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Abbreviations

AD: Atopic dermatitis
Adjacent: An area of the body which is visually unaffected but is close to a lesional area

BIRC2: Baculoviral IAP Repeat Containing

CCL: C-C motif chemokine ligand

CDSN: Corneodesmosin

CXCL: C-X-C motif chemokine ligand

EIS algorithm: Artificial intelligence model based on EIS measurements
EIS score: The score given to a measurement by the EIS algorithms.
EIS: Electrical impedance spectroscopy

FG2: Fibroblast growth factor 2

FLG: Filaggrin

IRAK: Interleukin 1 Receptor Associated Kinase

PATIJ: Protein associated to tight junctions

SCORAD: Scoring atopic dermatitis

TEWL: Transepidermal water loss

TJs: Tight junctions

TNFSF14: Tumor necrosis factor superfamily 14
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Abstract

Background: Allergic disorders such as atopic dermatitis (AD) are strongly associated with an
impairment of the epithelial barrier, in which tight junctions and/or filaggrin expression can be
defective. Skin barrier assessment shows potential to be clinically useful for prediction of disease
development, improved and earlier diagnosis, lesion follow-up and therapy evaluation. This study
aimed to establish a method to directly assess the in vivo status of epithelial barrier using electrical
impedance spectroscopy (EIS).

Methods: 36patients with AD were followed during their 3-week hospitalizationand compared
with 28 controls. EIS and transepidermal water loss (TEWL) were measured in lesional and non-
lesional skin. Targeted proteomics by proximity extension assay in serum and whole-genome
sequence were performed.

Results: EIS was able to assess epithelial barrier integrity, differentiate between patients and
controls without AD and characterize lesional and non-lesional skin of patients. It showed a
significant negative correlation with TEWL, but a higher sensitivity to discriminate non-lesional
atopic skin from controls. During hospitalization, lesions reported a significant increase in EIS that
correlated with healing, decreased SCORAD and itch scores. Additionally, EIS showed a
significant inverse correlation with serumbiomarkersassociated with inflammatory pathways that
may affect the epithelial barrier,particularly chemokines such as CCL13, CCL3, CCL7, CXCLS,
and other cytokines, such as IRAKI, IRAK4 and FG2, which were significantly highat
admission.Furthermore, filaggrin copy numbers significantly correlated with EIS on non-lesional
skin of patients.

Conclusions: EIS can be a useful tool to detect skin barrier dysfunction in vivo, valuable for the

assessment of AD severity, progression and therapy efficacy.

Keywords

Atopic dermatitis; electrical impedance spectroscopy;epithelial barrier; skin barrier assessment;

biomarkers.
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Introduction

Atopic dermatitis (AD) is a chronic relapsing inflammatory skin disorder characterized by
pruritus, excoriations, dry skin and susceptibility for cutaneous infections. It is one of the most
common skin diseases, affecting up to 20% of children and 3% of adults worldwide.!> 2 It has
detrimental effects on the quality of life of patients and their families and represents a high
socioeconomic burden.’Dysfunction of the epidermal barrier seems to play a crucial role in the
complex and multifactorial pathophysiology of AD, leading to an increased penetration of
allergens into the skin and resulting in increased allergic sensitization.* Defects in the epidermal
barrier can be caused by environmental risk factors and be the result of a genetic predisposition as
well as S. aureus colonization.> Mutations and polymorphisms of skin barrier-related genes have
been identified in patients with AD in the past decades. In particular, mutations of filaggrin (FLG),
which has a pivotal role in the formation of the cornified envelope in the stratum corneum, are
frequent in patients with severe AD.® In addition, the human FLG gene is polymorphic with an
intragenic copy number variation. Specifically, 10, 11, or 12 nearly identical tandem repeats can
be present in the exon 3. Each repeat encodes a complete polypeptide, therefore the intragenic
copy number variation can affect the number and quantity of filaggrin molecules expressed in the
epidermis. Low copy numbers of filaggrin are associated with higher AD risk.” Furthermore,
polymorphic variants of genes coding for tight junction (TJ) proteins are expressed in stratum
granulosum. The contribution of TJs to skin barrier function is fundamental and has been
significantly associated with AD.®

The diagnosis of AD relies on the morphology and the distribution of skin lesions, as well as on
associated features of the patient, such as pruritus, atopy or familial predisposition to atopic
disease.? The diagnosis remains clinical, since no reliable biomarkers can uniquely distinguish the
disease from others.> 1 AD is highly heterogeneous and has been divided into clinical phenotypes
based on age of onset, severity, and history of bacterial or viral infections.!!> 12 Therefore,
biomarkers for the stratification of patients, the prediction of a treatment response and the
monitoring of AD severity would be of great added value, offering more reliable and objective
outcome measures. In addition, recent studies have shown that barrier integrity measurement in
infants shows potential as an early biomarker to predict the development of both AD and food

allergies.!> # This in turn may help lead to the development of preventive approaches and
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decrease the disease burden.!> ' Furthermore, the impact of skin barrier on the pathophysiology of
AD has been largely described, however so far methods to evaluate it in vivo are lacking or
restricted to a research setting.!”- 18 Recently, in several mouse models of skin barrier dysfunction,
our group described electrical impedance spectroscopy (EIS) as an efficient tool to detect skin
barrier defects caused by various enzymes such as papain, trypsin, cholera toxin, as well as by
tape-stripping.'® By measuring the electrical impedance across wide frequency ranges and depths,
electrical resistance information in the tissues regarding both intra and extracellular tissue
properties can be collected. The EIS method is relatively quick and robust and does not appear to
suffer from the limitations seen in other methods, such as Trans Epidermal Water Loss (TEWL) or
Raman Spectroscopy.?’- 2! In the present study, we demonstrate the ability of EIS to characterize
the epidermal barrier function directly in patients with AD, suggesting a broad potential for early
diagnosis, evaluation of therapy response and assessment of disease severity. In addition, we
correlate the EIS findings with circulating inflammatory protein biomarkers and mutations in skin

barrier genes.
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Materials and methods

Clinical study description

Thirty-six patients diagnosed with AD were recruited during their hospitalization at the High-

Altitude Clinic in Davos, Switzerland. The inclusion criteria for patients in this study were that
they be 18-85 years of age and have received a clinical diagnosis of AD.
The inclusion of patients was independent from their current therapy at the time of the recruitment.
Throughout their stay at the High-Altitude Clinic in Davos, patients received different types of
topical and/or systemic treatments as routine treatment procedures independent from the present
study. Twenty-eight controls without AD were investigated in parallel. The inclusion criteria for
controls in this study were that they be 18-85 years of age and have never received a clinical
diagnosis of AD. Demographics, such as gender ratio, ethnicity and average age are comparable
between AD and control groups (Table 1).

Peripheral blood was taken from twenty-nine out of the thirty-six AD patients on their first day
of hospitalization and at the end of their third week. In seventeen of the controls peripheral blood
was taken, but only once. Ethical permission for the study was obtained from the ethical
committee of the Canton of Zurich. Informed consent was obtained after the nature and possible

consequences of the study have been explained.

Clinical data collection

Patients were assessed throughout their stay at the High-Altitude Clinic Davos at three different
time points (visits 1-3). For each of the time points, dermatologists calculated SCORAD (Scoring

Atopic Dermatitis) according to the official guidelines.

EIS measurements

EIS measurements were made using Nevisense® (SciBase, Sweden), a device and single use
electrode established for skin cancer detection and general research. EIS is the measure of a
material’s opposition to the flow of alternating currents at various frequencies. Specifically, tissue
EIS can reflect the pathophysiological status of the tissue. Normal and abnormal tissue may differ

with regards to cell size, shape, orientation, compactness and structure of cell membranes. The
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system measures the electrical impedance at 35 different frequencies distributed between 1 kHz
and 2.5 MHz at four depths in 10 permutations, resulting in 700 data points per measurement. The
applied voltage and current are limited to 150 mV and 75 pA, respectively, and are imperceptible
to the patient. The broad frequency range allows collection of information on both intra- and
extracellular tissue properties. Nevisense is equipped with a handpiece and a disposable 5 mm by
5 mm electrode. A single Nevisense impedance measurement takes less than a minute and consists
of first moistening the skin with physiological saline solution, then applying the electrode to the
area to be examined for the 8 second measurement.

For each patient involved in the study, EIS measurements were performed on a lesion, on a
non-lesional area adjacent to the lesion and on the volar forearm two centimeters from the
antecubital region. In particular, among the patients included in the present study:

e 15 patients had the lesion on the dorsal forearm,

e 16 patients had the lesion on a body site different than forearm (neck, hands, forehead),

e 5 patients had no lesion at the time of the measurements.

The volar forearm, measured in all patients, was non-lesional in 19 patients and lesional in the
remaining 17 patients at the time of the recruitment.
Measurements were performed on the same body sites in controls and in AD patients. All

measurements were done in triplicates in both patients and controls.

Development of neural network algorithms

The aim was to develop the following potentially useful EIS-based clinical algorithms:

e to differentiate between subjects with AD and healthy subjects based on a measurement on
(visually) unaffected skin

e to assess lesions and the extent of subclinical skin barrier damage adjacent to lesions

e to follow up and evaluate lesional areas during healing/restoration process

To achieve this we randomly separated AD patients and healthy controls into two groups: one
group for the training of the neural network algorithms and one group for the validation of the
algorithms (Supplementary figure 4; full details are included in supplementary material and
methods). EIS algorithms based on neural networks were developed using raw EIS measurement

data collected from both subjects with AD and healthy subjects.The EIS algorithms use an EIS
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measurement as input and output a score between 0 and 1. The score represents the likelihood of a

defective skin barrier, where 0 represents a defective barrier and1 a healthy barrier.

Significant site-specific variations in the skin barrier have been reported in barrier function
measurements and so measurement location must be considered.?? The forearm has been used as a
standard area in previous studies and in our study was the body site where patients most frequently
had lesions and therefore where we performed the most measurements. For these reasons, we
developed EIS algorithms for the forearm. Specifically, we developed three algorithms and

validated them using separate validation data sets (Supplementary table 5):

e Non-lesional algorithm; to differentiate between subjects with or without AD based on

measurements on the visually non-affected volar forearm (3 cm from the antecubital fossa).

e Lesional algorithm; to assess lesional skin and the extent of subclinical barrier damage in
visually non-lesional skin adjacent to lesional skin. Measurements on both lesional and
non-lesional skin on the dorsal forearm were used. The dorsal forearm was the body site
with the most measurements on both lesional skin and non-lesional skin adjacent to the

lesion.

e Follow-up algorithm; to follow the healing of the lesions and the restoration of skin

barrier on the dorsal forearm of AD patients.

In Figure 1, the EIS scores presented are only from the validation data set. In other figures we
used EIS scores from both the training and validation data sets, since the training data were not
related to these other data types and the purpose of the analysis was to investigate how these data

correlate with EIS scores.

TEWL measurements

TEWL was measured by the “Delfin VapoMeter®” (Delfin Technologies, Finland), whose core
is a sensitive humidity sensor within a closed chamber. Its sensor monitors the increase of relative
humidity inside the chamber during the skin measurement and automatically calculates the
evaporation rate value (g/m?h) from the relative humidity increase. TEWL and EIS measurements

were always performed in the same room and at the same body sites.
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Multiplex proximity extension assay

Peripheral blood was collected and centrifuged, and plasma samples were stored at —80°C until
further processing. Aliquots were analyzed by the targeted proteomics (Olink, Uppsala, Sweden)
proseek multiplex assay, a proximity extension assay (PEA), using the established 96-plex panels
named inflammation and immune response, each spanning 92 proteins. This technology uses
oligonucleotide-labeled antibody probe pairs that bind to their respective targets. Only upon
binding of both antibody pairs to their target, DNA reporter molecules bound to the antibodies can
form a double strand DNA that is amplified and quantified by a real-time polymerase chain
reaction assay. Data were obtained as NPX (Normalized Protein eXpression) values, Olink’s
arbitrary unit which is in Log2 scale. The NPX scale is inverted compared to that of Ct, meaning
that a high NPX value equals a high protein concentration.

Pathway analysis was conducted using MetaCore software (Clarivate Analytics). The
differentially expressed protein lists with p-value and log,-fold change were uploaded and the
results of the enrichment analysis provided pathway maps, which were determined to be of

statistical significance.

Whole-genome sequencing and variant calling

Whole-genome sequencing was performed on patients and controls with [llumina TruSeq DNA
Nano Kit. To discover variants, a GATK best practices pipeline was followed.?? In brief, the next
generation sequencing reads were mapped to Ensembl human reference genome GRCh38.p10
release 91 with Bowtie2 v2.3.2, then duplicates were marked and base quality scores were

recalibrated.?* 2> After calling variants per sample, a joint-call of genotyping was performed.

Statistics

Mann-Whitney U test was used to compare differences between two different unrelated groups,
such as patients with AD and controls. Wilcoxon test was used to compare differences between
paired variables within the same patient, such as lesional and adjacent non-lesional skin.
Correlations between EIS scores, proteins in serum and severity scores were evaluated by
Spearman's rank test. All the statistical analyses were performed with GraphPad Prism 8.3

(GraphPad Software). A p-value of <0.05 was considered statistically significant.
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Receiver operating characteristic (ROC) curves were used to analyze the sensitivity and
specificity performance of the EIS algorithms and TEWL. The area under the ROC curve (AUC)
is a measure of an algorithm ability to separate between two clinical groups and it can be between
0 and 1. The higher the AUC is, the better the algorithm is at differentiating between two groups.

Olink data were imported in Normalized protein expression (NPX) format, processed by
“OlinkRPackage” from Olink Proteomics (https://github.com/Olink-Proteomics/OlinkRPackage). The
statistical comparison of protein levels between groups was performed with Bioconductor limma
package (https://bioconductor.org/packages/limma/). The fold change and p-value were estimated
by fitting a linear model for each protein.For multiple testing adjusted p-value was calculated with
Benjamini and Hochbergmethod. The results were summarized in a volcano plot, with the

magnitude of change in x-axis and the significance level in y-axis.

This article is protected by copyright. All rights reserved



Results

EIS can differentiate between the skin of healthy subjects and the lesional or non-lesional

skin of AD patients

We analyzed the skin of healthy controls and AD patients (Table 1) over a 3 week treatment

period, using four different methods (EIS, TEWL, proteomic and genetic analysis). Artificial
intelligence-based algorithms were trained to discriminate between the electrical impedance
response of AD patients and that of healthy controls and generate an EIS score between 0 and 1.
The closer the EIS score is to 1, the higher the correlation is to a stronger barrier and healthier
skin. In contrast, the closer the score is to 0, the weaker the skin barrier.
Figure 1A illustrates that the EIS algorithm can differentiate between the skin of healthy controls
and the non-lesional skin of AD patients, with limited overlap between the two groups; whereas
TEWL measurements from the same two groups show no significant difference. Furthermore,
when comparing healthy skin on the dorsal forearm of controls with lesional skin or non-lesional
skin adjacent to a lesion of AD patients, we observed significantly different EIS scores between all
the three groups. However, TEWL increased in lesional skin, but with relatively low significance
and less differentiation between the groups (Figure 1B). The use of emollients prior to the
measurements did not appear to affect the overall results but this requires further investigation
(Supplementary figure 1). EIS showed promising diagnostic ability with relatively good sensitivity
and specificity, as shown in the ROC curves in figure 1C-. In these plots, the closer the area under
the curve (AUC) is to 1, the better the algorithm is at differentiating between the two groups.
When comparing the respective AUCs, EIS was significantly better than TEWL in separating
between the skin of controls and the non-lesional or adjacent skin of AD patients (Figure 1C and
Supplementary figure 2A), and in characterizing lesional and adjacent skin (Supplementary figure
2B). Both EIS and TEWL showed almost 100% sensitivity and specificity in separating AD
lesions from healthy control skin (Supplementary figure 2C).

Significantly upregulated inflammation- and immune response-related proteins correlate

with EIS scores
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To characterize the immune status of the AD patients, the expression of inflammation- and
immune response-related proteins was analyzed in serum by using the multiplex proximity
extension assay. At the time of their hospitalization, AD patients presented significantly higher
levels of several proteins compared to the control group (Figure 2A and B). Out of 182 different
proteins analyzed,60 showed a significant difference between AD and controls. The most
significant 9 proteins are shown in figure 2B and the remainder are listed in supplementary table 1
(Supplementary table 1).

To understand how differentially expressed proteins are linked to biological mechanisms, we
performed enrichment analysis with MetaCore software to examine the role of these proteins
within molecular pathways. Many of the most significantly enriched pathways (Figure 2C and
Supplementary figure 3) were associated with the tissue migration of mast cells, eosinophils,
basophils and neutrophils, all of which may have an influence on the epithelial barrier status. Not
only did EIS show a significant inverse correlation with many proteins involved in those
pathways, such as CCL13, IRAK1, TNFSF14, BIRC2, FGF2, CCL3, CCL7, and CXCL8 (Figure
2D), but it also correlated inversely with many other important proteins involved in other
inflammatory and immune-related processes (Figure 2E and Supplementary table 2). In
conclusion, data suggest that the more pronounced the inflammatory state of a patient is, the more
barrier function appears to be affected. EIS therefore represents a good candidate as a rapid
method to evaluate skin inflammation and can be particularly useful in differentiating healthy

from skin affected by sub-clinical inflammation.

Lesion healing in response to treatment correlates with an increase in EIS scores and a

decrease in TEWL

AD patients were hospitalized for approximately 3 weeks and during this time EIS and TEWL
were measured three times. From the admission (visit 1 or first visit) to the end of the treatment
(visit 3 or last visit), their lesional skin showed a significant increase in EIS scores and a
significant decrease in TEWL (Figure 3A and B), indicating a restoration of the skin barrier
integrity probably due to the received treatment, as confirmed by improved SCORAD
(Supplementary table 3). EIS scores and TEWL showed a significant inverse correlation: when the
former increased, the latter decreased (Figure 3C). Furthermore, in AD patients the lesion

improvement assessed by the increase in EIS scores correlated with the reduction of pruritus. In
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fact, the difference between first and last visit EIS scores showed a strong significant and inverse
correlation with the difference of pruritus scores between first and last visit (Figure 3D). In
addition, EIS scores calculated on the lesional forearm at both visits showed a significant
correlation not only with the pruritus score (Figure 3E), but also with the SCORAD (Figure 3F)
calculated at the same visits. These data show a correlation of improvement in EIS scores with

clinical healing, confirmed by the improvement in SCORAD and pruritis scores.

The change in EIS score during the 21-day treatment correlates with the correction of

proinflammatory proteins in the direction of healthy controls

To investigate protein changes in the AD patients throughout their hospitalization, the
expression of inflammation- and immune response-related proteins was analyzed in serum by
using the multiplex proximity extension assay both at admission and at discharge. As shown in the
volcano plot in figure 4A and in supplementary table 4, treatment significantly affected the serum
level of several inflammatory proteins, causing their down- or upregulation. In particular, CCL13
and Corneodesmosin (CDSN), a skin barrier integrity marker altered in patients with skin barrier-
related disorders?®, were downregulated by the treatment, whereas CXADR, which has been
reported to be essential for tight junction integrity and to be involved in the repair of epithelial
tissues 2728, was upregulated (Figure 4B). CDSN levels in AD patients decreased to levels similar
to those observed in the control group. Interestingly, the difference of EIS scores on the dorsal
forearm between first and last visit showed a strong and significant inverse correlation with the
difference of CDSN between the first and last visit (Figure 4C). The same tendency was observed
with CCL13, already described to be higher in AD patients and to be reduced during treatment?’
(Figure 4A-C). Interestingly, an opposite trend was observed with CXADR. After treatment some
patients showed an increase of this protein that correlates strongly with an improvement in EIS

scores (Figure 4C).

EIS scores on non-lesional skin correlate with the number of filaggrin repeats

FLG exon 3 is composed of 10, 11 or 12 tandem repeats. Each filaggrin repeat is 972 base pairs
long, which is much longer than the fragment length in Illumina short-read sequencing. Such
regions of the genome cannot be resolved by short-read sequencing due to repeat sequences. Thus,

a direct quantification of FLG copy number is not possible. Here, we developed an alternative
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approach to quantify the normalized read coverage within the FLG exon 3 region. The assumption
is that the reads coverage of exon 3 region is proportional to the length of exon 3, as well as to the
number of tandem repeats inside. A higher read coverage represents a higher number of tandem
repeats. In the following text, normalized read coverage and FLG copy number will be used
interchangeably. We examined the correlation of estimated FLG copy number with EIS scores.
Interestingly, in patients EIS scores measured on the non-lesional volar and dorsal forearm
correlate significantly with the FLG copy number. Therefore, patients with lower FLG repeats and
a likely weaker barrier function tend to have lower EIS scores, (Figure SA and B). No correlation

was observed in controls (Figure 5C and D).

In both patients and controls, pathogenic mutations in genes associated with TJs were
identified. Mutations in the genes MPP5, PATJ (Protein Associated to Tight Junctions), PRKABI
and FARP2 were shown to be unique for AD patients and absent in controls. Out of these four,
patients carrying a mutation in PAT.J gene, which encodes for a TJ scaffold protein, showed lower

EIS scores on the volar forearm, indicating compromised skin barrier function (Figure SE).
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Discussion

The present study demonstrates for the first time the ability of EIS to characterize the skin
barrier function of patients with AD. The Nevisense® device utilizes EIS to assess epithelial
tissues at a broad range of frequencies and at several depths, gathering a large amount of
information from the tissue which is then analyzed using Al-based algorithms. Nevisense is
already approved and in clinical use for the detection of melanoma in the US, EU and Australia
using a similar approach. It has been validated in the world’s largest melanoma detection study

and described in various studies.3% 3!

Our initial research focused on the use of this device for the detection of skin barrier defects.
The method was shown to be successful in detecting skin barrier defects induced in mice by
enzymes targeting barrier molecules such as papain, trypsin and cholera toxin. In addition,
physical stripping of the epidermis by tape stripping showed a significant decrease in skin EIS.
These results proved EIS to be an effective method to directly assess epithelial barrier defects in

vivo.1?

Due to the complexity of human skin compared to mouse skin and the heterogeneity of AD
patients, in the present study we developed artificial intelligence-based algorithms, which we
called EIS algorithms, to interpret the large amount of data in the Nevisense skin impedance
measurements. After being trained to discriminate between healthy skin and lesional and non-
lesional skin of AD patients, EIS algorithms calculated an EIS score in the range of 0 to 1 for each
measurement, where higher scores indicate stronger skin barrier and lower scores indicate weaker
skin barrier. Our data show that EIS algorithms exhibit a good diagnostic ability with relatively
good specificity and sensitivity when distinguishing between skin of healthy controls and non-
lesional skin of patients diagnosed with AD. They also show an even better ability to distinguish
between lesional skin and non-lesional skin adjacent to a lesion. When comparing the AUCs of the

respective ROC curves, EIS performs significantly better than TEWL in both comparisons.

The ability to differentiate between healthy skin of controls and non-lesional skin of AD
patients indicates a potential to use EIS for the identification of atopic subjects and even for the
prediction of the development of AD in infants, where an invasive tissue assessment is not
recommended,or of other skin barrier-related disease exacerbations. In addition, the ability to

characterize lesional and adjacent skin could potentially be useful in determining the subclinical
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spread of barrier damage. Monitoring, research and the analysis of non-lesional AD skin has been
very scarce so far. Our findings suggest that with EIS it may be possible to monitor the non-
lesional skin of AD patients, to assess healing response and to predict exacerbation. An increase in
EIS scores on non-lesional skin towards scores typically observed on healthy skin might suggest
that healing process is underway, while their decrease might suggest that an exacerbation may be
developing as an early predictive biomarker, indicating the need to reinforce a treatment. Also,
EIS may support the clinical decision to change the type of treatment if the scores do not indicate

healing.

We observed that EIS scores correlate with several serum proteins associated with
inflammatory and immune responses in AD. These proteins were upregulated in the blood of
patients at the time of their hospitalization. By performing enrichment analysis using MetaCore
software, we could examine the role of these proteins within molecular pathways. Interestingly,
the most significantly enriched pathways were associated with the tissue migration of mast cells,
eosinophils, basophils and neutrophils. Many of the significantly upregulated chemokines, such as
CCL13, CCL2, CCL3, CCL7, CXCLS, as well as other molecules such as IRAKI1, IRAK4 and
FG2, which are involved in IL-1 signaling, show a significant inverse correlation with EIS scores,
suggesting that patients with a pronounced inflammatory state seem to have a weaker barrier
function. In fact, memory T lymphocytes, dendritic cell subsets, eosinophils and mast cells have
already been described to take part in the pathogenesis of AD by infiltrating the perivascular,
subepidermal and intraepidermal areas and several chemokines have been linked to the
recruitment of these inflammatory cell subtypes to the skin in AD, including CCL2, CCL3, CCL7,
CCL13, CXCL8.3% 33 [L-1 signaling is well-known to be involved in the AD pathogenesis.>* For
some of these inflammatory markers such as CCL2 significant positive correlations between their
blood level and their expression in both lesional and non-lesional skin have been reported.3: 36
Interestingly, we observed a significant inverse correlation between CDSN and EIS scores. This
protein has been associated with skin diseases such as AD, psoriasis, hypotrichosis and peeling
skin syndrome, due to its importance in skin barrier function.?® 37 In our patients CDSN is
significantly upregulated in serum, probably because of the disruption of the epidermal barrier,
and inversely correlates with EIS scores.

This study also suggests that EIS may have utility for objective lesion follow-up. Our data
show that EIS scores increased during patients’ stay at the clinic. Patients underwent several types

of treatments, which were independently prescribed without any link to the present study. Within
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the same time frame, TEWL also decreased, suggesting the restoration of skin barrier. In addition,
EIS scores inversely correlated with the pruritus scores and SCORAD calculated at the same visit.
Furthermore, when looking at the change of inflammation- and immune response-related proteins
in response to treatment, we observed that inflammatory proteins were downregulated and barrier
molecules were upregulated after three weeks. In particular, CCL13 and CDSN were both
downregulated and their reduction inversely correlated with the increase of EIS, whereas CXADR,
a protein essential for TJs integrity and in epithelial tissues repair?’- 28, increased in patients after
the therapy and this increment positively correlated with the increase in EIS. All these
observations suggest that EIS can be useful for lesion follow-up to assess the improvement of the
epidermal barrier following a given treatment. In addition, EIS may be useful for monitoring the
skin and healing response in clinical trials to assess the effects of drugs or emollients.
Furthermore, no gold standard for the assessment of disease severity in AD currently exists. Our
data suggests that EIS could provide an objective measurement as an alternative or complement to
current scoring systems such as SCORAD, which are based on clinical signs and subjective

symptoms.

There appears to be a significant difference between lesional skin and the non-lesional skin
adjacent to a lesion for both EIS and TEWL, but only EIS was able to separate between the skin of
healthy controls and non-lesional skin of patients. EIS therefore, in addition to being able to
distinguish between the skin of healthy controls and the non-lesional skin of patients, may be able
to map the extent of barrier defects radiating out sub-clinically from visible lesions. Furthermore,
EIS scores from the non-lesional skin of AD patients correlated with the number of tandem repeats
in the FLG gene, where that number has been described to affect the quantity of FLG expressed in
the epidermis.’® A low FLG repeat number has been associated with higher AD risk and dry
skin.”- 3 Although this observation suggests there is promising potential for the use of EIS for
clinical diagnosisor even early detection of AD, the authors acknowledge the likely value of a
study including skin biopsies to quantify skin-related proteins within and adjacent to lesions and to

correlate them to EIS measurements.

A challenge in skin barrier measurements is the effect of emollients. In our study, many
different emollients were used by the patients and sometimes even a mix of several emollients.
Almost 70% of the AD patients used emollients in the 12 hours preceding measurements. One of

the areas of future research is to further define the effect of emollients for controls and AD

This article is protected by copyright. All rights reserved



patients. In evaluating this potential effect, we noted that most patients used emollients during the
whole study and when considering individual lesion changes over time or looking at only one
group (i.e. lesional, adjacent, non-lesional) we did not see a clear effect from emollients.
Furthermore, although there was a large volume of impedance data per EIS measurement, there
was a somewhat limited number of patients and measurements used to train EIS algorithms. This
can introduce a risk for ‘overfitting’ the algorithms. In investigating this risk and considering that
algorithms were developed to distinguish between different groups, there were still good
correlations with other markers like TEWL, SCORAD, serum protein biomarkers and skin barrier-
related genes. Also, the progress of lesions over time could be followed and this is a further
indication that the algorithms were not significantly affected by overfitting. Regardless, as more
data will be collected and added to the training data set, the authors propose to further develop
these algorithms and to develop new additional ones for other body sites different than forearm, as

this couldn’t be developed in the present study for the limited number of patients.

In addition to the potential effect of the emollients and the risk for overfitting the algorithms,
our study contains other important limitations. The lack of skin biopsies was one of them, which
was due to the denied consent by almost all of the enrolled patients. We recognize that a study that
includes skin biopsies from both lesional and non-lesional skin would allow the quantification of
proteins and lipids in the epidermis, and therefore, lead to a better characterization of the skin
barrier in patients. Alternatively, tape stripping could be considered for studying skin composition.
Another significant limitation was represented by the number of patients involved. Despite the
large volume of impedance data per EIS measurement, the number of patients used to train and
validate the EIS algorithms was low. Therefore, a more extensive study needs to be performed in
the future, which will help classify patients according to their skin type, clinical phenotypes and
endotypes. A larger number of patients will also allow a classification based on systemic and
topical treatments to study how the different treatments affect skin barrier and, therefore, EIS
measurements. Furthermore, given that our study was performed only in Caucasians, it will be
good to target other ethnicities in the future studies to confirm the efficacy of EIS in other ethnic

groups.

Overall, our data indicate EIS has the potential to be a reliable tool to determine in vivo skin
barrier dysfunction in AD patients, providing objective help for the clinical assessment of the

severity and progression of AD, a better follow-up of barrier healing and improved treatment
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management, allowing the evaluation of the therapy efficacy. Ourdata also suggest that EIS may
be a promising tool for the early prediction of ADdevelopment in babies, which needs to be
confirmed by further research. Additionally, EIS measurements might help evaluate skin integrity
after exposure to toxic substances or in other skin diseases such as toxic epidermal necrolysis,
psoriasis and alopecia. Skin breakdown might also be monitored by EIS after cuts, tears, blisters or

burns, or even in case of severe pressure ulcers.

An EIS measurement can be performed in a standard clinical environmentwithout the need for
a climate or lighting-controlled room or for the acclimatization of the patient prior to the
measurement procedure, both of which are examples of limitations of alternative methods such as
TEWL or Raman Spectroscopy.”’> 2!'A predeveloped algorithm can rapidly classify EIS
measurement as a single value between 0 and 1, giving an easy-to-read result that allows follow-
ups and comparisons. Moreover, given that AD can be classified into various clinical phenotypes,
based on severity, onset, atopy, morphology, lesion localization, as well as on the association to
concomitant other atopic disorders, and that some of these phenotypes are strongly associated with
an altered expression of proteins important in the skin barrier, EIS might be helpful to identify
these phenotypes and thereby assess the nature of the pathology.!> 4! In conclusion, this study
shows that EIS can become an important tool to assess the skin barrier in research and shows

potential as a practical clinical tool for identifying a weakened or defective barrier.
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Demographics Patients Control group

with AD (n=36) without AD (n=28)
Age (years) £ SD 45.82 +14.75 39.45+9.97
Female 69 % 65 %
Male 31% 35%
Ethnicity (Caucasian) 100 % 100 %
Family history of atopy 80 % 50 %
Family history of AD 58 % 15%
Asthma 67 % 5%
Food allergy 73 % 0%
Allergic rhinitis 82 % 30 %
Disease onset (year) £ SD 6+9.39 -
SCORAD at visit 1 + SD 43,93 £19.20 -

Table 1: Demographic characteristics of the study subjects.
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Figure legends

Figure 1: EIS can differentiate between the skin of healthy subjects and the lesional or non-
lesional skin of AD patients. Artificial intelligence-based algorithms calculated an EIS score
(where 0 represents a defective barrier and 1 a healthy barrier) for each measurement (a) on the
volar forearm (Non-lesionalalgorithm, see “Materials and methods”) and (b) on the dorsal forearm
(Lesionalalgorithm, see ‘“Materials and methods”). Measurements shown in B were performed
both on a lesion and on a non-lesional area close to that lesion (referred to as an “adjacent” site).
TEWL was measured in healthy controls and AD patients on the same body sites. TEWL is
expressed in g/mZh. **: p<0.01, ***: p<0.001, ****: p<0.0001. Medians of triplicates are shown.
(¢) A ROC curve was generated from measurements on the non-lesional volar forearm of AD
patients and healthy controls. In the box at the bottom right corner of each ROC curve, the AUC
(Area Under the Curve) values are shown. These values can be between 0 and 1; the higher the

AUC is, the better the algorithm is at distinguishing between two different conditions.

Figure 2:Significantly upregulated inflammation- and immune response-related proteins
correlate with EIS scores. (a) Volcano plot of the differential expression of proteins measured in
serum by proteomic Olink (Uppsala, Sweden) multiplex assay is shown. Comparing AD patients
and controls, the statistically significantly (p<0.05) different proteins are marked in red. (b) The
difference in the expression of the top 9 most significantly upregulated proteins in AD and control
groups is shown in the dot plots. ****: p<0.0001, ***: p<0.001. (¢) Pathways enriched with
upregulated proteins using MetaCore are shown. For each protein, heatmaps show the log, fold
change calculated from the comparison between AD patients and healthy controls. (d) The inverse
correlations of some of the most significantly upregulated proteins with EIS scores on non-lesional
skin of AD patients and controls are shown; (e) the matrix illustrates the level of significance of
the spearman coefficients for all the significant inverse correlations between lesional and non-
lesional forearm EIS scores and significantly upregulated serum proteins. The proteins are listed in
order of the level of statistically significant difference between AD patients and controls, while the
stars in each box show the significance of each correlation. In both d and e, EIS scores and
normalized protein expressions at visit 1 and visit 3 are included. *<0,05, **: p<0.01, ***:

p<0.001, ***%: p<0.0001
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Figure 3: Lesion healing in response to treatment correlated with an increase in EIS scores
and a decrease in TEWL. EIS (a) and TEWL (b) were measured in AD patients on a lesion on
the dorsal forearm over a time of 21 days, which corresponds to the duration of the treatment at
the clinic. “First visit” and “Last visit” correspond to the measurements made at admission and at
the end of the treatment respectively. EIS scores were calculated by an artificial intelligence model
(Follow-upalgorithm, see “Material and Methods”). TEWL is expressed in g/m?h. **: p<0.01.
Medians of triplicates are shown. (¢) EIS scores inversely correlated at both first and last visit with
TEWL. (d) The correlation between the difference in EIS scores from first to last visit and the
difference of pruritus score (normalized to 0-1 range) from first to last visit is shown. (e-f) EIS
scores on lesional dorsal forearm at first and last visit inversely correlates with pruritus scores (e)

and SCORAD (f) at the same visits.

Figure 4:The change in EIS score during the 21-day treatment correlates with the correction
of proinflammatory proteins in the direction of healthy controls. (a) Volcano plot of the
differential expression of proteins measured in serum at first and last visit by proteomic Olink
(Uppsala, Sweden) multiplex assay is shown. The statisticallysignificantly (p<0.05) changed
proteins between AD patients and controls are marked in red. (b) The different expression of
CDSN, CCL13 and CXADR significantly changed in AD patients between first and last visit is
shown in the dot plots. *<0,05, **: p<0.01, ****: p<0.0001. (¢) The correlation between the
difference in EIS scores on forearm from first to last visit and the difference in CDSN, CCL13 and

CXADR (values normalized to 0-1 range) from first to last visit is shown.

Figure 5: EIS scores on non-lesional skin correlate with the number of filaggrin repeats. EIS
scores on non-lesional volar (a) and dorsal (b) forearm positively correlates with FLG copy
number in patients, but not in controls in the same body sites (c-d). (¢) Comparing TJs-related
genes between controls and AD, PATJ, MPP5, FARB2 and PRKABI1 genes presented mutation
only in AD. Patients were separated in two groups, with or without mutations. EIS scores from

non-lesional volar forearm are shown. ***: p<0.001.
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Supplementary Materials

Supplementary materials and methods

Supplementary figure 1:No effect seen from recent emollient use on EIS score.Patients were
divided in two groups, with emollients and without (w/0) emollients, according to their use of
emollients withinthe 12 hours prior to the measurements. For each group, EIS scores on the volar

forearm (Non lesional algorithm, see “Materials and methods™) are shown.

Supplementary figure 2: EIS is better than TEWL in characterizing lesional and adjacent
non-lesional skin of AD patients.ROC curves were generated(a) from measurements on adjacent
non-lesional dorsal forearm of AD patients and healthy controls, (b) from measurements on
lesional dorsal forearm and adjacent non-lesional dorsal forearm of AD patients and (¢) from
measurements on the lesional dorsal forearm of AD patients and on the dorsal forearm of controls.
All triplicate measurements were used. In the box at the bottom right corner of each ROC curve,
the AUC (Area Under the Curve) values are shown. These values can be between 0 and 1; the

higher the AUC is, the better the algorithm is at distinguishing between two different conditions.

Supplementary figure 3: Heatmaps with differences in upregulated inflammation- and
immune response-related proteinsbetween AD patients and control subjects. For each
pathway enriched with upregulated proteins using MetaCore, heatmaps show the difference in the
protein relative expressions between AD patients and control subjects.

Supplementary figure 4:Machine learning algorithm development workflow.
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Supplementary table 1: List of proteins significantly up- or downregulated in patients
compared to controls. Differentially expressed proteins measured in serum by proteomic Olink
(Uppsala, Sweden) multiplex assay are listed. Comparing AD patients and controls, log, fold

change and relative p-values are shown for each of the significantly changed proteins.

Supplementary table2: List of all significant correlations between EIS scores and significantly
upregulated serum proteins. Spearman coefficients and p-values of the inverse correlations
between the significantly upregulated serum proteins and EIS scores on dorsal lesional forearm
(Lesional skin), dorsal non-lesional forearm adjacent to the lesion (Adjacent) and on non lesional

volar forearm (Non lesional) are listed.

Supplementary table 3:List of EIS scores and TEWL values on lesional forearm, SCORAD
and pruritus scores. For each of the patients shown in figure 3A and 3B, EIS scores, TEWL
values, SCORAD and pruritus scores calculated at the time of their hospitalization (First visit) and

at the end of the 3-week treatment (Last visit) are reported.

Supplementary table 4: List of proteins significantly up- or downregulated in patients
comparing last visit to first visit. Differentially expressed proteins measured in serum by
proteomic Olink (Uppsala, Sweden) multiplex assay are listed. Comparing first and last visit in
AD, log, fold change and relative p-values are shown for each of the significantly changed

proteins.

Supplementary table 5: Number of patients and controls included in each figure. For each
figure in this paper, the table shows the EIS algorithm used, the body site, the visits included and

the total number of patients and controls.
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Figure 1: EIS can differentiate between the skin of healthy subjects and the lesional or
non-lesional skin of AD patients. Artificial intelligence-based algorithms calculated an EIS
score (where 0 represents a defective barrier and 1 a healthy barrier) for each measurement (a)
on the volar forearm (Non-lesional algorithm, see “Materials and methods”) and (b) on the
dorsal forearm (Lesional algorithm, see “Materials and methods™). Measurements shown in B
were performed both on a lesion and on a non-lesional area close to that lesion (referred to as
an “adjacent” site). TEWL was measured in healthy controls and AD patients on the same body
sites. TEWL is expressed in g/m?h. **: p<0.01, ***: p<0.001, ****: p<0.0001. Medians of
triplicates are shown. (¢) A ROC curve was generated from measurements on the non-lesional
volar forearm of AD patients and healthy controls. In the box at the bottom right corner of each
ROC curve, the AUC (Area Under the Curve) values are shown. These values can be between
0 and 1; the higher the AUC is, the better the algorithm is at distinguishing between two
different conditions.
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Figure 2: Significantly upregulated inflammation- and immune response-related proteins
correlate with EIS scores. (a) Volcano plot of the differential expression of proteins measured
in serum by proteomic Olink (Uppsala, Sweden) multiplex assay is shown. Comparing AD
patients and controls, the statistically significantly (p<0.05) different proteins are marked in red.
(b) The difference in the expression of the top 9 most significantly upregulated proteins in AD
and control groups is shown in the dot plots. ****: p<0.0001, ***: p<0.001. (¢) Pathways
enriched with upregulated proteins using MetaCore are shown. For each protein, heatmaps show
the log> fold change calculated from the comparison between AD patients and healthy controls.
(d) The inverse correlations of some of the most significantly upregulated proteins with EIS
scores on non-lesional skin of AD patients and controls are shown; (e) the matrix illustrates the
level of significance of the spearman coefficients for all the significant inverse correlations
between lesional and non-lesional forearm EIS scores and significantly upregulated serum
proteins. The proteins are listed in order of the level of statistically significant difference
between AD patients and controls, while the stars in each box show the significance of each
correlation. In both d and e, EIS scores and normalized protein expressions at visit 1 and visit 3
are included. *<0,05, **: p<0.01, ***: p<0.001, ****: p<0.0001
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Figure 3: Lesion healing in response to treatment correlated with an increase in EIS scores
and a decrease in TEWL. EIS (a) and TEWL (b) were measured in AD patients on a lesion
on the dorsal forearm over a time of 21 days, which corresponds to the duration of the treatment
at the clinic. “First visit” and “Last visit” correspond to the measurements made at admission
and at the end of the treatment respectively. EIS scores were calculated by an artificial
intelligence model (Follow-up algorithm, see “Material and Methods”). TEWL is expressed in
g/m*h. **: p<0.01. Medians of triplicates are shown. (¢) EIS scores inversely correlated at both
first and last visit with TEWL. (d) The correlation between the difference in EIS scores from
first to last visit and the difference of pruritus score (normalized to 0-1 range) from first to last
visit is shown. (e-f) EIS scores on lesional dorsal forearm at first and last visit inversely
correlates with pruritus scores (e) and SCORAD (f) at the same visits.
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Figure 4: The change in EIS score during the 21-day treatment correlates with the
correction of proinflammatory proteins in the direction of healthy controls. (a) Volcano
plot of the differential expression of proteins measured in serum at first and last visit by
proteomic Olink (Uppsala, Sweden) multiplex assay is shown. The statistically significantly
(p<0.05) changed proteins between AD patients and controls are marked in red. (b) The
different expression of CDSN, CCL13 and CXADR significantly changed in AD patients
between first and last visit is shown in the dot plots. *<0,05, **: p<0.01, ****: p<0.0001. (¢)
The correlation between the difference in EIS scores on forearm from first to last visit and the
difference in CDSN, CCL13 and CXADR (values normalized to 0-1 range) from first to last
visit is shown.
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number in patients, but not in controls in the same body sites (¢-d). (e¢) Comparing TJs-related
genes between controls and AD, PATJ, MPP5, FARB2 and PRKAB1 genes presented mutation
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Supplementary Material

Supplementary Materials and methods
Training of EIS algorithms

Subjects with and or without AD were randomly separated into two groups: one group
(55-65% of the subjects) for the training of the neural network and one group for the
validation of the obtained algorithm. Three different algorithms (otherwise known as neural

network ‘models’) were trained as follows:

e Non-lesional algorithm
Non-lesional measurements from all visits were included. Triplicate
measurements from 56 visits were used for training and triplicate
measurements from 42 visits were used for validation where the median value

of the triplicates was used in the graphs.

e Lesional algorithm
Measurements on dorsal forearm from visit 1 were included. Since the purpose
of this algorithm was to assess the lesional skin and the unaffected skin
adjacent to the lesion before the start of treatments, other visits were not
included in the training. Triplicate measurements from 42 visits were used for

training and triplicate measurements from 30 visits were used for validation.

e Follow-up algorithm
Measurements on both dorsal forearm and volar forearm from all visits were
included. 172 triplicate measurements were used for training and 97 triplicate

measurements for validation.

Measurements were always done in triplicates. The coefficient of variation in healthy

controls was 2.93%.
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Supplementary figure 1: No effect seen from recent emollient use on EIS score. Patients
were divided in two groups, with emollients and without (w/0) emollients, according to their
use of emollients within the 12 hours prior to the measurements. For each group, EIS scores
on the volar forearm (Non lesional algorithm, see “Materials and methods”) are shown.



56

True Positive Rate

CTRL vs AD adjacent

" —— EIS, AUC = 0.919
—— TEWL, AUC = 0.788

02 04 06 08 10
False Positive Rate

True Positive Rate

AD adjacent vs lesional

—— EIS, AUC = 0.862
—— TEWL, AUC = 0.786

02

04 06 08 10
False Positive Rate

C CTRL vs AD lesional
10
- ~
,
I’I
/"I
/"
08 el
P
III
] s
] y
2 06 I/
] s
2 /
= e
2 ,
&
g 04 ,’I
=
I’,
l”
02 e
. —— EIS, AUC = 0.999
—— TEWL, AUC = 0.991
Y
00

0.0 02 04 06 08 10
False Positive Rate

Supplementary figure 2: EIS is better than TEWL in characterizing lesional and adjacent
non-lesional skin of AD patients. ROC curves were generated (a) from measurements on
adjacent non-lesional dorsal forearm of AD patients and healthy controls, (b) from
measurements on lesional dorsal forearm and adjacent non-lesional dorsal forearm of AD
patients and (¢) from measurements on the lesional dorsal forearm of AD patients and on the
dorsal forearm of controls. All triplicate measurements were used. In the box at the bottom
right corner of each ROC curve, the AUC (Area Under the Curve) values are shown. These
values can be between 0 and 1; the higher the AUC is, the better the algorithm is at
distinguishing between two different conditions.
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Supplementary figure 3: Heatmaps with differences in upregulated inflammation- and immune
response-related proteins between AD patients and control subjects. For each pathway enriched
with upregulated proteins using MetaCore, heatmaps show the difference in the protein relative
expressions between AD patients and control subjects.
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Supplementary figure 4: Machine learning algorithm development workflow.
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Protein name p value log Fold Change
ccL13 1.28E-11 1.81
AXIN1 1.81E-07 0.96
IRAK1 9.72€-07 0.78

SULT1A1 1.27E-05 1.37
TNFSF14 1.30E-05 0.70
FGF2 2.83E-05 0.69
BACH1 7.43E-05 0.61
TRIMS 1.03E-04 0.91
SIRT2 1.53E-04 0.90
EIF4G1 1.54E-04 0.78
STAMBP 2.91E-04 0.60
SH2B3 2.96E-04 0.72
ICA1 4.01E-04 0.42
HEXIM1 9.12E-04 0.48
PRKCQ 0.0015 0.77
ccL7 0.0017 0.64
BIRC2 0.0020 0.31
ccLs 0.0021 0.62
SRPK2 0.0026 0.58
PPP1R9B 0.0029 0.48
BTN3A2 0.0035 0.34
HCLS1 0.0036 0.61
CNTNAP2 0.0038 -0.29
MMP1 0.0047 0.92
cxcL1 0.0047 0.45
CLEC7A 0.0047 0.55
cXcL8 0.0048 0.79
CLEC6A 0.0054 0.38
PLXNA4 0.0056 0.84
DFFA 0.0057 0.49
MGMT 0.0057 0.70
TRAF2 0.0087 0.40
TNFSF11 0.0092 0.52
ccL19 0.0094 0.72
IRF9 0.0112 0.40
ccL2 0.0122 0.41
TGFB1 0.0133 0.30
HGF 0.0134 0.27
ccL3 0.0143 0.50
ccL2g 0.0145 0.29
CD4o 0.0148 0.26
CLEC4AD 0.0152 0.52
PRDX5 0.0165 0.61
CXCLS 0.0172 0.64
EGLN1 0.0177 0.46
CXCL6 0.0215 0.44
IRAK4 0.0216 0.57
CKAP4 0.0220 0.20
LAG3 0.0261 -0.30
FGF5 0.0263 -0.24
IL13 0.0306 0.72
CDSN 0.0306 0.41
cXcL11 0.0319 0.48
TREM1 0.0332 0.27
IL2RB 0.0336 -0.32
1L24 0.0389 0.47
ITGA6 0.0404 0.42
PIK3AP1 0.0436 0.46
AREG 0.0437 0.30
OSM 0.0490 0.37

Supplementary table 1: List of proteins significantly up- or downregulated in patients
compared to controls. Differentially expressed proteins measured in serum by proteomic
Olink (Uppsala, Sweden) multiplex assay are listed. Comparing AD patients and controls,
log, fold change and relative p-values are shown for each of the significantly changed
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Lesional skin Adjacent Non lesional
Protein Spearman Spearman Spearman
name cgefficient pyalue coefficient pvalue coefficient P value
CCL13 -0.79 1.74E-09 -0.72 6.33E-08 -0.57 3.90E-06
AXIN1 -0.61 2.50E-05 -0.61 1.72E-05 -0.68 7.45E-09
IRAK1 -0.62 2.10E-05 -0.59 3.55E-05 -0.64 1.31E-07
SULT1A1 -0.62 2.02E-05 -0.51 0.0006 -0.54 1.73E-05
TNFSF14 -0.58 7.41E-05 -0.58 5.35E-05 -0.51 5.11E-05
FGF2 -0.54 3.72E-04 -0.47 0.0017 -0.57 3.63E-06
BACH1 -0.59 5.29E-05 -0.60 2.30E-05 -0.48 0.0002
TRIMS -0.68 1.31E-06 -0.60 3.03E-05 -0.62 3.01E-07
SIRT2 -0.59 6.53E-05 -0.44 0.0033 -0.53 2.31E-05
EIF4G1 -0.60 3.66E-05 -0.49 0.0009 -0.54 2.06E-05
STAMBP -0.57 0.0001 -0.48 0.0011 -0.52 3.64E-05
SH2B3 -0.42 0.0064 -0.40 0.0091 -0.52 4.58E-05
ICA1 -0.47 0.0023 -0.48 0.0012 -0.45 0.0005
HEXIM1 -0.51 0.0007 -0.47 0.0017 -0.55 1.01E-05
PRKCQ -0.52 0.0006 -0.37 0.0156 -0.52 4.80E-05
CCL7 -0.41 0.0091 -0.41 0.0075 -0.36 0.0067
BIRC2 -0.52 0.0006 -0.48 0.0012 -0.51 5.29E-05
SRPK2 -0.51 0.0008 -0.51 0.0006 -0.35 0.0079
PPP1R9B -0.47 0.0025 -0.45 0.0031 -0.46 0.0003
HCLS1 -0.49 0.0015 -0.49 0.0009 -0.32 0.0164
CXCL8 -0.54 0.0003 -0.49 0.0011 -0.54 1.69E-05
CLEC6A -0.37 0.0175 -0.47 0.0019 -0.44 0.0008
DFFA -0.61 0.0000 -0.52 0.0004 -0.47 0.0003
MGMT -0.37 0.0192 -0.34 0.0256 -0.30 0.0255
TRAF2 -0.52 0.0006 -0.39 0.0101 -0.39 0.0030
IRF9 -0.43 0.0056 -0.24 0.1231 -0.41 0.0017
CcCL2 -0.38 0.0147 -0.23 0.1366 -0.28 0.0353
HGF -0.48 0.0018 -0.49 0.0010 -0.46 0.0004
CCL3 -0.44 0.0048 -0.35 0.0233 -0.58 2.47E-06
CLEC4D -0.39 0.0130 -0.41 0.0067 -0.49 0.0001
PRDXS -0.44 0.0046 -0.36 0.0192 -0.42 0.0012
EGLN1 -0.45 0.0035 -0.47 0.0015 -0.31 0.0220
IRAK4 -0.43 0.0052 -0.39 0.0107 -0.36 0.0058
CKAP4 -0.50 0.0011 -0.61 1.87E-05 -0.35 0.0082
CDSN -0.37 0.0176 -0.49 0.0011 -0.21 0.1148

Supplementary table 2: List of all significant correlations between EIS scores and
significantly upregulated serum proteins. Spearman coefficients and p-values of the inverse
correlations between the significantly upregulated serum proteins and EIS scores on dorsal
lesional forearm (Lesional skin), dorsal non-lesional forearm adjacent to the lesion (Adjacent)
and on non lesional volar forearm (Non lesional) are listed.



EIS scores TEWL SCORAD Pruritus score
Firstvisit | Lastvisit | Firstvisit | Lastvisit | Firstvisit | Lastvisit | Firstvisit | Lastvisit
Patient_1 0.115 0.456 34.00 13.80 34.90 12.50 5 3
Patient_2 0.724 0.988 21.80 5.00 26.20 13.90 6 2
Patient_3 0.303 0.349 19.00 21.90 50.50 41.30 3 5
Patient_4 0.018 0.171 25.40 14.00 49.90 44.90 7 6
Patient_5 0.013 0.078 34.00 10.40 76.80 41.42 10 4
Patient_6 0.005 0.909 27.10 6.70 69.60 38.20 NA NA
Patient_7 0.593 0.181 12.30 10.60 54.20 34.14 5 5
Patient_8 0.071 0.284 27.50 16.70 57.10 10.70 8 2
Patient_9 0.377 0.607 19.20 9.40 45.20 38.00 4 1
Patient_10 0.234 0.503 20.00 8.80 39.60 47.88 6 4
Patient_11 0.009 0.505 47.00 44.00 49.24 26.54 o 1
Patient_12 0.014 0.414 15.80 6.10 50.38 42.94 7 6
Patient_13 0.021 0.566 45.00 27.20 92.90 63.84 10 5
Patient_14 0.075 0.618 29.20 12.40 46.78 34.58 7 4

Supplementary table 3: List of EIS scores and TEWL values on lesional forearm,
SCORAD and pruritus scores. For each of the patients shown in figure 3A and 3B, EIS
scores, TEWL values, SCORAD and pruritus scores calculated at the time of their
hospitalization (First visit) and at the end of the 3-week treatment (Last visit) are reported.
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Protein name p value log Fold Change
FGF21 3.16E-05 -1.00
CXCL5 5.72E-04 -0.17
CDSN 0.0016 -0.19
GLB1 0.0020 -0.32
LY75 0.0049 -0.10
EDAR 0.0062 -0.24
LAMP3 0.0096 -0.15
MASP1 0.0100 -0.09

€XcL11 0.0133 0.21
HNMT 0.0139 -0.16
SH2D1A 0.0180 -0.18
CCL13 0.0202 -0.18
TPSAB1 0.0234 -0.08
ITGB6 0.0242 -0.09
CXADR 0.0335 0.11
FGF23 0.0340 0.11
ITGA6 0.0427 -0.07
MMP1 0.0480 0.15
PTH1R 0.0492 -0.09

Supplementary table 4: List of proteins significantly up- or downregulated in patients
comparing last visit to first visit. Differentially expressed proteins measured in serum by
proteomic Olink (Uppsala, Sweden) multiplex assay are listed. Comparing first and last visit
in AD, log, fold change and relative p-values are shown for each of the significantly changed
proteins.
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Number of subjects in figure

Els oy
Figure - Body site Non- Comment
algorithm CTRL Non- .
o lesional | lesional
lesional 5
adjacent
. Only validation data are shown. All visits are
1a Non-lesional | Volar forearm 18 24 - - included.
9 Only validation data are shown. Only visit 1 (before
1b Lesional | Dorsal forearm 12 - 7 7 treatment) s Included.
. Only validation data are shown. All visits are
1c Non-lesional | Volar forearm 18 24 - - included.
2a NA NA NA NA NA NA
17 controls and 29 AD subjects, normalized protein
2b NA NA NA NA NA NA expression from Olink. Only visit 1 (before treatment)
isincluded.
2c NA NA NA NA NA NA
Only subjects with blood sample and AD subjects with
2d Lesional Dorsal forearm 17 - 23 - adjacent measurements on dorsal forearm. Visit 1
and 3 (first and last visits) are included.
2e NA NA NA NA NA NA
Only AD subjects with lesions on dorsal forearm and
3a Follow-up |Dorsal forearm - - - 28 measurements for first and last visit. Visit 1 and 3
(first and last visits) are included.
Only AD subjects with lesions on dorsal forearm and
3b NA Dorsal forearm - - - 28 measurements for first and last visit. Visit 1 and 3
(first and last visits) are included.
Only AD subjects with lesions on dorsal forearm and
3c Follow-up |Dorsal forearm - - - 28 measurements for first and last visit. Visit 1 and 3
(first and last visits) are included.
Only AD subjects with lesions on dorsal forearm,
3d Follow-up  [Dorsal forearm - - - 13 score for pruritus and measurements for first and last
visit. Visit 1 and 3 (first and last visits) are included.
Only AD subjects with lesions on dorsal forearm,
3e Follow-up  [Dorsal forearm - - - 26 score for pruritus and measurements for first and last
visit. Visit 1 and 3 (first and last visits) are included.
Only AD subjects with lesions on dorsal forearm,
3f Follow-up |Dorsal forearm - - - 26 SCORAD and measurements for first and last visit.
Visit 1 and 3 (first and last visits) are included.
4a NA NA NA NA NA NA
17 controls and 29 AD subjects, normalized protein
4b NA NA NA NA NA NA expression from Olink. Visit 1 and 3 (first and last
visits) are included.
Only AD subjects with lesions on dorsal forearm and
4c Follow-up |Dorsal forearm - - - 11 with blood samples. Visit 1 and 3 (first and last visits)
are included.
. Only AD subjects with non-lesional antecubital area
5a Non-lesional | Volar forearm - 16 = = and blood sample.
. Only AD subjects with non-lesional dorsal
5b Lesional Dorsal forearm - - 10 - measurement and blood sample,
5c Non-lesional | Volar forearm 17 - - -
5d Lesional Dorsal forearm 17 - - -
. Only AD subjects with non-lesional antecubital area
Se Non-lesional | Volar forearm 17 16 = = and blood sample.
. Only patients with information about the use
s1 Non-lesional | Volar forearm B 23 B B emollients are included. All visits are included.
. Only validation data are shown. Only visit 1 (before
S2a Lesional Dorsal forearm 12 - 7 = treatment) is included.
. Only validation data are shown. Only visit 1 (before
S2b Lesional Dorsal forearm - - 7 7 treatment) is included.
. Only validation data are shown. Only visit 1 (before
S2¢ Lesional Dorsal forearm 12 - - 7 treatment) is Included.
S3 NA NA NA NA NA NA 17 controls and 29 AD subjects
sS4 NA NA NA NA NA NA
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Supplementary table 5: Number of patients and controls included in each figure. For each
figure in this paper (S stands for supplementary figure), the table shows the EIS algorithm
used, the body site, the visits included and the total number of patients and controls.
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