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General introduction

ATOPIC DERMATITIS — GENERAL BACKGROUND OF THE DISEASE

Atopic dermatitis (AD) is the most common inflammatory skin disease, which mainly af-
fects children. The prevalence of childhood AD is up to 25% compared to 2-10% in adults.*?
The hallmarks of AD are intense itching and a dry skin with recurrent heterogeneous
eczematous lesions, including erythema with scaling, exudation, blistering, crusting, fis-
suring and/or lichenification.*® The eczematous lesions can be present at any part of the
body, but mostly show age related distribution that can be roughly subdivided in three
stages: infancy, childhood and adolescence/adulthood.® Bacterial and viral infections are
common complications in AD skin.” Especially more severe AD is associated with diseases
of the atopic syndrome that include food allergy, asthma and allergic rhinitis.®® Further-
more, AD has a significant impact on the quality of life, particularly due to effects on social

functioning and the psychological well-being.*®

Both genetic and environmental factors are implicated in the development of AD. As AD is
highly heritable (approximately 75% in a twin study), the strongest risk factor is a positive
family history for atopic diseases, especially for AD.">** In past genome-wide association
studies (GWAS), 34 risk loci associated with AD were identified.* These loci account for
less than 20% of the heritability and are mainly involved in the skin barrier function and
immune response pathways.' The inherited susceptibility is triggered by environmental
and lifestyle-related factors. Important exposures associated with AD include climate,
socio-economic status, housing conditions, rural or urban living, diet and microbial expo-

sure !>

The diagnosis of AD is primarily based on clinical features.”” To create more uniformity
in this diagnosis, several diagnostic criteria for the use in clinical practice and population
based studies have been developed.’®?° Particularly in non-responders to therapy, skin
biopsy, laboratory testing, patch testing and/or genetic testing are used to rule out other
disorders presenting with a dermatitis."”

ATOPIC DERMATITIS — PATHOGENESIS

The etiology of AD is multifactorial and not completely understood, with complex interac-
tions between the skin microbiome, the skin barrier and the immune system as highlighted
in figure 1.
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Figure 1. Disease model of AD (illustration J.E.E. Totte?)

Altered (skin) microbiome

The human microbiome is the collection of all microbiota that reside on or within human
tissues. Since next generation sequencing has become more available for microbiome
analysis, our knowledge on microbial communities and even functional properties has
grown. It was shown to have an important impact on the physiology and metabolism in
humans.”® Both endogenous and exogenous factors (i.e., sex, age, climate and lifestyle)
may modulate the microbiome, leading to a large interpersonal variation and variation
over the lifetime of an individual.** ?* Changes in the microbiome are associated with a
wide array of diseases, including skin diseases as AD.

The skin microbiome is thought to play a role in both the pathogenesis and severity of the
symptoms in AD.? It has been proposed that there is a window in neonatal life in which
exposure to certain microbes affects the development of both the innate and adaptive
immune response and the tolerance against certain species, which plays a role in the
susceptibility to diseases.”” This idea has arisen from studies showing a reduced microbial
diversity and the presence of certain gut bacteria in the first days of life in individuals

%829 There is also recent evidence from mice studies for an effect of

27, 30

developing atopy.
skin microbes in shaping the immune system. These mice studies suggest that skin
colonization with commensal bacterium in neonatal mice leads to less inflammation to

these microbes upon re-challenging.”””* In addition, several studies in humans suggest
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that alterations in the skin microbiome in the early life of individuals are associated with

an increased risk to develop AD.*" 32

Later in life, the skin microbiome contributes to the course of the disease. Especially the S.
aureus bacterium is associated with AD. Both the lesional and nonlesional skin of patients
with AD are highly colonized by S. aureus and show reduced bacterial diversity.”> ** Analy-
sis of the skin microbiome shows a positive correlation between S. aureus colonization and
disease severity, with increased S. aureus abundance during disease flares.*®*® A meta-
analysis including 95 observational studies showed that colonization rates for S. aureus
on lesional skin, nonlesional skin and in the nose were 70%, 39% and 62%, respectively.®
Although current data are not sufficiently robust, there is also evidence of other microbes

involved in AD with reduced levels of the Cutibacterium and Malassezia species.*® *°

Although multiple studies have shown the correlation between an increase in S. aureus
abundance and disease severity, it is not entirely known how this bacteria can lead to the
AD characteristic inflammation.*® ** The S. aureus bacterium can be present in humans
both as a commensal organism and as a pathogen responsible for disease.*”” S. aureus
secretes a variety of enzymes, cytotoxines and exoproteins to convert host tissues into
nutrients for bacterial growth and to inhibit host immune responses.”® Different strains
of the bacterium carry a different combination of virulence factors and therefore it is
possible that certain strains of this bacterium are more prone to cause AD.*! For a better
understanding of the role for S. aureus in the pathogenesis of AD, it is crucial to gain more
knowledge on the genetic background and behavior of this bacterium in patients with AD.
In addition, exploring endogenous and exogenous factors that affect the skin microbiome
might help in the development of future treatment strategies.

Skin barrier dysfunction

The main function of the skin is the defense against environmental influences. The stratum
corneum (SC) is the outermost layer of the skin and plays the most important role in the
skin barrier function by preventing extensive water loss and penetration of environmental
compounds (i.e., allergens, irritants, pathogens).* Genetic and acquired defects in struc-
tural proteins, lipids and tight junctions (TJ) of the skin lead to an impairment in the skin
barrier function as seen in AD.*

Mutations in the gene encoding the SC structural protein filaggrin (FLG) have shown to
be the most important risk factor in the development of AD.* FLG is located within the
epidermal differentiation complex (EDC) on chromosome 1g12 and encodes profilaggrin,
the precursor of the structural protein filaggrin.*” FLG consists of 3 exons of which the third
is one of the largest exomes (>12kilobases) in the genome, including 10-12 repeat units

11
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which are highly homologous.”’ Filaggrin is essential for the construction and maintenance
of the skin barrier function. This protein facilitates the binding and collapsing of keratin
filaments, which helps in the mechanical strength of the SC.*” *® Subsequently, filaggrin
is degraded by proteases into hygroscopic amino acids and forms, together with specific
salts and sugars, the largest part of the natural moisturizing factor (NMF). NMF plays an
important role in skin hydration, maintenance of the skin pH and ultra-violet (UV) protec-
tion.””*° It was suggested that the concentrations of NMF in the SC of AD patients can be

used as a proxy for the presence of FLG null mutations.*®>*

In AD patients, the prevalence of a mutation in FLG is up to 40%."”** Distinct sets of FLG
mutations are present in each population.” For Western-European populations, 2282del4,
R2447*, R501* and $3247* are commonly described.> Carriers of a heterozygous loss-of-
function mutation in FLG have a 50% reduction in filaggrin expression, compared to a total
loss of protein in homozygous and compound heterozygous carriers.> Large longitudinal
studies have shown that AD patients with a mutation in FLG have a more severe disease
trajectory compared to wild-type patients.*”® This group is characterized by early onset
disease with persistence into adulthood with an increased risk to develop secondary

%57 There is also

allergic conditions (i.e., food allergies, asthma, and allergic rhinitis).
recent evidence suggesting that patients with a primary skin barrier defect might have
less benefit from systemic immunomodulatory treatment.*®>® Therefore, determining the
presence of a mutation in FLG could be useful for early identification of the patients who
might develop a more severe phenotype and for personalization of treatment. However,
genotyping is time consuming, expensive and DNA collection poses ethical considerations
and is therefore not used in daily practice.® ®® As AD mostly affects children, non-invasive
measurement of NMF concentrations in the SC as biomarker for FLG mutation status is of

added value.

Immunological changes

The immune response in AD is characterized by altered T helper (Th) cell activation. Three
different immune phenotypes have been described for AD, including the nonlesional skin,
disease flares (lesional skin) and the chronic AD skin.®* The nonlesional skin of AD patients
shows an increased infiltrate of inflammatory T-cells compared to normal skin, which is
mostly characterized by increased numbers of Th2, Th22 and Th17.%"®* The combination
of this pro-inflammatory state in nonlesional skin with the impaired skin barrier allows
the penetration of environmental stimuli into deeper skin layers. This triggers the expres-
sion of pattern recognition receptors (PRRs) by keratinocyte and antigen-presenting cells
(APCs) in the skin.® ®® PRRs are innate immune receptors which form the first line of de-
fense mechanism to prevent microbial invasion and further tissue injury.® PRRs recognize
pathogen-associated molecular patterns (PAMPs) and in response to microbes or tissue

12
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damage, PRRs release a broad range of inflammatory mediators, including cytokines, che-

mokines and anti-microbial peptides (AMPs).**

Keratinocyte-derived cytokines interleukin
(IL)-25, 1L-33 and Thymic stromal lymphopoietin (TSLP), promote Th2 cytokine responses
either directly by Th2 cytokine expressing cells or indirectly via dendritic cell (DC) po-
larization.® TSLP expression is positively correlated with disease severity in AD, which
results in increased Th2 cell infiltration with the production of multiple pro-inflammatory
cytokines, including IL-4, 13 and 31 in lesional skin.®® The chronic inflammation in AD skin
is marked by a shift towards Th1 cell infiltration. This shift is supported by DCs secreting
large amounts of IL-12 under the influence of Th2 cytokines or by the binding of S. aureus-
derived lipoteichoic acid to DCs.*® In turn, Thl cells produce Interferon gamma (IFN-y),
which inhibits keratinocyte differentiation resulting in epidermal hyperplasia as seen in
chronic AD lesions.”’

Another important immunological feature in AD is the humoral immune response, char-
acterized by the presence of immunoglobulin (Ig)E. Upon penetration of allergens into
the impaired skin barrier, the Th2-driven response leads to Ig-class switching in B cells to
IgE.%® The presence of increased IgE levels against inhalant and food allergens are common
among AD patients and even an increased IgE response against micro-organisms can be
observed.®*”*

Interactions between the microbiome, skin barrier and immune system

Several models have been suggested to explain the etiology of AD, mostly referred to as
the ‘inside-out’ (altered inflammation triggers barrier dysfunction, enabling the penetra-
tion of environmental stimuli) and ‘outside-in’ theory (skin barrier dysfunction allows
penetration of stimuli to induce immune responses).”” Recently, both models have been
proven of importance in AD, underlining the multidirectional interactions between the
microbiome, skin barrier and immune response.”

The impaired skin barrier in patients with AD leads to an increased penetration of mi-
crobes. This association has been mostly investigated for FLG mutation status in relation to
S. aureus colonization. The AD skin is characterized by decreased skin hydration, increased
skin pH, altered keratinocyte adhesion properties and the activation of a number of serine
proteases, leading to desquamation.” The increased adhesion sites and the altered milieu
on the skin is thought to enable the growth of different microbes than present on the
healthy skin, leading to increased presence of S. aureus.”*”” In turn, the penetration of
S. aureus into the epidermidis leads to the secretion of a number of molecules further
enabling S. aureus colonization and skin barrier damage through direct effects or stimula-
tion of the immune system.”*’® The direct skin barrier damage is caused by the cytolytic
activity from S. aureus exotoxins and the ability of S. aureus to stimulate keratinocytes
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to produce endogenous serine proteases.”” *® S. qureus secreted enterotoxins acting as
superantigens (Sags) can directly stimulate T-cell proliferation and recruitment to the
skin.”® Activated Th2 cytokines IL-4 and IL-13 downregulate filaggrin expression, decrease
sphingomyelinase (normally protecting against a-toxin induced keratinocyte damage),
induce fibronectin synthesis and suppress the expression of AMPs.®' Furthermore, the
expression of Th2 cytokine IL-31 leads to increased pruritus, resulting in further skin bar-
rier dysfunction and exposing extracellular matrix (ECM) adhesins for S. aureus binding.®

Less is known about the effect of FLG mutations on the complete microbiome composition
and the immune cell numbers in patients with AD. Recently, one study investigated the skin
microbiome in adult AD patients with FLG mutations and showed a different microbiome
on nonlesional skin compared to wild-type patients.”® Current evidence for the association
between FLG mutations and the immune cell composition come from a small number of
AD case series, mice studies and one skin equivalent study.®*® These studies suggested an

83-87

increase in circulating Th2, Th17 and y8T17 cells as a result of FLG mutations.

Complex interactions between the skin microbiome, skin barrier and immune system
contribute to the inflammation in AD. It is likely that the role of each element differs
per patient and even within a patient over time. Knowledge of the complex bidirectional
interactions in the pathogenesis is important for a better understanding of this complex
disease and to further develop targeted treatment.

ATOPIC DERMATITIS = TREATMENT TARGETING THE MICROBIOME

The aim of treatment in AD is to improve symptoms and gain long-term disease control.
Cornerstones in the treatment of AD are the use of emollients and trigger avoidance (i.e.,
irritants, allergens and stress).®® The mainstay of anti-inflammatory treatment includes the
use of topical corticosteroids (TCS) and topical calcineurin inhibitors (TCl), but in severe/
refractory cases the use of systemic immune suppressive treatment can be indicated.®*°

Due to the association between S. aureus and AD, therapeutic strategies targeting the
microbiome are being investigated. In current guidelines, short term use of oral antibiotics
against S. aureus is indicated in clinically infected AD.***? In recurrent infected AD, the use
of topical antiseptics (i.e., povidone-iodine and chlorhexidine) are advised.” The role of S.
aureus is less clear in clinically non-infected AD and a Cochrane review found insufficient
evidence on the benefit of anti-staphylococcal agents in these cases.” However, this
Cochrane review did not include long-term follow-up studies and as regrowth of S. aureus

might occur quickly in patients with AD, long-term treatment might be beneficial.”* Since
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continued use of anti-microbial treatment also affects commensal micro-organisms and
might induce bacterial resistance, alternative treatments targeting the microbiome should
be evaluated.®® *® In this context, studying the effect of bacteriophages and bacteriophage
lysins in eradicating S. aureus could be helpful. Bacteriophages are viruses that infect and
replicate within their host and produce endolysins that digest the bacterial cell wall and
selectively kill specific bacteria.”’” It is important to gain more knowledge on the impact of
currently available and novel treatments on the skin microbiome. This will lead to insights
into the role of the microbiome in the pathogenesis and disease course of AD and improve
current treatment strategies.

AIMS OF THIS THESIS

The pathophysiology of AD is highly complex with a heterogeneous clinical presentation.
Recent knowledge emphasizes that the skin microbiome, skin barrier and immune system
are all interacting and together reinforce the process of inflammation in AD. However, not
all interactions are thoroughly investigated and research on the impact of the impaired
skin barrier, caused by FLG mutations, on the microbiome and immune cells is lacking
and needs to be validated. Furthermore, most studies investigating the skin microbiome
in patients with AD have used methods that are unable to classify microbes up to species
level or to identify genetically distinct strains. Therefore, knowledge is lacking on how the

S. aureus bacterium is able to cause symptoms of AD. Knowledge on the multidirectional

interactions of the pathophysiological aspects and the role of S. aureus as aggravating fac-

tor will lead to a better understanding of this disease and help develop new personalized
treatment strategies. In this thesis we aimed to fill some gaps in the current knowledge on
the pathophysiology of AD. The specific aims are listed below:

- Gain more knowledge on the role of S. aureus in the pathogenesis of AD by investigat-
ing which strains of this bacterium are present over time in AD patients and interact
with disease severity (Chapter 2).

- Further investigate the bidirectional interactions between the skin microbiome, skin
barrier and immune system by evaluating if mutations in FLG shape both the micro-
biome in AD (Chapter 3.1) and circulating immune cells (Chapter 3.2) in the general
population and AD patients.

- Validate the use of measuring NMF content in the SC to stratify patients based on FLG
mutations status to enable the identification of patients at high risk for a more severe
phenotype and to enable personalized treatment (Chapter 4).

- Study the effect of treatment interfering with the skin microbiome using alpine climate
treatment (Chapter 5.1) and a targeted intervention against S. aureus (Chapter 5.2) in

15
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patients with AD to further elucidate the role of the microbiome in the pathogenesis of
AD.

STUDY DESIGN

The research in this thesis was based on four study cohorts, including the DAVOS, MAAS,
KinderHaven and Generation R cohort. The DAVOS cohort included 79 children with dif-
ficult to treat AD between the age of 8 and 18 years.*”® This randomized controlled trial
(RCT) was designed to investigate the short and long-term effectiveness of inpatient alpine
climate treatment in comparison to an outpatient treatment setting in moderate maritime
climate. Clinical data, microbial and DNA samples from this cohort were used to evalu-
ate the effect of alpine climate treatment on the composition of the skin microbiome on
lesional and nonlesional skin. Furthermore, these data were used to evaluate the associa-
tion between a mutation in FLG and the microbiome. The MAAS cohort included 100 adult
patients with clinically non-infected, moderate to severe AD who were participating in a
RCT to evaluate the effect of a targeted intervention against S. aureus with topical endoly-
sin treatment (Staphefekt SA.100) on the usage of TCS.”® The S. aureus cultures that were
collected during this trial also enabled us to determine the S. aureus genotypes present in
AD patients, by characterizing S. aureus isolates with spa-typing. The KinderHaven cohort
included 837 children (0-18 year) with AD that consulted the dermatologist in a pediatric
multidisciplinary atopic expert center between 2016 and 2019. During their visit, the NMF
content in the SC was measured using Raman Spectroscopy. In addition, DNA samples (us-
ing buccal swabs) were collected from 101 children to detect mutations in FLG. With these
data we could determine the value of NMF as a biomarker for FLG mutation status. Finally,
the Generation R study is a population-based prospective birth cohort study following
children from their early fetal life onwards.'® Data from 523 children in this cohort (DNA
samples and immune cell numbers) were used to determine the effect of FLG mutations
on the B -and T-cell subsets (at the age of 10 years) in children of the general population
and in a subgroup of 102 children with AD.
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ABSTRACT

Background

Staphylococcus (S.) aureus colonization is associated with increased disease severity in

patients with atopic dermatitis (AD).

Objective
To investigate temporal variation in S. aureus spa-types isolated from the nasal cavity and
lesional skin, and the correlation of spa-types with disease severity.

Results

This study included 96 adult AD patients who were assessed at baseline (TO) and after
a strict two week follow-up period (T1) in which treatment was standardized with topi-
cal corticosteroid. Fifty-five different spa-types were detected within the nose and skin
cultures. Seventy-three patients were colonized with S. aureus in the nasal cavity at both
time points (persistent carriership) of whom 59 (81%) had identical spa-types over time.
For skin samples, 42 (75%) of the 56 persistent skin carriers had identical spa-types over
time. Patients carried the same spa-type in nose and skin in 79% and 77% at TO and T1,
respectively. More severe disease was not associated with specific spa-types nor with

temporal variation in spa-type.

Conclusion

S. aureus strains in AD are highly heterogeneous between patients. The majority of pa-
tients carries the same spa-type in the nose and on the skin without temporal variation,
suggesting clonal colonization within individual patients. No predominant spa-type nor

temporal variation is associated with increased disease severity.
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INTRODUCTION

Atopic dermatitis (AD) is the most common inflammatory skin disease with a lifetime
prevalence of 15—20% and a significant negative impact on the quality of life.' The patho-
genesis of AD is multifactorial, involving skin barrier defects and immunological dysregula-
tion.” Moreover, strong evidence links the skin microbiome, characterized by an increased
abundance of Staphylococcus (S.) aureus and less bacterial diversity, to the pathogenesis
and disease severity in this patient group.”®

S. aureus is both a human commensal organism and a pathogen.” The most frequent
carriage site is the nose, which is assumed to be the main reservoir for the spread of S.
aureus associated with skin infections.”® Approximately 20% of the general population is a
persistent carrier of S. qureus in the nose.’ Cross-sectional data in AD showed that 62% of
the patients was colonized in the nasal cavity, compared to 70% on lesional skin.?

The association between S. aureus colonization and disease severity has been thoroughly
investigated, however the underlying mechanisms resulting in AD characteristic inflam-
mation remain unclear.’ It is challenging to understand which specific strains can cause
inflammation as it can carry a wide diversity of virulence factors enabling transmission,
virulence and antibiotic resistance.'’ It was proposed that the immunologic response
varies depending on the isolated strain.” In addition, temporal variation in colonizing S.
aureus strain might aggravate the symptoms in AD due to a new trigger that is introduced
to the immune system."** This emphasizes that strain differences may contribute to the
complexity of the disease, encouraging a more extensive investigation into the S. aureus
populations in AD.

Multiple molecular identification methods are available for discriminating among S. aureus
isolates. Spa-typing is a single-locus typing technique which offers a subtyping resolution
comparable to more expensive and laborious techniques such as multilocus sequence typ-
ing (MLST) and pulsed field gel electrophoresis (PFGE).” The spa-typing technique targets
the polymorphic region of the S. aureus-specific staphylococcal protein A (spa) gene. The
encoding region consists of a variable number of repeats with highly variable nucleotide
sequences.'® Since it is sequence-based, the results produced in different labs are easily
comparable.

Literature on the temporal variation of S. aureus and the association with disease severity
is scarce. Due to low patient numbers with multiple treatment regimens and the absence

13,14, 17

of a strict follow-up time, results are subject to confounders. This study investigates

temporal variation in S. aureus spa-types in adult AD patients with a strict follow-up period
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of two weeks in which treatment was standardized with topical corticosteroids (TCS),
which reduced possible confounding of the comparisons over time. Furthermore, we as-
sess similarities in spa-types from nose and skin and its correlation with disease severity.
Knowledge of the colonization patterns of S. aureus in AD contributes to the development
of new strategies to improve inflammation in AD.

MATERIAL AND METHODS

Study design

This was a longitudinal study embedded in the MAAS trial (ClinicalTrials.gov NCT02840955).
Details of the clinical trial and primary outcome have been published previously.’® ** For
our current study we included measurements from time point 0 (TO, baseline) and time
point 1 (T1). T1 was scheduled after a two-week run-in period, in which treatment was
standardized with triamcinoloneacetonide 0.1% cream according to a corticosteroid
dosing regimen. Study procedures were reviewed and approved by the Medical Ethics
Committee of the Erasmus MC University Medical Center Rotterdam, the Netherlands
(MEC-2016-233). Signed informed consent was obtained from all participants.

Study population

Adult patients (218 years) with moderate to severe AD, according to the UK working party
diagnostic criteria for AD, defined by an Eczema Area and Severity Index (EASI) score of 7.1
to 50.0, were eligible for participation in the study.” Other inclusion criteria were the use
of any TCS before enrolment and the ability to read and understand the patient informa-
tion. Patients were ineligible for participation if they used systemic antibiotics or systemic
corticosteroids in the previous two months, oral immunosuppressive agents or ultraviolet
light therapy in the previous three months, or topical antibiotics in the previous week. An-
other exclusion criterion was the presence of another skin condition that could interfere
with the assessment of the AD severity. Patients were characterized by demographic data
and disease severity was assessed at both time points by the research physician using the
EASI score. Based on the continuous EASI score, patients were categorized in almost-clear,

mild, moderate or severe disease as described previously.”*

Sample collection and S. aureus typing

Samples for culture analysis were collected using sterile dry Copan 490CE swabs, which
were transferred into liquid Amies medium after collection. Skin swabs were collected
from the lesional skin, preferably located at the antecubital fold or the popliteal fold at
TO. These lesions did not show any signs of impetigo. At T1, the skin swab was collected

28



Staphylococcus aureus genotypes in atopic dermatitis

from the location chosen at TO. Nose swabs were collected from both the anterior nares
at TOand T1.

Bacterial semi-quantitative cultures were performed using routine diagnostic culture pro-
cedures, using blood agar plates and specific S. aureus culture plates (ChromlID S. aureus
Elite agar (SAIDE), Biomérieux, France). Plates were incubated at 35°C and growth was
assessed after 1 and 2 days of culture. Subsequent species determination by MALDI-TOF
(Bruker Daltonics, Bremen, Germany) was performed. For each distinct colony morphology
of S. aureus in a sample, a representative colony was picked to store the strain at -20°C for
future analysis. The semi-quantitative S. aureus cultures were reported on a categorical
scale ranging from 0 (negative) to 4 (strongly positive).

DNA was extracted from the collected S. aureus isolates using a MagNA Pure 96 platform
in combination with the MagNA Pure DNA and Viral Nucleic Acid Small Volume Kit (Roche
diagnostics, Almere, the Netherlands). PCR reactions were performed in 25 ul reactions
using 1 pL of isolated DNA in 1x FastStart PCR Master (Roche) and 0.5 uM of both forward
primer (5’-AACAACGTAACGGCTTCATCC-3’) and reverse primer (5’- GCTTTTGCAATGTCATT-
TACTG-3’). Thermal cycling consisted of an initial denaturation step for 10 min at 95°C
followed by 35 cycles of 30s at 95°C, 30s at 60°C and 1 min at 72°C. After a final extension
step of 10 min at 72°C, reactions were cooled to room temperature. Five pl of PCR product
was analyzed on agarose gel to confirm amplification. The remainder of the PCR product
was treated with 2 uL of ExoSAP-IT (Isogen Life Science, De Meern, the Netherlands) for 15
min at 37°C following inactivation for 15 min at 80°C. Amplicon sequencing was performed
by BaseClear (Leiden, the Netherlands) using the forward amplification primer as sequenc-
ing primer. Electropherograms were analysed and interpreted using the spa-typing plugin
in BioNumerics v7.6 software (Applied Maths, Sint-Martens-Latem, Belgium).

Statistical analysis

Descriptive statistics were used to present patient and sample characteristics. Persistent
nose and skin carriers were defined as patients with a positive S. aureus culture at both
time points for nose or skin, respectively. Intermittent carriers were defined as having
a positive S. aureus culture at only one time point (TO or T1), either in nose or skin. For
the difference in EASI score over time, a Wilcoxon Signed Rank test was used. A Mann-
Whitney U test was performed to determine the differences in EASI score for S. aureus
colonization and temporal variation in spa-type. The S. aureus load, as determined by
semi-quantitative culture, between both time points was tested using a Chi-square test.
Statistical analysis was performed in SPSS (version 25). A p-value of <0.05 was considered
statistically significant.
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RESULTS

Population characteristics

A total of 100 patients were eligible for participation in this study. From 96 patients bacterial
cultures were available at both time points and therefore included in this study. The median
age was 32 years (interquartile range (IQR) 25—47) and 45 patients (47%) were female. The
median EASI score at TO was 13.1 (IQR 9.4—19.0) compared to 8.1 (5.0—13.8) after the two-
week run-in period with triamcinolone (p<0.01) (Table 1). As shown in Table 1 and Figure 1,
we found high colonization rates in both nose and skin and both time points.

Table 1. Patient characteristics

Total (n=96)

Age, median (IQR) 32.0(25.0—47.0)
Female, n(%) 45 (46.9)
Race, n (%)

American or Alaska native 5(5.2)

Asian 10 (10.4)

Black or African American 7(7.3)

White 74 (77.1)
EASI?, median (IQR)

TO 13.1(9.4—19.0)

T1 8.1(5.0—13.8)
Positive for S. aureus nose®, n(%)

T0 79 (82.3)

T1 78 (81.3)
Positive for S. aureus skin®, n(%)

T0 71 (74.0)

T1 62 (64.6)

Abbreviations: EASI, Eczema Area and Severity Index; IQR, interquartile range; TO, baseline. T1, two weeks
after baseline. °EASI score ranges from 0—72. °73 patients (76.0%) were colonized in the nasal cavity at both
time points. “56 patients (58.3%) were colonized on the skin at both time points.

A heterogeneous S. aureus among AD patients, but identical spa-types in the nose
and on the skin

Of the 290 positive S. aureus cultures (nose T0: 79; nose T1: 78; skin TO: 71; skin T1: 62),
285 isolates were available for spa-typing. All S. aureus positive cultures contained only
one distinct morphological colony type of S. aureus. Fifty-five different spa-types were
found, with t002 (10%), t091 (8%), t127 (8%), t571 (7%) and t189 (6%) as the most com-
mon, accounting for less than 40% of all spa-types. Figure 2 shows the prevalence of the
10 most common spa-types separated for nose and skin. The spa-types that were identi-
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fied in our study population were also present in previously investigated AD populations
and individuals of the general population (Table S1 and Figure 51).%*%

S. aureus positive S. aureus negative
0 N= 84 N=12
N=4 (33.3%)
T1 > .
S. aureus positive S. aureus negative
N= 81 N=15

Figure 1. Temporal S. aureus colonization

Of the 84 patients positive for S. aureus at baseline, 66 patients (79%) were positive in the nasal cavity and
skin, 13 patients (15%) were positive only in the nasal cavity and 5 patients (6%) only on skin. Of the 81 pa-
tients positive for S. aureus at T1, 59 patients (73%) were positive in the nasal cavity and skin, 19 patients
(23%) positive only in the nasal cavity and 3 (4%) positive only on skin. Abbreviations: n, number; TO, baseline;
T1, two weeks after baseline.
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Figure 2. Frequency of the 10 most common spa-types per location and time point

The 10 most common spa-types in the nose samples at TO, represent 48.1% of the total spa-types. For the
nose samples at T1, the 10 most common spa-types represented 53.8% of the total. For the skin samples at
TO and T1, this was 61.9% and 59.8%, respectively. The overview of all spa-types is represented in Figure S1.
Abbreviations: T0, baseline; T1, two weeks after baseline.
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Sixty-six patients had positive S. aureus cultures in both nose and skin at baseline, includ-
ing 79% (52/66) with identical spa-types at both locations. At T1, the group of patients
positive at both sample locations included 59 patients, of whom 78% (46/59) carried the
same spa-type.

High prevalence of persistent S. aureus carriers in the nose and on the skin with
identical spa-types

Our study population comprised 76% (73/96) persistent and 11% (11/96) intermittent
nose carriers. 80% (59/73) of the persistent nose carriers were colonized with the same
spa-type during follow-up. On AD skin, 58% (56/96) patients were persistent carrier and
22% (21/96) intermittent carrier. Within the group of persistent skin carriers, 79% (44/56)
had identical spa-types over time.

Disease severity is not associated with the spa-type present in the nose and on the
skin

Patients who were positive for S. aureus (nose and/or skin) at baseline had a significantly
higher EASI score at TO compared to patients who were negative for S. aureus (p=0.02). The
median EASI score was 14.2 (IQR 9.9—19.2) and 9.1 (IQR 7.7—14.8), respectively. At T1,
after the standardized two-week run-in treatment with triamcinolone, there was no differ-
ence in EASI score anymore between patients positive and negative for S. aureus (EASI 8.5
(IQR 5.0—14.4) and 8.0 (IQR 4.8—12.0), respectively (p=0.55)). Interestingly, both the EASI
score and the S. aureus density in nose and skin at T1 was significantly lower compared to
TO (Table 1 and Table S2). Looking into the abundance of the five most common spa-types
per severity category, we did not find an overrepresentation of a certain spa-type (Figure
S2). Because of the high number of spa-types with low prevalence and the fact that these
numbers are accounted for by a few patients, this was not amenable for statistical testing.
Between the patients with and without temporal variation in colonizing spa-type (nose
and/or skin), the change in EASI score from TO to T1 did not differ significantly (p=0.11,
Figure S3).

DISCUSSION

Our study showed a heterogeneous S. aureus population between the AD patients, as
seen in the general population. Spa-types t002, t091, t127, t571 and t189 were the most
common and the remaining types were almost unique to one patient. A large proportion
of the patients (79% at TO and 78% at T1) had positive cultures in both the nose and skin
and were colonized with only one spa-type. 80% (59/73) of the persistent nose carriers
were colonized with the same spa-type compared to 79% (44/56) of the persistent skin
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carriers. Lastly, we showed that disease severity was not affected by the spa-type present
nor by a change in spa-type over time.

Our results are in line with previous publications describing a heterogeneous population
structure of S. aureus in AD and the absence of a prevailing strain.’* ?* »* Moreover, the
most common spa-types found in our study population are also present in previously
investigated AD populations and the general population, although the prevalence point
estimates are not the same.****?® |t could be argued that spa-typing does not have enough
resolution to identify the genetic diversity between strains in AD. Compared to whole
genome sequencing (WGS) techniques, that examines complete genomes, spa-typing is
based on a single gene.”” However, WGS remains expensive to conduct in large series of
cases and the spa-typing technique has been proven successful in settings requiring high

levels of discrimination.? *°

The nose is commonly described as the most important reservoir for S. aureus and several
studies showed identical S. aureus strains in the nasal cavity and infected skin regions.”"*
Moreover, nasal eradication with the application of an anti-staphylococcal agent leads
to decolonization of other body sites and can prevent infection in surgical and dialysis
patients, suggesting a causal relation between nasal carriage and infection.**3* Our results
show that up to 79% of AD patients carried the same spa-type in the nose and on the skin,
indicating clonal colonization within individual patients and a possible role for endogenous
S. aureus transmission from nose to skin and/or vice versa. These data form an important
lead for future intervention studies investigating the effect of nasal S. aureus eradication

on skin colonization patterns and their role in current treatment guidelines

A large proportion of the patients was persistent S. aureus carrier in the nose (76%) and on
the skin (58%). There is no general definition for persistent and intermittent skin carriers,
nor consensus on how many cultures should be taken from a skin site to define these
groups.”? Studies in non-AD patients suggested that persistent carriers are colonized by
a single strain in the nasal cavity over time and have a higher S. aureus load, with an
increased risk of infection.” Literature on this subject in AD patients is scarce and include
low patient numbers, but seem to confirm these findings.” '’ Due to the absence of a
general definition on carriership, the comparison between studies investigating S. aureus
colonization patterns and temporal strain variation is difficult, as different sample fre-
quencies and definitions have been used. Our study, with a strict two-week follow-up and
larger sample size, confirmed high rates of colonization by a single strain per individual in
persistent carriers. We did not find a difference in disease severity between patients with
and without temporal variation in colonizing S. aureus strain. However, more studies with
larger populations should follow.
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We found a significantly higher EASI score at baseline in patients positive for S. aureus in
comparison to S. aureus negative patients, which was not observed anymore after the
two-week run-in period with triamcinolone (T1). Furthermore, a significantly lower EASI
score and S. aureus load was seen at T1 as compared to TO. The discrepancies in these
results could be explained by the standardized TCS treatment, which is known to suppress
inflammation in AD skin. Our hypothesis is that, due to a suppression of inflammation,
the skin can recover, making it less prone to S. aureus overgrowth. Thus, the use of TCS
disturbs the correlation at this time point. This was also proposed in a previous study,
showing a reduction in S. aureus load and a correlation with the disease severity after the
use of TCS treatment.*

A major strength of this follow-up study is that all patients were sampled within the same
interval of two weeks. Because treatment was similar in all patients, our results were not
subject to differences in treatment regimens between participants. However, it is likely
that the standardized use of corticosteroids affected the disease severity and S. aureus
density.

This study has several limitations. First, due to a lack of a control group, we were not able
to compare the presence of certain spa-types to a well characterized control population.
For this reason, the spa-types present in our study population were compared to previ-
ous publications describing genetic populations in the general population and data from
‘ridom SpaServer’.”” Second, as mentioned before, due to the spa-typing technique used
we may have not detected changes in other genes that may be important in AD. Last, due
to the high heterogeneity and low numbers per spa-type, statistical testing for differences
between the genetic types was difficult. Larger studies using WGS will help to clarify the
role of specific S. aureus genes rather than specific strains. Furthermore, the lack of as-
sociation of specific spa-types with disease severity encourages to further investigate the
potential role of other virulence factors, beyond the spa-gene.

In conclusion, our results show that the colonizing S. aureus strains are not specific for AD
and might rather be caused by host genetic and environmental factors. The majority of
the AD patients is persistently colonized with identical S. aureus spa-types in the nose and
skin. The results of this study underline the relevance of investigating the clinical benefit of
anti-staphylococcal treatment in AD patients that are persistently colonized with S. aureus.
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SUPPLEMENTARY MATERIAL

Table S1. Frequency of spa-types in nose and skin

Spa-type All isolates Nose Skin isolates World Nasal isolates Skin isolates
from current isolates from current frequency’, in the general in previously
study, n (%) from current study, n (%) (%) European described AD

study, n (%) population, (%) populations, (%)

Sample missing 5(1,7) 3(1,9) 2 (1.5) -

t002 30(10,3) 15 (9,6) 15 (11,3) 6,6 2,7(2) 5,0(3)

005 4(1,4) 2(1.3) 2(1.5) 0,7 2,8(4)

t008 13 (4,5) 8(5,1) 5(3,8) 5,9 5,1(4) 5,1(3)

t012 2(0,7) 1(0.6) 1(0.8) 1,5 8,4(5) 6,2(4) 5,2(6) 2,2(3)

t015 4(1,4) 4(2,5) - 1,0 4,6(4) 0,1(3)

t019 1(0,3) 1(0.6) - 1,0

t021 11 (3,8) 6(3,8) 5(3,8) 1,1 4,0(4)

t024 1(0,3) - 1(0.8) 0,7

026 5(1,7) 3(1,9) 2(1.5) 0,5 0,1(3)

050 1(0,3) 1(0.6) - 0,2

t065 3(1,0) 2(1.3) 1(0.8) 0,5 4.9(5) 6,2(3)

t084 14 (4,8) 6(3,8) 8 (6,0) 1,7 7.6(5) 7,7(6) 2,7(2) 5,4(3)

t091 23(7,9) 14 (8,9) 9(6,8) 1,0 5,2(4) 6,1(6) 1,0(3)

t100 3(1,0) 2(1.3) 1(0.8) 0,0

t127 22 (7,6) 12 (7,6) 10 (7,5) 2,6 13,9(2) 2,1(3)

11293 1(0,3) 1(0.6) - 0,0

t1307 1(0,3) - 1(0.8) 0,0

t1346 5(1,7) 3(1,9) 2 (1.5) 0,0

t1451 1(0,3) 1(0.6) - 0,2

t148 5(1,7) 2(1.3) 3(2,3) 0,3 2,7(2)

t1504 2(0,7) 2(1.3) - 0,0

160 7(2,4) 3(1,9) 4(3,0) 0,3

t1601 1(0,3) 1(0.6) - 0,0

t164 4(1,4) 2(1.3) 2(1.5) 0,2 11,1(2)

1189 18 (6,2) 7 (4,5) 11 (8,3) 0,6 19,4(2) 3,0(3)

11994 4(1,4) 2(1.3) 2(1.5) 0,0

216 3(1,0) 2(1.3) 1(0.8) 0,4

t2246 3(1,0) 2(1.3) 1(0.8) 0

t230 6(2,1) 2(1.3) 4(3,0) 0,4

t275 2(0,7) 2(1.3) - 0,1

2973 3(1,0) 1(0.6) 2(1.5) 0,0

t346 9(3,1) 4(2,5) 5(3,8) 0,3 2,7(2) 1,0(3)
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t363 4(1,4) 2(1.3) 2(1.5) 0,1
369 1(0,3) 1(0.6) - 0,0
t398 4(1,4) 2(1.3) 2(1.5) 0,1
t445 2(0,7) 2(1.3) - 0,0
t458 2(0,7) - 2(1.5) 0,1
t491 1(0,3) 1(0.6) - 0,1 1,0(3)
15078 1(0,3) 1(0.6) - 0,0
t559 2(0,7) 1(0.6) 1(0.8) 0,0
t571 19 (6,6) 10 (6,4) 9(6,8) 0,4
16587 1(0,3) 1(0.6) - 0,0
1686 4(1,4) 2(1.3) 2(1.5) 0,0
1693 2(0,7) 1(0.6) 1(0.8) 0,1
t774 1(0,3) 1(0.6) - 0,1 1,0(3)
803 5(1,7) 2(1.3) 3(2,3) 0,1
t837 7(2,4) 4(2,5 3(2,3) 0,0
t854 2(0,7) 2(1.3) - 0,0
t975 1(0,3) 1(0.6) - 0,0
19252 3(1,0) 2(1.3) 1(0.8) -
19253 4(1,4) 2(1.3) 2 (1.5) -
19254 1(0,3) - 1(0.8) .
119255 4(1,4) 2(1.3) 2(1.5) .
unknown1l 1(0,3) - 1(0.8) -
unknown2 1(0,3) - 1(0.8) -
Total 290 (100,0) 157 (100,0) 133 (100,0) s

Column 2, 3 and 4 represent data from this present study and are collected during both time points. The
marked cells represent the five most common spa-types. Column 5 represent the world’s prevalence of spa-
types as registered by the ridom spa-server. Column 6 represents the prevalence of spa-types in the nose as
described by previous publications on the presence in the general European populations. Column 7 repre-
sents the prevalence of spa-types on the skin as described by previous publications on the presence in AD
populations.

39



Chapter 2

Table S2. S. aureus load in nose and skin at both time points

T0 T1 P-value®

Nose n(%) P<0.03

Load 1 19 (24.4) 21(27.3)

Load 2 31(39.7) 33(42.9)

Load 3 26 (33.3) 18 (23.4)

Load 4 2(2.6) 5(6.5)

Total 78 77
Skin n(%) P=0.04

Load 1 22 (31.4) 24 (38.7)

Load 2 24 (34.3) 30 (48.4)

Load 3 16 (22.9) 7(11.3)

Load 4 8(11.4) 1(1.6)

Total 70 62

Results on S. aureus load were determined using bacterial semi-quantitative cultures and reported on a cat-
egorical scale ranging from 0 (negative) to 4 (strongly positive). Abbreviations: n, number; TO, baseline. T1,
two weeks after baseline. “Statistical testing was performed using a Chi-square test.
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Figure S2. The abundance of the five most common spa-types per severity score

The five most common spa-types found in nose and skin in relation to the EASI score. A. At baseline (TO) in
patients positive for S. aureus. B. Two weeks after baseline (T1) in patients positive for S. aureus. There was no
overrepresentation of a specific spa-type per severity category at TO and T1. Abbreviations: EASI, Eczema Area
and Severity Index; T0, baseline. T1, two weeks after baseline; n, number. °Disease severity represented by
EASI categories. Almost clear = EASI score 0.1-1.0; Mild = EASI score 1.1-7.0; Moderate = EASI score 7.1-21.0;
Severe = EASI score 21.1-50.0.
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Figure S3. Disease severity separated for patients with and without temporal variation in spa-type

The patient group carrying an identical spa-type (in nose and skin) at both time points had a reduction in EASI
score from a median of 12.7 (IQR 10.7-19.1) to 8.8 (IQR 5.0-14.7). Patients with a temporal variation in spa-
type (nose and/or skin) had a median EASI score of 18.2 (IQR 14.6-22.0) and 7.8 (IQR 4.8-14.9) at TO and T1,
respectively. The change in EASI score between both groups was not statistically significant. Abbreviations:
EASI, Eczema Area and Severity Index; TO, baseline; T1, two weeks after baseline. *Wilcoxon Signed Rank test.

®Independent samples t-test.
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ABSTRACT

Background

Complex interactions between the skin barrier, immune system and microbiome underlie
the development of atopic dermatitis (AD). Our aim was to investigate the skin and nasal
microbiome in relation to filaggrin gene (FLG) mutations.

Methods

A cross-sectional study including 77 children with difficult to treat AD. The entire encoding
region of FLG was screened for mutations using single molecule molecular inversion probes
(smMIPs) and next-generation sequencing (NGS). Bacterial swabs from the anterior nares,
lesional and nonlesional skin were analyzed using 16S rRNA sequencing. For skin samples,

additional gPCR was performed for Staphylococcus (S.) aureus and S. epidermidis.

Results

The prevalence of patients with a mutation in FLG was 40%, including a total of 10 differ-
ent mutations. Analyzing the bacterial swabs from all 3 niches showed a significant effect
for both niche and FLG mutation status on the overall microbiome composition. Using
a subset analysis to test the effect of FLG mutation status per niche separately (nose,
lesional and nonlesional skin) did not show a significant association with the microbiome.
Shannon diversity and S. aureus abundance were significantly affected by the niche, but
not by the presence of a FLG mutation.

Conclusions

Screening the entire encoding FLG region improves the sensitivity of mutation detection,
resulting in better patient stratification. Our results suggest only a minor role for FLG
mutation status on the overall microbiome, which is rather caused by differences in the
present genera than by microbe richness and evenness.
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INTRODUCTION

Atopic dermatitis (AD) is a chronic inflammatory skin disorder primarily present in chil-
dren. This condition is characterized by a dry, itchy skin with eczematous skin lesions that
show an age related distribution.* The pathogenesis of AD is complex, including alterations
in the skin microbiome, epidermal barrier dysfunction and immunological changes.”?

The skin microbiome in AD is characterized by a low bacterial diversity, with a high abun-
dance of Staphylococcus (S.) aureus and S. epidermidis and low abundance of the genera
Propionibacterium, Streptococcus, Acinetobacter, Corynebacterium and Prevotella.* The
skin microbiome is in constant interaction with the skin barrier and immune system,
leading to inflammation characteristic for AD.>” Previous studies showed that skin barrier
impairment, characterized by mutations in the gene encoding filaggrin (FLG), causes modi-
fied fibronectin binding, higher skin pH and an increased serine protease activity, which
can lead to altered colonization patterns.®? Interestingly, skin colonization with S. aureus
leads to the secretion of virulence factors that increase inflammation and further damage

8,10

the skin barrier.” ™ Furthermore, activated T-helper (Th)2 cells in AD can downregulate the

filaggrin expression in the stratum corneum (SC).""*

Mutations in FLG are the strongest genetic risk factors for AD susceptibility.'”* In West-
European populations, 2282deld4, R2447*, R501* and S3247* are the most common
mutations with a prevalence around 40% in AD patients.'”'* However, up to 113 different
mutations have been described in literature of which the presence depends on ethnic
background.” ***” Due to the complexity of FLG, with the third exon encoding between 10
to 12 nearly identical repeats, screening for mutations in this gene has been challenging.
Classical Sanger sequencing is frequently used, but this method is too cumbersome to
screen the whole encoding gene for mutations.*® A recent method, using single molecule
molecular inversion probes (smMIPs) and next-generation sequencing (NGS) permits com-
prehensive sequencing of the entire gene.™ ' Instead of screening for population-specific
mutations only, this technique enables to analyze the entire gene and detect population-

specific mutations as well as specific mutations not previously published.

Previous studies investigating whether S. aureus colonization is more common in patients
with a mutation in FLG compared to wild-type patients have shown conflicting results.'® %
Publications on the relation between mutations in FLG and the composition of the entire
microbiome in AD are scarce. It was recently shown that the microbiome on nonlesional
skin in adult AD patients was associated with FLG mutation status.” However, this study

included a smaller number of AD patients and only screened for the most common muta-
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tions in FLG which might have led to an underrepresentation of FLG mutation carriers. In
addition, no other studies are available to validate these results.

The aim of the present study was to profile the entire mutational background of FLG us-
ing smMIP-NGS technique in children with difficult to treat AD. Second, we describe the
microbiome in this population and investigate differences in the microbiome from the
nose, lesional and nonlesional skin in AD children with and without a mutation in FLG.

METHODS

Study design

This study was performed as part of the DAVOS-trial, a pragmatic randomized controlled
trial (RCT) comparing the long-term effectiveness of treatment in alpine climate to treat-
ment in moderate maritime climate in children with difficult to treat AD (ISRCTN88136485).
The detailed study protocol and primary outcomes have been published previously. >
Study procedures were reviewed and approved by the Medical Ethics Committee of the
University Medical Center Utrecht, the Netherlands (reference 09-192/K). All patients and,
if needed, their parents/guardians have provided written informed consent. The present
study involves secondary outcomes from this RCT and included data before the start of

the intervention period.

Participants

Dutch children between 8 and 18 years old, with difficult to treat AD, were inclued. Difficult
to treat AD was determined before the start of the study and defined as the use of at least
a class 3 topical corticosteroid and not being able to step down, current use of systemic
immunosuppressive treatment, repeated treatment with potent topical corticosteroids or
systemic immunosuppressive treatment, a history of use of systemic treatment, a signifi-
cantimpact of AD on the child’s or the families quality of life, or seemingly unresponsive to
conventional therapy according to current guidelines.”® Demographic data were extracted
from questionnaires and electronic patient files. Due to the severity of the disease in this
patient group, concurrent medication was continued. Disease severity was determined
using the Self-Administered Eczema Area and Severity Index (SA- EASI, range (0-96)) and
microbiome as well as blood samples were collected. Study assessments were performed
in Utrecht, the Netherlands.

Microbial samples

Microbial samples were collected from the anterior nares, lesional and nonlesional skin.
Samples taken from the lesional skin were preferably taken from the antecubital fold or
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the popliteal fold. Nonlesional skin samples were taken from the volar arm if possible
(Table S1).%° All swabs were collected using sterile cotton swabs soaked in sterile NaCl 0.9%
and stored at -80°C until further processing.

DNA isolation, gPCR and sequencing

Extensive description of the procedures have been published previously.?® Microbiome anal-
ysis was performed on bacterial swabs from the nasal cavity, lesional and nonlesional skin
with sequencing of the 16S rRNA gene using V4 hypervariable region on the Illumina MiSeq
sequencer (lllumina, San Diego, CA). A genus table with raw read counts was generated for
downstream analysis. Quantitative (q)PCR was performed on samples from the lesional and
nonlesional skin to identify S. aureus and S. epidermidis. The bacterial DNA concentration
are reported as log10 transformed, femtogram per microliter (fg/ul) in this paper.

FLG mutation profiling

FLG mutations were determined on DNA isolated from blood samples. We used smMIPs-
NGS strategy to screen the entire encoding region of FLG to identify all mutations resulting
in premature protein termination. Detailed information about the sample preparation and

smMIP-NGS technique have been described previously.™ *®

Previous use of this technique
showed that more than one mutation may be present on the same allele, especially when
this includes rare or new mutations. Therefore, patients in whom we found two different
mutations in FLG were not classified as compound heterozygous but as patients with more
than one mutation. ‘FLG mutation status’ is used throughout this paper to describe the
dichotomous outcome as used in our statistical models: FLG wild-type patients (FLG") vs.

FLG mutation carriers (FLG', patients with one or more mutations in FLG).

Statistical analysis

To determine differences in demographic data and disease severity between patients with
and without a mutation in FLG, Chi-square, Fisher exact or Mann-Whitney U tests were
used when appropriate. Descriptive statistics were used to present the FLG mutations in
our study population. For analysis of the microbiome, we used non-subsampled genus
tables after filtering (Shannon diversity index was calculated on unfiltered data). Filtering
was applied by selecting the genera representing less than 97.5% of all counts. Prior to or-
dination analysis, the filtered genus tables were square-root transformed with subsequent
application of Wisconsin double standardization. To visualize the microbial composition
for all 3 niches sampled (nose, lesional and nonlesional skin) and FLG mutation status
(FLG* and FLG'), Bray-Curtis-distance based multidimensional scaling (MDS) was used.
Permutational multivariable analysis of variance (PERMANOVA) correcting for repeated
measurements was used to determine significant differences in microbial composition
while accounting for FLG mutation status. We included the covariates ‘niche’ and ‘mutation
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status’ as interaction terms in this model. When appropriate, PERMANOVA coefficients
were obtained to determine the genera that contributed to the significant differences.”
Second, we performed subset analyses for the skin samples (lesional and nonlesional skin)
and the niches individually (nose, lesional and nonlesional skin) to investigate the effect of
FLG mutation status on the microbial composition within each niche.

In depth analysis was performed to assess the effect of FLG mutation status on S. aureus
and S. epidermidis colonization rates using a Chi-square test. Furthermore, the effect on
S. aureus and S. epidermidis abundance in patients with positive bacterial swabs was ana-
lyzed with a linear mixed-effect model. This statistical model was also used in analyzing the
effect of FLG mutation status on the Shannon diversity index.

Statistical analyses were performed in SPSS (version 21) and R software (version 3.5.1).
We used the packages ‘phyloseq’ and ‘vegan’ for microbiome analyses and accounted for
repeated measurements using the ‘strata’ argument.”® R package ‘ggplot2’ was used for
visualization.” Linear mixed-effect models were performed using ‘lme’ and ‘Ime4’ pack-
age.*® A two-sided p-value of <0.05 was considered statistically significant.

RESULTS

Study subjects and sample characteristics

A total of 79 patients were included in the study, of whom 77 patients gave permission
for genetic analysis Lesional and nonlesional skin swabs were available for 76 patients
(99%) and analyzed using gPCR techniques. Sufficient amount of DNA to perform 16S
rRNA sequencing was available in 63 patients (82%) for lesional skin, 55 patients (71%) for
nonlesional skin and 73 patients (95%) for the nose (Figure S1). Patient characteristics of
missing data did not differ from the study group. Demographic data, comorbidities, medi-
cation use and disease severity are noted in Table 1. The median severity score was 37.2
(17.6-52.6) in the FLG" group, compared to 41.4 (26.4-60.6) in the FLG group (p=0.29).

Screening the entire FLG improves the sensitivity of mutation detection

A total of 10 different mutations leading to a premature protein termination were found of
which ¢.5128G>T (p.(Gly1710%*)) in repeat 4 and c.7211C>G (p.(Ser2404%*)) in repeat 6 have
not been described before (Figure 1, Table S2). Compared to the most common mutations
in West-European populations (2282del4, R2447%*, R501*, and $S3247%*), the prevalence of
patients with a FLG mutation increased from 33% (25 of 77) to 40% (31 of 77) screening
the entire encoding gene. This included 8 (26%) patients with more than one mutation.
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Table 1. Patient characteristics

Wild type (n=46)  FLG mutation carriers® (n=31) p-value®

Sex (female), n(%) 20 (43.5) 19 (61.3) 0.13
Age, median (IQR) 13.0 (11.0-15.0) 12.0 (11.0-15.0) 0.64
Age of AD onset < 6 months, n(%) 34 (80.4) 28 (90.3) 0.34
Asthma®, n(%) 39 (84.8) 26 (83.9) 0.91
Rhinitis?, n(%) 38(82.6) 29 (93.5) 0.30
Food allergy®, n(%) 25 (54.3) 26 (83.9) <0.01
SA-EASI%, median (IQR) 37.2(17.6-52.6) 41.4 (26.4-60.6)" 0.29
Topical corticosteroids previous 7 days', n(%) 0.89

None 1(2.2) 1(3.2)

Moderate 2(4.3) 2 (6.5)

Potent 40 (87.0) 27 (87.1)

Very potent 3(6.5) 1(3.2)
Systemic medication, n(%) 1.00

Prednisone 2(4.3) 1(3.2)

Cyclosporine 4(8.7) 3(9.7)

Oral antibiotics - 1(3.2)

Abbreviations: AD, atopic dermatitis; FLG, Filaggrin gene; IQR ,interquartile range; n, number; SA-EASI, Self-
Administered Eczema Area and Severity Index; SD, standard deviation. *Including 23 patients who were het-
erozygous, 4 patients homozygous and 4 patients with two different mutations. ®p-values were analyzed using
chi-square, fisher exact or Mann-Whitney U test when appropriate. “Asthma was diagnosed based on spirom-
etry reversibility testing and Methacholine Challenge Test.  Rhinitis was diagnosed based on assessment by a
pediatrician. ®Food allergy was defined as a positive double-blind placebo-controlled food challenge (DBPCFC)
or convincing clinical history (a reported Type | allergic reaction with acute symptoms within 2 hours after in-
gestion of the food) in combination with sensitization to the specific food allergen. ‘Missing n=2 (both groups
n=1). ERange 0-96 (<17 mild; 18-46 moderate; >47 severe)®. "missing n=1. 'UK potency system used.

The microbial composition in children with AD

All sequences belonged to 844 genera of which 81 genera remained after filtering. The
genus Staphylococcus was predominant in both lesional and nonlesional skin samples,
with a median relative abundance (RA) of 78% and 44%, respectively. This was followed
by Streptococcus (median RA 3% and 4%) and Corynebacterium genera (median RA 2%
and 5%) (Figure S2). Within the nose, the genera Corynebacterium (31%), Staphylococcus
(11%) and Dolosigranulum (9%) were the mostprevalent (Figure S2). The differences in
microbial composition between the 3 sampled niches were visualized and tested (Figure
S3). All 3 niches harbored a significantly different microbiome (lesional skin vs. nonlesional
skin, nose vs. lesional skin, nose vs. nonlesional skin: PERMANOVA R?=0.027, p<0.01;
R?=0.190, p<0.01, and R*=0.139, p<0.01, respectively).
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>1 mutation
26%
(n=8)

FLG*
60%
(n=46)

m c.2282_2285del (p.(Ser761Cysfs*36))

u .7339C>T (p.(R2447%))

= c.1501C>T (p.(Arg501*))

m C.4420C>T (p.(Argl474%))

m c.7487del (p.(Thr2496Asnfs*104))

= .10051_10054del

= ¢.10225C>T (p.(Arg3409*))
€.2929C>T (p.(GIn977*))
¢.5128G>T (p.(Gly1710%*))
€.7211C>G (p.(Ser2404*))

Figure 1. Prevalence of FLG mutations using smMIP-NGS
(A) Prevalence of patients carrying FLG mutations. 40% (n=31) of the patients had a mutation in FLG. Within
this group of mutation carriers, more than one mutation was detected in 8 (26%) patients. (B) Prevalence of
the 10 different FLG mutations in our study population. Underlined mutations represent mutations which are
most commonly detected in West-European populations.

The overall microbial composition is affected by FLG mutation status

Community composition was visualized considering FLG mutation status in Figure 2 (skin
samples only in Figure S4). The PERMANOVA analysis showed that both niche and FLG mu-
tation status were significantly associated with the overall microbial composition (niche:
R’=0.183, p<0.01; FLG status: R?=0.006, p<0.01; interaction ‘niche*FLG status’: R’=0.008,
p=0.47). The association between the microbiome and FLG mutation status was mainly
driven by the Corynebacterium, that was less abundant in FLG mutation carriers (Figure
S5a). Significant effects for niche and FLG mutation status were also observed in the sub-
set analysis including only skin samples (niche: R’=0.027, p<0.01; FLG status: R’=0.010,

54



The microbiome in relation to filaggrin gene mutations

p<0.01; interaction ‘niche*FLG status’: R’=0.005, p=0.56; figure S4). In this model, the
Staphylococcus (less abundant in FLG') and Acidovorax genera (more abundant in FLG)
mainly contributed to the effect for FLG mutation status (Figure S5b). Performing subset
analyses to test the effect of FLG mutation status within each niche separately (nose,
lesional and nonlesional skin), did not yield any significant associations between FLG
mutation status and the microbiome composition (nose PERMANOVA R?=0.014, p=0.39;
lesional skin PERMANOVA R?=0.013, p=0.72; nonlesional skin PERMANOVA R’=0.0185,
p=0.42). Alpha diversity, indicated with Shannon diversity index, was significantly affected
by niche (p=0.01) but not by FLG mutation status (p=0.35, interaction ‘niche*FLG status’
p=0.85) (Figure 3).

0.4
PERMANOVA:
Niche: R?=0.183, p<0.01
FLG mutation status: R?=0.006, p<0.001
0.2
Niche
@® Lesional skin
~ A A Nonlesional skin
é 0.0 B Nose
™ [ )
FLG mutation carrier
No
® Yes
0.2
04
-0.50 -0.25 0.00
MDS1

Figure 2. Bray-Curtis-distance based multidimensional scaling plot showing the microbiota for nose and skin
in relation to FLG mutation status

For ordination analysis, genus tables were standardized using square-root transformation with subsequent
application of Wisconsin double standardization. FLG mutation status was significantly associated with the
overall microbial composition using PERMANOVA analysis (niche: R?=0.183, p<0.01 ; FLG status: R?=0.006,
p<0.01, interaction: R?=0.008, p=0.47).

55



Chapter 3.1
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Figure 3. Shannon diversity index in relation to FLG mutation status

Shannon diversity index represents the number of different genera (richness) and how even they are distrib-
uted (evenness). The boxes represent the 25th percentile, median, and 75th percentile. FLG mutation status
did not affect the Shannon diversity index in all 3 niches as determined using a Linear Mixed-Effect model
(niche p=0.01; FLG status p=0.35; ‘niche*FLG status’ p=0.85).

Association between S. aureus and S. epidermidis abundance and FLG mutation status

gPCR was performed to gain more information on the species S. aureus and S epidermidis.
In the total study population, 56 patients (72%) were positive for S. aureus on lesional
skin, with similar proportions in FLG" and FLG patients (p=0.10) (Table 2). Interestingly,
on nonlesional skin, we found a higher proportion of patients colonized with S. aureus in
the FLG" group than in the FLG group (57% for FLG" vs. 32% in FLG group; p=0.04) (Table
2). The mixed model analysis showed that niche (lesional, nonlesional) was significantly
associated with S. aureus load, but not with FLG mutation status (niche p<0.01; FLG status
p=0.10; interaction ‘niche*FLG status’ p=0.81) (Figure 4). S. epidermidis was detected on

lesional skin in 70 participants (91%) and in 69 participants (90%) on nonlesional skin
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Table 2. Colonization rates for S. aureus and S. epidermidis

a

Wild type (n=46) FLG mutation carriers p-value
(n=31)
Positive for S. aureus
Lesional skin 37(80.4)° 19 (61.3)° 0.10
Nonlesional skin 26 (56.5)° 10 (32.3)° 0.04
Positive for S. epidermidis
Lesional skin 43 (93.5) 28(90.3)° 0.65
Nonlesional skin 43 (93.5) 29 (93.5)° 0.54

Abbreviations: FLG, Filaggrin gene; n, number. °p-values were analyzed using chi-square test. "missing n=1;

“missing n=2.

Lesional skin Nonlesional skin

@

-
-
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Count (log10)
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FLG mutation carrier

Figure 4. Quantitative PCR results of the skin samples for S. aureus and S. epidermidis in relation to FLG muta-

tion status

The results for S. aureus and S. epidermidis load are shown using log10 transformed data. The boxes repre-
sent the 25th percentile, median, and 75th percentile. S. aureus density was significantly associated with the
sampled niche, but not with FLG mutation status (niche p<0.01; FLG status p=0.10, ‘niche*FLG status’ p=0.81).
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(Table 2). The S. epidermidis load was not affected by niche (p=0.17) or by FLG mutation
status (p=0.08) (Figure 4).

DISCUSSION

To our knowledge, this is the first study investigating the effect of FLG mutation status on
the microbial composition in children with AD. In this cohort of children with difficult to
treat AD, the prevalence of FLG mutations was 40% when screening the entire encoding
gene. We demonstrated that the nose, lesional and nonlesional skin all harbored a signifi-
cantly different microbiome. In addition, analyzing all samples together (and skin samples
only), FLG mutation status was of significant influence on the microbial composition,
although the impact on the contribution was rather small. FLG mutations did not affect
the Shannon diversity index or S. aureus load. Using subset analyses per niche, we were
not able to confirm these results for the effect of FLG mutation status on the microbial
composition.

The prevalence of FLG mutations was increased with 7% using the smMIP-NGS strategy
in comparison to including only the four most common mutations in the West-European
population. It has been shown previously that only analyzing population specific mutations
gives an underrepresentation of FLG mutation prevalence in AD populations.™ Since the
C-terminus has a critical role in the processing from profilaggrin to filaggrin and thus the

presence of filaggrin in the epidermis,*®

all mutations leading to a premature protein
termination (and lack of this C-terminal) contribute to the disease burden in AD.'®* This
underlines the relevance of screening the entire coding region of FLG, instead of focus-
ing on population specific mutations. Interestingly, the $3247* mutation, which is often
described as a common European mutation variant, was not detected in our population.
Possible explanations for the absence of S3247* is that mutation distribution can vary in
every European country. Second, $S3247* is described as a less common variant in com-

parison to R501* and 2282del4.

A significant effect for FLG mutation status on the overall skin microbiome was found
when analyzing all samples together (and analyzing lesional and nonlesional skin samples
together), but not using subset analysis per individual niche. This might indicate that the
effect for FLG mutation status was only minor (R? of 0.006 and 0.010, respectively) and/or
that the number of samples per niche in our study was too small, leading to insufficient
power to properly detect significant differences. Only one previous publication, including
a smaller number of adult AD patients with less severe disease, screening for 3 mutations
in FLG, investigated the association between FLG mutations and the microbiome.” They
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found a significant effect of FLG mutation status on the microbial composition on nonle-
sional skin (with S. caprae being more prevalent in FLG'), but not on lesional skin or in the
nose.” Combining these and our results, a role for FLG mutation status on the microbial
composition could be suggested. Interestingly, looking into the Shannon diversity index,
our results are in line with two previous publications including AD and Ichthyosis Vulgaris
(IV) patients, showing that Shannon diversity index was not affected by FLG mutation
status.” * The explanation could be that patients with and without a mutation in FLG are
colonized by different genera and do not differ based on the number of genera (richness)
or how even they are distributed (evenness).

We found similar S. aureus colonization rates in FLG" and FLG patients on lesional skin,
but significantly higher colonization rates on nonlesional skin for FLG" patients. Previous
studies on this association have shown conflicting results. In vitro studies showed that
the absence of filaggrin breakdown products, natural moisturizing factor (NMF), increases
S. aureus corneocyte adhesion and growth rate.”® 3 These findings were supported by
clinical data in adult AD patients, with higher colonization rates on lesional skin and in
the nose of patients with a mutation in FLG.?" In contrast, other clinical studies did not

23,3536 The differences

show reduced filaggrin levels in patients colonized with S. aureus.
in outcomes between clinical studies can be largely affected by disease severity in the
studied AD population. In active AD skin the Th2 response is upregulated along with the
production of cytokines interleukin (IL)-4 and IL-13 which are known to downregulate
filaggrin expression independent of FLG mutation status."™ > Since our study included
patients who were difficult to treat and included 74% with severe or very severe disease
(based on SA-EASI score), it is possible that due to an upregulation of the immune system,
filaggrin expression was suppressed irrespective of FLG mutation status and masked the

effect for wild-type patients.

A major strength of this study is the comprehensive sequencing of the entire encoding
region of FLG, enabling to detect all mutations leading to premature protein termination.
This technique enables to identify all patients who are at risk to develop a more severe
and persistent disease course and are susceptible for the development of other atopic
diseases (i.e., asthma and allergic sensitization). Furthermore, it could be useful to stratify
patients in cohort studies. The following limitations need to be mentioned. First, since
our cohort included children with difficult to treat AD, we did not discontinue concurrent
medication. In addition, previous studies have shown that both age (tanner stage) and
disease severity may influence the composition of the microbiome.*”* In this explorative
study, we did not correct for these effects in our statistical analysis. However, the use
of topical and systemic medication, age and disease severity did not differ between pa-
tients with and without a mutation in FLG. Furthermore, excluding patients with systemic
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treatment from our statistical analysis did not yield different results (data not shown).
Larger groups of patients with AD might be helpful in correcting for these effects. Second,
heterozygous FLG mutations lead to 50% reduction in filaggrin expression as compared
to a complete absence of filaggrin with bi-allelic mutations and might lead to different
effects.' This gene-dosage effect was suggested in a previous study including IV patients,
with significant differences in the microbial composition between bi-allelic mutation
carriers and wild-type patients, but not between bi-allelic and heterozygous mutation
carriers.® Although our study included a small group of patients with more than one
mutation in FLG (n=8), we did not find different results for patients with one and more
than one mutation in FLG (data not shown). Future studies should include larger number
of patients, investigating the gene-dosage effect on the microbiome in AD. In addition, by
measuring FLG breakdown products, we can determine the effect of the Th2 response in
active AD. Lastly, as described previously,” the impact of the inability to properly detect
the Propionibacterium or to classify the Staphylococci at species level with the use of the
V4 hypervariable region, was only minor due to the sampled body regions and the use of
qPCR to detect S. aureus and S. epidermidis species.*

In conclusion, sequencing the entire FLG for novel, family and population specific mutations,
contributing to the disease burden in AD, leads to better patient stratification. Our results
suggest that the presence of a mutation in FLG influences the microbial composition, but
not the Shannon diversity. This indicates that differences in the microbiome between FLG*
and FLG patients is rather caused by the presence of distinct genera than by differences
in the alpha-diversity. More research into the interaction of the microbiome with the skin
barrier and immune system in large patient groups will lead to a better understanding of
the etiology of AD and will help develop new preventive and treatment strategies.
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SUPPLEMENTARY MATERIAL

Table S1. Swab locations for lesional and nonlesional skin

Wild type (n=46) FLG mutation carriers® (n=31) p-value®

Swab location lesional skin 0.2

Antecubital fold 38 (82.6) 26 (83.9)

Back 1(2.2) -

Neck 6(13.0) 1(3.2)

Popliteal fossae 1(2.2) 3(9.7)
Swab location nonlesional skin 0.6

Coeur 7 (15.2) 4(12.9)

Leg 1(2.2) 2(6.5)

Volar arm 38 (82.6) 24 (77.4)

°Missing n=1; °Chi-square test.
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Included
N=79
| n/ - No permission DNA analysis (n=1)
* 'k - No DNA sample available (n=1)

DNA available
N=77
A 4 A4
FLG wild-type FLG carriers
N=46 N=31
¥ v ! ¥ v v
Nose Lesional skin Nonlesional skin Nose Lesional skin Nonlesional skin
GPCR qPCR qPCR qPCR qPCR qPCR
N=0 N=46 N=46 N=0 N=30 N=30
Nose Lesional skin Nonlesional skin Nose Lesional skin Nonlesional skin
16SrRNAseq 16S rRNA seq 165 rRNAseq 16SrRNAseq 16S rRNA seq 16SrRNA seq
N=44 N=39 N=34 N=29 N=24 N=21

Figure S1. Flowchart of available cultures for gPCR and 16S rRNA-sequencing
Samples containing insufficient amounts of DNA did not result in usable sequence data and were therefore
omitted.
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Figure S3. Bray-Curtis-distance based multidimensional scaling plot showing the microbiota for nose, lesional
and nonlesional skin.

For ordination analysis, genus tables were standardized using square-root transformation with subsequent
application of Wisconsin double standardization. All 3 niches harbored a significantly different microbiome
(lesional vs nonlesional skin, nose vs lesional skin, nose vs nonlesional skin: PERMANOVA R?=0.027, p<0.01;
R?=0.190, p<0.01 and R’=0.139, p<0.01 respectively).
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PERMANOVA:
Niche: R>=0.027, p<0.01
FLG mutation status: R>=0.010, p<0.001
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A Niche

0.0 @ Lesional skin
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Figure S4. Bray-Curtis-distance based multidimensional scaling plot showing the microbiota for lesional and
nonlesional skin in relation to FLG mutation status

For ordination analysis, genus tables were standardized using square-root transformation with subsequent
application of Wisconsin double standardization. FLG mutation status was significantly associated with the
overall microbial composition using PERMANOVA analysis (niche: R?=0.027, p<0.01; FLG status: R?=0.010,
p<0.01; interaction ‘niche: FLG status’: R?=0.005, p=0.56).
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Figure S5. Top 10 genera driving the association between FLG mutation status and microbial composition
The x-axis displays coefficients that represent the contribution of a certain genus to the association between
FLG mutation status and (A) the microbial composition of the nose, lesional skin and nonlesional skin and (B)
the microbial composition of the lesional skin and nonlesional skin.
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ABSTRACT

Background

Mutations in the filaggrin gene (FLG) affect epidermal barrier function and increase the
risk of atopic dermatitis (AD). We hypothesized that FLG mutations affect immune cell
composition in a general pediatric population. Therefore, we investigated whether school-
aged children with and without FLG mutations have differences in in T- and B-cell subsets.

Methods

This study was embedded in a population-based prospective cohort study, the Genera-
tion R Study, and included 523 children of European genetic ancestry aged 10 years. The
most common FLG mutations in the European population (R501X, S1085CfsX36, R2447X
and S3247X) were genotyped. Additionally, 11-color flow cytometry was performed on
peripheral blood samples to determine helper T (Th), regulatory T (Treg) and CD27" and
CD27 memory B cells. Subgroup analyses were performed in 358 non-AD and 102 AD
cases, assessed by parental questionnaires.

Results

FLG mutations were observed in 8.4% of the total population and in 15.7% of the AD cases.
Children with any FLG mutation had higher Th22 cell numbers compared to FLG wild-type
children in the general and non-AD population. Children with and without FLG mutations
had no difference in Thl, Th2, Th17, Treg or memory B cell numbers. Furthermore, in
children with AD, FLG mutation carriership was not associated with differences in T- and
B-cell subsets.

Conclusions

School-aged children of a general population with FLG mutations have higher Th22 cell
numbers, which reflects the immunological response to the skin barrier dysfunction.
FLG mutations did not otherwise affect the composition of the adaptive immunity in this

general pediatric population.
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INTRODUCTION

Filaggrin is a filament-associated protein that is encoded by the filaggrin gene (FLG) and is
an important contributor to the preservation of the skin barrier.”” > Approximately 10% of
the European population is a heterozygote carrier of a disrupting mutation in FLG.? Both
complete loss-of-function and reduced functional activity of filaggrin lead to destruction of
the stratum corneum (SC) and consequently skin barrier dysfunction.™* This barrier dysfunc-
tion due to FLG mutations is presumed to be caused by lower numbers of tight junctions,
reduced density of the protein corneodesmosin, and impaired maturation and excretion of
lamellar bodies in the epidermis which are important in maintaining cell-to-cell integrity.”

Failure in barrier function through mutations in FLG results in increased skin permeability
for percutaneous transfer of exogenous particles including allergens and pollutants.”** Ac-
cordingly, FLG mutations are the strongest genetic risk factor for atopic dermatitis (AD)."*>
A previous meta-analysis showed that FLG haploinsufficiency results in an odds ratio (OR)
of 3.12 for the incidence of AD.® In addition, FLG mutations are associated with a form
of AD that starts in early infancy and persists into adulthood, a higher incidence of skin

infections and a higher likelihood of having asthma, inhalant or food allergies.” "

The increased permeability of the skin as a result of FLG mutations is thought to affect
immune responses and maturation of adaptive immune cells. Filaggrin is also expressed
in the thymus, the primary lymphoid organ in which T cells are formed.'® Hence, FLG
mutations potentially affect the peripheral immune cell compartment through effects in
skin and thymus. Previous studies observed higher y6T17 and T helper (Th) 17 in filaggrin-
deficient flaky tail (ft/ft) mice.’® ' In addition, a case study reported higher numbers of
circulating thymus-emigrated regulatory T (Treg) cells and Th2 in 6 AD patients with a
heterozygote FLG mutation.'? Another study, including 2 heterozygous, 2 homozygous and
1 compound heterozygous AD patient, showed increased Th17 cells in the FLG mutation
group.™ On the other hand, literature on the role of B cell dysregulation in AD is scarce and
conflicting.”® It can be hypothesized that mutations in FLG can affect B-cell numbers due

to skewing of the Th-cell populations.

We hypothesized that FLG mutations affect T- and B-cell maturation in children through
effects on the skin and thymus. Until now, no studies on this association have been per-
formed in the general pediatric population and only case studies have been performed in
AD patients.'” > By examining the effect of FLG mutations on the adaptive immune cells,
we will gain more insights into the role of FLG in the immune maturation and development
of AD. Therefore, we here studied the associations between common FLG mutations in the

European population and immune cell numbers, as determined using with 11-color flow
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cytometry, within a population-based birth cohort study including a subgroup non-AD and
AD patients.

METHODS

Study design

This study was embedded within the Generation R Study, a prospective birth cohort study
conducted in Rotterdam, the Netherlands. The Medical Ethical Committee of the Erasmus
MC, University Medical Center Rotterdam approved the study (MEC-2012-165)."” Written
informed consent was obtained from parents or legal representatives of all children. We
included all children of European genetic ancestry'® with information on FLG mutation sta-
tus (homozygous, compound heterozygous, heterozygous or wild type) and information on
at least one of the immune cell outcomes. This resulted in a total number of 523 children
(Figure 1). AD was defined as physician-diagnosed eczema from parental questionnaires
obtained at the child’s age of 10 years (‘Was your child ever diagnosed by a physician with
atopic dermatitis’, ‘yes; no’). This information was available for 470 children, including 102
subjects with AD.™

FLG genotype

DNA samples obtained from umbilical cord blood were genotyped by modified Tagman
allelic discrimination assays for common European mutations in FLG (R501X (rs61816761),
S1085CfsX36 (rs41370446), R2447X (rs138726443), and S3247X (rs150597413)) with
the use of primers as described previously.”” ? The distribution of the FLG mutations
was as follows: 4.2% had R501X (rs61816761), 1.1% had S1085CfsX36 (rs41370446),
3.5% had R2447X (rs138726443), and 0.0% had S3247X (rs150597413). Because S3247X
(rs150597413) was not present within our study population, this mutation was not in-
cluded in the analyses. Children were classified as having a FLG mutation if they were
homozygous, compound heterozygous or heterozygous for any of the 3 mutations that
were present in our study population. Children without any of the mutations were classi-
fied as wild type.

Immune cell numbers

Peripheral blood samples from children were obtained at the age of 10 years.*® The analy-
ses were performed on fresh blood cells within 24 hours of sampling. Absolute counts
of CD3" T cells and CD19" B cells per ulLblood were determined with diagnostic lyse-
no-wash protocol and detailed immunophenotyping was performed with 11-color flow
cytometry (LSR Fortessa, BD Biosciences). We determined naive T cells (CD45ROCCR7%),
effector memory RO-positive T cells (TemRO; CD45RO'CCR7’) and effector memory RA-
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N=870 children with information on at least one
of the studied immune cell subsets.

N=286 children with no
information on the

A filaggrin data

N=584 children with informaticn on filaggrin
mutations and at least one of the studied
immune cell subsets.

N=31 with no infermation
on genetic ancestry

N=553 children with information on filaggrin
mutations and at least one of the studied
immune cell subsets.

N=18 with African

Analyses within European ancestry > ancestry
N=9 with Asian ancestry
N=523 children of European ancestry with N= 3 with mixed ancestry
information on filaggrin mutations and at least
one of the studied immune cell subsets.
Number of children included in analyses
Th1 n=499
Th2 n=498
Th17 n=496
Th22 n=495
Treg n=493
Treg naive and memory n=492
B total n=522
B memory subsets n=511
CD4* total n=502
CD4* subsets n=511
CD8* total n=499
CD8* subsets n=509

Figure 1. Flow chart of participants included in the study
Abbreviations: Th, helper T cell; Treg, regulatory T cell.; Tcm, central memory T lymphocytes; TemRA, effector
memory RA-positive T lymphocytes; TemRO, effector memory RO-positive T lymphocytes

positive T cells (TemRA; CD45RO CCR7’) within CD4" and CD8" lineages.'® " ** Within Treg
cells, the differentiation in naive (CD45RA*) and memory (CD45RA) was determined.'®
Finally, the following Th cell subsets (CD4'CD45RA’) were determined after exclusion
of Treg cells on the basis of chemokine receptor profiles as defined previously:*® 2%’
Th1l (CCR6°CXCR3'CCR47), Th2 (CCR6CXCR3°CCR4Y), Th17 (CCR6'CXCR3 CCR4'CCR10),
Th17.1(CCR6'CXCR3*CCR47) and Th22 (CCR6'CXCR3"CCR4'CCR10"). In addition CD27" and
CD27 IgG", IgA*, IgE* CD19'CD38“"IgD” memory B cell subsets were defined.’® Gating

strategies for Th cell determination are presented in Figure S3.

Statistical analysis

First, characteristics of the study population were determined, stratified for FLG mutation
status and AD diagnosis. P-values for determining differences between the categorical
variables of both groups were calculated with chi-squared tests. Next, median cell num-
bers with interquartile range (IQR) were determined. Differences in cell numbers between
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children with and without FLG mutations were assessed with the non-parametric Mann-
Whitney U test. Subgroup analyses on the associations of FLG genotype with immune
cell numbers were performed within non-AD and AD children. The possibility of effect
modification by AD diagnosis was tested by performing linear regression analysis between
immune cell numbers and FLG mutation status with the addition of an interaction term
between FLG mutation status and AD diagnosis. To assure a normal distribution of the
outcome in the linear regression analysis, a natural-log transformation for the immune cell
outcomes was used. No adjustment for multiple testing was performed because of strong
correlation between the immune cells studied. Statistical analyses were performed with
SPSS version 21.0 (IBM Corp.) and R version 3.6.1 (R Foundation for Statistical Computing).

RESULTS

Study population

Characteristics of the study population are presented in Table 1. Within the total group
of 523 children with European ancestry, FLG mutations were detected in 44 (8.4%) chil-
dren, including 3 biallelic mutations (2 compound heterozygous and 1 homozygous). The
proportion of patients with AD was lower in the wild-type group compared to the group
with FLG mutations (20% versus 42%; p<0.01). Within the non-AD population, 6.1% of
the children had a FLG mutation, including one compound heterozygous. Within the AD
population, 15.7% of the children had a FLG mutation, including one homozygous and one

compound heterozygous.

Higher Th22 cell counts in children of the general population with FLG mutations

Children of the general population with a FLG mutation had higher Th22 cell numbers
compared to children of the wild-type population (Figure 2A, Table S1). The median cell
number within the FLG mutation group was 5.60/uL (IQR 4.04;8.94) and 4.5/uL (IQR
2.5;7.4, p=0.03) within the wild-type group. To determine if this association between
Th22 and FLG was different between children with and without AD, we performed a
linear regression analysis with the following interaction term: FLG mutation status*AD.
This interaction term was non-significant (p=0.13) and therefore effect modification by AD
in this association is not likely. However, when the analyses were stratified, the associa-
tion between FLG and Th22 was slightly stronger in the non-AD group with a median cell
number of 6.8/uL (IQR 4.9;11.4) in non-AD children with FLG mutations compared to 4.5/
uL (IQR 2.4;7.5, p=0.006) in non-AD children without FLG mutations (Table S2). In contrast,
when studying the differences in absolute Th22 cell numbers between children with and
without FLG mutations in the AD population, no significant differences were observed
(median 5.0/uL (IQR 3.6;6.4) and 4.6/uL (IQR 2.9;7.4) respectively (p=0.64, Figure S1a)).
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Figure 2. Absolute numbers of blood T cell subsets stratified by FLG mutation status

(A)The median (IQR) cell count per pLblood for Th and Treg cell numbers stratified for FLG mutation status.
(B) The median (IQR) cell count per pL blood for CD4* and CD8" effector memory T cell numbers stratified for
FLG mutation status. Abbreviations: |QR, interquartile range; Tcm, central memory T lymphocytes; TemRA,
effector memory RA-positive T lymphocytes; TemRO, effector memory RO-positive T lymphocytes; Th, helper

T cell; Treg, regulatory T cell. * denotes a two-sided P-value <0.05. Table S1 and Table S3 show absolute num-
bers and p-values.
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No associations between Th1, Th2, Th17 and Treg and FLG mutations

No differences in median cell numbers between FLG mutation and wild-type group were
observed for Thl, Th2, Th17 and Treg (Figure 2a, Table S1). This was similar in the sub-
group analyses that were stratified for AD diagnosis (Figure S1a, Table S2). No differences
in median cell numbers between the FLG mutation and the wild-type group were observed
for the effector memory CD4" and CD8" T cell subsets: naive, Tcm, TemRA, TemRO (Figure
2b, Figure S1b).

No associations between memory B cells and FLG mutations

No differences in median cell numbers between the FLG mutation and the wild-type group
were observed for total B cells and naive mature B cells (Table S1). In addition, no associa-
tions between FLG mutations and the following CD27" and CD27 memory B cell subsets
were observed: IgA", IgE”, IgG", IgM" (Figure 3). Similarly, no changes were observed in the
subgroup analyses that stratified the analyses for AD diagnosis (Figure S2, Table S2).
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Figure 3. Absolute numbers of blood memory B cell subsets stratified by FLG mutation status

The median (IQR) cell count per pL blood for B memory cell numbers stratified for FLG mutation status are
shown. Abbreviations: IQR, interquartile range; Ig, Immunoglobulin. Table S2 shows absolute numbers and
p-values.
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DISCUSSION

In this population-based study among children of European genetic ancestry, we observed
a prevalence of 8.4% for FLG mutations. In addition, we demonstrated that children with
FLG mutations had higher Th22 cell numbers than children without FLG mutations. In
contrast, the Thl, Th2, Th17, Treg and memory B cell numbers were comparable between
children with and without FLG mutations. In addition, among children with AD, those with

or without FLG mutations had no differences in B- or T-cell subsets.

Comparison with literature and interpretation

All previous studies on FLG mutations and immune cell numbers have been performed
within mice models or smaller numbers of AD patients.’®** ?® This is the first study that
provides insight into the role of FLG mutations on immune cell numbers in school-aged
children of a general population. The setting of this study within a population-based pedi-
atric cohort study is therefore unique to study the association between FLG and immune
cell numbers.

We observed higher Th22 cell numbers in children with FLG mutations in the general
population, with a slightly higher median Th22 cell number in non-AD children with a
mutation in FLG. No previous studies that assess the association between FLG mutations
and Th22 have been performed within a general population. Interestingly, in contrast to
our findings, several studies have observed increased Th22 cell numbers in the skin and
circulation of patients with AD.?* ** Within AD patients, the role of Th22 is still not fully
elucidated. Current literature suggests both protective and pro-inflammatory roles for
Th22 by the production of 1L-22.3! IL-22 contributes to skin integrity and is known for its
role in the defense against different pathogens in the skin by the production of antimi-
crobial proteins.?* ** However, the combined secretion of IL- 22 and TNF- a is thought to
have an pro-inflammatory effect as observed in AD.>! Possible explanations for the higher
number of Th22 cell numbers in children without AD but with FLG mutations could be the
following. First, the increase in Th22 could represent some level of inflammation due to
FLG mutations without apparent clinical symptoms. Second, hypothetically, the increase
in Th22 could contribute to skin homeostasis in children without AD to prevent further
inflammatory processes leading to AD. However, further studies are needed to elaborate
on the Th22 cell function in children with and without AD.

In contrast to previous studies investigating the effect of the FLG mutation status, we
did not observe differences in Th2, Thl7 and Treg cell numbers between children with
and without FLG mutations, both in the total study population and in the subgroup of
patients with AD."*** % The discrepancies between previous studies and this study could
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be explained by differences in investigated populations and species. Previous mice studies
and skin equivalents studied the effect of complete absence of filaggrin, compared to the
filaggrin haploinsufficiency in our study population which leads to 50% reduction in filag-
grin expression.” ' % |n addition, these studies could represent a different immunological
setting than is present in human skin. % It is also expected that previous results on immune
cell numbers in AD populations are affected by disease severity. Namely, the presence of
different immune cells is dependent on disease state, including disease flare and chronic
AD.”®3 In turn, immune cells in active AD skin can induce downregulation of filaggrin pro-
tein expression in the skin independent of FLG mutations, subsequently affecting immune
cell composition.” Although we do not have information on disease severity in our AD
population, this study included a population-based, relatively healthy cohort in which we
expect most children to have mild AD. Therefore, we suspect that alterations in immune
cell numbers is probably not only dependent on FLG mutation genotype, but also on AD

severity and epigenetic and environmental factors.

In addition, we did not observe differences in memory B cell numbers between children
with and without FLG mutations. This is in line with our previous study in which we did not
observe any association between B cells and AD.'® No previous studies have investigated B
cell subsets in relation to FLG mutations.

Finally, within our study, we studied the associations between FLG mutations and the
adaptive immunity. It can be speculated that FLG mutations cause alterations in the in-
nate immunity such as eosinophilic granulocytes and ILC2 cell numbers. Future studies
are needed to determine if FLG mutations are associated with altered innate immunity
cell numbers.

Methodological considerations

A major strength is that this study investigated the association between FLG genotype
and a large panel of T- and B-cells in the general population for the first time. We had
detailed and extensive information on immune cell numbers from 11-color flow cytom-
etry and obtained objective information on genetic ancestry. However, the following four
limitations need to be addressed. First, we used chemokine receptor profiles which are
surrogate markers of Th cells. Due to the large scale of our study and the need to process
fresh blood within 24 hours, in vitro activation and cytokine staining were not feasible.
Importantly, multiple studies have shown that the use of surface chemokine receptors
is a robust approach to define Th subsets with the corresponding cytokine profiles.” **
Second, the AD population for the subgroup analyses was relatively small which could
have limited the power in the statistical analyses. Nevertheless, in comparison to previous
studies, only including a maximum of 6 AD patients with FLG mutations, this is the largest
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study on FLG mutations in both the general population and in AD patients. Third, our AD
population was defined by ever having physician diagnosed AD before or at the age of 10
years and no information on current disease activity was available. Therefore, it is likely
that a part of the children has outgrown AD at the age of 10 and this might have affected
their immunophenotype. Fourth, as mentioned previously, our study included the four
most common FLG mutations in the European population. To prevent misclassification,
we selected children with genetic European ancestry for the current study. Although the
choice for including the most common FLG mutations in European populations is in line

with previous studies,*" *2

other less frequent FLG mutations could exist in low numbers
since up to 113 FLG mutations resulting in premature protein termination have been
described.* A recent study including patients with AD and Ichthyosis Vulgaris (1V), showed
that screening the entire encoding region of FLG for mutations led to an improvement
of the diagnostic yield.>* As this is the first study in a general cohort addressing the as-
sociation between FLG mutation and immune cell numbers, future studies are needed to

validate our results.

In conclusion, school-aged children of a general population with FLG mutations have
higher Th22 cell numbers, which might reflect the skin barrier dysfunction that is caused
by decreased filaggrin expression in the epidermis. In our study population, FLG muta-
tions do not otherwise affect the composition of the adaptive immune cells in a general
pediatric population, nor in the children with AD.
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SUPPLEMENTARY MATERIAL

Table S1. The median (IQR) cell counts per pL blood for T- and B-cells subsets stratified by FLG mutation status

Total study population (n=523)

Wild-type population (n=479) FLG mutation carriers (n=44) P-value®
Thl 32 (20.0-48.5) 30.1(20.2-39.6) 0.31
Th2 53.8(38.3-77.1) 51.7 (38.3-71.0) 0.99
Th17 30.5 (20.6-43.8) 35.7 (19.7-49.2) 0.13
Th22 4.5 (2.5-7.4) 5.6 (4.04-8.9) 0.03
Treg 77.5 (58.6-98.6) 77.8 (67.6-102.0) 0.48
Treg naive 45.4 (31.2-63.2) 46.4 (36.4-63.5) 0.25
Treg memory 29.6 (23.0-39.6) 29.3 (24.0-34.9) 0.74
Total B cells 478.5 (370.0-632.0) 493.0 (389.5-575.8) 0.69
B naive 303.1 (228.9-416.6) 323.2 (245.6-366.9) 0.90
1gM only 3.5 (2.2-5.27) 2.7 (1.6-5.1) 0.06
CD27-1gG+ 4.4(2.5-7.3) 3.7 (2.1-5.6) 0.14
CD27+IgG+ 15.8 (10.0-23.8) 14.7 (10.2-19.5) 0.29
CD27-IgE+ 0.1(0.1-0.3) 0.1(0.1-0.2) 0.69
CD27+IgE+ 0.3(0.2-0.5) 0.3(0.1-0.4) 0.33
CD27-1gA+ 2.1(1.3-3.1) 1.7 (1.3-2.8) 0.26
CD27+IgA+ 11.4 (8.2-15.8) 10.8 (7.3-14.7) 0.30
CD4" total 1076.8 (865.2-1291.9) 1098.8 (913.2-1278.1) 0.76
CD4" naive 677.8 (511.3-882.0) 711.8 (549.2-815.8) 0.49
CD4" Tecm 167.5 (112.8-240.0) 164.8 (108.1-221.5) 0.41
CD4'TemRA 17.8 (8.3-38.8) 11.4 (7.3-37.9) 0.39
CD4' TemRO 136.8 (92.4-200.0) 128.6 (94.6-208.4) 0.75
CD8" total 612.3 (489.4-755.5) 630.5 (471.1-780.6) 0.96
CD8' naive 322.1(247.9-441.6) 317.9 (268.3-400.8) 0.94
CD8"Tcm 23.6(11.8-39.9) 28.1(14.0-46.2) 0.37
CD8'TemRA 86.4 (52.7-137.8) 74.5 (42.8-140.6) 0.45
CD8' TemRO 82.3(52.9-115.0) 83.0 (56.3-123.9) 0.45

Abbreviations: Ig, immunoglobulin; IQR, interquartile range; Tcm, central memory T lymphocytes; TemRA, ef-
fector memory RA-positive T lymphocytes; TemRO, effector memory RO-positive T lymphocytes; Th, helper T

cell; Treg, regulatory T cell. * Two-sided P-value determined by Mann-Withney U test."
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Filaggrin haploinsufficiency and T- and B-cell subsets

Table S3. Number of children included in the individual analyses

Total population Non-atopic dermatitis Atopic dermatitis
(n=523) (n=358) (n=102)
CD4' T cells 502 339 101
CD4" T naive 511 347 102
CD4" Tem 511 347 102
CD4* Temro 511 347 102
CD4* Tewma 511 347 102
Th1 cells 499 336 101
Th2 cells 498 335 101
Th17 cells 496 335 100
Th22 cells 495 334 100
Treg cells 493 334 98
Treg naive 492 334 98
Treg memory 492 334 98
CD8' T cells 499 337 101
CD8' T naive 509 345 102
CD8" Tew 509 345 102
CD8" Tewro 509 345 102
CD8" Temra 509 345 102
Total B cells 522 357 102
B naive 512 347 102
IgM only 511 346 102
CD27-1gG+ 511 346 102
CD27+IgG+ 511 346 102
CD27-IgE+ 511 346 102
CD27+IgE+ 511 346 102
CD27-1gA+ 511 346 102
CD27+IgA+ 511 346 102
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Figure S1. Absolute numbers of blood T cell subsets stratified by FLG mutation status in children with atopic
dermatitis

(A-B) The median (IQR) Th, Treg, CD4" and CD8" Tem cell count per pL blood stratified for FLG mutation status.
Abbreviations: Tcm, central memory T-lymphocytes; Tem, effector memory T-lymphocytes; Th, helper T-cell;
Treg, regulatory T-cell.
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Figure S2. Absolute numbers of blood memory B cell subsets stratified by FLG mutation status in children with
atopic dermatitis.

The median (IQR) cell count per pL blood for B memory cell numbers stratified for FLG mutation status. Ab-
breviations: IQR, interquartile range.
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ABSTRACT

Background

Mutations in the filaggrin gene (FLG) result in reduced levels of filaggrin-derived compo-
nents of the natural moisturizing factor (NMF) and predispose a distinct atopic dermatitis
(AD) phenotype. Our first aim was to validate a non-invasive NMF measurement as a proxy
for FLG mutation status in an unselected multi-ethnic pediatric AD cohort. Second, we
aimed to assess if the NMF content in the nonlesional skin of the thenar eminence is
affected by acute disease severity.

Methods

The NMF content was measured in 780 AD children in the nonlesional stratum corneum
(SC) of the thenar eminence using confocal Raman spectroscopy. The presence of FLG
mutations was assessed in 101 children by screening the entire encoding region of FLG
with single molecule molecular inversion probes (smMIPS) and barcoded next-generation
sequencing (NGS). Acute disease severity was determined using the Eczema Area and
Severity Index (EASI).

Results

Within the group of 101 children, a total of 12 different FLG mutations were identified,
corresponding to 30 (30%) patients with > 1 mutation in FLG. NMF content in the SC could
accurately predict FLG mutation status (wild type vs. 2 1 mutation) with an area under the
curve of 0.93 (95% CI 0.87-0.99). No correlation was found between EASI and NMF, thereby
excluding the potential influence of acute disease severity on NMF values measured on
the thenar eminence’s nonlesional skin.

Conclusion

NMF measurement with Raman spectroscopy can be used as a non-invasive biomarker
to stratify patients based on FLG mutation status in an unselected clinical AD cohort with
diverse ethnical backgrounds.
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INTRODUCTION

Atopic dermatitis (AD) is a common inflammatory skin disease among children with in-
creasing prevalence in the past decades.’ The symptoms of AD are highly heterogeneous
and the etiology is complex. The strongest and most widely replicated genetic risk factor
for AD is a null mutation in the filaggrin gene (FLG) located on chromosome 1q21. FLG
encodes the protein filaggrin, which is involved in the formation and homeostasis of the

skin barrier.

Previous research showed that AD patients with a mutation in FLG have a different phe-
notype, characterized by early onset disease with persistence into adulthood, increased
severity and increased risk of asthma and allergic sensitization.” > Additionally, it has been
suggested that patients with a mutation in FLG respond differently to immunosuppressive
treatment compared to wild-type patients. This suggests that FLG mutation profiling could
be used to stratify patients in terms of clinical course and to develop personalized treat-
ment strategies. However, genotyping is time consuming, expensive and DNA collection
poses ethical considerations, which hampers its use in daily practice.>® In addition, up to
113 different mutations in FLG have been described with prevalence varying widely based
on ethnic background.” ® Hence, most studies selectively screen for a small portion of
mutations, mainly driven by detection difficulties and cost-effectiveness. This underlines

the importance to investigate alternative biomarkers for FLG genotype.

Recent literature suggests that decreased concentrations of filaggrin-derived compo-
nents of the natural moisturizing factor (NMF) are a proxy for the presence of FLG null
mutations.” ° During the terminal differentiation of keratinocytes, profilaggrin is dephos-
phorylated and enzymatically degraded into a highly hygroscopic mixture of amino acids
and amino acid derivatives, including pyrrolidone carboxylic acid (PCA), histidine and its
metabolite urocanic acid (UCA).” ! The free amino acids and their derivatives constitute
the majority of NMF in the stratum corneum (SC).> NMF has impact on moisturization, skin
pH gradient and the cutaneous antimicrobial defense.'? Raman spectroscopy can measure
the NMF concentration in skin rapidly, non-invasively and provides an instant result, which
could be used as a biomarker for the presence of FLG-null variants.”'® ™ A previous study
in a selected Irish pediatric population of AD patients showed that NMF could discriminate
between wild-type patients and FLG mutation carriers with a sensitivity of 98.73% and a
specificity of 86.89% using 1.07 arbitrary units (a.u.) as the cutoff value.™ It has not been
investigated whether this cutoff value could be applied to assess FLG mutation status in

different clinical cohorts.
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The first aim of our study was to screen the entire encoding region of FLG for potential
mutations and validate if NMF could be used as a biomarker for the FLG genotype in an
unselected multi-ethnic clinical cohort of children with mild to severe disease. Second,
we wanted to ensure that the thenar eminence’s nonlesional skin is a suitable location for
NMF measurement by excluding a potential influence of the acute disease severity on the
NMF content in this area. These results present a step forward in the clinical use of NMF
content as an accurate proxy for a FLG mutation status to stratify patients for personalized
treatment.

METHODS

Study design

This cross-sectional study was conducted at the tertiary referral center for Pediatric Der-
matology in KinderHaven, an outpatient clinic and pediatric multidisciplinary allergology
center of the Erasmus MC University Medical Center-Sophia Children’s Hospital, Rotter-
dam, the Netherlands. This study is part of the clinical and translational studies in our
center to understand the etiology of AD, aimed at improving the management and quality
of life of patients with this condition. One of our future aims is to stratify patients based
on NMF content to enable personalized treatment. Assessment of the NMF content by
Raman spectroscopy is part of the clinical care in KinderHaven since March 2016. From
June 2018, DNA specimens were obtained, in addition to the NMF measurement, in all pa-
tients that participated in this study. All patients and/or their parents (guardians), signed
informed consent. Study procedures were approved by the medical ethical committee of
the Erasmus MC University Medical Center (MEC-2017-370).

Participants

Children (0-18 years) diagnosed with AD according to the UK Working Party criteria con-
sulting the dermatologist at KinderHaven were included in this study.” Acute AD severity
was assessed using the Eczema Area and Severity Index (EASI) score on the same day
as the research assistant took the NMF measurements. Ethnic origin was retrieved from
questionnaires and was based on the parents’ country of birth, in accordance with the
Statistics Netherlands.'® Children were classified as being of non-Dutch ethnic origin if at
least one parent was born abroad. If both parents were born abroad, the mother’s birth

country was decisive.'”*®

FLG mutation analysis

FLG mutations were determined on DNA isolated from buccal swabs using Isohelix SK-1S
swabs (manufacturer). Single molecule molecular inversion probes (smMIPS) and bar-
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coded next-generation sequencing (NGS) was performed to screen the entire encoding
region of FLG for all mutations resulting in premature protein termination as previously
described.”* Since this publication showed that more than two mutations could be pres-
ent in FLG, we could not exclude that patients with two different mutations, of which
at least one is rare, were present on the same (in cis) or different alleles (in trans).” All
patients with a mutation in FLG were referred to as patients with >1 mutation(s)(FLG').
Wild-type patients were referred to as FLG".

Natural moisturizing factor measurement

The NMF content was measured in the SC of the thenar eminence (nonlesional skin) using
confocal Raman spectroscopy (gen2- SCA Skin Composition Analyzer, RiverD International
B.V.) as described previously.?® In short, an average of 8 profiles from different locations on
the thenar eminence were measured at a range of 20 um — 40 um below the skin surface
in 5 um depth intervals. The result for a patient was included as ‘valid measurement’ if
at least 10 valid NMF values were measured in at least two profiles at different locations.
These profiles resulted in an average NMF value (a.u.). Patients were asked to withhold
topical therapies, including emollients, for 24 hours preceding the measurement. Fur-
thermore, prior to the measurements, the skin surface was cleaned with a paper towel.
The NMF values are determined from the Raman spectra by ordinary least squares fitting
using a reference spectrum of NMF constructed from a superposition of the spectra of
pyrrolidone-5-carboxylic acid, ornithine, serine, proline, glycine, histidine and alanine.™

Statistical analysis

Patient characteristics of FLG™ and FLG" were presented as proportions, median (inter-
quartile (IQR)) or mean (standard deviation (SD)) when appropriate. A Receiver Operating
Characteristic (ROC) curve was constructed to measure the diagnostic ability of NMF
to predict FLG mutation status (wild type vs. > 1 mutation) by mapping the sensitivity
versus 1-specificity for all possible values of the cutoff point. The optimal cutoff point was
determined by maximizing the Youden function. A multivariate linear regression model
was used to examine the association between EASI (as independent variable) and NMF

content, corrected for FLG mutation status, age and sex.

The NMF content that was measured in a total of 780 children was used to give an indica-
tion of mutation carriers in a tertiary referral center. In addition, this was used to compare
our cutoff value to a previously determined cutoff value in a selected pediatric AD cohort
of Irish ancestry."
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RESULTS

Study population

A total of 837 children have been included in the KinderHaven cohort. From 780 patients
a valid NMF measurement was available, from which 111 patients were screened for the
presence of a FLG mutation. In 10 children parts of the encoding gene were not covered
and were therefore excluded, leaving 101 patients with a valid NMF measurement and a
FLG determination who were included for analysis. The median NMF value of these 101
patients was 1.20 a.u. (IQR 0.91-1.32). We identified 30 (30%) patients with > 1 mutation
in FLG, including 25 heterozygous mutation carriers and 5 patients with more than one
mutation in FLG (including one patient with a homozygous mutation). Demographic data
and clinical characteristics for FLG" and FLG patients are outlined in Table 1. As shown in
this table, the ethnic origin from the included patients was highly diverse.

Table 1. Patient characteristics

FLG" (n=71) FLG (n=30) p-value

Gender, n(%) 0.24°

Male 35 (49.3) 11 (36.7)
Age, meanzSD (years) 8.6+5.3 8.2+4.4 0.55°
Ethnic origin® 0.17°

Cape Verdean 2(2.8) 1(3.3)

Dutch 30 (42.3) 19 (63.3)

Dutch Antillean 6(8.4) -

Moroccan 6 (8.4) -

Surinamese-Creole 7 (9.9) 5(16.7)

Turkish 1(1.4) 1(3.3)

Other non-Western 11 (15.5) 3(10.0)

Western 4 (5.6) -
Number of mutations, n(%)

1 - 25 (83.3)

2 - 5(16.7)°
NMF content a.u., median (IQR) 1.26 (IQR 1.18-1.37) 0.82 (IQR 0.56-0.92) <0.01°
EASI score, median (IQR)*® 6.1 (IQR 2.3-14.5) 7.8 (3.3-15.6) 0.22°

Abbreviations: a.u., arbitrary unit; EASI, Eczema Area and Severity Index; FLG", wild-type patients; FLG, pa-
tients with >1 mutation(s) in filaggrin gene; IQR, interquartile range; NMF, natural moisturizing factor; n,
number; SD, standard deviation. *Chi-square test; *independent t-test; ‘Mann-Withney U test; “Information
on ethnicity was missing for 4 (5.6%) patients in FLG" and 1 (3.3%) patient in FLG™ group; ‘including one homo-
zygous mutation carrier; ‘EASI score was missing for 4 (5.6%) patients in FLG* group and 3 (10.0%) patient in
FLG group; ¥The distribution of EASI score is shown in Table S1.
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The association between NMF and FLG mutation status

A total of 12 different mutations were detected among FLG mutation carriers, of which five

have not been reported before (Table 2). The median NMF content in FLG" patients was
1.26 a.u. (IQR 1.18-1.37), compared to a median of 0.82 a.u. (IQR 0.56-0.94) in FLG pa-
tients (Figure 1, p<0.01). Furthermore, the NMF content in patients with a single mutation

Table 2. FLG loss of function mutations

ID Ethnic origin Mutation 1 Protein change  rpt Mutation 2 Protein change rpt
391 Unknown c.6453del p.(Ser2152Profs*7) 6
615 Dutch c.2282_2285del p.(Ser761Cysfs*36) 1
652 Dutch €.3418C>T p.(Arg1140%) 3
662 Dutch c.1501C>T p.(Arg501%*) 1 ¢.2282_2285del p.(Ser761Cysfs*36) 1
664 Dutch c.1501C>T p.(Arg501%) 1
665 Dutch c.2282_2285del p.(Ser761Cysfs*36) 1
705 Dutch ¢.1501C>T p.(Arg501%) 1
714 Other non-Western ¢.2282_2285del p.(Ser761Cysfs*36) 1 ¢.2976_2977del p.(Arg992Serfs*31) 2
719 Surinamese-Creole c.1501C>T p.(Arg501%*) 1
723 Dutch ¢.1501C>T p.(Arg501%*) 1
729 Dutch ¢.1501C>T p.(Arg501%*) 1
733 Surinamese-Creole €.6109C>T p.(Arg2037*) 5
736 Dutch c.2282_2285del p.(Ser761Cysfs*36) 1
737 Dutch c.1501C>T p.(Arg501%*) 1 c.1501C>T p.(Arg501%*) 1
745 Other non-Western c.1217C>G p.(Serd06*) 0
749 Other non-Western ¢.2282_2285del p.(Ser761Cysfs*36) 1
752 Dutch c.2282_2285del p.(Ser761Cysfs*36) 1
755 Surinamese-Creole ¢.6950_6957del p.(Ser2317%) 6
756 Turkish .1501C>T p.(Arg501*) 1
764 Dutch c.2282_2285del p.(Ser761Cysfs*36) 1
766 Dutch ¢.6950_6957del p.(Ser2317*) 6 c.9894del p.(Gly3299Glufs*92) 9
771 Dutch c.2282_2285del p.(Ser761Cysfs*36) 1
775 Dutch c.2282_2285del p.(Ser761Cysfs*36) 1
777 Surinamese-Creole €.10354C>T p.(GIn3452*) 10
780 Cape Verdean c.1501C>T p.(Arg501%*) 1 c.2282_2285del p.(Ser761Cysfs*36) 1
781 Dutch c.1501C>T p.(Arg501%*) 1
792 Dutch c.2282_2285del p.(Ser761Cysfs*36) 1
799 Surinamese-Creole ¢.8702C>G p.(Ser2901%) 8!
802 Dutch c.1501C>T p.(Arg501%*) 1
805 Dutch c.2282_2285del p.(Ser761Cysfs*36) 1

Abbreviations: ID, study number; rpt, filaggrin gene repeat region. Underlined mutations have not been re-
ported before.
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in FLG was significantly different compared to both wild-type patients and patients with 2
mutations in FLG (p<0.01, Figure S1). ROC curves were constructed to test the diagnostic
ability of NMF measured using Raman spectroscopy. The optimal cutoff value for NMF to
distinguish between FLG" and FLG patients was 1.03 a.u. with an area under the curve
(AUC) of 0.93 (95% CI 0.87-0.99) (Figure 2). This resulted in a sensitivity of 97%, specificity
of 87%, positive predictive value of 76%, and a negative predictive value of 98% (Table 3).
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Figure 1. NMF content by FLG genotype
Wild-type patients (FLG") had median NMF content of 1.26 a.u. (IQR 1.18-1.37), compared to 0.82 a.u. (IQR
0.56-0.94) in FLG (p<0.01, using a Mann-Whitney U test). °Cutoff value 1.03 (a.u.)

When this threshold was applied to the NMF measurements of the entire cohort (n=780),
215 (28%) patients would be classified as low NMF and 565 (72%) as normal NMF. Com-
pared to the previous determined cutoff value by O’Reagan of 1.07 a.u., 10 (1.3%) patients
would be classified differently, going from low NMF content to normal NMF content (Table
s2)."
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Figure 2. ROC curve determining the discriminatory power for NMF content per FLG genotype

The cutoff value of 1.03 a.u. was determined by maximizing the sum of sensitivity and specificity with an AUC
of 0.93 (95% ClI 0.87-0.99). This resulted in a sensitivity of 96.67, specificity of 87.32, positive predictive value
of 76,32 and negative predictive value of 98.41.

Table 3. FLG genotype per NMF category based on the cutoff value (1.03 a.u.)

FLG (n=71) FLG (n=30)
Low NMF content a.u.? (n=38) 9 29
Normal NMF content a.u.? (n=63) 62 1

Abbreviations: a.u, arbitrary unit; FLG', wild-type patients; FLG', patients with >1 mutation(s) in filaggrin gene;
NMF, natural moisturizing factor. *Based on the cutoff value of 1.03 a.u.

Correlation of NMF with acute disease severity

The patient group consisted mainly of patients with mild (39%) and moderate (34%) disease
based on the EASI score (Table S1). The EASI score and NMF content are plotted in Figure
3 separated for FLG* and FLG". We did not find a significant association between the EASI
score and NMF content measured at the thenar eminence’s nonlesional skin (corrected for
FLG mutation status, age and sex) (beta -0.555 (95% C.l. -0.005 —0.003), p=0.58, Table S3).

103



Chapter 4

60

FLG mutation

40 ® FLG*
" FLG

EASI score

20

0.5 1.0 15
NMF content (a.u)

Figure 3. Correlation between NMF content and disease severity
There is no significant association between the EASI score and NMF content measured at the thenar emi-
nence (beta -0.555 (95% C.I. -0.005 — 0.003), p=0.58)) (Table S3).

DISCUSSION

In our multi-ethnic population of children with mild to severe AD, 30% of the patients had
a mutation in FLG. In this cohort, 12 different mutations were found. We showed that the
NMTF content in the SC of the thenar eminence could accurately discriminate between FLG*
and FLG patients with an AUC of 0.93 (95% CI 0.87-0.99). The optimal cutoff value of 1.03
a.u. was very close to the previously determined cutoff value of 1.07 a.u.'* Applying the
two cutoff values to the NMF values of the total KinderHaven cohort results in only 10 out

of the 780 (1.3%) patients who were classified differently.

The use of the cutoff value of 1.03 a.u. resulted in high sensitivity and specificity (i.e., 97%
and 87%)." Interestingly, 13% of the wild-type patients had low NMF content in the SC.
Since we used the smMIP-NGS technique, this could not be attributed to a rare or new
mutation in FLG.” These results underline the importance of other factors affecting the
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NMF content in the SC that are not a direct result of FLG mutations. These factors could
also justify interpersonal variation in NMF content. Previous research showed a positive
correlation between intragenetic copy number variation (CNV) and the amount of filaggrin
breakdown products.” In addition, there is an important role for proteases in this multi-
stage breakdown process (ie., bleomycin hydrolase (BH) and Caspase-14) which can be
less effective due to genetic variants influencing enzyme activity or the effect of external
humidity on the proteolysis of filaggrin.??** Last, the presence of other mutations in the
epidermal differentiation complex (EDC) could account for low NMF values and should be
investigated further. Since a previous study showed that patients with low NMF content
in the SC had a more intensive treatment history (more potent topical corticosteroid and
systemic treatment) compared to patients with normal NMF value,”® we suggest that
determination of NMF content as an independent biomarker for AD phenotype has added
value to the determination of FLG mutation status alone.

Our results showed no correlation between EASI score and NMF value, making the non-
lesional skin of the thenar eminence a suitable location to predict FLG mutation status
without direct interference of acute disease severity. Previous studies have shown that
filaggrin degradation products in the SC of the nonlesional skin of the forearm are affected
by both a mutation in FLG and disease severity.”” ?® The effect of disease severity can be
attributed to the activated immune system in both lesional and nonlesional skin. Previous
research, using a tape stripping technique, showed an upregulation of markers for AD
severity, including T helper 2 (Th2)-skewed markers (interleukin (IL)-13, CCL17, CCL22,
IL-5) in the nonlesional skin of the forearm, which was associated with a reduced NMF
content.” The current results do not show a correlation between acute disease sever-
ity and NMF measurement on the thenar eminence. The hypothesis is that the NMF in
the SC of the thenar eminence is less affected by an acute upregulation of the immune
response because the SC on the thenar is much thicker and has a much slower turnover
time as compared to the SC on the forearm. Determining both cytokines and NMF values
in the SC of the thenar eminence and correlating this to disease severity could support
our hypothesis.

Major strengths of this study are the application of the non-invasive NMF measurement
in an unselected multi-ethnic patient cohort and the use of a novel technique to detect all
mutations leading to a premature protein termination in FLG. Especially in this multi-ethnic
population, screening of only the most common mutations is not sufficient and will lead to
an underrepresentation of patients with FLG mutations. A limitation is that patients were
instructed not to apply any topical therapies on the thenar eminence 24 hours before the
measurement, but information on the use of these ointments during the rest of the week
before the visit was missing. Previous research has suggested that topical corticosteroid
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treatment could decrease the level of NMF in the SC of both mice and humans.*® Because
of the relative thickness of the SC on the thenar and since eczematous lesions on the
thenar eminence, needing control by topical corticosteroids are uncommon, and in part of
the children ointments are applied by their parents/guardians, we think this had a minor
impact on our results.

Future research should focus on other factors, next to FLG-null variants, leading to a reduc-
tion in NMF. This knowledge will lead to a better understanding of the pathogenesis in AD
since a large proportion of AD patients does not have a mutation in FLG. Furthermore, the
use of NMF should be further evaluated as a predictor for treatment outcome to enable
personalized treatment.

In conclusion, we validated that the NMF content in the SC of the thenar eminence can be
used as a biomarker for FLG mutation status in an unselected clinical cohort of children
with AD from different ethnical backgrounds. NMF measurement can be used in daily
practice to identify patients with a high risk to develop a more severe phenotype and to
stratify patients in future clinical studies to evaluate treatment response.
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SUPPLEMENTARY MATERIAL

Table S1. Disease severity per category

Total study population® FLG*® (n=71) FLG ° (n=30) p-value®
(n=101)
EASI score®, n(%) 0.24

Clear 1(1.0) 1(1.4) -

Almost clear 10(9.9) 9(12.7) 1(3.3)

Mild 39 (38.6) 28 (39.4) 11(36.7)

Moderate 34 (33.7) 23 (32.4) 11(36.7)

Severe 9(8.9) 5(7.0) 4(13.3)

Very severe 1(1.0) 1(1.4) -

Abbreviations: EASI, Eczema Area and Severity Index; FLG®, wild-type patients; FLG, patients with >1
mutation(s) in filaggrin gene; n,number. *Information on disease severity was missing for 7 (6.9%) patients
in the total study population. "Information on disease severity was missing for 4 (5.6%) patients in the FLG"
group. ‘Information on disease severity was missing for 3 (10.0%) patients in FLG” group. °Chi-square test. 0

= clear; 0.1- 1.0 = almost clear; 1.1-7.0 = mild; 7.1-21.0 = moderate; 21.1-50.0 = severe; 50.1-72.0 = very
2
severe

Table S2. Comparison of new determined cutoff value with previously published cutoff value

Number of patients® (n=780)

Low NMF, n(%)

Cutoff 1.03 a.u. 215 (27.6)

Cutoff 1.07 a.u. 225 (28.8)
Normal NMF, n(%)

Cutoff 1.03 a.u. 565 (72.4)

Cutoff 1.07 a.u. 555 (71.2)

Abbreviations: a.u, arbitrary unit; n, number; NMF, natural moisturizing factor. “The percentages shown are
derived from the total study population with a valid NMF measurement (n=780). The cutoff value of 1.03 a.u.

was determined with the data used in this manuscript. The cutoff value of 1.07 a.u. was previously deter-
mined by O’Regan et al.!

Table S3. Multivariate linear regression model testing the association between EASI score and NMF value.

Standardized beta (95% CI) p-value
FLG mutation status® -0.70 (-0.59, -0.38) <0.01
Sex -0.06 (-0.13, 0.01) 0.45
Age -0.06 (-0.13, 0.01) 0.43
EASI score® -0.04 (-0.01, 0.00) 0.58

Abbreviations: Cl, confidence interval; EASI, Eczema Area and Severity Index; FLG, filaggrin gene; n,number.
°FLG mutation status (wild type vs. mutation carriers). "EASI score (range 0-72).
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Figure S1. NMF content by FLG genotypes
Pairwise comparison showed significant different NMF amount between three FLG genotypes (Mann-Whit-
ney U test). Wild-type patients had median NMF content of 1.26 a.u. (IQR 1.18-1.37) and median value of
0.83 (IQR 0.75-0.96) and 0.54 (0.14-0.62), respectively for patients with one and two mutations in FLG. Cutoff
value 1.03 (a.u.)
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Chapter 5.1

ABSTRACT

Background

The skin microbiome, characterized by an overgrowth of Staphylococcus (S.) aureus, plays
an important role in the pathogenesis of atopic dermatitis (AD). Multidisciplinary treat-
ment in alpine climate is known for its positive effect on disease severity in children with
AD and can result in a different immune response compared with moderate maritime
climate. However, the effect on the composition of the skin microbiome in AD is unknown.

Objective
To determine the effect of treatment in alpine climate and moderate maritime climate
on the microbiome for lesional and nonlesional skin in children with difficult to treat AD.

Methods

This study is part of the DAVOS trial (ISRCTN88136485), a pragmatic randomized con-
trolled trial in which 84 children with difficult to treat AD were randomized to a six-week
personalized integrative multidisciplinary treatment in either alpine climate (intervention)
or moderate maritime climate (control). Before and directly after treatment, swabs were
collected from the lesional and nonlesional skin and analyzed using 16S rRNA sequencing.
Additional quantitative (q)PCR for S. aureus and S. epidermidis was performed.

Results

Alpine climate treatment led to a significant change in the microbiome on lesional skin,
whereas no significant change was found after moderate maritime climate. On both le-
sional and nonlesional skin, we observed a significant increase in Shannon diversity and
a significant decrease in both Staphylococcus genus abundance and S. aureus load after
alpine climate treatment. The decrease in S. aureus was significantly larger on lesional skin
following alpine climate treatment compared with moderate maritime climate treatment.

S. epidermidis load was stable over time.

Conclusion

Alpine climate treatment leads to significant changes in the composition of the skin micro-
biome in children with AD, mainly caused by a reduction in the Staphylococcus genus. This
study shows new perspectives in the potential mode of action for therapies in AD.
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INTRODUCTION

Atopic dermatitis (AD) is a chronic, relapsing skin disease with a prevalence of 10-20%
in West-European children.! AD is characterized by immunological changes, skin barrier
dysfunction and changes in the microbial composition on the skin, influenced by genetics
and environmental factors. While the skin barrier and the immune system were the most
important factors in AD etiology, the role of the skin microbiome gained more attention
due to development of new molecular methods.? * The skin microbiome is in constant
interaction with the skin barrier and immune system, reinforcing the process of inflam-
mation.”® The skin in AD is characterized by an overgrowth of Staphylococcus (S.) aureus
and analysis of the skin microbiome in different disease states of AD showed a correlation
between the abundance of S. aureus and disease severity, with a higher load during dis-
ease flares.” Also, a reduced diversity of other bacteria on the skin was found.®®

AD treatment involves epidermal barrier repair using emollients, anti-inflammatory
therapy using corticosteroids and trigger avoidance. In cases of severe (or infected) AD,
systemic treatment and antimicrobial therapy is used.” '° Alpine climate therapy has been
used in patients with asthma and AD for decades. This climate is characterized by lower
exposure to allergens and pollution and an increased ultraviolet radiation (UV-R)."™ The
rationale of alpine climate therapy is mainly based on trigger avoidance and dampening
the immune response. A recent study exploring the underlying immunological effects of
alpine climate therapy found a significant reduction in blood eosinophils and an increase
in circulating memory B cells, CD8+ T cells and T helper (Th)2 cells which reflected a reduc-

tion in disease severity.**®

It is known that climate factors can influence the skin microbiome. A study performed
in healthy individuals within different humidity and temperature conditions showed an
effect on the quantities of bacteria on the skin.!” Furthermore, UV-R can modulate the
skin microbiome by causing direct microbial DNA damage and by affecting the immune

system.'®?!

Evaluation of alpine climate treatment has mainly focused on the immune system. The
effect of alpine climate on the skin microbiome is still unclear. Identification of the skin
microbiome and factors influencing the microbial composition might help in developing
treatment strategies that improve disease severity by targeting the microbiome. There-
fore, the aim of this study was to assess the effect of alpine climate treatment on the skin
microbiome in children with difficult to treat AD in a randomized controlled trial (RCT),
comparing 6 weeks of alpine climate treatment with treatment in moderate maritime
climate.”
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METHODS

Study design

This study is incorporated in the DAVOS-trial, a pragmatic RCT including children with dif-
ficult to treat AD. The trial is registered at Current Controlled Trials (ISRCTN88136485). The
detailed study protocol and primary outcomes have been published previously.?> ?* Briefly,
Dutch children and adolescents were randomized to a six-week personalized integrative
multidisciplinary (PIM) treatment in either a clinic in the Swiss alps at 1560 meters (inter-
vention, alpine climate group) or an outpatient treatment program in the Netherlands in
moderate maritime climate (control, moderate maritime climate group). Patients were
assessed before the start of treatment (time point T0O) and within 72 hours after the end
of the six-week treatment (time point T1). All study assessments were performed in the
Netherlands. Study procedures were reviewed and approved by the Medical Ethics Com-
mittee of the University Medical Center Utrecht, the Netherlands (reference 09-192/K).
This study involves secondary outcomes of this trial.

Participants

Dutch children between 8 and 18 years old with difficult to treat AD were eligible for
participation in the study. We defined difficult to treat AD as the need for at least a class
3 topical corticosteroid and not being able to step down, or current use of systemic im-
munosuppressive treatment, or repeated treatment with potent topical corticosteroids
or systemic immunosuppressive treatment, or a history of use of systemic treatment,
or a significant impact of AD on the child’s or the families quality of life, or seemingly
unresponsive to conventional therapy according to current guidelines.” All patients and
if needed, their parents provided written informed consent. Demographic data were
extracted from questionnaires and the electronic patient file. Microbiome samples were
obtained prior to and after the end of the six-week treatment in the Wilhelmina Children’s
Hospital Utrecht, the Netherlands.

Microbial samples

Microbial samples were collected from the lesional and nonlesional skin. Samples taken
from the lesional skin were preferably taken from the antecubital fold or the popliteal fold.
Nonlesional skin samples were taken from the volar arm if possible. Sterile cotton swabs
soaked in NaCl 0.9% were used to collect all samples. Skin samples were collected by
rubbing the skin for 30 seconds. All samples were stored at -80°C until further processing.

DNA isolation and qPCR

For DNA isolation phenol extraction and magnetic beads were used (Agowa mag Mini DNA
isolation kit; LCG). First, 150 uL from the sample was added to 350 pL lysis buffer, 500 uL
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Phenol (Tris pH 8) and 500 pL 0,1 mm zirconium beads. This mixture was mechanically
disrupted with a beadbeater (Biospec products, Bartelsville) twice for 2 minutes, followed
by centrifuging for 10 minutes at 1690 RCF to separate the aqueous and phenolic phases.
The aqueous phase was purified using AGOWA mag Mini DNA isolation kit. The bacterial
DNA concentration measured after DNA extraction was performed using universal 16-S
gPCR (16S-uni-I-F (5’- CGA AAG CGT GGG GAG CAA A -3’), 16S-uni-I-R (5’- GTT CGT ACT CCC
CAG GCG G -3’), 16S-uni-| MGB Taqman® probe (5’- ATT AGA TAC CCT GGT AGT CCA -3’)
with FAM™ label). S. aureus and S. epidermidis load were quantified using multiplex qPCR
with the following combination of primers and probes: 16S-S.aur-F1 (5’-GCG AAG AAC CTT
ACC AAA TCT TG-3’), 16S-S.aur-R1 (5’-TGC ACC ACC TGT CAC TTT GTC-3’), 16S-S.aur MGB
Tagman’ probe (5’-CAT CCT TTG ACA ACT CT-3’) with NED™ label. 165-S.epi-R1 (CAT GCA
CCA CCT GTC ACT CTG T) and the 16S-S.epi MGB Tagman probe (CCT CTG ACC CCT CTA G)
with VIC label. 40 cycli of gPCR were performed. The DNA concentration was reported as
log10 transformed, femtogram per microliter (fg/ul) in this paper. Detailed information
about the DNA concentrations before log transformation are noted in Table S1.

16S rRNA sequencing and taxonomic classification

Microbiome analysis was performed with massively sequencing of the 16S rRNA gene
using V4 hypervariable region on the lllumina MiSeq sequencer (lllumina, San Diego, CA).
Barcoded DNA fragments spanning the V4 hypervariable region were amplified with a
standardizing level of template DNA (1 ng). This was used to prevent over-amplification.
Amplicons, generated using adapted primers F515 and R806 (using 30 PCR cycles), were
bidirectionally sequenced using the MiSeq system.”* Samples containing insufficient
amounts of DNA did not result in usable sequence data and were therefore omitted.
Pre-processing and classification of sequences was performed using the Mothur V.1.31.1
software platform. To assign taxonomic names, the Ribosomal Database Project (RDP)
Classifier was used.” Technical performance was checked by using standardized mock
communities. Negative control samples of the lysis buffer did not show signs of contami-
nation. A genus table with raw read counts was generated for downstream analysis.

Statistical analysis

Our statistical analyses were performed in patients with available data at both time points
per outcome. Shannon diversity index was calculated at genus level on non-subsampled
unfiltered data. For further analysis of the microbiome we used non-subsampled genus
tables and excluded genera with a relative abundance lower than 0.0001. Prior to ordina-
tion analysis, the filtered genus tables were square root transformed with subsequent
application of Wisconsin double standardization. To visualize bacterial community
compositions, Bray-Curtis distance based multidimensional scaling (MDS) was used. Per-
mutational multivariable analysis of variance (PERMANOVA) was used to determine
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significant changes in microbiome. To assess if the change in microbiome was significantly
different between both treatment groups we used the covariates ‘time point’ (TO and
T1) and ‘treatment group’ (alpine climate and moderate maritime climate) as interaction
terms in this model. If any statistically significant difference was detected, we obtained
PERMANOVA coefficients to determine which genera contributed most to this change.?
To detect changes in relative abundance within the 10 most abundant genera over time,
we performed univariate analysis using a negative binomial generalized linear model.”

In depth analyses were performed for S. aureus and S. epidermidis by comparing log10
transformed concentrations (fg/uL). Undetectable DNA concentrations were noted as
equal to zero and referred to as negative. A Linear Mixed-Effect model with post hoc
analysis was used to assess the changes in S. aureus and S. epidermidis abundance. The
differences between both treatment groups were assessed by calculating the interaction
between covariates ‘time point*treatment group’. This statistical model was also applied
to Shannon diversity index.

Statistical analyses were performed in SPSS (version 21) and R software (version 3.5.1). Lin-
ear Mixed-Effect models were performed using ‘Ime’ and ‘Ime4’ package. Post hoc analysis
was performed with ‘multcomp’ package and corrected for multiple testing.?® > We used
the packages ‘ape’ and ‘vegan’ for MDS and PERMANOVA respectively.?® In this model, we
accounted for repeated measurements using the ‘strata’ argument. The changes in rela-
tive abundance for the 10 most abundant genera were analyzed using package ‘DESeq2’.”’
‘ggplot 2’ was used for visualization.?* A p-value of < 0.05 was considered statistically
significant.

RESULTS

Study subjects

A total of 84 patients were randomized of whom 79 patients started the intervention. Two
patients from the moderate maritime climate group did not complete the intervention
and sequencing data and gPCR data was missing for two other patients in this group.
This resulted in 75 patients in our study: 38 patients in the alpine climate group and 37
patients in the moderate maritime climate group (Figure 1). Demographic data, comor-
bidities and disease severity were not significantly different between both groups at the
start of intervention (Table 1). The median EASI score at TO was 39.0 (interquartile range
(IQR) 18.7-59.3) for the alpine climate group and 40.8 (IQR 22.2-52.8) for the moderate
maritime climate group.
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Excluded (n=3)
2: delay to start intervention
: not willing to stay in Davos

Randomized

| =]

. . . Assigned t derat:
Assigned to alpine climate gach o ocerate
N=41 maritime climate
N=43
Excluded (n=2)
1: emergency intervention
1: travelling too time consuming
Started intervention (T0) Started intervention (T0)
N=38 N=41
Completed intervention (T1) Completed intervention (T1)
N=38 N=39
i Excluded (n=2)
2: no swabs collected
Analyzed in this study Analyzed in this study
N=38 N=37

Figure 1. Flowchart of study participants

Table 1. Baseline characteristics

Alpine climate group (n=38) Maritime climate group (n=37)

Sex (female), n(%) 17 (44.7) 19 (51.4)
Age, mean + SD 13.1£2.5 12.8+2.4
Age of AD onset < 6 months, n(%) 6(15.8) 5(13.5)
Asthma®, n(%) 25 (65.8) 29 (78.4)
Rhinitis®, n(%) 34 (89.5) 32 (86.5)
Food allergy", n(%) 26 (68.4) 26 (70.3)
SA-EASI, median (IQR) 39.0(18.7-59.3) 40.8 (22.2-52.8)
Topical corticosteroids®, n(%)

None 1(2.6) 1(2.7)

Moderate 1(2.6) 3(8.1)

Potent 35(92.1) 30 (81.1)

Very potent 1(2.6) 3(8.1)
Systemic medication, n(%)

Prednisone 3(7.9) -

Cyclosporine 1(2.6) 4(10.8)
Oral antibiotics, n(%) - 1(2.7)
Positive for S. aureus, n(%)°

Lesional skin 29 (76.3) 28 (75.7)

Non-lesional skin 19 (50.0) 18 (48.6)
Positive for S. epidermidis, n(%)®

Lesional skin 35(92.1) 36 (97.3)

Non-lesional skin 36 (94.7) 35 (94.6)

Abbreviations, AD, atopic dermatitis; SA-EASI, Self-Administered Eczema Area and Severity Index; SD, stan-
dard deviation. “Asthma was diagnosed based on spirometry reversibility testing and Methacholine Challenge
Test. "Rhinitis was diagnosed based on assessment by a pediatrician. “Food allergy was defined as a positive
double-blind placebo-controlled food challenge (DBPCFC) or convincing clinical history (a reported Type | al-
lergic reaction with acute symptoms within 2 hours after ingestion of the food) in combination with sensitiza-
tion to the specific food allergen. “UK potency system used. °determined using gPCR methods
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Sample characteristics

Lesional and nonlesional skin samples were collected from all 75 patients in this study at
both time points and were analyzed using qPCR techniques. Sufficient amount of DNA to
perform 16S rRNA sequencing was available at both time points in 49 patients for lesional
skin and 45 patients for nonlesional skin (Figure S1). Patient characteristics of missing
data did not differ from the study group. A total of 1603092 sequences (median 9600; IQR
3516-26420) were obtained from the 98 lesional samples and 1949477 sequences (me-
dian 28780; IQR 6007-347885) from the 90 nonlesional samples. All sequences belonged
to 603 genera, of which 213 remained after filtering. The 10 most abundant genera on
lesional and nonlesional skin, before and after both treatment regimens, are shown in
Figure S2. Staphylococcus was predominant in all groups followed by the Corynebacterium
genus and Streptococcus genus.

The effect of alpine climate treatment on the microbial composition

We visualized the microbiome separated for lesional (Figure 2) and nonlesional skin (Figure
S3). Before the start of treatment, the microbial composition did not differ significantly be-

0.4
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= @ @® Alpine climate

0.0

o o
-0.2
-0.2 0.0 0.2 0.4
MDS1

Figure 2. Bray-Curtis-distance based multidimensional scaling plot showing the microbiota of the lesional skin
samples before and after the six week intervention period in alpine climate and moderate maritime climate
For ordination analysis, genus tables were standardized using square root transformation with subsequent
application of Wisconsin double standardization. The change in microbiome was significant for patients treat-
ed in alpine climate (PERMANOVA: R2=0.035, p=0.01). No significant change was observed after moderate
maritime climate treatment (PERMANOVA: R2=0.011, p=0.81). Abbreviations: TO, before the start of the in-
tervention period; T1, after six weeks of treatment.
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tween both treatment groups (PERMANOVA: lesional skin: R?=0.025, p=0.25, nonlesional
skin: R?=0.025, p=0.22). After six weeks of alpine climate treatment, a significant shift in the
microbiome was observed on lesional skin (PERMANOVA: R?=0.035, p=0.01), whereas no
significant change occurred after treatment in moderate maritime climate (PERMANOVA:
R?=0.011, p=0.81). The observed change on lesional skin after alpine climate was mainly
driven by the Staphylococcus genus with a coefficient which was 2.7 times larger than for
other genera (Figure S4). The interaction ‘time point*treatment group’ was not significant,
indicating that the change in the microbiome was not significantly different affected by
treatment protocol (p=0.19). The microbiome on nonlesional skin did not change signifi-
cantly following either treatment (Figure S3).

Compared to baseline, Shannon diversity index was significantly increased after alpine
climate treatment on both lesional and nonlesional skin (p<0.01 and p=0.02, respectively).
This was not observed after moderate maritime climate treatment (p=0.26 and p=0.70, re-
spectively). The change in Shannon diversity index was not significantly different between
both treatment groups (lesional skin p=0.26, nonlesional skin p=0.07) (Figure 3).

Effect of alpine climate treatment on the abundance of the 10 most abundant genera

The Staphylococcus genus showed a significant reduction in the group treated in alpine
climate on both lesional and nonlesional skin (p<0.01). In the moderate maritime climate
group, a significant reduction in Staphylococcus genus was found on lesional skin (p<0.01).
The other 10 most abundant genera, as noted in Figure S2, were not significantly affected
by both treatment regimens (Figure S5).

Effect of alpine climate treatment on S. aureus and S. epidermidis

To gain more insight in the Staphylococcus genus, additional gPCR was performed to iden-
tify S. aureus and S. epidermidis. qPCR data was available for all participants and included
in our analysis (n=75). In the total study population, 57 (76.0%) patients were positive for
S. aureus on lesional skin at TO (alpine climate group: n=29 (76.3%), moderate maritime
climate group: n= 28 (75.7%), Table 1). At T1, 40 (53.3%) patients remained positive on
lesional skin (alpine climate group: n=16 (42.1%), moderate maritime climate group: n=24
(64.9%)). The S. aureus colonization rates were slightly lower on nonlesional skin (Table
1). After six weeks of treatment, the decrease in S. aureus load on lesional skin was sig-
nificantly different in patients treated in alpine climate compared to moderate maritime
climate (p=0.02)(Figure 4). After alpine climate treatment S. aureus reduced from a me-
dian of 2.6 fg/uL log10 (IQR 0.1-3.4) at TO to 0.0 fg/uL log10 (IQR 0.0-0.9) at T1 (p<0.01),
due to the proportion of patients with undetectable S. aureus concentration at T1. In the
moderate maritime climate group, S. aureus decreased from a median of 2.0 fg/uL log10
(IQR 0.3-3.0) to 1.1 fg/uL log10 (IQR 0.0-2.7) (p=0.11). On nonlesional skin, a significant
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A. Lesional skin B. Nonlesional skin
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Figure 3. Shannon diversity index of skin samples before and after the six week intervention period in alpine
climate and moderate maritime climate

Shannon diversity index represents the number of different genera (richness) and how even they are distrib-
uted (evenness). The boxes represent the 25th percentile, median, and 75th percentile. Statistical analysis
was performed using a Linear Mixed-Effect model with post-hoc analysis. A: Lesional skin samples. Com-
pared to baseline, significant differences in Shannon diversity index were found after treatment in alpine
climate (p<0.01). No significant change was observed after moderate maritime climate (p=0.09) or between
both treatment groups (p=0.26). B: Nonlesional skin samples. Compared to baseline, significant differences
in Shannon diversity index were found after treatment in alpine climate (p=0.02). No significant change was
observed after moderate maritime climate (p=0.70) or between both treatment groups (p=0.07). Abbrevia-
tions: TO, before the start of the intervention period; T1, after six weeks of treatment.

drop in S. aureus load was observed after treatment in alpine climate with a median of
0.4 fg/uL log10 (IQR 0.0-2.1) at TO and 0.0 fg/uL log10 (IQR 0.0-1.0) at T1 (p<0.01) (Figure
S6). S. epidermidis was positive in 71 (94.7%) patients in the total study group on both
lesional and nonlesional skin at TO, compared to 72 (96%) and 74 (98.7%) for lesional and
nonlesional skin at T1 (Table 1). S. epidermidis load was not affected by either treatment

protocol (Figure 4 and S6).
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Figure 4. Quantitative PCR results of the lesional skin samples for S. aureus and S. epidermidis before and after
the six week intervention period in alpine climate and moderate maritime climate

The results for S. aureus and S. epidermidis loads are shown using log10 transformed data. A significant differ-
ence in S. aureus load was found after alpine climate treatment (p<0.01). S. epidermidis was stable during the
treatment period. The decrease in S. aureus load was significantly larger after alpine climate compared to mod-
erate maritime climate (p=0.02). The boxes represent the 25th percentile, median, and 75th percentile. Dots
represent individual samples. Statistical analysis was performed using a Linear Mixed-Effect model with post-hoc
analysis). Abbreviations: TO, before the start of the intervention period; T1, after six weeks of treatment.

DISCUSSION

This study showed that alpine climate treatment affects the microbiome on both lesional
and nonlesional skin in children with difficult to treat AD. We found a significant change in
the overall skin microbiome on lesional skin after six weeks of alpine climate treatment,
whereas no significant change was observed after moderate maritime climate treatment.
Moreover, a significant change was observed on both lesional and nonlesional skin in
Shannon diversity index, Staphylococcus abundance and S. aureus load in particular. The
reduction in S. aureus load was significantly larger when compared to moderate maritime

climate.

This is the first study describing the effect of alpine climate treatment on the skin micro-
biome in patients with AD. Alpine climate offers favorable features for patients with AD,
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including lower exposure to allergens and pollution and an increased UV-R.™"*?

Moreover,
children treated in alpine climate were separated from their parents and intensively moni-
tored by the multidisciplinary treatment team. This treatment setting in alpine climate
has beneficial effects on disease severity and was shown to affect the immune response
(blood eosinophils, memory B cells, CD8+ T cells and Th2 cells).** ** 3 Besides effects on
the immune system, studies also proposed that geographical variability, with variation in
UV-R, can influence the skin barrier and the microbiome.” ** Although this study shows
a change in the skin microbiome after alpine climate treatment, we cannot prove that
the observed effect is directly caused by the alpine climate or through the effect on the

immune system or treatment setting.

After alpine climate treatment, we found a significant increase in Shannon diversity in-
dex and a significant reduction in S. aureus load on both lesional and nonlesional skin.
Moreover, the decrease in S. aureus load on lesional skin was significantly different from
the maritime climate group (p=0.02). In a previous paper, describing the effectiveness
of alpine climate treatment in this study population, a significantly larger decrease in
disease severity was observed following alpine climate treatment than maritime climate
treatment (p<0.01). The SA-EASI score decreased from a median of 39.0 (IQR 18.7-59.3)
to 2.6 (IQR 0.3-6.2) and 40.8 (IQR 22.2-52.8) to 12.0 (IQR 3.6-22.1) after six-week treat-
ment in alpine climate and moderate maritime climate respectively.”® Literature shows a
positive correlation between the abundance of Staphylococcus, in particular S. aureus,
and disease severity in patients with AD.*®3* A decrease in disease severity also leads
to higher bacterial diversity.” It is likely that our results are affected by the differences in
disease severity. However, it is unknown whether the S. aureus abundance is a result or a
cause of changes in disease severity. More studies with frequent sampling around flares
are needed to answer this question.

Compared to lesional skin, we were not able to detect a change in the microbiome on
nonlesional skin after alpine climate treatment. However, the changes in Shannon diver-
sity index, Staphylococcus abundance and S. aureus after alpine climate treatment were
significant for both lesional and nonlesional skin. Nonlesional skin in AD is known to differ
from both lesional AD skin and healthy skin.*>*® This can be explained by the impaired
skin barrier in patients with AD, which also affects nonlesional skin and makes it more
susceptible to penetration of allergens and bacteria than healthy skin.*’” A previous study
investigating the effect of topical corticosteroids and bleach baths in patients with AD, also
showed a significant change in microbial composition after treatment on lesional skin, but
not on nonlesional skin.® This is in line with our findings. A possible explanation can be the
higher diversity and lower Staphylococcus abundance, compared to lesional skin, making
changes more subtle. Another explanation can be the lesser impact of disease severity
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and thus inflammation on this skin. Nonlesional skin might tell us more about the effect of

climate than lesional skin which is more subject to the secondary effects of inflammation.

In this study, both lesional and nonlesional skin in AD patients were dominated by the
Staphylococcus genus. These results support previous literature describing an excess of
Staphylococcus, and more specific of S. aureus, in the skin microbiome of patients with
AD.> " *® Other abundant genera included Streptococcus (known to be more present in
children with AD) and Corynebacterium (common in healthy skin microbiome).> * 3
Looking in more depth at the Staphylococcus genus, the prevalence of S. aureus at the
start of intervention was 76.0% and 49.3% for lesional and nonlesional skin respectively.
These percentages are slightly higher than described in a recent meta-analysis on this
subject and might be explained by our inclusion criteria, selecting patients with moderate
to severe AD.* Although patients showed a significant reduction in disease severity in this
study, a large proportion remained positive for S. aureus on the skin (lesional TO: 76,0%,
T1:53,3%. Nonlesional T0: 49,3%, T1: 32,0%). These results suggest that AD symptoms are
not only associated with the presence or absence of S. aureus, but more importantly with
the total S. aureus load on the skin.

We did not find a significant change in S. epidermidis load in our study. The role of S.
epidermidis in the pathogenesis of AD is still unclear and literature on this subject is con-
flicting.” *>*! Due to the inhibitory effect of S. epidermidis on S. aureus, by the production
of bacteriocins, serine protease Esp and phenol-soluble modulins, some correlation may
be expected.””* In a previous study, an increase in S. epidermidis was found during a
disease flare in patients with AD.” In our study the quantities of S. epidermidis were stable
over time despite a drop in S. aureus load and severity following treatment. It is possible
that S. epidermidis is elevated in the acute stadium (flares) as a compensatory mechanism

to control S. aureus, but in a chronic stadium these levels normalized.

This study has a pragmatic design, which makes it hard to assess what contributed most to
the observed outcomes. A characteristic of the alpine climate group, besides the unique
aspects of this climate, was the supervision leading to optimal treatment compliance.
It might be that due to supervision, the application of topical corticosteroids was more
adequately and frequent in this group and could have affected disease severity and the
skin microbiome. Moreover, this study describes secondary outcomes of this trial and
medication use was not applied as exclusion criteria. Previous studies showed an effect
of medication use on the skin microbiome. However, it was not possible to discontinue
medication use in this group of patients with difficult to treat, moderate to severe dis-
ease.®* During this study, the use of medication was carefully monitored and showed no

significant differences between both treatment groups. Results for patients using systemic
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medication at TO did not deviate from the rest of the study population (data not shown).
Moreover, the proportion of patients using topical and/or systemic medication during the
intervention was stable (Table S2).

A limitation of this study was the use of the V4 hypervariable region for sequencing. With
this variable region it is not possible to properly detect the Propionibacterium or to clas-
sify the Staphylococci at species level. To overcome this problem for the Staphylococci, we
determined S. aureus and S. epidermidis abundance with qPCR methods. Since the body
sites which were mainly sampled for this study are usually low or devoid of Propionibac-
terium this should only have had a minor to negligible effect on the data presented here.?

This study encourages to perform explanatory studies with a similar treatment setting in
both climates to confirm the effect of climate conditions alone on the skin microbiome.
Including samples from the skin of healthy subjects in future studies might give us more
information about the differences in the skin microbiome between AD and controls and
assess if a decrease in disease severity (which was observed at T1) leads to a microbiome
more comparable to healthy subjects. Furthermore, it would be interesting to assess if
residents of moderate maritime climate and alpine climate have a distinct microbiome.

In conclusion, six weeks of treatment in the alpine climate affects the skin microbiome
in children with difficult to treat AD which might reflect successful treatment. This study
shows new perspectives in the potential mode of action for therapies in patients with AD
and encourages further investigation of skin microbiome modulating therapies.
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Table S2. Use of concomitant medication during the study period

Alpine climate group

Moderate maritime climate

N=38 N=37

No topical corticosteroid?, n(%)

TO 1(2.6) 1(2.7)

T1 3(8.1) -
Moderate topical corticosteroid®, n(%)

TO 1(2.6) 3(8.1)

T1 5(13.2) 7(18.9)
Potent topical corticosteroid®, n(%)

TO 35(92.1) 30(81.1)

T1 30(78.9) 27 (73.0)
Very potent topical corticosteroid®, n(%)

TO 1(2.6) 3(8.1)

T1 - 3(8.1)
Prednisone, n(%)

TO 3(7.9) -

T1 - -
Cyclosporine, n(%)

To 1(2.6) 4(10.8)

T1 - 1(2.7)
Oral antibiotics , n(%)

TO - 1(2.7)

T1 - 1(2.7)

Abbreviations: TO, before the start of the intervention period; T1, after six weeks of treatment. *UK potency

system used.

Alpine climate treatment

N=38

Moderate maritime

climate treatment
N=37

Lesional skin Nonlesional skin Lesional skin Nonlesional skin

qPCR qPCR qPCR qPCR

N=38 N=38 N=37 N=37
Lesional skin Nonlesional skin Lesional skin Nonlesional skin

165 rRNA segencing 16s rRNA segencing 165 rRNA segencing 165 rRNA segencing
N=21 N=19 N=28 N=26

Figure S1. Flowchart showing the number of patients included in our statistical analysis

Samples containing insufficient amounts of DNA did not result in usable sequence data and were therefore
omitted. Only the patients with available data at both time points were included in this study.
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Figure S3. Bray-Curtis-distance based multidimensional scaling plot showing the microbial communities of the
nonlesional skin samples before and after the six week intervention period in alpine climate and moderate
maritime climate

For ordination analysis, genus tables were standardized using square-root transformation with subsequent
application of Wisconsin double standardization. No significant changes were found after both treatment
regimens. Alpine climate group (PERMANOVA R?=0.026, p=0.15), moderate maritime climate group (PER-
MANOVA R’=0.018, p=0.23). Abbreviations: TO, before the start of the intervention period; T1, after six weeks

of treatment.

Pelomonas

Altererythrobacter
Jeotgalicoccus
Alishewanella

Arthrobacter
Lachnospiraceae Unclassified
Actinobacillus -
Actinomycetospora -

Mitochondria genus incertae sedis

-0.012 -0.008 -0.004 0.004 0.008

Figure S4. Top 10 genera driving the change in microbial composition on lesional skin after alpine climate

o

treatment

The x-axis displays coefficients that represent the contribution of a certain genus to the change in microbial
composition on lesional skin after alpine climate treatment. The contribution of the Staphylococcus genus was
2.7 times larger than for other genera.
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Figure S5. Change in relative abundance for the 10 most abundant genera before and after the six week inter-
vention period in alpine climate and moderate maritime climate

Genus counts were normalized using DESeq regularized-logarithm transformation. Statistical analysis was
performed using univariate analysis using a negative binomial generalized linear model. The Staphylococcus
genus showed a significant reduction in the group treated in alpine climate on both lesional and nonlesional
skin (both p<0.01). In the moderate maritime climate group, a significant reduction in Staphylococcus genus
was found on lesional skin (p<0.01).
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Figure S6. gPCR results of the nonlesional skin samples for S. aureus and S. epidermidis before and after the
six week intervention period in alpine climate and moderate maritime climate

The results for S. aureus and S. epidermidis load are shown using log10 transformed data. A significant dif-
ference in S. aureus load was found after alpine climate treatment (p<0.01). The boxes represent the 25th
percentile, median, and 75th percentile. Dots represent individual samples. Statistical analysis was performed
using a Linear Mixed-Effect model with post-hoc analysis. Abbreviations: TO, before the start of the interven-
tion period; T1, after six weeks of treatment
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Targeted anti-staphylococcal therapy in atopic dermatitis

To the Editor:

Staphylococcus (S.) aureus density is increased in many patients with atopic dermatitis
(AD) and is thought to contribute to the disease pathogenesis, interacting with an altered
skin barrier and immunological changes." S. aureus might induce or aggravate inflamma-
tion via different mechanisms, for example through excretion of virulence factors, even
if the S. aureus overgrowth is primarily caused by other factors.? Current guidelines only
recommend antimicrobial therapy directed against S. aureus in clinically infected AD based
on a Cochrane review where no clinical benefit of short-term antimicrobial treatment in
non-infected AD was found.’

Arguably, long-term anti-staphylococcal treatment, such as antibiotics, might reduce
symptoms in AD.* However, this is undesired because antibiotics can affect the commensal
microbiota and could induce bacterial resistance.’ In contrast, long-term treatment of AD
with an endolysin that targets only S. aureus is feasible. It might improve AD symptoms
and reduce the use of corticosteroids consecutively.” ® Therefore, we aimed to determine
the topical corticosteroid (TCS)-sparing effect and safety of 12 weeks of endolysin treat-
ment against S. gureus in patients with AD.

We performed a double-blind, vehicle-controlled superiority trial (MAAS trial, Clinical-
Trials.gov NCT02840955) in 100 adult patients with TCS-treated, not clinically infected,
moderate to severe AD, which was defined by an Eczema Area and Severity Index (EASI)
of 7.1 to 50.0. After a two-week run-in period to standardize the TCS treatment with
triamcinolone acetonide 0.1% cream, patients were randomly assigned 1:1 to a 12-week
intervention with either a topical endolysin against S. aureus or a vehicle twice daily,
followed by an eight-week follow-up period. The vehicle and recombinant chimeric en-
dolysin, Staphefekt™ SA.100, were provided by Micreos Human Health (Bilthoven, The
Netherlands) and topically applied in a cetomacrogol cream. Details on patient inclusion,
randomization, and study procedures at six assessments are described in a previously
published study protocol (Figure 51).2

The primary outcome, the TCS-sparing effect of endolysin treatment against S. aureus,
was evaluated by the patients, who registered daily use of a TCS (yes/no) over 12 weeks.
Secondary outcomes included differences in TCS use measured in grams, clinical efficacy,
quality of life using the Skindex-29, S. aureus load on the skin, and safety and tolerability
of endolysin treatment. Clinical efficacy was measured using the EASI, Investigators Global
Assessment, Patient-Oriented Eczema Measure, pruritus Numeric Rating Scale, and by
registration of the number of flares. The S. aureus load on the skin was assessed by a semi-
guantitative culture and quantitative polymerase chain reaction (qPCR, Appendix S1).
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Generalized linear mixed-effect models for repeated measurements were used to analyze
the primary and dichotomous secondary outcomes, and linear mixed-effect models were
used for continuous secondary outcomes. Data were analyzed as intention-to-treat and
per-protocol. Furthermore, a subgroup analysis was performed in patients with a positive
S. aureus skin culture at two time points before start of the intervention.

Eighty-eight (88.0%) patients completed the intervention, and 87 (87.0%) completed
follow-up (13% dropout rate, Figure S2). Patients’ characteristics were comparable be-
tween the endolysin and vehicle groups (Table 1). Over the 12-week intervention period
(corresponding to 8400 days for 100 patients), patients in the endolysin group used a TCS
for 1889 (45.0%) days compared with 1566 (37.3%) days in the vehicle group. There was
no statistically significant difference in the probability of TCS use per day between the
groups in the intention-to-treat analysis, per-protocol analysis, and in the subgroup of S.
aureus-positive patients (p = 0.97, p = 0.40 and p = 0.08, respectively, Table 2). Sensitivity
analyses showed no differences in the odds ratio of TCS use per assessment day. Except
for the number of doctor-reported AD flares during the intervention period (per-protocol,
n=2 in endolysin group vs. n=10 in vehicle group, p = 0.03), no statistically significant
differences were found in the secondary outcomes after both intention-to-treat and per-
protocol analyses (Table S1 and S2). At baseline, 62 (64.6%) patients had positive results
for S. aureus based on skin culture and 24 (24.7%) by qPCR. Both methods showed no
significant difference in S. aureus reduction (Table S3 and S4). During the study, one seri-
ous adverse event occurred in the endolysin group eight weeks after the last application
of endolysin cream (pleural effusion with hospitalization), which was considered unlikely
to be related to the study intervention (Table S5 and S6).

Our results are in accordance with data from a Cochrane review showing no significant
effect of short-term anti-S. aureus therapy in patients with non-infected AD.> We cannot
confirm the positive results of other longer-term studies. However, these studies used
broad-spectrum antimicrobials and mainly included patients with signs of bacterial infec-
tion.* Patients with clinically infected AD were excluded from our study, and a possible
effect of anti-S. aureus endolysins in this patient group should be determined in future
studies.

Several hypotheses could explain our results. First, use of triamcinolone in the run-in phase
resulted in a decrease in AD severity (Table 1), which might have masked a possible benefit
of endolysin treatment. Second, daily use of an emollient and good compliance with the
treatment could have resulted in a reduction of triamcinolone use in both the endolysin
and vehicle groups.” Because AD is a heterogeneous disease, anti-S. aureus treatment
might not be suitable for all patients with AD, indicating the need for subphenotyping.
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Table 1. Baseline characteristics

Total (n=100)

Endolysin (n=50)

Vehicle (n=50)

Age

years; median (IQR)
Sex (male)

n (%)
Race, n (%)

American Indian or Alaska Native

Asian
Black or African American
White

Atopic disease, n (%)
Food allergy
Rhinoconjunctivitis
Asthma

EASI, median (IQR)
Screening (V1)
Baseline (V2)

IGA, median (IQR)
Baseline (V2)

POEM, mean (SD)
Baseline (V2)

Pruritus NRS, median (IQR)
Baseline (V2)

Skindex-29, mean (SD)
Baseline (V2)

Use of topical corticosteroids at screening, n (%)

Class 1
Class 2
Class 2-3
Class 3
Class 3-4
Class 4
Unknown

S. aureus skin culture®, n (%)
Positive
Intermediate
Negative
Missing

33.5(25.5-47.5)

55 (55.0)

5(5.0)
10 (10.0)
8(8.0)
77 (77.0)

43 (43.0)
63 (63.0)
47 (47.0)

12.9 (9.2-19.0)
8.0 (5.0-13.5)°

2.0 (2.0-3.0)°

12.9 (6.2)°

3.0 (2.0-4.0)°

35.1(17.1)°

3(3.0)
13 (13.0)
11 (11.0)
44 (44.0)

3(3.0)
18 (18.0)

8(8.0)

56 (56.0)

20 (20.0)

20 (20.0)
4(4.0)

36.5 (25.0-51.0)

24 (48.0)

2 (4.0)

2 (4.0)
5(10.0)
41(82.0)

18 (36.0)
28 (56.0)
25 (50.0)

13.7 (8.9-19.1)
8.3 (5.0-14.7)°

2.0 (2.0-3.0)°

14.5 (8.3-17.0)°

3.0 (2.0-4.0)°

37.3(15.3)°

1(2.0)
6(12.0)
3(6.0)
22 (44.0)
2(4.0)
11 (22.0)
6(12.0)

32 (64.0)
7 (14.0)
9(18.0)
2(4.0)

32.5 (24.0-44.0)

31(62.0)

3(6.0)
8 (16.0)

3(6.0)
36 (72.0)

25 (50.0)
35 (70.0)
22 (44.0)

12.5 (9.2-19.0)
8.0 (4.9-12.9)°

2.0 (2.0-3.0)°

13.0 (8.0-15.0)°

3.0(2.0-4.0)°

32.9 (18.7)°

2(4.0)
7 (14.0)
8 (16.0)
22 (44.0)
1(2.0)
7(14.0
4(8.0)

24 (48.0)

13 (26.0)

11 (22.0)
2(4.0)

Abbreviations: EASI, Eczema Area and Severity Index; IGA, Investigators Global Assessment; IQR, interquartile
range; NRS, Numeric Rating Scale; POEM, Patient Oriented Eczema Measure; SD, standard deviation, S. au-
reus, Staphylococcus aureus. Missings: *n=3 (3.0%), "n=2 (4.0%), “n=1 (2.0%). “Positive is defined as having a
positive culture at visit 1 and visit 2a; intermediate is defined as having one positive culture and one negative
culture at visit 1 and visit 2a; negative is defined as having two negative cultures at visit 1 and visit 2a.
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Table 2. Generalized Linear Mixed-Effect model results for the difference in topical corticosteroid use per day
during the 12-week intervention period

Analysis Time period Patients included in Topical corticosteroid OR (95% Cl) P-value®
or time point analysis use ‘yes’, n (%)
in days from Endolysin, Vehicle,n Endolysin, Vehicle, n
baseline n n (%) (%)
Intention- Intervention 0.97
to-treat 14 40 37 26 (65.00) 20 (54.05) 0.99(0.95-1.03)  0.49
42 37 37 26(70.27) 22(59.46) 0.99 (0.78 —1.24) 0.91
84 30 34 18 (60.00) 21(61.76) 1.04(0.87 —1.23) 0.68
Per- Intervention 0.40
protocol 14 22 21 14 (63.64) 10(47.62) 1.09(0.98—1.21) 0.10
42 17 18 12(70.59) 11(61.11) 1.36 (0.84—2.20) 0.21
84 13 13 7(53.85) 5(38.46) 1.69(1.14-251)  0.01
S. aureus Intervention 0.08
positive® 14 26 16 17(65.38) 7(43.75) 0.87(0.78-0.96)  0.01
42 22 17 16(72.73) 8(47.06) 0.85 (0.49 — 1.48) 0.56
84 18 15 11(61.11) 11(73.33) 1.29(0.84—1.96) 0.24

Given the low number of patients using escape medication (n=>5), we did not correct for its use. *Overall effect
of endolysin treatment during intervention period was calculated with a Likelihood-Ratio test, the effect per
time point using a Wald test with t-distribution. "Defined as having a positive culture both at visit 1 and visit 2a
(endolysin n=32, vehicle n=24). Sensitivity analyses, performed by adding/subtracting 0.25 times the standard
deviation to/of the odds, showed no differences in the odds ratio of topical corticosteroid use per assessment
day. Abbreviations: S. aureus, Staphylococcus aureus

Because only 56% of our study population had two consecutive positive S. aureus skin
cultures (indicating persistent colonization) before start of the intervention, the target

population that would probably benefit the most from endolysin treatment was small.

Our data suggest that endolysin treatment has no effect on S. aureus in vivo. However,
patients might have been recolonized with S. aureus from the nose because 73% of them
were nasal carriers (data not shown). Alternatively, cetomacrogol as the basis of the en-
dolysin cream might have created a barrier on the skin that prevented the endolysin to
reach and subsequently kill S. aureus. However, some reduction in S. aureus load would
have been expected in both treatment groups because of the use of TCSs and emollients
in this study, which both have been shown to reduce the S. aureus load on the skin.®°
Nonetheless, it is unclear whether complete eradication of S. aureus is required for clinical
improvement because a case series showed a clear clinical improvement without S. aureus
reduction using a qualitative culture in S. aureus-related dermatoses.® In addition, the
discrepant results between culture and qPCR indicate the complexity of the interpretation
of S. aureus testing. Despite the limitations and outcome, this study provides estimates of
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AD symptoms, use of TCSs, and the percentage of persistent S. aureus carriers that can be

used for future clinical studies.

In conclusion, long-term targeted endolysin treatment against S. aureus in this study was
well tolerated but had no TCS-sparing effect in patients with AD. However, an effect cannot
be excluded because good compliance with the treatment and concurrent application of
TCSs, emollients, or both might have masked a clinical benefit.
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SUPPLEMENTARY MATERIAL

Appendix S1. Microbial methods

a. Microbial sampling methods

Samples of the skin were collected using sterile Copan 490CE.A swabs for culture analysis
and skin scrubs for gPCR analysis. Skin swabs were collected from a skin lesion at the
first visit, preferably located at the antecubital fold or the popliteal fold. For all consecu-
tive visits the swab was collected from the location chosen at the first visit. The scrubs
were collected from the lower arm, adjacent to the antecubital fold according to methods
described previously.” Scrub samples were stored at -80 °C.

b. Semi-quantitative culture and qPCR for S. aureus

Bacterial cultures were performed using routine diagnostic culture procedures, using
blood agar plates and specific S. aureus culture plates (ChromID S. aureus Elite agar
(SAIDE), Biomérieux, France) for overnight incubation and subsequent species determina-
tion by MALDI-TOF (Bruker Daltonics, Bremen, Germany). For DNA isolation 150 ul from
the sample was added to 350 pl lysis buffer, 500 pl Phenol (Tris pH 8) and 500 pul 0.1 mm
zirconium beads. This mixture was mechanically disrupted by bead beating twice for 2
minutes, followed by centrifuging for 10 minutes at 1690 RCF to separate the aqueous and
phenolic phases. The aqueous phase was purified using AGOWA mag Mini DNA isolation
kit. After elution, we used gPCR to determine the total load of S. aureus with the following
primers and probes: 16S-S.aur-F1 (5’-GCG AAG AAC CTT ACC AAATCT TG-3’), 16S-S.aur-R1
(5’-TGC ACC ACC TGT CAC TTT GTC-3’), 16S-S.aur MGB Tagman® probe (5’-CAT CCT TTG
ACA ACT CT-3’) with NED™ label.
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Chapter 5.2

Table S3. Results for the difference in reduction of S. aureus 0.5 hour after first application determined by
semi-quantitative culture

Decrease in semi-
Analysis quantitative culture  Endolysin, n (%)° Vehicle, n (%)° P-value®
of S. aureus®

Intention-to-treat Yes 6(12.5) 4(8.3) 0.74
No 42 (87.5) 44 (91.7)

Abbreviations: S. aureus, Staphylococcus aureus. *Decrease is defined as a decrease of at least 1 point on
semi-quantitative scale (scale ranges from 0-4). °Patients included in analysis in endolysin group: n=49. ‘Pa-
tients included in in analysis in vehicle group: n=48. “P-values were calculated using a Fisher’s Exact test for
categorical data.

Table S4. Results for the difference in reduction of S. aureus from baseline determined by gPCR

Analysis Time period Log10 reduction in qPCR for S. aureus P-value®
Endolysin, n (%) Vehicle, n (%)
Intention-to-treat® Visit 2a to visit 3 3(6.5)% 4 (8.5)¢ 1.00
Visit 2a to visit 5 3(6.8)" 8(18.2)" 0.20
Per-protocol® Visit 2a to visit 3 2(7.1) 3(9.4) 1.00
Visit 2a to visit 5 1(6.3) 5(35.6)' 0.07
S. aureus positive®’  Visit 2a to visit 3 3(33.3) 4(30.8) 1.00
Visit 2a to visit 5 3(33.3) 9 (66.7) 0.20

Abbreviations: S. aureus, Staphylococcus aureus; qPCR, quantitative polymerase chain reaction. *P-values
were calculated using a Fisher’s Exact test for categorical data. "Patients included in endolysin and vehicle
group: visit 2a to visit 3, n=47 and n=47; visit 2a to visit 5, n=44 and n=44. ‘Patients included in endolysin and
vehicle group: visit 2a to visit 3, n=25 and n=29; visit 2a to visit 5, n=16 and n=15. Patients included in endo-
lysin and vehicle group: visit 2a to visit 3, n=9 and n=13; visit 2a to visit 5, n=9 and n=12. “Analysis additionally
to analyses described in the study protocol. S. aureus positive is defined as having a positive qPCR at visit 2a
(endolysin group n=10, vehicle group n=14). Missings: én=1 (2.1%), "n=1 (2.3%), 'n=1 (6.7%).
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Table S5. Incidence of (non-) Treatment Emergent Adverse Events — Overall and per study phase

Total (n=100)

Endolysin (n=50)

Vehicle (n=50)

Patients, Events. N Patients, Events. n Patients, Events. N
n (%) ! n (%) ! n (%) !
Overall (V1-V6) 83(83.0) 183 43 (86.0) 96 40 (80.0) 87
Run-in (V1-V2)
At least 1 non-TEAE 21 (21.0) 27 11 (22.0) 14 10 (20.0) 13
At least 1 serious non-TEAE 0(0.0) 0 0(0.0) 0 0(0.0) 0
At least 1 non-TEAE leading to 0(0.0) 0 0(0.0) 0 0(0.0) 0
study discontinuation
At least 1 non-TEAE leading to 0(0.0) 0 0(0.0) 0 0(0.0) 0
death
Intervention (V2-V5)
At least 1 TEAE 73 (73.0) 125 36 (72.0) 67 37 (74.0) 58
At least 1 serious TEAE 0(0.0) 0 0(0.0) 0 0(0.0) 0
At least 1 TEAE leading to study 3(3.0) 3 1(2.0) 1 2 (4.0) 2
discontinuation
At least 1 TEAE leading to death 0(0.0) 0 0(0.0) 0 0(0.0) 0
Follow-up (V5-V6)
At least 1 TEAE 25(25.0) 31 15 (30.0) 15 10 (20.0) 16
At least 1 serious TEAE 1(1.0) 1 1(2.0) 1 0(0.0) 0
At least 1 TEAE leading to study 1(1.0) 1 1(2.0) 1 0(0.0) 0
discontinuation
At least 1 TEAE leading to death 0(0.0) 0 0(0.0) 0 0(0.0) 0

Abbreviations: TEAE, Treatment Emergent Adverse Event (adverse events after the first endolysin or vehicle

administration); V, visit.
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Table S6. Overall incidence of Treatment Emergent Adverse Events specified

Total (n=100) Endolysin (n=50) Vehicle (n=50)
Patients, Events. n Patients, Events. n Patients, Events. n
n (%) ’ n (%) ! n (%) !
Any Treatment Emergent Adverse 83 (83.0) 183 43 (86.0) 96 40 (80.0) 87
Event
Infectious Diseases (including 47 (47.0) 65 26 (52.0) 40 21 (42.0) 25
bacterial, viral and fungal infections)
Common cold 26 (26.0) 29 18 (36.0) 20 8(16.0) 9
Dental inflammation 1(1.0) 1 1(2.0) 1 0(0.0) 0
Ear infection 1(1.0) 1 0(0.0) 0 1(2.0) 1
Influenza 15 (15.0) 15 7(14.0) 7 8(16.0) 8
Herpes labialis 5(5.0) 6 3(6.0) 4 2 (4.0) 2
Impetiginized dermatitis 1(1.0) 1 1(2.0) 1 0(0.0) 0
Joint and muscle inflammation 3(3.0) 3 2 (4.0) 2 1(2.0) 1
Ophthalmic infection 7(7.0) 7 4(8.0) 4 3(6.0) 3
Pneumonia 2(2.0) 2 1(2.0) 1 1(2.0) 1
Allergies 6(6.0) 6 0(0.0) 0 6(12.0) 6
Food allergy 1(1.0) 1 0(0.0) 0 1(2.0) 13
Allergic rhinoconjunctivitis 3(3.0) 3 0(0.0) 0 3(6.0) 2
Allergic rash 2(2.0) 2 0(0.0) 0 2 (4.0) 2
Metabolic/Endocrine/Nutritional 0(0.0) 0 0(0.0) (1] 0(0.0) 0
Musculoskeletal 2(2.0) 2 1(2.0) 1 1(2.0) 1
Joint and muscle pain 1(1.0) 1 1(2.0) 1 0(0.0) 0
Lower back pain 1(1.0) 1 0(0.0) 0 1(2.0) 1
Dermatologic 24 (24.0) 26 13 (26.0) 14 11 (22.0) 12
Culicosis 1(1.0) 1 1(2.0) 1 0(0.0) 0
Dermatomycosis 5(5.0) 5 4(8.0) 4 1(2.0) 1
Hyperkeratotic eczema of the 2 (2.0) 2 2 (4.0) 2 0(0.0) 0
hands
Intertrigo 1(1.0) 1 0(0.0) 0 1(2.0) 1
Local dry skin 1(1.0) 1 1(2.0) 1 0(0.0) 0
Papules 2(2.0) 2 2(4.0) 2 0(0.0) 0
Paronychia 1(1.0) 1 1(2.0) 1 0(0.0) 0
Perioral dermatitis 2 (2.0) 2 0(0.0) 0 2 (4.0) 2
Pustulosis 6 (6.0) 6 3(6.0) 3 3(6.0) 3
Rosacea 2 (2.0) 2 0(0.0) 0 2 (4.0) 2
Skin lesions of unknown origin 2 (2.0) 2 0(0.0) 0 2 (4.0) 2
Tinea versicolor 1(1.0) 1 0(0.0) 0 1(2.0) 1
HEENT 5(5.0) 5 2(4.0) 2 3(6.0) 3
Increased eye pressure 1(1.0) 1 1(2.0) 1 0(0.0) 0
Tinnitus 1(1.0) 1 0(0.0) 0 1(2.0) 1
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Table S6. Overall incidence of Treatment Emergent Adverse Events specified (continued)

Total (n=100) Endolysin (n=50) Vehicle (n=50)
Patients, Events. n Patients, Events. n Patients, Events. n
n (%) ! n (%) ! n (%) !
Tooth extraction 3(3.0) 3 1(2.0) 1 2(4.0) 2

Respiratory 5(5.0) 5 3(6.0) 3 2 (4.0) 2
Breathing problems 1(1.0) 1 0(0.0) 0 1(2.0) 1
Dyspnea 1(1.0) 1 1(2.0) 1 0(0.0) 0
Exacerbation asthma 2(2.0) 2 1(2.0) 1 1(2.0) 1
Pleural effusion 1(1.0) 1 1(2.0) 1 0(0.0) 0

Cardiovascular 0(0.0) 0 0(0.0) 0 0(0.0) 0

Gastrointestinal/Hepatic 6 (6.0) 6 3 (6.0) 3 3(6.0) 3
Gastroenteritis 6 (6.0) 6 3(6.0) 3 3(6.0) 3

Genitourinary/Renal 0(0.0) 0 0(0.0) 0 0(0.0) 0

Neurologic 2(2.0) 2 1(2.0) 1 1(2.0) 1
Headache 2(2.0) 2 1(2.0) 1 1(2.0) 1

Psychiatric/Psychosocial 2(2.0) 2 1(2.0) 1 1(2.0) 1
Depression 2(2.0) 2 1(2.0) 1 1(2.0) 1

Gynaecologic/Obstetric 1(1.0) 1 0(0.0) 0 1(2.0) 1
Non-specific menstrual complaints 1(1.0) 1 0(0.0) 0 1(2.0) 1

Skin symptoms after application of 45 (45.0) 48 21 (42.0) 23 24 (48.0) 25

study medication
Local reaction after application of 45 (45.0) 48 21 (42.0) 23 24 (48.0) 25
study medication (e.g. wounds,
itch, irritated skin)

Other 14 (14.0) 15 8(16.0) 8 6(12.0) 7
Bruises 1(1.0) 1 0(0.0) 0 1(2.0) 1
Fatigue 2(2.0) 2 1(2.0) 1 1(2.0) 1
Malaise 11(11.0) 12 7(14.0) 7 4(8.0) 5

“HEENT: Head, Eye, Ear, Nose and Throat.
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General discussion

Atopic dermatitis (AD) is the most common inflammatory skin disease, with a great impact
on the quality of life of both patients and their families. Both the pathophysiology and
the clinical presentation of AD are highly heterogeneous due to underlying changes in the
microbial composition, an impaired skin barrier and an altered immunological response.
Although multiple risk factors and key pathogenic aspects have been identified for AD,
it remains largely unknown how these mechanisms interact and how they result in the
inflammation as seen in AD. Increasing insights into the various mechanisms underlying
AD may help to develop preventive and therapeutic interventions. The aim of this thesis
was to gain more insight into the role of the main players in the pathophysiology of AD. In
particular, we focused on (i) the microbiome, characterized by increased Staphylococcus
(S.) aureus abundance and (ii) skin barrier defects caused by mutations in the filaggrin
gene (FLG). This chapter provides a general overview of the main findings and clinical
implications, considering methodological considerations. In addition, we suggest direc-
tions for future research.

THE ROLE OF S. AUREUS IN THE PATHOGENESIS OF AD

Higher S. aureus colonization rates in AD patients have been known for a long time.
However, it remains a topic of discussion whether S. aureus is actively involved in AD
development or is merely a consequence of AD-related skin alterations that are caused by
both physical barrier and immunological defects. Studies investigating whether S. aureus
colonization precedes the clinical diagnosis of AD show conflicting results.** Although
some studies showed associations between early S. aureus colonization and subsequent
development of AD, this does not prove causality.* As described in Chapter 1, the skin
microbiome, skin barrier and immune system form a well-balanced eco-system that con-
tributes to the mechanical and immunological barrier function of the skin. Any dysfunc-
tion in one of the three elements will lead to downstream effects in the other elements,
causing inflammation characteristic of AD. These interactions were also demonstrated
in recent AD studies that observed a decrease in S. aureus abundance after treatment
with corticosteroids or coal tar, that do not have any antimicrobial properties.” ® It can
be hypothesized that skin barrier defects and immunological changes occur well before
diagnosis and lead to increased S. aureus colonization.

Although S. aureus colonization might not be the primary cause in the pathogenesis of
AD, there is evidence that S. aureus can aggravate skin barrier damage and inflammation
by the secretion of virulence factors, including surface proteins and toxins (Chapter 1).
However, this bacterium can be present both as human commensal organism and as a
pathogen causing inflammation.” Literature on the mechanisms that enable S. aureus to
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transform from commensal colonizer to a pathogenic organism in AD is lacking. We aimed
to further investigate the role of S. aureus in the pathogenesis of AD and to assess the
effect of treatment interfering with the skin microbiome.

S. aureus strain diversity in AD

One of the discussed topics is whether AD patients are colonized by different S. aureus
strains as compared to the general population. In addition, it has been suggested that
specific S. aureus strains are associated with a more severe disease and that temporal
variation in colonizing strain can aggravate inflammation.® ° However, literature on this

topic is contradicting.”™

In Chapter 2, S. aureus strains from both nose and skin were characterized using the
spa-typing technique in 96 adult AD patients. Temporal variation in colonizing strain was
investigated over the course of two weeks, in which treatment was standardized with
topical corticosteroids (TSC), and links to disease severity were examined. Our results
showed a great strain heterogeneity among the AD patients, comparable to the general
population. Interestingly, the intra-individual variation was small, with the majority of the
individual patients colonized by the same spa-type in both nose and skin, as well as after
a two-week treatment period that improved the clinical symptoms. No predominant spa-
type nor temporal variation was associated with more severe disease.

Our results were in line with previous publications investigating the genetic composition
of S. aureus, concluding that there are no specific S. aureus strains colonizing AD patients
compared to the general population.’® ™ In addition, our results were in agreement with
previous studies that did not show correlations between S. aureus strains and disease se-
verity.">™® Of important notice is that genetic diversity between strains can be missed with
spa-typing since it is based on a single gene. Whole-genome sequencing (WGS) allows a
more detailed analysis of the relationship between strains.* Nonetheless, a recent study
in pediatric AD patients, using WGS to discriminate between S. aureus strains, showed
results that were similar to our findings.” During disease flares, an increased growth of
the endogenous S. aureus strain was observed. This strain was unique per patient, con-
firming the individuality of strains per patient that is likely affected by host, genetic and
environmental factors.*®

Lessons learned from treatment affecting the microbiome

We can learn a lot about the pathogenesis in AD from evaluating the effect of its treat-
ment. As mentioned above, previous agents without specific anti-microbial effects led to a
reduction in S. aureus abundance by dampening inflammation and restoring the skin bar-
rier function.>® This is in line with results from our thesis. In chapter 2 and 5.2 we showed
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that treatment with TCS in 100 adult AD patients led to a significant reduction in disease
severity and S. aureus load. In addition, children with difficult to treat AD that were ran-
domized to treatment in alpine climate (Chapter 5.1), showed that clinical improvement
was accompanied by a reduction in S. aureus abundance on both lesional and nonlesional
skin. We also observed that complete eradication of S. aureus was not needed for disease
control. These results suggest that S. aureus can be present on AD skin without causing

overt inflammation and that increased abundance is associated with pathogenicity.®’

By specifically targeting S. aureus on the skin of patients with AD, we might learn how a
reduction and/or eradication of S. aureus affects the clinical symptoms in AD. In Chapter
5.2, we evaluated the effect of treatment with an endolysin that selectively targets S.
aureus in adult AD patients with clinically non-infected AD. After a two-week run-in period
to standardize TCS treatment, 100 patients were assigned to a 12-week intervention with
topical endoloysin or placebo. In this study we did not observe a reduction in S. aureus
abundance, the use of TCS or clinical disease severity scores. Based on these results we
could not further unravel the contribution of S. aureus to the pathogenesis of AD. Our re-
sults can be explained by several hypotheses that should be considered in future studies.
First, the use of TCA and emollients in the run-in phase resulted in a significant decrease in
AD severity, which could have masked a possible benefit of endolysin treatment. Second,
since only 56% of the patients were persistently colonized by S. aureus before the start of
intervention, the group of patients that would possibly benefit most from this treatment
was small. Third, both the pathogenesis and clinical symptoms in AD are highly hetero-
geneous. Therefore, it is possible that not all AD patients benefit from treatment that
reduces and/or eradicates S. aureus on the skin.

THE ROLE OF FLG SKIN BARRIER DEFECTS IN THE PATHOGENESIS
OF AD

FLG mutations are a significant risk factor for the development of AD (odds ratio (OR) of
3.12)." However, FLG mutations are neither necessary nor sufficient to develop AD. This
can be demonstrated by the prevalence estimates in the study cohorts that were included
in this thesis. Chapter 3.1 included 358 non-AD children of the Generation R cohort, of
which 6% had a mutation in FLG." The prevalence of mutation carriers in AD patients
ranged from 16% in the 103 AD children of the Generation R cohort (Chapter 3.2) to 40%
in the 77 children of the DAVOS cohort (Chapter 3.1). The difference in the prevalence
estimates is also indirect evidence that FLG mutations are associated with a distinct phe-
notype. Namely, the Generation-R children were a sample of the general population in
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which we expect most children to have mild AD, whereas the children in the DAVOS study
were included based on having difficult to treat AD.

Indeed, numerous studies have associated FLG mutations with AD and show that a muta-
tion in this gene predisposes for early onset AD that persists into adulthood, increased AD
severity and other allergic conditions (i.e., food allergies, asthma, and allergic rhinitis).?**
The exact mechanisms contributing to this disease modification effect remain largely
unknown. Therefore, we aimed to investigate whether FLG mutations lead to alterations
in the microbiome and/or immune cell composition, contributing to the symptoms in AD.
In addition, we investigated the use of a non-invasive biomarker to stratify patients based

on FLG mutation status.

FLG mutations and the microbiome in AD

In Chapter 3.1, we investigated the association between FLG genotypes and the microbi-
ome composition of the nose, lesional and nonlesional skin in 79 children with difficult to
treat AD. We showed that the overall microbial composition was significantly affected by
the sampled niche (nose, lesional skin, nonlesional skin) and FLG mutation status (wild
type vs. mutation carriers). We also performed subgroup analyses to investigate the effect
of FLG mutation status on the microbiome in each separate niche. Within the nose, le-
sional and nonlesional skin separately, no significant association with FLG mutation status
was found. Shannon diversity and S. aureus abundance were significantly affected by the
niche, but not by the presence of a FLG mutation.

The absence of associations between FLG mutation status and S. aureus load was some-
what surprising in comparison to previous in vitro studies.”®?* FLG is mainly thought to
exert its effect through the production of natural moisturizing factor (NMF) in the stratum
corneum (SC).%® In vitro studies have shown that decreased NMF led to increased skin
pH and altered corneocyte adhesion, that facilitated colonization by S. aureus.”* Clinical
studies investigating whether S. aureus colonization is more common in FLG mutation car-
riers compared to wild-type AD patients, showed conflicting results.”> ?° Until now, one
previous study investigated the association between FLG mutation status and the entire
bacterial microbiome on the skin and in the nasal cavity.** Within this population of 56
adult AD patients, the microbiome on the nonlesional skin was significantly associated
with FLG genotype.*

The results from our study indicated that there was only a small effect for FLG mutation
status and/or that there was a lack of statistical power to identify differences in the sub-
group analyses. Another possible explanation for the results in our study and the varying
results among clinical AD studies, is the presence of other factors that affect filaggrin
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expression and contribute to the barrier defect in AD. Especially disease severity has been
shown to downregulate the levels of NMF in both lesional and nonlesional skin through
the overexpression of T helper (Th)22 cytokines.®? As the vast majority of the children in
the DAVOS trial had severe or very severe disease at the moment of microbiome sampling,
filaggrin expression was likely downregulated in both FLG mutant carriers and wild-type
patients.

FLG mutations and T- and B-cell subsets in the general pediatric population and in
children with AD

Chapter 3.2 has been the first study that investigated the impact of FLG mutation status
on circulating immune cell numbers in a general pediatric population. Common FLG muta-
tions (2282del4, R2447%*, R501* and S3247%*) and T- and B-cell subsets were determined in
a population-based birth cohort study (Generation R), including 523 children of European
genetic ancestry and a subgroup of 102 AD patients, selected by parental questionnaires.

In this general pediatric population, we observed higher Th22 cell numbers in children with
a mutation in FLG. This finding might represent the immunological response to an altered
skin barrier caused by FLG mutations. Interestingly, other than the findings in Chapter
3.2, increased numbers of Th22 cells have also been observed in the skin and circulation

of patients with AD.****

As IL-22 contributes to the skin integrity and the defense against
pathogens, we hypothesized that the increased Th22 cell numbers might contribute to
skin homeostasis to prevent further inflammatory processes leading to AD.** * Another
theory is that the higher Th22 could represent some level of inflammation without ap-
parent clinical AD symptoms as is seen in nonlesional skin. However, more studies are
needed to further elucidate the effect of skin barrier defects on immune cells in the skin

and circulation, and the role of Th22 in both AD and non-AD children.

In the subgroup of children with AD, no associations between FLG mutation status and
T- and B-cell subsets were found. This was an interesting finding since FLG mutations allow
increased penetration of irritants, antigens and allergens into the epidermis where they
can interact with antigen-presenting cells and provoke an immunological response.’” In
addition, previous case series with a maximum of six adult AD patients, showed increased
thymus-emigrated regulatory T (Treg) cells, Th2 and Th17 in the circulation of FLG mu-
tation carriers compared to wild-type patients.*® * It should be taken into account that
our subgroup of AD patients was relatively small. Since the AD definition in our study
population was based on ever having physician diagnosed AD before or at the age of 10
year, some children might have outgrown their disease, which could have affected their
immunophenotype. In addition, as we only measured immune cell numbers in the circula-
tion, we could therefore not exclude a migration of immune cells to the skin.*® Also in light
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of these findings, we highlight that the pathogenesis of AD is highly complex with potential
other genetic and environmental factors leading to skin barrier defects that might affect
immune cell numbers in AD. Identifying differences in immune cell numbers in the skin
and circulation in larger groups of individuals might help identify immune profiles based
on FLG mutation status that could help to develop targeted therapies to prevent and/or
treat the symptoms of AD in these subgroups.

NMF as biomarker for FLG mutation status in AD

The exact mechanisms that lead to the transition from inherited barrier defect, caused by
FLG mutations, to the clinical manifestations of inflammatory eczematous lesions remains
to be fully elucidated. However, FLG mutations are a widely replicated major risk factor
for AD and might be used both as a screening marker and as a prognostic biomarker for
early onset, severe AD.*"** Considering that AD commonly affects children, the devel-
opment of non-invasive biomarkers are of added value. The NMF content in the SC of
the thenar eminence has been proposed as biomarker to stratify patients based on FLG
genotype.” *** The SC of the thenar eminence is approximately 100um, compared to a
thickness of 10-15um on the volar aspect of the arm. Therefore it regenerates less quickly
and is thought to be less affected by acute changes in disease severity and to have more
stable levels of NMF.*

In Chapter 5, we investigated the use of measuring NMF in the thenar eminence’s non-
lesional SC with Raman Spectroscopy as potential biomarker for FLG mutation status in a
multi-ethnic population of 101 children with mild to severe AD. Raman spectroscopy can
measure the NMF content in skin rapidly, non-invasively and provides an instant result.
We concluded that the NMF content in the SC of the thenar eminence could accurately
predict FLG mutation status (wild type vs 2 1 mutation) with an area under the curve of
0.93 (95% Cl 0.87-0.99). No correlation was found between acute disease severity and
NMF content, thereby excluding a potential influence of acute disease severity on NMF
values measured on the thenar eminence’s nonlesional skin. The cutoff value for NMF
(1.03 a.u.), that was determined by maximizing of the sum of sensitivity and specificity
(97% and of 87%, respectively), was highly comparable to a previous determined cutoff
value in a selected AD cohort including children from Irish ancestry.®

Among the wild-type patients, 13% had low NMF content in the SC. These low NMF values
in the SC of the thenar eminence were not associated with disease severity. Other factors
that can influence the levels of NMF in the SC are FLG intragenetic copy number variation
(CNV), protease activity (e.g. bleomycin hydrolase (BH) and Caspase 14) and humidity.
4549 Therefore we can argue that NMF measurement is potentially more useful to screen
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for skin barrier defects than genetic analysis, because it measures the functional conse-
quences of all genetic and environmental factors that affect NMF production.

FUTURE PERSPECTIVES

Investigating S. aureus gene expression and antibody responses in the pathogenesis
of AD

Based on our results and previous literature, we assume that no specific strains of S.
aureus colonize AD patients in comparison to healthy individuals. In addition, the majority
of the AD patients is persistently colonized by the same S. aureus strain over the course
of disease, varying from mild/stable disease to disease flare. Therefore it remains to be
elucidated further how this bacterium can be present both as commensal organism and as
pathogen leading to the symptoms of AD.” We suggest two possible mechanisms that are
of interest for future research.

First, it is possible that AD patients have an altered immunological response against S.
aureus that causes the symptoms in AD. A previous publication found that AD patients
more often had IgE antibody response against S. aureus superantigens compared to
healthy controls.* In addition, IgG mediated immune response against immune modulat-
ing S. aureus antigens was associated with disease severity in children with AD.>* As the
antibody response was only directed towards a subset of S. aureus antigens rather than
the entire range of antigens, these results suggest an altered immune response against
specific antigens instead of a reflection of increased S. aureus load in AD.

A second possible mechanism is that S. aureus expresses different genes during different
disease states. This varying gene expression provokes an altered immunological response
leading to the symptoms of AD, varying from mild disease to disease flares and to the
chronic phase characterized by lichenification. Cutaneous AD colonization models, in
which mice were topically colonized with human S. aureus strains, have investigated
the immunological response against 10 phylogenetically distinct S. aureus isolates from
AD patients and controls.”® These results showed that cutaneous T-cell infiltration and
increased epidermal thickening was a common response to S. aureus strains from patients
with a more severe AD flares." In addition, sepsis models have investigated S. aureus gene
expression during different disease states, ranging from asymptomatic colonization to
bacteremia.®® Interestingly, during nasal colonization, adhesin genes were most commonly
expressed, whereas upregulation of immune evasion and exotoxin genes were observed
during bacteremia.’” This shows the ability of S. aureus to transfer from commensal to
pathogen.
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Until now, the differential expression of genes has not been proven for AD and studies
investigating the immunological response against S. aureus are scarce. Therefore, it would
be of interest to determine S. aureus gene expression and immunological responses over
the course of disease and correlate this to the clinical symptoms in AD. This could lead to
further insights into the working mechanisms and the pathogenic role of this bacterium in
the heterogeneous phenotype of AD.

Identify AD patients who might benefit from targeted anti-S. aureus therapy

Based on our results from Chapter 3.2, it can be doubted whether topical endolysin treat-
ment is the most convenient strategy to target S. aureus on the skin. However, major
drawbacks of currently available antimicrobial therapies (i.e., antibiotics and bleach
baths) are the impact on the commensal microbiota and/or the development of bacte-
rial resistance.*®*** Therefore, it is desirable to develop and investigate pathogen-specific
anti-staphylococcal agents for long-term use that do not cause resistance or harm the
beneficial commensal microbiome. Novel targeting strategies are under investigation.
Mouse models and pre-clinical trials showed reduced S. aureus colonization and disease
severity after the application of topical coagulase-negative Staphylococcus (coNS) that
produce highly potent antimicrobial peptides against S. aureus molecules.*®*’ Also other
skin commensal species, vaccines and monoclonal antibodies (moAB) that neutralize one
or more S. aureus toxins are being further investigated, but not yet available for clinical

use.*®>°

It is of interest to identify patients that might benefit from these anti-staphylococcal
agents. Current guidelines do not recommend anti-microbial treatment in clinically
non-infected AD.®” ®* However, based on the results of this thesis we are of opinion that
this heterogeneous group of clinically non-infected AD cannot be considered as a single
entity. The symptoms can vary from mild symptoms to disease flares and S. aureus is also
thought to contribute to the development of the chronic AD lesions that are characterized
by lichenification.®* Therefore novel agents, including endolysins, that specifically target S.
aureus should be investigated in subgroups of AD patients that are clearly defined based

on phenotypic characteristics.

Investigating the benefit of intranasal treatment in AD

In addition to the skin, we suggest to further investigate the added value of pathogen-
specific anti-staphylococcal agents in different niches of the body. In Chapter 2 we showed
high S. aureus colonization rates in the nose of patients with AD. In addition, up to 79%
of the patients positive for S. aureus had identical spa-types in nose and skin, indicat-
ing a role for endogenous S. aureus transmission from nose to skin and/or vice versa.
Intranasal treatment with mupirocin is common in hospitalized patients and has shown
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to be successful in decolonizing other body sites and preventing infection in surgical and
dialysis patients.®**® A randomized placebo-controlled study observed that bleach baths in
combination with intranasal mupirocin over the course of 3 months improved AD symp-
toms, compared to intranasal petrolatum ointment treatment and plain water baths.®
Since other studies investigating the added value of intranasal anti-staphylococcal agents
in AD are lacking, more research is needed.

The use of NMF in future association studies with FLG mutations in AD

FLG genotype is the major determinant of NMF levels in the SC.*” However, reduced levels
of NMF have been observed in both wild-type patients and FLG mutation carriers, mak-
ing skin barrier defects a common trait in AD.®” ® Especially disease severity is thought
to impact the levels of NMF in the SC through the increased presence of Th2 cytokines
(IL-4 and 1L-13).32 Also other mechanisms have impact on the levels of NMF, including FLG
CNV, protease function, humidity and possible unknown mutations in other genes of the
epidermal differentiation complex (EDC).** ¥’ Therefore, it is of interest to investigate the
relative impact of FLG mutations in future association studies. In line with this, we suggest
to measure the functional consequences of the skin barrier defects (i.e., NMF) and correct
for FLG genotype. The exact location for this measurement might depend on the research
question as regional variations in NMF content have been described.® For measuring local
processes, including the microbiome on the skin surface, it would be relevant to measure
NMF at the same location as the microbial swabs are collected. For more acute systemic
processes, including circulating immune cell numbers, nonlesional skin is thought to have
higher correlations with disease severity than lesional skin.”>”* However, as it was recently
shown that the amount of NMF varies in nonlesional skin, depending on distance from the
eczematous skin lesion, there is need for standardization of the sampling location.”

Further determining the clinical utility of determining FLG mutation status in AD

We have highlighted that FLG carriers are at increased risk to develop AD that is associated
with early onset disease, increased AD severity and other allergic conditions (i.e., food
allergies, asthma, and allergic rhinitis).”***> The clinical utility of identifying children with
a mutation in this gene needs to be further determined. We are only at the beginning
of investigating whether AD patients with FLG mutations respond differently to available
treatments.”>”* Interventions to prevent the development of AD in these high risk children
are lacking. Two large randomized controlled trials (RCTs) did not found evidence for daily
emollient treatment in the first year of life to prevent AD in high-risk children (based on
family history and FLG mutation status of the child).”®’® In addition, AD children with FLG
mutations are at increased risk to develop other allergic conditions. Early pro-active in-
terventions in this patient group might prevent the development of allergen sensitization
and associated food allergy, asthma and allergic rhinitis.”” As we have argued that NMF
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measurement is potentially more useful to screen for skin barrier defects than genetic
analysis, clinical trials including both FLG mutation status and NMF measurement should
further determine the translational value of these measurements.

Integrating biomarkers related to the skin barrier, immune system and skin
microbiome

Besides a non-invasive biomarker to determine FLG mutation status, there is need for the
development of other biomarkers. Especially in a disease such as AD with a complex and
heterogeneous pathophysiology and clinical presentation, it is unlikely that currently avail-
able and newly developed highly specific treatments are effective in all AD patients. This
thesis highlighted that a defect in one of the three main pathological aspects, including the
skin microbiome, skin barrier and immune system, is not likely to cause disease on its own.
Alterations in all three aspects and their interactions contribute to the pathogenesis of AD
and are likely to differ per patient and might also change over the lifetime of an individual.
Forinstance, not all patients are carrier of a FLG mutation and not all patients are colonized
by S. aureus. By defining subgroups of patients, based on the underlying disease pathways,
we can stratify this highly heterogeneous disease into endotypes for more personalized
care. Previous research has identified clusters with distinct serum biomarker profiles and
overlapping clinical phenotypes that represented distinct disease endotypes.”® They could
identify clusters that shared a Th2 cytokine—low and pauci-inflammatory mediator state
presenting with a greater frequency of the lichenified skin phenotype.” These patients
would hypothetically benefit less from Th2-targeting agents. Adding S. aureus abundance,
S. aureus gene expression profiles, skin barrier parameters and immunological parameters
in these models and associate clusters with clinical characteristics could identify the un-
derlying pathophysiologic processes and identify targets for personalized treatment. The
next step would be to perform clinical intervention trials to evaluate treatment targeting
patient specific disease pathways.

CONCLUDING REMARKS

This thesis shows that the microbiome, characterized by an increased S. aureus abun-
dance, is an important aggravating factor in AD. The majority of the patients with AD
remains colonized with the same S. aureus strain over time in both nose and skin. Since
the colonizing strains are not unique for AD patients, we hypothesize that this bacterium
exerts its effect through increased abundance, gene expression and the immunological
response towards it. Another common trait in AD patients, is the impairment of the skin
barrier that can be associated with FLG mutations in up to 40% of the patients. Muta-
tions in this gene are associated with a more severe phenotype and appear to affect the
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overall microbiome in these patients. Although not confirmed in this thesis, the increased
penetration of external stimuli is likely to provoke a different immunological response
compared to wild-type patients. Multiple other genetic and environmental factors affect
the filaggrin expression in the SC, resulting in lower levels of NMF. By measuring both NMF
levels and FLG mutations we might determine the relative impact of FLG mutation status
on the microbiome and immune cell numbers.

Our findings highlight that the pathogenesis of AD cannot be explained by only one
mechanism but involves interactions between the skin microbiome, skin barrier and
immune system. It is of interest to further investigate these interactions to establish a
more comprehensive disease model for AD. Large patient groups with patients of different
ages and ethical backgrounds are necessary. Last, we advise to further define subgroups
of patients based on the underlying disease pathways to enable personalized treatment.
More than individual biomarkers, a combination of different biomarkers related to the
skin microbiome, skin barrier and immune system can be used for the stratification of this
heterogeneous disease for personalized care in the future.
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SUMMARY

Chapter 1 is a general introduction describing the main objectives of this thesis. Atopic
dermatitis (AD), also known as eczema, is a chronic inflammatory skin disease which affects
up to 20% of children and 10% of adults in developed countries. This disorder is character-
ized by recurrent eczematous lesions and intense itch, which have a great impact on the
quality of life. The cause of AD is a complex interplay between microbiome abnormalities,
an impaired skin barrier and immune dysregulation. Currently, there is no cure for AD and
therapy is focused on disease control. For a better understanding of this disease, we aimed
to further investigate these three factors that contribute to the pathogenesis of AD and
to assess how they interact with each other. In particular, we focused on the role of the
microbiome (with the predominance of Staphylococcus (S.) aureus) and the skin barrier
defect (caused by mutations in the gene encoding filaggrin (FLG)). These insights will help
us develop new treatment strategies to reduce the symptoms of AD.

Especially the skin (lesional and nonlesional) and the nasal cavity of AD patients are fre-
quently colonized by S. aureus, which adversely affects disease severity. Although, with
lower prevalence, healthy controls can also be colonized with this bacterium. It remains
largely unknown how S. aureus can be present on the skin both as a commensal organ-
ism and as a pathogen causing inflammation characteristic of AD. It has been suggested
that AD patients are colonized by genetically different S. aureus strains, as compared to
non-AD individuals. Therefore, in Chapter 2, we aimed to investigate whether AD patients
are colonized by specific S. aureus strains and if certain strains are associated with more
severe disease. For this purpose, we performed a longitudinal study that included 96 adult
AD patients with moderate to severe disease. Spa-typing was performed on S. aureus
isolates from the nose and skin that were collected over the course of two weeks. The
spa-typing technique discriminates between different S. aureus strains by determining the
DNA sequence of the S. aureus-specific Staphylococcal protein A (spa) gene. Our results
showed that there is large inter-individual variation in spa-types, that is similar to non-AD
individuals. In addition, we concluded that the intra-individual variation is minor, with
the majority of the individual patients being colonized by the same spa-type in both nose
and skin and over a period of time. No predominant spa-type nor temporal variation in
spa-types was associated with more severe disease. The presence of a certain strain is
likely influenced by host genetic and environmental factors.

Mutations in FLG lead to reduced expression of the protein filaggrin that is essential in
the development and maintenance of the skin barrier. Individuals with a mutation in this
gene are at increased risk to develop a form of AD that starts in early infancy, persists into
adulthood and is associated with increased disease severity and the development of other
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allergic conditions (i.e., food allergies, asthma and allergic rhinitis). The exact mechanisms
contributing to this disease modification effect are largely unknown. It is thought that
FLG mutations lead to alterations in the skin microbiome and circulating immune cell
numbers. In Chapter 3.1 we aimed to investigate the effect of FLG mutation status (wild
type versus = 1 mutation in FLG) on the microbial composition in a cross-sectional study
including 77 children with difficult to treat AD. All patients were screened for mutations
in FLG and the microbiome of the nose, lesional and nonlesional skin was characterized
using 16S rRNA sequencing. Instead of only screening for the most common mutations
in Western-European populations, as done in previous research, the entire encoding
region of FLG was screened to detect loss of function mutations. This new approach led
to an improvement of the diagnostic yield, since it enables to detect novel, family- and
population specific mutations. We showed that the nose, lesional skin and nonlesional
skin harbored different microbial communities. In addition, we concluded that the overall
microbiome was affected by the presence of a mutation in FLG. These results propose
interactions between host genetics and the microbiome. Since literature on this subject
is scarce, more studies including larger patient groups are of interest. In Chapter 3.2,
we explored the effect of mutations in FLG on the circulating immune cells (T- and B-cell
subsets at the age of 10 years) in 523 children of the general population and a subgroup
of 102 children with AD. This research was part of a large prospective birth cohort study
of Generation R, Rotterdam. We established that the presence of a mutation in FLG was
associated with higher T helper (Th)22 cells in children of the general population, but not
with other T- and B-cell subsets. In the subgroup of children with AD, FLG mutations did
not affect the circulating immune cell numbers. Since Th22 is involved in the skin barrier
integrity and in the defense against pathogens, we hypothesized that the upregulation of
Th22 is an immunological defense mechanism against an altered skin barrier function in
children of the general population.

Filaggrin is degraded into free amino acids in the stratum corneum (SC) of the skin. The
amino acids and their derivatives form the largest part of the natural moisturizing factor
(NMF). NMF plays an important role in skin hydration, maintenance of the skin pH and
ultra-violet (UV) protection. It has been suggested that the concentrations of NMF in the
SC could predict the presence of FLG mutations in patients with AD. In Chapter 4, we
assessed if the NMF content in the SC of the thenar eminence (nonlesional) could be used
as a valid biomarker to stratify AD patients according to FLG mutation status. This research
was conducted in a multi-ethnic pediatric AD cohort. The entire encoding region of FLG
was screened for mutations in 101 AD children. NMF was measured using Raman Spec-
troscopy, a non-invasive optical technique based on light scattering from molecules in the
skin. We showed that the NMF content in the SC could accurately stratify patients based
on FLG mutation status with high sensitivity and specificity, without direct interference
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of present disease severity. NMF measurement can be used in daily practice to identify
patients with high risk for a more severe AD phenotype caused by a mutation in FLG.

Chapter 5 focused on treatment interacting with the skin microbiome to improve AD
related symptoms. In Chapter 5.1, we studied the effects of alpine climate treatment on
the microbiome of 79 children with difficult to treat AD. Alpine climate treatment has
been used to treat patients with AD and/or asthma. This climate is characterized by low
exposure to allergens, pollutants and increased UV radiation. We described the secondary
outcomes of a pragmatic randomized controlled trial in which patients were randomized
to a six-week treatment period either in an alpine clinic in Switzerland or in an outpatient
setting in the Netherlands. It was previously shown that children in the alpine climate
group had a significantly greater improvement in disease severity, compared to children in
the moderate maritime climate group. In contrast to treatment in the Netherlands, alpine
climate treatment led to a significant change in the microbiome on lesional skin. In addi-
tion, the S. aureus load on both lesional and nonlesional skin decreased after treatment
in alpine climate. This study showed that alpine climate treatment leads to changes in the
skin microbiome, reflecting the successful treatment. We encourage further investigation
of skin microbiome modulating therapies to improve the symptoms of AD. In Chapter
5.2 we presented the outcomes of a randomized vehicle-controlled trial that studied the
effect of topical treatment with an endolysin targeting S. aureus in 100 adult patients
with non-infected AD. The advantage of specifically targeting S. aureus with an endolysin,
as compared to current available anti-microbial agents (i.e., antibiotics), is that it does
not lead to bacterial resistance and does not affect other commensal micro-organisms.
The results showed that endolysin treatment was safe and well tolerated. No significant
differences were found in the use of topical corticosteroid (TCS) between the endolysin
and vehicle treated groups, nor in the reduction of clinical disease severity scores. In
line with these clinical outcomes, no significant reduction was observed in the S. aureus
load on the skin. This lack of difference might be explained by the significant decrease in
disease severity that was achieved in the run-in-phase of this trial, in which treatment
was standardized with topical corticosteroids and emollients. The methodological lessons
learned can be used for future clinical studies that evaluate treatment in AD.

Finally, in Chapter 6 we presented a general overview of the main findings considering the
limitations of our research and propose directions for future research. We concluded that
the pathogenesis of AD cannot be explained by only one mechanism, but involves multiple
interactions between the skin microbiome, skin barrier and immune system. As the role of
the three elements is likely to differ per patient and over the lifetime of an individual, we em-
phasized to further identify subgroups of patients based on the underlying disease pathways.
Using this method, we can stratify this heterogeneous disease for more personalized care.
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SAMENVATTING

Hoofdstuk 1 is een algemene introductie met een beschrijving van de belangrijkste
doelstellingen van dit proefschrift. Constitutioneel eczeem (CE) is een chronische inflam-
matoire huidziekte die tot 20% van de kinderen en tot 10% van de volwassenen treft in
Westerse landen. Deze aandoening wordt gekenmerkt door recidiverende eczemateuze
laesies en hevige jeuk, welke een grote impact hebben op de kwaliteit van leven. CE
wordt veroorzaakt door een complex samenspel tussen afwijkingen in het microbioom,
een verminderde huidbarriere en immuundysregulatie. Tot op heden is er geen remedie
voor CE en is de behandeling gericht op het bestrijden van symptomen. Wij stelden ons
ten doel om meer inzicht te krijgen in de drie bovengenoemde factoren die betrokken
zijn in de pathogenese van CE en te onderzoeken hoe ze met elkaar interacteren. In het
bijzonder hebben wij ons geconcentreerd op de rol van het microbioom (gedomineerd
door Staphylococcus (S.) aureus) en het huidbarriere defect (veroorzaakt door mutaties in
het filaggrine gen (FLG)). Deze inzichten zullen ons helpen bij de ontwikkeling van nieuwe
behandelingsstrategieén om de symptomen van CE te verlichten.

Met name de huid (aangedane en niet aangedane) en de neusholte van CE-patiénten zijn
vaak gekoloniseerd met S. aureus, wat de ernst van de ziekte nadelig beinvlioedt. Ook
gezonde individuen kunnen gekoloniseerd zijn met deze bacterie. Het blijft grotendeels
onbekend hoe S. aureus zowel een commensaal organisme kan zijn als een ziekteverwek-
ker die bijdraagt aan de symptomen van CE. In Hoofdstuk 2 stelden we ons ten doel te
onderzoeken of patiénten met CE gekoloniseerd zijn door specifieke S. aureus stammen
en of bepaalde stammen geassocieerd zijn met ernstigere klachten van CE. Met dit doel
hebben wij een longitudinale studie uitgevoerd waaraan 96 CE patiénten deelnamen met
matig tot ernstige ziekte. Spa-typering werd uitgevoerd op S. aureus-kweken van de neus
en huid, die in de loop van twee weken werden verzameld. De spa-typeringstechniek
maakt onderscheid tussen verschillende S. aureus stammen door de DNA-sequentie van
het S. aureus-specifieke Staphylococcal proteine A (spa) gen te bepalen. Onze resultaten
toonden dat er in de bestudeerde CE-populatie een grote inter-individuele variatie is in
spa-typen, welke vergelijkbaar is met individuen zonder CE. Daarnaast vonden we dat de
intra-individuele variatie gering is, waarbij de meerderheid van de individuele CE patién-
ten gekoloniseerd is met hetzelfde spa-type zowel in de neus als op de huid en over een
periode van tijd. Er was geen verband tussen de ernst van de ziekte en de aanwezigheid
van een bepaald spa-type. We veronderstellen dat de aanwezigheid van een specifieke
stam vooral wordt beinvloed door genetische -en omgevingsfactoren van het individu.

Mutaties in FLG leiden tot verminderde expressie van het eiwit filaggrine dat essentieel
is voor de ontwikkeling en het behoud van de huidbarriere. Individuen met een muta-
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tie in dit gen lopen een verhoogd risico op het ontwikkelen van een vorm van CE die
al op jonge leeftijd begint, aanhoudt tot op volwassen leeftijd en gepaard gaat met een
ernstiger ziektebeeld en de ontwikkeling van andere allergische aandoeningen (voedselal-
lergieén, astma en allergische rhinitis). De exacte mechanismen die hieraan bijdragen zijn
grotendeels onbekend. Er wordt gedacht dat FLG mutaties leiden tot veranderingen in
het huid-microbioom en het aantal circulerende immuuncellen. In Hoofdstuk 3.1 heb-
ben we onderzocht of patiénten met 21 mutatie in FLG een andere samenstelling van het
microbioom hebben in vergelijking met patiénten zonder een mutatie in dit gen. Met dit
doel werd een cross-sectionele studie uitgevoerd waarin 77 kinderen met moeilijk behan-
delbaar CE werden geincludeerd. FLG werd gescreend op mutaties en het microbioom
van de neus, de aangedane en niet aangedane huid werd in kaart gebracht met behulp
van 16S rRNA sequencing. In plaats van te screenen op de meest voorkomende mutaties
in West-Europese populaties, wat veelal is gedaan in eerder onderzoek, werd de gehele
coderende regio van FLG gescreend op mutaties. Deze techniek verbetert de diagnostische
opbrengst in vergelijking met het alleen bepalen van populatie-specifieke mutaties. Dit is
te verklaren doordat hierbij ook zeldzame, familie specifieke, en niet eerder beschreven
mutaties worden gedetecteerd. Daarnaast toonden onze resultaten dat het microbioom
verschillend is per afnamelocatie (neus, de aangedane en niet aangedane huid) en dat de
samenstelling wordt beinvlioed door de aanwezigheid van een FLG mutatie. Deze resulta-
ten suggereren een wisselwerking tussen genetische factoren en het microbioom. Er zijn
studies met grotere patiéntengroepen nodig om deze resultaten te bevestigen. In Hoofd-
stuk 3.2 onderzochten we het effect van mutaties in FLG op de circulerende immuuncellen
(T -en B-cellen op de leeftijd van 10 jaar) in een algemene pediatrische populatie (n=523)
en een subgroep van 102 kinderen met CE. Het onderzoek maakt deel uit van een groot-
schalig geboorte cohortstudie in Rotterdam, genaamd Generation R. We toonden aan dat
de aanwezigheid van een mutatie in FLG is geassocieerd met hogere aantallen T helper
(Th)22 cellen in kinderen van de algemene populatie, maar niet met andere T -en B-cellen.
De aanwezigheid van een FLG mutatie had geen invloed op hoeveelheid immuuncellen in
een subgroep van kinderen met CE. Th22 speelt een rol in de integriteit van de huidbar-
riere en de verdediging tegen ziekteverwekkers. Dit veronderstelt dat de toename van
Th22 een verdedigingsmechanisme is van het afweersysteem tegen een verminderde
huidbarrierefunctie in een algemene pediatrische populatie.

Filaggrine wordt in de hoornlaag van de huid afgebroken tot vrije aminozuren. De ami-
nozuren en hun derivaten vormen samen het grootste deel van de ‘natural moisterizing
factor’ (NMF). NMF speelt een belangrijke rol bij de hydratatie van de huid, de instandhou-
ding van de pH-waarde en de bescherming tegen ultraviolet licht (UV). Eerder onderzoek
suggereerde dat de hoeveelheid NMF in de hoornlaag de aanwezigheid van FLG mutaties
bij patiénten met CE zou kunnen voorspellen. In Hoofdstuk 4 beoordeelden we of de hoe-
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veelheid NMF in de hoornlaag van de huid op de duimmuis gebruikt kan worden als bio-
marker in CE om patiénten te stratificeren op basis van FLG mutatie status. Dit onderzoek
werd uitgevoerd in een multi-etnisch cohort van kinderen met CE. De gehele coderende
regio van FLG werd gescreend op mutaties in 101 CE kinderen. De hoeveelheid NMF werd
gemeten met Raman Spectroscopy. Dit is een niet-invasieve techniek gebaseerd op de
weerkaatsing van invallend licht door moleculen in de huid. We concludeerden dat de
hoeveelheid NMF kan worden gebruikt als biomarker om patiénten te stratificeren op ba-
sis van FLG mutatie status met hoge sensitiviteit en specificiteit, zonder directe inmenging
van de actuele ziekte-ernst. De NMF-meting kan in de dagelijkse praktijk worden gebruikt
om patiénten te identificeren met een hoog risico op een ernstiger CE fenotype veroor-
zaakt door een mutatie in FLG.

Hoofdstuk 5 richt zich op behandelingen die interacteren met het microbioom van de
huid met als doel de klachten van CE te verlichten. In Hoofdstuk 5.1 bestudeerden we de
effecten van hooggebergtebehandeling op het microbioom van 79 kinderen met moeilijk
behandelbaar CE. Hooggebergtebehandeling kan gebruikt worden voor de behandeling
van patiénten met CE en/of astma. Dit klimaat wordt gekenmerkt door een lage blootstel-
ling aan allergenen, verontreinigende stoffen en verhoogde UV-straling. We beschrijven
de secundaire uitkomsten van een pragmatische gerandomiseerde gecontroleerde studie
waarin patiénten werden gerandomiseerd voor een 6 weekse behandelperiode in een kli-
niek in het hooggebergte in Zwitserland of poliklinisch behandeling in gematigd zeeklimaat
in Nederland. In deze studiepopulatie werd eerder aangetoond dat er significant meer
verbetering was in ziekteactiviteit in de hooggebergte groep. In tegenstelling tot de be-
handeling in Nederland leidde hooggebergtebehandeling tot een significante verandering
in het microbioom op de aangedane huid. Bovendien nam de hoeveelheid S. aureus op de
aangedane en niet aangedane huid af na behandeling in hooggebergte. Deze studie toont
aan dat hooggebergtebehandeling leidt tot veranderingen in het microbioom van de huid,
wat de succesvolle behandeling weerspiegelt. We moedigen verder onderzoek aan naar
therapieén die het microbioom van de huid kunnen moduleren om de symptomen van CE
te verlichten. In Hoofdstuk 5.2 evalueerden we de werkzaamheid en veiligheid van een op
endolysine gebaseerde therapie gericht op de S. aureus bacterie in een gerandomiseerde
gecontroleerde studie met 100 volwassen patiénten met niet-geinfecteerd CE. Het voor-
deel van het specifiek aanpakken van S. aureus met een endolysine, in vergelijking met de
huidige beschikbare antimicrobiéle middelen (zoals antibiotica), is dat het niet leidt tot
bacteriéle resistentie en geen invloed heeft op andere commensale micro-organismen.
De resultaten toonden aan dat de behandeling met endolysine veilig was en goed werd
verdragen. Er werd geen significant verschil gevonden in het gebruik van topicale cortico-
steroiden (TCS) tussen de met endolysine en placebo behandelde groepen. Daarnaast was
er geen verschil in de scores voor de ernst van de ziekte. In overeenstemming met deze
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klinische resultaten werd geen significante vermindering waargenomen in de hoeveelheid
S. aureus op de huid. Het uitgebleven voordeel van endolysine behandeling is mogelijk te
verklaren door de significante afname in ziekte-ernst in de aanloopfase van dit onderzoek,
waarin de behandeling werd gestandaardiseerd met TCS en vette zalf. De geleerde me-
thodologische lessen kunnen gebruikt worden voor toekomstige klinische studies die het
effect van behandeling evalueren in CE.

Tot slot presenteerden we in Hoofdstuk 6 een algemeen overzicht van de belangrijkste
bevindingen van dit proefschrift waarbij we de methodologische beperkingen in acht
nemen. Daarnaast doen we suggesties voor toekomstig onderzoek. Wij concludeerden
dat de pathogenese van CE niet kan worden verklaard door slechts één mechanisme,
maar dat er meerdere interacties zijn tussen het huid-microbioom, de huidbarriére en
het immuunsysteem. Wij veronderstellen op basis van onze resultaten dat de rol van deze
drie elementen verschilt per patiént en ook kan veranderen over de levensloop van een
patiént. Door het bepalen van microbiéle, epidermale en immunologische biomarkers
kunnen we subgroepen van patiénten met CE identificeren op basis van de onderliggende
ziektemechanismen. Met behulp van deze methode kunnen we deze heterogene ziekte
beter stratificeren en daarmee de zorg meer op het individu afstemmen.
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ABBREVIATIONS

AD Atopic dermatitis

AMP Anti-microbial peptide

APC Antigen-presenting cells

AUC Area under the curve

BH Bleomycin hydrolase

CcC Clonal complexes

CCA Canonical correspondence analysis

cl Confidence interval

CNV Copy number variation

coNS Coagulase-negative Staphylococcus

DC Dendritic cell

EASI Eczema Area and Severity Index

EDC Epidermal differentiation complex

FLG Filaggrin gene

FLG-LoF Filaggrin gene loss of function

GWAS Genome-wide association studies
IFN-y Interferon gamma

Ig Immunoglobulin

IL Interleukin

IQR Interquartile range

v Ichthyosis Vulgaris

MDS Multidimensional scaling

MLST Multilocus sequence typing

moAB Monoclonal antibodies

mTEC Medullary thymic epithelial cells

NGS Next generation sequencing

NMF Natural moisturizing factor

NRS Numeric Rating Scale

OR Odds ratio

PAMP Pathogen-associated molecular pattern
PCA Pyrrolidone carboxylic acid
PERMANOVA Permutational multivariable analysis of variance
PFGE Pulsed field gel electrophoresis

PIM Personalized integrative multidisciplinary
POEM Patient Oriented Eczema Measure

PRR Pattern recognition receptor

gPCR Quantitative polymerase chain reaction
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RA Relative abundance

RDP Ribosomal Database Project

ROC Receiver Operating Characteristic
RCT Randomized controlled trial
SA-EASI Self-Administered Eczema Area and Severity Index
Sags Superantigens

SC Stratum corneum

Sb Standard deviation

smMIPs Single molecule Molecular Inversion Probes
SNP Single nucleotide polymorphisms
Spa Staphylococcal protein A
Staphefekt Staphefekt SA.100

TCI Topical calcineurin inhibitors

TCS Topical corticosteroids

Tem Effector memory T cell

TEWL Trans epidermal water loss

Th T helper lymphocyte

T Tight junctions

TNF Tumor necrosis factor

Treg Regulatory T cell

TSLP Thymic stromal lymphopoietin
UCA Urocanic acid

uv Ultra-violet

UV-R Ultraviolet radiation

WGS Whole-genome sequencing

196



Authors and affiliations

LIST OF CONTRIBUTING AUTHORS

Affiliations at the time at which the research was conducted

Broek, T.J. van den
TNO, Microbiology and Systems Biology Group, Zeist, The Netherlands.

Bronner, M.B.
Department of Dermatology-Center of Pediatric Dermatology, Erasmus MC University
Medical Center— Sophia Children’s Hospital, Rotterdam, the Netherlands

Caspers, P.J.

Center for Optical Diagnostics and Therapy, Department of Dermatology, Erasmus MC,
University Medical Center, Rotterdam, The Netherlands

RiverD International B.V., Rotterdam, The Netherlands

Doorn, M.B.A. van
Department of Dermatology, Erasmus MC University Medical Center, Rotterdam, the
Netherlands

Duijts, L
Department of Pediatrics, Division of Respiratory Medicine and Allergology, Erasmus MC,
University Medical Center Rotterdam, Rotterdam, the Netherlands.

Fieten, K.B.

Department of Dermatology and Allergology, University Medical Center, Utrecht, The
Netherlands

Swiss Institute of Allergy and Asthma Research, University of Zlrich, Davos, Switzerland
Dutch Asthma Center Davos, Davos, Switzerland

Geel, M. van

Department of Dermatology, Maastricht University Medical Centre, Maastricht, The Neth-
erlands.

Department of Clinical Genetics, Maastricht University Medical Centre, Maastricht, The
Netherlands.

Herpers, B.L.
Regional Public Health Laboratory Kennemerland, Haarlem, The Netherlands

197



Appendices

Hu, C.

Department of Dermatology, Erasmus MC University Medical Center, Rotterdam, the
Netherlands

The Generation R Study Group, Erasmus MC, University Medical Center Rotterdam, Rot-
terdam, the Netherlands.

Jansen, M.S.
Department of Dermatology-Center of Pediatric Dermatology, Erasmus MC University
Medical Center— Sophia Children’s Hospital, Rotterdam, the Netherlands

Jongste, J.C. de

Department of Pediatrics, Division of Respiratory Medicine and Allergology, Erasmus MC,
University Medical Center Rotterdam, Rotterdam, the Netherlands.

The Generation R Study Group, Erasmus MC, University Medical Center Rotterdam, Rot-
terdam, the Netherlands.

Kiefte-de Jong, J.C.
Department of Public Health and Primary Care, Leiden University Medical Center/LUMC
Campus, The Hague, the Netherlands.

Klaassen, C.H.W.
Department of Medical Microbiology and Infectious Diseases, Erasmus MC University
Medical Center Rotterdam, the Netherlands

Looman, K.I.M.

Department of General Pediatrics, , Erasmus MC, University Medical Center Rotterdam-
Sophia Children’s Hospital, Rotterdam, the Netherlands.

The Generation R Study Group, Erasmus MC, University Medical Center Rotterdam, Rot-
terdam, the Netherlands.

Moll, H.A.
Department of General Pediatrics, , Erasmus MC, University Medical Center Rotterdam-
Sophia Children’s Hospital, Rotterdam, the Netherlands.

Mierlo, M.M.F. van

Department of Dermatology, Erasmus MC University Medical Center, Rotterdam, the
Netherlands

198



Authors and affiliations

Nijsten, T.E.C.
Department of Dermatology, Erasmus MC University Medical Center, Rotterdam, the
Netherlands

Nouwen, A.E.M.
Department of Dermatology-Center of Pediatric Dermatology, Erasmus MC University
Medical Center— Sophia Children’s Hospital, Rotterdam, the Netherlands

Pardo. L.M.
Department of Dermatology, Erasmus MC University Medical Center, Rotterdam, the
Netherlands

Pasmans, S.G.M.A.
Department of Dermatology-Center of Pediatric Dermatology, Erasmus MC University
Medical Center— Sophia Children’s Hospital, Rotterdam, the Netherlands

Puppels, G.J.

Center for Optical Diagnostics and Therapy, Department of Dermatology, Erasmus MC,
University Medical Center, Rotterdam, The Netherlands

RiverD International B.V., Rotterdam, The Netherlands

Schuren, F.H.J.
TNO, Microbiology and Systems Biology Group, Zeist, the Netherlands.

Totté, J.E.E.
Department of Dermatology, Erasmus MC University Medical Center, Rotterdam, the
Netherlands
Department of Medical Microbiology, University Medical Center Utrecht, the Netherlands

Veldhuizen, J. van
Department of Dermatology, Erasmus MC University Medical Center, Rotterdam, the
Netherlands

Vos, M.C.

Department of Medical Microbiology and Infectious Diseases, Erasmus MC University
Medical Center Rotterdam, the Netherlands

199



Appendices

Willemsen, S.P.

Department of Biostatistics, Erasmus University Medical Center, Rotterdam, the Nether-
lands.

Wit, J. de
Department of Dermatology, Erasmus MC University Medical Center, Rotterdam, the
Netherlands

Zelm, M.C. van

Department Immunology and Pathology, Central Clinical School, Monash University and
The Alfred Hospital, Melbourne, VIC, Australia.

200



List of publications

LIST OF PUBLICATIONS

van Mierlo M.M.F., Pasmans S.G.M.A., Totté J.E.E., de Wit J., Herpers B.L., Vos M.C., Klaas-
sen C.H.W., Pardo L.M. Temporal variation in Staphylococcus aureus spa-genotypes from
nose and skin in atopic dermatitis patients. Accepted for publication in Dermatology

van Mierlo M.M.F., Pardo L.M., Fieten K.B., van den Broek T.J., Schuren F.H.J., van Geel
M., Pasmans S.G.M.A. The skin and nose microbiome and its association with filaggrin
mutations in children with atopic dermatitis. Submitted

van Mierlo M.M.F., Looman K.I.M., van Zelm M.C., Hu C., Duijts L., de Jongste J.C., Nijsten
T.E.C., Pardo L.M., Kiefte-de Jong J., Moll H.A., Pasmans S.G.M.A. Increased Th22 cell num-
bers in a general pediatric population with filaggrin haploinsufficiency: The Generation R
Study. Accepted for publication in Pediatric Allergy and Immunology

van Mierlo M.M.F., Caspers P.J., Jansen M.S., Puppels G.J., Nouwen A.E.M., Bronner M.B.,
Pardo L.M., van Geel M., Pasmans S.G.M.A. Validation of natural moisturizing factor as a
biomarker for filaggrin mutation status in a multi-ethnic pediatric atopic dermatitis cohort.
Under review

van Mierlo M.M.F., Totté J.E.E., Fieten K.B., van den Broek T.J., Schuren F.H.J., Pardo L.M.,
Pasmans S.G.M.A. The influence of treatment in alpine and moderate maritime climate on
the composition of the skin microbiome in patients with difficult to treat atopic dermatitis.
Clin Exp Allergy. 2019 Nov; 49(11): 1437-1445

de Wit J., van Mierlo M.M.F., Totté J.E.E., van Veldhuizen J., van Doorn M.B.A., Schuren
F.H.J., Willemsen S.P., Pardo L.M., Pasmans S.G.M.A. Endolysin treatment against Staphy-
lococcus aureus in adults with atopic dermatitis: a randomized controlled trial. J Allergy
Clin Immunol. 2019 Sep;144(3):860-863

201






PhD portfolio

PHD PORTFOLIO

Name PhD student

Minke M.F. van Mierlo

Erasmus MC department Dermatology

Research school

lands Institute of Health Sciences (NIHES)

Postgraduate school Molecular Medicine (MolMed), Nether-

PhD period 2017-2021
Promotor Prof. S.G.M.A. Pasmans, MD PhD
Copromotor L.M. Pardo, MD PhD
Year Workload
(ECTS)
Courses
e Erasmus MC - Microbiomics | 2018 0.6
e  Research management 2018 1.0
e Erasmus MC - Scientific Integrity 2018 0.3
e Erasmus MC - Basic Course on ‘R’ 2017 2.0
e Erasmus MC - Basic Introduction Course on SPSS 2017 1.0
e Erasmus MC - BROK® (Basic course Rules and Organisation for Clinical 2017 1.5
researchers)
Workshops
e  Systematic literature retrieval in Pubmed part 1 & 2 2017 0.3
e Erasmus MC - EndNote workshop 2017 0.2
Oral presentations
e 21th Annual meeting NVED, Lunteren, The Netherlands 2020 1.0
e 20th Annual meeting NVED, Lunteren, The Netherlands 2019 1.0
Conferences attending
e 10th Georg Rajka International Symposium on Atopic Dermatitis, Utrecht, the 2017 1.0
Netherlands (attending)
e Radboud New Frontiers in the Microbiome symposium, Nijmegen, The 2017 1.0
Netherlands (attending)
Committees
e  Organizing 6th PhD weekend, Breda 2018 1.0

203



Appendices

Teaching

Supervising master theses of Amber Drost
Supervising master theses of Melissa Rodenhuis
Supervising master theses of Yasmine Boelhrif

Supervising master theses of Marieke Jansen

Research proposal

5th funding call in the framework of the ‘Enabling Technologies Hotels’ (ETH)
program (40k eur)

Anti-Bacterial Clothing (ABC) study: writing study protocol and submission
METC

Other

Annual PhD weekend Dermatology (attending)
Skintermezzo, Rotterdam, the Netherlands (quarterly, attending)

Weekly ‘Research meeting Dermatology and Journal Club’, Erasmus MC,
Rotterdam

Implementation of anakinra treatment in patients with Netherton syndrome
Codrdinator scientific research group Pediatric Dermatology, Erasmus MC

Implementation of Natural Moisterizing factor (NMF) in atopic dermatitis,
Pediatric dermatology, Erasmus MC

2019
2019
2018
2018

2019

2018

2017-2021
2017-2021
2017-2021

2019-2020
2018-2020
2018-2019

2.0
2.0
2.0
2.0

1.0

2.0

13
2.0
2.0

2.0
2.0
2.0

204



Curriculum vitae

CURRICULUM VITAE

Minke van Mierlo was born on the 28" of November 1989 in Nijmegen, the Netherlands.
She graduated from secondary school at Canisius College Nijmegen and was admitted to
study medicine at the Leiden University Medical Center. After obtaining her bachelor’s
degree, she took a full-time minor program named managing strategy and marketing
at Amsterdam Business School of the University of Amsterdam. She finished her MSc
in Medicine by the end of 2016. After traveling through Vietnam, Laos and Cambodia
she worked as a medical doctor at the department of internal medicine at the Reiner de
Graaf Gasthuis, Delft. Because of her growing interest in dermatology and in research,
she started her PhD trajectory in 2017, which resulted in this thesis at the Department
of Dermatology at the Erasmus MC University Medical Center under supervision of prof.
S.G.M.A Pasmans and co-supervision of L.M. Pardo. In 2021 she started her dermatology

residency at the Leiden University Medical Center.

205






Dankwoord

DANKWOORD

Eindelijk is het dan zover: mijn proefschrift is af! Met deze laatste pagina’s sluit ik een bij-
zondere periode af. Een periode waar ik op wetenschappelijk gebied enorm ben gegroeid,
maar ik me bovenal op persoonlijk vlak heb ontwikkeld. Ik heb mezelf beter leren kennen,
nieuwe vriendschappen gesloten en leven gegeven aan mijn grootste trots: ‘Olivier’. Ik ben
dankbaar dat ik tijdens mijn promotietraject heb mogen samenwerken met vele anderen
die mij geinspireerd hebben. Zonder jullie vertrouwen, hulp en kennis was dit proefschrift
er niet geweest. In het bijzonder wil ik een aantal bedanken:

Allereerst mijn promotor prof. dr. Pasmans, beste Suzanne. Wat hebben we veel meege-
maakt in de afgelopen jaren, zowel diepte- als hoogtepunten. Jouw luisterend oor, geduld,
enthousiasme en doorzettingsvermogen hebben ervoor gezorgd dat dit proefschrift er ligt.
Ondanks jouw duizelingwekkende agenda had je altijd oog en aandacht voor belangrijke
life events en maakte je altijd tijd om met elkaar van gedachten te wisselen met de nodige
hoeveelheid koffie. Ik bewonder je om jouw tomeloze energie, waarbij je naast werk en
gezin ook letterlijk ontelbare kilometers hebt afgelegd om meer aandacht te krijgen voor

patiénten met een huidaandoening.

Mijn co-promotor, dr. Pardo, beste Luba. Wat ben ik trots en soms verbaasd dat we samen
de eindstreep hebben gehaald. Ik denk dat we veel van elkaar hebben geleerd en zijn

gegroeid in het proces. Bedankt voor de begeleiding.

Dr. Kezic, Prof. dr. E.P. Prens en Prof. dr Vos, hartelijk dank voor het beoordelen van mijn
proefschrift en jullie deelname in de kleine promotiecommissie. Beste leden van de
grote promotiecommissie, bedankt voor de bereidheid om tijdens de verdediging van mijn
proefschrift met mij van gedachten te wisselen.

De studies die beschreven zijn in dit proefschrift waren niet mogelijk geweest zonder de
betrokkenheid van tal van specialisten, verpleegkundigen en ondersteuning uit zowel
het Erasmus MC, UMC Utrecht en Maastricht UMC. Daarnaast wil ik alle deelnemers en
ouders/verzorgers van deelnemers bedanken voor hun interesse, deelname en het ver-
trouwen in ons team. In het bijzonder wil ik nog een aantal mensen bedanken: Michel
van Geel, bedankt voor alle moeite rondom het analyseren van de filaggrine samples, alle
waardevolle feedback en de leuke dag die ik heb gehad bij jou op de werkvloer. Daarnaast
dank ook aan Frank Schuren voor de fijne samenwerking en de deur die altijd open stond
voor vragen. Tim van de Broek, door jouw hulp, kennis en geweldige R skills zijn mijn
artikelen naar een hoger niveau getild. De complexe microbioom analyses waren me nooit
zonder jou gelukt. Daarnaast bedankt voor al je uitleg en geduld. Karin Fieten, het contact
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dat we hebben gehad over de manuscripten en in de afrondende fase waren voor mij
een enorme steun in de rug. Terwijl je op grote afstand zat was je altijd benaderbaar,
betrokken en enthousiast. Peter Caspers, ik vond het leuk hoe jij vanuit de invalshoek als
natuurkundige de passie deelt om de zorg voor patiénten met eczeem beter te maken.
Dank voor al je betrokkenheid en de wegwijs binnen de Raman Spectroscopie. Corné
Klaassen, dank voor de inspanningen voor de spa-typering en het laagdrempelige contact.
Menno van Zelm, leuk om jou te leren kennen tijdens het schrijven van ons manuscript.
Vanaf de andere kant van de wereld was je altijd bereikbaar voor vragen. Kirsten, wat was
het fijn om met jou samen te werken. We waren echt een goed team.

Ik wil Micreos Human Health bedanken voor het voor het bieden van de financiéle midde-
len om mijn wetenschappelijk onderzoek uit te voeren in het Erasmus MC. Daarnaast wil ik
jullie, en met name Johan Friehling en Mark Offerhaus, bedanken voor de betrokkenheid,
interessante discussies en de inzichten die we elkaar hebben gegeven vanuit ons eigen
perspectief.

Dank ook aan alle betrokken medewerkers van de samenwerkende laboratoria: genetisch
laboratorium interne geneeskunde Erasmus MC, Medische Microbiologie en Infectieziek-
ten Erasmus MC, Streeklaboratorium Kennemerland en TNO Zeist.

Lieve collega’s van KinderHaven, bedankt voor alle gezelligheid tijdens het doen van
spreekuur. De hechtheid van jullie team en de manier waarop jullie zorg dragen voor alle
patiénten zijn inspirerend.

Het eczeemteam van de kinderdermatologie, bedankt voor het prettige vangnet. Joan,
mijn voorgangster, wat had jij de lat hoog voor mij gelegd. Bedankt voor de begeleiding in
mijn eerste maanden, de betrokkenheid bij de manuscripten en de afronding van mijn pro-
motie. Jouw kritische blik is voor mij heel waardevol geweest en heeft tot nieuwe inzichten
geleid. Jill, het eerste jaar hebben wij veel samengewerkt, maar ook hierna hebben we
altijd veel contact gehouden. Hieraan hecht ik veel waarde. Ik bewonder jouw nuchterheid
en enorme gedrevenheid. Aviel, ook al doe je een ander onderzoek, het voelt soms alsof jij
mijn opvolger bent omdat we in de laatste fase nog zoveel hebben samengewerkt. Ik vond
het fijn dat we altijd bij elkaar terecht konden.

Mijn geweldige kamergenoten Sven en Selma van Gk-026a en natuurlijk Sterre die ook
praktisch op onze kamer woonde. Wat hebben we veel lol gehad op deze 10m2. Vanaf dag
één voelde ik me welkom en hebben we altijd alles met elkaar kunnen delen. Later werden
we verhuisd naar Na-501, maar ook hier bleef onze band bestaan. Selma en Sterre, jullie
zijn een begrip geworden in mijn promotietraject en ik ben blij met onze hechte vriend-
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schap. Inmiddels hebben we alle drie ons plekje elders gevonden en ben ik super trots
op wat we bereikt hebben door dicht bij onszelf te blijven. Selma, ontzettend fijn dat je
tijdens deze dag als paranimf achter me wil staan. Sterre, vanwege de voorbereidingen
van jouw huwelijk in Italié kun je er helaas niet bij zijn. Hopelijk kun je van een afstand
toch een beetje achter me staan.

Lieve kamergenootjes van Na-501, jullie hebben mijn promotietijd onvergetelijk gemaakt.
Bedankt voor alle gezelligheid en betrokkenheid. Linde, ondanks dat we niet op dezelfde
kamer zaten, waren we altijd bij elkaar betrokken en heb ik genoten van onze koffie en
lunchafspraken. Er zullen er in de toekomst nog veel volgen. Natuurlijk ook alle andere
PhD-collega’s van Nd, AlOSen, ANIOSen en stafleden, bedankt voor de leuke tijd.

Lieve collega’s van de afdeling dermatologie in het LUMC. Allereerst bedankt voor jullie
vertrouwen in mij en de kans die jullie mij geven de opleiding op jullie afdeling te volgen.
Dank ook voor de tijd en ruimte die jullie bieden om mijn promotie tot een goed einde te
brengen. Ik voel me nu al enorm thuis bij jullie en kijk uit naar de komende jaren.

Al mijn lieve vrienden en vriendinnen, wat maken jullie mijn leven leuk. Bedankt voor al
jullie betrokkenheid en gezelligheid. Op naar nog meer mooie herinneringen samen.

Lieve Simone, jij bent een categorie apart. Je kent me als geen ander en weet me altijd van
goede adviezen te voorzien. Ons dagelijkse contact over alles en over niets zijn voor mij
onmisbaar. Wat heerlijk dat we nu bij elkaar om de hoek wonen en we elkaar nog meer

kunnen zien.

Schoonfamilie, wat fijn om jullie altijd in de buurt te hebben en bedankt voor alle steun.
Lieve (schoon)papa John, jij was meteen erg enthousiast over het lezen van mijn volledige
proefschrift. Dit lezende betekent dat je bij de laatste bladzijde bent aangekomen. Dank

voor jouw interesse en betrokkenheid.

Lieve familie, wat heb ik een geluk om met jullie te zijn opgegroeid en nog steeds door
jullie te zijn omgeven. Jullie oneindige liefde, vertrouwen en support geven mij de kracht
om mijn leven op mijn eigen manier vorm te geven. Daarnaast maakt onze humor het
leven luchtig. Mama en papa, wat ben ik dankbaar voor ons heerlijke thuis. Het gezin
staat bij jullie altijd op de eerste plaats en heeft ervoor gezorgd dat er een warm nestje is
waarin iedereen zich welkom voelt. Mama, de sterkste en meest bijzondere vrouw die ik
ken. Bedankt voor jouw grenzeloze betrokkenheid, positiviteit en steun. Ik kan alleen maar
dromen op te groeien lijkend op jou. Papa, mijn grote fan. Zowel in goede en slechte tijden
kan ik letterlijk dag en nacht bij jou terecht. Jij voorziet mij altijd van de beste adviezen en
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ik krijg altijd goede zin als ik jou zie. Lieve Masha, jouw uitzonderlijke kracht en doorzet-
tingsvermogen zijn voor mij een grote inspiratie. Wat voel ik me sterk wetende dat jij altijd
achter me staat. Nu ook als paranimf tijdens mijn promotie. Je hebt me geleerd dat alles
in het leven gevierd moet worden en dat hebben we dan ook goed samen gedaan. Bas,
lief broertje, jouw nuchterheid houdt mij altijd bij de les. Jouw arm om mij heen met de
woorden ‘komt goed’ zijn momenten waar ik op vooruit kan.

Lieve kleine Olivier, zonder jou was dit proefschrift er niet geweest. Jouw komst plaatste
mijn leven in perspectief en gaf me de motivatie om mijn promotie tot een goed einde
te brengen. Wat ben ik gelukkig elke dag met jou te mogen doorbrengen. Jouw knuffels,
vrolijkheid en altijd aanwezige lach geven mij enorm veel energie. Je bent een geweldig

kind en ik kan niet wachten om te zien hoe jij samen met ons opgroeit.

Dan als laatst, lieve lieve Nathan. Woorden schieten te kort om te beschrijven hoe belang-
rijk je voor me bent geweest in de jaren die we samen zijn en in het bijzonder tijdens de
periode van het schrijven van mijn proefschrift. Jouw vertrouwen in mijn kunnen, het op
de goede momenten remmen en stimuleren van mijn ambitie hebben mij door dit traject
heen geholpen. Niets is jou ooit te veel en je staat altijd onvoorwaardelijk voor me klaar.
Jouw grenzeloze liefde geeft mij vleugels. Ik hou van je!
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