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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 Thl. 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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INTRODUCTION

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

(Suérez-Farinas et al. 2011).
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Figure 1. Histopathological features of lesional atopic dermatitis skin. Compared to acute cutaneous
lesions, chronic epidermal layer shows marked acanthosis (white asterisk) with elongated rete ridges,
prominent hyperkeratosis and parakeratosis, and minimal spongiosis (arrows). Within the dermal layer,
lymphocytes and eosinophils infiltrate acute lesions (left panel, black asterisk), and chronic lesions show a
denser infiltrate with mononuclear cells and increased mast cells along with fibrosis (right panel, black
asterisk). Adapted from Weidinger et al. 2018.

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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(Mobus 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

10
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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).
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Figure 2. The key components of skin showing the differences between normal healthy skin and
atopic dermatitis skin. In the “brick and mortar” model, the bricks represent corneocytes, and the
mortar represents the extracellular lipids and other extracellular matrix components. Alteration of
components including microbiome, corneocytes, antimicrobial peptides, structural proteins and lipids,
NMF and tight junctions are found in atopic dermatitis skin. AD, atopic dermatitis; FLG, filaggrin;
KLK, kallikrein; MMP, matrix metalloproteinase; NMF, natural moisturizing factor; SB, stratum
basale; SC, stratum corneum; SG, stratum granulosum; SS, stratum spinosum. Adapted from Beck et
al. 2022.

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

11
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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-

12
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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 VJ chains (Skov et al. 2000).

Figure 3. Multiple pathways of S. aureus—
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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,

13
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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,

14
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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).

Healthy skin Non-lesional skin “» Acute lesion “» Chronic lesion

Staphylococcus

aureus
Reduced microbial diversity
Microbiota

e
Barrierdeﬁdency — &

e 8 88 & & e
LA (r % CCR10. ﬁ ’ % H4R L (f\ @

CCR4 - CRTH2

Figure 4. Stage-based pathogenesis and main mechanisms of atopic dermatitis. Non-lesional skin has an
epidermal barrier dysfunction with a reduced diversity of the surface microbiome. In lesional skin,
Langerhans cells, inflammatory epidermal dendritic cells bearing specific IgE bound to the high affinity
receptor for IgE, and dermal dendritic cells take up allergens and antigens. In acute lesions, Th2 and Th22
cytokines (IL-13, TL-4, IL-31 and IL-22) are secreted. The type-2 cytokines IL-4, IL-13, and IL-31 directly
activate sensory nerves, which promotes pruritus. With increasing chronicity, there is a progressive increase
of keratinocyte-derived and Th2/Th22-cell-derived cytokines, and recruitment of Th17 and Thl cells. CCR,
CC chemokine receptor; CLA, cutaneous lymphocyte-associated antigen; CRTH2, chemoattractant receptor-
homologous molecule expressed on Th2 cell; DC, dendritic cell; Eo, eosinophil; H4R, histamin 4 receptor;
IDEC, inflammatory dendritic epidermal cell; ILC, innate lymphoid cell; LC, Langerhans cell; MC, mast
cell; Tem, effector memory T cell; Th, T helper cell. Adapted from Langan et al. 2020.

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-4Ra, 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 (yc) subunit, and
type Il receptor, whose other subunit is IL-13Ral. In contrast, IL-13 binds to type
I receptor, and to the decoy receptor IL-13Ra2 (Figure 5)(Bieber 2020).
Hematopoietic cells, such as lymphocytes, express large amounts of yc subunit
and low amounts of IL-13Ral, while non-hematopoietic structural cells, such as
KCs and fibroblasts, preferentially express IL-13Ral and IL-13Ra2. 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) B 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 (Mdbus et al. 2022).
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Figure 5. IL-4 and IL-13 receptors structure. Upon binding of its ligand, IL-4Ra

associates with the common y chain (type I receptor) to exert signaling through JAK1

and JAK3. IL-13 also binds to IL-4Ra but uses IL-13Ral (type II receptor) for signaling

via JAK1 and JAK2. IL-13 also binds to IL-13Ra2, which associates with YKIL40. The

signaling transducing machinery linked to this complex has not been completely

elucidated. Adapted from Bieber 2020.
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)-y 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 Thl immune responses from non-lesional skin towards lesional skin
(Mobus 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 Thl and Thl7

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/ecosinophil 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 Th1l 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 OSMRS, 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-4Ra and IL-
13Ral 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. 2000).
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Figure 6. Histaminergic and non-histaminergic itch signalling pathways in atopic dermatitis. Sensory
neurons (C-fibres) expressing histamine H1 receptor (HIR) and H4R respond to histamine release. In the
non-histaminergic pathway, Th2 immunity cytokines IL-4, IL-13 and IL-31 activate sensory neurons
expressing their own specific receptors. C fibres relay the signal to the dorsal horn of spinal cord, where
reactive astrocytes produce lipocalin 2 (LCN2). LCN2 sensitizes a pruritic processing neuronal network
involving neurons expressing gastrin-releasing peptide receptor (GRPR). These events induce a long-term
reactive state of astrocytes in the dorsal horn of the spinal segments, which transduce the stimulus to the
brain via the contralateral spinothalamic tract, resulting in chronic pruritus. Adapted from Weidinger et al.
2018.
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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
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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 ELOVLI, 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 1L-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.

Formulation of pathogenic
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e.g., cytokine e.g., biologic anti-cytokine
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cells and molecules biomarkers of therapeutic
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Figure 7. Scheme of the therapeutic generation cycle in translational research. Consccutive cycles allow

identifying the best therapeutic agents for the treatment of disease and a better understanding of the key

players of disease pathogenesis. Adapted from a conference presentation by Dr. E Guttman-Yassky in 2022,
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-4Ra, 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-
4Ra 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-13Ral and
IL-13Ra2 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-13Ral and IL-4Ra thereby inhibiting IL-13 signal
transduction through IL-13Ral (but not IL-13Ra2), 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 1L.-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-1a, IL-
17C, 1L-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).

Table I. Systemic immunomodulatory therapies for moderate-to-severe atopic dermatitis. Adapted

from Trier et al. 2023.
Target Mechanism Clinical evidence | Status
IL-4Ra Th2 cytokines IL-4 and IL-13 Approved
IL-13 Th2 cytokine Approved
IL-31RA | Th2 cytokine IL-31 Phase I1I
IL-22 Th22 cytokine Phase II
0X40 T-cell costimulatory molecule Phase II-IIT
0OX40L T-cell costimulatory molecule Phase II-IIT
Monoclonal | 18E Th2 related - basophils and mast cells o Discontinued
antibody IL-5 Th2 cytokine - eosinophil biology ° Discontinued
IL-17A Th17 cytokine 0 Discontinued
IL-23p19 | Thl7 axis 0 Discontinued
IL-la Alarmin (innate immune system) ° Discontinued
IL-17C Alarmin (innate immune system) e Discontinued
IL-33 ILC2 alarmin (innate immune system) o Discontinued
TSLP ILC2 alarmin (innate immune system) ° Discontinued
CCR4 Skin-homing CCR4" T-cell chemotaxis Phase 11
mi']‘;ihe JAKI JAKi Approved
JAKI1/2 JAKi Approved

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 JAKIi, 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).

Figure 8. Relevant cytokines in atopic dermatitis

bind to JAK-STAT-dependent receptors to

propagate inflammation and itch. IL-4 binds to a

heterodimer consisting of the IL-4Ra and common

v chain subunits and is dependent on JAK1/3. IL-

worge 13 binds to a heterodimer consisting of IL-4Ra and

! IL-13Ral (JAK1/2, TYK2), while IL-31 and IL-22

bind to IL-31Ra/OSM (JAK1/2) and IL-22Ral/IL-

10RB2 (JAKI1, TYK?2) heterodimers, respectively.
Adapted from Chovatiya et al. 2021.

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 (Tewm) 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
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the CLA molecule and those with gut-tropism express the 047 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).
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Figure 9. Movement of naive T cells and CLA-positive, skin-homing memory T cells. Naive T cells are
continuously recirculating between blood and lymphoid organs. They can extravasate through the HEV into
the lymph node, where they accumulate in areas that arc already rich in T cells, and they can exit the node
through efferent lymphatics and return to the blood. This pattern of movement is represented by the blue
loop. Antigen-presenting cells that reside in the skin, such as Langerhans' cells and dermal dendritic cells,
internalize foreign antigens in the skin and migrate to the lymph nodes through afferent lymphatics. When a
naive T cell encounters the antigen for which it is specific on an antigen-presenting cell in a skin-draining
lymph node, it is activated and becomes a memory T cell (black arrow), with the expression of CLA and
chemokine receptors. Endowed with these skin-homing molecules, antigen-specific, CLA-positive T cells
possess the molecular keys that allow them to migrate to skin, the site where the antigen was first
encountered. Some of these CLA-positive memory T cells retain the capacity to exit HEV and enter the
lymph node. The red loops represent the two possible patterns of movement of memory T cells. CLA,
cutaneous lymphocyte-associated antigen; HEV, high endothelial venules. From Robert et al. 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 Babi et al. 1995a).
In addition to this, CCR4 and CCR 10, 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.
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Figure 10. Multistep process for selective migration of CLA-positive memory T cells into the skin. First,
the tethering of effector memory T cells on endothelium is mediated by CLA binding to P-selectin and/or E-
selectin on the surface of the cutaneous post capillary venules. Then, T cells roll on the endothelial surface
much more slowly and bind to chemokines (CCL17 and CCL27) through specific receptors on T cells (CCR4
and CCRI10, respectively), and integrins LFA-1 and VLA-4 on T cells are activated so that they can bind to
ICAM-1 and VCAM-1 expressed on the cutanecous postcapillary venules, respectively. Finally, CLA-positive
memory T cells extravase trough the endothelial layer into the cutaneous tissue. Adapted from Agace 2006.

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 a-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 Nicolas 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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= recirculation capability of CLA*
memory T cells. Skin-homing CLA"
T cells migrate into the skin (A)
» through a multistep process based on
__ molecular interactions of CLA,

¢ LFA-1 and VLA-4 expressed on T
cells, with E-selectin, ICAM-1 and
o VCAM-1 respectively, present on
cutaneous endothelial cells.
Additional interactions  between

cCL17

Cc
DEHOMING G \& / CCR4 and CCRI10 expressed on
@ = | Z/ CLA" T cells, and their ligands
% CCL17 and CCL27 respectively,

M APC produced by keratinocytes, are
CCRIOE_—— . I’ .
oxmoxzt% u < required during this process. Local
/AN

<!

Lynpnase @ = activation of CLA" T cells (B)

Y e MHCEL( implies their involvement in the

— cutaneous immune response and, by

B ord Acan;mon virtue of their de-homing (C) and

skin-blood recirculation capacities

q P A (D), they reflect in the periphery the

o e REi cutaneous abnormalities present in
CcL27 . ~ . .

the lesions. APC, antigen presenting

Thoracic E-uhcﬂn‘ ICAM-1 yoam-1 cell; CLA, cutaneous lymphocyte-

D duct LT \ia associated antigen; MHC, major

RECIRCULATION % histocompatibility complex; TCR, T-

CCR4 CCRW cell receptor. Adapted from Sans-de

L 4
@ San Nicolas et al. 2023.
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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.

Table II. Similarities of skin-associated lymphoid tissues (SALT) and CLA* T cells properties. From
Streilein 1983.

SALT properties CLA* T cells properties

Only a subset of T cells displays skin affinity. Selective skin homing.

Skin-related lymphocytes produce Memory phenotype with broad capacity for cytokine
immunoregulatory molecules. production.

Immune recognition of antigens in the skin. Preferentially respond to antigens related to skin.

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
Nicolas 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 Jests-Gil et al. 2021; Sans-
de San Nicolas 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.

Table III. Antigen-specific CLA* T-cell response in human cutaneous diseases. Adapted from Sans-de
San Nicolas et al. 2023.

Chromium

Disease Antigen Reference
Nickel Santamaria-Babi LF, et al. J Exp Med 1995
Contact dermatitis Cobalt

Blom LH, et al. Contact Dermatitis 2021

reactions

Drug-induced allergic

Amoxicillin and benzylpenicillin

Blanca M, et al. Blood Cells Mol Dis 2003

Piperacillin

Sullivan A, et al. J Allergy Clin Immunol 2018

Herpes simplex

Herpes simplex virus type 2

Koelle DM, et al. J Clin Invest 2002

Herpes simplex virus type 1

Hensel MT, et al. J Virol 2017

Leprosy

Mycobacterium leprae

Sieling PA, et al. Immunology 2007

Psoriasis

Streptococcus pyogenes

Diluvio L, et al. J Immunol 2006

Candida albicans

De Jesus-Gil C, et al. Int J Mol Sci 2021

Skin dengue infection

Dengue virus

Rivino L, et al. Sci Transl Med 2015

Vitiligo

Melan-A

Ogg GS, et al. J Exp Med 1998

Table IV. Involvement of CLA* T cells in the pathogenesis of human T-cell-mediated cutaneous
diseases. Adapted from Ferran et al. 2013., de Jesus-Gil et al. 2021., and Sans-de San Nicolas et al. 2023.

cells.

Disease Pathogenesis involvement Reference

Acute raft Increase of CLA" regulatory T cells at engraftment is | Engelhardt BG, et al. Bone
verqusghoc;t associated with prevention of skin acute GVHD. Marrow Transplant 2011
disc;asc ) Upregulated expression of CLA on CD38ight CD8" T | Khandelwal P, et al. Biol Blood

Marrow Transplant 2020

Alopecia areata

Percentage of CLA" T cells decreases in parallel with
good clinical course.

Yano S, et al. Acta Derm
Venereol 2002

Increased CLA"* Th2/Tc2 and Th22 and decreased
CLA~ regulatory T cells compared to healthy controls.

Czarnowicki T, et al. Allergy
2018

Drug-induced

CLA™ T cells express the HLA-DR activation marker
in parallel to the cutaneous symptoms in p-lactams
hypersensitivity.

Blanca M, et al. Allergy 2000

with acute type | reaction compared to non-reactional
borderline lepromatous patients and healthy controls.

allergic - s — - -
reactions E)q?ansmn. of CLA™T cel.ls prot%ucmg. I.L- 13 in .| Teraki Y, et al. Dermatology
patients with drug rash with eosinophilia and systemic 2017
symptoms (DRESS).
9 + + 4 + 1 at1 9
Leprosy Increased CLA" CD4" and CD8" T cells in patients Dos Santos LN, et al. PLoS One

2016

Lichen planus

CLA" T cells accumulate in the epithelium of skin and
oral lichen planus.

Walton LJ, et al. J Oral Pathol
Med 1997

Non-lymphoid
skin cancer

Decreased expression of endothelial cell adhesion
molecules reduces CLA™ T-cell recruitment in
metastasic melanoma' and squamous? and basal® cell
carcinomas, favouring tumor progression

'Weishaupt C, et al. Clin Cancer
Res 2007

2Clark RA, et al. J Exp Med
2008

*Verhaegh M, et al. Eur J
Dermatol 1998

CLA" CD8" effector memory T cells are associated
with favourable clinical outcome after CTLA4
blockade in metastastic melanoma.

Jacquelot N, et al. J Clin Invest
2016

Papuloery-
throderma

Higher proportion of CD4™ and CD8" T cells
producing IL-4, IL-13, IL-31, and IL-22 within the
CLA" than the CLA- T-cell subset.

Takamura S, et al. ] Dermatol
2021
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Disease

Pathogenesis involvement

Reference

Primary
cutaneous T-
cell lymphoma

T cells co-express CLA, CCR4 and CLA in Sézary
syndrome, thus infiltrating skin and lymph nodes.

T cells co-express CLA and CCR4, but not CCR7,
therefore tumour cells are found in the skin only.

Campbell JI, et al. Blood 2010

Circulating CLA" CD8" T cells correlate with severity
(PASI).

Sigmundsdottir H, et al. Clin Exp
Immunol 2001

Streptococcus pyogenes tonsillar infection produces
CLA™" T cells that migrate to psoriatic lesions.

Diluvio L, et al. ] Immunol 2006

Circulating CLA*CD3" and CLA™CD4™ T cells are
increased and express the activation marker HLA-
DR!, and inversely correlate with PASI and body
surface area (BSA), in acute disease.

'Pont-Giralt M, et al. J Invest
Dermatol 2006

2Ferran M, et al. Eur I Dermatol
2008

Decreased circulating CLA" Vy9V82 T cells inversely
correlate with PASI and increase with successful
treatment.

Laggner U, et al. J Immunol
2011

Psoriatic lesions produce chemokines that can attract

IMabuchi T, et al. J Dermatol Sci
2012

Psoriasis CLA™" T cells to the skin such as CCL20, CCL27, Giinther C. et al. J Invest
CXCLS8, CXCL9, CXCL10, CXCL11! and CXCL162 . '
Dermatol 2012
S. pyvogenes extract induces preferential CLA" T cell 'Ferran M, et al. J Invest
activation with secretion of Thl, Th17' and Th9? Dermatol 2013
cytokines and induce keratinocyte activation ’Ruiz-Romeu E, et al. J Invest
hyperplasia’ Dermatol 2018
Decrease of circulating CLA" T cells with clinical Cordiali-Fei P, et al. Mediators
efficacy of TNF-a inhibitors. Inflamm 2014
CLA* CD8" T cells accumulate in psoriatic skin, - i .
while CLA* CD4™ T cells recirculate and patrol the 12?(;721 M, et al. Clin Immunol
skin compartment.
Candida albicans induce primarily Th17, but also De Jests-Gil C, et al. Int ] Mol
Th9, response confined to CLA* T cells. Sci 2021
Rosacea Demodex infestations and papulopustular rosacea Gazi U, et al. Parasite Immunol
) influence CLA* CD4" T-cell subsets. 2019
CLA" CD8" T cells producing IL-13 accumulate in Fuschiotti P, et al. Arthritis
Scleroderma . .
lesions and produce cytotoxic granules Rheum 2013
Increased frequencies of CLA™ T cells producing Czarnowicki T, et al. J Allergy
A IFN-v and IL-9. Clin Immunol 2019
Vitiligo

Elevated expression of CXCL9 in Keratinocytes
attracts CLA™ CD8" T cells to the skin.

Ahn Y, et al. J Invest Dermatol
2020

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 VY9Va2 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 Nicolas et al. 2023)(included in APPENDIX
1D).

Table V. Antigen-specific CLA* T cells in atopic dermatitis. Adapted from Czarnowicki et al. 2017.

Antigen Reference

Dermatophagoides pteronyssinus Santamaria-Babi LF, et al. ] Exp Med 1995
Casein Abernathy-Carver KJ, et al. ] Clin Invest 1995
Staphylococcus aureus Torres MJ, et al. Clin Exp Allergy 1998

CGRP neuropeptide Antinez C, et al. Br J Dermatol 2009
Autoallergen Hom s 2 Heratizadeh A, et al. Br J Dermatol 2011

Birch pollen Campana R, et al. J Allergy Clin Immunol 2016

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. 2015¢; Santamaria Babi 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-y, TNF-
o 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 Babi 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).

Table VI. Involvement of CLA* T cells in atopic dermatitis. Adapted from Sans-de San Nicolas et al.

2023.
Role Involvement of CLA* T cells Reference
!Santamaria Babi LF, et al. ] Exp Med 1995
CLA* T cells express CD25%, CD40L%, HLA- | 2Akdis M, et al. J Immunol 1997
DR'2#and ICOS*, and induce IgE production | *Akdis M, et al. J Immunol 1999
by B cells and eosinophil survival®, 4Czarnowicki T, et al. J Allergy Clin
Immunol 2015
0 - -
CLA* T cells spontaneously produce IL-4!, IL- ZSantgmarla Babi LF, et al. ] Exp Med 1995
1323 and IL-5° Akdis M, et al. ] Immunol 1997
T 3Akdis M, et al. ] Immunol 1999
1 9 i o
CLA™ T cells express S. aureus-related TCR qu"rc.\ MJ, et al. Clin Exp Allergy 1998
variable VB segments! > ZStrickland 1, et al. J Invest Dermatol 1999
' *Davison S, et al. Clin Exp Immunol 2000
CLA™" T cells preferentially produce IL-31, a Bilsborough I, et al. J Allergy Clin
cytokine involved in pruritus. Immunol 2006
CGRP neuropeptide selectively activates CLA™ P
T cells fo express IL-13 and HLA-DR. Antinez C, et al. Br J Dermatol 2009
TSLP receptor is mostly expressed on CLA* ] ]
Pathogenesis [ effector memory Th2 cells. Tatsuno K, et al. J Invest Dermatol 2015

Severe adult disease shows expansion of CLA*
Th2/Tc2 and Th22/T¢22, and decrease of
CLA* Th1/Tel, and CLA* T-cell IL-13
expression correlates with IgE levels and
severity (SCORAD).

Czarnowicki T, et al. J Allergy Clin
Immunol 2015; 136(1)

Paediatric disease shows CLA™ Th2/Thl
imbalance with no alteration of CLA* Th22
cells.

Czarnowicki T, et al. J Allergy Clin
Immunol 2015; 136(4)

Amplified infiltrates of CLA* T cells in
lesional skin compared to healthy controls

Acevedo N, et al. Sci Rep 2020

Reduced DNA methylation of IL-13 gene
correlates with increased IL-13 mRNA
expression in CD4* CLA" T cells.

Acevedo N, et al. Sci Rep 2020

Circulating allergen-specific and CLA" T cells
share the same TCRB CDR3 regions as T cells
infiltrating the skin.

Roesner LM, et al. Allergy 2022
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Table V1. Continued.

Role Involvement of CLA* T cells Reference

Decreased expression of IL-13, IL-4, IL-5 and
IL-22 by circulating CD4* CLA" T cells, as
well as reduced proliferation of this subset,
under dupilumab treatment.

An antagonist of CCR4, which co-express with
CLA in T cells, improves clinical symptoms of | Bissonnette R, et al. Exp Dermatol 2021
moderate-to-severe disease

Bakker DS, et al. J Invest Dermatol 2021

Mechanism - - m —
of action of Per.515tent IL-13 CLA T-(.:ell populatlons n Jack C, et al. J Invest Dermatol 2023
it . patients under remission with dupilumab.
nerapies Increased frequencies of CLA™ Th17 cells in Simpson EL, et al. J Allergy Clin Immunol
patients responding to dupilumab. 2023
TFls
Targeting OX40, which is increased in CLA™ zgljgfg;: le:z:.sasll.( AEtae?;r[?Xﬁgfreoéﬁg20
CD47 T cells!, as well as OX40L in antigen Y5 . &y
esenting cells, improves disease severity23+ Immunol 2019
pr ) d *:1 : o ) " ‘ T 3Guttman-Yassky E, et al. Lancet 2023
11 moderate-fo-severe patients. *Weidinger S, et al. Br J Dermatol 2023
CCL17 attracts CLA™ memory Th2 cells to
. inflammed skin through the CCR4 receptor. Campbell JJ, etal. Nature 1999
Biomarkers

CCL27 facilitates migration of CCR10* CLA™

CD4* T cells to the skin. Hudak S, et al. J Immunol 2002

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™ Thl/Tcl 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" Thl 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" Tewm and Tewm correlate with disease severity and serum levels of total IgE
(Czarnowicki et al. 2015b; Czarnowicki et al. 2015¢). 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 Babi 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
VP 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 (Antunez

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-4Ra) 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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LETTER

[Allergy sz 2, T,

SEB-induced IL-13 production in CLA™ memory T cells defines
Th2 high and Th2 low responders in atopic dermatitis

To the Editor,

Staphylococcus aureus, memory skin-homing cutaneous lymphocyte-
associated antigen (CLA)™ T cells and IL-13 constitute relevant play-
ers in atopic dermatitis (AD) pathcgenesis.‘ Since circulating CLA™ T
cells reflect cutaneous abnormalities present in human inflammatory

skin diseases,?

an ex vivo coculture model made of purified circu-
lating CLA'"™ effector and central memory T cells and autologous
lesional epidermal cells was established. We show a CLA-dependent
production of IL-13 upon activation with staphylococcal enterotoxin
B (SEB) that allows the differentiation of the Th2 high and Th2 low
groups, with distinct clinical correlations between both groups,
within a clinically homogeneous population of adult non-treated
moderate-to-severe AD patients.

Our results showed that IL-13, together with IL-4, IL-17A, IL-
22, CCL17, and CCL22, was preferentially produced by circulating
memory CLA™ T cells upon activation with SEB in the presence of
autologous lesional epidermal cells (Figure 1A). Interestingly, SEB ac-
tivation of the CLA*/Epi cocultures resulted in a predominant IL-13
production among the Th2 cytokines (IL-13, IL-4, IL-5) (Figure 1B).
The amount of IL-5 and IFN-y produced by SEB-activated CLA™ T
cells was higher or similar than that by CLA™ T cells, respectively,
suggesting their relationship to extracutaneous sites. This model is
stimulus-specific since polyclonal activators such as PMA/lonomycin
and CD3/CD28 are not CLA-specific (Figure 51A), and epidermal
cells contributed to the T-cell activation (Figure S1B).

Patients were stratified based on the median of the IL-13 re-
sponse in the SEB-induced CLA' T-cell AD cocultures (Figure 1C),
and we found differentiated T-cell responses to SEB between
the Th2 high and the Th2 low groups (Figure 1D). Although both
groups were clinically homogeneous (Figure S1C), this stratification
suggested differential immunological mechanisms between both

groups, since they not only differed in terms of in vitro stimulation,

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distributio

but also in terms of severity, plasma markers, IgE levels against S.
aureus and mRNA expression from cutaneous lesions,

In the Th2 high group, in contrast to the Th2 low, the IL-13 re-
sponse by SEB CLAY T cells directly correlated with EAS| score
and plasma levels of CCL17 and sIL-2R (Figure 2A-C). This group
also showed a direct correlation between anti-S. aureus IgE lev-
els and SEB-induced CLA' T-cell-mediated 1L-13 response in vitro
(Figure 2D). The mRNA expression from lesional skin biopsies was
similar between both groups (Figure S2A), but the IL-13 produced by
SEB-stimulated CLA*/Epi cocultures directly correlated with CCL26
(Figure 2E) and inversely correlated with LCN2 mRNA expression
in the Th2 high group (Figure 2F). Additionally, the I1L-13/IL-17A and
IL-13/1FN-y ratios in the SEB-stimulated CLA' T-cell cocultures were
higher in the Th2 high than the Th2 low group (Figure S2B), support-
ing the type 2 signature and the lowered type 17 and type 1 immu-
nity in the Th2 high group, which may facilitate S. aureus infection.’

The study has a few limitations. We did not study the presence
of S. aureus in the skin of the AD patients and the number of patients
was not very high but we found consistent significant results on the
relationship between the SEB-induced CLA™ T-cell IL-13 response
and clinical features of the patients,

The novelty of our results relies on the separation of the Th2
high and low populations, corresponding with disease activity, based
on the CLA™ T-cell IL-13 response to SEB, which are key mediators in
AD pathogenesis," Interestingly, the existence of Th2 high and low
groups in non-treated moderate-to-severe AD patients has been
shown by serum proteomic prcfiling.5 In conclusion, we consider
that this new and translational approach allows obtaining readouts
on cytokine production that complement current studies based on
transcriptomics and flow cytometry and may help to explore the
complex hetercgeneity of AD pathophysiology from a more func-

tionally point of view.

n and reproductio;

in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors, Allergy published by Luropean Academy ot Allergy and Clinical Immunology and John Wiley & Sons Ltd.
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stratification into the Th2 high and Th2 low groups. (A) Quantification (pg/ml) of IL-13, IL-4, IL-5, IL-17A, IL-22, IFN-y, CCL17, and CCL22

in 24-hour cocultures in basal conditions or stimulated with SEB (n = 35 for IL-13/4/17A and IFN-v, n = 30 for IL-5. n = 29 for IL-22, and

n =20 for CCL17/22). (B) Th2 cytokines produced by SEB-induced CLA™ T-cell cocultures presented by column bars and the median +95%
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Abbreviations: AD, atopic dermatitis; CLA, cutaneous lymphocyte-associated antigen T cells; Epi, epidermal cells suspension; HC, healthy
controls; M, untreated: SEB, staphylococcal enterotoxin B. **: p<.01; ***: p <.001; ****: p <.0001



PUBLICATIONS

LFTTFR 3
WiLEY- |
CLA™/Epyi
ClLAEpiiV
CLA/Epi/SER
CLAYEpi/SEB
(A) (B)
) g
= E E
2 2 2
o - o
5 3 3
0 1000 2000 3000
CCL17 (pg/mL)
80-
s ] ry 3
4 . . g E
Bl 51 —— E 4
o & . ot =
a » & ns r=-0.30 b E’_"
= ™ 2 =
= B

Th2 low

Th2 high

IL13 (pg/mL)
H

00 0.1 02

1L-13 (pg/mL)
8

IgE-S. aureus (OD)

FIGURE 2

.
o .
001 002 003

IgE-S. aureus (OD)

ns =005

004

1L-13 (pg/mL)

0

500 1000
CCL17 (pg/mL)

50 100
CCL26 normalized expression

50 100 150
CCL26 normalized expression

1500 2000

150

200

IL-13 (pgimL)

0-
0 500 1000 1500 2000 2500
LCN2 normalized expression

IL-13 (pg/mL)

0 500 1000 1500 2000 2500
LCN2 normalized expression

In the Th2 high group, SEB-triggered CLA*/Epi IL-13 response directly correlates with EASI, CCL17, sIL-2R, and anti-S. aureus
IgE plasma levels and CCL26 mRNA expression in cutaneous lesions and inversely correlates with LCN2 mRNA expression in cutaneous
lesions. IL-13 (pg/mL) from 24-hour cocultures was correlated with (A) EASI (n = 17 for Th2 high and n = 15 for Th2 low), (B) plasma CCL17
{n = 18 for Th2 high and n = 17 for Th2 low), (C) plasma sIL-2R (n = 18 for Th2 high and n = 17 for Th2 low), (D) anti-S. aureus IgE plasma
levels (n = 17 for Th2 high and n = 17 for Th2 low), (E) CCL26 (n = 11 for Th2 high and n = 10 for Th2 low), and (F) LCN2 mRNA expression
in lesional skin biopsies (n = 11 for Th2 high and n = 10 for Th2 low). Abbreviations: CLA, cutaneous lymphocyte-associated antigen T cells:
Epi, epidermal cells suspension; M, untreated; SEB, staphylococcal enterotoxin B. ns: p>.05: *: p<.05; ***: p<.001
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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 Tcwm) lymphocytes were
purified using three consecutive immunomagnetic separations (Miltenyi Biotech, Bergisch Gladbach,
Germany) as previously described." 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.' In order to obtain Tem and Tew cells we depleted CD45RA* cells, thus
terminal differentiated memory Tewra 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 4°C, 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 37°C. 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 10* circulating memory CLA*" T cells plated together with 3 x 10*
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 lonomycin
(2 pg/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 -20°C 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-y, 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 60°C; 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 H.O
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pH 9.6) to a final concentration of 5 ug/mL and incubated in Nunc-Immuno MicroWell 96-well solid
plates (Sigma-Aldrich) for 3 hours at 37°C. Wells were washed 5 times with PBS, blocked with 5%
skim milk powder in PBS overnight at 4°C, and washed again 5 times in PBS-Tween 0.05%. Plasma
samples were added to coated wells and incubated for 2 hours at 37°C. 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 37°C. 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 TagMan PreAmp Master Mix (2x) (Applied Biosystems). Tagman
Gene Expression Master Mix and FAM-labelled probes (Applied Biosystems) (Figure S2A) were used
for gRT-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 A - A cycle threshold (Ct) method (with the mean cycle threshold value for RPLPO and the gene of
interest for each sample). The equation 1.8e (CtRPLPO - Ctgene of interest) x 10* was used to obtain
the normalized values.?

Statistical analysis

Data are presented as scatter dot plots and the median £ 95% confidence interval (ClI). 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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Age 38.50(27.75-48.50) 34 42.00(28.50-51.50) 17 36.00 (26.50-47.00) 17 39
Female sex (%) 17 (50.00) 34 6(35.29) 17 11(84.71) 17 | a7
Years since diagnosis 24.00(12.00-34.00) 33 16.50 (8.75-27.50) 16 30.00(19.50-35.00) 17 056
SCORAD 61.32(54.50-68.17) 25 58.49 (50.00-67.30) 12 62.50 (57.89-69.85) 13 31
EASI 25.75(17.58-32.00) 32 27.00(21.25-33.50) 17 18.60(10.00-28.00) 15 1
IGA 3.00(3.00-4.00) a3 3.00(3.00-4.00) 17 3.00(2.25-4.00) 16 29
Pruritus (VAS or NRS) 7.00 (6.00-8.25) 33 7.00 (6.00-8.00) 17 7.00 (5.00-9.00) 16 | 89
Eosinophilia (x10%uL) 0.53(0.25-0.75) 31 0.59(0.45-0.75) 15 0.38{0.21-0.72) % | .23
Total IgE (KUIL) 2642 (701.0-6510) 26 4300 (1216-7292) 12 1212 (398.5-5365) 14 | a8
Atopic comorbidities (%) 23(68.70) 33 11(64.71) 17 12 (75.00) 16 | .71
Rhinitis (%) 14 (42.42) 3 5(29.41) 17 9(56.25) 6 | a7
Asthma (%) 11(33.33) 33 6(35.29) 17 5(31.25) 16 | »90
Conjunctivitis (%) 14 (42.42) 33 7(41.18) 17 7(43.75) 16 | >.99
Food allergy (%) 6(2069) 29 1(6.67) 15 5(35.71) 14 | o080

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/lonomycin or CD3/CD28 beads (n=3). (B) IL-13,
IL-4, IL-5, IL-17A, IL-22 and IFN-y 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-y, 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) Tagman 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-y 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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Background: The role of allergen sensitization in IL-31 production by T cells and
specifically in the clinical context of atopic dermatitis (AD) has not
been characterized.

Methods: The response to house dust mite {HDM) in purified memory T cells
cocultured with epidermal cells from AD patients (n=58} and control subjects
(n=11) was evaluated. AD-associated cytokines from culture supernatants,
plasma proteins and mRNA expression from cutancous lesions were assessed
and related with the clinical features of the patients.

Results: HDM-induced IL-31 production by memory T cells defined two subsets
of AD patients according to the presence or absence of IL-31 response. Patients
in the IL-31 producing group showed a more inflammatory profile, and increased
HDM-specific {sp} and total IgE levels compared to the IL-31 non-producing
group. A correlation between IL-31 production and patient's pruritus intensity,
plasma CCL27 and periostin was detected. When the same patients were
analyzed based on sp IgE and lotal IgE levels, an increased IL-31 in vitro
response, as well as type 2 markers in plasma and cutaneous lesions, was
found in patients with sp IgE levels > 100 kUA/L and total IgE levels > 1000 kU/
L. The IL-31 response by memory T cells was restricted to the cutaneous
lymphocyte-associated antigen (CLA)* T-cell subset
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Conclusion: IgE sensitization to HDM allows stratifying IL-31 production by
memory T cells in AD patients and relaling it to particular clinical phenotypes

of the disease.

KEYWORDS

atopic dermatitis, CCL27, CLA* memory T cells, house dust mite, IgE, IL-31, periostin, pruritus

1 Introduction

T1.-31 is a clinically relevant neuroimmune cytokine involyed in
epidermal barrier disruption, pruritus, inflammation and tissue
remodeling in atopic dermatitis (AD) (1-3). It is enhanced in the
sera [rom AD palients and correlatles wilh disease severily (4).

The major source of TL-31 are CD4" T cells associated Lo a Th2
phenolype (5-8}, bul il is also produced by dendritic cells, mast
cells, group 2 innate lymphoid cells, basophils, eosinophils or M2
macrophages {9-14}. Its receptor, IL-31RA, is expressed by multiple
cell types, including skin sensory neurons, keratinocytes and
immune cells, activating the JAK/STAT, PI3K/AKT and MAPK/
JNK pathyays (9, 15, 16).

11-31 and [1.-31RA expression is increased in the AD skin and
are part of the “core” signature characterized by the activation of the
TL-31/IL-1 signaling pathway (17). The epidermal barrier function
is affected by 11.-31 modulation of keratinocyte differentiation
directly or via other mediators including TL-20, 1L-24, IL-33 and
TL-10x (18-23). IL-31 binding Lo ils receplor in sensory neurons
stimulates itch signaling, neuronal branching and increases ol
cutaneous nerve fiber density (9, 24). A clear improvement of
pruritus has been observed after IL-31RA blockade in moderate-
to-severe AD patients (25-27). IL-31 initiates and maintains
inflammation by promoting the release of proinflammatory
cytokines and chemokines by myeloid cells, cosinophils, basophils
and keratinocytes (10, 15, 18-20, 28-31),

Aeroallergens such as house dust mite (HDM) are associated to
disease severity and total TgE levels in AD (32, 33). The relationship
between TL-31 and allergens has been poorly characterized and
sitized dogs showed TL-
31 expression in CD3' CD4' T cells in Lhe skin lesions and
production ol IL-31 by Th2-polarized peripheral blood
mononuclear cells (PBMC) stimulated with HDM (7, 34). Non
lesional skin from AD patients challenged with IIDM induced IL-31
mRNA expression in three out of six HDM allergic paticnts (21).
Increased frequencies of IL-317 CD4™ and CD8™ T cells in PBMC
from 111DM-sensitized patients have also been detected (35).

mainly limited to canine models: HDM-se:

Nevertheless, no studies have addressed the role of allergen in 11
31 production by memory T cells and its possible relationship with
particular clinical features in AD patients.

In this study, HDM-induced IL-31 by culaneous lymphocyle-
associated antigen (CLA)' memory T cells correlated with patient’s
prurilus. Palients with elevaled HDM-specific (sp) IgE (> 100 kUA/
L) and lotal IgE levels (> 1000 kKU/L} showed an increased IL-31
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production by memory 'I' cells compared to patients with lower sp
and total IgF levels. These results show for the first time a
relationship between allergen-specitic T-cell-mediated TL-31
production, clinical status of the patients and the levels of
allergen sensitization that can be of help to guide patient’s
identification in response Lo IL-31-directed therapies.

2 Materials and methods
2.1 Patients

Peripheral blood and two skin biopsics from active lesional
areas were collected from 58 consented moderate-to-severe AD
patients and 11 consented controls under institutional review
board-approved protocols at the Hospilal de Bellvilge, Hospital
General de Granollers, Hospital del Mar and Hospital de la Santa
Creu T Sant Pau (Spain). Exclusion crileria included topical or
systemic anti-inllammatories for the last 2 or 4 weeks prior Lo Lhe
study, respectively.

Plasma samples were assessed for lolal IgE (kU/L) and HDM-
specific IgLi (response (O1) and kUA/L} by ImmunoCAP (Thermo
liisher Scientific, Waltham, MA, USA). Serum samples were used for
lactate dehydrogenase (LDIH) ent (U/L} in a d ic
Taboratory. Patients’ characteristics are summarized in 'l'able S1.

2.2 Isolation of memory CLA™" T cells and
epidermal cells suspension

Central and effector memory CD45RA T lymphocytes were
purified Irom PBMC aller Ficoll (GE Healthcare, Princeton, NJ.
USA) gradient and three conseculive immunomagnelic separations
(Miltenyi Biotech, Bergisch Gladbach, Germany) (36). First CD14"
and CD19" cells were depleted, then CD16"™ and CD4SRA™
Tymphocytes swere depleted, and finally CD45RA™ I cells were
divided into CLA™ and CLA” T-cell subpopulations using the
Miltenyi product ref 130-092-464. Sample purity was >95% of
CLA-positivity for the CLA™ T-cell subpopulation and <10% of
CLA-positivity for the CLA” T-cell subpopulation (36). Terminal
ivira cells were not studied with this
approach because of CD45RA  cells depletion.

differentiated memory

Punch skin biopsy samples were incubated in dispase solution
{Corning, Corning, NY, USA) overnighl al 4°C, and Lhe epidermal
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sheet was peeled off from the dermis. The epidermis was cut into
pieces and incubated with trypsin (Biological Industries, Kibbutz
Beit 1lacmek, Isracl} for 15 minutes at 37°C. Then, the epidermal
tissuc was mechanically disaggregated by pipetting and the cell
suspension was transferred to fresh culture media (1:1 volume)
(RPMI supplemented with 10% I'BS (1'hermo Fisher Scientific) and
1Y% penicillin-streptomycin {Sigma-Aldrich, St. Louis, MO, USA}).
Finally, the epidermal cells suspension (Epi) was obtained by means
of centrifugation. Tt contained all cell types at the same proportion
present in Lhe epidermis, being keratinocyles the major cell type.

2.3 Coculture of CLA*" memory T cells
with epidermal cells and stimulation

The coculture system was performed by seeding 3 x 10°
awtologous epidermal cells with 5 x 10* circulating CLA' or CLA”
memory T cells (CLA'/Epi or CLA /Epi, respectively) in a 96-well
U-bottom plate {Falcon, Corning, Corning, NY, USA), in the
culture media described above. Whole (CD4" and CD8") CLA*
memory T cells were used; however, we assume that results
obtained are due to CD4"CLA™ memory T cells, since the
majority of CLA* memory 1" cells are CD4* {80% CI)4™ and 20%
CDS8") and IL-31 is mainly produced by CD4 CLA™ T cells (6, 23).
Cocultures were left untreated (M} or activated for 5 days with
HDM extract kindly provided by LET1 Pharma at 10 pg/ml. or 24
hours with staphylococcal enterotoxin B (SEB) (Sigma-Aldrich) at
100 ng/mL final well concentration (37). In cultures containing only
T cells or epidermal cells, the mentioned amounts of each cell Lype
were used, and aclivation with HDM was performed in Lhe same
way. Collected supernalanls were kepl al -20°C.

For blocking assays, 1ILA-A/B/C {class I) (BioLegend, San
Diego, CA, USA), HLA DR (class II} {BioLegend), CDla (Bio X
Cell, Lebanon, NII, USA), IL-33 (R & D Systems, Minneapolis,
Minnecsota, USA) ncutralizing antibodics, or respective mousc
IgG2a isotype control (Biolegend), mouse 1gG1 (Biol.egend) and
goat 1gG isotype control (R & 1D Systems) were added to cocultures
at 10 pg/ml. (for HLA and CD1a blocking assays) or 1 pg/ml. (for
[1.-33 blocking assay) final concentration.

2.4 Transwell culture

5 x 10* purified CLA" or CLA” memory T cells were added to
the top chamber ol 0.4 pm pore size polycarbonale 96-well HTS
Transwell culture inserl (Corning) containing 3 x 10* aulologous
lesional epidermal cells stimulated with HDM at 10 pg/mL final well
concenlration in Lhe botlom chamber. Supernatanls were collecled
at day 5 of culture.

2.5 Cytokine and chemokine quantification
ProcartaPlex immunoassay ([nvitrogen, Waltham, MA, USA)

was used to measure [L-31, 11-13, 11-4, IL-5, IL-174, 11-22 and
[IIN-y concentrations in the culture supernatants with the MAGPIX
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instrument (Invitrogen) and analysed with ProcartalPlex Analyst
software version 1.0 (Invitrogen). Values below the lower limit of
quantification (LLOQ) were treated as zera, Plasma CCL22 levels
were quantified with ProcartaPlex.

2.6 ELISA

Pre-coated ELISA kits were used for quantification of plasma
levels of CCL27, CCL17, CCLI8, sIL-2R (Invitrogen) and periostin
{AdipoGen Life Sciences, San Diego, CA, USA).

2.7 RNA isolation, quantitative real-time
PCR and gene-array analysis

Lesional skin biopsy specimens [rozen in Tissue-Tek O.C.T.
Compound (Sakura Finetek, Alphen aan den Rijn, The
Netherlands) at -80°C were used for RNA isolation by using Lhe
TRIzol Reagent (Invitrogen).

For qRT-PCR, ¢cDNA was obtained with the High Capacity
<DNA Reverse Transcription kit (Applied Biosystems, Waltham,
MA, USA) and preamplified with the 'lagMan PreAmp Master Mix
{2x) (Applied Biosystems). Tagman Gene Expression Master Mix
and FAM-labelled probes (1able S2) (Applied Biosystems) were
used for qRT-PCR with an ABI Prism 7900H'I" instrument (Applied
Biosystems). Data was processed by SDS analy:

software version
2.4.1 (Applied Biosystems) and gene expression was calculated by
using the A - A cycle threshold (Ct) method (with the mean cycle
threshold value for RPLPO and the gene ol interest for each sample).
The equation 1.8¢ (CIRPLPO - Clgene of interest) x 107 was used lor
normalizing the values (38).

For gene array analysis, quality control of concentration and
integrity of the isolated RNA was performed with the NanoDrop
One (Thermo Fisher Scientific) and the Agilent 2100 Bioanalyzer
{Agilent 'lechnologics, Santa Clara, CA, USA). PrimeView Human
Gene Lxpression Arrays (Applied Biosystems) were processed at the
lunctional Genomics Lacility of IRB Barcelona (Barcelona, Spain)
and raw data (CEL files} were processed with Transcriptome
Analysis Console version 4.0 (Applied Biosystems). Raw data
were deposiled in the Gene Expression Omnibus reposilory,
accession number GSE226073. Genes wilh a fold change (FCH)
of L5 or grealer and a p value of less Lhan .05 were considered
dillerentially expressed genes (DEG). Pathway enrichment analysis
was performed using gProfiler web server (https://biit.cs.ut.ee/
gprofiler/gost) with Gene Ontology (GO) biological process
database and a Benjamini-lochberg FDR of .05 or greater.

2.8 Statistical analyses

Data analysis and representation were performed with GraphPad
Prism softwarc version 8 {GraphPad Software Corporation, San
Diego, CA, USA). Data are represented as the median = 95%
confidence interval (CI). Wilcoxon test was used to compare two
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conditions within the same group and Mann-Whitney test was used
to compare two groups. In tables, sample median (25th-75th
percentiles) and Mann-Whitney test were used for continuous
variables, raw numbers (percentages) and lisher’s exact test were
used for categorical variables, and bold values indicate significant
data. Correlations were examined using Spearman cocfficient and
represented with linear regression. Differences were considered
significant at a P-value of less than .05 and showed as: (*) p <.05;
(**) p <015 () p <0015 (*#) p <.0001.

3 Results

3.1 HDM induces IL-31 in memory T cells
cultured with autologous lesional
epidermal atopic dermatitis cells, which
correlates with pruritus, and plasma CCL27
and periostin

AD-derived cocultures containing circulating memory CLA™ T
cells and autologous lesional epidermal cells (CLA™/Epi) in the
presence of 11DM led to [L-31 production, whereas CLA™ T-cell A
cocultures (CLA/Epi) and control (C)-derived cocultures did not
produced I1.-31 upon stimulation (Figure 1A). Fpidermal cells
suspension promoted HDM-induced CLA™ 'I'-cell-derived 11.-31
response (Figure S1A) and it was produced in a time-dependent
manner (Figure S1B).

AD palienls were classilied into two groups Lo further
characterize clinical profiles based on the diflerential response (o
HDM: those producing IL-31 by CLA™ T cells were arranged into
group 1 (n=17}, and those with no IL-31 production were arranged
into group 2 (n=41) (Figure 14).

Within group 1 of patients, 1IDM-induced IL-31 response
dircetly corrclated with pruritus (r = 0.67, p = .0036; Vigurc 1B)
and plasma levels of CCL27 {r = 0.62, p = .0090; liigure 1C) and
periostin (r = 0.56, p = .05!

; Figure 1D). Correlations within group 2
of patients could not be performed due to undetectable [1.-31
production in the cocultures. As shown in Tigure 1F, there was
direct correlation between plasma CCL27 levels and SCORAD in
group 1 (r = 0.56, p = .032) but not in group 2 (r = 0.31, p = .091).
Additionally, HDM-induced CLA' T-cell TL-31 nearly correlated
with SCORAD in group 1 of patients (r = 0.49, p = .066; not shown).
There was no correlation between IL-31 in vitro response lo HDM
and plasma levels of HIDM specific (sp) IgE and total IgE, although
there was a tendency for the former (r = 0.46, p = .068; Figure 52).
‘I'he IL-31 production by CLA™ memory I cells was blocked by
59% by a neutralizing 11ILA class 11, but not IILA class L, antibody
(Figures 115 53A). Blocking of 1L-33 and CDla molecules did not
affect [1-31 production (ligures $3B, C), but cell-cell contact
between CLA' T cells and epidermal cells was necessary for 11-31
production as demonstrated by transwell cultures (Figure 1G).
IL-31 simullaneously measured with other AD-derived
mediators (IL-13, IL-4, IL-5, IL-174, IL-22 and IFN-y) and we
found that TL-13, IL-4, IL-5, IL-17A and IL-22 produclion by
1IDM-induced CLA* T-cell AD cocultures was higher than that
by C cocultures (Figure $4A). IIDM-activated CLA™/Epi cocultures
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from group 1 showed increased production of IL-13, IL-4, IL-5, IL-
174 and IL-22 compared to group 2 {Figures 2A; S4B), revealing a
more inflammatory phenotype in group 1 versus group 2. Also, in
group 1 11.-31 production dircetly corrclated with 1L-13 {r = 0.62, p
=.0093) and 1L-4 (r = 0.85, p <.0001}, but no corrclation with 1L-5,
1L-17A,11.-22 and 11N-ywas observed (Figure 2B). Although group
2 of patients were defined for their null production of TI-31 by
HDM-stimulated CLA™ T cells, there was an heterogeneous TL-13,
TL-4, IL-5, IL-174, TL-22 and TFN-y response in the CLA' T-cell
cocultures of this group (Figure S5). All correlalions were lested
wilh and without outlier patient data.

When stimulating cocullures wilh Staphylococcus aureus
superantigen B (SEB), another clinically relevant stimulus of AD,
IL-31 was specifically produced by CLA+ T cells but no significant
differences were found between group 1 and group 2 of patients
(ligure S6A). Additionally, therewas no correlation between HDM-
and SEB-induced 1L-31 production by memory 'L cells (Figure S61).

3.2 Patients with memory T-cell IL-31
response to HDM show elevated plasma
levels of sp and total IgE and a more
inflammatory profile than patients with no
IL-31 response

Patients from group 1 displayed increased sp Igk and total Igk
levels compared with patients from group 2 (Table 1). No
differences were found for severity, pruritus, eosinophilia, years
since diagnosis and comorbidities. Although group 2 of patients had
a reduced allergen sensilization degree when compared Lo group 1
of patients, Lhey showed higher total IgE and sp TgE levels than
controls (total IgE (KU/L): group 2 median = 568.00, C median =
21.10, p <.0001; sp IgE response (OD): group 2 median = 5338, C
median = 27.00, p <.0001).

‘I'o further characterize both groups, we cvaluated changes in
Tesional skin tissue from patients belonging to group 1 and group 2
using genc-array analysis. We identified two hundred six probe-sets
{143 unique genes) up-regulated and one hundred probe-sets (80
gens) down-regulated in group 1 skin compared with group 2 skin
(Figure §7A; Table $3). Among the upregulated genes there were IL-
20, TL-24, CCL20, CXCLI, CCL2 and EGR1. Only for TL-20 was
FDR of less than .05. Enrichment Lests of DEG revealed thal group 1
lesional skin was enriched for biological processes related to the
immune system such as response Lo external slimulus,
inflammatory response and cellular response to chemokine
(Figure S7B; Table $4). On the contrary, group 2 lesional skin
was cnriched for developmental processes (Figure $7C; T'able $5).

Interestingly, difference in 11.-20 expression between group 1
and group 2 of patients by gene-array analysis was confirmed by
qRU-PCR (ligure S702), but higher number of patients should be
analyzed to confirm this data due to significant overlap between
both groups. Additionally, increase in TL-17A and IL-21 mRNA
expression was delecled in group 1 compared Lo group 2 (Figure
$7D), and no dillerences were Jound lor IL-31 mRNA expression in
cutaneous lesions between both groups.
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TABLE 1 Differences in clinical characteristics between group 1 and group 2
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Group 1 Group 2
Clinical data Median (25-75% percentiles) or Total Median (25-75% percentiles) or Total
number (%) number (%)

Age 28,00 (18,30-44.50) 17 36,00 (27.00-45.75) 006y
SCORAD 5063 (30.00-61.32) 15 59.27 (42.10-68.00) 3l A
KAS 2265 (19.38 27.93) 16 25.00 (1525 3200} 3 92
1G4 100 (3.00-1.00) 16 3,00 (3.00-4.00) 10 35
Pruritus (YAS) 7400 (6.50 8.00) 17 KO0 (625 9.00) 4 31
tasinophilia (10%ul 5 073 (0.21-1.06) 16 046 (0.24-061) 3 16
sp IgE response (OD) 18747 (12287-20156) 17 5338 (393.0-16830) a1 | <0001
Total Igh (kU/LY 2000 (606.5-5000) 17 568.0 (110.5-1792) a1 | 0027
LDII (UAL) 209.0 (113.8-219.8) 3 193.0 (128.0-236.3) 26 66
l\l::.::“ AR 15,50 (LLOO- 16 2400 (13.00-33.50) ERE
Comorbidities, n 13 {81.25) 16 27 {67.50) 4 35
Rhinitis, n 8 (50.00) 16 23(58.97) 39 56
Asthma, n 6 (37.50) 16 16 {41.03) 3| 99
Conjunctivitis, n 8 (50.00) 16 15 (38.46) 39 55
Food allergy, n 2(12.50) 16 11(29.73) 37 30

3.3 Patients with sp IgE > 100 kUA/L have
increased IL-31 in vitro response to HDM
confined to the CLA* memory T-cell
subset compared to patients with sp IgE <
100 kUA/L

An alternative analysis in the same patients revealed that those with
high levels of sp Igk (> 100 KUA/L) showed increased HDM-induced
[1.-31 response by memory T cells, only in the CLA' T-cell subset, than
those with low levels of sp TgE (< 100 kUA/L) {Figure 3A). There was a
trend Lowards positive correlation belween IL-31 response by HDM-
stimulated CLA  T-cell cocullures and SCORAD in the high sp IgE
group (r =028, p = .28), whereas this trend was negative for the low sp
IgL group (r = -0.32, p = .094; Figure 3B). Patients from the high sp IoE
group showed increased eosinophilia and total IgE levels compared to
patients from the low sp IgE group, as expected {Table 2). Additionally,
in the high sp IgLi there was a tendency towards more patients with
conjunctivitis, a sign of HDM clinical symptom (p <.1).

In line with the previous observation, the 1L-31 mRNA
expression in cutaneous lesions was greater in the high than in
the low sp IgE groups (Figure S8A). Furthermore, plasma levels of
CCL18, CCL22, CCL27T, periostin and sTL-2R were elevated in the
high compared Lo the low sp IgE groups (Figures 3C; S8B).
Although resulls were significant (p <.05) Lhere was clear overlap
belween both groups and increased number of palients would
be required.
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TABLE 2 Differences in clinical characteristics between patients with sp IgE >100 kUA/L and patients with sp IgE <100 KUA/L.

Sp IgE 100 KUA/L

Clinical data Median (25-75% percentiles) or Total

number (%)

Sp IgE <100 kUA/L
Median (25-75% percentiles) or Total
number (%)

Age 3600 (23.50-48.00) 21 34,50 (26.25-45.00) 6 85
SCORAD 5063 (31.00-62.76) 17 56.00 (37.30-66.58) 29 52
kasi | 2730 (19.25 34.75) T 2210 (1190 27.41) I
1GA 100 (3.00-1.00) 20 3.00 (3.00-1.00) 36 21
Pruritus (YAS} 700 (6.50 8.00) 21 800 (6.25 9.00) 36 40
Fosinophilia (10%ul) 0.74 (0.47-1.08) 19 0.3 (0.19-0.56) 30026
sp IgE response (OD) 19507 (17613-20456) 21 4031 (312.5-10513) 37 <0001
Total Igh (kU/T) 3639 (1962-3000} 2 336.0 (107.0-1130) 37 | <0001
LDII (UAL) 237.0 (124.5-329.3) 8 1815 (122.0-219.3) 2 13
ingnods 1800 (13.50-32.75) 20 23,50 (9.50-30.00) £ Y
Comorbidities, n 17 {80.93) 2 23 {65.71) 35 36
Rhinitis, n 13 (61.90) 21 18 (52.94) £ 58
Asthma, n 7(3333) 21 15{4412) 34 57
Conjunctivitis, n 12 (57.14) 2 11 ¢32.35) 34 094
Food allergy, n 2{9.52) 21 LL{31.38) 32 053

and continuans

The IL-31 response by memory T cells activated with SEB
showed no significant differences between high sp gL and low sp
Igk groups (Iigurc S8C). Additionally, no corrclation between the
1IDM- and SEB-induced IL-31 production was observed in the high
sp Igki and the low sp Igk groups (ligure S8D).

4 Discussion

Tn moderate-to-severe AD the role of allergen in T-cell
mediated IL-31 production and its possible relalionship with the
clinical slatus of the palients is presently uncharacterized. Our
results suggest that the degree of allergen sensitization allows
stratifying patients for 1L-31 production by T cells with different
clinical features.

In lesional AD skin CD4™ T cclls are the most abundant
infiltrating lymphocytes and they are mainly CLA™ "I cells (39,
40). Until now, T-cell-derived I1.-31 production has been mainly
analyzed by qRT-PCR and intracellular flow cytometry of
polyclonal-activated PBMC in a low number of patients and
wilhoul any association wilh the clinic (8, 21, 23, 35, 41). In our
study, HDM-induced IL-31 production by memory T cells defined
two groups of AD patients: the IL-31 producing group (group 1)
and the IL-31 non-producing group (group 2). In group 1,
compared with group 2, IIDM-induced IL-31 in CLA™ T cells
posilively correlated with patient’s pruritus intensity, and plasma
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levels of CCL27 and periostin. In addition, plasma levels of HDM
specific IgE and total IgE were increased in groupl.

1L-31 is onc of the main drivers of pruritus (2). Yor the first
time, a direct corrclation between memory T-cell-derived IL-31
response to HIDM in vitro and patient’s pruritus was demonstrated,
which underlines the clinical relevance of this mechanism in AD,
This translational observation stablishes a relationship between
allergen and patient’s pruritus through a mechanism restricted to
a subsel of circulaling skin-homing memory T cells. The lack of
difference in pruritus intensity between group 1 and group 2 of
palients may be due Lo the broad range of prurilogens in AD, such
as IL-13 or IL-4 (1), which could promole the ilch signaling
pathway in patients that do not produce IL-31 upon HDM
stimulation. Since IL-31RA blockade improves symptoms in AD
(25, 27, 42), further studics should explore the influence of allergen
sensitization and the clinical response to anti-IL-31RA therapics
in pruritus.

In group 1 of patients, 11-31 produced by CLA™ " cells

positively correlates with CCL27, being CLA* T cells and €€
mechanistically closely related, since CLA' T cells express the
CCRI0 receplor that specifically binds CCL27 (43, 44). The
relationship between IL-31 producers and plasma CCL27 suggests
thal lesional keratinocytes produce the CLA-allracting chemokine
CCL27 1o facilitate further recruitment of CLA™ T cells 1o the
inflamed skin where, upon activation with IIDM, would produce
IL-31. CCL27 in the stratum corneum has been proposed as a
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biomarker of clinical response to nemolizumab, an anti-IL-31R4,
treatment in AD {42), supporting the significant correlation
between CCL27 and SCORAD in group 1 of patients. Besides
this, not all patients respond to nemolizumab treatment,
suggesting that allergen sensitization may be of help to identify
anti-11.-31RA responder patients,

Periostin is an extracellular matrix protein closely related to Th2
immune response with an emerging role in pruritus and barrier
dyslunction (45-48). In canine models, epicutaneous application of
HDM Lo sensilized dogs induced upregulation of Th2 signalure,
including IL-31 and periostin (49). Nevertheless, the association
belween periostin plasma levels and IL-31, for HDM-triggered
memory T cells, has not previously been reported.

Group 1 of patients showed increased levels of IL-13, IL-4, IL-5, IL-
17A and 1L-22, all of them commonly found in AD lesional skin (17),
in response to HDM by the CLA™ 'TI-cell cocultures, suggesting a strong
inflammatory response in this group. Morcover, the direct corrclation
of 11-31 with 11-13 and 11.-4 underlines the allergen-specific and '1h2-
phenotype of T1.-31, and it is also supported by the T1.-4-dependent TT.-
31 production reported in polyclonal stimulated CD4" T-cell clones

1

PUBLICATIONS

10.3389/fimmu.2023.1124018

A recent research described an increased IL-31RA expression
on memory B cells from AD patients with total IgE levels > 1000
kU/L compared to controls, pointing to an association between IL-
31-mediated mechanisms and atopic Igk-producing phenotype
{56). For this rcason, we classificd paticnts according to their total
Igk levels into high (> 1000 kU/L) and low {< 1000 kU/1.) groups
and found an increased HDM-induced memory T-cell T1-31, 11.-13
and TL-4 response in the former group (Figure S9A), along with
enhanced CCL26 mRNA expression in culaneous lesions (Figure
S9B) and plasma levels of CCL27, perioslin, CCL17, CCL18, CCL22
and sIL-2R (Figure S9C). These data suggest that in allergen
sensilized patients, IL-31 may play a role not only as T-cell-
derived mediator by CLA™ T cells but also influencing IL-31RA-
expressing B cells. This hypothesis is currently being investigated.

The knowledge gencrated from the present study is
translationally relevant, since the allergen-induced 11.-31
production by memory 'I' cells was confined to the CLA™ 1-ccll
subsct, which reflects the skin-related mechanisms taking place in
AD lesions and other inflammatory cutaneous diseases {57-61).
Interestingly it has recently been reported that an early-term effect

(5). The skin transcriplome confirmed Lhe i Ty sig in
group 1 of patients, enriched in functions such as “response Lo external
stimulus”, “inflammalory response”, “cellular response Lo chemokines™
and “response Lo IL-1”. Among the up-regulated genes in this group,
IL-20 is associated with IL-31-induced barrier disruption (18), and has
also been related with pruritus in murine AD models (50). On the
contrary, group 2 of paticnts lacked a transcriptomic dysregulation of
inflammatory genes.

Group 2 of patients responded in most of the endpoi luated

of dupil
preferentially found in circulating CD4' CLA T cells rom AD
palienls (62, 63). Besides (his, circulaling allergen-specific and
CLA" T cells share the same TCRB CDR3 regions as lesional T
cells from AD skin (64), supporting the relevance of our results for
IL-31 produced by peripheral skin-homing T cells.

Circulating CLA™ "' cells have been described to be the main
memory I-cell subset producing 11-31 {23). When we

compl d the analysis of T-ccll mediated [L-31 response in

b trealment on IL-13, TL-4, IL-5 and IL-22 expression is

in this study (e.g. severity, pruritus), which is given by the nature that
they are AD patients, so they share some clinical characteristics with
group 1 of patients. The most significant clinical difference between
both groups was Lhe degree ol IgE sensitization Lo HDM, along with
total IgE levels, which were related wilh the dillerential IL-31
response by skin-derived memory T cells upon stimulation with
allergen. Thereby, Lwo groups thal apparently would be the same
population may show distinct molecular mechanisms driving
discase immunopathogencsis.

AD is associated with clevated 1gki, sensitization to acroallergens
and cosinophilia (51). Total gk levels correlate with patients’ severity
and are increased in patients sensitized to aeroallergens (33, 52). IgE.

levels are not a diagnostic requirement, but they are useful for

ng prognosis, long-term outcome prediction or choosing
therapy (53, 54). When stratifying patients according to their sp IgE
levels, the increased TL-31 in vitro response in patienls with high
levels of sp IgE (over 100 KUA/L) supporled the HDM conltribulion
to disease activity in AD (32}, Noteworthy, the increased IL-31
mRNA expression in lesional skin from high sp IgE patients may
explain why topical exposure to HDM induced IL-31 only in a subset
of LIDM sensitized patients (21). The high sp IgE group also showed
cenhanced plasma levels of periostin, CCL27, CCLIS, CCL22 and slL-
2R, thus associating the allergen-exposure and 11.-31 response with
Th2-immune response and general intlammation (55). To evaluate
signs of HDM ¢linical symptoms and to compare the reactivity of
CLA™ memory T cells to HDM with other allergens may be
considered to complement these current findings.
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the same patients by using SEB (65), 11.-31 levels produced by CI A*
memory T cells were lower than those observed after HDM

ti ion, without si liffe

between groups 1 and

2 of patients or sp TgE levels. Addilionally, a correlation belween
HDM- and SEB-induced IL-31 response was nol detected,
suggesting different roles of these stimuli in T-cell-mediated IL-31
production in AD. The molecular mechanisms by which SEB and
HDM activate T cells are different. SEB directly binds to HLA class
II molecules on the surface of antigen presenting cells and
stimulates 1’ cells expressing particular ''CR. SEB can also induce
skin infl ion by the following dy the direct binding
to antigen presenting cells in the skin, direct binding to MHC class

11 keratinocytes, and induction of 1gk-mediated immune responses
(66). On the other hand, HDM requires uptake, processing and
presentation by antigen presenting cells, a process that can be
favored by Lhe presence of allergen-specilic IgE on Lhe surface of
anligen presenling cells (67). Therelore, the IgE-medialed uplake
and antigen presentation may be favored in group 1 of patients,
since Lhey present higher levels of HDM-specific IgE.

Other inflammatory cells have been shown to produce IL-31:
group 2 innate lymphoid cells (ILC2), basophils, cosinophils,
dendritic cells, macrophages and mast cells (9-14) A single study
has shown 11.-31 expression by 1L.C2 {12), but the clinical relevance
of alarmins, which are needed for I1.C2 activation, in AD is not clear
since all targeted therapies against them failed in clinical trials (68).
Regarding basophils, T1.-31 has been shown in chronic spontaneous
urticaria and healthy donors (10), and no study using AD-derived
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basophils has shown IL-31 production. In eosinophils, IL-3 induces
IL-31 production, but clinical relevance of cosinophils in AD has
not been confirmed by anti-1L-5 therapy (14, 68). Dendritic cells
cxpress a hundred times less 11-31 than 1h2 cells and whether
dendritic cells produce physiologically relevant [L-31 quantitics is
underexplored (9). Recently, a new network comprising 11-31" M2
macrophages, basophils, periostin and TSLP has been described
(13); nonethele:
due to lack of el

he clinical relevance ot these results are unknown
acy of TSLP blockade for AD treatment (68, 69).
Mast cells [rom psoriatic skin and healthy donors express IL-31, bul
this expression has nol been shown for AD (11). Altogether,
although IL-31 can be produced by different cell sources besides
CLA" memory T cells, no association with clinical pruritus has been
reported, therefore their translational relevance is still under

investigation. Additional studics on the involvement of I1L-31
production by these non-CLA™ memory ‘I cells on epithelial cells
in coculture assays may be of help to further understand more
mechanisms of [1.-31 in AD.

This study has some limitations. We tried to detect I11-31 by
intracellular flow cytometry but it was a complex issue due to the
lack of good Lools (3), and plasma or serum IL-31 levels were
dillicull to detecl. Additionally, sample size for gene-array analysis
as well as qRT-PCR was limiled and more delailed investigations on
the inleractions belween lesional epidermal cells and CLA" memory
T cells are needed.

Although the role of allergens in AD is still controversial and at
the moment the stratification of response to anti-IL-31RA
depending on IgE status has not been performed, it can be
hypothesized that assessing specific Igh status to 11DM in
candidates for anti-11L-31RA therapy may eventually be helpful
for identifying patients more prone to good clinical response to
anti-TL-31RA and with a more favorable response in comparison to
dupilumab or JAK inhibilors.

In summary, our findings bring new data on the mechanisms of
allergen sensitization and IL-31 production by memory T cells in
moderate-lo-severe AD palients. The biphasic IL-31 response (o
HDM demonstrated with this translational ex vivo model may
explain the partial IL-31 expression after IIDM topical exposure
in [IDM-sensitized patients (21) and the heterogencous responsc to
anti-11.-31-directed therapies.
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Figure S1. Epidermal cells suspension promotes CLA* T-cell 11.-31 response to HDM,
which is produced in a time-dependent manner. (A) IL-31 cytokine levels (pg/mL) were
mcasurcd in culturc supcrnatants from cpidermal cclls suspension, CLA* or CLA- T cclls
alone, or cocultures of CLA* and CLA- T cells after 5 days in basal conditions (M) or
stimulated with HDM. Data for four representative patients. (B) TL-31 cytokine levels
(pg/mL) were measured in cocultures of CLA* and CLA" T cells alter one, two or five days
in basal conditions (M) or stimulated with HDM. Data for two representative patients.
CLA, cutaneous lymphocyte-associated antigen T cells; Epi, epidermal cells suspension;
HDM, house dust mite; M, untreated.
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Figure S2. In group 1 of patients, there is no correlation between I1L-31 in vitro
response and plasma levels of HDM-specific and total IgE. Correlation of
CLA*/Epi/HDM IL-31 production with (A) HDM-spccific IgE (OD) and (B) total IgE
(kU/L) plasma levels in group | of patients (n=17). CLA, cutaneous lymphocyte-
associated antigen T cells; Epi, epidermal cells suspension; HDM, house dust mite; OD,
optical density. ns: p >.05.
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Figure S3. HDM-induced CLA* T-cell IL.-31 production is not affected by HLLA class T
molecule, IL-33 and CD1a neutralization. (A) HDM-activated CLA*~ T-cell cocultures
were (reated with HLA class I neutralizing antibody or control 1gG isolype at day 0, and
IL-31 production (pg/mL) at day 5 was compared with respect to isotype values (n=6). Red
bar indicates the mean. CLA* T-cell cocultures were activated with HDM and treated with
(B) IL-33 and (C) CDla neutralizing antibodies or control IgG isotype at day 0 and IL-31
(pg/mL) was measurcd at day 5. Data for three representative patients. CLA, cutancous
lymphocytc-associated antigen T cclls; Epi, cpidermal cclls suspension; HDM, housc dust

mite; M, untreated.
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Figure S4. HDM induces IL-13, TI.-4, TL-5, TL-17A and IL.-22 production in AD-
derived memory CLA* T cells compared to controls,
compared to group 2 of AD patients. (A) Quantification (pg/mL) of AD-derived
mediators by CLA*" T-cell cocultures in basal conditions (M) or stimulated with HDM in
AD (IL-13/4/5/17A and IFN-y n=58, IL-22 n=48) and control subjects (n=11). (B)
Quantification {pg/mL) of mediators in CLA*- T-cell cocultures in basal conditions (M) or
stimulated with HDM was compared between group 1 (n=13-17) and group 2 (n=35-41) of
patients. AD, atopic dermatitis; C, control subjects; CLA, cutaneous lymphocyte-
associated antigen T cells; Epi, epidermal cells suspension; HDM, house dust mite; M,
untreated. *: p <.05; **: p <.01; ***; p < 001; **+*k: p < 0001,

68

and it is increased in group 1



PUBLICATIONS

® CLA'fFpi
(A) . onEn
Group 1
anun an ane P ass anas
sens seve aeve sane axe sses
1800 200 b 00
.
400
o 1200 5 150- 5
E E . E 300
& E £
& e b 2 o E
s 3 : 20 .
o 400+ * : = 50 ® = 100- % %
P - > s 3 E &
M HOM M HOM M HOM N HOM " HOM M HOM
AD Cc AD c AD c
'%—‘| > &
sow seus L= =
e " 7z
160 600-
. .
s 500
2 i ey
g E 400 €
g % 2 g
g ] > 3
= . N 200 . z
I 4 ] " i
: = 100
o b
ol . a o - I o
] M Fio W RO m FIOM
AD c AD c
Group 2
- v - .
saen . ae
200+ a0 7! 250
.
5 1604 ] 5 5 a0 (]
?E” = E® E 150 2
& 100 H g .. g .
el 100- .
= : I 2 O it .
2 504 P | = . I H
oded _ o b1 :
W ron W oM W oW WO W oW )
AD C AD Cc AD C
sae . X
1204 500 4500
& _ 400 3000
2 & 5 2 2500
> ?E,, 300 S 2000
S * 4 g
= * § 20 = 1500
5 : 3 i . £ o
- Ll 500 .
SO -las
W oM R W Ao C W rou
o] AD c AD C

Figure S5. Production of AD-mediators in group 1 and group 2 AD cocultures
compared to control subjects cocultures. Production (pg/mL) of AD-derived mediators
by CLA%- T-ccll coculturcs in basal conditions (M) or stimulated with HDM was
compared between (A) group 1 (n=13-17) and control subjects (n=11), and (B) group 2
(n=35-41) and control subjects (n=11). AD, atopic dermatitis; C, control subjects; CLA,
cutaneous lymphocyte-associated antigen T cells; Epi, epidermal cells suspension; HDM,
house dust mite; M, untreated. *: p < .05; **: p <.01; **#: p < .001; ****; p <.0001.
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Figure S7. Group 1 lesional skin is enriched for immunological processes and group 2

lesional skin is enriched for developmental processes. (A) Hierarchical clustering of
group 1 (n=3) and group 2 (n=13) samples based on DEG. Fold change based on lincar

data. Functional cnrichment of all DEG (B) up-regulated in group 1 and (C) up-regulated
in group 2 of patients with GO biological process. For group I, summary of enriched

biological processes; for group 2, representation of all enriched biological processes of

significant terms (FDR < .05). (D) IL-17A, IL-20 and IL-21 mRNA expression in
cutaneous lesions was compared between group 1 (n=7) and group 2 (n=17-20) of patients
by qRT-PCR. GO, gene ontology. *: p < .05.
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Figure S8. Patients with sp IgE > 100 kUA/L show increased IL-31 expression in
lesional skin and plasma levels of CCIL.27, periostin and sIL-2R, but no difference in
IL-31 response to SEB compared to patients with sp IgE < 100 KUA/L. (A) IL-31
mRNA expression (log,) in cutaneous lesions (> 100 kUA/L n=7, < 100 kUA/L n=17), and
(B) plasma CCL27 (pg/mL), periostin (ng/mL) and s1L-2R (ng/mL) (> 100 KUA/L n=16-
21, < 100 kUA/L n=30-37) were compared between high and low sp IgE groups. (C) IL-31
(pe/mL) produced by CLA¥- T-cell cocultures in basal conditions (M) or stimulated with
SEB was compared between high sp IgE (n=20) and low sp IgE (n=34) groups. (D)
Corrclation of CLA*/Epi/HDM IL-31 production with CLA*/Epi/SEB IL-31 production in
the high sp IgE group (n=20) and low sp IgE group (n=34). CLA, cutaneous lymphocyte-
associated antigen T cells; Epi, epidermal cells suspension; HDM, house dust mite; M,
untreated; SEB, staphylococcal enteroloxin B. ns: p >.05; *: p < .05; #*: p < .01.
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Figure S9. Patients with total IgE >1000 kU/L show increased HDM-induced CLA* T-cell
IL-31, 1L-13 and IL.-4 response, CCL26 expression in cutaneous lesions and plasma
CCL27, periostin, CCL17, CCL18, CCL22 and sIL-2R compared to patients with lower
total IgE levels. (A) Production (pg/mL) of mediators from AD culture supernatants separated
according to total IgE levels (> 1000 kU/L n=21-28, < 1000 kU/L n=27-30). (B) CCL26
mRNA expression (log,) in cutaneous lesions (> 1000 kU/L n=12, < 1000 kU/L n=15), and
(C) plasma CCL27 (pg/mL), periostin (ng/mL), CCL17 (pg/mL), CCLI8 (ng/mL), CCL22
(pg/mL) and sIL-2R (ng/mL) (> 1000 kU/L n=22-28, < 1000 kU/L n=23-30) were compared
between high and low total IgE groups. CLA, cutaneous lymphocyte-associated antigen T
cells; Epi, epidermal cells suspension; HDM, house dust mite; M, untreated. *: p < .05; **: p <
015 %%k p <0015 #***: p <.0001.

73



PUBLICATIONS

Table S1. Patients’ clinical data.

Clinical characteristics Patients with AD N
Age 35.00 (26.00-45.50) 57

Female gender, no (%) 30 (53.57) 56
Years since AD diagnosis 22.50 (12.50-30.50) 54
SCORAD 59.45 (41.63-65.04) 46

EASI 24.15 (17.38-32.00) 54

IGA 3.00 (3.00-4.00) 56

Pruritus (VAS) 7.00 (6.50-9.00) 57
Eosinophilia (x103/uL) 0.52 (0.24-0.78) 50
Total IgE (kU/L) 885.5 (236.7-3248) 58

Sp IgE response (OD) 11057 (2117-18474) 58
Sp IgE > 100 kUAJ/L, no (%) 21 (36.21) 58
LDH (U/L) 197.0 (125.0-237.0) 32

Atopic comorbidities, no (%) 40 (71.43) 56
Rhinitis 31 (56.36) 55

Asthma 22 (40.00) 55
Conjunctivitis 23 (41.82) 55

Food allergy 13 (24.53) 53

Categorical variables are presented as counts {percentages) and numerical
variables are presented as medians (25th-75th percentiles). AD, atopic
dermatitis; EASI, eczema area and severity index; IGA, investigator’s global
assessment; LDH, lactate dehydrogenase; OD, optical density; SCORAD,
scoring atopic dermatitis; VAS, visual analogue scale.
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Table S2. FAM-labelled Tagman probes for quantitative real-time PCR.

Tagman probe

IL-13 Hs00174379_m1
IL4 Hs00174122_m1
IL-31 Hs01098710_m1
IL5 Hs01548712_g1

ccL17 Hs00171074_m1

CCL22 Hs01574247_m1

CCL26 Hs00171146_m1
TSLP Hs00263639_m1
IL-22 Hs01574154_m1
IL9 Hs00174125_m1
IL-A7A Hs00174383_m1
IL-17F Hs00369400_m1
IL-20 Hs00218888_m1
IL-21 Hs00222327_m1

CXCL8 | Hs00174103_m1
IFN-y Hs00174143_m1

CXCL10 | _Hs00171042_mf1
TNF-a Hs01113624_g1
IL-1a Hs00174092_m1
LCN2 Hs01008571_m1
LOR Hs01894962_s1
FLG Hs00856927_g1

RPLPO Hs99999902_m1
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For tables S3, S4 and S5 please download files from
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1124018/full.
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SUMMARY OF RESULTS

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 CLA7/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-y
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 CLA7/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 CD1la 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 1L-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 kKUA/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; Mdobus 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 Nicolas 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 VP 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
(TL-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-4Ra 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 Thl7-
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/Thl7 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-
v. The identification of two clinically homogeneous groups based on the SEB-

CLA*-IL-13 axis provides valuable insights into the heterogeneous nature of the
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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 1L-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 (FceRI) 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-317
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 FceRI 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 [L-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 TL-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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CONCLUSIONS

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 Thl.

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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Figure S1. Group 1 (IL-31 producing) patients show increased total IgE and sp IgE levels compared to
Group 2 (IL-31 non-producing) patients and controls, and Group 2 of patients still showed increased
total IgE and sp IgE levels compared to controls. Plasma levels of total IgE and sp IgE were compared
between Group | (n=17), Group 2 (n=41) and C (n=11) with Mann-Whitney test and represented with
median £ 95% confidence interval. C, controls; OD, optical density; sp IgE, specific IgE to house dust mite.
*p <.01; ***#*p <.0001.
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Figure S2. The SEB-CLA™-TL-13 axis identifies Th2 high and Th2 low responders based on the TL-13
cytokine, which has a pivotal role in atopic dermatitis pathogenesis. (A) SEB-specific TCR Vp regions
are preferentially expressed by atopic dermatitis CLA" T cells that, upon activation, induce a predominant
IL-13 response in the skin where abundant expression of IL-13Ral and [L-13Ra2 is found. Lesional skin
presents dominant IL-13 pathways, with increased IL-13 expression over IL-4, that are involved in skin
barrier dysfunction, dysbiosis, pruritus, inflammation, and fibrosis. Additionally, CLA* CD4* T cells from
atopic dermatitis patients present an epigenetic alteration for IL-13. (B) In the Th2 high group, in contrast to
the Th2 low group, the SEB-CLA" T-cell-1L-13 axis relates to patients’ severity and plasma levels of IgE to
S. aureus and sIL-2R. Only IL-13, but not other SEB-induced cytokines, correlates with levels of CCL17 in
plasma, which is the most reliable biomarker for atopic dermatitis and it is a ligand for CCR4 that attracts
circulating CLA™ CCR4" Th2 cells to the skin. Additionally, IL-13 directly correlates with CCL26 and
indirectly correlates with LCN2 mRNA expression in lesional skin. AMPs, antimicrobial peptides; APC,
antigen presenting cell; CLA, cutaneous lymphocyte-associated antigen; CNS, central nervous system;
EASI, eczema arca and severity index; MHC-II, major histocompatibility complex class II; S. aureus,
Staphylococcus aureus; SEB, staphylococcal enterotoxin B. Adapted from Sans-de San Nicolas et al. 2023.
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Figure S3. CLA* T cells produce IL-31 in response to HDM in relation to the degree of IgE
sensitization to allergen, and it is involved in several aspects of atopic dermatitis pathogenesis. (A)
Circulating CLA" T cells preferentially respond to HDM and share with infiltrating HDM-specific T cells
the same TCRB CDR3 regions. CD4* CLA" T cells are the most abundant lymphocytic population in the
lesions and major producers of IL-31, which is involved in inflammation, epidermal barrier dysfunction,
pruritus, neuronal growth and fibrosis. (B) The IL-31 response in vitro by circulating CLA" T cells
correlates with patient’s pruritus intensity and levels of CCL27 and periostin in plasma. Interestingly,
CCL27 in the stratum corneum is a biomarker of response to anti-IL-31Ro. therapy, and it binds to CCR10
that is preferentially expressed on CLA" T cells to promote migration of circulating CLA" T cells to the skin.
APC, antigen presenting cell; CLA, cutaneous lymphocyte-associated antigen; CNS, central nervous system;
HDM, house dust mite; HDM-sp IgE, IgE specific for house dust mite; MHC-II, major histocompatibility
complex class II. Adapted from Sans-de San Nicolas et al. 2023.
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Circulating memory T cells are heterogeneous in their tissue tropism. The skin-seeking
T cell subset expresses the cutaneous lymphocyte-associated antigen (CLA) on their
surface. CLA~ memory T cells not only migrate from blood to skin but also recirculate
between blood and skin. Studying CLAT memory T cells in cutaneous diseases has
allowed a better understanding of immune-inflammatory mechanisms that take place.
The analysis of the phenotypical features of these cells, their antigen specificity, cytokine
production profile, and changes in relationship to clinical status and therapies among
other characteristics have led to the concept that they constitute peripheral cellular
biomarkers in T cell-mediated cutaneous conditions. CLA  memory T cells are of
relevance in the pathogenesis of several cutaneous diseases, such as psoriasis (PSO),
atopic dermatitis, vitiligo, and drug-induced allergic reactions, to name a few. The
interaction of circulating CLA™ T cells with skin-resident cells has been investigated in
different ex vivo coculture models made out of clinical samples. Interestingly, microbes
that are present in the skin or related with human skin diseases are preferentially
recognized by CLA* T cells. Thus, the interaction of Streptococcus pyogenes with
CLA' T cells in PSO is providing novel concepts that help to understand disease
immunopathogenesis. The goal of this review is to present latest results in the field
of CLAT T cells in T cell-mediated inflammatory skin diseases and their translational
relevance for human immunodermatology.

kin-h

CLA* T cell, human, translational,

immunodermatology
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INTRODUCTION

The exislence ol a culaneous immune system in humans was
postulaled almost 50 years ago (1) and recenlly reformulated
(2). In order (o understand the adaplive immune response
regionally, for those human memory T cells thal belong Lo
Lthe culaneous immunily, a skin-specific cell marker would be
of greal help. The cutaneous lymphocyle-associaled antigen
(CLA) consliluLes a relevant marker that identifies the subsel of
memory T lymphocytes functionally related to skin physiology.
CLA was discovered in 1990 by serendipily as a cell surface
carbohydrate preferentially expressed by T cells present in
cutaneous inflamed tissues, bul no other organs (3). Since then,
a comprehensive number of scientific evidence described in
humans support Lhe role of CLA as a relevanl marker Lo identify
skin-associated memory T cells involved in T cell-mediated
cutaneous inflammalion, that provide translational information
in numerous different human skin diseases. CLA is more than
a mere cell surface carbohydrale (3), preferentially expressed on
CD45RO™ T cells, which binds (o endothelial E-seleclin and
mediales cell adhesion and transendothelial migration together
with olher molecules such as lymphocyle function-associaled
antigen-1 (LFA-1), very late activation anligen-4 (VLA-4), and
C-C chemokine receplor type 10 (CCRIO) (4). CLA*Y T
lymphocytes are found in circulation and in inflamed and healthy
skin bul not infiltraling other non-culaneous siles (3, 5). The
fact that some CLA™ T cells are found in circulation deserves
special allention due Lo the consequences of blocking LFA-1 in
patients with atopic dermatitis (AD) and psoriasis (PSO} (6, 7).
During Lrealment with efalizumab, palients present a circulaling
lymphocytosis of CLAT T cells, Tf the treatment is interrupted, a
(lare in disease occurs. One explanation Lo Lhis effectis thal CLA!
T cells recirculate between blood and skin during cutaneous
inflammalion, Blocking their extravasation through LFA-1 leads
to accumulation of those cells in blood, consequently when the
blockade is released the cells enter abruptly into lesions and
make flare. This mechanism of CLAT T cell recirculation has
important implications for the translational relevance of studying
circulating CLAY T cells in human inflammalory skin disorders
(Figure 1A). CLAY memory T cells participate in pathological
mechanisms ol inflammalory disorders by recognizing key
triggers of disease and producing cytokines that affect cells
ol the skin. The phenotype of those cells can reflect clinical
status of the patients. The goal of this review is to update this
information on circulating CLA ' T cells in difTerent human skin
inflammatory diseases.

PSORIASIS

In PSO, CLA* 'I' cells are contributing to understand the
pathological mechanisms from a translational point of view using
ex vivo studies with clinical samples. Although PSO is considered
Lo be triggered by cathelicidin (LL-37) (8) and interferon (IFN}-
alpha (9, 10), the translation of this mechanism into patients
is complex since anli-IFN-alpha (11}, anli-IFN-gamma (12),
and anti-1L-22 do not induce clinical improvement, to name
a few clinically invalidated mechanisms. Streptococcus pyogenes

(S. pyogenes) infection is the best characterized clinically relevant
trigger of PSO in patients (13). 'I'he molecular mechanism that
links S. pyogenes and IL-17 response is starting to be clarified
in PSO (14). Only CLAT memory T cclls, but not CLA™,
preferentially respond to S. pyogenes in an autologous coculture
of T cells and cutancous cpidermal cclls from patients with
PSO (15). Besides, patients with PSO who are negative for
antistreptolysin O (ASO) antibody present increascs levels of
immunoglobulin (Ig) A, but not IgG, to S. pyogesnes, which are
directly associated with CLA* T-cell-dependent 1L-17 responsc
to 8. pyogenes in vitro (16). These results suggest that increased
cxposure to S. pyogenes, as demonstrated by the presence of
specific humoral immune response even in patients with ASO
negative, upon recognition by CLAY I’ cells can fucl pathogenic
1L-17 production. Remarkably, similar association has been
recently described for Candida albicans, which is a potent
1L-23/1h17 inducer too (I7). Some other new mechanisms
in PSO relating CLAT 'I' cells and IL-17 have been recently
revealed. ‘The cytokine milieu present in psoriatic lesions can
influence IL-17 response by CLA™ 'I' cells. IL-15 and 1L-23, both
present in psoriatic lesions, have been shown to synergize with
CLAY 'I' cells and autologous epidermal cells to produce 1L-
17A and IL-17F in PSO. This phenomenon occurs without the
use of any exogenous stimulus, in a major histocompatibility
complex (MHC)-dependent way, and independently of resident
1 cells (18), but it does not take place using CLA™ ' cells
or cells from healthy controls. This is an cxample of how
psoriatic skin cytokine microenvironment interacts specifically
with skin-related memory 'I' cells generating the 1L-17 response
critical for PSO initiation and maintenance. IL-9 is another
cytokine studied in the context of CLA™ 'I' cells function in
PSO in the ex vivo coculture model with autologous epidermal
cells (19). Streptococcus pyogenes preferentially triggers 1L-9 in
CLAY I cells together with other mediators such IL-17A. In
contrast to the previous studies where 1L-9 is not induced by
natural stimulus, 1L-9 is produced in a time-dependent way and
not transiently. Interestingly, the neutralization of S. pyogenes-
induced IL-9 by CLAY ' cells decreased 1L-17A production
Dy 50%.

Furthermore, the descriptive analysis of 'I' cell subpopulations
in patients with PSO revealed differential role for CD4~ and
CD8™ 'I' lymphocyles, whereas CLA expression is associated
with skin recruitment of CD4* central memory 'I' cells (T'¢y),
particularly those CCR4~ and CCR6%, suggesting a specific role
for these cells in patrolling the skin compartment; CD8* I’
cells are more likely to accumulate in psoriatic skin and stay as
resident memory 'I' cells (I'rpg) (20). Still, there is a need for
psoriatic models, closely representing human discase, to be used
as drug screening platforms. Recently, Shin et al. (21) developed
psoriatic human 3D skin constructs (pHSCs) by incorporating
I cells, over the classical approach based on the use of patient
derived keratinocytes or fibroblasts treated with PSO-related
cytokines. As lymphocyle source, Lhey lesled in vitro polarized
Th1/1h17 cells and CCR6™ CLA™ 'I' cells from the patients with
PS0O, both of which showed psorialic phenotype on epidermal
cells along with disease-associated cytokine profile. [nterestingly,
when different psorialic drugs were Lested, those pHSCs wilh
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CCR6' CLAY T cells responded differently to the ones with
in vitro polarized Th1/Th17 cells, highlighting the relevance of
using patient-CLA ' T cells to better address and even anticipate
specific therapeutical responses in vifro, moving one step forward
to personalized medicine in PSO field.

The CLA! lymphocytes have been extensively studied in
the context of PSO disease, as last reviewed here (22). The
importance of CLA' T cells in PSO resides not only in their
contribution to lesion formation but also in their role as
peripheral biomarkers of successful treatment, as it has been
confirmed by recent studies. For example, a significant reduction
of circulating CLA! T cell, as well as T-6 and T1-22, has
been associated with clinical efficacy after anti-tumor necrosis
factor (TNF)-alpha treatment (23). Similarly, a reduction on
the number of CLA! Th17/Tc17 and Th22/Tc22 cells was
observed after 6 weeks of phototherapy and balneotherapy, which
positively correlated with the reduction on PSO area and severity
index (PAST) score (24),

ATOPIC DERMATITIS

‘The CLA* 'I' cells are involved in initiation and perpetuation
of AD (25), as they are functionally related to cutaneous
inflammation {4, 26). Recent blood phenotyping studics on
peripheral blood mononuclear cells from patients with AD and
healthy controls (HC) have illustrated increased percentage of
CLAT memory 'I cells in moderate to-severe patients with AD
compared with age-matched HC, but a decrease with increasing
age only in patients with AD (27, 28). 'T'he expansion of CLAY
I' cells is accompanied by predominance of CLA™ Th2/1c2 and
Th22/1€22 response in AD. Although CLAY Th2 cell counts are
similarly increased across all ages and are significantly higher
than HC, CLA™ 'I'h22 cell counls increase with age only in
AD and its levels are also higher than that in HC (27-29).
CLAY 'I'h22 levels correlate wilh severily paramelers [scoring
atopic dermatitis (SCORAD) and eczema area and severity
index], pruritus, and 1L-17-producing cells (29, 30). CLAT 1L-
137 'I' cells positively correlate with SCORAD, serum IgE levels,
and 1L-22 frequencies (27). Regarding Thl/lcl cell subsets,
AD is characterized by decreased CLAT Thl/lcl frequencies
in conjunction with negative correlations between CLAF [EN-
gamma™ 1 cells and SCORAD, and CLA* 1L-13% and IL-22%
populations. CLAT 'Th1 frequencies increase with age both in AD
and HC, but do not reach the HC levels, and they are associated
with disease duration. All these data support an imbalanced
CLAY Th1:1h2 cell ratio that increases with age both in AD and
HC, but remains decreased in AD (27-29).

The expression of the indicator of 'I' cell mid activation,
inducible costimulatory molecule (ICOS), has been reported
lo be enhanced both in CLA™ and CLA™ memory 'I' cell

subsets in patients with AT compared to HC and patients with
PSO, predominantly in the skin-homing subset, and correlates
with SCORAD. Tn contrast, the expression of human leukocyte
antigen (HLA)-DR, the chronic T cell activation MHC class 11
antigen, is similar in infants regardless AD status, but increases
with age reaching high levels in adult patients with AD vy,
HC and patients with PSO, particularly among CLA ™ T cell
population, which correlates with SCORAD (28, 29, 31). Besides,
frequencies of CLA ' regulatory T cells (Tyegs) are higher in AD
compared with HC and patients with PSO, and they correlate
with both TCOS and HLA-DR, and alse with clinical parameters
(SCORAD and TgE levels) (31). Tntriguingly, OX40, another
costimulatory molecule predominantly expressed on T cells and
required for long-term memory responses, is mainly expressed
by CLA! memory T cells in both patients with AD and HC
(32). A recent epigenetic report has extended the knowledge
on the CLA' T cells of male adult patients with severe AD
and allergen-specific TgE sensitization (33). Peripheral blood
mononuclear cells sorted into four different T cell populations
(CD8 ", CD4', CD4' CD45RA', and CD4' CLA') have
revealed differentially DNA methylations in 40 protein-coding
genes in the CD4 CLA " subset in patients with AD vs. HC.
Among them, IL-13 gene promoter shows decreased methylation
levels, which negatively correlate with TL13 mRNA expression
levels in this subset.

VITILIGO

Melanocyte specific circulating memory CD8' CLA™ 1 cells
induce melanocyte apoptosis, together with other mechanisms,
such as cell detachment triggered by E-cadherin disruption
(34), contribute to melanocyte loss and the development of
depigmented skin lesions in vililigo. Several blood endolyping
studies have depicted that patients with vitiligo have low
frequencies of circulating CD4/CD8™ CLA™ I'pm/Tem cells
compared to patients with ’SO, being similar to HC, supporting
that CLA* I’ cells migrate to the skin (35, 36). Within ‘I cell
subsets, patients with vitiligo have the highest frequency of
CD47/CD8T CLA™ I cells producing IFN-gamma compared
with patients with AD, PSO, and alopecia areata (AA), and HC
(35), supporting that vitiligo is caused by a type 1 'I' cell response
(37, 38). Consistent with the literature describing CD8* 'I' cell
role in melanocytes death under 1FN-gamma stimulation, CD8*
CLAY 1 cell population producing 1FN-gamma predominates
aver CD4T CLAY I’ cell subset in patients with vitiligo (35).
Interestingly, the same study showed the highest [requency of
CD4~/CD8* CLAT "I cells producing IL-9 in patients with
vitiligo in comparison with palienls with AD, PSO, and AA
and HC, pointing out for the first time a possible role for 1L
9 on the physiopathology of vitiligo. Furthermore, Th17 subset,
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cither CLA or CLA™, was also increased in vitiligo compared
to patients with HC, AD and, surprisingly, with PSO, a disease
associated to be driven by IL-17 activation. Regarding CLAT
Th22 subsct, it was also augmented in patients with vitiligo
compared to patients with PSO and HC (35). In accordance
to this fact, 1L-22 has been reported to participate in the
pathogenesis of vitiligo, as it promotes IL-1p sccretion from
keratinocytes what cause the suppression of melanogencsis and
melanocyte migration as well as the induction of melanocyte
apoptosis (39). The active participation of autorcactive CD§*
1 cells in vitiligo indicates that immune tolerance has been
disrupted. Scveral studies have shown that patients with vitiligo
have a reduced amount of infiltrating Iy in non-lesional,
perilesional, and lesional skin (40, 41). Patients with vitiligo
also have fewer amounts of total circulating 'I'rys compared to
patients with AL and SO, the difference being not that obvious
in the CLAT Ty subset (35).

ALOPECIA AREATA

The CLA relevance in AA in humans was first revealed by
fano et al. (42), describing higher positivity in peripheral blood
mononuclear cells, CD4™ and CD8* lymphocytes from AA
compared with HC, and that CLA positivity negatively correlated
with clinical improvement. Later, phenotyping rescarch on
peripheral blood mononuclear cells described that CLA*/~ Th2-
cell frequencies arc similar between patients with AA and AD,
both higher than HC, and they correlate with AA severity;
however, skin-homing ‘lc2 and '1'h22 are significantly higher
in AA vs. HC (43). Also, the positive correlations have been
reported not only between CLAT 'Th2/1c2 and Th22/1c22 but
also between CLA™ 'Th17/1cl7 and Th22/1¢22, particularly in
the CD8* subset. Ln addition to this, skin-homing CD4F/CD8§*
T'ear-cell counts are higher in patients with AA, compared with
HC and patients with AD, unlike CD4+/CD8* Iy frequencies,
and CD4™, but not CD87, subset shows HLA-DR activation
in ey cells. Regarding Ly cells, diminished frequencies of
total and CLA™ 'y, have been described in patients with AA
compared to HC and patients with AD, which correlate with
skin-homing Th9, Th2/1¢c2, Ic17, and '[22 counts.

B

OTHER INFLAMMATORY SKIN DISEASES

1n lichen planus, there is an accumulation of CLA™ 'I' cells in
the epithelium of the buccal mucosa in oral lichen planus (OLP),
and in the cpidermis of skin biopsies in cutancous lichen planus
(CLP} (44). Increased L-selectin expression in lesional biopsies
from OLP over perilesional tissue, together with a significantly
higher proportion of CD8F CLAY 'I' cells were observed by
the immunohistochemical analysis. It has been shown cutaneous
I cell-attracting chemokine (CTACK, also CCL27) secretion
by oral keratinocytes, which increased in the presence of [FN-
gamma and actively attracted CLA™ memory T cells to the
oral epithelium. Although both normal oral mucosa and lesions
from chronic OLP showed low levels of CTACK expression,
it may still play a role in early recrnitment of 'I' cells and
immunopathogenesis of QLP (45).

Although the role of CLA™ I cells in non-immediate drug-
induced cutaneous reactions was first reported two decades ago
(46), there is still a lot to learn about them in drug allergy.
Recently, it has been shown that in drug rash with cosinophilia
and systemic symptoms (DRLSS) (47), IL-4 and IL-13 producing
CD4~ T cells arc increased during active discase and decline
with recovery, pointing at the relevance of CLAT 'Th2 cells in
the pathogenesis of DRESS. In B-lactam hypersensitivity, a new
I cell subset has been proposed, in which blood- and skin-
derived clones specific for piperacillin cxpressed high levels of
skin-homing chemokine receptors and migrated in the presence
of the ligands CCL27 (48).

DISCUSSION

The involvement of CLAY T cells in different inflammatory skin
disorders, with diverse pathological immunological mechanisms,
makes them interesting for human dermatology (Figure 1B).
Also, circulating memory CLA! T cells specific for disease
relevant antigens/allergens have reported, for example, S.
pyogenes in PSO (22) or house dust mite and Staphylococcus
aureys enterotoxin B in AD (4), Despite the functional relevance
of memory CLA! T cells has been better described in PSO and
AD (4, 22, 49); their potential role in other T cell-mediated skin
conditions is still to be fully investigated. Various approaches
that involve minimal manipulation of those cells are providing
immunological information that relates to clinic in a translational
way. Although animal models and complex in vitro models
are providing important information to understand human
inflammatory skin disorders, there is a need to use clinical human
samples to gather genetic background and real diseased skin
cells of patients (50). For example, animal models cannot reflect
the immune response present in patients after several years of
chronic cutaneous inflammation and numerous flares, Different
aspects can influence the immune response in inflammatory skin
diseases such as genetic background, disease endotype/patient
heterogeneity, local antigen presentation by human epidermal
cells, impact of environmental triggers of disease, or neurogenic
inflammation. This integrated view is the approach that CLA - T
cells exploration follows.

Nonetheless, the interplay between circulating and tissue-
resident CLA! T cells should be further addressed. Particularly
since the latter have been described to persist in resolved skin
after treatment and to be involved in the recurrence of cutaneous
lesions in PSO, vitiligo, or fixed drug eruptions (51).

We are clearly still at the top of the iceberg unraveling the
information that those lymphocytes can provide for human
inflammatory cutaneous conditions. For all these translational
capacities, circulating memory CLA' T cells can be proposed
as peripheral cellular biomarkers in human inflammatory
skin disorders.
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1 | CLA EXPRESSION ON HUMAN T CELLS
AND SKIN

The cutaneous lymphocyte-associated antigen (CLA) is a cell sur-
face molecule preferentially expressed on human memory T cells
infiltrating skin (over 90% of skin infiltrating T cells), in inflamed and
non-inflamed situations, that it is not expressed on T cells infiltrating
extra-cutaneous sites." CLA is a carbohydrate, a modified form of
sialyl Lewis X antigen,2 and is an epitope of the surface protein P-
selectin glycoprotein ligand-1 {PSGL-1).% It can be found on different
human T-cell populations such as CD45RO™ memory CD4* and CD8™
T cells, effector/central T cells* and it is expressed on about 15% of
peripheral blood T cells of healthy individuals.! In human CDR45RO
T cells CLA is upregulated during the naive to memory transition by
fucosyltransferase VII.” Other T-cell subsets such as Vy9Vs2 T cells®
and NKG2D~ CD8" T cells” express CLA. In addition, CLA is also
expressed by regulatory T cells [T,eg).” Type 2 innate lymphoid cells
(ILC)2? and ILC3,%° and effector memory B cells.!? Nevertheless, at
present, the functional implications in atopic dermatitis (AD) of other
T-cell types expressing CLA, besides the CD45RO" subset, have not
been clarified. CLA has been shown to be induced by the effect of
interleukin (IL)-12 on freshly generated helper T cells (Th)1/cytotoxic
T cells (Tc)1 and Th2/Te2 cells,* ex vivo in human Th2 cells, ™ as well

as, by staphylococcal enterotoxin B (SEB).1*

1.1 | CLA* Tcells in skin migration and skin-blood
recirculation

Most T cells that home to skin are of the CD45RO" phenotype and
express CLA." CLA functions as an adhesion molecule when is rec-
ognized by the lectin domain of the E-selectin present on endothelial
cells.*** Additional molecular interactions are required to mediate
transendothelial migration of CLA* T cells through the superficial

1817 Adhesion interactions (lymphocyte function-

vascular plexus.
associated antigen-1 (LFA-1)/intercellular adhesion molecule-1 (ICAM-
1), and very late antigen-4 (VLA-4)/vascular cell adhesion molecule-1
(VCAM-1)) together with chemokines binding to their receptors are
necessary (Figure 1). The keratinocyte-derived C-C chemokine ligand
(CCL)27/CTACK (T cell-attracting chemokine) binds to C-C motif
chemokine receptor (CCR)10, that is preferentially expressed on CLA'
T cells.*®*7 Similarly, CCL17/TARC (thymus and activation-regulated
chemokine), one of the best biomarkers of AD,?” binds to CCR4, which
is preferentially expressed by CD4* CLA™ memory T cells.?
Efalizumab, a LFA-1 targeting monoclonal antibody {Mab) that
blocks the LFA-1/ICAM-1 interaction, was formerly a candidate
medication for AD that led to clinical improvement?? and reduction
of cutaneous CLA' memory T cells.?” During treatment, patients
developed a secondary CLA™ lymphocytosis that, after treatment
discontinuation, led to disease exacerbation. Such phenomenon
demonstrated normal T cell recirculation/turnover between pe-
ripheral tissues (e.g., skin) and blood. In that context, inflammatory

tissue "resident” memory T cells can migrate back from the skin to

the blood? and display a CLA' Th2 signature with increased expres-
sion of GATA3 and IL-13.%° Thus, the relevance of circulating CLA*
T cells in dermatology not only relies on their capacity to selectively
migrate to skin, but also on their de-homing ability (Figure 1), im-
plying that these circulating memory T cells might reflect cutane-
ous immune responses.?® Consistently, it has been shown that CLA*
memory/effector T cells can be found in draining lymphatics of the
skin. 2”27 This feature, added to the positive correlation between the
phenotype and amount of circulating CLA™ T cells and AD severity,
and the abundant infiltrates of CLA* T cells in AD lesional skin (com-
pared to controls),’® suggests that circulating CLA* T cells may serve
as cellular peripheral biomarkers in AD.5

CLA' T cells also represent activated immune cells that can
migrate to various tissues and induce an inflammatory response.
Similar types of cellular migration have been demonstrated in the
circulation of patients with various chronic inflammatory diseas-
es.927%% Allergen-specific T cells have been reported at a frequency
of one in 10*-10° T cells; however, a Type 2 immune response in al-
lergies and asthma is not solely confined to allergen-specific T cells.
It harbors a wider skew in immune response including skin-homing
CLA™ Type 2 T cells, chemokine receptor Th2 (CRTH2)-expressing
type T cells, ILC2, B cells and CRTH2* eosinophils.****** The mi-
gration of activated T cells to other target organs of inflammation
has been demonstrated in food allergen-specific and skin-homing T
cells that are sensitized in the gut and can migrate into the skin caus-
ing AD Circulating T cells are highly active in polyallergic patients
and express chemokine receptors for the migration to many differ-
ent tissues.”” Such a mechanism could be responsible for the atopic
march of allergic diseases in the sequential order of AD, food allergy,
asthma, and allergic rhinitis. 3837

These findings are in line with the epithelial barrier theory that
proposes that environmental exposure to certain substances, such
as detergents, surfactants, toothpastes, food emulsifiers and ad-
ditives, cigarette smoke, particulate matter, diesel exhaust, ozone,
nanoparticles and microplastics, might be toxic to our cells.*42
CLA' T cells have been proposed to be activated in the gut and mi-
grate to skin. Disturbed gut barriers by environmental substances
may lead to local T cells activation, which gain a skin-homing ca-
pacity and migrate to AD skin. The barrier theory describes that
pathogen colonization, particularly Staphylococcus aureus (S. aureus),
altered microbiota diversity, local inflammation, and incorrect regen-
eration and remodelling, take place in tissues with a compromised
epithelial barrier. A myriad of chronic inflammatory diseases develop
and worsen as a consequence of inflammatory cells migration to re-
mote tissues, which also contributes to tissue damage and inflamma-
tion in distant organs.*

1.2 | CLA* Tcells in the human cutaneous
immune response

The skin-associated lymphoid tissue (SALT) was proposed by J. W.

Streilein 40years ago based on several pieces of evidence, among
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FIGURE 1 Circulating CLA* memory T cells in the pathological mechanisms of AD. Skin-homing CLA* T cells migrate into the skin (A) i
through a multistep process based on molecular interactions of CLA, LFA-1 and VLA-4 expressed on T cells, with E-selectin, ICAM-1 and
VCAM-1 respectively, present on cutaneous endothelial cells. Additional interactions between CCR4 and CCR10 expressed on CLA™ T cells, :
and their ligands CCL17 and CCL27 respectively, produced by keratinocytes, are required during this process. Local activation of CLA*

T cells (B) implies their involvement in the cutaneous immune response and, by virtue of their de-homing (C) and skin-blood recirculation
capacities (D), they reflect in the periphery the cutaneous abnormalities present in AD lesions, including S. aureus related mechanisms,
abnormal Th2 immune response dominated by IL-13, and pruritogenic IL-31. Interestingly, an early effect of dupilumab in AD treated
patients is only reflected on circulating CLA™, but not CLA™, CD4~ CCR4‘ T cells. APC, antigen presenting cell; CLA, cutaneous lymphocyte-
associated antigen; HDM, house dust mite; MHC, major hi: : S. aureus, occus aureus; SEB, staphylococcal
enterotoxin B; TCR, T-cell receptor.

TABLE 1 Similarities of skin-associated lymphoid tissues (SALT) and CLA* T cells properties.

SALT* properties CLA" T cells properties

Only a subset of T cells displays skin affinity.
Skin-related lymphocytes produce immunoregulatory molecules.

Immune recognition of antigen in the skin.

Selective skin homing.
Memory phenotype with broad capacity for cytokine production.

Preferentially respond to antigens related to skin.

Abbreviations: CLA, cutaneous lymphocyte-associated antigen: SALT, skin-associated lymphoid tissues.

others, the existence of T cells with skin affinity and the ability to
recognize skin-associated antigens.* Based on the skin tropism, recir-
culation, and specific responses of CLA™ T cells, it may be considered

that this population constitutes the subset of CD45RO™ population
that is closer to SALT features and may be contemplated representa-

tive of the skin-associated adaptive inmune system (Table 1).**
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Since the discovery of the CLA antigen numerous human stud-
ies have confirmed the implication of circulating CLA*, but not
CLA , memory T cells in diverse T cell-mediated cutaneous dis-
eases with various pathological mechanisms. In this sense, circu-
lating CLA* T cells respond to antigens, allergens, viruses, bacterial
superantigens and drugs, and their phenotype has been reported
to correlate with the clinical activity and response to treatment of
cutaneous diseases (Table 2).%* For instance, in cutaneous T-cell
lymphoma, CLA is expressed on tumorigenic CCR4* CD4* T cells™®;
in dengue, CLA is upregulated in virus-specific effector CD4~ and
CD8* T cell populations the day before defervescence®; in herpes
simplex, CLA is selectively expressed on circulating virus-specific
CD8' T cells, which are involved in viral clearance in the skin“; in
papuloerythroderma, circulating CD4" and CD8™ T cells preferen-
tially express the CLA marker and produce IL-4, 1L-13, IL-22 and IL-
31, that decrease after clinical remission®; and in plaque psoriasis,
the response to Streptococcus pyogenes is confined to CLA* T cells
with an IL-17 response that correlates with the clinical status of the

patients."’[’

2 | CLA"TCELLSINAD

AD is characterized by a compromised skin barrier, abnormal cuta-
neous immune responses, altered microbiota, and intense pruritus.
Translational knowledge derived from the efficacy and mechanism
of targeted therapies in AD patients has allowed identifying key dis-
ease pathways, such as Th2-derived cytokines IL-13, IL-4 and IL-31
and 11-22.51%% The majority of infiltrating cells in AD lesional skin are

CD3' CD4' CD45RO' CLA' T cells, *¢* which are related to differ-
ent aspects of AD, including clinical features, response to treatment,
and biomarkers (Figure 1).

21 | CLA™ Tcells in the clinical context of the
AD patient

Circulating CD4™ and CD8* CLA™ T cells from AD patients express
increased levels of CD25, CD40 ligand, human leucocyte antigen
(HLA)-DR and inducible T cell costimulator {ICOS),*%*2%° and spon-
taneously proliferate due to their in vivo activation phenotype.
Additionally, long term T-cell HLA-DR activation in skin-homing
cells is increased in adults with AD compared to psoriasis patients
or controls.”® Circulating CD4* and CD8* CLA™ T cells also express
the major Type 2 cytokines IL-4, IL-5, and IL-13° as well as, IL-9,
IL-17A, 1L-21 1L-22, IL-31, interferon (IFN)-y, tumor necrosis factor
(TNF)-«, and granulocyte macrophage colony-stimulating factor
(GM-CSF).%67-%7

CLA™ T cells contribute to Th2 immune response by induction
of immunoglobulin {Ig)E production by B cells and enhance eosino-
phil survival,#24*7® Production of IFN-y by skin-homing T cells is one
of the main mechanisms of eczema formation due to keratinocyte
apoptosis. IFN-y is mainly induced by IL-12, an important mediator
for the direction of the immune response towards IFN-y produc-
tion. IL-12 is produced by keratinocytes and dendritic cells in the
microenvironment.””2

Patients with AD show increased frequencies of CLA expres-
sion and selective CLA' Th2/Tc2 and Th22/Tc22 expansion,

TABLE 2 Relationship between CLA' T cell biology and skin diseases besides atopic dermatitis.

Human skin diseases

Acute graft versus-host disease
Allergic contact dermatitis
Alopecia areata

Cutaneous T-cell lymphoma
Drug-induced allergic reactions
Guttate psoriasis

Herpes Simplex

Leprosy

Lichen planus

Melanoma
Papuloerythroderma

Plague Psoriasis

Rosacea

Scleroderma

Skin dengue infection

Vitiligo

Abbreviation: CLA, cutaneous lymphocyte-associated antigen.

Streptococcus pyogenes induces Th17 response,

CD8" T anli-viral response.”

Involvement of CLA™ T cells

Upregulated expression of CLA on CD38" " CD8* T cells.*
Response to nickel, cobalt. and chromium metal allergy.”
Th2/Tc2 activation.””

CLA expression on tumorigenic CCR4* CD4* T lymphocytes.”®

Response to drugs.*

50

1

Antigen-specific response.”

CLA* T cells are present in lesions of oral lichen planus and oral lichenoid reactions.”®

Skin metastasis and response to therapy,“

Higher proportion than CLA™ of IL-4, IL-13, IL-22 and IL-31 production.®®

Response to Streptococcus pyogenes and relation with clinical status.*®

Response to demodex”’

CD8' CLA' T cells producing IL-13 accumulate in lesions and produce cytotoxic granules.*®
Response to Dengue.>’

Response to autoantigens.*®
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accompanied by selective CLA' Th1/Tcl reduction in blood.®®
Focusing on memory subsets, applying CLA positivity classifica-
tion, AD immune activation involves not only of CLA™ T cells but
also of CLA™ or ‘systemic’ T-cell subset. Compared to psoriasis,
another inflammatory skin disease,”® ‘systemic'/CLA™ and more
prominently CLA* CD45RO*CCR7" central memory (T, ) and CLA™
CD45R0O'CCR7" effector memory {T.) T cells were significantly
more activated in AD patients.” Additionally, frequencies of 1L-13-
producing CLA™ T cells and circulating CLA* T, and T, cells signifi-
cantly correlated with disease severity and total IgE levels in serum
of AD patients, exemplifying how CLA™ frequencies may reflect
several disease aspects. One such blood phenotyping study com-
paring adults and children with AD showed that in young children
of less than Syears old there is a dominant signature of CLA™ Th2
cells, with CLA* Th1 reductions, while other immune changes build
up with time and disease chronicity.” These results point to the Th2
dominance in early AD and support the importance of addressing
this immune axis when treating young populations.

Exacerbations of AD are occasionally associated with exogenous
environmental triggers.” The defective skin barrier prompts aller-
gen/antigen penetration leading to specific responses of cutaneous
T lymphocytes. The response to allergens such as house dust mite
(HDM) is restricted to CLA* T cells in AD.”® Intriguingly, a recent
study has shown that the T-cell receptor (TCR) repertoire of circulat-
ing allergen-specific CLA, but no CLA , T cells highly overlaps with
that found in T cells infiltrating AD lesions,™ raising evidence for
circulating CLA* T cells as relevant T cells infiltrating the skin that
respond to allergens locally.

Epigenetic modifications have been suggested as possible con-
tributors to AD pathogenesis.”® Acevedo et al. showed that in AD
patients, CD4" CLA* memory T cells are characterized by dysreg-
ulated epigenetic signatures affecting key cytokine signaling path-
ways, with a reduced DNA methylation in the upstream region of
IL13 gene that correlates with increased IL13 mRNA expression in
these cells. Based on this, the epigenetic alteration in the 1L13 pro-
moter may account for the augmented ability of CD4' CLA' T cells
to produce 11-13 in AD.”" Altogether these data suggest that CLA™
T cells play a central role in the initiation and perpetuation of AD.””

2.2 | S.aureusand CLA" T cell interaction in AD

P 90% AD lesional
and non-lesional skin compared to only 10% of healthy subjects78
and is linked to AD flare up.”® Staphylococcus aureus is involved in

microbial dysbiosis, skin barrier abnormalities and T cell-mediated

aureus i approxi y

inflammation.” Importantly, S. aureus-colonized AD patients have a
distinct phenotype and endotype with more severe disease.*” SEB
superantigen (Sag) is the most prevalent in AD®" and it is associated
with disease severity.®? Application of SEB to intact AD skin induces
dermatitis.® There is a strong mechanistic association between Sags
and CLA* T cells, since S. aureus-reactive TCR Vf skewing is found

‘Allerqy Wi LEYJ—5

preferentially in circulating CD4' and CD8' CLA' T cells from AD
patients and not controls,**** and an increased percentage of CLA*
T cells bearing TCR VJ for S. aureus Sags is found in children with
AD.E&

Sags, compared to conventional antigens, induce T-cell expres-
sion of CLA via an IL-12 dependent mechanism and contribute to
AD skin inflammation by activating large numbers of T cells in le-
sional skin. This process is important in increasing the population of
memory T cells that are capable of efficient extravasation to skin and
maintaining continuous T-cell activation in the skin and thus perpet-
uate AD lesions even when the initiating allergen cannot be demon-
strated or absent from the current environment. In a coculture model
between circulating memory T cells and autologous epidermal cells
from AD lesions, SEB induced preferential activation of CLA™, rather
than CLA, T cells leading to broad production of T-cell-derived me-
diators present in AD lesions (IL-13, IL-4, IL-17A, and IL-22), with IL-
13 the highest Th2 cytokine produced.”” This goes in line with the
dominant IL-13 pathways,®® as well as the increased 1-13 protein
expression over 1L4,%” found in AD lesional skin. Furthermore, the
same study reported that IL-13 was the only mediator that positively
correlated with patients' eczema area and severity index (EASI),
plasma levels of CCL17 and IgE against S. aureus, and CCL26 mRNA
expression in cutaneous lesions (Figure 2).*” Overall, these data are
supported by the fact that IL-13 is the key Th2 cytokine with a wide
impact on disease pathogenesis.”® a-toxin, which is also produced
by S. aureus, has also been reported to induce an enhanced IL-22
secretion by peripheral blood mononuclear cells and CD4™ T cells
from AD patients compared to patients with psoriasis and controls.”*

2.3 | CLA* T cell relationship with AD
biomarkers and targeted therapies

While AD diagnosis is still mostly based on clinical criteria, there is
an ongoing search for reproducible, minimally invasive, reliable, and
valid biomarkers.?*”? Over 100 different markers have been sug-
gested as biomarkers in AD. The most reliable biomarker reported
is serum CCL17.%°

The CLA* T cells and CCL17 functions are related mechanisms
in AD (Figure 2), since CCR4, the receptor for CCL17, is preferen-
tially expressed on circulating CLA' CD4 memory T cells?! and
Tug.” In support of this, CLA" memory Th2 cells from AD patients
selectively migrate to human skin grafts transplanted onto se-
vere combined immunodeficient mice in response to CCR4.>* Two
independent pediatric studies have shown that increased levels
of skin CCL17 may predict AD development in infancy.”**® The
preferential Th2 response by CLA T cells,* along with the link
between skin CCL17 and disease development and the positive
correlation between serum CCL17 and disease severity,”” is in line
with the pathological role of CLA™ T cells in pediatric AD popula-
tion. In addition, in adults a recent phase 1b study has shown that
the oral CCR4-antagonist RPT193 led to clinical improvement in
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FIGURE 2 IL-13, SEB and CCL17 mechanisms meet in CLA' T cell biology in AD. SEB-specific TCR Vi are preferentially expressed by
CLA* T cells that upon activation induce a predominant IL-13 response in the skin where abundant expression of IL-13Ra1 and IL-13Ra2

is found. Lesional skin presents dominant IL-13 pathways, with increased 1L-13 expression over |L-4, that are involved in skin barrier
dysfunction, dysbiosis, pruritus, inflammation, and fibrosis. CLA™ CD4™ T cells in AD present an epigenetic alteration for IL-13, and the
SEB-CLA" T-cell-1L-13 axis relates to patients' severity and plasma levels of IgE to S. aureus. Only IL-13, but not other SEB-induced cytokines,
correlates with plasma levels of CCL17, one of the best biomarkers for AD, which is a ligand for CCR4 that attracts circulating CLA' CD4'
CCR4' Th2 cells to skin. Additionally, IL-13 correlates with CCL26 mRNA expression in lesional skin. AMPs, antimicrobial peptides; APC,
antigen presenting cell; CLA, cutaneous lymphocyte-associated antigen; CNS, central nervous system; EASI, eczema area and severity index;
MHC-II, major histocompatibility complex class II; S. aureus, Staphylococcus aureus; SEB, staphylococcal enterotoxin B.

moderate-to-severe AD.” On its behalf, CCL27, that is a CLA™ T
cells attracting chemokine, has been shown to be increased in the
stratum corneum and associated with disease severity in pediatric
AD.”?

One potential issue for biomarkers in AD is that they differ
among diverse populations. Circulating CLA™ T cells have been
shown to correlate with AD immune skewing across ages and ethnic-
ities, and thus their applicability is not limited by disease chronicity
and/or patient demographics. Other suggested biomarkers include
E-selectin, CCL22/MDC (macrophage-derived chemokine), lactate
dehydrogenase (LDH), IL-18, IL-13, among others.?® Serum IgE, com-
monly measured in AD patients, was suggested as a disease bio-
marker, however it is only moderately correlated with AD severity,
and while CLA is applicable in both intrinsic (normal IgE levels) and
extrinsic (high IgE levels) AD patients, IgE measures and correlations
with disease severity are mainly relevant in extrinsic AD patients,'™
a fact that limits its use as a biomarker.

Another consideration is the accessibility to the biomarker
(blood, skin, tape stripping etc.). along with the requisite for repeated

sampling. Biomarkers obtained from tape stripping or skin biopsies,

as well as biomarkers that correlate with AD comorbidities, were in-
vestigated. X! The fact that CLA' T cells are effortlessly extracted
from peripheral blood tests puts them under the category of min-
imally invasive biomarkers.’® Moreover, their ability to predict and
monitor therapeutic responses reinforces their potential as cellular
peripheral biomarkers in AD.*! The fully human monoclonal 18G4
antibody dupilumab was shown to improve clinical, molecular and
barrier measures in moderate-to-severe AD patients. Bakker et al.
showed a significant reduction in the proliferation (Ki67 positivity)
and decrease in production of IL-4, IL-5, IL-13, and [L-22 before and
during treatment with dupilumab, limited to circulating CD4~ CLA*
T cells, supporting CLA* T-cell responses as a surrogate measure to
dupilumab efficacy.}*#** Besides this, recent multiparametric flow
cytometry studies identified increased IL-13' CLA' cells in AD pa-
tients treated with dupilumab during clinical remission when com-
pared to healthy controls.'®’

The OX40-0OX40L axis has recently attracted attention in AD due
to the improvements shown for both anti-OX40 depleting antibod-
ies telazorlimab (GBR 830)1%° and rocatinlimab (KHK4083),1¢ added
(KY1005)

I Hod

|
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to the non-depleting
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FIGURE 3 HDM specifically induces CLA™ T cell IL-31, which correlates with patient's pruritus. Circulating CLA™ T cells preferentially
respond to HDM and share with infiltrating HDM-specific T cells same TCRB CDR3 regions. CD4* CLA* T cells are the most abundant
lymphocytic population in AD lesions and major producers of IL-31. HDM-induced IL-31 by circulating CLA' T cells correlates with patient's
pruritus intensity, and plasma levels of periostin, in patients with HDM-specific IgE. Additionally, plasma levels of the keratinocyte-derived
chemokine CCL27, a ligand for CCR10 that is preferentially expressed by CLA* T cells, correlate with HDM-induced CLA* T cell IL-31
response. Interestingly, CCL27 in the stratum corneum is a biomarker of response to anti-IL31RA therapy in AD. APC, antigen presenting
cell; CLA, cutaneous lymphocyte-associated antigen; CNS, central nervous system; HDM, house dust mite; HDM-sp IgE, IgE specific for

house dust mite; MHC-II, major histocompatibility complex class II.

that binds to OX40L present on antigen presenting cells.,'” The
OX40-OX40L interaction is involved in long-term and optimal cell
activation of CD4* T cells and favors expansion and survival of Th2
cells.*** OX40 is highly expressed by CLA* CD45RO* CD4* T cells
in AD patients.”® CLA' T
press increased levels of OX40 compared to healthy controls and
correlates with disease severity.'®”"'?

IL-31 is a neuroimmune cytokine that was originally described
as mainly produced by CLA* memory Th2 cells in AD,****"1*2 with
implications in pruritus, inflammation, fibrosis and epidermal barrier

population from AD patients also ex-

IL-31-directed therapies.'"" Interestingly, patients with elevated
IgE levels (>1000kU/L) display increased expression of IL-31RA on
memory B cells,'*” supporting the association between IL-31 and IgE
sensitization.

Th2 high and Th2 low endotypes have been hypothesized, sup-
ported by proteomict® and transcriptomic studies,*t” as well as
differentiated responses to Th2-targeted therapies, and similarly to
asthma. A recent coculture model defined the SEB-CLA* memory
T-cell-IL-13 axis to functionally distinguish Th2 high and Th2 low re-
sponders within a clinically homogeneous adult moderate-to-severe
AD I

dysfunction.!'® Although there is an anti-IL31RA Mab i ;

in phase |ll for AD, the production of IL-31 and its relationship with
the clinical status of the patients has not been characterized. A re-
cent study has shown for the first time that in patients producing
IL-31 by HDM-activated CLA™ memory T cells, IL-31 directly cor-
related with patients’ pruritus intensity, which was measured 24h
prior to sample collection, and plasma levels of periostin. The IL-
31 response positively correlated with CCL27 plasma levels too
(Figure 3), which is supported by the fact that stratum corneum
CCL27 constitutes a biomarker of response to nemolizumab.***
Additionally, it was suggested that plasma levels of HDM-specific
IgE may stratify moderate-to-severe AD patients and hopefully be

useful for identifying patients more probable to be responders for

Contrary to Th2 high group, where IL-13 response
was associated with severity and Th2-related markers (CCL17,
CCL26 and S. aureus-specific IgE), Th2 low group immune response
skewed towards Th17, Th22, and Th1.*”

3 | CONCLUSIONS

Translational research has bridged basic science with clinically rele-
vant mechanisms of AD and provided a rationale for targeted thera-
pies offering an integrated pathological view.**® Current state of the
art on the role played by circulating CLA* T cells in AD goes beyond

their skin-homing capacities by clearly representing the Th2 immune
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axis dysregulation found in the disease. Although some ILC2 cells
express CLA, their role in adult moderate-to-severe AD is a com-
plex matter, since ILC2 need to be activated by epithelial cytokines
(alarmins) to induce Type 2 immune response and directed therapies
against thymic stromal lymphopoietin (TSLP), IL-25, IL-33, and IL-1a
have not demonstrated clinical efficacy.

In the clinical context of the patients, CCL17, a chemoattractant
of CLA" Th2 cells, has been postulated as the most reliable bio-
marker for pediatric and adult populations, as discussed above. As
for the relationship between S. aureus and AD, CLA™ T cells pref-
erentially express specific TCR Vi for S. aureus superantigens, such
as SEB, leading to a broad cytokine-derived effector function (Th2,
Th1, Th17, Th22), being IL-13 the most abundant Th2 cytokine pro-
duced. Regarding pruritus and IL-31, CLA™ T cells are providing bet-
ter understanding between clinical context of the patients and IL-31
production. From a therapeutic point of view, CLA™ T cells are the
subset of circulating memory T cells that reflects carly effects of
dupilumab on Th2 and Th22 responses in treated patients at Week
4.192 All these different approaches suggest that CLA' T cells are at
the core of AD pathogenesis. The study of SALT may provide a use-
ful surrogate for i ing the immune-infl; y cutaneous
abnormalities present in AD.
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