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Atopic dermatitis (AD) is a common allergic inflammatory skin condition mainly
caused by gene variants, immune disorders, and environmental risk factors. The T
helper (Th) 2 immune response mediated by interleukin (IL)-4/13 is generally
believed to be central in the pathogenesis of AD. It has been shown that innate
lymphoid cells (ILCs) play a major effector cell role in the immune response in
tissue homeostasis and inflammation and fascinating details about the
interaction between innate and adaptive immunity. Changes in ILCs may
contribute to the onset and progression of AD, and ILC2s especially have
gained much attention. However, the role of ILCs in AD still needs to be
further elucidated. This review summarizes the role of ILCs in skin homeostasis
and highlights the signaling pathways in which ILCs may be involved in AD, thus
providing valuable insights into the behavior of ILCs in skin homeostasis and
inflammation, as well as new approaches to treating AD.
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1 Introduction

Atopic dermatitis (AD) is a chronic skin disease characterized by a massive infiltration
of inflammatory cells, with intense pruritus, plasmacytic exudates, dry skin, and
erythematous papules as the predominant clinical symptoms (1). The onset of AD is not
limited by age or race. AD plays a significant role in the global burden of dermatologic
diseases and has a detrimental impact on the quality of life of patients and their families.
From 1990 to 2017, AD ranked 15th among all non-fatal diseases and the first among
dermatological diseases in disability-adjusted life years (DALYs) (2). Traditionally, the
pathogenesis of AD is highly complex, involving genetic predisposition, epidermal
dysfunction, and T-cell-driven inflammation. The T helper (Th) 2 cells dominate the
pathogenesis of AD by secreting pro-inflammatory cytokines such as interleukin (IL)-4 and
IL-13. Dupilumab is a monoclonal antibody that selectively blocks IL-4 and IL-13 signaling
and received the first global approval for AD treatment in March 2017, representing a
major advance in treating patients with moderate-to-severe AD (3, 4). However,
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dupilumab is ineffective in some AD patients and might induce new
regional dermatoses, ocular complications, alopecia, and other
adverse effects (5). Although there is no accurate cure for AD,
many novel and targeted therapies promise to slow the disease’s
progression considerably, especially in patients with refractory AD.
In recent years, the detection of innate lymphoid cells (ILCs) in the
context of skin homeostasis and inflammation has gained
increasing attention (6).

ILCs are a newly found lymphoid lineage component of the
innate immune system that differentiates from common lymphoid
progenitor cells (CLPs) (7, 8) and produce a range of cytokines
associated with subsets of T helper cells (9). Furthermore, ILCs are
characterized by the absence of antigen-specific receptors produced
by genetic recombination (8), and their growth is typically
dependent on the common gamma chain of the IL-2 receptor,
Notch, and the transcription factor inhibitor of DNA binding 2
(ID2) (7). ILCs are crucial in generating immune responses,
maintaining tissue integrity, and mediating inflammatory
responses (8). Recent studies have demonstrated that the
pathophysiology of AD is strongly connected to abnormal ILC
activation (10, 11).

This review presents the involvement and function of ILCs in
the skin, emphasizing the role of several subgroups of ILCs in the
pathogenesis of AD, and further discusses the possible associated
signaling pathways. The aim is to shed new light on the molecular
mechanisms of AD and imply the potential value of targeting ILCs
for therapy.

2 The subsets of the ILC family

The ILC family comprises a group of immune cells with
pleiotropic functions, which lack somatic rearrangements of
immune receptor genes characteristic of T and B cells (12). In the
early phases of the study, it was customary to group ILCs into three
major categories, with different functions for each subset, namely,
natural killer (NK) cells, RORyt" ILCs, and type 2 ILCs (13).
Subsequently, the International Union of Immunological Societies
(IUIS) approved the classification of ILCs into five subpopulations,
namely, NK cells, ILC1s (group 1 ILCs), ILC2s (group 2 ILCs),
ILC3s (group 3 ILCs), and lymphoid tissue-inducing (LTi) cells,
based on the various developmental trajectories and transcription
factors expressed by ILCs (12, 14, 15) (Figure 1).

NK cells are cytotoxic lymphocytes with a shorter half-life than
B and T lymphocytes and occur more frequently in the circulatory
system (16). NK cells can directly induce the death of tumor and
virus-infected cells without specific immunization, thereby
controlling intracellular pathogens (17, 18). NK cells depend on
the IL-15 developmental pathway, with differential expression of
GATA binding protein 3 (GATA3) and IL-7 receptor o.-chain
(CD127) (19, 20). Based on the relative expression of surface
markers CD16 and CD56, NK cells in human peripheral blood
could be subdivided into CD56”¢" CD16 ~ and CD56""™ CD16"
NK cells (21). NK cell subpopulations differ in their cytolytic
activity and cytokine production capacity. Vosshenrich et al.
speculated that the two CD56 NK cell subsets in humans might
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share characteristics with various NK cells generated by the bone
marrow and thymic NK cell pathways in mice (20).

The ILC1s monitor the immune system and defend the host,
and they are often non-cytotoxic or weakly cytotoxic (12). ILCls
and NK cells differ in the production and dependence of
transcription factors (11, 22). Zhang et al. proposed that NK cells
are defined by high levels of co-expression of T-bet and
eomesdermin (Eomes), whereas ILCls are defined by the single
expression of T-bet or Eomes (23). Similar to NK cells, ILCls are
developmentally reliant on T-box transcription factor (T-bet) and
release type I cytokines such as interferon-gamma (IFN-y) and
tumor necrosis factor (TNF) (12). T-bet has been shown to bind to
the promoters of protein-coding genes in Th1 cells, activating many
critical genes in the Thl cell response, suggesting that ILCls may
contribute to the Th1 cell response (24). Unlike NK, ILCls are the
first and primary producers of IFN-y in vivo during the early stages
of viral infection and do not require IL-18 signaling to optimize
IFN-y production (25). ILCls produce optimal IFN-y in a signal
transducer and activator of transcription 4 (STAT4)-dependent
manner via tissue-resident X-C motif chemokine receptor 1-
positive conventional dendritic cells (XCR1™ ¢DC1), thereby
limiting viral replication at the initial site of infection (25).
Furthermore, RNA-sequencing analysis suggests that Itgh3
(encoding CD61) and Cd200r1 (encoding CD200rl) may be new,
reliable specific markers to distinguish peripheral tissue-resident
ILC1s from circulating NK cells, providing new insights for future
studies (25).

ILC2s are usually considered substantial members of the ILC
family involved in innate immune responses and regulation of
tissue homeostasis (26). RORo. and GATA3 (27), which are ILC2-
specific transcription factors, are required for ILC2 formation.
ILC2s express IL-7Ra, CD45 (28), BCL11B, and GFI1 (29), and
their distinctive characteristic is the secretion of Th2-associated
cytokines such as IL-4, IL-5, IL-9, IL-13, and amphiregulin
(AREG) (10).

ILC3s depend on RORyt for their functional development,
expressing natural cytotoxicity receptors (NCRs) and the surface
marker IL-23R (12). According to the expression of NCR NKp44,
ILC3s could be categorized into two main subgroups: NCR ~ ILC3s
and NCR" ILC3s. NCR ~ ILC3 equivalent Th17 cells express RORYt
and produce IL-17A/IL-22, and NCR" ILC3 equivalent Th22 cells
express transcripts of RORYt and aryl hydrocarbon receptor (AHR)
and produce only IL-22 (30). ILC3s modulate adaptive Th17 cell
responses and produce Thl7-related cytokines such as IL-17 and
IL-22 (31).

LTi cells are crucial for secondary lymphoid organ formation
during embryogenesis and act in T- and B- cells’ development,
activation, and function (32). It is essential for LTi cells to express
the chemokine receptors CXCR5 and CXCR6 in order to
differentiate to the next stage (33). Additionally, LTi cells are
similar to ILC3s, expressing RORyt markers and releasing
cytokines that overlap with ILC3, such as IL-17 and IL-22 (34).
As a crucial transcription factor for developing ILC3 progenitors,
the promyelocytic leukemia zinc finger (PLZF) has a defining role in
innate lymphocyte lineage differentiation (35). PLZF expression is
not required to form LTi cells, although ILC3s are (33, 36).
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FIGURE 1

Classification of innate lymphoid cells. ILCs are divided into three groups. ILC1s produce type 1 cytokines such as TNF and IFN-y and express T-bet
in response to IL-12, IL-15, and IL-18 stimulation. ILC2s are defined by the expression of RORyt and secretion of Th2-associated cytokines such as
IL-4, IL-5, and IL-13. ILC3s express GATA3 and produce IL-17A and IL-22 in the stimulation setting by IL-1B, IL-23, and AHR ligands. AHR, aryl
hydrocarbon receptor; Areg, amphiregulin; GM-CSF, granulocyte—macrophage colony-stimulating factor; IFN-y, interferon-gamma; IL, interleukin;
ILCs, innate lymphoid cells; LTD4, leukotriene D4; NK, natural killer; PGD2, prostaglandin D2; RANK, receptor activator of nuclear factor kappa B; Th,

T helper; TNF, tumor necrosis factor; TSLP, thymic stromal lymphopoietin.

3 ILCs in skin tissue

ILCs are widely distributed in various organs and tissue types in
the human body (37, 38). ILCs are usually preferentially enriched in
barrier tissues, such as the skin, intestine, and lung, which facilitate
the maintenance of barrier function and response to tissue-derived
signals (37). Our understanding of the functional features of skin
ILC:s is still developing compared with those of the lung and gut
(11); thus, certain traits of skin ILCs will be discussed.

The skin is a mechanical and biological barrier for the body,
protecting epithelial integrity and maintaining homeostasis.
Anatomically, the skin consists of avascular epidermis, dermis,
and subcutaneous tissue (39), each layer with specific
morphological and physiological functions. Furthermore, the
presence of ILCs in the skin is related to the host species and the
skin layer’s location (Figure 2).

ILC subsets are differentially presented in various layers of mouse
and human skin. NKp46 is a receptor found on the surface of NK
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cells from the early to late stages of differentiation. Luci et al.
employed tissue immunofluorescence assay to detect NKp46
expression and discovered that the distribution of NK cells in
mouse and human skin was identical at a steady state (40). This
work demonstrated that NKp46™ CD3 ~ NK cells were
predominantly present in the dermis and virtually absent from the
epithelium, indicating that the proliferating dermal NK cells may be
the source of NK cells recruited to inflamed skin during the allergic
phase. In contrast, Kobayashi et al. did not find genes associated with
NK cells and ILCls by sorting and performing single-cell RNA
sequencing of Lin ~ Thy1.2" ILCs from each skin layer of wild-type
(WT) C57BL/6 mice (14). Kobayashi et al. and Luci et al. used mice
with the same genetic background. Still, they were controversial about
the frequency of NK cells in the skin, probably related to the different
technical aspects of the assay. Kobayashi et al. also revealed that in
mice, the subcutaneous and epidermal layers were highly enriched in
genes characteristic of ILC2s and ILC3s, respectively, and the dermis
was characterized by both ILC2s and ILC3s (14).
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FIGURE 2

Different distribution of ILCs and their related receptors in various layers of normal mouse and human skin. (A) In mice, the subcutaneous and
epidermal layers were highly enriched in genes characteristic of ILC2s and ILC3s, respectively, while ILC2s and ILC3s characterized the dermis.
Furthermore, mouse skin RNA sequencing studies showed that ILCs in all skin layers expressed Crlf2 (encoding the TSLPR subunit) and Tnfrsf25
(encoding DR3). Dermal ILCs and epidermal ILCs highly express /18r1 (encoding IL-18R subunit) and /l17rb (encoding IL-25R). /l1rl1 (encoding IL-33R
subunit) and /[2ra (encoding IL-2R subunit) were significantly expressed on subcutaneous ILCs. (B) In humans, ILCs are only present in the dermis of
normal skin. ILCs in the dermis are mainly composed of ILC1s and ILC3s. Flow cytometry data showed that among all dermal ILCs, ILC1s accounted
for approximately 45%, ILC3s for approximately 55%, and ILC2s for approximately 11.6%. However, GATA3" ILC2 was not detected in skin tissue
sections by immunofluorescence. DR3, death receptor 3; IL, interleukin; IL-2R, IL-2 receptor; IL-18R, IL-18 receptor; IL-25R, IL-25 receptor; IL-33R,
IL-33 receptor; ILC, innate lymphoid cell; T-bet, T-box transcription factor; TSLPR, thymic stromal lymphopoietin receptor; WT, wild type.

Alkon et al. reported that ILCs from AD skin frequently co-
expresses type 2 (GATA3 and IL13) and type 3/17 (RORC, IL22, and
IL26) molecular signatures at the single-cell level and can rapidly
change their molecular, immunophenotypic, and functional
characteristics upon cytokine stimulation, participating in host
defense or promotion of disease onset (41). Reynolds et al.
showed by single-cell RNA sequencing that ILCs in the epidermis
and dermis of AD patients and normal healthy subjects could be
classified into four subgroups, namely, ILC1/3, ILC2, ILC1/NK, and
NK, with ILC2s (IL7R, PTGDR2, and GATA3) having the most
distinct signature (42). Additionally, Briiggen et al. demonstrated
that very sparse ILCs are present in the upper dermis of normal
human skin with an algorithm-based in-situ analysis technique,
while the hypodermal areas and epidermis are almost devoid of
ILCs (43). Using immunofluorescence, they found that the ILC
population in the upper dermis was dominated by ILCls, followed
by AHR' ILC3s, and no GATA3" ILC2s were observed (43).
Instead, flow cytometry analysis revealed the presence of ILC2s in
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normal human skin cell suspensions, accounting for approximately
10% of all ILCs (43). The controversial results of the two methods in
this study may be related to factors such as sample collection site,
cell migration, changes in cell phenotype during isolation and
purification, and the sensitivity of the assay.

Additionally, single-cell RNA-sequencing studies of wild-type
C57BL/6 mouse skin showed that ILCs in all skin layers expressed
Crlf2 [encoding the thymic stromal lymphopoietin (TSLP) receptor
subunit] and Tnfrsf25 [encoding death receptor 3 (DR3)] (14).
Dermal and epidermal ILCs highly express 11181 (encoding IL-18
receptor subunit) and Il17rb (encoding IL-25 receptor) (14). IlIrl1
(encoding IL-33 receptor subunit) and II2ra (encoding IL-2
receptor subunit) were significantly expressed on subcutaneous
ILCs (14) (Figure 2). These findings suggest a layer-specific
receptor expression pattern in the skin, implying that cytokine
species may be different in skin layers (14), which contributes to a
better understanding of the mechanisms of localization of cytokine
signaling pathways in the skin.
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4 ILCs in atopic dermatitis

4.1 NK cells in atopic dermatitis

As one of the innate lymphocytes, NK cells are important
sentinels of the organism to operate the immune system. NK cells
exert immunomodulatory functions early in the inflammatory
response, mainly by forming crosstalk effects with other immune
cells and secreting a large variety of cytokines, such as TNF-o, IFN-
Y» GM-CSF, IL-5, IL-6, and IL-10 (44-46). Significantly, NK cells
induce Th1 cells to initiate a protective reaction by releasing IFN-v,
which facilitates the maintenance or enhancement of the body’s
antiviral immunity (44, 47). NK cells have been detected in the
damaged skin of patients with atopic dermatitis and MC903-
induced AD-like mouse models (a systemic AD-like
inflammatory phenotype closely resembling human AD was
induced by the topical application of MC903 to the skin) (48). It
has been reported that peripheral NK cells were significantly
reduced in AD patients, possibly related to chemokine-dependent
NK cell recruitment from the periphery to the lesioned skin (45). C
motif chemokine receptor 2 (CCR2), C-C motif chemokine receptor
5 (CCR5), and C-X-C motif chemokine receptor 3 (CXCR3) are the
primary chemotactic receptors that regulate circulating NK cell
migration (49).

contact
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Bi et al. demonstrated that NK cell activation inhibited ILC2
amplification and cytokine production in vitro and in vivo and that
this modulation was predominantly mediated by IFN-y (50).
Mature CD56%™ NK cells were recovered in most AD patients
after dupilumab treatment, indicating that the NK cell deficiency in
AD patients was reversible by the blockade of type 2 cytokines (48).
Moreover, in a mouse model of NK cell-deficient AD (AD-like
disease induced in II15 =~ mice by application of MC903), the
reduction in NK cell numbers was restored by dupilumab as a Th2
cytokine blocker, suggesting that NK cells may contribute to
suppressing the type 2 inflammation in AD (48). The
inflammatory effects of ILC2s may be inhibited by IFN-v released
by NK cells, although more validation in animal models and
patients at various illness stages is required. Mack et al.
demonstrated that NK cell deficiency in mice could lead to the
deterioration of pathogenic ILC2 responses in vivo, assuming that
the NK cell-ILC2 inhibition axis may be a potential regulatory
mechanism in the skin barrier (48) (Figure 3). This finding suggests
that defects in NK cell numbers or function lead to type 2
inflammation and skin damage, further suggesting that NK cells
may be closely associated with AD development.

Furthermore, NK cells also contribute to the body’s protective
immunity. As important antigen-presenting cells in the immune
response, NK cells can selectively edit dendritic cells (DCs) by

Th2 response

1 Metabolites of Malassezia

—»-—» 11L-33

Epithelial

TNF, —— —» 1 TSLP
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The roles of ILCs in atopic dermatitis. NK cells are stimulated by DC exposure or high TSLP levels to enhance Thl responses, attenuate Th2
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responses by producing IFN-vy, and improve Th2-type immunity by promoting auto-apoptosis. The expression of TSLP, IL-33, and IL-25, released by
epithelial cells and serve as major ILC2 activators, is increased in AD patients. The interaction of ILC2s with other innate immune cells, such as mast
cells and basophils, is critical to the complex mechanics of AD. Also, ILC3s release IL-17A or IL-22, which contribute to the pathogenesis of AD.
Increased GzmB expression and FLG deficiency in AD patients both enhance E-cadherin cleavage, which inhibits the interaction between E-cadherin
and the KLRG1 receptor expressed on ILC2s, which would strengthen the body's ILC2-related response. ILCs may trigger TSLP secretion by
producing TNF and lymphotoxin to downregulate Notch signaling. In addition, diosmin, coal tar, and tapinarof inhibit the action of ILC2s but
promote the function of ILC3s by activating the AHR signaling pathway. AHR, aryl hydrocarbon receptor; CRTH2, chemoattractant receptor-
homologous molecule expressed on Th2 cells; CysLts, cysteinyl leukotrienes; DCs, dendritic cells; FLG, filaggrin; GzmB, granzyme B; IFN-y,
interferon-gamma; IL, interleukin; ILCs, innate lymphoid cells; KLRG1, killer cell lectin-like receptor G1; NK, natural killer; PDG2, prostaglandin D2;
Th, T helper; TNF, tumor necrosis factor; TSLP, thymic stromal lymphopoietin.
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killing immature DCs while retaining mature ones, which is
required for adaptive immune responses to be initiated
successfully (51). NK cells undergo close contact with DCs in the
affected tissues of AD patients, suggesting that NK cells are induced
to become preferential targets for apoptosis after exposure to
activated monocytes, which also enhances the deviation of
immune response from Thl toward Th2 type and contributes to
microbial infection (45, 52, 53). However, the activation signals that
trigger natural killer cell death in vivo are currently unknown. TSLP
is an epithelial cell-derived cytokine that is one of the key factors
driving the development of the vicious cycle of inflammation in AD
(54). TSLP could activate DCs to promote Th2 immune responses
and has been reported to act directly on NK cells expressing TSLPR
and IL-7Ra to produce IL-13, suggesting that TSLP may be a key
factor in the role of NK cells in AD development (55) (Figure 3).
Maintaining a relatively stable number and function of NK cells
in vivo is critical to the progression of AD, and a clearer
understanding of the specific pathways of NK cells in the
pathogenesis of AD may provide new strategies for AD.

4.2 ILC2s: the critical ILCs in
atopic dermatitis

Kim et al. first found the presence of skin-derived ILC2s in
healthy human skin (56). They observed a significant increase in the
frequency of ILC2s in lesional AD skin compared with healthy
control skin by flow cytometry, suggesting that ILC2s perform a
crucial function in developing skin inflammation. ILC2s, generally
considered to be the most important ILC subtype in AD
pathogenesis, promote the development of Th2 cells by producing
characteristic cytokines, such as IL-13 and IL-5, and it has been
demonstrated that ILC2 deficiency leads to severe defects in Th2 cell
immune responses (57). Interestingly, Alkon et al. showed that
cutaneous ILC2 in patients with AD can have cytokine transcripts
characteristic of type 17 and/or type 3 immunity that can co-
produce cytokines such as IL-5, IL-13, IL-22, and IL-17A (41).

4.2.1 Modulators of activated ILC2s
in atopic dermatitis

It is well known that TSLP, IL-33, and IL-25 are major
activators of ILC2s, and all of these cytokines have been reported
to be elevated in the skin of AD patients (29).

ILC2s express receptors for TSLP, IL-33, and IL-25, all of which
have a cascade of regulatory and recruitment effects on ILC2s in AD
(58). TSLP, IL-33, and IL-25 can activate ILC2s to secrete various
pro-inflammatory factors to induce the development of AD, and
this effect can be amplified by the stimulation of allergens such as
house dust mite (HDM) extraction (29, 58) (Figure 3). Studies have
shown that TSLP can interact directly with T cells from AD patients
to enhance Th2 responses by promoting the proliferation of IL-4-
producing cells and secretion of IL-4 (59). IL-33 facilitates the
survival and function of mast cells and basophils, which may be
related to disrupting the skin barrier in AD patients and
accumulating these innate immune cells in the skin lesions (60).
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Of note, the relative magnitude of the contribution of IL-33 and
TSLP in the inflammatory response in AD remains controversial.
Kim et al. showed that AD development in mice is heavily
dependent on TSLP but independent of IL-33 and IL-25 (56). In
the AD-like model of inflammation, deficiency of the TSLP receptor
gene in mice significantly reduced the frequency and absolute
number of ILC2s, while the IL-25 or IL-33 receptor gene
deficiency did not affect the ILC2 response (56). In contrast,
Salimi et al. suggested that adding IL-25 and IL-33 but not TSLP
increases ILC2s (58). In parallel experiments where the TSLP, IL-33,
and IL-25 receptor genes were each individually knocked out in
MC903-induced AD mice, the number of ILC2 was sequentially
reduced in skin lesions of these mice compared with wild-type mice
(58). One explanation for this contradictory finding could be related
to the differences in the genetic background of the mice in the
two laboratories.

Indeed, most skin ILC2s have low receptor expression for the
epithelial cytokines IL-33, IL-25, and TSLP and are primarily
activated by IL-18, which is highly expressed in skin ILC2s (61).
Ricardo-Gonzalez et al. showed that skin ILC2s can respond to IL-
18 to produce type 2 inflammatory cytokines. In AD-like skin
inflammation, IL-18-deficient mice had reduced amounts of IL-5-
and IL-13-producing ILC2 in skin tissues compared with WT mice
(61). Serum IL-18 was elevated in AD patients compared with
healthy controls and correlated with disease severity (62), implying
that targeting IL-18 may improve type 2 immune activation in AD.

4.2.2 Interaction of ILC2s with other innate
immune cells in atopic dermatitis

The interaction of ILC2s with other innate immune cells, such
as mast cells and basophils, is key to the etiology of complex AD
(Figure 3). Mast cells produce and release various pro-inflammatory
mediators such as histamine, chemokines, and cytokines, pivotal in
the IgE-mediated skin wheal reaction and its associated AD pruritus
(63). Studies have shown that the proportion of mast cells
containing TNF-o,, IL-4, IL-6, and CD30 ligand immunoreactive
is higher in AD lesions than in non-lesioned skin (63). Intravital
multiphoton microscopy revealed that normal murine dermal
ILC2s (dILC2s) preferentially reacted with skin-resident mast
cells and had pro- and anti-inflammatory properties (64). The
almost exclusive production of IL-13 by dILC2 in the skin may be
associated with AD. The results of in-vitro experiments showed that
co-incubation of mast cells with recombinant IL-13 had a dose-
dependent inhibitory effect on the release of IgE-dependent
cytokines from mast cells, suggesting that dILC2 has the potential
to modulate mast cell function through IL-13 production (64).
However, once stimulated by inflammation, dILC2 exerted a pro-
inflammatory effect and was able to promote eosinophil infiltration
and mast cell activation in the skin (64). Additionally, a substantial
amount of human and mouse research data supports the idea that
IL-9 acts as a Th2 cytokine to stimulate type 2 immune responses
(65). TL-9 mRNA expression was significantly increased in AD
patients’ peripheral blood and skin lesions compared with normal
subjects (66), and polymorphisms in IL-9 and IL-9 receptor genes
were associated with the AD phenotype (67). IL-9 enhances mast
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cell proliferation and function and is produced mainly by T cells but
also by ILC2s, mast cells, and eosinophils (68). These findings
suggest that ILC2s and mast cells may crosstalk through IL-9 in
AD pathogenesis.

Flow cytometry data and fluorescence microscopy images
indicated that basophils and ILC2s were enriched and aggregated
near inflamed lesions of AD patients and AD mouse models (69,
70). Interestingly, Mashiko et al. found that the frequency of
basophils in skin lesions of AD patients was positively correlated
with cutaneous ILC2s and negatively correlated with circulating
ILC2s, suggesting that basophils may promote the migration of
circulating ILC2s to the skin of AD patients (71). Moreover, the
temporal analysis showed that on day 4 of MC903 treatment, the
frequency and the absolute number of basophils in mouse skin
lesions were significantly higher compared with controls but not
ILC2s, suggesting that the basophil response preceded the ILC2
response in the context of AD-like inflammation (69). Studies have
shown that IL-4 from basophils is required for the proliferation of
ILC2s and the development of related responses in skin
inflammation (69, 72). To determine the role of basophils, an
anti-FceRI monoclonal antibody (MAR-1) was used to deplete
basophils (73). Imai et al. systematically conditioned the clearance
of basophils using MAR-1 or Bas-TRECK mice [basophils in mice
are specifically depleted by a toxin receptor-mediated conditional
cell knockout (TRECK) system] and found that ILC2 responses
were suppressed along with relief of AD-like inflammation,
suggesting that ILC2s mediate the innate immune response in
conjunction with basophils in AD (72). The exact mechanism by
which cross-regulation between ILC2s and basophils occurs in AD
remains unclear, and other upstream innate cellular mechanisms
are largely unexplored.

4.3 Role of ILC3s in atopic dermatitis

Type 2 cytokines are usually considered to have a substantial
role in AD development, whereas evidence indicates that ILC3s
operate in a pathogenic function in AD through the secretion of IL-
17A and IL-22 (43, 74) (Figure 3). The percentage of IL-17" T cells
in peripheral blood was significantly higher in AD patients
compared with healthy controls and correlated with the severity
of the disease (75). Furthermore, immunohistochemical results
revealed a significant infiltration of IL-17" T cells in the dermis of
acute AD lesions, indicating that IL-17 is the mediator of AD
inflammation (75). Nakajima et al. found that IL-17A deficiency in
mice alleviated the development of AD-like lesions and attenuated
the expression levels of Th2 chemokines (76). IL-17A induces Th2-
type immune responses in the AD mouse model, but drawing
human conclusions from this model may be challenging.

Traditionally, Th17 cells are considered the primary source of
IL-17, but recent studies have shown that IL-17 produced by ILC3s
has a potentially important function in skin inflammation (11).
Using in-situ mapping, Bruggen et al. discovered that skin lesions
from AD patients had a significantly higher number of AHR" ILC3s
than those of healthy human skin (43). Similarly, Kim et al.
employed flow cytometry to uncover higher levels of ILC3s in the
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peripheral blood of AD patients compared with healthy controls
and increased in HDM-treated C57BL/6 mice AD model (an
allergen-induced mouse model with phenotypes similar to human
AD) (77). These findings suggest the contribution of ILC3s to the
development of AD. Kim et al. sorted ILC3s from skin-draining
lymph nodes and spleens in HDM-induced AD mice and injected
them subcutaneously into recipient mice (C57BL/6 mice). The
results showed that the adoptive transfer of ILC3s in mice
accelerated the development of AD inflammation, as evidenced
by increased epidermal thickness and inflammatory granulocyte
infiltration, implying that ILC3s alone are sufficient to exacerbate
the symptoms of AD (77). Likewise, data from co-culture cell
experiments indicate that IL-17A secreted by ILC3s triggers the
synthesis of IL-33 by skin cells, promoting a type 2 response (77).

Healthy people’s blood and skin contain NCR ~ ILC3s, which
can develop into NCR" ILC3s and release IL-22 (78-80). Unlike
psoriasis, IL-22 expression is more dominant than IL-17 in AD
lesions (74). Clinical and animal studies have shown that IL-22
expression is significantly upregulated in AD-like skin lesions, with
an important link between the skin barrier and adaptive immunity
(81, 82). In a randomized, double-blind, placebo-controlled trial,
fezakinumab (an anti-IL-22 monoclonal antibody) had good
efficacy and safety in treating adult patients with moderate-to-
severe AD, confirming IL-22 as a crucial driver of AD (83). In
addition, ustekinumab, a monoclonal antibody that binds to the p40
subunit of IL-12 and IL-23 and limits the progression of the Th17
inflammatory immune response, is controversial in the clinical
efficacy of AD patients (84). A patient with long-standing AD
showed remarkable improvement following ustekinumab treatment
(84). Contrarily, one case report indicated that AD was aggravated
in a patient with psoriasis who had a history of childhood atopy
while receiving ustekinumab medication, raising the possibility that
ustekinumab treatment may be linked to AD relapse (85). These
clinical trials indicate that biologics targeting ILC3-associated
cytokines may be a new approach to treating AD, but caution
and more trial data are still needed.

5 Possible ILC-related signaling
pathways in atopic dermatitis

The Notch signaling pathway has been reported to be an
important player in the biology of ILCs. Moreover, ILC2s and
ILC3s are significantly elevated in skin lesions of AD patients
compared with normal human skin. ILC2 cells express KLRGI
and CRTH2, and ILC3 cells express AHR. Therefore, four possible
signaling pathways related to ILCs in AD are discussed below.

5.1 The Notch signaling pathway
Skin ILCs are bona fide tissue-resident immune cells that
control barrier homeostasis and maintain a healthy microbial

ecology (14). During homeostasis, epidermal and dermal ILCs
inhibit sebocyte proliferation and enhance commensalism of
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Gram-positive cocci by expressing TNF and lymphotoxin
downregulating Notch signaling (14). ILCs may be upstream
signals of the Notch signaling pathway that regulate mucosal
barrier immunity and skin surface microbial homeostasis in
AD (Figure 3).

Notch signaling is one of the typical pathways of epithelial
differentiation and regulates the proliferation, differentiation,
migration, and apoptosis of epidermal cells together with other
cellular pathways in vivo (86). Notch signaling plays a pivotal role in
ensuring normal skin development and differentiation and
maintaining skin barrier function, and its abnormal disruption
will induce the development of inflammatory skin diseases (86,
87). Adult mice lacking Notch signaling produce large amounts of
TSLP, which caused an AD-like inflammatory response, suggesting
that enhanced Notch signaling may suppress TSLP production in
AD (88). Notch receptors were strongly expressed in skin tissues of
psoriasis and lichen planus patients; however, they were
significantly downregulated in skin lesions of AD patients as
compared with healthy controls, implying that the regulation and
signaling of Notch receptors are more closely related to AD than to
psoriasis and lichen planus (88).

5.2 The AHR signaling pathway

Substantial amounts of AHR" ILC3s have been reported in skin
lesions of AD patients, suggesting that AHR expression may play an
important role in the pathogenesis of AD (43). AHR is a ligand-
dependent transcription factor that senses environmental changes.
AHR could be activated by a wide range of endogenous and
exogenous molecules, regulate gene expression in vivo, maintain
tissue barriers in barrier organs, and control commensal microbiota
(89-91). Growing evidence suggests that AHR can control ILCs in
vivo (Figure 3).

The maintenance, survival, and function of ILC3s depend on
AHR expression, which is also crucial for the defense and
homeostasis of the host intestinal tissues (92, 93). Studies have
shown that AHR deficiency reduces the number of intestinal
RORyt" ILCs, and AHR is necessary for their survival and the
generation of IL-22 under homeostatic conditions (94). In addition,
the amount of AHR protein and mRNA expressed in ILC2s in the
mouse intestine is higher than both ILC progenitors and other
mature ILCs (95). In contrast to promoting the maintenance of
ILC3s, AHR inhibits the function of ILC2s, suggesting that the host
regulates intestinal ILC2-ILC3 homeostasis by engaging in the AHR
pathway (95). Craig et al. reported that multiple factors in the
pathogenesis of AD involve dysbiosis of the gut flora and increased
intestinal permeability (96), suggesting a communication
mechanism between the skin and the gut in AD patients. There
may be pathways in the gut of AD patients where AHR signaling
regulates ILC homeostasis, and the details of the molecular
mechanisms remain poorly understood.

AHR is also highly expressed on skin cells, especially in the
stratum corneum, and can maintain skin homeostasis by regulating
epidermal barrier protein genes (97). Diosmin is considered a
potential AHR agonist from a natural product that restores the

Frontiers in Immunology

10.3389/fimmu.2023.1277120

skin barrier of human keratin-forming cells by upregulating the
AHR pathway to enhance the expression of skin barrier proteins
such as filoproteins and loricrin and their upstream regulators (98).
In addition, coal tar, an ancient topical treatment for dermatological
disorders, induces keratin-forming cell-derived antimicrobial
peptides by activating the AHR signaling pathway, which is
beneficial in restoring the damaged skin barrier in AD patients
(99). Tapinarof, a natural activator of AHR, has been considered
safe and effective in clinical trials to improve symptoms in AD
patients (100, 101). Malassezia generates cultured metabolites as
AHR ligands and may activate the AHR pathway, causing aberrant
keratinization and scaling frequently observed in dermatological
conditions (97). Malassezia is known to be one of the most common
fungi associated with AD (102), indicating that there may be a
mechanism for Malassezia activation of AHR signaling in AD
involved in skin barrier defects in patients.

Diosgenin, coal tar, and tapinarof have all been shown to
alleviate skin lesions in AD patients, while Malassezia metabolites
have been shown to worsen the skin barrier by stimulating the AHR
pathway. Clarifying the cell-intrinsic function of AHR in ILCs is
crucial to develop a potential therapeutic strategy for AD, given that
AHR and ILCs are closely linked and affect how AD develops.

5.3 The ILC2-KLRG1-E-cadherin axis

The killer cell lectin-like receptor G1 (KLRG1) is an inhibitory
receptor belonging to the C-type lectin family, mainly expressed in
NK cells and T cells, and its main ligands are E-cadherin and N-
cadherin (103). KLRG1 engagement inhibits protein kinase B
(AKT) phosphorylation, leading to proliferative dysfunction of T
cells and NK cells (104). Alkon et al. showed that most ILCs in the
skin lesions of AD patients belonged to the CRTH2" ILC2 subgroup
(41). ILC2s were enriched in the skin of AD acute lesions, and
KLRG1 expression on these cells was markedly increased compared
with ILC2s in healthy and unaffected skin (58). Also, KLRG1
expression was further upregulated by IL-33 or TSLP as activators
of ILC2s (58), supporting the connection between the function of
ILC2s and KLRGI1 expression. It was shown that activated skin-
resident ILC2s express high levels of KLRG1, which significantly
inhibit the function of ILC2s upon interaction with E-cadherin, as
evidenced by the downregulation of the expression of GATA3, as
well as reduced production of IL-13, IL-5, and AREG (58). This
indicated that downregulation of E-cadherin may interrupt this
inhibitory signal, prompting ILC2s to release more type 2 cytokines
through this new barrier-sensing mechanism and even unrestricted
ILC2 proliferation and cytokine expression (Figure 3).

E-cadherin, as one of the important ligands of KLRGI, is a
central adhesion molecule widely found in normal epithelial cells,
keratinocytes, and Langerhans cells and is pivotal for maintaining
epithelial cell integrity (105). E-cadherin has been reported to be
reduced in damaged skin of individuals with AD disease (58, 106),
indicating that the absence of this epidermal linker protein may
enhance the generation of more type 2 cytokines by ILC2s in AD.
After shRNA knockdown of the FLG gene, human keratin-forming
cells produce less E-cadherin, demonstrating that FLG gene
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abnormalities may be the reason for the decreased expression of E-
cadherin in lesional skin of AD patients (58).

Furthermore, granzyme B (GzmB) abnormalities are an
important factor in the decreased expression of E-cadherin in
patients with AD. GzmB is a serine protease that cleaves E-
cadherin, a key mediator of skin injury, inflammation, and repair
(107, 108). Plasma GzmB concentrations were significantly higher
in AD patients than in healthy controls and positively correlated
with pruritus and dermatitis severity (109). In contrast to non-
lesional AD and healthy skin, Turner et al. showed that cell-specific
GzmB immunological positivity was enhanced in the lesional AD
dermis and expressed primarily by mast cells (107). GzmB ~'~ mice
exhibited fewer mast cells, less severe dermatitis, and better skin
barrier function compared with wild controls in an oxazolone
(OXA)-induced mouse dermatitis model (OXA was repeatedly
applied as a hapten to the mouse ear to cause skin inflammation
similar to that of human AD), indicating that GzmB may be
a potential therapeutic target for AD (107). The findings
further showed that E-cadherin was reduced in the epidermis
of both GzmB ™~ and WT mice with OXA dermatitis compared
with control skin, and the reduction was more pronounced in
WT mice compared to GzmB ~/~ mice (107). In addition,
immunohistochemical results showed that E-cadherin in living
human skin showed lower staining intensity with tissues
incubated with GzmB, and preincubation of GzmB with VTI-
1002, a potent and specific small-molecule inhibitor of GzmB,
followed by exposure of in-vitro skin lessened the effect of GzmB
on the detection of E-cadherin (107). The above experimental
results suggest that high expression of GzmB in AD patients may
lead to impaired barrier function in AD by cleaving E-cadherin.

The ILC2-KLRGI-E-cadherin axis is a novel skin barrier
sensing mechanism that contributes to a fuller understanding of
the pathogenesis of impaired skin barrier function in AD. Reducing
the expression of GzmB and promoting the binding of E-cadherin
to KLRGI in AD patients may provide practical ideas for limiting
the inflammation caused by ILC2s.

5.4 The PGD2—-CRTH2-ILC2 pathway

Prostaglandin D2 (PGD?2) is the predominant prostaglandin
produced by activated mast cells. As reviewed by Honda et al., the
skin of AD patients produces several prostaglandins, including
PGD2 (110). Inagaki et al. reported that urinary levels of PGD2
metabolites in children AD patients were essentially the same as in
healthy control children, suggesting that PGD2 metabolites may not
be a useful clinical indicator for assessing AD (111). Additionally,
cyclooxygenase inhibitors were unsuccessful in alleviating the
symptoms of AD, implying a weak association of prostaglandins
with AD pathogenesis (110). However, prostaglandin receptors, as
mediators of inflammation, have recently been found to play a
crucial regulatory function in AD development. PGD2 has two
central receptors, the D-prostanoid receptor (DP) and
chemoattractant receptor-homologous molecule expressed on Th2
cells (CRTH2), which exert opposite regulatory functions at
different stages of skin inflammation (112).
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On the one hand, PGD2-DP signaling reduces early skin
inflammation by promoting vascular endothelial barrier
formation and inhibiting skin DC migration to draining LNs
(112). On the other hand, CRTH2 was determined to be
expressed on human ILCs and is more critical in allergic
inflammation (28). PGD2-CRTH?2 signaling exerts a pro-
inflammatory effect in the late stages of the disease by effectively
activating type 2 immune cells and the activation of ILC2s (110,
112) (Figure 3). The recruitment response of ILC2s to tissues is
enhanced following PGD2-CRTH2 pathway activation, and their
expression of the IL-33 receptor (ST2) and IL-25 receptor subunit
(IL-17RA) is upregulated, promoting the production of type 2
cytokines as well as other inflammatory cytokines (113, 114). The
relationship between mast cells and ILC2s in AD (110) suggests that
the PGD2-CRTH2-ILC2 axis controls Th2 cell-associated
inflammatory responses (113-115). In analogy to PGD2, cysteinyl
leukotrienes (CysLTs) are another lipid inflammatory mediator
secreted by IgE-mediated activated mast cells that exert biological
functions by binding to the G protein-coupled cysteinyl leukotriene
receptor 1 (CysLT1) and CysLT2 (116).

ILC2s have been demonstrated to express functional CysLT1 in
both humans and animals, and CysLT1 levels in ILC2s isolated
from AD patients were noticeably higher than those in healthy
control subjects at both the protein and mRNA levels (117, 118). In-
vitro experiments showed that CysLTs enhanced the activation of
human ILC2s by PGD2 and epithelial cytokines, promoted the
migration and survival of ILC2s, and induced the secretion of type 2
cytokines by ILC2s (118). This study further revealed that CysLTs,
endogenously synthesized by human-activated mast cells, also
induced IL-5 and IL-13 production by ILC2s, which was
considerably but only partially inhibited by CysLT1 receptor
antagonists such as montelukast (118).

Golub et al. summarized that the Notch signaling pathway
could be regarded as one of the key future strategic targets for
regulating the immune response of ILCs to inflammation (119). The
Notch pathway has been identified as an important feature driving
the KLRG1" ILC2 subtype and a dominant pathway downstream of
the AHR during NCR" ILC3 generation (119). The development of
novel AD therapeutic approaches may benefit from further research
on the upstream signals that stimulate Notch receptor protein
upregulation, the molecular mechanisms that activate the AHR
signaling pathway to inhibit the response of ILC2s, strategies to
effectively reduce the expression of GzmB or decrease the
degradation of E-cadherin in AD patients, and the role of
antagonizing the effect of CRTH2 on ILC2s.

6 Perspectives

ILCs are gradually recognized as modulators of tissue
homeostasis and inflammation and will undoubtedly become an
emerging key factor in AD belonging to Th2-type allergic diseases.
The data suggest the presence of ILCs in the normal skin of mice
and humans, and their expression varies with the skin layer. ILCs
accumulate in the skin of AD patients and AD mouse models, and
their function is related to the degree of inflammation. Currently,
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ILC2s are considered the critical subtype of pro-inflammatory ILCs
in AD, contributing mainly through the secretion of many pro-
inflammatory factors and crosstalk with other immune cells. As
discussed above, the part of ILC3s in AD is poorly explored, and
ILC3s have great potential in skin barrier function and tissue repair.
In addition, ILCs are pivotal in regulating the balance between the
skin surface and gut microbial bacteria in AD. The AHR signaling
pathway, a critical point in holding the balance of ILC2s and ILC3s
in vivo, can potentially become a new therapeutic target for AD.

In the last decade, numerous studies have revealed the critical
role of ILCs in lung and intestinal inflammation, but the
understanding of the biology of ILCs in the skin is only the “tip
of the iceberg.” ILCs in skin inflammation are carried out to provide
a way worthy of exploration. The following needs further study: 1)
Due to the absence of cell-specific surface markers and the limited
reagents available, it is still difficult to accurately differentiate ILCs
from T cells. 2) It is unclear how the kind and concentration of
cytokines in the microenvironment relate to the activity of ILCs and
whether ILCs secrete mixed cytokines like Th cells in AD. 3)
Although the upstream activation signals of ILCs are known to be
associated with signaling pathways in inflammatory diseases, the
precise mechanisms by which they interact with other immune or
non-immune cells remain to be explored in depth. 4) Since ILCs
contribute to wound healing and infection resistance, it remains
unclear whether treatment targeting ILC depletion disrupts the
mucosal homeostasis of the patient and the relationship between
the microbiota and ILCs of the skin and gut.

Strategies to address the above issues may focus on the
following areas. 1) To determine cell-specific surface markers and
the tissue distribution of each human ILC subpopulation, emerging
technologies such as mass spectrometry, flow cytometry, and single-
cell analysis methods could be used to analyze the proteomic,
transcriptional, and genomic changes in ILCs (120). 2) It will be
easier to induce and maintain ILCs in vitro with a better
understanding of their origin and maintenance, enabling the
execution of pertinent cellular experiments to further explore the
relationship between ILCs and cytokines. 3) The rational
application of dynamic in-vivo real-time imaging tools to study
the trafficking mechanisms of ILCs in various AD mouse models
will improve our understanding of the immune networks and
signaling pathways associated with human diseases (120). 4) To
explore the adverse effects of targeting depleted ILCs to treat AD
patients, detailed information on the mechanisms of ILCs in the
skin and intestinal mucosa of AD patients should be studied, which
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