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Abstract: Atopic dermatitis is a chronic, recurrent inflammatory skin disorder manifesting by eczema-
tous lesions and intense pruritus. Atopic dermatitis develops primarily as a result of an epidermal
barrier defect and immunological imbalance. Advances in understanding these pathogenetic hall-
marks, and particularly the complex role of interleukins as atopic dermatitis drivers, resulted in
achieving significant therapeutic breakthroughs. Novel medications involve monoclonal antibodies
specifically blocking the function of selected interleukins and small molecules such as Janus kinase
inhibitors limiting downstream signaling to reduce the expression of a wider array of proinflamma-
tory factors. Nevertheless, a subset of patients remains refractory to those treatments, highlighting
the complexity of atopic dermatitis immunopathogenesis in different populations. In this review,
we address the immunological heterogeneity of atopic dermatitis endotypes and phenotypes and
present novel interleukin-oriented therapies for this disease.
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1. Introduction

Atopic dermatitis (AD) is a chronic, relapsing inflammatory skin disease with increas-
ing worldwide prevalence and a significant impact on the patients’ quality of life [1]. AD is
characterized by eczematous lesions showing typical, age-dependent distribution and in-
tense pruritus [2]. The burden of AD is further associated with heterogeneous comorbidities
(e.g., allergic respiratory diseases and autoimmune disorders), adverse effects of treatment
(e.g., skin atrophy), and psychological distress resulting from social stigmatization [3,4].

The pathogenesis of AD involves genetic and environmental factors [2,5]. Impaired
barrier function and immune dysregulation are two primary, interdependent phenomena
responsible for the development of cutaneous inflammation.

Considering possible therapeutic benefits, special attention is given to explain the
immunology of AD. The dominant role of the Th2 inflammatory axis is evident due to
the high expression of IL-4 and IL-13 during the flares [6]. However, the heterogeneity of
clinical pictures in different populations reflects the immunological complexity of AD and
substantiates the view that it cannot be regarded as a uniform disease [7,8]. The molecular
basis of these observations is subject to ongoing investigation to find new therapeutic
targets and optimize current treatment strategies.

Despite certain gaps, the increasing knowledge of AD immunopathogenesis has
already permitted elaboration of novel, highly efficient, and well-tolerated pharmaceuticals.
These can be divided into biologics, including monoclonal antibodies selectively targeting
proinflammatory cytokines, and small molecules inhibiting cellular downstream signaling
to reduce the expression of a wider array of proinflammatory factors. Aside from the already
registered drugs, new substances belonging to both of these groups are being studied.
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The aim of this review is to discuss the role of interleukins in AD, evaluate population-
dependent differences in AD immunopathogenesis associated with resulting therapeutic
difficulties, and to outline new possibilities of systemic and topical treatment.

2. Materials and Methods

A literature search was performed using the PubMed database. The keywords used to
perform the search were “atopic dermatitis” in different combinations with “interleukin
*”, “inflame *”, “ethni *”, “biological treatment”, “JAK”, and “treatment”. Only articles in
English were screened. Eligible articles retrieved from reference screening were included.

3. Interleukins in AD

Abnormal expression of interleukins plays a crucial role in the pathogenesis of AD [5].
Imbalance in the pro- and anti-inflammatory signals stimulates the vicious cycle of AD
by triggering cutaneous inflammation, itch, and secondary impairment of the epidermal
barrier [2,9]. Interleukins are produced by immunocompetent cells, such as T helper (Th)
cells, Langerhans cells, and keratinocytes.

3.1. T Helper Cells

T helper cells (CD4+ T cells) are the primary source of interleukins and regulators of
the immune response [10]. The major subtypes of CD4+ cells include Th1 cells, Th2 cells,
Th17 cells, and Th22 cells.

Th1 cells are induced by IL-12 and IFN-y secreted by dendritic cells and natural
killer (NK) cells, most frequently upon recognition of pathogens by pattern recognition
receptors [11]. Physiologically, Th1 cells are known to orchestrate cell-mediated responses
by means of producing IL-2, IFN-y, and TNF-«&, which stimulates the function of cytotoxic
T cells, natural killer cells, and macrophages. Upregulation of Th1-dependent cytokines is
also seen in selected dermatological disorders such as psoriasis [12,13]. Despite the general
domination of other immune pathways in AD, Th1 cells seem to play a considerable role in
certain subgroups of AD patients, e.g., in those with intrinsic AD [6].

Th2 cells are the primary cytokines driving humoral responses [14]. Th2 cell func-
tion is potentiated by keratinocyte-derived molecules (IL-25, IL-33, and thymic stromal
lymphopoietin, [TSLP]) and IL-4-producing cells such as basophils and innate lymphoid
cells [15]. The main cytokines secreted by this subpopulation involve IL-4, IL-5, IL-13, and
IL-31. Th2 cytokines drive AD severity by promoting cutaneous inflammation, inducing
downregulation of skin barrier molecules (filaggrin, loricrin, and involucrin [16-18]) and
IgE class switching. Recent discoveries showed that Th2 cytokines sensitize sensory neu-
rons to pruritogens and, therefore, contribute to the development of chronic itch [19]. This
process is mediated particularly by IL-31, a novel molecular target for AD treatment.

Th17 cells produce IL-17 and IL-22, while Th22 cells are only capable of secreting the
latter. Physiologically, both IL-17 and IL-22 cells promote responses against bacteria, yeasts,
and viruses [20]. In comparison to healthy controls, IL-17 expression is increased in the skin
of some AD subgroups (e.g., in Asians), albeit not as prominently as in other inflammatory
dermatoses such as psoriasis [13,21]. Expression of IL-22 is particularly marked in AD skin
and correlates with disease severity. Th22 cells show limited expression in early childhood
AD, but their progressive activation correlates with the changes in the morphology of skin
lesions, which become more lichenified in older age groups. Significant upregulation of IL-
22, but not IL-17 in the serum of AD patients, was reported to correlate with AD severity [22].
Increased production of IL-22 was also demonstrated in other dermatological conditions,
including psoriasis [13,23], systemic sclerosis [24], and squamous cell carcinoma [25].

Furthermore, Toll-like receptors (TLR) signaling is an important response of the innate
immunity, regulating Th1/Th17 and Th2 function in AD [26]. TLRs are activated by danger-
associated molecular patterns (DAMPs), microbe-associated molecular patterns (MAMPs),
pathogen-associated molecular patterns (PAMPs), and xenobiotic-associated molecular
patterns (XAMPs) [27,28]. TLRs together with ILs are participating in the homeostasis of in-
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fections, autoimmune disorders, and cancers [28]. Moreover, TLRs and IL-1 receptors share
the TIR domains and build a superfamily of versatile alarm mediators [27,28]. Th1/Th17
cells are mediated by activation of TLR2/TLR3/MAYV in keratinocytes, TLR7/TLR8/TLR9
in dendritic cells, and TLR2/TLR4 in monocytes, which trigger pro-inflammatory cytokine
production and T cell differentiation [26]. In contrast, Th2 response is initiated by impaired
TLR2 function and leads to loss of skin barrier integrity [26], The disrupted innate immunity
with Th2 dominance is important in the acute phase of AD.

3.2. Other Immunocompetent Cells Secreting Interleukins

Apart from lymphocytes, interleukins are also produced by keratinocytes, dendritic
cells, and mast cells, among others [29]. Although these cellular responses are consid-
ered self-limiting and local, non-lymphocytic interleukin production is still regarded to
significantly promote cutaneous inflammation.

As discussed above, keratinocytes form a part of the innate immune system [30],
orchestrating ensuing patterns of cutaneous antimicrobial responses [30]. These cells
play a pivotal role in the pathogenesis of AD [30]. Due to chemokine production, ker-
atinocytes recruit other immune cells in the lesional sites, including dendritic cells, mast
cells, eosinophils, and T cells [30,31]. Keratinocytes produce a cascade of pro-inflammatory
factors, including thymic stromal lymphopoietin (TSLP), TNF-«, IL-1, IL-6, IL-8, IL-18,
IL-23, IL-33, IL-36, as well as anti-inflammatory IL-38, which takes part in keratinocyte
differentiation and counteracts the pro-inflammatory effect of IL-36 [30,32-35]. Exposure
to Staphylococcus aureus, which typically dominates the microbiota of AD lesions, was
demonstrated as one of the factors upregulating IL-36 with subsequent allergic reaction
and increased synthesis of IL-4, IL-13, and IgE [36]. Furthermore, TSLP release from ker-
atinocytes was associated with propensity for allergen sensitization, and IL-33 with IL-31
induction, itch, and downregulation of filaggrin and claudin-1 with subsequent disrup-
tion of the barrier function [37,38]. The combined presence of TNF-a and Th2 cytokines
was shown to induce downregulation of epidermal differentiation complex proteins and
stratum corneum lipids in an experimental model [39]. Upregulation of IL-8 both in the
serum and AD lesions was shown to correlate with disease severity, probably by means
of increased chemoattraction of immunocompetent antigen-presenting cells in the Th2
cytokine milieu [40].

Dendritic cells are capable of secreting IL-23, IL-25, IL-29, and IL-31 [29,41—44]. IL-
23 helps to preserve IL-17 production by Th cells, while IL-25 stimulates IL-4 and IL-13
production by Th2 cells [41,43]. IL-29 is considered a type three interferon upregulating
protective anti-viral responses [44]. Aside from the abovementioned role in chronic pruritus,
IL-31 also activates IL-6, IL-16 and IL-32 production, as well as acts on chemotaxis of
monocytes, T cells, and polymorphonuclear cells [42].

Mast cells produce a wide range of interleukins, including IL-1, 2, 3,5, 6,7, 8,9, 13,
16,17, and IL-33 [32,45]. As discussed above, the IL-1 family (including IL-36) and IL-33
play a particular role in driving cutaneous inflammation in AD [32]. Importantly, secretion
of IL-9 supports T-cell survival and cross-activation of other mast cells [29]. IL-13 induces
pro-inflammatory cytokine production, activates fibroblasts to synthesize collagen fibers,
and supports B cell differentiation and IgE switching [29].

NK cells take part in IL-9, IL-13, IL-21, IL-22, and IL-31 secretion [29,46—48]. The role
of IL-9 and IL-13 is similar to the role shown by mast cells [29,45]. IL-21 promotes B and T
cell activation and differentiation as well as enhances NK cell activity [29,47].

Fibroblasts may secrete IL-1, IL-8, IL-11, and IL-38 [29,32,34]. Secreted IL-1 is strongly
pro-inflammatory and leads to lymphocyte activation and macrophage stimulation [32].
IL-8 targets neutrophils, basophils, macrophages, mast cells, and keratinocytes, causing
superoxide and granule release, neutrophil chemotaxis, and angiogenesis [29]. On the
other hand, IL-11 was shown to inhibit pro-inflammatory cytokine secretion, while the
anti-inflammatory IL-38 enhances keratinocyte differentiation [29,34].
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4. Phase-Dependent Differences in Cytokine Expression in AD

The morphology of acute AD lesions involves prominent erythema, edema, and
exudation. Chronic lesions are lichenified, dry, and hyperpigmented [2,49]. Molecular
phenomena underlying acute and chronic phases of AD are constantly studied to elucidate
the influence of the immune system on the clinical picture of this disease. Initially, the acute
phase was solely regarded as Th2-driven, while the chronic phase was attributed to the
domination of Thl response [50]. Indeed, acute lesions show an abundant lymphocytic
infiltrate in the skin as well as increased expression of IL-4, IL-5, IL-13, IL-31, and IL-33,
which is a hallmark of Th2 response. Notwithstanding, later studies showed that Th2
response is accompanied by simultaneous Th22 activation, and a lesser induction of Th17
markers [7]. Chronic skin lesions are characterized by further upregulation of Th2 and Th22
cytokine axes, and additionally with increased expression of Th1, but not Th17 markers [7].

5. Endotype-Phenotype Correlation

Up-to-date classification of AD encompasses the distinction of patients” subgroups
based on the phenotype and/or the endotype [6]. The former is a classical approach, in
which the course and prognosis can be categorized based on the clinical features sometimes
referred to as stigmata. The most common examples include total IgE serum concentration,
xerosis, white dermographism, palmar hyperlinearity, and Dennie-Morgan folds [6]. This
classification may be additionally based on clusters of common serum biomarkers, allergy
type (immediate or delayed hypersensitivity reactions [51]), and skin barrier status [6].

Endotype classification is based on the underlying molecular mechanisms. The dis-
tinction of endotypes is a more contemporary approach and is essential for personalizing
the treatment [6,52]. Optimally, AD phenotypes should be substantiated by identifying the
underlying molecular endotype. For example, ichthyosis constituting minor Hanifin-Rajka
criteria [53] for AD is now known to result from filaggrin loss-of-function mutations [6].
Figure 1 summarizes the current paradigm on the activation of major Th subpopulations in
different phases and endotypes of AD.

11 Acute phase
11 Chronic phase
11 Extrinsic AD
11 All age groups
11 All ethnicities

—_—
-

Epidermal barrier defect

1 Chronic phase

1 Intrinsic AD

— Age

| African American AD

Figure 1. Current paradigm on the activation of major Th subpopulations in different phases
and endotypes of AD. The immunological imbalance is interdependent with epidermal barrier
defect, which produces the vicious cycle of AD. Legend: AD—atopic dermatitis, <>—no effect,
T—upregulation, 11—significant upregulation, | —downregulation.
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5.1. Intrinsic vs. Extrinsic Atopic Dermatitis

AD can be divided into intrinsic and extrinsic subtypes based primarily on the levels
of total IgE [6]. The intrinsic subtype (10-40% of patients) is characterized by normal levels
of total IgE, unaltered barrier function, female predominance, and generally lower disease
severity compared to the extrinsic AD [6,54,55]. Common intrinsic AD stigmata include
Dennie-Morgan folds and nasosinusal polyps [54]. The patients with intrinsic AD tend to
present delayed rather than immediate hypersensitivity reactions [54]. Possibly, a deficiency
of an epithelial peptide present in the skin and upper digestive tract, suprabasin (SBSN),
may be responsible for increased nickel uptake and consequently an allergy to nickel in
intrinsic patients [6,56,57]. On the molecular level, predominance of Th1, Th2, and Th17
responses results in high expression of IL-17A /IL-22, low expression of IL-4, IL-5, IL-13, and
absence of specific IgE [6,54]. The extrinsic type (60-90%) is associated with eosinophilia,
increased trans-epidermal water loss (TEWL), and filaggrin loss-of-function [6,54]. Patients
with extrinsic AD often present with ichthyosis vulgaris and palmar hyperlinearity [54].
Th2 responses with high serum levels of specific IgE and elevated IL-4, IL-5, and IL-13
concentrations can be observed [6,54].

5.2. Ethnicity

Ethnicity and race are overlapping terms, with race based on inherited physical
characteristics and ethnicity based on belonging to a group of ancestral origin [58]. The
effect of ethnicity on the clinical picture of AD must be interpreted in the context of the
quality and access to healthcare, socioeconomic status, and exposition to environmental
factors (allergens, air pollution, chemical exposure) [59]. Notwithstanding, racial influence
was found to be a strong factor determining the clinical picture of AD with significant
differences among European American, Asian, and African American patients [7,59].

Compared to the European American population, Asian patients with AD tend to show
increased Th17/Th22 responses, while the Th2 axis is similarly activated. This translates
to high expression of IL-4, IL-5, IL-17, IL-19, and IL-22 [6,58,60]. Filaggrin mutations
are less prevalent among Asian individuals in comparison to American Europeans [58].
Different cytokine profiles are thought to result in the distinct phenotype of Asian AD. This
is reflected by the frequently observed psoriasiform reaction pattern involving epidermal
hyperplasia and marked parakeratosis in histology. Clinically, adult patients of Japanese
origin and those with a dark complexion more often develop prurigo-like lesions and
follicular papules [61,62].

African American patients with AD present Th1/Th17 attenuation and Th2/Th22
skewing, which results in lower expression of IFN-y and IL-17 than in patients of American
European descent. This could possibly intensify the Th2-driven immunological imbal-
ance resulting in a tendency for a more severe course of AD and IgE production [58,63].
Nevertheless, the prevalence of filaggrin loss-of-function seems to be lower in African
Americans [6,58]. At the same time, Staphylococcus aureus colonization was found more
frequently among African American children with AD [59]. The latter could be a risk factor
for barrier dysfunction and allergen sensitization. Data in the literature further suggest that
concomitant allergic contact dermatitis is less prevalent in dark skin phototypes, possibly
due to less prominent Th1 reactions and lower cutaneous permeability [62,64].

Based on studies conducted in the United States [65] and the United Kingdom [66], the
prevalence and severity of AD seem higher in African American children in comparison
to European American children [67]. Masked erythema in patients with skin of color may
contribute to a late diagnosis of AD [59,68]. This is also associated with the underestimation
of AD severity in African American children when common scoring systems are used [59].
Finally, different evolution of skin lesions in dark phototypes should be considered, partic-
ularly the resolution of AD with post-inflammatory hypopigmentation [59,69].
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5.3. Age

Children show age-dependent evolution of the underlying AD endotype. Initially,
Th2 response predominates due to a lack of Thl counterregulation, which translates to
acute, exudative lesions [70]. Gradually, the Th22 axis becomes activated, reflecting a pro-
gressive tendency for lichenification [52]. Some studies of children with AD also identified
a merged Th2/Th17-merged profile, associated with an increased IL-19 expression and
possible psoriasiform inflammatory pattern [7]. Importantly, skewed immune responses
with insufficient activation of Thl axis in young children with AD make them particu-
larly susceptible to infectious complications such as impetigo, eczema herpeticum, and
molluscum contagiosum [61].

The evolving immunology of AD seems to underlie the changes in the morphology
and distribution of skin lesions [2]. In infants, the lesions favor the face and extensor
aspects of the extremities. Children over two years develop subacute lesions in the flexural
folds. Finally, adolescents over 12 years and adults tend to present lichenified eczema of the
flexures, face, hands, feet, and the back of the neck. Aside from the shift in immunological
responses, this may also result from changes in the activity of sebaceous glands and the
microbiome composition [52].

5.4. Gender

Sex hormones were shown to modulate immune responses. In general, male hormones
such as testosterone tend to exert anti-inflammatory effects, whereas female hormones such
as estrogen and progesterone are pro-inflammatory [71]. More specifically, testosterone
seems to attenuate Th2 response, while estrogen and progesterone show propensity to
downregulate Thl response and exacerbate Th2-mediated inflammation. Additionally,
estrogens probably affect the function of dendritic cells and type 2 innate lymphoid cells
and enhance their function in allergic diseases [72,73]. This could potentially result in
a higher prevalence and severity of AD in females, which is often transiently reflected
during menstruation or pregnancy [74]. Nevertheless, epidemiological studies regarding
the prevalence and severity of AD in men and women are conflicting. Data in the literature
suggest that AD until the age of 65 years is more prevalent in females, whereas in the
population over 65 years in males [71]. The immunological background of this observation
is not fully elucidated. Importantly, overlap with other modulating factors and possible
concomitant endotypes (e.g., ethnicity) should be considered.

5.5. Body-Mass Index

Obesity causes low-grade inflammation which contributes to the development of
a wide range of comorbidities [75]. A recent systematic review of epidemiological data
demonstrated that AD is associated with obesity, especially in infants [76-78]. Mechanistic
data underlying these observations are scarce. One animal model study revealed that
obesity causes significant upregulation of Th17 (IL-17A, IL-17F) and Th2 cytokines (IL-4
and IL-13), with the former axis activated more prominently [79]. These observations
could partly underlie the possible cause of the increasing prevalence of AD in developed
societies [80,81] where obesity has become a significant challenge for public health. Data
in the literature suggest that weight reduction could positively affect treatment outcomes
in AD [82]. Nevertheless, the attenuation of the Th2 axis with targeted treatments could
potentiate the immune imbalance and result in a different Th17-mediated phenotype of
AD as well as other negative sequelae (e.g., increased propensity to develop psoriasis) [83].

6. Genomics and Polymorphisms

The underlying genotype plays a pivotal role in the onset and clinical picture of AD.
Single nucleotide polymorphisms (SNPs) of various genes were shown to be significantly
associated with AD [84,85]. Several genome-wide association studies (GWAS) in European,
Japanese, and Chinese populations helped to determine specific genetic susceptibility
loci associated with AD development [85-90]. The loss-of-function mutations in the fi-
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laggrin (FLG) gene are considered the strongest genetic factor that increases the risk of
AD [88,91-93]. The association between FLG null mutations and AD was first observed by
Palmer et al. [91] FLG deficiency increases skin permeability, which facilitates the sensitiza-
tion to environmental allergens and initiates the inflammatory cascade. This is reflected
by the fact that patients with FLG loss-of-function mutation show higher levels of serum
IgE [94,95]. As discussed above, FLG mutations are also a primary pathogenetic feature
in extrinsic AD. Subsequent GWAS analyses revealed that apart from FLG, AD is also
associated with other susceptibility loci, i.e., rs479844 located close to OVOL1, rs2897442 in
KIF3A locus, and rs2164983 (at 19p13.2) located in an intergenic region between ADAMTS10
and ACTL9 [96].

OVOL1 was implemented in the regulation of epidermal proliferation and differentia-
tion. KIF3A encodes a subunit of kinesin-II complex, but the significance of polymorphism
in this locus seems to result from its complex relationship with a cluster of cytokine and
immune-related genes encoding IL-4 and IL-13. ADAMTS10 is a gene encoding a member
of ADAMTS zinc-dependent proteases which regulate extracellular matrix turnover and
connective tissue remodeling. Lack of ADAMTS proteins was associated with spontaneous
dermatitis presenting with epidermal thickening, dermal hypercellularity and extensive
infiltration by immune cells in histopathology [97].

Different AD endotypes were also associated with SNPs in genes encoding cytokines.
For example, the frequency of the IL-4Rx polymorphism C3223T and the IL-4 polymor-
phism C590T was shown to be higher in extrinsic AD than in intrinsic AD [98]. On the con-
trary, particular polymorphisms in IL-31 were typical for intrinsic, but not extrinsic AD [99].
Furthermore, higher risk of occurrence and increased persistence of AD was associated with
amino acid change in the IL-6 receptor (IL-6R Asp358Ala; rs2228145), while polymorphisms
in IL5bRA were associated with a higher AD severity and eosinophil counts [100-102].

7. Diagnostics

The heterogeneity of AD endotypes and phenotypes translates to challenges in estab-
lishing distinct disease biomarkers. Furthermore, AD shares histological features with other
eczematous disorders such as contact dermatitis. Therefore, the diagnosis of AD is currently
based on sets of clinical criteria such as the Hanifin and Rajka criteria in adults or UK Work-
ing Party criteria in children [53,103]. Disease severity is assessed using measurement tools,
e.g., the Eczema Area and Severity Index (EASI) and Scoring Atopic Dermatitis (SCORAD).
However, the clinical applicability of the diagnostic criteria and measurement tools may
be limited in certain subpopulations and be affected by inter-observer bias [104]. This
reflects the need to identify reliable biomarkers facilitating the diagnosis and monitoring of
patients with AD [104]. Among candidate diagnostic biomarkers are NOS2/iNOS, hBD-2,
and MMP8/9 [92,105,106]. With respect to monitoring AD severity, one systematic review
identified TARC/CCL17 to be reliable in both children and adults [107]. Other postulated
candidates include SCCA2 [108,109], EDN [110], CTACK [92], MDC [111], LDH [112,113],
and IL-18 [92,107]. For the assessment of treatment efficacy, biomarkers such as LDH [114],
TARC, PARC, periostin, IL-22, eotaxin-1/3 [115], and IL-8 [116] could be used [92]. To
date, however, none of the mentioned molecules has been implemented in clinical practice.
Because of the mentioned heterogeneity of AD endotypes, future studies should be profiled
to distinguish useful biomarkers in different patients’ subpopulations.

8. Therapeutic Challenges in Different AD Subtypes

The described heterogeneous expression of cytokines among certain populations is
considered as a factor limiting classical treatment efficacy [52,61]. To date, the evidence
regarding systemic treatments in different ethnical groups is scarce [62,117].

Traditionally, the treatment of refractory, moderate-to-severe AD relied on systemic
anti-inflammatory agents. Recent advances in molecular sciences resulted in the intro-
duction of new therapies targeting specific molecules involved in the pathogenesis of this
disease (Figure 2).
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Figure 2. Mechanism of action of novel medications for AD. Monoclonal antibodies have large molec-
ular weight and complex structure, which entails their extracellular function. They are characterized
by highly specific inhibition of single interleukins or interleukin receptors. Small molecules act as
intracellular kinase inhibitors, which limits downstream transduction of pro-inflammatory signals
and subsequent transcription of a wide range of interleukins aggravating AD.

8.1. Conventional Treatment of Atopic Dermatitis

Treatment of mild-to-moderate AD shares similar principles in different patients’
subpopulations. Combined with baseline emollient therapy, topical corticosteroids and
calcineurin inhibitors are two primary groups of anti-inflammatory medications which
enable sufficient control of AD in most individuals [118]. The mechanisms of action
have been well investigated. Topical steroids are bound by their receptors and attenuate
transcription of pro-inflammatory cytokines and simultaneously induce transcription of
anti-inflammatory mediators. Topical calcineurin inhibitors reduce the activation of T cells
by blocking the function of phosphorylase enzyme calcineurin. UV phototherapy (narrow-
band UVB, UVA1) may be considered in patients with moderate-to-severe AD if the topical
treatment is ineffective. Phototherapy is considered to alleviate cutaneous inflammation
primarily by suppressing the function of antigen-presenting cells and T cells [119].

Immunosuppression can be used as an adjunct in patients with severe AD who
are refractory to topical treatment. Several conventional immunosuppressants such as
cyclosporine, methotrexate, azathioprine, and mycophenolate mofetil may be consid-
ered [120,121]. Immunosuppressants inhibit inflammatory response by affecting the inter-
action between antigen-presenting cells and T lymphocytes and reducing the populations
of Th cells, synthesis of pro-inflammatory cytokines and histamine release from mast
cells [122,123]. Active infections and malignancy should be ruled out before implementing
any of the abovementioned medications [123]. Inmunosuppressive therapy may be associ-
ated with serious adverse events (AEs), which vary based on the type of pharmaceutical,
dose and the time of exposure. Symptoms such as hypertension, renal failure, hypertrichosis,
and gingival hyperplasia (due to cyclosporine) or hepatotoxicity, bone marrow suppression,
and pneumonitis (due to methotrexate) may lead to treatment discontinuation [123].
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8.2. Novel Treatments of AD
8.2.1. Biologics

Biologics are therapeutic agents obtained by means of biomedical engineering [124].
They are characterized by a relatively high molecular weight and complex structure. The
use of biologics in dermatology is primarily constricted to monoclonal antibodies [125].
These molecules are characterized by high specificity towards a single molecular target, for
example, interleukin or its receptor (Table 1). In this regard, they are well suited for person-
alized treatment adjusted to the immunological profile of AD endotypes. Nonetheless, the
benefit-risk ratio should be always considered in the systemic treatment of AD, especially
in pediatric and elderly patients. The burden of AD is significant, yet the disease is not
immediately life-threatening. Therefore, safety measures should be taken to avoid threats
of precision medicine such as the elevated risk of adverse events and drug interactions [4].

Table 1. Interleukin-targeting biological drugs for treatment of moderate-to-severe atopic dermatitis.

Interleukin (IL) Cells Capable of IL Expression Immune Function Targeted Medications
L-13 Th2 cells, T cells, NKT cells, mast cells, Promotion of B cell isotype switching; "Il:re;lo.l;numalg
) basophils, eosinophils regulation of the antiparasitic response E) rrazuma

upilumab
IL-4 Normal T cells and B cells, cancerous B cells . Regula.tlon of antibody production, Dupilumab
inflammation, and effector T-cell response
Prevention of tissue damage (activation of
1L-22 Th17, Th22 and y& T cells, activated NK cells proliferative and anti-apoptotic pathways); Fezakinumab
regulation of the antimicrobial response
Induction of chemokine production by
L-31 Activated CD4+ Th2 cells, mast cells, keratinocytes; modulation of eosinophil N .
- i, L . o . emolizumab
monocytes, macrophages, dendritic cells function; induction of itching sensation (by
receptors on sensory neurons)
Keratinocytes, macrophages, dendritic cells,
IL-33 fibroblasts, adipocytes, smooth muscle cells, Activation of mast cells and basophils — Etokimab
endothelial cells, bronchial epithelium, overproduction of proinflammatory cytokines
osteoblasts, intestines
Keratinocytes, plasma cells, T-cells, Activation of pro-inflammatory pathways in
IL-36 macrophages and dendritic cells response to tissue injury or infection; NF-kB Spesolimab
activation; increasing Th-17 response
Stimulation of Th2 response; promotion of
antigen presenting cells maturation; promotion
TSLP Fibroblasts, epithelial cells of eosynophil activity and chemotaxis; Tezepelumab

increasing the expression of IL-4, IL-5, and
IL-13 in IL-33 stimulated human ILC2 cells

Dupilumab—An IL-4/IL-13 Inhibitor

Dupilumab is a recombinant monoclonal antibody against the IL-4 receptor, which is
registered for use in children (over 6 months old in the United States and over 6 years old
in Europe) and adults. The favorable safety profile and efficacy (reduction of body surface
area [BSA], EASI, and IGA) were observed regardless of age, sex, race, and ethnicity [126].
AEs occurred in 13.5% of patients and involved mainly conjunctivitis and arthralgia. Of
note, the introduction of dupilumab was found to aggravate lymphoma progression in
most patients [127]. Therefore, a differential diagnosis should be performed, especially in
middle-aged patients with a new onset of erythroderma [61,127].

Deng et al. [128] assessed the efficacy of dupilumab in patients treated for AD with
concomitant palmo-plantar dermatitis. Reduced levels of eosinophils and IgE were found
to be associated with a significant improvement in the severity of the disease. Furthermore,
Shan et al. [129] highlighted the potential role of dupilumab in the treatment of AD with
concomitant cheilitis.

High efficacy of dupilumab results from the primary role of Th2 cytokines in all AD en-
dotypes. Nevertheless, recalcitrant cases are also seen, which suggests a higher complexity
of particular AD subpopulations and simultaneous triggering of cutaneous inflammation
by other cytokines. A recently published analysis of dupilumab nonresponders reinforces
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this hypothesis by suggesting that treatment efficacy is influenced by factors such as age,
sex, race, ethnicity, and geographic areas [130].

Tralokinumab—An IL-13 Inhibitor

Tralokinumab is a human monoclonal antibody inhibiting IL-13 [131]. In a phase
IIb study by Wollenberg et al. [131], adults with AD were randomized to receive 45, 150,
and 300 mg of subcutaneous tralokinumab or placebo every 2 weeks for 12 weeks with
concomitant TCs. At week 12, there was a significant decrease from baseline in the EASI
score in tralokinumab groups compared with the placebo group (adjusted mean difference,
—4.94; 95% CI, —8.76 to —1.13; p = 0.01). The most common treatment-associated AEs were
headaches and infection of the upper respiratory tract.

Recently, Wollenberg et al. [132] published the results of two 52-week, randomized,
double-blind, multicentre, placebo-controlled phase III trials (ECZTRA 1 and ECZTRA 2),
in which adults with moderate to severe AD were randomly assigned to subcutaneous
tralokinumab 300 mg every 2 weeks or placebo. At week 16, more patients from the
tralokinumab group in comparison to the placebo group achieved an IGA score of 0 or
1: 15.8% vs. 7.1% in ECZTRA 1 (difference 8.6%, 95% CI 4.1-13.1; p = 0.002) and 22.2%
vs. 10.9% in ECZTRA 2 (11.1%, 95% CI 5.8-16.4; p < 0.001). EASI-75 was achieved by:
25.0% vs. 12.7% (12.1%, 95% CI 6.5-17.7; p < 0.001) and 33.2% vs. 11.4% (21.6%, 95% CI
15.8-27.3; p < 0.001) of the patients, respectively. AEs were reported in 76.4% and 61.5%
of patients in the tralokinumab group in ECZTRA 1 and ECZTRA 2, respectively. In
the placebo group, AEs were experienced by 77.0% and 66.0% of patients in ECZTRA 1
and ECZTRA 2, respectively. The most frequent AEs of tralokinumab included upper
respiratory tract infection and conjunctivitis.

A review of the therapeutic potential of tralokinumab in the treatment of AD pub-
lished by Kelly et al. [133] revealed improvements in disease severity measures (including
IGA scores and EASI-75 scores), and in quality of life (including pruritus scores; sleep
interference scores; DLQI; SCORing Atopic Dermatitis, SCORAD; Patient Oriented Eczema
Measure; and The Short Form 36 Health Survey).

Lebrikizumab—An IL-13 Inhibitor

Lebrikizumab, a humanized monoclonal antibody, is another IL-13 antagonist which
has been evaluated in two phase II clinical trials in patients with moderate to severe AD. In
2018, Simpson et al. [134] conducted a randomized, placebo-controlled, double-blind, phase
II study in which adult patients with moderate-to-severe AD were required to use TCs
twice daily and then were randomized to lebrikizumab 125 mg single dose, 250 mg single
dose, and 125 mg every 4 weeks for 12 weeks or placebo every 4 weeks for 12 weeks. At
week 12, EASI-50 was achieved by a greater number of patients treated with lebrikizumab
125 mg every 4 weeks (82.4%; p = 0.026) in contrast to placebo every 4 weeks (62.3%). No
statistically significant improvement in EASI-50 was shown in both single-dose treatment
groups compared to placebo. Adverse events occurred with similar frequency in all study
groups (66.7% all lebrikizumab groups vs. 66.0% placebo). Lebrikizumab was well tolerated
with no serious AEs.

Guttman-Yassky et al. [135] performed a double-blind, placebo-controlled, dose-
ranging randomized phase II clinical trial on the use of lebrikizumab in moderate-to-severe
AD. Adult patients were randomized to receive subcutaneous injections of lebrikizumab
at the following doses: 125 mg every 4 weeks (250 mg loading dose [LD]), 250 mg every
4 weeks (500 mg LD), and 250 mg every 2 weeks (500 mg LD at baseline and week 2),
or placebo every 2 weeks. Compared with placebo (EASI least squares mean percentage
change, —41.1% =+ 56.5), lebrikizumab groups showed dose-dependent, statistically signifi-
cant improvement in the primary endpoint vs. placebo at week 16: 125 mg every 4 weeks
(—=62.3% £ 37.3, p = 0.02), 250 mg every 4 weeks (—69.2% =+ 38.3, p = 0.002), and 250 mg
every 2 weeks (—72.1% =+ 37.2, p < 0.001). Lebrikizumab had a favorable safety profile,
with the most common AEs including upper respiratory tract infections, nasopharyngitis,
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headache, injection site pain, and fatigue. Injection site reactions (affecting 1.9% in placebo
group vs. 5.7% in all lebrikizumab groups), herpesvirus infections (3.8% vs. 3.5%), and
conjunctivitis (0% vs. 2.6%) were not commonly reported.

In 2022, Zhang et al. [136] published a systematic review and meta-analysis of seven
randomized controlled trials evaluating the use of two IL-13 inhibitors, tralokinumab and
lebrikizumab, in adult patients with moderate-to-severe AD. Compared to the placebo, both
lebrikizumab and tralokinumab had greater improvement in EASI score (mean difference
—20.37,95%CI —32.28, —8.47). Both inhibitors had acceptable safety profiles, but their use
was associated with a higher risk of conjunctivitis than placebo.

Importantly, both tralokinumab and lebrikizumab target the Th2 axis. Therefore, as
in the case of dupilumab, some patients might not adequately respond to therapy. Due
to the limited time of observation, the phenomenon of insufficient response should be
progressively evaluated across different populations.

Spesolimab—An IL-36 Inhibitor

Spesolimab is a monoclonal antibody targeting IL-36 receptor, developed for the
treatment of generalized pustular psoriasis in adults. Bissonnette et al. [137] conducted
the first multicenter, randomized, double-blind, placebo-controlled, phase Ila study to
evaluate the use of spesolimab in adult patients with moderate-to-severe AD. Patients were
randomly assigned to receive intravenous spesolimab 600 mg or placebo every 4 weeks.
After 16 weeks, a decrease in EASI score was shown, 37.9% for spesolimab vs. 12.3% for
placebo (adjusted mean difference —25.6%, p = 0.149). No safety concerns were raised
regarding spesolimab therapy. As discussed above, IL-36 is a Th1-dependent molecule,
whose upregulation was observed upon stimulation by IL-22 and IL-17 [138]. Therefore,
patients with less prominent Th2 activation, i.e., with intrinsic AD or predominantly chronic,
lichenified phenotype, might benefit the most from this treatment in the future.

Nemolizumab—An IL-31 Inhibitor

Nemolizumab is a humanized monoclonal antibody that inhibits IL-31 and signifi-
cantly reduces pruritus [139]. It is approved in Japan for use in children (over the age of
13 years) and adults with insufficient control of itch associated with AD [140].

In a double-blind, phase III trial conducted by Kabashima et al. [141], patients with
moderate-to-severe AD were randomized to receive subcutaneous nemolizumab 60 mg
or placebo every 4 weeks up to week 16, with concomitant topical agents. At week 16,
the Visual Assessment Scale (VAS) score changed by —42.8% in the nemolizumab group
and —21.4% in the placebo group. The EASI score decreased by 45.9% with nemolizumab
and 33.2% with placebo. The DLQI score of 4 or less was achieved by 40% of patients in
the nemolizumab group and 22% in the placebo group. Reaction to injection (unspecified)
occurred in 8% of patients treated with nemolizumab and in 3% placebo group. However,
further efficacy and safety trials should be performed.

Considering the mechanism of action, nemolizumab seems preferable in patients
in whom pruritus constitutes the primary symptom of AD [140]. As IL-31 is not a pri-
mary cytokine orchestrating the Th2 response, it is not likely to influence signs of acute
inflammation to a similar extent as other biologics listed above.

Fezakinumab—An IL-22 Inhibitor

Fezakinumab is a monoclonal antibody against the IL-22 receptor. Guttman-Yassky
etal. [142] performed a randomized, double-blind, placebo-controlled trial with intravenous
fezakinumab in monotherapy administered every 2 weeks for 10 weeks. At week 12, the
fezekinumab group showed a significantly higher decline in SCORAD score (21.6 [3.8] vs.
9.6; [4.2]; p = 0.029), which was also noticed at week 20 (27.4 [3.9] vs. 11.5 [5.1]; p = 0.010).
The most frequently reported AEs were upper respiratory tract infections. No further
clinical trials of fezakinumab are currently ongoing.
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Of note, the efficacy of fezakinumab was higher in patients with higher AD severity.
This could reflect that progressive activation of the Th22 response correlates with the
course of the disease. Most described AD endotypes share the common pathway of Th22
activation. However, considering the particularly important role of Th22 in Asian and
African American AD, fezakinumab could be particularly efficient in those endotypes.

Tezepelumab—A Thymic Stromal Lymphopoietin Inhibitor

Tezepelumab is an anti-TSLP monoclonal antibody. Simpson et al. [143] conducted a
randomized phase Ila clinical trial, in which patients were randomly assigned to receive
TCs together with subcutaneous tezepelumab 280 mg or placebo every 2 weeks. At
week 12, a higher percentage of patients treated with tezepelumab achieved an EASI-50
score (64.7%) than placebo (48.2%; p = 0.091). After 12 weeks, the treatment efficacy was
insubstantial until improvement at week 16. The authors highlight the need for long-term
trials to determine the efficacy of treatment. The occurrence of AEs was similar in both
groups. To date, there is insufficient data to compare the expression of TSLP across AD
subpopulations. TSLP is a primarily keratinocyte-derived molecule. Therefore, it is likely
that the improvement of AD symptoms following successful TSLP inhibition would be
similar in all groups.

Etokimab—An IL-33 Inhibitor

Etokimab is a monoclonal antibody acting as an IL-33 inhibitor. Chen et al. [144]
conducted a proof-of-concept phase Ila study on a small group of adult patients with
moderate-to-severe AD, who received a single intravenous 300 mg dose of etokimab.
The EASI-50 score was achieved by 83% of patients, while EASI-75 was reached by 33%.
Nearly one month after administration, the reduction in peripheral eosinophils was also
noted. Etokimab was generally well tolerated with mild and transient AEs (e.g., headache,
upper respiratory tract infections, urinary tract infections, peripheral swelling) assessed
as unrelated to etokimab administration. IL-33 is another example of cytokine produced
by the innate immune system, highlighting another possible molecular target in different
AD endotypes. Nonetheless, another IL-33 antagonist, astegolimab, was not superior to
placebo in a 16-week phase Il randomized, placebo-controlled trial by Maurer et al. [145].

8.2.2. Janus Kinase Inhibitors

Janus Kinase (JAK) inhibitors are an emerging group of pharmaceuticals showing high
efficacy in AD. Instead of targeting a single cytokine, JAK inhibitors inhibit downstream
signaling and the production of a wider array of proinflammatory factors [146,147]. This
highlights the possible therapeutic benefit in most AD endotypes, which results from the
inhibition of several immune pathways. However, JAK inhibitors cannot be recognized
as a one-size-fits-all treatment in AD, and recognition of the good-responder population
is essential to optimize the benefit-risk ratio [4]. These small molecules are currently
available for clinical use as oral or topical agents. Abrocitinib, upadacitinib, and baricitinib
are administered orally [148,149], while ruxolitinib and deglocitinib are used in topical
formulations [149].

Abrocitinib—Oral JAK 1 Inhibitor

Abrocitinib is a selective JAK 1 inhibitor accepted for the treatment of moderate-to-
severe AD in adults in Europe, the United States, and Japan. This therapy can be used
when systemic therapy (including biologics) has failed or is contraindicated.

In 2020, Simpson et al. [150] conducted a multicentre, double-blind, randomized,
placebo-controlled, phase III trial involving patients > 12 years of age. The participants
were randomized to oral abrocitinib 100 mg and 200 mg, or placebo once daily for 12 weeks.
IGA response was achieved in a higher number of patients treated with abrocitinib in
comparison to placebo (24%, 44% vs. 8%, respectively; p = 0.0037, p < 0.0001). An EASI-75
response was significantly higher in the abrocitinib 100 mg group (40% vs. 12%; p < 0.0001)
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and abrocitinib 200 mg group (63% vs. 12%; p < 0.0001) compared to placebo. Serious
AEs were reported in 3% of patients in the abrocitinib 100 mg group, 3% of patients in the
abrocitinib 200 mg group, and 4% of patients in the placebo group. In adolescents and
adults with moderate-to-severe AD, monotherapy with oral abrocitinib once daily was
effective and well tolerated.

In another phase III, double-blind trial by Bieber et al. [151], patients were randomly
assigned to the following groups: abrocitinib 200 mg, abrocitinib 100 mg, dupilumab group,
and placebo group. At week 12, an IGA response was observed in 48.4% of patients in the
200 mg abrocitinib group, 36.6% in the 100 mg abrocitinib group, 36.5% in the dupilumab
group, and 14.0% in the placebo group (p < 0.001 for both abrocitinib groups vs. placebo).
Moreover, EASI-75 response was observed in 70.3%, 58.7%, 58.1%, and 27.1%, respectively
(p < 0.001 for both abrocitinib groups vs. placebo). Regarding pruritus, a 200 mg dose of
abrocitinib was superior to dupilumab. The most common AEs included nausea and acne.

Upadacitinib—QOral JAK 1 Inhibitor

Upadacitinib is a selective JAK 1 inhibitor approved in the United States and Europe for
adults and children (aged >12 years) with AD uncontrolled by systemic drugs (including
biologics) or with contraindications for such therapy.

The treatment with oral upadacitinib as monotherapy or with topical corticosteroids
in adolescents and adults with moderate to severe AD was found effective in several
multicenter, randomized trials [152,153]. In a randomized, double-blind, placebo-controlled,
phase III trial by Reich et al. [152], >12 years old patients were enrolled to receive TCs with
upadacitinib 15 mg, upadacitinib 30 mg, or placebo, once daily for 16 weeks. Validated
IGA-AD response was achieved in a higher number of patients treated with upadacitinib
compared to placebo (40%, 59% vs. 11%, respectively). An EASI-75 score was achieved
in a significantly higher number of patients in the upadacitinib 15 mg (65%) and the
upadacitinib 30 mg (77%) groups than in the placebo group (26%). The most common AEs
(>5% in any treatment group) were acne, nasopharyngitis, upper respiratory tract infection,
oral herpes, elevation of blood creatine phosphokinase levels, and headache.

Guttman-Yassky et al. [153] published the results from two replicate double-blind,
randomized controlled phase III trials (MEASURE UP 1 and MEASURE UP 2) in which
patients aged >12 years were randomized to receive upadacitinib 15 mg, upadacitinib
30 mg, or placebo for 16 weeks. Higher scores in validated IGA-AD response were achieved
in both upadacitinib groups in contrast to the placebo group (48%, 62%, and 8% in the
MEASURE UP 1, respectively; 39%, 52%, and 5% in the MEASURE UP 2, respectively). The
EASI-75 score was higher in the upadacitinib 15 mg (70%, 60%) and upadacitinib 30 mg
(80%, 73%) groups than the placebo group (16%, 13%) in MEASURE UP 1 and MEASURE
UP 2, respectively. Both upadacitinib doses were well tolerated with most frequent AEs
including acne, upper respiratory tract infection, nasopharyngitis, and headache.

Compared to dupilumab, upadacitinib demonstrated higher efficacy. An EASI-75 score
was achieved by a higher number of patients treated with upadacitinib than dupilumab
(71% vs. 61%). Furthermore, the reduction in pruritus was higher in the upadacitinib group
(55% vs. 36%) [154].

Baricitinib—Oral JAK 1/2 Inhibitor

Baricitinib is the first-generation JAK 1/2 inhibitor blocking cytokine signaling, in-
cluding IL-4, IL-5, and IL-13, registered for the treatment of moderate-to-severe AD in the
United States and Europe.

Simpson et al. [155] compared results from two randomized, double-blind monother-
apy, phase IlI trials (BREEZE-AD1 and BREEZE-AD?2). Adults with moderate-to-severe AD
were required to use a once-daily placebo or baricitinib 1 mg, 2 mg, and 4 mg for 16 weeks.
At week 16, the end point of validated IGA-AD was achieved by a higher number of
patients treated with 4 mg and 2 mg barticitinib than placebo in BREEZE-AD1 (baricitinib
4 mg, 16.8%, p < 0.001; 2 mg, 11.4%, p < 0.05; 1 mg, 11.8%, p < 0.05; placebo, 4.8%), and
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BREEZE-AD?2 (baricitinib 4 mg, 13.8%, p = 0.001; 2 mg, 10.6%; p < 0.05; 1 mg, 8.8%, p = 0.085;
placebo, 4.5%). The most frequently reported AEs were nasopharyngitis and headache.

Results from a randomized monotherapy phase III trial in the United States and
Canada (BREEZE-ADS5) conducted by Simpson et al. [156] confirmed that baricitinib (1 mg
or 2 mg) is effective in the therapy of patients with moderate-to-severe AD. New findings
regarding safety were not observed in this study.

Results from the BioDay Registry published by Boesjes et al. [157] showed that the
probability of achieving EASI < 7 and NRS pruritus < 4 using baricitinib for 16 weeks is
29.4% (range, 13.1-53.5) and 20.5% (range, 8.8—40.9), respectively. AEs included nausea
(11.8%), urinary tract infection (9.8%), and herpes simplex infection (7.8%).

The risk of serious infections was found to be similar in patients with AD treated with
baricitinib compared with a placebo [158].

Tofacitinib—Topical JAK Inhibitor

Tofacitinib is a JAK 1 and JAK 3 inhibitor. In a phase Ila, randomized, double-blind,
placebo-controlled trial by Bissonette et al. [159], adult patients were randomized to 2%
tofacitinib or placebo ointment twice daily. EASI score change was significantly higher
for tofacitinib (—81.7%) vs. placebo (—29.9%; p < 0.001). The occurrence of AEs was
higher in the placebo group than in the tofacitinib group. Further investigations are
necessary to assess the safety profile of tofacitinib in light of the U.S. Food and Drug
Administration warning.

Ruxolitinib—Topical JAK Inhibitor

Topical ruxolitinib is a JAK 1 and JAK 2 inhibitor with rapid and sustained antipru-
ritic and anti-inflammatory effects [160]. Efficacy of ruxolitinib is compared to triamci-
nolone, but sparing the AEs observed during long-term TCs use [160]. In patients treated
with topical ruxolitinib with up to 20% BSA affected by AD, drug plasma concentrations
were not reached to the extent that induced AEs commonly associated with oral JAK
inhibitors [161,162]. Topical ruxolitinib was approved in 2021 by the U.S. FDA for the
short-term treatment of mild-to-moderate AD in patients over 12 years old.

A phase II, randomized, dose-ranging, placebo- and active-controlled study performed
by Kim et al. [163] evaluated the effects of ruxolitinib cream on itch and quality of life.
Patients with AD were enrolled to receive ruxolitinib cream 1.5% twice daily, 1.5% once
daily, 0.5% once daily, 0.15% once daily, placebo twice daily, or triamcinolone cream (0.1%
twice daily for 4 weeks, then placebo for 4 weeks). Overall, pruritus was decreased in 42.5%
of patients who applied 1.5% ruxolitinib cream twice daily, which was also associated
with an improvement in the patients” quality of life. No serious ruxolitinib-related AEs
were reported.

Papp et al. [164] presented the results of two phase III, randomized, double-blind
studies, in which patients with AD were randomized to twice-daily 0.75% ruxolitinib cream,
1.5% ruxolitinib cream, or placebo cream for 8 weeks. At the end of the study, a significantly
higher number of patients treated with 0.75% ruxolitinib cream (50.0% and 39.0% in these
studies, respectively) and 1.5% ruxolitinib cream (53.8% and 51.3%) achieved IGA treatment
success in comparison to placebo (15.1% and 7.6%, respectively; p < 0.0001). Furthermore, a
greater itch reduction was noted in the ruxolitinib cream group compared to the placebo
group. No clinically significant AEs were reported.

Delgocitinib—Topical JAK Inhibitor

Delgocitinib inhibits JAK 1, JAK 2, and JAK 3 as well as tyrosine kinase 2. The topical
formulation is approved in Japan for adult patients with AD [165]. Nakagawa et al. [165]
conducted a phase III, randomized, double-blind, placebo-controlled study and a sub-
sequent open-label, long-term study to evaluate the efficacy and safety of delgocitinib
ointment in pediatric patients. Participants were randomized to delgocitinib 0.25% oint-
ment or placebo ointment used for 4 weeks followed by a 52-week extension period. The
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delgocitinib ointment group had significantly greater results than the control group (EASI
score —39.3% vs. +10.9%, p < 0.001). Delgocitinib was well tolerated with the occurrence of
mild AEs only.

9. Conclusions

The pathogenesis of AD is strictly associated with the imbalance in the interleukin
network. This entails other molecular processes resulting in the development of AD lesions.
Recent advances highlighted the heterogeneity of AD immunopathogenesis in different
populations, which correlates with the heterogeneous clinical features of this disease.
Tailoring the treatment to the endotypes of AD is a promising strategy that could limit
the rates of nonresponders and reduce the worldwide burden of this disease. This can be
achieved by optimizing the treatment using novel pharmaceuticals such as biologics and
small molecules.

Author Contributions: Conceptualization, L.B.; writing and original draft preparation, ].N., KM. and
L.B.; review and editing, L.B., A.W.-B., ].C., M.O. and L.R. All authors made substantial contributions
to drafting the paper. 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.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

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

References

1. Carroll, C.L,; Balkrishnan, R.; Feldman, S.R.; Fleischer, A.B.; Manuel, ].C. The burden of atopic dermatitis: Impact on the patient,
family, and society. Pediatr. Dermatol. 2005, 22, 192-199. [CrossRef]

2. Langan, SM.; Irvine, A.D.; Weidinger, S. Atopic dermatitis. Lancet Lond. Engl. 2020, 396, 345-360. [CrossRef]

3. Drucker, AM.; Wang, A.R.; Li, W.-Q.; Sevetson, E.; Block, ].K.; Qureshi, A.A. The Burden of Atopic Dermatitis: Summary of a
Report for the National Eczema Association. J. Investig. Dermatol. 2017, 137, 26-30. [CrossRef]

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

5. Sroka-Tomaszewska, J.; Trzeciak, M. Molecular Mechanisms of Atopic Dermatitis Pathogenesis. Int. ]. Mol. Sci. 2021, 22, 4130.
[CrossRef]

6.  Tokura, Y.; Hayano, S. Subtypes of atopic dermatitis: From phenotype to endotype. Allergol. Int. Off ]. Jpn. Soc. Allergol. 2022, 71,
14-24. [CrossRef]

7. Czarnowicki, T.; He, H.; Krueger, ].G.; Guttman-Yassky, E. Atopic dermatitis endotypes and implications for tar-geted therapeutics.
J. Allergy Clin. Immunol. 2019, 143, 1-11. [CrossRef]

8.  Santamaria-Babi, L.F. Atopic Dermatitis Pathogenesis: Lessons From Immunology. Dermatol. Pract. Concept 2022, 12, €2022152.
[CrossRef]

9.  David Boothe, W.; Tarbox, J.A.; Tarbox, M.B. Atopic Dermatitis: Pathophysiology. Adv. Exp. Med. Biol. 2017, 1027, 21-37.

10.  Wan, Y.Y. Multi-tasking of helper T cells. Immunology 2010, 130, 166-171. [CrossRef]

11.  Annunziato, F; Cosmi, L.; Liotta, F.; Maggi, E.; Romagnani, S. Human Th1 dichotomy: Origin, phenotype and bio-logic activities.
Immunology 2014, 144, 343-351. [CrossRef]

12. Hu, P; Wang, M.; Gao, H.; Zheng, A.; Li, J.; Mu, D.; Tong, J. The Role of Helper T Cells in Psoriasis. Front. Immunol. 2021,
12, 788940. [CrossRef]

13. Tsai, Y.-C.; Tsai, T.-F. Overlapping Features of Psoriasis and Atopic Dermatitis: From Genetics to Immunopatho-genesis to
Phenotypes. Int. ]. Mol. Sci. 2022, 23, 5518. [CrossRef]

14.  van Oosterhout, A.J.M.; Motta, A.C. Th1/Th2 paradigm: Not seeing the forest for the trees? Eur. Respir J. 2005, 25, 591-593.
[CrossRef]

15.  Walker, J.A.; McKenzie, A.N.J. TH2 cell development and function. Nat. Rev. Immunol. 2018, 18, 121-133. [CrossRef]

16. Howell, M.D.; Kim, B.E; Gao, P,; Grant, A.V.; Boguniewicz, M.; Debenedetto, A.; Schneider, L.; Beck, L.A.; Barnes, K.C.; Leung,
D.Y.M. Cytokine modulation of atopic dermatitis filaggrin skin expression. J. Allergy Clin. Immunol. 2007, 120, 150-155. [CrossRef]

17. Kim, B.E,; Leung, D.Y.M.; Boguniewicz, M.; Howell, M.D. Loricrin and involucrin expression is down-regulated by Th2 cytokines

through STAT-6. Clin. Immunol. 2008, 126, 332-337. [CrossRef]


http://doi.org/10.1111/j.1525-1470.2005.22303.x
http://doi.org/10.1016/S0140-6736(20)31286-1
http://doi.org/10.1016/j.jid.2016.07.012
http://doi.org/10.1038/s41573-021-00266-6
http://doi.org/10.3390/ijms22084130
http://doi.org/10.1016/j.alit.2021.07.003
http://doi.org/10.1016/j.jaci.2018.10.032
http://doi.org/10.5826/dpc.1201a152
http://doi.org/10.1111/j.1365-2567.2010.03289.x
http://doi.org/10.1111/imm.12399
http://doi.org/10.3389/fimmu.2021.788940
http://doi.org/10.3390/ijms23105518
http://doi.org/10.1183/09031936.05.00014105
http://doi.org/10.1038/nri.2017.118
http://doi.org/10.1016/j.jaci.2007.04.031
http://doi.org/10.1016/j.clim.2007.11.006

Int. . Mol. Sci. 2023, 24, 781 16 of 21

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

Furue, M. Regulation of Filaggrin, Loricrin, and Involucrin by IL-4, IL-13, IL-17A, IL-22, AHR, and NRF2: Pathogenic Implications
in Atopic Dermatitis. Int. J. Mol. Sci. 2020, 21, 5382. [CrossRef]

Oetjen, L.K.; Mack, M.R; Feng, J.; Whelan, TM.; Niu, H.; Guo, CJ.; Chen, S.; Trier, AM.; Xu, A.Z; Tripathi, S.V,; et al. Sensory
Neurons Co-opt Classical Inmune Signaling Pathways to Mediate Chronic Itch. Cell 2017, 171, 217-228.e13. [CrossRef]
Ouyang, W.; O’Garra, A. IL-10 Family Cytokines IL-10 and IL-22: From Basic Science to Clinical Translation. Immunity 2019, 50,
871-891. [CrossRef]

Nograles, K.E.; Zaba, L.C.; Shemer, A.; Fuentes-Duculan, J.; Cardinale, I.; Kikuchi, T.; Ramon, M.; Bergman, R.; Krueger,
J.G.; Guttman-Yassky, E. IL-22-producing “T22” T cells account for upregulated IL-22 in atopic dermatitis despite reduced
IL-17-producing TH17 T cells. J. Allergy Clin. Immunol. 2009, 123, 1244-1252.€2. [CrossRef] [PubMed]

Hayashida, S.; Uchi, H.; Moroi, Y.; Furue, M. Decrease in circulating Th17 cells correlates with increased levels of CCL17, IgE and
eosinophils in atopic dermatitis. J. Dermatol. Sci. 2011, 61, 180-186. [CrossRef] [PubMed]

Wawrzycki, B.; Pietrzak, A.; Grywalska, E.; Krasowska, D.; Chodorowska, G.; Rolifiski, J. Interleukin-22 and Its Cor-relation with
Disease Activity in Plaque Psoriasis. Arch. Immunol. Ther. Exp. 2019, 67, 103-108. [CrossRef] [PubMed]

Kardum, Z.; Milas-Ahié, J.; Sahinovi¢, I; Masle, A.M.; Ursi¢, D.; Kos, M. Serum levels of interleukin 17 and 22 in pa-tients with
systemic sclerosis: A single-center cross-sectional study. Rheumatol. Int. 2022. [CrossRef] [PubMed]

Ji, W,; Li, ].; Wang, X.; Gao, D.; Zhang, T. Increased expression of interleukin-22 and its receptor is relevant to poor prognosis in
laryngeal squamous cell carcinoma. Medicine 2021, 100, e28419. [CrossRef] [PubMed]

Sun, L,; Liu, W.; Zhang, L.-J. The Role of Toll-Like Receptors in Skin Host Defense, Psoriasis, and Atopic Dermatitis. J. Immunol.
Res. 2019, 2019, 1824624. [CrossRef]

Behzadi, P.; Garcia-Perdomo, H.A.; Karpiniski, T.M. Toll-Like Receptors: General Molecular and Structural Biology. J. Immunol.
Res. 2021, 2021, 9914854. [CrossRef]

Behzadi, P.; Sameer, A.S.; Nissar, S.; Banday, M.Z.; Gajdacs, M.; Garcia-Perdomo, H.A.; Akhtar, K.; Pinheiro, M.; Magnusson, P.;
Sarshar, M; et al. The Interleukin-1 (IL-1) Superfamily Cytokines and Their Single Nucleo-tide Polymorphisms (SNPs). J. Immunol.
Res. 2022, 2022, 2054431. [CrossRef]

Justiz Vaillant, A.A.; Qurie, A. Interleukin; StatPearls: Treasure Island, FL, USA, 2022.

Chieosilapatham, P.; Kiatsurayanon, C.; Umehara, Y.; Trujillo-Paez, J.V.; Peng, G.; Yue, H.; Nguyen, L.T.H.; Niyonsaba, F.
Keratinocytes: Innate immune cells in atopic dermatitis. Clin. Exp. Immunol. 2021, 204, 296-309. [CrossRef]

Homey, B.; Steinhoff, M.; Ruzicka, T.; Leung, D.Y.M. Cytokines and chemokines orchestrate atopic skin inflamma-tion. J. Allergy
Clin. Immunol. 2006, 118, 178-189. [CrossRef]

Conti, P; Pregliasco, FE.; Bellomo, R.G.; Gallenga, C.E.; Caraffa, A.; Kritas, S.K.; Lauritano, D.; Ronconi, G. Mast Cell Cytokines
IL-1, IL-33, and IL-36 Mediate Skin Inflammation in Psoriasis: A Novel Therapeutic Approach with the An-ti-Inflammatory
Cytokines IL-37, IL-38, and IL-1Ra. Int. . Mol. Sci. 2021, 22, 8076. [CrossRef]

Mercurio, L.; Morelli, M.; Scarponi, C.; Eisenmesser, E.Z.; Doti, N.; Pagnanelli, G.; Gubinelli, E.; Mazzanti, C.; Cavani, A.; Ruvo,
M.; et al. IL-38 has an anti-inflammatory action in psoriasis and its expression correlates with disease severity and therapeutic
response to anti-IL-17A treatment. Cell Death Dis. 2018, 9, 1104. [CrossRef]

Mermoud, L.; Shutova, M.; Diaz-Barreiro, A.; Talabot-Ayer, D.; Drukala, ].; Wolnicki, M.; Kaya, G.; Boehncke, W.-H.; Palmer, G.;
Borowczyk, J. IL-38 orchestrates proliferation and differentiation in human keratinocytes. Exp. Dermatol. 2022, 31, 1699-1711.
[CrossRef]

Talabot-Ayer, D.; Diaz-Barreiro, A.; Modarressi, A.; Palmer, G. Epigenetic remodeling of downstream enhancer regions is linked
to selective expression of the IL1F10 gene in differentiated human keratinocytes. Gene 2022, 842, 146800. [CrossRef]

Patrick, G.J.; Liu, H.; Alphonse, M.P,; Dikeman, D.A.; Youn, C.; Otterson, ].C.; Wang, Y.; Ravipati, A.; Mazhar, M.; Denny, G.; et al.
Epicutaneous Staphylococcus aureus induces IL-36 to enhance IgE production and ensuing allergic disease. . Clin. Investig. 2021,
131, €143334.

Leyva-Castillo, ].M.; Hener, P; Jiang, H.; Li, M. TSLP produced by keratinocytes promotes allergen sensitization through skin and
thereby triggers atopic march in mice. J. Investig. Dermatol. 2013, 133, 154-163. [CrossRef] [PubMed]

Imai, Y. Interleukin-33 in atopic dermatitis. J. Dermatol. Sci. 2019, 96, 2-7. [CrossRef]

Danso, M.O.; van Drongelen, V.; Mulder, A.; van Esch, J.; Scott, H.; van Smeden, J.; El Ghalbzouri, A.; Bouwstra, J.A. TNF-« and
Th2 cytokines induce atopic dermatitis-like features on epidermal differentiation proteins and stratum corneum lipids in human
skin equivalents. J. Investig. Dermatol. 2014, 134, 1941-1950. [CrossRef] [PubMed]

Hong, C.-H.; Chang, K.-L.; Wang, H.-].; Yu, H.-S.; Lee, C.-H. IL-9 induces IL-8 production via STIM1 activation and ERK
phosphorylation in epidermal keratinocytes: A plausible mechanism of IL-9R in atopic dermatitis. J. Dermatol. Sci. 2015, 78,
206-214. [CrossRef]

Xiong, D.-K.; Shi, X.; Han, M.-M.; Zhang, X.-M.; Wu, N.-N.; Sheng, X.-Y.; Wang, J.-N. The regulatory mechanism and potential
application of IL-23 in autoimmune diseases. Front. Pharmacol. 2022, 13, 982238. [CrossRef] [PubMed]

Furue, M.; Furue, M. Interleukin-31 and Pruritic Skin. J. Clin. Med. 2021, 10, 1906. [CrossRef]

Borowczyk, J.; Shutova, M.; Brembilla, N.C.; Boehncke, W.-H. IL-25 (IL-17E) in epithelial immunology and patho-physiology.
J. Allergy Clin. Immunol. 2021, 148, 40-52. [CrossRef]

Cho, C.H.; Yoon, S.Y,; Lee, CK,; Lim, C.S.; Cho, Y. Effect of Interleukin-29 on Interferon-o Secretion by Peripheral Blood
Mononuclear Cells. Cell J. 2015, 16, 528-537.


http://doi.org/10.3390/ijms21155382
http://doi.org/10.1016/j.cell.2017.08.006
http://doi.org/10.1016/j.immuni.2019.03.020
http://doi.org/10.1016/j.jaci.2009.03.041
http://www.ncbi.nlm.nih.gov/pubmed/19439349
http://doi.org/10.1016/j.jdermsci.2010.10.013
http://www.ncbi.nlm.nih.gov/pubmed/21255981
http://doi.org/10.1007/s00005-018-0527-5
http://www.ncbi.nlm.nih.gov/pubmed/30291393
http://doi.org/10.1007/s00296-022-05250-w
http://www.ncbi.nlm.nih.gov/pubmed/36416900
http://doi.org/10.1097/MD.0000000000028419
http://www.ncbi.nlm.nih.gov/pubmed/34941188
http://doi.org/10.1155/2019/1824624
http://doi.org/10.1155/2021/9914854
http://doi.org/10.1155/2022/2054431
http://doi.org/10.1111/cei.13575
http://doi.org/10.1016/j.jaci.2006.03.047
http://doi.org/10.3390/ijms22158076
http://doi.org/10.1038/s41419-018-1143-3
http://doi.org/10.1111/exd.14644
http://doi.org/10.1016/j.gene.2022.146800
http://doi.org/10.1038/jid.2012.239
http://www.ncbi.nlm.nih.gov/pubmed/22832486
http://doi.org/10.1016/j.jdermsci.2019.08.006
http://doi.org/10.1038/jid.2014.83
http://www.ncbi.nlm.nih.gov/pubmed/24518171
http://doi.org/10.1016/j.jdermsci.2015.03.004
http://doi.org/10.3389/fphar.2022.982238
http://www.ncbi.nlm.nih.gov/pubmed/36176425
http://doi.org/10.3390/jcm10091906
http://doi.org/10.1016/j.jaci.2020.12.628

Int. . Mol. Sci. 2023, 24, 781 17 of 21

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.
59.
60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Rojas-Zuleta, W.G.; Sanchez, E. IL-9: Function, Sources, and Detection. Methods Mol. Biol. 2017, 1585, 21-35.

Liicke, J.; Sabihi, M.; Zhang, T.; Bauditz, L.F; Shiri, A.M.; Giannou, A.D.; Huber, S. The good and the bad about separa-tion
anxiety: Roles of IL-22 and IL-22BP in liver pathologies. Semin. Immunopathol. 2021, 43, 591-607. [CrossRef]

Di Nitto, C.; Neri, D.; Weiss, T.; Weller, M.; De Luca, R. Design and Characterization of Novel Antibody-Cytokine Fusion Proteins
Based on Interleukin-21. Antibodies 2022, 11, 19. [CrossRef]

Yasuda, K.; Nakanishi, K.; Tsutsui, H. Interleukin-18 in Health and Disease. Int. J. Mol. Sci. 2019, 20, 649. [CrossRef]

Weidinger, S.; Beck, L.A.; Bieber, T.; Kabashima, K.; Irvine, A.D. Atopic dermatitis. Nat. Rev. Dis. Primer 2018, 4, 1. [CrossRef]
Tsoi, L.C.; Rodriguez, E.; Stolzl, D.; Wehkamp, U.; Sun, J.; Gerdes, S.; Sarkar, M.K.; Hiibenthal, M.; Zeng, C.; Uppala, R.; et al.
Progression of acute-to-chronic atopic dermatitis is associated with quan-titative rather than qualitative changes in cytokine
responses. |. Allergy Clin. Immunol. 2020, 145, 1406-1415. [CrossRef]

Tanei, R.; Hasegawa, Y. Immunological Pathomechanisms of Spongiotic Dermatitis in Skin Lesions of Atopic Dermatitis. Int. J.
Mol. Sci. 2022, 23, 6682. [CrossRef]

Nomura, T.; Honda, T.; Kabashima, K. Multipolarity of cytokine axes in the pathogenesis of atopic dermatitis in terms of age,
race, species, disease stage and biomarkers. Int. Immunol. 2018, 30, 419-428. [CrossRef]

Hanifin, J.; Rajka, G. Diagnostic features of atopic dermatitis. Acta Derm. Venereol. Suppl. 1980, 92, 4447 .

Tokura, Y. Extrinsic and intrinsic types of atopic dermatitis. J. Dermatol. Sci. 2010, 58, 1-7. [CrossRef] [PubMed]

Mori, T.; Ishida, K.; Mukumoto, S.; Yamada, Y.; Imokawa, G.; Kabashima, K.; Kobayashi, M.; Bito, T.; Nakamura, M.; Ogasawara,
K.; et al. Comparison of skin barrier function and sensory nerve electric current perception threshold between IgE-high extrinsic
and IgE-normal intrinsic types of atopic dermatitis. Br. J. Dermatol. 2010, 162, 83-90. [CrossRef] [PubMed]

Aoshima, M.; Phadungsaksawasdi, P.; Nakazawa, S.; Iwasaki, M.; Sakabe, J.; Umayahara, T.; Yatagai, T.; Ikeya, S.; Shimauchi,
T.; Tokura, Y. Decreased expression of suprabasin induces aberrant differentiation and apoptosis of epidermal keratino-cytes:
Possible role for atopic dermatitis. J. Dermatol. Sci. 2019, 95, 107-112. [CrossRef] [PubMed]

Nakazawa, S.; Shimauchi, T.; Funakoshi, A.; Aoshima, M.; Phadungsaksawasdi, P.; Sakabe, J.-I.; Asakawa, S.; Hirasawa, N.; Ito, T.;
Tokura, Y. Suprabasin-null mice retain skin barrier function and show high contact hypersensitivity to nickel upon oral nickel
loading. Sci. Rep. 2020, 10, 14559. [CrossRef] [PubMed]

Brunner, PM.; Guttman-Yassky, E. Racial differences in atopic dermatitis. Ann. Allergy Asthma Immunol. 2019, 122, 449-455.
[CrossRef] [PubMed]

Croce, E.; Levy, M.L.; Adamson, A.S.; Matsui, E.C. Reframing racial and ethnic disparities in atopic dermatitis in Black and Latinx
populations. J. Allergy Clin. Immunol. 2021, 148, 1104-1111. [CrossRef] [PubMed]

Silverberg, N.B. Typical and atypical clinical appearance of atopic dermatitis. Clin. Dermatol. 2017, 35, 354-359. [CrossRef] [PubMed]
Weidinger, S.; Novak, N. Atopic dermatitis. Lancet 2016, 387, 1109-1122. [CrossRef]

Bosma, A.L.; Ouwerkerk, W.; Heidema, M.].; Prieto-Merino, D.; Ardern-Jones, M.R.; Beattie, P.; Brown, S.J.; Ingram, ].R.; Irvine,
A.D.; Ogg, G.; et al. Comparison of real-world treatment outcomes of systemic im-munomodulating therapy in atopic dermatitis
patients with dark and light skin types. JAAD Int. 2023, 10, 14-24. [CrossRef]

Leung, D.Y.M. The effect of being African American on atopic dermatitis. Ann. Allergy Asthma Immunol. 2019, 122, 1. [CrossRef]
Reed, ].T.; Ghadially, R.; Elias, PM. Skin Type, but Neither Race nor Gender, Influence Epidermal Permeability Barrier Function.
Arch. Dermatol. 1995, 131, 1134-1138. [CrossRef] [PubMed]

Shaw, T.E.; Currie, G.P.; Koudelka, C.W.; Simpson, E.L. Eczema prevalence in the United States: Data from the 2003 National
Survey of Children’s Health. J. Investig. Dermatol. 2011, 131, 67-73. [CrossRef]

Williams, H.C.; Pembroke, A.C.; Forsdyke, H.; Boodoo, G.; Hay, R.]J.; Burney, P.G.J. London-born black caribbean chil-dren are at
increased risk of atopic dermatitis. J. Am. Acad. Dermatol. 1995, 32, 212-217. [CrossRef]

Kaufman, B.P; Guttman-Yassky, E.; Alexis, A.F. Atopic dermatitis in diverse racial and ethnic groups-Variations in epidemiology,
genetics, clinical presentation and treatment. Exp. Dermatol. 2018, 27, 340-357. [CrossRef]

Ben-Gashir, M.A; Seed, P.T.; Hay, R.]. Reliance on erythema scores may mask severe atopic dermatitis in black children compared
with their white counterparts. Br. |. Dermatol. 2002, 147, 920-925. [CrossRef]

Child, EJ.; Fuller, L.C.; Higgins, E.M.; Vivier, AAW.P.D. A study of the spectrum of skin disease occurring in a black population in
south-east London. Br. J. Dermatol. 1999, 141, 512-517. [CrossRef]

Esaki, H.; Czarnowicki, T.; Gonzalez, J.; Oliva, M.; Talasila, S.; Haugh, I.; Rodriguez, G.; Becker, L.; Krueger, ].G.; Guttman-Yassky,
E.; et al. Accelerated T-cell activation and differentiation of polar subsets characterizes early atopic dermatitis development.
J. Allergy Clin. Immunol. 2016, 138, 1473-1477.e5. [CrossRef]

Ridolo, E.; Incorvaia, C.; Martignago, I.; Caminati, M.; Canonica, G.W.; Senna, G. Sex in Respiratory and Skin Allergies. Clin. Rev.
Allergy Immunol. 2019, 56, 322-332. [CrossRef]

Laffont, S.; Blanquart, E.; Savignac, M.; Cénac, C.; Laverny, G.; Metzger, D.; Girard, J.-P.; Belz, G.T.; Pelletier, L.; Seillet, C.; et al.
Androgen signaling negatively controls group 2 innate lymphoid cells. . Exp. Med. 2017, 214, 1581-1592. [CrossRef]

Laffont, S.; Seillet, C.; Guéry, J.-C. Estrogen Receptor-Dependent Regulation of Dendritic Cell Development and Function.
Front. Immunol. 2017, 8, 108. [CrossRef]

Cho, S.; Kim, HJ.; Oh, S.H.; Park, C.O.; Jung, ].Y.; Lee, K.H. The influence of pregnancy and menstruation on the dete-rioration of
atopic dermatitis symptoms. Ann. Dermatol. 2010, 22, 180-185. [CrossRef]

Darlenski, R.; Mihaylova, V.; Handjieva-Darlenska, T. The Link Between Obesity and the Skin. Front. Nutr. 2022, 9, 855573. [CrossRef]


http://doi.org/10.1007/s00281-021-00854-z
http://doi.org/10.3390/antib11010019
http://doi.org/10.3390/ijms20030649
http://doi.org/10.1038/s41572-018-0001-z
http://doi.org/10.1016/j.jaci.2019.11.047
http://doi.org/10.3390/ijms23126682
http://doi.org/10.1093/intimm/dxy015
http://doi.org/10.1016/j.jdermsci.2010.02.008
http://www.ncbi.nlm.nih.gov/pubmed/20207111
http://doi.org/10.1111/j.1365-2133.2009.09440.x
http://www.ncbi.nlm.nih.gov/pubmed/19785593
http://doi.org/10.1016/j.jdermsci.2019.07.009
http://www.ncbi.nlm.nih.gov/pubmed/31399284
http://doi.org/10.1038/s41598-020-71536-3
http://www.ncbi.nlm.nih.gov/pubmed/32884021
http://doi.org/10.1016/j.anai.2018.11.015
http://www.ncbi.nlm.nih.gov/pubmed/30465859
http://doi.org/10.1016/j.jaci.2021.09.015
http://www.ncbi.nlm.nih.gov/pubmed/34600773
http://doi.org/10.1016/j.clindermatol.2017.03.007
http://www.ncbi.nlm.nih.gov/pubmed/28709565
http://doi.org/10.1016/S0140-6736(15)00149-X
http://doi.org/10.1016/j.jdin.2022.09.006
http://doi.org/10.1016/j.anai.2018.09.454
http://doi.org/10.1001/archderm.1995.01690220040008
http://www.ncbi.nlm.nih.gov/pubmed/7574829
http://doi.org/10.1038/jid.2010.251
http://doi.org/10.1016/0190-9622(95)90128-0
http://doi.org/10.1111/exd.13514
http://doi.org/10.1046/j.1365-2133.2002.04965.x
http://doi.org/10.1046/j.1365-2133.1999.03047.x
http://doi.org/10.1016/j.jaci.2016.04.052
http://doi.org/10.1007/s12016-017-8661-0
http://doi.org/10.1084/jem.20161807
http://doi.org/10.3389/fimmu.2017.00108
http://doi.org/10.5021/ad.2010.22.2.180
http://doi.org/10.3389/fnut.2022.855573

Int. . Mol. Sci. 2023, 24, 781 18 of 21

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Ali, Z.; Suppli Ulrik, C.; Agner, T.; Thomsen, S.F. Is atopic dermatitis associated with obesity? A systematic review of observational
studies. J. Eur. Acad. Dermatol. Venereol. 2018, 32, 1246-1255. [CrossRef]

Nicholas, M.N.; Keown-Stoneman, C.D.G.; Maguire, J.L.; Drucker, A.M. Association Between Atopic Dermatitis and Height,
Body Mass Index, and Weight in Children. JAMA Dermatol. 2022, 158, 26-32. [CrossRef]

Ascott, A.; Mansfield, K.E.; Schonmann, Y.; Mulick, A.; Abuabara, K.; Roberts, A.; Smeeth, L.; Langan, S.M. Atopic eczema and
obesity: A population-based study. Br. J. Dermatol. 2021, 184, 871-879. [CrossRef]

Bapat, S.P.; Whitty, C.; Mowery, C.T.; Liang, Y.; Yoo, A.; Jiang, Z.; Peters, M.C.; Zhang, L.-].; Vogel, I.; Zhou, C.; et al. Obesity alters
pathology and treatment response in inflammatory dis-ease. Nature 2022, 604, 337-342. [CrossRef]

DaVeiga, S.P. Epidemiology of atopic dermatitis: A review. Allergy Asthma Proc. 2012, 33, 227-234. [CrossRef]

Asher, ML.I; Montefort, S.; Bjorkstén, B.; Lai, C.K.W.; Strachan, D.P.; Weiland, S.K.; Williams, H.; ISAAC Phase Three Study Group.
Worldwide time trends in the prevalence of symptoms of asthma, allergic rhinoconjunctivitis, and eczema in childhood: ISAAC
Phases One and Three repeat multicountry cross-sectional surveys. Lancet 2006, 368, 733-743. [CrossRef]

Jung, M.J.; Kim, H.R.; Kang, S.Y; Kim, H.O.; Chung, B.Y.; Park, C.W. Effect of Weight Reduction on Treatment Outcomes for
Patients with Atopic Dermatitis. Ann. Dermatol. 2020, 32, 319-326. [CrossRef]

Cook, E.C.L.; Redondo-Urzainqui, A.; Iborra, S. Obesity can turn a therapy into an antitherapy in atopic dermatitis. Allergy 2022,
77,3473-3475. [CrossRef]

Kim, ].H.; Lee, S.Y.; Kang, M.].; Yoon, ].; Jung, S.; Cho, H.J.; Kim, H.B.; Hong, S.J. Association of Genetic Polymorphisms with
Atopic Dermatitis, Clinical Severity and Total IgE: A Replication and Extended Study. Allergy Asthma Immunol. Res. 2018, 10,
397-405. [CrossRef]

Dvornyk, V.; Ponomarenko, I; Belyaeva, T.; Reshetnikov, E.; Churnosov, M. Filaggrin gene polymorphisms are associated
with atopic dermatitis in women but not in men in the Caucasian population of Central Russia. PLoS ONE 2021, 16, €0261026.
[CrossRef] [PubMed]

Weidinger, S.; Willis-Owen, S.A.G.; Kamatani, Y.; Baurecht, H.; Morar, N.; Liang, L.; Edser, P,; Street, T.; Rodriguez, E.; O’Regan,
G.M,; et al. A genome-wide association study of atopic dermatitis iden-tifies loci with overlapping effects on asthma and psoriasis.
Hum. Mol. Genet. 2013, 22, 4841-4856. [CrossRef]

Sun, L.-D.; Xiao, E-L.; Li, Y.; Zhou, W.-M.; Tang, H.-Y.; Tang, X.-F.; Zhang, H.; Schaarschmidt, H.; Zuo, X.-B.; Foelster-Holst,
R.; et al. Genome-wide association study identifies two new susceptibility loci for atopic dermatitis in the Chinese Han population.
Nat. Genet. 2011, 43, 690-694. [CrossRef]

Paternoster, L.; Standl, M.; Waage, J.; Baurecht, H.; Hotze, M.; Strachan, D.P,; Curtin, J.A.; Bennelykke, K.; Tian, C.; Takahashi,
A.; et al. Multi-ancestry genome-wide association study of 21,000 cases and 95,000 controls identifies new risk loci for atopic
dermatitis. Nat. Genet. 2015, 47, 1449-1456.

Marenholz, I; Esparza-Gordillo, J.; Riischendorf, E; Bauerfeind, A.; Strachan, D.P.; Spycher, B.D.; Baurecht, H.; Margaritte-Jeannin,
P; Saif, A.; Kerkhof, M.; et al. Meta-analysis identifies seven susceptibility loci involved in the atopic march. Nat. Commun. 2015,
6, 8804. [CrossRef]

Schaarschmidt, H.; Ellinghaus, D.; Rodriguez, E.; Kretschmer, A.; Baurecht, H.; Lipinski, S.; Meyer-Hoffert, U.; Harder, J.; Lieb,
W.; Novak, N.; et al. A genome-wide association study reveals 2 new suscepti-bility loci for atopic dermatitis. J. Allergy Clin.
Immunol. 2015, 136, 802-806. [CrossRef]

Palmer, C.N.A; Irvine, A.D.; Terron-Kwiatkowski, A.; Zhao, Y; Liao, H.; Lee, S.P; Goudie, D.R.; Sandilands, A.; Campbell, L.E,;
Smith, FJ.D.; et al. Common loss-of-function variants of the epidermal barrier protein filaggrin are a major predisposing factor
for atopic dermatitis. Nat. Genet. 2006, 38, 441-446. [CrossRef]

Yu, L.; Li, L. Potential biomarkers of atopic dermatitis. Front. Med. 2022, 9, 1028694. [CrossRef] [PubMed]

Irvine, A.D.; McLean, WH.IL; Leung, D.Y.M. Filaggrin mutations associated with skin and allergic diseases. N. Engl. ]. Med. 2011,
365, 1315-1327. [PubMed]

Weidinger, S.; Illig, T.; Baurecht, H.; Irvine, A.D.; Rodriguez, E.; Diaz-Lacava, A.; Klopp, N.; Wagenpfeil, S.; Zhao, Y.; Liao, H.; et al.
Loss-of-function variations within the filaggrin gene predispose for atopic dermatitis with allergic sensitizations. J. Allergy Clin.
Immunol. 2006, 118, 214-219. [CrossRef] [PubMed]

Morar, N.; Cookson, W.O.C.M.; Harper, ].I.; Moffatt, M.F. Filaggrin mutations in children with severe atopic dermatitis. J. Investig.
Dermatol. 2007, 127, 1667-1672. [CrossRef]

Paternoster, L.; Standl, M.; Chen, C.-M.; Ramasamy, A.; Bennelykke, K.; Duijts, L.; Ferreira, M.A.; Alves, A.C.; Thyssen, ]J.P;
Albrecht, E.; et al. Meta-analysis of genome-wide association studies identifies three new risk loci for atopic dermatitis. Nat.
Genet. 2011, 44, 187-192. [CrossRef]

Dupont, L.; Ehx, G.; Chantry, M.; Monseur, C.; Leduc, C.; Janssen, L.; Cataldo, D.; Thiry, M.; Jerome, C.; Thomassin, J.-M.; et al.
Spontaneous atopic dermatitis due to immune dysregulation in mice lacking Adamts2 and 14. Matrix Biol. 2018, 70, 140-157.
[CrossRef]

Novak, N.; Kruse, S.; Kraft, S.; Geiger, E.; Kliiken, H.; Fimmers, R.; Deichmann, K.A.; Bieber, T. Dichotomic nature of atopic
dermatitis reflected by combined analysis of monocyte immunophenotyping and single nucleotide polymorphisms of the
interleukin-4/interleukin-13 receptor gene: The dichotomy of extrinsic and intrinsic atopic dermatitis. J. Investig. Dermatol. 2002,
119, 870-875. [CrossRef]


http://doi.org/10.1111/jdv.14879
http://doi.org/10.1001/jamadermatol.2021.4529
http://doi.org/10.1111/bjd.19597
http://doi.org/10.1038/s41586-022-04536-0
http://doi.org/10.2500/aap.2012.33.3569
http://doi.org/10.1016/S0140-6736(06)69283-0
http://doi.org/10.5021/ad.2020.32.4.319
http://doi.org/10.1111/all.15482
http://doi.org/10.4168/aair.2018.10.4.397
http://doi.org/10.1371/journal.pone.0261026
http://www.ncbi.nlm.nih.gov/pubmed/34882715
http://doi.org/10.1093/hmg/ddt317
http://doi.org/10.1038/ng.851
http://doi.org/10.1038/ncomms9804
http://doi.org/10.1016/j.jaci.2015.01.047
http://doi.org/10.1038/ng1767
http://doi.org/10.3389/fmed.2022.1028694
http://www.ncbi.nlm.nih.gov/pubmed/36465933
http://www.ncbi.nlm.nih.gov/pubmed/21991953
http://doi.org/10.1016/j.jaci.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16815158
http://doi.org/10.1038/sj.jid.5700739
http://doi.org/10.1038/ng.1017
http://doi.org/10.1016/j.matbio.2018.04.002
http://doi.org/10.1046/j.1523-1747.2002.00191.x

Int. . Mol. Sci. 2023, 24, 781 19 of 21

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Hong, C.-H.; Yu, H.-S.; Ko, Y.-C.; Chang, W.-C.; Chuang, H.-Y.; Chen, G.-S.; Lee, C.-H. Functional regulation of interleu-kin-31
production by its genetic polymorphism in patients with extrinsic atopic dermatitis. Acta Derm. Venereol. 2012, 92, 430-432.
[CrossRef]

Namkung, J.-H.; Lee, J.-E.; Kim, E.; Cho, H.-].; Kim, S.; Shin, E.-S.; Cho, E.-Y,; Yang, ]J.-M. IL-5 and IL-5 receptor alpha
polymorphisms are associated with atopic dermatitis in Koreans. Allergy 2007, 62, 934-942. [CrossRef]

Esparza-Gordillo, J.; Schaarschmidt, H.; Liang, L.; Cookson, W.; Bauerfeind, A.; Lee-Kirsch, M.-A.; Nemat, K.; Henderson, J.;
Paternoster, L.; Harper, ].I; et al. A functional IL-6 receptor (IL6R) variant is a risk factor for persistent atopic dermatitis. J. Allergy
Clin. Immunol. 2013, 132, 371-377. [CrossRef]

Smieszek, S.P.; Przychodzen, B.; Welsh, S.E.; Brzezynski, ].L.; Kaden, A.R.; Mohrman, M.; Wang, J.; Xiao, C.; Stander, S.; Birznieks,
G.; et al. Genomic and phenotypic characterization of Investigator Global Assessment (IGA) scale-based endotypes in atopic
dermatitis. J. Am. Acad. Dermatol. 2021, 85, 1638-1640. [CrossRef] [PubMed]

Williams, H.C.; Burney, P.G.; Pembroke, A.C.; Hay R]The, U.K. Working Party’s Diagnostic Criteria for Atopic Dermatitis. III.
Independent hospital validation. Br. ]. Dermatol. 1994, 131, 406—416. [CrossRef]

Mastraftsi, S.; Vrioni, G.; Bakakis, M.; Nicolaidou, E.; Rigopoulos, D.; Stratigos, A.].; Gregoriou, S. Atopic Dermatitis: Striving for
Reliable Biomarkers. J. Clin. Med. 2022, 11, 4639. [CrossRef] [PubMed]

Harper, ].I; Godwin, H.; Green, A.; Wilkes, L.E.; Holden, N.J.; Moffatt, M.; Cookson, W.O.; Layton, G.; Chandler, S. A study of
matrix metalloproteinase expression and activity in atopic dermatitis using a novel skin wash sampling assay for functional
biomarker analysis. Br. ]. Dermatol. 2010, 162, 397-403. [CrossRef]

He, H.; Bissonnette, R.; Wu, J.; Diaz, A.; Saint-Cyr Proulx, E.; Maari, C.; Jack, C.; Louis, M.; Estrada, Y.; Krueger, J.G.; et al. Tape
strips detect distinct immune and barrier profiles in atopic dermatitis and psoriasis. J. Allergy Clin. Immunol. 2021, 147, 199-212.
[CrossRef]

Thijs, J.; Krastev, T.; Weidinger, S.; Buckens, C.F.; de Bruin-Weller, M.; Bruijnzeel-Koomen, C.; Flohr, C.; Hijnen, D. Biomarkers for
atopic dermatitis: A systematic review and meta-analysis. Curr. Opin. Allergy Clin. Immunol. 2015, 15, 453-460. [CrossRef]
Izuhara, K.; Yamaguchi, Y.; Ohta, S.; Nunomura, S.; Nanri, Y.; Azuma, Y.; Nomura, N.; Noguchi, Y.; Aihara, M. Squamous Cell
Carcinoma Antigen 2 (SCCA2, SERPINB4): An Emerging Biomarker for Skin Inflammatory Diseases. Int. . Mol. Sci. 2018,
19, 1102. [CrossRef]

Nagao, M.; Inagaki, S.; Kawano, T.; Azuma, Y.; Nomura, N.; Noguchi, Y.; Ohta, S.; Kawaguchi, A.; Odajima, H.; Ohya, Y.; et al. SCCA2
is a reliable biomarker for evaluating pediatric atopic dermatitis. J. Allergy Clin. Immunol. 2018, 141, 1934-1936.e11. [CrossRef]

Kim, H.S.; Kim, ]. H.; Seo, YM.; Chun, Y.H.; Yoon, J.-S.; Kim, H.H.; Lee, ].S.; Kim, ].T. Eosinophil-derived neurotoxin as a biomarker
for disease severity and relapse in recalcitrant atopic dermatitis. Ann. Allergy Asthma Immunol. 2017, 119, 441-445. [CrossRef]
Renert-Yuval, Y.; Thyssen, ].P; Bissonnette, R.; Bieber, T.; Kabashima, K.; Hijnen, D.; Guttman-Yassky, E. Biomarkers in atopic
dermatitis-a review on behalf of the International Eczema Council. ]. Allergy Clin. Immunol. 2021, 147, 1174-1190.el. [CrossRef]
Morishima, Y.; Kawashima, H.; Takekuma, K.; Hoshika, A. Changes in serum lactate dehydrogenase activity in children with
atopic dermatitis. Pediatr. Int. Off . Jpn. Pediatr. Soc. 2010, 52, 171-174. [CrossRef]

Vekaria, A.S.; Brunner, PM.; Aleisa, A.L; Bonomo, L.; Lebwohl, M.G.; Israel, A.; Guttman-Yassky, E. Moderate-to-severe atopic
dermatitis patients show increases in serum C-reactive protein levels, correlating with skin disease activity. F1000Research 2017,
6,1712. [CrossRef]

Olesen, C.M.; Holm, J.G.; Nerreslet, L.B.; Serup, J.V.; Thomsen, S.F.; Agner, T. Treatment of atopic dermatitis with dupilumab:
Experience from a tertiary referral centre. J. Eur. Acad. Dermatol. Venereol. 2019, 33, 1562-1568. [CrossRef] [PubMed]

Ariéns, LEM.; van der Schaft, J.; Bakker, D.S.; Balak, D.; Romeijn, M.L.E.; Kouwenhoven, T.; Kamsteeg, M.; Giovannone, B.;
Drylewicz, J.; van Amerongen, C.C.A.; et al. Dupilumab is very effective in a large cohort of difficult-to-treat adult atopic
dermatitis patients: First clinical and biomarker results from the BioDay registry. Allergy 2020, 75, 116-126. [CrossRef]

Murata, S.; Kaneko, S.; Morita, E. Interleukin-8 Levels in the Stratum Corneum as a Biomarker for Monitoring Therapeutic Effect
in Atopic Dermatitis Patients. Int. Arch. Allergy Immunol. 2021, 182, 592-606. [CrossRef]

Bhattacharya, T.; Silverberg, J.I. Efficacy of systemic treatments for atopic dermatitis in racial and ethnic minorities in the United
States. JAMA Dermatol. 2014, 150, 1232-1234. [CrossRef] [PubMed]

Wollenberg, A.; Kinberger, M.; Arents, B.; Aszodi, N.; Avila Valle, G.; Barbarot, S.; Bieber, T.; Brough, H.A.; Calzavara Pinton, P,;
Christen-Zich, S.; et al. European guideline (EuroGuiDerm) on atopic eczema—part II: Non-systemic treatments and treatment
recommendations for special AE patient populations. J. Eur. Acad. Dermatol. Venereol. 2022, 36, 1904-1926. [CrossRef]
Garritsen, EM.; Brouwer, M.\W.D.; Limpens, J.; Spuls, PI. Photo(chemo)therapy in the management of atopic der-matitis:
An updated systematic review with implications for practice and research. Br. |. Dermatol. 2014, 170, 501-513. [CrossRef]
Roekevisch, E.; Spuls, PI; Kuester, D.; Limpens, J.; Schmitt, J. Efficacy and safety of systemic treatments for moder-ate-to-severe
atopic dermatitis: A systematic review. J. Allergy Clin. Immunol. 2014, 133, 429-438. [CrossRef] [PubMed]

Schmitt, J.; Schikel, K.; Schmitt, N.; Meurer, M. Systemic treatment of severe atopic eczema: A systematic review. Acta Derm.
Venereol. 2007, 87, 100-111. [CrossRef]

Sibbald, C.; Pope, E.; Ho, N.; Weinstein, M. Retrospective review of relapse after systemic cyclosporine in children with atopic
dermatitis. Pediatr. Dermatol. 2015, 32, 36—40. [CrossRef]

Akhavan, A.; Rudikoff, D. Atopic dermatitis: Systemic immunosuppressive therapy. Semin. Cutan. Med. Surg. 2008, 27, 151-155.
[CrossRef]


http://doi.org/10.2340/00015555-1203
http://doi.org/10.1111/j.1398-9995.2007.01445.x
http://doi.org/10.1016/j.jaci.2013.01.057
http://doi.org/10.1016/j.jaad.2020.11.072
http://www.ncbi.nlm.nih.gov/pubmed/33421484
http://doi.org/10.1111/j.1365-2133.1994.tb08532.x
http://doi.org/10.3390/jcm11164639
http://www.ncbi.nlm.nih.gov/pubmed/36012878
http://doi.org/10.1111/j.1365-2133.2009.09467.x
http://doi.org/10.1016/j.jaci.2020.05.048
http://doi.org/10.1097/ACI.0000000000000198
http://doi.org/10.3390/ijms19041102
http://doi.org/10.1016/j.jaci.2018.01.021
http://doi.org/10.1016/j.anai.2017.06.022
http://doi.org/10.1016/j.jaci.2021.01.013
http://doi.org/10.1111/j.1442-200X.2009.02908.x
http://doi.org/10.12688/f1000research.12422.2
http://doi.org/10.1111/jdv.15609
http://www.ncbi.nlm.nih.gov/pubmed/30959559
http://doi.org/10.1111/all.14080
http://doi.org/10.1159/000512965
http://doi.org/10.1001/jamadermatol.2014.1674
http://www.ncbi.nlm.nih.gov/pubmed/25207604
http://doi.org/10.1111/jdv.18429
http://doi.org/10.1111/bjd.12645
http://doi.org/10.1016/j.jaci.2013.07.049
http://www.ncbi.nlm.nih.gov/pubmed/24269258
http://doi.org/10.2340/00015555-0207
http://doi.org/10.1111/pde.12367
http://doi.org/10.1016/j.sder.2008.04.004

Int. . Mol. Sci. 2023, 24, 781 20 of 21

124.
125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

142.

143.

144.

145.

146.

147.

Makurvet, ED. Biologics vs. small molecules: Drug costs and patient access. Med. Drug Discov. 2021, 9, 100075. [CrossRef]

Li, R.; Hadi, S.; Guttman-Yassky, E. Current and emerging biologic and small molecule therapies for atopic der-matitis. Expert
Opin. Biol. Ther. 2019, 19, 367-380. [CrossRef]

Pagan, A.D.; David, E.; Ungar, B.; Ghalili, S.; He, H.; Guttman-Yassky, E. Dupilumab Improves Clinical Scores in Children and
Adolescents with Moderate to Severe Atopic Dermatitis: A Real-World, Single-Center Study. J. Allergy Clin. Immunol. Pract. 2022,
10, 2378-2385. [CrossRef]

Kotkowski, K.; Trzeciak, M.; Sokotowska-Wojdyto, M. Safety and Danger Considerations of Novel Treatments for Atopic
Dermatitis in Context of Primary Cutaneous Lymphomas. Int. . Mol. Sci. 2021, 22, 13388. [CrossRef]

Deng, L.; Luo, Y;; An, B.; Su, M.; Sang, H.; Liu, F. Recalcitrant Palmar-Plantar Atopic Dermatitis Successfully Treated with
Dupilumab: A Case Series. Clin. Cosmet. Investig. Dermatol. 2022, 15, 2421-2426. [CrossRef]

Shan, J.; Ali, K; Da, J.; Li, M.; Qiu, Y.; Lou, H.; Wu, L. Dupilumab in the Treatment of Cheilitis in Atopic Dermatitis Patients.
Clin. Cosmet. Investig. Dermatol. 2022, 15, 2437-2443. [CrossRef]

Wu, ].].; Hong, C.-H.; Merola, ].E; Gruben, D.; Giiler, E.; Feeney, C.; Bhambri, A.; Myers, D.E.; DiBonaventura, M. Predictors of
nonresponse to dupilumab in patients with atopic dermatitis: A machine learning analysis. Ann. Allergy Asthma Immunol. 2022,
129, 354-359.€5. [CrossRef]

Wollenberg, A.; Howell, M.D.; Guttman-Yassky, E.; Silverberg, J.I; Kell, C.; Ranade, K.; Moate, R.; van der Merwe, R. Treatment of
atopic dermatitis with tralokinumab, an anti-IL-13 mAb. J. Allergy Clin. Immunol. 2019, 143, 135-141. [CrossRef]

Wollenberg, A.; Blauvelt, A.; Guttman-Yassky, E.; Worm, M.; Lynde, C.; Lacour, J.-P.; Spelman, L.; Katoh, N.; Saeki, H.; Poulin, Y,;
et al. Tralokinumab for moderate-to-severe atopic dermatitis: Results from two 52-week, randomized, double-blind, multicentre,
placebo-controlled phase III trials (ECZTRA 1 and ECZTRA 2). Br. J. Dermatol. 2021, 184, 437-449. [CrossRef]

Kelly, K.A.; Perche, P.O.; Feldman, S.R. Therapeutic Potential of Tralokinumab in the Treatment of Atopic Derma-titis: A Review
on the Emerging Clinical Data. Clin. Cosmet. Investig. Dermatol. 2022, 15, 1037-1043. [CrossRef]

Simpson, E.L.; Flohr, C.; Eichenfield, L.F; Bieber, T.; Sofen, H.; Taieb, A.; Owen, R.; Putnam, W.; Castro, M.; DeBusk, K; et al.
Efficacy and safety of lebrikizumab (an anti-IL-13 monoclonal an-tibody) in adults with moderate-to-severe atopic dermatitis
inadequately controlled by topical corticosteroids: A randomized, placebo-controlled phase II trial (TREBLE). . Am. Acad.
Dermatol. 2018, 78, 863—-871.e11. [CrossRef] [PubMed]

Guttman-Yassky, E.; Blauvelt, A ; Eichenfield, L.F; Paller, A.S.; Armstrong, A.W.; Drew, J.; Gopalan, R.; Simpson, E.L. Efficacy and
Safety of Lebrikizumab, a High-Affinity Interleukin 13 Inhibitor, in Adults with Moderate to Severe Atopic Dermatitis: A Phase
2b Randomized Clinical Trial. JAMA Dermatol. 2020, 156, 411-420. [CrossRef]

Zhang, Y.; Jing, D.; Cheng, J.; Chen, X.; Shen, M.; Liu, H. The efficacy and safety of IL-13 inhibitors in atopic dermatitis:
A systematic review and meta-analysis. Front. Immunol. 2022, 13, 923362. [CrossRef]

Bissonnette, R.; Abramovits, W.; Saint-Cyr Proulx, E.; Lee, P; Guttman-Yassky, E.; Zovko, E.; Sigmund, R.; Willcox, J.; Bieber,
T. Spesolimab, an anti-interleukin-36 receptor antibody, in patients with moderate-to-severe atopic dermatitis: Results from a
multicenter, randomized, double-blind, placebo-controlled, phase Ila study. J. Eur. Acad. Dermatol. Venereol. 2022. [CrossRef]
Sachen, K.L.; Arnold Greving, C.N.; Towne, J.E. Role of IL-36 cytokines in psoriasis and other inflammatory skin conditions.
Cytokine 2022, 156, 155897. [CrossRef] [PubMed]

Serra-Baldrich, E.; Santamaria-Babi, L.F.; Francisco Silvestre, ]. Nemolizumab: An Innovative Biologic Treatment to Control
Interleukin 31, a Key Medjiator in Atopic Dermatitis and Prurigo Nodularis. Actas Dermosifiliogr. 2022, 113, 674-684. [CrossRef]
Keam, S.J. Nemolizumab: First Approval. Drugs 2022, §2, 1143-1150. [CrossRef]

Kabashima, K.; Matsumura, T.; Komazaki, H.; Kawashima, M.; Nemolizumab-JP01 Study Group. Trial of Nemoli-zumab and
Topical Agents for Atopic Dermatitis with Pruritus. N. Engl. . Med. 2020, 383, 141-150. [CrossRef] [PubMed]

Guttman-Yassky, E.; Brunner, PM.; Neumann, A.U.; Khattri, S.; Pavel, A.B.; Malik, K.; Singer, G.K.; Baum, D.; Gilleaudeau, P;
Sullivan-Whalen, M.; et al. Efficacy and safety of fezakinumab (an IL-22 monoclonal antibody) in adults with moderate-to-severe
atopic dermatitis inadequately controlled by conventional treatments: A ran-domized, double-blind, phase 2a trial. . Am. Acad.
Dermatol. 2018, 78, 872—-881.e6. [CrossRef]

Simpson, E.L.; Parnes, J.R.; She, D.; Crouch, S.; Rees, W.; Mo, M.; van der Merwe, R. Tezepelumab, an anti-thymic stromal
lymphopoietin monoclonal antibody, in the treatment of moderate to severe atopic dermatitis: A randomized phase 2a clinical
trial. J. Am. Acad. Dermatol. 2019, 80, 1013-1021. [CrossRef]

Chen, Y.-L.; Gutowska-Owsiak, D.; Hardman, C.S.; Westmoreland, M.; MacKenzie, T.; Cifuentes, L.; Waithe, D.; Lloyd-Lavery,
A.; Marquette, A.; Londei, M.; et al. Proof-of-concept clinical trial of etokimab shows a key role for IL-33 in atopic dermatitis
pathogenesis. Sci. Transl. Med. 2019, 11, eaax2945. [CrossRef]

Maurer, M.; Cheung, D.S.; Theess, W.; Yang, X.; Dolton, M.; Guttman, A.; Choy, D.E,; Dash, A.; Grimbaldeston, M.A.; Soong, W.
Phase 2 randomized clinical trial of astegolimab in patients with moderate to severe atopic dermatitis. J. Allergy Clin. Immunol.
2022, 150, 1517-1524. [CrossRef]

Chovatiya, R.; Paller, A.S. JAK inhibitors in the treatment of atopic dermatitis. J. Allergy Clin. Immunol. 2021, 148, 927-940.
[CrossRef]

Tsiogka, A.; Kyriazopoulou, M.; Kontochristopoulos, G.; Nicolaidou, E.; Stratigos, A.; Rigopoulos, D.; Gregoriou, S. The
JAK/STAT Pathway and Its Selective Inhibition in the Treatment of Atopic Dermatitis: A Systematic Review. J. Clin. Med. 2022,
11, 4431. [CrossRef]


http://doi.org/10.1016/j.medidd.2020.100075
http://doi.org/10.1080/14712598.2019.1573422
http://doi.org/10.1016/j.jaip.2022.06.014
http://doi.org/10.3390/ijms222413388
http://doi.org/10.2147/CCID.S383327
http://doi.org/10.2147/CCID.S391944
http://doi.org/10.1016/j.anai.2022.05.025
http://doi.org/10.1016/j.jaci.2018.05.029
http://doi.org/10.1111/bjd.19574
http://doi.org/10.2147/CCID.S267217
http://doi.org/10.1016/j.jaad.2018.01.017
http://www.ncbi.nlm.nih.gov/pubmed/29353026
http://doi.org/10.1001/jamadermatol.2020.0079
http://doi.org/10.3389/fimmu.2022.923362
http://doi.org/10.1111/jdv.18727
http://doi.org/10.1016/j.cyto.2022.155897
http://www.ncbi.nlm.nih.gov/pubmed/35679693
http://doi.org/10.1016/j.ad.2021.12.014
http://doi.org/10.1007/s40265-022-01741-z
http://doi.org/10.1056/NEJMoa1917006
http://www.ncbi.nlm.nih.gov/pubmed/32640132
http://doi.org/10.1016/j.jaad.2018.01.016
http://doi.org/10.1016/j.jaad.2018.11.059
http://doi.org/10.1126/scitranslmed.aax2945
http://doi.org/10.1016/j.jaci.2022.08.015
http://doi.org/10.1016/j.jaci.2021.08.009
http://doi.org/10.3390/jcm11154431

Int. . Mol. Sci. 2023, 24, 781 21 of 21

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Klein, B.; Treudler, R.; Simon, J.C. JAK-inhibitors in dermatology—Small molecules, big impact? Overview of the mechanism of
action, previous study results and potential adverse effects. J. Dtsch. Dermatol. Ges. 2022, 20, 19-24. [CrossRef] [PubMed]
Wood, H.; Chandler, A.; Nezamololama, N.; Papp, K.; Gooderham, M.]. Safety of Janus kinase (JAK) inhibitors in the short-term
treatment of atopic dermatitis. Int. J. Dermatol. 2022, 61, 746-754. [CrossRef]

Simpson, E.L.; Sinclair, R.; Forman, S.; Wollenberg, A.; Aschoff, R.; Cork, M.; Bieber, T.; Thyssen, ]J.P.; Yosipovitch, G.; Flohr,
C.; et al. Efficacy and safety of abrocitinib in adults and adolescents with mod-erate-to-severe atopic dermatitis JADE MONO-1):
A multicentre, double-blind, randomised, placebo-controlled, phase 3 trial. Lancet 2020, 396, 255-266. [CrossRef]

Bieber, T.; Simpson, E.L.; Silverberg, ].I.; Thagi, D.; Paul, C.; Pink, A.E.; Kataoka, Y.; Chu, C.-Y.; DiBonaventura, M.; Rojo, R.; et al.
Abrocitinib versus Placebo or Dupilumab for Atopic Dermatitis. N. Engl. |. Med. 2021, 384, 1101-1112. [CrossRef]

Reich, K.; Teixeira, H.D.; de Bruin-Weller, M.; Bieber, T.; Soong, W.; Kabashima, K.; Werfel, T.; Zeng, J.; Huang, X.; Hu, X.; et al.
Safety and efficacy of upadacitinib in combination with topical corticosteroids in adolescents and adults with moderate-to-severe
atopic dermatitis (AD Up): Results from a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2021, 397, 2169-2181.
[CrossRef] [PubMed]

Guttman-Yassky, E.; Teixeira, H.D.; Simpson, E.L.; Papp, K.A.; Pangan, A.L.; Blauvelt, A.; Thaci, D.; Chu, C.-Y.; Hong, H.C.-H.;
Katoh, N.; et al. Once-daily upadacitinib versus placebo in adolescents and adults with moderate-to-severe atopic dermatitis
(Measure Up 1 and Measure Up 2): Results from two replicate double-blind, ran-domised controlled phase 3 trials. Lancet 2021,
397, 2151-2168. [CrossRef]

Blauvelt, A.; Teixeira, H.D.; Simpson, E.L.; Costanzo, A.; De Bruin-Weller, M.; Barbarot, S.; Prajapati, V.H.; Lio, P.; Hu, X.; Wu,
T.; et al. Efficacy and Safety of Upadacitinib vs Dupilumab in Adults with Moderate-to-Severe Atopic Dermatitis: A Randomized
Clinical Trial. JAMA Dermatol. 2021, 157, 1047-1055. [CrossRef]

Simpson, E.L.; Lacour, J.-P; Spelman, L.; Galimberti, R.; Eichenfield, L.F,; Bissonnette, R.; King, B.A.; Thyssen, J.P; Silverberg, J.L;
Bieber, T.; et al. Baricitinib in patients with moderate-to-severe atopic dermatitis and inadequate response to topical corticosteroids:
Results from two randomized monotherapy phase III trials. Br. |. Dermatol. 2020, 183, 242-255. [CrossRef]

Simpson, E.L.; Forman, S.; Silverberg, J.I.; Zirwas, M.; Maverakis, E.; Han, G.; Guttman-Yassky, E.; Marnell, D.; Bissonnette, R.;
Waibel, J.; et al. Baricitinib in patients with moderate-to-severe atopic dermatitis: Results from a randomized monotherapy phase
3 trial in the United States and Canada (BREEZE-ADS). ]. Am. Acad. Dermatol. 2021, 85, 62-70. [CrossRef]

Boesjes, C.M.; Kamphuis, E.; Zuithoff, N.P.A.; Bakker, D.S.; Loman, L.; Spekhorst, L.S.; Haeck, I.; Kamsteeg, M.; Van Lynden-van
Nes, AM.T.; Garritsen, EM.; et al. Daily Practice Experience of Baricitinib Treatment for Patients with Difficult-to-Treat Atopic
Dermatitis: Results from the BioDay Registry. Acta Derm. Venereol. 2022, 102, adv00820. [CrossRef]

Bieber, T.; Feist, E.; Irvine, A.D.; Harigai, M.; Haladyj, E.; Ball, S.; Deberdt, W.; Issa, M.; Grond, S.; Taylor, P.C. A Review of Safety
Outcomes from Clinical Trials of Baricitinib in Rheumatology, Dermatology and COVID-19. Adv. Ther. 2022, 39, 4910-4960.
[CrossRef]

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 Ila randomized trial. Br. |. Dermatol. 2016, 175, 902-911.
[CrossRef]

Fardos, M.L; Singh, R.; Perche, P.O.; Kelly, K.A.; Feldman, S.R. Evaluating topical JAK inhibitors as a treatment option for atopic
dermatitis. Expert Rev. Clin. Immunol. 2022, 18, 221-231. [CrossRef] [PubMed]

Gong, X.; Chen, X.; Kuligowski, M.E.; Liu, X,; Liu, X.; Cimino, E.; McGee, R.; Yeleswaram, S. Pharmacokinetics of Rux-olitinib in
Patients with Atopic Dermatitis Treated with Ruxolitinib Cream: Data from Phase II and III Studies. Am. J. Clin. Dermatol. 2021,
22,555-566. [CrossRef] [PubMed]

Bissonnette, R.; Call, R.S.; Raoof, T.; Zhu, Z.; Yeleswaram, S.; Gong, X.; Lee, M. A Maximum-Use Trial of Ruxolitinib Cream in
Adolescents and Adults with Atopic Dermatitis. Am. . Clin. Dermatol. 2022, 23, 355-364. [CrossRef]

Kim, B.S.; Sun, K; Papp, K.; Venturanza, M.; Nasir, A.; Kuligowski, M.E. Effects of ruxolitinib cream on pruritus and quality of
life in atopic dermatitis: Results from a phase 2, randomized, dose-ranging, vehicle- and active-controlled study. J. Am. Acad.
Dermatol. 2020, 82, 1305-1313. [CrossRef] [PubMed]

Papp, K.; Szepietowski, J.C.; Kircik, L.; Toth, D.; Eichenfield, L.F.; Leung, D.YM.; 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. . Am. Acad. Dermatol. 2021, 85, 863—872. [CrossRef] [PubMed]

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

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1111/ddg.14668
http://www.ncbi.nlm.nih.gov/pubmed/35040564
http://doi.org/10.1111/ijd.15853
http://doi.org/10.1016/S0140-6736(20)30732-7
http://doi.org/10.1056/NEJMoa2019380
http://doi.org/10.1016/S0140-6736(21)00589-4
http://www.ncbi.nlm.nih.gov/pubmed/34023009
http://doi.org/10.1016/S0140-6736(21)00588-2
http://doi.org/10.1001/jamadermatol.2021.3023
http://doi.org/10.1111/bjd.18898
http://doi.org/10.1016/j.jaad.2021.02.028
http://doi.org/10.2340/actadv.v102.3978
http://doi.org/10.1007/s12325-022-02281-4
http://doi.org/10.1111/bjd.14871
http://doi.org/10.1080/1744666X.2022.1993061
http://www.ncbi.nlm.nih.gov/pubmed/34637367
http://doi.org/10.1007/s40257-021-00610-x
http://www.ncbi.nlm.nih.gov/pubmed/33982267
http://doi.org/10.1007/s40257-022-00690-3
http://doi.org/10.1016/j.jaad.2020.02.009
http://www.ncbi.nlm.nih.gov/pubmed/32057960
http://doi.org/10.1016/j.jaad.2021.04.085
http://www.ncbi.nlm.nih.gov/pubmed/33957195
http://doi.org/10.1016/j.jaad.2021.06.014
http://www.ncbi.nlm.nih.gov/pubmed/34118298

	Introduction 
	Materials and Methods 
	Interleukins in AD 
	T Helper Cells 
	Other Immunocompetent Cells Secreting Interleukins 

	Phase-Dependent Differences in Cytokine Expression in AD 
	Endotype-Phenotype Correlation 
	Intrinsic vs. Extrinsic Atopic Dermatitis 
	Ethnicity 
	Age 
	Gender 
	Body-Mass Index 

	Genomics and Polymorphisms 
	Diagnostics 
	Therapeutic Challenges in Different AD Subtypes 
	Conventional Treatment of Atopic Dermatitis 
	Novel Treatments of AD 
	Biologics 
	Janus Kinase Inhibitors 


	Conclusions 
	References

