Received: 3 May 2020

Revised: 9 July 2020

Accepted: 30 July 2020

DOI: 10.1111/all.14557
ORIGINAL ARTICLE WILEY
Atopic Dermatitis, Urticaria and Skin Disease
o o L] o o o ] 3 o
Predicting persistence of atopic dermatitis in children using
o o L3 °
clinical attributes and serum proteins
. 1 . . 1 . 2 . 3
Felix Lauffer | Veronika Baghin® | Marie Standl® | Sebastian P. Stark® |
. 1 . 4,5,6 3 . 3
Manija Jargosch™ | Julius Wehrle | Jenny Thomas | Carsten B. Schmidt-Weber” |
. . 1 . . L3 ope . 117 . 1,7
Tilo Biedermann® | Stefanie Eyerich”® | Kilian Eyerich | Natalie Garzorz-Stark
1Department of Dermatology and Allergy,
Technical University of Munich, Munich, Abstract
Germany Background: Atopic dermatitis (AD) is the most common inflammatory skin disease
2 . . .
Institute of Epidemiology, Helmholtz in children, with 30% of all those diagnosed developing chronic or relapsing disease
Center Munich - German Research Center
for Environmental Health, Neuherberg, by adolescence. Such disease persistence cannot yet be predicted. The aim of the
Germany present study was to predict the natural course of AD using clinical parameters and
3ZAUM - Center of Allergy and Environment, .
Technical University of Munich and serum proteins.
Helmholtz Center Munich, Member of the Methods: Sera of 144 children with AD (age 0-3 years) were analyzed for IgE and
German Center for Lung Research (DZL), Ki h Ki d hf . di il th
Munich, Germany 33 cytokines, chemokines, and growth factors. Patient disease course until the age
“Department of Medicine I, Medical Center, of 7 years was assessed retrospectively. Unsupervised k-means clustering was per-
University of Freiburg, Freiburg, Germany formed to define disease endotypes. Identified factors associated with AD persis-
°G C C tium (DKTK), . . . . . .
erman -ancer -onsor fum{ ) tence at the age of 7 years were validated in children with AD in an independent
Freiburg, Germany
6German Cancer Research Center (DKFZ), cohort (LISA Munich; n = 168). Logistic regression and XGBoosting methods followed
Heidelberg, Germany by cross-validation were applied to predict individual disease outcomes.
T: e
Division of Dermatology and Venereology, Results: Three distinct endotypes were found in infancy, characterized by a unique
Department of Medicine Solna, and Center
for molecular medicine, Karolinska Institutet, inflammatory signature. Factors associated with disease persistence were disease
Stockholm, Sweden score (SCORAD), involvement of the limbs, flexural lesion distribution at the age of
Correspondence 3 years, allergic comorbidities, and disease exacerbation by the trigger factors stress,
Natalie Garzorz-Stark, Department of pollen exposure, and change in weather. Persistence was predicted with a sensitivity
Dermatology and Allergy, Biedersteiner
Strasse 29, 80802 Munich, Germany. of 81.8% and a specificity of 82.4%. Factors with a high impact on the prediction of
Email: natalie garzorz@tum.de persistence were SCORAD at the age of 3 years, trigger factors, and low VEGF serum
Funding information levels.
Deutsche Forschungsgemeinschaft, Grant/ Conclusion: Atopic dermatitis in infancy comprises three immunological endotypes.
Award Number: 434262558 and EY97/3-1;
H2020 European Research Council, Grant/ Disease persistence can be predicted using serum cytokines and clinical variables.
Award Number: IMCIS 676858
KEYWORDS
atopic dermatitis, atopic eczema, endotype, predictive biomarker
Abbreviations: AD, atopic dermatitis; ARC, allergic rhinoconjunctivitis; IgE, immunoglobulin E; SCORAD, severity scoring of atopic dermatitis.
Felix Lauffer and Veronika Baghin contributed equally
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. Allergy published by European Academy of Allergy and Clinical Immunology and John Wiley & Sons Ltd
Allergy. 2020;00:1-15. wileyonlinelibrary.com/journal/all 1

L)

Check for
updates


www.wileyonlinelibrary.com/journal/all
https://orcid.org/0000-0002-1992-2836
https://orcid.org/0000-0002-6386-7352
https://orcid.org/0000-0003-0094-2674
mailto:﻿
https://orcid.org/0000-0002-7409-7883
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:natalie.garzorz@tum.de
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fall.14557&domain=pdf&date_stamp=2020-09-01

LAUFFER ET AL.

y s Y
{_ Study design )
AD
n=144 5 e @& ® &
’ ? = Serum proteins
= Clinical data Persistence ~ Remission
Age 0 — 3 years Age 7 years

Cluster 1
Severe

Cluster 2
Intermediate

Cluster 3
Benign

—

t scorapatages §

Milk crust

' Change in the weather

] VEGF

Sensitivity and specificity > 80%

Endotypes =

GRAPHICAL ABSTRACT

Prediction model

Three distinct endotypes are found in infant AD. Persistence of AD at the age of 7 years is predicted with a sensitivity and specificity >80%.
Factors with a high impact on the prediction of persistence are SCORAD at the age of 3 years, milk crust, aggravation triggered by change in

the weather, and low VEGF serum levels.

1 | INTRODUCTION

Atopic dermatitis (AD) is the most common inflammatory skin dis-
ease among children, with a prevalence of up to 20%.} While the
majority of children will undergo disease remission by adolescence,
about a third develop chronic or relapsing disease.?* Several risk
factors for AD persistence have been proposed, including high dis-
ease score at first appearance, family history of atopy, early wheeze,
and elevated total serum IgE.>® However, it is still impossible to pre-
dict the individual course of AD at an early stage.

A possible reason for this is the heterogeneity of the disease
based on a complex interplay between genetics and environmental
triggers. An impaired skin barrier caused by, for example, filaggrin
mutations as well as microbiota and allergens eliciting adaptive and
innate type 2 immune responses are the supporting pillars of atopic
inflammation.”” In particular, Th2 cells and their key cytokines IL-4
and IL-13 hamper the differentiation and barrier formation of kerat-
inocytes, mediate the release of pro-inflammatory chemokines, and
promote the maturation and production of IgE by B cells.® Many
factors drive the clinical picture of AD in individual patients, thus of-
fering the rationale for the investigation of endotypes and predictive
biomarkers. As AD leads to systemic inflammation,** serum proteins
can be used to identify different immunological endotypes of AD, as
well as to objectively score disease severity.lz'16

In the present study, we hypothesized that not only the clinical
phenotypes, but also the heterogeneous course of AD in children
rely on different disease endotypes. Early identification of high-risk
children would lead to improvements of patient care as these pa-

tients and their parents could be offered close medical supervision,

adequate drug treatment, and allergy prevention. For this reason,
we investigated whether the assessment of serum proteins in com-
bination with clinical variables is useful to stratify children regard-
ing their individual risk of AD persistence. We considered children
whose parents observed visible AD skin lesions at the age of 7 years
as patients with a persistent AD course.

2 | MATERIALS AND METHODS
2.1 | Study design
2.1.1 | Study and validation cohorts

We identified 248 serum samples of children aged 0-3 years who had
received a physician-confirmed diagnosis of AD at the Department
of Dermatology between 2005 and 2011. All samples were stored
in the Biobank Biederstein at -80°C. We were able to contact 135
patients, of whom 124 were willing to participate in the study. For
these 124 patients, we retrospectively gathered clinical information
regarding family history and history of disease between the ages of
0 and 3 years (Table S1). To assess individual trigger factors, the par-
ents were asked if they had observed a worsening of AD associated
with certain influencing factors, such as vaccination, pollen expo-
sure, or changes in weather (temperature and humidity).

Next, at the age of 7-16 years, the patients and their parents
were interviewed personally during an outpatient visit at the de-
partment (n = 25), contacted via phone (n = 39), or asked to fill out

a questionnaire (n = 60). Two patients in the study cohort were
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Asians; the remaining 122 were Caucasians. Persistent AD course
of AD was assumed when the parents reported visible skin lesions
of AD (SCORAD >0) at the age of 7 years. Though the patients' age
differed at the time of interview or questionnaire (7-16 years), only
the period before age of 7 years was evaluated, when the whole
cohort was assessable. The mean SCORAD at the age of 7 years
was 28.15 + 14.34 in the group of children who showed persistent
course. To validate the predictors of persistence, an independent co-
hort of 20 children was established who did not belong to the study
cohort. In this cohort, clinical information was obtained either via
phone (n = 19) or questionnaire (n = 1), and serum collected between
2013 and 2015 was analyzed. The validation cohort consisted of 18
Caucasian and two Asian patients.

The study design was approved by the Ethics Committee of the
Faculty of Medicine of the Technical University of Munich (408/17S),
and written informed consent was obtained from all patients’ par-
ents. The complete questionnaire with all clinical variables assessed

can be found in the online repository of this manuscript.

2.1.2 | Independent cohort

The sub-cohort from the Munich study center of the LISA (Influence
of Life-style related factors on the development of the Immune
System and Allergies in East and West Germany) study, a German
population-based birth cohort study, has been used as an independ-
ent cohort for validation. In the present analysis, only children from
the Munich study center who had parent-reported, physician-diag-
nosed AD in the first 3 years of life were included. In all these pa-
tients, follow-up information about the disease course was available
until the age of 7 years (LISA Munich; n = 168). Further information
and variables used from the LISA Munich study have been listed in

the online repository of this manuscript.

2.2 | Cytokine and chemokine analyses

We measured 33 cytokines, chemokines, and growth factors in the
patients’ serum (Table S1) using the Bio-Plex Pro Human Cytokine
27-plex Assay (Bio-Rad Laboratories), according to the manufactur-

er's recommendations.

2.3 | IgE

Total serum IgE (IU/mL) and specific IgE (KU/L) to the common aller-
gens egg white, peanut, soybean, cow's milk protein, carrot, wheat,
banana, and inhalant screen (Dermatophagoides pteronyssinus, cat
dander, dog dander, Phleum pratense, rye grass, Cladosporium her-
barum, birch pollen, and Artemisia vulgaris) were measured using
ImmunoCAP 250 (Thermo Fisher Scientific) and IMMULITE 2000
XPi (Siemens). For the measurement of serum IgE in the LISA cohort,

see the online repository of this manuscript. Extrinsic allergic AD

was characterized by serum IgE levels >100 IU/mL and/or the pres-
ence of specific IgE, whereas intrinsic nonallergic AD was defined as
serum IgE levels <100 IU/mL and no detectable specific IgE.?”

2.4 | Statistical analysis

Categorical variables are presented as frequencies and percentages;
numerical values are expressed as means with standard deviation
(SD) unless otherwise indicated. For each numerical variable, we
used the nonparametric Mann-Whitney U test to test for differences
between two groups—“persistence of disease” vs “nonpersistence
of disease”—in both study cohort and LISA cohort, respectively.
Accordingly, for each categorical variable, the chi-square test was
used to analyze relationships between these two groups in both the
study and LISA cohorts. Multiple testing was corrected using the
Benjamini-Hochberg procedure (false discovery rate = 0.1). Results
are presented as odds ratios with corresponding 95% confidence in-
tervals (Cls) and raw and adjusted P values. All statistical analyses
were conducted using GraphPad Prism 7.00 software (GraphPad

Software).

2.4.1 | Cluster analysis and prediction model for
disease course

To carry out both the cluster analysis and the prediction model,
Python 3.6 with the sklearn module was used (http://www.python.
org). Serum data were log-transformed, and continuous features
were normalized to their mean and standard deviation. Features
were excluded if more than 20 values were missing; below this
threshold, missing values were imputed using the k-nearest neigh-
bors (KNN) method. Ultimately, 76 categorical and continuous fea-
tures were used (Table S1). To map the variance of the dataset onto
two dimensions, the dimensionality of the dataset was reduced using
factor analysis of mixed data (FAMD), with two components (https://
github.com/MaxHalford/prince). The resulting two-dimensional
dataset was clustered by the k-means method, which is an algorithm
that partitions data into k-distinct, ideally nonoverlapping subgroups.
We performed silhouette analysis to examine the separation dis-
tance between the resulting clusters and obtained a silhouette co-
efficient on a scale from -1 to + 1 with high values indicating high
matching of a patient to the corresponding cluster and only poor
matching to neighboring clusters. Differences in categorical or con-
tinuous features among the three clusters were analyzed using ei-
ther the chi-square test followed by a Bonferroni p value correction
or the Kruskal-Wallis test followed by Dunn's multiple comparisons
test and Bonferroni p value correction, respectively. To this end, the
statsmodels package of Python was used. For the prediction model
of the disease course, the most discriminative features were selected
using a genetic algorithm based on logistic regression. Persistence of
disease by the age of 7 years was used as a response variable, and

eleven of the remaining 75 features were extracted (Table S1). The
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reduced dataset containing these eleven features was then fed into
the XGBoosting method (Extreme Gradient Boosting), which is a de-
cision-tree-based ensemble algorithm, to classify the data into “per-
sistence of disease at the age of 7 years” as aresponse variable.*® The
model was trained on 82 randomly selected patients and tested with
the remaining 42 patients of the study cohort. To account for imbal-
ance in the training dataset, which showed a ratio of 1:1.7 in children
showing remission/persistence of disease at the age of 7 years, the
Synthetic Minority Over-sampling Technique (SMOTE) was used on
the data before training the classifier.’” 5-fold cross-validation was
consecutively applied to optimize the hyperparameters for the classi-
fier. Using an independent second cohort (validation cohort; n = 20),

the performance of the classifier was validated.

3 | RESULTS

3.1 | Data collection and characterization of the
study cohort

A total of 135 of 248 patients with a physician-confirmed diagnosis
of AD at the age of 0-3 years were contacted. In all patients, serum
samples had been taken between 0 and 47 months of life. Ultimately,
124 of these 135 patients were willing to participate in the study via
questionnaire, phone interview, and outpatient visit (study cohort)
(Figure 1). Clinical information comprising family history and disease
history were collected retrospectively (for all variables assessed, see
Table S1; for the complete questionnaire, see the online repository).
Persistent AD course was assumed when parents reported visible
AD skin lesions (SCORAD >0) at the age of 7 years. Serum proteins
and IgE levels were measured in the serum. Within the study cohort
of 124 patients, the mean age at onset was 6.9 + 7.6 months, and
the severity of AD at onset was on average moderate, as defined by
the mean SCORAD of 36.8 + 17.3. Seventy-eight out of 124 patients
(62.9%) showed persistence of AD at the age of 7 years, and 76.4%
of patients suffered from an extrinsic variant of AD characterized

by serum IgE levels >100 IU/mL and/or the presence of specific IgE.

FIGURE 1 Workflow of data
acquisition. Of 248 eligible serum
samples, sera from 124 patients were
used as clinical data could be acquired
retrospectively from these patients via
postal questionnaires, phone interviews,
and ambulatory visits. Serum was
analyzed using Luminex and ImmunoCAP.
The square brackets show the numbers
for the disease predictor in the validation
cohort (n = 20)

Analysis of
serum parameters
and clinical data

3.2 | Cluster analysis and characterization of the
AD clusters

First, we performed factor analysis of mixed data involving the 76
variables (Table S1; Figure 2) followed by unsupervised clustering
on the condensed data using the k-means method. The elbow point
in the inertia graph (Figure 2A) depicts the optimal number of three
clusters (Figure 2B). A highly separating cluster configuration was
reached with an average silhouette coefficient of 0.57 (Figure 2C).
Forty-two patients (33.9%) were allocated to cluster 1, 45 to
cluster 2 (36.3%), and 37 to cluster 3 (29.8%; Figure 2D, Table S2).
Cluster 1 was characterized by the highest percentage of patients
with a positive family history of atopic diseases (85.7% vs 71%
in cluster 2 and 48.6% in cluster 3; P = .0016). Moreover, clus-
ter 1 patients were characterized by the lowest age at AD onset
(3.5 months vs 8.0 months in cluster 2 and 9.3 months in cluster
3; P <.0001), the highest SCORAD at onset (42.8 vs 35.3 in clus-
ter 2 and 31.7 in cluster 3; P = .0095), and the highest rate of AD
persistence at the age of 7 years (73.1% in cluster 1% vs 66.7%
in cluster 2 and 45.9% in cluster 3; P = .0306). In addition, trig-
ger factors of AD exacerbation, such as stress, change in weather
(temperature, humidity), pollen exposure, infection, and vaccina-
tion were reported more often in cluster 1 than in clusters 2 and
3. For example, stress was reported in 64.3% of patients in cluster
1, but only played a significant role in 35.6% of patients in clus-
ter 2 and in 32.4% of patients in cluster 3 (P = .0058; Table S2).
Moreover, allergic rhinoconjunctivitis (ARC) and allergic asthma
were highly prevalent in cluster 1, with prevalences of 92.9% and
42.9%, respectively, while they were less prevalent in cluster 2
(ARC: 75.6%, allergic asthma: 8.9%). No patients in cluster 3 re-
ported ARC or allergic asthma (P < .0001). In addition, food al-
lergies were more prevalent in cluster 1 patients than in cluster 2
and 3 patients (P < .0001). Concerning serum IgE, patients from
cluster 1 showed the highest level of total serum IgE (245 1U/mL
vs 68.2 IU/mL and 130.3 IU/mL in clusters 2 and 3, respectively;
P =.0002), as well as the highest levels of specific IgE to egg white
(P = .0006), peanut (P < .0001), soybean (P = .0003), cow's milk
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FIGURE 2 Cluster analysis revealed three distinct clusters of patients in the study cohort. As indicated by the elbow point in the inertia
graph (A), unsupervised clustering approach using the k-means method revealed three distinct clusters of patients (B). The silhouette
coefficient values of all patients in each cluster reached an average value of 0.57 indicating high separating quality of the clusters (C).

The heat map of the three clusters shows differential expression of features within the three clusters. Red values indicate high numbers
(continuous features) or percentages (categorical features), while blue values indicate low numbers (continuous features) or percentages
(categorical feature) (D)
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(Continued)

TABLE 1

LISA cohort (n = 168)

Study cohort (n = 124)

adj. P

adj. P

value

P value

95% ClI

OR

value noR

P value

95% ClI

OR

noR

Clinical characteristics

4709
2413

1427
.0585

96.77 +7.51

108.54 + 6.36

Eotaxin, mean + SEM [pg/mL]

FGF-basic,

76.34 + 3.41
81.17 + 6.65

84.01 +2.97
88.455 + 5.67

[pg/mL]

mean + SEM
G-CSF, mean + SEM [pg/mL]

4282

1557

121.37 + 13.50 105.19 + 14.79 .3930 4803

GM-CSF, mean + SEM [pg/mL]

.6650
.5082

4310

.0403

76.36 + 8.9

102.42 + 14.18

INF-g, mean + SEM [pg/mL]
MCP-1, mean + SEM [pg/mL]
MIP-1a, mean + SEM [pg/mL]
TNF-a, mean + SEM [pg/mL]

4928
1959
4948

.0489

104.89 + 20.29

12517 +25.48

4.38 +0.25

4.78 +0.24

4948
.5379

94.1 + 20.55

94.59 + 14.74

103.61 + 14.87

71.20 + 8.61

[pg/mL]

VEGF, mean + SEM

Note: Categorical variables are shown as counts and percentages. Continuous variables are shown as mean + SD or SEM, as indicated. Odds ratios (OR) including 95% confidence intervals (Cl) indicate

association of variables with course of disease. R, remission at the age of 7 y. noR, no remission at the age of 7 y, persistence of disease.

protein (P < .0001), wheat (P <.0001), and common pollen and en-
vironmental inhalants (P < .0003). Analysis of serum cytokines re-
vealed higher levels of IL-9 in cluster 1 than in cluster 3 (P =.0417).
The levels of serum IL-17 (P = .0101) and MIP-1b (P = .0156) were
higher in cluster 1 than in clusters 2 and 3. Cluster 2 was charac-
terized by the highest levels of 14 serum cytokines as compared to
the other clusters. Notably, there was a trend of higher amounts of
IL-1R, IL-2, IL-15, and TNF-a in cluster 2. In cluster 3, all serum cy-
tokines broadly showed the lowest or second lowest levels among
all clusters apart from VEGF, TIMP-1, and IL-13, which had the
highest serum levels in cluster 3, although the difference was not
statistically significant. The numbers and significance levels of all
features are listed in Table S2.

3.3 | Analysis of factors correlating with an
increased risk of disease persistence at the age of
7 years

Cluster 1 was characterized by the severest AD endotype, as indi-
cated by the highest SCORAD at disease onset, the highest preva-
lence of other atopic diseases, the highest rate of positive family
history, and the highest rate of persistent disease course. Therefore,
we sought to identify factors associated with disease persistence
until the age of 7 years. To validate the findings of our study cohort
(n = 124), we identified corresponding variables in the independent
LISA Munich cohort (n = 168) and analyzed them for their associa-
tion with persistent disease course (Table 1). Although 62.9% of chil-
dren showed a persistent disease course in the study cohort, only
14.9% (n = 25) in the LISA Munich cohort did so. In both cohorts, in-
creased odds ratios (ORs) for persistence were observed for female
sex (raw P =.0227 in the LISA cohort), positive family history, cesar-
ean section rate, milk crust, allergic rhinitis and/or allergic asthma
(raw P = .0386 in LISA, P = .044 in our cohort), and increased IgE
levels. However, none of these associations reached statistical sig-
nificance after correction for multiple testing (Table 1). In contrast,
significant associations with disease persistence were found for the
trigger factors exposure to pollen (OR = 4.13, Cl = 1.56-10.97, ad-
justed P = .0341), change in weather (OR = 5.39, Cl = 2.33-12.49,
adjusted P = .0024), or stress (OR = 3.58, Cl = 1.6-8.02, adjusted
P = .0235), which were not assessed in the LISA Munich cohort.
Moreover, SCORAD at the age of 3 years was significantly higher in
the persistent group (35.0 + 12.26) than in the nonpersistent group
(12.67 + 14.58; adjusted P = .0047). To gain a deeper insight into the
phenotype of children with AD in both the persistent and nonper-
sistent groups, we assessed lesion distribution at both disease onset
and at the age of 3 years (Table 2, Figure 3). While a high percentage
of patients in both groups showed involvement of the face and limbs
at the time of disease onset, significant differences were observed
between the groups at the age of 3 years. More patients in the per-
sistent than in the nonpersistent group showed involvement of the
upper limbs (OR = 6.48, Cl = 2.61-16.05, P = .0014), lower limbs
(OR = 5.03, Cl = 2.1-12.03, P = .0014), and flexures (OR = 2.68,
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Study cohort (n = 124)

TABLE 2 Distribution of skin lesions
in both the persistent and non-persistent

Clinical
phenotype noR R OR 95% CI
Distribution of lesions at onset
Face, no. (%) 49 (74.2) 27 (73) 1.07 0.43-2.66
Neck, no. (%) 12(18.1) 7 (18.9) 0.95 0.34-2.68
Upper limbs, 50 (75.8) 27 (73) 1.16 0.46-2.9
no. (%)
Lower limbs, 39(59.1) 24 (64.9) 0.78 0.34-1.8
no. (%)
Abdomen, no. 20(30.3) 9(24.3) 1.35 0.54-3.82
(%)
Back, no. (%) 19 (28.8) 5(13.5) 2.59 0.88-7.64
Flexures, no. 30(54.5 15 (40.5) 1.22 0.54-2.76
(%)
Distribution of lesions at the age of 3y
Face, no. (%) 21 (31.8) 8(21.6) 1.73 0.68-4.43
Neck, no. (%) 15(23.1) 5(13.5) 1.92 0.64-5.9
Upper limbs, 53 (81.5) 15 (40.5) 6.48 2.61-16.05
no. (%)
Lower limbs, 49 (75.4) 14 (37.8) 5.03 2.10-12.03
no. (%)
Abdomen, no. 8(12.3) 4(10.8) 1.16 0.32-4.14
(%)
Back, no. (%) 6(9.2) 1(2.7) 3.66 0.42-31.67
Flexures, no. 42 (64.6) 15 (40.5) 2.68 1.17-6.14
(%)
Distribution of lesions at the age of 7y
Face, no. (%) 15(23.1) 0(0)
Neck, no. (%) 12 (18.4) 0(0)
Upper limbs, 53(81.5) 0(0)
no. (%)
Lower limbs, 52 (80) 0(0)
no. (%)
Abdomen, no. 6(9.2) 0(0)
(%)
Back, no. (%) 8(12.3) 0(0)
Flexures, no. 40 (61.5) 0(0)
(%)

adj. P groups at the age of onset, at the age of

P value value 3y,and atthe ageof 7y

.8882 9565

9263 9263

7549 9608

564 .8773

.5175 9056

.0785 2748

.6295 .8813

.25 .5000

2421 .5649
<.0001 .0014

.0002 .0014

.8215 9584

.2099 .5877

.0186 .0868

Note: Variables are shown as counts and percentages. Odds ratios (OR) including 95% confidence
intervals (Cl) indicate association of variables with course of disease. R, remission at the age of 7 y.

noR, no remission at the age of 7y, persistence of disease.

Cl = 1.17-6.14, P = .0868; Table 2, Figure 3). Interestingly, the ob-
served differences were not correlated with the application of topi-
cal steroids (never/proactive/if needed; P = .5587) or basic therapy
with emollients (never, daily, multiple times a week; P = .9456).
Apart from involvement of the face (31.8% of patients showed le-
sions in the face at the age of 3 years vs 23.1% at 7 years), patients
within the persistent group presented similar lesion distribution at
the ages of 3 and 7 years (Table 2, Figure 3).

Concerning serum cytokines, no significant differences were
found between the groups after correction for multiple compar-
isons. However, the raw P values for increased levels of IL-7 and
IFN-y were lower in the persistent group than in the nonpersistent
group, and there were lower levels of CCL22 and VEGF in the per-
sistent group than in the nonpersistent group (Figure S1, Table 1). In
addition, no significant correlations were found between any of the
cytokines and SCORAD at the ages of 3 or 7 years (data not shown).



LAUFFER ET AL.

FIGURE 3 Distribution of AD lesions
in both the persistent and nonpersistent
groups at the age of onset (upper row),

at the age of 3 y (middle row), and at the
age of 7 y (lower row). Red colors indicate
a high percentage of patients showing
involvement of the indicated site, and
yellow colors indicate low percentages of
patients showing involvement of that site.
Flexural sites are shown in circles

SCORAD Age 3 - Persistence

\ /

"

"

3.4 | Alogistic regression-based model to predict
disease persistence

To assess the impact of clinical variables and serum proteins in com-
bination, we next sought to establish a classifier predicting disease
outcome. To this end, we performed feature selection using a ge-
netic algorithm with logistic regression. Eleven of the remaining
75 variables were extracted, among which the following variables
had the highest impact for disease classification: “SCORAD at age
3, “VEGF,” “IL-17,” “persistence of milk crust,” “breastfeeding” and
the trigger factors “change in weather” and “pollen” (Figure 4A,
Table S1). Consistent with both the cluster analysis and the correla-
tion of variables with disease persistence, “SCORAD at age 3, the
trigger factors “change in weather” and “pollen,” and to a lesser ex-
tent breastfeeding, were positively associated with disease persis-

tence, whereas higher levels of VEGF were positively correlated with

Age onset - Persistence

N

SCORAD Age 7 - Persistence

\ /“

SCORAD Age 3 - Remission

\ In\ /“\

SCORAD Age 7 - Remission

\ (@] (@] -0%

remission. In addition, absence of milk crust correlated positively
with disease remission in this prediction model.

Next, XGBoost was used to establish a classifier to predict
disease outcomes. Disease persistence at the age of 7 years was
defined as the response variable. For each patient, the probability
of disease persistence until the age of 7 years was calculated. The
classifier was trained using 82 randomly selected patients of the
study cohort (28 patients with remission at the age of 7 years (R),
54 with persistence at the age of 7 years (noR); mean SCORAD
at onset: 37.946 + 18.99) and tested on 42 patients of the study
cohort (18 patients with R, 24 with noR, mean SCORAD at onset:
35.29 + 15.86). With a cutoff probability value of >55% for clear
prediction for persistence and of <45% for remission, as well
as an AUC of 0.997, the classifier diagnosed all patients in the
training cohort correctly, apart from one patient who could not
be given a clear prediction (probability of persistence = 54.13%;
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A) Remission  Persistence FIGURE 4 Prediction model for
persistence/remission of disease by the
high age of 7 y. Eleven of the 75 variables used
SCORAD at age 3  «asefrle WAgmegoo etos o [tosse oo 3405 ARiad PRt 080 for prediction are shown. Red dots on
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Breastfeeding yes/no el | E side) from the middle line indicate that
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ollen = . o X
] (negative) association with the target
Pet keeping + variable “persistence” (A). The classifier
Siblings - for persistent disease course was trained
Food allergy nuts in a cohort of 82 patients with persistent
. . . . | . . . . low (red dots) and nonpersistent (blue dots)
-20 -15 -10 -05 00 05 10 15 20 disease course (B). The classifier was then
SHAP value (impact on model output) applied in a test cohort of 42 patients (C)
and in an independent validation cohort
(B) (©) of 20 patients (D). Prediction probabilities
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I ° . ° P . HI the lower axis of each graph. Dotted lines
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Figure 4B,E). In the test cohort, 32 patients were correctly classi-
fied, seven were misclassified, and three had probabilities ranging
from >45% to <55% and could not be definitively classified. Thus,
the disease predictor delivered a sensitivity of 81.8% and a spec-
ificity of 82.4% for persistence of disease, with an AUC of 0.877
(Figure 4C,E). Next, we sought to validate the performance in a
second independent validation cohort of 20 patients: six with R
and 13 with noR; mean SCORAD at onset: 58.58 + 15.67. Fifteen
of the 20 patients were correctly classified, while three were mis-
classified and two had probabilities ranging from >45% to <55%
and could not be classified (Figure 4D). In line with the test co-
hort, a sensitivity of 84.6% and a specificity of 80.0% for disease

persistence was reached, with an AUC of 0.833 (Figure 4E). The
probabilities of disease persistence in each patient are listed in
Table S3.

4 | DISCUSSION
Atopic dermatitis is a highly heterogeneous disease.>?%?! Based on
clinical presentation and current diagnostic tools, clinicians cannot
predict whether the individual disease course will be self-limiting.

In the present study, we discovered three endotypes of AD in

infancy. Cluster 1 represented the severe endotype: children with
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an early disease onset, high SCORAD, allergic comorbidities, and el-
evated serum IgE, IL-17, and MIP-1b. Cluster 3 was characterized by a
benign endotype: late disease onset, lower SCORAD values, few al-
lergic comorbidities, and low concentrations of inflammatory serum
proteins, apart from VEGF, TIMP-1, and IL-13. However, cluster 2
represents an intermediate endotype.

From an immunological point of view, cluster 1 (high serum IgE,
Th2, and Th17 cytokines) resembled the cytokine signature of adult
AD described by Brunner et al.!! The elevated levels of IL-17 might
be linked to bacterial colonization and barrier defects, as infiltrat-
ing Th2/IL-17 cells of acute AD lesions release IL-17 when activated
by the Staphylococcus aureus superantigen.22 In line with this ob-
servation, and given that cluster 1 was characterized by the lowest
age of disease onset, Thijs et al found that patients with early AD
onset and “profoundly inflamed” skin had high IL-17 serum levels.'*
Cluster 3 had the lowest serum cytokine values, indicating that sys-
temic inflammation was not as pronounced as in the other patient
groups. Interestingly, cluster 3 showed a trend toward the highest
VEGF, TIMP1, and IL-13 levels. IL-13 is a typical Th2 cytokine that
is clearly associated with AD.}*2% Several studies have found el-
evated VEGF in the serum of adults with AD, but the correlation
to disease severity is unclear.?*2% In the present study, high levels
of VEGF were associated with a higher rate of disease remission,
indicating that patients in cluster 3 have better prognosis. Reduta
et al demonstrated that TIMP1, which has cell growth-promoting
activity,?” shows higher levels in the serum samples of patients in
remission from acute contact dermatitis than in patients with active
contact dermatitis,?® indicating that it plays a role in disease cessa-
tion. In line with this, patients in cluster 3 had the lowest SCORAD
values at disease onset and almost no allergic comorbidities. Cluster
2 showed a trend toward increased levels of IL-1R, IL-2, IL-15, and
TNF-a, while classical Th2-related serum cytokines did not increase.
In accordance with the clinical presentation, showing an interme-
diate endotype between cluster 1 (severe) and cluster 3 (mild), this
immunological signature represented mixed inflammation, with
upregulation of innate (IL-1R, TNF-a) and adaptive immunity (IL-2,
IL-15). Hence, the intermediate cluster 2 may comprise more endo-
types that could only be characterized in a larger cohort.

The concept of AD endotypes is a new approach to address dis-
ease heterogeneity. Transcriptome analysis and serum biomarker
detection may allow researchers to identify patient subgroups that
are responders or nonresponders to certain therapies.“’l‘"m'29
Thijs et al defined AD endotypes in adults based on serum cy-
tokine signature.’ In that study, the authors detected four dis-
tinct clusters of patients: clusters 1 and 3 were associated with
a severe clinical presentation, while clusters 2 and 4 presented a
milder endotype. In the present study, clustering resulted in three
patient subgroups. Although serum AD markers in childhood dif-
fer from those of adult AD,%° certain analogies are apparent. For
instance, cluster 2 as described by Thijs et al had the highest fre-
quency of childhood onset and the lowest VEGF values. Moreover,
VEGF, which is a potent regulator of angiogenesis,>* enhances the

Th1 phenotype, thus inhibiting polarization of the AD-driving Th2

cells.®? In line with these findings, we observed that children with
high serum VEGF levels had a higher chance of disease remission
by the age of 7 years. In the next step, we assessed the prognostic
value of clinical and serum parameters. Previous studies have pro-
posed several other predictors of chronic disease in adults, such
as high serum IgE levels, high eosinophil count, and filaggrin null
mutations.®®3-%> However, most studies have only investigated a
single or a few factors, while studies examining a multitude of clin-
ical variables and serum proteins in the same cohort of children
are rare. In addition, research has mostly focused on biomarkers
that correlate with the current disease score, not on whether
serum proteins can predict disease progression. By calculating the
ORs for disease persistence, we demonstrated that certain clinical
characteristics of the endotype clusters were associated with dis-
ease persistence. Results were obtained from our cohort and an
independent population-based birth cohort (LISA Munich). Both
showed an association between disease persistence and allergic
disorders. In a recent study, Berna et al performed an unsuper-
vised clustering analysis of seven clinical variables in a cohort of
more than 8000 children suffering from AD in the USA. They ob-
served five distinct clusters, which differed in terms of race, fam-
ily income, and family history. As in our study, the authors were
able to assign each cluster to a certain risk of AD persistence, thus
affirming the concept of high- and low-risk disease endotypes.3¢
Among the individual factors, allergies were associated with a
higher rate of persistence, as in our study. Next, we found that
SCORAD at the age of 3 years was significantly higher in the group
with persistent AD, indicating that chronification may be associ-
ated with high SCORAD and that it may occur very early. This ar-
gument was corroborated by Celakovska et al,%” who showed that
SCORAD reflected the duration of atopic dermatitis lesions. In ad-
dition, Czarnowicki et al demonstrated that circulating CLA* Tem
and T, cells were highly correlated with AD severity, indicating
that memory for inflammation and thus risk for chronification may
be higher in more severely affected individuals.®® Interestingly,
in contrast to adults, where head and neck involvement has been
associated with persistent AD,* we showed a significant associa-
tion between persistence of disease and involvement of the upper
and lower limbs, as well as the flexures. In addition to the LISA
Munich cohort, we assessed subjective trigger factors for disease
exacerbation. In this regard, we observed a significant association
between disease persistence and the trigger factors change in
weather, exposure to pollen, and stress. In accordance with the
nasal and bronchial mucosal symptoms in patients with asthma

and rhinitis,**4!

changes in weather, such as humidity and tem-
perature, may exacerbate “hyperreactivity of the skin.” In addition,
the trigger factor “stress” is of high importance, as it warrants po-
tential therapeutic interventions. Indeed, disease management
programs integrating the biological and psychological aspects of
AD are highly beneficial for young patients and parents.*?
High-risk children must be identified, as potential prevention
strategies are available to improve individual disease course, such

as daily emollient use or proactive topical treatment,*>* as well



LAUFFER ET AL.

“ | wiLEy—Allergy

as an increasing number of targeted AD therapies (biologics).***”

Therefore, we tested the combination of clinical and serological pa-
rameters for their prognostic value concerning disease persistence
using a genetic algorithm alongside logistic regression. Our disease
predictor correctly classified patients with a sensitivity and specific-
ity of >80% in both the test and validation cohorts. Factors with a
high impact on prediction of disease persistence were SCORAD at
the age of 3 years, trigger factor change (weather and pollen), milk
crust, breastfeeding, and low VEGF. These factors could be easily
evaluated in clinical practice.

Our study had some limitations. Firstly, we collected our data
retrospectively, which may have led to missing or incorrect data.
Second, we only assessed the disease course until the age of
7 years and had no information about potential disease recurrence
at later time points. Furthermore, we cannot rule out selection bias
caused by the monocentric study design: Severe cases may have
predominated at the university department, which may explain the
higher rate of children with persistent course in our cohort than in
the literature, as well as the rate of persistence in the LISA Munich
cohort.? Moreover, we used patient- or caregiver-reported out-
comes, which can contribute to a higher persistence rate.*® It was
for this reason that the findings for the factors characterizing dis-
ease persistence were validated in an independent cohort (LISA).
In addition, the robustness of the disease predictors was inferred
not only by cross-validation but also by challenging its performance
in a separate validation cohort established 2 years after the study
cohort was built. Common trends regarding the risk factors for per-
sistence were found in both the LISA Munich cohort and our own,
despite the different rates of persistent disease course between
the two studies. This strengthens our findings. Despite all these
limitations, the present study can be regarded as proof of concept,
demonstrating that stratification of individual risk factors and pre-
diction of disease progression can be performed using large data-
sets of complex and heterogeneous inflammatory diseases, such as
childhood AD. We investigated a so-far unsolved clinical problem,
namely whether children will develop chronic AD, to emphasize
that systematic assessment of clinical and serological variables,
combined with innovative bioinformatic approaches, is useful to
overcome relevant medical needs.

In summary, we demonstrated that children with AD can be
stratified into three distinct endotypes based on clinical parameters
and inflammatory blood signatures. We propose a classifier that dis-
criminates persistent course from remission, which could be trans-
ferred into clinical practice, allowing individualized risk assessment

and precision medicine.
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