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Endotypes of atopic dermatitis
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Atopic dermatitis (AD) is a chronic, heterogeneous skin
condition driven by a combination of genetic, immune, and
environmental factors. The original classification into extrinsic
and intrinsic endotypes has proven to be too simplistic. Recent
research into the varied immune profiles and molecular
signatures of AD has revealed distinct endotypes—that is,
subtypes defined by specific biological processes rather than
visible symptoms alone. These endotypes encompass
classifications that are based on immune pathways, including
Ty2 dominant, Tyl, Tyl7/Ty22-driven responses, genetic
factors, and microbial interactions. Recognizing these endotypes
has become essential for advancing personalized treatments
because each subtype responds differently to immune-
modulating therapies. Current treatment options, such as
moisturizers, immunosuppressants, and biologics, show varied
efficacy across AD endotypes, underscoring the need for more
precise, endotype-specific approaches. Emerging molecular
profiling technologies offer promising avenues to identify
distinct biomarkers, refining AD classification and paving the
way for more targeted treatments and improved patient
outcomes. (J Allergy Clin Immunol 2025;sum:NuN-EEN,)
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Atopic dermatitis (AD), also known as atopic eczema, is the
most common chronic inflammatory skin disease, affecting
10-20% of children'*” and 2-10% of adults,” with prevalence
varying by region and population.* Characterized by dry, itchy,
and inflamed skin, AD involves cycles of flare-ups and remissions
triggered by stress, infections, weather changes, and allergens.
Although it typically begins in infancy, AD often persists into
adulthood, necessitating lifelong management that causes sub-
stantial financial’ and mental impacts on individuals and
society.®’

The causes of AD are complex, involving genetic, immune,
systemic, and environmental factors. Many patients have a family
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AhR: Aryl-hydrocarbon receptor
CCL: Chemokine (C-C motif) ligand
CCR4: C-C chemokine receptor type 4
CLA: Cutaneous lymphocyte-associated antigen
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PDE4: Phosphodiesterase 4
SCORAD: SCORing Atopic Dermatitis
STAT: Signal transducer and activator of transcription
TARC: Thymus and activation-regulated chemokine
TEWL: Transepidermal water loss
TSLP: Thymic stromal lymphopoietin

history of allergies, such as asthma or rhinitis.® Genetic mutations
and environmental factors contribute to immune dysfunction and
weakened skin barriers, making the skin more vulnerable to irri-
tation and infection.” AD skin often lacks essential lipids, result-
ing in moisture loss, inflammation, and itch, with chronic
scratching leading to skin thickening and lichenification.

The immune response in AD involves Ty?2 cell activation, IgE
production, and Ty2-type cytokines like IL-4, IL-5, and IL-13, all
of which exacerbate inflammation and barrier dysfunction in
atopic individuals.'® While acute AD flares are largely Ty2
driven, chronic AD includes Tyxl, Tgl7, and Ty22 responses.m
Reduced antimicrobial peptides like cathelicidins and defensins
further compromise AD skin, increasing susceptibility to infec-
tions, particularly with Staphylococcus aureus, which colonizes
up to 90% of patients and exacerbates severity.'' Treatment op-
tions include moisturizers, anti-inflammatory agents (eg, cortico-
steroids, calcineurin inhibitors, phosphodiesterase 4 [PDE4]
inhibitors), phototherapy, immunomodulators, and biologics.'*"?

The heterogeneity of AD, including its varied clinical
features and underlying mechanisms, has led to the identifica-
tion of distinct endotypes, or subgroups, defined by specific
biological processes. Recent advances in molecular profiling
and immune characterization have provided a more detailed
understanding of these endotypes, revealing significant vari-
ability across ethnic groups, age categories, and disease severity.
This review builds on prior work by integrating emerging
insights from high-throughput omics technologies, such as
genomics, transcriptomics, and microbiome research, to refine
endotype classifications. Additionally, we highlight the interplay
between immune mechanisms, microbial dynamics, and envi-
ronmental factors, offering a comprehensive framework for
understanding AD endotypes.
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By synthesizing these findings, this review uniquely bridges the
latest scientific advancements with practical implications for
precision medicine, emphasizing novel therapeutic approaches
tailored to specific AD endotypes. This integrated perspective
aims to inform more effective and personalized treatments,
addressing gaps in current AD management.

DEFINING AD ENDOTYPES

Understanding patients’ immune profiles, genetic back-
grounds, disease onset, and environmental factors allows for a
more precise categorization of AD endotypes. These endotypes
are crucial to shifting from a one-size-fits-all model to a
personalized approach, with therapies tailored to individual
immune, genetic, and molecular profiles. 14

Extrinsic and intrinsic AD subtypes

AD is commonly classified into two major subtypes according
to serum IgE level: extrinsic (elevated IgE) and intrinsic (normal
IgE) (Fig 1, A). Approximately 80% of AD cases are extrinsic,
often associated with protein allergies and early onset, while
20% are intrinsic.'” Extrinsic AD is linked to impaired skin bar-
rier function, higher transepidermal water loss (TEWL), and fi-
laggrin (FLG) gene mutations, which increase the risk of
eczema and food allergies.'®'” It is characterized by a Ty2-
dominant immune response and elevated eosinophils.18 Intrinsic
AD, more common in women with later onset, is often more se-
vere and not typically related to barrier dysfunction. Although
once called nonallergic AD, intrinsic AD can involve sensitiza-
tion to metals like nickel. While both subtypes show Ty2
signaling, intrinsic AD also exhibits stronger Ty1 and Ty 17 acti-
Vation,] )With higher levels of IFN-y—producing Tyl cells in the
blood. "

Concept of endotypes

The original classification into extrinsic and intrinsic endo-
types>" has proven overly simplistic. More detailed subendotypes
have since been described on the basis of pathophysiologic mech-
anisms, including immune response endotypes (T2, Ty17/Ty22,
or Ty1),?! genetic endotypes (FLG or other mutations), age at dis-
ease onset (pediatric- or adult-onset AD), ethnic and geographic
variations (Asian vs European), disease severity endotypes
(mild, moderate, or severe), or infectious endotypes (eg, S aureus
colonization) (Fig 1, B and C). Recent advancements in high-
throughput technologies, particularly omics”” (genomics, tran-
scriptomics,zz’26 proteomics,zu@28 and metabolomicszs), are
revolutionizing medicine by incorporating big data analysis,
including bioinformatics, systems biology, and synthetic biology,
to improve patient clustering, endotype identification, and treat-
ment optimization.”” AD endotypes can be identified by serum
protein biomarker analyses, while gene expression profiling pro-
vides deeper insights into dominant immune pathways and asso-
ciated gene signatures.’’

IMMUNE PATHWAYS AND CYTOKINE NETWORKS
IN AD ENDOTYPES

AD pathogenesis is traditionally dominated by type 2 (Ty2)
immune responses.'’ However, emerging evidence shows that
AD cannot be confined to the Ty2 paradigm alone. Different

J ALLERGY CLIN IMMUNOL
mmm 2025

endotypes of AD exhibit diverse cytokine profiles, engaging
various T helper cell subsets, each contributing uniquely to dis-
ease severity, clinical manifestation, and treatment response.
While phenotypes refer to observable clinical characteristics
such as disease severity and skin barrier function, endotypes are
defined by distinct molecular and immune mechanisms underly-
ing these clinical features.

Thu2 dominance and classical endotypes

In most patients with AD, particularly those with early-onset
and severe disease, or combined with food allergy and epidermal
barrier dysfunction,’’ the immune response is dominated by Ty2
cells, which secrete cytokines such as IL-4, IL-13, and IL-31.19
These cytokines impair skin barrier function by downregulating
filaggrin expression and enhancing IgE production, which fuels
allergic sensitization.”*** Elevated IL-13 levels are strongly asso-
ciated with skin barrier dysfunction and inflammation, making ita
key therapeutic target for biologics like dupilumab™** (binds IL-
4Ra, inhibiting IL4R signaling induced by both IL-4 and IL-13)
and tralokinumab”*~*** (neutralizes IL-13 by blocking its bind-
ing to the receptor). Ty2-dominant endotypes are typically asso-
ciated with increased eosinophilia and pruritus—hallmarks of
classical AD.***** The identification of these endotypes remains
an ongoing area of research and is not yet fully realized. However,
advancements in biomarker and cytokine profiling have enabled
more precise classification of endotypes, allowing clinicians to
tailor therapies more effectively, thereby reducing disease
severity and improving patient outcomes.

Th22 and skin remodeling

Tyu22 cells drive epidermal hyperplasia and disrupt the skin
barrier, contributing to the chronicity of AD.***’ The IL-22—
high endotype is prominent in patients with chronic AD lesions
and is associated with significant epidermal thickening and alter-
ations in the skin microbiota.*®** While tissue remodeling in the
classical sense is well established in asthma, its role in AD re-
mains less defined. Unlike the irreversible tissue damage seen
in asthma, epidermal thickening in AD is primarily due to revers-
ible acanthosis driven by IL-22. This cytokine contributes to ker-
atinocyte proliferation, making it a potential target for therapies
aimed at modulating skin changes associated with chronic dis-
ease. Although research on IL-22 modulation is ongoing, further
studies are needed to determine whether this represents a distinct
inflammatory profile or is primarily a feature of chronic disease
progression.

Twu1, Ty17 pathways, and geographic variations

While Ty2 cells dominate most AD cases, Ty1 and Ty17 cells
are participating in nonclassical phenotypes.*”" The Ty17 axis
contributes to neutrophilic inflammation and is associated with
psoriasiform AD phenotypes, characterized by epidermal hyper-
plasia and barrier dysfunction.”'~

The European American AD extrinsic subtype is primarily
driven by strong Ty2/T22 signaling with minimal Tyl or Ty17
involvement.'* Conversely, Asian AD subtypes show significant
Ty17 activity and greater epidermal thickness, resembling psoria-
siform changes such as hyperplasia, parakeratosis, and focal hy-
pogranulosis.”’>*>* Despite these inflammatory changes,
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FIG 1. Classification of AD subtypes. (A) Extrinsic AD is characterized by high IgE levels and strong T2 im-
mune response; intrinsic AD involves increased Ty17 activity, lower IgE levels, and higher prevalence of
sensitization to metals. (B) Pediatric AD shows strong T2 response along with Ty17 and Ty9 signaling, rela-
tively weaker Ty1 response, and expression of FLG similar to those in healthy individuals. Adult AD displays
strong Ty2 and Ty22 response, moderate Ty17 response, and significantly lower FLG expression in skin. Se-
nile AD features strong Ty1 and Ty17 response, moderate Ty22 and T2 activity, and little to no reduction in
epidermal FLG expression. (C) For geographic variation in AD endotypes, AD in European American popu-
lations exhibits strong T2 and T422 response, low to moderate Ty17 and Ty1 response, and marked reduc-
tion in FLG expression. Asian AD also has strong Ty2 and T22 response, moderate Ty17 and Ty1 activity,
but relatively preserved FLG expression. African American AD is characterized by pronounced T2 polariza-
tion, moderate T22 activity, significantly lower Ty17 and Ty1 response, and no substantial impact on FLG

expression in epidermis.

epidermal barrier proteins are relatively well preserved in Asian
AD, and Tyl signaling is lower.” In African populations, AD
is also characterized by strong Ty2/Ty22 immune responses,
but with unique markers such as thymic stromal lymphopoietin
(TSLP), IL-10, and chemokine C-C motif ligand (CCL) 13,
alongside reduced innate immune signaling and lower Tyl/
Ty17 responses. Elevated serum IgE levels reflect the heightened
Ty2 response in African AD, though FLG loss-of-function muta-
tions are rare in this population.”® Understanding these regional

and ethnic immune variations is crucial for developing more
effective, population-specific treatments.

Data-driven analysis of endotypes in AD

Serum biomarker analysis identified 4 distinct clusters among
adult AD patients, each defined by varying levels of T2 cyto-
kines and differences in host defense-related gene expression,
including IFN-B, CXCL9, and IL-1 family members IL-1a and
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IL-1B.77"°° A similar study in pediatric AD patients also identified
4 clusters, but only one overlapped with the adult subtypes, sug-
gesting potential age-related differences in disease mecha-
nisms.>’ Among these clusters, one was classified as the skin-
homing—dominant cluster, characterized by elevated levels of
apelin and key skin-homing markers, including PARC (pulmo-
nary and activation-regulated chemokine)/CCL18, TARC/
CCL17, and CTACK/CCL?27. This cluster was associated with
particularly severe and persistent AD.

In parallel, a blood transcriptome study classified AD patients
according to eosinophil-associated gene expression levels.
Despite molecular differences, clinical characteristics remained
largely similar between the groups, and the disease of most
patients, regardless of molecular endotype, responded at least
partially to Ty2-targeted treatments.”

A skin transcriptome study further identified AD subtypes with
distinct molecular signatures, including increased IL-1 family
signaling (including IL-36A and IL-36G), keratinization-associ-
ated gene expression, epidermal differentiation, negative immune
regulation, and B lymphocyte immune signaling. Among these,
the subtype with heightened IL-1 family signaling was associated
with the most severe disease and the highest levels of S aureus
colonization.’® Notably, because this study used an unsupervised,
data-driven approach rather than focusing on preselected genes, it
did not detect certain low-variance genes between clusters—such
as IL4R, TSLP, IL17A, FLGI, CLDNI, IL19, and IL22—despite
their known importance in AD pathophysiology.

GENETIC FACTORS DRIVING ENDOTYPE-SPECIFIC
DISEASE MECHANISMS
Genetic predispositions

Genetic predispositions significantly influence AD endotypes,
with variations in immune-regulatory and skin barrier genes
affecting disease susceptibility and severity.””°*" Twin studies
show an approximate 75% heritability for AD, with FLG muta-
tions identified as the strongest genetic risk factor, especially
for early-onset, Ty2-dominant AD.®”** These mutations compro-
mise skin barrier function, increasing permeability and allowing
environmental allergens, irritants, and microbes to penetrate,
which initiates an inflammatory response.@’(’3

Ethnic differences in genetic risk

The heterogeneity of AD is shaped by genetic differences
across various ethnic groups. While FLG mutations are a well-
established and widely replicated risk factor for AD,” only
10% to 40% of AD patients carry these mutations, and their prev-
alence varies significantly by ethnicity. Studies report that FLG
mutations are present in 50% of European AD patients, 27% of
Asian patients,’® and just 5.8% of those with African ancestry.®’
Interestingly, among individuals of African descent, the FLG2
gene is more strongly linked to AD risk.®® Despite lower rates
of FLG mutations in African populations, severe AD remains
prevalent, suggesting that alternative genetic or environmental
factors may contribute to disease onset and severity.®”’® More-
over, some FLG variants also differ between European Americans
and African Americans.’!
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Genetic variants and AD endotypes

Adult-onset AD is associated with genetic variations distinct
from those linked to early-onset AD. The 4 most common FLG
gene mutations, typically associated with early-onset AD (before
age 8), are absent in cases of later-childhood AD (8-18 years) and
adult-onset AD (after 18 years). Instead, mutations in the CHI3LI
gene, which plays a key role in tissue injury, inflammation, and
remodeling, have been associated with later-onset AD.”>73

Both innate and adaptive immune components are linked to
AD, including mediators of the T2 pathway,’” Toll-like recep-
tors,”* human B-defensin 1,”” TSLP,”®"” and the IL-1 family of
cytokines.”® Polymorphisms in IL-4 and IL-13,”" as well as
TSLP,’® have been associated with AD. These cytokines, located
within the Ty2 cytokine cluster on chromosome 5q31.1,
contribute to the immune dysregulation observed in AD.*"*?
Additionally, single nucleotide polymorphisms in IL-12 cyto-
kines, their receptors, and B-defensin 1 have been tied to
increased AD risk in Korean populations.®’

Rare genetic variants, such as loss-of-function mutations in
CARDI4, have been associated with severe AD, highlighting the
role of less common genetic drivers in disease severity.** The role
of genetic variation in shaping AD endotypes continues to be
explored, with large-scale sequencing efforts, such as whole-
exome and whole-genome sequencing, expected to uncover addi-
tional risk variants and help explain the missing heritability of
AD.()9’84

Genome-wide insights

Genome-wide association studies have identified previously
over 30 loci associated with AD, many of which influence skin
barrier development and immune response mechanisms.®” For
instance, variants in the chromosome 11q13.5 region and other
loci involved in T-cell activation have been robustly linked to
AD susceptibility across multiple populations.®®-’® These findings
underscore the complexity of genetic contributions to AD and
suggest that different genetic variants may influence distinct
AD endotypes.®-#5°

In the latest and largest genome-wide association study for AD,
81 loci were identified in the European-only analysis, of which 29
were novel, along with 10 additional loci from the multiancestry
analysis.”” Many of these loci are enriched in DNase I hypersen-
sitivity sites, especially in blood samples, highlighting the role of
systemic immune regulation in AD. These sites mark active re-
gions in the genome, and their analysis also revealed expression
quantitative trait locus associations, linking these loci to gene
expression variations. Furthermore, candidate genes at these
loci are primarily involved in immune pathways related to atopic
inflammation, underscoring the intricate genetic architecture of
AD and offering potential drug repurposing opportunities.®’

Using biobank data from the FinnGen study, the Estonian
Biobank, and the UK Biobank, a large-scale meta-analysis
involving nearly 800,000 participants identified 30 genetic loci
associated with AD, including 5 novel loci.*® Notably, missense
mutations in DSC/ (desmocollin 1) and SERPINB7 (serpin family
B member 7) were found to disrupt protein folding, weakening
epidermal barrier integrity.*® These findings emphasize the inter-
play between immune pathways and skin barrier mechanisms in
AD pathogenesis, highlighting potential avenues for therapeutic
innovation.



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

EPIGENETIC MODIFICATIONS AND
ENVIRONMENTAL INFLUENCES

The role of epigenetics in the pathogenesis of AD is gaining
increasing recognition, particularly in understanding how envi-
ronmental factors such as allergens, infections, and pollutantsxx
can modulate gene expression.”””" This modulation, driven by
mechanisms such as DNA methylation and microRNA (miRNA)
regulation, has been implicated in the differential expression of
immune- and skin barrier—related genes, potentially explaining
the varied clinical presentations and severity of AD among
individuals.”"**

DNA methylation plays a critical role in immune regulation
and skin barrier integrity within the pathogenesis of AD.
Specifically, it controls keratinocyte proliferation and differenti-
ation, both essential for maintaining the skin barrier. Key DNA
methyltransferases, such as DNMT1, DNMT3A, and DNMT3B,
establish and maintain DNA methylation patterns.”” DNMT1
suppresses keratinocyte differentiation and maintains basal cell
proliferation, while DNMT3A and DNMT?3B bind to active en-
hancers in an H3K36me3-dependent manner to drive epidermal

differentiation.’®”” These mechanisms underscore the substantial
role of DNA methylation in epidermal formation and
homeostasis.”®"’

DNA methylation patterns also modulate the expression of
Ty2-related cytokines, central to AD’s inflammatory response.”®
Epigenetic changes in regions that control T2 cytokine produc-
tion, like the RAD50 gene region, affect methylation at cytokine
promoters, influencing IL-4, IL-5, and IL-13 eXpression.%’mO
This modulation can intensify Ty2-driven immune responses,
exacerbating inflammation in AD patients. These shifts in cyto-
kine expression contribute to persistent inflammation and the
chronic nature of AD, especially in Ty2-dominant endotypes.

Hypermethylation of the FLG gene, encoding filaggrin, a key
protein for skin barrier integrity, results in reduced filaggrin
expression. Filaggrin deficiency strongly correlates with
epidermal barrier dysfunction—a hallmark of AD—permitting
increased allergen penetration, microbial colonization (notably
by Staphylococcus aureus), and TEWL.'®' The interplay between
genetic FLG mutations and epigenetic silencing through hyper-
methylation can further exacerbate barrier defects, increasing
susceptibility to severe disease, including AD, which can develop
as a complication of ichthyosis Vulgaris.m1

Maternal atopy influences offspring’s risk of atopy through
epigenetic and transcriptomic changes. Schedel et al'** identified
165 differentially methylated regions and 139 differentially ex-
pressed genes in atopic mothers, with key roles in the interferon
signaling pathway. Incorporating differentially methylated re-
gions into risk models enhanced the prediction of AD in high-
risk infants. Notably, 9 differentially expressed genes, including
MX]1 and IFI6, were shared between atopic mothers and their
high-risk children, emphasizing the role of maternal epigenetic
transmission.

miRNAs are small noncoding RNAs that regulate gene
expression by targeting mRNA for degradation or translation
inhibition. Several miRNAs are key regulators of immune
responses and skin barrier function in AD, making them
promising therapeutic targets. miR-155 is significantly upregu-
lated in AD lesions, promoting T2 immune responses by target-
ing immune-regulatory proteins and enhancing Ty2 cytokines
like IL-4 and IL-13, which play major roles in AD
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pathophysiology.'**'** Elevated miR-155 levels are linked to se-
vere, treatment-resistant AD, suggesting modulation of miR-155
as a strategy to reduce inflammation in Ty2-dominant AD. Addi-
tionally, miR-155’s role in Ty 17 responses implicates it in Ty 17-
driven inflammatory endotypes, often associated with chronic or
severe AD.'?? In contrast, miR-146a acts as a negative inflamma-
tion regulator by inhibiting the nuclear factor kappa B, aka NF-
kB, pathway. It targets IRAKI and TRAF6, lowering proinflam-
matory cytokines and chemokines, correlating with reduced IgE
levels and suggesting its value in managing mild or allergic-
dominant AD endotypes.'’” Similarly, miR-124 also suppresses
NF-«kB, supporting its therapeutic potential for AD endotypes
marked by chronic, nonacute inflammation.'%® miR-333,
involved in regulating keratinocyte proliferation and differentia-
tion, is downregulated in AD, contributing to epidermal barrier
dysfunction.'”” This miRNA dysregulation and others, such as
miR-29b (regulating keratinocyte apoptosis) and miR-10a-5p
(balancing keratinocyte proliferation and differentiation), weaken
skin barrier integrity, especially in intrinsic AD endotypes marked
by barrier impairment.'**'” Another important regulator of skin
inflammation in AD is miR-939, which increases the expression
of matrix metalloproteinases thereby promoting the colonization
of S aureus.""’

HUMAN MICROBIOME IN THE CLASSIFICATION OF
ENDOTYPES IN AD

The skin and gut microbiomes play crucial roles in host
immune regulation, impacting AD pathogenesis and progression.
Studies comparing the microbiomes of healthy individuals and
those with AD show significant differences in both skin and gut
microbiota.''""'" Similar alterations in mouse models further
link microbiome changes to AD development.''®"'” Recent
mechanistic studies reveal causal roles for specific bacteria in
AD, supporting the potential of microbiome-based AD endotypes
as promising tools for diagnosis and treatment.' "' %19

The skin microbiome is a complex ecosystem of bacteria,
viruses, fungi, and archaea, crucial for maintaining community
dynamics and resilience.'?”'*' Early skin microbiomes are domi-
nated by streptococci and staphylococci, with diversity increasing
with age.'zz’123 Staphylococcus epidermidis promotes homeosta-
sis in early life, while disruptions in the skin microbiome are
linked to AD.'**'* Staphylococcus aureus overgrowth and
reduced diversity are common in AD flares, with higher S aureus
levels correlating with increased disease severity, peripheral
blood IgE, CCL17, and eosinophil counts, indicating Ty2 devia-
tion (Fig 2, A). 126-128 Recent studies reveal that S aureus proteases
promote IL-17—producing eosinophils through IL-36a expression
in keratinocytes, contributing to TEWL and reduced stratum cor-
neum integrity. While S aureus mechanisms in AD are not fully
understood, metabolic disorders involving purine and phenylala-
nine pathways may play arole. "% S aureus can also induce itching
by activating PAR1 receptors on pruriceptors, creating a feedback
loop that worsens AD symptoms through increased skin damage
and further S aureus infiltration.'*” Site-specific microbiome var-
iations, such as S aureus abundance on posterior thigh compared
to upper back, underscore the need to consider anatomical differ-
ences in AD studies."*° Staphylococcus epidermidis, an important
skin commensal, has been reported to play a role in preventing S
aureus colonization and contributes to immune homeostasis
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FIG 2. Schematic representation of immune dynamics and microbial dominance in skin inflammation,
indicating divergentimmune pathways associated with Staphylococcus aureus and Staphylococcus epider-
midis dominance in skin. (A) Pathogenic effects of S aureus dominance, including elevated protease, super-
antigen, and toxin levels, which contribute to heightened inflammation, excessive Ty2/T17 response, and
increased disease severity, reflected by SCORAD and itch scores. (B) Potential protective role of S epidermi-
dis dominance, promoting balanced Ty2/Ty17 response, anti-inflammatory properties, and antagonism
against S aureus, supporting immune homeostasis. Key immune mediators (eg, IL-1, TNF-a, TSLP, IL-31,
IL-10) and cellular players (eg, mast cells, lymphocytes, eosinophils) are represented to underscore balance
between inflammatory and regulatory pathways. AMPs, Antimicrobial peptides.
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through the production of antimicrobial peptides (Fig 2, B).
Furthermore, S epidermidis has been shown to promote anti-
inflammatory responses in the skin by enhancing the production
of IL-10 while reducing the secretion of proinflammatory cyto-
kines.'*> Such interactions within the AD microbiome help
modulate immune responses in the skin, potentially mitigating
excessive inflammation that may exacerbate AD symptoms.

Beyond the bacterial microbiome, the skin mycobiome has also
been implicated in AD." 12133 AD has been associated with dys-
biosis in the skin mycobiota, with one study showing increased
fungal community diversity in more severe AD.'** The fungal
species Candida albicans is more abundant in AD patients, and
fungal species such as Malassezia restricta, Malassezia globosa,
Malassezia furfur, and Malassezia sympodialis are frequently de-
tected during AD flares.'*>"*” A human observational study'*’
found a reduction in Malassezia species to be associated with
increased AD severity, revealing distinct clusters between pa-
tients with mild to moderate AD and those with severe AD, sug-
gesting the existence of AD endotypes. Additionally, a positive
correlation has been observed between higher serum IgE levels
and proportions of Ascomycota in AD patients,'*" with high pe-
ripheral blood total IgE also being correlated with elevated S
aureus levels. These findings suggest that endotyping AD accord-
ing to fungal abundance and fungal interaction with skin bacteria
is a promising avenue for future research.

The balance or dysbiosis of the gut microbiome influences
protective versus proinflammatory responses in skin diseases via
the gut—skin axis. Mouse studies show that modulating the gut
microbiome with prebiotics and probiotics can reduce skin
inflammation, suggesting that gut imbalances contribute to AD
pathogenesis. 142,193 The gut microbiome affects the gut—skin axis
through metabolite, immunologic, and neuroendocrine path-
ways. **'% Studies reveal lower levels of short-chain fatty
acid—producing microbes like bifidobacteria and Ruminococcus
gnavus in AD patients, with increased prevalence of Staphylo-
coccus aureus and Clostridium difficile.”>"'**'** Bifidobacteria-
produced GABA also inhibits skin itching."*”'*" Stratifying
AD patients by gastrointestinal symptoms shows distinct gut bac-
terial profiles, with Bacteroides, Bifidobacterium, and Faecali-
bacterium more prominent in those with symptoms, suggesting
gut microbiome—driven AD endotypes.'”' Consistent with skin
microbiome findings, purine nucleotide degradation pathways
are enriched in AD patients compared to healthy controls.'*”

CLINICAL AND EPIDEMIOLOGIC
CHARACTERISTICS OF AD ENDOTYPES

AD is a highly heterogeneous condition, with diverse symp-
toms and trajectories. Symptoms include dry skin, hyperlinearity
of the palms or soles, infraorbital folds, white dermographism,
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facial pallor, and orbital darkening.'”” Although these physical
markers are commonly associated with AD, they are not exclusive
to the disorder; they may be absent in some AD patients and can
appear in many other conditions, including atopic respiratory dis-
ease,’”? autoimmune disease,'”* and mental disorders.'>> The
clinical presentation of AD varies significantly both between in-
dividuals and within the same individual, fluctuating throughout
the course of the disease and across different age groups. While
the existence of multiple AD phenotypes has long been recog-
nized, their definitions remain unclear, and novel endotypes can
be described (Fig 3).

AD subtypes in different age groups

More than 85% of all AD cases begin before the age of 5, with
over 20% of children in industrialized countries affected.'” In in-
fants (under 2 years), AD typically presents within the first few
months of life as seborrheic dermatitis on the cheeks and scalp;
it may also affect the neck, trunk, and extensor areas. After age
2, lesions may remain acute but often become more lichenified,
especially in flexural areas. Nummular plaques with oozing and
crusts may appear on the hands and wrists. Compared to adult-
onset AD, childhood-onset AD more frequently affects the face
and may include conjunctivitis, eyelid dermatitis, pruritus after
sweating, xeroderma, and hand and foot dermatitis, along with
Dennie-Morgan lines.' %"

Most of our understanding of AD pathogenesis comes from
adult studies, which is a shortcoming because the disease differs
in children. In infants and toddlers with new-onset AD, infiltrating
T cells and dendritic cells, including Ty2/Ty22-polarized popula-
tions, are present. Both children and adults with AD show an
expansion of cutaneous lymphocyte-associated antigen (CLA)-
positive Ty2 cells in peripheral blood.'® However, adults experi-
ence an increase in both CLA™ Ty;1 and Ty2 cells, while children
typically show low levels of CLA " Ty1 cells. Instead, infants and
toddlers exhibit marked upregulation of Ty9 and Tyl7 re-
sponses'®! and greater epidermal hyperproliferation compared
to adults with chronic AD, as indicated by higher expression of
keratin'® and Ki-67.'°” As children age, the frequency of CLA ™~
Ty2 cells increases in the blood, indicating systemic immune acti-
vation and progression to chronic disease.'” Skin barrier defects
are common in infants with AD, but these are often unrelated to
filaggrin deficiency, as filaggrin expression in young children is
usually normal.'®”

In adults, AD typically manifests as chronic, lichenified, dry
lesions on the head, neck, and flexural areas. The prevalence of
AD among adults varies worldwide, with 10% affected in the
United States in 2010'®* and rates ranging from 2% to 17% in
other countries.'®* '

Among individuals over 60, the prevalence is lower, between
1% and 3%, with men being more frequently affected.'® Cuta-
neous transcriptomic studies suggest that adult AD can be catego-
rized into 3 subgroups by age. As patients get older, Ty2/Ty22
activation in AD skin decreases, while Ty1/Ty17 activation in-
creases. Additionally, epidermal abnormalities lessen with age,
as markers of terminal differentiation increase and hyperprolifer-
ation markers decrease.'”” In older adults, lichenification often di-
minishes, with fewer lichenified lesions appearing in flexural
areas.

Biomarkers associated with disease severity vary by age. In
young adults (18-40 years), markers of Ty2, Tyl, and Tyl7
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activity strongly correlate with disease severity, but as patients
get older, Tyy17 signaling in the skin becomes more prominent.'”
These findings are supported by corresponding protein-level re-
sults in the blood."”" Around 25% of adult AD cases are adult
onset, likely representing a distinct endotype with immune mech-
anisms that remain to be fully identified."> Adult-onset AD is
more likely to affect the extensor surfaces, head, and neck as
well as the hands and feet.

Acute versus chronic AD

The clinical presentation of acute and chronic AD differs
significantly. Molecular profiling of these subtypes reveals
distinct differences. Acute AD is marked by a substantial increase
in terminal differentiation proteins (S100As)'7? and Ty2/Ty22
cytokines.”*'*® In contrast, chronic AD shows even greater hy-
perproliferation (Ki-67),'”* intensified Ty2- and Tyl-related
inflammation, and elevated IL-22 signaling.”*'*®

Disease trajectories, atopic march, and
comorbidities

Various atopic disorders, including allergic asthma, rhinitis,
and food allergies, may develop after the onset of AD. However,
the underlying mechanisms that lead to these atopic comorbidities
are not well understood.'”” They may involve defects in the skin
barrier that predispose individuals to allergic sensitization, as well
as abnormal Ty2 immune signaling. The earlier onset of AD
compared to asthma or allergic rhinitis suggests a causal relation-
ship, indicating that AD may serve as a gateway to other, later-
developing atopic conditions.

Recent research utilizing machine learning has identified
distinct patient clusters or endotypes. The PASTURE study found
that the presence of food allergies and a persistent AD phenotype
are risk factors for the progression of airway type 2.'"* A meta-
analysis of multiple cohorts further supported these findings. By
combining data from over 10,000 children in the United Kingdom
and the Netherlands, one study showed that children with persis-
tent AD had elevated IgE levels and the highest likelihood of
developing coexisting asthma.'”> Additionally, another study
that used Bayesian machine learning confirmed that persistence
of AD and sensitization are significant risk factors for the atopic
march.'’

Pruritus and AD

Pruritus (itch) is a distressing and impactful symptom of AD,
significantly affecting quality of life across various AD endotypes
and phenotypes.'’” The underlying mechanisms of itch vary with
disease chronicity, immune profile, and specific endotype. 13,178

At the molecular level, IL-31 is a central driver of pruritus in
AD."7?""¥ It acts on sensory neurons through its receptor on ker-
atinocytes and neurons, amplifying itch through the Janus kinase
(JAK)/signal transducer and activator of transcription (STAT)
signaling pathway. This effect is pronounced in Ty2-driven endo-
types, where IL-31 expression is elevated, contributing to more
severe pruritus. JAK inhibitors, which block the JAK/STAT
pathway involved in IL-31 signaling, have shown effectiveness
in managing itch in cytokine-driven, Ty2-dominant AD cases.'®
Therapies like dupilumab and JAK inhibitors have successfully
reduced pruritus by targeting these itch pathways.
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FIG 3. Pathogenetic pathways, immune endotypes, and targeted treatments in AD. (A) AD endotypes clas-
sified by immune response and microbiome interactions. AD is predominantly Ty2 driven, but Ty1, Ty17,
and Ty22 pathways contribute in nonclassical and mixed endotypes. Microbiome dysbiosis, particularly
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Another key mechanism involves the PAR-2 (protease-acti-
vated receptor 2) pathway, triggered by proteases from damaged
keratinocytes in cases of barrier dysfunction, such as those with
filaggrin deficiency. Protease release activates PAR-2, worsening
itch and contributing to chronic pruritus.'®* Additionally, Staph-
ylococcus aureus can independently initiate itch via PAR1 recep-
tors, setting off a scratch-induced feedback loop that exacerbates
AD symptoms and makes the skin more susceptible to S aureus
infiltration.'®'%® Despite the more severe phenotype often
observed in S aureus—positive cases, studies like that of Simpson
et al'?’ indicate that itch severity can occur independently of S
aureus colonization, emphasizing that pruritus in AD is multifac-
torial and not solely driven by microbial presence.

DIAGNOSTIC TOOLS, BIOMARKERS, AND
THERAPEUTIC APPROACHES IN AD

Although AD is a clinically diverse condition, most treatments
still follow a one-size-fits-all approach. Standard therapy typi-
cally includes the use of emollients, allergen avoidance, and
patient education. For mild AD, treatment options include topical
corticosteroids, the calcineurin inhibitors tacrolimus and pime-
crolimus, and more recently the PDE4 inhibitor crisaborole.'®” In
more severe cases, treatment may involve ultraviolet photother-
apy or systemic immunosuppressants such as cyclosporine A,
methotrexate, azathioprine, and mycophenolate mofetil. The
recent approval of biologics like dupilumab and tralokinumab,
along with JAK inhibitors such as upadacitinib, abrocitinib, and
baricitinib, has expanded treatment options for moderate to severe
AD.'®%189 While dupilumab and tralokinumab target specific im-
mune pathways, JAK inhibitors act more broadly, using small
molecules to modulate multiple pathways (Fig 3, and see Table
El in this article’s Online Repository at www.jacionline.org).

Despite these options, there is no current strategy to target
specific AD phenotypes or endotypes, a gap that precision
medicine aims to address. Developing reliable biomarkers for
personalized treatment is essential for improving prevention
strategies, selecting effective therapies, and determining the
timing of medication adjustments.’® AD’s complexity leads to
variable treatment responses (Fig 3), with some patients experi-
encing adverse effects from unnecessarily high doses in those
with poor disease response to therapy. Precision medicine aims
to provide the right drug at the correct dosage to the appropriate
patient at the optimal time.

A new disease-modification concept is emerging that seeks to
alter the course of AD by targeting the underlying processes that
drive the disease.'”’ This approach highlights the importance of
using validated biomarkers to track disease progression and guide
treatment decisions. Meanwhile, drug development should focus
on understanding the pathophysiologic mechanisms behind AD
endotypes, enabling more precise and effective therapies.
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Diagnostic tools and severity scoring

The management of AD largely depends on physician assess-
ments and severity scores like the Eczema Area and Severity
Index (EASI) and SCORing Atopic Dermatitis (SCORAD),"”"'%
which are widely used but often fail to capture detailed endophe-
notypes. Clinician interpretations can be subjective, and although
prescribing biologics and small-molecule drugs is based on dis-
ease severity, this does not always align with the underlying endo-
type. Better classifications of AD subgroups could improve
predictions of treatment response and reduce adverse effects for
patients with disease unlikely to benefit from certain therapies.
Consequently, new biomarkers are needed to refine AD endotype
classification and improve precision in treatment selection.

Biomarker discovery and use

The search for AD biomarkers is still in its early stages.'”
While biomarkers like thymus and activation-regulated chemo-
kine (TARC) are already being used in clinical practice, most can-
didates are still under development. Screening for these
biomarkers can help identify individuals at risk and guide treat-
ment. For example, TEWL has shown promise as a noninvasive
biomarker,'”* and around 30% of AD patients carry filaggrin mu-
tations, with polymorphisms in 7LR2 also being associated with
AD.”* However, there is still no biomarker available to confirm
an AD diagnosis. Differential biomarkers, such as carbonic anhy-
drase II, or CAIL, which is highly expressed in AD compared to
psoriasis, have been developed,'” and urinary lipid profiles
may also aid in diagnosis.

Established and emerging biomarkers for severity

Numerous biomarkers have been identified for assessing AD
severity,?/2%30:193:196-198 “These include TARC/CCL17,'7%*"
MDC/CCL22 (macrophage-derived chemokine),””' CTACK/
CCL27 (cutaneous T-cell-attracting chemokine),””"*°% eotaxin/
CCL26 (eosinophil chemotactic protein),””® TL-13,”* IL-
31,55205 11,-33.20% TL-22.%5170 L-18,2%° T1.-19,'90297 TL-16,2%
periostin,”®?**?% S100A proteins,”'**'" matrix metalloprotei-
nases,”’’*'” and lactate dehydrogenase.3()’2()() TARC and MDC
are among the best established and are both associated with
Ty2-mediated inflammation and correlated with disease
severity.”’"*'? Elevated IL-13 levels, a key Ty;2 cytokine driving
inflammation and skin barrier dysfunction, are predictive of treat-
ment responses to IL-4/IL-13—targeting therapies such as dupilu-
mab.”° Similarly, IL-22, involved in epidermal hyperplasia and
barrier defects, is emerging as a key biomarker of AD
severity.*>*¢

Emerging biomarkers, such as periostin, are gain-
ing attention for their role in chronic inflammation, itch, and tis-
sue remodeling. Ras-associated binding protein 25, or RAB25, a

178,204,209,213
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with dupilumab, tralokinumab, and nemolizumab (targeting IL-4, IL-13, and IL-31). IL-5 inhibitors
(mepolizumab, benralizumab) may benefit eosinophilic AD. RPT193 targets CCR4 in T-cell-rich pediatric
AD. Ty22-driven AD involves epidermal hyperplasia and IL-22 upregulation, with potential treatments such
as fezakinumab targeting IL-22. Ty17-associated AD may be defined by CXCL2 and IL-26 upregulation, with
secukinumab and risankizumab as potential therapies. Ty1-skewed AD is associated with CXCL9 expression
and may be treated with cyclosporine. Microbiome-based interventions (antimicrobial peptides, phage
therapy) counteract S aureus overgrowth. Treatments for skin barrier and innate immunity defects include
tezepelumab (TSLP), bermekimab (IL-1), and spesolimab (IL-36). Mild cases benefit from emollients and
topical therapies, while severe cases require systemic treatments such as biologics, JAK inhibitors, or im-
munosuppressants. CXCL, C-X-C motif chemokine ligand.
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novel marker linked to epidermal barrier dysfunction, has shown
significant potential, with low expression correlating with higher
EASI scores, making it useful for assessing disease severity.”'*
Further, Malassezia-specific IgE has been associated with the
development of dupilumab-associated head and neck dermatitis
and thus can be used to predict this disorder before dupilumab
treatment.”'”

Therapeutic approaches

Over the past two decades, significant progress has been made
in understanding the complex mechanisms underlying AD,
leading to new potential targets for pharmacologic and therapeu-
tic interventions. AD encompasses a wide range of disease
phenotypes and endotypes, involving multiple interacting factors,
including environmental exposures, skin microbiome, epidermal
barrier, and immune response, all of which present opportunities
for prevention and treatment.

Targeting skin microbiome for therapeutic
intervention

Several strategies have been proposed to modulate the skin
microbiome. One approach involves bacteria replacement
therapy, such as applying gram-negative Roseomonas mucosa
to AD-affected skin, which promotes tissue repair and immune
regulation through Toll-like receptor 5 signaling.”'® Another
strategy uses specific Staphylococcus strains that target S aureus,
eliminating bacteria and inhibiting its toxin production.?'” Addi-
tionally, synthetic antimicrobial peptides are being developed as
potential topical agents to combat dysbiosis.”'® Beyond topical
treatments, oral therapies are also being explored. One example
currently in phase 1 clinical trials is a nonlive preparation of Pre-
votella histicola (EDP1815), designed to induce immune regula-
tion in the small intestine.”'”

Restoring epidermal barrier integrity

A defining feature of AD is dry, highly permeable skin, which
results from a disrupted epidermal barrier caused by genetic
factors or chronic inflammation. Strategies to restore barrier
function focus on two main approaches: replenishing essential
epidermal components and targeting underlying inflammatory
pathways. One promising strategy is controlling IL-13 signaling,
which contributes to barrier dysfunction through a periostin- and
JAK/STAT-dependent mechanism.*”” However, while addressing
underlying inflammation helps, it does not fully restore the
epidermal barrier. Unfortunately, the biochemical changes and
structural defects driving epidermal barrier impairment are not
well understood, presenting a significant challenge in developing
effective therapies. As of now, emollients remain the primary
method to improve barrier function.

One potential research avenue is involves hyaluronan, a natural
polymer with diverse biological functions, which is currently
being investigated for its role in inflammatory diseases.””' An
interesting target in this context is TNFAIP6, a gene induced by
Ty2 cytokines that encodes the protein TSG-6 (TNF-a—stimu-
lated gene 6), which sequesters hyaluronan between epidermal
cells in response to inflammation.”** Modulating TNFAIP6 activ-
ity could provide a novel approach to restoring the epidermal bar-
rier in certain AD subtypes.
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Modulating innate immune response

Keratinocyte-derived alarmins, such as TSLP, IL-33, and IL-
25, are promising therapeutic targets because of their role in
triggering inflammation. While TSLP-targeting antibodies like
tezepelumab have shown strong efficacy in asthma treatment,”””
their effectiveness in AD has been less convincing.””* IL-33 is
another potential target because it plays a key role in early innate
immune responses. In a study involving 12 patients with moderate
to severe AD, a single dose of the anti—IL-33 antibody etokimab
led to significant improvement, with effects lasting up to 140
days.225

IL-1a, released by keratinocytes after skin injury, has been
explored as a therapeutic target for AD. Treatment with the
anti—IL-1a antibody bermekimab in preclinical and early clinical
trials showed promising results, with a significant number of pa-
tients experiencing clear or nearly clear skin and substantial itch
reduction.””

Another key player in innate immunity, IL-36, is upregulated in
AD and has been linked to Staphylococcus aureus colonization in
a mouse model.””’ Spesolimab, an IL-36 pathway inhibitor, was
evaluated in a study involving 51 AD patients, demonstrating im-
provements in EASI scores from baseline.”*®

Finally, the aryl-hydrocarbon receptor (AhR) plays a dual role
in the pathophysiology of various skin disorders, with both pro-
and anti-inflammatory effects depending on the ligand and
context. Coal tar has been shown to activate AhR, leading to
the restoration of filaggrin expression. Similarly, tapinarof, a
natural AhR agonist, helps reduce inflammation and has been
shown to improve AD symptoms in humans.”*’

Harnessing the adaptive immune response

The adaptive immune system, from antigen presentation to
downstream signaling pathways, presents multiple therapeutic
targets for AD. The advent of biologics like dupilu-
mab?? 73230233 hag significantly improved outcomes for
some AD patients, yet the disease of a substantial portion remains
unresponsive.z’m’234 Large clinical trials show that dupilumab re-
sults in EASI-75 and EASI-90 responses in only 44-65% and 30-
51% of patients, respectively.”*” This outcome gap highlights the
need for treatments tailored to specific AD endotypes, particularly
non-Ty2-driven AD. Precision medicine offers promising solu-
tions by targeting specific immune pathways.

New treatments have emerged, including
tralokinumab,”**%40-41-20%23¢ apnroved by the European Medi-
cines Agency in 2021, which targets IL-13 and has shown efficacy
in patients with long disease histories and previous multidrug fail-
ures.*” Lebrikizumab is another high-affinity IgG4 monoclonal
antibody targeting IL-13.*” By inhibiting the IL-4Ra and IL-
13Ra1 receptor signaling complex, it reduces type 2 cytokine—
driven inflammation.””® In two phase 3 trials (ADvocatel and
ADvocate?2), lebrikizumab significantly improved outcomes in
adolescents and adults with moderate to severe AD. With a favor-
able safety profile compared to JAK inhibitors, lebrikizumab is a
promising addition to biologic therapies, complementing treat-
ments such as dupilumab and tralokinumab.””

Eosinophils are thought to play a key role as effector cells in
AD. As a result, targeting IL-5, with a central role in promoting
eosinophil differentiation, recruitment, survival, and degranula-
tion, has been explored as a potential therapeutic approach.
However, in a clinical trial, the anti—IL-5 antibody mepolizumab
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did not lead to a reduction in clinical severity despite significantly
lowering peripheral blood eosinophil levels.”*”

While T2 immune polarization is central to AD, other medi-
ators such as IL-17, IL-23, and IL-22—more commonly associ-
ated with psoriasis—are also being investigated for potential
treatment strategies. IL-22, which is induced by S aureus exo-
toxins, correlates with AD severity.zm In keratinocytes, 1L-22
suppresses filaggrin expression, contributing to barrier dysfunc-
tion.”*" A clinical trial using the anti-IL-22 antibody fezakinu-
mab showed promising results in patients with severe AD.”*’
Fezakinumab™® treatment significantly reduced SCORAD in
phase 2a clinical trials for severe AD but had lesser effects in
moderate AD cases.” "’

Although the IL-23/IL-17 axis is a key pathway in psoriasis, it
may also play a role in certain AD subtypes, such as intrinsic AD
and cases more common in Asian populations. However, a trial
evaluating secukinumab in moderate to severe AD failed to
demonstrate clinical efficacy.”** Interestingly, in patients with
plaque psoriasis, secukinumab treatment has been linked to
eczematous-like reactions,”*” highlighting the need for careful
monitoring of this potential adverse effect. Similarly, another
study investigating the IL-23 inhibitor risankizumab in AD also
showed no clinical benefit.”*

Modulating T-cell migration

Antigen-specific T cells make up a significant portion of the
immune cells infiltrating AD lesions, where they contribute to
local inflammation and disrupt epidermal barrier function. Their
recruitment is driven by chemotactic signals, making the inhibi-
tion of T-cell migration a promising therapeutic strategy.

The C-C chemokine receptor 4 (CCR4), a key marker of
memory Ty?2 cells, binds to chemokines such as CCLS/RANTES,
CCL2/MCP1, CCL22/MDC, and CCL17/TARC, which are high-
ly elevated in AD. Blocking CCR4 is therefore an attractive treat-
ment approach. In a clinical study, oral administration of RPT193,
a selective Ty2 recruitment inhibitor, led to significant clinical
improvements in AD patients, along with beneficial modulation
of the skin transcriptomic profile.”*’

Targeting itch relief

IL-31, a pruritogenic cytokine produced by infiltrating Ty2
cells, plays a central role in AD-related itching, with its levels
correlating to disease severity. Blocking IL-31 has emerged as a
strategy to control pruritus. In a clinical trial, treatment with the
anti—IL-31 receptor alpha antibody nemolizumab effectively
reduced itching but did not significantly decrease inflammation,
as measured by clinical scores.”**

Targeting multiple signaling pathways

The Janus kinase family, comprising JAK1, JAK2, JAK3, and
TYK?2 (tyrosine kinase 2), plays a central role in various signaling
pathways. JAK inhibitors are effective because they block
receptors across multiple pathways, and over 90 JAK inhibitors
are currently patented, many in clinical development for inflam-
matory diseases. JAK inhibitors for AD treatment are classified
into 3 categories: nonselective (pan) JAK inhibitors, dual in-
hibitors (JAK1/JAK?2), and selective JAK1 inhibitors (Table E1),
which can be applied topically or orally.
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Ruxolitinib, a dual JAK1/JAK?2 inhibitor applied as a cream for
mild to moderate AD, has shown clinical efficacy, including
sustained itch reduction and safety in both adults and children.**’
Another example, baricitinib, is an oral JAK1/JAK2 inhibi-
tor.”**'% In phase 3 trials for adults with moderate to severe
AD inadequately controlled by corticosteroids, baricitinib
demonstrated significant improvements in disease severity.””"

JAK inhibitors have the potential to transform AD care, with
current phase 3 data suggesting JAK1-selective inhibitors may
offer greater efficacy than dual JAK1/JAK? inhibitors. This could
be because of dual JAK inhibitors block JAK2-associated IL-10
receptors, inhibiting IL-10 signaling, which plays a crucial role in
inflammation control and tolerance induction.

Addressing comorbidities

Associated comorbidities,25 1252 such as asthma, rhinitis, and
food allergies, complicate AD management. This progression,
known as the atopic march,'”? is not experienced by all patients,
and biomarkers to identify individuals at risk for this progression
are still lacking.””**” A deeper understanding of the mechanisms
that drive the transition from skin sensitization to respiratory
allergic diseases is needed to develop disease-specific therapies
and preventive strategies.

CHALLENGES IN ENDOTYPE CLASSIFICATION OF
AD

Endotype classification in AD presents numerous challenges,
especially when considering its clinical utility. AD is a highly
heterogeneous condition characterized by a range of clinical
phenotypes, which vary according to age, ethnicity, disease
severity, and immune response patterns.'’ The classification of
AD into endotypes, defined by distinct molecular mechanisms
and immunologic pathways, offers the potential to personalize
treatment strategies (Fig 3). However, significant limitations
hinder its widespread clinical application.

One of the primary challenges in endotyping AD is the
complexity of its underlying immunopathology. AD involves a
dynamic interplay between immune dysregulation, barrier
dysfunction, genetic predispositions, and environmental factors.
Various immune pathways, such as Ty2, Ty22, Ty17, and Ty re-
sponses, have been implicated in different subsets of AD. Howev-
er, these immune signatures are not always exclusive, and mixed
immune responses may be evident. As a result, identifying clear-
cut endotypes becomes challenging, limiting the predictive value
of these classifications for guiding clinical decisions.

Another limitation lies in the variability of biomarkers used to
define endotypes. Although several biomarkers, such as cytokines
(eg, IL-4, IL-13, IL-17), chemokines, and transcriptomic signa-
tures, have been proposed for endotyping AD, there is no
consensus on which biomarkers are the most reliable or clinically
relevant. Furthermore, the biomarkers associated with AD
endotypes often fluctuate over time and with disease severity,
further complicating their use for stable classification. This
dynamic nature of AD exacerbates the difficulty in developing
robust, reproducible endotype classifications that can be applied
consistently across patient populations.

Additionally, the limited accessibility and cost of advanced
diagnostic tools are barriers to the widespread use of AD
endotyping in clinical practice. Endotype classification often
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relies on molecular and genetic analyses, such as transcriptomic
or proteomic profiling, which are not readily available in many
clinical settings. These methods also require significant expertise
and infrastructure, making them impractical for routine use in
general dermatology clinics. This creates a gap between the
theoretical potential of AD endotypes and their real-world
application in patient care.

Moreover, there is a lack of longitudinal studies that track the
stability of AD endotypes over time. The temporal dynamics of
AD raise the question of whether endotypes identified at one point
in time remain consistent throughout the disease course. This
variability further complicates efforts to tailor long-term treat-
ments according to initial endotype classification.

In conclusion, while the concept of AD endotyping holds
promise for enhancing personalized medicine, significant chal-
lenges remain. The complexity of immune responses, variability
in biomarkers, limited access to advanced diagnostics, and
dynamic nature of the disease all hinder the clinical utility of
AD endotype classification.

CONCLUSION AND FUTURE DIRECTIONS

AD, like asthma, represents a spectrum of diseases defined by
diverse mechanistic pathways (endotypes) and variable clinical
presentations (phenotypes). Defining these endotypes is essential
to advancing personalized treatments tailored to each patient’s
unique immune, genetic, and molecular characteristics.

Genetic factors,gf”93 254255 quch as FLG mutations,(’ﬁ"231 signif-
icantly affect AD endotypes, especially in European/American
populations. However, overlapping genetic profiles between AD
subtypes indicate that genetics alone cannot fully delineate AD
endotypes. Polymorphisms in genes like TLR2, SPINKS, and
TSLP add to the complexity. Although genotyping remains costly,
advances in technology are improving the accessibility of genetic
profiling, bringing precision medicine in AD care closer to reality.

Transcriptomic studies®>**°® highlight critical aspects of AD,
including epidermal dysfunction, itch signaling, and T2 immu-
nity, and identify distinct endotypes driven by Ty2, Tyl, and
Tx17/Ty22 immune responses. However, reproducibility of en-
dotype definitions remains challenging. Concurrent serum and
blood transcriptomic analyses reveal distinct inflammatory pro-
files, underscoring AD’s complexity and heterogeneity.

In summary, refining endotype-specific diagnostic tools and
treatments presents a transformative opportunity for AD man-
agement. Research expansion through multiomics integration,
long-term patient cohorts, and studies on underrepresented
populations will provide deeper insight into AD endotypes. These
advancements promise a more precise, individualized approach to
AD treatment, improving outcomes for this complex disease.

Emerging research areas hold significant potential for
improving AD diagnosis, treatment, and understanding, as
follows:

o Multiomics integration—Combining genomics, prote-
omics, metabolomics, and epigenomics could yield new
biomarkers and molecular profiles for AD endotypes,
advancing personalized treatment.

e Longitudinal studies—Tracking immune, genetic, and envi-
ronmental factors over time can clarify how AD endotypes
evolve, enabling early interventions and targeted therapies.

e Ethnic and geographic diversity—Expanding studies to un-
derrepresented populations will uncover unique factors
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influencing AD, fostering more inclusive and effective
treatments.

e Microbiome interactions—Understanding how skin and gut
microbiomes affect immune responses may lead to novel
microbiome-targeted therapies for specific AD endotypes.

e Endotype-specific therapies—Beyond dupilumab for Ty2-
dominant AD, new treatments targeting critical pathways
are needed for more resistant endotypes.

As our understanding of AD endotypes deepens, integrating
precision medicine into routine care is increasingly feasible.
Reliable biomarkers for AD diagnosis, severity prediction, and
treatment response assessment will be central to this transforma-
tion. Advances in machine learning and artificial intelligence will
enable predictive models that are based on patient-specific data,
making personalized care a reality for AD patients.
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TABLE E1. Medication for AD
Name Type Target Mechanism Used Suggested for: Study
Pimecrolimus Small Calcineurin Inhibition of calcineurin, which ~ AD Mild to moderate AD El
synthetic disrupts transcription of IL-2
molecule and T-cell activation
Tacrolimus Small natural Calcineurin Inhibition of calcineurin, which ~ AD Moderate to severe AD E2
molecule disrupts transcription of IL-2
and T-cell activation
Ciclosporin/ Small natural Calcineurin Inhibition of calcineurin, which ~ AD Severe, refractory AD E3
cyclosporine molecule disrupts transcription of IL-2
and T-cell activation
Crisaborole Small natural PDE4 PDE4 inhibitor AD Mild to moderate AD El4
molecule
Methotrexate Small natural Dihydrofolate Prevents reduction of AD Moderate to severe AD E4
molecule reductase dihydrobiopterin to
tetrahydrobiopterin, leading to
NO synthase uncoupling and
increased apoptosis of T cells
Azathioprine Small natural GTPase Racl Antagonizes purine metabolism, RA, AD Moderate to severe AD ES, E6
molecule inhibits DNA, RNA and
protein synthesis
Mycophenolate ~ Small natural Inosine-5- Inhibits inosine-5’- AD, transplant Moderate to severe AD 187/
mofetil molecule monophosphate monophosphate rejection
dehydrogenase, depleting
guanosine nucleotides in T and
B cells, inhibiting their
proliferation, and suppressing
immune response and antibody
formation
RPT193 Small CCR4 Binds to CCR4, may block, eg, Moderate to severe AD E8
synthetic chemokine-mediated
molecule migration and proliferation of
Ty2 cells
Dupilumab Humanized IL4Ra Binds to IL-4R, inhibits /L4 and AD Moderate to severe AD E9-E11
mAb IL13 signaling
(IgGyk)
Tralokinumab Humanized IL13 Binds to IL-13 with high affinity, AD Moderate to severe AD El12, E13
mAb inhibiting its interaction with
(IgG4N) receptors
Lebrikizumab Humanized  IL13 Binds to IL-13 with high affinity, AD Moderate to severe AD ElS, E16
mAb prevents IL-4Ra/IL13Ral
(IgGyx) heterodimerization
Mepolizumab Humanized ILS Antagonizes IL-5 reducing AD Eosinophilia-driven AD E17
mAb eosinophil levels
(IgG 1K)
Benralizumab Humanized IL5SRa Binds to IL-5R with high affinity, AD Eosinophilia-driven AD E18
mAb blocks its signaling
(IgGyk)
Fezakinumab Humanized 1L22 Binds IL-22, preventing AD, RA Moderate to severe AD E19, E20
mAb formation of IL-22/IL-22
(IgGN) receptor complex
Ixekinumab Humanized IL17A Selectively binds to IL-17A, AD, PSO, RA Moderate to severe AD
mAb preventing its binding to IL- (Ty17 dominant)
(IgGyk) 17R
Secukinumab Humanized IL17A Selectively binds to IL-17A, PSO Moderate to severe AD E21, E22
mAb preventing IL17-A interaction (Ty17 dominant)
(IgGk) with IL-17 receptor
Ustekinumab Humanized p40 Binds p40 subunit of IL-12 and PSO, CD E23, E24
mAb IL-23, preventing their
(IgGik) interaction with their receptor
Risankizumab Humanized pl19 Binds to p19 subunit of I1L-23, PSO, CD Moderate to severe AD E25
mAb inhibiting IL-23 from
(IgGk) interacting with IL-23R

(Continued)
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Name Type Target Mechanism Used Suggested for: Study
Mogamulizumab Humanized CCR4 Binds to CCR4, may block, eg, Cutaneous T-cell Being studied for E26
mAb chemokine-mediated lymphoma, moderate to severe
(IgGik) migration and proliferation of tumors AD
Ty2 cells
Etokimab Humanized 1L33 Binds to IL33 and prevents AD, asthma, Moderate to severe AD E27
mAb especially activation of Ty2- chronic
(IgGik) associated inflammatory rhinosinusitis
pathway
Tapinarof Small natural AhR Binds to and activates AhR, AD, PSO Mild to moderate AD E28, E29
molecule inducing gene expression,
resulting in downregulation of
proinflammatory mediators
Tezepelumab Humanized TSLP Blocks TSLP by preventing Asthma AD with severe E30, E31
mAb interaction with its receptor inflammation
(IgGy\N) complex
Ecleralimab Humanized TSLP Inhaled anti-TSLP antibody, Asthma Being studied for E32
Fab-G;-\2 binds TSLP, prevents TSLP moderate to severe
receptor activation AD
Bermekimab Humanized ILT1A Binds to IL1A, reduces AD, hidradenitis Moderate to severe AD E33
mAb inflammation suppurativa
(IgGix)
Spesolimab Humanized IL36R Binds to IL36R, reduces AD, CD, PSO, UC Moderate to severe AD E34
mAb inflammation
(IgGiK)
Upadacitinib Small JAK1 Selective JAK1 inhibitor AD, RA, SLE, CD Moderate to severe AD E35, E36
synthetic
molecule
Abrocintinib Small JAK1 Selective JAK1 inhibitor AD, type 1 diabetes Moderate to severe AD E37-E39
synthetic mellitus
molecule
Ivarmacitinib Small JAK1 Selective JAK1 inhibitor AD, RA, UC Under clinical E40, E41
synthetic development for AD
molecule
Baricitinib Small JAK1/JAK2 Binds to JAK1 and JAK2 with AD, RA E38, E42
synthetic high affinity, prevents
molecule activation of STATSs
Ruxolitinib Small JAK1/JAK2 Binds to JAK1 and JAK2 with AD Topical treatment for E43
synthetic high affinity, prevents mild to moderate AD
molecule activation of STATs
Brepocitinib Small JAK1/TYK2 Binds to JAK1 and TYK?2 with  AD, CD, PSO Under development for E44
synthetic high affinity, prevents AD
molecule activation of STATSs
ATI-1777 Small JAK1/JAK3 Binds to JAK1 and JAK3 with Being studied for E45
synthetic high affinity, prevents moderate to severe
molecule activation of STATs AD
Delgocitinib Small Pan-JAKi Blocks multiple JAK enzymes AD, chronic hand  Topical treatment for E46, E47
synthetic simultaneously to reduce Ty1/ eczema AD
molecule Tyl17, T2 inflammation
CEE312 Small Pan-JAKi Blocks multiple JAK enzymes Under early-stage E48
synthetic simultaneously to reduce Tyl/ research for AD
molecule Tyl7, Ty2 inflammation
Jaktinib Small Pan-JAKi Blocks multiple JAK enzymes In development for E49
synthetic simultaneously to reduce Tyl/ inflammatory
molecule Tyul7, Ty2 inflammation diseases
Cerdulatinib Small Pan-JAKi Blocks multiple JAK enzymes Being studied for E50
synthetic simultaneously to reduce Tyl/ inflammatory skin
molecule Tyl17, Ty2 inflammation diseases

CD, Crohn disease; JAKi, JAK inhibitor; mAb, monoclonal antibody; PSO, psoriasis; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; TYK2, tyrosine kinase 2; UC,

ulcerative colitis.
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