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Since the discovery of group 2 innate lymphoid cells (ILC2s), their developmental pathways, mechanisms of activation and regulation, and immunological roles in the steady state and in disease have been reported in various organs. ILC2s, which produce large amounts of IL-5 and IL-13 in response to tissue-derived factors and are essential in inducing and promoting allergic inflammation, have also been found to play multifaceted roles in maintaining tissue homeostasis. While T cells respond to foreign antigens, the activation of ILC2s is regulated by various tissue-derived factors, including cytokines, lipids, hormones, and neurotransmitters, and ILC2s show different phenotypes depending on the tissue in which they are present. In this review, we discuss tissue-specific characteristics of ILC2s in the skin. ILC2s, as defined in the lungs, intestinal tract, and adipose tissue, cannot be directly applied to cutaneous ILC biology, because skin ILC2s exhibit different aspects in the expression patterns of cell surface markers, the response to tissue-derived cytokines and the functions in both steady-state and inflammation. The skin contains ILCs with features of both ILC2s and ILC3s, and the plasticity between ILCs complicates their characters. Furthermore, the epidermis, dermis, and subcutaneous tissues contain ILCs with different characteristics; their localization has expanded our understanding of ILC function. Single-cell RNA-seq technology has further elucidated the role of ILCs in human skin and disease pathogenesis. Overall, this review discusses the phenotypical and functional heterogeneity of skin ILCs reported in recent years and highlights future directions within the field of ILC biology.




Keywords: skin, ILC2, diversity, allergy, dermatology



Introduction

The skin is the largest barrier organ in the body and harbors a variety of innate and adaptive immune cells with diverse functions. Langerhans cells, γδT cells, and memory T cells are tissue resident immune cells and have been reported to communicate with keratinocytes and other stromal cells, playing crucial roles in both inflammation and tissue maintenance in the skin. Innate lymphoid cells (ILCs), a previously unappreciated family of innate immune cells, have provoked a paradigm shift in our understanding regarding the roles of tissue-resident innate immune cells in the homeostatic maintenance of tissue physiology and in the ﻿ induction, regulation, and resolution of inflammation (1).

Group 2 ILCs (ILC2s) were first reported as cells that produce type 2 cytokines, such as IL-5 and IL-13, in response to IL-33 and IL-25 in the adipose tissue and small intestine during helminth infection (2, 3). Subsequently, ILC2s were found to be present in various organs, including the lungs, tonsils, liver and muscle where they play an essential role in the development of allergic inflammation, tissue repair, and regulation of metabolism (4). ILC2s are also found in the skin (5–7). Skin, lungs and intestines are barrier organs, continuously exposed to different external stresses (mechanical and chemical) and invading microorganisms; thus, they have developed specific response mechanisms against various stimuli. The highly sophisticated tissue specificity of ILC2s is not surprising.

Important trademarks for defining ILC2s include the expression of the master transcription factor GATA3 and the ability to produce the type 2 cytokines, such as IL-5 and IL-13. However, the detection of ILC2-specific cell surface markers is used in a more versatile method in flow cytometry analysis. Lung ILC2s have been expansively researched over the past decade. They can be clearly separated from other ILCs by the expression of IL-33R (ST2). The lineage- Thy1.2+ ST2+ population has been commonly used for the stable detection of typical ILC2s in lungs by flow cytometry. In contrast, the definition of skin ILC2s varies from study to study, which has resulted in confusion. Early studies on skin ILC2s used ST2 as a cell surface marker for their detection (5). However, the number of ILC2s detected using ST2 as a marker was very low in the lineage- Thy1.2+ population, and ILC2 research in the skin has been greatly hampered by the incomplete characterization of ILC2s. A recent comprehensive analysis of skin ILC subsets revealed that only a small fraction of ILC2s in the skin expresses ST2, and the true nature of skin ILC2s is being gradually revealed (8, 9).



True Characterization of Skin ILC2

Advances in unsupervised transcriptome analysis have facilitated the detailed dissection of unknown immune cells. In particular, single-cell RNA-seq analysis has proven to be a powerful tool to comprehensively understand the characteristics and heterogeneity of immune cells in which cell surface markers have not been well defined. Single cell RNA-seq analysis of ILCs in different tissues, including the skin, lungs, and gut of mice expressing reporter alleles for IL-5 (Red5), revealed clear segregation of ILC2s by tissue, suggesting unique, tissue-specific characteristics of ILC2s (8). While Gata3, Il7r, and Crlf2 (which encodes the TSLP receptor subunit TSLPR) are broadly expressed in ILC2s across tissues, expression of Icos, Ccr6, and Itgae is highly enriched in skin ILC2s. In contrast to high expression of Il1rl1, which encodes IL-33R, in lung and adipose tissue ILC2s, skin ILC2s show only minimal expression of Il1rl1. In addition, the expression of Il17rb, which encodes IL-25R, is abundant in gut ILC2s. These data demonstrate the tissue-organizing transcriptome identities of ILC2 subsets and differential expression of cell surface markers of ILC2s in each organ and also suggest the variable cytokine dependency of ILC2 activation.

Consistent with the analysis of IL-5-producing ILC2s, analysis of IL-13 reporter mice (Il13-DsRed) revealed that IL-13-producing skin ILC2s expressed ICOS and CD44, whereas expression of ST2, CD25, and KLRG1 was low (10). Half of IL-13-producing cells among skin immune cells are ICOS+ ILC2s, and the steady state production of IL-13 is necessary for the development of CD11blow type 2 dendritic cells and for the induction of allergic Th2 responses. The results of two studies showed that IL-5 and IL-13-producing skin ILC2s express ICOS, but not ST2. It should be noted, however, that ICOS is also expressed in other subsets of skin ILCs (9, 10).

Cytokine expression of ILC2s has been analyzed using various methods including ex-vivo stimulation (PMA+Ionomycin Ior specific cytokines), reporter mice and RNAseq of sorted cells; each method has advantages and disadvantages. Whereas ex-vivo stimulation forces cells to produce cytokines, steady state production of cytokines can be evaluated in reporter mice. L-13 expression was detected in both ex-vivo stimulation (8, 9) and reporter mice (Il13-DR and Smart13) (8, 10), suggesting production of IL-13 from ILC2s in steady state and activation state.

The fact that ILC2s express various cytokine receptors in different tissues is important when considering the development of therapies based on monoclonal antibodies for the treatment of allergies. While the use of anti-IL-4/IL-13 receptor antibodies has shown dramatic response in the treatment of atopic dermatitis (11), the failure of an anti-IL-33 treatment has suggested that IL-33-ILC2 axis may not be central in the pathogenesis of the disease. However, given that the majority of ILC2s in the skin do not express the IL-33 receptor, this result could have been expected. The efficacy of an anti-IL-33 therapy for the treatment of asthma was adequate but slightly weaker than that of anti-IL-4/IL-13 receptor antibodies, suggesting that consideration of the expression of cytokine receptors by ILC2s is essential for effective treatment (12).

ICOS expression has also been observed in migrating skin ILC2s (13). Tracking the migration of ILC2s in IL33tg-Kikume Green-Red mice revealed the migration of ILC2s from the skin to lymph nodes in the model of IL-33-induced dermatitis. This indicated that ICOS was expressed in both resident and migrating ILC2s, whereas CD103 expression was limited to skin-resident ILC2s. ICOS is a costimulatory molecule belonging to the CD28 superfamily and the importance of ICOS: ICOS-ligand interactions for the survival and cytokine production of ILC2s have been described in the lungs (14). However, the role of ICOS in skin ILC2s requires further investigation.



Layer-Specific Compartmentalization of Skin ILC Subsets

The skin exerts its barrier function through a multilayered structure comprised of three distinct anatomical compartments: the epidermis, dermis, and subcutis (or subcutaneous tissue). Each of these layers have distinct physiological functions and harbor resident immune cells. The epidermis, the outermost layer of the skin and the first line of physical and immunological defense, contains a unique subset of T cells and dendritic cells; Vγ5+ γδT cells (called dendritic epidermal T cells (DETCs) based on their morphological appearance) and Langerhans cells, respectively. The dermis primarily consists of dense connective tissues and contains an abundance of immune cells including αβ and γδ T cells, macrophages, dendritic cells, and mast cells. The subcutis is rich in adipose tissue and contains immune cells that interact with adipocytes. The layer-specific distribution of immune cells indicates that the immunological microenvironment differs in each layer, and it is therefore not surprising that ILC2s, which highly depend on tissue-derived factors, adapt their cellular phenotypes to the location in which they reside.

Analysis of ILCs in each skin layer revealed compartment-specific characteristics of ILCs (9). The ILC2 subsets in dermis and subcutis display different profiles. ILC2s that express ST2, CD25, Sca-1, and KLRG1, which are expressed on typical ILC2s in lungs, are enriched in the deepest layer of the skin, the subcutis. Considering that ILC2s contribute to adipose tissue metabolism (15, 16), the enriched distribution of ILC2s in subcutaneous tissue, which display a high adipose content, can be expected. Although the dermis is generally a major target for analysis in dermatology and subcutaneous tissue is removed from skin when the back skin of mice is analyzed, it can be an important reservoir for skin ILC2s. ICOS+ CCR6+ ILCs, on the other hand, are located in both the epidermis and dermis and exhibit ILC2 characters. Epidermal ILCs also display ILC3-like signature gene expression, such as Rorc, Lta, and Tcf7, in both bulk and single-cell RNA-seq analysis. ILC3s are abundant in mucosal tissues, the gut, and oral mucosa, which are constantly exposed to both resident and infectious microbes. IL-22-producing ILC3s are essential for the innate immune responses to fungi and extracellular bacteria as they promote the production of antimicrobial peptides from epithelial cells (17–20). The skin is also inhabited by microbiota and this balance needs to be properly maintained. Epidermal ILCs produce TNF and lymphotoxins and regulate the steady-state balance of the skin surface microbiota by inhibiting antimicrobial lipid production from the sebaceous glands (9). Although epidermal ILCs are ILC3-like cells as mentioned above, they express ILC2-signature genes such as Il13 and Il2. Furthermore, while both epidermal and dermal ILCs express ICOS and CCR6, analysis of IL-5 and IL-13 reporter mice has revealed preferential expression of ICOS and CCR6 in skin ILC2s (8, 10). Therefore, it is probably difficult to divide cell types by the expression of cell surface markers, and the anatomical location may endow ILCs with unique site-specific functions. Despite of accumulating knowledge of ILC2s in murine skin, little is known about localization and cell surface markers of ILC2s in human skin. Immunohistochemical analysis of distribution of ILCs in human skin revealed ILC populations, mainly ILC1s and ILC3s in the upper dermis of healthy skin, and increased numbers of ILC2s in atopic skin (21). While increase of ILC2s in skin of patients with atopic dermatitis has been reported in other studies (7, 22, 23), their localization has not been extensively analyzed.



Variety of ILC2 Activating Cytokines

The skin ILC2 landscape which has been unveiled by single cell transcriptome analysis not only facilitates flow cytometry detection of ILC2s by cell surface molecules, but also provides information regarding the cytokines that can activate ILC2s. In contrast to adaptive immune T lymphocytes, which require TCR-MHC class II interactions for their activation, ILC activation is directly triggered by tissue-derived factors that mount antigen-independent immune responses. Consistent with the marked expression of IL-33R in lung ILC2s, IL-33 is a key ILC2-activating cytokine in allergen-induced asthmatic airway inflammation (24, 25). As ST2 expression is limited to a subset of ILC2s located in subcutaneous adipose tissue (9), other cytokines may be involved in epidermal and dermal ILC2 activation.

The mechanism of ILC2 activation has been investigated in an atopic dermatitis model in which calcipotriol (MC903), a vitamin D3 analog, was applied to mouse skin. The results indicated that T lymphocytes were not necessary in MC903-induced dermatitis, but inflammation was markedly improved when ILC2s were removed by the administration of antibodies against CD25 or CD90.2 (5). Furthermore, deletion of RORα, which is necessary for the ILC2 development, significantly improved MC903-induced dermatitis (7), indicating that ILC2s are essential for MC903-induced atopic inflammation.

In a study using the same model, Kim et al. found that TSLP receptor-deficient (Tslpr−/−) mice showed a markedly reduced response of ILC2s and improvement in MC903-induced skin inflammation, whereas disruption of IL-33 (Il33−/−) or IL-25R (Il17rb−/−) did not affect the ILC2 responses (5). In contrast, Salimi et al. reported that deficiency of IL-25R (Il17rb−/−) or IL-33R (Il1rl1−/−) significantly reduced both dermatitis and ILC2 activation (7). Mice overexpressing the IL-33 gene (Il33) in keratinocytes (hK14mIL33tg) were also shown to develop atopic-like dermatitis with a significant increase in ILC2s. In this study, ILC2 depletion by RORα-deficient bone marrow transplantation markedly improved dermatitis, indicating that keratinocyte-derived IL-33 causes atopic inflammation through ILC2 activation (26). Furthermore, a mouse model of antigen-driven allergic skin inflammation showed different aspects of ILC2 response. Dermatitis induced by epicutaneous sensitization with ovalbumin was significantly reduced by keratinocyte-specific IL-25 depletion (K14-Cre Il25flox/flox). A study using IL-13 reporter mice showed that ILC2s serve as a major source of IL-13 and that Rora-Cre Il17rbflox/flox mice, which selectively lack IL-25R expression in ILC2s, demonstrate significantly decreased OVA-induced inflammation, suggesting that IL-25 acts directly on skin ILC2s to promote IL-13 production (27).

Unbiased transcriptomic analysis also revealed that skin ILC2s preferentially express the gene encoding the IL-18 receptor 1 (Il18r1) and that supplementation with TSLP and IL-18 induces a large amount of IL-13 production from skin ILC2s in vitro. In addition, IL-13 production in MC903-induced dermatitis was significantly reduced in IL-18-deficient mice (8). Consistent with this report, mice overexpressing murine Il18 in keratinocytes under the control of the human keratin 14 promoter (KIL-18Tg) developed atopic dermatitis-like inflammation and type 2 inflammation independent of IgE/IgG1, suggesting that IL-18 induces type 2 inflammation through activation of ILC2s (28). On the other hand, in the lungs, Il18r1+ Tcf7+ ILCs exhibit capabilities of progenitors that can differentiate into ST2+ ILC2s and ST2- non-ILC2s (29). It is not yet understood whether IL-18R+ skin ILC2s also have progenitor-like properties, and how tissue-specific effects of IL-18 in skin and lung ILC2s are established.

Skin ILC2s exhibit different cytokine reactivity depending on the dermatitis models. Further, mouse genetic background may influence the results; TSLP for ILC2 activation in MC903-inflammatin was evaluated in the C57BL/6 strain (5), whereas the IL-25 and IL-33 were analyzed in the BALB/c strain (7). It is also unclear whether ILC2s that are responsive to IL-33, IL-25, TSLP, and IL-18 belong to different subsets. Therefore, it may not be feasible to identify a single cytokine that activates skin ILC2s. ILC2s can be flexibly activated in response to changes in the surrounding environment and various external factors that invade the skin. It would thus be interesting to determine the conditions under which TSLP, IL-33, IL-25, and IL-18 are produced by epithelial and other stromal cells, leading to the activation of ILC2s, and whether ILC2 stimulated by different cytokines contribute to different aspects of innate immunity. Furthermore, it should be noted that the receptors for these cytokines are expressed in various immune cells including T cells, basophils, and macrophages. For example, TSLP elicits IL-4 production of basophils, which subsequently promotes ILC2 responses (22). Therefore, it may not be sufficient to understand only direct action of cytokines on ILC2s; instead, it is important to reveal a network of cytokines in different subsets of immune cells.

Nevertheless, because these cytokines serve as therapeutic targets for the treatment of atopic dermatitis and the monoclonal antibodies to these cytokines have been studied in clinical trials (30), it is important to investigate their differential roles and redundancies in ILC2 activation. In translational research, we need better understanding of the receptor expression profiles on ILC2s in human skin.



Mixed ILC2–ILC3 Profiles in the Skin

Effector conversion among ILC subtypes during inflammation also contributes to the diversity of ILC2 composition, allowing flexible immune functions in the skin. ILCs are highly plastic and can differentiate from one subset into another. For example, human fetal intestine ILC3s can differentiate into ILC1s under the influence of IL-12 (31). IL-12 also induces the conversion of IL-1β activated human peripheral blood ILC2s to ILC1s (32, 33). Human tonsil ILC1s can also differentiate into ILC3s in the presence of IL-2, IL-23, and IL-1β (34). Immunological flexibility among ILC subsets may enhance tissue resilience but may simultaneously complicate disease pathology.

To characterize the potential transitions of skin ILC subsets, a study has been performed, which combines longitudinal scRNA-seq, scATAC-seq, in vitro experiments, and in vivo fate mapping in mouse models of psoriasis by injection of IL-23 or treatment with imiquimod (35). Since psoriasis is an IL-17-mediated inflammatory skin disease, increased ILC3s have been found in blood and skin of the patients (36, 37). In this study, IL-23 was found to trigger the conversion of tissue-resident skin ILCs, including quiescent-like cells and ILC2s, toward ILC3-like cells which are characterized by the co-production of IL-13 and IL-22 or IL-13 and IL-17A. This suggests effector transitions of ILCs and adaptation of mixed ILC2-ILC3 states. IL-23 is known to play a pivotal role in the expansion and survival of Th17, which has been considered a central effector in the pathogenesis of psoriasis (38). The conversion of ILC2s to IL-17-producing ILC3-like cells by IL-23 could be another important factor in this disease. Moreover, these findings underlined the limitations of the current standard experimental approaches that simply divide ILCs into three groups based on transcription factors and cytokine production and treat ILCs as discrete types. Tissues may have more partially committed cells that contribute to the flexibility of ILC responses.

Parasitic helminth infection or systemic IL-25 administration can induce a subset of migratory ILC2s that preferentially express the IL-25 receptor but not ST2. These cells that co-express GATA3 and RORγt, and have the capacity to produce IL-17A, have been referred to as inflammatory ILC2s (iILC2s) (39). In the skin, a subset of ILCs, which express both GATA3 and RORγt and produce IL-5, IL-13, and IL-17, has also been described in the inflammatory condition. Analysis of mice that exhibited hair loss revealed that microbial dysbiosis triggered ILC2-mediated inflammatory destruction of hair follicles. iILC2s circulated in an S1PR1-dependent manner and infiltrated the skin via the CCL20-CCR6 axis (40). Although the impact of iILC2s has been demonstrated in anti-helminth immunity (41), the contribution of iILC2s, particularly the potential plasticity in skin inflammation, is yet to be investigated. Co-production of type 2 and 3 cytokines in iILC2s would be of great interest to better understand mixed type of immune responses in inflammatory diseases.

A subset of skin ILCs that express CCR6 and RORγt and expand under inflammatory conditions have also been reported upon chronic ultraviolet exposure. These UV induced-ILC3s produce IL-22 and are associated with UV-induced keratinocyte carcinogenesis (42). Although ICOS is highly expressed in skin-resident ILC2s, UV-induced RORγt+ ILC3s also expressed ICOS. It is unclear whether ICOS+ ILC2s can be converted into ICOS+ ILC3s and whether they share the characteristics of iILC2s. It would thus be interesting to study the fate of ILC2s under different inflammatory conditions and the factors that drive conversion of ILC phenotypes.

Mixed ILC2–ILC3 profiles are more evident among human skin ILCs. Isolated human dermal CD127+ CRTH2+ ILC2s produce IL-17 after exposure to the hyphae of Candida albicans present in cell suspensions cultured from dermal samples (43). In the human peripheral blood, c-Kit+ CCR6+ ILC2s express RORγt at the baseline and produce IL-17 after exposure to IL-1β and IL-23, which is associated with differentiation of ILC3s. Furthermore, IL-17-producing ILC3s found in lesions of psoriasis, a type 3 immune-mediated inflammatory skin disease, have been found to switch back to ILC2s. Phenotypic switching of ILC2s to ILC3-like cells and of ILC3s to ILC2s may explain the highly plastic nature of human ILC2s.

Single-cell RNAseq analysis of human skin in atopic dermatitis further revealed the heterogeneous composition of human skin ILC2s (23). The results indicated that a discrete ILC2 cluster expressing GATA3 and RORA was segregated from the NK, ILC1, and ILC3 clusters. ILC2s co-expressing ILC3 markers RORC and AHR were found in healthy human skin and these co-expressing cells were increased in atopic skin. Consistent with the expression of transcription factors, atopic ILC2s expressed type 2 cytokines (i.e. IL5 and IL13) as well as type 3 cytokines (i.e. IL22 and IL26). Th2/Th17/Th22 cytokine elevation has been observed in a subset of patients with atopic dermatitis, and the IL-23-IL-17 axis and IL-22 have been targeted by monoclonal antibodies for the treatment of atopic dermatitis (44, 45). The presence of ILC2s co-producing type 2 and 3 cytokines in atopic skin might therefore explain mixed cytokine profiles in patients and indicates that targeting type 2 cytokines alone might not be sufficient for the effective treatment. The mechanisms of coexisting ILC2 and ILC3 features in a single cell type, and the upstream signals that trigger and sustain the mixed status, need to be determined.



Conclusion

Over the past decade, our knowledge of ILC2s in the lungs and intestinal tract has been considerably expanded. In contrast, our understanding of the biology of ILC2s in the skin remains limited. ILCs have been commonly shown to demonstrate highly tissue-specific cellular characteristics that allow them to adapt to their surrounding environment. ILC2s play an important role in enhancing immune fitness of tissues locally by producing appropriate cytokines and modulating other immune and non-immune cells. This mini review discusses the highly heterogeneous features of skin ILC2s (summarized in Figure 1 and Table 1). The heterogeneity and plasticity of skin ILC2s enable tissue-specific adaptation and might be related to the complex pathogenesis of inflammatory skin diseases, such as atopic dermatitis and psoriasis. Therefore, future research should not only use the experimental approaches that define ILCs as discrete subsets by cell surface markers, but rather require global and comprehensive analyses considering that ILCs are more diverse than previously estimated. Flow cytometry and microscopic analysis have accelerated the classification of immune cells over the past years. However, the limited numbers of parameters and our prior knowledge of cell-type definition have always posed as limiting factors in the study of the immune system complexity. Technological advancements of single cell analysis in transcriptome, epigenome, and proteome enable identification of cellular heterogeneity in far greater detail than conventional methods. Although the single cell analysis still has opportunities for improvement such as costs, technical accessibility, and depth of analysis, the unbiased character of single cell analysis may break through the bottleneck of ILC research.




Figure 1 | Heterogeneity of skin ILC subsets in mice. Skin ILC2s, which produce IL-5 and IL-13, express ICOS and CCR6, but not ST2 (IL-33 receptor), and play an important role in atopic and allergic inflammation. ST2+ ILC2s are only found in subcutaneous adipose tissues. Epidermal ILCs also express ICOS and CCR6, display the characteristics of both ILC2 and ILC3, and regulate microbiome balance. Inflammatory ILC2s that express both GATA3 and RORγt produce IL-5, IL-13, and IL-17, which infiltrate the tissues under inflammatory conditions. IL-22- and IL-17-producing RORγt+ ILC3s, which expand in UV-induced inflammation, also express ICOS and CCR6.




Table 1 | Heterogeneity of skin ILC2.





Author Contributions

TK and KM wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by KAKENHI (grant numbers 20H03705 and 20K21534 to TK, 18H05286 to KM) from the Japan Society for the Promotion of Science, AMED (grant number JP21gm6510005 to TK) and LEO Foundation Grant to TK.



Acknowledgments

We thank Marek Wagner for discussion and proof reading.



References

1. Vivier, E, Artis, D, Colonna, M, Diefenbach, A, Di Santo, JP, Eberl, G, et al. Innate Lymphoid Cells: 10 Years on. Cell (2018) 174(5):1054–66. doi: 10.1016/j.cell.2018.07.017

2. Moro, K, Yamada, T, Tanabe, M, Takeuchi, T, Ikawa, T, Kawamoto, H, et al. Innate Production of T(H)2 Cytokines by Adipose Tissue-Associated C-Kit(+)Sca-1(+) Lymphoid Cells. Nature (2010) 463(7280):540–4. doi: 10.1038/nature08636

3. Neill, DR, Wong, SH, Bellosi, A, Flynn, RJ, Daly, M, Langford, TK, et al. Nuocytes Represent a New Innate Effector Leukocyte That Mediates Type-2 Immunity. Nature (2010) 464(7293):1367–70. doi: 10.1038/nature08900

4. Sonnenberg, GF, and Artis, D. Innate Lymphoid Cells in the Initiation, Regulation and Resolution of Inflammation. Nat Med (2015) 21(7):698–708. doi: 10.1038/nm.3892

5. Kim, BS, Siracusa, MC, Saenz, SA, Noti, M, Monticelli, LA, Sonnenberg, GF, et al. Tslp Elicits Il-33-Independent Innate Lymphoid Cell Responses to Promote Skin Inflammation. Sci Transl Med (2013) 5(170):170ra16. doi: 10.1126/scitranslmed.3005374

6. Roediger, B, Kyle, R, Yip, KH, Sumaria, N, Guy, TV, Kim, BS, et al. Cutaneous Immunosurveillance and Regulation of Inflammation by Group 2 Innate Lymphoid Cells. Nat Immunol (2013) 14(6):564–73. doi: 10.1038/ni.2584

7. Salimi, M, Barlow, JL, Saunders, SP, Xue, L, Gutowska-Owsiak, D, Wang, X, et al. A Role for IL-25 and Il-33-Driven Type-2 Innate Lymphoid Cells in Atopic Dermatitis. J Exp Med (2013) 210(13):2939–50. doi: 10.1084/jem.20130351

8. Ricardo-Gonzalez, RR, Van Dyken, SJ, Schneider, C, Lee, J, Nussbaum, JC, Liang, HE, et al. Tissue Signals Imprint Ilc2 Identity With Anticipatory Function. Nat Immunol (2018) 19(10):1093–9. doi: 10.1038/s41590-018-0201-4

9. Kobayashi, T, Voisin, B, Kim, DY, Kennedy, EA, Jo, JH, Shih, HY, et al. Homeostatic Control of Sebaceous Glands by Innate Lymphoid Cells Regulates Commensal Bacteria Equilibrium. Cell (2019) 176(5):982–97.e16. doi: 10.1016/j.cell.2018.12.031

10. Mayer, JU, Hilligan, KL, Chandler, JS, Eccles, DA, Old, SI, Domingues, RG, et al. Homeostatic Il-13 in Healthy Skin Directs Dendritic Cell Differentiation to Promote Th2 and Inhibit Th17 Cell Polarization. Nat Immunol (2021) 22(12):1538–50. doi: 10.1038/s41590-021-01067-0

11. Beck, LA, Thaçi, D, Hamilton, JD, Graham, NM, Bieber, T, Rocklin, R, et al. Dupilumab Treatment in Adults With Moderate-To-Severe Atopic Dermatitis. N Engl J Med (2014) 371(2):130–9. doi: 10.1056/NEJMoa1314768

12. Wechsler, ME, Ruddy, MK, Pavord, ID, Israel, E, Rabe, KF, Ford, LB, et al. Efficacy and Safety of Itepekimab in Patients With Moderate-To-Severe Asthma. N Engl J Med (2021) 385(18):1656–68. doi: 10.1056/NEJMoa2024257

13. Nakatani-Kusakabe, M, Yasuda, K, Tomura, M, Nagai, M, Yamanishi, K, Kuroda, E, et al. Monitoring Cellular Movement With Photoconvertible Fluorescent Protein and Single-Cell Rna Sequencing Reveals Cutaneous Group 2 Innate Lymphoid Cell Subtypes, Circulating Ilc2 and Skin-Resident Ilc2. JID Innov (2021) 1(3):100035. doi: 10.1016/j.xjidi.2021.100035

14. Maazi, H, Patel, N, Sankaranarayanan, I, Suzuki, Y, Rigas, D, Soroosh, P, et al. Icos:Icos-Ligand Interaction Is Required for Type 2 Innate Lymphoid Cell Function, Homeostasis, and Induction of Airway Hyperreactivity. Immunity (2015) 42(3):538–51. doi: 10.1016/j.immuni.2015.02.007

15. Brestoff, JR, Kim, BS, Saenz, SA, Stine, RR, Monticelli, LA, Sonnenberg, GF, et al. Group 2 Innate Lymphoid Cells Promote Beiging of White Adipose Tissue and Limit Obesity. Nature (2015) 519(7542):242–6. doi: 10.1038/nature14115

16. Lee, MW, Odegaard, JI, Mukundan, L, Qiu, Y, Molofsky, AB, Nussbaum, JC, et al. Activated Type 2 Innate Lymphoid Cells Regulate Beige Fat Biogenesis. Cell (2015) 160(1-2):74–87. doi: 10.1016/j.cell.2014.12.011

17. Satoh-Takayama, N, Vosshenrich, CA, Lesjean-Pottier, S, Sawa, S, Lochner, M, Rattis, F, et al. Microbial Flora Drives Interleukin 22 Production in Intestinal Nkp46+ Cells That Provide Innate Mucosal Immune Defense. Immunity (2008) 29(6):958–70. doi: 10.1016/j.immuni.2008.11.001

18. Sonnenberg, GF, Monticelli, LA, Elloso, MM, Fouser, LA, and Artis, D. Cd4(+) Lymphoid Tissue-Inducer Cells Promote Innate Immunity in the Gut. Immunity (2011) 34(1):122–34. doi: 10.1016/j.immuni.2010.12.009

19. Gladiator, A, Wangler, N, Trautwein-Weidner, K, and LeibundGut-Landmann, S. Cutting Edge: Il-17-Secreting Innate Lymphoid Cells Are Essential for Host Defense Against Fungal Infection. J Immunol (2013) 190(2):521–5. doi: 10.4049/jimmunol.1202924

20. Goto, Y, Obata, T, Kunisawa, J, Sato, S, Ivanov, II, Lamichhane, A, et al. Innate Lymphoid Cells Regulate Intestinal Epithelial Cell Glycosylation. Sci (New York NY) (2014) 345(6202):1254009. doi: 10.1126/science.1254009

21. Bruggen, MC, Bauer, WM, Reininger, B, Clim, E, Captarencu, C, Steiner, GE, et al. In Situ Mapping of Innate Lymphoid Cells in Human Skin: Evidence for Remarkable Differences Between Normal and Inflamed Skin. J Invest Dermatol (2016) 136(12):2396–405. doi: 10.1016/j.jid.2016.07.017

22. Kim, BS, Wang, K, Siracusa, MC, Saenz, SA, Brestoff, JR, Monticelli, LA, et al. Basophils Promote Innate Lymphoid Cell Responses in Inflamed Skin. J Immunol (2014) 193(7):3717–25. doi: 10.4049/jimmunol.1401307

23. Alkon, N, Bauer, WM, Krausgruber, T, Goh, I, Griss, J, Nguyen, V, et al. Single-Cell Analysis Reveals Innate Lymphoid Cell Lineage Infidelity in Atopic Dermatitis. J Allergy Clin Immunol (2022) 149(2):624–39. Epub 20210805.. doi: 10.1016/j.jaci.2021.07.025

24. Halim, TY, Krauss, RH, Sun, AC, and Takei, F. Lung Natural Helper Cells Are a Critical Source of Th2 Cell-Type Cytokines in Protease Allergen-Induced Airway Inflammation. Immunity (2012) 36(3):451–63. doi: 10.1016/j.immuni.2011.12.020

25. Kabata, H, Moro, K, Fukunaga, K, Suzuki, Y, Miyata, J, Masaki, K, et al. Thymic Stromal Lymphopoietin Induces Corticosteroid Resistance in Natural Helper Cells During Airway Inflammation. Nat Commun (2013) 4:2675. doi: 10.1038/ncomms3675

26. Imai, Y, Yasuda, K, Nagai, M, Kusakabe, M, Kubo, M, Nakanishi, K, et al. Il-33-Induced Atopic Dermatitis-Like Inflammation in Mice Is Mediated by Group 2 Innate Lymphoid Cells in Concert With Basophils. J Invest Dermatol (2019) 139(10):2185–94 e3. doi: 10.1016/j.jid.2019.04.016

27. Leyva-Castillo, JM, Galand, C, Mashiko, S, Bissonnette, R, McGurk, A, Ziegler, SF, et al. Ilc2 Activation by Keratinocyte-Derived Il-25 Drives Il-13 Production at Sites of Allergic Skin Inflammation. J Allergy Clin Immunol (2020) 145(6):1606–14.e4. doi: 10.1016/j.jaci.2020.02.026

28. Konishi, H, Tsutsui, H, Murakami, T, Yumikura-Futatsugi, S, Yamanaka, K, Tanaka, M, et al. IL-18 Contributes to the Spontaneous Development of Atopic Dermatitis-Like Inflammatory Skin Lesion Independently of Ige/Stat6 Under Specific Pathogen-Free Conditions. Proc Natl Acad Sci USA (2002) 99(17):11340–5. doi: 10.1073/pnas.152337799

29. Zeis, P, Lian, M, Fan, X, Herman, JS, Hernandez, DC, Gentek, R, et al. In Situ Maturation and Tissue Adaptation of Type 2 Innate Lymphoid Cell Progenitors. Immunity (2020) 53(4):775–92.e9. doi: 10.1016/j.immuni.2020.09.002

30. Bieber, T. Atopic Dermatitis: An Expanding Therapeutic Pipeline for a Complex Disease. Nat Rev Drug Discovery (2022) 21(1):21–40. doi: 10.1038/s41573-021-00266-6

31. Bernink, JH, Peters, CP, Munneke, M, te Velde, AA, Meijer, SL, Weijer, K, et al. Human Type 1 Innate Lymphoid Cells Accumulate in Inflamed Mucosal Tissues. Nat Immunol (2013) 14(3):221–9. doi: 10.1038/ni.2534

32. Bal, SM, Bernink, JH, Nagasawa, M, Groot, J, Shikhagaie, MM, Golebski, K, et al. Il-1beta, Il-4 and Il-12 Control the Fate of Group 2 Innate Lymphoid Cells in Human Airway Inflammation in the Lungs. Nat Immunol (2016) 17(6):636–45. doi: 10.1038/ni.3444

33. Ohne, Y, Silver, JS, Thompson-Snipes, L, Collet, MA, Blanck, JP, Cantarel, BL, et al. Il-1 Is a Critical Regulator of Group 2 Innate Lymphoid Cell Function and Plasticity. Nat Immunol (2016) 17(6):646–55. doi: 10.1038/ni.3447

34. Bernink, JH, Krabbendam, L, Germar, K, de Jong, E, Gronke, K, Kofoed-Nielsen, M, et al. Interleukin-12 and -23 Control Plasticity of Cd127(+) Group 1 and Group 3 Innate Lymphoid Cells in the Intestinal Lamina Propria. Immunity (2015) 43(1):146–60. doi: 10.1016/j.immuni.2015.06.019

35. Bielecki, P, Riesenfeld, SJ, Hutter, JC, Torlai Triglia, E, Kowalczyk, MS, Ricardo-Gonzalez, RR, et al. Skin-Resident Innate Lymphoid Cells Converge on a Pathogenic Effector State. Nature (2021) 592(7852):128–32. doi: 10.1038/s41586-021-03188-w

36. Teunissen, MBM, Munneke, JM, Bernink, JH, Spuls, PI, Res, PCM, Te Velde, A, et al. Composition of Innate Lymphoid Cell Subsets in the Human Skin: Enrichment of Ncr(+) Ilc3 in Lesional Skin and Blood of Psoriasis Patients. J Invest Dermatol (2014) 134(9):2351–60. doi: 10.1038/jid.2014.146

37. Villanova, F, Flutter, B, Tosi, I, Grys, K, Sreeneebus, H, Perera, GK, et al. Characterization of Innate Lymphoid Cells in Human Skin and Blood Demonstrates Increase of Nkp44+ Ilc3 in Psoriasis. J Invest Dermatol (2014) 134(4):984–91. doi: 10.1038/jid.2013.477

38. Bugaut, H, and Aractingi, S. Major Role of the Il17/23 Axis in Psoriasis Supports the Development of New Targeted Therapies. Front Immunol (2021) 12:621956. doi: 10.3389/fimmu.2021.621956

39. Huang, Y, Guo, L, Qiu, J, Chen, X, Hu-Li, J, Siebenlist, U, et al. Il-25-Responsive, Lineage-Negative Klrg1(Hi) Cells Are Multipotential 'Inflammatory' Type 2 Innate Lymphoid Cells. Nat Immunol (2015) 16(2):161–9. doi: 10.1038/ni.3078

40. Sakamoto, K, Jin, SP, Goel, S, Jo, JH, Voisin, B, Kim, D, et al. Disruption of the Endopeptidase Adam10-Notch Signaling Axis Leads to Skin Dysbiosis and Innate Lymphoid Cell-Mediated Hair Follicle Destruction. Immunity (2021) 54(10):2321–37 e10. doi: 10.1016/j.immuni.2021.09.001

41. Miller, MM, and Reinhardt, RL. The Heterogeneity, Origins, and Impact of Migratory Iilc2 Cells in Anti-Helminth Immunity. Front Immunol (2020) 11:1594. doi: 10.3389/fimmu.2020.01594

42. Lewis, JM, Monico, PF, Mirza, FN, Xu, S, Yumeen, S, Turban, JL, et al. Chronic Uv Radiation-Induced Rorgammat+ IL-22-Producing Lymphoid Cells Are Associated With Mutant Kc Clonal Expansion. Proc Natl Acad Sci USA (2021) 118(37). doi: 10.1073/pnas.2016963118

43. Bernink, JH, Ohne, Y, Teunissen, MBM, Wang, J, Wu, J, Krabbendam, L, et al. C-Kit-Positive Ilc2s Exhibit an Ilc3-Like Signature That May Contribute to IL-17-Mediated Pathologies. Nat Immunol (2019) 20(8):992–1003. doi: 10.1038/s41590-019-0423-0

44. Czarnowicki, T, He, H, Krueger, JG, and Guttman-Yassky, E. Atopic Dermatitis Endotypes and Implications for Targeted Therapeutics. J Allergy Clin Immunol (2019) 143(1):1–11. doi: 10.1016/j.jaci.2018.10.032

45. Nomura, T, and Kabashima, K. Advances in Atopic Dermatitis in 2019-2020: Endotypes From Skin Barrier, Ethnicity, Properties of Antigen, Cytokine Profiles, Microbiome, and Engagement of Immune Cells. J Allergy Clin Immunol (2021) 148(6):1451–62. doi: 10.1016/j.jaci.2021.10.022

46. Rak, GD, Osborne, LC, Siracusa, MC, Kim, BS, Wang, K, Bayat, A, et al. Il-33-Dependent Group 2 Innate Lymphoid Cells Promote Cutaneous Wound Healing. J Invest Dermatol (2016) 136(2):487–96. doi: 10.1038/JID.2015.406




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Kobayashi and Moro. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-885642-g001.jpg
Characteristics

Epidermis
ICOS* CCR6* CD103*

epidermal ILC (ILC3-like)

ICOS* CCR6* dermal ILC2

Dermis CCR6* inflammatory
ILC2 (ilLC2)

RORyt* UV-induced ICOS*
CCR6* dermal ILC3

Subcutis ST2* CD25* Sca-1* ILC2

Transcription
factors

Effector cytokines

TNF, lymphotoxins and
IL-13

IL-5 and IL-13

IL-5, IL-13 and IL-17

IL-22 and IL-17

IL-5 and IL-13





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2022.885642_cover.jpg
’ frontiers l Frontiers in Immunology

Tissue-Specific Diversity of Group 2
Innate Lymphoid Cells in the Skin





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Tissue-Specific Diversity of Group 2 Innate Lymphoid Cells in the Skin

      

        		

          Introduction

        



        		

          True Characterization of Skin ILC2

        



        		

          Layer-Specific Compartmentalization of Skin ILC Subsets

        



        		

          Variety of ILC2 Activating Cytokines

        



        		

          Mixed ILC2–ILC3 Profiles in the Skin

        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Cell identity

Cell types Detection Characteristics References
Mouse
ILC2 Flow cytometry Detected by expression of ST2 and CD25 (5, 46)
Detected by expression of IL-7R, ICOS and c-Kit )
IL-13 producing ILC2  Flow cytometry in IL-13 reporter mice ©)
IL-5 producing ILC2 Single cell and bulk RNAseq in IL-5 reporter High expression of Gata3, li7r, Crif2, Icos, Ccr6, ltgae, I118r1, low expression of ®)
mice it
IL-13 producing ILC2 ~ Flow cytometry in IL-13 reporter mice High expression of ICOS, low expression of ST2 (10)
Epidermal ILC Single cell and bulk RNAseq and flow High expression of CCR6, CD103, Rorc, Lta, II13 (ILC3-like) ©
Dermal ILC cytometry High expression of ICOS, Gata3
ST2* ILC2 in subcutis High expression of ST2, CD25, Sca-1, KLRG1, Gata3, 5
Inflammatory ILC2 Single cell RNAseq and flow cytometry Expression of GATA3, RORyt, CCR8, production of IL-5, IL-13 and IL-17A (40)
Human
ILC2 Flow cytometry Detected by expression of ST2 and CD25 (5, 22)
Detected by expression of IL-7Ra and CRTH2 7)
ILC2 Immunohistochemistry Expression of GATA3, IL-7Ra and CRTH2 1)
ILC2 Single cell RNAseq Expression of GATA3 and RORA (23)
Mixed ILC2 and ILC3 Coexpression of GATA3, RORC, AHR, IL5, IL13, IL22, IL26 (increase in atopic
skin)
Cytokine response
Activating cytokines Mice Models References
TSLP Tslp™~ (C57BL/6) MC903 atopic-like dermatitis ©)
IL-33 11117~ (BALB/c) MC903 atopic-like dermatitis 7
"= Wound healing (46)
hK14mIL33tg (C57BL/6) IL-33 overexpression in keratinocytes (26)
IL-25 117"~ (BALB/c) MC903 atopic-like dermatitis )
K14-Cre l[25"/"* (C57BL/6) OVA allergic skin inflammation (27)
Rora-Cre I117rb™/** (BALB/c)
IL-18 1187~ (C57BL/6) MC903 atopic-like dermatitis ®)
KIL-18Tg (C57BL/6) IL-18 overexpression in keratinocytes (28)






