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Preface

Our understanding of Atopic dermatitis is evolving. Available literature information is

increasing geometrically each year. The quality of data available, allows us to understand

pathogenesis better than any time before. In addition, an arsenal of novel treatments that utilize

the amendment of the pathogenic pathways of inflammation and epidermal barrier restoration have

been available in the last years. This special issue addresses both pathogenetic and treatment recent

knowledge for students and healthcare professionals interested in atopic dermatitis

Stamatis Gregoriou
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Atopic eczema or dermatitis (AD) is a chronic pruritic inflammatory cutaneous disor-
der with an incidence up to 20% in children and 10% in adults depending on region and
ethnicity. Due to severe pruritus, the chronicity of skin lesions, AD has been shown to
have a vast psychosocial burden for patients. The AD patients report heavily decreased
quality of life, raised stigmatization level and frequently develop secondary psychiatric
comorbidities, such as depression and anxiety. The risk of suicidal thoughts and attempts
is significantly increased [1,2]. Moreover, it is clear that not only the sick individual suffers
but the disease affects also the family members [3]. Taking the above into consideration we
are dealing with a common and important clinical problem. Understanding the AD patho-
genesis in depth, developing new treatment options will definitely help holistic approaches
to AD patients.

Atopic is a Greek adjective meaning literally “out of place” and teleologically “un-
explained”. Eczema is a Greek noun meaning “due to boiling”. Dermatitis is also Greek,
meaning cutaneous inflammation. Although we describe “Greek” only in the definition
of Isocrates, who considered Greeks to be all those sharing in Greek education, Edward
Perry was particularly insightful when asked by Coca and Cooke to help denominate
the hypersensitivity to environmental allergens. A lot about the pathogenesis of atopic
dermatitis still remains poorly illuminated. However, in this new era, rapid advances in
basic science, dermatology and allergology research, along with several new therapeutic
agents, set out a more optimistic approach for both clinicians and patients.

Epidermal components of AD pathogenesis include loss of function filaggrin gene
polymorphisms; however, filaggrin variants are not the sole etiology for filaggrin downreg-
ulation in AD skin, and 40% of carriers of filaggrin null alleles never experience eczema.
Filaggrin mutations have been reported to be associated with AD severity and persistence
in adulthood, suggesting that filaggrin mutations represent a particular endotype [4]. The
effect of Th2 inflammatory response on filaggrin downregulation and the normalization
of filaggrin expression in patients treated with monoclonal antibodies or JAK-inhibitors is
a field under exploration at this time. In addition, the impact of the new agents on other
barrier-related proteins, such as involucrin and loricrin, should be part of an additional
scope of investigation.

AD epidermis has decreased lipids, particularly ceramides, in both lesional and non-
lesional skin as well as increased free fatty acids. IL-4 has been reported to downregulate
ceramides synthesis via signaling through the STAT6 pathway. Alterations in the lipid
composition of the epidermis can impair innate immunity and result in microbial super-
infection in AD skin [5]. The role of the changes in the lipid microenvironment, such as
Th2 inflammation via activation of CD1a antigen presenting proteins on Langerhans cells
in AD, remains largely under-investigated. Although most moisturizers are beneficial in
reducing the number of AD flares, evidence does not support that one moisturizer is better
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than another. In addition, despite early studies on the use of cleansers and moisturizers
to prevent AD in infants and children reporting positive trends, more recent large-scale
studies have failed to confirm these results.

Genetic and acquired defects of tight junctions have been reported to play a crucial
role in barrier dysfunction in AD patients. Decreased expression of claudin 1 has been
associated with an increase in serum biomarkers of the Th2 driven response, suggesting
cross-talk between the epithelial barrier and immunological inflammation in AD [6]. Areas
of current investigation include the correlation between impaired tight junctions and
antigen presentation, the interaction between claudin and filaggrin expression, and the
effect of claudin expression on the proliferation and differentiation of keratinocytes.

Microbiota dysbiosis is emerging as an important feature of AD pathogenesis. Staphy-
lococcus aureus is the principal pathogen that triggers the host immune system-related
inflammation in the acute phase. In addition, the chronic persistence of S. aureus on eczema-
tous skin lesions has been associated with the identification of staphylococcal biofilm
communities on the skin of patients with AD. Recent reports suggest that Staphylococcus
epidermidis might not be an innocent bystander but in certain conditions might also con-
tribute to the inflammatory reaction in AD pathogenesis. Cutibacterium acnes enhances S.
aureus cytolytic activity and the subsequent production of pro-inflammatory cytokines.
Malassezia allergens can trigger a specific IgE response as part of AD pathogenesis. The
role of Candida albicans, which has been found to often be part of the microbiota of AD,
patients is not clear [7]. Novel therapeutic interventions, including probiotic and prebiotic
preparations, as well as skin microbiota transplantation, are an emerging intervention to
regulate microbiota dysbiosis, but evidence of their efficacy is still being evaluated.

AD is associated with food allergy, asthma, and allergic rhinitis and the gradual transi-
tion of one atopic disease into another has been denominated as the atopic march. Defining
phenotypes and endotypes within the AD patient population in order to predict the future
development of atopic march is an evolving effort. Although dupilumab is the only agent
at this time that has an indication regarding AD, asthma, chronic rhinosinusitis with nasal
polyposis, and eosinophilic esophagitis, the efficacy of the other novel therapeutic agents
for AD, in the subpopulations of AD patients with other atopic comorbidities, is also a field
of current clinical research interest.

The plethora of phenotypes and endotypes has raised investigational interest in the
overlapping of AD and psoriasis, once considered to be two opposing immunopathogenic
Th2 and Th1 disorders. Asian, pediatric, and intrinsic types of AD involve Th17, which is an
important inflammatory pathway in psoriasis pathogenesis. As we investigate non-atopic
comorbidities of AD, the shared patterns of comorbidities, such as metabolic syndrome or
cardiovascular disorders, are considered, although evidence at this time is controversial.
Clinical diagnosis, especially in children, might also be difficult as 20% of the cases might
lack typical lesions and present a combination of both disease features, the so-called
psoriatic eczema. In addition, plaque psoriasis restricted on the limbs might resemble
nummular eczema while erythrodermic psoriasis might have an immunologic overlap of
both Th17 and Th22 cells.

Animal model data could be helpful in understanding endotypes, phenotypes, and
even the pharmacological properties of novel agents in a pre-clinical setting. The transla-
tional value of such data is still under debate, as there might be an overestimation of the
potential efficacy of novel agents following encouraging results of in vivo studies in animal
models. Published data of animal model characteristics might be helpful in selecting the ap-
propriate model for a specific study purpose. The investigational aim should be to increase
the predictability and translatability of animal model results to human clinical studies.

New developments of treatment modalities have recently resulted in the approval of
first topical JAK-inhibitor—ruxolitinib cream for patients suffering from mild to moderate
AD. This is a crucial step in topical AD therapy; for decades we only had the possibility of
using topical corticosteroids and topical calcineurin inhibitors. With a good safety profile,
ruxolitinib cream will definitely be of patients’ benefit, improving both pruritus and skin
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lesions [8,9]. Several more topical agents like tapinarof, difamilast, and roflumilast are also
in advanced stage of development. Long term efficacy and safety of these formulations and
comparison with current topical treatments are areas that are lacking data at this moment.

EADV/EDF guidelines for the treatment of AD in patients’ candidates for systemic
therapy suggest both classical systemic therapy as well as anti-IL4 and/or IL13 monoclonal
antibodies and JAK-inhibitors as the first line treatment for the disorder. Even though the
new agents provide long-term control of the disorder with a favorite safety profile, there
are still matters under debate concerning their use, particularly from the view of the payers.
The intermittent employment of the novel agents, transition from the higher dosage to the
lower in JAK inhibitors, as well as class side effects, particularly in the light of the FDA
warning, are questions still under discussion.

Studies have investigated the association of serum biomarkers for AD with treatment
outcomes. An association does not necessarily allow prediction, and biomarkers have
not currently been proven useful for patient stratification for systemic therapy for AD in
published literature data. A recent consensus prioritized reliability, clinical validity, a high
positive predictive value, prediction of the therapeutic response, and disease progression as
potential biomarkers in AD and psoriasis [10]. Striving for ideal biomarkers in inflammatory
cutaneous disorders is an ongoing effort, compromised by significant obstacles mainly
associated with validity that does not allow the utilization of biomarkers in a way similar
to their use in the disease of cancer. However, cost-effectiveness and the subsequent
reimbursement of the novel agents could benefit considerably from the establishment of
reliable biomarkers and are expected to drive further research in the field. Machine learning
might offer significant insights in utilizing the available data of serum biomarkers.

Even as the present has revolutionized our view and treatment of AD, the future holds
even more hope for the patients; multiple clinical trials and subpopulations analysis are
currently underway. The main challenge at this time is to improve access to the novel
therapies for an increased number of patients. Registries, biomarkers, and shared decisions
by all stakeholders will be needed to attain this goal and even offer individualized treatment
to AD patients.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Epidermal barrier dysfunction plays an important role in atopic dermatitis (AD). The
difficulty of objectively assessing AD severity and the introduction of new biologicals into clinical
practice highlight the need to find parameters to monitor clinical outcomes. The aim of this study is
to evaluate the impact of dupilumab on skin barrier function and compare it with other treatments
in patients with AD. A prospective observational study was conducted in adults with AD treated
with topical corticosteroids (TCS), cyclosporine, or dupilumab. The main outcome measures after
16 weeks of treatment were Eczema Area and Severity (EASI)-50 (50% improvement in EASI), and
transepidermal water loss (TEWL)-50 (50% improvement in TEWL). Forty-six patients with AD were
included in the study. The proportion of patients who achieved EASI-50 at week 16 was significantly
higher in patients receiving dupilumab (81.8% vs. 28.6% vs. 40%, p = 0.004). In eczematous lesions,
TEWL decreased in patients receiving dupilumab (31.02 vs. 12.10 g·h−1·m−2, p < 0.001) and TCS
(25.30 vs. 14.88 g·h−1·m−2, p = 0.047). The proportion of patients who achieved TEWL-50 at week 16
was higher for dupilumab than for cyclosporine or TCS. Temperature only decreased in the dupilumab
group. Stratum corneum hydration increased in eczematous lesions and non-involved skin only in
patients with dupilumab. In conclusion, dupilumab improves skin barrier function in patients with
AD better than TCS or cyclosporine, both in eczematous lesions and in non-lesioned skin.

Keywords: atopic dermatitis; dupilumab; skin barrier; transepidermal water loss

1. Introduction

Atopic dermatitis (AD) is a chronic cutaneous inflammatory disease caused by genetic
and environmental factors [1,2]. It is one of the most prevalent skin diseases, with a
prevalence ranging from 0.96% to 22.6% in children and from 1.2% to 17.1% in adults [3],
with higher prevalence in industrialized countries [4]. Clinically, it is characterized by
recurrent and itchy eczematous lesions, excoriations, scaling and dry skin [1,5]. It is also a
disease that greatly impairs the quality of life of patients and their cohabitants [6].

Epidermal barrier dysfunction, immune dysregulation, and gut dysbiosis may play a
role in this disease [7]. Skin barrier dysfunction is considered the first step in the develop-
ment of AD [8,9]. Filaggrin (FLG) mutations lead to alterations in the differentiation and
growth of a normal stratum corneum, increasing transepidermal water loss (TEWL) [10].
Moreover, skin barrier dysfunction increases allergic sensitization to antigens [11], an
independent risk factor for developing food sensitization [12]. Skin barrier impairment,
reflected in high TEWL and temperatures is also related to more severe disease [13].

J. Clin. Med. 2022, 11, 3341. https://doi.org/10.3390/jcm11123341 https://www.mdpi.com/journal/jcm
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Multiple diagnostic tools are used to evaluate severity in patients with AD, most
commonly the Eczema Area and Severity Index (EASI) and SCORing Atopic Dermatitis
(SCORAD) [14,15]. The EASI is a medical evaluation of extension and intensity, while the
SCORAD also includes a patient assessment of itch and sleeplessness [1,14]; both these
parameters have a subjective component that could lead to a high intra- and interobserver
variability [16–18].

Available therapies for AD include topical corticosteroids (TCS), calcineurin inhibitors,
phototherapy and systemic immunotherapies, such as cyclosporine [1]. Dupilumab, a fully
human monoclonal antibody that binds specifically to the shared α chain subunit of the
interleukin-4 and interleukin-13 receptors, is associated with clinical improvement in patients
with AD, reducing EASI, SCORAD and Dermatology Life Quality Index (DLQI) with an ac-
ceptable safety profile [19]. Other biologics (dupilumab, tralokinumab) and JAK-inhibitors are
being developed that are showing similar or even better score outcomes [20,21]. Nevertheless,
there is scant information about how these treatments modify skin barrier function [7].

The difficulty in objectively assessing AD severity and the introduction of new biolog-
icals in clinical practice highlight the need to find parameters to select the most appropriate
treatment and for monitoring outcomes [22,23]. Skin barrier function parameters are
easy to evaluate objectively [24,25] and may be suitable tools for assessing the efficacy of
AD therapies.

Thus, the aim of this study is to evaluate the impact of dupilumab on skin barrier
function and compare it with other treatments in patients with AD.

2. Materials and Methods

2.1. Study Design and Participants

We conducted a prospective observational study in participants recruited from Septem-
ber 2019 to May 2021, in the Department of Dermatology, Virgen de las Nieves University
Hospital, Granada, Spain.

Eligible patients were adults diagnosed with AD by a dermatologist according to
Hanifin and Rajka criteria [26,27], 18–65 years of age, with an eczematous lesion on the
volar forearm, who were scheduled to start a new treatment with TCS, cyclosporine or
dupilumab. Only patients with an eczematous lesion on the volar forearm were included
because the measurements were always taken in this area to homogenize differences in
skin barrier function that may exist in different body areas [25]. The exclusion criteria were:
a clinical infection on the measured area; history of cancer; immunological disease or other
inflammatory skin disease; incapacity to comply with the study protocol and no signed
informed consent form.

Patients were assigned to treatment with TCS, cyclosporine or dupilumab following
current clinical recommendations for treating AD [1]. Mild-to-moderate patients who had
not received treatment for at least the previous six months were treated with mometasone
cream once daily (TCS group). Moderate patients who had not responded to TCS and
severe patients were assigned to the cyclosporine group and advised to avoid any topical
treatment for one week prior to baseline evaluation. Cyclosporine was initiated at a
high dose, 5 mg/kg/day, for a 3–6-week induction phase, followed by gradual tapering
of the dose based on clinical response to a dose of 2–3 mg/kg/day in the maintenance
phase. Moderate to severe patients who did not respond to cyclosporine or had some
contraindication to receiving it were assigned to the dupilumab group. Dupilumab 300 mg
was administered subcutaneously every other week following a loading dose of 600 mg.
Immunosuppressive agents were discontinued at least 4 weeks prior to starting dupilumab
in all patients. Patients receiving cyclosporine and dupilumab were allowed to use TCS
twice a week if needed. Both patients starting cyclosporine and dupilumab should not
use TCS or calcineurin inhibitors at least 24 h before baseline measurement. Patients in all
groups were allowed to use emollients and moisturizers when needed but not 24 h before
the baseline measure.
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2.2. Outcomes and Measures

The main outcome measure to assess clinical improvement was EASI-50 (50% improve-
ment in EASI) at treatment week 16 [28], and the primary outcome measure to assess skin
barrier improvement was TEWL-50 (50% improvement in TEWL) at treatment week 16.

2.2.1. Clinical Assessment

AD severity was assessed by EASI, SCORAD, DLQI, the Investigator Global As-
sessment (IGA) scale and body surface area (BSA). EASI is calculated by independently
assessing body surface involvement in four body regions (head and neck, upper extremities,
trunk and lower extremities) and evaluating erythema, induration/papulation/edema,
excoriations, and lichenification in each area [29]. SCORAD consists of the evaluation of
disease extension, intensity (composed of six items: erythema, edema/papules, effect of
scratching, oozing/crust formation, lichenification and dryness) and subjective symptoms
(itch, sleeplessness) [15,27]. DLQI evaluates the impact of dermatological conditions and
consists of a 10-item questionnaire addressing patient quality of life [30]. All clinical indexes
were determined by a dermatologist at baseline and after the 16-week follow-up.

2.2.2. Skin Barrier Function Parameters

TEWL (in g·h−1·m−2), skin temperature (in ◦C), stratum corneum hydration (SCH)
(in arbitrary units, AU), and pH were respectively measured using the Tewameter TM 300,
Skin-Thermometer ST 500, Corneometer CM 825, and Skin-pH-Meter PH 905, connected to
a Multi Probe Adapter (MPA, Courage + Khazaka electronic GmbH, Bilbao, Spain). All
parameters were evaluated on an eczematous area on the volar forearm and on a non-
involved area 5 cm from the affected area, and the average value from ten measurements
in each location was used for analysis. Measurements were taken at baseline and at the
16-week follow-up after resting at least for 30 min in a room with controlled ambient
air temperature and humidity, measured with the TFA Lab Thermometer IP65 LT-101,
Wertheim, Germany (average air temperature 22 ± 1 ◦C; ambient air humidity of 45% ± 5%).
No systemic or topical treatments were allowed in the six hours before the measurements
were taken.

2.2.3. Other Variables

Age, sex, smoking/alcohol habits, marital status, education level, skin hydration habit,
family history of AD, age of disease onset, signs of atopy march, and body mass index
(BMI) were recorded by means of a clinical interview and physical examination. Regarding
skin hydration habit patients were asked about the frequency they used emollients per
week and were classified into those applying them ≤4 or >4 times per week.

2.3. Statistical Analysis

Descriptive statistics were used to present the sample characteristics. Continuous data
were expressed as the mean (standard deviation) and qualitative data as relative (absolute)
frequency. The Shapiro–Wilk test was used to determine the normality of data distribution
and Levene’s test to check the homogeneity of variance. One-way analysis of variance
(ANOVA) was used to compare quantitative variables between different treatments. The
Student’s t-test for paired samples was used to compare differences in parameters before
and after using the hand hygiene product. A multivariable logistic regression model was
constructed to evaluate variables associated with TEWL-50 and EASI-50. Epidemiological
and statistical criteria were used to model variable selection. The effect of each exploratory
variable on the model and its significance were studied. If the variable improved the
model fit and adequacy (based on the likelihood ratio criteria and the significance of the
parameter), it was kept; otherwise, the variable was excluded. The model was checked for
pairwise interaction between covariates. Potential confounding covariates were studied
using a change of significance in the model’s parameters or a change of 30% of its value.
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Statistical significance was defined as a two-tailed p < 0.05. SPSS version 24.0 (SPSS Inc,
Chicago, IL, USA) was used for statistical analyses.

2.4. Ethics

This study was approved by the ethics committee of Hospital Universitario Virgen
de las Nieves (HC01/0442-N-20, Impact of topical, systemic or physical treatment on
skin homeostasis in patients with skin diseases). The nature of the study was explained
to all participants, who agreed to participate by giving their verbal and written consent.
All measurements were non-invasive, and the confidentiality of participants’ data was
strictly preserved.

3. Results

3.1. Baseline Demographic and Clinical Characteristics

Sixty-two individuals were assessed for eligibility, and 46 patients with AD were finally
included, 10 of whom were treated with TCS, 14 with cyclosporine and 22 with dupilumab.
Demographic and clinical characteristics are shown in Table 1. Patients receiving TCS
were younger than those treated with dupilumab and cyclosporine (19.90 vs. 28.95 vs.
35.64 years, p = 0.042). Patients in the TCS group were more frequently single than those in
the dupilumab and cyclosporine groups (100% vs. 81.8% vs. 63.3%, p = 0.036). Dupilumab
patients had a longer disease duration than those receiving cyclosporine or TCS (20.67 vs.
8.38 vs. 12.20, p = 0.004). After follow-up, 8.7% (4/46) of the patients did not complete the
study (1 TCS, 2 cyclosporine, 1 dupilumab), Figure S1.

Table 1. Sociodemographic and clinical characteristics at baseline.

Topical Corticosteroids
(n = 10)

Cyclosporin
(n = 14)

Dupilumab
(n = 22)

p *

Age (years) 19.90 (3.76) 35.64 (22.42) 28.95 (10.83) 0.042 *
Female sex, % (n) 80% (8) 71.4% (10) 68.2% (15) 0.789

Marital status
- Single 100% (10) 64.3% (9) 81.8% (18)

0.036 *- Married 0 35.7% (5) 4.5% (1)
- Divorced 0 0 13.6% (3)

Mandatory educational level (yes) 80% (8) 71.4% (10) 88.9% (16) 0.457
Smoking habit (yes) 30% (3) 28.57% (4) 9.1% (2) 0.202

Alcohol consumption (yes) 20% (2) 42.86% (6) 27.3% (6) 0.350
BMI (kg/m2) 20.55 (0.97) 22.66 (1.71) 22.02 (3.78) 0.566

Frecuecy of emollient use (times per week) 5.12 (1.72) 5.25 (3.50) 6.33 (1.19) 0.378
Skin hydration > 4 times/week (yes) 70% (7) 92.9% (13) 72.72% (16) 0.253

AD family history (yes) 40% (4) 71.43% (10) 68.18% (15) 0.111
Signs of atopic march (yes) 60% (6) 64.29% (9) 68.18% (15) 0.835
Disease evolution (years) 12.20 (7.68) 8.38 (7.45) 20.67 (12.39) 0.004 *

EASI 11.72 (3.91) 15.04 (4.90) 24.60 (5.36) <0.001 *
SCORAD 37.28 (12.11) 47.41 (9.43) 57.30 (13.83) <0.001 *

DLQI 12.20 (6.20) 9.29 (4.05) 17.59 (7.28) 0.001
BSA 14.23 (5.31) 22.63 (7.96) 39.54 (18.47) <0.001
IGA 2.5 (0.53) 3.21 (0.58) 3.73 (0.46) <0.001

Data are expressed as mean (standard deviation) or relative (absolute) frequency. AD, atopic dermatitis; BMI,
body mass index; BSA, body surface area; DLQI, Dermatology Life Quality Index; EASI, Eczema Area Severity
Index; IGA, Investigator Global Assessment scale; SCORAD, SCORing Atopic Dermatitis. * p-value after using
one-way independent ANOVA to compare continuous variables or Chi-square or Fisher test, as appropriate, to
compare qualitative variables.

3.2. Clinical Improvement

At baseline, patients who received dupilumab had more severe disease than those
who received cyclosporine and TCS, reflected in higher EASI (24.60 vs. 15.04 vs. 11.72,
p < 0.001), SCORAD (57.30 vs. 47.41 vs. 37.28, p < 0.001), DLQI (17.59 vs. 9.29 vs. 12.20,
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p < 0.001), BSA (39.54 vs. 22.63 vs. 14.23, p < 0.001) and IGA scores (3.73 vs. 3.21 vs. 2.5,
p < 0.001), Table 1.

The proportion of patients who achieved EASI-50 at week 16 was significantly higher
among patients receiving dupilumab than those receiving cyclosporine or topical corti-
costeroids (81.8% vs. 28.6% vs. 40%, p = 0.004), Figure 1. After conducting a multivariate
logistic regression model adjusted by age, age of disease onset, sex, smoking habit and
skin hydration habit, treatment with dupilumab emerged as an independent factor for
achieving EASI-50 (OR = 10.67, p = 0.026).

Figure 1. Percentage of patients achieving EASI-50 by treatment. p-value after conducting a multi-
variate logistic regression model adjusted by age, age of disease onset, sex, smoking habit and skin
hydration habit.

Patients receiving dupilumab also showed greater improvement in SCORAD (−29.26
vs. −15.69 vs. −12.79, p < 0.001), DLQI (−12.52 vs. −2.56 vs. −3.75, p < 0.001), BSA and
IGA scores than those treated with cyclosporine and TCS (Figure 2, Table S1).

Figure 2. Differences in the improvement in clinical scores by treatment. DLQI, Dermatology Life
Quality Index; EASI, Eczema Area Severity Index; SCORAD, SCORing Atopic Dermatitis. p-value
after using one-way independent ANOVA test to compare changes in scores between different
treatments (topical corticosteroids, cyclosporine and dupilumab).
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3.3. Skin Barrier Function

Skin barrier function parameters did not differ at baseline between groups, see
Table S2. In eczematous lesions, TEWL decreased in patients receiving dupilumab
(31.02 vs. 12.10 g·h−1·m−2, p < 0.001) and TCS (25.30 vs. 14.88 g·h−1·m−2, p = 0.047)
but did not change with cyclosporine. Temperature only decreased in the dupilumab
group (32.53 vs. 31.64 ◦C, p = 0.009). SCH increased in patients treated with dupilumab
(19.93 vs. 37.73 AU, p < 0.001) and TCS (18.24 vs. 40.79 AU, p = 0.010), but did not change
with cyclosporine. pH did not change in any group. In non-lesioned skin, TEWL (11.87
vs. 8.25 g·h−1·m−2, p = 0.006) and SCH (32.68 vs. 41.68 AU, p < 0.001) only improved in
patients receiving dupilumab. Temperature, SCH and pH did not change in non-lesioned
skin after receiving any treatment, see Table S2.

The proportion of patients who achieved TEWL-50 at week 16 was greater for pa-
tients receiving dupilumab than for those receiving cyclosporine or topical corticosteroids
(50% vs. 14.3% vs. 30%, p = 0.101). Furthermore, after a multivariate logistic regression
model adjusted for age, age of disease onset, sex, smoking habit and skin hydration habit,
dupilumab treatment with dupilumab emerged as an independent factor for achieving
TEWL-50 (p = 0.004), see Figure 3.

Figure 3. Percentage of patients reaching TEWL-50 by treatment. p-value after conducting a multi-
variable logistic regression model adjusted by age, age of disease onset, sex, smoking habit and skin
hydration habit.

Differences between treatments in other skin barrier function changes were also found
(Figure 4). The temperature decrease on eczematous lesions was greater after receiving
dupilumab than after cyclosporine and TCS (−0.82 vs. +0.49 vs. +0.46 ◦C, p = 0.013). SCH
improvement in eczematous lesions was greater in patients treated with dupilumab and
TCS than in those receiving cyclosporine, while SCH increases in non-lesioned skin were
higher in patients receiving dupilumab compared to TCS and cyclosporine (+11.41 vs. +0.05
vs. +6.46, p = 0.033). No differences in pH changes were found between treatments.
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Figure 4. Changes in skin barrier function parameters after receiving each treatment. (A) Temperature
(B) Stratum corneum hydration.

4. Discussion

This study shows that dupilumab is more effective than TCS and cyclosporine in
improving both clinical scores, demonstrated by a higher proportion of patients achiev-
ing EASI-50, and epidermal barrier function, demonstrated by a higher proportion of
participants achieving TEWL-50, after 16 weeks of treatment.

The increased effectiveness of dupilumab in clinical practice was reflected in a higher
number of patients who achieved EASI-50 and a higher reduction in SCORAD and DLQI.
Clinical improvement with dupilumab was similar to that observed in previous studies
in real-life settings (achieving EASI-50 in around 80% at week 12–16) [31–33] and higher
than in clinical trials [34]. As in previous studies, we found that dupilumab improves
patient quality of life [35]. Although several studies reflect the great impact of dupilumab
in improving EASI, SCORAD and DLQI scores, few reports have compared its effective-
ness with other systemic therapies [36]. A direct comparison between dupilumab and
cyclosporine was needed, as the lack of data meant that it could not be confirmed whether
these patients were really improved by dupilumab or if they could also have improved
with other treatments. A network meta-analysis of randomized clinical trials showed
that cyclosporine and dupilumab were similarly effective and better than placebo in im-
proving EASI [37]. Nevertheless, another meta-analysis found that only baricitinib and
dupilumab were more effective after 16 weeks of treatment than placebo while cyclosporine
was not [36]. Moreover, a recent indirect comparison observed that dupilumab was more
effective than cyclosporine, as manifested by a higher percentage of patients reaching
EASI-50 at week 16 [38]. Our study shows that dupilumab is more effective in clinical
practice, even when compared to TCS and cyclosporine.

Regarding epidermal barrier function, patients with AD are known to have higher
TEWL and lower SCH in both lesioned and non-lesioned skin due to skin barrier impair-
ment than healthy individuals [39,40]. The alkalinization of the pH in AD could also
increase skin barrier dysfunction [41]. Moreover, higher temperatures could be a sign
of the inflammatory changes involved in this disease [42]. Skin barrier dysfunction in
AD patients has been related to proinflammatory cytokine production, mainly IL-4 and
IL-13, that inhibits the expression of barrier-related molecules such as filaggrin, involucrin
and loricrin, that damage the skin barrier. TCS has been reported to improve clinical
inflammatory features and reduce TEWL by decreasing IL-13 production and upregulating
filaggrin and loricrin expression [43]. Skin barrier improvement with dupilumab may,
then, be explained by the inhibition of IL-4/IL-13 signaling, reducing markers of type 2
inflammation and reversing AD-associated epidermal abnormalities [44]. Improvements
in epidermal remodeling and inflammation after dupilumab treatment have also been
observed on dynamic optical coherence tomography [45].
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Some other studies have also evaluated the impact of dupilumab on skin barrier func-
tion [46–50]. They showed that dupilumab reduced TEWL on non-involved and involved
skin [46–50]. The impact of dupilumab in SCH differs between studies. Cristaudo et al. found
reported a decreasing trend in SCH values in 30 patients with AD after 8 weeks of treat-
ment [46] while Furuhashi et al. found that SCH did not change after 24 weeks of dupilumab
treatment in seven patients [47]. We also observed that dupilumab decreases TEWL and
increases SCH, reflecting skin barrier recovery. The lack of differences in SCH in other studies
may be explained by the shorter follow-up [46] or the limited number of participants [47].
Moreover, we also found that dupilumab decreases temperature, which might be reflecting a
reduction in the inflammatory load, while we did not find changes in pH.

Furthermore, this is the first time to our knowledge that the impact of dupilumab
on skin barrier function has been compared to other therapies, including cyclosporine
and TCS. TCS also increased TEWL and decreased SCH but only in eczematous lesions.
This may be because the skin compartment generates a major component of dysregulated
systemic cytokines [51]. The lack of changes in skin barrier function after cyclosporine may
be because this therapy does not act on the etiopathogenic axis of this disease. We also
found that dupilumab is an independent factor for achieving TEWL-50. It has previously
been suggested that TEWL could be a predictor for developing AD [9] or even a marker
of disease severity [13] and that the decrease in TEWL after dupilumab treatment occurs
mainly during the first two weeks [47], indicating that TEWL may likely be an early
clinical response marker. Given the rapidly increasing number of drugs available for AD,
it is important to identify markers that give an early indication of a lack of response in
order to change treatment, reduce the burden of AD on patient quality of life and save
healthcare costs.

Our research is limited by the small sample size and concerns surrounding data
collection: in Spain, it is compulsory to use cyclosporine before dupilumab treatment,
possibly biasing the comparison between patients receiving dupilumab and cyclosporine.
This bias would be toward the null hypothesis, as the real difference in skin barrier function
between dupilumab and cyclosporine would be even greater than that reported in this
study. The main limitation of our study that it is difficult to ensure the comparability
between patients receiving each treatment. In that way, patients receiving TCS had a less
severe disease that those receiving cyclosporine or dupilimab; even if the proportion of
patients achieving EASI-50 in the cyclosporine group was smaller than that in the TCS
group, it does not necessarily mean that TCS was better or stronger than cyclosporine.
Further clinical trials should be conducted to assess the real difference in clinical and skin
barrier function improvement between TCS, cyclosporin and dupilumab. Other skin barrier
function parameters, such as lipid content or filaggrin, should be also measured.

5. Conclusions

This is the first study to evaluate the impact of dupilumab on skin barrier function
and compare it to other treatments. This research could increase our understanding of the
mechanism of action of dupilumab and could help clinicians select the appropriate patients
to receive this treatment. Further clinical research should be conducted to determine
whether patients who did not achieve TEWL-50 would subsequently fail on dupilumab
and if TEWL could be considered a marker of therapeutic response in patients with AD.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11123341/s1. Figure S1: Participant flow chart. Table S1:
Changes in clinical scores by groups. Table S2: Changes in barrier function parameters after each
treatment and by groups.
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Abstract: Background: Atopic dermatitis (AD) is an inflammatory skin disease of multiple pheno-
types and endotypes, and is highly prevalent in children. Many people of all ages, including active
adolescents, pregnant women, and the elderly, suffer from AD, experiencing chronicity, flares, and
unexpected relapse. Dexpanthenol has multiple pharmacological effects and has been employed to
treat various skin disorders such as AD. We aimed to summarize the up-to-date evidence relating to
dexpanthenol and to provide a consensus on how to use dexpanthenol effectively for the treatment
of AD. Methods: The evidence to date on the application and efficacy of dexpanthenol in AD was
reviewed. The literature search focused on dexpanthenol use and the improvement of skin barrier
function, the prevention of acute flares, and its topical corticosteroid (TCS) sparing effects. Evidence
and recommendations for special groups such as pregnant women, and the effects of dexpanthenol
and emollient plus in maintenance therapy, were also summarized. Results: Dexpanthenol is effective
and well-tolerated for the treatment of AD. Dexpanthenol improves skin barrier function, reduces
acute and frequent flares, has a significant TCS sparing effect, and enhances wound healing for
skin lesions. Conclusion: This review article provides helpful advice for clinicians and patients on
the proper maintenance treatment of AD. Dexpanthenol, as an active ingredient in ointments or
emollients, is suitable for the treatment and maintenance of AD. This paper will guide dermatologists
and clinicians to consider dexpanthenol as a treatment option for mild to moderate AD.

Keywords: atopic dermatitis; dexpanthenol; topical corticosteroid; emollient

1. Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin disorder characterized by
pruritus and recurrent inflammation [1]. Patients with AD commonly suffer from many
symptoms and signs, including pruritis, pain, erythema, excoriation, and sleep distur-
bances [2–4]. Difficulties during outdoor activities and periorbital hyperpigmentation are
common complaints of active adolescents and women, respectively [5–8]. The treatment
of AD might be particularly challenging for certain patients, including those with severe
AD [9–13], frequent relapses, extensive area of involvement [14,15], and steroid-phobia,
those without experience of full recovery, thereby making rapport difficult [16,17], and the
elderly with weak, thin skin.

Most guidelines recommend the use of emollients in conjunction with topical corti-
costeroids (TCS) for the initial treatment of this intractable disease. Moisturizer is used
synonymously with emollient and refers to as a product that moisturizes and smooths the
skin, whereas humectant increases or maintains hydration of the skin [18]. Dexpanthenol
is a stable alcohol analog of pantothenic acid (vitamin B5) with moisturizing and wound
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healing efficacy. Increasing evidence has revealed that topical dexpanthenol can be em-
ployed as an effective and well-tolerated agent for AD flare and maintenance [19]. Based on
the published evidence and Korean dermatologists’ expert consensus, we aimed to review
the experiences, and recommendations on the management of AD, especially in terms of
dexpanthenol use.

2. Overview of AD and Treatment Options

2.1. Prevalence of AD

AD is highly prevalent in children. It affects 15–20% of children (ISAAC study) and up
to 3% of adults worldwide [20]. Regions with a high prevalence of AD are characterized by
urbanization and industrialization [20–23]. A recent study has reported that the prevalence
of AD in infants aged 1–12 months was 30.48% in China [24]. The prevalence rate based
on the Korea National Health and Nutrition Examination Survey (2010–2012) was highest
at 3.5% for men and 4.3% for women aged 19–29 years and declined sharply in people
aged 30 and above [25]. In Japan, the prevalence of childhood AD was 12–13% in the
mainland [22]. As AD has an overwhelmingly high prevalence in children globally, it
is necessary to provide effective, safe, and well-tolerated agents that are convenient for
daily use.

2.2. Pathophysiology of AD

The development of AD is a multifactorial process involving immunologic defects,
dysfunctional skin barrier, genetic variations, and environmental factors [2,26,27]. A bipha-
sic inflammation pattern is frequently observed in the disease course of AD. Acute flares are
triggered by a Th2-biased immune response, while Th1/Th22 deviation is predominantly
responsible for chronic lesions [28]. Stratum corneum (SC), supported by a lamellar-
structured extracellular lipid matrix consisting of ceramides, cholesterol, and free fatty
acids, plays an indispensable role in preventing transcutaneous water loss and bacterial
invasion. Defective skin barrier function, leading to increased transepidermal water loss
(TEWL) and decreased SC hydration (dry skin), is a characteristic feature of AD. An im-
paired skin barrier plays a significant role in various skin conditions, such as dry skin (as a
condition itself), sensitive skin, seborrheic dermatitis, contact dermatitis, or AD [29,30].

2.3. Burdens of AD

The burden of AD arises from not only the symptoms, but also the chronic course of
the disease. AD can involve physical, social, and mental impacts, ultimately worsening a
patient’s quality of life. Many patients with AD suffer from itching and pain, leading to
significant sleep disturbance, anxiety, and depression [31]. One of the most challenging
parts of AD treatment is that it is hard to prevent flares completely and overcome the
disease entirely. Recent evidence indicates that AD is not only a dermatological disease
but also an inflammatory disease that extends beyond the skin. Patients with AD have a
greater risk of cardiovascular disorders than healthy controls, including stroke, myocardial
infarction, angina, and peripheral vascular disease [32].

Furthermore, out-of-pocket health care expenses associated with AD are a significant
burden on patients with AD [33]. The cost of sophisticated emollient therapies often makes
patients hesitant to use the recommended amount of 250 g/week for adults [34].

2.4. Treatment Options

Based on recent guidelines and consensus, topical emollient/moisturizer, TCS, topical
calcineurin inhibitors (TCI), topical phosphodiesterase 4 inhibitors, oral immunosuppres-
sants, and biologics are current effective treatment options for AD [34–38]. TCS has long
been the first criterion of choice for AD therapeutics, generally in combination with topical
moisturizers. Despite advances in the development of systemic drugs such as dupilumab,
topical therapies continue to be essential for skin barrier dysfunction and for the delivery
of anti-inflammatory therapeutics [39].
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The daily use of topical moisturizers may help manage AD or can decrease the fre-
quency of flare recurrence. Topical moisturizers might have a role as skincare products
during post-inflammatory maintenance stages due to their established skin hydration, skin
barrier restoration potential, and wound healing effects [19,40,41]. Guidelines in Asia,
the USA, and Europe recommend the daily application of moisturizers as first-line ther-
apy [35,36,39]. Moisturizers should be selected depending on skin type, degree of dryness,
and the humidity of the climate [42].

For mild-to-moderate AD, moisturizers, TCS, and antihistamines are generally recom-
mended. For severe AD, more potent TCS, TCIs, systemic immunosuppressants, biologics,
and phototherapy are considered. The treatment goal is to achieve absent or mild symptoms
without medication, and to reduce or eliminate discomfort in performing daily activities,
and slight symptoms can be controlled by moisturizers [43]. In any case, moisturizers and
patient education are necessary for the management of AD.

2.5. TCS and TCI Treatment for AD

TCS is recognized as a mainstay for AD treatment for mild-to-severe symptoms.
TCS produces anti-inflammatory, antipruritic, and vasoconstriction effects via interaction
with steroid receptors. The inflammatory cascades during the flares of AD symptoms are
suppressed, along with the inhibition of the release of inflammatory mediators. Recent
guidelines on AD management from the American Academy of Dermatology, the Joint
Task Force, European Task Force on Atopic Dermatitis (ETFAD), and Asia, including
Korea, Japan, and China, have recognized TCS and emollients as initial therapy options for
targeting inflammation [23,36,39,43–45]. For preventive purposes, intermittent proactive
application with TCS could help treat frequent flares [39]. However, topical steroids
sometimes cause side effects; e.g., a human and murine study has revealed that the short-
term (three days) use of TCS (clobetasol 0.05%) could disrupt the epidermal barrier by
inhibiting the epidermal synthesis of fatty acids and impairing SC cohesion and integrity,
delaying the recovery of the epidermal barrier [46].

TCIs, for example, tacrolimus ointment and pimecrolimus cream, are non-steroid
anti-inflammatory drugs. TCIs have been proven effective in short-term, long-term, and
proactive treatment of AD. In contrast to TCS, TCIs are not associated with skin atro-
phy, glaucoma, or cataract, which favors their use in delicate and sensitive areas and for
long-term management. TCIs are well-tolerated, but some patients experience a burning
sensation and transient worsening of skin conditions, particularly during acute flares [39].

3. How Dexpanthenol Can Help in AD

3.1. Property and Mechanism of Action of Dexpanthenol

Dexpanthenol is the dextrorotatory isomer of panthenol, and only the dextro-form is
biologically active. Panthenol (provitamin B5) and pantothenic acid (vitamin B5) have a
similar structure, and the oxidation of panthenol produces pantothenic acid. All animals
need pantothenic acid to synthesize coenzyme A (CoA), which plays a crucial role in
the oxidation and synthesis of fatty acids [40]. Dexpanthenol is an odorless, transparent,
colorless, and highly viscous liquid at room temperature. It is freely soluble in water and
alcohol. Its physical properties make it easy to formulate pharmaceutical dosage forms,
such as ointments, gels, creams, and hydrogels. Dexpanthenol, pantothenic acid, and their
derivatives, are regarded as safe by Cosmetic Ingredient Review [47], and dexpanthenol
has been approved by the Food and Drug Administration and the European Commission
on Cosmetics.

Since dexpanthenol is highly hygroscopic, it can penetrate easily into the skin and serve
as a moisturizer or humectant to maintain the normal skin barrier properties, smoothness
and skin elasticity [19,40]. Several in vivo and in vitro studies have shown that dexpan-
thenol promotes fibroblast proliferation, accelerates re-epithelization, moisturizes the skin,
restores the skin barrier, and heals wounds [40,48,49]. In animal studies, dexpanthenol
demonstrated cell proliferation and epithelium protection [50–52]. Owing to these effects,
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the combination of dexpanthenol with nasal decongestants could relieve symptoms in pa-
tients with acute rhinitis [53]. Dexpanthenol protected against lipopolysaccharide-induced
acute lung injury in mice [54].

3.2. Effect of Dexpanthenol on Skin Barrier Function

The skin barrier serves as frontline protection, so its intact function and restoration are
implicated in various skin conditions including dry skin, sensitive skin, seborrheic dermati-
tis, AD, and contact dermatitis. Preventive skin hygiene, such as stabilizing skin barrier
function with topical treatment, is critical in the care of patients with AD [55]. In most guide-
lines and consensus, a daily, frequent, regular application of moisturizers, which can help
to enhance the skin barrier function, is recommended or required [23,36,39,43,56,57]. Asian
countries also consider moisturizers as an important skincare method to provide better skin
barrier function [23,36,43,57,58]. Emollients may be composed of humectants for promoting
SC hydration and occlusives for reducing moisture evaporation. Although emollients are
the basic therapy for skin barrier dysfunction, the direct sole use of emollients on inflamed
skin areas is poorly tolerated, and treating the acute flare first is recommended [39].

Due to its extremely hygroscopic characteristics, dexpanthenol provides notable
humectant effects. Topical dexpanthenol improves skin hydration and reduces transepider-
mal water loss (TEWL), thus maintaining the skin’s smoothness and elasticity [40,41,59].
According to the evaluation of average moisture retention for 5 h, dexpanthenol mediates
sustained tissue moisturizing effects [60].

Topical 2.5% dexpanthenol formulated in lipophilic vehicles was applied to the skin
of 60 healthy volunteers in a double-blind, randomized controlled trial. Dexpanthenol
application twice a day for seven days significantly improved SC hydration and reduced
TEWL, compared with vehicle controls [41]. In another clinical study, the effect of dex-
panthenol cream on skin barrier repair significantly increased after sodium lauryl sulfate
(SLS)-induced irritation. After application of dexpanthenol cream for seven days, the skin
barrier function was restored. Significant differences were observed between dexpanthenol
use and placebo treatment [61]. In addition, SC hydration at dexpanthenol-treated sites
remained steady following seven-day treatment with SLS [62]. The hydrating effect may be
interrelated with its capacity to regenerate the epidermal barrier [63]. Repairing the skin
barrier or preventing barrier dysfunction are essential strategies for reducing the risks for
eczema [64].

3.3. Effect of Dexpanthenol on AD Flares

As first-line therapy for acute flares, emollients [65] and TCS [58] are recommended for
treatment and remission of AD. For acutely inflamed flare lesions, the guidelines indicate
that treatment with anti-inflammatory topicals, such as TCS or TCIs, is required first,
rather than emollients alone [35,39]. For acute flares, especially oozing and erosive lesions,
the ‘wet-wrap’ treatment has been recommended by the ETFAD [39]. For patients with
moderate to severe AD, wet-wrap therapy containing emollients with or without TCS could
be recommended to relieve pruritis, severity, and improve hydration during flares [35,66].
Wet-wrap therapy is highly effective and could improve tolerance, especially for patients
with acute, oozing, and erosive lesions, and for children [44].

Emollients may cause irritation when directly used on inflamed skin. Acute flares
should always be treated first with appropriate TCS, followed by emollients and emollients
on the surrounding skin [39]. Two conditions are required to ensure the effectiveness of
emollients—control of acute flares and proper formulation of the emollient [67]. The order
of application of TCS and emollients did not result in significant variation of treatment
outcomes. Therefore, emollients can be applied before or after TCS [68]. Application of
topical agents is recommended within a few minutes following showering or bathing while
a small amount of moisture remains. The consensus is that the topical agent should be
left for an appropriate period to allow complete absorption before applying another agent.
The guidelines recommend the “soak and smear” technique when using topical agents
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(emollients and/or TCS) to maximize the absorption of active ingredients, which penetrate
the epidermal layer via the expanded pores resulting from bathing [29,35,69,70].

Applying emollients as freely and frequently as possible is recommended, preferably
every 4 h or at least 3–4 times per day. The ETFAD recommendations indicate that a
sufficient quantity of emollients, at least 30 g/day or 1 kg/month for an adult with AD,
should be applied in a ‘soak and smear’ or ‘soak and seal’ technique [44].

3.4. TCS Sparing Effect of Dexpanthenol

Previous results have suggested that the effectiveness of dexpanthenol is comparable
to that of TCS. The topical application of moisturizers in adequate amounts, irregularly
or continuously, was proved effective in sparing the use of TCS as short- or long-term
treatment, and in maintaining the remission obtained with corticosteroids [36,71–73]. In
practical guidance from a national expert panel in Italy, the TCS sparing effect was con-
firmed when patients were administered moisturizers and emollients intermittently or
continuously in appropriate amounts [71]. The supply of hydration was also proved by
the sustained remission of atopic lesions obtained with TCS treatment. Optimal skin hy-
dration could reduce skin inflammation and the frequency of flares [71]. Eventually, the
amount of TCS was decreased following the topical application of moisturizers [36]. The
application of both agents twice daily is the basic recommendation of most guidelines or
consensus [36,39,42,69].

Regular daily use of topical emollients could reduce the amount of TCS for short-
and long-term treatment in mild-to-moderate AD [56]. Since the topical application of 5%
dexpanthenol showed comparable efficacy with low potency TCS, dexpanthenol could be
a substitute for TCS [73]. According to the evidence of steroid-sparing, the expert panel
recommended that when dexpanthenol is used on a daily basis, TCS can be used every
other day, particularly for infants, children, or patients with potential TCS side effects
or steroid-phobia.

For severe AD, TCS or TCI is required to achieve effective treatment. Proper guidance,
persuasive education, and basic treatment such as the use of dexpanthenol would be
required for patients who abuse TCS, including addiction to high potency TCS, or have
steroid-phobia [74].

Overall, the panel recommended that patients with atopic dermatitis should use TCS
and dexpanthenol alternatively, especially if the disease is mild to moderate.

3.5. Special Populations

Schmutz et al. reported non-inferiority in maintaining TEWL scores in acute radiation
dermatitis (0.1% methylprednisolone cream vs. 0.5% dexpanthenol cream) [75]. As shown
in full-thickness 3D skin models representing acute radiodermatitis and mucositis, skin
impairment seven days after radiotherapy demonstrated a completely restored epidermal
part after treatment with dexpanthenol-containing ointment or liquid [76].

Gestational AD is one of the most common skin diseases during pregnancy. According
to Japanese guidelines, TCS is considered safe for both pregnancy and breastfeeding, since
the absorption of TCS into the bloodstream is low [43]. In the Taiwanese consensus, the
application of TCS during pregnancy was also disclosed as safe, except for fluticasone
propionate due to its metabolic characterization [57]. Although normal use of lower potency
TCS is regarded as safe, low birth weight might be related to long-term use of higher potency
TCS at high doses (≥300 g) [43]. Dexpanthenol has therapeutic effects on nipple trauma
through epithelialization and granulation [77]. During the lactation period, TCS should
be smeared after breastfeeding, followed by the cleaning of nipples before feeding [57].
The use of emollients and TCS with a moderate-to-low potency is the ideal treatment for
this area [78]. Skin damage can be caused by ablative laser therapy, microneedling, or
tattooing. To facilitate wound healing, dexpanthenol reduces inflammation, and promotes
cell proliferation and epithelial remodeling [49]. Clinically, dexpanthenol demonstrated
superior re-epithelialization rates compared to standard treatments such as petroleum
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jelly. Therefore, topical dexpanthenol is recommended as an effective treatment option for
superficial skin damage in the early stages [49]. Among patients who received laser corneal
surface ablation, 2% dexpanthenol resulted in significantly better vision and reduced
residual cylinder after seven days, compared to artificial teardrops [79]. Topical application
of 5% dexpanthenol to freshly tattooed skin restored the skin barrier, as demonstrated by
TEWL [80]. Throat pain and tonsillar wound healing after tonsillectomy were significantly
improved in dexpanthenol-treated patients, via its anti-inflammation, skin hydration,
and mucosal protection properties [81]. Dexpanthenol could prevent the occurrence of
postoperative sore throat [82], and promoted skin healing at the laser-irradiated site of
photo-damaged skin [83]. Dexpanthenol produced significantly improved results and
re-epithelialization earlier after laser therapy. Hence, dexpanthenol could be a promising
alternative to routinely used treatments for wound healing.

Furthermore, cheilitis associated with isotretinoin treatment was markedly improved
after topical application of 5% dexpanthenol cream [84]. The expert panel recommended
dexpanthenol ointment as an effective and well-tolerated treatment for cheilitis, due to its
hygroscopic activity and moisturizing formulation. Another study reported that 0.5% dex-
panthenol cream in addition to TCS delayed the development of acute radiation dermatitis,
in terms of clinical scores and TEWL values [75].

3.6. Effect of Dexpanthenol on AD Maintenance

AD depicts various phenotypes and endotypes depending on age, chronicity, atopic
status, or ethnicity [28,85]. For long-term maintenance therapy to maintain adequate
skin hydration and prevent flares, moisturizers such as dexpanthenol ointment should be
continuously used, at least twice daily, after the induction of remission by TCS [39,58].

In the recent study involving infants and children with stabilized mild AD [86], a
dexpanthenol medical device cream was applied 2–3 times daily in the stabilization phase,
until severity was reduced. Then, a topical panthenol-containing cosmetic emollient
was used twice daily during the maintenance phase. At the end of the three-month
study, the proportions of patients without flares in the dexpanthenol and reference groups
were 96% and 77%, respectively. In healthy subjects, the same dexpanthenol-containing
emollient was effective in reducing TEWL and enhancing skin hydration. Moreover,
Raman spectroscopy revealed that dexpanthenol-containing emollient was associated
with sustained and deep skin moisturization and improved intercellular lipid lamellae
organization [48,87]. Higher water distribution was observed by the relocation of the
water molecules from more superficial to deeper layers of the SC, which resulted in deeper
moisturization [87]. Dexpanthenol formulation effectively increased skin hydration and
was well-tolerated in healthy infants between 3 and 25 months old without significant
change in mean cutaneous tolerability scores [87].

3.7. Emollient Plus in Maintenance

Emollients are mostly recommended as the first-line therapy for AD, even when the
disease is clear or almost clear, as well as during acute flares and remission [39,43,65,70,88].
Proksch et al. proposed that emollients should include a proper combination of humectants,
physiological and non-physiological lipids, antipruritics, and multifunctional components
such as dexpanthenol [89]. Selecting an appropriate emollient for patients with AD would
improve acceptability and adherence for emollient treatment. A physician’s recommen-
dation is the primary consideration for patients when choosing an emollient; therefore,
doctors should provide evidence-based information on these emollients [90].

Traditionally, emollients are generally considered to be topical formulations with-
out active pharmaceutical ingredients. “Emollient plus” has been defined to include
topical formulations with vehicle-type substances and additional active, non-medicated
substances [39]. The active, non-medicated substances are active ingredients that do not
qualify as topical drugs [66], which include saponins, flavonoids, vitamins such as ri-
boflavin and niacin, and beneficial bacterial lysates. Some of these active ingredients were
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found to improve skin protection, relieve pruritis, exert an anti-inflammatory reaction,
exhibit antioxidant properties, and provide biologically essential lipids and antimicrobial ac-
tivities [91–93]. Dexpanthenol is approved as a cosmetic ingredient with established safety,
and it has evidence-based potent skin-hydration and wound-healing effects [19,40,41].
Products containing dexpanthenol as active ingredients can be considered “emollient plus”.

Dexpanthenol accelerated the wound healing process (by a factor of 1.52 vs. the vehi-
cle) and promoted fibroblast proliferation, in vivo and in vitro [40]. Another double-blind
study monitored by histological examination revealed that dexpanthenol accelerated the
wound-healing process [94]. In a randomized controlled trial, wound healing effects of
water-filtered infrared-A (IRA) and/or dexpanthenol were examined in 12 healthy subjects
using an acute wound model. Measured by laser scanning microscopy, the fastest SC forma-
tion was observed when water-filtered IRA irradiation was combined with dexpanthenol
cream [95].

For healthy volunteers with dry skin, topical dexpanthenol-containing emollients
(oil-in-water formulation) were topically applied like cosmetic products for daily care over
four weeks [59]. The dexpanthenol formulation induced a significant increase in skin
elasticity as measured by Cutometer® MPA580 (Courage & Khazaka, Cologne, Germany),
skin hydration, TEWL, and SC lipid contents. Use of the dexpanthenol formulation once
daily for over 28 days was well-tolerated in healthy adults.

Other formulations with dexpanthenol were tested in healthy adult women who
underwent non-ablative laser resurfacing, laser depilation, or chemical peel [96]. The tested
formulations maintained skin integrity, promoted recovery of damaged skin, and reduced
erythema, and were associated with significantly decreased TEWL and dermal temperature.
In the field of aesthetic dermatology, these dexpanthenol-containing formulations were
well appreciated and would be an appropriate option for post-procedural care.

Compared with drug-free vehicles, panthenol-containing emollient plus can provide
additional benefits such as accelerated wound healing, more prominent skin hydration,
reduced skin redness from inflammation, and improvement to rough skin [62]. 5% dexpan-
thenol cream was superior to placebo in terms of SC hydration and protection against skin
irritation in 23 healthy participants after exposure to SLS.

4. Conclusions

The treatment of AD requires long-term, risk-based stepwise management. Moisturiz-
ers are the first-line or basic therapy for AD treatment across various national guidelines
and consensuses. Topical application of dexpanthenol significantly improved SC hydration
and skin barrier function compared with the control. Appropriate use of dexpanthenol
ointments during acute dermatitis flares is useful for minimizing epidermal disruption
caused by TCS. The regular use of a dexpanthenol ointment subsequent to remission of
AD flares has a steroid-sparing effect. The current evidence reveals that 5% dexpanthenol
ointment has a good efficacy, safety, and tolerability profile, and is suitable for use during
pregnancy and lactation.

Panthenols rapidly convert to pantothenic acid, resulting in very low toxicity. Allergic
or irritant reactions to dexpanthenol have been reported, but overall it is generally well-
tolerated [40,97]. As with all medications, proper use of dexpanthenol should be discussed
with physicians.

Dexpanthenol-containing emollients, especially water-in-oil formulations, are con-
sidered “emollient plus” for AD treatment and provide improved skin hydration and
wound healing effects compared with conventional emollients. Summary of the current
evidence indicates that dexpanthenol might be a suitable ingredient for flare control and
maintenance of AD. Physicians should consider prescribing an emollient plus over TCS if
patients have steroid-phobia or show signs of TCS side effects. Because atopic dermatitis
needs long-term management, dexpanthenol could be a promising ingredient for patients.
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Abstract: Atopic dermatitis (AD) is an inflammatory disease that typically begins in childhood and
may persist into adulthood, becoming a lifelong condition. The major inflammatory mediators of AD
are known to be interleukin IL4 and IL13, so Dupilumab, which is able to inhibit both interleukins by
blocking the shared IL4Rα subunit, has become an attractive option for treating AD. Mesenchymal
stem cells (MSCs) are involved in the onset and development of AD by secreting specific interleukins.
The aim of this study was to isolate MSCs from healthy controls (C-MSCs) and patients with AD
before (AD-MSCs T0) and after 16 weeks of treatment with Dupilumab (AD-MSCs T16); to evaluate
the expression mainly of IL4 and IL13 and of other inflammatory cytokines in C-MSCs, AD-MSCs at
T0 and at T16; and to evaluate the efficacy of Dupilumab on MSCs immunobiology. C- and AD-MSCs
(T0, T16) were isolated from skin specimens and characterized; the expression/secretion of IL4 and
IL13 was evaluated using immuno-cytochemistry (ICC), indirect immune-fluorescence (IIF) and an
ELISA test; secretion of IL2, IL4, IL5, IL6, IL10, IL12, IL13, IL17A, Interferon gamma (IFNγ), Tumor
necrosis factor alpha (TNFα), Granulocyte Colony-Stimulating Factor (G-CSF), and Transforming
Growth Factor beta1 (TGFβ1) were measured with ELISA. IL13 and IL6 were over-expressed, while
IL4 was down-regulated in AD-MSCs at T0 compared to C-MSCs. IL6 and IL13 expression was
restored after 16 weeks of Dupilumab treatment, while no significant effects on IL4 expression were
noted. Finally, IL2, IL5, IL10, IL12, IL17A, INFγ, TNFα, G-CSF, and TGFβ1 were similarly secreted
by C- and AD-MSCs. Although Dupilumab blocks the IL4Rα subunit shared by IL4 and IL13, it
is evident that its real target is IL13, and its ability to target IL13 in MSCs reinforces the evidence,
already known in differentiated cells, of the central role IL13 rather than IL4 in the development of
AD. The inflammatory cascade in AD begins at the mesenchymal level, so an upstream therapeutic
intervention, able to modify the immunobiology of atopic MSCs, could potentially change the natural
history of the disease.

Keywords: psoriasis; atopic dermatitis; mesenchymal stem cells; dupilumab; biologics; therapy;
regenerative medicine

1. Introduction

Atopic dermatitis (AD) is a systemic and immune-allergic inflammatory skin disease;
it usually appears in early childhood (15% to 30%) and generally resolves before puberty.
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However, in more than half of patients, it can persist into adulthood, becoming a permanent
condition [1,2].

Although prevalence of adult AD remains unclear, several studies have indicated
that it has increased in recent decades, particularly in industrialized countries [3]. Cur-
rent estimates place prevalence of AD at around 2–8% in adults, compared to 10–20% in
children [4,5].

In AD, the breakdown of the skin barrier results in increased trans-epidermal water
loss, reduced skin hydration, and improved antigen presentation by Langerhans cells,
which initiate inflammation [6–8].

The largely activated mechanism is the T helper type 2 (Th2) and T helper type 22
(Th22) cascade, with consequent release of cytokines (e.g., interleukin (IL)4, IL13, IL2, IL10,
IL17, IL22, Interferon gamma (IFNγ), Tumor necrosis factor alpha (TNFα), Granulocyte
Colony-Stimulating Factor (G-CSF), and Transforming Growth Factor beta1 (TGFβ1) [9,10].
In active AD, Th2 inflammation and barrier disruption are characterized by reduced
filaggrin and claudin 1 expression, resulting in further exacerbation of the barrier defect
and enhanced risk of development of asthma and hay fever, as well as transcutaneous
sensitization to a variety of food allergens (e.g., peanuts) [9,11,12].

Although all these immunologic features are well established in AD, the pathogenic
model has profoundly changed in the last two decades, overcoming previous hypotheses
based on the immune response mediated by immunoglobulin E (IgE) (type 1 hypersensitiv-
ity), the primary role of the epidermal barrier impairment (“outside-in” theory), and the
primary role of the aberrant immune activation (“inside-out” theory). Previously [13,14],
we demonstrated that skin-derived mesenchymal stem cells (MSCs)from AD patients
showed strong differences compared to MSCs isolated from skin of healthy subjects. This
finding suggests that MSCs may be involved in the pathogenesis of AD.

Dupilumab has entered the therapeutic armamentarium of AD in recent years, due to
its selective action on IL4-IL13. Dupilumab is an IL4- receptor α-antagonist that inhibits IL4
and IL13 signaling by blocking the shared IL4 receptor α subunit. The blockade of IL4/13
is effective in reducing Th2 response.

In this study, the relative expression of selected Th1, Th2, and Th17 chemokines/
cytokines has been analyzed in MSCs obtained from healthy subjects and adult AD patients,
both before and after 16 weeks of treatment with Dupilumab. Recent studies on topical
dermatitis, performed, for example, on skin biopsies or peripheral blood, have shown
that the Th2 and Th17 responses are characteristic of the acute phase of disease, while
the Treg and Th1 response are over-expressed in chronic phase of disease. Thus, it was
our intention to evaluate the expression of these molecules in MSCs from patients with
atopic dermatitis and compare it with that of MSCs from healthy patients, to delineate the
immunophenotype of atopic stem cells in the different stages of disease [15].

2. Materials and Methods

2.1. Design of the Study

The study is a prospective case–control analysis approved by Polytechnic Marche
University Ethical Commitee (Protocol 2016 0360 OR) and conducted according to the
Declaration of Helsinki.

2.2. Patients’ Population

The study group included 11 adult patients (6 males, 5 females, mean age 46.7 ± 12.4),
suffering from chronic AD (mean duration of disease 27.3 ± 13.2 years), whereas the con-
trol group consisted of 11 adult Caucasian healthy subjects (6 males, 5 females, mean age
49.5 ± 11.7). Diagnosis of AD in adults was made by two independent trained dermatolo-
gists, according to Italian AD guidelines [16], and it was essentially based on the typical
clinical signs and symptoms of the disease, as currently, no diagnostic markers are available.
These include lichenified and minimally inflammatory features of the eczematous skin
lesions, the lesions’ sharp margins and symmetrical distribution, prevalent localization on
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the backs of the hands and fingers and on the volar side of the wrists, the presence of severe
pruritus, a chronic clinical course with temporary remissions during summer, association
with atopic mucous manifestations, and a positive family history of atopy.

In all enrolled patients, the coexistence of allergic contact dermatitis has been excluded
through standardized epicutaneous patch tests conducted according to the SIDAPA (Società
Italiana di Dermatologia Allergologia Professionale e Ambientale) guidelines.

All atopic patients were asked to avoid sun exposure and the use of topical and
systemic specific treatments (corticosteroids, antihistamines, UVA, PUVA, nb-UVB, cy-
closporine, pimecrolimus, and tacrolimus) for at least 4 weeks.

The severity of adult AD for each subject was estimated according to the Eczema
Area and Severity Index (EASI), SCORing AD (SCORAD), and Investigator Global Assess-
ment (IGA).

EASI is a validated investigator-assessed scoring system that, by grading the physical
signs of atopic dermatitis, determines the severity of the patient’s eczema, according to a
clinician’s perspective [17]; its final score rages from 0 to 72.

SCORAD index is a mixed patient/clinicians’ tool used to evaluate AD severity [18],
and its final score ranges from 0 to 103.

The Physician Global Assessment (PGA), also referred to as IGA in clinical trials,
assesses overall disease severity at a given timepoint on a 6-point severity scale, from clear
to very severe disease [19]. Clinical characteristics of erythema, infiltration, papulation,
oozing, and crusting are used as guidelines for the overall severity assessment.

2.3. Skin Samples

Atopic patients received a skin punch biopsy in lesional skin both before (T0) and after
treatment with Dupilumab 600 mg (two 300 mg subcutaneous injections) once, and then
300 mg subcutaneous injection every other week for 16 weeks (T16).

Control healthy subjects, undergoing surgery for epidermal cysts, received one skin
biopsy on healthy skin, after written informed consent was obtained. All punch biopsies
were performed with a 5 mm sterile cutaneous skin punch biopsy device (Gima, medical
devices, s.r.l. Rome, Italy) after local anesthesia with lidocain 2%. All specimens were
obtained from the skin of the chest to standardize the skin specimens between patients
and controls.

2.4. Isolation, Cell Culture and Characterization of MSCs

MSCs derived from skin samples were isolated, cultured as previously
described [13,14,20], and characterized according to the criteria by Dominici [21] for the
identification of MSCs. Briefly, after mincing, the samples were cultured with the Mes-
enchymal Stem Cell Growth Medium bullet kit (Euroclone, Milan, Italy). The morphology
was assessed using phase contrast microscopy (Leica DM IL; Leica Microsystems GmbH,
Wetzlar, Germany); the expression of cellular markers HLA-DR, CD14, CD19, CD34, CD45,
CD73, CD90, and CD105 was measured using cytofluorimetric analysis to evaluate the
immunophenotype, and osteogenic, chondrogenic, and adipogenic differentiation assays
were performed as previously described [14]. Cells isolated from control healthy subjects
and from AD patients were named C-MSCs and AD-MSCs, respectively.

2.5. IL4 and IL13 Expression by ICC and IIF

Considering the action of Dupilumab on IL4 and IL13, immunocytochemical and
immunofluorescence analyzes for IL4 and IL13 were performed on C-MSC and AD-MSC at
T0 and T16.

For Immuno-cytochemistry (ICC), 1.5 × 104 cells were incubated overnight with
anti-IL4 (R & D Systems, Minneapolis, Canada) or anti-IL13 (Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) primary antibody. Then, cells were immune-stained using the
streptavidin–biotin–peroxidase technique (Dako Cytomation, Milano, Italy) and incubated
with 3,3-diaminobenzidine. Slides were counterstained with Mayer’s hematoxylin.
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For Indirect Immuno-Fluorescence (IIF), we incubated the same number of cells with
the anti-IL4 or anti-IL13 antibody, followed by goat anti-mouse FITC-conjugated antibody.
Nuclei were visualized using Hoechst 33342 (all from Sigma-Aldrich, St. Louis, MO, USA).

To quantify the expression of the proteins, the percentage of area occupied by the
protein within the cells was calculated using Fiji-ImageJ software [22].

2.6. ELISA Test for Evaluation of Cytokines Levels in Supernatant

The levels of cytokines (IL2, IL4, IL5, IL6, IL10, IL12, IL13, IL17A, INFγ, TNFα, G-CSF,
and TGFβ1) in the supernatant were determined using a commercial ELISA kit (Multi-
Analyte ELISArray™ Kits, Qiagen Multi-Analyte ELISArray kit, Qiagen; ThermoFisher,
Waltham, MA USA; Affymetric Ebioscences, Vienna, Switzerland) according to the manu-
facturer’s instructions. Next, 2.5 × 105 cells were plated and cultured with 3 mL of medium;
after 72 h, 50 μL of the supernatant was used for the ELISA test.

Briefly, samples (six C-MSCs and nine AD-MSCs at T0 and T16) were dispensed into
a 96-well microtiter plate and incubated at room temperature for 2 h. Plates were then
washed and reacted with avidin-HRP-conjugated antibody at room temperature for 30′.

After washing, captured cytokines were detected by addition of substrate solution.
The OD at 450 and at 570 nm was determined using a microtiter plate reader (Multiskango
microplate reader, Thermo Scientific). The concentration of cytokines was determined
in pg/mL by comparing the absorbances with those of the antigen standards [23].

2.7. Statistical Analysis

All data were analyzed using Graph-Pad Prism (version 7.0, El Camino REAL, San Diego,
CA, USA) and QuickCalcs software package. All data were expressed as means ± SD.

The distribution of continuous variables was verified with a Kolmogorov–Smirnov
test. Since data did not assume Gaussian distribution, a nonparametric Kruskal–Wallis test
was used for unpaired variables.

For correlation between variables, a computed nonparametric Spearman correlation
was used. For all the analyses, a p-value less than 0.05 was statistically significant.

3. Results

3.1. Clinical Features

Treated patients were good responders to Dupilumab and achieved EASI 75 at T16
(Table 1).

Table 1. Absolute values of clinometric indexes in AD patients at baseline (T0) and after 16 weeks of
treatment with Dupilumab (T16). (EASI: “Eczema Area and Severity Index”; PGA: “Physician Global
Assessment”; SCORAD: “SCORing Atopic Dermatitis”).

Patients (n = 11) EASI T0 SCORAD T0 PGA T0 EASI T16 SCORAD T16 PGA T16

1 45 76 6 11 20 2

2 56 84 6 13 22 2

3 34 62 4 8 15 2

4 33 51 4 7 13 2

5 45 77 5 11 20 2

6 40 67 4 10 17 2

7 41 61 4 10 16 2

8 47 85 5 11 21 2

9 31 50 4 7 12 2

10 34 78 4 9 23 3

11 38 69 3 11 26 2
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All median values for clinometrics showed a significant improvement from baseline
values at T16 (Table 2).

Table 2. Clinometric changes after 16 weeks of treatment with Dupilumab. (EASI: “Eczema Area and
Severity Index”; IGA: “Investigator’s Global Assessmen”; SCORAD: “SCORing Atopic Dermatitis”).

EASI T0 Mean Value ± SD EASI T16 Mean Value ± SD
p < 0.0001

41.79 ± 2.38 9.81 ± 1.8

SCORAD T0 Mean Value ± SD SCORAD T16 Mean Value ± SD
p < 0.0001

69.09 ± 11.15 18.64 ± 1.32

IGA T0 Mean Value ± SD IGA T16 Mean Value ± SD
p < 0.0001

4.45 ± 0.93 2.09 ± 0.30

3.2. Isolation, Culture and Characterization of MSCs

MSCs were isolated from the skin of AD patients and control healthy subjects (Figure 1).
Isolated cells met the criteria by Dominici for MSCs identification: they were plastic

adherent with a fibroblastoid morphology (Figure 1A), able to differentiate into osteoblasts
(Figure 1B), chondrocytes (Figure 1C) and adipocytes (Figure 1D), and with a stem-like
immunophenotype (Figure 1E). No differences were found among C-MSCs, AD-MSCs T0,
and AD-MSCs T16.

3.3. IL4 and IL13 Expression by ICC and IF in C-MSCs and AD-MSCs at T0 and T16

Since Dupilumab specifically modulates IL4 and IL13, as demonstrated by several
previous studies [24,25] their expression was evaluated by ICC and IIF in C-MSC and
AD-MSC before and after drug treatment, followed by quantification using Fiji-ImageJ soft-
ware [22]. Both experimental approaches revealed a significant increase in IL13 expression
in AD-MSC (T0) compared to control. After 16 weeks of drug treatment, IL13 expression
was restored to levels closer to controls (Figure 2).

In contrast, IL4 expression was significantly reduced in AD-MSC (T0) compared to
controls, and drug treatment did not produce any significant change in its expression
(Figure 3).

3.4. Expression Profiles of Th1, Th2, Th17 Cytokines by ELISA in C-MSCs and AD-MSCs at T0
and T16

The secretion of 12 cytokines (IL2, IL4, IL5, IL6, IL10, IL12, IL13, IL17A, INFg, TNFa,
G-CSF, TGFβ1) was measured by ELISA test in the supernatant of 6 samples of C-MSCs and
9 samples of AD-MSCs, both at baseline and after 16 weeks of treatment with Dupilumab.

IL6 and IL13 were more secreted by AD-MSCs than C-MSCs at T0, and their secretion
was directly correlated with disease severity at baseline, according to clinometric indexes
EASI, SCORAD and IGA (except for IL6 and IGA) (Figures 4 and 5). The secretion of IL6
and IL13 was significantly reduced after 16 weeks of treatment with Dupilumab, reaching
levels closer to controls (Figures 4 and 5; Table 3).
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Figure 1. Representative images for Mesenchymal Stem Cells (MSCs) characterization. (A) Phase-
contrast images of MSCs derived from skin of healthy control subject (C-MSC) and of patients with
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atopic dermatitis (AD-MSC) before (T0) and after (T16) treatment with Dupilumab. Scale bar: 100 μm;
(B) Osteogenic differentiation, ALP staining, Scale bar: 50 μm; (C) Chondrogenic differentiation,
Alcian blue staining, Scale bar: 200 μm; (D) Adipogenic differentiation, Oil red staining, Scale bar:
200 μm; (E) Flow cytometry analyses of cell-surface antigen expression, as indicated. Red histograms
refer to the negative control (IgG1 isotype control–fluorescein isothiocyanate (FITC) labeled). Blue
histograms: C-MSCs; Green: AD-MSCs T0; Yellow: AD-MSCs T16.

Figure 2. Analysis of the expression of IL13 by Immuno-cytochemistry (ICC), and indirect immune-
fluorescence (IIF). (A) Representative images of IIF and ICC of IL13 on MSCs from healthy controls
(C-MSCs), and MSCs from patients with AD (AD-MSCs) at T0 and at T16. For IIF, a secondary
FITC-conjugated antibody was used after incubation with the primary antibodies. Nuclei were
counterstained with Hoechst 33342. For ICC, slides were treated with 3,3-diaminobenzidine and
counterstained with Mayer’s hematoxylin. (Scale bar: 100 μm). (B) Quantification of proteins
expression processed by Fiji-ImageJ. Protein expression is represented by the percentage of the area it
occupies inside the cell. The * indicates significative differences of C-MSCs vs. AD-MSC (unpaired
t-test; p < 0.05).
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Figure 3. Analysis of the expression of IL4 by Immuno-cytochemistry (ICC) and indirect immune-
fluorescence (IIF). (A) Representative images of IIF and ICC of IL4 on MSCs from healthy controls
(C-MSCs), and MSCs from patients with AD (AD-MSCs )at T0 and at T16. For IIF, a secondary
FITC-conjugated antibody was used after incubation with the primary antibodies. Nuclei were
counterstained with Hoechst 33342. For ICC, slides were treated with 3,3-diaminobenzidine and
counterstained with Mayer’s hematoxylin. (Scale bar: 100 μm). (B) Quantification of proteins
expression processed by Fiji-ImageJ. Protein expression is represented by the percentage of the area it
occupies inside the cell. The * indicates significative differences of C-MSCs vs. AD-MSC (unpaired
t-test; p < 0.05).
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Figure 4. IL6 secretion by C- and AD-MSCs at T0 and T16 and its correlation with AD severity at base-
line. (A) The histogram depicts the level of secreted IL6 in C-MSCs and in AD-MSCs at T0 and at T16.
Secreted protein, evaluated in triplicates by ELISA test, has been reported as pg/mL. ****: p < 0.0001,
AD-MSCs T0 vs. C-MSCs; **: p = 0.0019, AD-MSCs T0 vs. AD-MSCs T16. (B) Correlation between IL6
secreted by MSCs at baseline and AD severity according to EASI, SCORAD, and IGA. ** p = 0.0044;
* p = 0.0237.

 

Figure 5. IL13 secretion by C-and AD-MSCs at T0 and T16 and its correlation with AD severity
at baseline. (A) The histogram depicts the level of secreted IL13 in C-MSCs and in AD-MSCs
at T0 and at T16. Secreted protein, evaluated in triplicates by ELISA test, has been reported as
pg/mL. ***: p < = 0.0004, AD-MSCs T0 vs. C-MSCs; **: p = 0.0014, AD-MSCs T0 vs. AD-MSCs
T16. (B) Correlation between IL13 secreted by MSCs at baseline and AD severity according to EASI,
SCORAD, and IGA. **** p < 0.0001; ** p = 0.0070; * p = 0.0186. Conversely, IL4 was secreted at lower
levels by AD-MSCs than C-MSCs both at T0 and T16 (Table 3). Finally, IL2, IL5, IL10, IL12, IL17A,
TNFα, IFNgamma, G-CSF, TGFβ1 were similarly secreted by C- and AD-MSCs (Table 3).
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Table 3. Th1, Th2, Th17 cytokines expression by ELISA in MSCs from healthy controls (C-MSCs) and
MSCs from AD patients (AD-MSCs) at T0 and T16. C-MSCs.

IL
MSCs-AD T0

Mean Value ± SD
MSCs-AD T16

Mean Value ± SD
C-MSCs

Mean Value ± SD
p

IL2 48.98 ± 6.73 65.75 ± 13.83 35.56 ± 8.54
T0 vs. Controls p = 0.0523

T0 vs. T16 p = 0.1299

IL4 7.14 ± 0.89 9.53 ± 1.31 20.71 ± 1.92
T0 vs. Controls p < 0.0001

T0 vs. T16 p = 0.0777

IL5 4.40 ± 0.81 3.65 ± 0.55 3.64 ± 0.38
T0 vs. Controls p = 0.1088

T0 vs. T16 p = 0.1213

IL6 5387.03 ± 2073 1469.01 ± 364.9 1277.02 ± 483.1
T0 vs. Controls p < 0.0001

T0 vs. T16 p = 0.0019

IL10 29.80 ± 5.82 31.55 ± 6.45 34.66 ± 6.11
T0 vs. Controls p = 0.1399

T0 vs. T16 p > 0.9999

IL12 3.32 ± 3.12 6.17 ± 3.48 26.38 ± 3.48
T0 vs. Controls p = 0.1399

T0 vs. T16 p > 0.9999

IL13 8.937 ± 1.51 5.0 ± 1.5 4.807 ± 1.91
T0 vs. Controls p = 0.0004

T0 vs. T16 p = 0.0014

IL17A 5.90 ± 0.86 6.13 ± 1.19 5.31 ± 0.89
T0 vs. Controls p = 0.3628

T0 vs. T16 p > 0.9999

IFNγ 6.19 ± 0.92 5.13 ± 0.88 4.81 ± 1.44
T0 vs. Controls p = 0.1170

T0 vs. T16 p = 0.0808

TNFα 81.46 ± 19.48 66.60 ± 6.55 62.89 ± 11.52
T0 vs. Controls p = 0.0639

T0 vs. T16 p = 0.4878

G-CSF 94.07 ± 80.53 68.53 ± 38.44 30.93 ± 3.25
T0 vs. Controls p = 0.6532

T0 vs. T16 p > 0.9999

TGFβ 843.09 ± 170.40 641.10 ± 155.70 759.5 ± 302.70
T0 vs. Controls p = 0.0807

T0 vs. T16 p > 0.9999

Cytokines’ concentration is expressed in pg/mL. Experiments were performed in triplicates.

4. Discussion

Adult AD is a systemic, immune-allergic inflammatory skin disease; the inflammatory
pathway most involved in development of AD is the type (Th) 2 immune response, although
it has recently been shown that type 1 immune cells contribute to the chronic phase of
AD [25].

The course of AD is characterized by biphasic inflammation, the Th2 and Th22 inflam-
matory pathways predominate at the onset and in the acute phases of disease, with an
increase in tissue and serum levels of several cytokines, including IL4, IL5, IL13, IL22, IL31,
and TSLP [26,27]. In chronic skin lesions, the prevalence of Th1/Th0 pathways has been
described with increased production of IFNγ, TNFa, IL6, IL12, IL17A, and G-CSF [28–31].

The reservoir of MSCs in the skin has been extensively studied in order to understand
their possible role in the pathogenesis of several skin diseases, since MSCs are known to
modulate the innate and adaptive immune systems [32–37]. However, it has largely been
demonstrated that MSCs are strongly influenced by the microenvironment of the so-called
“stem cell niche”, which is able to drive the physiological MSCs phenotype towards an
inflammatory profile, making them a source of pro-inflammatory cytokines capable of
amplifying the inflammation according to a vicious circle [13].

In 2017, Orciani et al. [13] demonstrated that MSCs derived from skin samples of adult
patients with chronic AD contribute to disease pathogenesis.

The results of the present study support our previous data, confirming the overexpres-
sion of IL6 and IL13 in AD-MSCs compared to C-MSCs. As extensively described in the
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literature, the lesional skin levels of IL13 and IL6 directly correlate with AD severity in
adults [38–42].

In our case series, this trend is also confirmed in MSCs isolated from inflamed skin of
adult AD patients, suggesting that the role of IL6 and IL13 can be backdated to MSCs.

The growing evidence of the involvement of IL4 and IL13 in the onset and development
of AD has suggested that MSCs may be considered targets for molecular therapy.

The concept that AD may be an IL4-driven disorder emerges from the evidence that it
is crucial in the regulation of the IgE synthesis, and several reports have emphasized the
high response to and production of IL4 by appropriately activated lymphocytes isolated
from AD lesional skin and in vivo overstimulation of the IL4/IL4R pathway [43]. However,
despite this common perception that AD is an IL4-driven disease, data have consistently
shown that while the expression of IL13 is always detected at high levels regardless of
the methodology used, the level of expression of IL4 is changing, from high to low up to
undetectable and strictly related to the experimental approach used [43]. These observations
may explain our results: the expression of IL4 has been found to be faint, whereas the
expression of IL13 was highly detected in all samples. According to our results, it has
already been demonstrated that in subacute and chronic AD, IL13 mRNA is more expressed
than IL4 mRNA [44,45]. The same trend observed for gene expression was also found at
protein level in lesional skin, confirming high levels of IL13 in all skin samples, whereas
IL4 expression was low or nondetectable in most patients [46]. Taken together, all these
results focus on the idea that IL13 plays a central role in the skin manifestation related to
AD, whereas IL4 drives the Th2 response, i.e., for activation in the lymph nodes [47].

All enrolled patients have been treated with Dupilumab for 16 weeks; all of them
were good responders, reaching EASI75 (Table 1), and all clinometric (EASI, PGA, and
SCORAD) significantly decreased over time (Table 2). Dupilumab is a totally human
monoclonal antibody of the IgG4 subclass, a competitive antagonist of the α subunit of
IL4Rα, shared by both the IL4 and IL13 receptors, which therefore inhibits intracellular
signaling of both interleukins. Until the 2000s, the IL4 was considered the key player of
AD, and the choice of Dupilumab in the treatment of AD was initially driven by its ability
to block IL4. Nowadays, considering the swinging expression of IL4 compared with the
strong and constant IL13 in AD, it is reasonable to suggest that the real target of Dupilumab
in AD treatment is IL13. This hypothesis is supported by our results, which indicate that
after treatment, both secretion and expression of IL13 (and IL6) by MSCs were normalized,
whereas no significant changes have been detected for the other investigated cytokines.

The dual inhibition of IL4 and IL13 has proven to be effective and with a synergic
result, but taken individually, IL13 is certainly the major target in treatment strategy for
AD. The pathogenetic role of IL-6 is also of interest; like IL-13, it is higher in AD-MSCs than
in C-MSCs, and is reduced after Dupilumab administration.

It has already been demonstrated that Dupilumab Suppresses the Activation of Th2
and Th17/Th22, but its action on Th1 Immune Pathways is still unclear. Th1 cells release
predominantly IL2, INF-gamma, and IL6 and Th2 cells release IL4, IL5, not INF-gamma.
The increased IL6 production by atopic T cells may also result from the activation of a Th2
sub-set, which may represent the target of Dupilumab. However, it is also possible that
Dupilumab also acts indirectly on the atopic Th1 subset, which our study results suggest,
thereby reducing IL-6 production, but this will need to be investigated in further studies
looking at cellular and molecular targets of the drug [48,49].

IL-6 is a pro-inflammatory cytokine produced by macrophages, dendritic cells (DC),
and B cells that stimulates the acute-phase response, B-cell maturation, and macrophage
differentiation [50]. In AD, IL-6 promotes Th2 differentiation, simultaneously inhibits Th1
polarization, and is involved in the transition from acute to chronic AD [51,52].

The inhibitory effect of Dupilumab on the expression of IL13 and IL6 in MSCs is of
particular interest, since IL-6 and IL-13 are key molecules in the pathogenesis of atopic
dermatitis, with different levels of involvement according to the clinical phase of disease,
the former in the acute, and the latter in the chronic phase.
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The evidence of IL6 and IL13 inhibition at the mesenchymal level configures an
upstream therapeutic intervention, able to potentially modify the natural history of the
disease, both in the acute and chronic phase of disease.

The value of IL-6 as therapeutic target in several inflammatory and immune mediated
has been postulated on psoriasis [53] and on atopic dermatitis, as demonstrated by data on
Tocilizumab, a humanized monoclonal antibody directed against the IL-6 receptor, which
in three case series demonstrated efficacy on pruritus and EASI index, in patients refractory
to topical corticosteroid therapy and, in two cases, to cyclosporine [54].

The role of IL6 in psoriasis comorbidities (e.g., depression) has been established [55,56],
whereas its involvement in atopic dermatitis comorbidities is far from being proven, al-
though data from literature seem to indicate that the prevalence of depression among
atopic patients is higher than in the general population [57], and the role of IL6 need to
be investigated in more detail. In this regard, in 2020, He et al. emphasized the potential
utility of tape-strip proteomic profiling for tracking biomarkers of therapeutic response in
real-life settings, as well as clinical trials and longitudinal studies of AD [48].

However, several emerging items need to be clarified through further studies. It is un-
clear which pathway dupilumab takes in exerting inhibitory action on IL6 expression, and
comprehension of this method of action could have pathogenetic and perhaps therapeutic
relevance. Moreover, given the clinical efficacy of Tocilizumab, it might be interesting to
evaluate modification of MSCs immunophenotype under the effect of an IL-6 inhibitor. In
conclusion, our studies highlight the efficacy of Dupilumab at clinical and subclinical level,
focusing on its effect on AD-MSCs immunophenotypic profile.

Further studies focusing on the changes in inflammatory immunophenotype of MSCs
obtained from nonresponding patients could be of interest. However, in accordance with
the protocol approved by our local ethics committee, we were not allowed to perform skin
biopsies to evaluate skin changes in nonresponding patients.

An interesting implication of our results could also be to investigate whether the effect
of target molecular therapy on MSCs might be able to restore the typical anti-inflammatory
profile of naive MSCs. This could clarify the therapeutic potential of regenerative medicine
with the use of autologous MSCs in treating AD [58].

To the best of our knowledge, only one clinical trial (phase I/IIa) has been conducted
on human-umbilical-cord-derived mesenchymal stem cells (hUCB-MSCs) to treat adult
patients with AD. This trial has demonstrated the potential efficacy of hUCB-MSCs with
50% reduction in EASI in 6 out of 11 subjects, with no reported side effects [59]. Therefore,
in future therapeutic strategies for AD, both an increase in knowledge of AD-MSCs and
the mechanisms of action exerted on them by the target molecular therapies are crucial
to integrate the current pharmacological approach with regenerative medicine, whose
preliminary results look promising.
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Abstract: Atopic dermatitis (AD) is a chronic inflammatory dermatosis with periods of exacerbation
and remissions. AD is characterized by intense, persistent pruritus and heterogeneity in clinical
symptomatology and severity. Therapeutic goals include the amelioration of cutaneous eruptions,
diminishing relapses and eventually the disease burden. To date, topical corticosteroids (TCS) and cal-
cineurin inhibitors (TCI) have yet been deemed the mainstay of topical treatments in AD management.
Nevertheless, despite their indisputable efficiency, TCS and TCI are not indicated for continuous
long-term use given their safety profile. While research in AD has concentrated predominantly on
systemic therapies, more than 30 novel topical compounds are under development. The existing data
appear encouraging, with some regimens that are already FDA-approved (ruxolitinib was the most
recent in September 2021) and several pharmaceutical pipeline products for mild-to-moderate AD
that are in an advanced stage of development, such as tapinarof, difamilast and roflumilast. Larger,
long-term studies are still required to evaluate the efficacy and safety of these novel compounds in
the long run and weigh their advantages over present treatments. In this review, we aim to provide
an overview of the latest knowledge about AD topical treatments, echoing upcoming research trends.

Keywords: atopic dermatitis; topical treatment; JAK inhibitors; PDE-4 inhibitors

1. Introduction

Atopic dermatitis (AD) is a common inflammatory skin disease affecting as much as
25% of children and up to 10% of adults [1].

Prevalence depends mainly on genetic and socio-economic factors, with developed
countries being more affected, while environmental factors, such as latitude and UV
exposure, also play a role [2]. As the child grows, the disease improves or completely
resolves in more than 50% of the patients over 6 years old. In some cases, nevertheless,
AD persists or even starts in adulthood [3]. The main clinical characteristics of the disease
are pruritus, eczematous lesions usually in age-specific body sites, dry skin and chronic
courses with relapses and remissions.

AD has a multifactorial etiology, including immune system dysfunction, an impaired
skin barrier and genetic and environmental contributing factors [4,5]. Although the inter-
action among those factors is not fully understood, it is clear that their synergy leads to
a defective skin barrier that is unable to preserve moisture. Skin becomes dry, irritated,
erythematous, exudative and prone to infection. Some lesions, after extensive scratching,
become lichenified.

The goal of AD management is to treat the skin-barrier defect and inflammation and
to restore the microbiome, thus obtaining prolonged patient remission. Topical therapies
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are key players in achieving those goals. They provide targeted anti-inflammatory ac-
tivity and improve skin pathology with lower costs and increased safety compared to
systemic treatments.

For more than 50 years, the cornerstone of topical AD treatment has been emollients
and topical corticosteroids (TCS) [6]. In 2000, topical calcineurin inhibitors (TCI) were
introduced, and no significant progress has been made ever since. Until recently, molecular
targeting therapies began to emerge, and a revolutionary era started for medicine. Derma-
tology is one of the most privileged specialties in this field, given the plethora of biologics,
Janus kinase and phosphodiesterase-4 inhibitors and other new molecules available for the
treatment of various chronic diseases. In this review, we present the latest topical treatments
for AD, including not only those that are already approved but also those in the pipeline. To
find the data presented here, we conducted an extensive search in Medline, ScienceDirect
and Google Scholar with various combinations of the search terms, including “Atopic
Dermatitis”, “Eczema”, “treatment”, ”development”, “therapy” and “new”, ”emerging”
and ”upcoming”. We also used the terms “JAK inhibitors”, “PDE-4 inhibitors”, “Aryl
Hydrocarbon Receptor Agonists” and specific drug names found in the literature. The
“Reference” section of relevant manuscripts was hand-searched to maximize the sensitivity
of our search. We also searched the archives of major recent dermatology conferences and
contacted some of the developers for information that we could not find elsewhere. Two
authors (N.S. and E.P.) searched clinicaltrials.gov and clinicaltrialsregister.eu with Atopic
Dermatitis as the only term. Several hundred studies were identified and searched one
by one to find those concerning topical treatments. Apart from the data contained in the
two registries, all identified drug names were used as search terms both in Medline and
in websites for the general public/search engines to identify more medical literature and
other information as press releases.

As this review includes many types of evidence, the risk of bias of included sources
was not examined.

2. Janus Kinase Inhibitors

Janus kinases (JAKs) is a family of intracellular tyrosine kinases comprising four
members (JAK1, 2, 3 and tyrosine kinase 2 [TYK2]). The JAKs, along with Signal Transducer
and Activator of Transcription (STAT) proteins (STAT-1,-2,-3,-4,-5a,-5b and -6) and trans-
membrane receptors are the three main parts of the JAK-STAT pathway [7].

A vast array of hormones, interferons, colony-stimulating factors and interleukins
exert their actions through the JAK-STAT pathway [8]. Receptors for those factors rely on
JAKs for downstream responses and subsequent modulation of gene expression. Pairs of
JAKs, varying by receptor, bind to them with different results for each dimeric cytokine
receptor–JAK pair. The now activated JAKs phosphorylate the receptors, forming a docking
site for STATs. Those are then also phosphorylated and migrate to nucleus, affecting gene
expression [9–11].

The vital role of JAKs in human physiology was evident upon their discovery. Involved
in both hematopoiesis and immunity, JAKs became a treatment target for numerous diseases
across various medical specialties [12,13].

The role of JAKs in the pathogenesis of AD is complex. They exaggerate Th2 cell
response, activate eosinophils, suppress regulatory T cells (Tregs), upregulate epidermal
chemokines, pro-inflammatory cytokines, etc. [14]. Building on this concept, their inhibition
has been considered a promising treatment option.

2.1. Delgocitinib

On 23 January 2020, in Japan, delgocitinib became the first topical JAK inhibitor
approved for the treatment of AD. Delgocitinib is a first-generation pan-JAK inhibitor
blocking the activation of inflammatory cells (T and B), monocytes and mast cells and
improving skin-barrier dysfunction [15]. Three major randomized phase-3 trials (RCTs) of
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topical delgocitinib for AD have been held: (i) JapicCTI-173554, (ii) JapicCTI-173555 and
(iii) JapicCTI-184064 (www.clinicaltrials.jp, accessed on 1 June 2022).

In JapicCTI-173554, Japanese patients over 16 years of age with modified Eczema Area
and Severity Index (mEASI) score > 10, Investigator’s Global Assessment (IGA) score of 3
or 4 and body surface area (BSA) involvement of 10% to 30% were eligible for enrollment.
Part 1 was a 4-week, randomized, double-blind, vehicle-controlled study. After completion
of part 1, patients could enter part 2, a 24-week, open-label extension study. Patients with
worsening AD during part 1 could discontinue treatment or enter part 2 at the investigators’
discretion. In part 2, all patients received delgocitinib 0.5% ointment.

In part 1, the least-squares mean percent changes from baseline in mEASI score were
−44.3% in the delgocitinib group and 1.7% in the vehicle group at the end of treatment.
Reduction in mEASI score in the delgocitinib group started from week 1 and continued
to week 4. IGA and pruritus Numerical Rating Scale (NRS) scores were also improved in
the delgocitinib group compared with the vehicle group (p = 0.32 for the overall IGA score,
0.05 for the IGA face/neck score, 0.01 for NRS).

The proportion of patients with a mEASI-50 was 51.9% in the delgocitinib group and
11.5% in the vehicle group. The proportion of patients with a mEASI-75 was 26.4%in the
delgocitinib group and 5.8% in the vehicle group.

Improvements in all AD parameters (mEASI, IGA, pruritus NRS scores and the per-
centage of patients with mEASI-50 and mEASI-75) persisted at the second part of the
study. At week 24, the mean percent change from baseline in the mEASI score was −56.3%,
and the proportions of patients with mEASI-50 and mEASI-75 were 69.3% and 35.8%,
respectively [16].

JapicCTI −173,555 was an open-label, multicenter, phase 3 study, with Japanese
patients over 16 years old with mild to severe AD (IGA 2 to 4, BSA 5–30%) and longer
treatment durations (52 weeks). Improvement in all AD scores with delgocitinib 0.5%
ointment b.i.d persisted for the study duration. The proportion of patients with mEASI-50
was 31.5% at week 4, 42.3% at week 24 and 51.9% at week 52. The proportion of patients
with mEASI-75 was 10.9% at week 4, 22.7% at week 24 and 27.5% at week 52 [17].

The last study, JapicCTI-184064, evaluated the safety and efficacy of topical delgocitinib
in pediatric patients aged 2 to 15 years old. Part 1 was a 4-week double-blind period in
which patients were randomized in a 1:1 ratio to delgocitinib 0.25% ointment or vehicle.
Part 2 was a 52-week open-label extension period. Eligible patients who received the
vehicle treatment in part 1 were also treated with delgocitinib 0.25% or 0.5% ointment in
part 2, according to the investigator’s judgment. In the first four weeks, 50.7% of patients
in the delgocitinib group compared with 17.6% of patients in the vehicle group achieved a
mEASI-50. mEASI-75 was achieved by 37.7% of patients in the delgocitinib group compared
with 4.4% of patients in the vehicle group. In part 2, improvements in mEASI, IGA and
pruritus scores persisted through week 56. Around 73.6% and 52.8% of the patients who
received the drug in part 1, achieved mEASI-50 and mEASI-75, respectively. In patients
who received vehicle in part 1, the percentage who achieved mEASI-50 and mEASI-75 at
week 52 was 70.5% and 52.5%, respectively [18].

In all studies, adverse events (AEs) related to the drug were mostly mild. The most
common AE was nasopharyngitis, followed by application site folliculitis and acne, in-
fluenza, Kaposi’s varicelliform eruption, herpes simplex, impetigo, fungal infections, mol-
luscum contagiosum, etc.

Recently, a small, retrospective, 4-week Japanese study with 25 patients was published,
in which delgocitinib was compared to topical corticosteroids as twice-weekly maintenance
therapy in adults with AD [19].

AD parameters did not differ significantly between the two groups. Mean changes in
NRS score and erythema index were slightly better in the TCS treated areas. However, the
stratum corneum hydration in the delgocitinib group was maintained, while that of the
TCS group worsened. The authors conclude that topical delgocitinib may be an effective
maintenance therapy of AD in dry skin patients, sparing long-term corticosteroids usage.
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2.2. Ruxolitinib

Ruxolitinib is a first-generation potent JAK1/2 inhibitor. Its oral form revolutionized
the treatment of JAK2-driven myeloproliferative disorders and is currently FDA approved
for polycythemia vera, myelofibrosis and steroid-refractory acute graft-versus-host dis-
ease [20].

The topical form was approved by the FDA on September 2021 for the short-term and
non-continuous chronic treatment of mild to moderate AD in non-immunocompromised
patients over 12 years of age. Topical Ruxolitinib Evaluation in Atopic Dermatitis (TRuE-
AD) 1 and 2 were the two major, identical, phase 3 trials that confirmed the antipruritic and
anti-inflammatory effects of the drug in patients with AD.

A total of 631 patients in TRuE-AD 1 and 618 in TRuE-AD 2 were randomized 2:2:1 to
twice-daily 0.75% cream, 1.5% cream or vehicle cream for the first 8 weeks of the studies.
Key inclusion criteria included age ≥ 12 years, diagnosis of AD for ≥2 years, IGA score
2–3 and BSA involvement of 3–20%. After the 8-week period, eligible patients continued
treatment for an additional 44 weeks with 0.75% or 1.5% ruxolitinib cream. Patients initially
randomized to the drug remained on their treatment and those randomized to vehicle were
re-randomized to either cream regimen.

The primary endpoint of IGA 0–1 at week 8 was achieved by 50% and 39% of patients
in TRuE-AD1 and TRuE-AD2, respectively, on 0.75% cream. For 1.5% cream, the percentage
of patients achieving IGA 0–1 was 53.8% and 51.3%, while 15.1% and 7.6% (p < 0.0001)
were achieved for vehicle only. EASI-75 at week 8 was achieved by 56.0% and 51.5% of
patients on 0.75% cream, 62.1% and 61.8% on 1.5% cream and 24.6% and 14.4% on vehicle,
respectively. Improvements in EASI-90 and NRS score were also significant (p < 0.05). It
is worth mentioning that a reduction in itching started just 12 h after treatment initiation
with 1.5% ruxolitinib cream [21].

The most common treatment-related AE was application-site burning sensation,
mainly observed with vehicle (4.4%) than with 0.75% (0.6%) or 1.5% (0.8%) cream. None of
the reported AEs were serious.

In a long-term safety period, up to week 52, patients were to treat skin areas with
active AD only and stop treatment 3 days after clearance of lesions. They were to restart at
the first sign of recurrence.

The proportion of patients with no/minimal AD lesions (IGA score 0/1) with rux-
olitinib 0.75% and 1.5% cream ranged from 62.4% to 76.9% and from 66.5% to 77.3%,
respectively, in TRuE-AD1 and from 59.6% to 76.7% and from 72.0% to 80.1% in TRuE-AD2
from weeks 12 to 52. In both studies, the mean measured total affected BSA was <3%
throughout the long-term safety period in the ruxolitinib 1.5% cream and most of the
period in the ruxolitinib 0.75% cream. Treatment-emergent AEs were reported in 60.1% and
53.8% patients who applied ruxolitinib 0.75% and 1.5%, respectively. Treatment-related AEs
were reported in 20 patients (4.7%) who applied ruxolitinib 0.75% cream and in 13 patients
(2.9%) who applied ruxolitinib 1.5% cream: none were serious, with upper respiratory tract
infection, nasopharyngitis and influenza being the most common.

Treatment-emergent AEs resulted in discontinuations in nine patients (2.1%) in the
ruxolitinib 0.75% cream group and no patients in the ruxolitinib 1.5% cream group. In
summary, approximately 70% of patients maintained no or minimal lesions (IGA score 0/1)
and the extent of AD lesions remained low during the 44-week extension period of TRuE-
AD1 and 2. Ruxolitinib cream was well tolerated in the long-term setting, with no serious
treatment-related AEs [22].

TRuE-AD3, a phase 3 randomized trial to assess the efficacy and safety of topical
ruxolitinib in children aged 2 to 12 years old, is currently underway (NCT04921969).

2.3. Tofacitinib

Topical tofacitinib, a JAK 1/3 inhibitor, was evaluated in a 4-week, phase 2a, random-
ized study (NCT02001181). Sixty-nine adults with mild-to-moderate AD were randomized
1:1 to 2% tofacitinib or vehicle ointment b.i.d.
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Percentage change from baseline (CFB) in EASI score at week 4 was the primary
endpoint. Secondary endpoints included percentage CFB in body surface area (BSA), CFB
in EASI Clinical Signs Severity Sum Score, the proportion of patients with Physician’s
Global Assessment (PGA) response and CFB in patient-reported pruritus. Safety, local
tolerability and pharmacokinetics were monitored.

The mean percentage change from baseline at week 4 in EASI score was −81.7%
for tofacitinib and −29.9% for vehicle (p < 0.001). Similarly, all other efficacy endpoints
were significantly improved with tofacitinib compared to vehicle (p < 0.001). Safety was
comparable between regimens [23].

2.4. Brepocitinib

Brepocitinib, a JAK1/TYK2 inhibitor, was also evaluated in a phase 2 study (NCT03903822)
with 240 adolescents and adults with mild-to-moderate AD. Patients were randomized to 6 weeks
of treatment in one of eight study arms: once-daily topical brepocitinib at 0.1%, 0.3%, 1% or
3% concentration, twice-daily brepocitinib at 1% or 3% concentration or once or twice-daily
vehicle cream.

The primary endpoint was a percentage change in EASI score from baseline to week 6.
Brepocitinib 1% and 3% once daily and 1% twice daily achieved EASI score reductions of
70.1%, 67.9% and 75%, respectively, while the decrease was 44.4% and 47.6% among those
in the once-daily and twice-daily vehicle control groups.

In the once-daily regimens, 29.7–44.4% of the patients achieved an IGA score of
0/1, compared to the 10.8% of the patients on once-daily and 13.9% on the twice-daily
vehicle [24]. No phase 3 trial of brepocitinib in AD is currently active.

2.5. Other JAK Inhibitors

Another new agent is ATI-1777, a “soft” JAK1/JAK3 inhibitor. “Soft” JAK inhibitors
are designed to provide JAK inhibition at the site of application and be rapidly metabo-
lized in the systemic circulation. A phase 2 randomized study (NCT04598269) has been
completed, but results have not been published yet. The developer has reported positive
results in a press release [25], namely a 74.4% reduction in mEASI score from baseline at
week 4 in the drug arm, compared to a 41.4% reduction in patients applying vehicle. No
serious adverse events were reported

Ifidancitinib (ATI-502) is another JAK1/JAK3 inhibitor evaluated in a phase 2, open-
label safety study (NCT03585296). Patients over 18 years old with moderate to severe AD
and 2–20% BSA involvement were enrolled. They applied ATI-502 to affected areas b.i.d
for 4 weeks. Seven out of twenty-two subjects reported 16 AEs, all unrelated to the drug.
One person discontinued due to an unrelated bilateral lower extremity cellulitis, outside of
the site of cream application.

Proportions of subjects with PGA of near clear with ≥2 grade improvement from
baseline were 10.5%, 23.5% and 41.2% at weeks 1, 2 and 4. The percentage change from
baseline in EASI was 18%, 35% and 40% at weeks 1, 2 and 4, respectively [26].

Studies for another two JAK inhibitors are currently active. NCT04435392 (phase 1/2)
for jaktinib, a pan-JAK inhibitor, and NCT04717310 (phase 2/3) for ivarmacitinib (SHR 0302),
a JAK1/STAT3 inhibitor. JAK inhibitors for the topical treatment of AD are summarized
in Table 1.
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Table 1. JAK inhibitors for the topical treatment of AD.

Name Selectivity Phase Age/Severity Regimens

Delgocitinib pan-JAK approved (Japan) approved for children 2–15, adults
>16, moderate-to-severe 0.25% children 0.5% adults, b.i.d

Ruxolitinib JAK1, 2 approved (USA) approved for >12, on trial for 2–12,
mild-to-moderate 1.5% b.i.d

Tofacitinib JAK1, 3 II 18–60, mild-to-moderate 2% b.i.d for 4 weeks

Brepocitinib JAK1, TYK2 II 12–75, mild-to-moderate 0.1%, 0.3%, 1%, 3% q.d, 0.3%, 1%
b.i.d for 6 weeks

ATI-1777 JAK1, 3 II 18–65, moderate-to-severe 2% b.i.d for 4 weeks

Ifidancitinib JAK1, 3 II >18, moderate-to-severe 0.46% b.i.d for 4 weeks

Jaktinib pan-JAK II 18–65, mild-to-moderate 0.5%, 1.5%, 2.5% b.i.d, 2.5% q.d

Ivarmacitinib JAK1 III >12, mild-to-moderate 0.5%, 1%, 2% b.i.d

3. Phosphodiesterase-4 Inhibitors

Over the last few years, PDE4 inhibitors have been identified as promising therapeutic
agents for AD treatment [27,28]. The role of PDE4 activity in the circulating leukocytes in
AD pathology is through the degradation of cyclic adenosine monophosphate (cAMP). The
inhibition of PDE4 leads to increased levels of cAMP, which is involved in controlling the
production of key inflammatory cytokines such as IL-4, IL-5, IL-10, IL-13 and prostaglandin
E2 [29]. Moreover, the inhibition of PDE4 in monocytes in vitro enhances the cellular
control of inflammation by downstream regulation of the nuclear factor-kB and nuclear
factor of activated T-cell signaling pathways [30].

3.1. Crisaborole

Crisaborole 2% ointment, the first topical PDE4 inhibitor, was licensed by the FDA in
December 2016 for the treatment of mild-to-moderate AD in children 2 years and older
and in March 2020 for infants 3 months of age and older. Two 28-day, randomized, double-
blind, vehicle-controlled trials (AD-301: NCT02118766, AD-302: NCT02118792) assessed
the efficacy and safety for patients aged 2 years or older with mild-to-moderate AD. The
primary endpoint was clear (0) or almost clear: (1) Investigator Static Global Assessment
score (ISGA) with a greater than or equal to 2 grade improvement on day 29. Twice-daily
applications led to a 32.8% (AD-301) and 31.4% (AD-302) reduction in ISGA compared to
25.4% and 18% for vehicle-treated subjects (p = 0.038, p < 0.001), respectively [31]. Moreover,
in a phase 4 open-label study of 137 infants 3 to less than 24 months with mild-to-moderate
AD, 30.2% of the patients achieved the primary endpoint of the ISGA with a safety profile
equal to that in older children [32].

More common AEs related to crisaborole 2% ointment were local pain, burning, and
stinging [31,32]. The mechanism that causes pain is still unknown. In a real-world retrospec-
tive study, more patients reported pain than in phase 3 clinical trials (31.7% versus 4.4%).
Fifty percent of them applied crisaborole exclusively to the face (p = 0.048) [33]. An
open-label 48-week safety extension study demonstrated that crisaborole had a favorable
long-term safety profile without increasing the risk for treatment-related adverse events [34].
In the same study, 77.8% of patients did not require rescue therapy, defined as the need for
the concomitant, nonconcurrent use of low-to mid-potency TCS or TCIs. Other important
points regarding the treatment of AD with crisaborole include the rapid improvement in
pruritus (as early as 24 h after the first application) and the normalization of epidermal
pathology toward nonlesional skin [35].

50



J. Clin. Med. 2022, 11, 4974

3.2. Difamilast (OPA-15406)

PDE4 inhibitor OPA-15406 is a novel topical treatment for AD with high selectivity for
phosphodiesterase-4-B. The effectiveness and tolerability were evaluated in a phase 2 study.
Patients who met eligibility criteria were randomized into three groups to receive OPA-
15406 0.3%, OPA-15406 1% or vehicle. OPA-15406 1% cream achieved the best results (IGA
0 or 1) at week 4 at a rate of 20.9% versus 14.6% for 0.3% cream and 2.7% for vehicle [36].
Recently, results from a phase 3 study have been published [37]. Patients aged 15 to 70 years
received difamilast 1% ointment or vehicle twice daily for 4 weeks. The primary endpoint
of IGA 0–1 with ≥2-grade improvement at week 4 was achieved by 38.46% of patients
in the ointment group, compared to 12.64% in the vehicle. No serious adverse events
were reported.

3.3. E6005 (RVT-501)

For the PDE4 inhibitor E6005, also known as RVT-501 or lotamilast, results are available
from phase 1/2 trials in Japan. In early phase 1 trials in healthy adults and patients with
AD, this compound was well tolerated with minimal systemic exposure [38]. In phase 2
dose-finding studies, 40 adult male patients randomized to receive E6005 ointment (0.01%,
0.03%, 0.1% or 0.2%). The targeted lesion severity scores significant decreased in the 0.2%
group [39]. Subsequently, in a vehicle-controlled trial, 78 adult patients were randomized
to receive either the 0.2% E6005 ointment or vehicle. The reduction in EASI and SCORAD
scores from baseline after 12 weeks was significant in the E6005 group [40].

3.4. Other PDE-4 Inhibitors

In a randomized, vehicle-controlled, phase 2a trial, topical roflumilast (ARQ-151)
0.5% demonstrated no significant improvements in EASI score; however, there was a
significant decrease in pruritus as measured by the NRS score (NCT01856764) [41,42].
Currently, roflumilast 0.15% cream is trialed (NCT04156191) for children and adults with
AD. Furthermore, roflumilast 0.3% has shown very promising results in trials for psoriasis.
Phase 2 studies have been completed for other topical PDE4 inhibitors, DRM02, Hemay808
and PF-07038124, but results have not been published to date. Phase 1 studies have been
completed for LEO-39652 and LEO-32731, also known as orismilast, but results are not
available yet. PDE-4 inhibitors for the topical treatment of AD are summarized in Table 2.

Table 2. PDE-4 inhibitors for the topical treatment of AD.

Name Phase Age/Severity Regimens

Crisaborole approved >3 months, mild-to-moderate 2% b.i.d

Difamilast (OPA-15406) III 15–70, mild-to-moderate 1% b.i.d for 4 weeks

Lotamilast (E6005, RVT-501) II 20–64, all 0.2% b.i.d for 12 weeks

Roflumilast II 18–65, moderate. 3 months—17 years
currently on trial

0.5% b.i.d for 15 days,
0.05% and 0.15% for 4 weeks currently

on trial

DRM02 II 18–70 0.25% b.i.d for 6 weeks

Hemay808 II 18–65, mild-to-moderate 1%, 3%, 7% for 29 days

PF-07038124 II 18–70, mild-to-moderate 0.01% q.d for 6 weeks

LEO-39652 I >18, mild-to-moderate 3 weeks

Orismilast (LEO-32731) I >18, mild-to-moderate 3 weeks

4. Aryl Hydrocarbon Receptor Agonists

The aryl hydrocarbon receptor (AhR) is a member of the Pern-Arnt-Sim (PAS) super-
family of transcription factors. They detect and respond sense diverse endogenous and
exogenous molecules and impact multiple biological activities [43]. Initially, AhR was
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recognized as the mediator of the toxic effects of dioxins, but consequently, other ligands
were identified. In response to activation by a ligand, AhR translocates from the cytoplasm
to the nucleus, where it controls the transcription of a wide variety of target genes [44].

AhR is broadly expressed in the skin, and when activated, it upregulates the gene
expression of filaggrin, loricrin and involucrin, accelerating epidermal terminal differenti-
ation [45]. Consequently, AhR plays a vital role in developing and maintaining the skin
barrier, epidermal homeostasis, pigmentation and the response to external signals, such as
UVB, phytochemicals, environmental toxins or microbial products [46,47].

Although the mechanism of action was unknown, humans used AhR agonists empiri-
cally for thousands of years in numerous dermatologic conditions, the most classic example
being coal tar [48]. Today, targeting the AhR system is an up-and-coming field for devel-
oping new drugs in dermatology and in many other specialties. Recently (23 May 2022),
tapinarof was approved by the FDA for the treatment of plaque psoriasis in adults [49].

Tapinarof

Tapinarof is a naturally derived small molecule produced by bacterial symbionts
(Photorhabdus luminescens) of entomopathogenic nematodes of the genus Heterorhabditis.
It regulates skin-barrier protein expression, has antioxidant activity and suppresses IL-17
and -22 [47].

A randomized, multicenter, phase 2b, double-blind, vehicle-controlled study (NCT02564055)
is the most important one that has been completed for AD. In this study, 247 adults and adolescent
patients (12 to 65 years old, BSA between 5% and 35%, and IGA score ≥ 3) were randomized
to receive tapinarof cream (0.5% or 1%) or a vehicle control, either once daily or twice daily for
12 weeks with a 4-week follow-up period.

At week 12, IGA response rates (IGA 0 or 1) were 53% (1% twice daily), 46% (1% once
daily), 37% (0.5% twice daily) and 34% (0.5% once daily) versus 24% (vehicle twice daily)
and 28% (vehicle once daily). This improvement was maintained for the 4-week follow-up
period. Overall, among patients treated with tapinarof cream, 1% showed higher response
rates than the 0.5% groups. EASI75 was also significantly higher in the tapinarof-treated
groups at week 12: 60% (1% twice daily), 51% (1% once daily), 51% (0.5% twice daily) and
39% (0.5% once daily) versus 26% (vehicle twice daily) and 25% (vehicle once daily). The
same was also true for EASI90 at week 12: 43% (1% twice daily), 27% (1% once daily), 28%
(0.5% twice daily), and 22% (0.5% once daily) versus 14% (vehicle twice daily) and 5%
(vehicle once daily). BSA, pruritus NRS, subject impressions of AD and Patient-Oriented
Eczema Measure (POEM) scores were also significantly improved in tapinarof groups [50].

Treatment-emergent AEs (TEAEs) were reported in 51% of patients, and the majority
were mild to moderate in intensity. The most frequently reported TEAE was nasopharyn-
gitis. The other TEAEs reported in at least 5% of patients in any arm or in total were
folliculitis, worsening or flare of AD, upper respiratory tract infection, headache, acne and
impetigo. Overall, 32 patients (13%) had TEAEs that were considered treatment-related.

More patients in the vehicle groups (6 of 82 [7%]) than in the groups treated with
tapinarof (7 of 165 [4%]) discontinued the study because of TEAEs. Worsening or flare of
AD was the most frequent TEAE that led to a discontinuation of the study treatment. ECG
findings were observed in 21% of patients in the groups treated with tapinarof and 17% in
the vehicle groups. They were not considered significant, resolved over time and never led
to treatment discontinuation. Elevations in liver enzyme levels (at least twice the upper
limit of the normal range) were observed in six patients treated with tapinarof. They all
resolved during treatment, and none of those patients discontinued treatment [51].

Three large (estimated enrollment: 961, 400 and 400 patients) phase 3 studies
(NCT05142774, NCT05014568 and NCT05032859) are currently active.

It is worth mentioning here a common misconception about tapinarof synonyms. At
the beginning of its development, the drug was known as GSK-2894512, WBI-1001 and
DMVT-505. A common error by many authors is that benvitimod is considered the same
as tapinarof. Indeed, the active ingredient is the same (3,5-dihydroxy-4- isopropyl-trans-
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stilbene) and is isolated from the bacterium Photorhabdus luminescens [52]. However,
tapinarof cream 1% comprises a novel vehicle with specific excipients to enhance efficacy,
drug delivery and patient acceptability. Benvitimod 1%, uses a petrolatum-based vehicle
for delivery and requires twice-daily dosing. Clinical trials for the two formulations are
also separate with essential differences. Benvitimod is currently trialed in China for AD
(NCT05326672) and is approved for psoriasis [53].

5. Transient Receptor Potential Vanilloid 1 Antagonists

The transient receptor potential channels (TRPs) are a superfamily of ion channels
consisting of six members (TRPC, TRPV, TRPP, TRPM, TRPA and TRPML). TRP proteins
are remarkable channels because of the diversity of their activation mechanisms, cation
selectivity and biological function [54].

Member 1 of the TRPV family (TRPV1) is a nonselective cation channel with high
permeability to calcium. It is activated by heat, low pH, capsaicin and endogenous in-
flammatory mediators [55]. It is expressed, among others, in keratinocytes, mast cells
and cutaneous sensory nerves, indicating its important role in cutaneous physiology and
disease [56]. TRPV1 has shown to play a role in pruritus, epidermal barrier function and
inflammation [57]. In AD lesions, TRPV1 is overexpressed and its activation results in the
production of molecules that promote itch and inflammation [58].

Asivatrep

Since preclinical experiments in rats and mice, asivatrep (then known as PAC-14028)
demonstrated promising results, positively affecting many aspects of AD. Its use sup-
pressed serum IgE, mast cell degranulation, the expression of IL-4 and IL-13, itch and
inflammatory cell infiltration. Skin-barrier recovery was accelerated, and possible carcino-
genicity was ruled out [55,59–61].

Later, a phase 2b study (NCT02757729) was conducted on 194 adults (19–70 years
old) with mild to moderate AD. Patients were randomized in asivatrep 0.1%, 0.3%, 1.0%
or vehicle, twice daily for 8 weeks. The primary efficacy variable was the IGA success
rate (IGA score of 0 or 1 with at least a two-grade improvement from baseline) at week 8.
Secondary efficacy variables included SCORAD and EASI scores, pruritus VAS and sleep
disturbance scores.

The IGA success rates were 14.6% for vehicle cream, 42.6% for 0.1% cream, 38.3%
for 0.3% cream and 57.5% for 1.0% cream. All secondary variables were also improved,
although the improvement was not statistically significant. The small sample and adult age
of patients may have been important factors affecting statistical insignificance. The safety
profile and the overall incidence of AEs were similar in the drug and vehicle groups [62].

Recently, results of a phase 3 study were published [57]. In it (CAPTAIN-AD and
NCT02965118), 240 patients 12 to 70 years old were randomized 2:1 to 1.0% asivatrep or
vehicle cream for 8 weeks.

At week 8, the proportion of patients with an IGA score of 0 or 1 was 36.0% in the
asivatrep group and 12.8% in the vehicle group (p < 0.001). Improvements of at least
2 points on the IGA from baseline score was 20.3% versus 7.7% (p = 0.01). At week 8, the
reduction in EASI score was 44.3% versus 21.4%, respectively (p < 0.001). Additionally,
significantly more patients in the asivatrep group experienced an improvement of at least
50% (EASI-50), 75% (EASI-75) and 90% (EASI-90) (50.3%, 23.5% and 9.8% versus 28.2%,
11.5% and 2.6%). Pruritus and sleep disturbance were significantly reduced in the drug
group compared to the vehicle (p = 0.02).

Asivatrep cream was well-tolerated and was not associated with clinically significant
application site reactions. Overall, the incidence of TEAEs was reported in 14.7% of patients
treated with asivatrep and 6.3% treated with vehicle cream. The most common TEAEs were
nasopharyngitis (2.6%), urticaria (1.3%), burning sensation (1.3%) and rhinorrhea (1.3%),
which were similar in the vehicle group. No patient discontinued treatment due to adverse
events, and serious adverse events were not reported.
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Overall, in clinical trials, asivatrep cream resulted in evident and enduring positive
results in treating AD, along with an acceptable safety profile.

6. Skin Microbiome Modulators

In the 1970s, it was shown that Staphylococcus aureus (S.aureus) is overrepresented
on the skin of AD patients [63]. Later, cutaneous dysbiosis was identified as a contributing
factor to AD pathogenesis [64]. Cutaneous dysbiosis is characterized by an increased
colonization of S.aureus and reduced colonization by the abundant bacterial genera of
healthy skin.

More recently, patients colonized with S.aureus have been described as a unique AD
phenotype. Patients in this category have more severe disease, reduced barrier function,
increased allergen sensitization and elevated IgE, eosinophils, lactate dehydrogenase and
various Th2 biomarkers such as TARC, periostin and CCL26 [65,66].

S.aureus toxins induce mast cell degranulation, promoting innate and adaptive im-
mune responses, and induce IL-1b production from monocytes. In the dermis, through
the defective skin barrier, S.aureus interacts with immune cells and triggers cytokine
production including IL-4, IL-13, IL-22 and TSLP [67].

Those observations led to various strategies to try and modulate the skin microbiome
of AD patients, either by decreasing S.aureus or increasing normal microbiota [68].

In healthy individuals, Roseomonas mucosa (R.mucosa) is the most representative
Gram-negative bacteria [69]. An open-label trial (NCT03018275) with topical application
of R.mucosa twice-weekly for 6 weeks in both adults and children (9–14 years old) with
AD found that the commensal bacterium was associated with improvements in SCORAD
and pruritus and a reduction in TCS use, with no significant AEs [70]. In the same trial,
it was noted that non-responders had a family history of AD persisting into adulthood
for at least 3 generations, suggesting that heritable factors may influence responses to R.
mucosa therapy.

Another topical formulation, FB-401 with three strains of R.mucosa, showed promising
results in a phase 1/2 trial. Sixty percent of adult patients showed a 50% reduction
in SCORAD, while 90% of the pediatric patients achieved EASI50 and 30% achieved
EASI90 [68]. Unfortunately, in a later, more extensive trial, FB-401 failed to meet the
primary goal of EASI50 (58% in the FB-401 arm versus 60% in the placebo arm), and
development will not continue [71].

Staphylococcus hominis A9 (ShA9) is another healthy human skin microbiome bac-
terium that has been trialed as a topical therapy for AD. ShA9 killed S.aureus on the skin of
mice and inhibited the expression of the toxin psmα that promotes inflammation. Then, in
a phase 1, randomized, 1-week trial (NCT03151148), topical ShA9 or vehicle was applied
on the forearm skin of 54 adults with S. aureus-positive AD. The primary endpoint of safety
was met, and a small improvement of AD lesions was also induced, rendering ShA9 a safe
and potentially beneficial future treatment [72].

Nitrosomonas eutropha is an ammonia-oxidizing Gram-negative bacterium able to
produce nitric oxide, which is an important mediator with beneficial metabolic and poten-
tial anti-inflammatory properties [67]. Results of three phase 1 and 2 trials (NCT04490109,
NCT03775434 and NCT03235024) are not yet available, although pruritus and AD appear-
ance were significantly improved in adults and children, according to a press release [73].

One of the reasons AD patients have a predisposition for cutaneous and systemic
infections is the decreased antimicrobial peptides production [74]. Omiganan is a synthetic
indolicidin analogue. Indolicidin is an antimicrobial peptide isolated from the neutrophils
of cows. It is active against Gram-positive and -negative bacteria but has also been shown
to kill fungi and even HIV [75]. Cationic peptides, such as omiganan, are also suggested to
have immunomodulatory roles in both pro- and anti-inflammatory pathways.

Because of those properties, omiganan gel is investigated as a possible treatment
for various infectious and inflammatory disorders, among them some cutaneous ones,
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including acne, rosacea, condylomata acuminata and vulvar intraepithelial neoplasia
(VIN) [74].

For AD, a phase II trial randomized 36 patients with mild to moderate disease 1:1:1 to
omiganan gel 1%, 2.5% and vehicle, once daily for 4 weeks. Small but significant results
in BSA, SCORAD and pruritus were observed only in the 2.5% arm. Skin microbiota
shifted from lesional to non-lesional [76]. In a later trial by the same group, omiganan
gel 2.5% twice daily led to a recovery of dysbiosis but without clinical improvement [77].
The authors concluded that dysbiosis does not seem a viable monotherapy drug target in
mild-to-moderate AD.

Omiganan development in the future may focus on diseases where S.aureus plays
a more central role, e.g., in superinfected AD, reducing the need for oral antibiotics, or
eradicating multi-drug resistant S. aureus strains in long-term carriers.

The niclosamide ATx201 can also achieve the decolonization of S. aureus. In a phase 2
trial (NCT03304470), 31 patients with mild-to-severe AD received ATx201 cream 2% and a
matching vehicle once daily for 3 weeks. Treatment was generally safe and the histological
and transcriptional profiling analysis on day 22 demonstrated that treatment significantly
increased the expression of biomarkers related to the skin-barrier function and decreased
expression levels of markers related to inflammation [78].

Primary and major secondary endpoints of the most important trials for the above-
mentioned therapeutic targets are summarized in Table 3.

Table 3. Primary and major secondary endpoints of the most important trials for the drugs mentioned
in Sections 2–6.

Drug Primary End-Point Other End-Points

Delgocitinib

JapicCTI-173554: Mean percent change in mEASI at week 4: −44.3% in
the drug group vs. 1.7% for vehicle. (p < 0.001).

JapicCTI-173555: Safety: AEs in 69% of patients. 15.4% considered
treatment-related. 1.4% considered serious (Kaposi’s

varicelliform eruption)

JapicCTI-173554: mEASI-50 at week 4: 51.9% for drug vs. 11.5% for
vehicle (p < 0.001).

mEASI-75 at week 4: 26.4% vs. 5.8% respectively (p < 0.01).
IGA response rates at week 4: p = 0.32 for overall score, p < 0.05 for

face/neck score.
NRS: lower in drug group. All results maintained at week 24.

JapicCTI-173555: mEASI-50 at week 4, 24, 52: 31.5%, 42.3% and 51.9%.
mEASI-75 at week 4, 24, 52: 10.9%, 22.7% and 27.5%

IGA and NRS: improved at weeks 4, 24 and 52

Ruxolitinib IGA 0–1 at week 8: 53.8%(TRuE-AD1) and 51.3% (TRuE-AD2) in the
1.5% cream groups vs. 15.1% and 7.6% for vehicle (p < 0.0001)

EASI-75 at week 8: 62.1% and 61.8% in the 1.5% cream groups vs. 24.6%
and 14.4% for vehicle (p < 0.0001). EASI90 at week 8: (p < 0.0001) vs.

vehicle. Reduction in NRS: (p < 0.05) vs. vehicle

Tofacitinib EASI score change at week 4: 81.7% vs. 29.9% for vehicle.

EASI 50, 75 and 90: Significantly higher for drug vs. vehicle (p < 0.05) at
weeks 2 and 4.

Change in BSA: −76% for drug vs. −31% for vehicle, significantly
greater (p < 0.001) at week 4.

ISI scores: significantly greater for drug vs. vehicle at weeks 2 and 4
(p < 0.001).

Brepocitinib
EASI score change at week 6:

70.1%, 67.9%, and 75%, for the 1%, 3% q.d and 1% b.i.d groups
respectively. 44.4% and 47.6% in the q.d and b.i.d vehicle groups.

IGA score of 0/1 at week 6: 27.8–44.4% of patients on q.d drug vs.
10.8% for q.d vehicle.

EASI 90 at week 6: 27.8–41.7% of patients on 0.3%, 1%, and 3% q.d
cream, vs. 10.8% for q.d vehicle, 27% of patients on 1% b.i.d cream, vs.

8.3% b.i.d vehicle.
Improvement of at least 4 points on the PP-NRS at week 6: 45.2% of
patients on 1% cream q.d, 50% on 3% q.d, and 40.7% on 1% b.i.d, vs.

17% for vehicle.

ATI-1777 Reduction in mEASI score at week 4: 74.4% in the drug arm, vs. 41.4%
for vehicle not yet available

Ifidancitinib PGA of near clear with ≥2 grade improvement:
10.5%, 23.5%, 41.2% of patients at weeks 1, 2, and 4.

Change in EASI: 18%, 35%, 40% at weeks 1, 2, and 4.
Percent change in SPA: 35%, 46% and 31% at weeks 1, 2, and 4.

Jaktinib PGA 0/1 or a decrease of ≥2, 7 days after the last dose:
not yet available PGA 0/1 at 8 and 16 weeks: not yet available

Ivarmacitinib Change in EASI at Week 8: not yet available not yet available

Crisaborole
ISGA score 0/1 with ≥2 grade improvement at day 29:

32.8% (AD-301) and 31.4% (AD-302) reduction vs. 25.4% (p = 0.038) and
18% (p < 0.001) for vehicle.

ISGA score 0/1 at day 29: 51.7% vs. 40.6% (p < 0.005) and 48.5% vs.
29.7% (p < 0.001) respectively.

Time to ISGA success: 14.7% for drug vs. 5.4% for vehicle at day 8.
Median time to improvement in pruritus: 4 days for drug vs. 9 days

for vehicle.
Mean change in DLQI at day 29: −5.2 for drug vs. −3.5 for vehicle.
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Table 3. Cont.

Drug Primary End-Point Other End-Points

Difamilast
(OPA-15406)

IGA 0–1 with ≥2 grade improvement at week 4: 38.46% of patients
in the ointment group vs. 12.64% for vehicle (p < 0.0001)

EASI 50, 75, 90 at week 4: 58.24%, 42.86% and 24.73 of patients in
drug group vs. 25.82%, 13.19% and 5.49% for vehicle.

Mean percent change in EASI score at week 1: −32.6% vs. −10.4%
for drug and vehicle respectively (p < 0.0001).

POEM, affected BSA, pruritus VRS, Skindex-16: all significantly
improved vs. vehicle (p < 0.0001) at week 4

Lotamilast (E6005,
RVT-501)

Long-term safety and tolerance: Neither death nor serious TEAEs
were encountered in the entire study period. In the randomization

phase, the incidence of TEAEs was 50.0% in the drug group vs. 38.5%
for vehicle group. The incidence of TEAEs leading to study

withdrawal was 9.6% in the drug group and 15.4% for vehicle group.

Scores reduction at week 12: significantly reduced: EASI, p = 0.030;
SCORAD-objective, p < 0.001; SCORAD-C, p = 0.038)

Not significantly reduced: Itch Behavioral Rating Scale, (p = 0.462)

Roflumilast Change in Modified Local SCORAD at day 15: Not significant
reduction vs. vehicle (p = 0.276) Change in PAP at day 15: Significantly reduced (p < 0.013)

DRM02 not yet available not yet available

Hemay808 not yet available not yet available

PF-07038124 not yet available not yet available

LEO-39652 not yet available not yet available

Orismilast
(LEO-32731) not yet available not yet available

Tapinarof

IGA response rates at week 12:
53% (1% b.i.d; p = 0.008), 46% (1% q.d; p = 0.084), 37% (0.5% b.i.d;

p = 0.240), and 34% (0.5% q.d; p = 0.535) vs. 24% (vehicle b.i.d) and
28% (vehicle q.d).

EASI75 at week 12: significantly higher in the tapinarof groups,
except the 0.5% q.d, vs. vehicle groups.

EASI90 at week 12: significantly higher in the tapinarof groups,
except the 0.5% b.i.d, vs. vehicle groups.

Mean percent change in EASI at week 12: significantly higher in all
tapinarof groups vs. vehicle groups.

Mean percent change in BSA at week 12: significantly greater in the
tapinarof groups, except the 0.5% b.i.d, vs. vehicle groups.

Asivatrep IGA score of 0 or 1 at week 8: 36.0% in the
drug group vs. 12.8% for vehicle.

Improvement ≥2 points on IGA score at week 8: 20.3% for drug vs.
7.7% for vehicle.

EASI reduction at week 8: 44.3% vs. 21.4% respectively.
EASI-50, 75, and 90 at week 8: 50.3%, 23.5%, and 9.8% of patients on
drug vs. 28.2%, 11.5%, and 2.6% on vehicle. Statistical significance
achieved in all secondary end-points, as also in pruritus and sleep

disturbance reduction.

R.mucosa 50% improvement in SCORAD: 66.7% of patients 75% improvement in SCORAD: 40% of patients.
Subjective pruritus: significantly decreased.

FB-401 EASI50: 58% in drug arm vs. 60% in placebo arm -

ShA9 Safety through day 8 compared to vehicle: Significantly fewer AEs in
participants treated with ShA9 (p = 0.044)

EASI and SCORAD: no significant difference
Decrease in S. aureus and increased ShA9 DNA: endpoints met

Nitrosomonas
eutropha

Not yet available, positive results in pruritus and AD appearance
reported in press release -

Omiganan gel S.aureus reduction at day 28: Statistically significant in the omiganan
1% (p = 0.03) and 2.5% (p = 0.01) vs. vehicle.

Clinical improvement evaluated by EASI, SCORAD, IGA, POEM,
DLQI and NRS: no improvement

ATx201 Safety: safe and well tolerated

Expression of biomarkers related to skin-barrier function:
Significantly increased (p < 0.05).

Histological responders: 51.7% of those receiving 2% cream vs. 31.0%
for vehicle.

ISI: Itch Severity Item, PP-NRS: Peak Pruritus Numerical Rating Scale, SPA: Subject’s Pruritus Assessment, DLQI:
Dermatology Life Quality Index, VRS: verbal rating scale, PAP: Participants’ Assessment of Pruritus.

7. Newer Emolients

Emollients and moisturizers are the cornerstone of basic disease management of
AD [79,80]. Fourteen independent publications from Europe, North America, Asia, the
Asia-Pacific region and Australia, including AD management guidelines between 2007
and 2022, were reviewed and displayed that daily moisturization is an integral part of
recommendations [81,82].

These products contain vehicle-type substances such as humectants (urea or glycerol)
and occludents (petrolatum) and act as an occlusive layer on the skin, promoting stratum
corneum hydration and reducing transepidermal water loss [79,83,84]. Data from Cochrane
review with emollient trials display a favorable impact on AD management with no
superiority among them [85].

In recent years, there has been a rapid increase in non-medicated emollients containing
active ingredients termed “emollient plus” or AD therapeutic moisturizers that improve
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skin barrier with antipruritic, anti-inflammatory and antioxidant effects. Active ingredients
are, for example, ceramides, saponins, colloidal oatmeal and nonpathogenic bacterial
lysates from Aquaphilus dolomiae or Vitreoscilla filiformis with possible molecular targets
as it emerges from in vitro and clinical research data [86–88]. A prospective, double-
blind, placebo-controlled clinical study demonstrated that patients with mild AD who
received cream with 5% Vitreoscilla filiformis decreased SCORAD levels and pruritus
significantly compared with those who received placebo [89]. These lysates might influence
the skin microbiome due to the reduction in Staphylococcus aureus colonization and display
immunomodulatory effects locally on the skin. Thus, they could be a therapeutic approach
targeting prevention of relapses and stabilization of AD skin [90].

8. Other

Many other molecules are under investigation for the topical treatment of AD. Those
with trials that have not started yet are ongoing, or those with results that are not yet
available are presented in Table 4.

Table 4. Agents for the topical treatment of AD for which trials have not started yet, are ongoing or
results are not available in ClinicalTrials.gov or clinicaltrialsregister.eu.

Agent Mechanicm of Action NCT ID

ALX-101 Gel 1.5% (Rovazolac) LXR agonists NCT03175354

AM1030-CREAM 5-HT2BR antagonist NCT02379910

AMTX-100 CF Nuclear transport modifier (NTM) NCT04313400

ASN008 (*1) Targets small afferent sodium channels/Antipruritic NCT03798561

Atuzabrutinib (SAR 444727 or PRN 473) BTK inhibitor NCT04992546

Aurstat Hydrogel Emolient/Antipruritic NCT01905631

BEN2293 TRK inhibitor NCT04737304

BioLexa Antibacterial NCT04544943

BMX-010 Antioxidant NCT03381625

BPR 277 Kallikrein-related peptidase NCT01428297

BX005-A (*2) Phage cocktail targeting S.aureus NCT05240300

CD 5024/Ivermectin
(Soolantra) Chloride channel agonists NCT03250624

CYCLATOP(Cyclosporine 5% solution) (*3) Calcineurin inhibitor NCT02865356

DBI-001 (*4) Antibacterial NCT05253755

DMT210 Topical Gel G protein-coupled receptor agonist NCT02949960

DS 107/DGLA (*5) Bioactive lipid (dihomo-γ-linolenic acid) inhibiting the
expression of CD40

NCT02925793
NCT03676036
NCT03676933

Ectoin Dermatitis Cream 7% (EHK02) Emolient NCT04097327

FMX114 (tofacitinib and fingolimod) (*6) Jak inhibitor and
sphingosine-1-phosphate receptor modulator NCT04927572

GM-XANTHO Botanical drug balm NCT04369846

HAT01 Botanical complex NCT03089229

HL-009 Liposomal Gel(Cobamamide) Vitamin B12 analogues, Nitric oxide inhibitor. NCT01568489

HY209 Gel/Taurodeoxycholic acid G Protein Coupled Receptor 19(GPCR19) agonist NCT04530643

IDP-124 Undefined mechanism NCT03058783
NCT03002571

Isopentenyltheophylline 0.44% + Glycerin 4.56% Undefined mechanism NCT05057351

Jaungo (Shiunko in Chinese) (*7) Herbal ointment NCT02900131

Lactibiane Topic AD Emolient/Cosmetic product NCT04728269

Lactobacillus reuteri (ADreuteri) Probiotic NCT04265716
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Table 4. Cont.

Agent Mechanicm of Action NCT ID

Levagen+/ Palmitoylethanolamide (PEA) Endocannabinoid-like lipid mediator NCT05003453

Menthoxypropanediol Anti-TRPM8/Antipruritic NCT03610386

MH004 Unknown NCT04815148

NLAC (Natural Lactic Acid-enriched Cream) Emolient NCT05092464

PR022 (Hypochlorous acid) Antiseptic NCT03351777

Q301(Zileuton) (*8) leukotriene inhibitor NCT03571620
NCT02426359

RelizemaTM cream Antioxidant/ Antipruritus NCT05259774

SB414 (Berdazimer sodium) (*9) Nitric oxide donors NCT03431610

SB011 GATA3 transcription factor inhibitor NCT02079688

SNG100 Unknown NCT04615962

TER-101 Unknown NCT04753034

Topialyse Baume Barrière (TOPIA) Emolient NCT05006300

ZEP-3Na synthetic analogue of a compound of rattle snake venom NCT04307862

ZK245186 (Mapracorat) Selective glucocorticoid receptor agonists (SEGRAs).
NCT01228513
NCT00944632
NCT01359787

0.5% Cannabidiol and 1% Hemp Oil (Celosia) Emolient NCT04045314

2.5% and 5% Cis-urocanic Acid Emolient NCT01320579

LXR: liver X receptor, 5-HT2BR: serotonin receptor 2B, TRPM8: Transient receptor potential cation channel subfamily
M(melastatin) member 8, HAT01: herbal anti-inflammatory treatment; S.aureus: Staphylococcus aureus; TRK:
tropomyosin receptor kinases; BTK: Bruton’s tyrosine kinase. Results from various sources (press releases, conference
posters or the literature) are available online for agents marked with * in Table 4, as follows (All accessed on 17 June 2022):
*1 https://www.asanabiosciences.com/_files/ugd/d170b0_f8d4c69d2e374ce99f41e2d734cb78dc.pdf; *2
https://www.biomx.com/wp-content/uploads/2022/01/a11y-RAD-2021-Poster_June-2021F.pdf; *3 https://www.
mdedge.com/pediatrics/article/175673/atopic-dermatitis/topical-cyclosporine-safely-tamed-atopic-dermatitis-4;
*4 https://www.dermbiont.com/in-the-news/2021/1/8/dermbiont-announces-positive-results-in-phase-2a-
clinical-trial-in-atopic-dermatitis-with-a-topical-live-biotherapeutic; *5 https://www.dsbiopharma.com/20
18/10/03/ds-biopharma-announces-positive-top-line-phase-2b-trial-results-for-ds107-as-a-topical-treatment-
for-mild-to-moderate-atopic-dermatitis/; *6 https://vynetherapeutics.com/pipeline-overview/fmx114/;
*7 https://pubmed.ncbi.nlm.nih.gov/30219454/; *8 http://www.qurient.com/bbs/content.php?co_id=q301;
*9 https://novan.com/novan-to-present-data-from-sb414-phase-1b-atopic-dermatitis-clinical-trial-at-3rd-inflammatory-
skin-disease-summit/.

9. Discussion

AD is the most common inflammatory skin disease with a considerable impact on
the lives of patients and their families. It imposes a substantial physical, psychological
and social burden. Pruritus and the accompanying sleep disturbance are distressing and
increase the risk for psychiatric conditions such as ADHD, depression, suicidal ideation
and autism. Multiple other complications and comorbidities have been reported, including,
but not limited to, growth delay, bacterial and viral infections, ocular abnormalities, aortic
stiffness and other allergic, metabolic and autoimmune conditions [1,2]

Nevertheless, for decades and until recently, the only options for the topical treatment
of the disease were TCS and TCIs in combination with emollients. Although effective,
significant concerns about their long-term usage bother clinicians and patients. TCS
may cause skin atrophy, telangiectasia and numerous other adverse effects. Systemic
absorption is also a concern, especially in younger children with a greater surface-to-weight
ratio than adults. TCIs are less effective than TCS in controlling exacerbations of the
disease. Additionally, the FDA black box about the theoretical increased risk of malignancy
distressed many parents of children with AD. The multifaceted and, to an extent, still
unknown pathophysiology; inconsistent clinical manifestations depending on age, body
sites affected and other factors; and the chronic course with relapses and remissions added
to the difficulty of managing the disease.
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This unpleasant situation is rapidly changing for the better. The pathophysiologies
of AD, inflammatory pathways and physiology, in general, are better understood due
to advances in basic science research. At the same time, research fields regarding drug
development are also advancing swiftly. AD or dermatology, as well as medicine in
general, is experiencing a revolution in therapeutics, which began with biologics. Since
then, progress seems to have accelerated, and the future is eagerly awaited. New drug
categories that we mentioned in this review and many others in other specialties are or will
be available in the times ahead.

Subsequently, other important steps are advancements in safety, more effective pro-
duction and, therefore, lower cost, discovering biomarkers and an improved understanding
of the various phenotypes and/or behaviors of the disease in different patients. Ultimately,
clinicians will not only have many treatment options but also the knowledge to use them
in a non-blind manner by targeting specific aspects of the disease in each patient. The
result will be improved, including the individualized treatment of AD and other chronic,
complex diseases.

Finally, concerning AD, another urgent necessity in the coming years is the comparison
of efficacy and safety between all new and upcoming treatments. Although TCS and
TCIs were the only available topical treatments for decades, they are indeed effective
and inexpensive. The adverse events mentioned above are not frequent if properly used.
Therefore, it will be difficult for many of the upcoming treatments to outplace the old
ones until their efficacy, safety, tolerability, adherence and cost-effectiveness are proven
by comparison studies [91]. Until now, in most studies of new treatments, the comparator
is usually the vehicle. Since the industry can generally obtain approval for new drugs
without head-to-head studies, real-life data comparing new and old topical treatments will
be valuable in the following years. Until then, a level of confusion and uninformed choices
by clinicians and patients is expected. Network meta-analyses can, to a certain degree, fill
this knowledge gap. For example, a recent meta-analysis from China comparing JAK and
PDE-4 inhibitors concluded that tofacitinib 2% b.i.d, ruxolitinib 1.5% b.i.d and delgocitinib
3% b.i.d showed superior efficacy over other JAK and PDE4 inhibitors [92]. Future real-life
data will also specify another important aspect of the new treatments, namely if any of
them is better at targeting specific phenotypes of the disease. In most clinical trials and
those presented here, patients are recruited just by having the required conditions for the
trial severity of the disease. More information, such as IgE levels, filaggrin mutation status,
other atopic comorbidities, etc., are usually unmentioned. Regardless, progress in the
topical treatment of AD is of major importance since even the safest systemic agent has
significantly more safety concerns than topical agents, especially in children.

In summary, in this review, we aimed to make a substantial amount of information
about an exciting and fast-growing field of dermatology easily accessible to anyone inter-
ested, including emerging topical therapies for AD. We focused on the most important
information, major therapeutic targets and principal aspects of trial results, namely safety
and efficacy. It is evident that the landscape will change dramatically soon enough, albeit
many important questions remain to be answered. The upcoming approval of the presented
topical therapies (and many more systemic ones) will result in a wide range of available
treatment options and will enable personalized decision making depending on patient
characteristics, making clinicians’ and patients’ lives easier.

It is still impossible to predict the role that each one of all the presented agents will
have in the treatment of AD in future. It seems unlikely that only one agent will replace
TCS in being the gold standard for the majority of patients. Responses in trials are varying,
and the heterogeneity of the disease is now better understood. This knowledge and all
other aspects of the disease, such as age, age of onset, comorbidities, etc., together with
new discoveries in the stratification of AD cases (biomarkers and artificial intelligence) will
lead to the best possible treatment for each patient.

59



J. Clin. Med. 2022, 11, 4974

Author Contributions: Conceptualization, N.S., E.P. and E.V.; writing—original draft preparation,
N.S., E.P., K.B., D.K. and E.V.; writing—review and editing, I.P., A.T. and E.S.; supervision, D.K and
E.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Weidinger, S.; Beck, L.A.; Bieber, T.; Kabashima, K.; Irvine, A.D. Atopic dermatitis. Nat. Rev. Dis. Prim. 2018, 4, 18003. [CrossRef]
[PubMed]

2. Cascella, R.; Strafella, C.; Germani, C.; Manzo, L.; Marsella, L.T.; Borgiani, P.; Sobhy, N.; Abdelmaksood, R.; Gerou, S.; Ioannides,
D.; et al. FLG (filaggrin) null mutations and sunlight exposure: Evidence of a correlation. J. Am. Acad. Dermatol. 2015, 73, 528–529.
[CrossRef] [PubMed]

3. Sideris, N.; Vakirlis, E.; Tsentemeidou, A.; Kourouklidou, A.; Ioannides, D.; Sotiriou, E. Under Development JAK Inhibitors for
Dermatologic Diseases. Mediterr. J. Rheumatol. 2020, 31, 137–144. [CrossRef] [PubMed]

4. Kusari, A.; Han, A.M.; Schairer, D.; Eichenfield, L.F. Atopic Dermatitis. Dermatol. Clin. 2019, 37, 11–20. [CrossRef]
5. Otsuka, A.; Nomura, T.; Rerknimitr, P.; Seidel, J.; Honda, T.; Kabashima, K. The interplay between genetic and environmental

factors in the pathogenesis of atopic dermatitis. Immunol. Rev. 2017, 278, 246–262. [CrossRef]
6. Nygaard, U.; Deleuran, M.; Vestergaard, C. Emerging Treatment Options in Atopic Dermatitis: Topical Therapies. Dermatology

2017, 233, 333–343. [CrossRef]
7. Aaronson, D.S.; Horvath, C.M. A Road Map for Those Who Don’t Know JAK-STAT. Science 2002, 296, 1653–1655. [CrossRef]
8. Aittomäki, S.; Pesu, M. Therapeutic Targeting of the JAK/STAT Pathway. Basic Clin. Pharmacol. Toxicol. 2014, 114, 18–23.

[CrossRef]
9. Darnell, J.E., Jr.; Kerr, I.M.; Stark, G.R. Jak-STAT pathways and transcriptional activation in response to IFNs and other extracellular

signaling proteins. Science 1994, 264, 1415–1421. [CrossRef]
10. Virtanen, A.T.; Haikarainen, T.; Raivola, J.; Silvennoinen, O. Selective JAKinibs: Prospects in Inflammatory and Autoimmune

Diseases. BioDrugs 2019, 33, 15–32. [CrossRef]
11. Lin, C.M.; Cooles, F.A.; Isaacs, J.D. Basic Mechanisms of JAK Inhibition. Mediterr. J. Rheumatol. 2020, 31, 100–104. [CrossRef]

[PubMed]
12. Walker, J.G.; Ahern, M.J.; Coleman, M.; Weedon, H.; Papangelis, V.; Beroukas, D.; Roberts-Thomson, P.J.; Smith, M.D. Characteri-

sation of a dendritic cell subset in synovial tissue which strongly expresses Jak/STAT transcription factors from patients with
rheumatoid arthritis. Ann. Rheum. Dis. 2007, 66, 992–999. [CrossRef] [PubMed]

13. Baxter, E.J.; Scott, L.M.; Campbell, P.J.; East, C.; Fourouclas, N.; Swanton, S.; Vassiliou, G.S.; Bench, A.J.; Boyd, E.M.; Curtin,
N.; et al. Acquired mutation of the tyrosine kinase JAK2 in human myeloproliferative disorders. Lancet 2005, 365, 1054–1061.
[CrossRef]

14. Bao, L.; Zhang, H.; Chan, L.S. The involvement of the JAK-STAT signaling pathway in chronic inflammatory skin disease atopic
dermatitis. JAK-STAT 2013, 2, e24137. [CrossRef] [PubMed]

15. Amano, W.; Nakajima, S.; Kunugi, H.; Numata, Y.; Kitoh, A.; Egawa, G.; Dainichi, T.; Honda, T.; Otsuka, A.; Kimoto, Y.; et al. The
Janus kinase inhibitor JTE-052 improves skin barrier function through suppressing signal transducer and activator of transcription
3 signaling. J. Allergy Clin. Immunol. 2015, 136, 667–677.e7. [CrossRef]

16. Nakagawa, H.; Nemoto, O.; Igarashi, A.; Saeki, H.; Kaino, H.; Nagata, T. Delgocitinib ointment, a topical Janus kinase inhibitor, in
adult patients with moderate to severe atopic dermatitis: A phase 3, randomized, double-blind, vehicle-controlled study and an
open-label, long-term extension study. J. Am. Acad. Dermatol. 2020, 82, 823–831. [CrossRef]

17. Nakagawa, H.; Nemoto, O.; Igarashi, A.; Saeki, H.; Murata, R.; Kaino, H.; Nagata, T. Long-term safety and efficacy of delgocitinib
ointment, a topical Janus kinase inhibitor, in adult patients with atopic dermatitis. J. Dermatol. 2020, 47, 114–120. [CrossRef]

18. Nakagawa, H.; Nemoto, O.; Igarashi, A.; Saeki, H.; Kabashima, K.; Oda, M.; Nagata, T. Delgocitinib ointment in pediatric patients
with atopic dermatitis: A phase 3, randomized, double-blind, vehicle-controlled study and a subsequent open-label, long-term
study. J. Am. Acad. Dermatol. 2021, 85, 854–862. [CrossRef]

19. Suehiro, M.; Numata, T.; Murakami, E.; Takahashi, M.; Saito, R.; Morioke, S.; Kamegashira, A.; Takahagi, S.; Hide, M.; Tanaka, A.
Real-world efficacy of proactive maintenance treatment with delgocitinib ointment twice weekly in adult patients with atopic
dermatitis. Dermatol. Ther. 2022, 35, e15526. [CrossRef]

20. McLornan, D.P.; E Pope, J.; Gotlib, J.; Harrison, C.N. Current and future status of JAK inhibitors. Lancet 2021, 398, 803–816.
[CrossRef]

21. Papp, K.; Szepietowski, J.C.; Kircik, L.; Toth, D.; Eichenfield, L.F.; Leung, D.Y.; Forman, S.B.; Venturanza, M.E.; Sun, K.; Kuligowski,
M.E.; et al. Efficacy and safety of ruxolitinib cream for the treatment of atopic dermatitis: Results from 2 phase 3, randomized,
double-blind studies. J. Am. Acad. Dermatol. 2021, 85, 863–872. [CrossRef] [PubMed]

60



J. Clin. Med. 2022, 11, 4974

22. Papp, K.; Szepietowski, J.C.; Kircik, L.; Toth, D.; Eichenfield, L.F.; Forman, S.B.; Kuligowski, M.E.; Venturanza, M.E.; Sun, K.;
Simpson, E.L. Long-term safety and disease control with ruxolitinib cream in atopic dermatitis: Results from two phase III studies.
Revolutionizing Atopic Dermatitis. Br. J. Dermatol. 2021, 185, e109–e146. [CrossRef]

23. Bissonnette, R.; Papp, K.A.; Poulin, Y.; Gooderham, M.; Raman, M.; Mallbris, L.; Wang, C.; Purohit, V.; Mamolo, C.; Papachar-
alambous, J.; et al. Topical tofacitinib for atopic dermatitis: A phase II a randomized trial. Br. J. Dermatol. 2016, 175, 902–911.
[CrossRef]

24. Dose Ranging Study to Assess Efficacy, Safety, Tolerability and Pharmacokinetics of PF-06700841 Topical Cream in Participants
With Mild or Moderate Atopic Dermatitis. Available online: https://clinicaltrials.gov/ct2/show/results/NCT03903822?term=
PF-06700841&cond=Atopic+Dermatitis&draw=2&rank=1&view=results (accessed on 2 June 2022).

25. Aclaris Therapeutics Announces Positive Preliminary Topline Data from Phase 2a Trial of ATI-1777 for Moderate to Se-
vere Atopic Dermatitis. Available online: https://www.globenewswire.com/news-release/2021/06/08/2243460/37216
/en/Aclaris-Therapeutics-Announces-Positive-Preliminary-Topline-Data-from-Phase-2a-Trial-of-ATI-1777-for-Moderate-to-
Severe-Atopic-Dermatitis.html (accessed on 4 June 2022).

26. Smith, S.; Bhatia, N.; Shanler, S.D.; Demoor, R.; Schnyder, J. 16089 Safety of ATI-502, a novel topical JAK1/3 inhibitor, in adults
with moderate to severe atopic dermatitis: Results from a phase 2a open-label trial. J. Am. Acad. Dermatol. 2020, 83, AB170.
[CrossRef]

27. Dastidar, S.G.; Rajagopal, D.; Ray, A. Therapeutic benefit of PDE4 inhibitors in inflammatory diseases. Curr. Opin. Investig. Drugs.
2007, 8, 364–372. [PubMed]

28. Bäumer, W.; Hoppmann, J.; Rundfeldt, C.; Kietzmann, M. Highly selective phosphodiesterase 4 inhibitors for the treatment of
allergic skin diseases and psoriasis. Inflamm. Allergy-Drug Targets 2007, 6, 17–26. [CrossRef]

29. Hanifin, J.M.; Chan, S.C.; Cheng, J.B.; Tofte, S.J.; Henderson, W.R.; Kirby, D.S.; Weiner, E.S. Type 4 Phosphodiesterase Inhibitors
Have Clinical and In Vitro Anti-inflammatory Effects in Atopic Dermatitis. J. Investig. Dermatol. 1996, 107, 51–56. [CrossRef]

30. Jimenez, J.L.; Punzon, C.; Navarro, J.; Muñoz-Fernández, M.A.; Fresno, M. Phosphodiesterase 4 inhibitors prevent cytokine
secretion by T lymphocytes by inhibiting nuclear factor-kappaB and nuclear factor of activated T cells activation. J. Pharmacol.
Exp. Ther. 2001, 299, 753–759.

31. Paller, A.S.; Tom, W.L.; Lebwohl, M.G.; Blumenthal, R.L.; Boguniewicz, M.; Call, R.S.; Eichenfield, L.F.; Forsha, D.W.; Rees, W.C.;
Simpson, E.L.; et al. Efficacy and safety of crisaborole ointment, a novel, nonsteroidal phosphodiesterase 4 (PDE4) inhibitor for
the topical treatment of atopic dermatitis (AD) in children and adults. J. Am. Acad. Dermatol. 2016, 75, 494–503.e6. [CrossRef]

32. Schlessinger, J.; Shepard, J.S.; Gower, R.; Su, J.C.; Lynde, C.; Cha, A.; Ports, W.C.; Purohit, V.; Takiya, L.; Werth, J.L.; et al. Safety,
Effectiveness, and Pharmacokinetics of Crisaborole in Infants Aged 3 to <24 Months with Mild-to-Moderate Atopic Dermatitis: A
Phase IV Open-Label Study (CrisADe CARE 1). Am. J. Clin. Dermatol. 2020, 21, 275–284. [CrossRef]

33. Lin, C.P.-L.; Gordon, S.; Her, M.J.; Rosmarin, D. A retrospective study: Application site pain with the use of crisaborole, a topical
phosphodiesterase 4 inhibitor. J. Am. Acad. Dermatol. 2019, 80, 1451–1453. [CrossRef]

34. Eichenfield, L.F.; Call, R.S.; Forsha, D.W.; Fowler, J., Jr.; Hebert, A.A.; Spellman, M.; Stein Gold, L.F.; Van Syoc, M.; Zane, L.T.;
Tschen, E. Long-term safety of crisaborole ointment 2% in children and adults with mild to moderate atopic dermatitis. J. Am.
Acad. Dermatol. 2017, 77, 641–649.e5. [CrossRef] [PubMed]

35. Bissonnette, R.; Pavel, A.B.; Diaz, A.; Werth, J.L.; Zang, C.; Vranic, I.; Purohit, V.S.; Zielinski, M.A.; Vlahos, B.; Estrada, Y.D.;
et al. Crisaborole and atopic dermatitis skin biomarkers: An intrapatient randomized trial. J. Allergy Clin. Immunol. 2019, 144,
1274–1289. [CrossRef] [PubMed]

36. Hanifin, J.M.; Ellis, C.N.; Frieden, I.J.; Fölster-Holst, R.; Stein Gold, L.F.; Secci, A.; Smith, A.J.; Zhao, C.; Kornyeyeva, E.; Eichenfield,
L.F. OPA-15406, a novel, topical, nonsteroidal, selective phosphodiesterase-4 (PDE4) inhibitor, in the treatment of adult and
adolescent patients with mild to moderate atopic dermatitis (AD): A phase-II randomized, double-blind, placebo-controlled
study. J. Am. Acad. Dermatol. 2016, 75, 297–305. [CrossRef] [PubMed]

37. Saeki, H.; Ito, K.; Yokota, D.; Tsubouchi, H. Difamilast ointment in adult patients with atopic dermatitis: A phase 3 randomized,
double-blind, vehicle-controlled trial. J. Am. Acad. Dermatol. 2022, 86, 607–614. [CrossRef] [PubMed]

38. Ohba, F.; Nomoto, M.; Hojo, S.; Akama, H. Safety, tolerability and pharmacokinetics of a novel phosphodiesterase inhibitor, E6005
ointment, in healthy volunteers and in patients with atopic dermatitis. J. Dermatol. Treat. 2016, 27, 241–246. [CrossRef] [PubMed]

39. Ohba, F.; Matsuki, S.; Imayama, S.; Matsuguma, K.; Hojo, S.; Nomoto, M.; Akama, H. Efficacy of a novel phosphodiesterase
inhibitor, E6005, in patients with atopic dermatitis: An investigator-blinded, vehicle-controlled study. J. Dermatol. Treat. 2016, 27,
467–472. [CrossRef]

40. Furue, M.; Kitahara, Y.; Akama, H.; Hojo, S.; Hayashi, N.; Nakagawa, H. The JAPANESE E6005 Study Investigators Safety
and efficacy of topical E6005, a phosphodiesterase 4 inhibitor, in Japanese adult patients with atopic dermatitis: Results of a
randomized, vehicle-controlled, multicenter clinical trial. J. Dermatol. 2014, 41, 577–585. [CrossRef]

41. Nguyen, H.L.; Anderson, K.R.; Tollefson, M.M. New and Emerging Therapies for Pediatric Atopic Dermatitis. Pediatr. Drugs 2019,
21, 239–260. [CrossRef]

42. Ilyas, M.; Logas, C.M.; Glick, B.P.; Del Rosso, J.Q. Advancements in topical therapy. Dermatol. Rev. 2022, 3, 9–13. [CrossRef]
43. Denison, M.S.; Nagy, S.R. Activation of the Aryl Hydrocarbon Receptor by Structurally Diverse Exogenous and Endogenous

Chemicals. Annu. Rev. Pharmacol. Toxicol. 2003, 43, 309–334. [CrossRef] [PubMed]

61



J. Clin. Med. 2022, 11, 4974

44. Gutiérrez-Vázquez, C.; Quintana, F.J. Regulation of the Immune Response by the Aryl Hydrocarbon Receptor. Immunity 2018, 48,
19–33. [CrossRef] [PubMed]

45. Furue, M.; Nakahara, T. Revival of AHR Agonist for the Treatment of Atopic Dermatitis: Tapinarof. Curr. Treat. Options Allergy
2020, 7, 414–421.e3. [CrossRef]

46. Furue, M.; Tsuji, G.; Mitoma, C.; Nakahara, T.; Chiba, T.; Morino-Koga, S.; Uchi, H. Gene regulation of filaggrin and other skin
barrier proteins via aryl hydrocarbon receptor. J. Dermatol. Sci. 2015, 80, 83–88. [CrossRef] [PubMed]

47. Bissonnette, R.; Gold, L.S.; Rubenstein, D.S.; Tallman, A.M.; Armstrong, A. Tapinarof in the treatment of psoriasis: A review of
the unique mechanism of action of a novel therapeutic aryl hydrocarbon receptor–modulating agent. J. Am. Acad. Dermatol. 2021,
84, 1059–1067. [CrossRef]

48. Paghdal, K.V.; Schwartz, R.A. Topical tar: Back to the future. J. Am. Acad. Dermatol. 2009, 61, 294–302. [CrossRef]
49. FDA Approves Dermavant’s VTAMA® (Tapinarof) Cream, 1% for the Treatment of Plaque Psoriasis in Adults: First Topical

Novel Chemical Entity Launched for Psoriasis in the U.S. in 25 Years. Available online: https://www.globenewswire.com/news-
release/2022/05/24/2449068/34323/en/FDA-Approves-Dermavant-s-VTAMA-tapinarof-cream-1-for-the-Treatment-of-
Plaque-Psoriasis-in-Adults-First-Topical-Novel-Chemical-Entity-Launched-for-Psoriasis-in-the-U-S-in-25-Years.html (accessed
on 13 June 2022).

50. Paller, A.S.; Gold, L.S.; Soung, J.; Tallman, A.M.; Rubenstein, D.S.; Gooderham, M. Efficacy and patient-reported outcomes from a
phase 2b, randomized clinical trial of tapinarof cream for the treatment of adolescents and adults with atopic dermatitis. J. Am.
Acad. Dermatol. 2021, 84, 632–638. [CrossRef] [PubMed]

51. Peppers, J.; Paller, A.S.; Maeda-Chubachi, T.; Wu, S.; Robbins, K.; Gallagher, K.; Kraus, J.E. A phase 2, randomized dose-finding
study of tapinarof (GSK2894512 cream) for the treatment of atopic dermatitis. J. Am. Acad. Dermatol. 2019, 80, 89–98.e3. [CrossRef]

52. Hwang, J.; Newton, E.M.; Hsiao, J.; Shi, V.Y. Aryl hydrocarbon receptor/nuclear factor E2-related factor 2 (AHR/NRF2) signalling:
A novel therapeutic target for atopic dermatitis. Exp. Dermatol. 2022, 31, 485–497. [CrossRef]

53. Gold, L.S.; Rubenstein, D.S.; Peist, K.; Jain, P.; Tallman, A.M. Tapinarof cream 1% once daily and benvitimod 1% twice daily are 2
distinct topical medications. J. Am. Acad. Dermatol. 2021, 85, e201–e202. [CrossRef]

54. Messeguer, A.; Planells-Cases, R.; Ferrer-Montiel, A. Physiology and Pharmacology of the Vanilloid Receptor. Curr. Neuropharma-
col. 2006, 4, 1–15. [CrossRef] [PubMed]

55. Yun, J.-W.; Seo, J.A.; Jeong, Y.S.; Bae, I.-H.; Jang, W.-H.; Lee, J.; Kim, S.-Y.; Shin, S.-S.; Woo, B.-Y.; Lee, K.-W. TRPV1 antagonist can
suppress the atopic dermatitis-like symptoms by accelerating skin barrier recovery. J. Dermatol. Sci. 2011, 62, 8–15. [CrossRef]

56. Stander, S.; Moormann, C.; Schumacher, M.; Buddenkotte, J.; Artuc, M.; Shpacovitch, V.; Brzoska, T.; Lippert, U.; Henz, B.M.;
Luger, T.A.; et al. Expression of vanilloid receptor subtype 1 in cutaneous sensory nerve fibers, mast cells, and epithelial cells of
appendage structures. Exp. Dermatol. 2004, 13, 129–139. [CrossRef] [PubMed]

57. Song, P.; Armstrong, C. Novel therapeutic approach with PAC -14028 cream, a TRPV 1 antagonist, for patients with mild-to-
moderate atopic dermatitis. Br. J. Dermatol. 2019, 180, 971–972. [CrossRef] [PubMed]

58. Park, C.W.; Kim, B.J.; Lee, Y.W.; Won, C.; Park, C.O.; Chung, B.Y.; Lee, D.H.; Jung, K.; Nam, H.-J.; Choi, G.; et al. Asivatrep, a
TRPV1 antagonist, for the topical treatment of atopic dermatitis: Phase 3, randomized, vehicle-controlled study (CAPTAIN-AD).
J. Allergy Clin. Immunol. 2022, 149, 1340–1347.e4. [CrossRef]

59. Lee, J.H.; Choi, C.S.; Bae, I.H.; Choi, J.K.; Park, Y.H.; Park, M. A novel, topical, nonsteroidal, TRPV1 antagonist, PAC-14028 cream
improves skin barrier function and exerts anti-inflammatory action through modulating epidermal differentiation markers and
suppressing Th2 cytokines in atopic dermatitis. J. Dermatol. Sci. 2018, 30, 184–194. [CrossRef]

60. Choi, J.K.; Cho, W.; Lee, J.-H.; Choi, G.; Park, M. A TRPV1 antagonist, PAC-14028 does not increase the risk of tumorigenesis in
chemically induced mouse skin carcinogenesis. Regul. Toxicol. Pharmacol. 2020, 112, 104613. [CrossRef]

61. Park, M.; Naidoo, A.A.; Burns, A.; Choi, J.K.; Gatfield, K.M.; Vidgeon-Hart, M.; Bae, I.-H.; Lee, C.S.; Choi, G.; Powell, A.; et al. Do
TRPV1 antagonists increase the risk for skin tumourigenesis? A collaborative in vitro and in vivo assessment. Cell Biol. Toxicol.
2018, 34, 143–162. [CrossRef]

62. Lee, Y.; Won, C.-H.; Jung, K.; Nam, H.-J.; Choi, G.; Park, Y.-H.; Park, M.; Kim, B. Efficacy and safety of PAC -14028 Cream—A
novel, topical, nonsteroidal, selective TRPV 1 antagonist in patients with mild-to-moderate atopic dermatitis: A phase II b
randomized trial. Br. J. Dermatol. 2019, 180, 1030–1038. [CrossRef]

63. Ederveen, T.H.A.; Smits, J.P.H.; Boekhorst, J.; Schalkwijk, J.; Bogaard, E.H.V.D.; Zeeuwen, P.L.J.M. Skin microbiota in health and
disease: From sequencing to biology. J. Dermatol. 2020, 47, 1110–1118. [CrossRef]

64. Kong, H.H.; Oh, J.; Deming, C.; Conlan, S.; Grice, E.A.; Beatson, M.A.; Nomicos, E.; Polley, E.C.; Komarow, H.D.; Murray, P.R.; et al.
Temporal shifts in the skin microbiome associated with disease flares and treatment in children with atopic dermatitis. Genome
Res. 2012, 22, 850–859. [CrossRef] [PubMed]

65. Simpson, E.L.; Villarreal, M.; Jepson, B.; Rafaels, N.; David, G.; Hanifin, J.; Taylor, P.; Boguniewicz, M.; Yoshida, T.; De Benedetto,
A.; et al. Patients with Atopic Dermatitis Colonized with Staphylococcus aureus Have a Distinct Phenotype and Endotype.
J. Investig. Dermatol. 2018, 138, 2224–2233. [CrossRef] [PubMed]

66. Na, C.; Baghoomian, W.; Simpson, E. A Therapeutic Renaissance—Emerging Treatments for Atopic Dermatitis. Acta Derm.
Venereol. 2020, 100, adv00165. [CrossRef] [PubMed]

67. Lunjani, N.; Hlela, C.; O’Mahony, L. Microbiome and skin biology. Curr. Opin. Allergy Clin. Immunol. 2019, 19, 328–333. [CrossRef]
[PubMed]

62



J. Clin. Med. 2022, 11, 4974

68. Bieber, T. Atopic dermatitis: An expanding therapeutic pipeline for a complex disease. Nat. Rev. Drug Discov. 2022, 21, 21–40.
[CrossRef]

69. Paller, A.S.; Kong, H.H.; Seed, P.; Naik, S.; Scharschmidt, T.C.; Gallo, R.L.; Luger, T.; Irvine, A.D. The microbiome in patients with
atopic dermatitis. J. Allergy Clin. Immunol. 2019, 143, 26–35. [CrossRef]

70. Myles, I.A.; Earland, N.J.; Anderson, E.D.; Moore, I.N.; Kieh, M.D.; Williams, K.W.; Saleem, A.; Fontecilla, N.M.; Welch, P.A.;
Darnell, D.A.; et al. First-in-human topical microbiome transplantation with Roseomonas mucosa for atopic dermatitis. JCI
Insight 2018, 3, e120608. [CrossRef]

71. Clinical Trial of FB-401 For the Treatment of Atopic Dermatitis Fails to Meet Statistical Significance. Available online:
https://www.fortebiorx.com/investor-relations/news/news-details/2021/Clinical-Trial-of-FB-401-For-the-Treatment-of-
Atopic-Dermatitis-Fails-to-Meet-Statistical-Significance/default.aspx (accessed on 14 June 2022).

72. Nakatsuji, T.; Hata, T.R.; Tong, Y.; Cheng, J.Y.; Shafiq, F.; Butcher, A.M.; Salem, S.S.; Brinton, S.L.; Spergel, A.K.R.; Johnson, K.; et al.
Development of a human skin commensal microbe for bacteriotherapy of atopic dermatitis and use in a phase 1 randomized
clinical trial. Nat. Med. 2021, 27, 700–709. [CrossRef]

73. Todd Krueger Discusses AOBiome’s Positive Results from its Phase 2b Trial for Both Pruritus (Itch) and Appearance of Atopic Der-
matitis (Eczema). Available online: https://www.aobiome.com/pressreleases/aobiomes-ceo-president-todd-krueger-featured-
in-ceo-cfo-magazine/#primary (accessed on 14 June 2022).

74. Vakharia, P.P.; Silverberg, J.I. New therapies for atopic dermatitis: Additional treatment classes. J. Am. Acad. Dermatol. 2018, 78,
S76–S83. [CrossRef]

75. Hancock, R.E.W.; Scott, M.G. The role of antimicrobial peptides in animal defenses. Proc. Natl. Acad. Sci. USA 2000, 97, 8856–8861.
[CrossRef]

76. Der Kolk, T.N.; Van Der Wall, H.; Hogendoorn, G.K.; Rijneveld, R.; Luijten, S.; Van Alewijk, D.C.; Munckhof, E.H.V.D.; De Kam,
M.L.; Feiss, G.L.; Prens, E.P.; et al. Pharmacodynamic Effects of Topical Omiganan in Patients With Mild to Moderate Atopic
Dermatitis in a Randomized, Placebo-Controlled, Phase II Trial. Clin. Transl. Sci. 2020, 13, 994–1003. [CrossRef]

77. Niemeyer-van der Kolk, T.; Buters, T.P.; Krouwels, L.; Boltjes, J.; de Kam, M.L.; van der Wall, H.; van Alewijk, D.C.J.G.; van den
Munckhof, E.H.A.; Becker, M.J.; Feiss, G.; et al. Topical antimicrobial peptide omiganan recovers cutaneous dysbiosis but does
not improve clinical symptoms in patients with mild to moderate atopic dermatitis in a phase 2 randomized controlled trial.
J. Am. Acad. Dermatol. 2022, 86, 854–862. [CrossRef] [PubMed]

78. Guttman-Yassky, E.; Bissonnette, R.; Pavel, A.; Proulx, E.S.-C.; Prokocimer, P.; Toft-Kehler, R.; Sommer, M. 563 ATx201 modulates
biomarkers of skin barrier function and cutaneous inflammation in patients with moderate atopic dermatitis. J. Investig. Dermatol.
2020, 140, S77. [CrossRef]

79. Wollenberg, A.; Barbarot, S.; Bieber, T.; Christen-Zaech, S.; Deleuran, M.; Fink-Wagner, A.; Gieler, U.; Girolomoni, G.; Lau, S.;
Muraro, A.; et al. Consensus-based European guidelines for treatment of atopic eczema (atopic dermatitis) in adults and children:
Part I. J. Eur. Acad. Dermatol. Venereol. 2018, 32, 657–682. [CrossRef] [PubMed]

80. Eichenfield, L.F.; Tom, W.L.; Berger, T.G.; Krol, A.; Paller, A.S.; Schwarzenberger, K.; Bergman, J.N.; Chamlin, S.L.; Cohen, D.E.;
Cooper, K.D.; et al. Guidelines of care for the management of atopic dermatitis. J. Am. Acad. Dermatol. 2014, 71, 116–132.
[CrossRef]

81. Bs, L.M.L.; Lee, D.E.; Shi, V.Y. A comparison of international management guidelines for atopic dermatitis. Pediatr. Dermatol.
2019, 36, 36–65. [CrossRef]

82. Wollenberg, A.; Kinberger, M.; Arents, B.; Aszodi, N.; Avila Valle, G.; Barbarot, S.; Bieber, T.; Brough, H.A.; Calzavara Pinton,
P.; Christen-Zäch, S.; et al. Euroguiderm Guideline On Atopic Eczema, Version 1.0, June 2022, European Dermatology Forum.
Available online: https://www.edf.one/dam/jcr:0a8bb62f-7abe-4f86-84d9-bc0a0b370efb/0_Atopic_Eczema_GL_full_version_
Jun_2022_.pdf (accessed on 27 July 2022).

83. Boralevi, F.; Aroman, M.S.; Delarue, A.; Raudsepp, H.; Kaszuba, A.; Bylaite, M.; Tiplica, G.S. Long-term emollient therapy
improves xerosis in children with atopic dermatitis. J. Eur. Acad. Dermatol. Venereol. 2014, 28, 1456–1462. [CrossRef]

84. Correa, M.C.M.; Nebus, J. Management of Patients with Atopic Dermatitis: The Role of Emollient Therapy. Dermatol. Res. Pract.
2012, 2012, 836931. [CrossRef]

85. Van Zuuren, E.J.; Fedorowicz, Z.; Arents, B.W.M. Performance and Tolerability of the Moisturizers Cetaphil® and Excipial® in
Atopic Dermatitis: What is the Evidence Based on Randomized Trials? Dermatol. Ther. 2017, 7, 331–347. [CrossRef]

86. Aries, M.F.; Hernandez-Pigeon, H.; Vaissière, C.; Delga, H.; Caruana, A.; Lévêque, M.; Bourrain, M.; Ravard Helffer, K.; Chol, B.;
Nguyen, T.; et al. Anti-inflammatory and immunomodulatory effects of Aquaphilus dolomiae extract on in vitro models. Clin.
Cosmet. Investig. Dermatol. 2016, 9, 421–434. [CrossRef]

87. Mahe, Y.F.; Perez, M.J.; Tacheau, C.; Fanchon, C.; Martin, R.; Rousset, F.; Seite, S. A new Vitreoscilla filiformis extract grown on
spa water-enriched medium activates endogenous cutaneous antioxidant and antimicrobial defenses through a potential Toll-like
receptor 2/protein kinase C, zeta transduction pathway. Clin. Cosmet. Investig. Dermatol. 2013, 6, 191–196. [CrossRef]

88. Fostini, A.C.; Georgescu, V.; DeCoster, C.J.; Girolomoni, G. A cream based on Aquaphilus dolomiae extracts alleviates non-
histaminergic pruritus in humans. Eur. J. Dermatol. 2017, 27, 317–318. [CrossRef] [PubMed]

89. Gueniche, A.; Knaudt, B.; Schuck, E.; Volz, T.; Bastien, P.; Martin, R.; Röcken, M.; Breton, L.; Biedermann, T. Effects of
nonpathogenic gram-negative bacterium Vitreoscilla filiformis lysate on atopic dermatitis: A prospective, randomized, double-
blind, placebo-controlled clinical study. Br. J. Dermatol. 2008, 159, 1357–1363. [CrossRef] [PubMed]

63



J. Clin. Med. 2022, 11, 4974

90. Bianchi, P.; Theunis, J.; Casas, C.; Villeneuve, C.; Patrizi, A.; Phulpin, C.; Bacquey, A.; Redoulès, D.; Mengeaud, V.; Schmitt, A.
Effects of a New Emollient-Based Treatment on Skin Microflora Balance and Barrier Function in Children with Mild Atopic
Dermatitis. Pediatr. Dermatol. 2016, 33, 165–171. [CrossRef] [PubMed]

91. Williams, H.C. New topical treatments for atopic dermatitis: Active comparators are needed. J. Am. Acad. Dermatol. 2021, 85,
1065–1066. [CrossRef]

92. Zhang, L.; Du, D.; Wang, L.; Guo, L.; Jiang, X. Efficacy and safety of topical Janus kinase and phosphodiesterase inhibitor-4
inhibitors for the treatment of atopic dermatitis: A network meta-analysis. J. Dermatol. 2021, 48, 1877–1883. [CrossRef] [PubMed]

64



Citation: Gori, N.; Chiricozzi, A.;

Marsili, F.; Ferrucci, S.M.; Amerio, P.;

Battarra, V.; Campitiello, S.; Castelli,

A.; Congedo, M.; Corazza, M.; et al.

National Information Campaign

Revealed Disease Characteristic and

Burden in Adult Patients Suffering

from Atopic Dermatitis. J. Clin. Med.

2022, 11, 5204. https://doi.org/

10.3390/jcm11175204

Academic Editors: Stamatis Gregoriou

and Yolanda Gilaberte

Received: 18 July 2022

Accepted: 27 August 2022

Published: 2 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

National Information Campaign Revealed Disease
Characteristic and Burden in Adult Patients Suffering from
Atopic Dermatitis

Niccolò Gori 1,2, Andrea Chiricozzi 1,2,*, Franco Marsili 3, Silvia Mariel Ferrucci 4, Paolo Amerio 5,

Vincenzo Battarra 6, Salvatore Campitiello 7, Antonio Castelli 8, Maurizio Congedo 9, Monica Corazza 10,

Antonio Cristaudo 11, Gabriella Fabbrocini 12, Giampiero Girolomoni 13, Giovanna Malara 14, Giuseppe Micali 15,

Giovanni Palazzo 16, Aurora Parodi 17, Annalisa Patrizi 18, Giovanni Pellacani 19, Paolo Pigatto 20,

Eugenio Provenzano 21, Pietro Quaglino 22, Marco Romanelli 23, Mariateresa Rossi 24, Paola Savoia 25

and Ketty Peris 1,2

1 UOC di Dermatologia, Dipartimento di Scienze Mediche e Chirurgiche, Fondazione Policlinico Universitario
Agostino Gemelli-IRCCS, 00168 Rome, Italy

2 Dermatologia, Dipartimento di Medicina e Chirurgia Traslazionale, Università Cattolica del Sacro Cuore,
00168 Rome, Italy

3 Dermatology Unit, Versilia Hospital, ASL 12, 55049 Lido di Camaiore, Italy
4 Dermatology Unit, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, 20122 Milan, Italy
5 Dermatologic Clinic, Department of Medicine and Aging Science, University G.d’Annunzio,

66100 Chieti, Italy
6 Unit of Dermatology, AORN Sant’Anna e San Sebastiano, 81100 Caserta, Italy
7 U.O.C. Dermatologia, ASL Salerno, Ospedale “A:Tortora”-Pagani, 84016 Salerno, Italy
8 Dermatology Unit, San Donato Hospital, ASL 8, 52100 Arezzo, Italy
9 Section of Dermatology, Vito Fazzi Hospital, Piazza Filippo Muratore, 73100 Lecce, Italy
10 Section of Dermatology and Infectious Diseases, Department of Medical Sciences, University of Ferrara,

44121 Ferrara, Italy
11 Istituto Dermatologico San Gallicano IRCSS, IFO, 00100 Rome, Italy
12 Department of Clinical Medicine and Surgery, University of Naples Federico II, 80131 Naples, Italy
13 Section of Dermatology and Venereology, Department of Medicine, University of Verona, 37129 Verona, Italy
14 Struttura Complessa di Dermatologia, Grande Ospedale Metropolitano ‘Bianchi Melacrino Morelli’,

89129 Reggio Calabria, Italy
15 Dermatology Clinic, University of Catania, 95123 Catania, Italy
16 Ambulatorio di Dermatologia, Ospedale Distrettuale di Tinchi, 75015 Pisticci, Italy
17 DiSSal Section of Dermatology, University of Genoa-Ospedale-Policlinico San Martino IRCCS,

16132 Genoa, Italy
18 Division of Dermatology, Department of Experimental, Diagnostic and Specialty Medicine,

University of Bologna, 40138 Bologna, Italy
19 Dermatology Clinic, Department of Clinical Internal, Anesthesiological and Cardiovascular Sciences,

Sapienza University of Rome, 00161 Rome, Italy
20 Department of Medical, Surgical and Odontoiatric Science, IRCCS Ospedale Ortopedico Galeazzi,

20161 Milan, Italy
21 Unit of Dermatology, Mariano Santo Hospital, 87100 Cosenza, Italy
22 Dermatologic Clinic, Department of Medical Sciences, University of Turin, 10121 Torino, Italy
23 Dermatology Department, University of Pisa, Via Roma 67, 56126 Pisa, Italy
24 Department of Dermatology, University of Brescia, 25121 Brescia, Italy
25 Department of Health Science, University of Eastern Piedmont, Via Solaroli 17, 28100 Novara, Italy
* Correspondence: chiricozziandrea@gmail.com; Tel.: +39-339-5668320

Abstract: Atopic dermatitis (AD) is a common inflammatory skin disease often associated with a
significant impairment in the quality of life of affected patients. The Italian Society of Dermatology
and Venereology (SIDeMaST) planned a national information campaign, providing direct access to
27 dermatologic centers dedicated to the management of AD. The aim of this study aimed was to
outline critical aspects related to AD in the general population. Overall, 643 adult subjects were
included in this study, and in 44.2% (284/643) of cases, a diagnosis of AD was confirmed, whereas
about 55% of subjects were affected by other pruritic cutaneous diseases. Higher intensity of pruritus
and sleep disturbance, as well as an increased interference in sport, work, and social confidence
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was reported in the AD group compared to the non-AD group. In the AD subgroup, the mean
duration of disease was of 15.3 years, with a mean eczema area and severity index (EASI) score of
11.2, and investigator global assessment (IGA) score of 1.9 and an itch numeric rating scale (NRS) of
6.9. Almost 32% of patients were untreated, either with topical or systemic agents, whereas 44.3%
used routine topical compounds (topical corticosteroids and calcineurin inhibitors), and only 7.0%
of patients were systemically treated. Only 2.8% of patients reported complete satisfaction with the
treatment received for AD to date. This study reveals a profound unmet need in AD, showing a
poorly managed and undertreated patient population despite a high reported burden of disease.
This suggests the usefulness of information campaigns with the goal of improving patient awareness
regarding AD and facilitating early diagnosis and access to dedicated healthcare institutions.

Keywords: atopic dermatitis; information campaign; early diagnosis

1. Introduction

Atopic dermatitis (AD) is the most common chronic inflammatory skin disease, af-
fecting nearly 230 million people worldwide, with a prevalence, in developed countries,
ranging between 10% and 25% in children and 7–10% in adults [1]. AD is clinically charac-
terized by intense itch, dry skin, and eczematous lesions, with the preferential involvement
of flexures, head, neck, and hands in adulthood [1]. It is frequently associated with a
personal and/or family history of atopic extracutaneous manifestations, such as allergic
rhinitis, conjunctivitis, and asthma [1]. Several non-atopic diseases, including inflammatory,
autoimmune, and mental health disorders, might be also observed in AD patients [2]. In
addition, attention disturbances and poor sleep quality, likely related to itch, may occur,
affecting school and work performance [3]. Treatment of mild AD is essentially based
on the use of topical corticosteroids (TCSs) and calcineurin inhibitors (TCIs), whereas
moderate-to-severe AD, accounting for as many as one-third of cases, is commonly treated
with phototherapy and/or systemic therapies, including traditional immunosuppressants
and novel immune-targeted therapies [4,5]. In addition, to improve skin dryness and
reduce itch, moisturizers are usually applied daily, implying a significant economic burden
for patients [6]. Notably, a recent cross-sectional study including nine European countries
reported a mean annual personal extra out-of-pocket expense of EUR 927.12 for patients
with AD [6].

Although they were conceived in the 1980s, the Hanifin and Rajka criteria are still
the most used tool to diagnose AD in both clinical practice and research settings, whereas,
considering the lack of specific diagnostic markers, diagnosis of AD is essentially based
on the accurate evaluation of clinical signs, symptoms, and medical history by skilled
physicians [7]. Diagnosis of AD is relatively easy in children but often challenging in adults,
especially in late-onset forms, due to a broader clinical variability [7,8]. For this reason,
adult AD is thought to be underdiagnosed, reflecting the highly variable prevalence of
disease reported in the literature, with an estimated range varying from 0.3% to 14.3% [8–10].
To reduce the proportion of undiagnosed and undertreated cases of AD, it might be helpful
to promote awareness of AD through multiple strategies, including the diffusion of disease
information websites and the organization of screening campaigns. Despite the existence
of numerous scientific societies and patient associations providing educational websites
for AD patients, the first national information and screening campaign was organized in
September 2020 by the Italian Society of Dermatology and Venereology (SIDeMaST), which
provided direct access to several dermatologic centers dedicated to the management of AD,
with the aim of improving patient awareness about AD and facilitating early diagnosis and
access to optimal treatment management.
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2. Materials and Methods

In this study, we considered data obtained from subjects referred to 27 dermatology
centers homogeneously distributed in northern, central, and southern Italy for the first na-
tional AD screening program supported by the Italian Society of Dermatology (SIDeMaST).
The purpose of the program was to promote the knowledge of AD among adult subjects
with established disease or suspected symptoms.

In September 2020, information regarding the national AD screening program was
posted on the patient-oriented AD website (www.dallapartedellatuapelle.it). In particular,
the web site provided general information regarding pathogenesis and clinical presentation
of AD in adults, as well as email and telephone contacts to join the AD screening program.
Patients with suspected or diagnosed AD were screened by non-physician personnel on
the phone or by e-mail through a brief questionnaire. As a screening program, it was not
necessary to apply for ethics committee approval because patients did not furnish any
sensitive data to the centers.

Inclusion criteria for prescreened patients were limited to comprehension of written
Italian language and consent to compile a printed survey. In each dermatological center,
patients were required to complete a 21-item questionnaire about demographic and clinical
data, including age, sex, weight, height, job, disease duration, type of medical specialists
previously consulted, personal and family history of AD and comorbidities, interference of
AD with physical activities and work tasks, therapeutic management of disease, economic
burden for supplying topical and systemic drugs, and consultations for AD. Individuals
were subdivided according to working profession as white collar (intellectual jobs, includ-
ing doctors, lawyers, teachers, office workers, managers, and civil servants) or blue collar
(manual jobs, including craftsmen, farmers, specialized workmen, drivers of industrial
machines/vehicles, armed services, and unqualified professions) [11].

Patients were evaluated by dermatologists with experience in inflammatory skin dis-
eases to assess the diagnosis of AD and suggest the most appropriate therapeutic approach.
Disease severity in patients with a confirmed diagnosis of AD was assessed using (a) the
eczema area severity index (EASI), with scored ranging from 0 to 72; (b) the investigator
global assessment (IGA), with scores ranging from 0 to 4; (c) the itch numeric rating scale
(NRS), ranging from 0 to 10, assessing itch intensity (itch-NRS); (d) a 0–10 NRS scale rating
sleeplessness (sleep-NRS); (e) a 0–10 NRS evaluating disease-induced embarrassment (e-
NRS); (f) a 0–10 NRS evaluating the influence of disease on work tasks (w-NRS); and (g) a
0–10 NRS assessing the impact of disease on sporting activity (s-NRS).

Statistical Analyses

Categorical variables were analyzed as frequencies and percentages. Continuous
variables were analyzed as mean and standard deviation (SD) or medians and interquartile
ranges (IQRs). Variable normality was assessed by the Shapiro–Wilk W test. We compared
questionnaire-obtained personal and clinical data between AD and non-AD groups, using
a T test for comparison of means or Mann–Whitney test for comparison of medians, and by
chi-square (or Fisher’s exact test) for categorical variables. In the subgroup with confirmed
AD diagnosis, clinical data were described in terms of frequencies and percentages, whereas
EASI and IGA scores were analyzed as mean and SD. All statistical tests were two-tailed,
and a p-value less than 0.05 was considered statistically significant. Analysis was performed
using STATA 17 software (StataCorp, College Station, TX, USA).

3. Results

3.1. Characteristic of the General Population

Overall, 641 adult subjects were referred to the 27 outpatient dermatology centers
during the open day in September 2020. Demographic and clinical data are summarized in
Table 1.
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Table 1. Characteristics of general population, and separately for atopic dermatitis (AD) and non-AD.

General Population AD Population Non-AD Population p-Value *

Patients N tot 641 284 357

Males n (%) 246 (38.4) 96 (33.8) 150 (42.0) 0.033

Age (mean ± SD) 46.2 ± 19.4 36.9 ± 16.4 53.7 ± 17.9 <0.0001

BMI (mean ± SD) 24.3 ± 4.4 23.5 ± 4.4 25.1 ± 0.23 <0.0001

Previous diagnosis of AD n (%) 362 (56.5) 219 (77.1) 126 (35.3) <0.0001

Disease duration (mean ± SD) 10.7 ± 11.8 15.3 ± 12.6 7.0 ± 9.7 <0.0001

Family history of AD n (%) 115 (17.9) 66 (23.2) 47 (13.1) <0.0001

Family history of other atopic
comorbidities n (%) 183 (28.5) 109 (38.4) 72 (20.2) <0.0001

Job Title

Intellectual jobs (white collars) n (%) 260 (40.6) 124 (43.7) 136 (38.1) 0.176

Manual jobs (blue collars) n (%) 154 (24.0) 78 (27.5) 76 (21.3) 0.069

Physicians Previously Consulted

Dermatologist n (%) 542 (84.5) 264 (93.0) 278 (77.9) <0.0001

Allergologist n (%) 219 (34.2) 139 (48.9) 80 (22.4) <0.0001

General practitioner n (%) 39 (6.1) 6 (2.1) 33 (9.2) <0.0001

Patient’s Related Outcomes

Itch intensity (mean, SD) 6.5 ± 2.5 6.9 ± 2.4 6.2 ± 2.6 0.0003

Interference with sleep (mean ± SD) 4.4 ± 3.4 5.0 ± 3.4 3.9 ± 3.4 <0.0001

Interference with work (mean ± SD) 3.7 ± 3.4 4.3 ± 3.5 3.4 ± 3.4 0.002

Interference with sport (mean ± SD) 3.4 ± 3.4 4.1 ± 3.4 2.8 ± 3.2 <0.0001

Disease induced embarassment
(mean ± SD) 5.7 ± 3.2 6.4 ± 2.9 5.1 ± 3.3 <0.0001

Treatments Routinely Used

Topical compounds n (%) 259 (40.4) 126 (44.3) 133 (37.2) <0.0001

Moisturizers n (%) 294 (45.8) 160 (56.3) 134 (37.5) <0.0001

Systemic therapies n (%) 41 (6.4) 20 (7.0) 21 (5.9) 0.07

No treatments n (%) 225 (35.1) 90 (31.7) 135 (37.9) <0.0001

Legend. Categorical data expressed as n (%); continuous data expressed as mean ± standard deviation * p value
refers to the comparison between AD and non-AD population.

Work activity was classified as intellectual jobs (white collars), accounting for 40.6% of
participants (260/641); or manual jobs (blue collars), accounting for 24.0% of participants
(154/641); whereas 18.4% of participants (118/641) were students and 21.5% (138/641) were
retired professionals. Proportions of 84.9% (544/641) and 34.5% (221/641) of participants
reported to have visited a dermatologist an allergist, respectively, at least one time for their
skin problems, whereas only 6.4% (41/641) were managed by their general practitioner.

The mean duration of skin manifestations was 10.7 ± 11.8 years. Mean itch-NRS
and sleep-NRS values at the time of evaluation were 6.5 ± 2.5 and 4.4 ± 3.4, respectively.
Approximately 55% (352/641) of patients reported itch as the major cause of discomfort,
whereas another 17.3% (111/641) of subjects identified the presence of eczematous lesions
as the main burdening factor, with 26.5% (170/641) reporting being equally disturbed by
both manifestations.

3.2. Clinical Features of the AD Subpopulation Differ from Those of the Non-AD Population

A diagnosis of AD was confirmed in 44.3% (284/641) of the screened population.
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On the other hand, 55.7% of subjects were included in the non-AD group, as they
reported being affected by other pruritic cutaneous disease, including seborrheic dermatitis,
psoriasis, allergic contact dermatitis, scabies, prurigo nodularis, dermatitis herpetiformis,
bullous pemphigoid, and pruritus.

Demographic and clinical data of each subpopulation are summarized in Table 1.
Approximately 77% (219/284) of AD patients had previously received a diagnosis

of AD. In 35.3% (126/357) of non-AD patients, an erroneous diagnosis of AD had been
previously made. Most AD patients (93.0%; 264/284) visited a dermatologist at least once,
compared to 77.9% (278/357) of the non-AD population, whereas 48.9% (139/284) of AD
compared to 20.4% (80/357) of non-AD patients had visited their skin disease evaluated
by an allergologist and 2.1% (6/284) of AD versus 9.2% (33/357) of non-AD patients by
a general practitioner. Mean duration of skin disease was 15.3 ± 12.6 years in the AD
group and 7.0 ± 9.7 in the non-AD group (p < 0.0001). A family history of AD, rhino-
conjunctivitis, and asthma was significantly more frequent in AD patients compared to
non-AD patients (p < 0.0001). A higher intensity of pruritus and sleep deterioration were
detected in the AD group, with mean values of itch- and sleep-NRS of 6.9 ± 2.4 and
5.0 ± 3.4, respectively, compared to 6.2 ± 2.6 and 3.9 ± 3.4 in the non-AD cohort (Table 1).
Moreover, a higher grade of disease-related embarrassment and disease interference with
sport and work was reported in the AD group compared with the non-AD population
(Table 1). The regular use of TCS or TCI was reported in 44.3% (126/284) of AD patients
compared to 37.2% (133/357) of non-AD patients (p < 0.0001). In addition, AD patients
reported a greater use of moisturizers compared to non-AD patients (56.3% (160/284)
versus 37.5% (134/357), p < 0.0001). On the contrary, no significant differences between the
two populations were detected in terms of the use of systemic therapies. Only 2.8% (8/284)
of AD patients and 4.5% (16/357) of the non-AD group reported complete satisfaction with
therapy received, whereas 34.5% (98/284) of AD subjects and 18.8% (67/357) of non-AD
sub-cohort reported only partial satisfaction, and 57.7% (164/284) of AD patients and 60.2%
(215/357) of non-AD patients reported no satisfaction (p < 0.0001).

No significant difference was detected in terms of the average monthly expense for
topicals, systemic drugs, and visits between the AD and non-AD groups (Table 2).

Table 2. Predictors of average monthly expense > 20 euros for topical therapies, systemic therapies,
and visits.

Monthly Expense for Topical
Therapies > 20 Euros

OR (95%CI)

Monthly Expense for Systemic
Therapies > 20 Euros

OR (95%CI)

Monthly Expense for
Visits > 20 Euros

OR (95%CI)

EASI * 1.03 (1.01–1.06) 0.99 (0.96–1.02) 1.01 (0.99–1.03)

IGA scoring * 1.56 (1.18–2.05) 1.26 (0.89–1.78) 0.96 (0.72–1.28)

Pruritus (0–10) ** 1.12 (1.01–1.25) 1.11 (0.94–1.31) 1.02 (0.90–1.15)

Embarassment (0–10) ** 1.19 (1.09–1.31) 1.21 (1.04–1.42) 1.14 (1.02–1.27)

Interference with work (0–10) ** 1.15 (1.06–1.26) 1.10 (0.99–1.24) 1.07 (0.98–1.17)

Interference with sport (0–10) ** 1.19 (1.07–1.32) 1.09 (0.95–1.24) 1.09 (0.98–1.21)

Interference with sleep (0–10) ** 1.13 (1.04–1.23) 1.04 (0.93–1.18) 1.06 (0.97–1.17)

Atopic comorbidities ** 1.35 (0.71–2.57) 1.76 (0.65–4.78) 1.42 (0.69–2.95)

Job (ref: white collar) **

Blue collar 0.98 (0.49–1.97) 1.88 (0.75–4.72) 1.49 (0.73–3.08)

Retired/unemployed 1.31 (0.47–3.6) 2.15 (0.56–8.28) 0.85 (0.26–2.77)

Legend. * Model adjusted for: age, gender ** Model adjusted for age, gender, EASI. Statistically significant results
are highlighted in bold.
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3.3. Physician-Oriented Assessment of AD Patients

In individuals with a confirmed diagnosis of AD (284 patients), mean EASI and mean
IGA scores were 11.2 ± 12.0 and 1.9 ± 2.0, respectively. Moderate-to-severe AD, defined by
an EASI score ≥16 and an IGA score ≥3, was reported in 21.5% (61/284) and 25.3% (72/284),
respectively. The upper limbs were the body site more frequently affected by skin lesions
(72.2%), followed by head and neck (49.6%), lower limbs (44,0%), trunk (28.2%), and back
(25.7%). History of atopic comorbidities was reported in 48.2% of patients; in particular,
rhinitis was described in 36.3% (103/284) of patients, conjunctivitis in 20.4% (58/284), and
allergic asthma in 21.8% (62/284). In this patient population, the increase in disease severity
scores was directly associated with a monthly expense for topical treatments of more than
EUR 20, whereas no significant correlation between disease severity and monthly expense
was observed for systemic drugs and visits (Table 2).

4. Discussion

AD is a chronic inflammatory skin disease associated with a significant deterioration
of patients’ quality of life [1,3]. Although it is the most common inflammatory skin disease,
the current lack of specific diagnostic markers and criteria makes the identification of adult
AD challenging, particularly in the adult-onset subtype [7,12].

The latest national and international guidelines suggest that diagnosis of AD in
adulthood is essentially clinical, based on evaluation of morphology and distribution
of lesions and the exclusion of possible differential diagnoses, including allergic contact
dermatitis, scabies, dermatitis herpetiformis, and cutaneous lymphomas [7,13]. The lack of
experienced general practitioners and territorial dermatologists in recognizing adult AD
could result in an underestimation of disease prevalence and burden.

In this study, 44.3% (284/641) of the whole population received a clinical diagnosis
of AD, and in 22.9% (65/284) of these cases, a different diagnosis was proposed during
previous visits, most of which had been performed by dermatologists.

Notably, more that 35% (126/357) of patients who resulted not affected by AD in this
study had received an incorrect diagnosis of AD during previous visits, thus revealing
not only a low sensitivity but also a low specificity in the diagnosis of adult AD with
possible overestimation of disease prevalence in some cases. This significant number of
misdiagnosedcases of AD in the studied population suggests the importance of information
campaigns dedicated to the general population and the relevance of scientific activities
with respect to increasing knowledge and awareness of AD among physicians.

Notably, serological markers currently used by physicians to support the diagnosis of
AD are limited to total and/or allergen-specific serum IgE levels and peripheral eosinophil
counts, which are characterized by low sensibility and specificity [14]. The recent discov-
ery of a new subset of T-cell cytokines and chemokines has resulted in the introduction
of multiple potential biomarkers, including serum levels of CD30; macrophage-derived
chemoattractant (MDC); interleukins (IL)-12, -16, -18, and -31; and thymus and activation-
regulated chemokine (TARC) [14–16]. Although none of these novel biomarkers have
proven reliable for the diagnosis of AD in clinical practice to date, we consider further
research necessary in this field with the aim of simplifying the diagnosis and management
of the disease [14].

In the AD subgroup, the mean duration of disease was of 15.3 years, with a mean
EASI score of 11.2, IGA score of 1.9, itch-NRS of 6.9 and sleep-NRS of 5.0. Interestingly, AD
patients showed the highest values of all patient-reported outcomes in comparison with
non-AD patients. Statistically higher severity in sleep disturbances was observed in the AD
group vs. 3.9 in non-AD group (p < 0.0001). Notably, sleep disturbances are a well-known
manifestation associated with AD, with a prevalence ranging between 33% and 81.7%
in adults, not exclusively related to itch but also to immunological and neuroendocrine
imbalance [17]. A few studies suggested a correlation between poor sleep quality and
AD, regardless of disease status, suggesting that repeated flares of AD over time can lead
to behavior-related sleep disorders persisting despite disease remission [18]. Thus, high
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prevalence of sleep disturbances detected in our AD patients could be also explained by the
significantly longer duration of disease reported in the AD subgroup (15.6 years) compared
to non-AD individuals (6.9 years) (p < 0.0001).

Furthermore, chronic sleep disorders have been identified as one of the most important
risk factors for the development of several non-atopic comorbidities in AD, including men-
tal health disorders (e.g., anxiety, depression) and cardiovascular diseases (e.g., coronary
artery disease and hypertension) [1,2,19]. All these comorbidities may in turn adversely
affect sleep quality and increase the disease burden of AD patients [19].

A recent survey including Irish adult patients affected by AD revealed a negative
influence of disease on social and relational life, with 70% of patients reporting social
anxiety, 65% avoiding sport and physical activities, 52% avoiding social activities, and
52% avoiding sexual intimacy [20]. Similarly, we detected significantly higher social
embarrassment and interference with sport activities and job tasks in the AD subgroup
compared to the non-AD subgroup, confirming AD as a severely debilitating cutaneous
disease with multiple effects on patients’ overall quality of life. The effect of AD on adults
and children can currently be determined by different quality of life questionnaires, the
most used of which are the Dermatology Quality of Life (DLQI), Children’s Dermatology
Quality of Life, and Infants Dermatology Quality of Life questionnaires; it is important to
consider that all these tools are not specific for AD [21–23].

Considering the extensive and multimodal burden of AD, the development and
evaluation of new specific questionnaires to evaluate the multiple domains influenced by
AD would be very useful.

Almost one-third of patients did not use any compound, either topical or systemic,
whereas only 7.0% of patients were treated with a systemic therapeutic agent. Notably,
the economic burden of topical therapies, which are not covered by the national health
care system, might negatively impact treatment access. In this study, we found a positive
correlation between the monthly expense for topicals and both patient- and physician-
assessed disease severity, suggesting that poorly controlled AD requires an increased use
of topical agents. This increased use of topical agents could be due to undertreatment,
which does not include systemic agents, which are only prescribed in a small percentage of
patients (7.0%), notwithstanding the consistent number of subjects suffering from moderate-
to-severe AD (EASI ≥ 16 and IGA ≥ 3 reported in 21.5% and 25.3% of patients, respectively).

Importantly, only 2.8% of patients reported complete satisfaction with treatments
received to date, showing profound unmet therapeutic needs among adult patients af-
fected by AD [24]. Notwithstanding the recent introduction of novel targeted therapies
approved for AD, which can be prescribed by tertiary healthcare centers only, more than
80% of patients reported lack of awareness about the existence of these therapeutic oppor-
tunities [25–28]. This indicates the necessity of creating a proactive network connecting
territorial dermatologists to secondary and tertiary centers with the aim of enhancing the
therapeutic management of AD patients.

In conclusion, this study underlines the utility of organizing information campaigns
on AD to enhance awareness regarding disease features and management and to facilitate
early diagnosis with a subsequent reduction in the burden of disease.
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Abstract: Background: Atopic dermatitis (AD) is associated with different comorbidities. Methods:
Retrospective, observational study based on clinical information from the individuals of the EpiChron
Cohort Study (Aragon, Spain) with a diagnosis of AD between 1 January 2010 and 31 December 2018.
We calculated the tetrachoric correlations of each pair of comorbidities to analyze the weight of the
association between them. We used a cut-off point for statistical significance of p-value < 0.01. Results:
The prevalence of AD in the EpiChron Cohort was 3.83%. The most frequently found comorbidities
were respiratory, cardio-metabolic, cardiovascular, and mental health disorders. Comorbidities were
combined into 17 disease patterns (15 in men and 11 in women), with some sex and age specificities.
An infectious respiratory pattern was the most consistently described pattern across all ages and sexes,
followed by a cardiometabolic pattern that appeared in patients over 18 years of age. Conclusions:
Our study revealed the presence of different clinically meaningful comorbidity patterns in patients
with AD. Our results can help to identify which comorbidities deserve special attention in these types
of patients and to better understand the physio-pathological mechanisms underlying the disease
associations identified. Further studies are encouraged to validate the results obtained in different
clinical settings and populations.

Keywords: atopic dermatitis; comorbidities; patterns; network analysis

1. Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin disease of multifactorial etiology
characterized by dry skin, itching, erythema, inflammation and eczema formation [1]. It
is estimated to affect 15–30% of children and 2–10% of adults [2]. Its prevalence has
increased worldwide in recent years due to lifestyle and environmental changes, varying
widely according to age and geographical area and being more prevalent in developed
countries [2,3].

Advances in the understanding of the etiopathogenesis of AD suggest that its genesis
is due to the interaction of several factors that act together to produce the onset and
chronification of the disease. An alteration of the barrier function of the skin stands
out, behind which there are underlying immune mechanisms, as well as genetic and
environmental factors. Structural and functional abnormalities of the epidermis, together
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with skin inflammation due to an altered immune response, are the cornerstones of the
pathogenesis of AD [4,5].

AD is considered as the cutaneous manifestation of a systemic disorder that also gives
rise to other pathologies, such as asthma, allergic rhinoconjunctivitis, etc. Some patients
with AD have elevated blood levels of IgE and eosinophils. These levels are related to the
severity of AD, and for this reason lower values are shown on debut [4].

The immunological mechanisms involved are being investigated; Those proposed to
date include antigen-presenting cutaneous dendritic cells in the pathogenesis, and also the
loss of immunosuppressive capacity of CD4

+, CD25
+ Treg cells [4].

As occurs in other diseases of the atopy spectrum, the predominance of Th2 cells
over Th1 generates an immunological imbalance that aggravates the pathogenesis of AD,
increases IgE and activates interleukins.

On the other hand, the importance of the integrity of the skin barrier should be
highlighted; in recent decades, its dysfunction has been determined to be essential in the
pathogenesis of AD. The structure of the skin barrier is complex. The most superficial
layer of the epidermis is the stratum corneum, it is made up of proteins (filaggrin, loricin,
involucrin); and by a layer of lipids composed of long-chain ceramides as the main com-
ponent. The stratum corneum protects against environmental stimuli such as allergens,
irritants, chemical and physical changes and infections, it also prevents trans-epidermal
dehydration [5].

Family genetic studies have shown that AD is a hereditary disease. At the moment,
the evidence points to chromosome 1q21 where the locus of the epidermal differentiation
complex is located [4,5]. Of all the components of the skin barrier, filaggrin and its mutations
are the ones that have shown the greatest association with AD. Filaggrin is a protein
that interacts with intermediate filaments, producing their aggregation into macrofibrils.
Filaggrin defects can lead to dysfunctions in the skin barrier, resulting in inferior protection
against bacteria and allergens [5].

It is currently recognized that this disease is found, especially in children and adoles-
cents, within the context of atopy, an entity that also includes asthma, rhino-conjunctivitis,
and a significant predisposition to develop allergies [6,7]. Several studies have previously
analyzed the association of AD with the presence of other diseases. A systematic review
and meta-analysis by Chester et al. in 2021 [8] concluded that AD patients present an
increased risk of mental and autoimmune diseases. The narrative review by Paller et al.
in 2018 [9] showed that the global burden of AD is associated with mental illnesses such
as depression, anxiety, and suicidal ideation, as a result of lack of sleep, itching, and
stigmatization due to their skin lesions, both in children and adults. The cohort study by
Mortz et al. in 2015 [10], on the other hand, showed that AD is associated with infections,
neuropsychiatric disorders, metabolic syndrome, autoimmune diseases, and cancer, among
others. Furthermore, the cross-sectional study by Gilaberte et al. in 2020 [11] showed
that 43% of children under 18 years of age with AD in Spain have at least one additional
comorbidity. The most frequent comorbidities in this study were asthma, psychosocial
disorders, and visual disturbances, whereas asthma, allergic rhinitis, and irritable bowel
syndrome showed the greatest strength of association with AD.

A better knowledge of the comorbidities surrounding AD could help us guide the care
of these patients from a holistic perspective and better understand the etiopathogenesis
of this disease. However, chronic diseases rarely appear in isolation and tend to cluster
together in the form of disease patterns, which represent non-random associations among
diseases. Their study could allow us to identify profiles of AD patients with specific care
needs and specific preventive actions, and could also shed some light on the underlying
physio-pathological mechanisms.

In this context, network science is a powerful tool that applies clustering techniques
that allow us to exhaustively analyze and visualize the associations between diseases to
identify disease patterns [12]. Network analysis has already been applied to study the
associations among diseases in patients with specific index conditions with relevant clinical
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results [13,14]. However, to our knowledge, this research approach has not been applied to
the study of AD comorbidity.

This study aims to explore the existence of comorbidity patterns in patients with AD
using network analysis and to clinically describe the clusters obtained.

2. Materials and Methods

We conducted a retrospective, observational study in the EpiChron Cohort, which
links socio-demographic and clinical data from all the users of the public health system of
the Spanish region of Aragón [15]. This cohort is based on the information registered in the
electronic health records (EHRs) and clinical–administrative databases of approximately
98% of the citizens of the region (reference population: 1.3 million people). For this study,
we selected all the 50,801 individuals from the cohort diagnosed with AD at some point
from 1 January 2010 to 31 December 2018.

The Clinical Research Ethics Committee of Aragón (CEICA) approved this study
(Research protocol PI20/633) and waived the requirement to obtain informed consent from
patients given the epidemiological nature of the project and the use of anonymized data.

For all patients, we studied sex, age interval (0–2, 3–10, 11–17, 18–65, and >65 years),
and all chronic diseases registered in their EHRs. Diagnoses were initially coded using the
International Classification of Primary Care, First Edition (ICPC–1), or the International
Classification of Diseases, Ninth Revision, Clinical Modification (ICD–9–CM). Subsequently,
using the open-source algorithm Chronic Condition Indicator (CCI) [16], each ICD9 code
was classified as either chronic or not. The software defines “chronic” as diseases with a
duration equal to or greater than 12 months and meeting at least one of the following criteria:
(a) require continuous care, that have a high risk of recurrence, and/or that continue to
have implications for the management of the patient; (b) imply limitations on self-care,
social interactions, and independent living. Once selected, those chronic diagnoses were
grouped in 153 clinical categories through the Clinical Classifications Software (CCS) [17]
based on the clinical, therapeutic and diagnostic similarities of the diseases.

First, a descriptive analysis of the demographic characteristics of the study population
was performed. We summarized the results as proportions for categorical variables and as
means and standard deviations for continuous variables.

Then, we performed a network analysis to study the associations between comorbidi-
ties of AD. We stratified the population by sex and age interval and built a network for
each stratum, with ten networks in total. To increase the clinical interest of the study and
to facilitate the interpretation of the results, only diseases with a prevalence > 1% were
included in the analysis.

In a disease network, a node represents a disease, and an edge means a statistically
significant correlation between a specific pair of conditions. We calculated the tetrachoric
correlations of each pair of comorbidities to analyze the weight of the association between
them [18]. We used a cut-off point for statistical significance of p-value < 0.01 to correct the
family-wise error rate due to multiple comparisons [13,14].

Then, we used the network’s modularity to search for clusters of diseases within
each network based on the Louvain method [19], as previous disease pattern studies have
done [13,14,20]. Modularity analyzes the number of edges in the network, comparing
the density of edges inside a group to edges between groups [19]. The Louvain method
optimizes the modularity in an iterated process, detecting communities or clusters of
diseases. Community detection methods, such as the Louvain or Leiden algorithms,
among others, allow the network’s structure to determine the number and size of the
cluster obtained [21,22] based on the density of edges and their weight (measured by the
tetrachoric correlation) and not by the researcher.

Once we obtained the patterns of diseases for each age and sex stratum, all clinicians
named the patterns by consensus. This last step was performed considering the prevalence
and clinical relevance of the diseases, and the weight of the tetrachoric correlations, in line
with the names already given in the literature.
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We performed all the analysis in RStudio software (version 1.4.1106, Rstudio, Boston,
MA, USA) and GEPHI software (version 0.9.2).

3. Results

3.1. Characteristics of the Population

We analyzed a population of 50,801 patients with AD (46.3% men). The demographic
characteristics are shown in Table 1. The overall prevalence of AD in Aragon was 3.83%.

Table 1. Demographic characteristics of patients with AD.

Characteristics Total (N = 50,801) Men (N = 23,522) Women (N = 27,279)

Age interval (N, %)
0–2 years 3005 (5.9%) 1605 (6.8%) 1400 (5.1%)
3–10 years 17,797 (35.0%) 8954 (38.1%) 8843 (32.4%)

11–17 years 10,955 (21.6%) 54,318 (22.6%) 5637 (20.7%)
18–65 years 14,707 (29.0%) 5985 (25.4%) 8722 (32.0%)
>65 years 4337 (8.5%) 1660 (7.1%) 2677 (9.8%)

Area of Residence (N, %)
Urban 31,650 (62.3%) 14,627 (62.2%) 17,023 (62.4%)
Rural 19,151 (37.7%) 8895 (37.8%) 10,256 (37.6%)

The most prevalent diseases found in patients with AD were respiratory (i.e., upper
respiratory infections, asthma, and rhinitis), cardio-metabolic (i.e., hypertension, dyslipi-
demia and obesity), cardiovascular (i.e., cardiac dysrhythmia and coagulation disorders),
and mental health diseases (i.e., anxiety and mood disorders). Diseases were combined
into seventeen patterns with some sex and age specificities, which are summarized below.
The complete output of the analysis is available as Supplementary Material in which we
detailed the complete pattern analysis.

3.2. Comorbidity Patterns in Men

We identified fifteen patterns in men, classified as upper respiratory infections, respira-
tory, otorhinolaryngological (ORL), upper respiratory infections-ORL, congenital anomalies-
mental, respiratory-allergic, sensitive-digestive, sensitive-metabolic, headache-mental, car-
diometabolic, mental, cardiovascular, dyslipidemic, and geriatric. Their composition, dis-
ease prevalence, and correlation between conditions are described below and in Figure 1.

In children aged 0–2, we found three patterns. The upper respiratory infections pattern
included diseases such as upper respiratory infections, which was the most prevalent
condition in this network, esophageal disorders, and congenital anomalies. We found a
respiratory pattern that had asthma and other upper respiratory diseases, among others. An
ORL pattern was also described with otitis as its most prevalent disease.

Four patterns in boys aged 3–10 years were identified. One that combined most of
the diseases from upper respiratory infections and ORL diseases in children aged 0–2. We
found a respiratory-allergic pattern that included asthma, other upper respiratory diseases,
and rhinitis. The correlation between these two last conditions was almost perfect, with a
strength of the correlation of 0.99 out of 1. The congenital anomalies-mental pattern associated
congenital anomalies, miscellaneous mental health disorders, and other skin inflammatory
conditions. The last pattern found was a sensitive-digestive pattern which included blindness
as the most prevalent condition.

Four other patterns were identified in boys aged 11–17. The upper respiratory infections-
ORL and respiratory-allergic were similar to the previous in children aged 3–10. The headache-
mental pattern included headache as the most prevalent condition; it also included anxiety
and miscellaneous mental health disorders, among other diseases. The sensitive-metabolic
pattern had diseases such as blindness and vision defects, thyroid disorders, obesity, and
other nutritional/endocrine/metabolic diseases.
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Figure 1. Comorbidity patterns in the networks of men with AD based on age. The diameter
of each node and the label size are proportional to the disease prevalence. The width of each
link is proportional to the correlation between disease. The colors of the nodes correspond to
different patterns.

In men aged 18–65 years, three patterns were identified. One pattern combined most of
the diseases from the upper respiratory-ORL pattern and the respiratory-allergic pattern from
boys aged 11–17. A cardiometabolic pattern was the cluster with more diseases included,
highlighting hypertension, obesity, other nutritional/endocrine/metabolic disorders, dys-
lipidemia, other inflammatory conditions of the skin, and diabetes. We also identified a
mental pattern which included screening and history of mental health codes, anxiety, mood
disorders, substance-related, and alcohol-related disorders.

In men aged 66 and older, five patterns were detected. The upper-respiratory-allergic
pattern was similar to that found in men aged 18–65, but included other highly preva-
lent diseases such as osteoarthritis or cataracts. We found a cardiometabolic pattern with
hypertension, diabetes, other nutritional/endocrine/metabolic disorders, obesity, COPD,
and neoplasms as the most prevalent diseases. We identified a cardiovascular pattern that
included cardiac dysrhythmias as its most prevalent condition. A geriatric pattern, with
hyperplasia of the prostate, urinary incontinence, or dementia, among other diseases, was
also identified. The last and less specific pattern described included dyslipidemia as its
most prevalent disease.

3.3. Comorbidity Patterns in Women

We identified eleven patterns in women, which were referred as upper respiratory
infections, ORL, upper respiratory infections-ORL, respiratory-allergic, sensitive-digestive,
menstrual-dysphoric-metabolic, sensitive, upper respiratory-allergic, cardiometabolic, car-
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diovascular, and geriatric. Their composition, disease prevalence, and correlation between
conditions are described below and in Figure 2.

Figure 2. Comorbidity patterns in the networks of women with AD based on age. The diameter
of each node and the label size are proportional to the disease prevalence. The width of each
link is proportional to the correlation between disease. The colors of the nodes correspond to
different patterns.

In girls aged 0–2, the two patterns found were similar to those found in boys aged
0–2 years: upper respiratory infections and ORL.

We described three patterns in girls aged 3–10, again very similar to the clusters found
in boys at the same age: an upper respiratory infections-ORL pattern, a respiratory-allergic
pattern, and a sensitive-digestive pattern.

Four other patterns were identified in girls aged 11–17: an upper respiratory infections-
ORL pattern; a respiratory-allergic pattern; a menstrual dysphoric-metabolic pattern that in-
cluded menstrual disorders as the most prevalent condition, but also anxiety, miscellaneous
mental health disorders, obesity, thyroid and other metabolic disorders; and finally, the
sensitive pattern, which included blindness as its most prevalent disease.

In women aged 18–65 years, we found three patterns. The upper respiratory-allergic
pattern included respiratory diseases such as rhinitis, other upper respiratory diseases, and
asthma, but also menstrual disorders and anxiety, among others. A cardiometabolic pattern
was found, that was mainly characterized by thyroid diseases, obesity, and hypertension
but also mood disorders. We also identified cardiovascular a pattern that only included
three conditions: coagulation and hemorrhagic disorders, cardiac dysrhythmias, and
female infertility.

In women aged 66 and older, three patterns were detected. The upper respiratory-allergic
pattern also included osteoarthritis, osteoporosis, thyroid, and mood disorders, among
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other diseases. The cardiometabolic pattern was found, characterized by hypertension, but
also including diabetes mellitus, heart failure, COPD and obstructive sleep apnea. Finally,
a geriatric pattern that included urinary incontinence, dementia, neoplasms, and chronic
skin ulcer as the most prevalent diseases was found.

4. Discussion

This study explored the comorbidity patterns of AD through the analysis and visu-
alization of the existing disease networks. Different clusters defined as upper respiratory
infections with ORL diseases, respiratory disorders with allergic conditions, and cardio-
vascular diseases with metabolic disorders, among others, were identified depending on
age and gender. These epidemiological findings can be helpful to guide AD patients in the
primary, secondary, or even tertiary prevention of their comorbidities and understand their
physio-pathological mechanisms.

The present investigation shows the infectious respiratory pattern as the most con-
sistently described pattern across all age groups and sexes. Its main component was
respiratory infectious diseases, but its weight decreased in older groups in favor of diseases
with an allergic component. Asthma or allergic rhinitis are some of the disorders that have
been added. In the youngest groups, this allergic component has a distinct pattern by itself.
In the case of children aged 0–2 years, respiratory infections are associated with genital,
esophageal, or other malformations, although this is not the case in girls.

The higher incidence of infections in patients with AD has been widely described.
Dysfunction of the epithelial barrier, colonization of the skin by Staphylococcus aureus, and
the use of immunosuppressive drugs are some of their causes. In this context, the Swiss
BAMSE cohort revealed a higher incidence of pneumonia, otitis media and antibiotics
use in AD patients aged 0–2 years [23]. This fact is consistent with the patterns described.
Although patients with AD are colonized by S. aureus in up to 70% of the cases and are
more likely than the general population to suffer impetigo, herpetic eczema or molluscum
contagiosum [24], in our analysis skin infections did not play a relevant role or were
associated with extracutaneous infections.

Cardiometabolic diseases have been associated with AD in various epidemiologi-
cal studies, although this association is less clear than in other diseases such as psoria-
sis [8,25,26]. Multifactorial etiology has been used to explain this association: insomnia,
obesity, diabetes and smoking, among other variables [27,28]. Our study found a pattern of
cardiometabolic comorbidities that included hypertension, obesity, and mood and thyroid
disorders, among others. This pattern was common in men and women over 18 years of
age, although there were differences, including mood and endocrine disorders occurring
more frequently in women. As for chronic obstructive pulmonary disease, it was more
frequent in the group older than 65 years old for both sexes. The existence of this pattern
confirms that patients with AD present comorbidities that are cardiovascular risk factors
and that tend to be associated throughout life.

Anxiety, insomnia, and mood disorders, among other mental health problems, are
comorbidities with a higher incidence in patients with AD. Recent studies have shown
that the earlier the disease appears, the greater the risk of suffering from psychiatric
comorbidities is [11,24,29]. We found a pattern of mental comorbidities that appeared in
boys older than two years and is maintained up to 65 years of age. In the case of girls, this
pattern appears intermingled with a menstrual disease first and metabolic comorbidities
that we call menstrual-dysphoric-metabolic pattern. The different ways of interacting
between the sexes with the environment and the interpersonal relationships they establish
at an early age could explain this phenomenon [30].

In patients over 65 years of age, a geriatric pattern was found in both sexes. This
pattern grouped diseases such as urinary incontinence, Parkinson’s disease, dementia,
skin ulcers and neoplasms, among others. The association of these diseases, typical of
physiological aging, with AD is complex. An increase in neoplasms has been described in
patients with AD, with lymphomas being the most strongly associated [9]. Regarding the
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rest of diseases of this pattern, to our knowledge no studies support a higher incidence of
these diseases in patients with AD.

Regarding the limitations of this study, the fact that the clinical information obtained in
the EHRs was not originally designed for research could create over- and under-diagnosis of
some chronic disorders. Another limitation is the cross-sectional retrospective nature of the
study, which does not allow us to know the longitudinal characteristics of the population.
Additionally, we have to consider the lack of some variables that could help us explain
the results obtained, such as lifestyle information, socioeconomic factors, information on
functional status, and analytical variables, among others.

One of the principal strengths of our research is that it was conducted on a population-
based cohort, including 98% of the reference population. Moreover, data in the EpiChron
Cohort undergo continuous quality control checkups that ensure their accuracy and relia-
bility for research purposes. Another important strength is the innovative method applied
to understand comorbidities in AD. Network analysis studies the interrelations between
diseases and how patterns emerge from them. This paper shows the potentiality of apply-
ing this method to study and visualize the comorbidities of AD and achieve a more holistic
understanding of these patients. In this sense, it is also important to highlight that this
study exhaustively analyzed all chronic diseases obtained from the patient’s EHRs created
by health professionals, and not just the most relevant, prevalent or self-reported diseases.

5. Conclusions

We identified similar disease patterns in men and women with AD, with the number
and complexity of such patterns increasing with age. This is the first study to analyze
the comorbidity patterns of AD patients, and our results can help to guide caregivers
of AD patients in the prevention of their comorbidities and to understand the physio-
pathological mechanisms underlying the comorbidity patterns identified. This study opens
an innovative approach to analyze and help AD patients, although further studies are
needed to validate the results obtained in different clinical settings and populations.
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Abstract: Atopic dermatitis is a chronic inflammatory intensively pruritic skin disease. Patients
with moderate-to-severe atopic dermatitis or with difficult-to-treat areas are candidates for systemic
therapy, especially when topical therapy is inadequate. Currently, we have available not only
conventional immunosuppressive systemic therapy, but also targeted biological therapy, which
has shown a remarkable reduction in clinical severity with a good safety profile. Dupilumab has
been approved to treat moderate-to-severe atopic dermatitis. Even though the therapy has been
available for more than 3 years, there are still limited data regarding the treatment of patients
with concomitant cancer. Previous immunosuppressive treatment for atopic dermatitis, such as
cyclosporine or azathioprine, poses a safety risk for patients with malignant disease. We present a
case series of three patients with advanced cancer and severe atopic dermatitis treated with dupilumab
for an average of 17 months with a great response toward atopic dermatitis without cancer recurrence.
One patient had colorectal cancer’ the second and the third both had cancer duplicity—colorectal
and kidney cancer and penile squamous cell carcinoma with prostate cancer. Our cases suggest that
dupilumab can safely control atopic dermatitis in patients with advanced cancer.

Keywords: atopic dermatitis; dupilumab; cancer; real-world study; biological therapy

1. Introduction

Atopic dermatitis (AD) is one of the most common chronic inflammatory skin diseases
of a noninfectious nature, which, although not life-threatening, has a significant negative
impact on the patient’s quality of life. The prevalence of AD has doubled to tripled in
industrialized countries since the 1970s, with approximately 15% to 20% of children (of
whom up to 30% have moderate-to-severe AD) and 2% to 4% of adults (of whom up to 46%
have moderate-to-severe AD) affected worldwide [1,2].

Although immune dysregulation and skin barrier defects are accepted as key com-
ponents in the development of the disease, the pathophysiology remains unclear despite
ongoing scientific research. While previous studies have largely focused on immune dys-
regulation of T helper cell type 1 (Th1) and Th2 groups as the pathogenesis of the disease
in genetically predisposed individuals, skin barrier disruption and systemic inflammation
are the focus of current AD research [3]. In AD, disruption of the skin barrier results in
increased transepidermal water loss, decreased skin hydration, and increased presentation
of antigens by Langerhans cells initiating inflammation [3].

However, two hypotheses are now known regarding the origin of inflammation that
leads to the triggering of atopic dermatitis [4].

The first hypothesis is primarily an immune dysfunction (increased expression of
Th2 lymphocytes and, thus, production of interleukins IL-4 and IL-13), resulting in IgE
sensitization, allergic inflammation, and a secondary role of impaired epithelial function [4].

The second hypothesis is that a primary role in the development of atopic dermatitis is
played by impaired epithelial function of the skin, leading to immunological dysregulation
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85



J. Clin. Med. 2023, 12, 1191

and subsequent inflammation. Genetic and environmental factors are also involved in the
expression of atopic dermatitis [4].

As a result of these multiple factors, atopic dermatitis exhibits significant heterogeneity
in disease phenotype, age of onset, clinical severity, persistence, comorbidity, and response
to treatment. The clinical picture of atopic dermatitis, as well as the course of the disease
itself, is diverse and unpredictable. The basic characteristic triad consists of persistent pru-
ritus, dermatitis, and xerosis. Pruritus is a key and dominant feature of AD [5]. It generates
comorbidities such as sleep loss and psychological distress, creating a continuous burden
for patients, parents, and other family members [6]. Atopic dermatitis has a negative impact
on patients’ normal daily activities [7] and their work productivity [8], and it can be accom-
panied by many comorbidities such as psychiatric diseases, ophthalmological disability,
cardiovascular disease, anxiety, depression, and different autoimmune diseases [6].

The existing evidence on cancer risk in atopic dermatitis is inconsistent, with studies
limited by insufficient consideration of severity of atopic dermatitis and its treatment. A
recent population-based cohort study by Wan et al. reported a reduction in the incidence
of certain solid tumors (e.g., breast cancer) and an increased risk of lymphoma in patients
with atopic dermatitis [9].

Furthermore, atopic dermatitis is also associated with significant direct and indirect
financial costs, which correlate with disease severity [10].

The goal of therapy is to achieve long-term remission with minimal side-effects and to
improve patients’ quality of life. Options of topical therapy are limited to corticosteroids
and topical immunomodulators [11]. Topical therapy is the mainstay of AD treatment and
can be used in monotherapy for mild cases. In patients with severe atopic dermatitis, it
serves as an adjunct to systemic therapy.

Systemic therapy, including biological, is indicated for patient with moderate-to-
severe forms of atopic dermatitis. Among the conventional immunosuppressive drugs,
cyclosporine is the drug of first choice in adult patients as it is the only on-label conven-
tional systemic treatment in Europe [11,12]. Other immunosuppressants can also be used
off-label, such as systemic corticosteroids, azathioprine, mycophenolate mofetil, methotrex-
ate, or phototherapy [11]. Although these traditional immunosuppressive therapies can
be effective in atopic dermatitis, their routine use is often limited due to adverse effects,
frequent laboratory monitoring, and inappropriateness of long-term usage [12]. Further-
more, it is always necessary to consider comorbidities and contraindications, as well as
possible secondary infections, and to exclude malignancy due to the immunosuppressive
effect. With systemic therapy, it is important to carefully consider the risks and benefits
of the selected drug. The newest treatment option for patients with atopic dermatitis is
targeted therapy, the development of which has been made possible by a closer understand-
ing of the pathogenesis of AD at the molecular level. Knowledge of the immunological
background of AD has led to the synthesis and testing of monoclonal antibodies targeting
these cytokines, with the first approved drug being dupilumab [12,13]. The second group
of targeted therapies for AD constitutes small molecules whose mechanism of action is
JAK/STAT inhibition [14].

Dupilumab is a fully human monoclonal antibody against the α chain of the interleukin
(IL) 4 receptor; it blocks IL-4 and IL-13 signaling pathways and has shown a remarkable
reduction in clinical severity with a good safety profile in both clinical trials and real-world
studies [13,15–18]. IL-4 and IL-13 are key Th2 cytokines that play a critical role in the
pathophysiology of allergic diseases and, thus, in the development of atopic eczema [4].

Dupilumab has been reimbursed in the Czech Republic since 1 June 2019 for adult
patients with severe AD after failure or ineffectiveness of at least one conventional systemic
immunosuppressive therapy (except systemic treatment with corticosteroids) or for patients
in whom the use of conventional systemic therapy is contraindicated. Dupilumab is also
reimbursed for patients aged 6–18 years after failure of maximal topical therapy and
phototherapy or balneotherapy
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No specific laboratory or imaging tests are required before or during therapy. Treat-
ment of pre-existing infections is recommended [19]. The most common side-effects are ap-
plication site reactions, conjunctivitis, blepharitis, and herpes simplex infection. Dupilumab
can be combined with topical corticosteroids or topical immunomodulators.

Furthermore, the FDA has approved dupilumab for the treatment of bronchial asthma,
chronic sinusitis with nasal polyposis, eosinophilic esophagitis, and prurigo nodularis [19].

Long-term safe therapy is the only effective way to prevent recurrence and exacerba-
tion of AD.

Patients with a history of malignancy were generally excluded from dupilumab
clinical trials [13,16]. Current conventional immunosuppressive treatment for AD such as
cyclosporine or azathioprine is not suitable for patients with a history of cancer. Up to now,
there are no data reporting that modulation of the IL-4 and IL-13 signaling pathways can
increase the risk of malignancy [20].

Although interventional clinical trials have demonstrated the efficacy and safety of
dupilumab, they may not accurately correspond to “real-life” practice, given that clinical
trials often do not include patients with comorbidities (e.g., decompensated arterial hyper-
tension, severe eye diseases, and patients with previous oncological disease), which we
commonly see in clinical practice.

Only a few cases have been reported of patients with advanced cancer being treated
with dupilumab [21,22]. Here, we present three patients with atopic dermatitis and previous
malignancy treated with dupilumab, with good clinical response on AD and no evidence
of cancer recurrence.

2. Case Series

Case 1. Our patient is a 59 year old nonsmoker female suffering from atopic der-
matitis since the age of 40, which first appeared after significant psychological stress. The
manifestations of atopic dermatitis were initially mild and then gradually proceeded to a
generalized phenotype. She was treated with UVB phototherapy (311 nm) which triggered
an exacerbation of skin lesions. The patient suffered from severe pruritus and inability to
sleep. She had a personal history of arterial hypertension and hypothyroidism on phar-
macological therapy. Of the atopic comorbidities, only polyvalent allergy was present.
Because of severe atopic dermatitis, the patient was offered participation in a double-blind,
randomized trial with nemolizumab; however, soon after the initiation, her participation
had to be terminated because she was diagnosed with stage IIIb colorectal cancer. The
patient underwent resection and subsequent adjuvant chemotherapy with capecitabine,
which had to be terminated after the seventh cycle due to significant progression of atopic
dermatitis. After consultation with the attending oncologist, the use of conventional sys-
temic treatment (cyclosporine, methotrexate, and azathioprine) was contraindicated due
to the induction of immunosuppression, which could accelerate the primary malignancy,
especially due to the fact that capecitabine therapy was terminated prematurely and, thus,
the risk of malignancy relapse was higher. We indicated the patient to use targeted biologi-
cal treatment with dupilumab in a standard dosage regimen. At the beginning, she had
an Eczema Assessment Severity Index (EASI) of 24.4, a Dermatology Life Quality Index
(DLQI) of 19, and an itch Numerical Rating Scale (NRS) of 7; her serum IgE level was
1700 IU/mL. Ophthalmological atopic comorbidities were excluded after ophthalmological
examination. The patient has now been on dupilumab therapy for more than 1 year. The
EASI value is 0.9, which means that she is a EASI90 responder; the DLQI is 0, NRS is 2,
and serum IgE level has decreased to 470 IU/mL. There have been no side-effects, and the
patient is still in remission from the oncological disease.

Case 2. Our second patient is a 46 year old female with a history of atopic dermatitis,
bronchial asthma, polyvalent allergy, and cancer duplicity—colorectal cancer stage IIIa
and carcinoma of right kidney stage Ia, both treated with surgical removal, followed by
adjuvant chemotherapy and radiotherapy, 2 years before she visited our department. Atopic
dermatitis was under control with only occasional application of topical corticosteroids
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until she was diagnosed with cancer. After the cancer treatment, she presented to our
department with severe pruritus NRS 6/10 and a diffuse eczematous eruption—EASI
score of 50 (Figure 1). Impact on quality of life was severe with a DLQI score of 15; she
complained of inability to sleep due to continuous pruritus, her work productivity was
seriously impaired, and she had to seek psychological help.

Figure 1. Patient before the initiation of dupilumab with EASI score of 50.

Considering her oncologic anamnesis, we initially treated her with topical treatment
in combination with narrowband UVB phototherapy. However, the condition did not
improve. Systemic immunosuppressive therapy was considered unsafe due to the previous
malignancies. After discussion with her oncologist, we initiated treatment with dupilumab
in a standard dosage regimen. The patient responded very well to the treatment (Figure 2);
she has been currently treated with dupilumab for 2.5 years, her EASI score is 8, her
subjective pruritus has decreased to 1, and her DLQI score has improved to 3. The patient
is very satisfied with the results of dupilumab treatment. To date of this publication,
no adverse events have occurred. The patient is following up with her oncologist, and
surveillance imaging are negative to date.

Figure 2. Patient after 2.5 years on dupilumab with EASI score of 8.

Case 3. A 56 year old man with a lifelong history of AD, bronchial asthma, and
polyvalent allergy presented to our department with severe pruritus and generalized
eczematous lesions, which did not respond to topical treatment or to application of systemic
corticosteroids. He had a history of penile spinocellular carcinoma and prostate cancer
that was diagnosed 2 years before our treatment initiation, both treated only surgically, in
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remission at the time of his visit. Pruritus and inability to sleep had a high impact on his
quality of life. Owing to his positive cancer history, he was unable to participate in clinical
trials since he would not fulfill the inclusion criteria.

We initiated narrowband UVB phototherapy in combination with topical corticosteroid
therapy. However, atopic dermatitis did not improve, and he continued to experience
frequent flares. Given the severity of his AD, the impact on his quality of life, and cancer
history, systemic immunosuppressive drugs were contraindicated by his oncologist; hence,
we decided to start biological treatment. Dupilumab was initiated at a 600 mg loading
dose, followed by 300 mg biweekly in a standard dosage regimen. At the beginning of
the treatment the EASI score was 32.9 (Figure 3), reported pruritus was 8/10, and DLQI
score was 16; the IgE level was 1670 IU/mL. After 4 months of treatment, the EASI score
dropped to 4, pruritus score decreased to 1, and DLQI score was 2 (Figure 4). Serum levels
of IgE also decreased to 937 IU/mL. The patient continues therapy with dupilumab with
good response and no side-effects. After 5 months on therapy, no recurrence of cancer
was observed.

Figure 3. Patient before the initiation of dupilumab with EASI score of 32.9.

Figure 4. Patient 4 months after the initiation of dupilumab with EASI score of 4.

3. Discussion

Atopic dermatitis (AD) is one of the most common chronic inflammatory dermatoses of
noninfectious nature, which, although not life-threatening, significantly affects the patient’s
quality of life [5]. The treatment of atopic dermatitis has been for long time very complicated
due to the fact that available drugs were not suitable for long-term administration, and
their use was accompanied by side-effects and is inappropriate for patients with certain
comorbidities such as immunodeficiency or malignancy.

The aim of therapy is to achieve remission with minimal drug toxicity and to improve
the patient’s quality of life.

Significant improvements in the understanding of the etiopathogenesis of atopic
dermatitis have been seen in the last few years.
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A recent systematic review of preclinical and clinical studies showed that there is no
increased risk of malignancy when specifically targeting IL-13 and IL-4 [20]. Data from
registries have also not reported an increased risk of malignancy [23,24].

To date, few reports have described real-life experiences of the use of biological drugs
in atopic dermatitis patients with a history of malignancy [21,22]. Fowler et al. described
two patients with cancer (malignant melanoma and anal squamous cell carcinoma) who
were treated with dupilumab safely with good clinical response on atopic dermatitis [21].
Another case report by Qiu et al. presented a patient with history of non-Hodgkin’s
lymphoma (NHL) with multiple relapses and a severe form of atopic dermatitis. The patient
responded to treatment with dupilumab very well, with no reported side-effects [22].

None of the published case reports showed any risk of cancer recurrence for patients
with an oncologic history after dupilumab treatment [21,22].

On the other hand, a case of a bladder cancer during dupilumab therapy was recently
described; although the authors did not associate the tumor with dupilumab treatment,
they stopped the biologic therapy [25]. Interestingly dupilumab has been used in pa-
tients with multiple myeloma (MM) for the treatment of lenalidomide rashes. Multiple
myeloma remained stable during dupilumab application suggesting that it could have
therapeutic benefits as an adjuvant therapy for MM [26]. There is a clinical trial currently
enrolling subjects to investigate the safety, antitumor effect, and immunogenicitiy of neoad-
juvant dupilumab given prior to radical prostatectomy in men with high-risk localized
prostate cancer [27] and another clinical trial that is enrolling subjects to investigate whether
dupilumab may be beneficial in patients with metastatic non-small-cell lung cancer fol-
lowing immunotherapy [28]. There is an unproven suggestion that dupilumab may be
beneficial for downregulating PD-1 expression on tumor-infiltrating lymphocytes and for
improving cancer immunotherapy [28].

In a murine model, IL-4 blockade led to an increase in IL-12, IFNg, and TNF in CD8+

T cells and a reduction in tumor burden, and additional antitumor activity was observed in
combination with PD-L1 blockade. On the basis of these preclinical data, it is hypothesized
that the addition of dupilumab to anti-PD-(L)1 therapy will be well tolerated and will
preserve the antitumor effect of immune checkpoint blockade [28].

We described three cases with severe atopic dermatitis unresponsive to topical therapy
and to narrowband phototherapy with a history of malignancy and current dupilumab
treatment (Table 1).

Table 1. Oncologic patients with atopic dermatitis treated with dupilumab.

Cancer before
Dupilumab
Initiation

Type of Cancer
Previous
Cancer

Treatment

Year of Cancer
Diagnosis

Year of
Dupilumab
Initiation

Cancer
Recurrence

EASI at the
Baseline

Current
EASI Score

Case 1 Yes Colorectal
carcinoma

Surgery and
chemotherapy 2020 2021 No 24.4 0.9

Case 2 Yes
Colorectal

carcinoma and
kidney cancer

Surgery,
chemotherapy,

and
radiotherapy

2018 2020 No 50 8

Case 3 Yes

Penile
spinocellular

carcinoma and
prostate cancer

Surgery 2020 2022 No 32.9 4

Our patients had a mean interval between cancer diagnosis and initiation of dupilumab
treatment of 1.7 years. The tumor types differed from the previous published case series [21,22].

All our patients had a severe form of atopic dermatitis at the time of the visit to our
department; they complained of severe pruritus, and their quality of life was also impaired.
None of them had any previous systemic treatment for atopic dermatitis. Due to their
history of malignant disease, we decided in accordance with their oncologists to not initiate
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conventional systemic treatment. On contrary, dupilumab therapy is not connected to
a higher risk of malignancy.

We obtained IgE levels in the patient with colorectal carcinoma, as well as in the
patient with penile spinocellular carcinoma and prostate cancer, which were increased at
baseline. As expected, the serum levels of IgE decreased in both patients after the initiation
of dupilumab therapy. IgE plays an important role in the pathogenesis of AD and its
concentration is elevated both in serum and on the skin of patients. There is a significant
association between higher IgE levels and disease severity [29]. The correlation between
high IgE levels and the risk of developing cancer has not been proven [30].

The patients benefited from the effect of dupilumab; they all achieved EASI75, which
means an improvement in clinical status in terms of atopic dermatitis of at least 75%
compared to baseline, as well as relief from intense pruritus and a significant improvement
in their quality of life.

We observed an absence of recurrence or progression of malignant disease, and no
patient to date developed a second malignancy. No adverse events related to the dupilumab
treatment were observed. All patients handle the subcutaneous application of dupilumab
on their own in the home setting, and they all come for regular visits to our department
and keep in touch with their oncologist.

Considering the lack of direct association between IL-13 and IL-4 blockage and cancer
development, and considering the absence of cancer recurrence, there is no evidence to
exclude dupilumab for atopic dermatitis patients with a previous diagnosis of malignancy.
Of note, dupilumab is not considered immunosuppressive, but rather immunomodulatory,
given its targeted action on the immune system [31]. In atopic dermatitis, the efficacy of IL-
13 and IL-4 inhibition has gradually accumulated, and real-world evidence of dupilumab
treatment has confirmed its high effectiveness [13,16–18,23,31,32]. In 2022, we published
a multicenter prospective real-life experience study in the treatment of atopic dermatitis
with dupilumab, as well as its effectiveness and safety. As expected, dupilumab showed
very good efficacy and was well tolerated. The effectiveness of dupilumab was expressed
by a significant reduction in EASI and DLQI scores. After 4 months, EASI75 response was
seen in 66.6% of the patients, which further increased after 1 year to 89.5% [23].

In our patients, continuing therapy with dupilumab did not show cancer progression
or recurrence, which suggests that dupilumab can be a safe treatment for atopic dermatitis
in patients with advanced cancer. It should be noted that it is always important to evaluate
each patient individually since there is still a lack of clinical data regarding the use of
dupilumab in patients with atopic dermatitis and malignancy.

Clinicians must be cautious and consider treatment on a case-by-case basis following
discussion with an oncologist. Further studies with a higher number of patients and longer
follow-up are needed.
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Abstract: (1) Background: Atopic dermatitis is one of the most common inflammatory skin diseases
characterized by T helper (Th) 2 and Th22 cells producing interleukin (IL)-4/IL-13 and IL-22, respec-
tively. The specific contribution of each cytokine to the impairment of the physical and the immune
barrier via Toll-like receptors (TLRs) is poorly addressed concerning the epidermal compartment
of the skin. (2) Methods: The effect of IL-4, IL-13, IL-22, and the master cytokine IL-23 is evaluated
in a 3D model of normal human skin biopsies (n = 7) at the air–liquid interface for 24 and 48 h.
We investigated by immunofluorescence the expressions of (i) claudin-1, zonula occludens (ZO)-1
filaggrin, involucrin for the physical barrier and (ii) TLR2, 4, 7, 9, human beta-defensin 2 (hBD-2)
for the immune barrier. (3) Results: Th2 cytokines induce spongiosis and fail in impairing tight
junction composition, while IL-22 reduces and IL-23 induces claudin-1 expression. IL-4 and IL-13
affect the TLR-mediated barrier largely than IL-22 and IL-23. IL-4 early inhibits hBD-2 expression,
while IL-22 and IL-23 induce its distribution. (4) Conclusions: This experimental approach looks to
the pathogenesis of AD through molecular epidermal proteins rather than cytokines only and paves
the way for tailored patient therapy.

Keywords: human epidermis; immunofluorescence; transmission electron microscopy; keratinocytes;
interleukins; toll-like receptors; human beta-defensin 2; involucrin; filaggrin; claudin-1

1. Introduction

Atopic dermatitis (AD) is one of the most common inflammatory skin diseases associ-
ated with a wide burden and poor quality of life [1,2]. Even if AD is dominated by type T
helper (Th) 2 cells and type 2 innate lymphoid cells, other immunopathogenetic pathways
seem to play a role according to the many clinical phenotypes [3]. The onset of AD as well
as the most acute clinical forms, are associated with high amounts of pro-inflammatory
cytokines such as interleukin (IL)-4, IL-13 released by Th2, and IL-22 released by Th17 and
Th22 [4]. IL-23 is a core cytokine in many chronic inflammatory disorders, and the IL-17/23
axis is crucial in the pathogenesis of psoriasis [5]. If IL-23 has a specific role in supporting
autoimmunity in peripheral tissues, it is not fully validated yet, but it can stabilize the Th17
phenotype and keep their survival [6]. Dendritic cells and macrophages of lesional AD
produce high amounts of IL-23, suggesting its role in the initiation and maintenance of skin
inflammation [7].

Keratinocytes (KCs), the most represented cytotype in the human epidermis, actively
participate in both the physical/chemical barrier and the immunological shield. KCs
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proliferate in the basal layer and, in the suprabasal layers, undergo a finely tuned and
dynamic morpho-functional rearrangement of the cytoskeleton and intercellular junctions,
defined as terminal differentiation. A switch occurs from keratin (K) K5/K14 in the basal
compartment to K1/K10 in the suprabasal differentiating layers [8]. Inducible keratins K16
and K17 are associated, respectively, with keratinocyte activation and wound healing, and
keratinocyte proliferation [9,10]. In parallel with the cytoskeletal rearrangement, the key
structural protein filaggrin, present in the keratohyalin granules in the granular layer, binds
to keratin intermediate filaments promoting the formation of the most differentiated KCs,
i.e., corneocytes [11–13]. Finally, yet importantly, the late differentiation stage involves the
expression of involucrin, providing mechanical strength to corneocytes themselves [14].

Among the different intercellular junctions, tight junctions (TJs), together with desmo-
somes, represent the first element for the inside-out barrier in the epidermis. Their structure
consists of transmembrane integral membrane proteins belonging to the claudin family
and scaffold proteins, i.e., zonula occludens family (ZOs), found in the plaque, permitting
the connection between TJ transmembrane proteins and cytoskeletal actin filaments [15].

As mentioned above, KCs actively participate as initiators in innate immunity via
Toll-like receptors (TLRs) expression and signaling pathways [16]. TLRs belong to the
family of pattern recognition receptors (PRRs), which are expressed on both immune cells
and non-immune cells [17]. At least ten TLR subtypes have been identified in humans
with specific cellular localization and ligands. TLR1, TLR2, TLR4, TLR5, and TLR6 are
located on the cell surface. TLR2 is involved in the binding of residues from Gram-positive
bacteria, fungi, parasites, and viruses, and TLR4 responds to LPS, a lipopolysaccharide
component of the outer membrane of Gram-negative bacteria. TLR7, TLR8, and TLR9
are nucleic acid-sensing TLRs in the endoplasmic reticulum. TLR7 and TLR8 recognize
viral single-strand RNA (ssRNA), whereas TLR9 binds unmethylated 2′-deoxyribocytidine-
phosphate-guanosine (CpG) DNA motifs frequently present in bacteria and viruses but
rare in mammalians [18].

In the normal human epidermis, TLR4 expression is restricted to basal keratinocytes [19,20].
On the other hand, TLR2 and TLR7 are spread throughout the entire epidermal compart-
ment [21,22], while TLR9 can be expressed only occasionally in the granular layer but is
often absent [23].

Activation of different TLRs positively regulates the expression of antimicrobial pep-
tides that include, but are not limited to, defensins. The expression of some of these
peptides, such as human beta-defensin 1 (hBD-1), is constitutive. In contrast, the expression
of others, including human beta-defensin 2 (hBD-2), is triggered by injury or inflammation
of the skin [24].

Skin barrier defects have been considered an initial step in developing AD [25], and
all components of the barrier can participate in this process. IL-4 and IL-13 are known
to be major players [26], but their precise involvement and role are still debated. The
inflammatory environment affects the cytoskeletal arrangement, inducing an increase of
K16 expression in the suprabasal epidermis [27] and a downregulation of K10 expres-
sion [28]. Filaggrin [29,30], loricrin, and involucrin [31] expressions may also be reduced
in AD patients. Inappropriate TLR response and AMP expression are associated with
autoimmune skin diseases, such as psoriasis and atopic dermatitis (AD) [24,32], which
share some immune-mediated steps, but their aetiopathogenesis is different and involves
specific pro-inflammatory cytokines [33,34]. The approval of dupilumab, the fully human
monoclonal anti-Th2 cytokine, shed light on AD pathogenesis, demonstrating an effect
beyond Th2 inhibition [35]. A possible role is thus emerging with regard to IL-22 and IL-23,
classically considered “psoriatic” cytokines. Moreover, the functions of IL-4 and IL-13
overlap but are not identical, and the need to elucidate the specific contribution of each
cytokine in different processes is not fading in view of identifying more and more precise
pharmacological targets.

A 3D model of normal human skin biopsies maintained at the air–liquid interface
and standardized in our laboratory [36–40] represents a clear and simple approach to
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investigating the early keratinocyte response to a specific inflammatory stimulus. The
presence of the physiological epithelial–mesenchymal cross-talk between the epidermis and
the underlying dermis mimics as closely as possible the physiological condition. As blood
and lymphatic vessels are virtually absent, this setting allows the study of the response
induced by each cytokine within the epidermal compartment, paying specific attention to
keratinocytes.

In the present study, the impact of the proinflammatory cytokines Th2, i.e., IL-4 and
IL-13, IL-22, and IL-23, on (i) the immune epidermal barrier, i.e., TLR2, 4, 7, 9, and hBD-2
expression, and (ii) TJ molecular composition—claudin-1 and ZO-1 were evaluated by
immunofluorescence using the 3D model of normal human skin biopsies (n = 7). As for
TLRs, TLR2 and TLR4 were chosen for the quantitative analysis as they comprise the
recognition of both Gram-positive and Gram-negative bacteria, respectively. To better
characterize the specific influence exerted by IL-4 and IL-13, we investigated the expression
of biomarkers of cell differentiation, i.e., K14, K10, K16, K17, filaggrin, and involucrin
in the same experimental setting. IL-22 effects on these biomarkers have been reported
previously [34]. Finally, ultrastructural analysis by transmission electron microscopy (TEM)
allowed the measurements of the intercellular distance as an index of spongiosis. All the
experiments were performed with biopsies obtained from all subjects.

2. Materials and Methods

2.1. 3D Organotypic Human Skin Culture

Bioptic fragments of normal human skin were obtained after abdominal aesthetic
surgery from healthy, non-smoking, 20- to 40-year-old caucasian women (n = 7) after written
informed consent, in accordance with the ethical standards of the Institutional Committee
on human experimentation and the Helsinki Declaration. Biopsies were reduced with
sterile scalpel to fragments 1 × 1 cm and overnight cultured at air–liquid interface in a
Transwell system with the dermis immersed in the culture medium and the epidermis
facing the air [36,37]. The samples were then exposed to IL-4 (50 ng/mL), IL-13 (50 ng/mL),
IL-22 (100 ng/mL), or IL-23 (50 ng/mL) (PeproTech, London, UK) for 24 and 48 h, culturing
parallel control groups. All the experiments were performed with biopsies obtained from
all subjects. Skin fragments (5 × 5 mm) were immersion-fixed in 4% formalin in PBS 0.1 M,
paraffin-embedded, and cut by a rotatory microtome (Bio-Optica, Milan, Italy), obtaining
at least 40 serial sections (5 μm thickness) for each sample.

2.2. Immunofluorescence Qualitative Analysis

Specimens were routinely processed for fixation, paraffin embedding, and microtome
cut. At least two immunofluorescence experiments were carried out for the qualitative
analysis of each marker in each sample in the experimental conditions reported in Table 1.
Unspecific binding site saturation was always carried out with 10% goat serum in 0.1 M PBS
pH 7.4 (30 min at RT). Negative technical control was always considered on each slide, thus
omitting the primary antibody. In samples incubated with Th2 cytokines, K10/K16 double
immunostaining was performed. For secondary antibodies, either Alexa Fluor 488 goat
anti-mouse or Alexa Fluor 488 goat anti-rabbit (ThermoFisher Scientific, Rockford, IL, USA;
dilution 1:200, 1 h at RT) were used as secondary antibodies. Nuclei were counterstained
with 4′,6′-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich, St. Louis, MI,
USA; dilution 1:50,000, 5 min at RT), and slides were finally mounted with Mowiol 4-88
(Sigma-Aldrich, St. Louis, MI, USA).

Immunofluorescence analysis was performed with a laser scanning confocal micro-
scope Nikon A1R, using constant acquisition parameters for all the experimental groups
(Nikon, Tokyo, Japan). hBD-2 experiments were evaluated by a Nikon Eclipse 80i micro-
scope (Nikon, Tokyo, Japan).
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Table 1. Antibodies and protocols for indirect immunofluorescence analysis.

Antibody Antigen Retrieval
Incubation (Antibody Diluted

in PBS/BSA 2%)

Polyclonal rabbit anti-human CLDN-1 (ThermoFisher
Scientific, Rockford, IL, USA) 0.01 M citrate buffer pH 6 in MW dilution 1:100 1 h at 37 ◦C

Polyclonal rabbit anti-human ZO-1 (ThermoFisher
Scientific) Pronase E 10 min at 37◦C dilution 1:100 1 h at 37 ◦C

Monoclonal mouse anti-human TLR2 (Novus Bio,
Littleton, CO, USA)

0.01 M Na citrate buffer pH 6
in MW

1:100 overnight at 4 ◦C

Monoclonal mouse anti-human TLR4 (Novus Bio) 1:300 1 h at 37 ◦C

Monoclonal mouse anti-human TLR9 (Novus Bio) dilution 1:10 overnight at 4 ◦C

Polyclonal rabbit anti-human TLR7 (Novus Bio) 0.05 M Tris HCl pH 8.5 in MW 1:300 overnight at 4 ◦C

Polyclonal rabbit-anti-human hBD2 (Santa Cruz
Biotechnology, Dallas, TX, USA)

0.01M Na citrate buffer in autoclave
120 ◦C 6 min dilution 1:50 overnight 4 ◦C

Monoclonal mouse anti-human filaggrin (Santa Cruz
Biotechnology)

0.01 M Na citrate buffer pH 6
in MW

dilution 1:250, overnight at 4 ◦C

Monoclonal mouse anti-human involucrin
(ThermoFisher Scientific)

dilution 1:1000, overnight at
4 ◦C

Monoclonal mouse anti-human K10 (Santa Cruz
Biotechnology) dilution 1:50 overnight at 4 ◦C

Monoclonal rabbit anti-human K16 (Bio SB, Santa
Barbara, CA, USA) dilution 1:100, 1 h at 37 ◦C

Rabbit anti-human K17 (Abcam, Cambridge, UK) dilution 1:200, overnight at 4 ◦C

Monoclonal mouse anti-human K14 (Santa Cruz
Biotechnology)

pepsin 0.05% 15′ RT and 0.01M Na
citrate buffer pH 6 in MW 1:200 overnight at 4 ◦C

CLDN-1: claudin-1; ZO-1: zonula occludens 1; TLR: Toll-like receptor; hBD-2: human beta-defensin 2; K: keratin;
MW: microwave; RT: Room Temperature; PBS: Phosphate Buffer Saline; BSA: Bovine Serum Albumin.

2.3. Immunofluorescence Quantitative Analysis

For K10, K14, K16, K17, TLR2, and TLR4, at least three experiments were carried out
(two slides/sample; two sections/slide), and two blind investigators measured the positive
area in μm2 by ImageJ 1.53 on the whole section and normalized on living epidermis
area, excluding the stratum corneum on serial photomicrographs acquired with constant
parameters. Results are expressed as mean of the ratio positive area/living epidermal
area + 1 SD.

2.4. Transmission Electron Microscopy and Morphometric Analysis

Specimens were routinely processed for TEM analysis and examined by Talos 120 elec-
tron microscope (ThermoFisher Scientific, Rockford, IL, USA).

The quantitative analysis of intercellular spaces in both the basal and the suprabasal
compartments was performed on ultrathin sections by ImageJ 1.53 on at least 10 ran-
dom fields per sample, and results were expressed as the mean of intercellular distance
(μm) + 1 SD.

2.5. Statistical Analysis

Statistically significant differences were always obtained via Kruskal–Wallis analysis
of variance followed by Dunn’s post-hoc test using Prism 9.0.0 (GraphPad Software, Boston,
MA, USA). Differences were considered statistically significant when p < 0.05.
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3. Results

3.1. Th2 Cytokines Affect the Epidermal Innate Immune Barrier without Impairing the
TJ Composition

In control samples, the membrane-associated expression of claudin-1 (Figure 1A,B)
increased from the spinous layer upwards. After Th2 cytokine exposure, claudin-1 im-
munostaining was always confined in the uppermost epidermis (Figure 1, panels C–F),
similar to controls. IL-22 strongly reduced claudin-1 immunopositivity (Figure 1, panels G
and H), while IL-23 induced the expression of this TJ protein, particularly in the granular
layer (Figure 1, panels I and J).

 
Figure 1. Immunofluorescence of claudin-1 expression on paraffin human skin sections. Repre-
sentative claudin-1 immunostaining in normal human skin paraffin sections. (A,C,E,G,I): samples
harvested at 24 h; (B,D,F,H,J): samples harvested at 48 h. (A,B): CTR samples; (C,D): IL-4-treated
samples; (E,F): IL-13-treated samples; (G,H): IL-22-treated samples; (I,J): IL-23-treated samples. Nu-
clei are counterstained with DAPI. CTR: control; IL-4: interleukin 4; IL-13: interleukin 13; IL-22:
interleukin 22; IL-23: interleukin 23; DAPI: 4′, 6-diamidino-2-phenylindoledihydrochloride—scale
bars: 50 μm.

ZO-1 cytoplasmic expression was detected in the most differentiated epidermal layers
in control samples (Figure 2, panels A and B).

After Th2 incubation, ZO-1 expression was weak in all the suprabasal layers at 24 h
(Figure 2, panels C and E) and even more after 48 h (Figure 2, panels D and F). Conversely,
IL-22 and IL-23 induced an evident upregulation of the ZO-1 cytoplasmic expression at T48
in the lower epidermal layers (Figure 2, panels H and J). However, no effect was detected
at T24 (Figure 2, panels G and I).

As expected, control groups always showed a homogeneous cytoplasmic TLR2 dis-
tribution in the entire epidermal compartment (Figure 3, panels A and B), while TLR4
expression was restricted to basal keratinocytes (Figure 3C) and, at 48 h, only a slight im-
munopositivity extended upwards (Figure 3D). Similarly to TLR2, TLR7 immunostaining
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was always present throughout the epidermis, with both a cytoplasmic and perinuclear
localization (Figure 3, panels E and F), while TLR9 expression was never detected (Figure 3,
panels G and H).

 
Figure 2. Immunofluorescence of ZO-1 expression on paraffin human skin sections. Representative
ZO-1 immunostaining in normal human skin paraffin sections. (A,C,E,G,I): samples harvested at 24 h;
(B,D,F,H,J): samples harvested at 48 h. (A,B): CTR samples; (C, D): IL-4-treated samples; (E,F): IL-13-
treated samples; (G,H): IL-22-treated samples; (I,J): IL-23-treated samples. Nuclei are counterstained
with DAPI. ZO-1: zonula occludens 1. CTR: control; IL-4: interleukin 4; IL-13: interleukin 13; IL-22:
interleukin 22; IL-23: interleukin 23; DAPI: 4′, 6-diamidino-2-phenylindoledihydrochloride—scale
bars: 50 μm.

TLR2 immunostaining was reduced transiently only in IL-13-exposed samples after
24 h (Figure 4C), while it was comparable in all other cytokine-exposed samples at both
time points (Figure 4, panels A, B, and D; Figure 5, panels A–D), similarly to controls (see
Figure 3, panels A and B).

Quantitative immunofluorescence analysis of the TLR2-positive area indicated that
only IL-13 induced a statistically significant decrease (Figure 6A).

TLR4 appeared discontinuously expressed in the basal layer after cytokine incubation
at 24 h (Figure 4, panels E and G; Figure 5, panels E and G) and was reduced to a variable
extent by the different cytokines (Figure 6B), with a statistically significant difference only
for IL-4 and IL-22. However, at 48 h, IL-4 inhibited TLR4 expression even more evidently
than at 24 h (Figures 4F and 6B), while TLR4 immunopositivity was partially restored
in IL-22 samples (Figure 5F) or even higher than in controls in IL-13 and IL-23 groups
(Figures 4H and 5H) spreading towards the lower spinous layer (Figure 5H, white arrows).
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Figure 3. TLR2, TLR4, TLR7, and TLR9 immunofluorescence analysis on paraffin human skin sections.
Representative TLR2 (A,B), TLR4 (C,D), TLR7 (E,F), and TLR9 (G,H) immunostainings in normal
human skin paraffin sections. (A,C,E,G): samples harvested at 24 h; (B,D,F,H): samples harvested at
48 h. (A–H): control samples. Nuclei are counterstained with DAPI. TLR2: Toll-like receptor 2; TLR4:
Toll-like receptor 4; TLR7: Toll-like receptor 7; TLR9: Toll-like receptor 9; DAPI: 4′, 6-diamidino-
2-phenylindoledihydrochloride. White dotted line indicates the basal membrane. White arrows
indicate positive immunostaining—scale bars: 50 μm.

Figure 4. TLR2, TLR4, TLR7, and TLR9 immunofluorescence analysis on IL-4 and IL-13 incubated
paraffin human skin sections. Representative TLR2 (A–D), TLR4 (E–H), TLR7 (I–L), and TLR9 (M–P)
immunostainings in normal human skin paraffin sections. (A,E,I,M,C,G,K,O): samples harvested at
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24 h; (B,F,J,N,D,H,L,P): samples harvested at 48 h. Nuclei are counterstained with DAPI. TLR2: Toll-
like receptor 2; TLR4: Toll-like receptor 4; TLR7: Toll-like receptor 7; TLR9: Toll-like receptor 9; IL-4:
interleukin 4; IL-13: interleukin 13; DAPI: 4′, 6-diamidino-2-phenylindoledihydrochloride. White
dotted line indicates the basal membrane. White arrows indicate positive immunostaining—scale
bars: 50 μm.

Figure 5. TLR2, TLR4, TLR7, and TLR9 immunofluorescence analysis on IL-22 and IL-23 incubated
paraffin human skin sections. Representative TLR2 (A–D), TLR4 (E–H), TLR7 (I–L), and TLR9 (M–P)
immunostainings in normal human skin paraffin sections. (A,E,I,M,C,G,K,O): samples harvested at
24 h; (B,F,J,N,D,H,L,P): samples harvested at 48 h. Nuclei are counterstained with DAPI. TLR2: Toll-
like receptor 2; TLR4: Toll-like receptor 4; TLR7: Toll-like receptor 7; TLR9: Toll-like receptor 9; IL-22:
interleukin 22; IL-23: interleukin 23; DAPI: 4′,6-diamidino-2-phenylindoledihydrochloride. White
dotted line indicates the basal membrane. White arrows indicate positive immunostaining—scale
bars: 50 μm.

TLR7 immunolabelling intensity was always induced after Th2 cytokine incubation
(Figure 4, panels I-L; compared to Figure 3, panels E and F), with a clear perinuclear
localization. At 24 h, TLR7 expression was reduced by IL-23 (Figure 5K) but not by IL-22
(Figure 5I), while at T48, TLR4 immunopositivity was inhibited by IL-22 (Figure 5J) but
not by IL-23 (Figure 5 L). In all samples, a cytoplasmic localization was evident (Figure 5,
panels I–K), with the exception of the IL-23 group at 48 h (Figure 5L). TLR9 induction was
never detected in IL-4 (Figure 4, panels M and N) and IL-23 samples (Figure 5, panels O
and P), while IL-22 induced a faint and temporary TLR9 induction in samples incubated
for 24 h (Figure 5M). Only IL-13 triggered an evident upregulation of TLR9 expression in
the granular layer starting from 24 h (Figure 4, panels O and P).

In controls, hBD-2 expression was always localized in the keratinocyte cytoplasm of
the medium spinous layer (Figure 7, panels A and B). Only IL-4 completely inhibited hBD-2
expression throughout the entire epidermal compartment (Figure 7, panels C and D), while
IL-13 had no effect (Figure 7, panels E and F). On the other hand, IL-22 and IL-23 induced
hBD-2 expression throughout the suprabasal compartment at 24 h, an event which became
more and more evident at 48 h (Figure 7, panels G–J).
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Figure 6. Quantitative analysis of TLR2 and TLR 4 epidermal distribution after immunofluorescence
analysis after 24 and 48 h of cytokine incubation. (A): TLR2; (B): TLR4. TLR2: Toll-like receptor
2; TLR4: Toll-like receptor 4; IL-4: interleukin 4; IL-13: interleukin 13; IL-22: interleukin 22; IL-23:
interleukin 23. Statistical analysis was performed by Prism 9.0.0 via Kruskal–Wallis non-parametric
analysis of variance, followed by Dunn’s post-hoc multiple comparison test. Differences were
considered statistically significant when p < 0.05. * p < 0.05; *** p < 0.01.

Figure 7. Immunofluorescence of hBD-2 expression on paraffin human skin sections. Representative
hBD-2 immunostaining in normal human skin paraffin sections. (A,C,E,G,I): samples harvested at
24 h; (B,D,F,H,J): samples harvested at 48 h. (A,B): CTR samples; (C,D): IL-4-treated samples; (E,F):
IL-13-treated samples; (G,H): IL-22-treated samples; (I,J): IL-23-treated samples. Nuclei are counter-
stained with DAPI. hBD-2: human beta-defensin 2. CTR: control; IL-4: interleukin 4; IL-13: interleukin
13; IL-22: interleukin 22; IL-23: interleukin 23; DAPI: 4′, 6-diamidino-2-phenylindoledihydrochloride—
scale bars: 50 μm.
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3.2. Epidermal Homeostasis Is Affected Differently by IL-4 and IL-13

In control groups, immunostainings for filaggrin (Figure 8, panels A and B) and
involucrin (Figure 8, panels C and D) were homogeneously distributed in the cytoplasm
of granular keratinocytes with a continuous pattern in between adjacent cells. In all
cytokine-treated samples, filaggrin immunolabelling was limited to the uppermost region
of keratinocyte cytoplasm (Figure 8, panels E, F, I, and J, inserts) and was interrupted
after the incubation only with IL-13 for 48 h (Figure 8, panel J, arrowheads). Involucrin
distribution in the epidermal compartment was not affected by any cytokine treatment at
T24 (Figure 8, panels G and K), while the immunopositivity faded after the exposure to
cytokines for 48 h (Figure 8, panels H and L), in particular in IL-4 group.

Figure 8. Immunofluorescence analysis of filaggrin and involucrin. Representative filaggrin
(A,B,E,F,I,J) and involucrin (C,D,G,H,K,L) immunostainings in normal human skin paraffin sec-
tions. (A,C,E,G,I,K): samples harvested at 24 h; (B,D,F,H,J,L): samples harvested at 48 h. (A–D):
CTR samples; (E–H): IL-4-treated samples; (I–L): IL-13-treated samples. Nuclei are counterstained
with DAPI. CTR: control; IL-4: interleukin 4; IL-13: interleukin 13; DAPI: 4′, 6-diamidino-2-
phenylindoledihydrochloride. White dotted line indicates the basal membrane—scale bars: 50 μm.

In all the samples, when present, keratin immunostaining was localized in the cyto-
plasm of epidermal keratinocytes (Figure 9).

Similarly to controls (Figure 9, panels A and B), K14 immunolabelling was limited to
the basal layer. Its intensity decreased in all cytokine-exposed samples (Figure 9, panels E,
F, I, and J), except for the group incubated with IL-4 for 48 h, where the immunopositivity
spread toward the suprabasal compartment (Figure 9F, arrows). Its intracellular localization
was always evident in correspondence with the basal lamina.

K10 and K16 were expressed homogeneously in the suprabasal and the basal layers of
all control samples, respectively (Figure 9, panels C and D). The double immunostaining
in cytokine-incubated skin revealed a constant decrease of K10-positive area in the lower
spinous layer and a time- and cytokine-dependent induction of K16 expression (Figure 9,
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panels G, H, K, and L), peaking in IL-13 group after 48 h when it extended upwards the
upper spinous layer (Figure 9L).

Figure 9. K14 and K10/K16 qualitative and quantitative immunofluorescence analysis. Representa-
tive K14 (A,B,E,F,I,J) and K10/K16 (C,D,G,H,K,L) qualitative immunostainings, and (M) quantitative
analysis in normal human skin paraffin sections. Green staining for K10 and red staining for K16.
(A,C,E,G,I,K): samples harvested at 24 h; (B,D,F,H,J,L): samples harvested at 48 h. (A–D): CTR
samples; (E–H): IL-4-treated samples; (I–L): IL-13-treated samples. (M) Quantitative analysis of K14-,
K10-, K16-, and K17-positive areas in normal human skin paraffin sections. Results are expressed
as the ratio positive area/area of living epidermis + 1 SD; bars indicate standard error. * p < 0.05
vs. all CTR samples; # p < 0.01 vs. all CTR samples; ## p < 0.005 vs. all CTR samples, § p < 0.001 vs.
all CTR samples (Kruskal–Wallis analysis of variance followed by Dunn’s post-hoc test). Nuclei are
counterstained with DAPI. K14: keratin 14; K10: keratin 10; K16: keratin 16; K17: keratin 17; CTR: con-
trol; IL-4: interleukin 4; IL-13: interleukin 13; DAPI: 4′, 6-diamidino-2-phenylindoledihydrochloride.
Arrowheads indicate the lower spinous layer. White dotted line indicates the basal membrane—scale
bars: 50 μm.

K17 expression was absent in controls and all samples harvested at 24 h (Figure S1,
panels A–C and E). Only scattered K17-positive keratinocytes were observed after 48 h of
cytokine exposure (Figure S1, panels D and F).

The quantitative analysis of the different keratin-positive areas is reported in Figure 9M.
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3.3. Spongiosis Is an Early AD Event Triggered by Both Th2 Cytokines

By TEM, in all samples, no detachment between the dermis and the epidermis occurred,
the basal membrane was uninterrupted, and the fine structure of desmosomes was always
preserved (Figure 10, arrows).

Figure 10. Transmission electron microscopy analysis. Representative photomicrographs of normal
human skin araldite ultrathin sections (A–L) and quantitative analysis of intercellular spaces in the
basal (M) and the suprabasal layers (N). (A,B,E,F,I,J): Samples harvested at 24 h; (C,D,G,H,K,L):
samples harvested at 48 h. (A,C,E,G,I,K): Basal layer; (B,D,F,H,J,L): suprabasal layers. (A–D): CTR
samples; (E-H): IL-4-treated samples; (I-L): IL-13-treated samples. Results are expressed as the
mean of intercellular distance (μm) + 1 SD; bars indicate standard error. * p < 0,05 vs. all CTR
samples; # p < 0.01 vs. all CTR samples; ## p < 0.005 vs. all CTR samples, § p < 0.001 vs. all CTR
samples (Kruskal–Wallis analysis of variance followed by Dunn’s post-hoc test). CTR: control; IL-4:
interleukin 4; IL-13: interleukin 13. Arrows indicate desmosomes; arrowheads indicate keratin
filament aggregation; asterisks indicate chromatin condensation—scale bars (A,C,E,G,I,K): 2 μm;
scale bars (B,D,F,H,J,L): 1 μm.

In all samples harvested at 24 h, keratin bundles were regularly organized, and chro-
matin appeared finely dispersed in the nuclei of keratinocytes in both the basal (Figure 10,
panels A, E, and I) and the suprabasal compartments (Figure 8, panels B, F and J). In
cytokine-treated samples harvested at 48 h, chromatin condensation was observed in the
nuclei of basal keratinocytes (Figure 10, panels G and K, asterisks). Aggregated keratin
filaments were evident in the basal (Figure 10, panels G and K, arrowheads) and the spinous
layer (Figure 10, panels H and L, arrowheads). Compared to controls, the cell-to-cell dis-
tance was increased in the cytokine-exposed groups (Figure 10, panels E, F, I, and J), with
a statistically significant difference for IL-13 in the basal layer at both time points and for
both Th2 cytokines in the suprabasal layers at 48 h (Figure 10, panels M and N).
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4. Discussion

The identification of the main cellular events underlying AD is more and more chal-
lenging because of the multifaceted nature of this disease and the tendency to have het-
erogeneous clinical features according to the age and medical history of each patient.
Furthermore, the initial trigger for AD, the progression mechanisms, and the potential phar-
macological intervention require proper experimental skin models to obtain novel insights
into new pharmacological targets and tools. In particular, as recently highlighted, “there is
an unmet need to better understand epidermal barrier regulation, not only as it applies to
general skincare, but also to treatment of common skin conditions, from atopic dermatitis to
xerosis” [41]. The 3D normal human skin culture standardized in our laboratory represents
a good experimental approach and offers the possibility to study the early impairment of
the epidermal barrier in the presence of specific inflammatory stimuli [20,36,39,42].

Our results demonstrate that if, on the one hand, Th2 cytokines fail to impair the
physical epidermal barrier, they strongly affect the TLR-mediated innate immune barrier
to a greater extent than IL-22. Interestingly, the master cytokine IL-23 does not have
any relevant effect on TLR expression, with the exception of TLR4 at 48 h. We can thus
hypothesize that, in the early phases of AD, the epidermal barrier is simultaneously
impaired on the innate side by Th2 cytokines and on the physical side by IL-22, as indicated
in Figure 11.

Figure 11. Schematic representation of the early impairment of the epidermal barrier in a proin-
flammatory microenvironment mimicking atopic dermatitis. TLR: Toll-like receptor; hBD-2: human
beta-defensin 2; IL-4: interleukin 4; IL-13: interleukin 13; Th2: T helper (Th) 2 cells; ZO-1: zonula
occludens 1; IL-22: interleukin 22; Th22: T helper (Th) 22 cells.

The clinical features observed in AD lesions can be considered the combined result of
these two different cytokine-mediated effects. We also demonstrated that although IL-4 and
IL-13 are known to share many regulatory mechanisms, their effects are not identical and
interfere specifically with some epidermal phenomena. The histo-morphological approach
herein presented is pivotal to understanding if the impairment of protein expression
is accompanied by a change of the protein epidermal distribution, an issue otherwise
neglected with the molecular analysis and/or in in vitro systems.

We report that claudin-1 expression was not affected when either IL-4 or IL-13 alone
was added, confirming the experimental evidence obtained in primary human keratinocytes
by Yuki et al. [43] and recently in reconstructed human epidermis by Cadau and Coll. [44].
Our study stands in continuation with in vitro studies [45] and Honzke’s study performed
in skin equivalents incubated with Th2 cytokines [46], with the evident advantage of
displaying a fully developed epidermal barrier, thus allowing a more realistic and direct

107



J. Clin. Med. 2023, 12, 1941

extrapolation to the clinics. Conversely, claudin-1 expression was inhibited in the presence
of IL-22, suggesting that the impaired TJ structure reported in clinics is due not to Th2
cytokines but to IL-22 itself. The reduced expression of ZO-1 in Th2-incubated samples is
in agreement with the findings that (i) only a small amount of ZO proteins is required for
nucleating claudin strand assembly, (ii) a minimal scaffold at the junction may be sufficient
to set up the initial claudin fibrils, and (iii) claudins have the capacity to self-organize [47].
While the role of IL-23 has been widely discussed in the pathogenesis of psoriasis, due to
the specific role of dendritic cells [48], less has been reported concerning AD. To the best
of our knowledge, the impact of this master cytokine on TJ molecular composition in the
epidermis is not elucidated yet. For this reason, the increased expression of both claudin-1
and ZO-1 induced by IL-23 needs further investigation to understand if this effect can relate
to mechanisms other than intercellular junctions, in particular for ZO-1.

Filaggrin expression was reduced slightly in the presence of Th2 cytokines, suggesting
that this effect is not one of the earliest and constant features occurring during the initial
phases of AD lesion formation, but it can represent a later pathogenic event in AD as
a clear impairment of its expression is clinically reported in bioptic samples [49]. An
early filaggrin expression downregulation was observed in normal human keratinocytes
incubated with IL-4 or IL-13 [49] and in engineered skin equivalents [50], but the different
settings can account for this discrepancy. On the whole, our evidence is in accordance
with the observations that i) FLG gene mutations are not found in all AD patients with a
penetration of just 40% [51], and ii) FLG mutation carriers do not always develop AD [52,53].
A similar conclusion can be drawn for involucrin, as its expression was not affected in our
experiments, but the reduction of its presence in AD lesions has been reported both at the
gene and the protein level [31].

For the immune barrier, Th2 cytokines involved in AD pathogenesis exert a specific
and significant tuning in accordance with the literature for TLR2 and TLR4 in bioptic AD
skin [21], demonstrating that this shift in TLR expression may be related to a need for
enhanced immune surveillance against microbe invasion. Similarly, TLR7 upregulation is
reported in peripheral blood monocytes of AD patients [54]. Regarding TLR9 upregulation
induced by IL-13, our findings agree with the boost of IL-1α secretion, an interleukin
known to be induced in AD patients [55] and observed in HaCaT cells after incubation
with strains of S. aureus [56]. The relationship between TLR9 and AD was also confirmed
by the blockade of the increase of IL-1α levels by the pretreatment with iODNs, a TLR9
antagonist [55].

Considering the “psoriatic” pro-inflammatory cytokines, i.e., IL-22 and IL-23, con-
trasting results describing the surface TLR pattern distribution in psoriatic plaques are
reported [21,57–59]. TLR2/TLR4 upregulation in a psoriatic milieu was reported after
stimulation of normal human keratinocytes with IFN-γ and TNF-α [60], but i) the different
experimental setting, i.e., 2D vs. 3D, and ii) the different inflammatory stimulus can explain
this discrepancy. The absence of a persistent modulation of TLR2/TLR4 expression after
exposure either to IL-22 or to IL-23 in our experimental conditions can thus be meaningful.
In parallel, the limited effect exerted by IL-22 and IL-23 on TLR7/TLR9 expression should
be discussed based on recent observations reporting their upregulation in plaque psoriasis
biopsies [61] and after the incubation of 3D organotypic cultures of normal human skin
with TNF-alpha, IL-17, IL-22, IL-23, which can reproduce the psoriatic plaque milieu [42].
Both evidences suggest that a complete psoriatic microenvironment is required to modulate
TLR7 and TLR9 expression and that a single cytokine is not able to induce any significant
tuning in the considered experimental conditions.

Discussing hBD-2 immunoreactivity, considered a useful marker to identify some
clinical forms of psoriasis requiring differential diagnosis from DA, the interesting result
was that IL-4, but not IL-13, early inhibited its epidermal expression, demonstrating the
specificity of the downstream effects induced by each Th2 cytokine. In accordance with
previous studies [62], both IL-22 and IL-23 strongly induced hBD-2 expression, thus giving
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a clear explanation for the higher levels of this antimicrobial protein found in psoriasis than
in AD [63].

In our experimental conditions, both Th2 cytokines similarly reduced K10 expression,
i.e., an epidermal differentiation marker of terminal differentiation in the suprabasal layers,
but only IL-4 impairs the homeostasis in the basal layer, as shown by the rise of K14
expression. Interestingly, the keratinocyte proliferation rate is never influenced by any
cytokine (unpublished personal observations). These data stand in continuation with the
existing evidence obtained in in vitro keratinocytes [64,65] and strongly suggest that the
alteration of the epidermal differentiation early occurs also in the presence of Th2 cytokines.
Furthermore, the enlargement of intercellular spaces was evident as early as 24 h after Th2
cytokine incubation, in particular in the IL-13 group, suggesting that spongiosis is an initial
AD pathogenetic event specifically triggered by Th2 cytokines, as recently reported [44–46].

We previously demonstrated that K17 expression, an important and specific psoriatic
marker, can be early induced in the same experimental model after the incubation with a
mixture of TNF-alpha, IL-17, IL-22, and IL-23 with a pattern distribution in the epidermal
compartment very similar to psoriatic skin described in the literature [42]. As expected, in
the present study, Th2 cytokines samples did not induce K17 expression, in accordance with
the existing literature [10]. In the presence of an AD milieu, the K16-positive epidermal area
progressively increased with time, reaching a statistically significant difference compared
to the control group at 48 h. This observation stands in continuation with the existing
literature [27] and indicates that, once again, the normal epidermis is ready for early and
specifically responding to a proinflammatory microenvironment with the expression of
inducible keratins. Similarly to the psoriatic microenvironment, in this case, it seems
relevant that the stimulus should be prolonged, thus reproducing as strictly as possible the
pathological condition in which pro-inflammatory cytokines are involved. Future studies
considering the co-presence of IL-4, IL-13, and IL-22 are needed to investigate a potential
additive/synergic effect among these cytokines.

The four compartments of the epidermal barrier, i.e., the physical, chemical, immuno-
logical, and microbial barrier [66], can be affected by genetic and environmental factors [67].
AD and psoriasis are the main inflammatory skin diseases associated with impaired skin
barrier function. The mechanisms related to epidermal barrier dysfunction may be primary
and/or secondary.

Indeed, mutations in the filaggrin gene were identified in a subset of patients with AD.
On the other hand, considering that not all patients with AD display filaggrin mutations,
a combination of primary and secondary barrier defects underlies the disease process.
Thus, the inflammation in AD patients, predominantly characterized by a strong and
inappropriate Th2 cell activation [68], affects the integrity of the epidermal barrier on
multiple levels. Secondary factors adversely affecting the epidermal barrier integrity are
predominant in the pathogenesis of psoriasis. Moreover, lipid abnormalities in the stratum
corneum were found in both AD and psoriasis [69]. The epithelial barrier function is
also crucial for intestinal homeostasis. Indeed, in some subsets of inflammatory bowel
disease (IBD), as emerged from the animal model data, barrier dysfunction may be a
primary contributor to the disease (a primary defect) and not a consequence of mucosal
inflammation [70].

5. Conclusions

TJ dysfunction in the presence of a physiological epidermal stratification/barrier
is secondary to Th2 inflammatory processes. Future studies evaluating the functional
properties of the epidermal barrier and permeability tests are needed to complete this
complex tableau. Nevertheless, this experimental approach looks to the pathogenesis of
AD through molecular epidermal proteins rather than cytokines only and paves the way
for tailored patient therapy.
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Abstract: Atopic dermatitis (AD) is a chronic inflammatory skin condition that affects more than
200 million people worldwide, including up to 20% of children and 10% of the adult population.
Although AD appears frequently in childhood and often continues into adulthood, about 1 in 4 adults
develop the adult-onset disease. The prenatal period, early childhood, and adolescence are considered
critical timepoints for the development of AD when the exposome results in long-lasting effects on the
immune system. The exposome can be defined as the measure of all the exposures of an individual
during their lifetime and how these exposures relate to well-being. While genetic factors could
partially explain AD onset, multiple external environmental exposures (external exposome) in early
life are implicated and are equally important for understanding AD manifestation. In this review, we
describe the conceptual framework of the exposome and its relevance to AD from conception and
across the lifespan. Through a spatiotemporal lens that focuses on the multi-level phenotyping of the
environment, we highlight a framework that embraces the dynamic complex nature of exposome
and recognizes the influence of additive and interactive environmental exposures. Moreover, we
highlight the need to understand the developmental origins of AD from an age-related perspective
when studying the effects of the exposome on AD, shifting the research paradigm away from the per
se categorized exposome factors and beyond clinical contexts to explore the trajectory of age-related
exposome risks and hence future preventive interventions.

Keywords: exposome; atopic dermatitis; age; skin of color; COVID-19; war

1. Introduction

Atopic dermatitis (AD) or atopic eczema is a common inflammatory skin disease with
early onset which affects 200 million people worldwide, including up to 20% of children
and 10% of adults, but the prevalence of the disease varies greatly throughout the world.
In general, AD prevalence is driven by a complex relationship between environmental,
genetic predispositions, and immunologic factors. An awareness of environmental diver-
sity is crucial in determining disease phenotypes. More specifically, AD is recognized
as a heterogeneous disease with multifactorial etiology and complex pathophysiology
involving the immune system and epidermal barrier dysfunction, which are influenced by
genetic, epigenetic and environmental factors [1,2]. Genes encoding skin barrier proteins,
such as filaggrin (FLG), have been shown to play a role in the inheritance of AD. FLG is
synthesized from profilaggrin, which is then transformed into FLG monomers which in
turn interact with intermediate filaments in the stratum corneum (SC), causing them to
aggregate into dense parallel arrays of macrofilaments. This promotes cellular compaction
and keratin crosslinking in the SC, which forms a highly insoluble matrix that acts as a
protective barrier. Filaggrin deregulation and loss-of-function (LOF) variants leading to
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abnormal FLG production result in skin barrier disruption in individuals carrying FLG LOF
variants and are characterized by dry, cracked and infection-prone skin [3]. Dysfunction
of the skin barrier is a cardinal clinical sign of AD as this facilitates allergen penetration
and immune dysfunction and has been associated with the etiopathogenesis of the AD
itch-scratch cycle. This complex pathophysiology translates into heterogeneous clinical
phenotypes with differences depending on the age of onset, severity, sensitization profiles,
disease persistence, presence of comorbid atopic and nonatopic conditions and longitudinal
trajectories of disease progression [4].

The exposome can be defined as the measure of all the exposures of an individual
during their lifetime and how these exposures relate to well-being. The external environ-
mental exposures (external exposome) to which an individual is exposed before and after
conception and their consequences at the organ and cellular level (internal exposome) are
examined to explain the onset, development, and exacerbations of allergic diseases such as
AD. Humidity, pollution, ultraviolet ray exposure, average time spent indoors, lifestyle
and allergen exposure vary widely throughout different regions and may aggravate AD.
Climate change, urbanization and loss of biodiversity are affecting the sources, emissions
and concentrations of major airborne allergens and air pollutants and are among the most
critical health and quality of life challenges for the increasing number of allergic patients
both today and in future decades [5]. As such, the exposome has emerged as a key factor
in the development of AD during the lifespan and it is now studied in correlation to the
known genetic or biochemical variations that contribute to AD onset.

Globally, the prevalence of AD increases with socioeconomic status and is usually
higher in high-income countries, with variations between and within countries. AD may be
underdiagnosed in patients with skin of color due to lack of erythema, and therefore, black
children are six times more at risk for increased disease severity [6]. African American
children and infants of color have a higher prevalence than white American children
and infants (37.0% for Black, 25.8% for Asian, 24.1% for Hispanic, 23.0% for multiracial
and 17.9% for White). Studies have demonstrated a nearly twofold higher prevalence
of AD in black-Caribbean children compared to whites [7]. In addition, the increased
prevalence of AD in black patients may extend into old age; furthermore, the socioeconomic
environment appears to play a role, as differences in economic burden may reflect in the
disease burden [8,9].

Notably, AD prevalence varies between urban and rural populations. The presence of
patients in rural areas with limited healthcare access likely results in an underrepresentation
of AD prevalence estimations in these areas. Changes in the composition of the gut and
skin microbiome due to environmental or lifestyle factors are key mediators of allergic
diseases (Figure 1). A better understanding of the impact of external exposome on the
development of AD is crucial to encourage patients, health professionals and policymakers
to take action to mitigate the impact of and adapt to environmental changes [10].

Previous reviews have attempted to summarize the multitude of factors contributing
to AD prevalence and progression, which illustrates the necessity of understanding the
exposome to manage AD. However, the exposure to these factors varies not only from
person to person but also over the course of a patient’s lifetime. In this review, we aim to
provide an overview of the AD exposome as an ever-changing variable over the human
lifespan. By highlighting patient uniqueness and the temporal variability of their environ-
ment in the context of the natural history of AD, insights to guide better population-scale
as well as personalized interventions could emerge as an important tool for effective and
personalized treatment.
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Figure 1. Exposome on the development of atopic dermatitis across the lifespan. Genetic, epige-
netic, skin type and epithelial dysfunction only partially explain AD onset. The exposome including
pollution, climate, rural and urban environment, lifestyle factors and acute stress differentially affects
the trajectory of AD starting from conception, during pregnancy, childhood, adulthood and across
the lifespan.

2. The Role of Exposome Components during Prenatal and Perinatal Period

2.1. Perfluoroalkyl and Polyfluoroalkyl Substances (PFASs)

PFASs, widely known as “forever chemicals”, are a large group of compounds used
for non-stick or stain-resistant surfaces of many products, including several household
items. They are widely used in industrial products, i.e., lubricants, surfactants, fire-fighting
foams and in everyday products, such as non-stick cookware, greaseproof paper, food
packaging, carpets, furniture, waxes, paints, clothing, and personal care products such as
shampoo, eye-makeup, nail varnish, and dental floss (Figure 1). Prenatal exposure to PFAS,
such as perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA), perfluorohexane
sulfonate (PFHxS), perfluorononanoic acid (PFNA), and perfluorodecanoic acid (PFDA),
has been detected in 90% or more of pregnant women in the US, Europe, and Asia and are
associated with childhood AD in girls during the first 2 years [11]. In addition, prenatal
exposure to polychlorinated biphenyls (PCBs) increased the risks for asthma and eczema
in offspring [12]. Prenatal exposure to PFAS occurs through placental transfer in utero and
postnatal exposure through breastfeeding and has been associated with a higher risk of
early AD in children under 5 years of age [13,14]. Studies have correlated prenatal PFOA
and PFOS exposures with elevated cord blood IgE levels, especially in boys, and it has
been hypothesized that PFAS might augment hypersensitivity to allergens [15]. Moreover,
in utero exposure to PFOA has been associated with a higher risk of AD development
as early as the age of 2 years old, with children carrying GSTT1-null or GSTM1-null
genotypes that affect the glutathione S-transferase (GST) activity which is essential in
chemical detoxification. GSTM1-null and GSTP1 Ile/Ile genotypes are also associated with
increased risk of AD in children with prenatal smoke exposure [16]. Finally, in the home
environment, exposure to PFAS places infants and young children at increased risk of
exposure due to their exploring and hand-to-mouth behavior.
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2.2. Pollution

On the other hand, air pollution which is the contamination of the indoor or outdoor
environment by any chemical, physical or biological agent that modifies the natural char-
acteristics of the atmosphere can trigger AD onset in childhood. Domestic combustion
appliances, motor vehicles, industrial installations and forest fires are common sources
of pollutants. Pollutants of major public health concern are grouped into air pollutants
(e.g., sulfur dioxide, nitrogen oxide, carbon monoxide, ozone and volatile organic com-
pounds), persistent organic pollutants (e.g., dioxins), heavy metals (e.g., cadmium, lead,
mercury) and particulate matter (PM). Exposure to lead in late pregnancy increases the risk
of AD in boys at 6 months of age. Prenatal exposure to inorganic arsenic and co-exposure
to inorganic arsenic and cadmium were associated with a higher risk of AD in young
children [17]. Mono-benzyl phthalate (MBzP) increased the risk of developing eczema in
early childhood [18]. Additionally, the combination of prenatal exposure to bisphenol A
(BPA) and phthalates could be associated with AD in 6-month-old infants [19].

According to the US Environmental and Protection Agency (EPA), PM is classified
according to particle size; hence, PM0.1 (ultrafine particles, ≤0.1 μm), PM2.5 (fine particles,
≤2.5 μm), PM10 (coarse particles, ≤10 μm) [20]. PM causes skin barrier dysfunction and
the formation of reactive oxygen species, leading to induced oxidative stress, possibly
epigenetic changes, and skin inflammation via direct and indirect mechanisms [20]. Of
interest, is the association between maternal exposure to traffic-related pollution and the
prevalence of AD in offspring.

Air pollution and the incidence of AD in East Asia were investigated in birth cohort
studies, in which exposure to typical traffic-related air pollution from exhaust fumes during
pregnancy resulted in increased rates of AD in children, whereas higher concentrations of
particulate (PM10, PM2.5) and gaseous (NO2, VOC, O3, SO2) air pollutants increased the
intensity of symptoms of existing AD. The effects of prenatal exposure to PM over three
trimesters on skin barrier dysfunction were studied. Prenatal exposure to PM in the first
trimester and skin barrier dysfunction were positively associated with AD in offspring,
early-onset, and greater severity at three years of age. Notably, higher PM2.5 in the first
trimester of pregnancy, higher maternal prenatal stress and male sex were associated with
AD at age 1. In addition, a significant association between PM2.5 exposure among younger
AD individuals aged between 2–30 years old, but not for PM10 exposure has been described.
With their smaller size and higher number of metal components, PM2.5 can easily penetrate
deep into skin cells and therefore may cause a higher risk of AD than PM10. Interestingly,
high levels of PM2.5 during the first trimester and low cord blood vitamin D influenced the
early onset of persistent AD, with the most sensitive period being 6 to 7 weeks of gestation
mediated by placental DNA methylation [21]. Furthermore, increased maternal exposure
to fine PM synergistically interacts with postnatal environmental tobacco smoke inhalation
on the development of infantile eczema. Gestational and prenatal exposure to cigarette
smoke were both correlated with the development of adult-onset AD. Smoking may affect
the immune processes of babies born to smoking mothers, which may have a reduced
innate immune response.

2.3. Probiotics during Pregnancy and the Hygiene Hypothesis

Supplementation with probiotics by pregnant women during prenatal and postnatal
lactation and postnatal fetuses can efficiently reduce the risk of AD in children, while the
effect of multi-strain probiotic mixtures is superior to single-strain formulations [22,23]. In
an 11-year, double-blind, placebo-controlled study, pregnant women in the experimental
group continued to receive probiotics from 35 weeks gestation to 6 months postpartum,
and infants received oral probiotics from birth till the age of 2 years. The rate of AD
in the probiotic group was significantly lower than that in the placebo group. In an
observational clinical trial, a multi-strain probiotic was administered orally to pregnant
women from 4 weeks before delivery to 4 weeks after delivery. The secretion of sIgA in the
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infant’s feces suggested that oral probiotics during pregnancy and delivery contribute to
the improvement of intestinal barrier function during the neonatal period [24].

Disorders of the intestinal microbiota are closely related to the onset and development
of AD. Maternal diet, specifically a diet rich in fish, has protective effects on the fetus,
due to the immunological effects of long-chain polyunsaturated fatty acids and their
contribution to the homeostasis of cell membranes. In addition, alcohol consumption
during pregnancy was associated with a significant and dose-dependent increased risk of
AD in early infancy [25].

The hygiene hypothesis is further refined to the “old friends’ hypothesis”, implying
that increases in allergies reflect a lack of exposure to beneficial microbiota, which have
co-evolved with humans. These include the largely non-harmful commensal microbes
acquired from the skin and gut of other humans, as well as micro-organisms such as
helminths, Helicobacter pylori, and hepatitis A virus that can persist for life and need to be
tolerated [26].

A meta-analysis of the role of probiotics in the prevention and treatment of AD in
children shows that oral probiotics given to pregnant women and newborns can effectively
reduce the prevalence of AD in children. Children with AD over 1 year of age responded
better to oral probiotics, with better efficacy in children with moderate to severe AD than
mild AD. In addition, both single and multi-strain preparations, especially the probiotic
mixture containing lactobacillus and bifidobacterial, have a therapeutic effect with a superi-
ority of the multi-strain preparation. Lactobacillus sp., such as Lactobacillus acidophilus alone
or Lactobacillus acidophilus mixed preparations with other strains of probiotics can improve
clinical symptoms in children with AD. Moreover, combinatorial use of Lactobacillus casei
and Lactobacillus salivarius can reduce IgE levels. Oral and topical probiotics can regulate
the distribution of local microbiota and improve the body’s immune response, thus proving
to be a promising method of prevention and adjuvant treatment of AD in children [27].

2.4. Maternal Diet and Antenatal Nutrition

Maternal diet and antenatal nutrition could affect fetal development by altering fetal
programming, which may in turn alter immune response and atopy. Nutrition during
infancy and childhood is very important for the development of AD, and breastfeeding
for the first 6 months is considered to be effective in preventing the development of atopic
diseases (Figure 1). Moreover, breastfeeding for the first 4 months reduces the risk of
eczema in the first 4 years. Additionally, feeding infants with extensively hydrolyzed
formula (eHF) in the first 4–6 months, avoiding cow’s milk and dairy products, and starting
solid foods after 4 months have been shown to prevent the development of AD [28].

Inadequate vitamin E intake during pregnancy was associated with a higher risk
of AD in two-year-old children [29]. However, reduced risk in offspring was associ-
ated with maternal intake of beta-carotene, vitamin E, zinc, calcium, magnesium, and
copper during pregnancy. While intake of allergenic foods and foods rich in n-6 polyun-
saturated fatty acids during pregnancy may increase the risk of AD in offspring, foods
rich in n-3 polyunsaturated fatty acids, fruits, vegetables, and prebiotics may decrease
it [30]. Interestingly, an unhealthier diet—which is evaluated as a low score between Pru-
dent Dietary Pattern (PDP) score and Western Dietary Pattern (WDP) score ((PDP-WDP)
score)—during pregnancy was associated with a lower risk of atopic dermatitis and a
higher risk of infections [31]. Moreover, maternal infection during gestation and exposure
to antibiotics in early life was identified as a risk factor for the development of AD [32,33].

3. Exposome in the Development of AD during Childhood and Teenage Life

3.1. Climate, UVR and Vitamin D

AD exacerbates seasonally and in response to climate changes, including UV exposure,
humidity, temperature, precipitation, and indoor heating. Combined high UV exposure and
temperature appear to have protective effects specific to AD, in contrast to the combination
of high humidity and precipitation (Figure 1). In early childhood, direct exposure to
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UV radiation is beneficial for reducing the risk of eczema, whereas high latitude and
thus reduced exposure to UV radiation is associated with an increased risk [34,35]. In
the meantime UV radiation stimulates vitamin D production, while its deficiency has
been associated with increased incidence and severity of AD symptoms. Vitamin D3
supplementation significantly improves clinical symptoms in patients with AD, especially
in those with winter-related AD [36]. Finally, there is an inverse association between AD
severity and serum vitamin D3 levels, whereas low maternal fish consumption and reduced
VD3 intake during pregnancy increase the incidence of AD in offspring [37].

Of note, Hispanic and black children are more prone to persistent AD than white
children, with black children being more at-risk for incident AD in the first place. In a large
study on children residing in urban US areas, black children have the highest prevalence
and severity of AD among the examined ethnic groups, as well as the smallest chance for
full disease control, while AD onset occurs later in life for Hispanic children [38]. Black
children are also exposed to more known risk factors, including social risk factors, such as
living in older or rental houses or between two homes, tobacco exposure, lower income,
and lower parental educational level [39]. The latter two also affect Hispanic children. It is
known that people with darker skin types have lower 25(OH)-vitamin D levels and low
maternal 25(OH)D during pregnancy increases the offspring’s AD risk. Compared with
non-Hispanic whites, AD incidence and persistence are higher among certain non-white
racial subgroups. In a longitudinal cohort including black children with AD aged 0 to
2 years, all analyses were stratified by race. It appeared that despite lower vitamin D levels
in black participants, allergic sensitization load was associated with FLG expression in the
skin without lesions in non-black children, but not in black children with low vitamin D
levels [40,41]. Further research is warranted to identify environmental, socioeconomic, and
genetic factors that may be responsible for the observed differences.

3.2. Pollution and Seasonality

As children grow older and are exposed to air pollution, there is a higher prevalence or
recurrence of AD in areas with high concentrations of PM, benzene, carbon monoxide, sulfur
dioxide and nitrogen oxides, with a slight preference for girls over boys. A study examining
a large prospective birth cohort showed a significant positive correlation between NO2
exposure and AD at 6 years. Moreover, a study of pediatric AD patients living in Korean
urban industrial areas for two 6-month periods, showed a positive correlation between
exposure to PM and exacerbation of AD, with a longitudinal association between elevated
PM levels and an increase in reported AD symptoms [42,43].

Apart from climatic factors per se, other factors such as seasonal climate variations,
fluctuations in tropospheric ozone levels and air pollutants that have seasonal trends and
vary with climate, contribute to the onset of childhood AD. Interestingly, among children,
there is a significant seasonal variation, with children showing symptoms mainly in late
winter (“winter type”) and children showing exacerbation of symptoms in the summer,
especially when exposed to grass pollen (“summer type”) [44].

Higher odds of eczema were found in areas with a warm, humid, and rainy climate
and high levels of SO2, SO3, OC and PM2.5, while lower prevalence was found in areas
with a warm and sunny climate along with high PM10 and high ozone levels, as well as in
areas with high levels of NO2, NO3 and PM2.5. In contrast, CO was inversely associated
with eczema severity. Higher levels of lead, zinc, nickel, vanadium and arsenic in PM2.5
were associated with increased eczema prevalence, in contrast to copper, potassium and
cadmium which were inversely associated with eczema [45].

A study in children aged 0–17 years showed that in the USA, states with higher
average annual NO2, SO2 and SO3 were associated with a higher prevalence of eczema,
especially in the cold and warm months. In addition, higher levels of tropospheric ozone
in the warm months, CO and PM2.5 in the cool months, and NO3, OC and PM10 in the
cool and warm months, were associated with lower odds of eczema. Among countries,
the amount of UVR exposure and AD prevalence varies between countries and depends
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on both latitude and stratospheric ozone concentration. As for other climatic factors,
humidity, high temperatures and low precipitation are inversely correlated with AD. A
possible underlying mechanism for UV radiation involvement in AD could be through
the reduction in inflammation by cis-uronic acid and modulation of the skin and gut
microbiome [20,45,46].

From a different scope, cold outdoor temperatures and exposure to shampoo were
associated with eczema aggravation. Currently, it remains unclear whether parabens,
which are included in many daily consumer products such as cosmetics, shampoos and
personal care products as preservative antimicrobial agents, induce or aggravate it [47,48].
However, a population study suggested an increased association between children aged
0–3 years exposed to parabens [49]. In addition, water hardness is associated with eczema
in genetically predisposed infants, especially in carriers of the FLG mutation. Swimming in
chlorinated pools was associated with disease worsening and comprises one of the ‘irritant
factors’ currently mentioned in ‘eczema school’ programs [50].

3.3. Rural and Urban Environment

Living on a farm or in a rural environment in childhood had a protective effect
on sensitization even in middle age, but these factors did not protect from new-onset
sensitization in adults [51]. It also increases exposure to a wide variety of environmental
and pet allergens at an early age, which according to the hygiene hypothesis, reduces
the risk of sensitization and development of atopy later in life. In contrast, it increases
the risk of allergic disease later in childhood, despite the protective advantage from early
life [52,53]. Exposure to a high allergen load may trigger atopy in people who are genetically
susceptible. In a cohort of rural Senegalese children and teenagers under the age of 15,
contact with cows significantly increased the odds of AD, while by contrast, the presence
of a cat in the house showed a protective effect [54]. However, contact with pets, but not
cats, has a protective effect mainly in younger ages with a favorable effect of exposure
to dogs. Concerning cats, birth cohort studies showed a significant interaction between
cat ownership at birth and mutations in FLG (R501X, 2282del4) on the development of
early-onset AD [55]. However, a recent meta-analysis could not confirm this hypothesis,
implying the complexity of gene-environment interactions in AD pathogenesis [56,57].

Interestingly, both physician-diagnosed and self-reported atopic eczema were rare in
Russian Karelia (rural), as compared to Finnish Karelia (urban). An indication of higher
microbial exposure in Russian Karelia is that skin and nasal microbiota were found to be
significantly more diverse than in Finnish Karelia. In the Russian population of Karelia,
contact with nature and a higher prevalence of Acinetobacter colonization was associated
with protection from atopic dermatitis, alongside other allergic diseases [58,59]. On the
other hand, living in a home with dampness and mold increases the risk for AD. It is
important to highlight the significance of urban planning towards a green environment to
improve maternal and child health following the associations of residential greenery with
eczema in infants and pregnancy which appears to be the critical exposure window [60].

A much higher (25.6% vs. 2.0%) prevalence of eczema was observed in children aged 1
to 3 years in urban areas of South Africa compared to rural areas. Lower exposure to house
dust endotoxin in urban and rural households was associated with a higher prevalence
of AD, and significant differences in the composition of the house dust microbiota were
observed between children with AD and healthy controls [61]. The detection of specific
cat antigens in rural households was significantly lower in the AD cohort [41]. A reduced
risk of AD was associated with urban children who consumed unpasteurized or fermented
milk as well with frequent treatment with anthelmintic drugs [62]. The use of paraffin
or kerosene as a means of heating reduced the odds of AD for all households. Overall
significant differences in nutrition and cooking habits, contact with nature and animals,
increased IL-6 and TNF-a, especially in patients from rural areas [63].
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3.4. Tobacco and Smoking

Cigarette smoke is now an important independent risk factor in children aged
6–13 years, especially when there is a history of maternal smoking during pregnancy
and infancy (Figure 1) [43]. When the disease occurs in childhood, it raises the hypothesis
that a history of passive smoking becomes relevant only later in life [64]. It appears that
allergic sensitization occurs over time, while tobacco smoke contributes to the destruction
of the skin barrier and increased transdermal TEWL water loss, allowing contact with
allergens and pathogens [65]. The worldwide prevalence of AD has been associated with
active smoking [66].

3.5. Dietary Structure and Habits

Studies have tried to identify associations between dietary structure, nutrients, and
AD. More specifically, protein consumption and especially protein derived from cereal,
nuts, fish and seafood, as well as vegetables and vitamins A and E are linked with decreased
AD in adolescents aged 13–14 years (Figure 1) [67]. Studies conducted on children and
adults have found an inverse relationship between serum vitamin C and E levels with AD,
and supplementation of vitamin E reduced AD symptoms [68,69]. The opposite, however,
occurs with carbohydrates and fat, especially saturated fat, although olive oil demonstrated
a negative association with eczema. In the meantime, adherence to a Mediterranean
diet and consumption of fermented milk products might be protective factors for AD.
In addition, specific food consumption, besides food allergies, may aggravate AD [70].
Although frequent consumption of fast foods, energy drinks, and convenience food has
been related to the recently diagnosed AD in adolescents, extensive studies are needed to
determine causality. Global epidemiological studies of children have shown the association
of higher parental socioeconomic status with childhood allergic sensitization, likely due
to a reduction in allergen exposure during immune system development by living in a
healthier environment [71].

3.6. Infections/Viral Exposome

With increased hygiene and lack of exposure to bacteria, viruses and parasites, the
immune system is not stimulated to develop immune responses. However, this hypothesis
fails to explain the increase in allergy even in areas lacking basic hygiene services and the
lack of reduction in atopic disease in those exposed to childhood viral diseases [53].

The composition of bacterial communities at disease preference sites was dramatically
different in AD patients compared with controls. Microbial diversity during AD flares
depended on the presence or absence of recent AD treatments, with even intermittent
treatment being associated with greater bacterial diversity than the absence of recent
treatment. In AD, the proportion of S. aureus was greater during disease flares than
at baseline or after treatment and was associated with worsening disease severity. The
S. epidermidis skin commensal also increased significantly during flare-ups. Increases
in Streptococcus, Propionibacterium and Corynebacterium species were observed after
treatment. Furthermore, the flexures and neck show site-specific microbial colonization. the
flexures and neck. In lesions, the flexures have lower alpha diversity and a high abundance
of S. aureus, while the neck has a high abundance of Malassezia species. [72–74].

The composition of the gut microbiome, although associated with allergic sensitization,
does not affect the risk of atopic dermatitis in children up to 6 years of age [75]. The gut
microbiome composition in young people shows a reduced presence of Bifidobacterium in
AD; helminths play no role in AD in children, as they do not suffer the additional risk of
eczema from anti-helminthic treatment, unlike patients with childhood AD [76].

4. The Exposome Effect on AD of Adulthood

4.1. Pollution

At least 1 in 4 cases of AD are adult-onset, with significant heterogeneity in the
age of onset (Figure 1). Some adults may have the disease from infancy or school age,
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namely childhood-onset AD that persists into adulthood. While others may report onset in
adolescence or adulthood, known as adult-onset or recurrent AD [77].

Throughout life, PM exposure exacerbates AD. Air pollutants cause dermal oxidative
stress and have been shown to harm the integrity of the skin barrier by altering TEWL,
inflammatory cascade, stratum corneum pH and the microbiome. Various oxidative stress
markers in the stratum corneum of AD biopsies have shown a correlation with AD severity.
Therefore, supporting the hypothesis that environmentally generated ROS may induce
oxidative protein damage in the stratum corneum, leading to the disruption of barrier func-
tion and exacerbation of AD [78]. There is a perception that air pollution disproportionately
affects adult AD compared to pediatric AD.

4.2. Urban Living

Urban living often increases exposure to environmental irritants, such as NO2 which
contributes to the formation of trophospheric ozone and greenhouse gases. Short-term
exposure to NO2 or VOC caused significantly increased TEWL in both healthy individuals
and those with AD [79–81]. Interestingly, exposure to diesel exhaust and proximity to
heavy traffic leads to increased IgE production, and has been shown to be an environmental
risk factor associated with AD [48,82,83].

Polycyclic aromatic hydrocarbons (PAHs) fluorene and phenanthrene are potentially
associated with the pathogenesis of AD in adults [84]. It is hypothesized that PAHs may
exert biological effects through the binding of aryl hydrocarbon receptor (AhR) which is
suggested to be overexpressed in AD patients [85]. Various organic components of pollu-
tants interact with the AhR in keratinocytes to induce epidermal hyperstimulation through
the induction of the neurotrophic factor artemin that causes nerve growth hypersensitivity
pruritus and AD pathophysiology [86]. Dry environmental conditions can markedly en-
hance epidermal structure and function. Low humidity and low temperatures decrease skin
barrier function and increase susceptibility towards mechanical stress, while the skin also
becomes more reactive towards skin irritants and allergens as pro-inflammatory cytokines
and cortisol are released by keratinocytes, and the number of dermal mast cells increases.
Cold and dry weather appears to increase the prevalence and risk of flares in patients with
atopic dermatitis [87]. However, cold alone for short periods of time did not affect TEWL
or skin irritation. TEWL is greater in black skin compared with white skin because the
former is characterized by a lower ceramide/cholesterol ratio loss, both contributing to
skin dryness [88]. In US and Italy, increased hospital admissions occur during winter due
to low temperature, humidity and UVR exposure, as well as increased indoor heating.
Whereas admissions increase in the south during summer due to the high temperature and
humidity, which induces increased body temperature, sweating and itching [89]. A Nige-
rian prospective study reported exacerbation of symptoms with hot and humid weather
with tropical-black AD patients visiting the clinic in the dry season, (higher temperature
and UV index and lower precipitation. Exposure to tropical meteorological variables may
affect the occurrence of AD [90].

4.3. Diet

As with childhood AD, data from the 2010 NHIS suggest that increased household
income, higher household education level, and households with more individuals are
significantly associated with an increased prevalence of AD in adults [91].

Although some studies investigating the effects of dietary fatty acids on AD in adults
have indicated that low n-3 intake is inversely correlated with AD in women, other studies
have found no association between n-3 intake and AD, and other clinical studies reported
that n-3 supplementation in adults did not show any benefit over placebo in AD. Oxidative
stress has been shown to induce AD by increasing the pro-inflammatory response. An anti-
inflammatory diet includes oily fish (high in n-3), fruit, vegetables, seeds and probiotics and
limit meat, whole grains, sugar, and flour. Meantime, ‘free radical’ foods, with antioxidant
qualities, include berries, cherries, citrus fruit, prunes, olives, and green tea [92–94].
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Certain foods and dietary patterns can trigger acute changes that lead to visible
skin effects. AD has increased globally across all age groups, and this increase has also
been associated with the westernization of dietary patterns and increased consumption of
processed food. Processed foods and some food additives such as monosodium glutamate
(a popular flavor enhancer) could act as pseudo-allergens and increase the occurrence and
severity of AD [95]. On the other hand, fermented food intake is associated with a reduced
likelihood of atopic dermatitis in a Korean adult population [96].

4.4. Lifestyle Factors—Smoking and Alcohol Consumption

Although, there is no consistent evidence that drinking can cause eczema or a flare-up,
adults with AD had higher rates of cigarette smoking and greater odds of ever drinking
12 or more alcoholic beverages in low or high quantities. Current heavier drinking was
associated with eczema in all racial groups compared with a lifetime abstaining from or
current light drinking. Interestingly, eczema was associated with higher odds of ever
drinking 12 or more alcoholic beverages in whites (aOR, 1.15; 95% CI, 1.14–1.15), blacks
(aOR, 1.46; 95% CI, 1.46–1.47), and American Indians (aOR, 5.92; 95% CI, 5.83–6.01) but not
in Asian-Americans (aOR, 1.00; 95% CI, 0.99–1.00) [97].

The relationship between active and passive smoking and adult AD remains contro-
versial. Early and current cigarette smoking, as well as exposure to environmental cigarette
smoking during childhood, have both been associated with a higher incidence of adult
AD and current smoking. Both current and ever smoking were significant risk factors
for adult AD, compared with non-smoking. Moreover, packs per year were significantly
associated with adult AD, suggesting a lifelong cumulative risk in current smokers. In
addition, non-smokers with adult AD reported significantly greater environmental tobacco
exposure. Therefore, adults should be discouraged from smoking to prevent adult AD in
themselves and their family members [98].

Data from German registries show that smoking AD patients have a higher disease
burden with a different pattern of lesion distribution in adult AD, with a 2.5 times greater
likelihood of foot involvement. Although the scoring of atopic dermatitis showed no
difference between smokers and non-smokers, lesional severity of oozing, crusts, and
excoriations, along with patient global assessment scores (PGA) of AD severity being
higher in smokers compared to non-smokers. In addition, smokers reported increased
pruritus intensity and a lower number of weeks with well-controlled AD than non-smokers.
Finally, smokers had increased total IgE levels and an early age initial diagnosis of asthma.
Interestingly, smokers were predominantly males (58.7%) in their forties [99]. On the other
hand a study on US women, did not find a significant association between current smoking
and incident AD [100].

In addition, a study of adult AD from Germany suggests increased positive screening
for problematic drinking, drug use disorders, Internet addiction and gambling problems
compared to the general population [101].

4.5. Stress

Psychological stress has long been observed to affect the course of AD. While chronic
stress generally drives pathogenic immune responses, acute stress, in its effort to restore
homeostasis, activates the sympathetic axis of the autonomous nervous system (SA), the
endocrine hypothalamus–pituitary–adrenal axis (HPA), and the neuronal neuropeptidergic
axis (NNA). This in turn causes vasoconstriction, neurogenic inflammation, and the release
of pro-inflammatory neuromediators, followed by the anti-inflammatory cholinergic axis
of the autonomic nervous system (CA) [102].

Adults with atopic dermatitis exhibit SA hyperresponsiveness, resulting in the tran-
sient release of cortisol from the adrenal glands into the bloodstream, while corticotrophin-
releasing hormone (CRH), adrenocorticotropic hormone (ACTH) and cortisol from skin
cells are released, which favor the Th2 response and inhibit the Th1 response. Endoge-
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nous glucocorticoids (GCs) compromise stratum corneum cohesion, epidermal barrier
homeostasis and innate immunity, in normal skin [103].

Acute stress has been shown to aggravate the clinical manifestations of AD in both
adults and children, and a correlation has been observed between psychosocial stress and
the onset or worsening of AD. It has been shown that patients have a significantly higher
sympathetic tone compared to healthy controls at rest and, in general, are less able to
handle acute stress [104]. We previously mentioned the effect of the maternal psychological
state during pregnancy on the development of atopic dermatitis in the offspring, but a
psychological aspect of this disease exists until adulthood. Stress and sleep disturbances
seem to have a two-way relationship with atopic dermatitis as both potential causes and
sequelae of the disease [105,106]. The mechanisms underlying the psychological aspects of
eczema across all ages involve stress responses and glucocorticoid secretion in immune
dysregulation and the development of scratching behavior in response to pruritus [107,108].

5. Acute Stress Challenges: COVID-19 Pandemic and Russo–Ukrainian War

Despite the fact that children faced a plethora of pandemic-related issues, a reduction
in air pollution and lack of contact with outdoor allergens resulted in the improvement
of allergies. Preliminary data from the CORAL birth cohort revealed higher rates of
egg sensitization and eczema in children born during the first pandemic lockdown [109].
Intensive hand hygiene with warm water and soap, and alcohol-based hand sanitizers
(ABHS), were reported to be associated with the rapid development of hand eczema among
a high proportion of young children and adults. Avoiding ABHS at school and washing
their hands with a non-alcohol and additives soap and water solved their problem and
brought their AD back to good control. “School triggers” seem to be important to recognize,
avoid and prevent exposure [110].

During the strict government measures to contain the spread of SARS-CoV-2, intensive
hand hygiene increased the risk of hand eczema, especially in AD patients (Figure 1). The
use of face masks, gloves and repeated hand sanitization has been associated with high rates
of adverse skin reactions among healthcare professionals with reports of acute and chronic
dermatitis and secondary infection. In healthcare workers wearing protective equipment,
TEWL, temperature and erythema were all significantly increased after 2 h of glove and
mask use, indicating impaired epidermal barrier function. Adult AD is associated with
a significant healthcare burden and loss of work productivity [111,112]. From another
perspective, the COVID-19 pandemic impacted the exposome due to excessive use of
disposable protective equipment, plastic packaging, and increased use of antibacterials.

The exposome is constantly being exposed to unprecedented factors, such as natural
disasters or hostile activities such as the Russo–Ukrainian war in 2022 (Figure 1). There are
serious long-term environmental consequences that threaten both the environment and
human health. After each explosion, particles of toxic substances and heavy metals such
as lead, mercury and depleted uranium are released into the air, water and soil [113]. In
addition, service members encounter environmental extremes, physical stress, military gear,
and hygiene difficulties, conditions which may flare an AD patient [104,114,115]. Friction,
sweating and irritation can lead to increased itch and scratching, refueling the itch-scratch
cycle. The real effects of natural disasters, war and pandemics will only become visible in
the coming decades.

6. Conclusions

While genetic, epigenetic, racial diversity and epithelial barrier function could partially
explain AD onset, multiple exposomal factors and acute stressors are involved across the
lifespan and are equally important to understanding the development of AD. While the
exposome of AD remains to be elucidated, some factors demonstrate significant age-
specificity. Exposomal factors play a role starting from conception, during pregnancy,
childhood, adulthood and across the lifespan with an impact on the trajectory of atopic
dermatitis. Infants and young children are most affected due to PFAS, pollution and
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maternal nutrition. As they grow older, during adolescence, climate, infections, and rural
and urban environments take their toll. Later on, lifestyle factors and stress predominate. In
light of understanding the spatiotemporal effect of the exposome, investing in prevention
strategies in public health and social protection is a mark of responsible action.
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102. Pondeljak, N.; Lugović-Mihić, L. Stress-Induced Interaction of Skin Immune Cells, Hormones, and Neurotransmitters. Clin. Ther.
2020, 42, 757–770. [CrossRef]

103. Seiffert, K.; Hilbert, E.; Schaechinger, H.; Zouboulis, C.C.; Deter, H.-C. Psychophysiological Reactivity under Mental Stress in
Atopic Dermatitis. Dermatology 2005, 210, 286–293. [CrossRef]

104. Kodama, A.; Horikawa, T.; Suzuki, T.; Ajiki, W.; Takashima, T.; Harada, S.; Ichihashi, M. Effect of Stress on Atopic Dermatitis:
Investigation in Patients after the Great Hanshin Earthquake. J. Allergy Clin. Immunol. 1999, 104, 173–176. [CrossRef] [PubMed]

105. Sanders, K.M.; Akiyama, T. The Vicious Cycle of Itch and Anxiety. Neurosci. Biobehav. Rev. 2018, 87, 17–26. [CrossRef] [PubMed]
106. Silverberg, J.I.; Garg, N.K.; Paller, A.S.; Fishbein, A.B.; Zee, P.C. Sleep Disturbances in Adults with Eczema Are Associated with

Impaired Overall Health: A US Population-Based Study. J. Investig. Dermatol. 2015, 135, 56–66. [CrossRef] [PubMed]
107. Steinhoff, M.; Suárez, A.; Feramisco, J.; Koo, J. Psychoneuroimmunology of Psychological Stress and Atopic Dermatitis: Patho-

physiologic and Therapeutic Updates. Acta Derm. Venerol. 2012, 92, 7–15. [CrossRef]
108. Yosipovitch, G.; Tran, B.; Papoiu, A.; Russoniello, C.; Wang, H.; Patel, T.; Chan, Y. Effect of Itch, Scratching and Mental Stress on

Autonomic Nervous System Function in Atopic Dermatitis. Acta Derm. Venerol. 2010, 90, 354–361. [CrossRef]
109. Hurley, S.; Franklin, R.; McCallion, N.; Byrne, A.M.; Fitzsimons, J.; Byrne, S.; White, M.; O’Mahony, L.; Hourihane, J.O. Allergy-

related Outcomes at 12 Months in the CORAL Birth Cohort of Irish Children Born during the First COVID 19 Lockdown. Pediatr.
Allergy Immunol. 2022, 33, e13766. [CrossRef]

110. Singh, M.; Pawar, M.; Bothra, A.; Choudhary, N. Overzealous Hand Hygiene during the COVID 19 Pandemic Causing an
Increased Incidence of Hand Eczema among General Population. J. Am. Acad. Dermatol. 2020, 83, e37–e41. [CrossRef]

111. Pecoraro, L.; Chiaffoni, G.; Piacentini, G.; Pietrobelli, A. The Need of an Updated Culture of “Occupational” Atopic Hand
Dermatitis in Children at the Time of COVID-19. Acta Biomed. 2022, 93, e2022324. [CrossRef] [PubMed]

112. Rundle, C.W.; Presley, C.L.; Militello, M.; Barber, C.; Powell, D.L.; Jacob, S.E.; Atwater, A.R.; Watsky, K.L.; Yu, J.; Dunnick, C.A.
Hand Hygiene during COVID-19: Recommendations from the American Contact Dermatitis Society. J. Am. Acad. Dermatol. 2020,
83, 1730–1737. [CrossRef] [PubMed]
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Abstract: Atopic dermatitis (AD) can be subclassified into the more frequent extrinsic type (EAD),
with elevated serum IgE levels and frequent association with other atopic conditions, and the less
frequent intrinsic type (IAD), with normal IgE levels and no history of atopy. This retrospective study
has the objective to compare the efficacy of dupilumab therapy in patients with IAD versus EAD in a
real-life setting. We studied a group of 360 patients treated with dupilumab for moderate-to-severe
AD of whom 49 had IAD (IgE < 200 kU/L and no history of other atopic conditions) and 311 had
EAD (IgE ≥ 200 kU/L and/or history of atopy). There were no statistically significant differences
in the achievement of EASI75 between IAD and EAD patients either at 16, 32, or 48 weeks (61% vs.
50%; 66% vs. 60%; and 53% vs. 65%, respectively). Similarly, there were no statistically significant
differences in the achievement of EASI90 or the reduction in NRSpp, NRSsd, and DLQI at each
timepoint. Additionally, mean absolute eosinophils and IgE values were significantly higher in
the EAD group at all timepoints. This study confirms that dupilumab, targeting the Th2 pathway,
which is known to be overexpressed in all AD phenotypes, appears to be equally effective in the two
populations regardless of IgE levels.

Keywords: atopic dermatitis; dupilumab; intrinsic atopic dermatitis

1. Introduction

Atopic dermatitis (AD) is a common inflammatory disease of the skin characterized by
intense pruritus and chronic or relapsing eczematous lesions. The Global Burden of Disease
study showed a prevalence of 15–20% among children and up to 10% among adults with
a notable impact on the quality of life of patients and their families and with significant
economic repercussions [1].

AD is frequently associated with a personal or family history of atopic conditions,
such as bronchial asthma and allergic rhinitis, which is why the term “atopic dermatitis”
was chosen [2,3].

In 2003, the Nomenclature Review Committee of the World Allergy Organization
proposed a new nomenclature for allergies in which the term “atopy” refers to a genetic
predisposition to become immunoglobulin E (IgE) sensitized to allergens commonly found
in the environment to which everyone is exposed but to which most people do not produce
a long-term IgE antibody response [4].

Most patients diagnosed with AD have high concentrations of total IgE, positive
allergen-specific IgE levels, and positive skin prick tests with aeroallergens and/or food
allergens. However, there are patients with similar clinical features of AD but without
detectable sensitization to inhalant or food allergens [5]. For this reason, among patients
with a clinical diagnosis of AD, a distinction into two subgroups has been proposed. Similar
to the extrinsic and intrinsic types of asthma, the term “intrinsic AD” (IAD) and “extrinsic
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AD” (EAD) have been suggested. For IAD, other similar terms such as “non-allergic AD”
or “non-atopic eczema” have been introduced to describe AD patients without allergen-
specific IgE [4,6]. Since these patients have no demonstrable atopy, the term “atopiform
dermatitis” has also been coined to avoid the link with true atopy [7].

Since total serum IgE values are correlated with the allergen-specific IgE status, total
IgE can be regarded as a clinically useful parameter to expectedly differentiate between the
extrinsic type, with increased IgE levels, and the intrinsic type, with normal IgE values, in
both adults and children [5,8].

The prevalence of IAD has been reported between 15% and 45% in different studies,
and it is characterized by a female predominance, a later age at onset, and a more frequent
distribution in the head and neck area (H&N) [5,9]. Instead, no histological differences were
observed in the two groups. The typical findings are similar in both types of AD: epidermal
spongiosis and dermal lymphocytic infiltrate in the acute-phase lesions and acanthosis
in the chronic phase. Activated T cells predominate the dermal cell infiltrate, but other
cells such as mast cells, eosinophils, and antigen-presenting dendritic cells are also present.
In IAD and EAD, different cytokine patterns of involved T cells have been observed in
peripheral blood, as well as in lesional skin biopsies. EAD patients have been found to
express elevated levels of interleukin (IL)-4 and IL-13 with an increased production of IgE
compared to patients with IAD [5]. In addition, patients with IAD were found to have a
greater increase in the Th1 signal and more pronounced Th17/Th22 activation [10].

Taking this different cytokine production into account, we wondered whether dupilumab,
an inhibitor of both IL-4 and IL-13 signaling, has less efficacy in patients with IAD.

In the literature, very few studies have evaluated the efficacy of dupilumab by stratify-
ing patients according to normal versus increased IgE values, following a “one-size-fits-all”
treatment approach [11,12]. With this study, we want to enrich the literature by comparing
the efficacy of dupilumab in patients with IAD versus EAD in a real-life setting.

2. Materials and Methods

2.1. Study Population

We performed a retrospective observational study with the aim of comparing the
efficacy of dupilumab therapy in patients with EAD versus IAD in a real-life setting.

Patients aged ≥12 years with moderate-to-severe AD who started treatment with
dupilumab at the Dermatology Clinic of the Turin University Hospital between January
2019 and March 2022 were included in this study.

AD was diagnosed according to the Hanifin and Rajka criteria [13], and IAD was
defined by total serum IgE levels < 200 kU/L and the absence of personal or family
history of other atopic conditions such as bronchial asthma and allergic rhino-conjunctivitis
according to Schmid (-Grendelmeier) et al. [5]. Adult patients had to have an EASI (eczema
area severity index) ≥ 24, while adolescents required an EASI ≥ 24 or one of the following
criteria: localization in sensitive or visible areas, an NRSpp (numerical rating scale peak of
pruritus) ≥ 7, or a CDLQI (children’s dermatology life quality index) ≥ 10.

All adult patients received an initial dose of 600 mg dupilumab and subsequently
300 mg every other week administered as subcutaneous injection. Adolescents (aged 12–17),
if they weighed less than 60 kg, received an initial dose of 400 mg and then 200 mg every
other week, whereas if they weighed more than 60 kg, the same dosage was used as
for adults. Patients were examined before starting dubilumab therapy (T0) and were
reevaluated at 16 (T1), 32 (T2), and 48 (T3) weeks. At T0, demographic characteristics,
such as age, sex, BMI, age of onset, family history of atopy, predisposition to allergic
conjunctivitis and recurrent herpetic recurrences, and history of parasitic infections, were
collected. At each visit, blood count, leukocyte formula (with particular attention to
eosinophils), IgE, and LDH were assessed; patients completed the DLQI (dermatology life
quality index) or the CDLQI and a POEM (patient-oriented eczema measure) before each
visit. Disease severity was assessed by EASI, with special attention to H&N EASI; pruritus
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was assessed as NRSpp and NRSsd (sleep disturbance). The occurrence of adverse events
(EAs) was also monitored at each visit.

2.2. Objectives

The aim of this study was the comparison of the efficacy of dupilumab therapy in
patients with IAD versus EAD. These two groups were evaluated on the basis of improve-
ments in EASI scores and H&N EASI at each T, the proportion of patients achieving EASI75
and EASI90 at each T, the percentage change from the baseline in worst pruritus NRS and
NRSsd at each T, and improving quality of life by comparing DLQI and POEM scores at
each T. LDH and eosinophil values were also compared in the two groups at each T.

2.3. Statistical Analysis

Quantitative variables were described by means with standard deviations (SD), while
qualitative variables by percentages and absolute values.

Specifically, statistical analysis was performed using the Mann–Whitney U-test to
compare independent variables with non-normal distributions.

For categorical variables, the Chi-square test was used, applying linear regression with
Pearson’s index for correlations. Statistical significance was considered as a p-value < 0.05.

All analyses were performed with STATA software version 10 (STATA Corporation,
College Station, TX, USA).

3. Results

At the baseline, 360 patients were included in this study, of which 49 (14%) patients
had IAD and 311 (86%) had EAD. Among the IAD patients, 25 (52%) were female and 24
(49%) were male, while the among the EAD patients, 133 (43%) and 178 (57%), respectively.

As shown in Table 1, in the group of patients with IAD, the mean EASI at baseline was
18.2 (SD ± 11.97) and 24.04 (SD ± 10.34) in the EAD group (p-value < 0.01); furthermore,
in the IAD group, there was an H&N EASI of 2.6 (SD ± 2.09), while in the EAD group, it
was 3.33 (SD ± 2.1) (p-value < 0.05). At T0, patients with EAD had significantly higher
mean IgE values than those with IAD (3949.74 ± 5208.77 vs. 70.64 ± 60.05, p < 001), as
expected according to the definition of the two groups. At the baseline, there was also no
statistically significant difference between the mean DLQI of the IAD group (14.13 ± 7.56)
and the mean DLQI of the EAD group (14.88 ± 7.07) (p-value 0.496). There were also no
differences in the POEM; the mean value reported by IAD patients was 19.19 ± 6.56, while
in the EAD group, it was 20.8 ± 6.31 (p-value 0.094).

Table 1. Patents’ baseline characteristics.

IAD (n = 49) EAD (n = 311) p-Value

EASI score (mean ± SD) 18.2 ± 11.97 24.04 ± 10.34 <0.01

H&N EASI score (mean ± SD) 2.6 ± 2.09 3.33 ± 2.1 <0.05

DLQI (mean ± SD) 14.13 ± 7.56 14.88 ± 7.07 0.496

POEM (mean ± SD) 19.19 ± 6.56 20.8 ± 6.31 0.094

NRSpp (mean ± SD) 8.63 ± 1.44 8.56 ± 1.75 0.759

NRSsd (mean ± SD) 6.85 ± 2.83 7.07 ± 3.15 0.258

LDH (mean ± SD) 289 ± 125.42 327.12 ± 147.16 0.095

IgE kU/L (mean ± SD) 70.64 ± 60.05 3949.74 ± 5208.77 <0.001

Eosinophils × 109/L (mean ± SD) 0.31 ± 0.39 0.2 ± 9.07 <0.01
IAD: Intrinsic atopic dermatitis; EAD: extrinsic atopic dermatitis; SD: standard deviation; EASI: eczema area
severity index; H&N = head and neck; DLQI: dermatology life quality index; POEM: patient-oriented eczema
measure; NRSpp: numerical rating scale peak of pruritus; NRSsd: numerical rating scale sleep disturbance.
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Among patients included in this study, 38 IAD patients and 234 EAD patients reached
T1, at which time the mean EASI was 2.78 (SD ± 5.62) in the IAD group and 3.88 (SD ± 5.13)
in the EAD group (p-value 0.028). At T2, 35 IAD patients had a mean EASI of 1.79
(SD ± 2.97), and 212 EAD patients had a mean EASI of 2.96 (SD ± 3.78) (p-value 0.011). At
T3, 30 IAD patients had a mean EASI of 1.61 (SD ± 1.6), and 160 EAD patients had a mean
EASI of 2.75 (SD ± 4.04) (p-value 0.222).

Thus, patients with IAD showed lower mean EASI values at T0, T1, and T2 than
patients with EAD, whereas at T3, this difference nullifies.

There were no statistically significant differences between the two groups in the
achievement of EASI75 at either T1, T2, or T3. The percentage of patients achieving EASI75
in patients with IAD versus patients with EAD was 61% vs. 50% (p-value 0.248) at T1,
66% vs. 60% (p-value 0.514) at T2, and 53% vs. 65% (p-value 0.224) at T3.

Similarly, there was no statistically significant difference in the achievement of EASI90
in patients with IAD and AED: 42% vs. 35% (p-value 0.352) at T1, 57% vs. 40% (p-value
0.059) at T2, and 40% vs. 47% (p-value 0.488) at T3.

Figures 1 and 2 show, respectively, the trend of EASI75 and EASI90 at various time-
points. Patients with IAD show a faster response up to T2 and then reverse the trend
compared to EAD.

Figure 1. Proportion of patients achieving a 75% improvement in the eczema area and severity index
(EASI75) (IAD = intrinsic atopic dermatitis; EAD = extrinsic atopic dermatitis).

Figure 2. Proportion of patients achieving a 90% improvement in the EASI (EASI90) (IAD = intrinsic
atopic dermatitis; EAD = extrinsic atopic dermatitis).

The mean H&N EASI in patients with IAD compared to those with EAD was 0.54
(SD ± 0.99) vs. 0.98 (SD ± 1.28) (p-value 0.17) at T1, 0.39 (SD ± 0.68) vs. 0.76 (SD ± 1.12)
(p-value 0.46) at T2, and 0.38 (SD ± 0.62) vs. 0.73 (SD ± 1.02) (p-value 0.78) at T3.

With regard to itch scores, the mean NRSpp in IAD patients was 2.74 (SD ± 2.58) and
3.02 (SD ± 3.02) in EAD patients at T1 (p-value 0.50), 2.3 (SD ± 2.51) vs. 2.84 (SD ± 2.27) at
T2 (p-value 0.112), and 2.54 (SD ± 2.10) vs. 2.66 (SD ± 2.33) at T3 (p-value 0.998).

At T1, the mean NRSsd in IAD patients was 1.06 (SD ± 2.03) and 1.15 (SD ± 2.2)
in EAD patients (p-value 0.759). The mean NRSsd in IAD vs. EAD patients was 2.3
(SD ± 2.51) vs. 2.84 (SD ± 1.68) at T2 (p-value 0.781) and was 0.75 (SD ± 2.15) vs. 0.55
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(SD ± 1.68) at T3 (p-value 0.781). The reduction trend in NRSpp and NRSsd in the two
study groups is shown in Figures 3 and 4, respectively.

Figure 3. Numerical rating scale pick pruritus (NRSpp) in IAD and EAD patients (IAD = intrinsic
atopic dermatitis; EAD = extrinsic atopic dermatitis).

Figure 4. Numerical rating scale sleep disturbance (NRSsd) in IAD and EAD patients (IAD = intrinsic
atopic dermatitis; EAD = extrinsic atopic dermatitis).

As for quality of life, the DLQI score was 4.79 ± 5.19 in the IAD group vs. 4.44 ± 5.01
in the EAD group at T1 (p-value 0.522), 3.88 ± 4.75 vs. 4.00 ± 4.99 at T2 (p-value 0.663) and
3.14 ± 2.86 vs. 3.24 ± 3.98 at T3 (p-value 0.679).

The percentage of patients with EAD who achieved a DLQI of 1/0 compared to those
with IAD was: 75.24% vs. 77.55% at T1, 64.31% vs. 69.39% at T2, and 48.55% vs. 57.14% at
T3 (Figure 5). No statistically significant differences were found in the achievement of a
DLQI of 1/0 in the two study groups (p-value > 0.05).

Figure 5. Proportion of patients achieving a DLQI of 1/0 in IAD and EAD. DLQI = dermatology life
quality index (IAD = intrinsic atopic dermatitis; EAD = extrinsic atopic dermatitis).

Mean IgE values were significantly higher, although decreasing over time, in the EAD
group than in the IAD group at all timepoints (2159.10 ± 3243.13 vs. 44.81 ± 40.30 at T1,
1348.92 ± 1816.90 vs. 38.85 ± 39.39 at T2, and 997.23 ± 1376.00 vs. 23.69 ± 16.72 at T3;
p < 0.001).

The mean absolute values of eosinophils in the two groups were also compared and
were statistically higher in patients with EAD than in those with IAD at all timepoints
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(Figure 6). Values were 1.13 ± 9.07 × 109/L vs. 0.31 ± 0.39 × 109/L at T0 (p < 0.001),
0.68 ± 0.75 × 109/L vs. 0.45 ± 1.24 × 109/L at T1 (p < 0.001), and 0.65 ± 1.05 vs.
0.17 ± 0.11 × 109/L at T2 (p < 0.001).

Figure 6. Mean eosinophils values (×109/L) in IAD and EAD patients (IAD = intrinsic atopic
dermatitis; EAD = extrinsic atopic dermatitis).

With regard to mean LDH values, no statistically significant differences were found in
the two groups at any timepoint.

4. Discussion

We evaluated the possible difference between the H&N EASI in the two groups as
this parameter appears to have an important impact in measuring quality of life compared
to other body area EASIs [14]. In contrast to what has previously been shown by other
studies [5,9], our patients with EAD had a higher mean H&N EASI than patients with IAD
at the baseline. During treatment with dupilumab, these values remained higher in the
EAD group, although without a statistically significant difference and with an irregular
trend, probably due to red face events.

The mean EASI values were significantly higher in patients with EAD at T0 as well
as at T1 and T2; only at T3, after 48 weeks of treatment, was this difference no longer
significant. Therefore, patients with EAD in our sample show a higher disease burden at
the baseline that remains higher than patients with IAD in the first 32 weeks of dupilumab
treatment. Nevertheless, the percentage of patients achieving an EASI75 is high in both
the IAD and EAD groups (61% vs. 50% at T1, 66% vs. 60% at T2, and 53% vs. 65% at T3),
and no statistically significant differences were found in the two groups. Patients with IAD
showed a faster response up to T2 and then reversed the trend compared to EAD. Similarly,
patients in the two groups achieved an EASI90 in comparable percentages, demonstrating
equal efficacy of dupiluamb in patients with IAD and EAD.

It is well known that AD is a Th2-type inflammatory disease. However, patients
with EAD present high levels of type 2 cytokines, including IL-4, IL-5, and IL-13, with
an increased eosinophil count, whereas the levels of these cytokines are relatively lower,
although increased compared to normal, in IAD. The latter is also characterized by increased
Th1 signaling and more pronounced Th17/Th22 activation with an overproduction of IFN-g
that may further downregulate IgE production [10].

These mechanisms may explain the higher, since baseline, serum eosinophil levels and
the mean EASI values in EAD compared to IAD obtained in our study.

In our study, no statistically significant differences between the two groups of patients
were recorded regarding the assessment of quality of life, both in terms of the reduction
in DLQI and the achievement of a DLQI of 1/0 or in the reduction in NRSpp and NRSsd.
This shows that dupilumab is responsible for an improvement in the patients’ quality of
life and a reduction in itching in both AD subtypes.

Since increased Th2 levels are a common feature across the AD spectrum, targeting
this axis should theoretically be beneficial for all AD phenotypes [9].
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This study confirms that dupilumab, by reducing IL-4 and IL-13 signaling, Th2-
associated interleukins, appears to be equally as effective in the two study populations
regardless of IgE levels, as previously shown by Hamilton et al. [11].

It can also be seen that the efficacy of dupilumab is not closely related to the reduction
in IgE values; in fact, these remain above normal in patients with EAD despite an optimal
clinical response in terms of both the EASI and pruritus reduction [15].

The main limitation of this study is the retrospective methodology. Certainly, larger
prospective studies will be needed to confirm the equal efficacy of dupilumab in patients
with IAD versus EAD and to further investigate such a topic.

The stratification of AD endotypes could be important for developing personalized
medicine approaches that can potentially improve therapeutic outcomes. Indeed, patients
with IAD also show significant Th17 and, in some cases, Th22 activation, with increased
levels of the relevant cytokines (IL17/IL23 and IL22, respectively). Therefore, such patients
could benefit from targeted treatment of these two cytokine axes [9,16].
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Abstract: Pediatric atopic dermatitis (AD) can negatively impact the family quality of life (QoL).
We report data from the real-world Epidemiology of Children with Atopic Dermatitis Reporting
on their Experience (EPI-CARE) study in Japanese pediatric patients, focusing on disease impact
on family QoL. Children and adolescents aged 6 months to <18 years completed an online survey
between September 2018–December 2019. The impact of disease severity on family QoL and its
effect on parents’ time were assessed using the dermatitis family impact (DFI) questionnaire. The
impact of a family history of allergic conditions, current residency, second-hand smoke exposure,
and household pets on AD prevalence and severity was also assessed. Family QoL decreased as AD
severity increased, particularly in families with children aged <6 years; but had the greatest impact
on sleep and tiredness in families with children aged <12 years. Parents spent at least 4.6 h/week
caring for children <6 years, including those with mild symptoms. Most children (>80%) had a
family history of allergic conditions; AD prevalence was increased in those exposed to second-hand
smoke or household pets. This study demonstrated that pediatric AD in Japanese individuals has
negative impacts on family QoL and that family and household environments can influence pediatric
AD prevalence.

Keywords: atopic; child; dermatitis; family; quality of life

1. Introduction

Atopic dermatitis (AD) is a chronic, relapsing skin condition characterized by pruritus
and disruption of the epithelial barrier, with symptoms often appearing within the first 5
years of life and persisting into adolescence and adulthood [1,2].

The pathophysiology of AD involves a complex interaction between genetic epithelial
skin barrier defects, dysregulated immune response, an altered microbiome, and envi-
ronmental risk factors [3]. In particular, patients with atopic diathesis are genetically
predisposed to develop one or more atopic diseases, including AD, hay fever, allergic
rhinitis, and asthma [4]. In addition, the patient’s exposome, a concept that encompasses
all environmental exposure (e.g., chemical pollution, tobacco smoke, infectious agents, or
lifestyle factors) encountered by an individual throughout their life, is thought to play an
important role in AD development [5–9].

AD in childhood and adolescence has a negative impact on the quality of life (QoL) of
the parents and caregivers of affected children [10–13]. Moderate-to-severe AD in children
is often associated with a significant symptom burden, including pruritus, pain, and sleep
disturbance, which may result in poor self-esteem, reduced school performance, and
increased familial stress [14]. Parents of children with AD often report reduced QoL related
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to sleep disturbances, daytime functioning, and financial problems [10–12]. A multinational
survey on the impact of AD on family QoL reported that caring for a child with moderate-
to-severe AD was associated with high levels of parental anxiety and exhaustion, as well
as strained family relationships [10]. Life decisions for caregivers and families of children
with AD are also negatively impacted, particularly in children with severe disease [15].

In addition to the negative impact of AD on families, the prevalence or severity of AD
may be affected by several factors, including a family history of allergic conditions [16],
second-hand smoke exposure [17], and the presence of domestic pets [18]. However, few
studies have evaluated the impact of pediatric AD on family QoL or the impact of the
family and household environment on AD prevalence and severity in Japan.

The Epidemiology of Children with Atopic Dermatitis Reporting on their Experience
(EPI-CARE) study evaluated the prevalence and burden of AD among the pediatric popula-
tion (aged 6 months to <18 years) and their caregivers in countries from several geographic
regions worldwide, including Japan [19]. Data from the EPI-CARE study have indicated
that parents and caregivers experience an impact of their child’s AD on family QoL, partic-
ularly in children with higher disease severity [13]. In the Japanese EPI-CARE pediatric
population (n = 5702), the 12-month prevalence of diagnosed AD (based on meeting the
International Study of Asthma and Allergies in Childhood (ISAAC) criteria [20] and having
a physician-diagnosed AD) was 10.7% overall, 12.9% in patients aged <6 years, 10.3% in
those aged 6 to <12 years, and 9.1% in those aged 12 to <18 years [19].

Here, we report additional results of the EPI-CARE study in the Japanese pediatric
population, focusing on the impact of pediatric AD on family QoL and the influence of the
family and the household environment on its prevalence and severity.

2. Materials and Methods

2.1. Study Design

The design of the cross-sectional, epidemiologic EPI-CARE study has been described
previously [19]. In addition, EPI-CARE was conducted across 18 countries to collect repre-
sentative data from pediatric populations with AD. The study received ethical approval and
was performed in accordance with the European Union General Data Protection Regulation,
the European Society for Opinion and Marketing Research, the Insights Association, the
European Pharmaceutical Marketing Research Association, the British Healthcare Business
Intelligence Association, the US Health Insurance Portability and Accountability Act, and
all international and local data protection legislation. All participants or their parents pro-
vided written informed consent before study entry. No personally identifiable information
or medical data were collected.

A web-based survey was used for data collection, and the parents of participants were
recruited via direct emailing, special interest websites, and broad-reach portals. Kantar
Health was responsible for participant recruitment, administration of surveys, collation of
responses, and data analyses. The survey was conducted in Japan between 26 September
2018, and 2 December 2019.

2.2. Study Population

The study included children and adolescents aged 6 months to <18 years. There were
no other specific study inclusion/exclusion criteria.

Initially, parents of eligible children and adolescents were recruited via email and
participated in an online panel; panel members were blinded to the research topic when
invited and received points once they completed the survey that could be redeemed for
items in a prize catalog (exact values unknown). After initial recruitment, the parents of
children aged <12 years completed the survey on behalf of their children, and adolescents
aged 12 to <18 years completed the survey themselves.
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2.3. Questionnaire and Outcomes

The 30-min online, web-based survey included two sections. In the first section, a
selection algorithm was used to determine which children were to be investigated (in cases
where parents had multiple children), and demographic data were collected. Three defini-
tions of AD were used: ‘reported AD,’ ‘physician-diagnosed AD,’ and ‘diagnosed AD’. For
‘reported AD’ responders had to exclusively meet all three ISAAC criteria (Table 1) [20]. For
‘physician-diagnosed AD’ responders self-reported having ever been told by a physician
that they had AD. For ‘diagnosed AD’ responders met all three ISAAC criteria and had
self-reported having ever been told by a physician that they had AD.

Table 1. International Study of Asthma and Allergies in Childhood Criteria for atopic dermatitis [20].

Criteria Description

1 An itchy rash that has come and gone for ≥6 months
2 The itchy rash has appeared at any time in the past 12 months

3

The itchy rash has affected any of the following places at any time:

• Folds of the elbows
• Behind the knees
• In front of the ankles
• Under the buttocks
• Around the neck, ears, or eyes

In the second section of the survey, which was completed by responders with AD,
disease severity was evaluated, and data on the impact of family and home life on the
disease burden on the individual’s family were collected. AD severity in the past week was
evaluated by the patient-oriented eczema measure (POEM) [21], with total scores ranging
from 0 (lowest severity) to 28 (highest severity). POEM scores of 0 to 7 indicate mild disease,
8 to 16 indicate moderate disease, and >16 indicate severe disease [22]. Disease severity was
also assessed using the patient global assessment (PtGA) [23], with self-reported severity
classified as clear/mild, moderate, or severe.

The impact of disease burden on the QoL of the parents and family of the individ-
ual with AD was assessed using the dermatitis family impact (DFI) questionnaire [24].
The DFI questionnaire assesses the impact of disease on (1) housework, (2) food prepara-
tion and feeding, (3) sleep of other family members, (4) family leisure activities, (5) time
spent shopping for the family, (6) expenditure, (7) causing tiredness and exhaustion of
parents/caregivers, (8) causing emotional distress of parents/caregivers, (9) relationships
between the main caregiver and partner or other children, and (10) the main caregiver’s life.
Total scores range from 0 to 30, with higher scores indicating a greater impact on family
life [24]. The impact of the disease on the time spent caring for the child and the number of
workdays missed was also examined.

Additionally, the impact of a family history of allergic conditions, including AD, hay
fever, or asthma, on AD severity was assessed. The impact of second-hand smoke exposure
and the presence of domestic pets on the prevalence and severity of AD was also examined.

2.4. Statistical Analysis

The target population size was determined prior to data collection to ensure that
the surveyed individuals were representative of the population in Japan for sex, age,
geographic regions, and urban versus rural residence. A weighting adjustment was applied
if this target was not met exactly, as previously described [19].

Descriptive statistics were used to present the data, with continuous data described by
the mean, median, standard deviation (SD), and range. The numbers of individuals as a
proportion of the sample, means, and medians were weighted, while the absolute numbers
of individuals were unweighted.
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3. Results

3.1. Study Population Diagnosed with AD

Of the 5702 pediatric patients in the Japanese EPI-CARE population, 1671 (29.3%) were
aged 6 months to <6 years, 1989 (34.9%) were aged 6 to <12 years and 2042 (35.8%) were
aged 12 to <18 years. The prevalence of diagnosed AD was 12.9% (n = 226) in children
aged <6 years, 10.3% (n = 200) in children aged 6 to <12 years, and 9.1% (n = 182) among
adolescents aged 12 to <18 years.

The proportion of patients with clear/mild AD, moderate AD, and severe AD based
on the POEM score was 63.2%, 32.4%, and 4.4%, respectively, and based on PtGA scores, it
was 72.3%, 25.5%, and 2.2%, respectively [19].

3.2. Impact on Family QoL

In all age groups, mean DFI scores increased as the severity of ‘diagnosed AD’ in-
creased (Figure 1a). In patients with clear/mild AD based on POEM scores, mean (SD)
DFI scores were numerically higher in children aged <6 years than in those aged 6 to <12
years or 12 to <18 years (3.98 (5.76) vs 2.47 (4.29) and 2.35 (4.21), respectively). The mean
(SD) DFI scores were also numerically higher in children with moderate AD aged <6 years
(7.52 (6.85)) than those aged 6 to <12 years (5.86 (6.28)) or 12 to <18 years (5.92 (6.95)).
Among patients with severe AD, mean (SD) DFI scores were 9.36 (5.93) in children aged <6
years, 14.47 (8.22) in those aged 6 to <12 years, and 11.55 (9.86) in adolescents aged 12 to
<18 years.

Figure 1. (a) Mean dermatitis family impact (DFI) scores according to POEM severity of atopic
dermatitis in Japanese pediatric patients across age groups; (b) distribution of DFI domain scores
across age groups. DFI, dermatitis family impact; POEM, patient-orientated eczema measure; SD,
standard deviation.

When DFI scores were examined by individual domains in children aged <6 years,
increased disease severity had the greatest impact on the ‘sleep of family’ and ‘tiredness’
domains (Figure 1b). In children aged 6 to <12 years, severe AD had a marked impact
on all DFI domains, with the greatest impact being on ‘tiredness.’ In adolescents aged
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12 to <18 years, moderate AD had the greatest impact on the ‘expenditures’ domain,
and severe AD had the greatest impact on the ‘emotional distress,’ ‘sleep of family,’ and
‘tiredness’ domains.

3.3. Impact on Parents’ Time

In general, the mean number of hours spent caring for a child with ‘diagnosed AD’ in
the past week increased as AD severity increased (Figure 2a). In children aged <6 years,
a mean of 4.62 h was spent by parents caring for those who had mild diseases. In all age
groups, the length of time spent caring for those with moderate or severe AD was more
than twice that needed for those with mild AD. In patients aged 6 to <12 years and 12 to
<18 years, the time needed to care for those with severe AD was more than three times that
required for those with moderate AD.

 

Figure 2. (a) Mean hours spent caring for child in the past week; (b) total days of work missed
for atopic dermatitis-related issues in the past month for parents/caregivers of Japanese pediatric
patients across age groups. AD, atopic dermatitis; NA, not applicable; SD, standard deviation.

The number of workdays missed for AD-related issues in the past month also increased
as AD severity increased (Figure 2b). Among parents of children or adolescents with severe
AD, at least 1 workday was missed by 100.0% of parents of children aged <6 years, 55.9%
of those aged 6 to <12 years, and 62.7% of those aged 12 to <18 years.

3.4. Family History of Allergic Conditions

There was a family history of AD, hay fever, or asthma in 488/547 patients (89.1%)
with ‘diagnosed AD’. In children aged <6 years, 91.4% of those with clear/mild AD, 91.6%
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of those with moderate disease, and 100.0% of those with severe disease had a family
history of AD, hay fever, or asthma (Figure 3). Similar trends were observed in patients
aged 6 to <12 years and 12 to <18 years.

Figure 3. Proportion of patients with a family history of atopic dermatitis (AD), hay fever, or
asthma according to POEM severity of AD in Japanese pediatric patients across age groups. POEM,
patient-orientated eczema measure.

3.5. Current Residency

The majority of pediatric patients with AD lived in urban or suburban regions of
the country across all age groups, regardless of AD severity (Supplementary Figure S1).
Current residency did not appear to impact disease severity in any age group.

3.6. Second-Hand Smoke Exposure

The prevalence of ‘reported AD,’ ‘physician-diagnosed AD,’ and ‘diagnosed AD’ was
higher in children or adolescents with a current or occasional smoker in the household
than in those from a non-smoking household (Figure 4). Across age groups, the prevalence
of ‘reported AD’ ranged from 12.9–24.2% in individuals living with non-smokers, from
25.5–31.8% in those living with a current smoker, and from 27.8–33.3% in those living
with an occasional smoker. In young children aged <6 years, 83.0% of those with severe
‘diagnosed AD’ were living with a smoker in the household (Supplementary Figure S2).

Figure 4. Prevalence of atopic dermatitis according to family smoking status in Japanese pediatric
patients aged (a) 0.5 to <6 years; (b) 6 to <12 years; (c) 12 to <18 years. AD, atopic dermatitis.
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3.7. Household Pets

The prevalence of ‘reported AD,’ ‘physician-diagnosed AD,’ and ‘diagnosed AD’ was
higher among children or adolescents who lived with a household pet than in those without
a household pet (Figure 5). Among those living with a household pet, 26.2–35.8% had
‘reported AD,’ 21.3–28.7% had ‘physician-diagnosed AD,’ and 13.8–18.5% had ‘diagnosed
AD’. In contrast, in children living without a household pet, 13–23.1% had ‘reported AD,’
12.3–18.8% had ‘physician-diagnosed AD,’ and 5.9–10.7% had ‘diagnosed AD’. However,
the number of household pets did not appear to impact disease severity in any of the age
groups (Supplementary Figure S3).

3.8. Parent Education and Employment Status

In general, a high proportion of the parents of affected children/adolescents had
college, university, or graduate school education across all age groups, regardless of AD
severity (Supplementary Figure S4). In addition, the majority of parents were employed
(Supplementary Figure S5). Education and employment status did not appear to impact
disease severity in any age group.

Figure 5. Prevalence of atopic dermatitis according to the presence of a household pet in Japanese
pediatric patients aged (a) 0.5 to <6 years; (b) 6 to <12 years; (c) 12 to <18 years. AD, atopic dermatitis.

4. Discussion

In this Japanese pediatric population of the EPI-CARE study, 10.7% of patients had
been diagnosed with AD within the last 12 months [19]. According to the POEM tool, the
majority of those with diagnosed AD had a clear/mild disease (63.2%), while 32.4% and
4.4% had moderate or severe AD, respectively [19].

In the current analysis, the DFI questionnaire showed that family QoL decreased as the
severity of their child’s AD increased. The mean DFI scores ranged from 2.35–3.98 across
age groups in patients with clear/mild AD, from 5.86–7.52 in those with moderate AD,
and from 9.36–14.47 in those with severe AD. In patients with clear/mild, or moderate AD,
mean DFI scores were numerically higher for families with children aged <6 years than for
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families with older children. When the individual DFI domains were evaluated, disease
severity appeared to have the greatest impact on the ‘sleep of family’ and ‘tiredness’ among
families with children aged <6 years or 6 to <12 years.

These results are consistent with those of an international web survey [10] and the
Avon Longitudinal Study of Parents and Children (ALSPAC) study in the UK [25]. In the
international web survey (n = 235), parental sleep disturbance and fatigue both increased
as the child’s AD severity increased [10]. Similarly, the ALSPAC study, which included
11,649 mother–child pairs, showed that mothers of children with mild, moderate, or severe
AD had difficulty falling asleep, subjectively insufficient sleep, and daytime exhaustion
during the first 11 years of their child’s life [25]. In Japanese families, young children
and their parents often sleep in the same room, so parents will often experience sleep
disturbances if their child has sleeping difficulties due to AD symptoms.

The current analysis showed a marked decrease in family QoL among children aged
6 to <12 years with severe AD, most likely because parents are solely responsible for
managing skin care in this age group. Our results also showed that the burden on parents
and families is greater in children aged <6 years than in those aged 6 to <12 years or 12 to
<18 years for mild or moderate AD. This may be because younger children with AD are
less able to cope with their symptoms and require more care from their parents/caregivers
than older children or adolescents.

The time spent by parents caring for their children with AD in the past week increased
in proportion to disease severity in children aged ≥6 years, being more than threefold
higher for parents with children/adolescents with severe AD than for those with moderate
AD. In children aged <6 years, parents spent an average of at least 4.6 h per week caring
for their children, even those with mild symptoms. The increase in the time required to
care for children aged ≥6 years was associated with an increase in the number of workdays
missed by parents for AD-related issues in the past month, particularly when their child
had severe AD. The increase in work absences may be caused by the child being absent
from school. These findings are in line with those of a cross-sectional United States study
that included 3132 children with AD and found a two-fold higher likelihood of chronic
school absenteeism (i.e., ≥15 days missed per year) among children with severe AD versus
mild-to-moderate AD. The same study found a significantly higher number of workdays
missed among both fathers (p = 0.03) and mothers (p < 0.0001) of children with AD [26].

Among patients with ‘diagnosed AD,’ most (89.1%) had a family history of AD, hay
fever, or asthma. The proportion of patients with a family history of allergic conditions
was >80% across all age groups and all disease severity classifications, suggesting that a
family history of allergies plays a role in the development of AD at any age, regardless of
disease severity. This is consistent with the concept of atopic diathesis, whereby atopic
diseases such as AD, asthma, and allergic rhinitis are genetically linked [4]. Data from the
ALSPAC study indicated that a parental history of AD was a strong predictor of AD in
their offspring, although a history of asthma or hay fever alone was only associated with
childhood AD if both parents had these conditions [16]. In the Japan Environment and
Children’s Study, the lifetime prevalence of parental AD was 15.7% among mothers and
11.2% among fathers [27].

A correlation between second-hand smoke exposure, AD development, and AD
severity has been observed in several studies, including a meta-analysis [17], Japanese
studies [28–30], and studies from other countries [31–33]. In a Japanese survey of 4466 ado-
lescents aged 13–14 years, household smoking was an important modifiable risk factor for
AD disease severity [29]. In a cross-sectional Japanese study of 1177 parent–infant pairs,
fetal smoke exposure after 28 weeks gestation was associated with significantly higher ad-
justed odds of AD syndrome in infants aged >6 months compared with unexposed infants
(adjusted odds ratio (aOR), 5.21; 95% confidence interval (CI), 1.08–25.15; p = 0.020) [28].
Similarly, a Japanese prospective pre-birth cohort study of 1354 mother–child pairs showed
higher adjusted odds of physician-diagnosed AD in children with prenatal smoking expo-
sure compared with no prenatal smoking exposure (aOR, 7.11; 95% CI, 1.43–27.8). However,
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there was no association between perinatal smoking exposure and AD defined according to
ISAAC criteria [30]. In a meta-analysis of 86 studies from 39 countries, second-hand smoke
exposure was associated with increased odds of AD in children aged <18 years (OR, 1.18;
95% CI, 1.01–1.38), but the odds of AD in childhood were not significantly increased with
maternal smoking exposure during pregnancy [17]. The findings of the current analysis
were generally in line with previous studies, with an increased prevalence of ‘reported AD,’
‘physician-diagnosed AD,’ and ‘diagnosed AD’ among children or adolescents living with
a current or occasional smoker compared with those living in a non-smoking household.
However, statistical significance testing and logistic regression analyses were not conducted.
In contrast, the Osaka Maternal and Child Health Study in 865 Japanese parent–child pairs
showed that maternal smoking was not related to an increased risk of suspected AD [34].

Randomized studies on the association between household pets and pediatric AD
are difficult to conduct, and data from observational studies are conflicting. A previous
study of 3864 school children has shown a statistical association between having a pet
rabbit and severe AD (adjusted prevalence ratio (aPR), 1.94; 95% CI, 1.02–3.71) or study-
defined current AD (defined as physician-diagnosed AD and/or ever having a recurrent
itchy rash for ≥6 months and having a current itchy flexural rash; aPR, 1.45; 95% CI,
1.07–1.20), and between having a pet cat and physician-diagnosed AD (aPR, 1.25; 95%
CI, 1.03–1.50). In contrast, having a pet dog was not statistically associated with AD
symptoms [18]. Alternatively, the Osaka Maternal and Child Health study found that
exposure to indoor domestic pets (i.e., dogs, cats, birds, or hamsters) during pregnancy
was not statistically associated with AD in 865 infants (aOR, 1.15; 95% CI, 0.55–2.25) [34].
Another Japanese study, which surveyed 35,242 schoolchildren aged 6 years, reported
that cat ownership was associated with a significantly lower prevalence of AD (aOR, 0.79;
95% CI, 0.67–0.93) [35]. In the current analysis, AD prevalence appeared to be higher
among children or adolescents who lived with a household pet than in those without
pets, although there was no association between household pets and disease severity. The
Japanese guidelines for AD recommend avoiding pets in households with individuals who
test positive for specific immunoglobulin E antibodies in animals (e.g., dogs, cats, other
mammals, birds, and hamsters) [36].

The apparent increase in AD prevalence with second-hand smoke exposure and
household pets in the current study is consistent with the concept of the exposome, whereby
environmental exposure to various factors leads to disruption of the epithelial skin and
mucosal barriers and subsequent development of atopic diseases such as AD, allergic
rhinitis, food allergies, chronic rhinosinusitis, and asthma [5–9]. In this context, aryl
hydrocarbon receptor (AhR) signaling pathways are thought to be involved in regulating
skin homeostasis in response to environmental exposure, which may have therapeutic
implications for the pharmacologic management of AD [37,38].

The limitations of this study include its retrospective design, the small number of
individuals with severe AD and the lack of long-term follow-up, sampling and nonresponse
bias, potential recall bias due to the survey being completed by the parents of children aged
<12 years or by adolescents aged 12 to <18 years, and the lack of statistical significance or
regression analyses. In addition, the data were collected from Japanese patients only, which
may limit the generalizability of these results to other ethnicities. However, the strengths
of this study include the collection of country-specific representative data and the use of
ISAAC criteria to identify individuals with reported or diagnosed AD, which allows for a
consistent method of evaluating AD prevalence.

5. Conclusions

In conclusion, this population-based study of Japanese children and adolescents
showed that AD had a negative impact on family QoL, especially the sleep of family
members, tiredness, and the time spent caring for the child, which increased with increasing
disease severity. A family history of allergic conditions was present in >80% of children or
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adolescents with AD, and the prevalence of AD in the past 12 months appeared to be higher
among children exposed to second-hand smoke and in those living with a household pet.
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Abstract: Narrow-band (NB) UVB and UVA1 have been successfully used for the treatment of atopic
dermatitis (AD) since the 1980s, but the clinical indications for their use “at the age of biologics”
remain to be assessed. From 2013 to 2017, 145 patients underwent a first treatment cycle with
phototherapy. They achieved a median final EASI score of 9.90 with UVA1 and 13.70 with NB-UVB.
The rates of patients achieving an IGA score of 0/1 persistent for at least 6 months were 33% with
UVA1 and 28% with NB-UVB, and the rates with an EASI90 improvement were 10.9% with UVA1
and 11.0% with NB-UVB. The cut-off baseline EASI values for a good probability to achieve a 0/1
IGA were 24.4 with UVA1 and 24.7 with NB-UVB. A 0/1 IGA persistent for at least 6 months was
more likely to be achieved by patients with a history of flares interspersed with periods of mild or
no disease. From 2018, we only enrolled patients with the above-mentioned characteristics. The
number of treated patients was lower, but the final EASI score, the rate of patients achieving IGA
0/1 persistent for at least 6 months, and EASI90 were significantly higher. Medium-dose UVA1 and
NB-UVB phototherapies remain useful for the treatment of AD patients with a baseline EASI score
lower than 24.4 and 24.7, respectively, and a medical history of flares followed by prolonged periods
of complete or near-complete remission.

Keywords: narrow-band UVB phototherapy; ultraviolet A1 phototherapy; dupilumab; atopic dermatitis

1. Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by an
impaired skin barrier, the upregulation of type 2 immune responses and increased Staphylo-
coccus aureus colonization. Patients have dry skin, eczematous lesions and intense itching
leading to excoriation and lichenification [1].

Emollients and topical drugs, i.e., corticosteroids and calcineurin inhibitors, are enough
to manage patients with mild skin involvement and, until a few years ago, corticosteroids,
cyclosporine, methotrexate, azathioprine and mycophenolate were the only systemic drug
treatments for moderate and severe AD [1]. However, their efficacy is often poor and there
are several contraindications and safety concerns, particularly if they are administered for
a long time [2].

Phototherapies with exposures to narrow-band (312 ± 2 nm) UVB (NB-UVB) and
medium-dose (30–60 J/cm2) UVA1 (340–400 nm) radiation have represented therapeutic
alternatives to drug treatments since the 1980s. Compared to placebo or no treatment, they
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have been found to improve physician-rated signs and patient-reported symptoms without
a difference in withdrawal due to adverse events [3]. Other main advantages include the
low number of contraindications and the lack of toxicity on internal organs. However,
randomized comparative controlled clinical trials (RCTs) with drug treatments have never
been conducted [3], and they are not suitable for long-term and maintenance treatments
because of their carcinogenic potential [4–6].

Recently, dupilumab, a fully human monoclonal antibody that binds specifically to
the shared α-chain receptor subunit for interleukins (IL)-4 and IL-13, was found to be
highly effective and with a good safety profile in two large RCTs [7,8]. Afterwards, other
monoclonal antibodies, i.e., tralokinumab, and JAK inhibitors, i.e., baricitinib, upatacitinib
and abrocitinib, were approved by the European Medicines Agency (EMA) for the treatment
of AD [9]. These drugs represented a major breakthrough in the treatment paradigm for
AD, which is now no longer the short-term improvement but the long-term complete or
near-complete control of skin manifestations and the prevention of flares.

In this rapidly changing therapeutic landscape, the most recent guidelines and consen-
sus papers [9–11] agree that phototherapies are still valuable treatment options for moderate
and severe AD, but criteria for the assessment of the subgroup of AD patients who can
preferentially benefit from phototherapies after the availability of new immunological
treatments are not clearly established.

In 2018, which is when dupilumab became available for clinical use in Italy [8], we
retrospectively reviewed the medical files of patients who underwent a first phototherapy
cycle over the previous 5-year period from 2013 to 2017. We analyzed the outcome of the
treatment in relation to two clinical criteria: the severity of the clinical manifestations at
baseline, as measured with the EASI score; and the longitudinal medical history of the
disease, by distinguishing patients with a continuous or almost-continuous course from
those who present prolonged periods of absent or mild disease spontaneously or after
treatments [12]. Based on the results of this first analysis (see later in Section 3), in the
following 5 years (2018–2022) we only enrolled patients who had a baseline EASI score and
a medical history that were associated with a good probability of remission and long-term
control of the skin disease [13]. Finally, we verified the effect of these patient selection
criteria by comparing the therapeutic results observed in patients treated in the period
2013–2017 with those of patients treated in the period 2018–2022.

2. Materials and Methods

In 2018, we reviewed the medical files of 187 patients who underwent a first treatment
cycle with NB-UVB phototherapy and medium-dose UVA1 phototherapy from 2013 to
2017 at the Photodermatology Unit of the ASST Spedali Civili University of Brescia, a
tertiary referral center for AD treatment in Northern Italy. All patients had chronic atopic
dermatitis for at least 3 years before screening, and topical treatment provided inadequate
control or was medically inadvisable. The patients were at least 12 years of age and
suffering from AD, with a baseline Eczema Area and Severity Index (EASI) of ≥7 [14,15],
without a maximum value of EASI score being established. Exclusion criteria were: other
inflammatory skin diseases, absolute and relative contraindications to phototherapy [16],
congenital or acquired immunodeficiency syndrome and an inability to understand and
sign their informed consent. Before starting phototherapy, the patients discontinued
systemic drug treatments for at least 1 month and topical corticosteroids and calcineurin
inhibitors for at least 2 weeks.

At baseline, we also registered the individual longitudinal course of the disease in
the previous years and dichotomized patients who reported a continuous course, i.e., skin
involvement with small spontaneous variations over time and short periods of partial/good
remissions after treatments, and patients who reported an intermittent course, i.e., flares
interspersed with prolonged periods of absent or mild disease spontaneously or after
treatments [12]. The distinction between continuous and intermittent forms is arbitrary
and subject to many biases, but it was easily assessed in most cases. During the treatment
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cycle, oral antihistamine drugs were allowed at night if pruritus and sleep disturbance
were not tolerated. The application of emollient creams was allowed as needed.

After the end of the phototherapy cycle, we also recorded the number of treatment
sessions and cumulative UV dose. The patients were followed up with visits every 3 months
or sooner if there was a recurrence not controlled by local therapies alone. Patients achieving
an IGA of 0/1 were only allowed to use emollient creams and a limited use of topical
corticosteroids, if needed. If patients had an improvement lower than EASI75 and/or an
IGA score of >1, and the disease was not controlled with only topical treatments, other
systemic therapies were prescribed, including new monoclonal antibodies and anti-JAK
small molecules if the EASI score was ≥24 [17].

The primary outcome measures were:

- The percentage of participants achieving an Investigator’s Global Assessment (IGA)
score of 0 (clear) or 1 (almost clear) [18];

- The percentage of patients achieving an IGA score of 0/1 without a relapse within
6 months from the end of treatment (EOT).

The secondary outcome measures were:

- The median final EASI score;
- The percentage of participants achieving EASI 75 (≥75% improvement from baseline

EASI), EASI 50 (>50% to <75% improvement) and EASI 90 (>90% improvement);
- The percentage of patients with an EASI improvement of <50%;
- The percentage of patients with phototherapy-related adverse events;
- The percentage of patients with phototherapy-related adverse events leading to treat-

ment discontinuation.

Afterwards, we calculated the cut-off value of the baseline EASI score that was predic-
tive of a high probability in order to achieve a final 0/1 IGA result and the correlation of
an intermittent or continuous course with a final 0/1 IGA result. Finally, we looked at the
probability of obtaining a final 0/1 IGA result persistent for at least 6 months on the bases
of the baseline cut-off EASI score and the history of AD course.

After 2018, we only treated patients if they had a baseline EASI score lower than the
cut-off value, as calculated above (see in Section 3), and they reported an intermittent skin
involvement. We recorded the personal details, individual AD characteristics, the number
of treatment sessions and cumulative UV dose of these patients, and the same primary and
secondary outcome measures as described above for patients treated from 2013 to 2017.

For UVA1 exposures, we used a MediSun Xenia (Schulze & Bohm Gmbh, Bruhl,
Germany) irradiation unit with UV emission strictly confined in the range from 340 to
400 nm. The radiation source of NB-UVB was a Waldmann 7001 cabinet (Waldmann
Lichttechnik, Villingen-Schwenningen, Germany) equipped with 40 Philips TL-01/100W
lamps (Philips, Eindhoven, Netherlands), with a peak in emission at 312 ± 2 nm. Irradiance
was measured with portable broadband UV meters (Waldmann) after calibration with a
Macam SR 9910 spectroradiometer (Macam Photometrics Ltd., Livingston, UK).

All patients treated with medium-dose UVA1 received a first dose of 30 J/cm2 and, if
well tolerated, fixed daily exposures of 50 J/cm2 were delivered twice a week. The initial
NB-UVB dose ranged between 0.1 and 0.4 J/cm2, according to skin phototype. The patients
were treated twice-weekly on non-consecutive days, and NB-UVB doses were adjusted at
each session according to the erythema response. In short, 10%, 5% or 0% increments were
delivered depending on the erythema response: none, a barely perceptible or a well-defined
erythema, respectively, after 48 h. With both phototherapies, treatments were continued
until complete clearing was obtained, or until partial or no improvement was seen without
further amelioration despite 6 additional treatments [13,16].

The database was formatted through the Microsoft Excel TM vers. 365 software and
later imported from the IBM-SPSS® software ver. 28.0.1 (IBM SPSS Inc., Chicago, IL, USA).
The use of the Stata TM software ver. 17.0 (Stata Corporation, College Station, TX, USA)
and the EpiInfo Statcalc TM software ver. 7.0 was also considered for comparisons or

153



J. Clin. Med. 2023, 12, 3303

implementations of test output. The normality of the distributions was assessed using
the Kolmogorov–Smirnov test. Categorical variables were presented as frequencies or
percentages and compared with the use of the Chi-Square test and the Fisher’s exact test,
as appropriate; associations of the crosstabs were verified using standardized adjusted
residuals. Continuous variables were presented as means ± SD (in the case of a normal
distribution), or medians and min/max (in the case of a skewed distribution), and compared
with the use of a Student’s t-test, ANOVA, or the Mann–Whitney and Kruskal–Wallis
test; correlations among variables were identified by the Pearson’s or Spearman’s rank
correlation test. A two-sided α level of 0.05 was used for all tests.

The authors had full access to and take full responsibility for the integrity of the data.

3. Results

The age, gender, Boston skin type, baseline EASI score and medical history (contin-
uous/intermittent) of the AD lesions of 187 patients treated with UVA1 and NB-UVB,
between 2013 and 2017, are reported in Table 1.

Table 1. Baseline main personal and clinical features and treatment results of patients who re-
ceived a first treatment cycle with ultraviolet A1 (UVA1) phototherapy or narrow band-ultraviolet
B (NB-UVB) phototherapy in the 2013–2017 and 2018–2022 time periods. AD = atopic dermatitis,
NS = non significant.

Patients Treated with Medium-Dose
UVA1

Patients Treated with NB-UVB

Comparisons of
Patients’ Groups

Treated in 2013–2017
or 2018–2022 with the

2 Phototherapies

Column (a) (b) (a) vs. (b) (c) (d) (c) vs. (d) (a) vs. (c) (b) vs. (d)

2013–2017 2018–2022 p 2013–2017 2018–2022 p p p
Number 46 16 99 26

Age (years),
median (range) 26.0 (7–67) 24.5 (10–52) NS 31 (13–73) 20.5 (14–66) NS NS NS

Gender NS NS NS NS
Male (%) 12 (41.3%) 5 (31.2%) 64 (64.6%) 11 (42.3%)

Female (%) 27 (58.7%) 11 (68.8%) 35 (35.4%) 15 (57.7%)
Boston skin

phototype, n (%) NS NS NS NS

2 (%) 12 (26.1%) 5 (31.2%) 22 (22.2%) 7 (26.9%)
3 (%) 21 (67.4%) 10 (62.5%) 67 (67.7%) 15 (57.7%)
4 (%) 3 (6.5%) 1 (6.3%) 10 (10.1%) 4 (15.4%)

Medical history
of AD <0.001 <0.001 NS NS

continuous AD,
n (%) 27 (58.7%) 0 (0%) 34 (34.3%) 0 (0%)

intermittent AD
*, n (%) 19 (41.3%) 16 (100%) 65 (65.7%) 26 (100%)

Number of
treatment

sessions [median
(range)]

30 (12–66) 18.5 (12–26) <0.01 33 (16–51) 24 (12–30) <0.001 NS NS

Cumulative UV
dose (J/cm2)

[median (range)]

1155.0
(360–3080)

770
(230–1750) <0.01 16.3

(0.6–30.8)
11.3

(3.6–28.5) 0.02

Patients with an
IGA 0/1 result 21 (46%) 12 (75%) 0.014 42 (42%) 19 (73.1%) 0.037 NS NS
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Table 1. Cont.

Patients Treated with Medium-Dose
UVA1

Patients Treated with NB-UVB

Comparisons of
Patients’ Groups

Treated in 2013–2017
or 2018–2022 with the

2 Phototherapies

Column (a) (b) (a) vs. (b) (c) (d) (c) vs. (d) (a) vs. (c) (b) vs. (d)

Patients with an
IGA 0/1

persistent for at
least 6 months

15 (33%) 11 (69%) 0.012 28 (28%) 18 (69.2%) 0.016 NS NS

Baseline median
EASI (range)

28.7
(8.7–52.2)

18.7
(8.6–27.4) <0.001 30.5

(7.9–52.2)
18.4

(9.1–26.3) <0.001 NS NS

Final median
EASI (range) **

9.9
(0.6–50.1)

4.3
(0.3–19.0) 0.006 13.7

(0–39.2)
4.6

(1.4–34.4) <0.001 NS NS

Patients
achieving EASI

90
4 (10.9%) 5 (31.3%) 0.027 11 (11%) 9 (34.6%) 0.041 NS NS

Patients
achieving EASI

75
15 (32.6%) 7 (43.8%) 0.02 28 (28.3%) 6 (30.8%) NS NS NS

Patients with at
least 1 adverse

effect ***
8 (17.4%) 2 (12.5%) NS 0 0 NS NS NS

Legend: * Intermittent AD indicates a course with flares followed by prolonged periods with no or mild disease,
as it was reported by patients (POEM score <7); ** all differences of baseline versus final EASI scores were
significantly different at a p < 0.001 level; *** Grade I burn, itching and dry skin only. Severe adverse effects or
adverse effects leading to treatment discontinuation were never seen.

There were no statistically significant differences in the comparison of these features
among the group of patients treated with the two phototherapies (Table 1). Both therapies
were effective with a statistically significant lower median final EASI in comparison to the
median baseline EASI score: final EASI score of 9.90 (0.6–50.1) with UVA1 and 13.70 (0–39.2)
with NB-UVB. The measures of treatment outcome (the rate of patients achieving a 0/1
IGA result, the rate of patients with a 0/1 IGA persistent for at least 6 months, the rate of
patients with EASI 90 and EASI 75 improvements) were good with both treatments (Table 1)
without statistically significant differences when we compared the results obtained with
medium-dose UVA1 phototherapy versus the results obtained with NB-UVB phototherapy.
The median (range) number of treatment sessions was 30 (12–66) with UVA1 and 33 (16–51)
with NB-UVB (p = NS).

A receiver-operating characteristic (ROC) analysis of the 2013–2017 findings was
performed for an exploratory evaluation of the cut-off baseline EASI score for the achieve-
ment of an IGA 0/1 treatment result, and we found that it was 24.4 (area under the curve
(AUC) = 0.925 sensitivity with p < 0.001) with UVA1 phototherapy and 24.7 with NB-UVB
phototherapy (AUC = 0.923 sensitivity with p < 0.001) (Figure 1).

Patients achieving an IGA 0/1 remission persistent for at least 6 months numbered
14 of 19 (73.7%); 22 of 34 (64.7%) patients had a history of intermittent disease; and 1
of 27 (3.7%) and 6 of 65 (9.2%) patients had a history of continuous disease with UVA1
phototherapy and NB-UVB phototherapy, respectively, without statistically significant
differences between treatments. Afterwards, we analyzed the treatment results on the bases
of both the cut-off baseline EASI scores from the ROC curves and the medical history of
continuous or intermittent course; we found that the rate of patients achieving an IGA
0/1 improvement persistent for at least 6 months was statistically significantly higher for
patients with a baseline EASI score lower than the cut-off scores and a history of intermittent
disease (p < 0.001) with both phototherapies (9/13 (69.2%) patients with medium-dose
UVA1 and 19/26 (73.1%) with NB-UVB), in comparison to patients with a higher baseline
EASI score and/or a history of continuous moderate or severe skin involvement (Table 2).
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Figure 1. ROC curve (Receiver Operating Characteristic) of baseline EASI score (Eczema Area and
Severity Index) and IGA (Investigator’s Global Assessment) 0/1 result in patients treated with
medium-dose UVA1 (ultraviolet A1) phototherapy (a) and NB-UVB (narrow-band ultraviolet B)
phototherapy (b). The test result variable(s): baseline EASI score has at least one tie between the
positive actual state group and the negative actual state group. Statistics may be biased. The cut-off
values of the baseline EASI score are 24.4 with medium-dose UVA1 phototherapy and 24.7 with
NB-UVB phototherapy.

Table 2. Patients achieving an IGA score (Investigator’s Global Assessment) 0/1 improvement
persistent for at least 6 months from 2013 to 2017. Treatment results were analyzed on the bases of
the combination of the baseline EASI score (Eczema Area and Severity Index) and the clinical course
of the skin lesions. UVA1 = ultraviolet A1; NB-UVB = narrow-band ultraviolet B.

Baseline EASI Clinical Course
Treated Number

of Patients

IGA 0/1 Persistent
for at Least
6 Months

Rate (%) of Patients
Achieving Persistent

IGA 0/1
p

Patients treated with medium-dose UVA1 phototherapy (n = 46)
<24.4 intermittent 13 9 69.2% <0.001
<24.4 continuous 2 1 50%
>24.5 intermittent 6 2 33.3%
>24.5 continuous 25 3 12%

Patients treated with NB-UVB phototherapy (n = 99)
<24.7 intermittent 26 19 73.1% <0.001
<24.7 continuous 6 1 16.7%
>24.8 intermittent 8 2 25.0%
>24.8 continuous 59 6 10.2%

Therefore, from 2018, we only enrolled patients with a baseline EASI lower than 24.4
with UVA1 and 24.7 with NB-UVB, and an intermittent course of skin manifestations.
Therefore, the patients who had begun a first treatment cycle after 2018 were fewer than
the patients who were treated for the first time in the 5 years before with both UVA1
(16 versus 46 patients) and NB-UVB phototherapy (26 versus 99 patients) (Table 1). There
was no statistically significant difference in age, gender and skin phototype (Table 1). The
median (range) EASI scores of patients treated with both UVA1 and NB-UVB phototherapy
were significantly lower: 18.7 (8.6–27.4) versus 28.7 (8.7–52.2) (p < 0.001) and 18.4 (9.1–26.3)
versus 30.5 (7.9–52.2) (p < 0.001), respectively (Table 1). There were no significant differences
between the baseline EASI scores of patients treated with the two phototherapies from 2018
to 2022 (p = NS).
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Patients treated from 2018 to 2022 underwent a significantly lower median number
of treatments (30 (12–66) versus 18.5 (12–26) (p < 0.001) with UVA1, and 33 (16–51) versus
24 (12–30) (p < 0.001) with NB-UVB) and received a lower cumulative UV dose (1155.0
(360–3080) J/cm2 versus 770 (230–1750) J/cm2 with UVA1, and 16.3 (0.63–30.8) J/cm2

versus 11.3 (3.6–28.5) J/cm2 with NB-UVB) than patients treated from 2013 to 2017 with
both phototherapies (Table 1).

The rates of patients who maintained an IGA 0/1 remission for at least 6 months
were higher in the group treated after 2017: 11/16 (68.7%) versus 15/46 (33%) (p = 0.012)
with UVA1 phototherapy, and 18/26 (69.2%) and 28/99 (28%) (p = 0.016) with NB-UVB
phototherapy. The comparisons of the rates of patients achieving a persistent IGA 0/1
result with the two phototherapies from 2018 to 2022 were never significantly different
(Table 1).

The median EASI scores decreased significantly with both phototherapies from the
baseline EASI score (Figure 2), but the final median EASI score was significantly lower
in the patients treated between 2018 and 2022 in comparison to those treated between
2012 and 2017: 4.3 (0.3–19.0) versus 9.9 (0.6–50.1) (p < 0.006) with UVA1 phototherapy, and
4.6 (1.4–34.4) versus 13.7 (0–39.2) (p < 0.001) with NB-UVB phototherapy (Table 1). The
comparison of the final EASI scores with the two phototherapies did not show differences
at a statistically significant level (Table 1).

Figure 2. Baseline and final EASI scores (Eczema Area and Severity Index) with medium-dose UVA1
(ultraviolet A1) (a) and NB-UVB (narrow-band ultraviolet B) (b) phototherapies. The comparisons of
median baseline and final EASI scores were always statistically different in all groups. The baseline
EASI scores and the EASI scores of patients were significantly higher in the patients treated in the
2013–2017, in comparison to those treated in the 2018–2022 group with both phototherapies. There
was no statistically significant difference comparing the baseline EASI scores and the final EASI scores
of patients treated with UVA1 phototherapy or NB-UVB phototherapy in the periods 2013–2017 and
2018–2022.

The rates of patients achieving EASI 90 were higher in the group treated from 2018 to
2022 in comparison to the group treated from 2013 to 2017 (Table 1): 5/16 (31.3%) versus
4/46 (10.9%) (p = 0.027) with UVA1, and 9/26 (34.6%) and 11/99 (11%) (p = 0.041) with
NB-UVB; and the rates of patients achieving EASI 75 were 7/16 (43.8%) versus 15/46
(32.6%) (p = 0.02) with UVA1, and 6/26 (30.8%) and 28/99 (28.3%) (p = NS) with NB-UVB.

The rates of patients with at least one mild adverse effect (burns, dry skin and itching)
were always low, and they were not statistically different in the patients treated in the
two time intervals with both phototherapies (Table 1). They were always quickly responsive
to an emollient cream. We never registered withdrawals due to adverse events, and all
patients completed the treatment cycle.
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4. Discussion

The availability of biologics and small molecules has set a new paradigm of AD treat-
ment that is not only a complete or near-complete clearance at the end of treatment, but also
a durable remission over time with the prevention of acute flares. In this new treatment
landscape, the most recent guidelines still recommend NB-UVB and medium-dose UVA1
phototherapies as valuable therapeutic options, but they do not specify for which patients
their use is preferable to other treatment alternatives. In the present study, the analyses of
the treatment findings of patients treated between 2013 and 2017 (Table 1) showed that pa-
tients with moderate and severe disease, with baseline EASI < 24.7 with NB-UVB and <24.4
with medium-dose UVA1 (Figure 1), and a history of an intermittent course with prolonged
periods of no or mild disease between acute flares, frequently achieved a complete or
near-complete (IGA 0/1) remission that persisted for more than 6 months. The duration of
the remission is a particularly important issue because phototherapies cannot be repeated
frequently, and maintenance treatments are discouraged, due to the risk of long-term side
effects, namely skin carcinogenesis. Therefore, in the present study, we found that not only
the assessment of baseline cut-off scores of clinical severity [11], but also the understanding
of the individual longitudinal course of AD, may improve clinical phenotyping and prog-
nostication and facilitate a personalized therapeutic recommendation [9,12]. Indeed, it has
previously been underlined that a single, static (one point in time) measurement of severity
may overestimate or underestimate the true AD severity experienced by the patient, given
the characteristic fluctuating severity characterized by an infinite number of combinations
of disease flares, long-term persistence, and quiescence [12,19,20].

These patient selection criteria (a baseline EASI score lower than the above-mentioned
cut-off values and a medical history characterized by intermittent disease) led to a sharp
decrease in the number of patients who began a first treatment cycle, but we observed a
statistically significant improvement of all parameters of treatment efficacy with higher
rates of patients achieving a IGA 0/1 result and maintaining it for at least 6 months, a lower
median final EASI score, and statistically higher rates of patients achieving EASI90 and
EASI75 with both phototherapies.

The comparison of the efficacy measures and safety of medium-dose UVA1 and NB-
UVB in the two treatment periods did not show statistically significant differences. These
results are in general agreement with the findings of previous meta-analyses showing that
both phototherapies are effective, without clear differences, for improving physician-rated
signs and patient-reported symptoms [3,6,21].

However, we emphasize that this study was not designed as a randomized controlled
comparative clinical trial and the patients were not selected for one treatment or the other,
according to precise enrollment criteria [22,23]. In our daily clinical routine, the choice
was made on the basis of the practical aspects of two therapies, e.g., the duration of the
exposures, the heat in the irradiation unit, the lying or standing position and the cost and
the duration of the waiting list at the time [24].

The results of phototherapies can be influenced by differences in the treatment protocol.
We used fixed UV doses (50 J/cm2) for UVA1 because there is clinical evidence that medium-
dose (30–60 J/cm2) UVA1 is more effective than low-dose regimens (10–20 J/cm2) and
equally effective as high-dose (80–120 J/cm2) regimens, with a lower risk of long-term
adverse effects, such as photo-aging and carcinogenic potential [6]. The NB-UVB protocol,
with an initial dose based on the skin type and cautious dose increments at each exposure,
is a good compromise of high efficacy and a reduced risk of adverse effects [3,9,10,25].
Moreover, the treatment choice of one phototherapy or the other cannot be driven by the
present knowledge of the action mechanisms.

Indeed, NB-UVB and UVA1 phototherapies have different photochemical and pho-
tobiological mechanisms, different penetration into the skin, intracellular targets and
preferential target cell populations [26]. However, the relevant biological effects involved
in the change of the pathophysiology of AD are largely similar, e.g., modulatory effects on
both innate and acquired immunity with a reduction in the number and functionality of
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IgE-bearing intraepidermal Langerhans cells and dermal mast cells; rapid proapoptotic ac-
tivity on T and B lymphocytes; a reduction in the synthesis and release of proinflammatory
cytokines, such as tumor necrosis factor-alpha (TNF-α), IL-3, IL-4, IL-5, IL-12 and IL-13;
and the inhibition of calcineurin phosphatase and eosinophil cationic protein (ECP), as well
as antipruritic, antifibrotic, pro-pigmentary and pro-prebiotic-effects [4,26–29].

5. Conclusions

In this study, we found that phototherapies remain a valuable treatment option for
patients with moderate and severe AD provided that they simultaneously present two
clinical criteria: (1) the baseline EASI is lower than 24.4 with UVA1 and 24.7 with NB-UVB;
and (2) at medical history, they report prolonged spontaneous or treatment-induced periods
of complete or near-complete remission. However, their use for patients with more severe
AD and/or patients with continuous involvement and quick relapses after treatments
should be carefully evaluated because of the more limited efficacy, the high risk of early
relapses and the risk of long-term adverse effects, namely skin carcinogenesis and skin
aging, if frequent and prolonged treatment cycles are delivered. Fortunately, these patients
can now benefit from new immunotherapies which are highly effective and allow long-
term control of the disease [2,9]. The main limitations of this study are the retrospective,
uncontrolled design and the relatively small number of patients enrolled.
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