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Abstract: Atopic dermatitis (AD) is a chronic, relapsing inflammatory skin disease in which intense pruritus and eczematous lesions
arise from tightly coupled disturbances of the nervous and immune systems. Emerging evidence indicates that a dysregulated
neuroimmune axis—as reflected by peripheral neuronal sensitization, epidermal barrier dysfunction, and central itch processing—
plays a central role in disease onset, persistence, and clinical heterogeneity. In this review, we synthesize current knowledge on the
neuroimmune mechanisms that drive AD, focusing on how cytokines such as IL-31, IL-4/IL-13, TSLP and IL-33, together with
neuropeptides including substance P, CGRP and VIP, establish self-reinforcing itch—scratch and inflammation loops at the level of the
skin and the central nervous system. We then highlight recent multi-omics and systems biology approaches, including single-cell and
spatial transcriptomics, neuroimaging, and microbiome profiling, that have reshaped the understanding of neuroimmune “neighbour-
hoods” and the gut—skin—brain axis in AD. Building on these mechanistic insights, we summarize key neuroimmune biomarkers—such
as NGF, IL-31, TARC/CCL17, S100 proteins, barrier-related lipids, neurofunctional readouts from fMRI, and microbial signatures—
and discuss their potential for improving diagnosis, patient stratification, and treatment monitoring within a precision medicine
framework. Finally, we review established and emerging neuroimmune-targeted therapies, including IL-4/IL-13 and IL-31 pathway
inhibitors, JAK inhibitors, OX40/0X40L-directed biologics, TRP and NKIR antagonists, phototherapy, and microbiome-based
interventions, with a particular emphasis on biomarker-guided sequencing and combination strategies. Overall, we propose that
positioning the neuroimmune axis at the core of AD pathogenesis provides a conceptual basis for developing stratified, durable, and
patient-centred neuroimmunotherapy, while also outlining the remaining challenges regarding clinical validation of biomarkers, long-
term safety, accessibility, and implementation across diverse patient populations.
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Introduction
Atopic dermatitis (AD) is a common chronic, relapsing inflammatory skin disease that affects hundreds of millions of
people worldwide and imposes a substantial burden on patients’ quality of life.'* Although AD is often colloquially
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referred to as “eczema”, it represents a specific, well-defined subtype within the broader spectrum of eczematous

disorders. Patients typically present with xerosis, intense pruritus, and eczematous lesions that may show erythema,
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edema, lichenification, excoriations, fissures, and occasional exudation.?> Epidemiological studies report a prevalence of
approximately 2—10% in the general population, with even higher rates in children (up to 15-30%), underscoring the
public health impact of the disease.*® The pathogenesis of AD is multifactorial and involves a complex interplay
between genetic predisposition, environmental exposures, skin barrier dysfunction, immune dysregulation, and neural
alterations.”® Genetic variants affecting epidermal barrier proteins, such as filaggrin, increase susceptibility to barrier
impairment and allergen penetration, thereby facilitating type 2—skewed immune responses. Environmental triggers—
including allergens, microbial exposures, climate factors, irritants, and psychosocial stress—can provoke disease flares or
aggravate existing lesions in genetically susceptible individuals.” "' AD is also closely associated with other atopic
comorbidities, such as asthma, allergic rhinitis, and food allergy, a progression often referred to as the “atopic march”,
reflecting the presence of a broader systemic immune imbalance.”'? In addition, it has been reported that an important
but overlooked aspect of AD is the bidirectional communication between the nervous and immune systems—known as
neuroimmune crosstalk—which can further promote inflammation, reinforce itching, and induce the development of
chronic diseases.'* "

In recent years, an important but historically underappreciated dimension of AD pathophysiology has come into
focus: the neuroimmune axis.'®'” The skin is a highly innervated and immunologically active organ in which
sensory neurons, keratinocytes, and immune cells engage in bidirectional communication to regulate itch and
inflammation.'® Patients with AD frequently exhibit increased cutaneous nerve fiber density, elevated levels of
neuropeptides such as substance P and calcitonin gene-related peptide, and upregulated nerve growth factor, all of
which contribute to peripheral neuronal sensitization.'”*° Conversely, immune-derived mediators—including IL-31
and other type 2 cytokines—can directly activate or sensitize pruriceptive neurons, lowering their activation
threshold and promoting chronic pruritus.'® These reciprocal interactions drive a self-sustaining itch—scratch—
inflammation cycle that perpetuates barrier damage and disease chronicity.?' Beyond local skin events, psychosocial
stress is now recognized as a key exacerbating factor that links the central nervous system to cutaneous immune
dysregulation.?® Stress can activate the hypothalamic—pituitary—adrenal axis and the sympathetic nervous system,
altering the production of neuroendocrine mediators such as cortisol and catecholamines.>' Dysregulated stress
responses may disturb the homeostatic “brain—skin” connection, enhance mast cell activation and cytokine release,
and thereby amplify pruritus, inflammation, and disease flares in AD.** This neuroimmunologic perspective helps
explain the tight association between AD severity, sleep disturbance, anxiety, depression, and reduced quality of
life.

Despite substantial progress, there is still a lack of an integrated synthesis that brings together molecular and
cellular neuroimmune mechanisms, stress-related pathways, clinical phenotypes, biomarker candidates, and emer-
ging targeted treatments within a unified framework.'”**2¢ Therefore, this review aims to summarize current
knowledge of neuroimmune interactions in AD, including their roles in pathogenesis, itch perception, and stress-
related exacerbation, highlight recent methodological advances and neuroimmune biomarkers with potential
relevance for disease stratification and monitoring; and discuss existing and emerging therapeutic strategies that
target the neuroimmune axis. By doing so, we seek to provide a conceptual and translational basis for future
precision medicine approaches in AD, ultimately improving long-term disease control and patients’ quality of life.

Neuroimmune Mechanisms in the Pathogenesis of AD

Understanding the diverse mediators involved in neuroimmune communication is essential for appreciating how
these pathways collectively drive the chronicity and clinical heterogeneity of AD. The interactions among sensory
neurons, immune cells, keratinocytes, and stress-related neuroendocrine circuits are orchestrated through a wide
range of cytokines, neuropeptides, growth factors, and pruritogenic signals. These molecules not only initiate and
amplify inflammation and pruritus but also establish self-reinforcing feedback loops that link peripheral barrier
dysfunction to systemic immune activation and central nervous system modulation. To provide a clearer and more
integrated overview of these mechanisms, the key neuroimmune mediators discussed in this section—including

their principal cellular sources and functional roles in AD—are summarized in Table 1 below.
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Table 1 Key Neuroimmune Mediators in AD: Principal Sources and Functions

Mediator

Main Cellular Sources

Major Functions in AD

Substance P (SP)

Sensory nerve fibers, dorsal
root ganglia neurons

Promotes vasodilation, plasma extravasation and mast cell degranulation; enhances release
of histamine and pro-inflammatory cytokines; contributes to neurogenic inflammation and
pruritus.

Calcitonin gene—related peptide (CGRP)

Sensory nerve fibers, dorsal
root ganglia neurons

Induces vasodilation and modulates dendritic cell and T-cell responses; can skew immune
responses toward Th2/Th|7 profiles and amplify cutaneous inflammation.

Vasoactive intestinal peptide (VIP)

Enteric and peripheral
neurons, some immune cells

Regulates vascular tone and immune cell activation; promotes Th2-biased responses and
may facilitate itch and barrier dysfunction in AD.

Nerve growth factor (NGF)

Keratinocytes, mast cells,
fibroblasts, immune cells

Supports neurite outgrowth and increased cutaneous nerve fiber density; sensitizes
peripheral sensory neurons; enhances mast cell activation and sustains chronic pruritus
and inflammation.

IL-31 Th2 cells, other activated Acts as a key “itch cytokine” by directly activating IL-3|RA-expressing sensory neurons;
T cells, eosinophils, mast promotes scratching behavior, barrier damage and secondary inflammation.
cells
IL-4 /IL-13 Th2 cells, ILC2s, basophils, Central drivers of type 2 inflammation; impair barrier function, modulate keratinocyte
mast cells differentiation and increase neuronal sensitivity to pruritogens; major therapeutic targets
in AD.
TSLP Keratinocytes, epithelial cells | Activates dendritic cells and ILC2s, promotes Th2 polarization; can directly affect sensory
neurons to enhance itch and integrate barrier damage with type 2 immune responses.
IL-33 Keratinocytes, endothelial Functions as an alarmin released upon tissue damage; activates ILC2s, mast cells and Th2
cells, stromal cells cells; contributes to type 2 inflammation and neuroimmune crosstalk.
Histamine Mast cells, basophils Induces pruritus and vasodilation via histamine receptors on sensory neurons and vascular

cells; contributes to early-phase allergic responses and neurogenic inflammation.

TRP channel-mediated signals
(eg, TRPVI, TRPAI)

Sensory neurons,
keratinocytes

Act as molecular sensors for thermal, chemical and inflammatory stimuli; integrate
pruritogenic and algesic signals; mediate neuronal activation downstream of cytokines and

neuropeptides in AD.

Neuronal Sensitization and Itch Pathway

In AD, the interaction between the nervous and immune systems plays a crucial role in causing itching. The inflamma-
tory chemicals released by immune cells directly affect sensory neurons, causing the itch scratch cycle to continue and
worsening the protective barrier of the skin (Figure 1).?” IL-31 is mainly produced by active Th2 cells and binds to
receptor complexes on sensory neurons, which are composed of IL-31RA and tumor suppressor M receptor (OSMR).
This activates a signaling pathway called JAK/STAT, which increases neuronal activity and triggers itching by altering
the way certain proteins work and increasing the production of itch related genes.”® Additionally, we found many clinical
studies support this process. For example, in AD patients, higher levels of IL-31 are closely associated with more severe
itching. Compared to non-itchy skin areas, the level of IL-31 in itchy skin areas is much higher. This increase leads to the
release of more brain natriuretic peptide (BNP) from neurons in the dorsal root ganglion, which in turn causes skin cells
to release more cytokines, exacerbating inflammation.?* This IL-31 driven cycle helps cause chronic itching by
increasing nerve growth in the skin and making itch fibers more sensitive. The success of nemolizumab, a drug targeting
IL-31RA, in clinical trials demonstrates the importance of this pathway. It reduces itching by 50% in patients with
moderate to severe AD.>* Another molecule, thymic stromal lymphopoietin (TSLP), is produced by skin cells when the
skin barrier is damaged or allergens are present. TSLP activates immune cells and promotes Th2 cell growth by binding
to receptors on dendritic cells and T cells. Interestingly, TSLP can also directly activate sensory neurons related to
itching, even without immune cells.>' Recent studies have shown that TSLP levels are higher in the skin of AD and
increase neuropeptide like substance P (SP) in the nerves. In a mouse model, injection of TSLP causes more scratching,
but blocking TSLP receptors prevents this behavior.** In clinical practice, these findings indicate the potential of the anti
TSLP drug tezepelumab, which significantly reduces the severity of eczema and itching in clinical trials. This indicates
that it has the ability to disrupt the neuroimmune circuits associated with AD.*?
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Figure | This figure illustrates the complex mechanisms of skin inflammation and itching, highlighting barrier dysfunction, immune response, and microbial imbalance. It
displays various immune cells (such as T cells, B cells, mast cells, dendritic cells) and cytokines (such as IL-17, IL-31) involved in the pathogenesis of diseases such as AD. The
image also details the effects of therapies targeting these immune pathways, including monoclonal antibodies such as dupilumab, mepolizumab, etc. This figure emphasizes the
interactions between immune cells, skin barriers, and external factors such as allergens and microorganisms, which can lead to itching and skin damage. Copyright ©2023.
Reproduced from Facheris P, Jeffery ], Del Duca E, Guttman-Yassky E. The translational revolution in atopic dermatitis: the paradigm shift from pathogenesis to treatment.
Cell Mol Immunol. 2023 May;20(5):448-474. doi: 10.1038/s41423-023-00992-4.3

In addition, transient receptor potential (TRP) channels, particularly TRPV1 and TRPA1, play a crucial role in itch
conduction, serving as molecular sensors for sensory neurons. These channels are activated by itch inducing agents such
as IL-31 and TSLP, triggering calcium influx, membrane depolarization, and the generation of action potentials in itch
specific C-fibers.*® For example, in AD, sensitization of TRPV1 by histamine or protease activated receptor 2 (PAR2)
agonists can exacerbate itching, as evidenced by upregulation of TRPV1 expression in lesion skin biopsies, which is
associated with the severity of itching during disease onset.>® Similarly, TRPA1 channels integrate microbial and
environmental signals, including ligands derived from Staphylococcus aureus, to enhance neurogenic inflammation
and itching. Consistent with this, TRPA1 knockout mice showed significantly reduced scratching behavior and inflam-
mation in the AD model.>” Moreover, these TRP mediated mechanisms are closely related to IL-31 and TSLP driven
pathways, forming a self-reinforcing loop in which cytokine induced neuronal hypersensitivity reduces itch threshold,
promotes scratch induced barrier disruption, and maintains chronic inflammation. Longitudinal clinical studies on AD
patients have shown that TRP antagonists (such as local capsaicin analogs) can alleviate itching by desensitizing
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overactive channels, highlighting their transformative potential.>’ As for current clinical practice, this comprehensive
framework supports the development of novel TRPV1 antagonists. In preclinical AD models, this antagonist significantly
reduces itching behavior and epidermal hyperplasia, paving the way for new local formulations targeting the neuroim-
mune axis to improve patients’ quality of life.>® In addition, protease activated receptor 2 (PAR2) expressed on sensory
neurons interacts with proteases derived from mast cells, synergizes with TRP channels, and establishes a feedforward
loop of neurogenic inflammation and chronic itching in AD.?° Therefore, from a current perspective, this interconnected
network - including IL-31 mediated neuronal overexcitation, TSLP driven immune neuron crosstalk, and TRP dependent
signal transduction - highlights the therapeutic potential of neuroimmune targeted interventions aimed at breaking the
itch scratch cycle and improving clinical outcomes of AD.?

Immune Cell Neuron Interaction Axis

At present, it is widely believed that the interaction between immune cells and neurons constitutes the central nervous
immune axis of AD, amplifying inflammation, itching, and barrier dysfunction through reciprocal signaling between
resident immune cells and sensory neurons” (Figure 2 and Table 2). Specifically, mast cells located near sensory nerve
endings undergo degranulation when neurons release SP. SP is a neuropeptide that can activate Mas related G protein
coupled receptor X2 (MRGPRX2) on human mast cells. This activation triggers the rapid release of pro-inflammatory
mediators such as histamine, TNF - a, and chemokines, which in turn sensitizes sensory neurons and perpetuates the itch
scratch cycle.*” In many experimental AD models, SP induced degranulation of mast cells through MRGPRX2 has been
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Figure 2 Role of neuroimmune interactions in AD. The exogenous factors in the figure (such as pollutants, allergens, dust mites, Staphylococcus aureus, etc). activate local
immune responses by disrupting the skin barrier (such as skin barrier damage, sponge like transformation, and hyperkeratosis in the figure), further triggering inflammation
and itching. Neuropeptides (such as substance P, calcitonin gene-related peptide [CGRP], and intestinal active peptide [VIP]) and neurotransmitters (such as histamine) are
released through sensory nerve endings in the skin, acting on immune cells (such as dendritic cells, mast cells, eosinophils, T cells, and B cells), regulating immune responses,
promoting cytokine release (such as IL-4, IL-13), and exacerbating skin inflammation and itching. In addition, neuropeptides enhance local immune responses by activating
neural receptors (such as NKIR receptors) and immune cell receptors, forming a neuroimmune feedback loop. Neuroinflammation exacerbates the activation and
infiltration of immune cells, leading to the chronicity of AD. Ultimately, the neural immune interaction not only exacerbates skin inflammation and itching symptoms, but may
also affect the long-term management and treatment outcomes of the disease. In addition, endogenous factors such as stress, lipids, histamine, and neurotransmitters further
enhance neuroimmune interactions, keeping the immune system in AD in a continuously activated state, leading to chronic inflammation and abnormal immune cell activity.
Neuropeptides and neurotransmitters promote cytokine release by binding to receptors on immune cells, forming a vicious cycle that further exacerbates inflammation and
itching, becoming a key mechanism in the long-term and chronic pathological state of AD. Copyright ©2022. Reproduced from Steinhoff M, Ahmad F, Pandey A et al.
Neuroimmune communication regulating pruritus in atopic dermatitis. ] Allergy Clin Immunol. 2022 Jun;149(6):1875—1898. doi: |0.|0|6/].jaci.2022403.0|0.26
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Table 2 Summary of Immune Cell-Neuron Interactions in the Neuroimmune Axis of AD

Immune Role in AD Mechanisms of Interaction with Role in Neuroimmunity Ref.

Cell Type Neurons

Mast Cells Facilitate Th2-driven inflammation through Mast cells establish spatial proximity with Amplify neuroimmune crosstalk by [45,46]
histamine, IL-31, and protease release, sensory neurons, liberating pruritogens such | perpetuating itch sensitization and
enhancing vascular permeability, eosinophil as histamine and tryptase that engage inflammatory amplification, potentially
influx, and acute exacerbations alongside TRPV I+ neurons via MRGPRX2 receptors, exacerbating psychological stress-induced
persistent pruritus. instigating neurogenic inflammation; flares in AD.

neuronal SP reciprocally induces mast cell
degranulation, forming a reinforcing cycle.

Th2 T Cells Propel type 2 immunity via IL-4, IL-13, and Th2-secreted IL-31 ligates IL-31RA on Drive chronic neuroimmune activation by [47,48]
IL-31 production, compromising barrier neurons, activating JAK-STAT signaling for linking epithelial signals to neuronal itch
integrity and fostering IgE hypersensitivity. itch transduction; keratinocyte-derived TSLP | pathways, sustaining Th2-dominant

stimulates Th2 cells, which in turn modulate | inflammation in AD.
neuronal TRP channels, heightening
excitability.

Eosinophils Promote tissue remodeling and Eosinophils secrete BDNF and Contribute to neuroimmune dysregulation [49,50]
inflammation through granule proteins like neurotrophins, fostering neuronal by enhancing sensory neuron density and
major basic protein and peroxidase, inducing | arborization and hypersensitivity; they pruritic signaling, correlating with AD
keratinocyte damage and fibrosis in colocalize with nerves in lesions, where severity.
protracted AD. mediators activate itch neurons.

Dendritic Function as antigen presenters, initiating Th2 | Dendritic cells, including Langerhans Bridge innate and adaptive neuroimmunity [51,52]

Cells skewing through TSLP and OX40L, enabling | subtypes, release TSLP under allergic stimuli, | by modulating neuronal responses to
allergen sensitization. directly stimulating TRPAI+ neurons for itch | allergens, perpetuating itch-inflammation

induction; this facilitates neuronal loops in AD.
hyperexcitability and chronic sensitization.

Macrophages | Adopt M2 polarization in chronic AD, aiding | Macrophages release IL-6 and TNF-a, Regulate neuroimmune homeostasis by [53-
repair yet promoting fibrosis; secrete altering neuronal pain and itch circuits; influencing neuronal modulation, though 55]
proinflammatory cytokines, impairing barrier | dysregulated interactions in AD hinder imbalances prolong activation in AD
function. inflammation resolution. pathogenesis.

shown to enhance vascular permeability and neurogenic inflammation. This was confirmed in the knockout of
MRGPRX?2 in mice, where intradermal injection of SP significantly increased mast cell activation and vascular leakage,
highlighting a feedforward loop that exacerbated erythema and edema in diseased skin.*' In addition, this mechanism
links neuroimmune activation with stress-induced disease exacerbation, as epithelial stress factors stimulate nerve
endings to release SP, stimulate mast cell degranulation and mediator secretion, thereby enhancing itch perception.
These findings have translational significance, indicating that therapeutic inhibition of MRGPRX2 can alleviate rapid
allergic reactions and itching episodes in AD patients.*? Consistent with this, clinical studies have shown that MRGPRX2
antagonists may disrupt the interaction between mast cells and nerves, thereby reducing neurogenic inflammation and
scratching behavior, with potential benefits for nodular prurigo like variants of AD and overall improvement in patients’
quality of life.** In addition, eosinophils abundant in AD lesions secrete NGF, which binds to tropomyosin receptor
kinase A (TrkA) and p75 neurotrophic factor receptor (p75NTR) on sensory neurons. This special interaction promotes
the growth, branching, and hypersensitivity reactions of neurons, thereby exacerbating itching and epidermal
hyperplasia.*® For example, in AD patients, elevated levels of NGF derived from eosinophils are associated with disease
severity, with increased expression of TrkA and p75NTR on eosinophils compared to allergic rhinitis or non allergic
individuals. These changes can inhibit cell apoptosis, enhance chemotaxis, and maintain neuroimmune crosstalk,
collectively driving the chronic inflammatory state characteristics of AD.**

In addition, this NGF mediated signaling regulates the function of eosinophils, while brain-derived neurotrophic
factor (BDNF) - a related neurotrophic factor - further enhances the survival and activation of eosinophils in AD.
Experimental evidence suggests that BDNF derived from AD eosinophils promotes the growth of dorsal root ganglion
(DRG) neurons, leading to persistent chronic itching and neural remodeling.** Therefore, targeting the NGF pathway is
highly meaningful for clinical translation, as anti NGF antibodies have been shown to reduce skin inflammation and
scratching behavior in preclinical AD models, paving the way for biologic therapies to alleviate neuroimmune drive
symptoms in refractory AD cases.’® In addition, Th2 cytokines such as IL-4, IL-13, and IL-31 bind to receptors on itch
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specific sensory neurons and can enhance TRP channels, particularly TRPV1 and TRPA1, directly regulating neuronal
excitability, thereby reducing itch threshold and increasing neuronal responsiveness to itch.>® For example, in AD, IL-31
released by Th2 cells binds to IL-31RA on TRPV1 +/TRPA1 + neurons, activating STAT3 dependent signaling,
promoting neuronal proliferation and itch propagation, as shown in a mouse model, where IL-31 overexpression
reproduces AD like itch and hair loss.>® In addition, IL-13 exacerbates this process by downregulating epidermal
differentiation genes and increasing neuronal sensitivity, which is associated with increased Th2 infiltration and cytokine
levels in human AD biopsies, thereby promoting a self-sustaining cycle of inflammation and neuropathic itching.>*
Therefore, the interaction between Th2 neurons is the basis for central sensitization and therapeutic resistance, which can
be demonstrated by the clinical efficacy of Dupuzumab (an IL-4R a blocker). In Phase III trials of moderate to
severe AD, Dupuzumab significantly reduced itch scores by simultancously targeting immune and neuronal
pathways.”® Therefore, these interrelated mechanisms highlight the therapeutic potential of neuroimmunomodulators
such as JAK inhibitors and anti cytokine biologics, which can disrupt immune neuron crosstalk and achieve sustained
relief and improved patient outcomes by reducing itching and inflammation in AD.>’

Neuropeptides - Innate Immune Microcircuit

Neuropeptides, as key regulatory factors of nervous system activity, play a crucial mediating role in the neural control
of AD. Currently, an increasing number of evidence suggests that the interaction between neuropeptides and the innate
immune microenvironment establishes a dynamic regulatory network that amplifies type 2 inflammation and itching
through local neuroimmune signaling centers in the skin®’ (Figure 2). Specifically, the neuroregulatory protein U (NMU)
released by sensory neurons binds to the NMURI receptor on the second group of innate lymphocytes (ILC2s), forming
a specialized “neuro ILC2 unit” that rapidly promotes ILC2 proliferation and secretion of cytokines such as IL-5 and IL-
13, thereby driving eosinophil recruitment and Th2 polarization in inflamed skin tissue.”® In addition, the NMU-NMURI
axis can enhance the activity of ILC2 effectors in response to epithelial stress signals such as IL-33 and TSLP. For
instance, a mouse AD model suggests that NMU deficiency reduces the accumulation of ILC2 and alleviates skin
inflammation, suggesting that targeting NMUR1 may be a promising strategy for disrupting the early neuroimmune
inflammatory cascade.’® In addition, CGRP, Vasoactive intestinal peptide (VIP) and SP exert strong immunomodulatory
effects on dendritic cells (DCs), mast cells, and vascular endothelial cells by binding to their respective receptors -
CGRP’s RAMP1 and SP’s NKIR. This activation promotes degranulation of mast cells, histamine release, and
endothelial vasodilation, promoting immune cell infiltration and neurogenic edema in AD lesions.®® For example, in
human AD skin biopsy, elevated SP levels are associated with increased mast cell activation and DC maturation, leading
to enhanced antigen presentation and persistent allergic inflammation. In clinical practice, SP antagonists have shown
efficacy in reducing itching and erythema in Phase II trials of pruritus, emphasizing their therapeutic potential in AD.®! In
addition, CGRP affects endothelial function by inducing nitric oxide dependent permeability, synergistically inhibits
regulatory T cell (Treg) activity with VIP, and enhances ILC2 and basophil responses. Studies using organoid models
derived from AD patients have shown that CGRP blockade can reduce excessive cytokine production, restore barrier
integrity, and further highlight the pathogenic role of neuropeptide immune crosstalk in AD.®® Therefore, these
neuropeptides form a complex microcircuit in which neuronal signals fine tune innate immune reactivity, exacerbating
barrier dysfunction, maintaining chronic inflammation, and promoting the persistence of diseases in genetically or
immunologically susceptible individuals.®?

In addition, tissue-specific programming of the group 2 innate lymphoid cells (ILC2s) endows the skin with unique
activation features of resident ILC2s, characterized by increased expression of dual regulatory proteins and IL-13 in
response to skin alarm gradients. This distinguishes them from lung or intestinal ILC2s, which primarily produce IL-5
under similar stimuli.** For example, in AD, skin ILC2s exhibit epigenetic modifications driven by mediators derived
from keratinocytes, leading to preferential amplification during disease onset. A longitudinal clinical study showed that
biologics targeting ILC2, such as anti-IL-13 antibodies, can significantly reduce the severity score and itching intensity of
eczema in patients with refractory diseases.®® In addition, this organ specific activation bias is combined with neuropep-
tide signaling, where neuroregulatory protein U (NMU) preferentially amplifies the skin ILC2 response rather than other
tissue subgroups, leading to local hyperresponsiveness. This provides a translational opportunity for precise treatment,

Journal of Inflammation Research 2025:18 hetps: 18085



Zhang et al

such as local NMURI1 inhibitors, which can selectively alleviate skin inflammation without inducing systemic immune
suppression.®® At the same time, other components of the neuroimmune microcircuit include neuronal derived acetylcho-
line, which affects the polarization of macrophages towards the M2 phenotype, thereby maintaining fibrosis remodeling
in chronic AD. Recent proteomic analysis of diseased skin suggests that acetylcholine receptor antagonists can alleviate
extracellular matrix deposition, highlighting a potential therapeutic pathway for reversing fibrosis related remodeling.®’
Elucidating these immune neural mechanisms has accelerated the development of targeted biologics for AD therapy.®*°®
For example, dupilumab - a monoclonal antibody that blocks IL-4R a - effectively inhibits the IL-4 and IL-13 signaling
pathways, thereby suppressing Th2 driven inflammation.®” However, in addition to immunomodulatory therapies, the
neuroimmune interface remains a core determinant of the pathogenesis of AD, such as the secretion of IL-31 by Th2

cells, which directly induces itching by activating receptors on sensory nerve fibers.”%”!

The Role of Central Nervous System in the Pathological Mechanism of AD

So far, an increasing amount of new evidence emphasizes the complex regulatory role of the central nervous system
(CNS) in the pathogenesis of AD, where neural circuits not only amplify peripheral inflammation but also integrate
environmental and psychological stress factors to maintain chronic disease status.”> Specifically, the brain skin axis
mediates stress-induced AD exacerbation by activating the hypothalamic pituitary adrenal (HPA) axis. Under psycho-
logical pressure, the hypothalamus releases corticotropin releasing hormone (CRH), which stimulates the pituitary gland
to secrete adrenocorticotropic hormone (ACTH), leading to an increase in cortisol levels in the adrenal cortex. This
cascade reaction disrupts the epidermal barrier function, promotes the dominance of Th2 cytokines, and thus links
neuroendocrine stress response with immune dysfunction.”® For example, in AD patients who experience acute stress,
increased HPA activity is associated with increased epidermal permeability and decreased expression of filaggrin, as
demonstrated by longitudinal cohort studies where transient cortisol surges preceded inflammatory episodes. These
changes can promote a pro-inflammatory environment, impair keratinocyte differentiation and barrier repair.”* In
addition, the HPA axis functionally also intersects with sympathetic nervous system (SNS) activity, leading to catecho-
lamine driven recruitment of immune cells and degranulation of mast cells in the dermis. For example, clinical evidence
supports this association, as in randomized controlled trials, mindfulness based interventions that normalize HPA
response reduced AD severity scores by 30%.”> Therefore, the treatment of HPA dysregulation has clinical potential,
as glucocorticoid receptor modulators have been shown in preclinical models to alleviate stress-induced lesions, paving
the way for a comprehensive approach that combines psychopharmacology and dermatology interventions to improve
relief outcomes.”® In addition, neuroimaging studies on itch perception have revealed abnormal central nervous system
activation patterns in AD, with functional magnetic resonance imaging (fMRI) showing overactivation of the anterior
cingulate cortex (ACC) and insula regions during itch stimulation, reflecting significant changes in network involvement
and exacerbating subjective perception of itch.”” For example, in AD patients, compared to healthy controls, histamine
induced itching can cause significant bilateral activation of the thalamus and prefrontal cortex. Positron emission
tomography (PET) studies have shown that reduced binding of p-opioid receptors in these areas is associated with
persistent chronic itching.”® Furthermore, these altered neural activation patterns reflect central sensitivity, as diffusion
tensor imaging (DTI) reveals abnormalities in the white matter tracts within the corpus callosum, linking chronic itching
to emotional disorders. These findings support neurofeedback training as a transformative approach to regulate mala-
daptive itch circuits and improve the quality of life for patients with refractory AD.”® In addition, the mechanism
associated with placebo amplifies the itch perception of AD patients through the central expectation network, as fMRI
shows enhanced activation of the amygdala and orbitofrontal cortex during placebo allergen exposure, mimicking true
allergic reactions. This phenomenon suggests that cognitive-behavioral therapy (CBT) may help reconnect maladaptive
neural pathways and reduce symptom burden.®*® When it comes to the interaction between psychological nervous system
and immune system, emotional stress exacerbates AD through bidirectional central nervous system immune commu-
nication, where anxiety induced changes in vagus nerve tone inhibit the anti-inflammatory cholinergic pathway, leading
to increased release of IL-31 and TSLP derived from keratinocytes and intensified neuronal hypersensitivity reactions.®!
For example, in a longitudinal AD cohort, it was shown that an increase in perceived stress score is associated with
upregulation of NGF expression in the skin, which may be driven by signals mediated by the central nervous system that
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promote eosinophil infiltration and barrier damage. Proteomic analysis confirmed an increase in NGF before clinical
onset,** but there is currently not much research to prove a strong correlation between the two. In addition, serotonin
dysregulation associated with depression in the central nervous system can worsen AD by impairing peripheral immune
tolerance, and selective serotonin reuptake inhibitors (SSRIs) have shown adjuvant efficacy in reducing itch intensity and
eczema area severity index (EASI) scores in comorbid patients in phase II clinical trials.®® At the same time, dysfunction
of the autonomic nervous system (ANS), particularly insufficient parasympathetic activity, plays a supplementary role,
impairs sweating function, and promotes microbial dysregulation in AD skin. Based on Sudoscan’s evaluation, the
electrochemical skin conductance of AD patients is reduced, providing diagnostic insights and supporting biofeedback
therapy aimed at restoring autonomic balance and enhancing disease resistance.™

Emerging research emphasizes the crucial role of the nervous system in driving the chronicity and recurrence of AD
as well.'®”! Some viewpoints suggest that abnormal neuronal activation not only maintains dysfunction of the epidermal
barrier, but also amplifies immune dysfunction, leading to permanent inflammation and itching.® While persistent itching
can cause central sensitization, lower the threshold for itch perception, and lead to excessive reactions from patients to
other harmless stimuli.®® It is worth noting that Guseva et al’s study showed that brain-derived neurotrophic factor
(BDNF) derived from eosinophils promotes the sprouting of sensory neurons, increases neuronal excitability, and thus
enhances itch sensitivity.®” Repeated scratching can further damage the epidermal barrier, release additional inflamma-
tory mediators, and strengthen the self-sustained neuroimmune circuits that drive the progression of chronic diseases.®®
Therefore, these findings emphasize the multifaceted involvement of the nervous system in AD pathophysiology and
establish it as a promising therapeutic target for disrupting the itch inflammation cycle and improving disease
management.®®

The Role of Neuroinflammation in AD
The rapid understanding of neuroinflammation as a dynamic interaction between neural and immune components is
fundamentally reshaping our understanding of chronic skin diseases, particularly in AD, where it manifests as increased
neuronal activation and cytokine mediated crosstalk, leading to permanent itching and barrier dysfunction.*
Neuroinflammation, broadly defined as an inflammatory response within nerve tissue, is characterized by the release
of pro-inflammatory mediators, activation of peripheral glial like cells, and regulation of neuronal signaling. Its scope
extends beyond the central nervous system to peripheral organs such as the skin, bridging local and systemic pathological
processes”® (Figure 3). In AD, neuroinflammation leads to disease chronicity by affecting the activity of adaptive
immune cells, particularly T and B lymphocytes.”**’ There is evidence to suggest that the nervous system regulates
immune function through the release of neurotransmitters, as these signaling molecules bind to receptors on immune
cells, regulating their transport, differentiation, and effector responses, thereby maintaining immune activation and
promoting skin infiltration.*-*° The accumulation of activated immune cells further promotes the release of inflammatory
cytokines and chemokines, amplifies local immune responses, and ultimately leads to the chronic and recurrent processes
of AD.?*°! Moreover, neuroinflammation induced epidermal barrier damage exacerbates the persistence of AD, as
neuropeptides such as CGRP and SP can disrupt the function of keratinocytes and damage the integrity of the barrier. The
destruction of this barrier enhances the penetration of allergens and microbial products, thereby triggering sustained
immune activation, establishing a self-reinforcing inflammatory cycle, and maintaining disease progression.?®%>
Interestingly, recent studies seem to reshape the research landscape, indicating that neuroinflammation in AD is not
only a secondary phenomenon, but also a key pathogenic driving factor. Advanced mouse models and human biopsy
analyses have shown that neuroinflammatory activity intensifies during disease onset and is closely related to the severity
of symptoms.”® For example, in AD, type 2 cytokines such as IL-4, IL-13, and IL-31 coordinate neuroinflammatory
signaling by binding to receptors on sensory neurons, thereby enhancing neuronal excitability through the JAK/STAT
pathway and promoting the release of neuropeptides such as SP. These neuropeptides activate mast cells through
MRGPRX2/MgprB2 receptors, triggering degranulation of mast cells and amplification of local inflammatory
cascades.®” In addition, this bidirectional skin nerve immune axis is driven by nociceptors, where scratching stimulates
sensory neurons expressing Mrgpra3 to release SP, which in turn induces the production of mast cell-derived tumor
necrosis factor - o (TNF - a) and neutrophil infiltration, thereby exacerbating vascular permeability and epidermal
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Figure 3 Neuroimmune interactions drive neuroinflammation in AD. The schematic diagram depicts the bidirectional crosstalk between sensory neurons, immune cells, and
tissue cells that maintain neuroinflammation in AD. Harmful stimuli and inflammatory mediators activate neuronal ion channels and G protein coupled receptors (GPCRs;
MrgprCl 1, MrgprA3, MRGPRXI, PAR2), leading to neuronal depolarization, enhanced excitability, and release of neuropeptides such as calcitonin gene-related peptide
(CGRP), substance P (SP), and vasoactive enteropeptide (VIP). These neuropeptides regulate immune and tissue cell functions, induce the production of cytokines and
chemokines, degranulate mast cells, and further recruit immune cells, including eosinophils, basophils, macrophages, dendritic cells, and T cells. Type 2 cytokines (IL-4, IL-13,
IL-31, IL-33, TSLP) act on neuronal cytokine receptors (IL-4R a, IL-13R o I, IL-3IRA, IL-33R, TSLPR), enhancing neuronal excitability and neuropeptide release, forming
a feedforward loop for neuroinflammation. This sustained neuronal immune epidermal axis promotes itching, epidermal barrier disruption, and chronic inflammation unique
to AD. Copyright ©2024. Reproduced from Kim B, Rothenberg ME, Sun X et al. Neuroimmune interplay during type 2 inflammation: Symptoms, mechanisms, and
therapeutic targets in atopic diseases. ] Allergy Clin Immunol. 2024 Apr;153(4):879-893. doi: 10.1016/j.jaci.2023.08.017.%°

thickening. This effect has been confirmed in Fc & RI dependent AD mouse models.”® In addition, epithelial derived
scaremongs such as thymic stromal lymphopoietin (TSLP) and interleukin-33 (IL-33) exacerbate neuroinflammation
through transient receptor potential (TRP) channels on sensitized sensory neurons, leading to chronic itch sensitization
and establishing a feedforward loop to maintain barrier dysfunction by downregulating filaggrin expression and increas-
ing keratinocyte protease activity.”® Therefore, we found that clinical analysis of AD patients showed elevated concen-
trations of neurotransmitters (including SP and brain natriuretic peptide (BNP)) in the affected skin, which were
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associated with increased severity of itching and sleep disorders, as demonstrated by proteomic studies linking these
mediators to disease activity scores.”* Meanwhile, psychological stress exacerbates this neuroinflammatory cascade by
activating the hypothalamic pituitary adrenal (HPA) axis, leading to the release of glucocorticoids and indirectly
regulating neuronal hypersensitivity and immune cell transport. Queue studies have shown that compared to the control
group, the levels of neuroinflammatory biomarkers in patients with stress-induced AD are significantly elevated.”
Therefore, these mechanisms highlight key translation opportunities. Biological products, such as dupilumab, targeting
IL-4R alpha to block IL-4/IL-13 signaling, have been shown in phase III trials to reduce itch severity by over 50%,
improve quality of life, and disrupt cytokine neuron crosstalk, thereby reducing neuroimmune activation.”® At the same
time, newly emerging JAK inhibitors, such as abrocitinib, have broad inhibitory effects on neuroinflammatory signals,
providing rapid symptom relief in moderate to severe AD and paving the way for precise treatment of the interwoven
skin nerve immune axis.”* In the future, therapeutic regulation of neuroinflammation through the skin nerve immune
interface may be a promising strategy that can affect the chronicity and recurrence of diseases. There is enormous
therapeutic potential for this neuroimmune relationship, and we hope that future research may develop more effective and
personalized treatment methods, especially for patients with refractory or recurrent chronic inflammatory skin diseases
(such as AD).**9¢97

Current Research Frontiers and Hot Topics on Neuroimmune Axis in AD
Multi Omics and Systems Biology Methods

Single Cell Sequencing and Systems Biology Methods

As for the rapidly developing field of AD research, studying the neuroimmune axis has become a central pathway for
exploring the intersection of neuronal sensitization and immune dysregulation to maintain chronic itching and inflam-
mation. This process is increasingly being elucidated through advanced multi omics and systems biology methods, which
can provide high-resolution analysis of molecular interactions.”® At present, these innovative methods, including scRNA
seq, proteomics, and epigenetic analysis, are widely used in the study of the pathogenesis of AD and neuroimmune
regulation, helping to identify cellular heterogeneity, mediator networks, and regulatory modifications that are the basis
of sensory hypersensitivity and barrier dysfunction.””?® It is worth noting that scRNA seq completely changed our
understanding of the neuroimmune interface by mapping the transcriptional status of individual cells in AD lesion skin,
revealing different clusters of itch sensing neurons and Th2 skewed immune cells that collectively express itch inducing
cytokines such as IL-13 and IL-31. This interaction initiates a cascade reaction, in which IL-31 binds to neuronal OSMR/
IL-31RA receptors, enhancing TRPV1 mediated calcium signaling, thereby amplifying neurogenic inflammation and
promoting epidermal proliferation, which is associated with elevated SCORAD scores in clinical cohorts.'® For
example, the recent sScCRNA seq study of peripheral blood mononuclear cells in patients with severe AD by Seon Pil
Jin et al found that dysregulated congenital lymphocytes (ILCs) showed lineage infidelity, ILC2s overexpressed IL-13,
and activated neurons through osteocutaneous protein dependent pathways. This mechanism promotes sustained itching
and barrier disruption, providing a promising conversion pathway for IL-13-targeted biologics such as trastuzumab,
which have been shown to effectively alleviate the severity of itching in refractory adult patients.'®" As a supplement,
Zhou and his colleagues combined scRNA seq with spatial transcriptome analysis of AD skin, revealing that abnormal
differentiation of keratinocytes is associated with increased inflammatory innate lymphocytes (ILCs) and neuronal
proximity. In this case, IL-22 upregulated by ILC3s inhibits the expression of filaggrin through STAT3 phosphorylation,
thereby exacerbating transepidermal dehydration and enhancing allergen penetration. These findings suggest that JAK
inhibitors have therapeutic potential in restoring barrier integrity and reducing seizure frequency, particularly in
pediatric AD.'% Proteomics, as an effective biological detection method, can identify new mediators of the neuroimmune
cascade by quantifying protein abundance in AD skin and serum samples. Analysis revealed an increase in SP and CGRP
levels, which activate mast cells through NKI1R signaling, leading to the release of histamine and IL-4. This process
sensitizes the peripheral nerves and maintains a neurogenic feedback loop, which is associated with increased itching
intensity and persistent chronic disease.'® In addition, Yu Ri Woo et al proteomic study of systemic biomarkers of AD
revealed upregulation of CCL17 and IL-33, which serve as molecular bridges between immune activation and neuronal
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overexcitation. 1L-33 induces TRPA1 mediated itching through degranulation of mast cells, which has clinical applic-
ability as an indicator of disease severity and potential therapeutic targets. These findings highlight the prospects of
biologics such as dupilumab, which can alleviate inflammation and sensory hypersensitivity reactions, thereby improving
the quality of life of long-term or refractory AD patients (Figure 4).'**

In addition, Michael Koch et al used quantitative proteomics to reveal a decrease in NRF2 activity in the epidermis
of AD patients, linking mitochondrial dysfunction to oxidative stress, which disrupts neuronal homeostasis and amplifies
Th2 response through IL-4/IL-13 signaling. These findings suggest that antioxidant interventions have therapeutic
potential, aimed at enhancing mitochondrial elasticity and preventing the deterioration of neuroimmune drive, especially
in elderly AD populations, which may provide new ideas for the treatment of AD patients.'> In addition, epigenetic
modifications coordinate the regulation of neuroimmune genes in AD, and abnormal DNA methylation at the NGF and
ILARA promoters was observed in diseased keratinocytes, leading to increased expression, promoting neuronal growth
and Th2 polarization, thereby exacerbating the itch scratch cycle and worsening barrier dysfunction.'®® Specifically, in
a study by Alberto Jos é da Silva Duarte et al, they investigated epigenetic control in the inflammatory pathway of AD.
Histone deacetylation at the IL17A site was associated with sustained Th17 activation, promoting cytokine crosstalk, and

upregulation of TRPV4 induced by IL-17 made nociceptors sensitive and associated with greater disease persistence.
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These findings support the potential of HDAC inhibitors as adjunctive therapies to regulate epigenetic markers and
promote remission of refractory AD.'”” In addition, microRNA analysis revealed overexpression of miR-155 in AD
immune cells, which inhibits SOCS1 to enhance JAK-STAT signaling and IL-31 production, thereby linking epigenetic
dysregulation with neuroimmune amplification, and indicating that miRNA antagonists have therapeutic potential in

relieving itching and restoring skin homeostasis in different AD populations.'®®

Neuroimmune Axis From a Multi Omics Perspective

In the continuous development of AD neuroimmune research, integrating spatial and cellular lineage perspectives
through multi omics methods has many unique advantages, which changes our understanding of dynamic cellular
ecosystems and revealing how spatial proximity and lineage specific gene expression coordinate inflammatory cascades
and itch responses.'% Specifically, we have carefully examined the single-cell profile of AD lesion skin, which depicts
the neuroimmune “neighborhood” where sensory neurons expressing receptors such as MRGPRX2 cluster near type 2
innate lymphocytes (ILC2s) and mast cells. This organization promotes ligand receptor networks, such as the SP-NK1R
axis, inducing calcium dependent degranulation of mast cells and subsequent IL-13 release, thereby amplifying
epidermal hyperproliferation and barrier dysfunction in chronic lesions.'®" For example, He et al used scRNA seq
in AD biopsy and identified enriched ligand receptor pairs, including IL-31 from keratinocytes binding to OSMR on
neurons, which enhanced neuronal excitability and continued the feedforward itch scratch cycle. At the same time,
clinical observations further indicate that elevated levels of IL-31 in severe childhood AD are partially associated with
the reactivity of anti-IL-31 biologics such as nemolizumab, highlighting the transformative potential of disrupting this
neuroimmune network to reduce disease onset.''® In addition, this spatial framework emphasizes the importance of cell
lineages in maintaining chronic inflammation. Th2 polarized CD4 + originates from immature precursor T cells
infiltrating these neuroimmune regions and interacting with fibroblasts through CXCL12-CR4 signaling, thereby promot-
ing a pro fibrotic microenvironment associated with increased skin thickness in refractory AD. These insights provide
therapeutic opportunities for lincage targeting strategies such as CCR4 antagonists to regulate T cell migration and
improve long-term response outcomes.’” For the application of spatial transcriptomics in neural immune epithelial units,
these techniques map cell neighborhoods while preserving tissue structure, enabling the identification of pathway
hotspots, such as upregulated JAK-STAT signaling in the perivascular region at the junction of neurons with epithelial
cells and macrophages. This interaction inhibits the expression of filaggrin through IL-4/IL-13 signaling, leading to
increased transepidermal dehydration, increased allergen penetration, and exacerbation of dryness and inflammation
in AD."'" In a noteworthy study, spatial transcriptomics of AD lesions revealed concentrated hotspots of TNF - o and
IFN - y activity within neuroimmune epithelial clusters, with epithelial derived chemokines such as CCL20 recruiting
CCR6 + neurons and T cells. This triggers a cascade reaction of keratinocyte apoptosis and immune amplification,
consistent with histopathological observations of sponge like lesions during acute exacerbations, and provides clinical
insights for spatially informed interventions, such as local JAK inhibitors, which can target immune suppression while
minimizing systemic side effects.!'? In addition, these analyses elucidate how cellular neighborhoods promote bidirec-
tional signaling, such as neuropeptide Y released by neurons stimulating the production of IL-6 in adjacent epithelial
units. Conversely, this in turn recruits eosinophils through IL-5, thereby perpetuating the observed eosinophilic sponge
like changes in biopsy confirmed AD and emphasizing the therapeutic value of IL-5 inhibitors such as pembrolizumab
for AD subtypes dominated by eosinophils, which can alleviate itching and restore barrier integrity.'” Advancing to the
multimodal integration of scRNA seq, spatial genomics, and proteomics, these methods generate comprehensive
molecular profiles by overlaying transcriptome profiles with spatial distribution and protein abundance, prioritizing
potential drug targets. For example, elevated periostitis proteins found in the neuroimmune center have been shown to
link neuronal activation with extracellular matrix remodeling and Th2 polarization, highlighting their critical role in AD
progression.''® A recent multi omics study conducted by Chen et al integrated these patterns and identified RRM2 as
a central protein within ILC2 and neuronal spatial clusters. Overexpression of RRM2 drives proliferation response by
enhancing nucleotide synthesis, which is associated with increased epidermal renewal in diseased skin. RRM2 inhibitors
have been proposed as potential combination partners with dupilumab to improve therapeutic efficacy. This is supported
by preclinical data indicating a decrease in SCORAD score in treatment resistant adult AD models.''* In addition, this
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comprehensive framework promotes target prioritization through network-based analysis, revealing the rich CXCL10-
CXCR3 interactions at the epithelial neural immune interface. Proteomic validation confirmed their role in recruiting
sensitized T cells, which exacerbate neurogenic inflammation. This suggests that CXCR3 antagonists may prevent itch
sensitization and promote skin homeostasis, as demonstrated by longitudinal cohort studies of AD patients.''”

As we enter the next paradigm of multi omics in the neuroimmune field of AD, the fusion of spatial transcriptomics
and single-cell lineage tracing is expected to depict individualized molecular features, thereby fundamentally changing
the classification of subtypes and promoting tailored immune regulatory interventions.''® In addition, combining
proteomics with spatial frameworks is expected to reveal dynamic ligand receptor interactions within the neuroimmune
center, which may accelerate the identification of new biomarkers and predict the therapeutic response of refractory itch
patients to biologics such as dupilumab.''” Meanwhile, future multi omics studies combining real-time epigenetic
analysis can elucidate temporal changes in pathway hotspots, providing information for adaptive clinical trial design
to optimize JAK inhibitor regimens, restore epidermal barrier integrity, and alleviate atopic progression in pediatric
cohorts.'"® In addition, in the future, utilizing this holistic and comprehensive paradigm may become a bridge between
basic experiments and clinical applications, while machine learning assisted omics data synthesis can guide precision
medicine strategies. These methods may ultimately reduce the comorbidity burden of genetically susceptible AD

patients, including asthma, through early neuroimmune targeted prevention.''

Microbial Nervous Immune Axis

Nowadays, emerging evidence underscores the microbial-neuroimmune axis as a pivotal modulator in AD, highlighting
how disruptions in both the cutaneous and enteric microbiota contribute to neural sensitization and inflammatory
cascades. This growing research provides new avenues for exploring the gut skin brain interactions behind the

persistence of diseases'?’

(Figure 5). The dysbiosis of the skin microbiome is characterized by the dominance of
Staphylococcus aureus and the loss of symbiotic diversity, especially Staphylococcus epidermidis, which initiates axis

activation by triggering toll like receptor 2 (TLR2) - mediated release of thymic stromal lymphopoietin (TSLP) from
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keratinocytes. This signal cascade subsequently sensitizes nociceptive C fibers through TSLP receptors on sensory
neurons, thereby amplifying itching and neurogenic inflammation through SP induced degranulation of mast cells.'*" At
the same time, the gut microbiota of AD patients is imbalanced, characterized by a decrease in the ratio of Firmicutes to
Bacteroidetes, which spreads systemic effects through short chain fatty acid (SCFA) deficiency (especially butyrate
deficiency), impairing the differentiation of regulatory T cells (Tregs). This imbalance increases the levels of IL-4 and IL-
13 in the circulation, promotes a Th2 dominated immune environment, enhances vagus nerve signaling, exacerbates skin
nerve hypersensitivity and barrier dysfunction.'?* Longitudinal cohort studies further support the regulation of cutaneous
neuroinflammation by the gut, indicating that early exposure to antibiotics depletes the species of bifidobacteria,
increases sympathetic outflow, and leads to increased expression of IL-31 neurons in pediatric AD. These processes
maintain the feedforward loop of itch scratch behavior and microbial translocation.'* In addition to microbial factors,
environmental confounding factors such as pollution, especially fine particulate matter (PM2.5), further exacerbate this
axis by promoting the transformation of skin microbiota into pro-inflammatory Proteobacteria. Activation of TRPV1
channels on afferent nerves mediated by lipopolysaccharide (LPS) induces the release of calcitonin gene-related peptide
(CGRP), thereby enhancing eosinophil recruitment and increasing epidermal nerve fiber density. Epidemiological studies
have confirmed these findings by linking poorer air quality indices with higher SCORAD scores in urban AD cohorts.'**
Similarly, dietary triggers such as high glycemic index foods can impair the integrity of the intestinal barrier, allowing
microbial metabolites and histamine precursors to enter the circulation and activate the histamine itch pathway in the
dorsal root ganglia. This mechanism links Western dietary patterns with accelerated onset of AD through the neural
immune activation of genetically susceptible individuals.'?® In this case, dysbiosis of the skin microbiome directly
promotes neural sensitization, as superantigens from Staphylococcus aureus crosslink IgE on Langerhans cells, thereby
initiating neuropeptide Y-mediated sympathetic nervous activation. This cascade reaction leads to upregulation of TRPA 1
expression in sensory terminals, resulting in chronic hypersensitivity reactions in the affected skin. These findings were
confirmed by scRNA seq analysis of human AD biopsies, which revealed rich microbial neuronal gene features.'*® To
counteract these interferences, probiotic interventions targeting neuroimmune balance have shown promising transla-
tional potential. For example, oral administration of Lactobacillus rhamnosus GG can restore SCFA production and
weaken vagus nerve mediated release of IL-33 from intestinal glial cells, thereby reducing excessive excitability of
peripheral nerves. In a randomized controlled trial involving adult AD patients, this method significantly reduced the
normalization of itch visual analog score and epidermal filaggrin expression.'?” In addition, local application of the
symbiotic probiotic Rosa rugosa mucosa can repair the fungal community in the skin, inhibit the quorum sensing signals
of pathogenic fungi, otherwise these signals would amplify the neurogenic vasodilation mediated by protease activated
receptor 2 (PAR2). Evidence from Phase II clinical studies suggests that reduced transepidermal dehydration and
decreased neurofibrillary light chain markers of axonal stress enhance the therapeutic potential of microbiome regulation
in AD."?® On the basis of these findings, it has been demonstrated that synbiotic preparations containing phytic acid rich
diets can enhance the biosynthesis of indole-3-propionic acid in skin associated clostridia, thereby regulating the
signaling of aryl hydrocarbon receptors in neurons. This pathway inhibits Th17 driven inflammation, promotes sensory
axonal pruning, and facilitates itch resolution. The preclinical model has translated these results into an improvement in
EASI scores in subsequent dietary intervention trials, emphasizing the systemic potential of gut skin metabolic
crosstalk.'*’

In addition, studies have found that extracellular vesicles from Lactobacillus fermentum regulate the serotonin
pathway through the reconfiguration of the gut brain axis, leading to a decrease in 5-HT3 receptor density on sensory
fibers and alleviation of AD symptoms in mouse models. This strategy demonstrates synergistic potential with anti-IL-4
biologics in restoring microbial neural homeostasis and provides promising directions for clinical progress.'*® Overall,
these comprehensive interventions highlight the therapeutic extensibility of the microbial neuroimmune axis, paving the
way for personalized microbiome engineering strategies to disrupt neuroinflammatory circuits driven by ecological
dysbiosis and promote persistent disease control.'*!

Looking ahead, the microbial neuroimmune axis in AD marks a paradigm shift towards comprehensive, multi omics
research that elucidates the dynamic interactions between skin dysbiosis, gut metabolites, and neural sensitization. This
approach is expected to establish a resilient, patient-centered therapeutic ecosystem that goes beyond traditional symptom
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management and targets potential neuroimmune networks for disease persistence.!”'**'33 In this constantly evolving
framework, emerging strategies emphasize the importance of developing standardized, Al enhanced fecal microbiota
transplantation (FMT) protocols tailored specifically for AD patients. In addition, through these innovations, we can
envision a future of precise monitoring, where metabolomics driven dashboards continuously evaluate SCFA and
neuropeptide flux to guide the optimization of adjuvant therapy. These advances collectively aim to promote lasting
neuroimmune balance and comprehensive disease management throughout the entire lifecycle of patients.'>*!%

Neuroimmune Biomarkers in the Diagnosis and Treatment of AD

At present, the traditional diagnosis of AD still mainly depends on clinical manifestations and patient medical history,
lacking objective and quantifiable biomarkers that can reflect potential neuroimmune disorders. However, based on
current insights into new developments, research on neuroimmune biomarkers for AD is becoming increasingly wide-
spread and mature, and the future of research increasingly relies on translating neuroimmune findings into measurable
clinical indicators, thereby adapting current limited diagnostic approaches to precision medicine. Meanwhile, advances in
multi omics technologies such as transcriptomics, proteomics, and immunohistochemistry have catalyzed the identifica-
tion of novel biomarkers associated with the neuroimmune pathways of AD. These biomarkers not only deepen our
understanding of disease etiology, but also provide promising avenues for improving diagnostic accuracy, treatment
monitoring, and patient stratification in clinical practice.

Neuroimmune Biomarkers in AD

In the paradigm shift towards precision dermatology, AD is considered a multifactorial disease caused by the interaction
of barrier dysfunction, immune dysregulation, and environmental triggers. Novel biomarkers have become indispensable
tools for improving diagnostic accuracy and guiding treatment decisions. However, due to challenges in validation,
patient differences, and technical standardization, their integration with routine clinical practice is still limited'*®'3’
(Figure 6 and Table 3). For example, serum thymus and activated regulatory chemokines (TARC/CCL17), a Th2 related
cytokine, have been identified as reliable indicators of AD disease severity and treatment responsiveness. Mechanistic
studies have shown that elevated levels of TARC contribute to eosinophil recruitment and amplify type 2 inflammation
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Figure 6 (A) Overview of Biomarkers in AD. This panel illustrates the typical distribution of skin lesions (red plaques) in AD patients and categorizes key biomarkers linked
to AD pathogenesis. These include genotypes (eg, filaggrin, SPINK5, FceRI-B, TSLP), chemokines (eg, TARC/CCLI17, MDC/CCL22, CTACK/CCL27, PARC/CCLI8, Eotaxin/
CCL26), interleukins (eg, IL-22, IL-13, IL-31, IL-33, IL-16), and other markers (eg, periostin, DPP-4, serum IgE, eosinophil count, ECP, SI00A7/A8/A9/A12, LDH, CA I,
NELL2, EDN, SCCA2). These biomarkers demonstrate the complex neuroimmune interactions, inflammatory processes, and skin barrier damage underlying AD. (B)
Comparison of AD treatment strategies: traditional medicine and precision medicine. The traditional “one size fits all” approach based on clinical judgment (left) and
precision medicine stratified by intrinsic/phenotypic biomarkers (right) highlight personalized treatment for AD subtypes to address the complex heterogeneity of
neuroimmunity. Copyright ©2024. Reproduced from Park CO, Kim SM, Lee KH, Bieber T. Biomarkers for phenotype-endotype relationship in atopic dermatitis:
a critical review. EBioMedicine. 2024 May;103:105121. doi: |0.|0|6/].ebiom.2024.|05|2|.I43
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Table 3 Biomarkers in the Neuroimmune Mechanism of AD

Biomarker Molecular Type Sample Source | Functional Indication Clinical Significance Ref.
IL-13 Inflammatory cytokine Serum / Skin Th2-type inflammation Predicts response to Dupilumab [138]
tissue
DPP-4 (CD26) Enzyme protein Serum Indicator of IL-13 pathway activity Predicts response to Tralokinumab [144]
Periostin Extracellular matrix Serum / Skin Induced by IL-13 Marker for sensitivity to IL-13-targeted [145]
protein therapies
IL-31 Inflammatory cytokine Serum / Skin Neuroinflammation, itch mediator Predicts treatment response and target of [146]
Nemolizumab
LDH Inflammatory-associated | Serum Systemic inflammation and tissue Indicator of poor response; monitors [147]
enzyme damage inflammation burden
slL-2Ra (CD25) Soluble receptor Serum T-cell activation status Predictive of Dupilumab efficacy [148]
IL-36B Pro-inflammatory Serum Innate immune activation Potential biomarker for Dupilumab response | [148]
cytokine
TARC (CCL17) Chemokine Serum / Skin Th2 cell recruitment Monitors disease activity and relapse risk [149]
SCCA2 Stress-response protein Serum Keratinocyte stress from IL-13 Reliable severity biomarker for both children | [150]
and adults
EDN Eosinophil-derived Serum Eosinophil activation Risk indicator for disease relapse [I151]
neurotoxin
miR-155 microRNA Blood / Urine Inflammatory activity RNA marker Non-invasive method for disease monitoring [152]
OX40+ T cells Surface receptor Peripheral T-cell costimulation pathway activity Mechanistic marker and indicator of novel [153]
blood / Skin therapy efficacy
TSLP Cytokine Skin / Serum Initiator of epithelial-Th2 axis Reflects early immune activation and barrier [154]
disruption
IgE Antibody Serum Product of IL-4/IL-13-driven B-cell Monitors treatment effect; predicts ocular [155]
class switching side effects

through CCR4 receptor signaling on T cells, thereby perpetuating the itch scratch cycle. Meanwhile, in clinical practice,
a phase III trial conducted in 2024 showed that baseline TARC concentrations exceeding 1000 pg/mL were associated
with reduced itching in patients receiving dupilumab treatment, emphasizing its translational relevance among stratified
responders. However, given its overlap with asthma phenotype, its limited specificity remains a key limiting factor.'** In
addition, recent studies on ceramides as skin barrier biomarkers have further elucidated their pathogenic significance
in AD. Changes in ceramide chain length and sphingolipid metabolism can impair the integrity of the epidermis, leading
to increased transepidermal dehydration and enhanced allergen penetration. For example, Yong et al reported a -
pediatric AD cohort study based on lipidomics, which showed that a ceramide ratio (such as CER [NS]/CER [AS])
below 1.5 can predict early-onset disease and poor response to local corticosteroids, providing valuable prognostic
insights for preventive interventions. However, the clinical application of ceramide analysis is hindered by the need for
invasive biopsy and the lack of standardized methods for different ethnic populations.'*° Furthermore, multiple omics
methods have identified spatial transcriptomic features, such as upregulation of IL-31 and OX40 ligands in diseased skin,
which lead to neuronal sensitization and chronic Th2 polarization through the JAK-STAT and NF - « B pathways.
A famous study combining spatial transcriptomics with scRNA seq was able to predict recurrence after JAK inhibitor
treatment, indicating that patients with high IL-31 expression only achieved sustained remission in 60% of cases. These
findings highlight the potential of such biomarkers in upgrading personalized therapy to biologics such as pembrolizu-
mab, despite the current high cost and complex bioinformatics requirements hindering their widespread clinical
application."*® Similarly, emerging immune biomarkers such as SI00A8/A9 (calprotectin) have attracted attention for
their role in reflecting innate immune activation in AD. S100A8/A9 heterodimer promotes excessive proliferation of
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keratinocytes and cytokine release through TLR4 binding, exacerbating barrier dysfunction. Real world data from
European registry shows that elevated serum S100A8/A9 levels (>500 ng/mL) distinguish moderate to severe AD
from mild AD with an accuracy rate of 85%, supporting its application in early diagnosis and treatment monitoring,
particularly in tracking the efficacy of Atrotinib. However, its elevation in other inflammatory diseases can impair disease
specificity, highlighting the necessity of combining biomarker panels to improve diagnostic accuracy.'*! For the
functional evaluation of biomarkers, neuroimaging derived biomarkers have become valuable tools for elucidating the
central mechanism of AD itching so far. The changes in functional connectivity between the insula and somatosensory
cortex have been shown to reflect neural processing abnormalities associated with chronic itching. fMRI studies have
shown that the reduction in gray matter volume leads to persistent itching through maladaptive neural plasticity changes.
A recent clinical trial further combined these imaging biomarkers with serum neurokinin B measurement results to
predict treatment response to trastuzumab, revealing that recovery of functional connectivity after treatment is associated
with improvement in EASI score. These findings advance the neuropsychiatric management of AD by connecting central
and peripheral biomarkers, although implementation is still limited by high imaging costs, accessibility issues in resource
limited environments, and inherent subjectivity in itch assessment.'** In addition, the latest research indicates that the
emergence of microbiome related biomarkers highlights the role of skin dysbiosis in the pathogenesis of AD. For
example, the decreased abundance of Staphylococcus aureus alpha toxin inhibitors in the skin metagenome has been
identified as a key indicator of dysregulation driven inflammation, where toxin mediated pore formation in keratinocytes
triggers the release of IL-1 B and biases adaptive immunity towards a pro-inflammatory phenotype. Recent studies on
Asian AD populations have shown that low abundance of inhibitors indicates susceptibility to infection and poor
responsiveness to moisturizer treatment, supporting probiotics targeting the microbiome as a potential adjuvant inter-
vention. However, inter batch differences in sequencing results and limited longitudinal datasets continue to hinder their
clinical translation.'*

In addition, a recent review by Lyubchenko et al found a positive correlation between thymic stromal lymphopoietin
(TSLP) levels, SCORAD score, and transepidermal dehydration (TEWL), highlighting its critical role in AD neuroim-
mune signaling.'>® TSLP is an epithelial derived cytokine closely related to disease severity and barrier dysfunction,
which promotes neuroimmune crosstalk by activating dendritic cells and mast cells. Similarly, S100 family proteins
(S100A7, S1I00A8, and S100A9) are upregulated in acute and chronic AD lesions, interacting with IL-22 and IL-17-
mediated inflammatory pathways, and may affect neuroimmune dynamics by regulating epidermal
differentiation.>*'>”'>® A meta-analysis conducted in 2025 further confirmed that elevated levels of S100 protein are
associated with the inflammatory burden and severity of itching in AD, emphasizing its potential diagnostic and
prognostic utility.'” Based on these molecular insights, a recent bioinformatics study integrating machine learning
methods identified candidate genes such as SI00A9, SH3BGRL2, RAB27B, TMEM158, DAB2, FSTL1, CALDI, and
XK, which may contribute to the neuroimmune mechanisms of AD.'*’

Stratified Medicine and Precision Medicine in AD Neuroimmune Biomarkers

In the dynamic field of precision dermatology, stratified medicine has become a key method for decoding disease
molecules and cellular heterogeneity using biomarkers, as AD is characterized by complex interactions between immune
dysregulation, epidermal barrier damage, and chronic itching. From this perspective, we can use biomarker guided
stratification to align tailored treatment strategies with different disease subtypes, optimize clinical outcomes, and

minimize adverse reactions'>®1%°

(Figure 6). By combining high-resolution biomarker analysis with clinical phenotypes,
precision medicine for AD not only improves diagnostic accuracy and prognostic capabilities, but also lays the
foundation for a transformative, patient-centered treatment paradigm.'**'®""'® Among the most notable neuroimmune
biomarkers, serum NGF—a neurotrophin that supports sensory neuron survival and mediates neuronal hypersensitivity—
is significantly elevated in AD patients compared with healthy controls. Mechanism studies have shown that NGF
stimulates the sprouting of epidermal nerve fibers and induces keratinocytes to secrete pro-inflammatory cytokines such
as IL-4 and IL-13, thereby amplifying itching and inflammation in a self-sustaining feedback loop.'®* In addition,
cytokines such as IL-31 play a central role in itch signaling by activating the IL-31 axis. IL-31 binds to heterodimeric

receptors (IL-31RA/OSMR) on dorsal root ganglion neurons, triggering the JAK-STAT signaling cascade and inducing
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calcium influx and subsequent transmission of itching sensation. Clinical studies have shown that an increase in serum
IL-31 concentration is closely related to the severity score of itching, especially in the pediatric AD cohort, highlighting
its potential as a neuroimmune driven biomarker for itching.'®® In addition, neuropeptides such as SP and CGRP, which
released from high-density cutaneous nerve endings in AD affected skin, can further amplify the Th2 twisted immune
response. They achieve this goal by promoting degranulation of mast cells and cytokine release, which enhances
neurogenic inflammation and itching. Immunohistochemical analysis showed that the density of nerve endings in atopic
lesions doubled, which is associated with chronic scratching behavior and increased disease activity.'®® Multiple omics
integrated studies further confirmed this hyperactivity and persistent inflammation, with spatial transcriptomics combined
with scRNA seq revealing key ligand receptor interactions in the fibroblast leukocyte microenvironment, such as
COL6AS-CCL19. These spatially resolved inflammatory niches drive sustained neuroimmune activation and serve as
predictive molecular features for AD disease progression, linking basic biology with clinical translation.'®” Advanced
diagnostic methods, such as neuroimaging techniques, particularly fMRI, have revealed characteristic changes in brain
connectivity in AD patients. In the itch stimulation task, the reduced activity in the caudate nucleus and posterior
cingulate cortex indicates the presence of central sensitization mechanisms that lead to sleep disorders and cognitive
dysfunction. A recent study further suggests that AD patients who respond to treatment exhibit normal neural activation
patterns after treatment, emphasizing the potential of neuroimaging biomarkers in monitoring treatment efficacy.'®
Similarly, resting state fMRI analysis showed that itching caused by eczema enhances the activation of the somatosen-
sory cortex and insular cortex, providing functional evidence for neural plasticity remodeling. These findings are closely
related to the intensity of itching reported by patients and can serve as objective endpoints for evaluating treatment
interventions in clinical trials, thereby linking subjective symptoms with quantifiable neurophysiological data.'®’
Integrating these neurofunctional biomarkers into the precision medicine framework can improve treatment stratification
and prediction accuracy. For example, JAK inhibitors such as upadatinib exhibit rapid anti itch effects by blocking IL-31
mediated JAK1 signaling, significantly reducing itching within a few weeks after initiation. Phase III clinical data
indicate that baseline serum IL-31 levels below 50 pg/mL can predict better EASI-75 response at week 16, highlighting
the translational value of biomarker based patient selection in optimizing treatment outcomes.'’ On the contrary, IL-31
inhibitors such as nemolizumab maintain long-term control of itching by directly antagonizing IL-31RA receptors and
blocking downstream neuronal excitation, thereby maintaining remission of moderate to severe AD. At the same time,
real world evidence from the Japanese cohort further supports the use of multi omics analysis to assess skin IL-31
expression before treatment and reduce recurrence rates, strengthening the role of informed monitoring of biomarkers in
personalized treatment.'”!

Secondly, OX40 targeted therapies, such as amlitelimab, have slower but more profound immunomodulatory effects.
By disrupting the OX40-OX40L interaction on memory T cells, these therapies inhibit chronic Th2 polarization and
reduce susceptibility to recurrence. Spatial transcriptome analysis has identified ligand receptor features that predict
delayed but persistent clinical responses in patients with refractory AD, which can help design tailored treatment plans
that balance efficacy and safety through biomarker guided precision care and minimize overtreatment.'’® In addition,
a study conducted by Ishiuji et al used fMRI to monitor cortical activity in AD patients during itch stimulation, revealing
that central sensitization may be a potential diagnostic biomarker for the disease.'”> These neurofunctional biomarkers
provide valuable tools for enhancing disease diagnosis and patient stratification, bridging the gap between subjective
symptom perception and objective neurophysiological evidence.

At the same time, non-invasive diagnostic techniques such as transepidermal dehydration (TEWL) and measurement
of skin pH provide complementary insights into the integrity of the epidermal barrier and neuroimmune activation.'’
A prospective study in 2023 further confirmed that the combination of familial susceptibility, elevated levels of type 2
cytokines, and abnormal lipid metabolism in infants significantly predicted the future development of AD (OR 54.0, 95%
CI 9.2-317.5). Despite these promising findings, such predictive biomarkers have not yet been included in standard
clinical workflows due to limited validation of early screening and practical challenges.'”* Looking ahead, the integration
of multiple omics platforms is expected to completely change the discovery of biomarkers and greatly improve the
diagnostic accuracy of AD."*” With the accumulation of large-scale validation studies, these biomarkers are expected to
transition from research frameworks to clinical implementation, thereby improving diagnostic accuracy, guiding
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personalized treatment, and enhancing overall patient outcomes.'”

With the accumulation of large-scale validation
studies, these biomarkers are expected to transition from research frameworks to clinical implementation, thereby

improving diagnostic accuracy, guiding personalized treatment, and improving overall patient prognosis.

Therapeutic Strategies Targeting the Neuroimmune Axis in AD

Key Nodes and Potential Drug Targets in the Neuroimmune Circuit

In the intricate neuroimmune axis behind AD, bidirectional communication between sensory neurons and immune
effectors maintains a self-reinforcing cycle of itching and inflammation. Therefore, treatment strategies targeting key
regulatory nodes in this cycle can change disease management by selectively disrupting pathological crosstalk.'” The
center of this paradigm is the so-called “itch axis”, controlled by IL-31 and its receptor IL-31R a. IL-31 is mainly
secreted by Th2 cells and binds to IL-31R o/OSMR heterodimers on dorsal root ganglion neurons, thereby activating the
JAK-STAT signaling cascade, inducing clinical manifestations of calcium influx, neuronal overexcitement, and refractory
itching.'”*!”” Recent mechanistic studies further suggest that this axis exerts immunomodulatory effects by promoting
neuronal release of CGRP, which in turn amplifies type 2 inflammation through mast cell activation. It is worth noting
that a study by Marlys S. Fassett et al showed that IL-31 dependent neurogenic inflammation paradoxically suppressed
the skin Th2 response in a mouse model, emphasizing the dual role of IL-31 signaling in itch transmission and immune
homeostasis.'”® From a clinical perspective, monoclonal antibodies such as nemolizumab that selectively target IL-31R a
have achieved rapid and sustained itch relief in phase III clinical trials. The transformed evidence emphasizes the
significant reduction in EASI scores and improvement in sleep quality in patients with moderate to severe AD,
highlighting the potential of biomarker guided therapy to interrupt the chronic itch inflammation cycle and prevent
disease recurrence.'”® In addition to IL-31 signaling, JAK1 has become a key “common node” in the neuroimmune
circuit. JAK1 mediates downstream responses to cytokines including IL-4, IL-13, and IL-31, driving epidermal
proliferation and neuronal sensitization through STAT6 phosphorylation and itch inducing gene expression.'’®'®
Studies on JAKI1 functional variants have shown that type 2 cytokine driven allergic inflammation is exacerbated
in AD, and sensory neurons regulate lung immune homeostasis through JAK1 dependent pathways, indicating that
atopic progression has broader systemic relevance.'®! So, for AD patients, selective JAK 1 inhibitors such as upadatinib
show a rapid onset in relieving symptoms of neuroimmune drive. Evidence from the real world suggests that activation of
the baseline JAK1 pathway can predict better itch relief and lasting relief, promote precise dosing strategies, minimize
off target effects, and improve long-term treatment compliance.'®'

T cell reprogramming is a new technology for AD, and the OX40/0X40L signaling axis plays a key role in
maintaining chronic Th2 polarization by mediating co stimulatory interactions on memory T cells, thereby driving
sustained cytokine production and amplifying the inflammatory environment, enhancing neural sensitivity. The mechan-
ism study conducted in 2024 elucidated that the involvement of OX40L-OX40 maintains the immune activation cycle
of AD, promotes sustained T cell proliferation and effector function, thereby exacerbating the severity of the disease.'®* It
is worth noting that anti-OX40 biologics, such as Rocatinib monoclonal antibody and Amlitinib monoclonal antibody,
have shown long-lasting efficacy in moderate to severe AD. A narrative review by Asaad Abdelhalim et al emphasized
their potential to reduce recurrence rates through targeted pathway blockade, providing translational value for
refractory AD cases resistant to traditional therapies and paving the way for biomarker guided combination regimens
in personalized medicine.'® In addition, as a supplement to T cell guided methods, sensory nerve endings and mast cells
represent key neuroimmune interfaces regulated by TRP channels (especially TRPV1 and TRPA1) and MRGPRX2
receptors. Activation of TRPV1 by endogenous ligands such as protons or heat triggers cation influx and neuronal
depolarization, leading to SP release and subsequent degranulation of mast cells, thereby exacerbating cytokine driven
inflammation. Jessica W. Hui Beckman’s review emphasizes the therapeutic potential of TRPV1 antagonists in alleviat-
ing temperature mediated itching and barrier dysfunction in AD, highlighting their potential utility in local formulations
aimed at reducing environmental trigger sensitivity.'** Similarly, TRPA1 responds to oxidative stress and environmental
stimuli, synergistically enhancing neuropeptide mediated inflammation in this cascade reaction. Hu et al demonstrated
that mechanical scratching of the epidermis induces reactive oxygen species (ROS) activation of TRPA1 on mast cells,

18098 ‘s Journal of Inflammation Research 2025:18



Zhang et al

thereby exacerbating Th2 bias and inflammatory progression in AD models.'® At the same time, MRGPRX2 on mast
cells acts as a non IgE receptor for itch, mediating the release of trypsin and activating PAR2 on sensory neurons, further
amplifying the itch scratch cycle.'®® Recent preclinical studies in 2024 have shown that MRGPRX2 antagonist GE1111
effectively improves DNFB induced AD in mouse models by inhibiting the production of inflammatory cytokines and
restoring barrier integrity. This suggests that treating pruritus dominant AD phenotypes through feasible oral or local
administration routes has therapeutic potential, aimed at improving patients’ quality of life.'® On the contrary, other
neuroimmune pathways, such as the NK-1R axis (targeted by SP antagonists), have limited or inconsistent efficacy
in AD. For example, in a retrospective analysis, Apriconazole showed moderate relief of refractory itching in patients
with bullous epidermolysis and AD, while early clinical trials using Celostane failed to achieve the primary endpoint of
itching relief, limiting its adjuvant role in selected subgroups of neurogenic itching rather than as a broad-spectrum
treatment option.'®” Another significant advancement is focused on the NGF signaling pathway.'®® Livery’s research has
shown that NGF enhances the excitability of sensory neurons through TrkA receptor activation, while stimulating
keratinocytes to secrete IL-4 and IL-13, further prolonging Th2 inflammation.'® Based on these insights, a study by
Nunomura et al identified periostitis proteins as a novel mediator of neuroimmune crosstalk. The periosteum secreted by
keratinocytes activates ILC2 and sensory neurons, thereby exacerbating inflammation and itching through neuronal
immune cell signaling.'”

Although the complex pathways of the neuroimmune axis are crucial for advancing treatment strategies for AD -
enabling the development of targeted interventions to break the vicious cycle of itching and inflammation at the
molecular level - several key limitations continue to hinder their widespread clinical translation.'” These challenges
include limited specificity of biomarkers such as IL-31 or JAKI activity in inflammatory diseases, significant patient to
patient variability in treatment response, and high costs of biologics such as nemolizumab and rocatinlimab, all of which
limit accessibility and scalability.'’®'®* In addition, in resource constrained environments, the lack of standardized
frameworks for integrating multiple omics datasets and the limited availability of advanced diagnostics such as functional
MRI further hinder the practical implementation of precise dermatology.'”’"'** Looking ahead to the future, the
integration of single-cell multi omics, machine learning driven biomarker panels, and innovative drug delivery technol-
ogies, such as TRP channel modulators encapsulated in nanoparticles and next-generation biologics with enhanced tissue
specificity, brings great hope for overcoming these obstacles. Overall, these advances can design tailored and cost-
effective treatment plans, achieve lasting relief for different types of AD, and significantly improve patients’ quality of
life.

The Current Application and Clinical Strategies of Neuroimmune Regulation in AD
The treatment strategies targeting the neuroimmune axis are rapidly developing. For example, nemolizumab is an anti-IL
-31 receptor monoclonal antibody that has shown significant efficacy in reducing itching in AD patients.'*> Clinical trials
have shown that pembrolizumab reduced itching by approximately 42.8% within 16 weeks, compared to 21.4% in the
placebo group.'” In addition, JAK inhibitors such as baricitinib and upadatinib have been shown to alleviate inflamma-
tion and itching by inhibiting the JAK-STAT signaling pathway.'®* TRPV1 channel antagonists, such as PAC-14028,
have also shown promise in clinical trials, particularly in reducing itching.'”® These emerging therapeutics offer new
options for patients with moderate to severe AD.*® New therapeutic strategies based on neuroimmune mechanisms are
rapidly developing. Dupilumab is an anti-IL-4R o monoclonal antibody that reduces inflammation and itching in AD by
blocking IL-4 and IL-13 signaling pathways.'® Nimozumab targeting the IL-31 receptor specifically targets itching.®®
Nemolizumab, which targets IL-31 receptors, specifically addresses pruritis.'®” Currently, increasing evidence suggests
that the clinical response rate of JAK inhibitors in patients with moderate to severe AD is 60% —80%.'’%!
Neuropeptide receptor antagonists have also shown therapeutic potential. A study by Yosipovitch et al showed that
NK IR antagonists, such as selenopitan, can alleviate chronic itching and improve quality of life.**° In addition, TRPV1
antagonists such as asivatrap have been shown to be effective in relieving itching in early clinical trials.**' These
therapies have successfully translated neuroimmune research into clinical practice.

To date, multiple clinical trials have provided strong evidence for neuroimmune targeted therapy (Table 4).2°2% In
the phase III trial of dupilumab, adult patients with moderate to severe AD showed significant improvements in eczema
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Table 4 Summary of Clinical Trials on AD

Drug Target of | Stage of Clinical Patient Main Outcomes Ref.
Action Trials
Tralokinumab | IL-13 n Adult moderate to IGA 0/1 ratio of 38.9% significantly improves itching and quality | [204, 205]
severe AD patients of life
Lebrikizumab | IL-13 1 Patients aged 12 and above IGA 0/1 ratio of 43.1% (ADvocatel) significantly improves skin [206]
with moderate to clearance
severe AD
Vixarelimab OSMRB | AD patients Improving itching and sleep loss, overall symptom improvement | [207]
is limited
Serlopitant NKIR Il AD patients Not meeting the primary endpoint (improvement in itch score) | [209]
Tradipitant NKIR 1 Adult patients with mild to Mild AD patients showed improvement in itching (72.5% [208]
severe AD achieved 2 4 points), but overall did not reach the primary
endpoint
PAC-14028 TRPVI Il Mild to moderate AD EASI-75 proportion 40.8% (1.0% group), but did not reach the [210]
patients primary endpoint of IGA
Nemolizumab | IL-31RA 1] AD patients Significantly reduce itching [214]
Asivatrep TRPVI 1] AD patients Improve IGA rating [215]
Roflumilast PDE4 Approved, AD patients Effective for mild to moderate eczema [216]
extended to
children aged 2-5
Tapinarof AHR 1] AD patients Improve eczema symptoms [217]
Delgocitinib JAKI/3 1] AD patients Hand eczema, may be suitable for eczema [218]
Dupilumab IL-4Ra 1] Adults with moderate to The itch score decreased by 55.7%, and 85% of patients achieved | [202]
severe AD EASI-50
Baricitinib JAKI/2 1] Adults with moderate to The 4mg group showed significant improvement in itching [212]
severe AD

area and severity index (EASI) and itch visual analogue scale (VAS).?%> The phase II trial of Nimozumab showed that it
was superior to placebo in reducing itching, although the overall improvement in EASI score was not significant.?*?
Monoclonal antibodies targeting IL-13, including trastuzumab and lebrikizumab, have been approved by regulatory
authorities in Europe and have been proven effective in improving AD symptoms.?**2% Vixarelimab (anti-OSMR)
improved pruritus scores in clinical trials, though its impact on overall AD severity was limited.”®” NK1 receptor
antagonists (including selenopitan and traditional drugs) and TRPV1 antagonists (including PAC-14028) are still in
clinical trials, and efficacy evaluation is ongoing.>** 2'* These findings highlight the therapeutic potential of neuroim-
mune targeted interventions in AD management, while emphasizing the necessity for further optimization to achieve
comprehensive symptom control. Recent clinical trials have further confirmed the importance of neuroimmune mechan-
isms in the pathogenesis of AD. The dupilumab test (anti-IL-4R o monoclonal antibody) showed that over 80% of
moderate to severe AD patients experienced a 50% reduction in itching within 16 weeks.”*> The Phase III trial of
nemolizumab showed a 60% reduction in itch score and a 40% reduction in lesion area within 12 weeks.*'' The trial of
JAK inhibitor baricitinib showed that 70% of patients in the 4mg dose group experienced relief of itching.?'? In addition,
a recent study using scRNA seq revealed heterogeneity in neuronal and immune cell populations within AD lesions,
suggesting that variability in IL-31 signaling pathway activation may be a contributing factor to different treatment
responses.”'® These findings not only demonstrate the therapeutic potential of neuroimmune targeted interventions but
also emphasize the importance of personalized medical approaches in AD management.

Recent studies have shown that narrowband ultraviolet B (NBUVB) phototherapy remains a multifunctional adjuvant
strategy, particularly effective in bridging the therapeutic gap between systemic biologics and local drugs by regulating
the interrelated processes of neural sensitization and immune dysregulation that drive chronic AD attacks.>'? In clinical
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practice, a multicenter observational study conducted in 2022 in adults with moderate to severe AD showed that the
combination of three weekly sessions of NBUVB treatment (median cumulative dose of 21.5 J/cm Z over 12 weeks) and
dupilumab resulted in a 68% reduction in EASI score and a 75% improvement in pruritus NRS. Evidence from the 2b
prospective cohort further supports that when NBUVB is used as a steroid backup adjuvant, remission can last up to six
months, although non responders (over 20% of cases) emphasize the importance of selecting patients with baseline
SCORAD>50 for optimal outcomes.”?® In the pediatric population, neuroimmune hypersensitivity reactions usually
manifest earlier, and NBUVB phototherapy has shown promising efficacy, although treatment regimens need to be
adjusted. In 2018, a randomized controlled trial was conducted on children aged 5-12 years (n=30) using a low-dose
regimen (0.5-1.5 MED increments, twice a week, for 10 weeks). Compared with placebo, PO-SCORD improved by
52%, providing level 1b evidence to support its safety and tolerability. Less than 10% of participants developed
erythema, and no long-term photo induced cancer risk was observed during the two-year follow-up. Importantly, this
pattern enhances the restoration of the epidermal barrier through upregulation of ceramides, reducing dupilumab
activation rate by 40% in high load cases, demonstrating translation relevance.””' However, multiple studies have
emphasized the limitations and potential risks of NBUVB phototherapy, including variable response rates, cumulative
dose issues, and inconsistent long-term response persistence.”***** Therefore, its widespread clinical application requires
further confirmation through high-quality, large-scale evidence-based investigations to establish standardized protocols,
optimize dosing strategies, and clarify long-term safety outcomes.

Emerging Neuroimmune-Targeted Therapies for AD: Mechanisms and Translational

Horizons

Pioneering the forefront of neuroimmune regulation in AD - sustained peripheral neural circuits and chronic tissue
remodeling permanently reinforce the self reinforcing itch inflammation cycle - emerging therapies targeting new
molecular axes, including OX40/0X40L, TRP channels, MRGPRX2, and IL-31/OSMR f pathways, have transformative
potential. These methods have addressed previously underserved neuronal hypersensitivity reactions and immune
memory mechanisms, thereby reshaping the treatment landscape and achieving lasting remission and long-term disease
improvement.*** Rocatinlimab is an OX40 inhibitor that can disrupt the OX40-OX40L interaction on activated T cells,
leading to selective depletion of pathogenic Th2 and Th22 subsets while retaining regulatory T cells. This immune
regulatory mechanism weakens cytokine driven sensitization by reducing IL-4 and IL-13 signaling, otherwise it enhances
the expression of TRPV1 and SP release in sensory neurons. In the Phase III Rocket Program of 2025, the monotherapy
of Rocatinib achieved EASI-75 response in 45% of moderate to severe AD patients by week 24, with sustained
improvement in head and neck lesions translated into better quality of life and lower recurrence rates. These findings
emphasize its potential for long-term disease modification in refractory AD cases.”®> I At the same time, the OX40L
antagonist amlitelimab blocks ligand mediated co stimulation to inhibit effector T cell proliferation and alleviate cytokine
driven inflammation, thereby indirectly suppressing neuroimmune crosstalk by reducing the production of IL-31, which
stimulates the discharge of itch neurons. A recent phase IIb trial showed that at week 52, molecular biomarkers and
clinical severity continued to decrease, with 60% of patients maintaining an Investigator Global Assessment (IGA) score
of 0 or 1, enhancing its translational value in preventing chronic neuroremodeling and positioning it as a differentiated
therapy for inflammation dominant AD.?*® Transitioning to a sensory regulation strategy, the local TRPV1 antagonist
asivatrap works by selectively desensitizing capsaicin sensitive C fibers, thereby blocking proton or heat induced cation
influx. This interrupts the release of neuropeptides, intensifies the activation of mast cells, and damages the epidermal
barrier. The Phase III clinical data from 2021 confirms that it has significant efficacy in relieving itching and eczema
severity in adolescents and adults, and has the potential to enhance local control when used in combination with systemic
biologics such as dupilumab. In clinical practice, asivatrap provides a non immunosuppressive option that can reduce
scratch induced flares and improve skin barrier function.””” Meanwhile, TRPA1 modulators - currently undergoing early
human pharmacology evaluation - target oxidative stress-induced channel activation in mast cells and sensory neurons. In
this pathway, ROS promotes the release of trypsin like enzymes and macrophage infiltration, leading to Th2 polarization
and permanent amplification of itching. Hu et al demonstrated in an AD model that mechanical scratching activates
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TRPAT1, which exacerbates inflammation through macrophage recruitment, paving the way for AD specific clinical trials
targeting environmentally induced flares. Although human data is still preliminary, TRPAI1 targeted drugs represent
a promising adjuvant strategy for controlling oxidative stress-induced neuroimmune activation.**®

In addition, recent studies have emphasized the therapeutic potential of MRGPRX2 antagonists such as EVO756,
which dual targets mast cells and sensory neurons by inhibiting non IgE mediated degranulation. This can prevent the
release of trypsin and histamine, thereby activating PAR2 on incoming neurons and disrupting the self sustained itch
scratch cycle. In a preclinical study, Wong et al demonstrated that the relevant antagonist GE1111 alleviated DNFB
induced AD in mice by reducing pro-inflammatory cytokines and restoring epidermal barrier integrity. EVO756 is
currently undergoing phase IIb trials of AD and is being explored in combination with IL-31R o or JAKI inhibitors to
achieve synergistic neuroimmune blockade and redefine the treatment outcomes of pruritus type AD phenotype.”*’ In
addition to this method, vixarelimab - a dual IL-31/OSMR  inhibitor - blocks the signaling of tumor suppressor M and
IL-31, thereby alleviating itching and inflammation by inhibiting JAK-STAT activation in keratinocytes and sensory
neurons. This mechanism has dual benefits of relieving itching and restoring the epidermal barrier. Although initially
validated in nodular prurigo trials, a recent phase Ila study on AD showed that by week 8, approximately one-third of
patients experienced rapid relief of itching and complete or near complete clearance of the skin, indicating that AD
subtypes have different therapeutic effects compared to patients with concurrent pruritus dominant disease. However,
further clinical trials are needed to clarify its comparative advantage over blocking the single IL-31 pathway.>*° By
combining clinical phenotypes with molecular mechanisms, stratified therapy algorithms now divide AD patients into
different subgroups. Pruritus dominant phenotype, usually characterized by severe sleep disorders or nodular prurigo,
may benefit most from initial IL-31R o targeted therapy, which may be supplemented with local or short-term oral JAK1
inhibitors to rapidly alleviate symptoms. In contrast, inflammation dominant endometrium associated with recurrence
tendency or steroid dependent characteristics is favorable for IL-13 antibodies or OX40 (L) targeted biologics. The US
Food and Drug Administration reviewed data for 2023 and further emphasized the long-term maintenance role of OX40
(L) inhibition in maintaining EASI score improvement and preventing disease recurrence.”>' Sequential treatment
strategies are also emerging to optimize disease control and long-term compliance. For example, oral JAK1 inhibitors
were initially used to rapidly interrupt the itch inflammation feedback loop through extensive cytokine blockade,
followed by IL-31R a antagonists for itch maintenance or IL-13/0X40 (L) inhibitors for long-term inflammation
remodeling. This step-by-step accuracy based approach, supported by the SpringerLink guided algorithm, provides
a dynamic treatment framework tailored to the patient’s specific disease trajectory.”** In addition, the rational integration
of systemic and local patterns further enhances the synergistic effect of treatment. Local use of rosoliztinib cream can be
used to treat focal lesions and reduce systemic treatment burden, while NBUVB phototherapy can be used as a staged
adjuvant therapy for patients with extensive or refractory diseases. Incyte’s research has shown that when used in
combination with systemic drugs, neuroimmune balance and barrier function are improved.”>® In the near future,
integrating these advances into the neuroimmune spectrum of AD will require multifaceted, data-driven research efforts.
Future directions include multi omics guided clinical trials to improve combination regimens, explore biologics that
regulate the microbiome, and develop novel delivery systems that enhance tissue specificity and minimize systemic
toxicity. These innovations are expected to deepen our understanding of the mechanisms and advance personalized and
durable treatment strategies for patients with different subtypes of AD.>**

Future Research Directions and Challenges

In the current research landscape of AD, the integration of dermatology, immunology, and neuroscience has highlighted
the profound interactions between neuronal circuits and immune effectors, driving a multidisciplinary revival aimed at
decoding chronic itching and barrier dysfunction that signify this common disease. However, despite significant progress
in understanding AD and its neuroimmune mechanisms, there are still some key challenges. AD exhibits high clinical
heterogeneity, with patients presenting different symptoms, triggers, and treatment responses, typically associated with
different neuroimmune features and comorbidities such as depression, anxiety, and sleep disorders.’*'373>3¢ This
means that treatment strategies must be tailored to each patient’s specific phenotype and immune system. Therefore,

more research is needed on potential mechanisms to better understand the different forms of AD and develop more
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targeted treatment methods.”?”**® Secondly, high treatment costs and long-term safety issues are obstacles to the
widespread use of new therapies. Safety is particularly important when treating children and pregnant women.?**-**’
Although some new biological treatment methods, such as dupilumab and nemolizumab, have shown good clinical
efficacy, their high cost and long-term effects still need further evaluation.**!

To address these challenges, we believe that future research should focus on several key areas. Firstly, precision
medicine methods should be used to identify AD subtypes through multi omics data (including genomics, transcrip-
tomics, and proteomics) to treat patients. This strategy will develop personalized treatment plans based on the molecular
characteristics of each patient, thereby improving treatment effectiveness while minimizing side effects.>***** Secondly,
new neuroimmune targets such as TSLP (thymic stromal lymphopoietin), IL-33, and TRPV1 channels are worth further
exploration. Therapeutic interventions targeting these pathways may lead to more effective treatment methods, especially
considering the critical roles of TRPV1 channels and MrgPRs in non-histamine dependent itching, which deserves further
research and clinical translation.?***¢ Thirdly, optimizing clinical trials through biomarker based patient stratification is
a key priority as this approach can achieve more accurate participant recruitment and outcome prediction.'*%-*47-2#% For
example, layering the trial through the high IL-31 phenotype of pruritus dominant AD, the high spectrum of osteocu-
taneous protein/DPP-4 driven by IL-13 pathway, or the high TARC group with an increased risk of recurrence can
enhance treatment matching and reduce trial failure.'****’ This stratification strategy will facilitate targeted interventions,
such as prioritizing anti-IL-31 therapy for itch focused cohorts or providing IL-13 inhibitors for subgroups with impaired
barriers, thereby improving clinical trial efficiency and real-world applicability. Looking ahead, future research directions
may utilize advanced multi omics platforms to identify personalized neuroimmune biomarkers. By analyzing machine
learning algorithms from a comprehensive dataset of immunology, neuroscience, and bioinformatics, it is possible to
establish predictive models for treatment response.”*’ In addition, exploring neuroregulatory therapies such as optoge-
netics or targeted neuroregulatory devices for pain management can provide innovative assistance to existing biologics
by directly intervening in neural circuits to address residual itching in stubborn cases.>® Beyond cutaneous barrier
disruption, accumulating evidence suggests that impairment of the intestinal barrier is a critical component of the gut—
skin—brain axis in atopic dermatitis.*° In patients with AD, dysbiosis of the gut microbiota, together with reduced
expression or altered distribution of tight junction proteins (such as claudins, occludin and zonula occludens proteins),
can increase intestinal permeability (“leaky gut”).”>'*** This facilitates the translocation of microbial products and
dietary antigens into the systemic circulation, leading to low-grade systemic inflammation and skewing of immune
responses toward type 2 and type 17 profiles. These circulating mediators may, in turn, influence cutaneous immune cells
and sensory neurons, exacerbate pruritus and inflammation, and modulate central stress and emotional circuits that are
closely linked to AD severity.”>* Thus, impaired intestinal barrier function represents an important upstream driver of
gut-microbiota—derived signals within the gut—skin—brain axis and may offer novel opportunities for preventive and
therapeutic interventions targeting both the microbiome and barrier integrity.”®

In addition, for the advancement of clinical applications, the development of combination therapies that focus on
repairing the skin barrier, regulating the immune system, and controlling itching is an important area of future research.
For example, combining skin barrier repair with immunotherapy can more comprehensively address the complex
etiology of AD, effectively control symptoms, and reduce episodes.’>**> In addition, elucidating the role of skin
microbiota in neuroimmune interactions provides promising therapeutic opportunities. Emerging evidence suggests that
dysbiosis of the skin microbiome may play a key role in the pathogenesis of AD.*>**>’ Therefore, studying the
interaction between microbial communities and immune responses can reveal new therapeutic targets.>>**>® In addition,
incorporating objective itch measurement tools into clinical studies will improve the accuracy of neuroimmune outcome
assessment and comorbidity assessment. Beyond subjective scales such as the Peak Itching Rating Scale (PP-NRS),
researchers can now use neuroimaging techniques such as wearable scratch monitoring devices, sleep trackers, and fMRI
to assess central sensitivity.”>>*%" These techniques can quantify nighttime scratching, sleep fragmentation, and changes
in the central nervous system network, providing strong endpoints for evaluating the impact of therapeutic interventions
on the itch sleep depression cycle in real-world environments.*' In addition, these measures facilitate correlation analysis

with health economic outcomes, enabling a comprehensive evaluation of the cost-effectiveness of treatment in reducing
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the burden of comorbidities.*®' Ultimately, these evolving strategies are expected to bridge the current gap in under-
standing and pave the way for holistic interventions targeting the multifaceted neuroimmune landscape of AD.

Conclusion

In summary, accumulating evidence indicates that atopic dermatitis is not merely a barrier or immune disorder, but
a prototypical disease of the neuroimmune axis, in which peripheral sensory neurons, immune cells, keratinocytes, and
central stress pathways form tightly interconnected circuits that drive chronic pruritus, inflammation, and disease hetero-
geneity. By synthesizing current data on neuroimmune mediators and pathways—such as type 2 cytokines, IL-31,
neuropeptides, nerve growth factor, and stress-related neuroendocrine signals—this review highlights how their reciprocal
interactions sustain the itch—scratch—inflammation cycle and link cutaneous events to systemic and psychoneurological
comorbidities. Advances in multi-omics, spatial profiling, neuroimaging, and microbiome research are beginning to
identify candidate neuroimmune biomarkers that may support patient stratification, disease monitoring, and prediction of
therapeutic response. At the same time, the rapid development of biologics and small molecules targeting key neuroimmune
nodes, including IL-4/IL-13, IL-31, JAK-STAT signaling, and co-stimulatory pathways, is transforming the therapeutic
landscape and providing proof-of-concept for neuroimmune-directed interventions. Together, these insights support a more
integrated, mechanism-based view of atopic dermatitis and point toward future precision medicine strategies that combine
neuroimmune profiling, biomarker-guided treatment selection, and comprehensive management of stress and psychosocial
burden to achieve durable disease control and improved quality of life for patients.

Abbreviation

AD, Atopic Dermatitis; Th2, Type 2 Helper T Cells; IL, Interleukin; IL-4Ra, Interleukin-4 Receptor Alpha; JAK/STAT,
Janus Kinase/Signal Transducer and Activator of Transcription Pathway; TRPV1, Receptor Potential Vanilloid 1;
TRPAI, Transient Receptor Potential Ankyrin 1; SP, Substance P; CGRP, Calcitonin Gene-Related Peptide; VIP,
Vasoactive Intestinal Peptide; NKIR, Neurokinin-1 Receptor; Treg, Regulatory T Cells; ILC2, Type 2 Innate
Lymphoid Cells; NMU, Neuromedin U; NMUR1, Neuromedin U Receptor 1; NGF, Nerve Growth Factor; BDNF, Brain-
Derived Neurotrophic Factor; DRG, Dorsal Root Ganglion; PAR2, Protease-Activated Receptor 2; MRGPRX2, Mas-
related G Protein-Coupled Receptor X2; NRF2, Nuclear Factor E2-Related Factor 2; TSLP, Thymic Stromal
Lymphopoietin; OSMR, Oncostatin M Receptor; OSMRp, Oncostatin M Receptor Beta; IL-31RA, Interleukin-31
Receptor Alpha; OX40/0X40L, 0OX40/0X40 Ligand; TEWL, Transepidermal Water Loss; SCORAD, Atopic
Dermatitis Severity Indices; EASI, Eczema Area and Severity Index; HC, Healthy Control; DEP, Differentially
Expressed Protein; GO, Gene Ontology; PCA, Principal Component Analysis; IgE, Immunoglobulin E; DPP-4,
Dipeptidyl Peptidase-4; TARC/CCL17, Thymus and Activation-Regulated Chemokine; MDC/CCL22, Macrophage-
Derived Chemokine; CTACK/CCL27, Cutaneous T-Cell Attracting Chemokine; PARC/CCL18, Pulmonary and
Activation-Regulated Chemokine; ECP, Eosinophil Cationic Protein; NBUVB, Narrowband Ultraviolet B; DNFB,
2,4-Dinitrofluorobenzene; ROS, Reactive Oxygen Species; FMT, Fecal Microbiota Transplantation.
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