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ABSTRACT 

Atopic dermatitis is the most common chronic immune-mediated inflammatory skin 

disease affecting up to 20% of children and 10% of adults. The complex pathophysiology 

of the disease comprises genetic susceptibility, epidermal barrier dysfunction, cutaneous 

dysbiosis with abundance of S. aureus, an abnormal cutaneous immune system activation 

with a core Th2 response and pruritus. Cutaneous Lymphocyte-associated Antigen (CLA)+ 

T cells represent the subset of memory T cells that belong to the cutaneous immune 

system. CLA+ T cells recirculate between blood and skin through the thoracic duct, 

specifically respond to skin-related antigens, and represent over 90% of T cells infiltrating 

the skin. Therefore, CLA+ T cells constitute peripheral cellular biomarkers and, because 

they can be found in general circulation, they are a source of translational information on 

the immunological mechanisms taking place in the skin during disease. We have studied 

atopic dermatitis in the context of the cutaneous immune response through the effector 

function of CLA+ T cells. For this, we have stablished a novel ex vivo model of adult non-

treated moderate-to-severe atopic dermatitis based on circulating CLA+ T cells cocultured 

with a suspension of autologous epidermal cells obtained from lesional biopsies in the 

same patients. Then, we have studied the T-cell effector function in response to relevant 

disease triggers such as S. aureus microorganism and house dust mite (HDM) allergen, as 

well as the association between cytokine response to the stimuli and patient’s clinical data. 

First, the study of IL-13 response to S. aureus enterotoxin B (SEB) by CLA+ T cells 

defined two groups of patients, Th2 high and Th2 low, within a clinically homogeneous 

population. In the Th2 high group, in contrast to the Th2 low group, the IL-13 response 

positively correlated with severity, in terms of EASI score, and levels of CCL17, sIL-2R 

and S. aureus-specific IgE in plasma. Additionally, in this group the IL-13 response 

directly correlated with CCL26 and indirectly correlated with LCN2 mRNA expression in 

cutaneous lesions. Conversely, in the Th2 low group, the CLA+ T-cell response to SEB 

skewed towards Th17, Th22 and Th1. Next, the role of the neuroimmune cytokine IL-31 

was examined in our model by studying the CLA+ T-cell response to HDM, and a bimodal 

(present or absent) IL-31 response in relation with the HDM-specific IgE levels in plasma 

was observed. Patients producing IL-31 by HDM-activated CLA+ T cells showed 

increased HDM-specific and total IgE levels and reported an increased inflammatory 

profile compared to patients with no IL-31 response. Interestingly, the IL-31 response 

directly correlated with patient’s pruritus intensity and plasma levels of CCL27 and 

periostin. Of note, patients with no IL-31 response reported raised presence of HDM-

specific and total IgE levels compared to control subjects, suggesting that the degree of 

IgE sensitization to HDM in this group was not enough for inducing IL-31 response. In 

summary, this novel ex vivo model of adult non-treated moderate-to-severe atopic 

dermatitis has allowed to functionally identify Th2 high and Th2 low responders from a 

clinically homogeneous population based on the SEB-CLA+-IL-13 axis, as well as 

stratifying patients into IL-31 producers and non-producers in relation with the degree of 

IgE sensitization to HDM by analyzing the CLA+ T-cell response to HDM and its 

association with clinical features. Altogether, this translational work expands the 

understanding of the heterogeneous inflammatory response of the disease and may 

contribute to improving the effectiveness of targeted therapies. 
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1. Atopic dermatitis 

Atopic dermatitis is a chronic inflammatory skin disorder characterized by highly 

pruritic and recurrent eczematous lesions over a dry, thickened skin with a 

fluctuating course. It is the most common inflammatory skin disease, affecting up 

to 20% of children and 10% of adults in developed countries, and the non-fatal 

skin condition with the highest disease burden (Langan et al. 2020). 

Clinically, atopic dermatitis is extremely heterogeneous as it presents a wide 

spectrum of features (or phenotypes), such as age of onset, severity, and the 

presence of atopic comorbidities. The disease may initiate at any age, but it usually 

develops in early childhood and persists into adulthood. Most of the patients have 

a mild disease, and 30% of patients develop a moderate-to-severe form. There is 

no gender predilection, and prevalence varies among ethnic groups and 

geographic locations, being most frequent in Sweden, United Kingdom, Iceland, 

Finland, and Denmark, while the lowest prevalence is found in Kazakhstan, 

China, Tajikistan, Armenia, and Uzbekistan (Global Burden of Disease project 

2017 data)(Laughter et al. 2021). Atopic dermatitis is associated with increased 

risk of numerous comorbidities. It frequently co-occurs with other atopic diseases, 

including food allergy, asthma and allergic rhinitis (with or without conjunctivitis) 

in the so-called “atopic march”, and most patients have a personal or family 

history of these atopic diseases. Patients often experience other non-atopic 

comorbid conditions, such as inflammatory bowel disease, and psychosocial 

comorbidities, such as sleep disruption, anxiety, and depression, with a substantial 

impact on a patient’s quality of life. Therefore, atopic dermatitis can be defined as 

a systemic inflammatory disease with multiple comorbidities extending beyond 

the well-recognized atopic associations. 

Histologically, acute atopic dermatitis lesions are characterized by mild epidermal 

thickening (acanthosis), intercellular oedema (spongiosis), and eosinophilic and 

lymphocytic dermal infiltrates mostly CD4+ Cutaneous Lymphocyte-associated 
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Antigen (CLA)+ memory T lymphocytes (Acevedo et al. 2020; Leung et al. 

1983)). At chronic stages, lichenified skin presents prominent acanthosis with 

elongation of the rete ridges, thickening of the stratum corneum (hyperkeratosis), 

incomplete maturation of keratinocytes (KCs) with retention of the nucleus in the 

stratum corneum (parakeratosis), minimal spongiosis, a dense perivascular dermal 

infiltration of mononuclear cells dominated by mast cells, and fibrosis (Figure 1) 

(Weidinger et al. 2018). Of note, non-lesional (unaffected) skin from atopic 

dermatitis patients already shows increased epidermal thickness, spongiosis and 

dermal infiltration of lymphocytes compared to normal skin from healthy subjects 

(Suárez-Fariñas et al. 2011). 

 

The understanding of the complex atopic dermatitis pathophysiology has 

progressed substantially, in part, due to the development of new targeted therapies 

in the last decade. There are many mechanistic drivers that can promote and 

interact each other, including genetic predisposition, epidermal barrier 

dysfunction, cutaneous dysbiosis, abnormal T-cell driven cutaneous 
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inflammation, and neuroimmune interactions, as it will be reviewed in the 

following sections. 

1.1. Genetic susceptibility 

Association studies, basically genome-wide and targeted high-throughput 

approaches, have identified up to 34 probable atopic dermatitis susceptibility loci, 

most of which include genes involved in adaptive and innate immunity, and 

epidermal differentiation (Weidinger et al. 2018). They account for less than 20% 

of heritability, and molecular mechanisms have not been identified in most of the 

loci. Loss-of-function mutations in the FLG gene, encoding for the epidermal 

barrier protein filaggrin, are the most significantly associated genetic variant for 

atopic dermatitis, and it confers a 3-5-fold increased risk to develop disease (Irvine 

et al. 2011). This mutation leads to a reduction in filaggrin expression with 

generalized skin dryness as downstream effect of disturbed skin barrier formation 

and increased transepidermal water loss (TEWL). Nonetheless, less than 50% of 

individuals carrying FLG mutations develop atopic dermatitis disease. Beyond 

FLG mutations, other genetic and epigenetic alterations are pointed out to 

contribute to disease (Marin et al. 2020).  

In addition to the possible contribution of genetic and epigenetic factors to atopic 

dermatitis susceptibility, numerous studies have revealed that the association 

between altered epidermal barrier, cutaneous microbiome, and immune and 

neuronal systems, are required to initiate and/or exacerbate atopic dermatitis 

lesions. 

1.2. Epidermal barrier dysfunction 

As the body’s largest organ conferring initial barrier against external agents, skin 

integrity is essential to maintain its physical, chemical, and immunological 

protective functions. A compromised epidermal barrier is observed in both non-

lesional and lesional atopic dermatitis skin in the so-called “core” signature 
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(Möbus et al. 2021), characterized by increased pH, TEWL and permeability, 

decreased water retention and altered lipid composition. 

The epidermal barrier is fundamentally composed of KCs, whose migration from 

the inner basal layer to the outer stratum corneum is directly proportional to their 

differentiation state. In the stratum corneum, terminal differentiated KCs 

(corneocytes) are embedded in a lipid matrix, following the “brick and mortar” 

model. Keratin filaments crosslink to other structural proteins (FLG, loricrin 

(LOR) and involucrin (INV)) and lipids to form the cornified envelope, conferring 

structural stability and flexibility to KCs. The expression of keratins is 

dysregulated in atopic dermatitis; for instance, keratin 6 and keratin 16, with a role 

in repairing injured epidermis, are overexpressed and associated with aberrant 

KCs proliferation. The expression of FLG, LOR and INV is also downregulated 

in atopic dermatitis KCs. Among them, FLG is the major structural protein of the 

stratum corneum and its degradation by caspase-14 produces natural moisturizing 

factors (NMFs) that promote epidermal maturation and desquamation, skin 

hydration and maintenance of the acidic pH of the skin. Downregulated FLG 

expression is found in lesional and non-lesional skin, with subsequent alterations 

in barrier permeability, microbial defence, hydration, and pH. The lipidic matrix 

surrounding corneocytes is enriched in hydrophobic free fatty acids, cholesterol 

and ceramides forming packed layers to stimulate the expression of antimicrobial 

peptides (AMPs) and maintain the pH to inhibit the growth of pathogenic 

microorganisms, and alterations in the lipid packaging results in shortened fatty 

acid chains and increased barrier permeability, TEWL and reduced skin hydration. 

Likewise, proteases and metalloproteinases also interfere with the epidermal 

composition by increasing the degradation of lipid-processing enzymes, reducing 

tight junction (TJ) protein expression, and inducing inflammatory cell 

aggregation, among others. Under the stratum corneum, TJs maintain KC 

adhesion in the stratum granulosum creating a second physical barrier to prevent 

TEWL and limit the penetration of allergens, microbes, and irritants. Some TJs 
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from the claudin family members such as claudins 1, 3, 4, 8, 23 are downregulated 

in the atopic dermatitis skin (Figure 2) (Beck et al. 2022; Czarnowicki et al. 

2017b). 

 

In short, skin barrier damage in atopic dermatitis is promoted by an abnormal 

differentiation of KCs, alterations in the synthesis and maintenance of structural 

proteins and lipids, and TJ loss of integrity. The T helper (Th) type 2 inflammatory 

response broadly affects the skin barrier function, and a disrupted barrier function 

simultaneously induces a Th2 immune response. Thus, a disturbed epidermal 

barrier function, with an increased pH and reduced antimicrobial capability, makes 

easer the penetration of allergens, irritants and toxins from the environment and 
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the skin colonization by Staphylococcus aureus (S. aureus), which ultimately 

activate the cutaneous immune system. 

1.3. Cutaneous dysbiosis 

The cutaneous microbiome is the collection of microorganisms, such as bacteria, 

fungi and viruses, and the surrounding environment that naturally occupy the skin, 

and relates symbiotically with the cutaneous barrier to maintain skin homeostasis. 

Bacteria are the most abundant microbial microorganisms within the cutaneous 

microbiome, whose composition is site-specific and suffers temporal changes with 

age (Lee and Kim 2022). The skin of atopic dermatitis patients is characterized by 

an imbalance of the microbial species that constitute the microbiome (dysbiosis), 

that encompasses reduced microbial diversity and increased abundance of the 

genus Staphylococcus and specially S. aureus. In fact, up to 90% atopic dermatitis 

patients show S. aureus colonization in lesional and non-lesional skin, whilst no 

more than 10% of healthy individuals report S. aureus colonization (Ong and 

Leung 2010; Tauber et al. 2016). S. aureus colonization results from a 

combination of factors that are not mutually excluded including elevated pH, 

abnormal lipid profiles, deformed corneocytes, deficiency of AMPs and NMFs, 

overactivation of T helper immune response and microbial dysbiosis (Kim et al. 

2019). Microbial dysbiosis includes increased colonization by commensal S. 

epidermidis and S. hominis, but at lesser extent than S. aureus, which under 

physiological conditions produce AMPs, as well as induce KCs to produce AMPs, 

to limit the growth of S. aureus.  

Reduced microbial diversity as well as abundance of S. aureus are associated with 

disease flares (Kong et al. 2012). S. aureus colonization is also linked with disease 

exacerbation and influences the disease phenotype and endotype (Simpson et al. 

2018). In this sense, patients colonized with S. aureus have more severe disease, 

increased eosinophil counts, serum total Immunoglobulin (Ig) E, C-C chemokine 

ligand 17 (CCL17), periostin and lactate dehydrogenase, greater allergen 

sensitization and skin barrier dysfunction (increased TEWL), compared to non-
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colonized patients. S. aureus secretes a broad range of virulence factors that affect 

KCs and immune cells, further contributing to microbial dysbiosis, skin barrier 

disruption and dysregulated T-cell-mediated inflammation (Figure 3). Among 

them, S. aureus superantigens induce B-cell differentiation with production of IgE 

antibodies, and they also induce T-cell activation by binding to major 

histocompatibility complex class II (MHC-II) molecules on the surface of antigen 

presenting cells (APCs) and the T-cell receptor (TCR) on T cells, allowing both 

cell types to interact without antigenic presentation (Kim et al. 2019). The 

superantigens’ effect on KCs leads to epidermal barrier disruption and induced 

expression of epithelial chemokines to promote leucocyte infiltration. S. aureus 

enterotoxin B (SEB) is the most prevalent S. aureus superantigen in atopic 

dermatitis lesions (Totté et al. 2016) and sensitization to SEB is associated with 

disease severity (Breuer et al. 2000). Interestingly, application of SEB on intact 

atopic skin leads to induction of dermatitis through accumulation and activation 

of T cells expressing SEB-sensitive TCR Vβ chains (Skov et al. 2000). 

 

Although infections by various microorganisms could trigger or exacerbate 

disease, including fungi (e.g., Malassezia spp.) (Langan et al. 2020), extended 

knowledge agrees with the crosstalk between a dysfunctional epidermal barrier, 
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infections mediated by S. aureus and a predominant immune T-cell dysregulation 

for initiation and worsen of atopic dermatitis lesions. Overall, S. aureus 

colonization is part of a vicious cycle of an altered epidermal barrier that facilitates 

the attachment of S. aureus, followed by the production of virulence factors that 

activate the cutaneous immune system, leading in turn to sustained epidermal 

barrier dysfunction and S. aureus colonization. 

1.4. Abnormal immune response 

Cutaneous inflammation has a pivotal role in the pathogenesis of atopic 

dermatitis, with T cells being the most skin-infiltrating lymphocytes (Czarnowicki 

et al. 2017a). Lesions are mainly presented with dysregulated expression of Th2-

associated genes but altered activation of other helper T-cell pathways like Th22, 

Th17 and Th1 has also been identified (Gittler et al. 2012). The complex immune 

network underlying cutaneous inflammation also involves innate (basophils, 

dendritic cells, eosinophils, innate lymphoid cells (ILC), mast cells) and other 

adaptive (B cells) immune cells. 

1.4.1. Th2-driven cutaneous inflammation 

Atopic dermatitis has traditionally been considered a type 2 immunity-driven 

disease, with implications of the innate and antigen-specific adaptive immune 

systems. Type 2 inflammation is characterized by overexpression of cytokines 

interleukin (IL)-4, IL-5, IL-13, and IL-31, with overlapping roles in some cases. 

In addition to the classic Th2 lymphocytes, innate immune cells (such as ILC2, 

mast cells, basophils, or eosinophils) can produce these cytokines. In fact, non-

lesional skin already presents a pro-Th2 non-specific inflammation triggered by 

alarmins, such as IL-33 and thymic stromal lymphopoietin (TSLP), that activate 

ILC2 residing in the skin. The local response of ILC2 with production of type 2 

cytokines subsequently promotes the adaptive immune response by activation of 

Th2 cells and eosinophils (Figure 4) (Langan et al. 2020). Even though there is an 

increasing interest in understanding the biologic role ILC2 in atopic dermatitis, 
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the relevance of these cells in the disease flare is elusive since blockade of 

alarmins with targeted therapies does not affect the disease course. Furthermore, 

CD4+ T cells are the predominant lymphocyte population within atopic dermatitis 

skin and the main drivers of the pathogenesis, as demonstrated by clinical trials 

and mechanistic studies (Trier and Kim 2023). 

 

Atopic dermatitis skin shows increased presence of IL-13, whilst for IL-4 limited 

protein levels and near undetectable expression are found, which is reflected in 

dominance of IL-13 pathways in the lesion (Koppes et al. 2016; Tsoi et al. 2019). 

They are essential cytokines that act on both immune and structural cells. They 
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are involved in the regulation of class switching and IgE production by B cells; in 

inflammation, by inducing KCs to secrete chemokines CCL17 and CCL22 that, 

together with other molecular interactions, orchestrate the recruitment of C-C 

chemokine receptor type 4 (CCR4)+ T lymphocytes with skin tropism from the 

peripheral blood to the skin; in the epidermal barrier disruption and dysbiosis, by 

inducing downregulation of epidermal structural proteins and AMPs; and pruritus, 

by direct binding to their receptors on skin sensory neurons, among others (Beck 

et al. 2022). Both cytokines bind to a common receptor subunit, the IL-4Rα, which 

is part of the so-called type I and type II receptors. IL-4 binds to both type I 

receptor, which is complemented with the common gamma chain (γc) subunit, and 

type II receptor, whose other subunit is IL-13Rα1. In contrast, IL-13 binds to type 

II receptor, and to the decoy receptor IL-13Rα2 (Figure 5)(Bieber 2020). 

Hematopoietic cells, such as lymphocytes, express large amounts of γc subunit 

and low amounts of IL-13Rα1, while non-hematopoietic structural cells, such as 

KCs and fibroblasts, preferentially express IL-13Rα1 and IL-13Rα2. The relative 

abundancy of both cytokines, as well as the preferential location of their receptors, 

have provided a deeper insight of their contribution in the disease pathogenesis. 

In this regard, IL-4 is more relevant for displaying a Th2 central activity (e.g., 

promotion of differentiation of T cells into a Th2 phenotype and generation of 

humoral immunity), and IL-13 has a prominent role in mediating inflammation, 

epidermal barrier dysfunction and dysbiosis in the periphery, that is in the skin, 

where it is more abundant that IL-4. These features changed the historically 

paradigm that atopic dermatitis was primarily driven by IL-4 to the concept that 

IL-13 is the key cytokine with a wide impact on disease pathogenesis (Bieber 

2020). 

Other less studied Th2 cytokines are IL-31 and IL-5. IL-31 was first described in 

2004 by Dillon et al. demonstrating its involvement in the development of pruritus 

and dermatitis-like skin lesions in mice (Dillon et al. 2004). IL-31 signals through 

the binding to a heterodimeric receptor composed of the IL-31RA chain and the 
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oncostatin M receptor (OSMR) β chain. Since then, several studies have revealed 

a central role of IL-31 in inflammation, epidermal barrier dysfunction, tissue 

remodelling, and pruritus (Nemmer et al. 2021). For its part, cytokine IL-5 is 

recognized as key mediator for eosinophil maturation, differentiation, survival, 

and recruitment in most organs, including the skin, where they act as important 

effector cells in allergic reactions (Möbus et al. 2022). 

 

In the classical model of atopic dermatitis pathogenesis, Th2 cytokines were 

described to participate in the acute stages and Th1 cytokines had a role in chronic 

stages. Nowadays, this model has evolved to a more complex scenario including 

a Th2 and Th22 inflammatory profile in acute stages that extends to chronic stages 

with the addition of Th17 and Th1 immune responses (Figure 4). 

1.4.2. Additional T helper pathways: Th22, Th17 and Th1 

Th22 cells are the main producers of IL-22, which is upregulated in atopic 

dermatitis skin and drives epidermal hyperplasia and barrier defects. The 

expression of its receptor, IL-22R, is limited to epithelial cells, where, in normal 

conditions, it induces defence mechanisms against pathogens to preserve barrier 
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integrity. Varying degrees Th17 cells, characterized by production of IL-17A and 

low levels of IL-22, and Th1 cells, characterized by interferon (IFN)-γ production, 

are confined to chronic stages of disease. Recent studies using RNA sequencing 

of biopsy specimens from moderate-to-severe patients have defined a “dynamic” 

signature of atopic dermatitis, based on the progressive upregulation of Th2, Th22, 

Th17 and Th1 immune responses from non-lesional skin towards lesional skin 

(Möbus et al. 2021). Th17 and Th1 profiles are also associated with ethnic groups; 

for instance, Asian patients show a prominent activation of Th17 pathway, whilst 

African American patients are characterized for an absent Th1 and Th17 

inflammatory profile (Czarnowicki et al. 2019). 

1.4.3. Inflammatory endotypes 

Endotype is defined as the molecular mechanisms underlying the disease’s visible 

features/phenotype (Czarnowicki et al. 2019). Considering the immune 

complexity of atopic dermatitis, identification of inflammatory endotypes might 

be a big step towards the personalized medicine instead of the “one-size-fits-all” 

therapeutic approach. For this, principal component analyses on serum proteomics 

have attempted to stratify atopic dermatitis patients according to their cytokine 

profile. Thijs et al. described four clusters of adult moderate-to-severe patients by 

analysing 147 serum mediators, and each cluster was characterized by a specific 

biomarker profile and clinical characteristics. Based on the patterns of mediator 

expression, 48% of patients belonged to two of the clusters and showed high Th2 

cytokine levels, and 52% of patients belonged to the other two clusters and shared 

low Th2 cytokine levels (Thijs et al. 2017). These findings drove to the definition 

of “Th2 high” and “Th2 low” endotypes, that were further confirmed in an 

independent cohort of adult severe patients by using a panel of 143 serum 

mediators (Bakker et al. 2021). In this study, cluster analysis identified three of 

the clusters to be comparable to the previous identified clusters (“Th1/Th2/Th17 

dominant”, “Th2/Th22/PARC dominant”, and “Th2/eosinophil inferior”). 

Interestingly, one of the clusters was distinguished from the other clusters as being 
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“skin-homing chemokines/IL-1R1 dominant” cluster with the highest levels of 

CCL17, CCL22 and CCL27, which are related with the skin-specific homing of 

CD4+ T cells.  

The stratification of patients into inflammatory endotypes based on the serum 

cytokine profile has confirmed the substantial immune heterogeneity of the 

disease, with contribution of Th22, Th17 and Th1 immune axis in addition to the 

Th2 inflammatory pathways. 

1.5. Pruritus 

Pruritus (or itch) is a cardinal symptom of atopic dermatitis and has a significant 

negative impact on patients’ quality of life. In chronic skin diseases like atopic 

dermatitis, chronic itch sensations can lead to persistent scratching responses that 

contribute to epidermal barrier disruption and activation of the immune system, 

that ultimately stimulate sensory nervous system to promote more itch sensation. 

A vicious itch-scratch cycle is stablished accordingly, as the result of a crosstalk 

between epithelial barrier, immune system, and peripheral nervous system (Mack 

and Kim 2018). Epithelial and immune cells act as sentinels in the skin and 

communicate with the sensory nervous system through the release of itch-causing 

factors, known as pruritogens. Exogenous environmental trigger factors (e.g., 

allergens, irritants) can also activate the sensory nervous system in the skin. Then, 

two types of itch signalling pathways can be activated, the histaminergic and non-

histaminergic, which transduce the pruritic signal via the spinal cord and 

contralateral spinothalamic tract to the central nervous system (Figure 6) 

(Steinhoff et al. 2022). 

The most studied pruritogen is histamine, which is predominantly released by 

mast cells and basophils, and induces the histaminergic itch signalling pathway 

by stimulating histamine H1 and H4 receptors on sensory neurons. Nevertheless, 

the poor clinical efficacy of antihistamines for pruritus relief in atopic dermatitis 

patients (Bieber 2022; Werfel et al. 2019) has drawn attention towards 
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understanding pathways that mediate non-histaminergic itch. The latter is driven 

to a great extent by the adaptive Th2 immune response, by stimulating specific 

sensitive neurons through a Janus kinase (JAK)-dependent mechanism (Oetjen et 

al. 2017). IL-31 was the first cytokine recognized to mediate itch (Dillon et al. 

2004) through the direct binding to its receptor IL-31RA, which is abundantly 

expressed on dorsal root ganglia (DRG) neurons, that is the site were cell bodies 

of cutaneous sensory nerves are located. IL-31 also binds OSMRβ, that is widely 

expressed in several sites, including DRG neurons (Sonkoly et al. 2006). IL-31 

involvement in itch goes beyond the pruritic signal, since it induces nerve fiber 

elongation and branching with the consequent increased density of neuronal 

networks in the skin (Feld et al. 2016). The Th2 cytokines IL-4 and IL-13 also 

induce neuronal activation by direct binding to their receptors IL-4Rα and IL-

13Rα1 expressed on sensory neurons innervating the skin. Interestingly, IL-31, 

IL-4 and IL-13 are upregulated in pruritic atopic dermatitis skin compared to 

psoriatic skin, that is another inflammatory skin disease (He et al. 2021; Sonkoly 

et al. 2006).  

 

The stimulation of cutaneous sensory neurons and neuronal dysfunction induce 

the release of neuropeptides to the skin, which act directly on immune cells 

thereby inducing neurogenic inflammation with production of Th2 cytokines that 



INTRODUCTION 

21 

 

contribute to epidermal barrier dysfunction and enhanced neuronal function. 

Altogether a neuroimmune communication by means of Th2 cytokines and skin 

sensory neurons regulates pruritus in atopic dermatitis, and these neuroimmune 

circuits are significantly involved in the cycle of Th2 immune dysregulation, skin 

barrier dysfunction and pruritus (Steinhoff et al. 2022). 

1.6. Interplay between Th2 inflammation and epidermal barrier 

dysfunction, cutaneous dysbiosis and pruritus 

Atopic dermatitis presents a predominantly Th2-skewed immune dysregulation 

that interacts with the epidermal barrier dysfunction, cutaneous dysbiosis and 

pruritus to drive disease pathogenesis. Controlling skin hydration, antimicrobial 

activity and limiting the penetration of allergens, irritants and toxins are among 

the principal roles of the skin barrier, but an altered epidermal barrier function is 

affected by Th2 inflammatory molecules like IL-13, IL-4 and IL-31 that modulate 

the expression of structural protein (e.g., FLG, LOR, INV, keratins) and lipid 

components (reduced expression of elongases ELOVL1, ELOVL3 and ELOVL6 

that compromises the lipid packaging). Other mechanisms that contribute to 

epidermal barrier dysfunction are mutations in genes encoding epidermal 

structural components, cutaneous dysbiosis and physical disruptions from 

scratching (Langan et al. 2020). Th2 cytokines IL-4 and IL-13 also promote S. 

aureus colonization by suppressing the production of relevant AMPs by KCs, such 

as human beta defensin-2 and -3, and cathelicidin (Beck et al. 2022), and inducing 

the production of fibronectin to facilitate its adherence to the stratum corneum 

(Cho et al. 2001a; Cho et al. 2001b). In addition, the non-histaminergic itch form 

is a behavioral extension of Th2 inflammation, that is driven by IL-4, IL-13 and 

IL-31 binding to their receptors on the skin sensory neurons. In turn, skin barrier 

weakness, dysbiosis with abundance of S. aureus, and pruritus, induce Th2 

immune responses, therefore stablishing a dynamic interaction between Th2 

immunity and epidermal barrier dysfunction, altered cutaneous microbiome and 

itch perception. 
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2. Translational research in atopic dermatitis 

Atopic dermatitis is only observed in humans and atopic dermatitis-like animal 

models cannot mimic the full spectrum of clinical, epidermal barrier-related, 

histological, neurophysiological, and immunological features that represent the 

disease. In this regard, novel approaches in experimental studies using human 

samples that better represent patients’ uniqueness are more convenient for 

translational purposes (Eyerich et al. 2019; Florian et al. 2020). 

The T-cell-mediated nature of the disease is reflected by an altered pattern of 

cytokines and cells, both in the peripheral blood and in the lesions, that may be 

treated as potential therapeutic targets. Translational research, with the aim of 

translating basic scientific knowledge into applicable results that directly benefit 

human health, is based on the “therapeutic generation cycle” (Figure 7). The 

starting point of this model are bench (laboratory research) studies of the disease 

pathogenesis by skin and blood profiling to identify cells and molecules related 

with the pathogenic mechanisms of the disease, leading to the formulation 

pathogenic hypothesis. Then, candidate cells and molecules are addressed in 

clinical trials with targeted therapies and based on the reported clinical efficacy, 

the pathogenic hypothesis and therapeutic target will be validated or refused. 

Multiple cycles of this process allow the generation of rational therapies directed 

against clinically relevant mechanisms of the disease and, as a result, better 

defining the key drivers of disease pathogenesis. 

Owing to the complex pathogenesis of atopic dermatitis with contributions of 

genetic, environmental, skin microbiome, immunologic, neurophysiologic, and 

epidermal barrier factors, many topical and systemic treatments have been tested 

for atopic dermatitis management. Moderate-to-severe patients usually require of 

systemic therapy including conventional systemic agents (corticosteroids, 

cyclosporine A, etc.) that broadly target inflammation, and the newest biological 
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treatments targeting specific cellular products or molecular pathways as a result 

from translational research. 

 

The use of humanized monoclonal antibodies (mAbs), that selectively target a 

specific molecule, has provided a great step to the precision medicine. For atopic 

dermatitis disease, it was not until 2017 that dupilumab targeting IL-4Rα, which 

is the shared receptor of IL-4 and IL-13, was the first biologic being approved by 

the Food and Drug Administration (FDA) and the European Medicines Agency 

(EMA) as a first-line treatment for moderate-to-severe disease. The significant 

improvement in signs and symptoms of the disease, including pruritus, promoted 

its use in patients from all ages. Dupilumab significantly improves the molecular 

signature of atopic dermatitis at epidermal barrier (reduced expression of genes 

related with epidermal hyperplasia, upregulation of genes with structural, lipid 

metabolism and barrier-related functions), microbiome (increased microbial 

diversity and lowered abundance of S. aureus), and inflammatory (blockade of IL-

4Rα on both B and Th2 cells, decreased percentage of proliferating Th2 and Th22 

cells, inhibition of eosinophil- and Th2-associated chemokines) levels (Bakker et 

al. 2021; Callewaert et al. 2020; Hamilton et al. 2014; Simpson et al. 2023). Given 

the dominant effect of IL-13 over IL-4, mAbs targeting IL-13 have been 
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developed with clinical efficacy, such as tralokinumab, approved by both FDA 

and EMA in 2021, that prevents binding of IL-13 to its receptors IL-13Rα1 and 

IL-13Rα2 leading to skin clearance, increased microbial diversity, reduced S. 

aureus abundance and pruritus, and improved quality of life (Beck et al. 2023; 

Wollenberg et al. 2021). Besides it, lebrikizumab, that impairs the formation the 

receptor complex between IL-13Rα1 and IL-4Rα thereby inhibiting IL-13 signal 

transduction through IL-13Rα1 (but not IL-13Rα2), is currently under phase III 

studies (Bieber 2020). Blocking the pruritic IL-31 signalling pathway is currently 

being tested with nemolizumab, that targets the subunit IL-31RA, and has 

demonstrated notable improvement in chronic itch in phases II and III clinical 

trials, as well as improvement of pro-inflammatory markers in the skin (Sidbury 

et al. 2022). Other type 2 immunity mediators have been tested, such as therapies 

targeting IL-5 (mepolizumab) and IgE (omalizumab), but studies were 

discontinued due to lack of efficacy (Trier and Kim 2023). Given the 

heterogeneous immune response, other molecules besides Th2 immunity have 

been tested. The mAb fezakinumab targeting IL-22 is in phase II clinical trial and 

has reported clinical efficacy as well as improvement in epidermal markers for 

inflammation and epidermal proliferation in patients with elevated basal IL-22 

expression in cutaneous lesions (Brunner et al. 2019). Therapeutic strategies 

against antigen presentation by targeting the T-cell costimulatory molecule OX40 

and its ligand (OX40L) on APCs, which promote T-cell clonal expansion and 

survival of Th2 cells, are under phase II and III clinical trials and are also 

providing good clinical results together with reductions in hyperplasia measures 

and Th1/Th2/Th17/Th22-related genes in lesional skin (Guttman-Yassky et al. 

2023; Guttman-Yassky et al. 2019; Weidinger et al. 2023). By contrast, systemic 

immunomodulatory therapies targeting the innate immune response (IL-1α, IL-

17C, IL-33 and TSLP) and the IL-17 signalling pathway did not demonstrate 

significant clinical improvements (David et al. 2023). Altogether, the evolution of 

atopic dermatitis pathogenic concepts, mainly through the translational research 

and based on selective therapeutic strategies, has clinically validated Th2 
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cytokines IL-13, IL-4, IL-31, and Th22 cytokine IL-22 to be central to the 

pathogenesis of atopic dermatitis, whereas the innate immune response may no 

longer be of significant relevance in the disease pathogenesis (Table I). 

 

In addition to mAbs, oral JAK inhibitors (JAKi) are the most recently developed 

treatment for atopic dermatitis, which are an evolution of directed therapies that 

take advantage of the knowledge generated with biological treatments. JAK 

together with signal transducer and activation of transcription (STAT) molecules, 

are involved in the signal transduction of several cytokine receptors, including 

those implicated in atopic dermatitis pathogenesis (Figure 8)(Chovatiya and Paller 

2021). Therefore, the interest in JAKi small molecules derives from their ability 

to simultaneously block multiple cytokine pathways. Among the multiple JAKi 

that are currently being tested, the inhibition of JAK1 is of especial interest due to 

the broad atopic dermatitis relevant cytokines that signal through this molecule. 
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First-generation JAKi targeting JAK1 and JAK2 baricitinib was approved by the 

EMA in 2020, but the broad effect of JAKi could lead to increased risk of other 

diseases. For this reason, second-generation JAKi with increased selectivity and 

improved safety profile were developed, and second-generation JAK1-selective 

inhibitors upadacitinib and abrocitinib were approved in the past two years by the 

FDA and the EMA (Trier and Kim 2023). In addition to JAKi, specific targeting 

of CCR4, which is a hallmark of memory Th2 cells, with the small-molecule 

CCR4-antagonist RPT193 reported improvement of clinical signs and symptoms 

in phase II studies (Bissonnette et al. 2021) (Table I). 

 

3. Human skin immune system 

3.1. Skin-associated lymphoid tissue 

The human skin is the largest and more exposed interface with the environment. 

Besides constituting a physical barrier, it has an active role in host defence as an 

immunologic organ where innate and adaptive immune systems interwine. In 

1983, J. W. Streilein proposed the existence of the skin-associated lymphoid tissue 

(SALT) as a functional unit of cutaneous immune surveillance consisting of: 1) 

Langerhans cells, which are APCs within the epidermis with the capacity to 

accept, process and present antigens, 2) subpopulations of circulating T 

lymphocytes with affinity for the skin, 3) KCs, which are cutaneous resident cells 

that secrete immune-regulatory molecules and determine the T-cell affinity and 

immune recognition, and 4) skin-draining peripheral lymph nodes that accept the 

skin-derived immunogenic signals and connect this multicellular system (Streilein 

1983). 
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3.2. CLA+ memory T cells 

CLA+ T cells represent the subset of memory T lymphocytes that belong to the 

adaptive immune system of the skin. In fact, CLA is expressed on the surface of 

over 90% infiltrating T cells in the cutaneous sites but less than 20% of T cells in 

non-cutaneous sites. It is also expressed on around 15% of all human T cells in 

peripheral blood (Picker et al. 1990). The CLA molecule is a carbohydrate induced 

by the fucosyltransferase VII-dependent post-translational modification of the 

platelet (P)-selectin glycoprotein ligand 1 (PSGL-1) (Fuhlbrigge et al. 1997), and 

it is induced on T cells during the transition from naive (CD45RA+) to memory 

(CD45R0+) in the skin-draining lymph nodes (Picker et al. 1993). 

3.3. Skin tropism and homing of memory T cells 

Extravasation is the process by which lymphocytes in the blood cross the 

endothelium and localize to specific tissues. The guidance of lymphocytes to 

distinct peripheral tissues is not random but occurs through specific molecular 

interactions (adhesion molecules and chemokine receptors on T lymphocytes, and 

their respective ligands displayed or expressed on the surface of vascular 

endothelial cells in the target tissue) that mediate the cell trafficking.  

After leaving the thymus, naive T cells are in continuous circulation through the 

secondary lymphoid organs such peripheral lymph nodes and the spleen. In tissue 

draining lymph nodes, naive T cells recognize antigens presented by APCs and 

undergo clonal expansion and differentiate into antigen-experienced T cells with 

a memory phenotype, which can be divided into central memory T cells (TCM) that 

localize in lymphoid tissues, and effector memory T cells (TEM) that patrol non-

lymphoid peripheral sites. During priming, local microenvironment and cellular 

interactions with tissue-derived APCs promote T lymphocytes to express a 

specific set of tissue-homing receptors to orchestrate the interaction with organ-

specific endothelial cells and migration to distinct target tissues where they will 

exert effector responses. The T lymphocytes with skin-homing capability express 



INTRODUCTION 

28 

 

the CLA molecule and those with gut-tropism express the α4β7 integrin on their 

surface. How migration of memory T cells to other tissues is orchestrated is still 

to be deciphered. Then, memory T cells enter the blood circulation through the 

lymphatic system and travel to the antigen-rich tissue where immune response 

needs to be activated (Figure 9) (Agace 2006; Robert and Kupper 1999). 

 

CLA functions as an adhesion molecule and it is the ligand for both endothelial-

cell (E)-selectin and P-selectin expressed on the endothelium of post-capillary 

venules. Also, expression of the CLA epitope on the sialomucin CD43 T cells 

supports the selective E-selectin, but not P-selectin, binding (Fuhlbrigge et al. 

2006). The multistep process that allows memory T cell migration to skin also 

involves interactions between lymphocyte-function-associated antigen 1 (LFA-1) 

and very later antigen 4 (VLA-4) integrins expressed on T cells with intercellular 
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adhesion molecule 1 (ICAM-1) and vascular cell adhesion protein 1 (VCAM-1) 

respectively, located on the cutaneous endothelium (Santamaria Babí et al. 1995a). 

In addition to this, CCR4 and CCR10, which are preferentially expressed on CLA+ 

CD4+ T cells (Campbell et al. 1999; Hudak et al. 2002), bind to the KC-derived 

chemokines CCL17 or thymus- and activation-regulated chemokine (TARC) and 

CCL27 or cutaneous T cell-attracting chemokine (CTACK) respectively, during 

this process (Chong et al. 2004; Homey et al. 2002) (Figure 10). The selective 

migration of CLA+ effector memory T cells is key for the maintenance of a local 

effective immune response in the skin. 

 

3.4. De-homing and recirculation of CLA+ memory T cells 

As transendothelial migration of CLA+ memory T cells towards the cutaneous 

tissues needs of the interaction between all mentioned molecules on T cells and 

endothelial cells, the potential therapeutic of trafficking blockade through LFA-

1/ICAM-1 interaction was explored. Efalizumab, a mAb to the α-chain of LFA-1, 

led to clinical improvement and decreased cutaneous T cell infiltration (Gottlieb 

et al. 2002; Hassan et al. 2007) in parallel to accumulation of CLA+ memory T 

cells in blood in patients with atopic dermatitis and psoriasis (Harper et al. 2008; 

Vugmeyster et al. 2004). This lymphocytosis may be consequence of 1) the 

blockade of transendothelial migration of CLA+ T cells towards the skin, and 2) 
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the accumulation of skin-infiltrating CLA+ memory T cells that left the cutaneous 

tissue to the bloodstream trough the lymphatic drainage (de-homing) (Ferran et al. 

2013). Supporting the de-homing, CLA+ memory T cells were found in the 

afferent skin-derived lymph (Hunger et al. 1999; Yawalkar et al. 2000). When 

blockade was released, it led to disease exacerbation that may be consequence of 

a quick entrance of accumulated CLA+ T cells from the blood to the skin (Johnson-

Huang et al. 2012; Takiguchi et al. 2007). These observations provided 

translational evidence for CLA+ memory T-cell recirculation between skin and 

blood through the thoracic duct during cutaneous inflammation (Figure 11) (Sans-

de San Nicolàs et al. 2023) (included in APPENDIX II). Additionally, skin-tissue 

“resident” CLA+ T cells share transcriptomic, phenotypic, and functional 

signatures with circulating CLA+ T cells and are clonally related (Klicznik et al. 

2019; Strobl et al. 2021). Thus, circulating CLA+ T cells are a useful as a tool to 

study the disease-associated T-cell changes occurring in cutaneous lesions. 
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3.5. CLA+ T lymphocytes represent the cutaneous adaptive 

immune system 

Due to the selective migration and recirculation capacity of CLA+ T cells, as well 

as the preferential skin-related antigen-specific responses with a broad production 

of disease-derived mediators, they constitute a subset of memory T cells closer to 

SALT characteristics (Table II)(Streilein 1983) and, accordingly, they may be 

contemplated representative of the adaptive immune system of the skin. For this 

reason, circulating CLA+ T cells have been proposed as cellular peripheral 

biomarkers of the inflammatory responses occurring in the skin (Ferran et al. 

2013). A biomarker is “a defined characteristic that is measured as an indicator of 

normal biologic processes, pathogenic processes, or responses to an exposure or 

intervention, including therapeutic interventions” according to the FDA. 

 

Several features of CLA+, but not systemic CLA-, T cells support them as a source 

of translational information in a diversity of human T-cell-mediated skin diseases 

with different pathological mechanisms. First, CLA+ T cells specifically respond 

to relevant antigens in skin diseases, as exemplified in Table III (Sans-de San 

Nicolàs et al. 2023) (included in APPENDIX II). Additionally, changes in 

phenotype and numbers of CLA+ T cells during clinical manifestation and in 

response to treatments in distinct T-cell-mediated skin diseases have been 

reported, as shown in Table IV (Ferran et al. 2013; De Jesús-Gil et al. 2021; Sans-

de San Nicolàs et al. 2023) (included in APPENDIX II). Last, CLA+ T cells can 

be effortlessly isolated from peripheral blood, which is more accessible than tissue 
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biopsies are, and lower volumes are needed to obtain skin-infiltrating T cells 

compared to biopsy specimens, making them minimally invasive biomarkers. 
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Effector and central memory, both CD4+ and CD8+, T cells express the CLA 

molecule (Czarnowicki et al. 2020). Apart from them, other T-cell subsets, such 

as Vγ9Vδ2 T cells (Laggner et al. 2011), NKG2D+ CD8+ T cells (Jacquemin et al. 

2020), regulatory T cells (Clark and Kupper 2007), and mucosa-associated 

invariant T cells (Teunissen et al. 2014), and non-T-cell subsets like effector 

memory B cells (Yoshino et al. 1999) and ILC2 (Salimi et al. 2013), express the 

cell-surface antigen CLA. Nonetheless, the knowledge on the involvement of 
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these cell types in the pathogenesis of human T-cell-mediated skin diseases is still 

limited. 

In summary, circulating CLA+ memory T cells reflect the immunological 

mechanisms taking place in skin during cutaneous inflammation. Thus, the 

analysis of this subset of memory T lymphocytes, through their isolation from 

peripheral blood by the CLA cell-surface marker on T cells, provides opportunity 

for better deciphering the immunopathogenesis of T-cell-mediated skin diseases 

as atopic dermatitis.  

4. CLA+ T lymphocytes and atopic dermatitis 

Lesions of atopic dermatitis are characterized by abundant infiltration of CLA+ 

CD4+ T cells (Acevedo et al. 2020; Bilsborough et al. 2006; Leung et al. 1983), 

and they preferentially respond to a variety of antigens over CLA- T cells (Table 

V) (Czarnowicki et al. 2017c). Besides this, they are associated with different 

features of the disease, including clinical aspects, treatment response and 

biomarkers (Table VI)(Sans-de San Nicolàs et al. 2023)(included in APPENDIX 

II). 

 

CLA+ memory T cells from atopic dermatitis patients display features of in vivo 

activation, with increased expression of activation markers CD25, CD40L, 

inducible T cell costimulator (ICOS) and human leucocyte antigen (HLA)-DR, 

and spontaneous proliferation after isolation from peripheral blood (Akdis et al. 

1997; Czarnowicki et al. 2015c; Santamaria Babí et al. 1995b). Circulating CLA+, 
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both CD4+ and CD8+, T cells express the main type 2 cytokines IL-4, IL-5, IL-13 

and IL-31, and other cytokines such as IL-17A, IL-21, IL-22, IL-9, IFN-γ, TNF-

α and GM-CSF (Akdis et al. 1999; Akdis et al. 1997; Czarnowicki et al. 2021; 

Czarnowicki et al. 2020; Czarnowicki et al. 2015a; Czarnowicki et al. 2015b; 

Santamaria Babí et al. 1995b), and induce eosinophil survival and production of 

IgE by B cells (Akdis et al. 1999; Akdis et al. 1997). Additionally, the receptor for 

TSLP, which promotes the generation of memory T cells with preferential 

differentiation towards Th2, is expressed on CLA+ CCR4+ CCR10+ effector 

memory Th2 cells (Tatsuno et al. 2015). 
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Blood phenotyping studies have reported enhanced frequencies of CLA 

expression in atopic dermatitis, together with expanded CLA+ Th2/T cytotoxic 

(Tc)2 and Th22/Tc22 and decreased CLA+ Th1/Tc1 profiles in adult severe 

patients (Czarnowicki et al. 2015b). Studies involving paediatric and adult 

patients confirmed a dominant CLA+ Th2 signature across all age groups, with 

reduced CLA+ Th1 frequencies that raise with age (Czarnowicki et al. 2020). In 

addition to this, CLA+ TCM and TEM atopic dermatitis populations show higher 

activation than psoriatic populations, and frequencies of IL-13+ CLA+ T cells and 

CLA+ TCM and TEM correlate with disease severity and serum levels of total IgE 

(Czarnowicki et al. 2015b; Czarnowicki et al. 2015c). Interestingly, dysregulated 

epigenetic signatures affecting key inflammatory molecules have been described 

in an atopic dermatitis CD4+ CLA+ T-cell subset, including a reduced DNA 

methylation of the IL-13 gene promoter that correlates with increased IL-13 

mRNA expression in these cells (Acevedo et al. 2020). 

Atopic dermatitis flares and worsening of the disease are frequently associated 

with environmental triggers (Werfel et al. 2015). Exogenous proteases derived 

from allergens activate protease-activated receptor 2 (PAR2)-mediated 
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mechanisms to cause skin barrier disruption; in turn, a compromised epidermal 

barrier prompts the entrance of allergens in the skin and the subsequent activation 

and expansion of allergen-specific cutaneous T lymphocytes, mainly of the Th2 

profile (Beck et al. 2022). Atopic dermatitis patients display a significant T cell 

proliferative response to allergens, such as house dust mite (HDM), confined to 

the skin-homing CLA+ memory T-cell subset (Santamaria Babí et al. 1995b). 

Additionally, an emerging study showed that the TCR repertoire from circulating 

allergen-specific and CLA+ T cells largely overlaps with that found in skin-

infiltrating T cells, raising evidence for circulating CLA+ T cells as relevant T cells 

that infiltrate the skin and respond to allergens locally (Roesner et al. 2022). 

Another environmental factor is S. aureus which, as previously discussed, is 

closely related to disease flares and severity. CLA+ T cells express significant TCR 

Vβ segments specific for S. aureus superantigens over CLA- T cells in atopic 

dermatitis patients and compared to psoriatic patients and healthy controls 

(Davison et al. 2000; Strickland et al. 1999; Torres et al. 1998), which may explain 

the accumulative T cells in atopic dermatitis lesions upon application of SEB to 

intact skin (Skov et al. 2000). Superantigens can induce the expression of CLA on 

T cells in an IL-12-dependent manner (Leung et al. 1995), contributing to 

increasing the memory T-cell population with skin-homing capacity to maintain 

the continuous T-cell activation and, thus, perpetuate the lesions.  

The fact that CLA+ T cells are antigen-experienced T cells with a memory 

phenotype, explain their recognition of epitopes in allergens and S. aureus. 

Similarly, calcitonin gene-related peptide (CGRP) neuropeptide favours a Th2-

type skewing condition by production of IL-13 and the expression of the activation 

marker HLA-DR restricted to CLA+ memory T cells in atopic dermatitis patients, 

providing evidence of crosstalk between immune and nervous systems (Antúnez 

et al. 2009). 

The research of biomarkers to predict and monitor treatment effects has revealed 

serum CCL17 as the most reliable biomarker in atopic dermatitis, both at baseline 
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and following therapy (Renert-Yuval et al. 2021). CCL17 is a chemoattractant of 

Th2 cells and is closely related to CLA+ T cells, since its receptor CCR4 is mainly 

expressed on CD4+ CLA+ memory T cells (Campbell et al. 1999) and regulatory 

T cells (Hirahara et al. 2006), and atopic dermatitis CLA+ memory Th2 cells home 

to human skin grafts in SCID mice in response to CCR4 (Biedermann et al. 2002). 

As for targeted therapies, oral CCR4-antagonist RPT193 shows clinical efficacy 

in moderate-to-severe patients (Bissonnette et al. 2021). On its behalf, the 

presence of CCL27 in stratum corneum, whose receptor CCR10 is preferentially 

expressed on CD4+ CLA+ memory T cells (Hudak et al. 2002), has been proposed 

as a biomarker of response to nemolizumab (anti-IL-31RA) treatment (Sidbury et 

al. 2022). Additionally, dupilumab (anti-IL-4Rα) treatment reduces the expression 

of IL-4, IL-5, IL-13 and IL-22 in CD4+ CLA+ T cells (Bakker et al. 2021), but 

increased frequencies of IL-13+ CLA+ T cells during clinical remission compared 

to healthy controls (Jack et al. 2023) as well as increased CLA+ Th17 cells in 

responder patients have been reported (Simpson et al. 2023). Moreover, targeted 

therapies against OX40, which is highly expressed on CD4+ CLA+ memory T cells 

favouring the expansion of Th2 cells (Elsner et al. 2020) and CLA+ regulatory T 

cells (Dahabreh et al. 2023), as well as targeting OX40L on APCs have shown 

clinical efficacy (Guttman-Yassky et al. 2023; Guttman-Yassky et al. 2019; 

Weidinger et al. 2023). 
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The general aim of this doctoral thesis is to study the effector function of 

circulating CLA+ memory T lymphocytes in the pathogenesis of atopic dermatitis 

by developing a new ex vivo coculture model made of circulating CLA+ or CLA- 

memory T cells with autologous lesional epidermal cells from adult non-treated 

moderate-to-severe patients and its activation with clinically relevant triggers. On 

that purpose, the specific objectives that we set up are the following: 

1. To characterize the CLA+ T-cell-dependent response profiles induced by 

SEB and HDM and compare the profile of mediators in atopic dermatitis 

cocultures with control cocultures. 

2. To study the contribution of epidermal cells in the CLA+ T-cell response. 

3. To neutralize relevant mediators for the disease to inquire into their effect 

on the production of other mediators and the gene expression on autologous 

epidermal cells. 

4. To associate clinical data from the patients with the objectives 1, 2 and 3. 

The aforementioned objectives were of great help for defining the ex vivo model, 

but the present work exceeded goals and the CLA+ T-cell in vitro response, either 

triggered by SEB or HDM, was used for stratifying patients into groups and 

further characterize them by associating the CLA+ T-cell response with clinical 

parameters such as Eczema Area and Severity Index (EASI), pruritus intensity and 

exposition to aeroallergens. 
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I. SEB-induced IL-13 production in CLA+ memory T cells defines 

Th2 high and Th2 low responders in atopic dermatitis 
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SUPPORTING INFORMATION 

METHODS 

Patients 

The study included 35 consented adult patients with moderate-to-severe AD (based on SCORAD and 
EASI) and 8 consented controls under institutional review board-approved protocols at the Hospital de 
Bellvitge, Hospital General de Granollers, Hospital del Mar and Hospital de la Santa Creu i Sant Pau 
(Spain). Exclusion criteria included any topical or systemic (corticosteroid and antibiotic) anti-
inflammatory treatment for the last 2 or 4 weeks prior to the study, respectively. AD patients’ clinical 
data are summarized in Figure S1C. 

Circulating memory CLA+ and CLA- T cells and epidermal cell isolation 

Peripheral blood mononuclear cells were isolated by Ficoll (GE Healthcare, Princeton, NJ, USA) 
gradient and effector and central memory CD45RA- CLA+ and CLA- T (TEM and TCM) lymphocytes were 
purified using three consecutive immunomagnetic separations (Miltenyi Biotech, Bergisch Gladbach, 
Germany) as previously described.1 First, CD14+ and CD19+ cells were depleted, then CD45RA+ and 
CD16+ lymphocytes were depleted and finally CD45R0+ T cells were divided into CLA+ and CLA- T-cell 
subpopulations. Sample purity was > 95% and < 10% of CLA-positivity in the CLA+ and CLA- T-cell 
subpopulations respectively.1 In order to obtain TEM and TCM cells we depleted CD45RA+ cells, thus 
terminal differentiated memory TEMRA cells could not be studied with this approach.  

Punch skin biopsy samples, from active lesions for AD, were incubated in dispase solution (Corning, 
Corning, NY, USA) overnight at 4ºC, and the epidermal sheet was peeled off from the dermis. The 
epidermis was cut into pieces and incubated with trypsin (Biological Industries, Kibbutz Beit Haemek, 
Israel) for 15 minutes at 37ºC. The epidermal tissue was mechanically disaggregated by pipetting and 
the cell suspension was transferred to fresh culture media (1:1 volume) (RPMI, 10% FBS, 1% 
penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO, USA)). Finally, the epidermal cells suspension 
(Epi) was obtained by means of centrifugation. It contains all cell types at the same proportion present 
in the epidermis, being keratinocytes the major cell type. 

Coculture of memory CLA+/- T cells with epidermal cells and stimulation 

Ex vivo cocultures consisted of 5 x 104 circulating memory CLA+/- T cells plated together with 3 x 104 
autologous lesional epidermal cells (CLA+/Epi or CLA-/Epi, respectively), in 96-well U-bottom plates 
(Falcon, Corning, Corning, NY, USA), in the culture media described above. Cocultures were left 
untreated (M) or stimulated with SEB (Sigma-Aldrich) at 100 ng/mL, PMA (25 ng/mL) and Ionomycin 
(2 µg/mL) (Sigma-Aldrich), or CD3/CD28 beads (1:1 ratio) (Gibco, Life Technologies, Carlsbad, CA, 
USA), final well concentration respectively. In cultures containing only T cells or epidermal cells, the 
mentioned amounts of each cell type were used, and activation with SEB was performed in the same 
way. Supernatants were collected after 24 hours and kept at -20ºC for mediators’ quantification. 

Cytokine and chemokine quantification 

ProcartaPlex immunoassay (Invitrogen, Waltham, MA, USA) was used to measure IL-13, IL-4, IL-5, 
IL-17A, IL-22, IFN-γ, CCL17 and CCL22 concentration in collected culture supernatants with the 
MAGPIX instrument (Invitrogen) and analysed with ProcartaPlex Analyst software version 1.0 
(Invitrogen). Values below the standard curve were treated as zero. 

ELISA 

Plasma from AD patients was analysed for CCL17 and sIL-2R (Invitrogen) by using precoated ELISA 
kits. 

S. aureus extract (ATCC strain number 10832 (Wood-46)) was grown in liquid medium followed by a 
thermal shock for 2 hours at 60ºC; then, washes with PBS were performed, it was sonicated, and 
maintained in sterile conditions. S. aureus was diluted in coating buffer (50 nM NaHCO3 in mili-Q H2O 
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pH 9.6) to a final concentration of 5 µg/mL and incubated in Nunc-Immuno MicroWell 96-well solid 
plates (Sigma-Aldrich) for 3 hours at 37ºC. Wells were washed 5 times with PBS, blocked with 5% 
skim milk powder in PBS overnight at 4ºC, and washed again 5 times in PBS-Tween 0.05%. Plasma 
samples were added to coated wells and incubated for 2 hours at 37ºC. Wells were washed 5 times 
with PBS-Tween and incubated with alkaline phosphatase conjugated goat anti-human IgE (Sigma-
Aldrich) diluted 1:250 in PBS-1% skim milk for 90 minutes at 37ºC. Following another 5 washes with 
PBS-Tween, p-nitrophenyl phosphate substrate (Sigma-Aldrich) was incubated in the dark for 30 
minutes at room temperature, and finally enzymatic reaction was stopped by adding 3 M NaOH 
solution. Plates were read within the next 30 minutes at 405 nm and 570 nm. The titer of reactive IgE 
was taken as the optical density (OD) at 405 nm after subtracting the background signal (570 nm) and 
negative control well signal, with only PBS-1% skim milk. 

RNA isolation and quantitative real-time PCR 

Total RNA was extracted from AD lesional skin biopsies with TRIzol (Invitrogen). cDNA was 
synthesized with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Waltham, 
MA, USA) and preamplified with the TaqMan PreAmp Master Mix (2x) (Applied Biosystems). Taqman 
Gene Expression Master Mix and FAM-labelled probes (Applied Biosystems) (Figure S2A) were used 
for qRT-PCR in an ABI Prism 7900HT instrument (Applied Biosystems), and data was processed by 
SDS analysis software version 2.4.1 (Applied Biosystems). Gene expression was calculated by using 
the Δ - Δ cycle threshold (Ct) method (with the mean cycle threshold value for RPLP0 and the gene of 
interest for each sample). The equation 1.8e (CtRPLP0 - Ctgene of interest) x 104 was used to obtain 
the normalized values.2 

Statistical analysis 

Data are presented as scatter dot plots and the median ± 95% confidence interval (CI). Differences 
between two groups were conducted with the Mann-Whitney test, and differences within the same 
group were done with the Wilcoxon test. When comparing data between the Th2 high and Th2 low 
groups, for continuous variables the sample median (25th-75th percentiles) was shown, whereas for 
categorical variables the raw numbers (percentages) were shown and Fisher’s exact test was used. 
Values in bold indicate statistical significance. Spearman correlation coefficient was used for 
correlations and linear regression for representation. Statistics and data presentation were conducted 
with GraphPad Prism software version 8 (GraphPad Software Corporation, San Diego, CA, USA). P-
value of less than .05 was considered significant. 
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Figure S1. Unspecific stimulation of cocultures, epidermal cells suspension contribution to the 
SEB-triggered cocultures and clinical data of AD patients. (A) IL-13 quantification (pg/mL) in 24-
hour cocultures unstimulated or stimulated with PMA/Ionomycin or CD3/CD28 beads (n=3). (B) IL-13, 
IL-4, IL-5, IL-17A, IL-22 and IFN-γ levels (pg/mL) were measured in culture supernatants from 
epidermal cells suspension, CLA+ or CLA- T cells alone, or cocultures of CLA+ and CLA- T cells after 
24 hours unstimulated or stimulated with SEB (n=6 for IL-13/4/17A/22 and IFN-γ, n=3 for IL-5). (C) 
Clinical characteristics of the AD patients population (n=35), and stratified into the Th2 high (n=18) and 
Th2 low (n=17) groups. AD, atopic dermatitis; CLA, cutaneous lymphocyte-associated antigen T cells; 
EASI, eczema area and severity index; Epi, epidermal cells suspension; IGA, investigator’s global 
assessment; M, untreated; NRS, numerical rating scale; SCORAD, scoring atopic dermatitis; SEB, 
staphylococcal enterotoxin B; VAS; visual analogue scale. *: p < .05.  
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Figure S2. No differences in mRNA expression from AD lesional skin biopsies between the Th2 
high and Th2 low groups, but higher SEB-induced CLA+ Th2/Th17 and Th2/Th1 ratios in the Th2 
high than the Th2 low group. (A) Taqman probes and normalized mRNA expression for each 
selected gene comparing the AD lesional biopsies of the Th2 high and Th2 low groups. (B) The ratio 
between the production (pg/mL) of IL-13 and IL-17A or IFN-γ by 24-hour CLA+/- T-cell cocultures 
stimulated with SEB was calculated for each sample (n=16 to 18 for Th2 high, n=13 to 16 for Th2 low). 
CLA, cutaneous lymphocyte-associated antigen T cells; Epi, epidermal cells suspension; M, untreated; 
SEB, staphylococcal enterotoxin B. *: p < .05; ****: p < .0001. 
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II. Allergen sensitization stratifies IL-31 production by memory T 

cells in atopic dermatitis patients 
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The main purpose of this thesis has been to stablish a novel ex vivo model to study 

adult moderate-to-severe atopic dermatitis immunopathology and deepen in the 

effector function of skin-homing CLA+ memory T cells to this pathogenesis. 

Fundamentally, this model is based on circulating CLA+ T cells, which due to their 

memory phenotype and the ability to recirculate between skin and blood, allow 

obtaining translational readouts on the inflammatory mechanisms taking place in 

the skin during disease. The model also uses a suspension of autologous epidermal 

cells (Epi) obtained from lesional punch skin biopsies, which are a source of 

antigen presenting cells to process and/or present antigens or allergens for T-cell 

activation, thus resembling the in situ interaction between T cells and epidermal 

cells in the lesion. Then, the effector function from T cells was evaluated upon 

activation with SEB, since S. aureus is a relevant trigger in atopic dermatitis 

clinically associated with disease flare and severity, and HDM allergen, that is 

frequently related to disease exacerbation. 

1. SEB-induced IL-13 production in CLA+ memory T cells defines 

Th2 high and Th2 low responders in atopic dermatitis 

The effector T-cell response against SEB was characterized in our ex vivo model 

of coculture and we found that CLA+/Epi cocultures from moderate-to-severe 

atopic dermatitis patients preferentially responded to SEB with production of Th2 

cytokines IL-13 and IL-4, Th17 cytokine IL-17A, Th22 cytokine IL-22, and Th2 

chemokines CCL17 and CCL22, over the CLA-/Epi cocultures. There was a 

predominant IL-13 production among the Th2 cytokines (IL-4 and IL-5) by SEB-

activated CLA+/Epi cocultures, and no significant differences were observed in 

the amounts of IL-13 produced by atopic dermatitis-derived CLA+/Epi cocultures 

compared to control-derived CLA+/Epi cocultures. The SEB-specificity in the 

immune response produced by the CLA+ T-cell subset was further supported by 

the fact that unspecific polyclonal stimulators of T cells, such as PMA/Ionomycin 

and CD3/CD28, induced a similar immune reaction in both CLA+ and CLA- T-

cell subsets. Besides this, epidermal cells suspension promoted the T-cell response 
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to SEB, but this condition alone stimulated with SEB did not produce any of the 

measured cytokines, supporting the CLA-dependent cytokines production. 

The heterogeneous SEB-induced IL-13 response in vitro by CLA+/Epi atopic 

dermatitis cocultures was stratified according to the median: patients with IL-13 

response over the median were arranged into Th2 high group, and patients with 

IL-13 response below the median were arranged into Th2 low group. Production 

of IL-13 and IL-4 was significantly increased in the SEB-activated CLA+/Epi 

cocultures in the Th2 high group. In contrast, in the Th2 low group the CLA+ T-

cell immune response to SEB skewed towards Th17, Th22 and Th1, although not 

significant. When comparing the clinical characteristics between both groups no 

significant differences were found, suggesting that Th2 high and Th2 low groups 

were clinically homogeneous. Interestingly, in the Th2 high group, in contrast to 

the Th2 low group, CLA+ T-cell-induced IL-13 response in vitro positively 

correlated with severity (EASI) and plasma levels of CCL17, sIL-2R, and S. 

aureus-specific IgE. Even though mRNA expression of several genes in the 

cutaneous lesions was similar in both groups, in the Th2 high group the SEB-

induced CLA+ T-cell IL-13 response positively correlated with CCL26 and 

inversely correlated with LCN2. Additionally, the IL-13/IL-17A and IL-13/IFN-γ 

ratios in the SEB-activated CLA+/Epi cocultures were higher in the Th2 high than 

the Th2 low groups. 

2. Allergen sensitization stratifies IL-31 production by memory T 

cells in atopic dermatitis patients 

The study of the IL-31 role in adult moderate-to-severe atopic dermatitis was 

based on the CLA+ T-cell response to HDM. Using the ex vivo model with HDM 

as a trigger, IL-31 was only reported in CLA+/Epi cocultures from atopic 

dermatitis, compared to atopic dermatitis CLA-/Epi cocultures and control 

CLA+/Epi cocultures, and it was produced in a time-dependent manner. Because 

epidermal cells suspension promoted IL-31 production, their potential role as 

antigen presenting cells was assessed, and we found that HLA class II blockade 
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significantly reduced IL-31 production, whilst HLA class I blockade did not affect 

IL-31 production. Additionally, blocking of IL-33 and CD1a molecules did not 

affect IL-31 production, but cell-cell contact between CLA+ T cells and epidermal 

cells was necessary for IL-31 production as demonstrated by transwell cultures. 

There was a bimodal IL-31 response by HDM-induced CLA+/Epi cocultures that 

allowed to define two subsets of patients according to the presence (Group 1) or 

absence (Group 2) of IL-31 response. In Group 1 of patients, CLA+ T-cell-induced 

IL-31 response in vitro positively correlated with patient’s pruritus intensity 

(Visual Analogue Scale, VAS), which was assessed the day before sample 

collection, and levels of CCL27 and periostin in plasma. Interestingly, a positive 

correlation was found between severity (SCORing Atopic Dermatitis, SCORAD) 

and plasma levels of CCL27 for Group 1 of patients, but not for Group 2 of 

patients. The simultaneous quantification of other mediators in the supernatants 

revealed that IL-13, IL-4, IL-5, IL-17A and IL-22 production by HDM-activated 

CLA+/Epi cocultures was increased in Group 1 of patients, and positive 

correlations were found for IL-31 with IL-13 and IL-4 within this group. 

Furthermore, pathway enrichment analyses using differentially expressed genes 

from a gene-array analysis with Group 1 and Group 2 lesional skin revealed that 

Group 1 lesional skin was enriched for biological processes related to the immune 

system and the inflammatory response, while Group 2 of patients lacked a 

transcriptomic dysregulation of inflammatory genes. Of note, Group 1 of patients 

showed increased plasma levels of HDM-specific IgE and total IgE compared to 

Group 2 of patients, but Group 2 of patients still showed increased levels 

compared to control subjects (see Figure S1 in the APPENDIX I). Thus, Group 2 

of patients were allergic to HDM (in a lower degree than Group 1 of patients) 

although no IL-31 response in vitro was observed in this group. 

Next, focusing on the clinical differences between Group 1 and Group 2 of 

patients, patients were stratified according to levels of HDM-specific and total 

IgE. Those patients with HDM-specific IgE > 100 kUA/L showed higher HDM-
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induced CLA+ T-cell IL-31 response, as well as IL-31 mRNA expression in 

cutaneous lesions and plasma levels of CCL18, CCL22, CCL27, periostin and 

sIL-2R, than patients with HDM-specific IgE < 100 kUA/L. Finally, when 

stratifying patients based on the total IgE levels, we found that the IL-31 response 

by HDM-activated CLA+/Epi cocultures, together with CCL26 mRNA expression 

in cutaneous lesions and plasma levels of CCL18, CCL22, CCL27, periostin and 

sIL-2R were increased in patients with total IgE > 1000 kU/L. 

3. General summary 

This translational approach based on the coculture of skin-homing CLA+ memory 

T cells and autologous lesional epidermal cells from adult non-treated moderate-

to-severe atopic dermatitis patients and its activation with clinically relevant 

triggers such as S. aureus and HDM, permits the description of differential effector 

profiles based on the clinical characteristics of patients. As peripheral cellular 

biomarkers, studying circulating CLA+ memory T cells has provided functional 

comprehension of atopic dermatitis endotypes based on the SEB-CLA+-IL-13 axis 

by identifying Th2 high and Th2 low responders from a clinically homogeneous 

population. Additionally, it allowed defining IL-31 producer and non-producer 

patients in relation with the degree of IgE sensitization to HDM by functionally 

analysing the CLA+ T-cell immune response to HDM and its association with 

clinical features. To sum up, the CLA-dependent coculture model enables the 

functional stratification of adult moderate-to-severe atopic dermatitis patients into 

Th2 high / Th2 low responders and IL-31 producers / non-producers. 
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Atopic dermatitis is an immune T-cell mediated skin disorder with relevant 

contributions of epidermal barrier dysfunction, cutaneous dysbiosis, 

environmental factors and pruritus. The Th2 immune axis dysregulation is 

considered central to the heterogeneous inflammatory response present in adult 

moderate-to-severe patients, demonstrated by biological therapies targeting this 

axis (Trier and Kim 2023). At the present time, the study of effector T-cell function 

in human atopic dermatitis is of descriptive nature and mainly based on polyclonal 

activation of peripheral blood mononuclear cells (Bakker et al. 2021; Czarnowicki 

et al. 2020) and skin transcriptome studies (He et al. 2020; Möbus et al. 2021). 

Although the usage of blood has the benefit of being easily accessible, activation 

of lymphocytes by unspecific non-physiologic polyclonal stimulators of the TCR 

does not grant the activation of specific lymphocytes that are relevant for the 

disease. On the other hand, skin transcriptome data is highly informative regarding 

general disease mechanisms, but it does not allow neither the detection nor the 

quantification of products specifically produced by effector T lymphocytes due to 

relevant disease triggers. Besides them, serum proteomic profiling allows for 

identification of T-cell mediators associated with patient’s clinical status without 

providing information on the functionality of the cutaneous immune system 

during disease (Bakker et al. 2021; Thijs et al. 2017). 

Given that circulating CLA+ memory T cells represent a subset of memory T cells 

closely related to the cutaneous immune system due to their skin affinity, skin-

blood recirculation capacity and specific response to skin-associated antigens, 

they constitute cellular peripheral biomarkers and provide translational 

knowledge on the mechanisms underlying T-cell-mediated cutaneous diseases 

such as atopic dermatitis (Sans-de San Nicolàs et al. 2023). In this regard, we 

stablished a novel ex vivo model of adult non-treated moderate-to-severe atopic 

dermatitis made of CLA+ memory T cells isolated from peripheral blood 

cocultured with autologous lesional epidermal cells to resemble the interactions 

taking place in the lesions. Then, the coculture was activated with relevant disease 
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microbes (S. aureus) and allergens (house dust mite), which allowed to 

functionally stratify atopic dermatitis patients based on the specific CLA+ T-cell 

responses. 

S. aureus skin colonization is observed in most atopic dermatitis patients and it 

favours disease pathogenesis in many ways, including activation of the Th2 

immune response and epidermal barrier disruption (Kim et al. 2019). Interestingly, 

a functional relation between SEB and CLA+ memory T cells (but not systemic 

CLA- memory T cells) has been reported in atopic dermatitis due to a preferential 

expression of SEB-reactive TCR Vβ regions in this T-cell subset (Davison et al. 

2000; Strickland et al. 1999). Despite the relevant role of S. aureus, skin-homing 

CLA+ memory T cells and IL-13 in atopic dermatitis, their relative interaction and 

relationship with the clinic was underexplored. In our model, atopic dermatitis-

derived CLA+/Epi cocultures response to SEB led to a predominant IL-13 

response over Th2 cytokines, which goes in line with the dominance of IL-13 

pathways in the lesion (Tsoi et al. 2019) and the central role of IL-13 in the 

inflammatory processes taking place in the skin facilitating S. aureus colonization 

and recruitment of CLA+ CD4+ T cells among others (Bieber 2020) (see Figure 

S2A in the APPENDIX I). Additionally, atopic dermatitis CD4+ CLA+ T cells 

present an epigenetic alteration that is translated into reduced methylation of the 

IL-13 promoter that correlates with increased IL-13 mRNA expression in this 

population (Acevedo et al. 2020). Considering that S. aureus is part of the normal 

cutaneous microbiome, it is not unusual that CLA+ memory T cells from control 

subjects respond to SEB, which was reflected by similar IL-13 response between 

atopic dermatitis and control CLA+/Epi cocultures, but it is of special interest in 

the context of atopic dermatitis due to the wide impact of IL-13 cytokine in 

cutaneous lesions. 

The ex vivo model revealed the existence of Th2 high and Th2 low groups based 

on the SEB-CLA+-IL-13 axis that were clinically homogeneous, since both groups 

belonged to the same moderate-to-severe population. However, deepen on the IL-
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13 response reflected immunological, clinical, humoral and transcriptomic 

differences between both groups (see Figure S2B in the APPENDIX I). In the Th2 

high group, correlation between IL-13 and severity, in terms of EASI, is supported 

by serum proteomic profiling where higher EASI score is found in the Th2-related 

clusters (Bakker et al. 2021), and increased EASI found in S. aureus-colonized 

patients (Simpson et al. 2018). Although correlation between severity, in terms of 

SCORAD, and IL-13 expression by CLA+ T cells has previously been reported, it 

was based on unspecific stimulation of peripheral blood mononuclear cells and 

without patient stratification according to the immune signature (Czarnowicki et 

al. 2021; Czarnowicki et al. 2015b). An association between IL-13 response and 

levels of sIL-2R in plasma, which has been linked to a skin-homing chemokine 

cluster by serum proteomic profiling (Bakker et al. 2021) and is enhanced in S. 

aureus-colonized patients (Simpson et al. 2018), supports the relevance of 

addressing the S. aureus-induced IL-13 response by skin-homing CLA+ T cells. 

Additionally, the association between IL-13 response and plasma levels of 

CCL17, which is the most reliable biomarker for atopic dermatitis (Renert-Yuval 

et al. 2021), may be consequence of the elevated CCL17 levels observed in S. 

aureus-colonized patients (Simpson et al. 2018) and the preferential expression of 

its receptor CCR4 on CLA+ Th2 cells (Campbell et al. 1999; Imai et al. 1999). 

Therefore, a positive loop between S. aureus colonization, production of CCL17 

by KCs and recruitment of CCR4+ CLA+ Th2 cells to the skin, which contribute 

to epidermal barrier dysfunction and facilitate S. aureus colonization, may 

promote disease exacerbation. Despite association between IL-13 and IgE levels 

against S. aureus has not previously been reported to our knowledge, increased 

Th2 markers and serum total IgE levels were reported in S. aureus-colonized 

patients (Simpson et al. 2018). We hypothesize that correlation between cellular 

(IL-13 response in SEB-induced CLA+ T-cell subset) and humoral (specific IgE 

against S. aureus) response is stablished because of greater number of circulating 

IL-13+ CLA+ T cells responding to SEB in patients whose flare is associated with 

S. aureus colonization. In support of this, the content of IL-13 in the Th2 high 
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group correlated with the respective CCL26 mRNA expression in cutaneous 

lesions, which is a Th2 marker also enhanced in S. aureus-colonized patients 

(Simpson et al. 2018). 

In atopic dermatitis, it is not clarified whether S. aureus colonization induces Th2 

immune response, or an aberrant Th2 immune response facilitates S. aureus 

infection, or a bidirectional mechanistic function exists, but the interplay between 

S. aureus and Th2 immune response is clinically supported by biological therapies 

against IL-4Rα and IL-13 showing improvement in microbial diversity and 

decreased abundance of S. aureus (Beck et al. 2023; Callewaert et al. 2020). A 

high Th2/Th17 ratio may facilitate S. aureus colonization due to an imbalance of 

Th17-induced AMPs (Eyerich et al. 2009; Simpson et al. 2018) facilitated by IL-

13-promoted decreased expression of AMPs (Howell et al. 2006; Nomura et al. 

2003). Based on this, inverse correlation between IL-13 response and Th17-

induced LCN2 mRNA expression in cutaneous lesions in the Th2 high group 

supported the Th2 signature and lowered Th17 immunity in this group, which was 

also underlined by the high SEB-induced CLA+ Th2/Th17 ratio, that may 

perpetuate S. aureus infection. The relevance of these findings is further supported 

by the rapid reduction in S. aureus abundance together with increased CLA+ Th17 

cells in patients responding to the dupilumab (Simpson et al. 2023), as well as the 

reduced expression of IL-13 in CLA+ CD4+ T cells during dupilumab treatment 

(Bakker et al. 2021). 

Our findings sustain, in a more functional approach based on the SEB-CLA+-IL-

13 axis in a clinically homogeneous adult moderate-to-severe population, the Th2 

high and Th2 low endotypes suggested by serum proteomic profiling (Bakker et 

al. 2021; Thijs et al. 2017), and report 51.4% of patients as the Th2 high group, 

due to an enhanced production of IL-13 and IL-4, and 48.6% of patients as the 

Th2 low group with an immune response skewed towards IL-17A, IL-22 and IFN-

γ. The identification of two clinically homogeneous groups based on the SEB-

CLA+-IL-13 axis provides valuable insights into the heterogeneous nature of the 



GENERAL DISCUSSION 

93 

 

disease and may explain the partial response to dupilumab treatment (Trier and 

Kim 2023) as well as it could be considered for categorizing patients for more 

personalized treatment strategies. Supporting this idea, a mathematical model has 

identified IL-13 as a potential predictive biomarker for patient stratification in 

dupilumab treatment (Miyano et al. 2022). 

IL-31 is a clinically relevant neuroimmune cytokine with relevant contribution to 

atopic dermatitis pathogenesis involving inflammation, barrier dysfunction, tissue 

remodelling and pruritus (Nemmer et al. 2021) (see Figure S3A in the APPENDIX 

I). CLA+ T cells are the main producers of IL-31 (Bilsborough et al. 2006) and 

they colocalize in the lesion (Cevikbas et al. 2014). Remarkably, allergen-specific 

and CLA+ T cells share the same TCR repertoire as T cells infiltrating the lesion 

(Roesner et al. 2022), supporting their participation in local cutaneous 

inflammation. Sensitization to HDM, which is one of the most common allergen 

sources, is commonly observed in atopic dermatitis and it is associated with high 

levels of total IgE and disease exacerbation (Mittermann et al. 2016; Sonesson et 

al. 2013), as well as it induces the Th2 immune response including IL-31 

production. The association between HDM and IL-31 expression has been poorly 

characterized in canine models (McCandless et al. 2014; Tamamoto-Mochizuki 

and Olivry 2021) and humans (Sonkoly et al. 2006; Szegedi et al. 2018). 

Additionally, the T-cell-derived IL-31 production in humans is basically explored 

through intracellular flow cytometry of peripheral blood mononuclear cells and 

quantitative real-time PCR, and correlations with patient’s clinical features have 

not been addressed. In our ex vivo model, the degree of IgE sensitization to HDM 

prompted a bimodal (present or absent) IL-31 production by CLA+/Epi cocultures 

in response to HDM that was not observed for IL-13 and IL-4. This finding 

highlights that even though both groups of patients (producers and non-producers 

of IL-31) were allergic, the degree of sensitization to HDM may be a significant 

influencer in stimulating selectively IL-31 producing CLA+ Th2 cells. In this 

respect, the link between allergen sensitization, CLA+ T-cell IL-31 response and 
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levels of CCL27 in plasma was clinically and mechanistically supported (see 

Figure S3B in the APPENDIX I), since CCL27 has been proposed as a potential 

biomarker of clinical response to anti-IL-31RA therapy (Sidbury et al. 2022) and 

it also exerts a chemoattract effect over CLA+ T cells expressing the CCR10 

receptor (Homey et al. 2002; Homey et al. 2000). These data, together with the 

correlation between CCL27 and SCORAD solely in patients producing IL-31 

suggest that KCs in the lesion may upregulate CCL27 production to promote the 

recruitment of CLA+ memory T cells to the inflamed skin where, upon activation 

with HDM, would produce IL-31 and exacerbate the disease.  

Pruritus is largely non-histaminergic in nature in atopic dermatitis, being Th2 

cytokines IL-4, IL-13 and IL-31 the major drivers. Provided that allergens induce 

the release of type 2 cytokines, either by activation of Th2 cells through allergen 

presentation by APCs or allergen recognition by IgE bound to the high-affinity 

IgE receptor (FcεRI) in mast cells and basophils, itch is conceived as a behavioural 

extension of type 2 inflammation (Garcovich et al. 2021). In line with the 

stablished literature demonstrating clinical relevance of targeting IL-31RA in 

pruritus improvement (Sidbury et al. 2022; Silverberg et al. 2021; Silverberg et al. 

2020), the in vitro findings from our coculture system support the role of IL-31 as 

a mediator of pruritus with a strong correlation between IL-31 response to HDM 

by CLA+ T cells and patient’s pruritus (measured the day before sample 

collection). Hence, a link between the main inducer of type 2 inflammation (HDM 

allergen), the production of IL-31 by CLA+ T cells, and pruritus as a behavioural 

extension of type 2 inflammation, has been reported for the first time, what 

suggests an association between allergen sensitization and patient’s pruritus 

through a mechanism restricted to CLA+ T cells. In this sense, an altered epidermal 

barrier that allows HDM penetration and activation of CLA+ Th2 cells may induce 

itch that evokes scratching and perpetuates epidermal barrier disruption with 

entrance of allergens through the skin. In this respect, a recent study suggested 

that allergen exposure may predispose atopic dermatitis patients to acute itch 
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flares (Wang et al. 2021). Of note, no significant differences in pruritus intensity 

were detected between patients producing and non-producing IL-31 in our study, 

which may be consequence of the broad range of pruritogens, such as IL-4 and 

IL-13 (Steinhoff et al. 2022), that could promote itch in patients that do not 

produce IL-31 in response to HDM. Likewise, we discovered in our model a novel 

correlation between IL-31 response to HDM and plasma levels of periostin, which 

is produced by fibroblasts downstream of Th2 inflammatory pathways and has 

been associated with allergic inflammation and pruritus (Masouka et al. 2012; 

Nunomura et al. 2023). In canine models, epicutaneous application of HDM to 

sensitized dogs induces an upregulation of the Th2 signature, including IL-31 and 

periostin (Olivry et al. 2016). Apart from this, a novel network involving IL-31+ 

macrophages, basophils, TSLP and periostin has been associated with itch in a 

murine atopic dermatitis model (Hashimoto et al. 2023), but the relevance of this 

work is reduced to basic non-translational knowledge due to the lack of efficacy 

of TSLP blockade in atopic dermatitis (Simpson et al. 2019). Interestingly, the 

levels of periostin in serum of patients with atopic dermatitis increase with 

severity, and they are higher in patients with high levels of total IgE (extrinsic 

patients) (Kou et al. 2014). Based on this, we suggest that assessing the presence 

of periostin in clinical studies targeting IL-31RA would provide further 

understanding on the possible link between IL-31, periostin and pruritus in 

humans. Furthermore, considering the levels of IgE specific for HDM may be 

valuable for patient stratification to IL-31 targeted therapies. 

The presence of B cells in atopic dermatitis lesions is lower than that of T cells 

(Czarnowicki et al. 2017a), which goes in line with the prominent role of T cells 

in the disease pathogenesis, but B cells might contribute to the disease through the 

production of IgE to relevant disease antigens such as HDM. In addition, atopic 

dermatitis patients frequently show enhanced presence of IgE in serum, although 

clinical trials targeting IgE with the mAb omalizumab were discontinued due to 

lack of clinical efficacy (Trier and Kim 2023), pointing out that B cell may have 
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a secondary role in atopic dermatitis pathogenesis. Through our study, patients 

producing IL-31 in response to HDM showed increased levels of HDM-specific 

and total IgE and a prominent inflammatory signature in the lesion, and patients 

with no IL-31 response were also allergic with lowered levels of HDM-specific 

and total IgE. This data suggests that increased presence of B cells may be found 

in patients producing IL-31, and HDM processing and presentation by APCs 

bearing the FcεRI receptor may be favoured in this group. Interestingly, stratifying 

patients based on the HDM-specific IgE may provide an explanation on the partial 

IL-31 mRNA expression in skin from HDM-allergic patients in previous studies 

(Sonkoly et al. 2006). Additionally, a T-cell/B-cell cooperation may exist between 

HDM-specific IL-31 producing CLA+ T cells and B cells, based on higher IL-31 

response to HDM by CLA+ T cells in patients with high levels of HDM-specific 

and total IgE as well as the increased expression of IL-31RA on memory B cells 

in patients with high levels of total IgE (Unger et al. 2023), that may result in 

raised IgE production and extended allergic inflammation in atopic dermatitis 

patients. 

The heterogeneous IL-31 response to HDM could only be attributed to the CLA+ 

T cells, since despite epidermal cells suspension contains a small number of 

immune cells, no response resulted from the activation of CLA-/Epi cocultures or 

epidermal cells suspension alone. However, herein it is demonstrated that direct 

contact between T cells and epidermal cells is necessary for IL-31 response. One 

of the interactions between T cells and epidermal cells would be the HDM 

presentation through the HLA molecules. The IL-31 levels were decreased by 59% 

upon HLA-class II molecule neutralization, suggesting a preferential production 

of IL-31 by CD4+ T cells. Remarkably, neutralization of HLA class I molecule, 

which interact with CD8+ T cells, did not result in any reduction of cytokine 

production, indicating a putative role of other non-CD4+/CD8+ T cells in IL-31 

production. Following these observations, we investigated whether HDM 

activated CLA+ T cells via Langerhans cells expressing the non-classical major 
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histocompatibility complex family member CD1a, which are enriched in atopic 

dermatitis lesions (Jarrett et al. 2016), or via the innate cytokine IL-33, which is 

released by KCs under HDM stimulation (Dai et al. 2020), but no clear IL-31 

downregulation was observed. Therefore, further studies are required to elucidate 

into other cellular components producing IL-31 in our model. 

In summary, this novel ex vivo model has allowed to functionally stratifying 

patients from a homogeneous population of adult non-treated moderate-to-severe 

atopic dermatitis based on clinically relevant triggers, such as S. aureus and HDM, 

and the cutaneous immune system represented by CLA+ T cells. Collectively, the 

insights gained with this translational model expand the understanding of the 

heterogeneous inflammatory component of the disease that may be of help for 

potentially enhancing the effectiveness of targeted therapies. 
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The stablished ex vivo CLA-dependent coculture model of adult non-treated 

moderate-to-severe atopic dermatitis provides a functional and translational tool 

for understanding the heterogeneous effector T-cell immune response. 

Additionally, it allows stratifying atopic dermatitis patients clinically and in 

response to therapies based on: 

 

SEB-CLA+-IL-13 axis 

• The IL-13 produced by CLA+ T cells in response to SEB functionally 

stratifies patients into two groups (Th2 high and Th2 low) that are clinically 

homogeneous. 

• In the Th2 high group, the IL-13 response associates with disease severity 

(EASI), IgE sensitization to S. aureus and plasma levels of CCL17, which 

is the most reliable biomarker in atopic dermatitis. 

• In the Th2 low group, the CLA+ T-cell response to SEB skews towards 

Th17, Th22 and Th1. 

 

HDM-CLA+-IL-31 axis and pruritus 

• The IL-31 response to HDM is restricted to CLA+ T cells from atopic 

dermatitis patients. 

• The degree of IgE sensitization to HDM associates with a bimodal (present 

or absent) IL-31 response.  

• The IL-31 in vitro response strongly correlates with patient’s pruritus and 

plasma levels of periostin and CCL27, which is a potential biomarker of 

clinical response to anti-IL-31RA therapy. 
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