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Abstract
Th2 immunity was evolved for the immune response against parasites. Basophils, eosinophils, mast cells and Th2 cells are characteristic cell types in Th2 immunity. Furthermore Th2 immunity is characterized by IgE antibody production by B cells. Recently a new innate cell type was identified and found to be involved in Th2 immunity. These cells were called group 2 innate lymphoid cells (ILC2s). Group 1 and 3 ILCs are other ILC subsets derived from the same progenitor cells, but with different functions in the immune system.
ILC2s contribute to the immune response against parasites, but also to allergic diseases. Their role in allergic asthma and chronic rhinitis has already been described. Very recently, ILC2s were found to contribute to the inflammatory response in atopic dermatitis (AD). 
AD is characterized by skin lesions with a thickened epidermis and lymphocyte infiltration. Various factors contribute to the pathogenesis: skin barrier dysfunction, IgE sensitization and both Th2 and Th1 immune responses. Acute lesions are mediated by a Th2 immune response, while chronic lesions are mediated by a Th1 immune response. 
It was shown that depletion of ILC2s reduced the inflammatory response in mice eczema lesions. However the importance of ILC2s in the development of AD remains to be examined. It is suggested that ILC2s cause the initial Th2 response in acute lesions. More research on ILC2s and their role in AD could lead to a better understanding of the pathogenesis of AD and might improve treatment of AD.
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Introduction
The immune system is developed to remove pathogens, dysfunctional cells and other damaging components from the body. An immune response is initiated when pattern recognition receptors on immune cells recognize pathogen associated molecular patterns (PAMPs) or damage associated molecular patterns (DAMPs). After recognition several mechanisms are activated, resulting in phagocytosis of the pathogen or the dysfunctional cell1. The adaptive immune system is activated via antigen presenting cells (APCs) such as dendritic cells and macrophages, which enhances removal of the pathogen2.  
The adaptive immune system is regulated by CD4+ T helper cells (Th cells), which activate B cells and CD8+ cytotoxic T cells. Th cells can differentiate into several subsets, depending on the activating cell type and the microenvironment. The conventional subsets are Th1 and Th2 cells, associated with ‘type I immunity’ and ‘type II immunity’ respectively. However additional T helper subsets have been identified recently, such as regulatory T cells, T follicular helper cells, Th17 and Th9 cells1;3.
Intracellular microorganisms such as bacteria, viruses and fungi drive type I immunity4. Naïve T cells differentiate into Th1 cells in the presence of the cytokines interferon γ (IFNγ) and IL-2. Abnormal activation of type I immunity can lead to autoimmune diseases. Beside Th1 cells neutrophils, macrophages and natural killer cells are implicated in type I immunity3;5.
Type II immunity is involved in infections of extracellular pathogens, mainly parasites4. It is predominantly induced by cytokines IL-4 and IL-13 and mast cells, eosinophils and basophils are generally involved in these immune responses. When abnormally activated, Th2 responses can lead to allergic inflammatory diseases3.

The differentiation of naïve T cells into Th2 cells and the effector mechanisms of Th2 cells are well defined. However, less is known about the initiation of the Th2 immune response1;6. Recently a lot of research has been performed on a newly described innate immune cell type; the innate lymphoid cell (ILC). A subset of these ILCs, ILC2s, is suggested to play an important role in the initiation of Th2 immune responses. 
This review focuses on the role of ILC2s in Th2 associated responses. First, the mechanisms of Th2 responses are described, before going into detail about the identification and the physiological function of ILC2s. In addition to parasite-driven Th2 immunity, ILC2s are found to play a role in the pathology of allergic diseases. In the last part of this review the suggested role for ILC2s in the development of AD is described.

 (
29
)
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Th2 immunity
Th2 immunity has been evolved due to the lack of a specialized mechanism for clearance of multicellular pathogens such as parasites. Parasites are eukaryotic organisms and share more homology with humans compared to unicellular pathogens. Therefore the recognition of parasite proteins is more difficult for the human immune system7. In allergic patients, harmless antigens (allergens) are recognized by the immune system resulting in allergic inflammatory disease1. 
Recognition of parasite products and allergens is probably based on enzymatic activity. Both parasitic organisms and certain allergens, such as trypsin and papain, were found to show protease activity, which could explain their similar effect on the immune system1;7;8. 
However, other mechanisms are suggested to be involved in the recognition by the immune system. DerP2, the most common house-dust-mite allergen, was reported to activate TLR4 on lung epithelial cells9. Furthermore, the glycoprotein Omega-1 of the parasite Schistosoma mansoni egg was found to be able to induce a Th2 response1. The exact characteristics of parasite proteins and allergens inducing activation of epithelial cells remain to be elucidated.
[bookmark: _Toc352770796][bookmark: _Toc353532240]Epithelial cells
	Parasites and allergens often enter the body via the lung, skin or intestines, where epithelial cells are the first cell type that is encountered. Epithelial cells are able to get activated upon parasite products and allergens, leading to production of thymic stromal lymphopoietin (TSLP), IL-25, IL-33 and various chemokines1;6. TSLP, IL-25 and IL-33 activate antigen presenting cells present in the concerning tissue, which leads to activation of Th cells. The effects of epithelial-derived TSLP, IL-25 and IL-33 are described below.

TSLP is important for the development of lymphocytes in the thymus, but when produced by epithelial cells it induces Th2 immune responses7;10;11. TSLP binds to a heterodimeric receptor that is composed of an IL-7Rα chain and TSLPR chain and which is present on dendritic cells, mast cells, basophils and Th2 cells10. 
TSLP acts on dendritic cells by priming them to promote Th2 differentiation and it inhibits production of Th1 associated cytokines IFNγ and IL-121;11;12. Furthermore, TSLP production leads to recruitment of Th2 cells to the tissue site via dendritic cells13. TSLP can act directly on Th2 cells by regulation of their cytokine production and it is involved in the regulation of regulatory T cells10. TSLP can also activate mast cells and basophils1. Increased levels of TSLP are associated with atopic diseases and with rheumatoid arthritis10-12;14. 

	IL-25 (also called IL-17E) is not only expressed by epithelial cells, but also by eosinophils, basophils, mast cells, macrophages and Th2 cells1;2;15. IL-25 interacts with its receptor IL-17Rb, which exists in soluble and membrane bound form and is widely expressed throughout the immune system. 
IL-25 is suggested to be involved in modulation of the Th2 immune response15. The cytokine causes further differentiation into Th2 cells and Th2 associated cytokine production15;16. A positive feedback loop promoting the Th2 response is initiated, because IL-25 causes upregulation of its receptor on memory Th2 cells2;17. Furthermore, IL-25 promotes survival and mobilization of eosinophils and cytokine production by eosinophils2;10;18. Increased IL-25 expression is associated with asthma and allergic airway inflammation. It can induce airway hyperreactivity independent of other Th2 associated cytokines10. IL-25 levels were also found to be elevated in patients with atopic dermatitis15.

	IL-33 is a cytokine of the IL-1 family and its receptor ST2 is present in a membrane bound and soluble form19. IL-33 is constitutively expressed by epithelial cells and released in case of necrotic cell death. It functions as an alarmin to activate other cells. In case of apoptosis, IL-33 is inactivated by caspases, to prevent inflammatory responses11;20. 
IL-33 is also produced by fibroblasts, smooth muscle cells, dendritic cells, macrophages and Th2 cells, although in general the levels are low21. The ST2 receptor is present on mast cells, basophils, eosinophils and macrophages10. IL-33 stimulates basophil activation and TSLP production by mast cells19. Furthermore, IL-33 in the lung induces differentiation into alternatively activated macrophages. These macrophages play an important role in Th2 immunity and they enhance degranulation and promote eosinophil survival and tissue repair22. IL-33 is found to be associated with airway inflammation and the induction of airway hyperreactivity. Surprisingly, IL-33 is also implicated in atherosclerosis10.

Collectively, TSLP, IL-25 and IL-33 induce the production of Th2 associated cytokines via different cell types (figure 1). Amplification of the Th2 response is accomplished by upregulation of TSLPR, IL-17Rb and ST2 receptor in response to TSLP, IL-25 and IL-33 production. The soluble forms of IL-17Rb and ST2 receptor can regulate levels of IL-25 and IL-3310. IL-25 and IL-33 can enhance TSLP production, via epithelial cells16 and mast cells19 respectively. IL-33 in combination with TSLP enhances the production of Th2 associated cytokines and chemokines by mast cells23. Increased levels of TSLP, IL-25 or IL-33 are all associated with allergic inflammatory diseases such as allergic asthma and atopic dermatitis10.

Figure 1: effects of cytokines TSLP, IL-25 and IL-33 produced by epithelial cells. All three cytokines induce production of Th2 associated cytokines, by targeting innate immune cells or Th2 cells directly. TSLP and IL-25 both promote the differentiation of naive T cells into Th2 cells10. 
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Although epithelial cell-derived cytokines can stimulate Th2 immunity, antigen presenting cells (APCs) are necessary for the initiation of the adaptive immune response. Upon recognition of parasite products or allergens, APCs are activated and migrate to the lymph node to activate naïve CD4+ T cells and B cells24;25. Differentiation of naive CD4+ T cells into Th1 or Th2 cells depends on the APC subset, the cytokines in the microenvironment and interaction with other cell types24.
	Dendritic cells and basophils are the relevant APCs in Th2 immunity. Dendritic cells expose TLRs involved in the recognition of antigens, but can also take up antigens via their FcεRI receptor associated with IgE. After activation dendritic cells migrate to the lymph node. Maturation then takes place, which enhances their ability to stimulate T cell differentiation and decreases the efficiency of antigen uptake26. In general dendritic cells promote Th1 immunity by production of IL-12. However in the presence of TSLP IL-12 production is inhibited and thereby  differentiation into Th2 cells is induced1;15.
Basophils are present in very low concentrations, but they expand and recruit to the tissue site in case of parasitic infections or in allergic disease. This indicates basophils are specific for Th2 immune responses7;27. Beside antigen presentation, basophils were reported to produce cytokines TSLP, IL-25, IL-4 and IL-101;7. IL-4 and IL-10 produced by basophils induce differentiation of naive T cells into Th2 cells25;27. 
[bookmark: _Toc352770798][bookmark: _Toc353532242]Effector cells
	Once naive T cells are differentiated into Th2 cells, effector and memory Th2 cells are directed to the infected tissue site. Th2 cells produce a broad range of cytokines such as IL-2, IL-4, IL-13 and IL-25, which promotes the Th2 inflammatory response1;25. IL-2 in combination with IL-4 causes proliferation of Th2 cells via autocrine signaling, while IL-4 and IL-13 can cause a positive feedback loop via epithelial cells1. The inflammatory response is amplified by production of IL-25, which promotes further differentiation into Th2 cells and upregulating their receptor on memory Th2 cells15.
IL-13 is an essential cytokine for the expulsion of parasites from the body. IL-13 induces goblet cell hyperplasia and increases mucus production, which blocks the attachment of parasites to the epithelium1;28. IL-13 together with IL-4 produced by Th2 cells stimulates class switching of B cells to produce IgE antibodies1;29. IL-13 can also upregulate MHC class II expression on B cells and other APCs29.
IL-9 and IL-4 induce proliferation and degranulation of mast cells. This leads to release of histamine, chemokines and cytokines, which causes recruitment of eosinophils and neutrophils to the tissue site1;30. Eosinophils are also recruited to the tissue site by eotaxin, whose expression is increased by IL-1331.
Eosinophils at the tissue site proliferate upon stimulation with IL-51. They express Fc receptors for IgE and IgG and binding of IgE or IgG causes degranulation of eosinophils. Neutrophil degranulation can be induced by mast cell-derived cytokines such as IL-8. Degranulation of these granulocytes causes release of cytokines, lytic enzymes and platelet-activating factors, which protect against parasites. However in allergic diseases this release results in massive tissue damage30. 
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Innate lymphoid cells
Innate lymphoid cells (ILCs) are a recently identified cell lineage, involved in innate immunity.  Based on function and surface markers, ILCs are classified in three different groups: group 1, group 2 and group 3 ILCs.  The three different groups produce Th1, Th2 and Th17 associated cytokines respectively32-34. All types of ILCs are derived from a common precursor cell, the common lymphoid precursor3;34.
One of the common characteristics of ILCs is their expression of the transcriptional repressor inhibitor of DNA binding 2 (id2), which prevents transcription of genes associated with B cell development35. The development of ILCs is also dependent on the common IL-2R γ-chain32;33. Furthermore, ILCs can be distinguished from other immune cell types, because they lack myeloid and lymphocyte specific markers and they lack the recombination activating gene (RAG)-dependent rearranged antigen receptors. This lack of cell type-specific markers is termed lineage negative32;36. 
Group 1 ILCs include natural killer (NK) cells and ILC1s and they are characterized by IFNγ production. Group 2 ILCs or ILC2s are characterized by their production of Th2 associated cytokines. Group 3 ILCs consist of lymphoid tissue inducer (LTi) cells, NCR+ ILC3s and NCR- ILC3s and are characterized by their production of IL-17 and/or IL-22 (figure 2)32;36. The basic characteristics of group 1 and group 3 ILCs are shortly described below.  The rest of this chapter and the next focus on the identification of group 2 ILCs and their role in Th2 immunity.


Figure 2: classification of ILC types by Spits et al.32. ILCs are divided into three different subsets. Group 1 ILCs include NK cells and ILC1s. Group 2 are the ILC2s. Group 3 ILCs comprise lymphoid tissue inducer (LTi) cells and NCR+ and NCR- ILC3s32.
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Table 1: group 1 ILCs including NK cells and ILC1s. 
	

	Transcription factors
	Surface markers
	Activating cytokines
	Cytokine production

	NK cells37;38
	T-bet
	NKp46, CD16, CD94, (CD56)
	IL-12, IL-18
Viral IFNα and IFNβ
	IFNγ, TNFα, GM-CSF, RANTES, MIP1α, MIP1β

	ILC1s33
	T-bet
	Unknown
	IL-12, IL-18
	IFNγ, TNFα, GM-CSF




Figure 3: group 1 ILCs consist of NK cells and ILC1s. Both are dependent on the transcription factor T-bet and produce IFNγ among other cytokines upon stimulation with IL-12 and IL-18 (adapted from Spits et al.32).




The first identified type of ILCs were natural killer (NK) cells, an innate cell type with cytotoxic activity, involved in early defense against viral infections37. Just recently another cell type has been identified, which resembles NK cells, but shows no cytotoxic activity. This new ILC type was termed ILC133. The characteristics of NK cells and ILC1s are summarized in table 1 and figure 3.
	NK cells can be divided into classical NK cells and NK T cells. Only the classical NK cell belongs to the ILC population, because NK T cells express the rearranged antigen receptors TCRs. CD56 expressing NK cells were found to be associated with cytokine production, while NK cells that did not express CD56 were found to be associated with cytotoxic activity37;38. 
NK cells recognize MHCI lacking cells and are cytotoxic by release of perforin and granzyme into the target cell. The cytotoxic activity of NK cells can be enhanced by virus-induced IFNα and IFNβ37;38. In response to IL-12 and IL-18, NK cells produce antimicrobial peptides and a wide range of cytokines and chemokines, mainly IFNγ3;32;37. 
[bookmark: _Toc352770800]	In contrast to NK cells, ILC1s are non-cytotoxic and do not express NK cell markers CD16, CD94, CD56 and NKp46. Activation and cytokine production of ILC1s seems to be similar to NK cells33;39. A high number of ILC1s was found in the lamina propria of patients with Crohn’s disease and IFNγ producing cells were found to contribute to the inflammation of the intestine in these patients33. Up to now only one article has been published about ILC1s.
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Table 2: group 3 ILCs including LTi cells, NCR+ ILC3s and NCR- ILC3s.
	
	Transcription factors
	Surface markers
	Activating cytokines
	Cytokine production

	LTi cells40;41
	RORγt, AHR
	CCR6
	IL-23, IL-1β
	IL-17, IL-22

	NCR+ ILC3s42-44
	RORγt, AHR, T-bet
	NKp44, NKp46
	IL-23, IL-1β
	IL-22

	NCR- ILC3s45
	RORγt
	NKp44
	IL-23, IL-1β
	IL-17, IL-22, IFNγ




Figure 4: group 3 ILCs consist of LTi cells, NCR+ and NCR- ILC3s. Development is dependent on IL-7 and transcription factor RORγt. They produce IL-17 and/or IL-22 upon stimulation with IL-23 and IL-1β (adapted from Spits et al.32).

	 








In 1992 Kelly et al.40 reported about a new cell type involved in the formation of lymph nodes during embryogenesis. These cells were termed lymphoid tissue inducer cells (LTi cells) and later classified as group 3 ILCs40. The additional cell types in group 3 ILCs are NCR+ and NCR- ILC3s, which were first observed by Cupedo et al.43. They described a natural killer-like cell that produced IL-17 and IL-22, which turned out to be related to LTi cells rather than NK cells42;43.  Further characteristics of group 3 ILCs are summarized in table 2 and figure 4.
LTi cells are involved in the formation of lymph nodes during fetal development and after birth involved in pathogen induced formation of secondary lymphoid tissue38. The production of lymphotoxin β by LTi cells induces mesenchymal cells to attract more LTi cells and hematopoietic cells, which will form the lymph node3;38;43. 
	NCR+ ILC3s were identified as a subset of NK cells, because of their expression of receptors NKp44 and NKp46, the cytotoxic receptor on NK cells44;46. However, NCR+ ILC3s are not cytotoxic, because they lack killer inhibitory receptors and perforin. Furthermore they are distinct from NK cells because they produce IL-22 instead of IFNγ38;46. NCR+ ILC3s are present in mucosal tissues and are found to protect against the pathogen Citrobacter rodentium32;38;44;46;47. However it is suggested that they cannot completely clear pathogens from the intestine as this might require IL-1746. 	
	The third cell type that belongs to group 3 ILCs is the NCR- ILC3s, which are similar to NCR+ ILC3s but do not express the NKp46 receptor. NCR- ILC3s were identified by Buonocore et al.45 and found to contribute to bacteria-induced colitis and inflammatory bowel disease32;46;45. The exact role of NCR- ILC3s and the functional differences with NCR+ ILC3s in intestinal immunity remains to be examined.

It seems that there is plasticity between group 1 and group 3 ILCs. IL-12 stimulation on ILC3s causes transition into an ILC1-like phenotype. On the other hand, NCR+ ILC3s cultured in the presence of IL-2 were able produce IFNγ and express NK cell associated cytotoxic receptors3;33;48. The degree of plasticity between these two types remains to be further examined. 
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Table 3 : group 2 ILCs or ILC2s.
	
	Transcription factors
	Surface markers
	Activating cytokines
	Cytokine production

	ILC2s18;28;49-51
	GATA3, RORα
	CRTH2, CD16, CD7, ICOS
	TSLP, IL-25, IL-33
	IL-5, IL-6, IL-9, IL-13




Figure 5 : development of group 2 ILCs is dependent on IL-7 and the transcription factors RORα and GATA3. Upon stimulation with TSLP, IL-25 and IL-33 ILC2s produce IL-5 and IL-13 (adapted from Spits et al.32).







In 2001 Fort et al.18 published an article that described an unidentified cellular source of Th2 associated cytokines. These cells expressed IL-5 and IL-13 upon stimulation with IL-25 and were termed non-B non-T cells18. After almost a decade, four articles independently reported the identification of this cell type.
Moro et al.49 described the presence of ‘natural helper cells’ in lymphoid structures within adipose tissues in the peritoneal cavity. After infection with Nippostrongylus brasiliensis these cells produced cytokines IL-5 and IL-13. These Th2 associated cytokines were also produced by stimulation with IL-33 in RAG2-/- mice, in vivo models that lack mature lymphocytes. The ‘natural helper cells’ were lineage negative and expressed Sca-1 and c-Kit (figure 6)49.
Neill et al.28 used IL-13-eGFP reporter mice, a model that allows live imaging of IL-13 gene expression, to identify the presence of ‘nuocytes’. IL-13 producing cells were found in the intestines upon stimulation with IL-25 and IL-33. This was confirmed in experiments Nippostrongylus brasiliensis infection. ‘Nuocytes’ were found to be lineage negative and expressed the ST2 receptor, IL-17Rb receptor and the IL-7Rα receptor (figure 6)28.
	Price et al.50 identified the ‘innate type 2 helper cell’ by using IL4-eGFP and IL13-eGFP reporter mice. Cells that expressed IL-13 were lineage-negative and found in particular in the mesenteric lymph nodes, the spleen and the liver. These cells were responsive to IL-25 and IL-33, which was also confirmed by experiments with Nippostrongylus brasiliensis infection50.
	Saenz et al.51 reported about a lineage-negative multipotent progenitor cell population termed ‘MPPtype2 cells’. Upon IL-25 stimulation, these cells were found to accumulate in lymphoid tissue within the intestines. Adoptive transfer of IL-25 stimulated ‘MPPtype2 cells’ to IL-25-/- mice lead to IL-4, IL-5 and IL-13 production51. 
The identified cell types by Moro et al., Neill et al., Price et al. and Saenz et al. all responded to IL-25 and/or IL-33, produced Th2 associated cytokines, were lineage negative and expressed Sca-1 and c-Kit. MPPtype2 cells were found to differ from the other identified cell types, because they did not express the ST2 receptor and they had variable expression of IL-7Rα. Furthermore MPPtype2 cells show multi-potent potential and can differentiate into other cell types6;51. Therefore the  ‘natural helper cells’, ‘nuocytes’ and ‘innate type 2 helper cells’ were defined as group 2 ILC2s32.

The presence of ILC2s in human was identified by Mjösberg et al.52. ILC2s were found in both fetal and adult tissues and were distributed in the lung, gut and nasal tissues. Similar to mouse ILC2s these cells were lineage negative and expressed IL-7Rα. Furthermore they produced IL-5 and IL-13 upon stimulation with IL-25 and IL-33. These cells also express CRTH2, a Th2 associated chemoattrractant receptor, and the T cell associated surface markers CD161 and CD12752. The characteristics of ILC2s are summarized in table 3 and figure 5.


Figure 6: histology of group 2 innate lymphoid cells. These cells were observed in mouse lymphoid tissue in the peritoneal cavity. They were lineage negative and expressed surface markers Sca-1 and c-Kit. A: Giemsa staining; 100x magnification28. B: Giemsa staining; scale bar 20μm. C: electron micrograph; scale bar: 2μm49. 
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Physiological function
Human ILC2s have been observed in the circulation, lungs, skin and gut3;53. In mice ILC2s were found to be present in the circulation, lung, spleen, liver, intestines, mesenteric lymph nodes and mesenteric fat associated lymphoid clusters3. The amount of ILC2s in healthy individuals is very low. ILC2s are also present in fetal tissues, where the amount is slightly higher36. In parasitic infections the number of ILC2s greatly expands3. Various studies revealed that ILC2s are essential in Th2 immunity and for parasite expulsion28;49-51. ILC2s are a major source of Th2 associated cytokines and are able to produce these cytokines rapidly after stimulation3. ILC2s are therefore suggested to be important in the initiation of the immune response.  
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Table 4: surface marker expression on ILC2s in mice and human (NT: not tested. Adaptation from Spits et al.36).
	
	Natural helper cells (mouse)
	Nuocytes (mouse)
	Ih2 cells (mouse)
	ILC2s (human)

	Sca1
	+
	+
	-
	NT

	CD117 (cKit)
	+
	+/-
	+/-
	+/-

	CD127 (IL-7Rα)
	+
	+
	NT
	+

	CD25 (IL-2Rα)
	+
	NT
	+
	+

	ST2 (IL-33R)
	+
	+
	NT
	+

	IL-17Rb (IL-25R)
	NT
	+
	NT
	+

	ICOS
	NT
	+
	NT
	NT

	Β7
	NT
	+
	NT
	NT

	CRTH2
	NT
	NT
	NT
	+



ILC2s express several surface markers, including various cytokine and chemokine receptors (see table 4). The expression of CD117 on the surface of ILC2s is heterogeneous and depends on the tissue location of the ILC36. IL-7 and IL-2 are necessary for the development of ILC2s, so the presence of surface molecules IL-7Rα and IL-2Rα on ILC2s was expected32;36 ILC2s do not express the IgE receptor FcεRI, so they are not responsive to IgE54. 
ILC2s were found to express the ST2 receptor and IL-17Rb, which are receptors for IL-33 and IL-25 respectively36. TSLP has been found to enhance GATA-3 expression in ILC2s, so ILC2s probably also express TSLPR55. TSLP, IL-25 and IL-33 are produced by epithelial cells when activated by parasitic products or allergens. Expression of these cytokines has been found to lead to the initiation of Th2 associated responses, possibly via ILC2s1;10;56. It is unknown if ILC2s can also respond directly to parasitic antigens or allergens20.
	Stimulation with IL-25 causes production of IL-4, IL-5 and IL-13 in mice experiments. In an experiment with RAG-/- mice, which lack T and B lymphocytes, stimulation with IL-25 still led to the production of IL-5 and IL-13. ILC2s were found to be responsible for this cytokine production upon IL-25 stimulation. IL-4 was not produced by RAG-/- mice, so ILC2s probably do not produce this cytokine18. IL-25 deficient mice could not clear infection with N Brasiliensis or T Muris, suggesting that IL-25 is important for the activation of ILC2s54. IL-25 stimulates ILC2s, but suppresses ILC3s by inhibiting the production of IL-22. On the other hand, IL-22 from ILC3s was found to be able to inhibit ILC2 activation (figure 7)3.
	IL-33 was found to induce proliferation of ILC2s and production of IL-5 and IL-13 by ILC2s. IL-33 also induces IL-5 and IL-13 production by other cell types such as mast cells and basophils5;6;57.

	Β7, ICOS and CRTH2 are adhesion molecules that were observed to be expressed on the surface of ILC2s in mice experiments. β7 associates with MADCAM-1 which is present on high endothelial venules, Peyer’s patches and mesenteric lymph nodes. This interaction probably results in migration of ILC2s to the intestinal lymphoid tissues. ICOS interacts with ICOS ligand which is observed at mucosal surfaces. This interaction is suggested to play a role in homing of ILC2s to mucosal surfaces5. CRTH2 is a Th2 associated chemoattractant receptor, involved in recruitment to the skin52.
	 ILC2s also express the chemokine receptors CXCR4, CXCR6 and CCR9. CXCR6 interacts with CXCL16 and is essential for T cell distribution and NK cell migration. Although the role for ILC2s is unknown, it might be involved in recruitment of ILC2s to the tissue site. CXCR4 interacts with CXCL12, which is known as a pre-B cell growth factor. Its function on ILC2s is unknown, but it could play a role in the development of ILC2s. CCR9 contributes to homing of intraepithelial lymphoid cells, which includes B and T cells, but possibly also ILC2s5.



Figure 7: the role of ILC2s in parasitic infection. ILC2s produce IL-5, IL-6 and IL-13. IL-5 induces eosinophilia and IL-6 induces IgA production by B cells. IL-13 has various effects such as globlet cell hyperplasia and smooth muscle contraction3.












ILC2s have been shown to produce IL-5, IL-6, and IL-13 (figure 7) and some articles report the production of IL-9, IL-10 and GM-CSF by ILC2s. Although these cytokines are produced by various cells in the immune system, ILC2s were found to be the major source3. 
IL-5 is constitutively expressed by ILC2s and causes eosinophilia in the inflamed tissue. Furthermore IL-5 and IL-6 cause antibody production by B cells. In mice experiments by Moro et al.49 ‘natural helper cells’, present in fat associated lymphoid clusters, were found to induce IgA production by B cells49;58. IgA is often produced in immune responses in the gut, although Th2 immunity is characterized by IgE production29;59. Although not shown in figure 7, ILC2s were found to produce IL-9, which leads to the proliferation of mast cells and basophils4.
IL-13 is only produced by Th2 cells and ILC2s, but is very important for the clearance of parasitic infections as IL-13 alone can induce parasite expulsion1;28. IL-13 induces various mechanisms leading to parasite expulsion, such as goblet cell hyperplasia, smooth muscle cell contraction, recruitment of eosinophils and IgE class switching by B cells3;29;31;49. 
IL-4 was long thought to be the key cytokine for Th2 differentiation, until it was shown that naïve CD4+ T cells are able to differentiate into Th2 cells in the absence of IL-4. Moreover, IL-4 was not among the cytokines produced by ILC2s11. Th2 cells promote proliferation of ILC2s, which is suggested to be stimulated by IL-25 production by Th2 cells. It is unknown how ILC2s are involved in the activation of Th2 cells1;3. 

	Expression of MHC class II has been described on nuocytes, which suggests that ILC2s can also function as antigen presenting cells. On the other hand, no expression of MHC class II was found on natural helper cells20. However this could be due to the activation state of the cell or it may be tissue dependent. IL-13 upregulates MHC class II expression on B cells and monocytes29, which could also be the case for ILC2s.
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Beside Th2 immunity, ILC2s are suggested to have various other functions. They might play a role in the regulation of tissue formation as they are found to be present during embryogenesis. They might have a similar function as the group 3 ILC subset LTi cells in the fetal stage. However this hypothesis needs to be examined52.
Monticelli et al.60 were the first to describe the presence of ILC2s in human lung tissue and also reported that ILC2s are involved in tissue repair in the lung. ILC2s were found to produce high levels of amphiregulin, which is involved in proliferation of epithelial cells and fibroblasts. Maintenance of tissue homeostasis by ILC2 derived amphiregulin could be important for restoration of infection or allergy-induced tissue damage60. IL-33 promotes differentiation into alternatively activated macrophages, which can also promote tissue repair23.
ILC2s are found to be present in certain adipose tissues and may play a role in adipose tissue homeostasis. IL-33 can stimulate alternatively activated macrophages, while Th2 associated cytokines can stimulate M1 macrophages in adipose tissues. The role of ILC2s in this process remains to be elucidated20;61.
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Atopic dermatitis
The incidence of atopic dermatitis (AD) in Western countries has increased enormously over the last decades. 10-20% of the children develop AD, which persists in adulthood in 1-3% of the Western population. The increasing incidence is suggested to be due to the absence of exposure to a wide range of pathogens, which may impair regulatory control on the immune system. The ‘hygiene hypothesis’ refers to this explanation for the increase in autoimmune diseases and allergic diseases4;62;63. 
Together with allergic asthma and allergic rhinitis, AD forms the atopy syndrome. In atopic diseases, patients are prone to form IgE antibodies against harmless environmental products (IgE sensitization)64. Patients with AD have a higher risk of developing allergic asthma or rhinitis and also have a higher risk on food allergies62. 
Two forms of AD exist: the extrinsic and the intrinsic form, which are IgE mediated and non-IgE mediated respectively. 70-80% of the AD patients suffer from the extrinsic form. However this classification is debatable and it might be that the intrinsic form can pass into the extrinsic form. Moreover, atopic diseases are characterized by IgE sensitization, but the importance of IgE in the development of AD is unclear25;62;65.
The clinical features of AD are dry skin (xerosis) and itching of the skin. Attacks of severe itching (pruritus) and complications by bacterial or viral infections can occur62;66. AD can be diagnosed based on clinical phenotype62. Serum levels of TARC can be measured to assess the severity of AD67. Treatment of AD is focused on improvement of barrier function and reduction of inflammation62. 
AD lesions can be acute and chronic. Acute lesions are crusted eroded vesicles, while chronic lesions are described as lichenified and excoriated plaques62. Furthermore acute AD lesions are characterized by the presence of Th2 associated cytokines, while Th1 associated cytokines are present in chronic AD lesions25. 
Various genes are associated with an increased risk of AD. Linkage and association studies have been performed and revealed that AD patients often have a mutation in the gene encoding filaggrin, a protein involved in skin barrier integrity68. Other mutations are found in genes encoding skin barrier integrity proteins69. Furthermore, mutations are found in the genes encoding IL-18, IL-13 and the β-chain of FcεRI. IL-18 can induce IFNγ production, favouring a Th1 mediated immune response, while IL-13 is involved in the effects of Th2 responses. FcεRI is the high affinity receptor for IgE, present on various immune cells25;67.
[bookmark: _Toc353532251]Pathogenesis
Various factors contribute to the pathogenesis of AD, such as skin barrier dysfunction, IgE sensitization and both Th2 and Th1 mediated immune responses. However, the initiating factor in the development of AD is unclear. Two hypotheses are proposed: the inside-out and the outside-in hypothesis. The first suggests that a defect in immunological regulation results in IgE sensitization and development of AD. The outside-in hypothesis suggests that a genetic defect or environmental cause leads to skin barrier dysfunction, IgE sensitization and AD development69;70.

Skin barrier dysfunction
The skin barrier is formed by the stratum corneum, tight junctions and Langerhans cells. The stratum corneum is the outermost layer of the epidermis (figure 8). It is formed by terminally differentiated and cornified keratinocytes, which lack nuclei, intracellular organelles and cell membranes. The cells are encapsulated in the cornified envelope, which consists of cross-linked proteins. Furthermore, nonpolar lipids, antimicrobial peptides, and ceramides are present in the stratum corneum, which contributes to the skin barrier function71.
In the stratum granulosum cells are connected by tight junctions, forming a physical barrier. In the stratum spinosum Langerhans cells are present for activation of the adaptive immune response in case of infection or tissue damage. The stratum basale contains melanocytes and proliferating keratinocytes69;71. 


Figure 8: schematic overview of the epidermis, which consists of four layers: the stratum corneum, stratum granulosum, stratum spinosum and stratum basale. Keratinocytes are the main cell type in the epidermis. Melanocytes reside in the basal layer and Langerhans cells are present in the stratum spinosum69. Picture adapted from http://myskinhealth.co.za.



In one third of the AD patients the filaggrin gene is mutated, which causes skin barrier dysfunction. Filaggrin is produced by keratinocytes and can be incorporated in the lipid layer in the stratum corneum. This lipid layer is involved in water retention and alterations cause aberrant hydration of the skin. When the filaggrin gene is mutated, there is a higher chance of penetration of environmental allergens or pathogens into the skin25;66;69;72;73.
The skin barrier can also be impaired by other mutations in genes encoding proteins important for the cornification of keratinocytes. Mutations in tight junction genes were also related to skin barrier dysfunction. Furthermore, it has been found that the skin barrier function can be reduced by mechanical factors71. 
Secondary infections often occur in AD. In 90% of the AD patients the skin is colonized by Staphylococcus aureus74. This can be due to the impaired skin barrier, increased expression of adhesion molecules, lack of antimicrobial peptide production and aberrant TLR2 function74-76.   S. Aureus produces enterotoxin A and B which contributes to AD severity by stimulating the immune response in the skin25;62. Furthermore, the present inflammatory response causes insufficient clearance of the infection74.
	
The histology of AD lesions is characterized by hyperplasia of the epidermis and leukocyte infiltration in both the epidermis and the dermis (figure 9)70. There is intracellular edema (spongiosis) in the epidermis (figure 9). Moreover, histology shows accelerated renewal of keratinocytes and thickening of the stratum corneum25;62;70. Also in non-lesional skin of AD patients there is lymphocyte infiltration, decreased hydration of the skin and decreased differentiation of cells in the epidermis62;65;70.




Figure 9: skin of a healthy individual (NS) and skin of an AD lesion (AD). Compared to the normal skin there is thickening of the epidermis and the dermis with leukocyte infiltration and spongiosis70.

IgE sensitization
The majority of AD patients suffer from extrinsic AD, which is characterized by IgE sensitization25. The IgE antibodies can be directed against allergens, autoantigens or antigens derived from micro organisms such as S. Aureus. Autoantigens might be recognized because they share epitopes with exogenous allergens77. 
Mast cells, dendritic cells and many other cell types express the IgE receptors FcεRI or FcεRII77;78. Dendritic cells are sensitized by binding of IgE to the high affinity receptor FcεRI. However, dendritic cells can also cause T cell activation independent from IgE25;77. 
Binding of IgE to the FcεRI receptor on mast cells leads to sensitization of the mast cells. If the antigen binds IgE on mast cells they become activated, leading to degranulation and release of histamine and cytokines. Mast cell products affect the function of keratinocytes and dendritic cells. Furthermore these products stimulate IgE synthesis by B cells and induce a Th2 associated immune response. In AD lesions massive degranulation has been observed and in chronic lesions this was combined with an increased amount of mast cells. Mast cells can also be activated independent from IgE, by complement or by certain cytokines77.
IgE can contribute to the development of AD by stimulating inflammation. The expression of the FcεRI receptor was found to be increased in AD. However IgE sensitization is not essential for AD development69;77. Approximately 20% of the AD patients suffers from intrinsic AD, which is non-IgE mediated. In the lesions of these patients more Th1 associated cytokines are found compared to lesions of extrinsic AD patients. Furthermore, non-IgE mediated AD often goes together with a normal skin barrier function. The importance of IgE in the development of AD remains unclear78.

Th2 immune response	
[bookmark: _GoBack]	The presence of Th2 cytokines such as IL-4, IL-5 and IL-13 are characteristic for acute AD lesions62. Allergen patch tests with AD patients showed an increased IL-4 expression within 24 hours after allergen exposure, which was decreased again before 48 hours62. IL-4 and IL-13 establish the inflammatory response in the tissue, induce class switching of B cells to IgE synthesis and upregulate adhesion molecules on endothelial cells to increase migration to the tissue site. IL-5 promotes eosinophilia, one of the characteristics of AD62;69.
	Allergen exposure or mechanical injury such as scratching leads to rapid release of TSLP, IL-25 and IL-33 by keratinocytes. Keratinocytes express TSLP constitutively and expression is greatly increased in AD lesions. The release of TSLP can be enhanced by Th2 associated cytokines and TNFα and is reduced by Th1 associated cytokines IFNγ and TGFβ65;69;80. 
TSLP primes LCs in the epidermis and it can activate Th2 cells to produce cytokines13. TSLP overexpression in the skin, without affecting the skin barrier, results in an AD-like phenotype79;81. Furthermore, in contrast to IL-25 and IL-33, the production of TSLP was found to be required for the development of AD79.

A dysfunctional skin barrier facilitates penetration of allergens and pathogens. LCs can take up antigens on the outside of the tight junction barrier (figure 10)71. Subsequently they activate T cells and induce differentiation into Th2 cells. T cell migration to the epidermis is stimulated by CCL22 and TARC chemokine production by epithelial cells10;62;70. 
In AD the number of natural killer cells is reduced, probably due to an increase in apoptosis of NK cells. This is suggested to contribute to the Th2 response in the acute AD lesions. Cytotoxic CD8+ T cells have been found to be recruited to the skin in an early phase, augmenting the inflammatory response69.


Figure 10: activation of the adaptive immune response by Langerhans cells. Langerhans cells take up allergens or bacterial molecules outside of the tight junction barrier. Allergens or bacterial products can penetrate the stratum corneum in case of skin barrier dysfunction71.











Th1 immune response
Chronic AD lesions are characterized by the presence of Th1 associated cytokines25. IFNγ and IL-12 are mainly present and are involved in the induction of the Th1 response. The Th1 response is maintained by IL-12, IL-18, IL-11, IL-17 and TGF-β. Furthermore IL-5 and GM-CSF were detected. In chronic lesions the epidermis is damaged by increased apoptosis of skin cells. The expression of Th1 associated cytokines was found to be increased 48 hours after allergen exposure62.
What factors induce the switch from Th2 immunity into Th1 immunity is unclear. Inflammatory dendritic epidermal cells (IDECs) are thought to be involved. These cells are antigen presenting cells that migrate to the skin upon inflammatory stimuli. Their infiltration into the skin is suggested to induce the switch into Th1 immunity, because these cells produce proinflammatory cytokines such as IL-1225. However, it was observed that IDECs migrate rapidly to the skin, which suggests they are already present in the acute lesions.
Another cell type that might contribute to the switch into a Th1 associated response are regulatory T cells. Regulatory T cells can suppress the function of both Th1 and Th2 cells. Furthermore mutations in the FoxP3 gene of regulatory T cells are associated with high IgE levels and development of food allergies and AD62. Some bacterial infections such as S. Aureus have the properties to inhibit regulatory T cell function, which increased inflammation82.



[bookmark: _Toc353532252]Group 2 Innate lymphoid cells
ILC2s have been described to contribute to gut immunity and atopic diseases such as allergic asthma and allergic rhinitis52;55;76. Until recently, nothing was known about the presence of ILC2s in the skin. One article by Kim et al.53 has been published which shows ILC2s are present in both healthy skin and AD lesional skin and that ILC2s contribute to the inflammatory response in AD53.

The article by Kim et al.53 describes that flow cytometry was performed with isolated cells from human healthy skin and human AD lesions. ILC2s were found to be present in both sample types. However, the number of ILC2s in the AD skin lesions was greatly increased (figure 11). ILC2s could isolated from the other cells, because they do not express lineage markers and the FcεRI receptor. Furthermore they express CD25, the IL-2 receptor α-chain, and the receptor for IL-33. ILC2s can be distinguished from ILC3s, because ILC2s do not express surface markers specific for ILC3s, such as CD4, Nkp44 and RORγt53. 
The ILC2s in AD lesional skin were found to express CRTH2 and CD161, while ILC2s in the healthy skin did not. This could indicate a different population of ILC2s or an activated state of the cells53. 
 
Figure 11: FACS analysis of healthy skin (A) and AD skin lesions (B). ILC2s were selected because they are negative lineage, lack expression of the FcεRI receptor and show expression of CD25 (IL-2 receptor α-chain) and the IL-33 receptor (ST2). There was a significant increase in ILC2s in AD skin lesions compared to the healthy skin (C)53.

	The role of ILC2s in the development of AD was studied with the MC903 mouse model, which is a C57BL/6 wild-type mouse that received topical treatment with the vitamin D analog calcipotriol. This treatment results in AD-like inflammation and AD-like histology of the skin. In this mouse model increased numbers of ILC2s were detected in the skin. Depletion of ILC2s caused a reduction in inflammation in the AD mouse model (figure 12). Furthermore, depletion of ILC2s reduced IL-5 and IL-13 levels and epidermal thickness53;79.
	The effects of ILC2s on Th2 immune responses were found to be mediated by TSLP only. In IL-33-/- or IL-17Rb-/- mice the development of AD was not altered compared to the MC903 mouse model. TLSPR deficient mice showed reduced ILC2 associated immune responses. IL-33 was found to be able to support the effect of TSLP on AD development53.

The study by Kim et al. is yet the only published article on the role of ILC2s in AD and their results have to be confirmed by other studies. However, here we assume ILC2s are present in the skin and involved in the inflammatory response in AD.






Figure 12: the role of ILC2s in the development of AD in a mouse model. MC903 treatment causes an AD-like phenotype (middle) compared to the control (left). Depletion of ILC2s by anti-CD25 causes reduced inflammation and skin thickness in the mouse model (right)53.




The mice experiments by Kim et al. showed that depletion of ILC2s results in reduced inflammation and a decreased epidermal thickness in the skin (figure 12)53. MC903 mice show histological features of AD lesions, however it is unclear if these lesions are acute or chronic lesions79. However, the finding that ILC2 induces Th2 immune responses and ILC2 depletion decreases inflammation, suggests that the mouse model shows lesions with an acute phenotype53. For further research about the role of ILC2s in acute and chronic AD lesions this animal model may not be suitable. 
Although the study of Kim et al. did not distinguish between acute and chronic AD lesions, it seems likely that ILC2s are involved in the immune response in acute lesions. This means the ILC2s respond rapidly after allergen exposure by production of Th2 associated cytokines. Therefore, it is likely that ILC2s reside in the tissue. This is supported by the finding that ILC2s are present in human healthy skin tissue53. It is not known if ILC2s are also present in non-lesional AD skin. 
It was found that in human AD lesional skin the number of ILC2s was greatly increased. This could be due to proliferation of ILC2s in the tissue or recruitment of other ILC2s to the tissue site. ILC2s in human AD skin were found to express CRTH2, which is a skin homing receptor present on T cells, keratinocytes, basophils and eosinophils69. ILC2s expressing this marker might be recruited to the skin from peripheral tissues.

Kim et al. found that TSLP contributes to the development of AD, while IL-25 and IL-33 did not influence the inflammatory response in the AD mouse model. On the other hand, Hvid et al.83 described that IL-25 contributes to AD progress. They observed increased levels of IL-25 and IL-17Rb in AD lesions83. Despite the findings of Kim et al. it seems likely that IL-25 contributes to AD inflammation via IL-17Rb on ILC2s53. TSLP could activate ILC2s and initiate the Th2 cytokine production in AD, while IL-25 could be involved in modulation of the Th2 immune response15.
Moreover, IL-25 is thought to be involved in the impairment of the skin barrier function by down regulating filaggrin synthesis. Thereby, IL-25 provides a link between immune responses in AD and dysfunction of the skin barrier65;83.
IL-33 was reported to be present in AD skin lesions, but not in healthy skin84. This suggests it contributes to the development of AD. It seems likely that IL-33 stimulates the inflammatory response in AD via ILC2s, because they express the ST2 receptor. This is in contrast with the findings of Kim et al., who showed no decrease in inflammation in IL-33 knockout mice53. 
IL-33 is known to promote fibrosis and might also play a role in tissue repair in AD. IL-13 was found to cause cutaneous fibrosis in mice upon stimulation with IL-33. Eosinophils were responsible for the IL-13 production and subsequent tissue repair. However, ILC2s could have a similar effect in AD lesions85. 

In mice, depletion of ILC2s leads to a decreased inflammatory response, but not to total inhibition of inflammation. This suggests other cell types contribute to the Th2 immune response as well. The relative contribution of ILC2s and Th2 cells to the Th2 response remains to be examined. Furthermore, Th1 cells are also present in small amounts in acute AD lesions. 
ILC2s are suggested to be essential for the initiation of the immune response in AD. ILC2s are an innate cell type and they can be activated by specific patterns or cytokines, although the exact mechanism of activation of ILC2s is unclear. ILC2s can produce Th2 associated cytokines directly after activation and cause a rapid inflammatory response. T cells have to be activated first by APCs in the lymph node and subsequently migrate to the tissue site before they can induce an inflammatory response.

Beside the ILC2s, the presence of ILC3s in the AD lesional skin has also been described. However it was also reported that ILC3s do not contribute to the pathogenesis of AD53. Elevated levels of IL-17 and IL-22 are observed in AD lesions, which have  been suggested to be due to the presence of Th17 and Th22 cells76. Cua et al.86 reported that IL-17 is only present in acute AD, while Th17 infiltrate the skin in a later stage86. This indicates that ILC3s could be involved in early phases of the development of AD, although this remains to be examined.
Furthermore, ILC3s have been described to play a role in psoriasis, another inflammatory skin disease. If the role of IL-22 producing ILC3s in AD could be confirmed, this also provides another link between inflammation and skin barrier dysfunction next to IL-25. IL-22 is able to down regulate filaggrin expression and inhibit keratinocyte differentiation65;87.
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Conclusion
	ILC2s are a recently identified innate cell type. They are involved in immunity against parasites and in allergic diseases by production of Th2 associated cytokines. ILC2s are present in various tissues and play a role in the pathology of allergic asthma and chronic rhinitis. Very recently, an article was published that described the presence of ILC2s in the skin and their contribution to AD53. ILC2s play a role in the Th2 immune response in AD lesional skin, however the exact mechanism and the importance of ILC2 for the development of AD are unclear.
	Here the following role for ILC2s in the development of AD is suggested. Keratinocytes in the skin are activated upon allergen exposure or mechanical factors, which leads to the production of TSLP, IL-25 and IL-33. LCs are also activated upon recognition of allergens and migrate to the lymph node to activate the adaptive immune system. TSLP (in combination with IL-25 and IL-33) from keratinocytes activates ILC2s and initiate production of Th2 associated cytokines such as IL-5, IL-9 and IL-13. These cytokines cause the initial inflammatory response in the AD skin, leading to the development of acute eczema lesions.
	Upon stimulation with TSLP, LCs promote differentiation of naïve T cells into Th2 cells. The Th2 cells migrate to the tissue where they contribute to the Th2 immune response. The response is enhanced by mutual stimulation of ILC2s and Th2 cells. Due to an unknown trigger, IL-12-induced dendritic cells promote differentiation into Th1 cells. Th1 cytokines inhibit the Th2 response and cause chronic AD lesions.
	As suggested above and by other articles, ILC2s might be essential for the initiation of Th2 immune responses. More research should be performed on the role of ILC2s in AD to examine the importance of ILC2s in AD. Furthermore, the relative contribution of TSLP, IL-25 and IL-33 needs to be studied. This could improve the understanding of the pathogenesis of AD, which may lead to better treatment. 
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the term ILCIs for these group 1 ILCs, to ILCls as group 1 ILCs on the basis of their
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Figure 1| Classification of ILCs into three groups on the basis of their functional character-
istics. The proposed classification of innate lymphoid cells (ILCs) is based on functional criteria.
Group 1ILCs are defined by their capability to produce interferon-y (IFNy). Group 2 ILCs are able to
produce T helper 2 (T, 2) cell-associated cytokines, including interleukin-5 (IL-5) and IL-13. Notably,
human ILC2s produce IL-4 but mouse ILC2s might not produce this cytokine in vivo. Group 3 ILCs
are capable of producing the T, 17 cell-associate cytokines IL-17 and IL-22. We hypothesize that all
ILCs develop from a common precursor that may depend on expression of the transcriptional
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TOM a SUDSET O Yr-expressing
ILCs (which are classified as group 3 ILCs).
The development of these IFNy-producing
ILCs was shown to be accompanied by the
disappearance of RORyt expression® and
a strong increase in T-bet expression?,
More recently, it was observed that mice
deficient for T-bet lack NKpd6-expressing
group 3 ILCs (which we term NCR* ILC3s
(see below)) that produce IFNy following
activation with IL-12 (REF. 25). T-bet was.
found in another study to positively regulate
IFNy production and negatively regulate
1L-17 production by ILCs¥. Together, these
studies indicate that there is plasticity in
group 1and group 3 TLCs, as suggested
previously*?¥, and that T-bet and RORyt
are important regulators of the plasticity
Of ILC subsets. This ILC plasticity is very
similar to the plasticity between T, 1 and
T,17 cells™. It is also possible that some
ILC1s develop in a RORyt-independent
‘manner, but such a cell type has yet to be
clearly defined. Further studies are needed
to definitively categorize ILCls.

In summary, we propose here that NK
cells and IFNYy-producing non-cytotoxic
ILC1s should be classified as group 1 ILCs.

Group 2ILCs
Group 2 ILCs require IL-7 for their devel-
opment* and produce T,2 cell-associated
cytokines in response to stimulation with
the cytokines IL-25 (also known as
IL-17E)***, IL-33 (REF. 8) and thymic
stromal lymphopoietin (TSLP)'¢ (FIG. 1).
ILCs that produce IL-5 in response to
1L-25 were discovered in 2002 (REFS 30,31).
Subsequently, these IL-25-responsive ILCs
were found to mediate resistance to the
helminth Nippostrongylus brasiliensis’.
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Price et al® identified the ‘innate type 2 helper cell’ by using IL4-eGFP and IL13-eGFP
reporter mice. Cells that expressed IL-13 were lineage-negative and found in particular in the
mesenteric lymph nodes, the spleen and the liver. These cells were responsive to IL-25 and IL-
33, which was also confirmed by experiments with Nippostrongylus brasiliensis infection®.

At last, Saenz et all® reported about a lineage-negative multipotent progenitor cell
population termed ‘MPP#e2 cells’. These cells were found to accumulate in lymphoid tissue
within the intestines upon IL-25 stimulation. Adoptive transfer of IL25 stimulated ‘MPPw?<Z cells’
into IL257- mice lead to IL-4, IL-5 and IL-13 production?®.

Figure 3: histology of group 2 innate lymphoid cells. These cells were observed in mouse
lymphoid tissue in the peritoneal cavity. They were lineage negative and expressed
surface marKkers Sca-1 and c-Kit. A: Giemsa staining; scale bar 20pm. B: electron
micrograph; scale bar: 2pm’.
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Figure 3| Schematic of the roles for ILCs in
intestinal immune function. a|Innate lymphoid
(ILCs) have various immune functions in the intestii
Lymphoid tissue-inducer (LTi) cells express lymphc
and tumour necrosis factor (TNF), thereby upregulc
the expression of adhesion molecules on the epith:
and inducing the development of lymphoid tissues
as Peyer's patches. Peyer's patches harbour ILC2s th
can provide interleukin-5 (IL-5), IL-6 and IL-13 to B
b|ILC3-mediated production of IL-22 maintains
homeostasis with the intestinal microbiota and is
modulated by dendritic cells (DCs), which are in tu:
regulated by IL-25 released by the epithelium. Duri
bacterial infection, IL-22 expression is elevated
following termination of the IL-25 signal, resulting
in the increased release of antimicrobial peptides
defensins. ¢ | Parasitic worm infection results in the
release of IL-25 and IL-33 from epithelial cells. Thes
factors induce the proliferation of ILC2s and their
expression of IL-5, IL-6, IL-13 and possibly IL-4. The
cytokines in turn drive type 2 effector responses, incl
Y mucus hypersecretion, the alternative activation of
L4, IL-S, A~ ibodies macrophages, eosinophilia and B cell proliferation.
L-9, IL-13 - A question mark denotes suspected pathways that
Bl cells have not been proven formally. T,2, T helper 2.
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infections of the skin [4]. The elucidation of the molecular
basis of epidermal barrier dysfunction backs up the well-
established clinical relevance of daily emollient application
to nonlesional skin of AD patients [56].
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Fig. 2 Histological characteristics of normal human and atopic
dermatitis skin. Normal human skin (NS) shows a thin but intact and
functional epidermal layer, low transepidermal water loss, and
sufficient lipid baseline secretion, which results in low protein allergen
penetration. Atopic dermatitis skin (4D) shows a thick but dysfunc-

tional enidermal laver. hich ‘lransenidermal water loss. and low sebum
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(Fig. 1A)—a surface phenotype consistent with that of group 2 ILCs de-
scribed at other tissue sites (6, 12). To test whether group 2 ILC responses
are associated with skin inflammation, we examined skin tissue from le-
sions of human AD patients. Flow cytometric analysis of the lesions re-
vealed a significant increase in the frequency of group 2 ILCs in lesional
AD skin compared to healthy control skin (Fig. 1, B and C).
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° o gy MC903 + anti-CD25 mAb.
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O P o Oy o Day tometry plots, frequencies,

and absolute cell numbers of

D Ear skin Lin~ CD25* IL-33R" ILCs from

the skin dLNs of Rag7™~ mice.

EtOH + isotype MC903 + isotype MC903 + anti-CD25 Cell frequencies are given

8,25%10,50in

as a percentage of total
Lin~ cells. N.D,, not detected.
(B) IL-5 and IL-13 cytokine
levels from ear skin homog-
enates, measured by enzyme-
linked immunosorbentassay
(ELISA). (C) Ear thickness mea-
surements. (D) Hematoxylin
and eosin (H&E) staining of
ear skin tissue. Closed black
arrows indicate orthokeratosis;
closed gray arrows indicate
acanthosis; open green ar-
rows indicate mononuclear

leukocytes; open black arrows indicate granulocytes. Scale bars, 100 um (upper panel); 25 um (lower panel).
All datain (A), (B),and (D) are from day 7 of treatment and are representative of more than four experiments;
n =3 to 4 mice per group per experiment. All statistical analyses of ear thickness measurements were
performed on day 7. *P < 0.05, Student's t test.
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