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Abstract

Atopic dermatitis (AD) is a chronic relapsing inflammatory skin disease in which persis-
tence of immunological memory underlies disease recurrence and progression toward
atopic comorbidities. Evidence indicates that pathogenic tissue-resident memory T cells
(TRM), including Th2- and Th22-skewed subsets, among others, persist in both lesional
and clinically resolved skin and rapidly re-initiate inflammation through production of
IL-4, IL-13, IL-22 and IL-31, promoting barrier dysfunction and pruritus. In parallel,
circulating CLA* memory T cells retain skin-homing capacity and contribute to flare reacti-
vation, while IgG1*CD23 IL-4R«* type-2 memory B cells (MBC2) constitute a reservoir for
high-affinity IgE production, linking cutaneous inflammation with allergic comorbidities.
These adaptive memory compartments are sustained by epithelial alarmins, dendritic
cell-derived chemokines such as CCL17, CCL22 and CCL18, and the OX40/0OX40L costim-
ulatory pathway, which promotes differentiation, survival and tissue retention of memory T
cells. Clinical and transcriptomic studies show how, although IL-4/IL-13 blockade reduces
circulating type-2 responses, Th2A cells, Tc2 cells and activated dendritic cells can persist
in clinically resolved skin, providing a mechanistic basis for relapse after treatment with-
drawal. Together, these findings support the relevance of targeting memory-imprinting
pathways as a promising mechanism to achieve durable disease modification in AD.

Keywords: atopic dermatitis; immunological memory; tissue-resident memory T cells;
CLA* memory T cells; type 2 inflammation; memory B cells; epithelial alarmins;
0OX40/0OX40L pathway; disease modification

1. Introduction

Atopic dermatitis (AD) is a chronic and relapsing inflammatory skin disease that affects
individuals of all ages, with particularly high prevalence during childhood [1,2]. It is character-
ized by skin barrier dysfunction, dysbiosis, and predominantly Th2-driven immune-mediated
inflammation [2]. The burden of AD on patients” quality of life is significant: persistent itch,
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visible lesions, and frequent relapses contribute to sleep disturbances, psychosocial stress, school
and work absenteeism, and overall deterioration of physical and emotional well-being [1]. Fur-
thermore, AD, especially in moderate-to-severe forms, is frequently associated with comorbidi-
ties [3-5], particularly those of the atopic spectrum, such as food allergies, asthma, eosinophilic
esophagitis, and allergic rhinitis [6,7]. The sequential emergence of these atopic comorbidities
has traditionally been referred to as the "atopic march”, although this concept is currently a
matter of debate [6,8]. All these factors make AD an important public health issue that demands
adequate treatment. In this context, a deep understanding of its pathophysiology is essential to
develop effective therapeutic strategies.

A key aspect in the chronicity and recurrence of AD is the role of adaptive immune
memory cells [8-10], particularly memory T and B lymphocytes. These cells may persist
in the skin and systemic circulation even after clinical remission, facilitating rapid and
potent immune responses upon re-exposure to antigens [11]. Elucidating the mechanisms
underlying memory cell differentiation and long-term survival is of great interest, since
targeting these pathways may open the door to disease modification and help prevent
progression to other atopic comorbidities [8].

In this review, we explore the role of cellular memory in AD, focusing primarily
on adaptative immune memory, while also addressing the emerging concept of trained
immunity within the innate immune system. We discuss how these memory programs
contribute to pathogenesis, chronicity and relapses, as well as how current and emerging
treatments may influence these cellular populations.

2. Adaptative Inmune Memory Cells

Several subpopulations of memory T lymphocytes, including tissue-resident mem-
ory T cells (TRM) [10-12], particularly Th2A lymphocytes [13], and circulating cutaneous
lymphocyte-associated antigen (CLA) + lymphocytes [9,14,15], have been identified as
key players in the perpetuation of inflammation in AD. Furthermore, memory B cells,
particularly those primed to switch to the production of high-affinity IgE, may play an im-
portant role in sustaining allergic responses (Table 1). Despite the success of new biological
treatments targeting Th2 molecules, such as dupilumab, tralokinumab, lebrikizumab or
nemolizumab, over 60% of patients do not achieve complete clearance after 16 weeks of
therapy [16-19]. Furthermore, a significant proportion of patients who respond to these
new therapies commonly experience disease relapses during treatment and after treat-
ment withdrawal [20-24]. The mechanisms underlying non-response and relapses are not
fully understood. Transcriptomic studies suggest that incomplete inhibition of distinct
immune pathways and immunologic shunts may contribute to inadequate clinical con-
trol [25,26]. Furthermore, recent work has demonstrated that proinflammatory immune cell
subsets persist even within clinically resolved skin after dupilumab treatment, indicating
the presence of residual memory T cells that maintain a subclinical inflammatory state that
may promote relapse upon treatment discontinuation [11].

Table 1. Immune cells subtypes involved in atopic dermatitis pathogenesis and defining surface markers.

Cell Subtype Surface Markers
T-cells
Tissue-Resident
Memory T Cells CD69, CD103, CCR4, CCR10, CLA
(TRM)
CLA* T cells CLA, HLA-DR, CD25, ICOS, CD40L
Th2 cells CCR4* CCR8* CRTH2" GATA3* CD45RO*
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Table 1. Cont.

Cell Subtype Surface Markers
Th2A cells Th2 surface markerks + CRTH2*, CD161%, ST2*, CD27,IL17RB,
CRLEF2
Th17 cells CCRé6*, CCR4*, CD161%, IL-23R*, RORyt*
Th22 cells CCR10", CCR6*, CCR4*, CLA*
Th1 cells CXCR3*, CCR5", T-bet*, CD45RO*
B-cells
MBC2 CD23M [L4R«* IgG1*
Innate immune cells
ILC2 CRTH2" CD127* CD161* ST2* IL17RB* TSLPR* CD81*
ILC3 CD117* CD127* RORyt* NKp44*/~ CCR6*
IDEC FceRIM8M CD1a* CD11ct CD206* CD80/86* HLA-DR* CD207~
Langerhans cells CD207* CDla* HLA-DR* EpCAM* E-cadherin® FceRI*

Abbreviations used in this table are defined as follows: TRM, Tissue-Resident Memory T Cells; CLA, Cutaneous
Lymphocyte-Associated Antigen; HLA-DR, Human Leukocyte Antigen-DR isotype; ICOS, Inducible T-cell
COStimulator; CD40L, CD40 Ligand; CRTH2, Chemoattractant Receptor-Homologous molecule expressed on Th2
cells; GATA3, GATA Binding Protein 3; IL17RB, Interleukin-17 Receptor B; CRLF2, Cytokine Receptor-Like Factor
2; RORyt, RAR-Related Orphan Receptor Gamma t; T-bet, T-box Transcription Factor TBX21; MBC, Memory B
Cell; ILC, Innate Lymphoid Cell; ILC2, Innate Lymphoid Cell type 2; ILC3, Innate Lymphoid Cell type 3; FceRI,
High-Affinity IgE Receptor; EpCAM, Epithelial Cell Adhesion Molecule. The main categories in the table are
highlighted in bold for clarity.

3. Memory T Lymphocytes in Atopic Dermatitis

T lymphocytes play a central role in the pathophysiology of AD, acting as key drivers
in both the acute and chronic phases of the disease [2,27] (Figure 1). The adaptive response
in AD begins with the activation of allergen-specific CD4+ T cells by antigen-presenting cells
(APCs), which triggers a cascade of Th2 cytokine production (IL-4, IL-13, IL-5 and IL-31, among
others) [2]. These cytokines promote the recruitment of other cell types, such as eosinophils,
basophils and mastocytes, thereby amplifying inflammation, impair skin barrier function,
and promote both pruritus and percutaneous sensitizations [2,28,29]. While Th2 cells have
traditionally been considered the principal drivers of AD, other subsets, such as Th22, Th17 and
Th1 cells, also participate, particularly in later or chronic stages of the disease [30-32]. After the
effector phase, a proportion of T cells persist as memory cells, and their role in perpetuating
inflammation and clinical relapses has become increasingly recognized [11,33].
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Figure 1. Modify from Weidinger et al. [34]. Damage to the cutaneous barrier allows antigens to

penetrate and be captured by Langerhans cells, which subsequently present these antigens to naive
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T cells. Under the influence of cytokines such as IL-5 and IL-13, naive T cells differentiate into
TH2 cells, which in turn secrete cytokines including IL-4, IL-13, and IL-5. These cytokines promote
the recruitment of eosinophils and basophils, thereby exacerbating epidermal barrier dysfunction.
Activated keratinocytes release cutaneous alarmins such as IL-25, IL-33, and TSLP, which act on
skin-resident group 2 innate lymphoid cells (ILC2s). By secreting IL-5 and IL-13, these ILC2s not only
enhance the differentiation of naive T cells into TH2 cells but also amplify cutaneous inflammation.
Activated keratinocytes also produce other cytokines such as IL-6, TNF-«, IL-23, and TGF-f3, which
induce T-cell differentiation toward TH22 and TH17 phenotypes. In addition, inflammatory dendritic
epidermal cells (IDECs), through the expression of high-affinity IgE receptors (FceRI) and the secretion
of IL-18 and IL-12, promote TH1 differentiation. A proportion of activated effector T cells subsequently
acquire a tissue-resident memory T-cell (TRM) phenotype. Their long-term maintenance depends
on local secretion of TGF-f and IL-15 by keratinocytes and macrophages. Among these TRM cells
is a specialized subset, the TH2A cells, which produce IL-4, IL-5, IL-9, IL-13, and IL-10. These
cytokines stimulate B cells, some of which differentiate into MBC2 memory B cells, characterized
by expression of ILR4 and CD23, and responsible for generating high-affinity IgE. In the peripheral
circulation, CLA-positive T cells expressing cutaneous lymphocyte antigen (CLA), CD25, CD40, and
ICOS migrate toward the skin via cutaneous homing receptors. TH2A cells may also be present
in peripheral blood and are recruited to the skin through receptors such as CCR4. CCL17 released
by keratinocytes and APCs binds to CCR4, promoting the migration of Th2 lymphocytes from the
peripheral circulation into the skin. Created with Canva.

The CLA is an adhesion molecule predominantly expressed on memory T lympho-
cytes with skin-homing properties, although these cells can also be detected in the blood
and lymphoid tissues. CLA* T cells, including both CD4" and CD8" subsets, are key
mediators of cutaneous immune responses, and their frequency in peripheral blood cor-
relates with disease activity and clinical severity in AD [15]. Consequently, they have
been proposed as minimally invasive peripheral biomarkers. While naive T cells do not
express CLA, its expression is induced during the transition from a naive to a memory
phenotype [35]. CCL17 drives the recruitment of CLA* T cells to the skin through binding
to CCR4 expressed on these cells [1,2,14]. Although initially thought to be restricted to ef-
fector CD45RO*CCR7™ cells, it is now recognized that CLA expression is present across all
memory T-cell compartments, underscoring its fundamental role in skin-homing immune
memory [1,14].

CLA+T cells in patients with AD exhibit an activated phenotype, characterized by high
expression of HLA-DR, CD25, ICOS, and CD40L, and secrete multiple proinflammatory
cytokines, predominantly Th2-type (IL-4, IL-5, IL-13 and IL-31), but also IL-17, IL-22, IFN-y,
and TNF-«, depending on their specific immune polarization. Thus, these cells contribute
to neurogenic inflammation (via IL-31), induce IgE production by B cells, and promote
eosinophil survival [9,14,15]. The number of CLA+ Th22 cells increases with age in AD
patients and correlates with disease severity, pruritus, and IL-17 levels. Conversely, CLA+
Th1 cells are reduced, suggesting a persistent Th2 /Th1 imbalance [1,9,15].

Treatment with dupilumab has been shown to reduce circulating CLA+ T cells pro-
ducing Th2 cytokines, a finding that may be related to an indirect decrease in TRM and
could theoretically favor longer remission periods [36]. However, although remission-free
intervals appear longer with dupilumab than with JAK inhibitors, current evidence re-
mains limited, and additional mechanistic and clinical data are needed to confirm these
hypothesis and observations [23,24]. In this regard, drugs targeting OX40, a receptor highly
expressed on CLA+CD4+CD45RO+ cells, are particularly promising for their hypothetical
potential to disrupt the generation and persistence of this population [37].

3.1. Tissue-Resident Memory T Cells (TRM)

Tissue-resident memory T cells (TRM) represent a non-recirculating subset of mem-
ory T cells that remain localized within peripheral tissues, including the skin [38]. Their
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presence has been demonstrated not only in active lesions but also in clinically resolved
skin, suggesting their role in maintenance and recurrence following treatment discontinua-
tion [10-12]. Therefore, TRM are considered a promising therapeutic target for strategies
aimed at achieving more durable remissions.

Cutaneous TRM express a specialized phenotypic profile that includes CLA, chemokine
receptors (CCR4, CCR10), and tissue retention molecules (CD69, CD103), as well as sig-
naling pathways associated with survival and metabolic adaptation to the epidermal
microenvironment (IL-15, mTOR, oxidative fatty acid metabolism). Cytokines such as IL-15,
which is produced by keratinocytes, APCs, and fibroblasts [39], and TGE-§3, which is ex-
pressed by a wide spectrum of cell types including keratinocytes, fibroblasts, macrophages
and endothelial cells [40—42] play a critical role in the survival and retention of TRM in the
skin [10,12,43] (Figure 2A).
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Figure 2. (A) Keratinocytes and antigen-presenting cells secrete TGF-3 and IL-15 that act on activated
effector T cells, promoting their acquisition and long-term maintenance of a tissue-resident memory
T-cell (TRM) phenotype. TRM comprise functionally polarized subsets, including Th2 cells under
the influence of IL-4 and IL-13, Th22 cells driven by IL-6 and IL-23, and Th17 cells induced by
IL-6, IL-1p3, IL-23, and TGF-3. Antigen-presenting cells also produce chemokines such as CCL17,
CCL22, and CCL18, which contribute to the retention and persistence of T cells within the cutaneous
microenvironment. (B) A Th2 cell secretes IL-4, IL-13 and IL-5, which act on B cells to induce
their differentiation into MBC2 expressing IL4RA « and CD23 on their surface. These MBC2 serve
as precursors of high-affinity IgE-producing plasma cells, thereby sustaining pathogenic humoral
immunity in atopic dermatitis. Created with Canva.

Available transcriptomic evidence is consistent with a model in which activated
effector T cells acquire transcriptional programs compatible with tissue residency and long-
term persistence within the inflamed skin microenvironment. Single-cell RNA sequencing
studies of lesional skin have identified T-cell subsets displaying combined signatures of
effector activation and memory-associated gene expression, supporting the plausibility of
an effector-to-TRM transition within the tissue context [33,44]. Moreover, type 2—-polarizing
signals such as IL-4 during T-cell priming have been shown to influence long-term memory
programming and functional stabilization of differentiated T cells [45].

These stable transcriptional programs are likely reinforced by epigenetic mechanisms
that govern TRM differentiation and long-term persistence. In particular, dynamic DNA
methylation has been shown to regulate memory T-cell fate, with DNMT3A-mediated de
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novo methylation consolidating effector commitment, while memory-precursor cells retain
the ability to partially erase these marks and re-establish durable memory programs [46]. In
AD, the persistence of IL-4—, IL-13—, and IL-22—-producing TRM populations supports
the existence of stable epigenetic imprinting, including stable DNA methylation changes
and locus-specific demethylation at effector genes that enable rapid recall responses in
memory T cells, thereby sustaining cutaneous inflammatory memory and contributing to
disease relapse [11,15,47-49]. Accordingly, targeting epigenetic regulators such as DNMT3A
may represent a strategy aimed at long-term immune reprogramming rather than purely
symptomatic control.

In AD, TRM encompass multiple subtypes, including CD4* T helper cells (Th2, Th22,
Th17) and CD8* cytotoxic T cells (Tc2, Tc22, Tc17). Since type 2 immunity predominates
in both acute and chronic lesions of AD, Th2/Tc2 memory cells may be particularly rele-
vant [11,44]. Chemokines such as CCL17 and CCL22, produced by dendritic cells, macroph-
agues and keratinocytes, among others [50,51], may contribute to the differentiation and
cutaneous recruitment of these Th2/Tc2 memory cells, as their corresponding receptors are
expressed by them [11]. In addition, CCL18, also expressed by dendritic cells and macroph-
agues, has emerged as a relevant mediator of skin homing, acting as a chemoattractant for
memory T cells and thereby further supporting the recruitment and persistence of memory
populations within inflamed atopic skin [52-54]. As part of the Th2 response, these cells
produce IL-4 and IL-13, among other cytokines. Several studies have suggested that IL-4
promotes the long-term maintenance of CD8* T cells. Nevertheless, whether IL-4 and IL-13
regulates the generation and/or maintenance of TRM cells in the skin of patients with
AD is still not completely understood [45,55-57]. Therefore, the notion that monoclonal
antibodies targeting the IL-4/IL-13 pathway (dupilumab, tralokinumab, lebrikizumab and
eblasakimab) may reduce the number or function of type 2-skewed TRM cells remains
purely speculative, as studies specifically addressing this question are very limited. Adding
further uncertainty, a recent study have showed how these cells may persist in the skin
of AD patients even after one year of successful dupilumab therapy [11]. Exploring other
Th2 cytokines may thus be relevant in this context. In this regard, recent evidence suggests
that IL-9 may further promote the pathogenic function of Th2 TRM by upregulating IL-18
receptor expression through the IL-9R-JAK1/JAK3-STAT1 pathway, thereby sensitizing
these cells to IL-18 signals and amplifying their secretion of proinflammatory cytokines
such as IL-13 and IL-22 [58]. Exploring whether therapeutic strategies targeting IL-9 or
IL-18 could affect the survival and pathogenicity of these memory cells represents an area
of high clinical interest.

Within type 2-skewed TRMs, Th2A lymphocytes are a specialized subset of CD4+ mem-
ory T cells characterized by the CRTH2+CD161+ST2+CD27— phenotype, which includes
allergen-specific Th2 cells in atopic individuals [11]. Signals that promote their differentiation,
activation, and maintenance may include the classic epidermal alarmins (IL-25, IL-33, and
TSLP) secreted by keratinocytes, as the presence of their receptors on the surface of these cells
(IL17RB, ST2, and CRLF2, respectively) has been demonstrated [11,59]. Th2A lymphocytes
are capable of producing a broad repertoire of cytokines essential to allergic responses (IL-4,
IL-5, IL-9, IL-13, IL-10), and their abundance correlates with clinical severity in diseases such
as AD, asthma, and food allergy [13]. In AD, Th2A cells can be found in both in lesional
and non-lesional skin, including areas with resolved eczema [11,59]. They are the only cells
that simultaneously produce IL-5, IL-13, and IL-31, the latter two being directly involved in
pruritus development, and are absent in healthy skin, reinforcing their pathogenic role [13].

Th22 polarization represents another key immune pathway in the immunopathogen-
esis of AD. The progressive barrier dysfunction and dysbiosis driven by Th2 cytokines,
together with mechanical injury from itch and scratching, further amplify keratinocyte
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activation. Activated keratinocytes not only secrete classic epidermal alarmins such as
TSLP, IL-25 and IL-33, but also IL-6, TNEF- «, Toll-like receptor 4 (TLR4) ligands and IL-
23 [31,60,61], which, together with IL-23-stimulated dermal dendritic cells, promote Th22
differentiation [62,63]. These Th22 cells produce IL-22 and TNF-« but not IL-17, contribut-
ing to epidermal hyperplasia, barrier dysfunction, and pruritus [32]. IL-6, IL-1f3, IL-23, and
TGF-f3, are other cytokines produced by activated keratinocytes and eosinophils within
the inflammatory AD milieu, driving ThO to Th17 differentiation [30,31]. Although less
dominant than Th2 pathways, Th17 responses are particularly relevant in certain AD phe-
notypes, such as in Asiatic people [64], contributing to barrier impairment, antimicrobial
peptide induction, and sustained inflammation [30,31]. Despite these observations, much
of the evidence supporting the presence and relevance of Th22 and Th17 responses in
AD derives from transcriptomic studies describing cytokine expression rather than from
direct cellular characterization [25,47,64]. Direct phenotypic and functional profiling of
these cellular populations using single-cell and flow-cytometry approaches remains very
limited [11,33,44,65].

In summary, TRM populations in AD are still not well characterized, and emerging
data reveal considerable heterogeneity and broad cytokine-producing capacity [44]. Their
possible expansion in response to repeated epithelial triggers supports their contribution to
chronicity and relapses, underscoring the need for more detailed mechanistic studies to
clarify their role and therapeutic relevance.

3.2. Regulatory T Cells and Their Interplay with Immune Memory in Atopic Dermatitis

Regulatory T cells (Tregs) represent an immune cell population of increasing interest
in AD, although their specific role in the regulation of cutaneous immune memory remains
incompletely defined [66,67]. Beyond their classical function in maintaining immune
tolerance, Tregs are involved in the control of memory T cell-mediated responses [68]. In
AD, Tregs have been reported to exhibit functional alterations and, in some contexts, to
acquire a dysfunctional or proinflammatory phenotype with impaired suppressive capacity,
thereby contributing to the persistence of chronic inflammation [66,69]. This imbalance
is further promoted by the Th2-skewed cytokine milieu characteristic of the disease, as
interleukin-4 inhibits the differentiation of naive T cells into Tregs, disrupting the balance
between regulatory and effector mechanisms [70,71].

Under physiological conditions, functional Tregs contribute to tissue immune home-
ostasis by restraining the activation and persistence of TRM [67,68]; however, in AD this
regulatory interaction appears to be compromised [69]. Notably, recent studies using selec-
tive interleukin-2 receptor pathway agonists, such as rezpegaldesleukin, have demonstrated
Treg expansion associated with a reduction in interleukin-15 levels, a cytokine essential
for the maintenance and survival of TRM, as previously discussed [12,72,73]. Although
this field remains at an early stage of investigation, these findings support the hypothesis
that disruption of the Treg-IL-15-TRM axis may contribute to disease chronicity and re-
lapse in AD, and suggest that restoration of regulatory function could represent a future
disease-modifying strategy [72].

4. Memory B Lymphocytes in Atopic Dermatitis

In AD, B lymphocytes participate in the adaptive immune response by producing IgE.
This production is driven by Th2 cytokines, primarily IL-4 and IL-13, which induce class
switching and expansion in naive and memory B cells [74]. Upon activation, B cells may
differentiate into short-life plasmablasts, or undergo affinity maturation within germinal
centers and subsequently exit as memory B cells or fully differentiated IgE-producing
plasma cells [2,75].

https:/ /doi.org/10.3390/ijms27052371
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In contrast to other isotypes, it has been accepted that IgE+ memory B lympho-
cytes are extremely low in number, to the point that their existence has long been ques-
tioned [76]. Studies in mice and human have found transient memory IgE cells that dis-
appear shortly, usually by apoptosis [74,75]. However, recent studies have challenged
this paradigm, showing that IgE-specific immunological memory is mainly maintained in
IgG1+ memory B cells, particularly those with the CD23hi IL-4Ra+ phenotype, referred
to as type 2 memory B cells (MBC2) (Table 1). These cells exhibit active transcription of
the germline IGHE locus, positioning them as precursors of high-affinity IgE-producing
plasma cells [74,75,77,78] (Figure 2B).

MBC2s are increased in atopic individuals, and their frequency correlates positively
with total serum IgE levels. These cells are believed to act as a long-term reservoir of
atopic humoral memory, with a predisposition to class switching to IgE upon antigen
re-stimulation [74]. This molecular profile includes overexpression of IL4R, IgG1* and
FCER?2 (CD23), rendering them highly reactive to Th2 stimuli, such as IL-4 or IL-13 [77]. In
a recent clinical study in a pediatric population, treatment with dupilumab was associated
with a significant decrease in circulating MBC2 cells and a reduction in total IgE. This
finding suggests that therapies targeting IL-4/IL-13 signaling could directly interfere
with the persistence and reactivation of memory B cells associated with pathogenic IgE
production [78].

However, the specific contribution of MBC2 cells to total IgE production in AD remains
incompletely understood. It is estimated that, in this disease, a portion of circulating IgE
may arise from direct class switch recombination (CSR) from IgM/IgD to IgE, resulting
in low-affinity IgE by short life plasmablasts [75]. This contrasts with high-affinity IgE
generated through sequential CSR involving IgG1* memory cells. Therefore, changes
in MBC2 cell numbers may only partially explain the effects of anti-IL-4Rx therapies
on IgE levels, given the contribution of alternative IgE-producing pathways in atopic
dermatitis [78].

Furthermore, the direct pathogenic role of IgE in AD remains controversial. Clinical
evidence, however, indicates that percutaneous exposure to allergens to which the patient
is IgE-sensitized can trigger disease exacerbation with a delayed onset [79], a pattern
suggestive of a type IV reaction. The binding of the allergen to IgE, which interacts with
high-affinity IgE receptors (FceRI) on Langerhans cells and other APCs, lead to antigen
internalization and the subsequent antigen presentation to T lymphocytes, which initiates
and amplifies the inflammatory cascade [60]. This type IV reaction through FceRI could
also be involved in the sequential appearance of Th1 lymphocytes in AD lesions, as Novak
et al. demonstrated that FceRI engagement on inflammatory dendritic epidermal cells
(IDECs) induces the production of proinflammatory cytokines such as IL-18 and IL-12,
which in turn promote the differentiation of IFN-y-producing Th1 cells [80].

Finally, there is evidence suggesting that the development of food or environmental
sensitizations may occur percutaneously in the context of AD itself [81], as skin barrier
dysfunction facilitates allergen penetration in an immunological environment characterized
by strong Th2 cytokine overexpression (IL-4, IL-13, IL-9) [82], thereby favoring B-cell
activation and production of antigen-specific IgE, and the development of memory B-cells
populations, including MBC2 [61]. This revives the classical concept of the atopic march.
The possibility of inhibiting the reactivation or differentiation of these cells into IgE™ plasma
cells through targeted immunomodulation could thus potentially prevent the progression
of AD into other atopic comorbidities and thereby alter its natural course, as the presence
of such comorbidities is associated with more severe and persistent disease [8,81].
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5. Influence of Innate Immunity on Adaptative Immunity

The innate immune system critically shapes the adaptive responses that sustain long-
term immunological memory in AD. Epidermal barrier dysfunction—whether geneti-
cally determined or environmentally induced—drives the persistent release of epithelial
alarmins, which maintain low-grade activation of key innate sentinels such as keratinocytes,
Langerhans cells (LCs), inflammatory dendritic epidermal cells (IDECs), and group-2 in-
nate lymphoid cells (ILC2s) [11,59,82] (Table 1). This alarmin-rich milieu promotes early
Th2 polarization, supports survival of Th2-skewed TRM populations, and facilitates rapid
reactivation upon barrier disruption [83,84].

LCs occupy a central position at this innate-adaptive interface. As epidermal antigen-
presenting cells with high expression of Langerin/CD207, they survey the skin surface,
capture allergens through tight junctions, and migrate to draining lymph nodes to prime
T cells [85]. LCs can polarize naive T cells toward Th2, Th22, or Th17 fates depending on
context, and their activation by TSLP or IgE-FceRI ligation enhances the recruitment and
expansion of Th2 cells [30,60,80,83,85-87]. In AD, LCs display increased activation and
maturation and accumulate in lesional skin, supporting their contribution to the persistent
Th2 imprinting that underlies memory responses [85]. IDECs, a related FceRI* dendritic
subset, amplify this process by efficiently capturing IgE-allergen complexes and promoting
both Th2 responses and the Th1 skew characteristic of chronic AD [60,80,83,87].

Innate lymphoid cells add an additional layer to memory formation. ILC2s respond
rapidly to alarmins (TSLP, IL-33, IL-25, IL-18) by producing IL-5, IL-13, and amphiregulin,
thereby reinforcing early Th2 polarization and shaping an environment that facilitates
the establishment and maintenance of Th2-type TRM [65,88-91]. Their expression of
OX40L further enhances local Th2 adaptive immunity [12]. Although less directly involved,
ILC3s produce IL-17 in response to IL-1 and IL-23 from activated keratinocytes, indirectly
strengthening type 2 circuits and illustrating the plasticity of innate responses in AD [92].

Beyond immediate activation, innate cells may also contribute to longer-term immune
memory. The persistence of IL-15-producing dendritic cell subsets after clinical remis-
sion suggests a form of “innate tissue memory” capable of supporting survival of TRM
populations [11]. In parallel, the emerging concept of trained immunity—epigenetically
driven reprogramming of innate cells—raises the possibility that repeated epithelial injury
or dysbiosis could imprint monocytes and dendritic cells with a durable Th2-promoting
phenotype, although this remains largely unexplored in AD [88,93].

Collectively, these pathways illustrate how innate immune mechanisms not only initi-
ate AD inflammation but also imprint, sustain, and reactivate adaptive immune memory,
thereby contributing to chronicity and relapse [90,91].

5.1. The OX40/0OX40L Pathway in Atopic Dermatitis

The OX40 (CD134)/OX40L (CD252) signaling axis constitutes a key immunologi-
cal pathway in the expansion, survival, and differentiation of effector and memory T
cells [27,94]. OX40 is a transiently expressed co-stimulatory receptor on activated CD4* T
lymphocytes, while its ligand, OX40L, is expressed on APCs, ILC2s, keratinocytes, mast
cells, and other immune cells, thus representing a key link between innate and adaptative
immunity. This pathway is particularly relevant in AD due to its pivotal role in maintaining
type 2 inflammation and generating pathogenic memory T cells [27,95].

5.1.1. Activation and Functions of the OX40/OX40L Pathway

Following initial activation of naive T cells by APCs, the expression of OX40 and
OX40L is induced between days 1 and 5, establishing a secondary co-stimulatory signal.
This interaction enhances T cell proliferation, prolongs survival, and induces differentiation
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toward Th2, Th17, and Th22 subsets through sustained cytokine production, including IL-4,
IL-5, IL-13, IL-17, IL-22, and IL-31 [94].

TSLP expressed by keratinocytes is particularly relevant in this context, as it induces
OX40L expression on dermal dendritic cells even in the absence of IL-12, thereby promoting
the polarization of naive T lymphocytes toward a Th2 phenotype [83]. OX40 functions
as a general co-stimulatory molecule—not exclusive to Th2 cells—but in this context, the
absence of IL-12 prevents the development of other T cell subsets, consolidating an early
Th2 phenotype [27]. Subsequently, IDECs infiltrate the skin and, upon antigen uptake via
their FceR1, begin producing IL-12, as stated before, thereby promoting the differentiation
of additional T cell lineages [83,84]. Furthermore, polymorphisms in the TNFSF4 gene,
which encodes OX40L, have been associated with increased susceptibility to AD, which
also highlights the pathophysiological relevance of this pathway [95].

5.1.2. Role in Immunological Memory and Chronicity

Persistent activation of the OX40/OX40L pathway promotes not only effector re-
sponses but also the generation of memory T cell subsets. Experimental models and human
studies have shown that this pathway directly contributes to chronic skin lesions, inflam-
mation perpetuation via memory cells, and the transition from acute to chronic disease
stages [27,95].

Cells expressing OX40L are increased in both lesional and non-lesional skin of AD
patients [94,95], suggesting an underlying inflammatory state and persistent immunological
“imprinting” even in the absence of active clinical disease [27,95]. Moreover, OX40 signaling
has been shown to facilitate the conversion of activated T cells into long-lived TRM,
supporting their retention and persistence within the skin [95]. This may explain the
occurrence of spontaneous flares or flare-ups triggered by minimal stimuli in previously
affected areas.

5.1.3. Therapeutic Implications

The OX40/0X40L axis represents an attractive therapeutic target due to its specificity
for activated T cells, avoiding broad immunosuppression. Since OX40 is not expressed on
naive or resting T cells, its inhibition may selectively block antigen-specific effector and
memory cells responsible for AD persistence [27,95].

Several monoclonal antibodies targeting this pathway—such as amlitelimab, telazor-
limab, and rocatinlimab—are currently in development, with preliminary results showing
promising clinical efficacy and safety profiles [96-98]. Therefore, these agents may not only
control disease flares but also induce sustained remission by directly targeting the memory
cell reservoir [99]. Moreover, blocking the OX40/0OX40L pathway may modulate multi-
ple inflammatory axes simultaneously (Th2, Th17, Th22), offering a more comprehensive
therapeutic approach in AD patients with mixed inflammatory profiles [94].

6. Disease Modification in Atopic Dermatitis

The concept of disease modification refers to the ability of a therapeutic interven-
tion to durably alter the natural course of a disease beyond mere symptomatic control.
According to the FDA definition, a disease-modifying treatment exerts a lasting effect
on the underlying pathophysiology—even after discontinuation of the drug—by reduc-
ing disease incidence, severity, or recurrence [100,101]. This approach implies a clinical
trajectory change with sustained long-term impact, as well as modification of associated
comorbidities, helping reduce their occurrence or severity [8]. In AD, this concept is gaining
increasing relevance in light of recent advances elucidating the chronic immunological
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mechanisms underlying the disease, particularly the contribution of memory-competent
immune cell populations.

A central question is whether early and proactive intervention can change the course
of AD, reducing flare-ups, severity, or the development of other atopic comorbidities. This
could provide indirect evidence for strategies that target these memory cells. Several stud-
ies suggest that early intervention may mitigate key immunological processes such as IgE
sensitization, this reducing the risk of developing atopic comorbidities [8]. For instance, in
a pediatric study, proactive rather than reactive topical corticosteroid treatment improved
clinical outcomes and reduced allergic sensitization, a major predictor of poor AD progno-
sis [102]. Moreover, in a large population-based cohort study, pediatric patients treated with
dupilumab had lower risk of developing asthma and allergic rhinitis compared to those
receiving conventional immunomodulatory therapies [103]. This evidence supports the ex-
istence of “therapeutic windows” in which cellular memory pathways may be particularly
amenable to intervention, with potential implications for secondary prevention strategies.

Another dimension of disease modification concerns whether available therapies can
maintain disease control after cessation. Rocatinlimab has shown sustained benefits for up
to 20 weeks post-treatment [96], with 73-96% of EASI75 responders at Week 36 remaining
relapse-free at Week 56 (equating to 20 weeks post-last dose at Week 36). Similar prolonged
responses have been reported for lebrikizumab [21,104,105]. These observations raise
the possibility that modulation of memory-competent immune populations may underlie
these extended remissions. However, mechanistic evidence remains limited and partially
contradictory—as highlighted by findings with dupilumab [11]—and no therapy for AD
has yet been officially classified as disease-modifying by regulatory agencies.

Within this context, the concept of super responders (SRs) offers an additional lens
through which to explore disease modification. SRs are patients who achieve rapid, profound,
and sustained improvements in both clinical and patient-reported outcomes—typically within
weeks 1624 and maintained through Week 52 [106]. Evidence from psoriasis supports the
relevance of this construct: studies such as GUIDE demonstrated that early and profound
responses (PASI100) are associated with durable disease control [107], reinforcing the idea that
identifying SRs can reveal windows in which immunological pathways are more modifiable.

The JADE DARE trial showed that abrocitinib was associated with a faster and more
frequent attainment of super-response than dupilumab, particularly among female patients
and those without prior cyclosporine exposure [106,108]. Additionally, in a prospective
observational Spanish study, 55.6% of patients with moderate-to-severe AD treated with
tralokinumab were considered SRs [109]. Identifying SRs is relevant not only for personaliz-
ing therapy but also for understanding which patients may achieve durable immunological
recalibration. SRs may represent individuals in whom memory-imprinted pathways are
more susceptible to modification, offering indirect insights into when and in whom disease
modification could realistically be achieved. Yet, a unified definition of SRs and robust
baseline predictors are still lacking, underscoring the need for harmonized criteria and
mechanistic studies [110].

Advances in cellular immunoprofiling and high-throughput molecular tools are now
clarifying the immune circuits that sustain disease memory. These insights pave the way
toward a future in which the therapeutic goal is not merely flare control but induction
of stable immune tolerance, thereby breaking the cycle of inflammation and relapse that
defines AD.

7. Conclusions

Atopic dermatitis (AD) is a chronic immune-mediated disease in which persistent
immunological memory—driven by pathogenic T and B cell subsets such as TRM (particu-
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larly Th2A), circulating CLA* T cells, and IgG1* memory B cells—underlies relapse and
contributes to atopic comorbidities. Even after clinical improvement, these populations
can persist and sustain subclinical inflammation, highlighting the need to understand the
mechanisms governing their maintenance and reactivation. Emerging therapies targeting
the OX40/0OX40L axis and type 2 cytokines offer the potential to disrupt these memory
reservoirs and move toward true disease modification, but critical questions remain regard-
ing their ability to eliminate or reprogram memory cells, the optimal timing of intervention,
and the biomarkers needed to personalize treatment. Advancing toward disease modifica-
tion will require therapeutic strategies that effectively interrupt these latent immunological
circuits, ultimately transforming the long-term management of AD.
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Abbreviations

The following abbreviations are used in this manuscript:

AD Atopic dermatitis

APC  Antigen-presenting cell

BCL B-cell lymphoma

BCR  B-cell receptor

CCL  C-C motif chemokine ligand

CEIm  Clinical Research Ethics Committee

CLA  Cutaneous lymphocyte-associated antigen
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DC Dendritic cell

DLQI  Dermatology Life Quality Index
EASI  Eczema Area and Severity Index
IgE Immunoglobulin E

IgG1 Immunoglobulin G1

IL Interleukin

IRB Institutional Review Board
MBC2 Type 2 memory B cells

NRS Numeric Rating Scale
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