eczema remains possible due to
use of self-reported questionnaires. Although these questionnaires have been validated
for defining eczema in epidemiological research, cases with very mild eczema might
be lacking since they are less likely to visit a physician.®® In addition, most children in
population-based settings have relatively mild disease, making it difficult to generalize
findings to patients with moderate to severe eczema. Last, residual confounding might
be present due to influencing factors not measured in our study. For example, the abun-
dance of S. aureus and other nasopharyngeal bacteria, and horizontal transmission by
surroundings could not be determined in our study.* It might be that children with early
transient and persistent eczema have skin conditions (i.e. pH level, natural moisturizing
factor, and filaggrin gene mutations) more suitable for S. aureus overgrowth, increased
contact with parents due to frequent comforting, S. aureus contaminated topical oint-
ments, and/or specific household conditions promoting S. aureus colonization (i.e. less
frequent handwashing, shared towel use and shared bedrooms).>**? Also, since we only
used one set of confounders mostly measured at early age, residual confounding could
be greater for associations between exposures and outcomes at later ages.

Conclusion

We observed that early life nasal carriage with S. aureus, but not nasopharyngeal bac-
terial carriage with H. influenzae, M. catarrhalis or S. pneumoniae, was associated with
increased risks of ever eczema, and early transient and persistent eczema phenotypes.
The association between nasal carriage of S. aureus and eczema was more prominently
cross-sectional, and not longitudinal. This suggest that nasal carriage of S. aureus is
mainly associated with active eczema, and not with eczema development in later life.
Future studies should focus on the longitudinal effects of the interaction of nasal and
skin microbiome within individuals and their surroundings on eczema phenotypes.
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Supplementary Table 1. Characteristics of children included and not included

Maternal characteristics

Pet keeping % (n) 0.140
No 57.6 (510) 51.9 (120)
Yes 42.4 (375) 48.1(111)

Pyschiatric symptoms, median (IQR) 0.12(0.06, 0.23) 0.13(0.06, 0.29) 0.017

Mode of delivery % (n) 0.435
Vaginal 85.6 (786) 87.3(186)
Primary caesarian section 6.0 (55) 3.8(8)
Secondary caesarian section 8.4(77) 8.9(19)

Children’s characteristics

Day care attendance 1* year % (n) 0.194
No 30.8 (272) 37.8(37)
Yes 69.2 (612) 62.2 (61)

Antibiotic use at age 1 year % (n) 0.395
No 64.3 (603) 59.6 (65)
Yes 35.7 (335) 40.4 (44)

Eczema % (n)
Age 6 months, No 86.6 (587) 88.4 (76) 0.769
Yes 13.4(91) 11.6 (10)
Age 1 year, No 88.4(823) 89.8(97) 0.781
Yes 11.6 (108) 10.2(11)
Age 2 years, No 87.0 (815) 85.7 (78) 0.858
Yes 13.0(122) 14.3(13)
Age 3 years, No 93.0 (837) 95.1 (58) 0.718
Yes 7.0 (63) 4.9 (3)
Age 4 years, No 93.5(829) 93.7 (59) 1.000
Yes 6.5 (58) 6.3 (4)
Age 10 years, No 94 (778) 95.6 (43) 0.907
Yes 6.0 (50) 4.4 (2)

Values are percentages (absolute values), mean (SD) or median (interquartile range) based on observed data.
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Nasopharyngeal carriage with any bacteria’

S. aureus carriage
Age 6 weeks Reference 1.52(0.82,2.81) 0.90 (0.48, 1.69)
Age 6 months Reference 2.39(1.37,4.15)** 1.88(0.98,3.61)
Age 1 year Reference 0.98 (0.47, 2.06) 0.86 (0.35, 2.09)
Age 2 years Reference 1.74 (0.87, 3.49) 1.36 (0.55, 3.33)
Age 3 years Reference 1.68 (0.83, 3.40) 1.31(0.58, 2.97)
Age 6 years Reference 1.28(0.77,2.14) 1.73(0.99, 3.00)

Age 6 weeks Reference 1.22 (0.60, 2.46) 1.76 (0.89, 3.50)
Age 6 months Reference 1.13 (0.65, 1.97) 0.95(0.51, 1.76)
Age 1 year Reference 0.94 (0.52, 1.72) 0.92 (0.46, 1.84)
Age 2 years Reference 0.89(0.51, 1.57) 1.12(0.55, 2.26)
Age 3 years Reference 1.03 (0.59, 1.80) 0.95 (0.52, 1.74)
Age 6 years Reference 1.06 (0.66, 1.72) 1.14 (0.67, 1.94)

Supplemental Table 2. Associations of bacterial nasal carriage with regrouped three eczema phenotypes

Values are odds ratios (OR) with 95% confidence interval from multinomial regression models on imputed data. ‘Naso-
pharyngeal bacteria include H. influenzae, M. catarrhalis or S. pneumoniae. Models were adjusted for maternal psychiatric
symptoms, pet keeping, mode of delivery, daycare attendance and antibiotic use. *p-value <0.05, **p-value <0.01.
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Chapter 2.2

Supplementary Table 4. Direction of associations between bacterial nasal and nasopharyngeal carriage®
and eczema from birth until age 10 years

Cross-lagged effects

Bacterial nasal carriage 6w — Eczema 6m
Bacterial nasal carriage 6m — Eczema 1y
Bacterial nasal carriage 1y — Eczema 2y
Bacterial nasal carriage 2y — Eczema 3y
Bacterial nasal carriage 3y — Eczema 4y
Bacterial nasal carriage 6y — Eczema 10y
Eczema 6m — Bacterial nasal carriage 1y
Eczema 1y — Bacterial nasal carriage 2y
Eczema 2y — Bacterial nasal carriage 3y
Eczema 4y — Bacterial nasal carriage 6y
Cross-sectional effects

Bacterial nasal carriage <> Eczema 6m
Bacterial nasal carriage <> Eczema 1y
Bacterial nasal carriage <> Eczema 2y
Bacterial nasal carriage <> Eczema 3y
Stability effects

Bacterial nasal carriage 6w — 6m
Bacterial nasal carriage 6m — 1y
Bacterial nasal carriage 1y — 2y
Bacterial nasal carriage 2y — 3y
Bacterial nasal carriage 3y — 6y

Eczema 6m — 1y

Eczema 1y — 2y

Eczema 2y — 3y

Eczema 3y — 4y

Eczema 4y — 10y

1.09 (0.64, 1.86)
1.35(0.76, 2.44)
1.11(0.61,2.01)
0.85(0.35,2.12)
1.28(0.48,3.42)
1.35(0.70, 2.61)
0.52(0.18, 1.46)
1.05(0.52,2.10)
1.95(1.02,3.71)*
1.46 (0.79, 2.72)
2.39(1.38,4.14)**
1.60 (0.76, 3.39)
2.20(1.16,4.18)*
0.85(0.36, 2.01)

2.23 (1.36, 3.60)**
1.42(0.82,2.44
0.92 (0.41, 2.08
2.39(1.27,4.48)**
1.73 (1.04, 2.89)*
10.07 (5.75, 17.64)**
8.50 (5.31, 13.46)**
6.49 (3.71, 11.36)**
7.54 (3.82, 14.88)**
4.53(1.99, 10.28)**

)
)
)
)

1.28 (0.68, 2.46)
1.00(0.58,1.72)
0.79 (0.47,1.32)
0.90 (0.47, 1.75)
1.73(0.85, 3.53)
1.19 (0.64, 2.20)
0.82(0.43,1.57)
0.75 (0.44, 1.28)
1.09 (0.64, 1.86)
1.22(0.68, 2.20)
1.02(0.61,1.73)
1.05 (0.57, 1.93)
1.09 (0.63, 1.90)
0.65 (0.34, 1.25)
1.72(1.05, 2.83)*
3.32(2.29,4.81)**
2.29 (1.54,3.39)**
1.28 (0.86, 1.92)
1.63 (1.15, 2.34)**
11.02 (6.36, 18.92)**
8.67 (5.42, 13.74)**
6.42 (3.71, 11.13)**
8.17 (4.06, 16.28)**
4.66 (2.12,10.38)**

Values are odds ratios (95% confidence interval) derived from logistic regression models, using cross-lagged modelling.
*Nasopharyngeal bacteria include H. influenzae, M. catarrhalis or S. pneumoniae. Models were adjusted for maternal psy-
chiatric symptoms, pet keeping, mode of delivery, daycare attendance and antibiotic use. *p-value <0.05, **p-value <0.01.

Abbreviation used: weeks (w), months (m), years (y).
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Supplementary Table 5. Direction of associations between bacterial nasopharyngeal carriage and eczema

from birth until age 10 years

Cross-lagged effects

Bacterial nasal carriage 6w — Eczema 6m 0.84 (0.28, 2.51
Bacterial nasal carriage 6m — Eczema 1y 1.80(1.03,3.13
Bacterial nasal carriage 2y — Eczema 3y 1.17(0.57,2.44

( )
( )
Bacterial nasal carriage 1y — Eczema 2y 0.53 (0.28, 0.99)
( )
1.79 (0.84,3.82)
(
(
(
(
(

Bacterial nasal carriage 3y — Eczema 4y
Bacterial nasal carriage 6y — Eczema 10y 1.75 (0.77, 3.97)
Eczema 6m — Bacterial nasal carriage 1y 0.83 (0.44, 1.54)
Eczema 1y — Bacterial nasal carriage 2y 0.97 (0.52, 1.80)
Eczema 2y — Bacterial nasal carriage 3y  0.99 (0.50, 1.99)

Eczema 4y — Bacterial nasal carriage 6y 1.40 (0.61, 3.29)

Cross-sectional effects

Bacterial nasal carriage <> Eczema 6m
Bacterial nasal carriage <> Eczema 1y
Bacterial nasal carriage <> Eczema 2y
Bacterial nasal carriage <> Eczema 3y
Stability effects

Bacterial nasal carriage 6w — 6m
Bacterial nasal carriage 6m — 1y
Bacterial nasal carriage 1y — 2y
Bacterial nasal carriage 2y — 3y
Bacterial nasal carriage 3y — 6y
Eczema 6m — 1y

Eczema 1y — 2y

Eczema 2y — 3y

Eczema 3y — 4y

Eczema 4y — 10y

1.14(0.64, 2.03)
0.85(0.51, 1.45)
0.75 (0.38, 1.49)
0.85(0.37, 1.95)
2.80(1.23,6.42)
2.01(1.32, 3.06)*
1.82(1.17, 2.80)*
1.45 (0.86, 2.46)
0.87 (0.42, 1.79)

1.35(0.55,3.32)
1.19(0.68, 2.10)
0.70(0.39, 1.25)
0.68 (0.31, 1.46)
1.49 (0.69, 3.19)
1.02(0.38, 2.75)
0.99 (0.53, 1.86)
0.66 (0.37, 1.20)
0.99 (0.51, 1.93)
1.21(0.5,2.92)

0.95(0.53, 1.70)
1.14(0.65, 1.99)
0.99 (0.55, 1.79)
0.61(0.26, 1.48)
1.08 (0.55, 2.12)
1.62(1.11,2.39)
1.20(0.78, 1.84)
0.85(0.51,1.43)

)

1.60 (0.88, 2.92

1.23(0.47,3.22)
0.59(0.33,1.05)
1.01 (0.61, 1.68)
0.45 (0.21, 0.96)
1.46 (0.72, 2.94)
0.90 (0.44, 1.88)
0.79 (0.43, 1.46)
0.70(0.39, 1.22)
0.76 (0.41,1.42)
0.86 (0.43,1.73)

1.17(0.69, 1.99)
1.35(0.79, 2.32)
1.13(0.65, 1.95)
1.00 (0.49, 2.05)
1.45(0.74, 2.83)

2.97 (2.05,4.35)*
1.65(1.13,2.41)*
1.92(1.25,2.97)*

1.62 (1.06, 2.46)

11.13 (6.42, 19.3)* 10.91 (6.36, 18.92)* 11.36 (6.55, 19.69)*
8.58 (5.37,13.74)* 8.76 (5.47,13.87)* 8.58(5.42, 13.60)*
6.55(3.78,11.36)* 6.42 (3.71,11.13)* 6.62(3.78, 11.59)*
7.69 (3.94, 15.18)* 8.00 (4.06, 15.80)* 7.85(3.97, 15.49)*
4.71(2.12,10.49)* 4.62 (2.08, 10.28)* 4.76 (2.16, 10.49)*

Values are odds ratios (95% confidence interval) derived from logistic regression models, using cross-lagged modelling.
Models were adjusted for maternal psychiatric symptoms, pet keeping, mode of delivery, daycare attendance and antibi-
otic use. *adjusted p-value <0.05. Abbreviation used: weeks (w), months (m), years (y).
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Chapter 2.3

ABSTRACT

Background Infants with less diverse gut microbiota seem to have higher risks of atopic
diseases in early life, but any associations at school age are unclear.

Objective To examine the associations of diversity, relative abundance and functional
pathways of stool microbiota with atopic diseases in school-aged children.

Methods We performed a cross-sectional study within an existing population-based
prospective cohort among 1,440 children aged 10 years. On stool samples, 16S rRNA
gene sequencing was performed, and taxonomic and functional tables were produced.
Physician-diagnosed eczema, allergy and asthma were measured by questionnaires,
allergic sensitization by skin prick tests, and lung function by spirometry.

Results Alpha diversity of stool microbiota was associated with a decreased risk of
eczema (OR (95%Cl): 0.98 (0.97, 1.00)), and beta diversity was associated with physician-
diagnosed inhalant allergy (R2 (p-value): 0.001 (0.047)). Lachnospiraceae, Ruminococ-
caceae_UCG-005 and Christensenellaceae_R-7_group species were associated with
decreased risks of eczema, inhalant allergic sensitization, and physician-diagnosed in-
halant allergy (OR range (95%Cl): 0.88 (0.79, 0.96) — 0.94 (0.88, 0.98)), while Agathobacter
species was associated with an increased risk of physician-diagnosed inhalant allergy
(1.23(1.08, 1.42)). Functional pathways related to heme and terpenoid biosynthesis were
associated with decreased risks of physician-diagnosed inhalant allergy and asthma (OR
range (95%Cl): 0.89 (0.80, 0.99) - 0.86 (0.73, 1.02)). No associations of stool microbiota
with lung function were observed.

Conclusions The diversity, relative abundance and functional pathways of stool micro-

biota were most consistently associated with physician-diagnosed inhalant allergy in
school-aged children, and less consistent with other atopic diseases.
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INTRODUCTION

Atopic diseases such as eczema, allergy and asthma are a major public health concern. At
school age, up to 30% of children is affected by at least one of these atopic diseases glob-
ally." Genetic susceptibility alone does not explain the high prevalence of atopic diseases
as environmental exposures, partly through changes in the developing immune system,
are likely to have major influence on the development of atopic diseases.”* The hygiene
hypothesis suggests that the urbanization and modern public health practices lead to
less microbial exposure, and thereby a less stimulated immune system, and subsequently
an increased risk of eczema, allergy and asthma.” The gut microbiota has a prominent
role in the development and regulation of the immune system.® Previous cohort and
case-control studies have demonstrated that the diversity and relative abundance of
stool microbiota, as proxy for gut microbiota, in early life are associated with the risk
of atopic diseases.® Specifically, children with a less diverse stool microbiota before the
age of 1 year, and with greater relative abundance of Bacteroidaceae, Clostridiaceae and
Enterobacteriaceae, and lower relative abundance of Bifidobacteriaceae and Lactobacil-
laceae, have a higher risk of eczema, allergy or asthma until age 3 years.* Whether stool
microbiota is also associated with atopic diseases in later childhood is less clear. Only few
studies have been performed with limited power to detect the effects of diversity and
differential relative abundance of stool microbiota on the risks of eczema, allergy and
asthma on a population-based level. Lastly, information on the association of stool micro-
biota with lower lung function, one of the underlying mechanism in asthma, is lacking.

Therefore, we aimed to examine among 1,440 children participating in a prospective
population-based cohort study the associations of diversity, relative abundance, and
functional pathways of stool microbiota with eczema, allergic sensitization, allergy, lung
function and asthma at school age.

METHODS

Design

This cross-sectional study was embedded in the Generation R Study, a population-based
prospective cohort study from early fetal life onwards in Rotterdam, the Netherlands’.
The study has been approved by the Medical Ethical Committee of the Erasmus MC
University Medical Centre Rotterdam, in Rotterdam, The Netherlands. Written informed
consent was obtained from both parents or legal guardians. A total of 1,440 children
with relevant data for stool microbiota and atopic diseases were available at a mean age
of 9.8 years (SD: 0.27) for the current analysis (Supplementary Figure 1 and Methods).
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Stool microbiota

Stool samples of children participating in the Generation R Study were collected at
home using a Commode Specimen Collection System (Covidien, Mansfield, MA) and a
feces collection tube (Minigrip Nederlands, Lelystad, The Netherlands) without preserv-
ing agent. Stool samples were stored at 4°C until mailing, and thereafter sent by post to
the appropriate laboratory of the Erasmus MC, and locally stored at -20°C. Methods for
DNA isolation, RNA sequencing, and microbiome quality criteria of stool samples have
been described in detail previously, and are provided in the Supplementary Methods.?
For current analyses, phylogenetic profiling and denoising was performed using DADA2
to produce amplicon- or exact sequence variants (ASVs).” High-throughput sequencing
produced compositional data, therefore, we used the term ‘relative abundance’to refer
to the counts of ASVs reads generated by 16S rRNA gene sequencing.'® The sequence
data was then analysed for alpha diversity metrics (Chao richness index, Shannon
diversity Index, and Inverse Simpson Index). Pair-wise beta diversities were calculated
using Bray-Curtis dissimilarity metrics and Aitchison distance in centred log-ratio (CLR)
transformed ASV relative abundances.' As a sensitivity analyses among the same sub-
jects, we compared the observations of the current data processing approach using the
DADA2 pipeline with the results obtained by our previously in-house developed wrap-
per pipeline wrapper pipeline (microRapTor) based on QIIME (version 1.9.0), TAGCleaner
(version 0.16), PEAR (version 0.9.6), and UPARSE (version 8.1) software package.''"* More
details are provided in the Supplementary Materials.

Atopic diseases

At age 10 years, information on current physician-diagnosed eczema, inhalant allergy
(for pollen (hay fever), house dust mite, cat or dog), food allergy (for cashew nut or
peanut) and asthma was obtained from a parental-reported questionnaire with ques-
tions adapted from the ISAAC core questionnaires.' '® Current asthma was defined as
physician diagnosis of ever asthma, with asthma medication use and/or wheezing in
the past 12 months. Sensitization to the most relevant inhalant and food allergens on
a population level was examined by skin prick tests. Inhalant allergens included house
dust mite, 5-grass mixture, birch, cat, and dog (ALK-Abell6 B.V., Almere, The Netherlands),
and food allergens included hazelnut, cashew nut, peanut, and peach.'®"” Lung function
was measured by spirometry at our research center according to ATS/ERS criteria, and
values of forced expiratory volume in the first second (FEV;) and forced vital capacity
(FVC) were converted into sex-, height-, age-, and ethnicity-adjusted Z-scores according
to GLI-reference values.”®® The ratio FEV, and FVC was dichotomized into obstructive

and non-obstructive lung function (Z-score cut-off of <-1.64 and >1.64, respectively).”®
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We assumed that children with two or more atopic diseases tend to have a more severe
variant of their atopic diseases.”" *? Therefore, we regrouped children into those with only
one atopic disease (with any eczema, asthma or physician-diagnosed food or inhalant
allergies), or two or more atopic diseases for sensitivity analyses. Detailed information
on atopic diseases are provided in the Supplementary Methods.

Covariates

Information on lifestyle and socioeconomic confounders, and technical covariates
were obtained from parental questionnaires, medical records, or measurements at our
research center or laboratory, and are provided in detail in the Supplementary Methods.

Statistical analysis

We compared characteristics of those included and not included in our study using Pear-
son’s Chi-square and independent sample t-tests. Analyzing high-throughput sequencing
data is challenging, and rather than a golden standard, the use of multiple independent
tools are recommended.” Therefore, we used both count-based and compositional ap-
proaches to examine the associations of stool microbiota with atopic diseases. All mod-
els were adjusted for lifestyle and socioeconomic confounders, and technical covariates.
Unadjusted analyses are presented in Supplementary Tables 2, 4, and 6. We considered
the adjusted model as our main model for interpretation of results. Functional pathways
were predicted with PICRUSt2.”* *® The statistical analyses were performed in R version
4.0.0” using the packages microbiome”, zCompositions®, vegan®, and phyloseq®,
and analysis of composition of microbiomes (ANCOM) with a detection cut-off of 0.60
(Supplementary Figure 2).*' Measures of association are presented as odds ratios (OR)
per unit increase of ASV relative abundance with their corresponding 95% confidence
intervals (95%Cl). Detailed information on statistical analyses, including which functions
and parameters were used, are provided in the Supplementary Methods.

RESULTS

Subject characteristics

Table 1 shows the characteristics of the subjects. Compared with children included in
the analysis, those not included had mothers who were lower educated, were more
often of non-European ethnicity, and had a higher BMI (Table 1). Characteristics of the
major phyla, families and genera of stool microbiota of the children included in the
analyses are presented in Figure 1. Supplementary Figure 3 shows that the major phyla
for children with any atopic disease and without any atopic diseases are similar.
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Table 1. Characteristics of children and their mothers

Maternal characteristics

Maternal education, higher % (n) 53.8(719) 49.8 (1,436)*
Child characteristics
Sex, female % (n) 50.3 (725) 50.4 (1,605)
Ethnicity, non-European % (n) 30.1 (430) 33.7 (1,039)%
Body mass index (BMI) at age 10 years, mean (SD) 17.4(2.6) 17.7 (2.8)*
Antibiotic use in the past 3 months, yes % (n) 3.9 (56) 0.0 (0)
Stool sample
Collection time in days, median (IQR) 2.00 (1.00-3.00) 1.50 (1.00-2.00)
DNA isolation batch, number 2 %(n) 89.0 (1,281) 100.0 (3)
Alpha diversity metrics, mean (SD)
Chao index 150.6 (37.7) 150.2 (31.7)
Shannon Index 4.0 (0.41) 4.0 (0.4)
Inverse Simpson Index 31.9(14.3) 30.1 (15.9)
Eczema, yes % (n) 7.0 (89) 7.0 (182)
Sensitization for food allergens, yes % (n) 6.4 (80) 7.2(188)
Sensitization for inhalant allergens, yes % (n) 30.8 (385) 32.3(842)
Physician-diagnosed food allergy, yes % (n) 2.3(29) 2.1 (49)
Physician-diagnosed inhalant allergy, yes % (n) 11.8 (150) 12.4 (296)
Obstructive lung function, yes % (n) 5.1 (67) 4.5(123)
Asthma, yes % (n) 5.0 (64) 6.0 (145)

Values are percentages (absolute values), mean (standard deviation (SD)) or median (interquartile range (IQR)) based on
observed data. For the included subjects, data were missing for maternal education (n=103), ethnicity (n=13), BMI (n=5),
eczema (n=147), sensitization for food (n=195) and inhalant allergens (n=189), physician-diagnosed food (n= 201) and
inhalant allergy (n=170), lung function (n=118), and asthma (n= 172). *p-value for difference <0.05.

Diversity of stool microbiota and atopic diseases

In the adjusted analyses, all alpha diversity indices and Aitchison beta diversity showed
that the diversity, and overall compositional variation of stool microbiota was not dif-
ferent between those with and without atopic diseases, except for eczema, namely
inverse Simpson index was associated with a decreased risk of eczema (OR (95%Cl): 0.98
(0.97, 1.00)) (Table 2). The Bray-Curtis beta diversity showed that the overall composi-
tional variation of stool microbiota was different between children with and without
physician-diagnosed inhalant allergies only (Bray-Curtis beta-diversity R (adjusted p-
value): 0.001 (0.047)) (Table 2). We observed no associations of alpha and beta diversity
of stool microbiota with two or more atopic diseases, compared to those with only one
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Major phyla
= Firmicutes (62%)
= Bacteroidetes (31%)
= Proteobacteria (4%)
“ Actinobacteria (2%)
u Other (1%)

Kingdom
@)

Major Families

= Ruminococcaceae (28%)

= Lachnospiraceae (24%)

= Bacteroidaceae (17%)

* Prevotellaceae (7%)

= Rikenellaceae (3%)

= Enterobacteriaceae (3%)

= Christensenellaceae (3%)

= Bifidobacteriaceae (2%)

= Veillonellaceae (2%)

= Peptostreptococcaceae (1%)

= Tannerellaceae (1%)

= Clostridiaceae_1 (1%)

= Acidaminococcaceae (1%)

= Barnesiellaceae (1%)

= Erysipelotrichaceae (1%)
Muribaculaceae (1%)

= Other (3%)

Major Genera

= Bacteroides (18%)

= Faecalibacterium (9%)

= Unknown genus (8%)

= Prevotella_9 (7%)

= Agathobacter (4%)

= Blautia (4%)

= Alistipes (3%)

= Ruminococcaceae_UCG.002 (3%)

= Escherichia.Shigella (3%)

= Ruminococcaceae_UCG.014 (3%)

= Christensenellaceae_R.7_group (3%)

= Subdoligranulum (3%)

= Bifidobacterium (2%)

= Ruminococcus_2 (2%)

= Lachnospiraceae_NK4A136_group (2%)
Dialister (2%)

= Lachnospira (1%)

= Roseburia (1%)

= Parabacteroides (1%)

= Anaerostipes (1%)

= Fusicatenibacter (1%)

= Ruminococcus_1 (1%)

= Coprococcus_2 (1%)

= Romboutsia (1%)

= Lachnoclostridium (1%)

= Dorea (1%)
Clostridium_sensu_stricto_1 (1%)
Ruminococcaceae_UCG.005 (1%)

= Coprococcus_3 (1%)

= Other (10%)

Class
(18)

Order
(24)

Family
(41)

Genus
(148)

Species
(113)

Figure 1. Characteristics of stool microbiota of the study population (n=1,440)

Left: Number of observed taxa at each taxonomy level. Within brackets represents the number of unique amplicon se-
quence variants (ASVs) identified in each taxonomic class.

Right: Donut plots of average relative abundance of the top major phyla, families and genera and within brackets the
percentage coverage of the total relative abundance.
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Stool microbiota and atopic diseases in school-age children

atopic disease (data not shown). Sensitivity analyses with previous in-house developed
pipeline showed that alpha diversity indices and Bray-Curtis beta diversity were not
associated with any atopic diseases. Aitchison beta diversity showed that overall com-
positional variation of stool microbiota was different between children with and without
physician-diagnosed inhalant allergy (Aitchison beta-diversity R* (adjusted p-value):
0.001 (0.014))

Differential relative abundance of stool microbiota and atopic diseases

Supplementary Table 3 shows all ASVs of stool microbiota included in the analyses,
which ASVs were associated with atopic diseases from unadjusted and adjusted ANCOM
analyses, if they belonged to the top 10% or 25% of the most abundant ASVs, and the
percentage of samples that contained the ASV. The associated ASVs with atopic diseases
are depicted in Supplemental Figure 4. In the adjusted ANCOM and logistic regression
analyses, Lachnospiraceae_unknowngenus_5 was associated with a decreased risk of
eczema (OR (95%Cl): 0.88 (0.79, 0.96)), and with a decreased risk of sensitization for
inhalant allergens (0.94 (0.89, 0.98)) (Table 3). Ruminococcaceae_UCG-005_unknown-
species_2 and Christensenellaceae_R-7_group_unknownspecies_2 were associated with
a decreased risk of physician-diagnosed inhalant allergy (0.89 (0.82, 0.96) and 0.94
(0.88, 0.99), respectively), while Agathobacter_unknownspecies was associated with an
increased risk of physician-diagnosed inhalant allergy (1.23 (1.08, 1.42)). No associations
were observed for specific ASVs of stool microbiota with sensitization for food allergens,
physician-diagnosed food allergy, lung function, and asthma in the adjusted ANCOM
analyses. No specific ASVs were associated with two or more atopic diseases compared
to only one atopic disease in the adjusted ANCOM analyses (data not shown). Sensitiv-

Table 3. Differential relative abundance of stool microbiota and atopic diseases at age 10 years

Eczema Lachnospiraceae unknowngenus_5 0.88 (0.79, 0.96)**

Sensitization for

. Lachnospiraceae unknowngenus_5 0.94 (0.89, 0.98)**
inhalant allergens

Ruminococcaceae_UCG-005 unknownspecies_2 0.89 (0.82, 0.96)**
Phvsician-di
. ysician-diagnosed Christensenellaceae_R-7_group unknownspecies_2 0.94 (0.88, 0.99)*
inhalant allergy
Agathobacter unknownspecies 1.23 (1.08, 1.42)**

The number of subjects included for the adjusted ANCOM and adjusted logistic regression analyses for eczema (n=1,217),
sensitization for food allergens (n=1,156), sensitization for inhalant allergens (n=1,161), physician-diagnosed food allergy
(n=1,169), physician-diagnosed inhalant allergy (n=1,197), lung function (n=1,229), and asthma (n=1,192). Models were
adjusted for maternal education, child’s sex, ethnicity, body mass index at age 10 years, antibiotic use in the past 3 months,
DNA isolation batch and general collection time, and other associated Amplicon sequence variants (ASVs) with the out-
come of interest. No associations were found for stool microbial ASVs with sensitization for food allergens, physician-
diagnosed food allergy, lung function, and asthma at age 10 years. *p-value <0.05, **p-value<0.01.
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ity analyses with the previous in-house developed pipeline showed similar results for
Lachnospiraceae genus with sensitization for inhalant allergens (0.99 (0.99, 1.00)), and
Ruminococcaceae_UCG-005 species and Christensenellaceae_R-7_group species with
physician-diagnosed inhalant allergy (0.99 (0.98, 1.00) and 1.00 (1.00, 1.00)).

Functional pathways of stool microbiota and atopic diseases

Supplementary Table 5 shows all identified functional pathways based on the full ASV
table using PICRUSt2, and which were associated with atopic diseases. In the adjusted
ANCOM and logistic regression analyses, N-acetylneuraminate catabolism was associat-
ed with a decreased risk of sensitization for food allergens (OR (95%Cl): 0.71 (0.54, 0.92))
(Table 4). Ethylmalonyl-CoA, L-leucine degradation I, Adenosylcobalamin biosynthesis |
(anaerobic) and Aerobic respiration | (cytochrome c) pathways were associated with a
decreased risk of sensitization for inhalant allergens in the adjusted ANCOM analyses,
but the associations attenuated to non-significant in the adjusted logistic regression

Table 4. Associations of functional pathways of stool microbiota with atopic diseases at age 10 years

Sensitization for N-acetyln'eurammate catabolism; sialic acid 0.71 (054, 0.92)%*
food allergens degradation
Ethylmalonyl-CoA pathway 0.80 (0.60, 1.08)
L-leucine degradation | pathway 0.91 (0.75, 1.09)
Sensitization for

Adenosylcobalamin biosynthesis | (anaerobic)

inhalant allergens 1.16 (0.98, 1.41)

pathway
Aerobic respiration | (cytochrome c) pathway 1.01 (0.94, 1.07)
Physician-di d
fo‘:::l:::ler:‘g;agnose L-lysine biosynthesis Il pathway 0.67 (0.52,0.89)**
Taxadiene biosynthesis 0.89(0.78,1.01)

Geranylgeranyldiphosphate biosynthesis | (via

. e . *
Physician-diagnosed el ) 0.90 (0.83,0.98)
inhalant allergy

Superpathway of heme b biosynthesis from glycine 0.92 (0.85,0.99)*
Methylphosphonate degradation | pathways 0.94 (0.85, 1.06)
Superpathway of heme b biosynthesis from glycine 0.89 (0.80, 0.99)*
Asthma L-glutamate degradation V (via hydroxyglutarate) 0.88 (0.79, 0.99)*
Taxadiene biosynthesis 0.86 (0.73, 1.02)

The number of subjects included for the adjusted ANCOM and adjusted logistic regression analyses for eczema (n=1,217),
sensitization for food allergens (n=1,156), sensitization for inhalant allergens (n=1,161), physician-diagnosed food allergy
(n=1,169), physician-diagnosed inhalant allergy (n=1,197), lung function (n=1,229), and asthma (n=1,192). Models were
adjusted for maternal education, child’s sex, ethnicity, body mass index at age 10 years, antibiotic use in the past 3 months,
DNA isolation batch and general collection time, and other associated pathways with the outcome of interest. No associa-
tions were found for stool microbial functional pathways with eczema, and lung function at age 10 years. *p-value <0.05,
**p-value<0.01.
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analyses (OR range (95%Cl: 0.80 (0.60, 1.08) - 1.16 (0.98, 1.41)). L-lysine biosynthesis Il
pathway was associated with a decreased risk of physician-diagnosed food allergy (0.67
(0.52, 0.89)) in the adjusted ANCOM and logistic regression analyses. Geranylgeranyl-
diphosphate biosynthesis | (via mevalonate) and superpathway of heme b biosynthesis
from glycine were associated with a decreased risk of physician-diagnosed inhalant al-
lergy (0.90 (0.83, 0.98) and 0.92 (0.85, 0.99), respectively), while the identified pathways
of Taxadiene biosynthesis and Methylphosphonate degradation | from adjusted ANCOM
analyses attenuated to non-significant in the adjusted logistic regression model (0.89
(0.78,1.01) and 0.94 (0.85, 1.06), respectively). The superpathway of heme b biosynthesis
from glycine, and L-glutamate degradation V (via hydroxyglutarate) were associated
with a decreased risk of asthma (0.89 (0.80, 0.99) and 0.88 (0.79, 0.99), respectively), while
the association of Taxadiene biosynthesis with a decreased risk of asthma in adjusted
ANCOM analyses attenuated to non-significant in the adjusted logistic regression (0.86
(0.73, 1.02)). No functional pathways of stool microbiota were associated with eczema or
lung function. No specific functional pathways were associated with two or more atopic
diseases compared to only one atopic disease (data not shown).

DISCUSSION

In this population-based prospective cohort study among children aged 10 years,
we observed that the diversity, relative abundance, and functional pathways of stool
microbiota were associated with physician-diagnosed inhalant allergy. Associations of
diversity, relative abundance, and functional pathways of stool microbiota with other
atopic outcomes were less consistent.

Comparison with previous studies

Compared to our previous study on diversity, compositional, and functional differences
of stool microbiota of children and adults, the top four major phyla and the top 10 major
families remained the same, and of the top most abundant genera 24 were also in the
top 30 genera of the in the current study population.® In addition, we gained more
unique ASV numbers on each taxonomic level using the DADA2 pipeline with the final
dataset, including 1443 different ASVs in the current study compared to 661 operational
taxonomic units in our previous study. We observed that inverse Simpson index (alpha
diversity) of stool microbiota was associated with a decreased risk of eczema only, and
not with other current atopic diseases at age 10 years. We observed that the overall
composition of stool microbiota, based only on Bray-Curtis beta diversity, is different in
children with and without physician-diagnosed inhalant allergy at the age of 10 years.
A recent systematic review of previous cohort and case-control studies performed in
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children mostly before the age of 6 months showed associations of alpha diversity of
stool microbiota with eczema, inhalant and food allergies, and asthma, while studies
performed in older children using modern sequencing methods showed conflicting
results.’ Therefore, the relative abundance of stool microbiota might be more important
in atopic diseases than the diversity at school age. The ASVs that we identified as being
associated with atopic diseases at 10 years were in line with results of previous studies
among children younger than 5 years These demonstrated that genera from Lachno-
spiraceae, Ruminococcaceae, and Prevotellaceae families, and higher taxonomic order
of Clostridiaceae measured at ages 0-2 years were associated with atopic diseases at
ages 0-8 years.® However, the direction of associations between specific stool microbiota
and atopic diseases was not consistent. For example, the family of Lachnospiraceae and
the order of Clostridiaceae were associated with both increased and decreased risks of
atopic diseases.’ The differences in results of diversity and relative abundance of stool
microbiota with atopic diseases in our and previous studies might be due to differences
in characteristics of children included in the analysis, such as age and geographic loca-
tion, and the prospective or cross-sectional design. It might be more challenging to
find associations of stool microbiota with atopic diseases in older children, since the
complexity of gut microbiota increases with age, despite its stabilization in later life.®
Also, the heterogeneity of the bioinformatics and statistical approaches of the studies
due to the compositional nature of stool microbiota data, and limitation of sequenc-
ing technique could explain the differences in results.'”° Homogenization of microbiota
tables is needed to adequately compare results of gut microbiota with atopic diseases
between different studies. Future studies should analyse gut microbiota at lower taxo-
nomic levels, because specific microbial species within a genus may influence atopic
diseases differently.

No specific functional pathways of stool microbiota were consistently associated with
all atopic diseases, which might be explained by differences in the etiology of atopic
diseases, and only a small proportion of children that follows the atopic march in our
population-based cohort.*** The most consistent observations included functional
pathways related to heme and terpenoid biosynthesis, which were associated with
decreased risks of physician-diagnosed inhalant allergy and asthma. Taxadiene bio-
synthesis, Geranylgeranyldiphosphate biosynthesis | (via mevalonate) and Mevalonate
pathway | (eukaryotes and bacteria) are part of the pathways class of biosynthesis of
terpenoids, which are a class of naturally occurring organic compounds, derived from
five carbon isoprene units, and often used in cosmetics, pharmaceuticals, or biofuels.*®
Murine studies showed that mevalonate biosynthesis plays a role in T-helper 2 cell
differentiation, and that inhibiting mevalonate pathway can lower the allergic inflam-
mation and airway hyperreactivity, making it a possible novel therapeutic target for
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atopic diseases.*®* This is in line with findings of a recent review suggesting that ter-
penoids have anti-inflammatory effects, and might be effective in treating respiratory
inflammation and atopic dermatitis.*® Although the specific superpathway of heme b
biosynthesis from glycine has not been previously found to be associated with atopic
diseases, hemeoxygenase-1 (HO-1) protein, which catabolizes heme to biliverdin, free
iron and carbonoxide, is increased in murine lung tissue in allergic airway inflamma-
tion and in skin lesions of patients with eczema.*** In addition, iron-deficiency has also
been related to increased risk of atopic diseases, possibly through changes in the gut
microbiome.*’ Interestingly, we observed that N-acetylneuraminate catabolism (also
known as sialic acid degradation) pathway was associated with a decreased risk of sen-
sitization of food allergens. Further, this finding might explain the increased sialic acid
content that a recent study found on total IgE from individuals with a peanut-allergy
as compared to those without any allergies.*” We did not observe an association of
N-acetylneuraminate catabolism with physician-diagnosed food allergy, which might
be due to the used definition of allergy. Allergic sensitization measured by skin prick
tests reflects children who are sensitized but partly do not experience symptoms of food
allergy. Another interesting observation included the association of L-glutamate degra-
dationV (via hydroxyglutarate) with a decreased risk of current asthma. Via this pathway,
bacteria are able to ferment amino acids into short chain fatty acids (SCFA) among other
products. This observation supports the hypothesis of SCFA having anti-inflammatory

properties, and its association with decreased risks of atopic diseases.” *

Interpretation of results

To the best of our knowledge, our study is one of the few studies to examine the as-
sociations of stool microbiota with atopic diseases in school-age children from the
general population. Our results contribute to the body of knowledge on the role of gut
microbiota in the development of atopic diseases in later childhood. We observed no
consistent associations of gut microbiota with eczema, allergy and asthma using DADA2
pipeline and our previously in-house developed pipeline, which suggests that the role
of gut microbiota on atopic diseases might be limited in later childhood. The relation
between gut microbiota and atopic diseases might be influenced by the severity of the
condition, steroid use, and persistence of atopic diseases. Therefore, observations might
be different in hospital-population or at an individual based level, when children have
multiple and persistent atopic diseases, and greater disease severity. Furthermore, due
to the cross-sectional design of our study, we could not examine the influence of early
life gut microbiota on later life gut microbiota, and subsequently atopic diseases in later
life. Our observations that diversity and relative abundance of stool microbiota were not
prominently associated with atopic diseases at school age support the hypothesis of an
‘early window of opportunity’in which the gut microbiota plays an more important role
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in the maturation of the immune system in early childhood, and to a lesser extent in later
childhood.” This has also been suggested by murine studies that showed that changes
in gut microbiota in neonatal mice, but not in adult mice are associated with the of
development of atopic diseases.”®* Gut microbiota protects the host from potential
pathogenic colonization, contributes to the intestinal barrier function, and helps de-
velop and regulate the immune system.® Especially in early childhood, when maturation
of the gut and immune system is still ongoing, disruption of systems contributing to
the maturation of the gut and immune system might increase the risk of developing
atopic diseases. T-regulatory cells play an important role in the immune responses to
allergens, the regulation of type 2 T-helper cells, and the production of immunoglobulin
type E.*® Gut microbiota can induce the differentiation of T-regulatory cells, and reduce
pro-inflammatory cytokines through different pathways, such as via the production of
short-chain fatty acids leading to activation of G protein—coupled receptors signaling
pathways and epigenetic changes.* Also, gut microbiota might affect atopic diseases
through interaction with other microbiota, such as on the lung or skin.***° Gut bacteria
and their metabolites can migrate to the blood, the lymphatic system, skin, and lung via
an impaired intestinal barrier, and can produce short chain fatty-acids that can exhibit
antimicrobial effects against for example Staphylococcus aureus, which on the skin and
nose has been associated with increased risk of eczema and eczema severity.** ** Our
study was designed cross-sectionally and prospective cohort studies should examine
the role of early life microbiome and its longitudinal development on later life atopic
diseases.

Strengths and limitations

The strengths of this study include its cross-sectional design within a well-characterized
population-based prospective study, a large number of subjects, and examining stool
microbiota with atopic diseases at school age using a combination of compositional
and non-compositional approaches. Also, we used novel and open source microbiome
analyses tools such as DADA2 and PICRUSt2, which enables better comparison with
other (future) studies, since the used DADA2 pipeline produced sequences reads
with counts that can be compared directly across studies.” ** However, limitations of
this study should also be considered in the interpretation of the results. Children not
included in the analyses had less favourable socio-economic factors, were more often
of non-European ethnicity, and had a higher BMI, which could have resulted in selection
bias if the associations of gut microbiota with atopic diseases would have been different
in children included and not included in the analysis. Non-differential misclassification
of eczema, asthma and physician-diagnosed allergies remains possible due to collec-
tion via self-reported questionnaires and might have led to dilution of results. We used
validated questionnaires to minimize this bias."”*' In addition, residual confounding
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might still be present as in any observational study. Besides inhaled asthma medication,
no information was available on steroid use. However, on a population level most atopic
diseases are of mild severity, and therefore the effect of steroid use on the associations
of stool microbiota with atopic disease will most likely be constrained. Further, although
the 16S rRNA gene amplification and shotgun metagonomics approaches provide dif-
ferent information, the phylogeny and biomolecular function have been shown to be
strongly correlated.” Shotgun metagenomic sequencing would allow greater precision
in the functional predictions obtained from PICRUSt2.”® Unfortunately, metagenomic
profiling was not available considering the high costs of performing shotgun sequenc-
ing in our large population-based cohort. Also, high inter-individual variability of the
gut microbiota and high-dimensionality of the microbiota data can hinder the power of
analysis. Uniform and harmonized methodological approaches for better identification
and comparison of results between large-scale studies are urgently needed.” Lastly, al-
though we consider the applied methods as the most appropriate following the current
standards set in the field, analytical tools in the field of microbiota are still developing
and as such results may depend on the method applied. While microbiome profiling
methods continue to evolve further, our study already provides some leads that await
replication to confirm the involvement of the gut microbiota in the etiology of atopic
diseases.

Conclusion

We observed that the diversity, relative abundance and pathways derived from stool
microbiota were consistently associated with physician-diagnosed inhalant allergy, and
less consistent with current eczema, food allergy outcomes and asthma at school age.
The role of stool microbiota on atopic diseases therefore seems limited in later child-
hood. Despite the relatively large sample of our study, we cannot exclude that weak as-
sociations with other atopic diseases were not detected given the large dimensionality
and heterogeneity of the stool microbiome data, and the low prevalence of some of the
atopic diseases. Additionally, the effect of the stool microbiota on atopic diseases with a
different etiology might differ. Future large-scale studies should repeatedly examine the
longitudinal associations of stool microbiota and atopic diseases from infancy to school-
age. This might clarify any age specific influences of gut microbiota on the development
of atopic diseases throughout childhood.
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Supplementary Table 4. Unadjusted differential relative abundance of stool microbiota and atopic dis-
eases at age 10 years

Eczema Lachnospiraceae unknowngenus_5 0.86 (0.79, 0.94)**
Sensitization f
. ensitization for Lachnospiraceae unknowngenus_5 0.93 (0.89, 0.97)**
inhalant allergens
Physician-di d
ysiclan-clagnose Ruminococcus_2 bromii 1.16 (1.03, 1.30)*
food allergy
Ruminococcaceae_UCG-005 unknownspecies_2 0.87 (0.81, 0.93)**
Physician-diagnosed Christensenellaceae_R-7_group unknownspecies_2 0.92 (0.87,0.97)**
inhalant allergy Agathobacter unknownspecies 1.26 (1.1, 1.45)**
Prevotella_9 unknownspecies_4 0.88 (0.80, 0.95)**

The number of subjects included for the unadjusted ANCOM and unadjusted logistic regression analyses were for eczema
(n=1,293), sensitization for food allergens (n=1,245), sensitization for inhalant allergens (n=1,251), physician-diagnosed
food allergy (n=1,239), physician-diagnosed inhalant allergy (n=1,270), lung function (n=1,322), and asthma (n=1,268). No
associations were found for stool microbial Amplicon sequence variants (ASVs) with sensitization for food allergens, lung
function, and asthma at age 10 years. *p-value <0.05, **p-value<0.01.

Supplementary Table 6. Unadjusted analysis of functional pathways of stool microbiota with atopic dis-
eases at age 10 years

Ethylmalonyl-CoA pathway 0.91 (0.85, 0.96)**
Sensitization L-leucine degradation | pathway 0.91 (0.86, 0.97)*
for inhalant Adenosylcobalamin biosynthesis | (anaerobic) pathway 0.94 (0.90, 0.98)**
allergens Aerobic respiration | (cytochrome c) pathway 0.95 (0.91, 0.99)*

Glycerol degradation to butanol pathway 1.07 (1.01, 1.14)*
Physician-
diagnosed food L-lysine biosynthesis Il pathway 0.67 (0.52,0.89)**
allergy

Taxadiene biosynthesis 0.82(0.73,0.92)**
Physician- Geranylgeranyldiphosphate biosynthesis | (via mevalonate) 0.92 (0.86, 0.99)*
diagnosed Mevalonate pathway | (eukaryotes and bacteria) 0.92 (0.85, 0.99)*
inhalantallergy peptigoglycan biosynthesis V (B-lactam resistance) 0.95 (0.90, 1.00)

(S)-propane-1,2-diol degradation 1.09 (1.01, 1.19)*

Superpathway of heme b biosynthesis from glycine 0.87 (0.79, 0.96)**
Asthma L-glutamate degradation V (via hydroxyglutarate) 0.87(0.79, 0.97)*

4-aminobutanoate degradation V 0.76 (0.61,0.97)*

The number of subjects included for the unadjusted ANCOM and unadjusted logistic regression analyses were for eczema
(n=1,293), sensitization for food allergens (n=1,245), sensitization for inhalant allergens (n=1,251), physician-diagnosed
food allergy (n=1,239), physician-diagnosed inhalant allergy (n=1,270), lung function (n=1,322), and asthma (n=1,268). No
associations were found for stool microbial functional pathways with eczema, sensitization for food allergens, and lung
function at age 10 years. *p-value <0.05, **p-value<0.01.
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n=5,012
Children invited to participate in
stool collection at age 10 years

n=2123
Children not willing to participate
or from whom no stool samples

A4

v were received
n=2,889
Children that agreed with
participating in collection of stool n=1,089

samples at age 10 years and from

whom we received stool samples Children excluded due to mold,

lack of information on stool
sample collection, and not
passing quality control of

v

v samples (<10,000 reads,
n = 1,800 mismatch, plate issues,
Children with proper information on inconceivable alpha diversity)
stool microbiota at age 10 years
available
n = 358
Children excluded due to
collection time >5 days (n=168)
v or unknown (n=190)
n =1,442

Children available for inclusion

analyses of stool microbiota at age
10 years available

n=2
Missing information on any
atopic disease at age 10 years

\4

n = 1,440

Children with information on stool
microbiota and any atopic disease at
age 10 years available

Eczema n=1,293
Allergic sensitization
Food allergens  n =1,245
Inhalant allergens n = 1,251
Physician-diagnosed
Food allergy n=1,239
Inhalant allergy n=1,270
Respiratory conditions
Lung function n= 1,322
Asthma n= 1,268

Supplementary Figure 1. Flow chart of participants included for analysis.
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Supplementary Figure 2. Study design
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Supplementary Figure 3. Relative abundance of phyla for children with any atopic disease outcome com-
pared to those without any atopic diseases.
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Further detailed online resources can be found in the published article online:
https://www.sciencedirect.com/science/article/pii/S0091674921005637?via%3Dihub
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ABSTRACT

Background Eczema phenotypes based on eczema onset and persistence might better
identify groups prone to allergic and respiratory conditions than a binary definition of
eczema. We examined the associations of childhood eczema phenotypes with allergic
sensitization, allergy, asthma and lung function at school age.

Methods This study among 4,277 children was embedded in a multi-ethnic population-
based prospective cohort study. Five eczema phenotypes (never, early transient, mid-
transient, late transient, persistent) based on parental-reported physician-diagnosed
eczema from age 6 months until 10 years were identified. At age 10 years, allergic
sensitization was measured by skin prick tests, physician-diagnosed allergy and asthma
by parent-reported questionnaires, and lung function by spirometry. Adjusted linear,
logistic and multinomial regression models were applied.

Results Compared with never eczema, all eczema phenotypes were associated with in-
creased risks of asthma (odds ratios (OR) range (95% confidence interval): 2.68 (1.58,4.57)
to 11.53 (6.65,20.01)), food and inhalant allergic sensitization (1.72 (1.25, 2.36) to 12.64
(7.20, 22.18)), and physician-diagnosed inhalant allergy (1.92 (1.34, 2.74) to 11.91 (7.52,
18.86)). Strongest effect estimates were observed of early and persistent eczema with
the risk of physician-diagnosed food allergy (OR (95% Cl) 6.95 (3.76,12.84) and 35.05
(18.33,70.00), respectively) and combined asthma and physician-diagnosed allergy (7.11
(4.33,11.67) and 29.03 (15.27, 55.22), respectively). Eczema phenotypes were not associ-
ated with lung function measures.

Conclusion Eczema phenotypes were differentially associated with risks of respiratory
and allergic conditions in school-aged children. Children with early transient and per-
sistent eczema might benefit from more intense follow-up for early identification and
treatment of asthma and allergies.
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BACKGROUND

Childhood eczema is a chronic disease with variable onset and persistence over time.
The prevalence of eczema is up to 25% in infancy and diminishes over time.' Eczema is
strongly associated with asthma and allergic sensitization.” It has been suggested that
children with eczema and food allergies in early life develop asthma and allergic rhinitis
in later life, which has been referred to as the atopic march.’ However, previous results of
longitudinal cohorts only found a small proportion of children with eczema that follow
this atopic march.* This might partly be explained by the definition of eczema used in
these studies. In recent years, eczema phenotypes have been introduced in epidemio-
logic research to replace the binary definition of eczema, as they incorporate the vari-
ability in age of onset and persistence of eczema, and therefore allow identification of
specific underlying risk factors which can be used to optimize personalized preventative
strategies and improve public health.’ Also, eczema phenotypes could better identify
children that may be at risk for developing asthma and allergy. Results of previous studies
using longitudinal birth cohorts showed that all identified eczema phenotypes in early
life were associated with up to 7-fold increased risks of asthma and allergy in later life,
compared to the never eczema phenotype.®” The strongest association was observed
for the persistent eczema phenotype in relation to asthma and allergy. However, the
eczema phenotypes are not yet determined in non-Caucasian children, related to lung
function or comprehensive allergy outcomes in older childhood.

Therefore, we examined in a multi-ethnic population-based prospective cohort of 4,277
children the associations of eczema phenotypes from birth until 10 years with lung func-
tion, asthma, allergic sensitization, and allergy at school-age.

METHODS

Design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early fetal life onwards in Rotterdam, the Netherlands®. The study has
been approved by the Medical Ethical Committee of the Erasmus MC University Medi-
cal Centre in Rotterdam. Written informed consent was obtained from parents or legal
guardians. Children were excluded from the current analyses if information was missing
on physician-diagnosed eczema for more than 3 time points and if information on lung
function, asthma and allergic sensitization were missing. A total of 4,277 children were
included for the current analyses (Supplementary Figure 1).
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Eczema phenotypes

Information on eczema was obtained from parental-reported questionnaires at the age
of 6 months, and 1, 2, 3, 4 and 10 years ('Was your child diagnosed with eczema in the
last 6 months/last year by a general practitioner or physician in the hospital?’)°. As previ-
ously described, in children with available data on at least 3 time points between age
6 months to 10 years, latent class growth analysis was used to assign children to their
latent classes based on their respective posterior probabilities.”® Five eczema pheno-
types were identified based on the various eczema trajectories: never, early transient,
mid-transient, late transient and persistent eczema (Supplementary Figure 2). Data on
ever eczema was collected by parental-reported questionnaires at 10 years of age (‘Has
your child ever had eczema diagnosed by a doctor?’).

Lung function, asthma and allergy

Children visited the research center at a median age of 9.7 years (2.5-97.5th percen-
tile range 9.3-10.3 years). Information on lung function was measured by spirometry
and included forced expiratory volume in 1 second (FEV;), forced vital capacity (FVC),
FEV,/FVC, and forced expiratory flow after exhaling 75% of FVC (FEF;s). Lung function
measures were converted into sex-, height-, age-, and ethnicity-adjusted z-scores'" %,
Information on current asthma, and physician-diagnosed inhalant and food allergy were
adapted from the International Study on Asthma and Allergy in Childhood (ISAAC)".
Current asthma (no; yes) was defined as ever diagnosis of asthma with wheezing or
medication use in the past 12 months at 10 years of age. Parental reported question-
naires were used to define physician-diagnosed inhalant allergy (“Was your child ever
diagnosed by a physician with an allergy to pollen (hay fever)/house dust mite/cat/
dog?”) (no; yes) and food allergy (“Was your child ever diagnosed by a physician with an
allergy to cashew nut/peanut?”) (no; yes) at age 10 years. Additionally, information on
allergic rhinitis, a more detailed question on inhalant allergy, was obtained by a parental
reported questionnaire (“Did your child had any sneezing, running nose or stuffed nose
in the last 12 months, even though he or she did not have a cold or flu?” (no; yes). Infor-
mation on allergic sensitization was collected by skin prick tests using the scanned area
method.'* " We examined the most prevalent food allergens for children at age 10 years
at a population-based level, and therefore allergens for milk and egg were excluded.'®"”
Inhalant allergens included house dust mite, 5-grass mixture, birch, cat, and dog. Food
allergens included hazelnut, cashew nut, peanut and peach. Details on the collection of
lung function, asthma and allergy measures are provided in the supplementary material.

Covariates

Information on parity, maternal education, and parental history of eczema, allergy
or asthma was available from parental questionnaires obtained at enrolment. Child’s
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sex was obtained from midwives and hospital records, and ethnic origin based on the
parents’ country of birth according to Statistics Netherlands.'® Postnatal questionnaires
provided information on breastfeeding at 2, 6 or 12 months after birth.

Statistical analysis

Linear, logistic and multinomial regression models were used to examine the associa-
tion of eczema phenotypes with lung function measures, risk of asthma, allergic sensi-
tization or physician-diagnosed allergy, and combined allergic outcomes, respectively,
using the packages ‘mice’ (version 3.3.0) , ‘stats’ (version 3.5.2) and ‘nnet’ (version 7.3-12)
in R version 3.5.2."°%' The analyses were adjusted for potential confounders, selected
from literature if they were related with both eczema phenotypes and the outcome and
were not in the causal pathway. In order to examine inhalant allergies in detail, we also
examined the correlation between physician-diagnosed inhalant allergy and allergic
rhinitis, and the associations of eczema phenotypes with allergic rhinitis. To study the
role of ethnicity in more detail, we performed a sensitivity analysis by stratifying for
ethnicity (European or non-European). We only present the results based on imputed
data, because the size and direction of effects were similar in complete-case-analysis.
We did not adjust for multiple testing, because the respiratory and allergic measures
were related to each other, and examined under the same hypothesis. More information
on the statistical analyses is provided in the supplementary material. All measures of
association are presented as pooled z-score change or odds ratios (OR) with their cor-
responding 95% confidence intervals (95%Cl).

RESULTS

Subject characteristics

Characteristics of children and their mothers are summarized in Table 1. For each ec-
zema phenotype, the prevalence of current asthma, physician-diagnosed food allergy
and inhalant allergy are presented in Figure 1. Co-occurrence of these comorbidities
was most prevalent in the persistent eczema group (range 1% to 19%). Main results of
loss-to-follow-up analysis showed that children not included in the analyses more often
had mothers of younger age, multiparity, lower education and no history of eczema, al-
lergy or asthma, and more often had lower birth weight, a male sex and a non-European
ethnicity mostly of Moroccan, Turkish and Cape Verdean ethnicity (Supplementary Table
1).
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Table 1. Characteristics of children and their mothers

Maternal characteristics

Age at enrollment, years mean (SD) 31.7 (4.5)
Parity, nulliparous % (n) 59 (2,526)
Maternal education, higher % (n) 59 (2,510)
History of eczema, allergy and asthma, yes % (n) 61 (2,597)
Child characteristics

Sex, female % (n) 51(2,181)

Gestational age at birth, weeks median (2.5-97.5" percentile)*

Birth weight, grams mean (SD)*

40.1 (35.5-42.3)
3443.1 (566.9)

Ethnicity, non-European % (n) 24 (1,006)
Breastfeeding, ever % (n) 93 (3,961)
Eczema, ever % (n)* 23 (859)
Eczema phenotypes % (n)
Never 76 (3,229)
Early transient 9 (363)
Mid-transient 6 (259)
Late transient 8(333)
Persistent 2(93)
Current asthma, yes % (n)" 5(203)
Inhalant sensitization, yes % (n)" 32 (985)
Food sensitization, yes % (n)" 7 (209)
Physician diagnosed inhalant allergy, yes % (n)" 12 (447)
Allergic rhinitis, yes % (n)* 20.6 (734)
Physician diagnosed food allergy, yes % (n)" 2(79)
Lung function, Z-scores mean (SD)*
FvC 0.18 (0.91)
FEV, 0.13 (0.96)
FEV,/FVC -0.12 (0.95)
FEF;s -0.00 (0.91)

Values are percentages (absolute values), mean (SD) or median (2.5-97.5" percentile) after imputation. *Data was missing
and not imputed for gestational age at birth (0.2%), birth weight (0.1%) ever eczema (11.6%) allergic rhinitis (26.9 %), and
lung function (11.5%). 'Data on the following outcomes were not imputed for the individual analysis and were missing for:
current asthma (9.7%), inhalant (26.9%) and food sensitization (27.1%), physician diagnosed inhalant (10.9%) and food al-
lergy (12.7%). They were imputed for the combined outcome analysis and values are for current asthma (yes) 6% (n=237),
inhalant sensitization (yes) 33% (n=1,394), food sensitization (yes) 8% (n=336), physician-diagnosed inhalant allergy (yes)
12% (n=521) and physician-diagnosed food allergy (yes) 3% (n=105)
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Eczema phenotypes, lung function and current asthma

Compared with never eczema, ever eczema was associated with a higher FVC and
FEV, (Z score change (95%Cl): 0.08 (0.01,0.16) to 0.08 (0.00,0.16), respectively), but not
with FEV,/FVC and FEF;s. Ever eczema was associated with an increased risk of current
asthma (OR (95%Cl): 6.38 (4.61,8.83)) (Table 2). When examining eczema phenotypes, we
observed that compared with the never eczema phenotype, only late transient eczema
was associated with a higher FVC (Z score change (95%Cl): 0.11 (0.00,0.21)) (Table 2). All
eczema phenotypes were associated with an increased risk of current asthma at the age
of 10 years with the strongest effect estimates for early transient and persistent eczema
(OR (95% Cl): 4.82 (3.29,7.08) and 11.53 (6.65,20.01)). Similar size and direction of effect
estimates were observed among children of European and non-European ethnicity
(Supplementary Tables 2 and 3).

Eczema phenotypes, allergic sensitization and physician-diagnosed allergies

Compared with never eczema, ever eczema was associated with increased risks of aller-
gic sensitization and physician-diagnosed allergies for both inhalant and food allergens.
The strongest association was observed for ever eczema with physician diagnosed food
allergy (OR (95%Cl): 11.89 (6.85, 20.61)) (Table 3). Of the eczema phenotypes, the early
transient and persistent phenotypes were most strongly associated with increased risks
of inhalant allergic sensitization (OR (95%Cl): 2.62 (2.01, 3.42) and 4.53 (2.65, 7.51)), food
allergic sensitization (OR (95%Cl): 5.73 (3.94, 8.31) and 12.64 (7.20, 22.18)), physician-
diagnosed inhalant allergy (OR (95%Cl): 3.72 (2.78, 4.97) and 11.91 (7.52, 18.86)) and

Table 3. Associations of eczema phenotypes with allergic sensitization and physician-diagnosed allergies
in children at age 10 years

Never eczema Reference Reference Reference Reference
Ever eczema 2.91(2.41, 3.52) 4.90(3.60, 6.67) 4.54 (3.65, 5.63) 11.89 (6.85, 20.61)
Never Reference Reference Reference Reference

Early transient 2.62 (2.01, 3.42) 5.73 (3.94, 8.31) 3.72(2.78,4.97) 6.95 (3.76,12.84)
Mid-transient  1.72(1.25,2.36) 2.13(1.21, 3.76) 2.66 (1.86, 3.80) 1.44 (0.43,4.80)

Late transient 1.77 (1.33, 2.35) 2.52(1.56, 4.07) 1.92(1.34, 2.74) 4.50 (2.19,9.28)
Persistent 4.53 (2.65,7.51) 12.64(7.20,22.18) 11.91(7.52,18.86) 35.05(18.33,70.00)

Values are odds ratios (95% confidence intervals) from logistic regression models for never/ever eczema and average odds
ratios (95% confidence intervals) from logistic regression models after multiple sampling based on 150 imputed datasets
for eczema phenotypes. Full models were adjusted for parental history of allergy, asthma or eczema, maternal education,
parity, child’s sex, ethnicity and breastfeeding. Bold values indicate statistical significance at the 0=0.05 level.
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physician-diagnosed food allergy (OR (95%Cl): 6.95 (3.76,12.84) and 35.05 (18.33,70.00))
(Table 3). Physician-diagnosed inhalant allergy and allergic rhinitis were correlated
(Cramer’s V (Chi-square p-value) 0.50 (<0.001)). The observed effect estimates of the
associations of eczema phenotypes with allergic rhinitis were in the same direction,
but less greater, versus those of eczema phenotypes with physician-diagnosed inhalant
allergy (OR range (95%Cl): 1.43 (1.02, 2.00) and 4.91 (3.14, 7.66) versus 1.92 (1.34, 2.74)
and 11.91 (7.52, 18.86), respectively) (Supplementary Tables 4). Similar size and direc-
tion of effect estimates were observed among children of European and non-European
ethnicity (Supplementary Tables 2 and 3). Effect estimates were in the same direction
and stronger if a child had both allergic sensitization and physician-diagnosed allergy
(Supplementary Table 5).

Table 4. Association of eczema phenotypes with combined asthma and physician-diagnosed allergy
groups in children at age 10 years.

Never eczema Reference Reference Reference

Ever eczema 5.83 (3.49, 9.74) 4.03 (3.17,5.11) 8.98 (5.89, 13.69)
Never Reference Reference Reference

Early transient 5.36 (3.07, 9.36) 3.68 (2.67,5.08) 7.11 (4.33,11.67)
Mid-transient 1.37 (045, 4.19) 2.21(1.47,3.32) 4.31(2.33,7.99)
Late transient 2.94 (1.47,5.89) 1.76 (1.18, 2.64) 3.48 (1.88, 6.44)
Persistent 5.23 (1.55,17.63) 10.02 (5.92, 16.96) 29.03 (15.27, 55.22)

Values are odds ratios (95% confidence intervals) from logistic regression models for never/ever eczema and average odds
ratios (95% confidence intervals) from multinomial regression models after multiple sampling based on 150 imputed da-
tasets for eczema phenotypes. Reference group is no asthma and no allergy (n=3,627). n = number of participants with
information on at least 3 eczema measurements. Missing data on asthma and physician-diagnosed allergy was imputed.
Full models were adjusted for parental history of allergy, asthma or eczema, maternal education, parity, child’s sex, ethnic-
ity and breastfeeding. Bold values indicate statistical significance at the 0=0.05 level.

Eczema phenotypes, asthma and physician-diagnosed allergy combined
Compared with never eczema, ever eczema was associated with increased risks of both
asthma only and physician-diagnosed allergy only (OR (95%Cl): 5.83 (3.49, 9.74) and 4.03
(3.17,5.11)), and most strongly with asthma and physician-diagnosed allergy combined
(8.98 (5.89, 13.69)) (Table 4). Compared with never eczema phenotypes, early transient
and persistent eczema were most strongly associated with asthma only (OR (95%Cl):
5.36 (3.07, 9.36) and 5.23 (1.55, 17.63)), physician-diagnosed allergy only (3.68 (2.67,
5.08) and 10.02 (5.92, 16.96)), and asthma and physician-diagnosed allergy combined
(7.11(4.33,11.67) and 29.03 (15.27, 55.22)). Effect estimates for eczema phenotypes were
in the same direction and higher odds were observed when physician-diagnosed food
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and inhalant allergy were combined and when physician-diagnosed food and inhalant
allergies were combined with asthma (Supplementary Table 6).

DISCUSSION

In this multi-ethnic population-based prospective cohort study, eczema phenotypes
were differentially associated with the risk of allergic and respiratory conditions in
school-aged children. The early transient and persistent eczema phenotypes were most
consistently associated with asthma, allergic sensitization, and physician-diagnosed
allergies, including allergic rhinitis. Results were similar for children of European and
non-European ethnicity. Stronger effect estimates were observed for early transient
and persistent eczema phenotypes with food allergy related measures and combined
asthma and physician-diagnosed allergies. Compared with never eczema, ever eczema
was associated with higher FVC and FEV,, but not with FEV,/FVC. Eczema phenotypes
were not associated with any lung function measurement.

Comparison with previous studies

When comparing results with previous studies, the difference in eczema phenotype
definition and follow-up duration need to be taken into account. Previous cohort
studies showed that children with early-onset and persistent eczema phenotypes have
increased risks of asthma at ages 6 to 13 year.®’ Results for mid- and late transient
eczema phenotypes and the risk of asthma are inconsistent. Our observations in a multi-
ethnic population are in line with previous findings and support that children with any
eczema phenotype, but especially those with early onset and persistent eczema have
increased risks of asthma at school-age.” > While eczema is strongly related to asthma
and therefore hypothetically also with altered lung function, the relationship between
eczema and lung function has not been studied. We observed that children with ever
eczema had slightly higher FEV, and FVC, but no changes in FEV,/FVC. These findings
might be incidental, since there were no associations of eczema phenotypes with lung
function measures. Other mechanisms might underlie the observed associations of ever
eczema and eczema phenotypes with asthma, such as inhalant allergies and possible
modulating effects of early allergic sensitization and allergic rhinitis.** Also all children
included in our analysis had higher FEV, and FVC z-scores, which might be explained by
a relatively healthy study population or well-controlled asthma.

Previous studies showed that persistent eczema was associated with elevated total Im-
munoglobulin E levels at ages 7-8 years, and with an increased risk of sensitization to
inhalant allergens, but not to food allergens at age 6 years.*” We showed that children
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with early transient and persistent eczema phenotypes had both allergic sensitization
and physician-diagnosed allergies, with the strongest effect estimates for food allergy
at age 10 years. These observed differences might be due to differences in number of
children included for analysis, food allergy prevalence, eczema phenotypes definition
and because our population has a longer follow-up which allowed the identification
of more diverse phenotypes. A cohort study in children until age 6 years showed that
children with early transient and persistent eczema had increased risks of food allergy
and allergic rhinitis.” We observed similar results among children until age 10 years
with allergic sensitization and physician-diagnosed food and inhalant allergies. Many
children among the early transient and persistent eczema phenotype group had both
asthma and multiple allergic conditions, and a large percentage of these (31% - 61%)
had at least one diagnosis of asthma, food or inhalant allergy. Therefore, our results do
not support the atopic march hypothesis in all children with eczema, but does show that
in particular children with early transient and persistent eczema are likely to develop
asthma and/or allergies later in childhood.

Possible mechanisms

Early transient and especially persistent eczema consistently showed the strongest as-
sociations with asthma and allergic conditions. A common trait of both phenotypes is
the early onset of eczema, suggesting that the period before the age of 2 years of age
was important for the development of asthma and allergic conditions. Maturation rates
of the skin, lungs and immune system from birth until 2 years are high and any change
or disruption of these maturation processes might have long term consequences.” Pro-
posed mechanisms include dysfunction of the epithelial barrier due to microbial and/
or genetic factors and transcutaneous sensitization, leading to type 2 inflammation, and
thereby predisposing to asthma and allergic conditions.”>* Our recent study showed an
association of the four most common filaggrin mutations in Europeans with early and
late transient eczema, but not with persistent eczema.'® Unfortunately, we were not able
to study filaggrin mutations as mediators for the association of eczema phenotypes with
asthma and allergic conditions due to lack of power. Also sensitivity analysis in more
detailed non-European ethnic subgroups was not possible due to small sample size.
Therefore, future studies with larger sample sizes are needed to examine the potential
mediating role of filaggrin mutations on the associations of eczema phenotypes with
asthma and allergic conditions, and the role of different ethnicities.

Strengths and limitations

The strengths of this study include the eczema phenotypes among a multi-ethnic
population with detailed information on asthma, lung function, and multiple allergic
conditions. By using multivariate regression models with multiple imputation and
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sampling we achieved more precise and unbiased effect estimates. However, some
methodological considerations need to be taken into account. Children not included in
the analyses partly had less favourable socio-economic factors and more often parents
with no history or eczema, allergy or asthma. Selection bias due to lost to follow-up
might have been present if the associations of eczema phenotypes with respiratory
and allergic conditions were different in children that were not included in the analyses
compared to the children that were included in the analyses. We aimed to minimize
bias by imputation methods.”® Despite validated questions, misclassification of eczema,
asthma and physician diagnosed allergies remains possible due to self-response.’” * We
included the most relevant allergens for children of age 10 years at population level, and
excluded allergens with low sensitization rates at this age, such as milk and egg.'® "’ Re-
sidual confounding might be present since there might be factors not measured or not
included in our analysis. For example, there was no information available to determine
the severity of eczema. Furthermore, we were unable to perform our analyses in more
detailed ethnic groups due to lack of power.”

Conclusion

Eczema phenotypes were differentially associated with risks of asthma and allergic con-
ditions among school-aged children, and were similar in children from European and
non-European ethnicity. The strongest and most consistent associations were found in
children with early transient and persistent eczema. This suggests that children with
early transient and persistent eczema might benefit from more intense follow-up for
early identification and treatment of asthma and allergies.
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Chapter 3.1

Supplementary Table 1. Characteristics of children and their mothers of those included and not included
in the analyses

Maternal characteristics

Age at enrollment, years mean (SD) 31.7 (4.5) 29.0 (5.5) <0.001

Parity % (n)
Nulliparous 59 (2,468) 51(1,536) <0.001
Multiparous 41 (1,696) 49 (1,460)

Maternal education % (n)
Primary or secondary 41 (1,677) 71 (1,847) <0.001
Higher 59 (2,446) 29 (745)

History of eczema, allergy or asthma % (n)
No 49 (2,010) 55 (1,435) <0.001
Yes, at least one parent 51(2,092) 45 (1,168)

Child characteristics

Sex % (n)
Male 49 (2,096) 52(1,610) 0.024
Female 51(2,181) 48 (1,505)

Gestational age at birth, weeks median (2.5-

40.1 .5-42. 4 .3-42. .001
97.5th percentile) Ul (EE 7 pis) e <0.00

Birth weight, grams mean (SD) 3443.1 (566.9) 3363.2 (577.9) <0.001
Ethnicity % (n)
European 76 (3,252) 51(1,467) <0.001
Non-European 24 (1,011) 49 (1,416)
Breastfeeding % (n)
Never 7 (303) 11 (161) <0.001
Ever 93 (3,858) 90 (1,377)
Eczema phenotypes % (n) 0.586
Never 76 (3,229) 77 (470)
Early transient 9(363) 8 (48)
Mid-transient 6(259) 5(29)
Late transient 8(333) 8 (47)
Persistent 2(93) 3(17)
Eczema % (n) 1.000
Never 77 (2,923) 77 (714)
Ever 23(859) 23(210)
Current asthma % (n)* 0.045
No 95 (3,658) 93 (406)
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Supplementary Table 1. Characteristics of children and their mothers of those included and not included
in the analyses (continued)

Yes 5(203) 7(97)

Inhalant sensitization % (n)* 0.088
No 69 (2,142) 65 (681)
Yes 32 (985) 35 (356)

Food sensitization % (n)* 0.177
No 93 (2,908) 92 (951)
Yes 7 (209) 8(86)

Physician diagnosed inhalant allergy % (n)* 0.100
No 88(3,362) 87 (804)
Yes 12 (447) 14 (125)

Allergic rhinitis % (n)* <0.001
No 79.4 (2,837) 73.2 (698)
Yes 20.6 (734) 26.8 (255)

Physician diagnosed food allergy % (n)* 0.088
No 98 (3655) 98 (886)
Yes 2(79) 2(19)

Lung function, Z-scores mean (SD)*
FvC 0.18 (0.91) 0.22 (1.01) 0.018
FEV, 0.13 (0.96) 0.20 (1.04) 0.125
FEV./FVC -0.12(0.95) -0.06 (1.01) 0.037
FEF;s -0.00 (0.91) 0.10 (0.98) <0.001

Values are percentages (absolute values), mean (SD) or median (2.5-97.5th percentile) based on observed data.
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Chapter 3.1

Supplementary Table 4. Associations of eczema phenotypes with allergic rhinitis in children at age 10
years

Never eczema Reference

Ever eczema 2.73(1.93, 3.86)
Never Reference

Early transient 2.30(1.77,2.99)
Mid-transient 1.43 (1.02, 2.00)
Late transient 1.55(1.16,2.07)
Persistent 4.91 (3.14, 7.66)

Values are odds ratios (95% confidence intervals) from logistic regression models for never/ever eczema and average odds
ratios (95% confidence intervals) from logistic regression models after multiple sampling based on 150 imputed datasets
for eczema phenotypes. Full models were adjusted for parental history of allergy, asthma or eczema, maternal education,
parity, child’s sex and breastfeeding. Bold values indicate statistical significance at the a=0.05 level.

Supplementary Table 5. Association of eczema phenotypes with combined allergic sensitization and
physician-diagnosed allergy groups in children at age 10 years

Never eczema Reference Reference Reference
n=2,923 n=637/2,923 n=33/2,923 n=178/2,923
Ever eczema 2.15(1.74, 2.64) 4.02(2.17,7.43) 6.28 (4.94, 7.99)
n=859 n=251/859 n=24/859 n=210/859
Never Reference Reference Reference
n=3,229 n=714/3,229 n=63/3,229 n=223/3,229
Early transient 2.39(1.77,3.24) 3.55(1.62,7.78) 5.95 (4.29, 8.23)
n=363 n=114/363 n=15/363 n=93/363
Mid-transient 1.44 (0.99,2.08) 2.40(0.99, 5.79) 2.97 (1.98, 4.46)
n=259 n=65/259 n=9/259 n=42/259

Late transient 1.63 (1.18, 2.25) 1.80(0.76,4.27) 2.47 (1.68, 3.64)
n=333 n=96/333 n=10/333 n=45/333
Persistent 2.24(1.11,4.51) 4.93 (1.24, 19.56) 19.93 (11.42, 34.76)
n=93 n=17/93 n=4/93 n=50/93

Values are odds ratios (95% confidence intervals) from logistic regression models for never/ever eczema and average odds
ratios (95% confidence intervals) from logistic regression models multiple sampling on 150 imputed datasets for eczema
phenotypes. Reference group are children without any allergic sensitization or physician-diagnosed allergy (n =2,719). n
= number of participants with information on at least 3 eczema measurements. Missing data on allergic sensitization and
physician-diagnosed allergy was imputed. Full models were adjusted for parental history of allergy, asthma or eczema, ma-
ternal education, parity, child’s sex, ethnicity and breastfeeding. Bold values indicate statistical significance at the a=0.05
level.
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n=17,393

Prenatally included children with
participation in postnatal phase

n = 2,096

Missing information on >3
eczema measures from birth
until age 10 years

A 4

n = 5,297

Children with information on 23
eczema measures from birth until

age 10 years available

n =1,020

Missing information on all
measures of allergic and
respiratory conditions at age 10
Y years

n = 4,277

Children with information on any
measure of allergic or respiratory
conditions at age 10 years

available

FvC n=3,790
FEVA1 n=3,786
FEV1/FVC n=3,786
FEF75 n=3,789
Current asthma n=3,861

Inhalant sensitization n=3,127
Food sensitization n=3,117
Physician-diagnosed
inhalant allergy n=3,809
Physician-diagnosed

food allergy n=3,734

Supplementary Figure 1. Flow chart of participants included for analysis
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1.00] Eczema phenotypes
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== Early transient 8% (n=439)
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Supplementary Figure 2. Previously identified eczema phenotypes trajectories in 5,297 children from la-
tent class growth analysis
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ABSTRACT

Background Eczema phenotypes and emotional and behavioural problems are highly
prevalent in childhood, but their mutual relationship is not fully clear.

Objective To examine the associations of eczema phenotypes with school-age emo-
tional and behavioural problems, and the bidirectional associations of eczema and
emotional and behavioural problems from birth until 10 years.

Methods This study among 5,265 subjects was embedded in a prospective population-
based cohort study. Never, early transient, mid-transient, late transient and persistent
eczema phenotypes were identified based on parental-reported physician-diagnosed
eczema from age 6 months until 10 years. Emotional (internalizing) and behavioural
(externalizing) problems were measured repeatedly using the Child Behavior Checklist
from age 1.5 to 10 years. Cross-lagged models were applied for bidirectional analyses.

Results All eczema phenotypes were associated with more internalizing problems
and attentions problems at age 10 years, compared to never eczema (range Z-score
difference (97% confidence interval): 0.14 (0.01,0.27) - 0.39 (0.18,0.60)). Children with
early transient eczema had more aggressive behaviour symptoms at age 10 years (0.16
(0.04,0.27)). Bidirectional analysis showed that eczema at 0-2 years was associated with
more internalizing and externalizing problems at ages 3-6 and 10 years, while reversely,
only internalizing problems at 0-2 years was associated with an increased risk of eczema
at age 10 years.

Conclusion Eczema phenotypes are very modestly associated with more somatic symp-
toms and attention problems at school age. Early transient eczema is associated with
more aggressive behaviour symptoms. Directional effects seem from early life eczema to
later life internalizing and externalizing problems rather than reversely.
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INTRODUCTION

Eczema is a common skin disorder in early life. Both genetic and environmental early
life factors affect the risk of childhood eczema."? Psychopathological problems seem
also to be involved.”® We previously showed that maternal psychiatric symptoms during
pregnancy were associated with an increased risk of childhood eczema, independent
of maternal psychiatric symptoms after birth or paternal psychiatric symptoms.® Stress,
as proxy of these problems, could shift the balance towards type 2 T-helper cells via the
hypothalamic-pituitary-adrenal axis and sympathetic adrenomedullary system leading
to more susceptibility for atopic diseases.” If emotional and behavioural problems of the
child affect the risk of eczema is not clear. Previous systematic reviews and large survey
studies showed that children in all age groups with eczema had more emotional prob-
lems, anxiety, depression, attention deficit hyperactivity disorders (ADHD) and conduct
disorders, compared to children who never had eczema.>®'° Taking the onset of eczema
into account, it was shown that children with early onset, transient and chronic eczema
had increased risks of emotional and behavioural problems at age 10-15 years.'" 2
Alternatively, previous studies showed that children with emotional and behavioural
problems had more severe eczema and eczema exacerbations between ages 3-18
years.***1°Thus, the effects between eczema and emotional and behavioural problems
could be in both directions.” Eczema phenotypes take into account the variability of
eczema onset and persistence within and between individuals over time."” Using ec-
zema phenotypes might clarify which children with eczema in early life are most at risk
of emotional and behavioural problems later in life. Additionally, bidirectional analyses
could reveal whether eczema lead to emotional and behavioural problems or reversely.

Therefore, we aimed to examine the associations of eczema phenotypes from birth
until age 10 years with school-age emotional and behavioural problems among 5,265
subjects of a population-based prospective cohort study. Next, we examined the as-
sociations of eczema with emotional and behavioural problems from birth until age 10
years bidirectionally.

METHODS

Design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early fetal life onwards in Rotterdam, the Netherlands. Eligible women
were those who were living in Rotterdam and who had an expected delivery data from
April 2002 until January 2006, as described previously.' The children form a prenatally
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recruited birth cohort that will be followed at least until young adulthood. Around the
age of 10 years, all children were invited to visit our research centre in the Erasmus MC-
Sophia Children’s Hospital to participate in hands-on measurements, advanced imaging
modalities, behavioural observations and biological sample collection. The study has
been approved by the Medical Ethical Committee of the Erasmus MC, University Medical
Centre Rotterdam, Rotterdam, the Netherlands. Written informed consent was obtained
from both parents or legal guardians. For the current analysis, children were included
with available information on eczema on at least 3 or more time points to create eczema
phenotypes and any assessment of emotional and behavioural problems from birth un-
til the age of 10 years. A total of 5,265 children were included (Supplementary Figure 1).

Eczema phenotypes

Information on physician-diagnosed eczema was obtained from parental-reported ques-
tionnaires at the ages of 6 months, and 1, 2, 3,4 and 10 years (‘Was your child diagnosed
with eczema in the last 6 months/last year by a general practitioner or physician in the
hospital?’) (no; yes). In children with available data on physician-diagnosed eczema on
at least 3 time points, we previously identified five eczema phenotypes, namely never,
early transient, mid-transient, late transient and persistent eczema." Subjects were as-
signed to the eczema phenotype for which they had the highest posterior probability.
Data on ever eczema was collected by parental-reported questionnaires at 10 years of
age ('Has your child ever had eczema diagnosed by a doctor?’).

Emotional and behavioural problems

The Child Behavior Checklist (CBCL) was used to assess parent-reported child emotional
and behavioural problems. This instrument has proven to be reliable and valid in vari-
ous population samples from different countries and cultures.” '® The symptoms were
measured at median ages of 1.5 (interquartile range (IQR): 1.5-1.6), 3.0 (3.0-3.1), 6.0
(5.8-6.2), and 9.7 (9.6-9.8) years. At the ages of 1.5, 3 and 6 years, the preschool CBCL
version for children aged 1.5 to 5 years (CBCL/1.5-5) was used. 7 At the age of 10 years,
the school age version for children 6 to 18 years of the CBCL was used (CBCL/6-18). The
CBCL consists of empirically-derived broadband scales and syndrome scales. We used
two broadband scales and five syndrome scales based on the strongest associations
with eczema observed in previous studies.>>*'? We examined the broadband scale of
internalizing problems, a measure of emotional problems, and the three comprising
syndrome scales of anxious-depressed, withdrawn-depressed, and somatic symptoms
(e.g. constipation, dizziness, headaches). We also examined the broadband scale
externalizing problems, a measure of behavioural problems, and the two comprising
syndrome scales of attention problems and aggressive behaviour symptoms at age 1.5,
3 and 5 years, and only aggressive behaviour symptoms at age 10 years. In CBCL/6-18

132



Eczema phenotypes and risk of emotional and behavioural problems from birth until school age

version, attention problems are not part of externalizing problems due to its sizeable
factor in both broadband scales in factor analysis." Scale scores were log, quadratic and
square-root transformed and then standardized because of non-normal distributions.

Covariates

Information on maternal age, parity (multiparous; nulliparous), education (primary or
secondary school; higher than secondary school) and parental history eczema, allergy
or asthma (no; yes) was available from questionnaires obtained at enrolment. Maternal
psychiatric symptoms during pregnancy was defined using the Global Severity Index
(GSI)."® Child’s sex, gestational age at birth and birthweight were obtained from mid-
wives and hospital records, and ethnic origin (European; non-European) was defined
based on the parents’ country of birth according to Statistics Netherlands.' Postnatal
questionnaires provided information on breastfeeding at 2, 6 and 12 months after birth,
which was combined into never versus ever, and on sleep problems at 2 months after
birth (no; yes).

Statistical analysis

We compared characteristics of those included and not included in our study using
Pearson’s Chi-square, independent sample t-, and Mann-Whitney U tests. We examined
the associations of eczema phenotypes with internalizing and externalizing problems,
and comprising syndrome scales, at age 10 years using linear regression models. Next,
cross-lagged models were used to examine bidirectional associations of eczema with
internalizing and externalizing problems, and comprising syndrome scales, from birth
until 10 years. Cross-lagged models allow associations between two repeatedly mea-
sured variables to be examined in both directions simultaneously while accounting for
continuity between the repeated measures over time. With this method, we were able
to disentangle the predominant direction of the observed association between eczema
and emotional and behavioural problems. In order to make a more balanced model,
three age categories (0-2, 3-6 and 10 years) were defined based on the prevalence of
physician-diagnosed eczema and distribution of CBCL scales. We examined cross-lagged
effects, cross-sectional effects, and stability effects. A conceptual model of the studied
cross-lagged associations is presented in Supplementary Figure 2. Bidirectional associa-
tions of withdrawn/depressed symptoms were not studied because this scale was not
assessed by CBCL/1.5-5. All analyses were adjusted for potential confounders, which
were selected from literature if they were strongly related to eczema and internalizing
and externalizing problems, and were not in the causal pathway. Therefore, maternal
age, parity and history of eczema, allergy or asthma, and child’s birthweight were not
included in the model. We assumed that data were missing at random. Missing data
in covariates were < 21% and 125 datasets were created using multiple imputation by
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chained equations. The class assignment was sampled using the subject specific poste-
rior class probabilities determined by the latent class growth model in regression mod-
elling based on the posterior probabilities, in order to take into account the uncertainty
of eczema phenotypes class assignment. The size and direction of the effect estimates
were similar when we used complete-case-analyses, and therefore, we only present
the results based on imputed data. For more easy interpretation, we also examined the
associations of eczema phenotypes with borderline clinical cut-offs of the internalizing
and the externalizing problem scales (< 84™ vs > 84" percentile), and syndrome scales (<
80" vs > 80" percentile).”” All research questions, including defined exposure definitions
and outcomes, and statistical analyses, were determined a priori, and were discussed
with the principal investigators and study team members, and adapted where appropri-
ate. No post hoc analyses have been performed. We did not adjust for multiple testing,
because the used syndrome scales were related to each other, and examined under the
same hypothesis. All measures of association are presented as Z-score differences or
odds ratios (OR) together with their corresponding 95% confidence intervals (95%Cl).
Imputation and regression analyses were performed using the packages ‘mice’ (version
3.3.0) and ‘stats’ (version 3.5.2) in R version 3.5.2°°?' and cross-lagged analyses were
performed in Mplus (version 8.2).?

RESULTS

Subject characteristics

Characteristics of children and their mothers are shown in Table 1. Physician-diagnosed
eczema ranged from 16% at age 6 months to 6% at age 10 years, and 23% of children
had ever eczema at age 10 years. Compared with children who were included in the
analysis, those not included had mothers who were lower educated and more often had
psychiatric symptoms and a history of asthma, allergy and eczema (Supplementary Table
1). Children not included were more often of non-European ethnicity, never breastfed
and had a lower gestational age and birth weight.

Eczema phenotypes and internalizing problems in school-age children

Compared with children who never had eczema, those who ever had eczema had more
internalizing problems, including more anxious-depressed and somatic symptoms,
but not withdrawn-depressed symptoms at age 10 years (Z score difference (95%Cl):
0.21 (0.14,0.29), 0.10 (0.02,0.17) and 0.29 (0.22,0.37), respectively) (Table 2). Compared
with the never eczema phenotype, all eczema phenotypes were associated with more
internalizing problems (range: 0.14 (0.01,0.27) to 0.30 (0.10,0.51)), and had an increased
risk of somatic symptoms (range: 0.15 (0.01,0.24) to 0.39 (0.18,0.60)). When we used
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borderline clinical cut-offs, children with early transient, late transient and persistent
eczema had the highest risks of somatic symptoms at age 10 years (OR (95%Cl): 1.61
(1.26,2.04), 1.43 (1.12,1.83) and 2.37 (1.53,3.66), respectively) (Supplementary Table 2).

Table 1. Characteristics of children and their mothers

Maternal characteristics

Age at enrolment, years (mean (SD)) 31.5 (4.6) 31.5 (4.6) 31.4 (4.6)
Parity, nulliparous (n (%)) 58 (3,072) 57 (2,280) 62 (792)
Maternal education, higher (n (%)) 57 (3,001) 57 (2,277) 57 (724)

Maternal psychiatric symptom scale (median 0.1 (0.1 -0.3) 0.1 (0.1-0.3) 0.2(0.1-0.3)
(IQR))

Child characteristics

Sex, female (n (%)) 50 (2,652) 51(2,041) 48 (611)
Gestational age at birth, weeks (median (IQR)) 40.1 (39.0-41.0) 40.1(39.0-41.0) 40.1(39.0-41.0)
Birth weight, grams (mean (SD)) 3446 (567) 3454 (569) 3422 (559)
Ethnicity, non-European (n (%)) 25 (1,331) 25 (984) 27 (347)
Breastfeeding, ever(n (%)) 92 (4,857) 93 (3,695) 92(1,162)
Sleep problems at 2 months, yes (n (%)) 12 (615) 11 (447) 13 (168)
Eczema phenotypes (n (%))

Never 76 (3,995) 100 (3,995) 0(0)

Early transient 8(434) 0(0) 34 (434)

Mid-transient 6 (302) 0(0) 24 (302)

Late transient 8(412) 0(0) 32 (412)

Persistent 2(122) 0(0) 10(122)

Emotional and behavioural problems at age 10 years (median item score (IQR))"

Internalizing problems 3(1-7) 3(1-6) 4(2-7)
Anxious/depressed symptoms 1(0-3) 1(0-3) 1(0-3)
Withdrawn/depressed symptoms 1(0-2) 0(0-2) 1(0-2)
Somatic symptoms 1(0-2) 1(0-2) 1(0-2)

Externalizing problems 2(0-5) 2(0-5) 3(1-6)
Aggressive behaviour symptoms 2(0-4) 1(0-4) 2(0-5)
Attention problems 2(1-5) 2(1-5) 3(1-6)

Values are percentages (absolute values), mean (SD) or median (interquartile range) after imputation. *Ever eczema phe-
notype consists of early transient, mid-transient, late transient and persistent eczema phenotypes. ‘Data was not imputed,
and was missing for ever/never eczema at age 10 years (29%), and emotional and behavioural problems at age 1.5 (12%),
3(12%), 6 (13%) and 10 years (26%).
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Table 2. Associations of eczema phenotypes with internalizing problems at age 10 years

Never Reference Reference Reference Reference
Ever 0.21 (0.14,0.29)* 0.10(0.02,0.17)* 0.05 (-0.02,0.12) 0.29 (0.22,0.37)*
Never Reference Reference Reference Reference

Early transient 0.20 (0.09,0.31)* 0.10(-0.02,0.21 0.09 (-0.02,0.20) 0.23 (0.12,0.34)*
Mid-transient  0.14 (0.01,0.27)* 0.12(-0.01,0.25 0.12(-0.01,0.25) 0.15(0.02,0.27)*
Late transient 0.14 (0.03,0.25)* 0.07 (-0.04,0.19 0.09 (-0.03,0.20) 0.13 (0.01,0.24)*
Persistent 0.30(0.10,0.51)* 0.18 (-0.03,0.38 0.00 (-0.20,0.21) 0.39(0.18,0.60)*

Values are average standardized regression coefficients (95% confidence intervals) from linear regression models. Refer-
ence group is the never eczema (phenotype) group. Models were adjusted for maternal education and psychiatric symp-
toms, and child’s sex, gestational age, ethnicity, breastfeeding and sleep disturbances. *p-value <0.05.

)
)
)
)

Eczema phenotypes and externalizing or attention problems in school-
age children

Compared with children who never had eczema, those who ever had eczema had more
externalizing problems, including more symptoms of aggressive behaviour, and atten-
tion problems (Z score difference (95%Cl): 0.13 (0.06,0.21), 0.12 (0.05,0.19), and 0.15
(0.08,0.23), respectively) (Table 3). Compared with the never eczema phenotype, only
early transient eczema was associated with more externalizing problems, including more
symptoms of aggressive behaviour (0.16 (0.04,0.27) and 0.16 (0.05, 0.27)). All eczema
phenotypes were associated with more attention problems (range: 0.15 (0.04,0.26) to
0.24 (0.04,0.45)). When we used borderline clinical cut-offs, children with early transient,
mid-transient and persistent eczema had the highest risks of attention problems (OR
(95%Cl) range: 1.36 (1.02,1.81) and 1.74 (1.08,2.79)) (Supplementary Table 3).

Direction of associations between eczema and emotional and
behavioural problems

Figure 1 and supplementary Table 4 show the bidirectional associations between
eczema and internalizing problems. Cross-lagged effects showed that compared with
children without eczema at ages 0-2 years, those with eczema at ages 0-2 years had
more internalizing problems at ages 3-6 years and 10 years (Z score difference (95%Cl) :
0.08 (0.02,0.15) and 0.09 (0.02,0.16)) (Figure 1a). This included more anxious-depressed
symptoms at ages 3-6 years (0.08 (0.02,0.15) (Figure 1b), and more somatic symptoms at
ages 3-6 years and 10 years (0.11 (0.04,0.18)) and (0.13 (0.05,0.20)) (Figure 1c). Reversely,
cross-lagged effects showed that children with more internalizing problems at ages 0-2
years had an increased risk of eczema at age 10 years only (OR (95%Cl): 1.19 (1.00,1.40),
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Table 3. Associations of eczema phenotypes with externalizing problems at age 10 years

Never Reference Reference Reference

Ever 0.13 (0.06,0.21)* 0.12 (0.05,0.19)* 0.15 (0.08,0.23)*
Never Reference Reference Reference

Early transient 0.16 (0.04,0.27)* 0.16 (0.05,0.27)* 0.20 (0.09,0.31)*
Mid-transient 0.12 (-0.01,0.25) 0.12 (-0.01,0.25) 0.21 (0.08,0.34)*
Late transient 0.08 (-0.03,0.20) 0.10(-0.01,0.22) 0.15 (0.04,0.26)*
Persistent 0.05 (-0.16,0.26) 0.04 (-0.17,0.24) 0.24 (0.04,0.45)*

Values are average standardized regression coefficients (95% confidence intervals) from linear regression models. Refer-
ence group is the never eczema (phenotype) group. Models were adjusted for maternal education and psychiatric symp-
toms, and child’s sex, gestational age, ethnicity, breastfeeding and sleep disturbances. *p-value <0.05.

per point increase in internalizing problem scale) (Figure 1a). No associations of anxious-
depressed and somatic symptoms with later eczema were observed (Figures Tb and 1c).
Figure 2 (Supplementary Table 4) shows the bidirectional associations between eczema
and externalizing problems. Cross-lagged effects showed that compared with children
without eczema at ages 0-2 years, children with eczema at ages 0-2 years had more
externalizing problems at age 10 years only (Z score difference (95%Cl): 0.08 (0.01,0.14))
(Figure 2a), including more aggressive behaviour at age 10 years (0.08 (0.01,0.14)) (Fig-
ures 2b). Compared to children without eczema at ages 0-2 and 3-6 years, children with
eczema at ages 0-2 years and those with eczema at ages 3-6 years had more attention
problems at age 10 years (0.09 (0.02,0.15) and 0.10 (0.01,0.19)) (Figures 2c). Reversely no
associations of early externalizing problems or the related syndrome scales with later ec-
zema were observed (Figure 2). Results of cross-sectional and stability effects of eczema
with internalizing and externalizing problems are presented in Supplementary Table 4.

DISCUSSION

In this population-based prospective cohort study, we observed that children with ever
eczema have more emotional (internalizing) and behavioural (externalizing) problems
at the age of 10 years, compared to children without eczema. All eczema phenotypes
were most consistently but very modestly associated with more somatic symptoms and
attention problems at school age. Additionally, children with early transient eczema
had more aggressive behaviour symptoms at school age. The direction of effects were
predominantly present for eczema until 2 years leading to increased internalizing and
externalizing problems at school age rather than reversely.
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Figure 1. Bidirectional associations between eczema and internalizing problems

Direction of associations between physician-diagnosed eczema and internalizing problems (a), anxious-depressed (b) and
somatic symptoms (c) from birth until age 10 years. Arrows indicate the direction of the associations. Values are average
standardized regression coefficients for internalizing problems as outcome and odds ratios for eczema as outcome (refer-
ence group: no eczema) derived from linear or logistic regression models, using cross-lagged modelling. Models were
adjusted for maternal education and psychiatric symptoms, and child’s sex, gestational age, ethnicity, breastfeeding and
sleep disturbances. *p-value <0.05. The corresponding 95% confidence intervals of the cross-lagged effects, and the effect

estimates of the cross-sectional and stability effects are shown in Supplementary Table 4.
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Figure 2. Bidirectional association between eczema and externalizing problems

Direction of associations between physician-diagnosed eczema and externalizing problems (a), aggressive behaviour
symptoms (b) and attentions problems (c) from birth until age 10 years. Arrows indicate the direction of the associations.
Values are average standardized regression coefficients for externalizing problems as outcome and odds ratios for eczema
as outcome (reference group: no eczema) derived from linear or logistic regression models, using cross-lagged modelling.
Models were adjusted for maternal education and psychiatric symptoms, and child’s sex, gestational age, ethnicity, breast-
feeding and sleep disturbances. *p-value <0.05.The corresponding 95% confidence intervals of the cross-lagged effects,
and the effect estimates of the cross-sectional and stability effects are shown in Supplementary Table 4.
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Comparison with previous studies

We observed that children with ever eczema had more internalizing and externalizing
problems at school age. These results are in line with previous meta-analyses.>>'° Of the
internalizing problems, we observed that children with ever eczema had more anxious-
depressed symptoms only, but not when we grouped children based on the onset and
persistence over time using data-driven analysis. In contrast, previous meta-analysis
showed that children with eczema have more anxious and depressed symptoms.**
Differences in results might partly be explained by our study population, which con-
sists of relatively healthy and young children until age 10 years, compared to previous
studies consisting of patients and children until 18 years. They observed stronger effect
estimates of eczema with anxious and depressed symptoms in adults as compared to
children.” Also, differences in sample size, used definition of eczema or measurement
tools for anxiety and depression-related symptoms might have played a role. Further-
more, we observed that all eczema phenotypes were most consistently associated with
more somatic symptoms and attention problems at school age. Previous cohort studies
using non-data driven methods to define eczema phenotypes, such as grouping of chil-
dren by researchers’ experiences, observed that children with early onset and persistent
eczema had a higher risk of emotional and behavioural problems in preadolescence.**"
While data-driven analyses appear to be less biased, the best method to define eczema
phenotypes depends on the study population, data distribution and availability, and
specific research aim.

To the best of our knowledge, our study is the first that applied cross-lagged modelling
for bidirectional analyses, and observed that eczema until age 2 years was associated
with more emotional and behavioural problems at school age more dominantly than re-
versely. These findings contribute to the disentanglement of the complex bidirectional
relationship of eczema with emotional and behavioural problems and suggest that the
directional effects seem from early life eczema to later life internalizing and external-
izing problems rather than reversely.

The modest effect sizes of the observed associations of eczema phenotypes with emo-
tional and behavioural problems imply that, on a population based level, most children
with eczema are mentally healthy. However, results might be different on an individual
or hospital-based level. When we used subclinical cut-offs, the effect estimates were
greater and consistent for the association of early transient eczema with the risk of emo-
tional and behavioural problems. Therefore, part of our results are in line with the cur-
rent European guidelines, suggesting that children with moderate or recurrent eczema
should receive psychosomatic counselling.” Future studies are needed to examine the
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role of such eczema treatment on the development of emotional and behavioural prob-
lems later in life, while taking severity and genetic susceptibility into account.

Possible mechanisms

Several hypotheses exist on the relationship of eczema with emotional and behavioural
problems. Eczema and related symptoms such as chronic itchiness, red patchy skin
appearance and disturbed sleep could negatively affect mental health via social isola-
tion, low self-image, lack of concentration and more irritability, and possibly also via
low-grade inflammation and blood-brain barrier disruption.'” ?**® Reversely, stress, as
proxy of these problems, could shift the balance towards type 2 T-helper cells via the
hypothalamic-pituitary-adrenal axis and sympathetic adrenomedullary system leading
to more susceptibility of atopic inflammation and diseases, and resulting in a vicious
cycle Another explanation is based on shared pathogenesis between eczema and
mental health disorders as both skin cells and neurons originate from the ectoderm.”
Shared common genetic variants were found for skin barrier defects and mental health
disorders that are involved in both the histamine and immune response regulation, and
the dopaminergic system.”®*’ The immune system has been associated with many men-
tal health disorders in adults, but the underlying pathways remain unclear.>® Expression
of pro-inflammatory factors in adults with atopic diseases and autism spectrum disor-
ders were shown to disrupt the blood-brain barrier.** Therefore, chronic inflammation,
specifically in early life when maturation of the nervous system and the immune system
are still ongoing, might increase susceptibility for mental health disorders.

Strengths and limitations

The strengths of this study are its prospective design with detailed, repeated information
on eczema and emotional and behavioural problems, and the use of data-driven defined
eczema phenotypes. By using sampling based on class assignment probabilities, we
achieved less misclassification bias and more precise effect estimates. However, some
methodological limitations need to be addressed. Children not included resulted in a
selection towards a healthier and more affluent population. Second, reporting of emo-
tional and behavioural problems by parents of children with eczema might be different
than by parents of children without eczema. We tried to minimize this misclassification
by using validated questionnaires." * Third, residual confounding might be present
since not all factors associated with eczema and emotional and behavioural problems
were measured or included in the analysis, such as severity of eczema, sleep problems in
later life, and other (atopic) comorbidities.'® No information was available to determine
the severity of eczema cases. Fourth, the clinical impact might be minimal due to the ob-
served very modest effect sizes in Z-score differences and the use of subclinical cut-offs
for the associations of eczema phenotypes with emotional and behavioural problems in
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this population-based study. Last, we cannot exclude that the observations from cross-
lagged models might be the result of the natural course of the studied conditions.” *
However, cross-lagged models take the natural course into account by adjusting for the

stability effects.

Conclusion

All eczema phenotypes were very modestly associated with more somatic symptoms
and attention problems at school age. Children with early transient eczema had more
symptoms of aggressive behaviour. The very modest effect sizes of the observed asso-
ciations of eczema phenotypes with emotional and behavioural problems imply that, on
a population-based level, most children with eczema are mentally healthy. Directional
effects seem from eczema in early life leading internalizing and externalizing problems
in later life rather than reversely. Therefore, future research should focus on the effect of
early optimal eczema management on mental health disorders in children later in life.
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Supplementary Table 1. Characteristics of children and their mothers of those included and not included
in the analyses

Maternal characteristics

Age at enrollment, years (mean) 31.5(4.6) 28.3(5.7)
Parity, % (n)
Nulliparous 59 (2,999) 48 (1,176)
Multiparous 41(2,123) 52 (1,282)
Maternal education, % (n)
Primary or secondary 42 (2,147) 79(1,513)
Higher 58(2,917) 22 (414)
Parental history of eczema, allergy or asthma, % (n)
No 50 (2,515) 58(1,133)
Yes, at least one parent 50 (2,522) 42 (819)
Maternal psychiatric symptom scale (median) 0.1(0.1,0.3) 0.3 (0.1,0.5)

Child characteristics

Sex, % (n)

Male 50(2,613) 52(1,369)

Female 50 (2,652) 48 (1,257)
Gestational age at birth, weeks (median) 40.1 (39.1-41.0) 40(38.9-40.9)
Birth weight, grams (mean) 3446 (567) 3332 (574)
Ethnicity, % (n)

European 75 (3,905) 41 (906)

Non-European 25 (1,333) 59 (1,305)
Breastfeeding, % (n)

Never 8(395) 10 (166)

Ever 92 (4,728) 90 (1,496)
Sleep problems, % (n)

No 89 (3,724) 89 (800)

Yes 11(477) 11 (100)

<0.001

<0.001

<0.001

<0.001

<0.001

0.04

<0.001
<0.001

<0.001

0.00

0.88

Values are percentages (absolute values), mean (SD) or median (interquartile range) based on observed data.
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Supplementary Table 2. Associations of eczema phenotypes with borderline clinical cut-offs of internal-
izing problems at age 10 years

Never

Ever

Never

Early transient
Mid-transient
Late transient

Persistent

Reference
1.21 (0.98,1.48)

Reference

1.08 (0.79,1.48)
1.11(0.78,1.58)
1.19(0.88,1.63)
1.16 (0.67,2.01)

Reference
1.14 (0.95,1.37)

Reference

1.37 (1.05 1.79)*
1.10(0.80,1.51)
1.20 (0.90 1.58)
1.11 (0.67,1.85)

Reference
1.01 (0.85,1.21)

Reference

1.13 (0.87,1.46)
1.28 (0.95,1.71)
1.22 (0.94,1.59)
1.02 (0.63,1.64)

Reference
1.78 (1.52,2.10)*

Reference
1.61(1.26,2.04)*
1.28 (0.97,1.70)
1.43(1.12,1.83)*
2.37 (1.53,3.66)*

Values are odds ratios (95% confidence intervals) from logistic regression models. Reference group is the never eczema
(phenotype) group and children with a lower score of internalizing problems (<84" for internalizing problems or <80™
percentile for specific syndrome scales). Models were adjusted for maternal education and psychiatric symptoms, and
child’s sex, gestational age, ethnicity, breastfeeding and sleep disturbances. *p-value <0.05.
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Supplementary Table 3. Associations of eczema phenotypes with borderline clinical cut-offs of external-
izing problems at age 10 years

Never

Ever

Never

Early transient
Mid-transient

Late transient

Persistent

Reference
1.20(0.97,1.47)

Reference
1.51(1.13,2.00)*
1.05(0.72,1.51)
1.13 (0.82,1.55)
1.04 (0.59,1.83)

Reference
1.19(0.99,1.43)

Reference
1.35(1.04,1.75)*
1.17 (0.86,1.60)
1.18 (0.90,1.56)
0.97 (0.58,1.62)

Reference
1.22(0.99,1.45)

Reference

1.42 (1.08,1.87)*
1.56 (1.14,2.13)
1.36 (1.02,1.81)*
1.74 (1.08,2.79)*

*

Values are odds ratios (95% confidence intervals) from logistic regression models. Reference group is the never eczema
(phenotype) group and children with a lower score of externalizing problems (<84™ for externalizing problems or <80
percentile for specific syndrome scales). Models were adjusted for maternal education and psychiatric symptoms, and

child’s sex, gestational age, ethnicity, breastfeeding and sleep disturbances. *p-value <0.05.
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n=7,893

Prenatally included children with
participation in postnatal phase

n = 2,596

Missing information on >3
eczema measures from birth
until age 10 years

A 4

n = 5,297

Children with information on 23
eczema measures from birth until

age 10 years available

n =32

Missing information on all any
symptoms of emotional and
behavioural problems from birth
v until age 10 years

A 4

n = 5,265

Children with information on any
symptoms of emotional and
behavioural problems from birth
until age 10 years available

Age 1.5 years n=4,667
Age 3years n=4,656
Age 6 years n=4,598
Age 10 years n=3,922

Supplementary Figure 1. Flow chart of participants included for analysis
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Eczema
0-2 years

Eczema
3-6 years

Eczema
10 years

Emotionaland
behavioural
problems
0-2 years

Emotionaland
behavioural
problems
3-6 years

Emotional and
behavioural
problems
10 years

Supplementary Figure 2. Conceptual model of cross-lagged model of eczema and emotional and behav-

ioural problems

Arrows indicate the direction of the associations. (1) Cross-lagged effects, (2) Cross-sectional effects, and (3) stability ef-

fects.
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General discussion

INTRODUCTION

Childhood eczema is a common chronic disorder worldwide, characterized by recurrent
red itchy skin, and variable age of onset and persistence.”? In order to develop more ef-
fective prevention and management strategies, it is important to understand the origins
and consequences of eczema in more detail. Eczema phenotypes, that takes into ac-
count the age of onset and persistence, and thereby better reflecting the natural course
of eczema, may enable better identification of specific risk factors and consequences.
Genetic, early life environmental and microbial factors could potentially be most influ-
ential risk factors of eczema phenotypes. Consequently, eczema phenotypes could help
identifying which children have higher risks of asthma, allergies, and emotional and
behavioural problems.

The aim of this thesis was to identify eczema phenotypes, and to examine the associa-
tions of specific genetic, early environmental, and microbial factors with eczema pheno-
types, and consequently the associations of eczema phenotypes with asthma, allergies,
and emotional and behavioural problems in later life. The main findings, strengths and
limitations of the manuscripts that form the basis of this thesis have been discussed
in detail in previous chapters. This chapter provides a general overview and discussion
of main findings, methodological considerations, and suggestions for future research
directions.

INTERPRETATION OF MAIN FINDINGS

Eczema phenotypes

In clinical practice, eczema is diagnosed by a physician and/or dermatologist based
on the patient’s history, and the morphological and distributional features of the skin
lesions. In large-scale population studies, a questionnaire-based definition of eczema
is often used for practicality and efficiency reasons.? The extensive follow-up periods
of large prospective cohort studies enable the identification of more homogenous
subgroups for time-varying outcomes based on age of onset and persistence over time,
such as eczema phenotypes. Two previous cohorts that identified eczema phenotypes
included children from birth until the age of 6, and 11-16 years, but were mostly of
European ethnicity.”* Therefore, an unique aspect of the studies presented in this thesis
is that we included children from European and non-European ethnicity participating in
the Generation R study localized in Rotterdam, a city in the Netherlands with the most
non-western citizens.*” Findings showed that the identified eczema phenotypes sup-
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port the hypothesis that also in a multi-ethnic population eczema phenotypes better fit
the natural course of eczema than a cross-sectional dichotomous definition of eczema.

Other definitions that take the variability of eczema into account, such as atopic or aller-
gic phenotypes, combine eczema, allergies, and asthma (or wheezing) into subgroups.®®
We only included eczema in our phenotypes model for a simpler and cleaner model,
which enables better identification of early life risk factors and later life consequences
for eczema considering the different pathophysiology of atopic diseases. Future re-
search should investigate if including more parameters, such as severity of eczema and
other atopic diseases, leads to a better fitted and more practical model. Furthermore, a
combined model of external (phenotypes) and internal parameters (endotypes), such
as serum biomarkers, may lead to an even better reflection of the natural variability of
eczema.

Risk factors

In the studies presented in this thesis, we examined the associations of several genetic,
early life environmental and microbial factors with eczema phenotypes in a multi-ethnic
paediatric population (Table 1).

Genetic and early life environmental factors

We observed that most genetic and early life environmental factors poorly differentiate
between eczema phenotypes, except for sex and ethnicity. This partly implies that the
underlying pathophysiological mechanisms of each eczema phenotype is comparable.
Only two previous studies have examined environmental and/or genetic risk factors
with eczema phenotypes, but were performed in a paediatric population of mainly
European ethnicity.*” Interestingly, the results from these studies showed that the main
early life environmental risk factors for childhood eczema, such as parental education
and history of atopic diseases, siblings, breastfeeding, day care attendance, and pet
exposure were not consistently associated with all eczema phenotypes, nor did they
differentiate between eczema phenotypes. In line with previous results, we observed
that the included environmental factors combined only explained a small propotion
of the variability of eczema phenotypes (p-value of Hosmer Lemeshow test <10™%). We
observed stronger effect estimates for genetic factors, such as filaggrin (FLG) muta-
tions, with eczema phenotypes, and an even better model fit when environmental and
genetic factors were combined. However, still much unexplained variability remained
(p-value of Hosmer Lemeshow test <107°). A possible explanation is that the established
risk factors that we included in our studies may be more strongly associated with having
eczema (yes/no, ever/never), or severity of eczema, and less associated with the age of
onset and/or persistence of eczema, since most previous large observational studies
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on identification of eczema risk factors have defined eczema as a dichotomous trait, or
examined the severity of eczema (often based on drug exposure).* '>?° There is a need
to identify unknown risk factors that better explain the variability of eczema onset and
persistence.

Our observations and previous studies suggest that sex- or ethnicity related factors have
an important role on the development and persistence of eczema. Boys more often have
early onset, but transient eczema, and children of non-European ethnicity more often
have persistent eczema.”>?' A birth cohort study in the United States (US) identified
sex-specific predictors, such as paternal asthma and child’s ethnicity, for wheezing
phenotypes, which were associated with eczema phenotypes in our study.”” Another
US cohort study in children until age 7 years showed that African and Hispanic ethnic-
ity was associated with an increased risk of persistent eczema compared to European
ethnicity.” The global prevalence of eczema varies, and is highest in Africa and Ocea-
nia.** Europeans and non-Europeans also differ in eczema-related genetic mutations,
inflammatory cytokines, and T-cell activation levels.'”** However, since sex and ethnicity
are based on socioenvironmental, behavioural and genetic components, it is difficult
to establish the contribution of each component on the effect size. For some diseases,
such as specific X- linked syndromes like Turner’s syndrome, the genetic aspects of sex
explains all effects. However, for eczema and eczema phenotypes, genetic factors only
explain part of the effects. A large US paediatric and adult cohort study showed that
genetic ancestry does not explain the increased prevalence and worse disease control
of eczema in individuals that self-identified as African American.”® Therefore, detailed
socioenvironmental and behavioural factors underlying the idientified risk factors age
and ethnicity seem to play a more important role, and further studies on the relation
between ethnicity, full exposome, and eczema phenotypes might uncover novel dif-
ferentiating factors for eczema phenotypes.” Though, with the increasing globalization
and diversity within regions, studying ethnicity will become more complex, and in the
very far future, it might even become not significant if globalization leads to a scenario

of a homogenous global culture.”®?’

Microbial factors

One of the most well-known bacteria associated with more severe eczema is Staphylo-
coccus aureus.>® However, a recent systematic review showed insufficient evidence that
Staphylococcus aureus (S. aureus) reducing treatments on the skin or nose are beneficial
for eczema. In line with these findings, results of our current study did not show longitu-
dinal associations of bacterial nasal carriage of S. aureus with eczema. Recently, instead
of single bacteria, the human microbiota has gained much interest in the development
of atopic diseases. The human microbiota consists of 5000-1000 different bacterial spe-
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cies at any time, that all together contain more genes than the human genome. The
gut microbiota has been associated with an increasing number of diseases, such as
obesity, inflammatory bowel disease, and rheumatoid arthritis.*' The gut microbiota is
also suggested to play an important role in the development of eczema.* During in-
fancy, a lower diversity of gut microbiota is associated with an increased risk of eczema,
and other atopic diseases in later life.** The role of gut microbiota at later age on atopic
diseases is less clear, and therefore we examined the associations of stool microbiota
with atopic diseases in children aged 10 years. We observed that a lower diversity, but
not composition or functional pathways of stool microbiota was associated with eczema
in children aged 10 years. This is in line with the weak and conflicting evidence from
clinical trials of preventive and therapeutic probiotics interventions for children with
eczema.”* These findings suggest that the role of gut microbiota on atopic diseases in
later childhood is limited. However, due to the complex and high-dimensionality of the
microbiota data and the relative low prevalence of atopic diseases in our study, we can-
not exclude that weak associations with eczema and other atopic diseases were not de-
tected. Future large-scale studies using different microbiota body sites such as the skin,
different definitions such as eczema phenotypes, and different study population such as
more severe eczema in a hospital population, are needed to replicate and build upon
the observations from our study. Current —omics approaches and advanced statistical
tools for analyses are developing rapidly.*® Therefore, stronger collaboration between
clinicians, epidemiologists, fundamental researchers, statisticians and bioinformatics
should be established in order to advance clinically relevant —omics research.

Consequences

The observations from our studies on eczema phenotypes and consequences suggests
that children with early onset eczema are at risk of developing comorbidities such as
asthma, allergy,and emotional and behavioural problems at school age (Table 2). Children
with early transient and persistent eczema had the highest risk for asthma, and food and
inhalant allergies. Children with any eczema phenotype had more somatic symptoms,
and attention problems at school age, and children with early transient eczema also
had more aggressive behaviour symptoms. In addition, having eczema at ages 0-2 years
was associated with more internalizing and externalizing problems in later childhood.
Our observations support the hypothesis that in this early life period (age <2 years),
upregulated type 2 inflammation might disrupt early life maturation processes of the
skin immune, and nervous system, and leads to increased risk of other diseases related
to these systems, such as allergy, asthma and emotional and behavioural problems.*’**
Eczema in children and adults has also been associated with increased risk of cardiovas-
cular, neuropsychiatric, and malignant diseases, which suggests that eczema may be a
more systemic inflammation condition, rather than a local inflammatory skin condition,
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Table 1. Overview of results of studies on risk factors and eczema phenotypes from birth until age 10 years
and eczema at age 10 years as presented in this thesis

Early life environmental factors

Parity (nulliparous) 0 =/7 = 0 n.a.
Maternal education (higher) = = = = n.a.
Parental history of eczema, allergy or asthma (yes) 0 = =/1 0 n.a.
Sex (male) 0 = = =  na
Ethnicity (non-European) = = 0 0 n.a.
Ethnicity (Mediterranean) = = = = n.a.
Ethnicity (Asian) = = 0 0 n.a.
Ethnicity (African) = = =T =T na
Breastfeeding (ever) = = = = n.a.
Child day care(yes) = = =/1 = n.a.
Pet exposure (yes) = = = = n.a.
Wheezing pattern (early) = = = = n.a.
Wheezing pattern (late) 0 = = T na
Wheezing pattern (persistent) 0 = 0 0 n.a.
Genetic factors n.a.
FLG genotype (= 1 mutations) 0 = 0 = n.a.
Genetic risk score (per additional allele) 0 =T =1 0 n.a.
Microbial factors
Bacterial nasal carriage
S. aureus carriage at 6 weeks = = = = =
S.aureus carriage at 6 months 0 = = 0 0
S. aureus carriage at age 1-6 years = = = = =
H. influenzae, M. catarrhalis or S. pneumonia = = = = =
At ages 6 weeks to 6 years
Stool microbiota
Diversity n.a. n.a. n.a. n.a. 4
Differential relative abundance n.a. na. na. n.a. \
Functional pathways na. na. na. n.a. =

Arrows represent the direction of the associations; arrows pointing upwards represent positive associations, while arrows
pointing downwards represent negative associations. Equal signs represent null associations. n.a. = not applicable.
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Table 2. Overview of results of studies on eczema phenotypes and consequences at age 10 years as pre-
sented in this thesis

Eczema phenotypes

Early transient
Mid-transient

- > >
- > >
I
> o >
> o> >
I

Late transient
Persistent ™ T = ™ T

Arrows represent the direction of the associations; arrows pointing upwards represent positive associations, while arrows
pointing downwards represent negative associations. Equal signs represent null associations.

but might also be associated with specific lifestyle choices.”” The systemic inflamma-
tory hypothesis is supported by elevated serum inflammatory biomarkers in patients
with eczema.*' Children that develop eczema in early life may already be more at risk
of developing other systemic inflammatory diseases due to changes in immune system
during the preconception and/or pregnancy phase via (epi)genetic and environmental
factors. Another hypothesis is that eczema related symptoms such as itch, and disturbed
sleep might negatively affect mental health via low self-image, lack of concentration
and more irritability. Having eczema could lead to poorer health decisions such as more
sedentary behaviour and smoking, and subsequently cardiovascular and malignant
diseases.”” ** Reversely, the immune system is hypothesized to play an important role
in brain and central nervous system development in the perinatal phase.*®* Therefore,
it is speculated that disruptions in this phase might also contribute to poor health
behaviour in later life. The aetiology of eczema and its associated comorbidities remain
complex. Future studies should examine the interplay between (epi)genetic, microbial
and environmental factors during preconception and early pregnancy, to uncover the
origins and persistence of eczema, and examine whether early lifestyle interventions
could prevent eczema and its associated comorbidities.**® Recently, the Generation R
Next study, a population-based prospective cohort study, has started to include women
with a desire to have children (preconception) or who are pregnant, and follows them
and their children until adulthood, which will enable the examination of the before
mentioned aims.
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The consequences of eczema phenotypes for asthma, allergy, and emotional and be-
havioural problems should not be overestimated, and reflects the difference between
relative and absolute risks. Our observations showed that children with persistent
eczema phenotype have an up to 35-fold risk to develop asthma and allergies at school
age. However, the absolute number of children that have persistent eczema, allergy,
and asthma at school age were relatively small in the population-based cohort (8 of
4277 children). For children with any eczema phenotypes, we observed very modest
increased somatic symptoms and attention problems at age 10 years, implying that, on
a population-based level, most children with eczema are mentally healthy. These results
might be different on an individual or hospital-based population level. Previous system-
atic reviews of observational studies showed that children with eczema, especially those
with higher disease severity, had more emotional problems, anxiety, depression, and
attention deficit hyperactivity disorders.*” ** While we did not have available information
to determine the severity of eczema, we can assume that children with eczema of the
general population tend to have more mild eczema symptoms compared to those of a
hospital-based population. A large US survey found that the prevalence of childhood
eczema was 13%, and of those only 7% had severe disease, and 26% had moderate
disease.*”” Therefore, considering the population under study is very important in inter-
preting the results (i.e. external validation).

In addition, it is also important to realize that positive publication bias might make the
potential comorbidities and negative consequences of eczema appear worse than they
really are. Null or negative findings might have less appealing content, but must equally
be considered for publication to provide an objective view of the outcome of interest.
The current solutions to minimize positive publication bias, such as clinical trials regis-
tries, have not fully addressed the problem, especially not for observational studies.*
Continuous active awareness and shifting focus from statistically significant results to
well-defined research aims and high methodological quality are needed.

METHODOLOGICAL CONSIDERATIONS

The studies presented in this thesis were embedded in the Generation R study, a
multi-ethnic prospective population-based cohort study with follow-up from foetal life
onwards in Rotterdam, The Netherlands.® Detailed methodological considerations for
each individual study have been presented in the previous chapters. In the following
paragraphs, the general methodological issues regarding the internal and external
validity of epidemiological studies are discussed.
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Selection bias

Selection bias is possible when the association of the exposure with the outcome is
different between participants included in the study and those not included in the study
but were eligible to be included. As a consequence, the observed results may not be
representative for the population of interest. Overall, from all eligible children at birth,
the participation rate was 61% for the Generation R Study.® This response is most likely
not random as the non-included participants were more often of non-European ethnic-
ity and lower socio-economic status, suggesting a selection towards a healthier study
population, and possibly lower disease rates and less severe diseases.”'

Selection bias is also possible when the association of the exposure with the outcome is
different between participants included in the study and those lost to follow-up. From
all live born children enrolled in the Generation R Study (n = 9,749), 75.8 % (n = 7,393)
still participated at age 10 years, of whom 71.6 % (n = 5,297) had information available
on at least three eczema measurements.® Mothers who did not answer questionnaires
related to our exposures and outcomes of interest, and who did not visit the research
centre with their children for measurements were more often of non-European ethnicity,
lower educated, and less often had a history of eczema, allergy or asthma. This leads to a
selection towards a healthier study population, and might have biased the observations.

Collider stratification bias (or index event bias) is a special form of selection bias, and
can occur when the presence of a particular event is needed for inclusion in a study,
often with survival or recurrence as outcome of interest. For example, it is possible that
the children included in our study already had less risk factors of eczema, and therefore
the established risk factors for eczema were not consistently and not differentially as-
sociated with eczema phenotypes. We used multiple imputation for missing values of
covariates to minimize the risk of selection bias.>

Information bias

Information bias is a systematic difference from reality, and can be differential or non-
differential. Non-differential misclassification occurs when the misclassification error
is similar for participants with and without the exposure or outcome of interest, and
may lead to an underestimation of the true effect. Differential misclassification (non-
random) occurs when the misclassification is different between participants with and
without the exposure or outcome of interest, and is more problematic as it may result
in an over- or underestimation of the true effect. Differential misclassification in our
studies are limited, since the exposures in this thesis were collected longitudinally,
and often before assessment of the outcomes. Parents and researchers involved with
the data collection were not aware of specific research questions, and we mostly used
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validated questionnaires. However, non-differential misclassification is still possible due
to under- or over-reporting in self-reported questionnaires on eczema, allergy, asthma,
and emotional and behavioural problems. Especially emotional and behavioural prob-
lems might have been influenced due to socially desirable responding. Furthermore, the
used definition of ethnicity might have led to children of European ancestry being non-
European if one of their parents was born in a foreign country, but their grandparents
had European origins, and reversely, that third generation non-European migrants were
defined as European. Allergic sensitization, lung function measures, and nasal, and na-
sopharyngeal bacterial carriage were measured using validated methods, and therefore
unlikely to include bias. However, it cannot be excluded that human error in processing
the data might have led to non-differential misclassification errors. We used the most
novel techniques available for stool microbiome analyses. Microbiome analyses are a
fast-evolving field, and therefore non-differential misclassification might be present in
stool microbiota data due the limitations of the currently used analyzing techniques.

Confounding

Confounders are factors that are associated with both the exposure and the outcome,
and may not be intermediators in the causal pathway. Adjustment for confounders is
needed to prevent biased effect estimates. Selecting which confounders to include in
the study remains a topic of discussion. Directed acyclic graphs (DAGs) enables the
visualisation of causal relations between exposure and outcome and may help in select-
ing which confounders to include in the analyses. However, especially in studies with
relatively small power including many confounders can be problematic for the degrees
of freedom in statistical models. Therefore, we used a more pragmatic approach, and
selected confounders based on the literature, and further examined if they were associ-
ated with exposure and outcome, or if they changed the effect estimates with >10%.
While we adjusted for many potential confounders in all studies presented in this thesis,
residual confounding remains possible by variables not measured or included, such as
housing conditions, air pollution, and diet. This may have resulted in an overestimation
of the effect estimates.

External validity

External validity is the extent to which results of a study can be applied to other popula-
tions. The Generation R Study is based on the general population of Rotterdam, The
Netherlands. Rotterdam has approximately 39% inhabitants with a non-European back-
ground and the largest groups are of Turkish, Moroccan and Surinamese origin.” In the
Generation R study, Turkish, Moroccan and Surinamese ethnicities were also the largest
non-European ethnic groups, but were underrepresented, especially children of Moroc-
can origin. Our study population leans towards a higher socioeconomic status based
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on the household income and degree of highest education obtained. This selection
towards a more affluent and healthier population is similar in our follow-up assessments
until age 10 years and might weaken the external validity of our findings to other less
ethnically diverse, and less affluent populations.

CAUSALITY

We examined associations, not causal relations, of risk factors and consequences of
eczema phenotypes, because the studies in this thesis were embedded in an obser-
vational study. Causality between exposures and outcomes can be determined by the
Bradford Hill criteria, which includes strength, consistency, specificity, and temporality
of the observed association.” In addition, causality is strengthened by a biological dose-
response effect, plausible mechanism, coherence with current biological knowledge,
experimental evidence, and similarity with comparable exposures. When we apply the
Bradford Hill criteria on the studies in our thesis, we observed small to moderate ef-
fect estimates of early life environmental, genetic and microbial factors with eczema
phenotypes, and small effect estimates of eczema phenotypes with emotional and
behavioural problems, making causality unlikely. We observed modest to high effect
estimates and a dose-response effect of eczema phenotypes with allergy and asthma,
making causality more likely, but this might also be explained by the mutual systemic
inflammation and/or comparable pathophysiology of atopic diseases. Temporality
(fourth criteria) is essential to causal inference, and we studied this by using cross-lagged
models when repeated measures of exposure and outcome were available, and showed
that the relation between eczema and S. aureus nasal carriage was more likely to be
cross-sectional, and that the direction between eczema and emotional and behavioural
problems was more from early life eczema to emotional and behavioural problems
than reversely. Plausible underlying mechanisms are available for most risk factors and
consequences with eczema, but much is still unknown.” Randomized controlled trials
(RCTs) could provide the experimental evidence, since mouse models and in vivo experi-
ments have limited translatability.”* For microbial factors, systematic reviews, including
RCTs, showed insufficient evidence for S. aureus reducing treatments and probiotics for
improving eczema symptoms. Consequences of eczema phenotypes are more difficult
to study in experimental settings, since eczema is not inducible (and not ethical).

In summary, our epidemiological studies suggests limited causal relationships of early

life environmental, genetic and microbial risk factors with childhood eczema phenotypes
based on the Bradford Hill criteria. Our studies provide moderate evidence for causal
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relationships of eczema phenotypes with allergies and asthma, and with emotional and
behavioural problems.

Continuous technical advances in the 21* century has led to an immense growth of
data generated each year, and novel concepts such as big data, machine learning and
artificial intelligence.” Similarly, more and increasing follow-up of prospective cohort
studies, and expansion of the —omics research field have increased the demand for more
advanced statistical tools that take into account repeated measures, many variables, and
high-dimensional data. This demand is being supplied by many open-source statistical
tools that continue to be developed, such as the statistical packages in R, which at the
moment of this writing, features 16,850 available packages, and many codes available
from GitHub, a repository hosting platform with millions of contributors. The advances
in statistical tools has also enabled the possibility to infer causality from observational
studies/big data, rather than only from RCTs.*®* An example of a causal inference tool
is structural equation modelling, which includes the cross-lagged models and latent
growth models that we have used in our studies. Modern medicine practices includes
more focus on personalized medicine, and therefore person-centred analyses approach-
es have been increasingly recognised for their usefulness. Latent growth modelling al-
lows for the identification of meaningful groups and homogenous subpopulation within
the larger heterogeneous population, and enables the investigation of interindividual
differences in intraindividual change while taking into account the unobserved het-
erogeneity within a larger population.”’” Structural equation models have been used by
behavioural scientists to study the time-varying social behaviour, but are also applicable
to other longitudinal outcomes of interest, such as eczema in our case. However, while
these causal inference tools are readily available, they are not often used by research-
ers outside the behavioural and social sciences. Therefore, active collaboration and
knowledge sharing across conventional borders, with the biostatistics department and
also with other research groups, are indispensable for optimal use of the many currently

available statistical tools, and successful advancement in research.’®>°

FUTURE PERSPECTIVES

We identified eczema phenotypes in multi-ethnic children from birth until school age.
As the follow-up period of prospective cohort continues, eczema phenotypes can be
updated by including longer periods of time, and ideally, be established in subjects from
birth until elderly age. Next, further validation of eczema phenotypes in other birth co-
hort studies, non-Europeans, and in hospital-based populations is needed. Also, future
studies should examine if expanding the eczema phenotypes model with other atopic/
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allergic conditions, and disease severity leads to a better and more practical model.
Additionally, eczema endotypes based on serum biomarkers could be combined with
eczema phenotypes.®

Our studies on risk factors and eczema phenotypes showed that most well-known risk
factors for eczema were not strongly and differentially associated with eczema pheno-
types, except for sex and ethnicity. Therefore, studying sex- and/or ethnicity specific
socioenvironmental, behavioural, (epi)genetic, and microbial and other —omics factors
in a multilayer data integration analysis approach and starting from preconception
onwards might uncover novel risk factors for eczema that are differentially associated
with eczema phenotypes. One of the potential differentiating factors that has not been
studied in this thesis is diet, which is highly correlated with ethnicity, and has been as-
sociated with eczema.®’ A recent cohort study in Canada showed interaction between
maternal diet and ethnicity, and risk of eczema, and showed that a maternal plant based
diet during pregnancy was associated with a decreased risk of eczema at age 1 year.”
The relation between ethnicity, diet and eczema may be further clarified by examin-
ing certain diet patterns, such as a pro-inflammatory diet, and the interaction with gut
microbiota.”® The microbiota at different body sites at various time points from early
age onwards should be examined repeatedly to assess the interplay between micro-
bial communities within an individual, and age-specific microbial risk factors. Also, the
associations between the microbiota of the persons of interest and the microbiota of
other household members, and environment could clarify the developmental dynamics
between microbial communities and its environment, and the impact of that relation on
child’s health and development. Due to the high-dimensionality of microbial and meta-
exposome data, collaborations are needed between large studies to increase the power
for detection. Furthermore, uniform and harmonized methodological approaches, es-
pecially for —omics data, are needed for better identification and comparison of results
between studies.

Disruptions in the early life period, when the immune system is still developing, has
potential negative consequences in later life. Early eczema onset was most consistently
associated with higher risks of asthma, allergy and emotional and behavioural problems.
Examining the meta-exposome during preconception and early pregnancy in more
detail may expand the body of knowledge on the origins and persistence of eczema,
and may help identify early lifestyle interventions for prevention of eczema onset,
persistence and/or worsening. Also, developing a prediction model would be useful to
identify children at risk for developing eczema, and to predict the age of onset, if eczema
will be persistent, and the risk of associated diseases.
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CONCLUSIONS

We identified five eczema phenotypes in multi-ethnic children from birth until age 10
year. The main genetic and early life environmental risk factors for eczema as a binary
definition were not strongly and differently associated with eczema phenotypes, except
for sex and ethnicity. While early-life Staphylococcus aureus nasal carriage, not nasopha-
ryngeal bacterial carriage, was associated with early transient and persistent eczema, the
associations were cross-sectional not longitudinal. We observed that stool microbiota at
school-age was not strongly associated with eczema, suggesting a limited role of gut
microbiota on eczema in later childhood. Children with early transient and persistent
eczema had higher risks of asthma and allergies at school age, and might benefit from
more intense follow-up for early identification and treatment of these diseases. The
minimal increase of emotional and behavioural problems in later childhood in children
with eczema phenotypes implies that most children with eczema are mentally healthy.

The eczema phenotypes model may be improved by longer follow-up, adding other
parameters such as other atopic diseases, disease severity, and serum biomarkers, and
further validation in hospital-based populations. Future research should identify the
sex- and ethnicity specific risk factors associated with eczema. Gut microbiota should
be examined from early life onwards, and repeatedly, to uncover age-specific effects
on eczema. Examining the meta-exposome in early life might provide suggestions for
early lifestyle interventions to prevent eczema and its associated disorders. Stronger col-
laboration with biostatical and other research departments are important to advance in
high-dimensional data research by using the most novel statistical techniques.
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Summary

Summary Childhood eczema is a major common chronic health problem. Due to its
variable age of onset and persistence over time, using eczema phenotypes instead of
the dichotomous eczema definition is suggested to better reflect the natural course of
eczema. Eczema phenotypes may enable better identification of specific genetic, early
life environmental and microbial risk factors, and consequences on other atopic diseases
and emotional and behavioural problems in later childhood. This could provide new
insights for better prevention and treatment strategies focused on early life to reduce
the occurrence and burden of childhood eczema.

Chapter 1 describes the background, hypothesis and main objectives of this thesis.
Briefly, we aimed to identify eczema phenotypes, and assess its association with genetic,
early environmental and microbial factors, and its consequences on asthma and aller-
gies, and emotional and behavioural problems. Our studies were embedded in the Gen-
eration R Study, a population-based prospective cohort in Rotterdam, the Netherlands.

Chapter 2 describes the associations of specific risk factors with eczema and eczema
phenotypes. In Chapter 2.1, we identified five eczema phenotypes in a multiethnic
pediatric population from birth until school-age. Children who were first-born, had
persistent wheezing, or had a filaggrin mutation or additional risk alleles had increased
risks of transient and persistent eczema. Previously known eczema risk factors had
limited differentiating capabilities for eczema phenotypes, except for male sex with
early transient eczema, and Asian ethnicity with late transient and persistent eczema.
In Chapter 2.2, we concluded that early life Staphylococcus aureus nasal carriage, not na-
sopharyngeal carriage with other bacteria, was associated with increased risks of early
transient and persistent eczema. Bidirectional analyses showed that the associations
between Staphylococcus aureus nasal carriage and eczema were mostly cross-sectional,
and thus showed no specific direction of longitudinal effects. The findings in Chapter 2.3
suggests that gut microbiota has a limited role on the risk of eczema at school age. The
diversity, relative abundance and functional pathways of stool microbiota were most
consistently associated with inhalant allergy outcomes only, and not with eczema, food
allergy, or asthma in school-aged children.

Chapter 3 describes the consequences of eczema phenotypes on asthma and allergies,
and emotional and behavioural problems. In Chapter 3.1, we observed that eczema phe-
notypes were differentially associated with risks of respiratory and allergic conditions in
school-aged children. Children with early transient and persistent eczema phenotypes
had a very high odds of asthma, allergic sensitization, and physician-diagnosed aller-
gies, including allergic rhinitis. Results were similar for children of European and non-
European ethnicity. From Chapter 3.2, we concluded that eczema phenotypes were very
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modestly associated with more somatic symptoms and attention problems at school
age compared to no eczema. Early transient eczema was associated with more aggres-
sive behaviour symptoms. Directional effects seem from early life eczema leading to
later life emotional and behavioural problems rather than reversely.

In Chapter 4, we present a general overview of the main findings, methodological

considerations, the clinical implications of the main findings, and give suggestions for
the direction of future research.
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Samenvatting Eczeem is van de meest voorkomende ziekten met een chronisch beloop
op kinderleeftijd. De leeftijd waarop het eczeem ontstaat en de duur van de klachten
zijn variabel. Eczeem fenotypen in plaats van de dichotome definitie van eczeem lijkt
daarom een betere weerspiegeling te zijn van het natuurlijk beloop. Hierdoor is het
mogelijk om beter de specifieke genetische, omgevings- en microbiéle risicofactoren
en de gevolgen voor andere atopische ziekten en emotionele en gedragsproblemen te
bestuderen. Hieruit kunnen uiteindelijk effectievere preventie maatregelen en behan-
delmogelijkheden voortkomen.

Hoofdstuk 1 geeft de achtergrond, de hypothese en de belangrijkste doelstellingen
weer waarop dit proefschrift is gebaseerd. We stelden ons ten doel om de bovengeno-
emde eczeem fenotypen te identificeren en de relaties tussen deze en specifieke ge-
netische, vroege omgevings- en microbiologische factoren, alsmede de relatie tussen
deze en gevolgen op andere atopische ziekten en emotionele- en gedragsproblemen
te onderzoeken. De beschreven studies maken deel uit van een grootschalig bevolking-
sonderzoek in Rotterdam, genaamd de Generation R Studie.

Hoofdstuk 2 beschrijft de relaties tussen specifieke risicofactoren en eczeem feno-
typen. In Hoofdstuk 2.1 identificeerden we tot en met de schoolleeftijd vijf verschillende
eczeem fenotypen bij kinderen van verschillende etnische achtergrond. Kinderen met
een vroege voorbijgaand en persisterend eczeem fenotype zijn vaker de eerstgeborene,
hebben vaker een persisterende vorm van piepende ademhaling, en tonen vaker
filaggrine mutaties en andere genetische risico allelen. De onderzochte risicofactoren
van eczeem maken niet goed onderscheid tussen de verschillende eczeem fenotypen.
Uitzonderingen hierop zijn het mannelijke geslacht en een Aziatische achtergrond dat
vaker voorkomt bij kinderen met respectievelijk vroege voorbijgaande en persisterend
eczeem. Uit het onderzoek beschreven in Hoofdstuk 2.2 kunnen we concluderen dat
neusdragerschap met Staphylococcus aureus op vroege leeftijd geassocieerd is met
een hoger risico op vroege voorbijgaande en persisterend eczeem. Neusdragerschap
met Staphylococcus aureus leidt niet tot een hoger risico op eczeem dan in omgekeerde
richting. We vonden geen relatie tussen dragerschap in de nasofarynx van andere bacte-
rién en eczeem fenotypen. De resultaten van Hoofdstuk 2.3 laten zien dat de diversiteit,
relatieve hoeveelheid en functies van het microbioom in de ontlasting het meest consis-
tent zijn geassocieerd met inhalatie allergieén, maar niet met eczeem, voedselallergieén
of astma bij kinderen van 10 jaar. Dit suggereert dat het darmmicrobioom niet een grote
rol heeft bij de ontwikkeling van het eczeem op de schoolleeftijd.

Hoofdstuk 3 beschrijft de gevolgen van eczeem fenotypen op andere atopische
ziekten en emotionele en gedragsproblemen. In Hoofstuk 3.1 laten we zien dat ec-
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zeem fenotypen verschillend gerelateerd zijn aan long- en allergische uitkomsten op
schoolleeftijd. Kinderen met vroege voorbijgaand en persisterend eczeem hadden
vaker astma, allergische sensibilisatie, en allergieén, inclusief allergische rinitis. Er werd
geen verschil in resultaten gevonden tussen kinderen van Europese en niet-Europese
afkomst. In Hoofdstuk 3.2 concluderen we dat kinderen met eczeem fenotypen meer
somatische klachten en aandachtsproblemen hebben op de schoolleeftijd dan kinderen
zonder eczeem, maar dat de verschillen klein zijn. Kinderen met vroege voorbijgaand
eczeem vertonen daarnaast ook iets meer agressieve gedragsproblemen. Daarnaast lijkt
de relatie van eczeem op vroege leeftijd met meer emotionele en gedragsproblemen op
latere leeftijd sterker te zijn dan andersom.

In Hoofdstuk 4 geven we een overzicht van de belangrijkste resultaten uit bovengeno-

emde studies, de methodologische beperkingen en de klinische betekenis van onze
bevindingen en doen we suggesties voor toekomstig onderzoek.
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