Received: 10 July 2023 Accepted: 6 September 2023

DOI: 10.1111/5rt.13470

ORIGINAL ARTICLE

WILEY

Skin surface biomarkers are associated with future
development of atopic dermatitis in children with family
history of allergic disease

Takahiro Sato! | Janet Nikolovski® | Russell Gould® | Imane Lboukili2 |

Pierre-Francois Roux? |
Georgios N. Stamatas?

1Janssen Research & Development, LLC,
Raritan, New Jersey, USA

2Essential Health Translational Science,
Johnson & Johnson Santé Beauté France,
Issy-les-Moulineaux, France

Correspondence

Georgios N. Stamatas, Essential Health
Translational Science, Johnson & Johnson
Santé Beauté France, 1 rue Camille
Desmoulins, Issy-les-Moulineaux, France.
Email: georgios.stamatas@outlook.com

Funding information
Janssen Research & Development; Johnson &
Johnson Santé Beauté France

Gabriel Al-Ghalith® | JeremyOrie® | RichardInsel® |

Abstract

Background: Atopic dermatitis (AD) is a common childhood chronic inflammatory skin
disorder that can significantly impact quality of life and has been linked to the subse-
quent development of food allergy, asthma, and allergic rhinitis, an association known
as the “atopic march.”

Objective: The aim of this study was to identify biomarkers collected non-invasively
from the skin surface in order to predict AD before diagnosis across a broad age range
of children.

Methods: Non-invasive skin surface measures and biomarkers were collected from
160 children (3-48 months of age) of three groups: (A) healthy with no family history
of allergic disease, (B) healthy with family history of allergic disease, and (C) diagnosed
AD.

Results: Eleven of 101 children in group B reported AD diagnosis in the subsequent 12
months following the measurements. The children who developed AD had increased
skin immune markers before disease onset, compared to those who did not develop
AD in the same group and to the control group. In those enrolled with AD, lesional
skin was characterized by increased concentrations of certain immune markers and
transepidermal water loss, and decreased skin surface hydration.

Conclusions: Defining risk susceptibility before onset of AD through non-invasive
methods may help identify children who may benefit from early preventative interven-

tions.
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1 | INTRODUCTION

Atopic dermatitis (AD) is acommon chronic inflammatory skin disorder
that often manifests within the first year of life 1 and can significantly
impact the quality of life of the child and the caregiver.? The incidence
of AD in children ranges from 15 to 30%.5 AD with onset in early life
has been linked to the subsequent development of food allergy, asthma,
and allergic rhinitis, an association known as the “atopic march”*
This progression is dependent on various underlying factors such as
genetic mutations, skin barrier impairments, immune dysfunction, and
environmental conditions.>~8

Children with a family history of allergic disease are at highest sus-
ceptibility for developing atopic diseases.”1° Previous studies have
identified different phenotypes of AD with different trajectories of dis-
ease progression and risk of development of atopic comorbidities.!?
These phenotypes are characterized by the age of onset of the first
symptoms (two with early onset [transient or persistent progression]
and one late onset [after 2 years]) and the natural course of the disease
from birth through early childhood. Within these unique phenotypes,
there is emerging evidence of differential association with risk fac-
tors, but risk factors and prediction markers for late-onset AD remain
unknown.

There is a need to define risk susceptibility biomarkers that can be
used to identify children before onset of AD, who may benefit from
preventative interventions. Importantly, capturing these biomarkers
must be done using minimally invasive methods, since biopsies and
blood draws are not always practical in infants/children. Local skin
barrier biology and underlying mechanisms have emerged as an area
with significant predictive potential insight.'2 Tape stripping has shown
promise in detecting cutaneous gene expression/protein biomarkers,
and associations have been found between disease severity and Th2
and Th17/Th22 products in lesional and non-lesional AD skin.1314
Moreover, microbiome signatures of the skin have been encouraging
for diagnosing AD® and were associated with AD severity'¢ and risk
of developing AD.7:18

The aim of this study was to identify skin surface biomarkers
of healthy individuals that are associated with future onset of AD.
Such biomarkers could also help gain a deeper understanding of
disease mechanism. Skin surface samples were collected from: (A)
healthy children with no family history of allergic disease (healthy/low-
risk), (B) healthy children with family history of allergic disease
(healthy/high-risk), and (C) children with active AD lesions. Noninva-
sive data collected included measures related to skin function and

skin composition.

2 | MATERIALS AND METHODS

2.1 | Study design

A single-center, exploratory study was conducted to compare skin
biomarkers in 3 groups of children aged 3-48 months, based on
their status of AD and their family history of atopic disease. The

study was reviewed by an independent institutional review board
for ethical approval (study 19.0457-39, certificate 2019/026, pro-
DERM GmbH, Hamburg, Germany). Recruitment was open between
December 2019 and February 2020. All study participants were res-
idents of the Hamburg, Germany area. The study was conducted
according to the principles of the Declaration of Helsinki. All par-
ents/legal authorized representatives (LARs) of the participating chil-
dren had a complete understanding of the test procedure and gave
written consent to the study. Prior to the study, the parents/LARs
were instructed not to apply any leave-on cosmetics on their child
in the test area within the last 3 days prior to the start of the
study or apply any cleansing products on their child in the test area
on the day of the measurements. They were instructed to avoid
contact of the test area with water within the last 2 h prior to
instrumental measurements.

Study participants were divided into the following groups: (A) 29
healthy/low-risk, defined as without history of AD in self or family (par-
ent or siblings), hay fever, or allergic asthma; (B) 101 healthy/high-risk,
defined as without AD but with family (parent or siblings) history of
allergic disease (AD, hay fever or allergic asthma); (C) 30 with active AD
with local SCORAD index of 4-8 as assessed at the time of recruitment
by a study pediatrician (associated with the clinical site) on the atopic
lesion area by rating 7 parameters (erythema, edema and papules,
weeping and crusts, excoriation, lichenification, dryness, and pruritus),
according to the following scale: O = None, 1 = Slight, 2 = Moderate,
3 = Strong. The subjective parameter pruritus was assessed by the
LARs of the participating children. Note that Group B was intention-
ally oversampled (twice as that of either groups A or C) since we could
not accurately predict up front how many children of that group would
convert to AD within 12 months.

Children with serious illnesses or systemic medication past or
present, any skin related conditions, including AD (besides for group C),
seborrheic dermatitis, psoriasis or skin infections were excluded from
the study.

At 6 months after their visit, parents/LARs were contacted to fill out
a Health History Questionnaire. At 12 months, parents/LARs of par-
ticipants in groups A and B were contacted by phone call to inquire
if their child was diagnosed with AD since the first visit. AD diagnosis
was self-reported (performed by the personal/family physician of the

participants).

2.2 | Measurements

All measurements took place in an air-conditioned room at a tem-
perature of 21 + 1°C and at 50 + 5% relative humidity. Before
measurements, study participants stayed in the climatized room for
>30 min.

Skin surface hydration (SSH) was evaluated using the electri-
cal capacitance method (Corneometer CM825, Courage & Khazaka,
Cologne, Germany), with five measurements at each test area.

Skin barrier was assessed by measuring the rate of transepider-

mal water loss (TEWL) with a closed chamber system equipped with
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a condenser (Aquaflux AF200, Biox Systems Ltd., London, UK) with
one measurement at each test area. The closed chamber design is
considered more stable than that of an open chamber device.

Photos of the test area were acquired using a high-resolution digital
camera (Canon EOS 5D Mark I1I; 50 mm Macrolens/28 mm Macrolens)
in combination with a dermatoscope (DERMlite TM Foto, 3Gen Inc.,
San Juan Capistrano, CA, USA) with ring-light illumination and distance
holder. The captured test area was 1.5-2/2-2.5 cm (28 mm lens) in
diameter. White balancing and color calibration were performed using
the X-Rite Color Checker.

Raman spectra at consecutive depths in the skin were acquired
using an in vivo confocal Raman microspectrometer (gen2-SCA Skin
Analyzer, River D, Rotterdam, The Netherlands). Concentration pro-
files of water (wavenumber range 2600-3800 cm~1) and NMF compo-
nents (wavenumber range 400-1800 cm~1) were calculated from the
Raman spectra using manufacturer’s software (SkinTools). For water
profiles, spectra were acquired in the high wavenumber spectral region
from the skin surface up to a depth of ~48 um in the skin, in steps of
2.0 um with an integration time of 1 s and a 25 um diameter pinhole,
with ~6 profiles per test area. For amino acid profiles, spectra were
acquired in the fingerprint spectral region from the skin surfaceup to a
depth of ~48 um in the skin, in steps of 2.5 um with an integration time
of 5 s and a 100 um diameter pinhole, with ~6 profiles per test area.
Depth profiles for the resistance to water transport were calculated as
previously described.?

Immune marker analysis was performed by swabbing the skin areas
of interest using specialized swabs soaked in buffer (FibroTx, Tallinn,
Estonia). Samples were stored on dry ice until further processing and
at —80°C until shipment to FibroTx for marker analysis using a spot
enzyme-linked immunosorbent assay. Samples were analyzed for the
presence of chemokine (CC) ligand (CCL)-17, CCL-2, CCL-22, CCL-
27, CXC chemokine ligand (CXCL)-1/2, human B-defensin (hBD)-1,
interleukin (IL)-18, IL-1a, IL-1p, IL-1 receptor antagonist (IL-1RA), IL-
36y, IL-8,5100A8/9, and vascular endothelial growth factor (VEGF)-A.
These chemokines were selected for their reported involvement in skin
inflammatory processes and specifically in AD.13-18

Measurements by in vivo Raman confocal microspectroscopy were
performed on the volar forearm (left or right side, randomized), and
TEWL rates, SSH, imaging, and immune marker sampling were per-
formed on the arm and center of the facial cheek (left or right side
randomized). For group C, lesion assessments were preferably per-
formed on the AD lesion and additionally on healthy skin beside the
lesional skin (Table S1). Skin swabs were preferably performed on the
opposite side of the body (if not involved in AD) or next to the areas of

the instrumental measurements.

2.3 | Statistical analysis
All statistical analyses were performed on R using the packages
DescTools, rstatix, and ggplot2. Details of the statistical analyses are

presented in the Supplemental Methods.

3 | RESULTS

3.1 | Participant characteristics

Children (N = 160), aged 3-48 months, were enrolled in the study and
divided into three groups: (A) healthy/low-risk group, (B) healthy/high-
risk group, and (C) children with active AD lesions. All were Caucasian
with a Fitzpatrick type between I-lll. Baseline characteristics are
shown in Table 1.

3.2 | Children in the high-risk group who
developed AD within 12 months display
differentiated expression of skin surface immune
markers

In group B, 11 children presented with confirmed AD diagnosis within
12 months after skin assessment (converters), 71 reported no AD diag-
nosis (non-converters), and 19 were not reached. Of the 11 converters,
2 developed AD before 12 months of age (early-onset phenotype), 5
between 12 and 24 months (uncertain-onset phenotype), and 4 after
24 months of age (late-onset phenotype). There was no statistical
difference between converters and non-converters in mode of birth,
sex, age or in measured parameters of skin barrier function and SSH
(Table 1, Table S2).

A minimum of four immune markers with surface concentrations
measured on the arm were required for a combined Z-score that
was significantly different (p < 0.05) between converters and non-
converters (Figure 1, Table S3). The four selected markers for the
combined Z-score (hBD-1, IL-1RA, IL-36y, S100A8/9) were the ones
ranking with lowest p-value on the arm data (Table S2). The odds ratios
(OR) of the combined Z-score for developing AD within 12 months
were 19.2 for the arm and 9.1 for the face (Figure 2, Table S4).

Four different machine learning models trained on concentration
data of all analyzed immune markers taken from skin surface swabs
of AD participants (lesion) versus healthy/low-risk participants showed
high accuracy in separating the two groups as shown in receiver oper-
ating characteristic (ROC) curves. The median area-under-the-curve
(AUC) values ranged from 0.93 to 1.00 for the arm and 0.75 to 0.94 for
the face (Figure 3A,B). These models were then tested on predicting
healthy/high-risk converters versus non-converters and could predict
development of AD on the arm with AUC values ranging from 0.65 to
0.78 for the arm (Figure 3C). Immune marker data collected from the
face had lower predictive ability as evidenced by AUC values ranging
from 0.45-0.63 (Figure 3D).

Although the resistance to water transport was decreased for the
healthy/high-risk and the AD group on non-lesional sites compared to
the healthy/low-risk group, there was no statistical difference between
converters and non-converters in the healthy/high-risk group (Figure
S1). Similarly, although the concentration of total amino acids in the
Stratum Corneum (SC) was lower in the AD group on non-lesional sites

compared to the healthy groups, there was no statistical difference
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TABLE 1 Demographic and clinical data. Group A: Healthy/low-risk children with no family history of allergic disease; Group B:
Healthy/high-risk children with family history of allergic disease; Group C: Children with active AD lesions (local SCORAD index of 4-8);
converters: Children in Group B who developed AD within 12 months after skin assessment; non-converters: Children in Group B who did not
develop AD within 12 months after skin assessment.

Group B Group B
Group A Group B Group C Total converters non-converters
(n=29) (n=101) (n=30) (n=160) (n=11) (n=90)

Sex

Female 16 (55.2%) 57 (56.4%) 11(36.7%) 84 (52.5%) 6(54.5%) 51(56.7%)

Male 13 (44.8%) 44 (43.6%) 19 (63.3%) 76 (47.5%) 5(45.5%) 39 (43.3%)
Mode of birth

C-section 10 (34.5%) 29 (28.7%) 8(26.7%) 47 (29.4%) 3(27.3%) 26(28.9%)

Vaginal 19 (65.5%) 72(71.3%) 22 (73.3%) 113(70.6%) 8(72.7%) 64 (71.1%)
Age (months)

Mean (SD) 25.9(10.7) 23.1(12.6) 20.6(13.4) 23.1(12.5) 23.5(13.9) 23.0(12.6)

Median 25 20 19 21 18 20

[Min, Max] [7,44] [3,47] [5,47] [3,47] [6,44] [3,47]
TEWL (gm?/h)
Mean (SD)

Arm 13.7(6.2) 14.0(7.0) 18.3(7.6)? 11.8(2.6) 14.7 (8.0)

Face 17.2(10.1) 17.1(6.1) 19.0(7.0)? 16.4(5.7) 17.0(6.2)
SSH (AU)
Mean (SD)

Arm 38.4(8.7) 40.9 (13.4) 38.6(13.1)2 38.9(12.5) 42.6(14.1)

Face 32.9(9.7) 36.4(11.8) 35.8(16.3)2 37.8(6.4) 38.1(12.4)

Abbreviations: AD, atopic dermatitis; AU, arbitrary units; SCORAD, SCORing Atopic Dermatitis; SD, standard deviation; TEWL, transepidermal water loss.

2Measurements on non-lesional skin site.

between converters and non-converters in the healthy/high-risk group
(Figure S2).

3.3 | AD-lesional skin is characterized by increased
expression of skin surface immune markers

Lesional AD sites displayed typical dryness and redness (Figure S3)
and impaired skin water barrier function on the arm site, as evidenced
by significantly increased TEWL values and significantly lower SSH
compared to healthy/low-risk participants (Table S5). There was no
statistical difference between the healthy/low-risk group and the AD
group on non-lesional sites in TEWL or SSH values (Table S5).

Immune markers measured on lesional AD skin had higher sur-
face concentrations on both the face (7/14 markers upregulated)
and the arm (6/14 markers upregulated) when compared to the
skin of healthy/low-risk participants (S100A8/9 shown as example in
Figure 4A, Table S5).

The combined Z-score (sum of Z-scores from 14 marker concen-
trations, a measure of general inflammation) was upregulated in AD
lesions compared to healthy/low-risk participants on the face and arm
(Figure 4B). The combined Z-score was weakly correlated between

active AD lesions and healthy surrounding tissue of these lesions, as

well as between samples from the arm and face of healthy participants
(Figure 4C,D).

The concentrations of CCL-22 and CCL-27 positively correlated
with TEWL on AD lesions on the arm, suggesting a potential role for
these markers in being involved in the skin barrier dysfunction (Figure
S4).

4 | DISCUSSION

This study found that the combination of four skin surface immu-
nity markers (IL-36y, IL-1RA, hBD-1, and S100A8/9) is linked with
increased risk of developing AD, particularly for the arm site. Moreover,
the participants who developed AD exhibited different skin microbes
at baseline compared with those who did not.

The interleukin cytokine family plays important roles in host
defense, but excessive immune activation and altered receptor bal-
ance can lead to the development of chronic disease, such as AD. The
biologic activity of pro-inflammatory IL-1 family agonists is mediated
in part by the natural receptor antagonists IL-1RA, IL-36RA, IL-37,
and IL-38.2° These four anti-inflammatory IL-1 family members are
constitutively active and highly expressed in the epidermis by ker-

atinocytes. The most important regulatory molecule for IL-1a activity
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is IL-1RA.2! Both IL-1RA and IL-36y were found to be significantly
upregulated in active lesions compared to normal controls in the skin of
children with early-onset AD.1® Additionally, filaggrin loss-of-function
mutations have been associated with enhanced expression of IL-1a
cytokines in the SC of AD patients and in murine models, leading to
increased IL-1RA.2° The observations here suggest that upregulation
of IL-1RA and IL-36y are early indicators for the onset of AD, relevant
to the pathophysiology of the disease.

B-defensins, small cationic peptides secreted by keratinocytes,
are important in cutaneous innate immunity.?2 In particular, hBD-
1 is expressed at relatively high levels following birth and gradually
declines over the first three years of life,23 which was also supported
in this study (Figure S5). The high levels of antimicrobial peptide
expression early in life are thought to compensate for the immature

adaptive immune system and to impact the dynamically developing
skin microbiome.?*

The role of hBDs in AD pathogenesis is unclear. While a positive
impact may arise from their antimicrobial activities and improvement
of skin permeability barrier at the tight junction level, hBDs can also
act as immunomodulators by attracting and activating inflammatory
cells, inducing secretion of inflammatory cytokines, and provoking itch,
thus contributing to the pathogenesis of AD.2°> Previous reports show
higher levels of hBD-1 on skin surface samples from AD lesions com-
pared to non-lesional skin.2¢ Here, we show that hBD-1 is upregulated
on the skin of children who later developed AD compared to those who
did not.

The S100A8/A9 heterodimer is expressed in epithelial cells
in response to stress?” and can play both pro-inflammatory and
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anti-inflammatory roles (acting on neutrophils and suppressing den-
dritic cells, respectively),?” while also acting as an anti-microbial agent,
called calprotectin.?® While S100A8 and S100A9 proteins are absent
or minimally expressed in healthy epidermis, the synthesis of S100
proteins abruptly increases in epidermal keratinocytes in acute and
chronic AD skin lesions.2? In acute AD, these proteins might contribute
to chemotaxis of immune cells, particularly T-cells.*° Elevated serum
levels of S100A8 reflect disease severity in canine AD.3! Moreover,
S100A8/9 may be involved in inducing inflammation in AD triggered
by IL-17A and house-dust mites.3? Finally, it has been reported that
both lesional and non-lesional skin of AD patients are characterized
by high S100A8/9 and low filaggrin expression, with further deficits in
filaggrin expression in lesional skin.33

The presence of amino acids and derivatives on the skin surface are
thought to be the result of proteolysis of filaggrin and related pro-
teins in the SC.3* The results here confirm prior findings regarding
a decrease in the amino acid concentration in the SC of AD patients
compared to healthy individuals.3>

Although non-lesional skin in AD patients is seemingly healthy skin
as seen by macro-observations,3¢ it presents broad terminal differen-
tiation defects and abnormalities in immune markers.3” Moreover, the
non-lesional skin surface distinguishes AD with food allergy as a unique

endotype and correlates with TEWL values.?® Here, both lesional and

non-lesional skin on the face and the arm of AD patients had higher
TEWL rates compared to corresponding skin sites of either the low-
or high-risk non-AD group, but significance was only reached for the
lesional skin sites. Raman measurements also revealed lower total
amino acid content in AD patients (non-lesional skin) compared to the
two non-AD groups. These observations indicate an intrinsic predispo-
sition to barrier abnormalities and/or background immune activation
in non-lesional AD patients. Further investigation into non-lesional
sites is warranted and may prove useful as predictive indicators to
late-onset eczema.

Finally, in this study machine learning models trained on the immune
marker concentration differences on the arm between healthy/low-
risk and AD-lesional skin could classify converters and non-converters.
However, given the limited number of samples used to train (59 sam-
ples) and test (101 samples) the machine learning models, these models
need to be validated on a larger dataset before one can be confident
about the ability of these markers to predict future development of AD.

A potential limitation of this study is that information on AD devel-
opment was reported by parents. Clinical examination and diagnosis by
an expert physician would be more accurate. However, that would also
add complexity in the study design since AD could develop at any time
during the 12 months of follow-up. Moreover, this study was focusing

on a fair skinned population. Further studies should be conducted to
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confirm if the conclusions of this study are applicable to other skin pho-
totypes. Finally, future studies can address early versus late onset AD
as well as temporary versus persistent AD.

These results show that in children 3-48 months of age, parameters
such as the TEWL and SSH levels were not significantly different even
between groups. Nevertheless, this study shows for the first time that
in healthy children a combination of four skin surface biomarkers was
associated with development of AD in the subsequent 12 months fol-
lowing measurements. Future research should focus on uncovering the
mechanisms by which these biomarkers contribute to pathogenesis of
AD.

ACKNOWLEDGMENTS
This work was funded by Janssen Research & Development, LLC and

Johnson & Johnson Santé Beauté France.

CONFLICT OF INTEREST STATEMENT

At the time this work was performed TS, JN, RG, GAG, JO, and Rl were
employees of Janssen R&D LLC, a manufacturer of pharmaceuticals,
and PFR, IL, and GNS employees of JJSBF, a manufacturer of consumer

health products.

DATA AVAILABILITY STATEMENT
The data from this study are available from the corresponding author

upon reasonable request.

ETHICS STATEMENT

The study was conducted according to the principles of the Declaration
of Helsinki. All parents/legal authorized representatives of the partic-
ipating children had a complete understanding of the test procedure
and gave consent to the study in writing.

ORCID

Imane Lboukili“* https://orcid.org/0000-0003-4964-8142

Georgios N. Stamatas "= https://orcid.org/0000-0003-4544-7597

REFERENCES

1. LeungDY, Jain N, Leo HL. New concepts in the pathogenesis of atopic
dermatitis. Curr Opin Immunol. 2003;15:634-638.

2. Lifschitz C. The impact of atopic dermatitis on quality of life. Ann Nutr
Metab. 2015;66(Suppl 1):34-40.

3. Williams H, Robertson C, Stewart A, et al. Worldwide variations in
the prevalence of symptoms of atopic eczema in the International
Study of Asthma and Allergies in Childhood. J Allergy Clin Immunol.
1999;103:125-138.

4. Spergel JM, Paller AS. Atopic dermatitis and the atopic march. J Allergy
Clin Immunol. 2003;112:5118-5127.

5. Palmer CN, Irvine AD, Terron-Kwiatkowski A, et al. Common loss-of-
function variants of the epidermal barrier protein filaggrin are a major
predisposing factor for atopic dermatitis. Nat Genet. 2006;38:441-446.

6. Spergel JM. Epidemiology of atopic dermatitis and atopic march in
children. Immunol Allergy Clin North Am. 2010;30:269-280.

7. Thomsen SF. Epidemiology and natural history of atopic diseases. Eur
Clin Respir J.2015;2:24642

8. Irvine AD, McLean WH, Leung DY. Filaggrin mutations associated with
skin and allergic diseases. N Engl J Med. 2011;365:1315-1327.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. KeetC, Pistiner M, Plesa M, et al. Age and eczema severity, but not fam-

ily history, are major risk factors for peanut allergy in infancy. J Allergy
Clin Immunol. 2021;147:984-991.e5.

Lowe A, Su J, Tang M, et al. PEBBLES study protocol: arandomised con-
trolled trial to prevent atopic dermatitis, food allergy and sensitisation
in infants with a family history of allergic disease using a skin barrier
improvement strategy. BMJ Open. 2019;9;e024594.

Roduit C, Frei R, Depner M, et al. Phenotypes of atopic dermatitis
depending on the timing of onset and progression in childhood. JAMA
Pediatr.2017; 171; 655-662.

Rehbinder EM, Advocaat Endre KM, Lgdrup Carlsen KC, et al. Predict-
ing skin barrier dysfunction and atopic dermatitis in early infancy. J
Allergy Clin Immunol Pract. 2020;8:664-673.e5.e665.

Guttman-Yassky E, Diaz A, Pavel AB, et al. Use of tape strips to
detect immune and barrier abnormalities in the skin of children
with early-onset atopic dermatitis. JAMA Dermatol. 2019;155:1358-
1370.

Andersson AM, Sglberg J, Koch A, et al. Assessment of biomarkers
in pediatric atopic dermatitis by tape strips and skin biopsies. Allergy.
2022;77:1499-1509.

Grice EA. The skin microbiome: potential for novel diagnostic and
therapeutic approaches to cutaneous disease. Semin Cutan Med Surg.
2014;33:98-103.

Hulpusch C, Tremmel K, Hammel G, et al. Skin pH-dependent Staphylo-
coccus aureus abundance as predictor for increasing atopic dermatitis
severity. Allergy. 2020; 75; 2888-2898.

Kennedy EA, Connolly J, Hourihane JO, et al. Skin microbiome before
development of atopic dermatitis: early colonization with commen-
sal staphylococci at 2 months is associated with a lower risk of atopic
dermatitis at 1 year. J Allergy Clin Immunol. 2017;139:166-172.
Meylan P, Lang C,Mermoud S, et al. Skin colonization by Staphylococcus
aureus precedes the clinical diagnosis of atopic dermatitis in infancy. J
Invest Dermatol. 2017;137:2497-2504.

van Logtestijn MD, Dominguez-Huttinger E, Stamatas GN, et al. Resis-
tance to water diffusion in the stratum corneum is depth-dependent.
PLoS One. 2015;10:e0117292.

Martin P, Goldstein JD, Mermoud L, et al. IL-1 family antagonists in
mouse and human skin inflammation. Front Immunol. 2021;12:652846.
Dinarello CA. Interleukin-1 and interleukin-1 antagonism. Blood.
1991;77:1627-1652.

Bardan A, Nizet V, Gallo RL. Antimicrobial peptides and the skin. Expert
Opin Biol Ther. 2004;4:543-549.

Kirchner F, Capone KA, Mack MC, et al. Expression of cutaneous
immunity markers during infant skin maturation. Pediatr Dermatol.
2018;35:468-471.

Capone KA, Dowd SE, Stamatas GN, et al. Diversity of the human skin
microbiome early in life. J Invest Dermatol. 2011;131:2026-2032.
Chieosilapatham P, Ogawa H, Niyonsaba F. Current insights into the
role of human g-defensins in atopic dermatitis. Clin Exp Immunol.
2017;190:155-166.

Ragpke MA, Mekulova A, Pipper C, et al. Non-invasive assessment of
soluble skin surface biomarkers in atopic dermatitis patients-effect of
treatment. Skin Res Technol. 20210;27;715-722.

Kerkhoff C, Voss A, Scholzen TE, et al. Novel insights into the role of
S100A8/A9 in skin biology. Exp Dermatol. 2012;21:822-826.
Kypriotou M, Huber M, Hohl D. The human epidermal differentiation
complex: cornified envelope precursors, S100 proteins and the ‘fused
genes’ family. Exp Dermatol. 2012;21;643-649.

Broome AM, Ryan D, Eckert RL. S100 protein subcellular localization
during epidermal differentiation and psoriasis. J Histochem Cytochem.
2003;51;675-685.

. Gittler JK, Shemer A, Suarez-Farifas M, et al. Progressive activation

of T(H)2/T(H)22 cytokines and selective epidermal proteins charac-
terizes acute and chronic atopic dermatitis. J Allergy Clin Immunol.
2012;130:1344-1354.


https://orcid.org/0000-0003-4964-8142
https://orcid.org/0000-0003-4964-8142
https://orcid.org/0000-0003-4544-7597
https://orcid.org/0000-0003-4544-7597

SATO ET AL.

31

32.

33.

34.

35.

36.

37.

Chung TH, Oh JS, Lee YS, et al. Elevated serum levels of S100 calcium
binding protein A8 (S100A8) reflect disease severity in canine atopic
dermatitis. J Vet Med Sci. 2010;72:693-700.

Jin'S, Park CO, Shin JU, et al. DAMP molecules S100A9 and S100A8
activated by IL-17A and house-dust mites are increased in atopic
dermatitis. Exp Dermatol. 2014;23:938-941.

Biagini Myers JM, Sherenian MG, Baatyrbek Kyzy A, et al. Events in
normal skin promote early-life atopic dermatitis-the MPAACH cohort.
J Allergy Clin Immunol Pract. 2020;8:2285-2293.6.€2286.

Rawlings AV, Harding CR. Moisturization and skin barrier function.
Dermatol Ther. 2004;17(Suppl 1):43-48.

Kezic S, O’'Regan GM, Yau N, et al. Levels of filaggrin degradation prod-
ucts are influenced by both filaggrin genotype and atopic dermatitis
severity. Allergy. 2011;66:934-940.

Polanska A, Danczak-Pazdrowska A, Silny W, et al. Nonlesional skin in
atopic dermatitis is seemingly healthy skin—observations using nonin-
vasive methods. Wideochir Inne Tech Maloinwazyjne. 2013;8;192-199.
Sudrez-Farinas M, Tintle SJ, Shemer A, et al. Nonlesional atopic
dermatitis skin is characterized by broad terminal differentiation
defects and variable immune abnormalities. J Allergy Clin Immunol.
2011;127:954-964.e4.€951-954.

WILEY 122

38. Leung DYM, Calatroni A, Zaramela LS, et al. The nonlesional skin
surface distinguishes atopic dermatitis with food allergy as a unique
endotype. Sci Transl Med. 2019;11:eaav2685.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
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