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Abstract

Advances in the understanding of atopic dermatitis (AD) pathogenesis have driven the development of innovative systemic
therapies targeting key immunologic pathways. This systematic review summarizes current evidence on the impact of
biologic agents, Janus kinase (JAK) inhibitors, and other emerging treatments on AD-related biomarkers and their correla-
tion with clinical outcomes. A comprehensive literature search was conducted across PubMed, Embase, Scopus, and Web
of Science for studies published between 2014 and 2024. Eighty studies met the inclusion criteria. Dupilumab was the
most extensively investigated therapy, followed by tralokinumab, JAK inhibitors, and novel agents such as amlitelimab,
stapokibart, and tezepelumab. Across drug classes, consistent reductions in CCL17/TARC, LDH, and total IgE levels
were observed, generally paralleling clinical improvement in EASI and SCORAD scores. Transcriptomic and proteomic
analyses revealed normalization of Th2/Th22 inflammatory signatures and restoration of barrier-related gene expression,
while microbiome studies showed a reduction in Staphylococcus aureus colonization. Despite these advances, the hetero-
geneity of study designs and analytical techniques limits the comparability of results. CCL17 and LDH currently represent
the most reliable biomarkers associated with disease severity and treatment response, although their limited specificity
restricts clinical applicability. Future research should aim to validate integrated biomarker panels combining immunologic,
transcriptomic, and microbiomic data to enable precision medicine approaches in atopic dermatitis management.
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Introduction

Atopic dermatitis (AD) is the most common chronic inflam-
matory skin disease worldwide, with an increasing preva-
lence that varies depending on the region and population
under study [1-4]. It is estimated that AD affects approxi-
mately 20% of children and 10% of adults [1]. It is a hetero-
geneous disorder that is diagnosed clinically based on the
presence of xerosis, intense pruritus and recurrent eczema-
tous lesions [1-4]. Both clinical manifestations and location
of the lesions vary according to age [4]. AD is frequently
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associated to multiple atopic comorbidities, including food
allergy, asthma, allergic rhinoconjunctivitis, nasal polypo-
sis, and eosinophilic esophagitis, which together contrib-
ute to a marked impairment in the quality of life (QoL) of
patients and their families [1, 4-6]. The extent and severity
of skin involvement, as well as the intensity of symptoms
and patient reported outcomes (PRO) are assessed using
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standardized scoring systems such as the Eczema Area and
Severity Index (EASI), SCORing Atopic Dermatitis (SCO-
RAD), Investigator Global Assessment (IGA), Numerical
Rating Scale for Itching (NRS-itching), Numerical Rating
Scale for Sleep (NRS-sleep) and Dermatology Life Quality
Index (DLQI) [2].

AD pathophysiology is complex and multifactorial,
involving genetic susceptibility, epidermal barrier dysfunc-
tion, microbiome alterations, and immune dysregulation
[1-10]. Mutations in the filaggrin gene (FLG, a funda-
mental structural protein of the stratum corneum), and less
frequently in other related proteins (claudins, serine prote-
ase inhibitor LETK1, kallikreins) lead to impaired barrier
function [1, 2, 10]. As a result, transepidermal water loss
(TEWL) increases, skin pH is altered, andStaphylococcus
aureus(S. aureus) colonization is promoted, further disturb-
ing the cutaneous microbiome [1, 2, 10]. A defective barrier
facilitates the penetration of allergens and irritants, trigger-
ing keratinocytes and epidermal dendritic cells to release
proinflammatory cytokines (thymic stromal lymphopoietin/
TSLP, IL-1, IL-25, and IL-33). These alarmins recruit and
activate both innate and adaptive immune cells, including
macrophages, mast cells, eosinophils, basophils, NK cells,
and B and T lymphocytes [2, 10]. Within this inflamma-
tory milieu, naive CD4" T cells differentiate predominantly
into T helper (Th) type 2 (Th2) cells, producing IL-4, IL-5,
IL-13, and IL-31, cytokines considered central to AD patho-
genesis. To a lesser extent, differentiation toward Th1 (IFN-
v), Th17 (IL-17), and Th22 (IL-22) subsets also occurs [2,
10].

Advances in the understanding of AD pathogenesis
have driven the development of innovative therapies that
are reshaping clinical management. These new strate-
gies target the hyperactivated Th2 immune response,
either through the extracellular blockade of key cyto-
kines (IL-4, IL-13, IL-31) or the intracellular inhibi-
tion of JAK-STAT signaling pathway [10—-12]. Biologic
agents provide selective extracellular modulation. Dupil-
umab, the first biologic agent approved for the treatment
of moderate-to-severe AD, is a monoclonal antibody
(mAb) directed against the a-subunit of the IL-4 recep-
tor (IL-4Ra), thereby simultaneously inhibiting IL-4
and IL-13 signaling [11]. Subsequently, tralokinumab,
lebrikizumab (both targeting IL-13) and nemolizumab
(directed to IL-31 receptor), have been approved [11].
In contrast, Janus kinase (JAK) inhibitors act intracel-
lularly, broadly suppressing the downstream signaling of
multiple cytokine receptors that utilize JAK/STAT path-
way. Currently approved JAK inhibitors for moderate-
to-severe AD are upadacitinib and abrocitinib (selective
JAKI inhibitors), and baricitinib (JAK1/JAK2 inhibitor)
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[11]. Beyond these, emerging molecules with novel
mechanisms of action are currently under investigation,
including OX40/0X40-ligand inhibitors (rocatinlimab,
amlitelimab, telazorlimab), dual JAK/spleen tyrosine
kinase (JAK/SYK) inhibitors, new antibodies against
IL-4Ra, and TSLP mAbs such as tezepelumab [11, 12].

Given this therapeutic expansion and the complex
pathophysiology of AD, identifying predictive and
response biomarkers is crucial to guide treatment selec-
tion, monitor efficacy, and optimize outcomes, ultimately
advancing toward personalized medicine. Among the
most extensively studied biomarkers are immunoglobulin
E (IgE), lactate dehydrogenase (LDH), various chemo-
kines (CCL17/ initially named as thymus- and activa-
tion-regulated chemokine/TARC, CCL18/pulmonary and
activation-regulated chemokine/PARC, CCL22/macro-
phage derived chemokine/MDC, and CCL26/eotaxin-3),
and interleukins (sIL-2r, IL-13, IL-22, IL-31), all show-
ing promising preliminary results [7, 9]. While most of
these markers have been primarily used to monitor disease
activity, their potential as predictive or response biomark-
ers for therapy remains largely unestablished. A system-
atic review of these biomarkers is therefore essential to
understand how novel systemic therapies influence the AD
biomarker landscape.

Methods

The main objective of this systematic review was to evalu-
ate the effect of biologic therapies, JAK inhibitors, and
other emerging drugs for AD on existing disease-related
biomarkers.

Keywords related to AD and novel therapies were
selected, includingatopic dermatitis, biologic therapy, JAK
inhibitor, dupilumab, tralokinumab, lebrikizumab, upa-
dacitinib, baricitinib, abrocitinib, OX40, rocatinlimab,
telazorlimab, amlitelimab, nemolizumab, and stapoki-
bart. A literature search was conducted in four databases
(Embase (via Ovid), PubMed, Scopus, and Web of Science)
using strategies tailored to each database through controlled
vocabulary and free-text terms (available as supplementary
material).

Eligible studies included clinical trials, cohort studies,
and case series published between 2014 and 2024 involv-
ing adult and/or pediatric patients with AD treated with
systemic innovative therapies that assessed their effects on
disease-related biomarkers. Animal studies, case reports,
commentaries, conference abstracts, and studies limited to
topical treatments were excluded. No language restrictions
were applied.
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The retrieved records were imported into the Rayyan
reference manager for duplicate detection and title/
abstract screening. Two reviewers independently per-
formed the screening process, and any discrepancies
were resolved by a third reviewer.

Risk of bias was assessed using the Joanna Briggs
Institute (JBI) critical appraisal checklists, applying the
tool most appropriate for each study design. The overall
risk was classified as low, moderate, or high according to
the number and relevance of criteria met [13].

This systematic review was reported in accordance
with the PRISMA (Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses) guidelines and
registered in PROSPERO (ID: CRD420251061934)
[14].

Due to the heterogeneity of the included studies
(population, interventions, measurement methods, and
biomarker units), results were synthesized narratively.
We systematically described changes in key biomark-
ers, reported statistical significance, and their correlation
with clinical outcomes. Extracted data are summarized in
tables outlining study characteristics, evaluated biomark-
ers, and main findings.

Results
Study Selection and Characteristics

A total of 955 references were identified. After removing
duplicates, 507 records were screened by title and abstract.
Full-text review was performed for 140 articles, and 80
studies met the inclusion criteria (Figure 1).

Biologic agents were investigated in 63 publications
(Table 1), most frequently dupilumab (N=58), followed
by tralokinumab (N=4) and nemolizumab (N=1) [15-77].
JAK inhibitors were evaluated in 9 studies comprising upa-
dacitinib (N=5) abrocitinib (N=2) and baricitinib (N=2)
(Table 2) [78-86]. Emerging molecules were analyzed in 8
studies (Table 3), including OX40/0X40-ligand inhibitors
(GBR830 and amlitelimab, N=2), an oral JAK/SYK inhibi-
tor (ASN002, N=2), a TSLP inhibitor (tezepelumab, N=1),
and several IL-4Ra inhibitors (rademikibart, AKN120, and
stapokibart, N=3) [87-94]. No eligible studies were found
for lebrikizumab or rocatinlimab. Results on emerging ther-
apies need to be interpreted cautiously due to the early-stage
nature of these data (phase I/II trials). An overview of all
systemic therapies evaluated is presented in Figure 2.

Duplicate records
(n=448)

Reports excluded after reading the title
and abstract
(n = 366)

Reports excluded after full-text review:

* The study did not meet the
inclusion criteria (n = 42)

* The study was a conference
presentation without full test

publication (n = 18)

Fig.1 PRISMA flow diagram ()
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Table 2 (continued)

Risk of bias

biomarkers and clinical
scales

Correlation between

Biomarkers Results

Study design, population, and duration

Year and authors

Treatment

71 Springer

Moderate

Correlation between

Reduction in CCL17, LDH, IgE, and

eosinophil count.

Serum: CCL17, LDH, IgE,
and eosinophil count.

Retrospective observational
1 treatment group

48 weeks; n

2024

Upadacitinib

reduction in eosinophil
count and reduction in

EASI and PP-NRS.

Increase in CCL17 and IgE until week Not studied.

24, followed by a reduction.

Hagino et al. [85]

=283

>12years old

Moderate

Serum: CCL17, IgE, and

eosinophil count.

Observational

2024

Upadacitinib

1 treatment group

96 weeks; n

Koga et al. [86]

No changes in eosinophil count.

=14

12—19 years old
CPR C-reactive protein; CT clinical trial; DPP-4 dipeptidyl peptidase 4; EASI Eczema area and severity index; /g immunoglobulin; /G4 investigator's global assessment; /L interleukin; K16

keratin 16; LDH lactate dehydrogenase; m months; miRNA microRNA; MMP metalloproteinase; NK natural killer cells; PP-NRS peak pruritus numerical rating scale; CCL/7 thymus and

activation-regulated chemokine; y years

Of the 80 included studies, 25 were clinical trials [15,
16, 21, 23, 26, 39, 44, 52, 54, 55, 59, 63, 74, 76, 78-80,
87-94] and 55 were observational studies [17-20, 22, 24,
25, 27-38, 4043, 45-51, 53, 56-58, 60-62, 64-73, 75, 77,
81-86] of which 15 included a control group [30, 32-34, 37,
45, 46, 48, 58, 60, 61, 65, 67, 69, 70].

Information regarding age was extracted from each
study to determine the representation of pediatric, adoles-
cent, adult, and elderly populations (Tables 1-3). The vast
majority of studies were conducted in adults (73 out of 80
studies; 91.2%). For dupilumab, 53 of 58 studies (91.3%)
enrolled adults (two of them also included some adoles-
cents) [15-34, 36-56, 58, 60-71], 4 studies included both
children (<12 years old) and adolescents (12—18 years old)
[35, 57, 59, 72], and only one study was performed exclu-
sively in young children (<6 years old) [39]. The work in
nemolizumab [73]was carried out in pediatric population,
whereas all tralokinumab studies (N=4) were conducted in
adults [74-77]. For JAK inhibitors, most trials were per-
formed in adults (8/9; 89%) [78—86]. Specifically, of the five
upadacitinib studies, four included some adolescents (>12
years of age) [82—-85], while the remaining study was con-
ducted exclusively in adolescents (12—19 years old) [86].
All studies evaluating emerging therapies were limited to
adult populations [8§7-94]. Regarding elderly patients, they
were included within most adult trials but were not assessed
as an independent or predefined subgroup (Tables 1-3);
therefore, evidence in this population remains limited.

The biomarkers, biological samples, and analytical tech-
niques used across included studies were highly heteroge-
neous. Nevertheless, several patterns were evident. In the
next sections of the results, we will summarize the main
findings.

Changes in Classical Biomarkers in AD Patients
Under Systemic Innovative Treatment

Classical biomarkers commonly assessed in clinical prac-
tice for AD include total IgE, lactate dehydrogenase (LDH),
eosinophil counts, and CCL17; however, routine measure-
ment of the latter is currently implemented only in Japan
[7-9].

First, all studies evaluating changes in CCL17 and LDH
(48 out of 80 studies; 60%) reported a reduction in both bio-
markers, regardless of the drug class (Tables 1-3) [15, 16,
18-21, 23-27,29-32, 35, 36, 39, 40, 44, 47, 51-54, 57-59,
64, 66, 69, 73-79, 81, 82, 84-91]. Second, total IgE levels
significantly decreased after dupilumab treatment in most
studies (22 out of 24; 92%), except for two (Tablel) [17,
25]. Three studies also reported reduction in specific IgE
after dupilumab (Tablel) [65, 66, 71]. Total serum IgE was
also reduced with tralokinumab (3 out of 3; 100%) [74—76],
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Table 3 (continued)

(5

Risk
of
bias

Correlation between biomarkers

and clinical scales

Results

Biomarkers

Study design, population, and duration

Year and
authors

Treatment

Springer

Not studied. Low

Reduced levels of all biomarkers tested.

Randomized double-blind placebo-controlled CT Serum: CCL17, LDH,

52 weeks; n

Amlitelimab 2024

Levels remained low even in patients who

discontinued the medication.

IgE, IL-13, IL-22,

=388

Weidinger

(0X40
ligand

IL-17A, IL-31, and
eosinophil count.

>18 years old

et al. [93]

inhibitor)

Low

Not studied.

Reduction in CCL17 and IgE.

Serum: CCL17 and

IgE

2 randomized double-blind placebo-controlled
CT

Stapokibart 2024

(IL-40.

Zhang et al.
[94]

12 weeks
nl=33
n2=39

receptor

inhibitor)

>18 years old
BSA body surface area; CPR C-reactive protein; CT clinical trial; DPP-4 dipeptidyl peptidase 4; EASI Eczema area and severity index; /FFNy gamma interferon; /g immunoglobulin; /GA

investigator's global assessment; /L interleukin; K16 keratin 16; LDH lactate dehydrogenase; miRNA microRNA; CCL17 thymus and activation-regulated chemokine; 7SLP thymic stromal

lymphopoietin

or JAK1 inhibitors (i.e., upadacitinib; 3 out of 3; 100%) [82,
85],whereas no change was reported for JAK1/2 inhibitor
baricitinib (Tables1 and 2) [81].Emerging therapies, includ-
ing stapokibart, AKN120, and the anti-OX40L mAb amlite-
limab, also had an effect on reducing IgE levels (Table3)
[86, 92-94]. Finally, eosinophil counts showed variable
trends. They remained stable in most dupilumab studies (9
out of 20; 45%) [15, 18, 22, 23, 25, 31, 38, 59, 66], but
increased in a few (6/20; 30%) (Table 1) [39, 41, 45, 46,
60, 61]. Furthermore, Touji et al. reported seven patients
with eosinophilia after dupilumab therapy, and six of them
developed conjunctivitis, suggesting that elevated eosino-
phils may represent a potential biomarker for dupilumab-
associated conjunctivitis risk [41].In contrast, upadacitinib
tended to decrease eosinophil counts in most of the studies
(4/5; 80%) (Table 2) [82, 84, 85]. Data are limited for the
other drugs included in this review.

Interestingly, reductions in the classical inflammatory
biomarkers were associated to improvement in several clini-
cal outcomes in 18 out 20 studies (90%), particularly with
biologic therapies. For example, reductions in CCL17, LDH,
IgE correlated with lower EASI scores in patients treated
with dupilumab (Table 1) [15, 17, 18, 21, 25, 29, 31, 47,
57] reinforcing their relevance as indicators of dupilumab
response. CCL17 was also correlated with EASI improve-
ment in patients treated with tralokinumab [76]. Conversely,
higher baseline LDH and eosinophil levels were associated
with poorer dupilumab response, suggesting their potential
as negative predictive biomarkers (Table 1) [25, 29]. In the
case of JAK inhibitors, the reduction of eosinophil numbers
was correlated with improvement in EASI and/or pruritus
NRS in patients receiving upadacitinib (Table 2) [82, 83,
85].

Changes in Inflammatory Markers and Other
Soluble Proteins in Response to Systemic Innovative
Therapiesin AD

Classical biomarkers consistently reflected treatment-
related immunomodulation across the studied drugs and,
in many cases, paralleled clinical improvement. However,
these routinely measured indicators only capture part of the
complex inflammatory signature of AD. To better under-
stand the mechanistic effects of novel systemic therapies
and to identify specific predictors of treatment response,
several studies have evaluated broader panels of cytokines
and soluble proteins. These additional biomarkers provide
complementary insights into pathway-specific modulation
and may help refine future predictive or response-oriented
biomarker strategies.

Beyond CCL17, frequently evaluated cytokines included
CCL18, IL-1B, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IL-13,
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IL-17A/F, IL-19, IL-23, IL-36f, IFN-y, TSLP and TNF-a
(Tables 1-3) [15-94]. In studies with dupilumab IL-4
showed variable changes whereas IL-13 remained stable
or increased and IL-22 decreased reflecting the selective
inhibition of Th2-mediated inflammation (Tablel) [19,
24, 32, 35, 40, 43, 47, 5658, 68]. Tralokinumab pro-
duced a slightly different profile, with both IL-4 and IL-22
decreased while IL-13 increased (Table 1) [75-77], which
suggest subtle differences in Th2 pathway modulation
between IL-4R and IL-13 blocking. Importantly, the rise
in circulating IL-13 after IL-13 blockade does not indicate
enhanced Th2 activity; rather, it reflects target engagement,
as neutralizing antibodies form IL-13-antibody complexes
that prolong IL-13 half-life and increase measurable serum
concentrations. Despite these differences, IL-22 reduction
correlated with EASI improvement in both patients treated
with dupilumab and tralokinumab [42, 47, 76] (Table 1),
suggesting its potential as a T2-biologic treatment response
biomarker. JAK inhibitors studies did not report consistent
cytokine changes (Table 2), as expected due to their broad
immunomodulatory spectrum blocking JAK/STAT sig-
naling, and subsequently affecting multiple Th pathways
(i.e., Thl, Th2, and Th22) [78-86]. However, it is impor-
tant to point out the significant correlation between IL-19
and EASI changes reported by Konrad et al. [80]. Finally,
0X40/0X40L inhibitor amlitelimab selectively reduced
IL-13 (Table 3) [93].

shown in white, whereas JAK inhibitors in green. Emerging therapies
under development are shown in yellow boxes

In addition to cytokines, numerous soluble proteins
with diverse biological functions and inflammatory mark-
ers were analyzed in AD patients receiving systemic thera-
pies (Tables 1-3). Soluble proteins included adiponectin,
ceruloplasmin, dipeptidyl peptidase 4 (DPP-4), elastase,
eotaxin-1, eotaxin-3, periostin, and sIL-2Ra, among others
[15-94]. As expected, T2 cytokine-induced proteins such as
eotaxin-3 (eosinophilic chemoattractant) and periostin were
generally decreased with dupilumab (Table 1) [16, 19, 58].
In tralokinumab-treated patients periostin either decreased
(2 out of 3 studies; 67%) or remained stable (33%) and its
reduction correlated with reduction in EASI at 16 weeks
[74-76]. Other serum proteins were inversely associated
with disease severity, but they did not change with dupil-
umab treatment. For example, lower levels of ceruloplasmin
were found in patients with higher EASI or DLQI scores
[34], and reduced adiponectin levels were associated with
more severe disease (EASI, pruritus) [37]. However, none
of these proteins changed following dupilumab therapy [34,
37].

On the other hand, systemic inflammatory markers,
including erythrocyte sedimentation rate (ESR) and C reac-
tive protein (CRP) levels were both decreased after dupil-
umab therapy (Table 1), while no changes were observed in
18F-Fludeoxyglucose (‘*FDG) uptake in major organs by
positron emission tomography scan and computed tomog-
raphy (PET-CT) [48]. No studies specifically addressed
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changes in soluble proteins or inflammatory biomarkers in
response to JAK inhibitors or emerging therapies.

Molecular Profiling of Systemic Innovative Therapy
in AD Using -Omic Strategies

In recent years different non-targeted -omic studies (i.e.,
Transcriptomic, Proteomic, Metabolomic and Lipidomic)
have been increasingly applied to detect biomarkers asso-
ciated with systemic therapy. Transcriptomic analyses of
lesional skin biopsies showed downregulation of several
genes related to Th2 inflammation and epidermal hyper-
plasia, and upregulation of genes associated with barrier
function and lipid metabolism in response to dupilumab
treatment (Table 1) [15, 16, 68]. Targeting IL-13 with
tralokinumab demonstrated similar changes in skin tran-
scriptomic profile, with decreased expression of genes
linked to Th1/Th2/Th17/Th22 and systemic inflammation,
and increased expression of barrier-related genes (Table 1)
[76]. Interestingly, changes in transcriptomic profiles in
response to biologics were correlated with improvement
in clinical scores (e.g., EASI, SCORAD) in two studies
(Table 1) [16, 76]. Abrocitinib also showed favorable results
at 12 weeks, significantly and dose-dependently reducing
expression of genes involved in inflammation, epidermal
hyperplasia, and Th2/Th22 responses (Table 2) [79]. More-
over, several of these skin biopsy biomarkers (K16, CCL18,
S100A8, S100A9, S100A1) displayed significant asso-
ciations with EASI/IGA/NRS-pruritus improvement after
abrocitinib therapy [79]. Short-term transcriptomic studies
with GBR830 and ASNO002 also demonstrated similar pat-
terns (Table 3) [87, 89].

Proteomic analyses using tape-stripping samples were
performed in three studies with dupilumab and one with
tralokinumab, revealing suppression of several immune
mediators (e.g., CCL13, CCL17, or S100 proteins) with both
therapies (Table 1) [24, 30, 72, 77]. Metabolomic and lipido-
mic studies have been only performed in dupilumab-treated
patients revealing significant changes among treatment
responders, including increased levels of long- and very-
long-chain fatty acids [49, 63, 68]. Despite these promising
findings, current evidence is limited by the small number of
studies and the heterogeneity of -omic approaches. Further
well-designed studies are warranted to validate these bio-
markers, expand -omic analyses to other systemic therapies,
and clarify their predictive value for clinical response.

Immunophenotypic Changes in AD Patients During
Systemic Innovative Therapy

Several studies by Celakovské et al. examined the effects
of dupilumab on circulating immune cell populations,
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including the changes in different lymphocyte subsets (B
and T cells), biomarkers, and other hematologic cell sub-
populations such as basophils and NK cells [45, 46, 60,
61]. Across these studies, dupilumab was associated with
a decrease in circulating CD8" T cells, the normalization of
regulatory T cells and memory B cells, an increased expres-
sion of CD200 and CD23 in B cells (i.e., suggesting a less
pro-inflammatory B cell phenotype), and a reduction in
CD203* basophils [45, 46, 60, 61].

Mobus et al. works demonstrated increased numbers of
NK cells and altered gene expression profiles in lesional
skin of AD patients, along with an imbalance between
resting and activated cells [33]. Strikingly, treatment with
dupilumab normalized this resting/activated NK cell ratio,
although transcriptomic alterations persisted [33]. Collec-
tively, these findings suggest that the therapeutic effects of
dupilumab may extend beyond cytokine modulation, pro-
moting immunologic rebalancing via modulation of cellular
activation and tolerance mechanisms. However, more sup-
porting evidence is needed to confirm these results and to
define their clinical relevance. Current studies are limited by
small sample sizes, heterogeneous patient populations, and
variability in sampling timepoints during therapy:.

Changes in Skin Microbiome and Barrier Function in
AD Associated to Systemic Innovative Therapies

Targeted systemic therapies, particularly biologic agents,
were consistently associated with improvements in the skin
microbiome and epidermal barrier integrity. Reduced S.
aureuscolonization was consistently observed across all the
skin microbiome studies evaluating dupilumab (N=4), sug-
gesting restoration of microbial balance and innate immune
defense [21, 55, 63, 69]. A similar result was found for
tralokinumab, although current evidence is limited to a sin-
gle study [77]. Notably, changes in skin microbiome associ-
ated to dupilumab were also correlated with improvement
in clinical scales (i.e., EASI score) (Table 1) [21]. Kenney
et al. analyzed ceramide synthase 1 (CERS!) expression as
a marker of S. aureus colonization and impaired long-chain
fatty acid synthesis, finding significant post-dupilumab
reductions in CERS/ expression and S. aureuscolonization,
reflecting improved lipid barrier recovery together with
microbial normalization [63].

TEWL and stratum corneum hydration (SCH) were also
evaluated as barrier function markers. Montero et al. assessed
their predictive value for dupilumab response, showing that
SCH changes in both lesional and non-lesional skin after 16
weeks could serve as early predictors of sustained treatment
response [50]. Comparable microbiome and barrier function
analyses remain limited for JAK inhibitors and emerging
therapies, highlighting a current gap in comparative data.
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Risk of Bias

Methodologically, most studies presented a moderate risk
of bias, primarily due to the absence of control groups,
potential confounders, or loss to follow-up. A minority were
rated as high risk owing to small sample size and/or limited
methodological detail. Clinical trials were classified as hav-
ing low risk of bias, given their more rigorous design and
clearer methodology, which minimized these limitations.

Discussion

Systemic therapies for AD act through distinct immuno-
logic mechanisms, ranging from extracellular cytokine
blockade with biologics to intracellular JAK—STAT inhi-
bition and emerging upstream modulators (OX40/0X40L,
TSLP) (Figure 2). Collectively, these interventions con-
verge toward a common endpoint: restoration of immune
balance, epidermal barrier repair, and clinical remission.
Our systematic review suggests that biologic therapies and
JAK inhibitors consistently modulate key biomarkers such
as CCL17, LDH, and IgE, generally correlating with clinical

improvement. Transcriptomic and proteomic analyses indi-
cate normalization of inflammatory profiles and restoration
of skin barrier function following these treatments [15-94],
although current evidence is scarce. Changes in skin micro-
biome, with specific reductions inS. aureus colonization
were also associated to the different therapies. Figure 3
summarizes the direction and consistency of biomarker
changes across therapeutic classes, illustrating the pathway
from biomarker modulation to immune homeostasis, barrier
recovery, and clinical remission.

In recent years, the search for biomarkers capable of
reflecting disease severity and predicting therapeutic
response has emerged as a research priority in AD. To date,
CCL17 is considered the most reliable serum biomarker
associated with AD severity and disease course [7-9].
CCL17 activity plays a central role in AD pathogenesis, as
this Th2-associated chemokine recruits T cells to the skin,
making it a key pathogenic mediator and therapeutic tar-
get [7-9]. In our review, CCL17 was the most frequently
studied biomarker (reported in over 40 studies), showing
consistent decreases after treatment regardless of the drug
class (60-85% reduction), and strong correlations with
improvement in clinical scores (i.e., EASI and SCORAD).

Overview of Mechanistic Pathways and Biomarker Modulation Under Systemic
Therapies in Atopic Dermatitis
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However, its applicability is limited by interindividual vari-
ability (influenced by age) and non-specific elevations in
other inflammatory conditions [7-9]. To our knowledge,
routine measurement of serum CCL17 is only implemented
in Japan, where is used as clinical marker to monitor dis-
ease activity and even treatment response [7-9]. Alongside
CCL17, LDH, is among the most frequently assessed bio-
markers, and its levels decrease independently of the treat-
ment used. Interestingly, in the case of dupilumab studies,
LDH reduction correlated with improved EASI scores,
whereas elevated baseline levels may predict suboptimal
treatment response [18, 25,27, 29, 31, 39, 53, 59, 66]. How-
ever, the main limitation of this marker is the lack of dis-
ease specificity, limiting its standalone predictive value [7,
9]. Total serum IgE, for its part, has been evaluated as a
potential marker of disease severity, although elevations are
not uniform across all patients and are mainly observed in
those with an allergic comorbidity. Most studies included in
our review reported a reduction in IgE following dupilumab
treatment. Tralokinumab, upadacitinib, and several inves-
tigational agents (AKN120, amlitelimab, and stapokibart)
also showed similar evidence [74-76, 82, 85, 86, 92-94].
Reduction of specific IgE against certain aeroallergens in
patients receiving dupilumab, either as monotherapy or
combined with immunotherapy, suggest immune tolerance
induction and supports the drug’s utility in the comprehen-
sive management of AD and associated comorbidities [65].

Cytokine profiling highlighted mechanistic distinctions
between drug classes. Dupilumab primarily targets Th2-
mediated signaling via IL-4Ra blockade, but its immu-
nologic effects extend beyond the Th2 axis. While some
Th2-associated cytokines (IL-4, IL-13; probably reflecting
receptor blocking) and also eosinophils may paradoxically
increase in circulation [32, 39, 41, 47, 58], reductions in
downstream mediators such as IL-12, IL-22, TNFa, IL-1b,
IL-6, IL-17A and other inflammatory molecules indicate
broader network modulation [24, 47, 57, 58]. JAK inhibitors
exert broader immunomodulatory effects across Thl, Th2,
Th17, and Th22 axes, reflected by reductions in IL-4, IL-13,
IL-9, IL-17A, IL-22, IFN-y, TNF-a [84]. Emerging thera-
pies (e.g., OX40/0X40L inhibitors, TSLP blockade) target
upstream signaling nodes, producing overlapping down-
stream reductions in Th2-associated transcripts, although
clinical data remain limited.

The introduction of “omics” technologies has contrib-
uted to refine this picture, identifying key alterations in skin
barrier function, immune profiles, and the cutaneous micro-
biome, and laying the groundwork for novel biomarker dis-
covery and personalized therapies [95, 96]. Transcriptomic
analyses of both skin biopsies and less invasive tape-strip
samples have revealed consistent gene expression patterns
associated with Th2 and Th22 inflammation and barrier

@ Springer

dysfunction in AD [95, 96]. Proteomic and lipidomic stud-
ies have demonstrated changes in barrier proteins and lipid
composition, highlighting their modulatory role in cutane-
ous inflammatory responses [95, 96]. The impact of innova-
tive therapies on these molecular and cellular levels has been
assessed in several studies included in our review. Tran-
scriptomic analyses of dupilumab, tralokinumab, abroci-
tinib, GBR830, and ASN002 demonstrate that these drugs
can modulate the molecular signature of AD [15, 16, 30, 76,
79, 87, 89]. They reduce expression of Th2 inflammation-
related genes as early as four weeks of treatment [89]. In the
case of tralokinumab, gene expression related to Th cells
and systemic inflammation (including atherosclerosis and
vascular inflammation) continues to be modulated after two
years, achieving a profile similar to non-lesional skin [76].
Simultaneously, epidermal proliferation is reduced, and
genes involved in lipid metabolism and epidermal cohesion
are upregulated, progressively restoring barrier function
[76]. Of particular interest is the progressive normalization
of barrier-related transcripts following systemic therapy: for
example, dupilumab has been associated with upregulation
of barrier and lipid-metabolism genes (periplakin, FA2H,
LOR, CLDNS, FLG, KRT1, KRT10, and ELOVL3) [30,
32], tralokinumab with restoration of CLDN1 and LOR
expression [76], and JAK/SYN inhibitor with increased
FLG and CLDN genes [89]. Proteomic analyses confirm
significant reductions in key inflammatory markers, and
metabolomic studies demonstrate notable changes in lipid
composition with these new therapies [24, 49, 68]. Miyam-
ato et al. identified ribose as biomarker for predicting effi-
cacy of dupilumab [49].

The skin microbiome is increasingly recognized as a
dynamic biomarker of treatment response. Epidermal bar-
rier dysfunction promotes S. aureusproliferation, which in
turn helps maintain a proinflammatory Th2 microenviron-
ment [1, 2, 4, 7]. Dupilumab and tralokinumab reduces.
aureus colonization and increase microbial diversity from
the first weeks of treatment [55, 69, 77]. These effects cor-
relate with decreases in CCL17/CCL18 and improvements
in EASI and SCORAD [55]. Mechanistically, this outcome
may result from stimulation of the innate and IL-17-me-
diated immune response, which activates neutrophils and
facilitatesS. aureusclearance via lysozyme and complement
pathways [55].

While these molecular, immunologic, and microbial find-
ings illuminate common therapeutic pathways, it is increas-
ingly clear that biomarker behavior is shaped by underlying
disease endotypes [97, 98]. Distinct biomarker profiles have
been characterized across clinically relevant endotypes of
AD, underscoring the marked immunological and molecular
heterogeneity of the disease. The extrinsic endotype (the most
prevalent form), is defined by elevated total and specific IgE
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levels, eosinophilia, and robust Th2-driven inflammation, with
increased expression of IL-4, IL-5, IL-13, and chemokines
such as CCL17 [97, 98]. In contrast, intrinsic AD typically
exhibits normal IgE levels, absence of sensitization, and a
more prominent Th1/Th17/Th22 activation pattern, including
higher levels of IFN-y, IL-17, and IL-22, suggesting distinct
molecular drivers despite comparable clinical severity [97, 98].
Ethnic background also contributes to biomarker variability.
Asian AD is associated with augmented Th17 and Th22 sig-
natures and marked epidermal hyperplasia, whereas AD in
individuals of African ancestry demonstrates enhanced Th2/
Th22 polarization and reduced FLG expression, often indepen-
dent of FLG mutations. The Caucasian AD endotype typically
exhibits a predominantly Th2-driven inflammatory profile,
with variable but generally moderate involvement of Th22
and Thl pathways. This immunologic pattern occurs in par-
allel with a higher prevalence of FLG loss-of-function muta-
tions in this population [97, 98]. Age of onset further shapes the
immunological landscape. Adult-onset AD shows broad acti-
vation across Th2 (IL-13, IL-31, CCL17), Th22 (IL-22, S100
proteins), Th17 (IL-17A, 1L-19, CCL20, LL-37, PI3/elafin),
and Th1l (IFN-y, CXCL9-11) pathways. Conversely, pediatric
AD exhibits attenuated Thl activity but increased Th9 (IL-9)
responses, heightened innate immunity (IL-1p, IL-8, IFN-al),
and pronounced lipid metabolic dysfunction contributing to
early epidermal barrier impairment [97, 98]. Collectively,
these endotype variations not only reflect the pathophysiologi-
cal diversity of AD but may also modulate biomarker trajecto-
ries and influence differential responses to targeted therapies.
Indeed, phenotype-specific variations in treatment outcomes
have been reported; a multicenter study by Nettis et al. includ-
ing 543 adults found that patients with non-classic adult-type
AD phenotypes responded slightly better to dupilumab than
those with classic flexural disease [38].

Despite compelling evidence, the main limitation of this
systematic review is the heterogeneity of included studies
in terms of design, sample size, biomarkers evaluated, and
analytical techniques. Most publications presented a moder-
ate risk of bias. Dupilumab is the most extensively studied
drug, as it was the first approved, while evidence for other
biologics and JAK inhibitors remains limited, restricting
the generalizability of findings. Variability in the timing of
measurements and differences in analytical methods further
complicate direct comparisons across studies. Additionally,
the correlation between biomarker changes and clinical
outcomes, a key aspect for identifying predictors of thera-
peutic response, was insufficiently explored in most studies.
Although we observed associations with several cytokines
and microbiome features, it should be noted that most of
these markers require research-level platforms and are not
yet validated for clinical decision-making. Furthermore,
the vast majority of data is derived from adult cohorts, and

the evidence for pediatric, adolescent or elderly patients
is scarce. Moreover, across the 80 included studies, many
enrolled mixed AD endotypes without clearly specifying
intrinsic versus extrinsic forms, while others did not identify
the phenotype at all. Ethnic representation was uneven, with
most participants being Caucasian, limiting applicability to
other populations. Several studies combined adult-onset and
pediatric-onset AD, and although most focused on adults,
some included children and adolescents. These variations
in endotype, ethnicity, and age likely influence baseline bio-
marker profiles, affecting IgE, eosinophils, CCL17, IL-22,
Th17/Th22 cytokines, lipid metabolism, and microbiome
composition, and may contribute to the variability in treat-
ment-associated biomarker changes observed across stud-
ies. The 10-year temporal window, potential publication
bias, and exclusion of non-indexed studies are also limita-
tions. Given the rapid evolution of this field, recent publica-
tions may not be included in this review. Finally, clinicians
should also be aware of emerging reports of phenotypic
switching from AD to psoriasis in some patients receiv-
ing biologics or JAK inhibitors [99-101], underscoring the
need for careful monitoring during therapy.

The integration of omics technologies into AD research
has marked a turning point, enabling deeper understanding of
pathophysiology and the development of therapies that have
transformed disease management and patient QoL. Despite
the proven efficacy of current treatments, validated biomark-
ers for objectively assessing disease severity and predicting
therapeutic response are lacking. Although CCL17 and LDH
remain the most consistent candidates, it is unlikely that any
single biomarker will fully meet these needs. Future strat-
egies are expected to rely on combined panels integrating
immunologic, transcriptomic, and microbiome data, facili-
tating more precise patient stratification and advancing per-
sonalized medicine. Multicenter studies with large cohorts
and standardized techniques will be essential to confirm the
clinical and predictive value of these biomarker panels.
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