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Medical University, Luzhou, Sichuan, China, 3Department of Dermatology, The First Affiliated Hospital
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Asthma, a complex and heterogeneous respiratory disease, is often accompanied

by various comorbidities, notably atopic dermatitis (AD). AD characterized by

recurrent eczematous lesions and severe itching, can trigger or exacerbate

asthma. Individuals with AD are 2.16 times more likely to develop asthma

compared to the reference population. Furthermore, asthmatics with AD

experience more severe and frequent emergency department visits and hospital

admissions compared to patients with asthma alone. The close connection

between asthma and AD indicates there are overlap pathophysiologic

mechanisms. It is well-known that dysregulated type 2 (T2) immune inflammation

is pivotal in the development of both AD and asthma, traditionally attributed to

CD4+ type 2 helper T (Th2) cells. Over the past decade, group 2 innate lymphoid

cells (ILC2s), as potent innate immune cells, have been demonstrated to be the key

drivers of T2 inflammation, playing a crucial role in the pathogenesis of both asthma

and AD. ILC2s not only trigger T2 immune-inflammation but also coordinate the

recruitment and activation of innate and adaptive immune cells, thereby intensifying

the inflammatory response. They are rapidly activated by epithelium alarmins

producing copious amounts of T2 cytokines such as interleukin (IL) -5 and IL-13

that mediate the airway inflammation, hyperresponsiveness, and cutaneous

inflammation in asthma and AD, respectively. The promising efficiency of

targeted ILC2s in asthma and AD has further proven their essential roles in the

pathogenesis of both conditions. However, to the best of our knowledge, there is

currently no review article specifically exploring the role of ILC2s in asthma

combined with AD and their potential as future therapeutic targets. Hence, we

hypothesize that ILC2s may play a role in the pathogenesis of asthma combined

with AD, and targeting ILC2s could be a promising therapeutic approach for this

complex condition in the future. In this review, we discuss recent insights in ILC2s

biology, focus on the current knowledge of ILC2s in asthma, AD, particularly in

asthma combined with AD, and suggest how this knowledge might be used for

improved treatments of asthma combined with AD.
KEYWORDS

group 2 innate lymphoid cells, asthma, atopic dermatitis, asthma combined with atopic
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1 Introduction
Over the past decades, the incidence of allergic diseases, such as

AD and bronchial asthma (asthma), has significantly increased,

affecting approximately 20% of the world’s population, thereby

imposing a substantial individual and socioeconomic burden (1, 2).

Atopic diseases may evolve from one to another. Intriguingly, AD

often serves as the first step indicating the development of other

allergic diseases, such as food hypersensitivity, allergic rhinitis, and

asthma, namely the “atopic march” (3). The comorbidity of asthma

and AD has garnered significant research attention due to the

strong association between AD and the development, severity, and

risk of exacerbations in asthma (3–5). A comprehensive meta-

analysis involving 458,810 participants indicated that individuals

with AD were 2.16 (95% confidence interval [CI], 1.88-2.48) times

more likely to develop asthma compared to those without AD (6).

Recent research by Ahn et al. utilized a two-sample bidirectional

Mendelian randomization approach to reinforce the causal link

between AD and the subsequent development of asthma (7). And

the risk for progression to asthma was correlated with the severity of

AD that severe AD was significantly (relative risk [RR], 2.40; 95%

CI, 1.96-2.94) higher than in mild AD (RR, 1.82; 95% CI, 1.03-3.23)

or moderate AD (RR, 1.51; 95% CI, 1.30-1.75) (6). Moreover,

asthma combined with AD has worse clinical outcomes compared

with asthma only (8). In a population-based cohort study including

65,539 individuals with asthma only and 819 with concomitant

asthma and AD, the latter had more emergency department visits

(9% vs 7%) and hospital admissions (31% vs 27%) compared to

patients with asthma only (8). These results suggested that

improvements in management and monitoring AD may reduce

unscheduled hospital visits and lower healthcare costs in asthmatics

combined with AD. Therefore, McDonald et al. have suggested that

AD was an important extrapulmonary treatable traits of asthma

since it could be modifiable by targeted treatment to improve the

outcomes of asthma (9).

The close connection between AD and asthma indicates that

they have overlapping pathogenetic mechanisms. It is clearly that

dysregulated T2 immune response is one of the fundamental causes

of AD and asthma (10). Although CD4+ Th2 cells undoubtedly play

an important role in the pathogenesis of AD and asthma, the

discovery of ILC2s has added another layer of complexity to the

pathogenesis of these diseases. Increasing evidence suggests that

ILC2s as potent innate immune cells are key drivers of T2

inflammation (11). In a freshly released research, Szeto et al.

applied the Boolean-ILC2-Cre mice to definitively establish the

crucial role of ILC2s in facilitating the initiation of Th2-driven

adaptive immunity (12). They are not only initiating T2 immune-

inflammation but orchestrating the recruitment and activation of

other members of innate and adaptive immunity, further

amplifying the inflammatory response (13).

Despite their lower total numbers compared to Th2 cells in the

body, ILC2s respond more swiftly and remain unaffected by antigen
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stimulation (14). ILC2s are rapidly activated by epithelium alarmins

producing copious amounts of T2 cytokines such as IL-5 and IL-13

(14). The promising efficacy of targeting ILC2s in AD and asthma

(14) has further proved their essential roles in the pathogenesis of

AD and asthma. However, their mechanism of action in asthma

combined with AD has not yet been completely elucidated. In this

review, we explore recent advances in ILC2s biology, emphasizing

their role in asthma and AD, especially in the context of asthma

combined with AD, and how this knowledge can be leveraged to

develop improved treatments for asthma combined with AD.
2 Immunobiology of ILC2s

For slightly over a decade, ILC2s, identified as one of the five key

members of the innate lymphoid cell (ILC) family, play a crucial

role in the body’s initial defense against infections (15). Alongside

natural killer (NK) cells, ILC1s, ILC3s, and lymphoid tissue inducer

cells (LTi), ILC2s contribute to the innate immune response that

precedes the activation of adaptive immune cells (13). ILC2s are

abundant in various mucosal tissues, including lung, skin, and

intestine, where they exhibit tissue-specific heterogeneity (16). A

recent single-cell RNA sequencing study revealed distinct patterns

of receptor expression in tissue-specific ILC2 populations.

Specifically, cutaneous ILC2s demonstrated low expression levels

of IL-33 receptor (ST2), IL-25 receptor (IL17RB), and TSLP

receptor (TSLPR), but exhibited marked upregulation of IL-18

receptor. In contrast, lung ILC2 populations showed reciprocal

expression profiles, characterized by high ST2 expression coupled

with minimal IL-18 receptor detection (17). We have summarized

the different expression receptors of ILC2s in lung and skin (see

Table 1) (17–19).

Initially, they were considered to be associated with resistance to

parasitic infections (15). Nowadays, it is increasingly clear that

ILC2s play pivotal roles in the regulation of body’s homeostasis and

tissue repair (20). Moreover, they can also regulate the function of

other T2 immune cells such as Th2 cells which share key

transcription factors and cytokine production profiles with ILC2s

(13). Therefore, ILC2s are often considered to be the “mirror cell” of

Th2 cells (21). Although their total cell numbers are far less than the

numbers of Th2 cells in the body, ILC2s respond faster and are not

affected by antigen stimulation (13). This allows ILC2s to be the first

responders to allergens that enter the system, producing a large

amounts of T2 cytokines including IL-5 and IL-13, driving

eosinophilia (22). Dysregulation of ILC2s contributes to T2-

skewed immune-mediated inflammatory diseases such as AD and

asthma, making ILC2s to be an attractive target for therapeutic

interventions (13). However, there are complex regulatory systems

to modulate ILC2s functions and plasticity. The abnormal

regulatory systems would result in ILC2s dysfunction that leads

to unfavorable health problems. In the coming section, we focus on

the regulatory systems and molecules that modulate ILC2s’

functions and plasticity (Figure 1).
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2.1 Activating cytokines and
co-stimulatory cytokines

Unlike T cells, ILC2s do not possess antigen-specific receptors,

therefore, their activation is mediated by the recognition of

epithelial-derived cytokines (alarmins), mainly, IL-25 and IL-33

(22). They are strong activators of ILC2s via mitogen-activated

protein kinases (MAPKs) and tumor necrosis factor receptor

(TNFR)-associated factor 6 (TRAF6) pathways, respectively (23–

26). IL-25 belongs to IL-17 family cytokines which is released from

epithelium, including tuft cells and brush cells (27). In mouse

models, IL-25 can amplify the T2 immune response, significantly

induce the expression of the IL-4/5/13 cytokines gene, and causes

lesions in the lung and digestive tract (27). And the administration

of IL-25 has been shown to induce lung eosinophilia and airway

hyperreactivity (AHR), underscoring its critical role in the

pathogenesis of asthma (27). IL-33 belongs to the IL-1 family and

is released from epithelial cells, fibroblasts, endothelial cells, among

others (28). It elicits the activation of ILC2s and stimulates ILC2s to

produce IL-5 and IL-13 in mouse and human (29). In humans,

endothelial cells and bronchial epithelial cells constitutively express

IL-33 and may serve as major sources during airway

inflammation (29).

However, mouse and human studies indicate that the

application of IL-25 or IL-33 alone has limited effects on

activating ILC2s, necessitating additional stimulus signals (30,

31). Common co-stimulators are categorized into two primary

groups: the gamma-C (g-c) cytokine family, comprising IL-2 and

IL-15 (32), and the tumor necrosis factor superfamily (TNFSF),

which encompasses a range of ligands and receptors involved in

various immune and inflammatory processes (33). The g-c cytokine
family, which encompasses IL-2, IL-4, IL-7, IL-9, and others,

activates ILC2s through the Janus kinase (JAK)/signal transducer

and activator of transcription (STAT) pathway (32). These

cytokines play a crucial role in the survival, development, and

maintenance of ILC2s (32). Mouse studies found that IL-2 and IL-7

can strongly activate STAT5 pathway, and collaborative IL-33-

induced ILC2s proliferation and producing T2 cytokines (34–36).

Similar to IL-2 and IL-7, IL-4 and IL-9 can amplify cytokines

production by activated mouse and human ILC2s in synergy with

IL-33 (36, 37). Motomura et al. found that basophil-derived IL-4

facilitated ILC2s effector functions in papain-induced mouse airway

inflammation (38). While autocrine IL-9 induces the anti-apoptotic

protein to support mouse ILC2s survival (39).

Additionally, the current body of evidence has shown that

members of TNFSF possess costimulatory functions, particularly

tumor necrosis factor-like cytokine 1A (TL1A) and tumor necrosis

factor-a (TNF-a) (40, 41). TL1A activates ILC2s through its

cognate receptor DR3 expressed on mouse and human ILC2s,

leading to activation of the nuclear factor kappa-B (NF-кB) and

MAPK signaling pathways (42). In synergy with IL-33 and IL-25,

TL1A can enhance mice ILC2s functions, mediate papain-induced

ILC2s activation and lung inflammation (43, 44). TNF-a binds to

its receptor TNFR2 which is expressed on mouse ILC2s, promoting

ILC2s activation and survival through the non-canonical NF-кB
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pathway (41). Furthermore, the IL-33 and A. alternata-challenged

asthma mouse model has demonstrated that TNF-a/TNFR2

signaling is crucial for ILC2s survival and function and induction

of AHR (41).

Thymic stromal lymphopoietin (TSLP) as one of the alarmins is

historically considered to be an activator of ILC2s, but increasing

evidence suggest that this factor has costimulatory properties

similar to IL-2 and IL-7 (26). TSLP alone does not induce mouse

ILC2s to produce cytokines, it acts in synergy with IL-33 to enhance

cell viability, proliferation, and cytokine production (36). Moreover,

TSLP augments IL-33-induced IL-9 production which can amplify

the cytokines production of mouse ILC2s (36). Intriguingly, TSLP is

more important for ILC2s survival than IL-33 in humans and plays

a critical role in ILC2s mediated steroids resistance (45).
2.2 Suppressive cytokines

Mouse and human ILC2s’ functions can be attenuated by a

spectrum of cytokines, such as interferons (IFNs), IL-27, IL-10, and

transforming growth factor-b (TGF-b) (26). In vivo and in vitro

studies have demonstrated that IFNs and IL-27 can strongly

suppress the proliferation of ILC2s and production of type 2

cytokines by ILC2s through STAT1 pathway (46). Exogenous

administration of IFNs (IFN-b or IFN-g) can inhibit mouse and

human ILC2s’ effector functions and relieve the flowing T2

immunopathology (46, 47). IL-27 is another cytokine that directly

inhibits mouse ILC2s’ functions in a manner dependent on the

STAT1 (46). In the A. alternata-induced asthmatic animal model,

administration of IL-27 was not only significantly suppress the

number of ILC2s cells in bronchoalveolar lavage fluid (BALF) and

lung, but also attenuate ILC2-driven airway inflammation (48).

IL-10 inhibits mouse ILC2s proliferation and T2 cytokines

production in response to IL-33/TSLP stimulation (49). In
Frontiers in Immunology 04
addition, a recent clinical research suggested that IL-10-producing

ILC2s attenuate Th responses and maintain epithelial integrity in

modulating grass pollen allergy (50). The role of IL-10+ ILC2s in the

disease-regulatory role of allergen immunity is highlighted (50).

However, IL-10 failed to inhibit IL-25-activated mouse ILC2s,

indicating that its inhibition of ILC2s depends on the stimulator

(51, 52). TGF-b is an important cytokine for ILC2s development

and maturation, as TGFBR2-deficient mice exhibit reduced

numbers of mature ILC2s in various tissues, including the lungs

(53). Moreover, a clinical study has shown that TGF-b not only

inhibits the production of IL-5 and IL-13 by ILC2s but also

increases the production of IL-9 which acts as a costimulator of

ILC2s (49). Therefore, compared with other inhibitory cytokines,

TGF-b plays a dual role in the activation of ILC2s (54). Further

studies are needed to clarify the role of TGF-b in ILC2s’ functions.
2.3 Noncytokine mediators

In addition to cellular mediators, ILC2s are also regulated by

non-cytokine mediators, such as lipid mediators, neuropeptides/

neurotransmitters, hormones, among others. It is well known that

lipid mediators including leukotrienes (LT) and prostaglandins

(PG) play crucial roles in homeostasis and inflammation (55).

Both human and mouse ILC2s possess a variety of receptors for

LT and PG. LTB4, LTC4, LTD4, LTE4, and PGD2 are known to

positively regulate ILC2s (56–60). Meanwhile, LXA4, PGE2, and

PGI2 are negative regulators of ILC2s (61–63). Neuropeptides

produced by peripheral neurons have been suggested could

directly affect the function of ILC2s in the lung and intestine (64).

As a strong positive regulator, neuromedin U (NMU) rapidly

activates human ILC2s through the NMU/NMUR1 axis (65). In

addition, the abundance of the neurotransmitter dopamine is

negatively correlated with the amount of circulating mouse and
FIGURE 1

The modulating factors and differentiation of ILC2s. (A) Activating and suppressive factors of ILC2s; (B) ILC2s Plasticity. IL, interleukin; TSLP, thymic
stromal lymphopoietin; IFN, interferon; TLA1, tumor necrosis factor-like cytokine 1A; TNF-a, tumor Necrosis Factor alpha; TGF-b, transforming
growth factor beta; LT, leukotrienes; PG, prostaglandins; NMU, neuromedin U; RA, the vitamin A metabolite retinoic acid; LXA4, Lipoxin A4; 1,25D3,
vitamin D metabolite1, 25-dihydroxyvitamin D3; SCFA, short-chain fatty acids; INF, Interferon; T-bet, T-box expressed in T cells; GATA3, GATA
Binding Protein 3; RORgt, Retinoic Acid Receptor-related Orphan Receptor Gamma t; IL-18R1, IL-18 receptor 1; GM-CSF, Granulocyte-Macrophage
Colony-Stimulating Factor; CCL3, Chemokine (C-C motif) Ligand 3; CXCL, Chemokine (C-X-C motif) Ligand; XCL1, X-C motif chemokine ligand 1.
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human ILC2s, which alleviates allergen-induced ILC2s responses

and airway inflammation by impairing the mitochondrial oxidative

phosphorylation (OXPHOS) pathway of ILC2s (66). In turn to

hormones, more and more studies indicate that sex hormone plays

an important role in the regulation of ILC2s (67–70). Testosterone

and its downstream hormone, 5a-dihydrotestosterone, negatively
regulate the proliferation of mouse ILC2s and the production of

type 2 cytokines by down-regulating the expression of GATA

binding protein 3 (GATA3) and Retinoic Acid-Related Orphan

Receptor Alpha (RORa) (69). On the other hand, while estrogen

does not affect the lung ILC2s signal, a lack of mice uterine ILC2s

reduces estrogen receptors, estrogen-related to maintaining

permanent ILC2s uterus (70).

Furthermore, vitamin metabolites and dietary metabolites have

demonstrated the ability to regulate ILC2s function, either directly

or indirectly (26). The vitamin A metabolite retinoic acid (RA) acts

different functions in ILC2s of different species; in humans, RA

induces ILC2s to produce T2 cytokines (71), whereas in mice, RA

deficiency promotes ILC2s proliferation and cytokine production

(72). In addition, the vitamin D metabolite, 1,25-dihydroxyvitamin

D3, exerts an inhibitory effect on human ILC2s (71). It is well-

established that diet plays a crucial role in influencing immune

homeostasis and the development of allergic diseases (73). Animal

research has found that short-chain fatty acids (SCFAs) mainly

produced by dietary fiber can reduce ILC2-mediated allergic

inflammation (74). Recent research has demonstrated that

butyrate, a type of SCFAs, can suppress the production of type 2

cytokines and proliferation of ILC2s by targeting GATA3 in both

mice and humans (75). Meanwhile, inhibiting the mouse ILC2s’

functions through the administration of butyrate significantly

improved the AHR and airway inflammation mediated by A.

alternata and IL-33 (76). Interestingly, programmed cell death

protein-1 (PD-1) as a potent immune inhibitory receptor is well-

known in tumor therapy (77), which is also expressed on mouse

ILC2s and acts an early checkpoint in ILC2s (78, 79). Recently, PD-

1 was reported to limit the viability of ILC2s and attenuated their

effector functions by shifting mouse ILC2s metabolism toward

glutaminolysis, glycolysis and methionine catabolism (80).
2.4 ILC2s plasticity

For some time, ILC2s were considered to be a homogeneous

population of cells because, no phenotypic or functional heterogeneity

of ILC2s were found like ILC1s and ILC3s (13). Nowadays, it is

clear that ILC2s exhibit high plasticity, as evidenced by their capacity

to differentiate into cells with characteristics of ILC1 or ILC3 subsets in

response to microenvironmental signals (81). Animal study has

shown that IL-1b and IL-12 produced by viral and bacterial infection

can drive ILC2s converts to IFN-g-producing ILC1-like cells which

was associated with disease severity and acute exacerbation of

chronic obstructive pulmonary disease (82). Moreover, recent animal

research has shown that stimulating ILC2s with a mix of IL-1b, IL-23,
and TGF-b leads to the upregulation of RORgt, a key transcription

factor for ILC3s, while concurrently downregulating GATA3 and
Frontiers in Immunology 05
inducing IL-17 production (83). As IL-17 is significantly associated

with airway neutrophilia, the transdifferentiation of human ILC2s into

ILC3-like cells might contribute to neutrophilic asthma (84). Thus, the

unique high plasticity of ILC2s suggests that they may play an

important role in multiple immune responses against different types

of pathogens/infections (83).

In conclusion, studies examining the stimulators, suppressors,

plasticity, and other factors associated with ILC2s have furnished

invaluable insights into the understanding of ILC2s and their

potential exploitation for developing novel therapeutic strategies

to combat allergic diseases.
3 Asthma and ILC2s

Asthma is a very common and heterogeneity chronic

respiratory disease characterized by chronic airway inflammation

and AHR, affecting more than 300 million people worldwide across

all age ranges (85). With the increased understanding of its

heterogeneity, many clinical phenotypes of asthma have been

identified, such as allergic asthma, non-allergic asthma, late-onset

asthma, early-onset asthma, and asthma associated with obesity (2).

In terms of causes, manifestations, and treatment response,

phenotypes are clinically relevant, however, they do not certainly

associate with the underlying disease mechanisms (86). More than

two decades ago, Wenzel et al. stratified severe asthmatics into two

subtypes according to the presence of airway eosinophilia which

might allow for more precise treatment (87). In 2008, Anderson

introduced the concept of endotype in asthma, which refers to a

functionally and pathologically defined subtype of the disease,

characterized by specific molecular features (88). Subsequently,

Lötvall and colleagues defined an endotype as “a subtype of a

condition, which is defined by a distinct functional or

pathophysiological mechanism.” (89). Endotype is considered to

be a subtype defined by an unique pathophysiological mechanism at

the cellular and molecular level which link molecular mechanisms

to phenotype (90). As research deepens, asthma has subsequently

been polarized into two major endotypes: T2-high and T2-low,

which represent the most established classification, particularly in

considering biologic therapy (91). These endotypes are defined

based on their level of expression of T2 cytokines, such as IL-4,

IL-5, and IL-13, which may be secreted by Th2 cells or ILC2s, thus

the terminology of subtype shifts from Th2 to T2 (90–93).

ILC2s are essential for eosinophils and T2 inflammation. Since

the discovery of ILC2s, they have been shown to mediate airway

inflammation and AHR in several asthmatic mouse models (80).

And increasing data correlate ILC2s numbers and function with

asthma incident and severity in humans (80). Allergens such as

house dust mite (HDM) and ovalbumin (OVA) can activate mice

ILC2s within a few hours, leading to the production of significant

amounts of IL-13 and IL-5 (93–96). This immune response is

associated with the development of asthma-like symptoms in

mice, characterized by eosinophil infiltration, AHR, and mucus

hypersecretion (57, 94–97). In addition to allergens, respiratory

viral infections have been reported to enhance ILC2s activation and
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drive AHR and airway inflammation in mouse models, which

demonstrate ILC2s may play an important role in viral-induced

asthma exacerbation (98). ILC2-deficient mice, however, had

reduced eosinophil numbers and were unable to induce T2

inflammation at homeostasis (99). Recently, Jarick and colleagues

used selective and specific ILC2-deficient mice to demonstrate the

important role of ILC2s in airway inflammation in allergic asthma

models (99). Moreover, ILC2s not only directly induce airway

inflammation, but also activate Th2 cell responses through T2

cytokines released by ILC2s as signaling molecules. Particularly,

mouse ILC2-derived IL-13 can induce dendritic cells to potentiate

the memory Th2 cell response during allergen rechallenge (100).

That is, ILC2s enhance T2 inflammation by orchestrating innate

and adaptive T2 immunity.

It is clear that sex hormone plays an important role in the

pathogenesis of asthma may also associated with ILC2s. Wang et al.

have found female mice exhibited more ILC2s and T2 cytokines

than male mice in a Rag1-/- asthmatic model (101). In vitro study,

treatment of testosterone significantly attenuated the production of

ILC2s-derived T2 cytokines and the proliferation of ILC2s in

response to IL-25/33 (101). Dopamine has been shown to inhibit

mouse and human ILC2s responses by restraining mitochondrial

activity (66). Conditional deletion of the ILC2s’ dopamine receptor

Drd1 or ablation of lung dopaminergic neurons resulted in

excessive ILC2s responses and aggravated airway inflammation in

clinical asthma model (66). In recent years, an increasing number of

researchers have recognized the crucial roles played by the PD-1/

PD-L1 or PD-L2 signaling pathway in modulating inflammatory

responses in asthma (66, 80, 102–104). Helou et al. have

demonstrated that PD-1 deficiency functions as a metabolic

checkpoint in mice ILC2s, influencing their activation and

proliferation (80). And PD-1 agonist could ameliorate AHR and

suppress lung inflammation in a asthmatic mouse model (80). More

importantly, ILC2s were suggested one of the major sources of

steroid-resistant IL-4 and IL-13 transcripts in mice models of

steroid-resistant asthma exacerbation (105).

In line with animal studies, a growing number of clinical studies

have demonstrated the close relationship among ILC2s and asthma

(106, 107). Asthmatic patients exhibit significantly elevated levels of

ILC2s in their peripheral blood, sputum, and BALF, in contrast to

control subjects (108–110). Smith et al. and other researchers have

reported that the frequency of ILC2s was positively correlated with

disease severity and airway eosinophilic inflammation (sputum and

blood eosinophils and fractional exhaled nitric oxide [FeNO]

fraction) (111) and negatively correlated with predicted forced

expiratory volume in 1 second (FEV1%) (108). Recently, human

ILC2s have been reported in mediating resistance to

immunosuppression by corticosteroids, a cornerstone drug for

asthma (45, 112, 113), however, partial patients fail to response

adequately (114, 115).

Considering the critical role of ILC2s in the pathogenesis of

asthma, targeting ILC2s emerges as a promising therapeutic strategy

for asthma, aligning well with the concept of precision medicine.

Tiotropium as an effective long-acting muscarinic antagonist is

approved for maintenance treatment of asthma in recent years
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(116). Adding tiotropium to high-dose inhaled corticosteroids plus

long-acting Beta2-agonists has been shown to significantly improve

lung function and reduce the risk of exacerbation in patients with

moderate to severe asthma (117–120). Matsuyama et al. found

tiotropium regulated mouse airway inflammation through ILC2s

(121). It attenuated ILC2-dependent airway inflammation by

suppressing basophils-derived IL-4 production and modulating

ILC2s activation in a papain-induced asthma murine model

(121). Moreover, some biological agents targeting ILC2s activators

and co-stimulators have demonstrated efficacy in improving airway

inflammation, AHR, and asthma symptoms in both animal

experiments and clinical trials (122).

Mepolizumab, a humanized monoclonal antibody specifically

targeting IL-5, has gained global approval as an add-on therapy for

severe asthma patients who exhibit an eosinophilic phenotype

(123). Across numerous clinical trials and real-world studies, the

efficacy of mepolizumab in providing therapeutic benefits to these

patients has been consistently demonstrated (124–129).

Intriguingly, severe asthmatics treated with mepolizumab

exhibited reduced ILC2s proliferation, TSLPR, GATA3

expression, and T2 cytokine secretion, accompanied by clinical

improvement in asthma symptoms and a reduction in exacerbation

frequency (107). The study suggests that post-treatment reduction

in airway inflammation correlates with a diminished infiltration of

ILC2s into the lungs (107). Dupilumab is a fully human monoclonal

antibody against IL-4Ra, the receptor to IL-4 and IL-13, which was

licensed for the treatment of asthma in 2018 (130). Numerous

clinical trials have demonstrated significant improvements in

asthma control and lung function following dupilumab treatment,

resulting in a notable reduction in exacerbation rates (131–134). For

instance, in the VENTURE study, dupilumab treatment led to a

70% reduction in the average dose of oral corticosteroids and a 59%

reduction in asthma exacerbations among the overall patient

population (134). In a murine model indicated IL-4 might

facilitate ILC2s cytokine production through IL-4R (38).

Dupilumab treatment significantly reduced ILC2s numbers in the

blood of asthmatics and inhibited the expression of IL-5 and IL-13

mRNA in ILC2s (135). Thus, these results suggested that dupilumab

attenuated ILC2s response in asthmatics and might be involved in

the reduced risk of asthma exacerbation (135). Moreover, human

ILC2s have been demonstrated to express IL-4Ra that means

dupilumab can be a novel treatment targeting ILC2s (37).

Tezepelumab, the first biologic targeting TSLP, was approved by

the FDA in 2021 for the add-on maintenance treatment of severe

asthma, regardless of phenotype or endotype (136). It has been

shown to reduce exacerbations, improve lung function, and quality

of life in patients with severe asthma (137, 138). As mentioned

above, IL-33 and IL1RL1 (encoding ST2) have obvious links to

ILC2s biology. The efficiency of biological agents targeting IL-33

(itepekimab) and its receptor (astegolimab) have been confirmed in

clinical trials. In a phase 2 clinical trial involving 296 patients with

moderate-to-severe asthma, itepekimab demonstrated significant

improvements in asthma control, quality of life, and lung function,

along with reductions in eosinophil levels and FeNO (139).

Astegolimab has demonstrated the potential to reduce the
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annualized asthma exacerbation rate by up to 43% (140).Anti-IL-25

antibody significantly reduced serum IgE, IL-5, and IL-13

production, eosinophil infiltration (141); abrogated airway

smooth muscle hyperplasia; prevented AHR in OVA and HDM

induced asthma mouse models (142). Moreover, administration of

anti-IL-25 neutralizing antibody attenuated ILC2s proliferation,

mucous hypersecretion and AHR in rhinovirus infected mice

model (143). SM17 (a humanized antibody of the IgG4/kappa

isotype) targeting the IL-25 pathway via specific binding to IL-

17RB, a co-receptor for IL-25 expressed on the surface of mouse and

human ILC2s cells an other cells (144). The latest research has

suggested that SM17 could significantly suppress T2 inflammation

in the BALF and infiltration of ILC2s into the lungs in a HDM-

induced asthma mouse model (145). Meanwhile SM17 was well

tolerated with no drug-related serious adverse events were observed

in the Phase I clinical study (145). These results indicates SM17 is a

potential therapeutic agent to asthma with a favorable safety profile,

and is worthy to further clinical development. Moreover, another

anti-IL-25 monoclonal antibody, XKH001, has been evaluated as

therapeutic agents in clinical trials for asthma (146).
4 ILC2s and atopic dermatitis

AD is an extremely common relapsing skin disorder

characterized by recurrent eczematous lesions and intense itching,

affecting individuals of all ages and ethnicities with at least 230

million patients worldwide (1). Moreover, AD is the leading cause

of the global socioeconomic burden from skin disease (1, 147). The

pathophysiology of AD is complex and multifactorial including

genetic mutations, epidermal barrier dysfunction, skin microbiome

abnormalities, and immune dysfunction (1). These pathologic

drivers can interact with others (148). For example, the mutations

of filaggrin gene (FLG) can induce the barrier dysfunction of skin

which promotes inflammation and T2-cell infiltration; and local T2

immune responses further attenuate barrier function, and promotes

dysbiosis (149). Among the multiple dysregulated immune

responses in AD, T2-skewed immune dysregulation, driven by

ILC2s and Th2 cells appears to be a dominant mechanism (150).

In this section, we will focus on the roles of ILC2s in AD which

mediated the skin inflammation by producing T2 cytokines such as

IL-5 and IL-13.

ILC2s were found enriched in the skin lesions of AD patients

and mice models, particularly in AD patients with FLG mutations

and FLG-deficient mice (151, 152). Compared to healthy skin, the

frequency of mouse and human ILC2s were significant increased in

lesional AD skin, and the increase of IL-5 and IL-13 levels in the

lesion area of AD were positively correlated with the number of

ILC2s (153–155). Depletion of ILC2s attenuates AD-like dermatitis

in mice, reinforcing the role of ILC2s in the development of AD

(155). IL-33 as one of the most important alarmins to activate ILC2s

is highly expressed in the skin of patients with AD (156). Excessive

IL-33 has been demonstrated to cause AD-like inflammation in

hK14mIL-33tg mice (transgenic mice for overexpress IL-33 in their
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skin) by producing large amounts of T2 cytokines, such as IL-4, IL-

5,and IL-13, with increasing and activating ILC2s in the skin, lymph

nodes, and peripheral blood (157). This was ILC2s-dependent for

that hK14mIL-33tg mice with ILC2s deletion completely

suppressed dermatitis and normalized the increasing of T2

cytokines (158). IL-25 as another important alarmins to activate

ILC2s has been suggested to play an essential role in driving IL-13

expression by skin ILC2s to mediate skin inflammation in mouse

AD model, both in acute and chronic phase (159). In terms of TSLP

which has emerged as a key epithelium-derived cytokine and

activator of skin ILC2s in the AD pathogenesis (157, 160–163).

Increased expression of TSLP has been revealed in skin and serum

from patients with AD (163, 164). Increasing evidence suggests that

the PD-1 (can expressed on ILC2s and and acts an early checkpoint

in ILC2s) and its ligands axis are emerging as key regulators of the

immune response in allergic diseases including AD (165). The

deficiency of PD-L1 leads to severe changes in the thickness of

the ears and inflammation in AD murine model that indicates the

involvement of PD-L1 in the pathogenesis of this disease (166).

However, to date, there are no reports on the use of PD-L1 agonists

to treat AD patients.

Given the important role of ILC2s in AD suggests that targeting

ILC2s is a promising treatment of AD. Dupilumab as mentioned

above is a fully human monoclonal antibody against IL-4Ra, which
was the first biologic therapy to be approved for the treatment of

moderate-to-severe AD in adults (167). In a clinical study in Japan,

27 AD patients treated with dupilumab had a significant reduction

in the number of ILC2s in peripheral blood and total serum IgE,

with significantly improvement the patient’s dermatitis (168). As

mentioned above, SM17 as a humanized antibody of the IgG4/

kappa isotype targets the IL-25 pathway, it could suppress T2

inflammatory response and ameliorate the AD pathology in vitro

and in vivo data (143). Etokimab (ANB020), a humanized anti-IL-

33 monoclonal antibody, reduced the peripheral eosinophils and

skin neutrophil infiltration of AD patients in a proof-of-concept

clinical trial (169). However, itepekimab (another anti-IL-33

monoclonal antibody) and astegolimab (anti-IL-33R monoclonal

antibody), have recently shown not result in meaningful

improvements in eczema area and severity index (EASI) scores

versus placebo in a phase II clinical trial for moderate-severe AD

patients (170). Recently, anti-TSLPR (ASP7266), a novel antibody,

has been found to inhibit ILC2s activation, which almost completely

inhibits antigen-specific cutaneous allergic reaction in the allergic

experiment of AD monkey model (171). Similarly, inhibition of

TSLP production by topical application of celastrol also resulted in

the downregulation of ILC2s activation and alleviation of AD

symptoms both in vivo and in vitro AD models (172).

Tezepelumab (anti-TSLP) was investigated in a phase IIa trial in

combination with topical corticosteroids (TCS) in adults with

moderate to severe AD for 12 weeks (173). A higher number of

patients in tezepelumab plus TCS-treated achieved response rate for

≥50% reduction in the EASI versus placebo plus TCS (64.7% vs

48.2% in the placebo arm; P = 0.091) (173), however, these

improvements were not statistically significant. Although the
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results not statistically significant, numerical improvements versus

placebo were found (173). Given the preclinical studies demonstrate

the key role for IL-33 and TSLP in AD, additional clinical studies

including more severe AD patients are required to validate

these findings.
5 ILC2s in asthma combined with AD

AD is frequently present in patients with asthma, shares a

strong genetic etiology with asthma, and is believed to be an

important early causal factor in the ultimate development of

atopic asthma (“atopic march”) (7, 174, 175). Li et al. conducted

a meta-analysis with 458,810 participants to explore the link

between AD and the progression to asthma (6). The results

indicated that AD may be a precursor to asthma, as suggested by

the “atopic march” concept (6). And individuals with AD were

more than twice as likely to have asthma compared to the reference

population (6). Recently, the casual relationship between AD and

asthma has been confirmed by a two-sample bidirectional

Mendelian randomization study (7). Furthermore, the risk of

progressing to asthma was found to be correlated with the

severity of AD (6). Amat et al. identified several risk factors for

the development and progression of asthma in individuals with AD,

including early-onset and severe AD, male gender, a parental

history of asthma, and early and multiple sensitization (5). In

addition, a population-based cohort study involving 65,539

individuals with asthma only and 819 with both asthma and AD

found that patients with both conditions had a higher rate of

emergency department visits (9% vs 7%) and hospital admissions

(31% vs 27%) compared to those with asthma alone (8). These

findings underscore the importance of AD as a significant

comorbidity in severe asthma. Researchers emphasized that

improved management and monitoring of AD could potentially

reduce unscheduled hospital visits and lower healthcare costs (8).

More recently, McDonald and colleagues highlighted AD as a

crucial extrapulmonary treatable trait of asthma, noting that

targeted treatments for AD could modify the condition and

improve asthma outcomes (176).

The close link between AD and asthma suggests that they share

overlapping pathogenic mechanisms. Notably, dysregulated T2

immune inflammation mediated by ILC2s plays a pivotal role in

the pathogenesis of both conditions, even in atopic march (Figure 2).

However, the precise role of ILC2s in asthma combined with AD

remains incompletely understood. In this section, we will delve into

the current understanding of ILC2s in the context of asthma

combined with AD, and explore potential implications for

improved treatment strategies. By understanding the mechanisms

underlying the role of ILC2s in this complex interplay, we may

identify novel therapeutic targets that could benefit patients with

asthma combined with AD.

In animal models, sensitization with allergens such as OVA,

cockroach extract, or HDM followed by subsequent challenge

successfully induced AD-like skin manifestations as well as airway

inflammation and hyperresponsiveness (93, 153, 177–179). These
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findings provided evidence in support of the “outside-in”

hypothesis, which posits that exposure to environmental allergens

initiates the development of atopic conditions (177, 178). In vivo

and in vitro studies have suggested that ILC2s might responsible for

airway sensitization after skin exposure to allergens (179–182).

Allergens through damaged skin barrier into the skin, stimulate

epithelial cells to release alarmins including IL-25, IL-33 and TLSP.

These cytokines activate ILC2s producing large amounts of T2

cytokines predominately IL-5 and IL-13, leading to AD when

meeting again allergens, and can promote the occurrence of

asthma independent of adaptive immunity (179). IL-5 is mainly

responsible for the maturation and recruitment of eosinophils in the

skin and airway (179). IL-13 damage the epithelial tight barrier and

induce barrier leakiness in the skin and airway (180–182). Skin

barrier injury sets into motion inflammation if these processes are

continuing and the further generation of pro-inflammatory

cytokines to establish a vicious cycle (10).

It is clearly that the epithelial and epidermal derived alarmins

IL-25, IL-33, and TSLP play crucial roles in the action of allergic

inflammation in asthma and AD. In vitro study, IL-25 acts

synergistically with T2 cytokines to inhibit filaggrin expression

and aggravate skin inflammation (183). And the expression of IL-

25 was positively associated with airway inflammation and AHR in

mouse study (184). IL-33 is highly expressed in skin or airway

epithelial cells of AD or asthma animal models (185–188). IL-33

binds to IL-1 receptor appendages on a variety of cells through

long-form serum stimulating factor-2 (ST2) and activates mouse

and human ILC2s, leading to the development and aggravation of

asthma and AD (188, 189). As a potent activator of ILC2s, TSLP is a

key molecule in the progression of AD to asthma (190–192). Zhang

and colleagues found that the increased expression of TSLP in skin

keratinocytes not only triggered AD but also increased irritability

asthma-like airway inflammation in a “atopic march” mice model

by using calcipotriol topical, followed by OVA sensitization in the

abdominal cavity and the nasal excitation (190). The results

indicated that keratinocytic TSLP may act as an important

mediator in the link of AD to asthma (190). Similarly, Jiang et al.

established a mice model using topically calcipotriol, following by

inhalation of HDM to induce asthma (193). It demonstrated that

excessive production of TSLP in AD skin promoted airway

sensitization, thereby triggered allergic asthma (193). The results

indicated that TSLP represented a skin-transmitted signal in AD

that promoted sensitivity to inhaled aeroallergens (193).

Given the critical role of ILC2s in asthma and AD, theoretically,

biologics are effective by inhibiting ILC2s activation and

proliferation in asthmatics combined with AD (Table 2).

Excitingly, dupilumab as a human IgG4к monoclonal antibody

blocking IL-4 receptor (a shared receptor for IL-4 and IL-13) is the

first biologic approved both for AD (FDA in 2017 and EMA in

2019) and asthmatic patients (USA and Europe in 2018) (196).

Subsequently, the significant efficiency of dupilumab for asthma

combined with AD had been found in many case reports (197–199),

and demonstrated by clinical trails (200) and real-world study

(201). Boguniewicz et al. evaluated the efficiency of dupilumab for

asthma combined with severe AD in four randomized, double-
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blinded, placebo-controlled trials (200). The results showed

statistically and clinically significant improvement in asthma

control Questionnaire-5 score and AD-related outcomes (EASI,

peak pruritus numerical rating scale, and dermatology life quality

index) with acceptable safety (200). In a latest retrospective study,

the researchers used dupilumab to treat severe AD patients with

asthma, a reduction in the number of ILC2s could improve the two

diseases at the same time has a good curative effect (202). This may

suggest that we can reduce the number of ILC2s by blocking the

effector of ILC2s in the treatment of AD-asthma, thereby improving

the disease. These results put in evidence that dupilumab should be

give priority to asthmatics combined with AD. As mentioned above,

tezepelumab as a human monoclonal antibody that inhibits the

action of TSLP has licensed as an add-on maintenance treatment for
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severe asthmatics regardless of the phenotype (136). Surprisingly,

the current available evidence of tezepelumab in treating AD is not

satisfactory although TSLP plays an important role in the

pathogenesis of AD (173). Since overwhelming basic studies have

demonstrated TSLP is a hopeful target against AD, new agents

targeting TSLP or TSLPR are still given great expectations.

Encouragingly, Adhikary and coworkers have developed a first

potent and safe small-molecule TSLP inhibitor (BP79) leveraging

an organ-on-chip technology (195). Application of BP79 onto

atopic skin models co-cultivated with lung models has

demonstrated its potential to effectively suppress immune cell

infiltration and cytokine/chemokine secretion, while also

upregulating skin barrier proteins (195). These effects suggest that

BP79 may be a promising therapeutic option for the treatment of
FIGURE 2

An illustrative overview of the roles of ILC2s in the pathogenesis of atopic dermatitis and asthma. Allergens enter the skin through the damaged skin
barrier, which stimulates epithelial cells to release IL-25, IL-33 and TSLP, and then activates ILC2s, including IL-4, IL-5 and IL-13. These mediators
cause the production of IgG1 and IgE, causing itching, skin inflammation and the decrease of skin barrier integrity, thus driving the onset of AD.
When the allergen is encountered again, the alarm factors IL-25 and IL-33 released by the injured epithelial cells activate ILC2s, releasing various
effector factors (including IL-4, IL-5, IL-9 and IL-13), among which IL-5 induces eosinophilia, IL-9 promotes mast cell growth and goblet cell
metaplasia, and IL-4 and IL-13 pass through. IgG, Immunoglobulin G; IL, interleukin; ILC2s, group 2 innate lymphoid cells; AHR, airway
hyperreactivity; ST2, IL-1 receptor-like 1 (IL1RL1); TSLP, thymic stromal lymphopoietin.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1567817
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


TABLE 2 Biological therapies for atopic dermatitis and asthma.

Biotherapy Mepolizumab Dupilumab Tezepelumab Itepekimab Astegolimab SM17 BP79

AD Asthma AD Asthma AD

/ /

se 3 Clinical Phase 1 Atopic skin models
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the bronchial
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and the
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eosinophils
into
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IFNg, IL-22,
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Disease Asthma AD Asthma AD Asthma AD Asthma AD Asthma

Date of
first

approval

2015-11-04 / 2018-10-19 2017-03-28 2021-12-17 / / /

Highest
R&D stage

Approved
listing

Clinical
Phase 2

Approved listing Approved
listing

Clinical
Phase 2a

Clinical Phase 3 Clinical Pha

Target IL-5 IL-4/IL-13Ra TSLP IL-33 IL-33R

Molecular
mechanism

Blocking the binding
of IL-5 to IL-5Ra

Dual-receptor
antagonism of IL-4/IL-13

Blocking TSLP from
binding to its receptor

complex

Blocking the binding
of IL-33 to IL-33Ra

Inhibits the IL-33 re

Efficiency Reduced
exacerbations,
reduced
symptoms,
small or
moderate
effect on
FEV1;
reduction or
withdrawal of
OGs if blood
eosinophils
>150/ml;
improved
quality of life.

Mepolizumab
did not show
clinical
efficacy.

Reduced
exacerbations,
re
duced
symptoms,
improved lung
function;
decrease or
withdrawal
of OGs,
irrespective of
blood
eosinophil
count
at baseline;
improved
quality of life.

Dupilumab
significantly
reduced the
number of
ILC2s in
peripheral
blood and
total serum
IgE,
significantly
improved
the
patient's
dermatitis.

Reduced
exacerbations,
reduced
symptoms,
improved lung
function;
improved
quality of life.

Tezepelumab
plus TCS
tended to
have a better
EASI75
response.

Itepekimab
led to a
lower
incidence
of events
indicating a
loss of
asthma
control and
improved
lung
function.

Itepekimab
did not show a
significant
difference in
meaningful
improvements
in
EASI scores.

Astegolimab
reduced the
annualized AER in
a broad population
of patients.

Effect
on ILC2s

Reduced
ILC2s
proliferative
capacity and
expression of
TSLPR,
GATA3
and NFATc1.

/ Reduced
ILC2s
numbers in
the blood of
asthmatics
and inhibited
the expression
of IL-5 and
IL-13 mRNA
in ILC2s.

The absolute
numbers and
the
percentage
of Th2 cells
(CD4+,
CCR6−,
CXCR3−,
and CCR4+)
and ILC2s
(Lin−,
CD127+, and
CRTH2+)
were
significantly
decreased.

The effect of
tezepelumab
on these
biomarker
levels may be
related to
decreased IL-5
and IL-
13 levels.

Tezepelumab
interacts with
TSLP at the
level of its
binding site
for TSLPR,
thus
preventing
the access of
TSLP to its
receptor and
reduced
ILC2s
proliferative
capacity.

Prevent the
activation
of ILC2s
cells by
blocking
the action
of IL-33.

/ Indirectly regulates
the activity and
function of ILC2s
by inhibiting the
IL-33/ST2
signaling pathway
and affecting the
microenvironment
of ILC2s.

Reference 126 194 130 166 137 172 138 169 139

ILC2s, group 2 innate lymphoid cells; T2, type 2; Th2, type 2 helper T; IL, Interleukin; IL-13Ra, Interleukin-13 receptor a; IL-33R, Interleukin-33 receptor; TSLP, Thymic stromal lymp
area and severity index; AER, asthma exacerbation rate; FEV1, forced expiratory volume in 1 second; BALF, bronchoalveolar lavage fluid; TCS, topical corticosteroids.
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AD, and has a great potential to expand the therapeutic options in

other atopic diseases such as asthma (195). The efficiency targeting

IL-33 (itepekimab) and its receptor (astegolimab) for asthma have

been confirmed in clinical trials (138), while they are failed to reach

statistical significance in AD except etokimab (a humanized anti-IL-

33 monoclonal antibody). However, there are lack of research of

etokimab in treating asthma (169). The promising efficiency of

SM17 targeting IL-25 has been reported in pre-clinical studies both

in asthma and AD (143, 144), which could be a hopeful biologic for

asthma and AD, even asthma combined AD.
6 Concluding remarks

As an important treatable treat of asthma, AD is not only trigger

but also exacerbates asthma. This review suggests that ILC2s bridge

the pathophysiological mechanisms of asthma combined with AD,

and making them a promising target. However, to date, despite the

availability of dupilumab for the treatment of asthma combined

with AD, further research is still needed for other biologics/

therapies targeting ILC2s. Particularly, new agents targeting TSLP

or TSLPR such as ASP7266 (a novel recombinant monoclonal

antibody against TSLPR) and BP79 (a small- molecular inhibitor

against TSLP-TSLPR), which crucial role is demonstrated by

overwhelming basic studies are given great expectations in

treating asthma combined with AD, although there is no clinical

trial supporting the efficacy of TSLP-targeting drugs against AD at

present. With the advancement of technology, more and more new

technologies, such as organs-on-chips, are facilitating rapid

evaluation of new drug development. Undoubtedly, biologic

agents serve as highly effective supplementary therapies for

severe, refractory asthma and AD. Given their high cost, it is

imperative to target their use specifically to patients who are most

likely to derive significant benefit from these antibodies.

Furthermore, agents that regulate the functions of ILC2s continue

to be anticipated, including activators or inhibitors of PD-1/PD-L1 or

PD-L2, SCFAs, dopamine, hormones, and other entities.

Fascinatingly, a recent study has unveiled the immunomodulatory

function of the Ca2+ release-activated Ca2+ channel components

Orai1 and Orai2 in mouse ILC2s (203). Blocking or genetic ablation

of Orai1 and Orai2 downregulated mouse ILC2s effector functions

and cytokine productions, and attenuated ILC2-mediated airway

inflammation and AHR (203). This discovery holds promise for

the development of novel therapies aimed at improving asthma and

AD, paving the way for potential downstream targets in the treatment

of asthma comorbid with AD.
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163. Garcıá-Reyes MM, Zumaya-Pérez LC, Pastelin-Palacios R, Moreno-Eutimio
MA. Serum thymic stromal lymphopoietin (TSLP) levels in atopic dermatitis patients: a
systematic review and meta-analysis. Clin Exp Med. (2023) 23:4129–39. doi: 10.1007/
s10238-023-01147-5

164. Luo Y, Zhou B, Zhao M, Tang J, Lu Q. Promoter demethylation contributes to
TSLP overexpression in skin lesions of patients with atopic dermatitis. Clin Exp
Dermatol. (2014) 39:48–53. doi: 10.1111/ced.12206

165. Galván Morales MA, Montero-Vargas JM, Vizuet-de-Rueda JC, Teran LM.
New insights into the role of PD-1 and its ligands in allergic disease. Int J Mol Sci.
(2021) 22:11898. doi: 10.3390/ijms222111898

166. Bonamichi-Santos R, Aun MV, Kalil J, Castells MC, Giavina-Bianchi P. PD-L1
blockade during allergen sensitization inhibits the synthesis of specific antibodies and
decreases mast cell activation in a murine model of active cutaneous anaphylaxis. Front
Immunol. (2021) 12:655958. doi: 10.3389/fimmu.2021.655958

167. US Food and Drug Administration. FDA approves new eczema drug Dupixent .
Available online at: https://www.fda.gov/news-events/press-announcements/fda-
approves-new-eczema-drug-dupixent (Accessed January 20, 2025).

168. Imai Y, Kusakabe M, Nagai M, Yasuda K, Yamanishi K. Dupilumab effects on
innate lymphoid cell and helper T cell populations in patients with atopic dermatitis.
JID Innov. (2021) 1:100003. doi: 10.1016/j.xjidi.2021.100003

169. Chen YL, Gutowska-Owsiak D, Hardman CS, Westmoreland M, MacKenzie T,
Cifuentes L, et al. Proof-of-concept clinical trial of etokimab shows a key role for IL-33
Frontiers in Immunology 15
in atopic dermatitis pathogenesis. Sci Transl Med. (2019) 11:eaax2945. doi: 10.1126/
scitranslmed.aax2945

170. Kosloski MP, Guttman-Yassky E, Cork MJ, Worm M, Nahm DH, Zhu X, et al.
Pharmacokinetics and pharmacodynamics of itepekimab in adults with moderate-to-
severe atopic dermatitis: Results from two terminated phase II trials. Clin Transl Sci.
(2024) 17:e13874. doi: 10.1111/cts.13874

171. Numazaki M, Abe M, Hanaoka K, Imamura E, Maeda M, Kimura A, et al.
ASP7266, a novel antibody against human thymic stromal lymphopoietin receptor for
the treatment of allergic diseases. J Pharmacol Exp Ther. (2022) 380:26–33.
doi: 10.1124/jpet.121.000686

172. Lee JK, Seok JK, Cho I, Yang G, Kim KB, Kwack SJ, et al. Topical application of
celastrol alleviates atopic dermatitis symptoms mediated through the regulation of
thymic stromal lymphopoietin and group 2 innate lymphoid cells. J Toxicol Environ
Health A. (2021) 84:922–31. doi: 10.1080/15287394.2021.1955785

173. Simpson EL, Parnes JR, She D, Crouch S, Rees W, MoM, et al. Tezepelumab, an
anti-thymic stromal lymphopoietin monoclonal antibody, in the treatment of moderate
to severe atopic dermatitis: A randomized phase 2a clinical trial. J Am Acad Dermatol.
(2019) 80:1013–21. doi: 10.1016/j.jaad.2018.11.059

174. Zhu Z, Lee PH, Chaffin MD, Chung W, Loh PR, Lu Q, et al. A genome-wide
cross-trait analysis from UK Biobank highlights the shared genetic architecture of
asthma and allergic diseases. Nat Genet. (2018) 50(6):857–64. doi: 10.1038/s41588-018-
0121-0

175. Davidson WF, Leung DYM, Beck LA, Berin CM, Boguniewicz M, Busse WW,
et al. Report from the National Institute of Allergy and Infectious Diseases workshop
on "Atopic dermatitis and the atopic march: Mechanisms and interventions. J Allergy
Clin Immunol. (2019) 143(3):894–913. doi: 10.1016/j.jaci.2019.01.003

176. McDonald VM, Hamada Y, Agusti A, Gibson PG. Treatable traits in asthma:
the importance of extrapulmonary traits-GERD, CRSwNP, atopic dermatitis, and
depression/anxiety. J Allergy Clin Immunol Pract. (2024) 12:824–37. doi: 10.1016/
j.jaip.2024.01.020

177. Spergel JM, Mizoguchi E, Brewer JP, Martin TR, Bhan AK, Geha RS.
Epicutaneous sensitization with protein antigen induces localized allergic dermatitis
and hyperresponsiveness to methacholine after single exposure to aerosolized antigen
in mice. J Clin Invest. (1998) 101:1614–22. doi: 10.1172/JCI1647

178. Lee MF, Chu YW, Wu CS, Lee MH, Chen YH, Wang NM. Indoor aeroallergens
from American cockroaches and mites initiate atopic march via cutaneous contact in a
murine model. PloS One. (2023) 18:e0289138. doi: 10.1371/journal.pone.0289138

179. Han H, Roan F, Ziegler SF. The atopic march: current insights into skin barrier
dysfunction and epithelial cell-derived cytokines. Immunol Rev. (2017) 278:116–30.
doi: 10.1111/imr.12546

180. Furue M. Regulation offilaggrin, loricrin, and involucrin by IL-4, IL-13, IL-17A,
IL-22, AHR, and NRF2: pathogenic implications in atopic dermatitis. Int J Mol Sci.
(2020) 21:5382. doi: 10.3390/ijms21155382

181. Sugita K, Altunbulakli C, Morita H, Sugita A, Kubo T, Kimura R, et al. Human
type 2 innate lymphoid cells disrupt skin keratinocyte tight junction barrier by IL-13.
Allergy. (2019) 74:2534–7. doi: 10.1111/all.13935

182. Sugita K, Steer CA, Martinez-Gonzalez I, Altunbulakli C, Morita H, Castro-
Giner F, et al. Type 2 innate lymphoid cells disrupt bronchial epithelial barrier integrity
by targeting tight junctions through IL-13 in asthmatic patients. J Allergy Clin
Immunol. (2018) 141:300–310.e11. doi: 10.1016/j.jaci.2017.02.038

183. Kim BE, Bin L, Ye YM, Ramamoorthy P, Leung DYM. IL-25 enhances HSV-1
replication by inhibiting filaggrin expression, and acts synergistically with Th2
cytokines to enhance HSV-1 replication. J Invest Dermatol. (2013) 133:2678–85.
doi: 10.1038/jid.2013.223

184. Kang CM, Jang AS, Ahn MH, Shin JA, Kim JH, Choi YS, et al. Interleukin-25
and interleukin-13 production by alveolar macrophages in response to particles. Am J
Respir Cell Mol Biol. (2005) 33:290–6. doi: 10.1165/rcmb.2005-0003OC

185. Molofsky AB, Savage AK, Locksley RM. Interleukin-33 in tissue homeostasis,
injury, and inflammation. Immunity . (2015) 42:1005–19. doi: 10.1016/
j.immuni.2015.06.006

186. Savinko T, Karisola P, Lehtimäki S, Lappeteläinen AM, Haapakoski R, Wolff H,
et al. ST2 regulates allergic airway inflammation and T-cell polarization in epicutaneously
sensitized mice. J Invest Dermatol. (2013) 133:2522–9. doi: 10.1038/jid.2013.195

187. Savinko T, Matikainen S, Saarialho-Kere U, Lehto M, Wang G, Lehtimäki S,
et al. IL-33 and ST2 in atopic dermatitis: expression profiles and modulation by
triggering factors. J Invest Dermatol. (2012) 132:1392–400. doi: 10.1038/jid.2011.446

188. Imai Y. Interleukin-33 in atopic dermatitis. J Dermatol Sci. (2019) 96:2–7.
doi: 10.1016/j.jdermsci.2019.08.006

189. Saikumar Jayalatha AK, Hesse L, Ketelaar ME, Koppelman GH, Nawijn MC.
The central role of IL-33/IL-1RL1 pathway in asthma: From pathogenesis to
in t e rven t ion . Pharmaco l The r . ( 2021 ) 225 : 107847 . do i : 10 . 1016 /
j.pharmthera.2021.107847

190. Zhang Z, Hener P, Frossard N, Kato S, Metzger D, Li M, et al. Thymic stromal
lymphopoietin overproduced by keratinocytes in mouse skin aggravates experimental
asthma. Proc Natl Acad Sci U S A. (2009) 106:1536–41. doi: 10.1073/pnas.0812668106

191. Zhu Z, Oh MH, Yu J, Liu YJ, Zheng T. The Role of TSLP in IL-13-induced
atopic march. Sci Rep. (2011) 1:23. doi: 10.1038/srep00023
frontiersin.org

https://doi.org/10.1111/pde.15399
https://doi.org/10.31083/j.fbl2902084
https://doi.org/10.1016/j.jaci.2015.06.045
https://doi.org/10.2500/aap.2006.27.2887
https://doi.org/10.1111/jdv.16232
https://doi.org/10.1016/j.jid.2022.10.019
https://doi.org/10.1016/j.jid.2022.10.019
https://doi.org/10.1126/scitranslmed.3005374
https://doi.org/10.1084/jem.20130351
https://doi.org/10.1016/j.jdermsci.2017.07.003
https://doi.org/10.1016/j.jdermsci.2017.07.003
https://doi.org/10.1038/s41586-021-03188-w
https://doi.org/10.1073/pnas.1307321110
https://doi.org/10.1016/j.jid.2019.04.016
https://doi.org/10.1016/j.jaci.2020.02.026
https://doi.org/10.1126/sciimmunol.abe0584
https://doi.org/10.1016/j.cell.2018.12.031
https://doi.org/10.1016/j.cell.2018.12.031
https://doi.org/10.1038/s41577-022-00735-y
https://doi.org/10.1007/s10238-023-01147-5
https://doi.org/10.1007/s10238-023-01147-5
https://doi.org/10.1111/ced.12206
https://doi.org/10.3390/ijms222111898
https://doi.org/10.3389/fimmu.2021.655958
https://www.fda.gov/news-events/press-announcements/fda-approves-new-eczema-drug-dupixent
https://www.fda.gov/news-events/press-announcements/fda-approves-new-eczema-drug-dupixent
https://doi.org/10.1016/j.xjidi.2021.100003
https://doi.org/10.1126/scitranslmed.aax2945
https://doi.org/10.1126/scitranslmed.aax2945
https://doi.org/10.1111/cts.13874
https://doi.org/10.1124/jpet.121.000686
https://doi.org/10.1080/15287394.2021.1955785
https://doi.org/10.1016/j.jaad.2018.11.059
https://doi.org/10.1038/s41588-018-0121-0
https://doi.org/10.1038/s41588-018-0121-0
https://doi.org/10.1016/j.jaci.2019.01.003
https://doi.org/10.1016/j.jaip.2024.01.020
https://doi.org/10.1016/j.jaip.2024.01.020
https://doi.org/10.1172/JCI1647
https://doi.org/10.1371/journal.pone.0289138
https://doi.org/10.1111/imr.12546
https://doi.org/10.3390/ijms21155382
https://doi.org/10.1111/all.13935
https://doi.org/10.1016/j.jaci.2017.02.038
https://doi.org/10.1038/jid.2013.223
https://doi.org/10.1165/rcmb.2005-0003OC
https://doi.org/10.1016/j.immuni.2015.06.006
https://doi.org/10.1016/j.immuni.2015.06.006
https://doi.org/10.1038/jid.2013.195
https://doi.org/10.1038/jid.2011.446
https://doi.org/10.1016/j.jdermsci.2019.08.006
https://doi.org/10.1016/j.pharmthera.2021.107847
https://doi.org/10.1016/j.pharmthera.2021.107847
https://doi.org/10.1073/pnas.0812668106
https://doi.org/10.1038/srep00023
https://doi.org/10.3389/fimmu.2025.1567817
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Luo et al. 10.3389/fimmu.2025.1567817
192. Demehri S, Morimoto M, Holtzman MJ, Kopan R. Skin-derived TSLP triggers
progression from epidermal-barrier defects to asthma. PloS Biol. (2009) 7:e1000067.
doi: 10.1371/journal.pbio.1000067

193. Jiang H, Hener P, Li J, Li M. Skin thymic stromal lymphopoietin promotes
airway sensitization to inhalant house dust mites leading to allergic asthma in mice.
Allergy. (2012) 67:1078–82. doi: 10.1111/j.1398-9995.2012.02857.x

194. Kang EG, Narayana PK, Pouliquen IJ, Lopez MC, Ferreira-Cornwell MC, Getsy
JA. Efficacy and safety of mepolizumab administered subcutaneously for moderate to
severe atopic dermatitis. Allergy. (2020) 75:950–3. doi: 10.1111/all.14050

195. Adhikary PP, Idowu T, Tan Z, Hoang C, Shanta S, Dumbani M, et al.
Disrupting TSLP-TSLP receptor interactions via putative small molecule inhibitors
yields a novel and efficient treatment option for atopic diseases. EMBO Mol Med.
(2024) 16:1630–56. doi: 10.1038/s44321-024-00085-3

196. Ratchataswan T, Banzon TM, Thyssen JP, Weidinger S, Guttman-Yassky E,
Phipatanakul W. Biologics for treatment of atopic dermatitis: current status and future
prospect. J Allergy Clin Immunol Pract. (2021) 9:1053–65. doi: 10.1016/j.jaip.2020.11.034

197. Benzecry V, Pravettoni V, Segatto G, Marzano AV, Ferrucci S. Type 2
inflammation: atopic dermatitis, asthma, and hypereosinophilia successfully treated with
dupilumab. J Investig Allergol Clin Immunol. (2021) 31:261–3. doi: 10.18176/jiaci.0614

198. Ichiyama S, Ito M, Hoashi T, Kanda N, Natsuno T, Saeki H. Severe atopic
dermatitis effectively treated with dupilumab changed from interleukin-5 inhibitors for
Frontiers in Immunology 16
concomitant severe bronchial asthma. J Dermatol. (2021) 48:e76–7. doi: 10.1111/1346-
8138.15691

199. Tolino E, Proietti I, Sarni A, Bernardini N, Mambrin A, Balduzzi V, et al.
Success of dupilumab as a monotherapy in an adult patient affected by severe
uncontrolled asthma and atopic dermatitis. Dermatol Ther. (2021) 34(1):e14596.
doi: 10.1111/dth.14596

200. Boguniewicz M, Beck LA, Sher L, Guttman-Yassky E, Thaçi D, Blauvelt A, et al.
Dupilumab improves asthma and sinonasal outcomes in adults with moderate to severe
atopic dermatitis. J Allergy Clin Immunol Pract. (2021) 9(3):1212–1223.e6.
doi: 10.1016/j.jaip.2020.12.059

201. Nettis E, Patella V, Lombardo C, Detoraki A, Macchia L, Di Leo E, et al. Efficacy
of dupilumab in atopic comorbidities associated with moderate-to-severe adult atopic
dermatitis. Allergy. (2020) 75(10):2653–61. doi: 10.1111/all.14338

202. Pose K, Laorden D, Hernández N, Villamañán E, Quirce S, Domıńguez-Ortega
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