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Abstract:



Innate lymphoid cells (ILCs) are an emerging group of immune cells that provide the first line of defense against various pathogens as well as contributing to tissue repair and inflammation. ILCs have been classically divided into three subgroups based on their cytokine secretion and transcription factor profiles. ILC nomenclature is analogous to that of T helper cells. Group 1 ILCs composed of natural killer (NK) cells as well as IFN-γ secreting ILC1s. ILC2s have the capability to produce TH2 cytokines while ILC3s and lymphoid tissue inducer (LTis) are subsets of cells that are able to secrete IL-17 and/or IL-22. A recent subset of ILC known as ILC4 was discovered, and the cells of this subset were designated as NK17/NK1 due to their release of IL-17 and IFN-γ. In this review, we sought to explain the subclasses of ILCs and their roles as mediators of lytic enzymes and inflammation.
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1. Introduction


Innate lymphoid cells (ILCs) are crucial effectors of innate immunity as they are the primary line of defense against different types of pathogens, in addition to their vital contribution in tissue repair and asthma [1]. ILCs have the ability to interact with a wide variety of hematopoietic and non-hematopoietic cells to coordinate immunity and homeostasis in multiple human tissues. ILCs act as bodyguards at the barrier surfaces, which are common sites for pathogen invasion, where they provide immunity against viruses, bacteria, and parasites. These cells are able to detect changes in the microenvironment and hence, produce cytokines that constrain the damages caused by pathogens or modulate the immune response.



ILCs are a family of immune cells that are defined by several features including the absence of recombination activating gene (RAG)-dependent rearranged antigen receptors, their lymphoid morphology as well as lack of myeloid phenotypic markers, and are therefore called cell lineage marker-negative (Lin−) cells [2,3,4,5,6]. ILCs are classified according to their transcription factors and cytokine production profile that to a large extent parallels that of T helper (TH) cell subsets. The cells have been grouped into cytotoxic ILCs and helper ILCs mirroring CD8+ T cytotoxic cells and CD4+ T helper cells, respectively [7,8]. Natural killer (NK) cells represent the cytotoxic ILC population [9], while helper ILC populations are further subdivided into three groups [7,10]. Accordingly, group 1 comprises ILC1s and NK cells representing type 1 immune response, group 2 includes ILC2s that produce type 2 cytokines such as IL-5 and IL-13, and group 3 includes ILC3s and lymphoid tissue inducers (LTis) that produce IL-17 and/or IL-22 analogous to TH17/TH22 cells [11]. The ILC4 group comprises cells that release IL-17 and IFN-γ, also known as NK17/NK1 cells [12].



ILCs are mediators of inflammation in various organs such as the intestine, respiratory system as well as in tissue remodeling and repair in the skin. The recruitment, activation, and action of ILCs are controlled by cytokines and growth factors that are selective for each ILC group. Moreover, ILCs, and especially ILC3s, have key roles in restraining tissue resident commensal bacteria [13]. In this review, a brief overview of each ILC group is described along with their roles in inflammation and toxicity of different organs.



Development of Innate Lymphoid Cells


Lymphocytes usually emerge from common lymphoid progenitor (CLP) cells that differentiate into precursors, which further commit to a particular cell lineage [14,15,16]. The different subsets of the ILC family have interconnected developmental pathways and share an ancestry, distinct from the one that develops into T and B cells. The precursor cells express the integrin α4β7 and are referred to as α-lymphoid precursor (αLP) cells, which also express chemokine receptor CXCR6. These αLP cells include the common helper ILC and NK cell precursors. Furthermore, the transcriptional repressor Id2 (inhibitor of DNA-binding protein) is expressed by these precursors which can develop into ILCs and/or NK cells [15,17,18], but inhibit the expansion of B and T cells [19]. ILCs are similar to T cells in their development as both require functional IL-7 receptor signaling, where IL-2 receptor common γ chain and Janus kinase 3-deficient patients lack T cells and ILCs due to the absence of IL-7R signaling.



One of the Id2+ ILC precursors expressed CD127 (IL-7Rα), and is distinguished by the lack of FLT3 (FMS-related tyrosine kinase 3) and CD93 [15]. Other studies identified an ILC precursor by the expression of the transcription factor promyeloid leukemia zinc finger (PLZF; encoded by Zbtb16), that is necessary for the development of NKT cells [20,21]. These cells were reported to express CD127, α4β7, Thy1, and CD117 (c-Kit) and were found in fetal liver and adult bone marrow in mice. They gave rise to CD127+ ILC1s, ILC2s, and ILC3s but were unable to develop into conventional NK cells or LTi cells [18]. Additionally, all human ILC populations, including cytotoxic NK cells, can be generated in vitro from a common CD34+ ILC progenitor expressing RORγ t, CD34, CD45RA, CD117, CD161, integrin α4β7, and high levels of IL-1 receptor type 1 (IL1R1). This precursor did not give rise to T cells but generated ILC1s, ILC2s, and ILC3s, as well as NK cells, hence, representing a more restricted ILC precursor [22]. Complete understanding of the development of ILCs starting from CLPs towards each ILC subset has not yet been accomplished and thus requires further experimental work in both mice and humans.





2. Classification of Innate Lymphoid Cells


2.1. ILC1s Group


Group 1 ILCs comprises cells that have the ability to produce type 1 inflammatory cytokines, particularly IFN-γ and tumor necrosis factor (TNF-α), but are unable to produce TH2 and TH17 cell-associated cytokines. The classical members of this group are NK cells that were first described in 1975 as innate effector cells that display cytotoxic activity towards tumor cells [23,24]. NK cells are lymphocytes that bridge the innate and adaptive immune systems and respond to tumors and infected cells. NK cells circulate in the peripheral blood, and rapidly migrate into sites of immune reactions in peripheral tissues such as secondary lymphoid organs, via gradients of cytokines and chemokines [25]. It is well recognized that NK cells function is not only cytotoxicity but also production of inflammatory molecules and various lytic enzymes upon activation. These cells are developed in the bone marrow, but can also develop in the thymus and hence, these two types of NK cell populations may have divergent requirements for their development [26]. The TH1 cell associated transcription factor T-bet (which is encoded by T-box transcription factor-Tbx21) cooperates with eomesodermin (Eomes), another T-box transcription factor, in order to control the development and function of NK cells [26].



NK cell function is tightly regulated by a repertoire of membrane-expressed inhibitory and activating receptors, which are the “nuts and bolts” of NK cell function, respectively [27,28]. NK cell inhibitory receptors include members of the C-type lectin-like receptor family such as the NKG2A/CD94 heterodimer [29,30]. Additionally, killer immunoglobulin-like receptors (KIRs) play a crucial role in inhibiting NK cells as they interact with highly polymorphic MHC class I molecules [31]. Activating receptors allow the recognition of altered self-antigens that are expressed on stressed cells which act as danger signals. However, activation of NK cells occurs when a critical threshold of activating signal exceeds that of inhibition. The major activating receptors include NKG2D as well as several NCRs such as NKp30, NKp44, and NKp46, which are involved in the clearance of both tumor and virally infected cells [32,33].



The classical way of classifying human NK cells is based on the intensity of the expression of CD56 and CD16 molecules, where several studies have reported that CD56dim/CD16+ cells predominantly mediate cytotoxicity, whereas CD56bright cells appear to principally secrete cytokines and in particular IFN-γ [34,35,36]. Furthermore, CD56dim cells represent the major population, whereas CD56bright cells represent around 10–15% of circulating NK cells, but are predominantly found in normal tissues and secondary lymphoid organs, such as lymph nodes and tonsils, and hence respond to locally produced cytokines [37,38].



Other studies suggest different systems for NK cell classification. For example, human NK cells incubated with IL-12 produced TH1-like cytokines such as IFN-γ and were termed NK1 cells, while those incubated with IL-4 produced TH2-like cytokines which include IL-5 and IL-13 and were termed NK2 cells [39]. It was also demonstrated that NK cells could be divided into subsets based on the expression of chemokine receptors. In this classification, primary NK cells express the CXC-chemokine receptor (CXCR1, CXCR3, and CXCR4), while other subsets express the CC-chemokine receptor (CCR1, CCR4, CCR5, CCR6, CCR7, and CCR9), as well as CXCR5 and CXCR6 within both CD56bright and CD56dim subsets [40]. The differential chemokine receptor expression profile would allow discrete, unique trafficking programs to exist, which likely influence NK cell function in innate and adaptive immunity. Therefore, NK cells could be divided into sub-categories according to their release of inflammatory cytokines and chemokines, as well as their differential expression of chemokine receptors [25].



As shown in Figure 1, other IFN-γ-secreting ILCs have been described and are referred to as ILC1s that are distinct from NK cells [41]. These ILC1s have been identified in mice and humans, and are able to produce IFN-γ but not any of the TH2 or TH17 cell-associated cytokines [42]. In humans, ILC1 subset expresses high levels of T-bet, and to a moderate level RORγt, but lacks the expression of CD117 and Eomes transcription factor [9]. These ILC1s are found in both mouse and human intestine and lung tissues, where they participate in type 1 inflammation [15,43]. Several studies have pointed out the pathogenic roles of ILC1s in the development of intestinal inflammation. For instance, the population of IFN-γ producing ILC1s was expanded in human inflammatory bowel (IBD) disease and specifically in inflamed intestinal tissues of Crohn’s disease patients. [44,45]. Of note, the intraepithelial ILC1 is a population of CD127+ cells present in the gastrointestinal epithelia and tonsils [46]. Besides, ILC1s contribute to immune responses against intracellular pathogens, such as Toxoplasma gondii and Clostridium difficile [15,47].


Figure 1. Classification of ILCs into four groups on the basis of transcription factors and cytokine profiles. ILCs were previously classified into three groups according to the differential expression of transcription factors and cytokine production profiles. The fourth group of ILCs comprises NK17/NK1 cells that are abundant in the CSF of multiple sclerosis patients. Abbreviations: AHR: aryl hydrocarbon receptor, Eomes: eomesodermin, GATA3: GATA-binding protein 3, IFN-γ: Interferon-gamma, IL: Interleukin, ILC: Innate lymphoid cell, NK: Natural Killer Cell, ROR: Retinoic acid receptor-related orphan receptor, T-bet: T-box transcription factor-Tbx21, TNF α: Tumor necrosis factor alpha.
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2.2. ILC2s Group


An innate immune cell that possesses the capacity to secrete type 2 cytokines was postulated after IL-25 intranasal administration thus triggering the production of IL-5 and IL-13 in RAG-2−/− mice which lack B and T cells [48,49,50]. Group 2 ILCs development requires IL-7 in order to produce TH2 cell-associated cytokines along with stimulation with IL-25 and IL-33 [48,49,51]. Several studies characterized these type 2 cytokine-producing ILCs and reported their presence in the mesenteric fat-associated lymphoid clusters, mesenteric lymph nodes, liver, intestine, and spleen. The role of ILC2 cells in the pathogenesis of asthma and their orchestration of TH2 immunity has been previously reviewed [1].



Several studies characterized type 2 cytokine-producing ILCs and reported their presence in the mesenteric fat-associated lymphoid clusters, mesenteric lymph nodes, liver, intestine, and spleen. The first study conducted on human ILC2s indicated a subset of cells that possess the phenotype Lin− IL-7Rα+ CD45hi. ILC2s population was reported to express transcripts encoding IL-13, IL-17 receptor B (IL-17RB; a component of the IL-25 receptor), ST2 (a component of the IL-33 receptor), CRTH2 (chemoattractant receptor-homologous molecule prostaglandin D2 receptor), and CD161. Moreover, ILC2s require the transcription factors GATA-binding protein 3 (GATA3), and retinoic acid receptor-related orphan receptor-α (RORα) [52,53,54].



As illustrated in Figure 1, ILC2s have been reported to produce pro-inflammatory cytokines such as GM-CSF, IL-3, IL-6, IL-8, IL-9, and IL-21 [8,55]. Apart from cytokines, lipid mediators regulate human ILC2 function, where prostaglandin D2 (PGD2) was shown to activate ILC2 cytokine secretion and migration, and lipoxin A4 inhibits ILC2 function [56,57]. In addition to their characteristic surface markers, ILC2s possess chemokine receptors, such as CCR9, CXCR4, and CXCR6, which are involved in the homeostatic distribution of lymphoid cells [58].



ILC2 cells are present in the skin, adipose tissues, as well as tonsils [59,60]. Host protection against parasites requires type 2 responses, where IL-4, IL-5, IL-9, and IL-13 were reported to increase mucus production and smooth muscle contractility, promote goblet cell hyperplasia, and control the activation of macrophages and granulocytes thus participating in the control of parasitic infections [61,62,63,64]. In mice, lung ILC2s contribute to the immune response against nematode, viruses and fungi [65]. Other studies showed that ILC2s play an important role in metabolic homeostasis, where ILC2 responses limit high-fat diet induced obesity and insulin resistance [66,67].



Human ILC2s exhibit contradictory roles in the inflammation of the respiratory tissues [1,68,69]. It was reported that ILC2 are involved in lung homeostasis and repair of damaged respiratory tissues [68,70]. This could be due to their production of the epidermal growth factor-related amphiregulin repairing airway epithelial cell evoked by pathogenic viruses, which is in line with the finding that ILC2s have a crucial role in tissue repair and wound healing [69,71]. On the contrary, human ILC2s are robustly expanded in other type 2 inflammatory diseases such as chronic rhinosinusitis (CRS), as they were found in the peripheral blood and lungs with increased frequency in the nasal polyps of patients with CRS [8]. Likewise, ILC2 cells produce IL-5 which activates eosinophils that are also abundantly present in nasal polyps of patients with CRS [72]. Additionally, ILC2s could contribute to allergic lung inflammation. Chang et al. showed an exacerbation of allergic lung inflammation by ILC2s in a mouse model of virus-mediated allergic asthma [70]. ILC2s could also contribute to allergic lung inflammation coordinating with DCs and CD4+ T cells at mucosal sites [73,74].



Human ILC2s might also be involved in allergic asthma as higher proportions of these cells are present in airway tissues, including bronchoalveolar lavage fluid and sputum, as well as PBMCs of asthmatic patients, where they produce large amounts of IL-5 and IL-13 upon activation with IL-25 and IL-33 [75,76,77,78]. Their contribution was further illustrated where ILC2s were found to be increased in the peripheral blood of asthmatic people relative to the controls [75]. Another study reported that ILC2s capable of secreting IL-5 and IL-13 are increased in the sputum and lung airways upon allergen induction in asthmatic patients [79]. The involvement of ILC2 cytokines such as IL-5 and IL-13 in the respiratory inflammation is quite extensive and thus, monoclonal antibodies targeting them are in clinical trials for the treatment of refractory asthma and CRS [80].



In the skin, the ILC2 population was found to be expanded in the lesions of patients with atopic dermatitis, an inflammatory skin condition characterized by elevated levels of IL-5, IL-13, IL-25, IL-33, TSLP, and PGD2 [81,82,83,84]. Similarly, ILC2s were enriched in patients with house dust mite allergy [84,85]. In the intestine, ulcerative colitis (UC) is characterized by type 2 inflammation with IL-4, IL-5, and IL-13 cytokines as key pathological players. This was further illustrated by a study where these cytokines levels were associated with the severity of the disease [86,87].




2.3. ILC3s Group


Similar to TH17 cells, group 3 ILCs is defined by the ability of the cells to produce the cytokines IL-17A with or without IL-22. As illustrated in Figure 1, ILC3s depend on the transcription factor RORγt as well as IL-7Rα for their development and function. Both murine and human ILC3 are identified as Lin− CD127+ RORγ t+ cells. ILC3s include two major cell subsets; fetal LTis and postnatal ILC3s. The classical members of group 3 ILCs are LTi cells, which are crucial for the formation of secondary lymphoid organs including peripheral and mesenteric lymph nodes, Peyer patches, colonic patches, and cryptopatches [88]. LTi cells are among the first cells to populate the lymph node and are recognized as vital regulators of lymphoid tissue architecture after birth. Several studies pointed out the presence of lymphoid cells present in the intestine that express NKp46 but do not resemble NK cells [89,90]. These NKp46+ cells possess the transcription factor RORγt, lack cytotoxic effectors such as perforin, granzymes and do not produce IFN-γ or TNF, but instead produce the cytokine IL-22. They are called NCR+ ILC3s and are distinct from LTi cells that secrete IL-22 and hence, are also known as NK22 cells, NCR22 cells, or NKR-LTi cells [91,92]. NK22 cells also appeared in the small intestine lamina propria during bacterial infection, and could help in limiting inflammation and protecting the mucosal surface during infections [93].



ILC3s are divergent in both mice and humans. In humans, almost all ILC3s express CCR6 and CD117, and could be distinguished on the basis of NKp44 expression. Adult human ILC3s can be subdivided into NKp44+ and NKp44− subsets. NKp44+ ILC3s are the most prevalent cells in the human gut under homeostatic conditions. These cells produce IL-22 and consequently, maintain gut barrier function in mice and are also likely to be tissue protective in the human gut [85]. On the other hand, NKp44− ILC3s, in particular those expressing HLA-DR, produce limited amounts of IL-17 and thus are found to mediate colitis in mice. They are also enriched in the inflamed ileum and colon of patients with Crohn’s disease [90,94]. ILC3s have been identified after birth in many organs, including spleen, endometrium, decidua, skin, and lung [60,95,96,97]. Additionally, they are found in mucosal tissues, such as the small and large intestines, Peyer’s patches, and gut-associated lymphoid tissue. ILC3s present in human tonsils were found to produce GM-CSF, B-cell activating factor (BAFF), LIF and IL-22, and express high levels of CD40L and RANKL (receptor activator of nuclear factor kappa-B ligand).



ILC3s maintain the barriers between the intestinal epithelial and the immune system responses. IL-22-producing ILC3s play a critical role in tissue repair and especially in the regeneration of the inflamed intestine and radiation-damaged thymus [98,99] but on the other hand, lack of IL-22 induced intestinal inflammation as well as erosion of the epithelial membranes. Moreover, ILC3s were reported to be key players for the IL-22 mediated innate immune response against extracellular bacteria such as Citrobacter rodentium in the gut [85]. ILC3s might also participate in protecting immune response against enterobacteria E. coli strain O157/H7 that causes attaching effacing lesions in humans. However, sustained IL-22 and epithelial proliferation may promote tumorigenecity [100], where ILC3s have been identified to be present in high proportions in non-small cell lung cancer (NSCLC) tumor tissues [8], as well as colorectal cancer [101].



ILC3s represent a tissue-specific target in IBD as they are mediators of intestinal inflammation via cytokine production, lymphocyte recruitment, and reorganization of the inflammatory tissues [45,102]. This was shown by a reduction in the number of NKp44+ NKp46− ILC3s in inflamed intestinal tissues of patients with Crohn’s disease [44,103]. On the other hand, IL-17 producing NKp44− ILC3s have been found to be enriched in the inflamed ileum and colon of these patients [45].



Regarding inflammatory skin diseases, NKp44+ ILC3s, whether IL-17 or IL-22 producing cells have been associated with psoriasis vulgaris, as their numbers were increased in the blood and inflamed skin [46,60]. Therefore, targeting ILC3s can be a novel treatment strategy in patients with psoriasis. Additionally, there is an increased frequency of ILC3s in the peripheral blood of multiple sclerosis patients [104]. In the lung tissues, NKp44− ILC3s represent the most abundant ILC group, despite the high frequency of ILC2s. In chronic obstructive pulmonary disease (COPD) patients, all groups of ILCs are involved and present in lung tissues. ILC1s and NKp44− ILC3s populations were increased unlike ILC2s in lung tissues as well as in the peripheral blood [105,106]. In summary, ILC3s could produce IL-17A, IL-17F, IL-22, GM-CSF or TNF depending on the stimulus given. They may enhance antibacterial immunity, cause chronic inflammation, or induce tissue repair.




2.4. ILC4s Group


A novel subset of human NK cells was reported to be CD56+ CCR4+ which express NK cell maturation markers and cytotoxicity receptors NKp30, NKp44, NKp46, as well as IL-2Rβ and γ. They were designated as “NK17/NK1” cells due to their ability to produce IL-17 and IFN-γ [12]. This nomenclature was based on TH terminology as certain T cells secrete IFN-γ as well as IL-17 and are termed TH1/TH17 cells [107,108,109]. NK17/NK1 cells also express CCL22/MDC, the ligand for CCR4 which may contribute to the chemotactic migration of these and other cell types [110]. These cells were generated upon in vitro IL-2 activation of CD56+ cells from the blood of normal individuals or multiple sclerosis (MS) patients. Moreover, they are abundant in cerebrospinal fluid (CSF) of MS patients without any activation [12]. NK17/NK1 cells were reported to possess the transcription factors T-bet and RORγt, which are essential for the secretion of IFN-γ and IL-17, respectively. These cells are considered a discrete subset of NK cells due to their differential transcription factor expression profile. In addition, they possess the ability to lyse human myeloid leukemia K562 target cells. This cytolytic activity was potentiated by treating NK17/NK1 cells with different concentrations of vitamin D3, its analog calcipotriol, or FTY720 a drug for treating MS patients [110]. Hence, they could play a crucial role in lysing target cells under pathological conditions and during inflammation where IL-2 is released [111].



ILC4 (NK17/NK1) cells share common features among the three different ILC groups, albeit they do not exactly fit into any of the previously described groups. First, they express transcription factors T-bet and RORγt similar to ILC1 and ILC3 subsets, respectively, and are able to secrete IFN-γ and IL-17. Moreover, NK17/NK1 cells express NKp30, NKp44, and NKp46, analogous to most ILC1s and ILC3s. However, they do not express IL-7Rα (CD127), in contrast to helper ILCs.



In comparison with the role of ILCs, whether mounting a response to intra or extracellular pathogens, anti-helminthic, lymphoid tissue organogenesis, tissue repair or metabolic homeostasis, the role of ILC4s is not yet quite clear, as they were generated after IL-2 activation of NK cells from peripheral blood of healthy people or MS patients, besides their existence in CSF of MS patients without any prior activation (reviewed in [111]). A possible suggestion could be that they might be polarized to an inflammatory local microenvironment, such as the brain of MS patients [12]. Moreover, these cells were observed in the skins of psoriasis patients (A. A. Maghazachi, unpublished data). However, their exact role in other autoimmune diseases such as rheumatoid arthritis and type I diabetes, among others has not been fully elucidated. Therefore, the role of ILC4s in autoimmunity and inflammation should be further investigated. Figure 1 describes the classification of the four ILCs subsets and shows their roles in various inflammatory disorders.





3. ILCs as Mediators of Host-Derived Lytic Molecules


The various cytokines secreted by distinct ILC groups have been explored as protective molecules in multiple disorders. A study by Howitt et al. showed that parasites induced IL-25 release which then activates the production of IL-13 by ILC2s [112]. In addition to their IL-5 and IL-13 secretion, ILC2s also produce IL-6 and IL-9 [113], which have fundamental roles in anti-helminthic responses, such as resistance to the helminth Nippostrongylus brasiliensis [61]. Moreover, ILC2s produce the epidermal growth factor–related amphiregulin upon viral infection promoting airway epithelial cell repair [69,71].



Clostridium difficile infection (CDI), is a disorder where anaerobic bacteria invade the gut where natural flora is disrupted. In CDI, toxins as well as virulence factors are released disrupting the homeostasis of the intestinal epithelial barrier [114]. This epithelial-toxin interaction causes the activation of inflammatory immune cells at the site of infection. It has been reported that lack of ILC groups enhances the susceptibility to CDI [115]. Furthermore, ILCs were reported to have a crucial role in recovering from CDI [115] and specifically ILC1s and ILC3s due to their IFN-γ and IL-22 secretion, respectively [116]. Besides, ILC3s were found to regulate IL-17 secretion via the ligand-dependent transcription factor, aryl hydrocarbon receptor (AHR), whose ligands include environmental toxins such as dietary components as well as endogenous ligands [117].



ILC3s limit the propagation of commensal bacterial species and their toxic products in order not to reach the systemic immune system. One possible mechanism is via promoting the formation of isolated lymphoid follicles and epithelial cell fucosylation [11,89]. Another potential mechanism could be triggering ILC3s by microbiota to produce GM-CSF, promoting homeostasis with the help of DCs and T regulatory cells [118]. IL-22 induces rapid production of antimicrobial peptides such as α and β beta defensins by intestinal epithelial cells, as well as inducing epithelial cell survival and proliferation [119,120,121]. Moreover, ILC3-derived IL-22 protects against tissue damage occurring in intestinal epithelial stem cells due to graft versus host disease (GvHD), which occurs after hematopoietic stem cell transplantation [122]. This was illustrated by IL-22 treatment in mice that caused an intestinal stem cell survival improving epithelial cell renewal, and lessening of intestinal GvHD [10]. Therefore, IL-22-producing ILC3s from the recipient could be fundamental participants in limiting the damage during GvHD [122]. Furthermore, ILC3s play a crucial role in pregnancy, where NCR+ ILC3s produce CXCL8 and GM-CSF that induce the release of other cytokines by decidual neutrophils which promote tissue remodeling and maintenance of pregnancy [123].



Stimulation with cytokines causes naive NK cells transformation to effective killers, which requires rapid synthesis, trafficking and storage of large amounts of perforin and granzyme molecules [124]. NK cell killing of target cells is a complex, multi-stage process that is mediated by direct secretion of lytic granules at the immunological synapse. This process could be divided into four stages; first an immunological synapse forms at the point of contact with the target cells, where there is rearrangement of the actin cytoskeleton. Then, the microtubule organizing center (MTOC) of NK cells and the secretory lysosomes are polarized towards the lytic synapse. Subsequently, the secretory lysosomes settle in the plasma membrane before fusing with it releasing their toxic contents. The exocytosis of secretory lysosomes is a highly regulated and ordered process to prevent random NK cell-mediated killing [125,126,127,128].



Perforin and granzyme B are lytic enzymes that induce cell death in virally infected cells or tumor cells. Perforin facilitates the entry of the granzymes into the target cell cytoplasm, where they cleave a variety of targets, such as caspases, resulting in activation of apoptosis [129,130]. Perforin is a multi-domain molecule activated by a cysteine protease, and is a pore forming cytolytic protein that is rendered inactive when it binds calreticulin and serglycin [129]. The activity of perforin is highly dependent on pH and Ca2+, where its activation occurs after an evident increase in cytosolic Ca2+ concentration, whereas the pH of the environment should be neutral at the immunological synapse [131,132,133]. However, it is inactive inside the acidic secretory granule which is a safe storage compartment for perforin. Immunoregulatory CD56bright NK cells were reported to have potentially lower levels of perforin than the more mature cytotoxic CD56dim NK cells [35,134,135,136]. On the other hand, the granzymes belong to a group of serine proteases that are produced as proenzymes which remain inactive inside the secretory lysosomes, but are activated via N-terminal cleavage by dipeptidyl peptidase I, also known as cathepsin C [137,138,139,140]. Granzyme B has been described as the most potent pro-apoptotic molecule, due to its ability to cleave target cell proteins. Granzyme mediated cell death is rapid and effective where target cells undergo cell death within 5–8 minutes by apoptosis after exposure to nanomolar amounts of recombinant granzyme B and perforin [124,141,142]. Additionally, NK cells express another pore-forming molecule, granulysin, that is related to a family of saposin-like proteins [143]. Granulysin is also contained within cytolytic granules and causes target cell apoptosis in a perforin dependent manner, similar to granzymes [144,145]. These molecules appear to be active against bacteria, fungi, viruses, and tumor cells leading to membrane disruption, and eventually cell lysis [146]. Therefore, they are key players in the cytotoxicity process mediated by NK cells.




4. Concluding Remarks


ILCs are innate cells that receive tissue-specific signals from the surrounding micro-environment and accordingly respond by releasing various cytokines and chemokines, as well as lytic enzymes and proteins. Consequently, they regulate tissue homeostasis, inflammation, toxicity and/or repair of various tissues including the skin, lungs, intestine, and lymphoid organs. In this review, the four subclasses of ILCs have been briefly discussed as vital mediators of inflammation. Table 1 is a summary of surface markers, transcription factors, released cytokines, as well as the functions of each of these ILC groups in physiological and pathological conditions. Considerable research must be carried out to further investigate and explore the role of these immune cells in multiple disorders.



Table 1. Brief description of the different groups of Innate Lymphoid Cells (ILCs). This table summarizes the characteristics of each of the ILC groups such as surface markers as well as transcription factors. Additionally, this table recaps the protective and the pathological roles of ILCs in various conditions and diseases. Abbreviations: CCR: C-C chemokine receptor, CD: Cluster of Differentiation, COPD: Chronic Obstructive Pulmonary Disease, CRTH2: Chemoattractant receptor-homologous molecule, Eomes: eomesodermin, GATA3: GATA-binding protein 3, GM-CSF: Granulocyte macrophage colony-stimulating factor, GvHD: Graft versus host disease, IBD: Inflammatory bowel disease, IFN-γ: Interferon-gamma, IL: Interleukin, ILC: Innate lymphoid cell, LIF: Leukemia inhibitory factor, Lin: Lineage marker, NCR: Natural cytotoxicity receptor, NK: Natural Killer Cell, NKG2D: Natural Killer Group 2D, RANKL: Receptor Activator of nuclear factor kappa-B ligand, ROR: Retinoic acid receptor-related orphan receptor, ST2: component of the IL-33 receptor, T-bet: T-box transcription factor-Tbx21, TNF α: Tumor necrosis factor alpha.







	
ILC Group

	
Characteristics (Cell Surface Markers & Transcription Factors)

	
Cytokines Released

	
Role






	
ILC1s (NK cells, helper ILC1s)

	
NK cells: Lin−, NCR+, NKG2D+, Eomes+, T-bet+, ILC1s: CD117−, T-bet+, Eomes−

	
IFN-γ, TNF-α

	
NK cells: Antiviral & antitumor activity

ILC1s: Anti-bacterial, IBD, Crohn’s disease




	
ILC2s

	
Lin−, CD45+, RORα+, Gata-3+, IL-7Rα+, ST2+, CRTH2+, CD161+

	
GM-CSF, IL-3, IL-4, IL-5, IL-6, IL-8, IL-9, IL-13, IL-21

	
Protection against helminth, tissue repair & homeostasis, contribution in lung tissue inflammation (asthma, CRS), AD




	
ILC3s (LTis, ILC3s)

	
Lin−, IL-7Rα+, RORγt+, CCR6+, CD117+, CD40L+, RANKL+, NCR+/−

	
GM-CSF, LIF, IL-17, IL-22

	
LTis: lymphoid tissue organogenesis

ILC3s: Colitis, maintenance of commensal bacterial species, immunity against enteric bacteria, multiple sclerosis, COPD, defense against GvHD, psoriasis




	
ILC4s (NK17/NK1 cells)

	
Lin−, CD3−, CD19−, CD14−, CD56+, IL-7Rα−, CCR4+, IL-2R+, NCR+, NKG2D+, T-bet+, RORγt+

	
IL-17, IFN-γ

	
Multiple sclerosis, psoriasis
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	Atopic Dermatitis



	BAFF
	B-cell activating factor (BAFF)



	CCR/L
	Chemokine receptor/ligand



	CLP
	Common lymphoid progenitor



	CRS
	Chronic rhinosinusitis



	CRTH2
	Chemoattractant receptor-homologous molecule



	CSF
	Cerebrospinal fluid



	Eomes
	Eomesodermin



	FLT3
	FMS-related tyrosine kinase 3



	GATA3
	GATA-binding protein 3



	GM-CSF
	Granulocyte macrophage colony-stimulating factor



	Id2
	DNA-binding protein inhibitor



	IFN
	Interferon



	IH
	Innate helper



	IL
	Interleukin



	ILCs
	Innate lymphoid cells



	KIR
	Killer immunoglobulin-like receptor



	LIF
	Leukaemia inhibitory factor



	Lin
	Lineage marker-negative



	LN
	Lymph node



	LTi
	Lymphoid tissue inducer



	MDC
	Macrophage derived chemokine



	MS
	Multiple sclerosis



	NCR
	Natural cytotoxicity receptor



	NHC
	Natural helper cell



	NK
	Natural killer



	PGD2
	Prostaglandin D2



	PLZF
	Promyeloid leukaemia zinc finger



	RAG
	Recombination activating gene



	RANKL
	Receptor activator of nuclear factor kappa- B ligand



	ROR
	Retinoic acid receptor-related orphan receptor



	T-bet
	T-box transcription factor-Tbx21



	TH
	T helper cell



	TNF
	Tumour necrosis factor



	TSLP
	Thymic stromal lymphopoietin







References


	1. 
Deckers, J.; Branco Madeira, F.; Hammad, H. Innate immune cells in asthma. Trends Immunol. 2013, 34, 540–547. [Google Scholar] [CrossRef] [PubMed]

	2. 
Price, A.E.; Liang, H.E.; Sullivan, B.M.; Reinhardt, R.L.; Eisley, C.J.; Erle, D.J.; Locksley, R.M. Systemically dispersed innate il-13-expressing cells in type 2 immunity. Proc. Natl. Acad. Sci. USA 2010, 107, 11489–11494. [Google Scholar] [CrossRef] [PubMed]

	3. 
Neill, D.R.; Wong, S.H.; Bellosi, A.; Flynn, R.J.; Daly, M.; Langford, T.K.; Bucks, C.; Kane, C.M.; Fallon, P.G.; Pannell, R.; et al. Nuocytes represent a new innate effector leukocyte that mediates type-2 immunity. Nature 2010, 464, 1367–1370. [Google Scholar] [CrossRef] [PubMed]

	4. 
Moro, K.; Yamada, T.; Tanabe, M.; Takeuchi, T.; Ikawa, T.; Kawamoto, H.; Furusawa, J.; Ohtani, M.; Fujii, H.; Koyasu, S. Innate production of th2 cytokines by adipose tissue-associated C-kit+ SCA-1+ lymphoid cells. Nature 2010, 463, 540–544. [Google Scholar] [CrossRef] [PubMed]

	5. 
Mebius, R.E.; Rennert, P.; Weissman, I.L. Developing lymph nodes collect CD4+ CD3− LTΒ+ cells that can differentiate to APC, NK cells, and follicular cells but not t or b cells. Immunity 1997, 7, 493–504. [Google Scholar] [CrossRef]

	6. 
Eberl, G.; Marmon, S.; Sunshine, M.J.; Rennert, P.D.; Choi, Y.; Littman, D.R. An essential function for the nuclear receptor RORγt in the generation of fetal lymphoid tissue inducer cells. Nat. Immunol. 2004, 5, 64–73. [Google Scholar] [CrossRef] [PubMed]

	7. 
Diefenbach, A.; Colonna, M.; Koyasu, S. Development, differentiation, and diversity of innate lymphoid cells. Immunity 2014, 41, 354–365. [Google Scholar] [CrossRef] [PubMed]

	8. 
Montaldo, E.; Vacca, P.; Vitale, C.; Moretta, F.; Locatelli, F.; Mingari, M.C.; Moretta, L. Human innate lymphoid cells. Immunol. Lett. 2016, 179, 2–8. [Google Scholar] [CrossRef] [PubMed]

	9. 
Seillet, C.; Belz, G.T.; Huntington, N.D. Development, homeostasis, and heterogeneity of Nk cells and ilc1. Curr. Top. Microbiol. Immunol. 2016, 395, 37–61. [Google Scholar] [CrossRef] [PubMed]

	10. 
Vacca, P.; Montaldo, E.; Croxatto, D.; Moretta, F.; Bertaina, A.; Vitale, C.; Locatelli, F.; Mingari, M.C.; Moretta, L. Nk cells and other innate lymphoid cells in hematopoietic stem cell transplantation. Front. Immunol. 2016, 7, 188. [Google Scholar] [CrossRef] [PubMed]

	11. 
Walker, J.A.; Barlow, J.L.; McKenzie, A.N. Innate lymphoid cells—How did we miss them? Nat. Rev. Immunol. 2013, 13, 75–87. [Google Scholar] [CrossRef] [PubMed]

	12. 
Pandya, A.D.; Al-Jaderi, Z.; Hoglund, R.A.; Holmoy, T.; Harbo, H.F.; Norgauer, J.; Maghazachi, A.A. Identification of human nk17/nk1 cells. PLoS ONE 2011, 6, e26780. [Google Scholar] [CrossRef] [PubMed]

	13. 
Sonnenberg, G.F.; Monticelli, L.A.; Alenghat, T.; Fung, T.C.; Hutnick, N.A.; Kunisawa, J.; Shibata, N.; Grunberg, S.; Sinha, R.; Zahm, A.M.; et al. Innate lymphoid cells promote anatomical containment of lymphoid-resident commensal bacteria. Science 2012, 336, 1321–1325. [Google Scholar] [CrossRef] [PubMed]

	14. 
Yang, Q.; Jeremiah Bell, J.; Bhandoola, A. T-cell lineage determination. Immunol. Rev. 2010, 238, 12–22. [Google Scholar] [CrossRef] [PubMed]

	15. 
Klose, C.S.; Flach, M.; Mohle, L.; Rogell, L.; Hoyler, T.; Ebert, K.; Fabiunke, C.; Pfeifer, D.; Sexl, V.; Fonseca-Pereira, D.; et al. Differentiation of type 1 ilcs from a common progenitor to all helper-like innate lymphoid cell lineages. Cell 2014, 157, 340–356. [Google Scholar] [CrossRef] [PubMed]

	16. 
Ichii, M.; Shimazu, T.; Welner, R.S.; Garrett, K.P.; Zhang, Q.; Esplin, B.L.; Kincade, P.W. Functional diversity of stem and progenitor cells with b-lymphopoietic potential. Immunol. Rev. 2010, 237, 10–21. [Google Scholar] [CrossRef] [PubMed]

	17. 
Cherrier, M.; Sawa, S.; Eberl, G. Notch, id2, and rorγt sequentially orchestrate the fetal development of lymphoid tissue inducer cells. J. Exp. Med. 2012, 209, 729–740. [Google Scholar] [CrossRef] [PubMed]

	18. 
Constantinides, M.G.; McDonald, B.D.; Verhoef, P.A.; Bendelac, A. A committed precursor to innate lymphoid cells. Nature 2014, 508, 397–401. [Google Scholar] [CrossRef] [PubMed]

	19. 
Boos, M.D.; Yokota, Y.; Eberl, G.; Kee, B.L. Mature natural killer cell and lymphoid tissue-inducing cell development requires id2-mediated suppression of e protein activity. J. Exp. Med. 2007, 204, 1119–1130. [Google Scholar] [CrossRef] [PubMed]

	20. 
Savage, A.K.; Constantinides, M.G.; Han, J.; Picard, D.; Martin, E.; Li, B.; Lantz, O.; Bendelac, A. The transcription factor PLZF directs the effector program of the NKT cell lineage. Immunity 2008, 29, 391–403. [Google Scholar] [CrossRef] [PubMed]

	21. 
Kovalovsky, D.; Uche, O.U.; Eladad, S.; Hobbs, R.M.; Yi, W.; Alonzo, E.; Chua, K.; Eidson, M.; Kim, H.J.; Im, J.S.; et al. The BTB-zinc finger transcriptional regulator PLZF controls the development of invariant natural killer t cell effector functions. Nat. Immunol. 2008, 9, 1055–1064. [Google Scholar] [CrossRef] [PubMed]

	22. 
Scoville, S.D.; Mundy-Bosse, B.L.; Zhang, M.H.; Chen, L.; Zhang, X.; Keller, K.A.; Hughes, T.; Chen, L.; Cheng, S.; Bergin, S.M.; et al. A progenitor cell expressing transcription factor RORγt generates all human innate lymphoid cell subsets. Immunity 2016, 44, 1140–1150. [Google Scholar] [CrossRef] [PubMed]

	23. 
Kiessling, R.; Klein, E.; Pross, H.; Wigzell, H. “Natural” killer cells in the mouse. Ii. Cytotoxic cells with specificity for mouse moloney leukemia cells. Characteristics of the killer cell. Eur. J. Immunol. 1975, 5, 117–121. [Google Scholar] [CrossRef] [PubMed]

	24. 
Herberman, R.B.; Nunn, M.E.; Holden, H.T.; Lavrin, D.H. Natural cytotoxic reactivity of mouse lymphoid cells against syngeneic and allogeneic tumors. II. Characterization of effector cells. Int. J. Cancer 1975, 16, 230–239. [Google Scholar] [CrossRef] [PubMed]

	25. 
Maghazachi, A.A. Role of chemokines in the biology of natural killer cells. Curr. Top. Microbiol. Immunol. 2010, 341, 37–58. [Google Scholar] [CrossRef] [PubMed]

	26. 
Di Santo, J.P.; Vosshenrich, C.A. Bone marrow versus Thymic pathways of natural killer cell development. Immunol. Rev. 2006, 214, 35–46. [Google Scholar] [CrossRef] [PubMed]

	27. 
Mondelli, M.U.; Varchetta, S.; Oliviero, B. Natural killer cells in viral hepatitis: Facts and controversies. Eur. J. Clin. Investig. 2010, 40, 851–863. [Google Scholar] [CrossRef] [PubMed]

	28. 
Lanier, L.L. Up on the tightrope: Natural killer cell activation and inhibition. Nat. Immunol. 2008, 9, 495–502. [Google Scholar] [CrossRef] [PubMed]

	29. 
Bryceson, Y.T.; Ljunggren, H.G.; Long, E.O. Minimal requirement for induction of natural cytotoxicity and intersection of activation signals by inhibitory receptors. Blood 2009, 114, 2657–2666. [Google Scholar] [CrossRef] [PubMed]

	30. 
Braud, V.M.; Allan, D.S.; O’Callaghan, C.A.; Soderstrom, K.; D’Andrea, A.; Ogg, G.S.; Lazetic, S.; Young, N.T.; Bell, J.I.; Phillips, J.H.; et al. HLA-e binds to natural killer cell receptors CD94/NKg2a, b and c. Nature 1998, 391, 795–799. [Google Scholar] [CrossRef] [PubMed]

	31. 
Parham, P. Influence of kir diversity on human immunity. Adv. Exp. Med. Biol. 2005, 560, 47–50. [Google Scholar] [CrossRef] [PubMed]

	32. 
Koch, J.; Steinle, A.; Watzl, C.; Mandelboim, O. Activating natural cytotoxicity receptors of natural killer cells in cancer and infection. Trends Immunol. 2013, 34, 182–191. [Google Scholar] [CrossRef] [PubMed]

	33. 
Bauer, S.; Groh, V.; Wu, J.; Steinle, A.; Phillips, J.H.; Lanier, L.L.; Spies, T. Activation of NK cells and t cells by NKg2d, a receptor for stress-inducible mica. Science 1999, 285, 727–729. [Google Scholar] [CrossRef] [PubMed]

	34. 
Maghazachi, A.A. Compartmentalization of human natural killer cells. Mol. Immunol. 2005, 42, 523–529. [Google Scholar] [CrossRef] [PubMed]

	35. 
Jacobs, R.; Hintzen, G.; Kemper, A.; Beul, K.; Kempf, S.; Behrens, G.; Sykora, K.W.; Schmidt, R.E. Cd56bright cells differ in their KIR repertoire and cytotoxic features from cd56dim NK cells. Eur. J. Immunol. 2001, 31, 3121–3127. [Google Scholar] [CrossRef]

	36. 
Cooper, M.A.; Fehniger, T.A.; Turner, S.C.; Chen, K.S.; Ghaheri, B.A.; Ghayur, T.; Carson, W.E.; Caligiuri, M.A. Human natural killer cells: A unique innate immunoregulatory role for the cd56 bright subset. Blood 2001, 97, 3146–3151. [Google Scholar] [CrossRef] [PubMed]

	37. 
Carrega, P.; Bonaccorsi, I.; Di Carlo, E.; Morandi, B.; Paul, P.; Rizzello, V.; Cipollone, G.; Navarra, G.; Mingari, M.C.; Moretta, L.; et al. CD56 bright perforin low noncytotoxic human NK cells are abundant in both healthy and neoplastic solid tissues and recirculate to secondary lymphoid organs via afferent lymph. J. Immunol. 2014, 192, 3805–3815. [Google Scholar] [CrossRef] [PubMed]

	38. 
Chan, A.; Hong, D.L.; Atzberger, A.; Kollnberger, S.; Filer, A.D.; Buckley, C.D.; McMichael, A.; Enver, T.; Bowness, P. CD56bright human NK cells differentiate into CD56dim cells: Role of contact with peripheral fibroblasts. J. Immunol. 2007, 179, 89–94. [Google Scholar] [CrossRef] [PubMed]

	39. 
Peritt, D.; Robertson, S.; Gri, G.; Showe, L.; Aste-Amezaga, M.; Trinchieri, G. Differentiation of human NK cells into NK1 and NK2 subsets. J. Immunol. 1998, 161, 5821–5824. [Google Scholar] [PubMed]

	40. 
Berahovich, R.D.; Lai, N.L.; Wei, Z.; Lanier, L.L.; Schall, T.J. Evidence for NK cell subsets based on chemokine receptor expression. J. Immunol. 2006, 177, 7833–7840. [Google Scholar] [CrossRef] [PubMed]

	41. 
Hwang, Y.Y.; McKenzie, A.N. Innate lymphoid cells in immunity and disease. Adv. Exp. Med. Biol. 2013, 785, 9–26. [Google Scholar] [CrossRef] [PubMed]

	42. 
Vonarbourg, C.; Mortha, A.; Bui, V.L.; Hernandez, P.P.; Kiss, E.A.; Hoyler, T.; Flach, M.; Bengsch, B.; Thimme, R.; Holscher, C.; et al. Regulated expression of nuclear receptor RORγt confers distinct functional fates to NK cell receptor-expressing RORγt+ innate lymphocytes. Immunity 2010, 33, 736–751. [Google Scholar] [CrossRef] [PubMed]

	43. 
Klose, C.S.; Kiss, E.A.; Schwierzeck, V.; Ebert, K.; Hoyler, T.; d’Hargues, Y.; Goppert, N.; Croxford, A.L.; Waisman, A.; Tanriver, Y.; et al. A t-bet gradient controls the fate and function of CCR6− RORγt+ innate lymphoid cells. Nature 2013, 494, 261–265. [Google Scholar] [CrossRef] [PubMed]

	44. 
Fuchs, A.; Vermi, W.; Lee, J.S.; Lonardi, S.; Gilfillan, S.; Newberry, R.D.; Cella, M.; Colonna, M. Intraepithelial type 1 innate lymphoid cells are a unique subset of il-12- and il-15-responsive IFN-γ-producing cells. Immunity 2013, 38, 769–781. [Google Scholar] [CrossRef] [PubMed]

	45. 
Geremia, A.; Arancibia-Carcamo, C.V.; Fleming, M.P.; Rust, N.; Singh, B.; Mortensen, N.J.; Travis, S.P.; Powrie, F. IL-23-responsive innate lymphoid cells are increased in inflammatory bowel disease. J. Exp. Med. 2011, 208, 1127–1133. [Google Scholar] [CrossRef] [PubMed]

	46. 
Villanova, F.; Flutter, B.; Tosi, I.; Grys, K.; Sreeneebus, H.; Perera, G.K.; Chapman, A.; Smith, C.H.; Di Meglio, P.; Nestle, F.O. Characterization of innate lymphoid cells in human skin and blood demonstrates increase of NKp44+ ILc3 in psoriasis. J. Investig. Dermatol. 2014, 134, 984–991. [Google Scholar] [CrossRef] [PubMed]

	47. 
Abt, M.C.; Lewis, B.B.; Caballero, S.; Xiong, H.; Carter, R.A.; Susac, B.; Ling, L.; Leiner, I.; Pamer, E.G. Innate immune defenses mediated by two ILC subsets are critical for protection against acute clostridium difficile infection. Cell Host Microbe 2015, 18, 27–37. [Google Scholar] [CrossRef] [PubMed]

	48. 
Hurst, S.D.; Muchamuel, T.; Gorman, D.M.; Gilbert, J.M.; Clifford, T.; Kwan, S.; Menon, S.; Seymour, B.; Jackson, C.; Kung, T.T.; et al. New il-17 family members promote th1 or th2 responses in the lung: In vivo function of the novel cytokine il-25. J. Immunol. 2002, 169, 443–453. [Google Scholar] [CrossRef] [PubMed]

	49. 
Fort, M.M.; Cheung, J.; Yen, D.; Li, J.; Zurawski, S.M.; Lo, S.; Menon, S.; Clifford, T.; Hunte, B.; Lesley, R.; et al. IL-25 induces IL-4, IL-5, and IL-13 and th2-associated pathologies in vivo. Immunity 2001, 15, 985–995. [Google Scholar] [CrossRef]

	50. 
Bending, D.; De la Pena, H.; Veldhoen, M.; Phillips, J.M.; Uyttenhove, C.; Stockinger, B.; Cooke, A. Highly purified th17 cells from bdc2.5nod mice convert into th1-like cells in nod/scid recipient mice. J. Clin. Investig. 2009, 119, 565–572. [Google Scholar] [CrossRef] [PubMed]

	51. 
Halim, T.Y.; Krauss, R.H.; Sun, A.C.; Takei, F. Lung natural helper cells are a critical source of th2 cell-type cytokines in protease allergen-induced airway inflammation. Immunity 2012, 36, 451–463. [Google Scholar] [CrossRef] [PubMed]

	52. 
Wong, S.H.; Walker, J.A.; Jolin, H.E.; Drynan, L.F.; Hams, E.; Camelo, A.; Barlow, J.L.; Neill, D.R.; Panova, V.; Koch, U.; et al. Transcription factor RORα is critical for nuocyte development. Nat. Immunol. 2012, 13, 229–236. [Google Scholar] [CrossRef] [PubMed]

	53. 
Hoyler, T.; Klose, C.S.; Souabni, A.; Turqueti-Neves, A.; Pfeifer, D.; Rawlins, E.L.; Voehringer, D.; Busslinger, M.; Diefenbach, A. The transcription factor gata-3 controls cell fate and maintenance of type 2 innate lymphoid cells. Immunity 2012, 37, 634–648. [Google Scholar] [CrossRef] [PubMed]

	54. 
Halim, T.Y.; MacLaren, A.; Romanish, M.T.; Gold, M.J.; McNagny, K.M.; Takei, F. Retinoic-acid-receptor-related orphan nuclear receptor alpha is required for natural helper cell development and allergic inflammation. Immunity 2012, 37, 463–474. [Google Scholar] [CrossRef] [PubMed]

	55. 
Wojno, E.D.; Monticelli, L.A.; Tran, S.V.; Alenghat, T.; Osborne, L.C.; Thome, J.J.; Willis, C.; Budelsky, A.; Farber, D.L.; Artis, D. The prostaglandin D2 receptor crth2 regulates accumulation of group 2 innate lymphoid cells in the inflamed lung. Mucosal Immunol. 2015, 8, 1313–1323. [Google Scholar] [CrossRef] [PubMed]

	56. 
Barnig, C.; Cernadas, M.; Dutile, S.; Liu, X.; Perrella, M.A.; Kazani, S.; Wechsler, M.E.; Israel, E.; Levy, B.D. Lipoxin a4 regulates natural killer cell and type 2 innate lymphoid cell activation in asthma. Sci. Transl. Med. 2013, 5, 174ra126. [Google Scholar] [CrossRef] [PubMed]

	57. 
Konya, V.; Mjosberg, J. Lipid mediators as regulators of human ILC2 function in allergic diseases. Immunol. Lett. 2016, 179, 36–42. [Google Scholar] [CrossRef] [PubMed]

	58. 
Barlow, J.L.; McKenzie, A.N. Nuocytes: Expanding the innate cell repertoire in type-2 immunity. J. Leukoc. Biol. 2011, 90, 867–874. [Google Scholar] [CrossRef] [PubMed]

	59. 
Brestoff, J.R.; Kim, B.S.; Saenz, S.A.; Stine, R.R.; Monticelli, L.A.; Sonnenberg, G.F.; Thome, J.J.; Farber, D.L.; Lutfy, K.; Seale, P.; et al. Group 2 innate lymphoid cells promote beiging of white adipose tissue and limit obesity. Nature 2015, 519, 242–246. [Google Scholar] [CrossRef] [PubMed]

	60. 
Dyring-Andersen, B.; Geisler, C.; Agerbeck, C.; Lauritsen, J.P.; Gudjonsdottir, S.D.; Skov, L.; Bonefeld, C.M. Increased number and frequency of group 3 innate lymphoid cells in nonlesional psoriatic skin. Br. J. Dermatol. 2014, 170, 609–616. [Google Scholar] [CrossRef] [PubMed]

	61. 
Fallon, P.G.; Ballantyne, S.J.; Mangan, N.E.; Barlow, J.L.; Dasvarma, A.; Hewett, D.R.; McIlgorm, A.; Jolin, H.E.; McKenzie, A.N. Identification of an interleukin (IL)-25-dependent cell population that provides IL-4, IL-5, and IL-13 at the onset of helminth expulsion. J. Exp. Med. 2006, 203, 1105–1116. [Google Scholar] [CrossRef] [PubMed]

	62. 
Maizels, R.M.; Hewitson, J.P.; Smith, K.A. Susceptibility and immunity to helminth parasites. Curr. Opin. Immunol. 2012, 24, 459–466. [Google Scholar] [CrossRef] [PubMed]

	63. 
Walker, J.A.; McKenzie, A.N. Development and function of group 2 innate lymphoid cells. Curr. Opin. Immunol. 2013, 25, 148–155. [Google Scholar] [CrossRef] [PubMed]

	64. 
Pulendran, B.; Artis, D. New paradigms in type 2 immunity. Science 2012, 337, 431–435. [Google Scholar] [CrossRef] [PubMed]

	65. 
Klose, C.S.; Artis, D. Innate lymphoid cells as regulators of immunity, inflammation and tissue homeostasis. Nat. Immunol. 2016, 17, 765–774. [Google Scholar] [CrossRef] [PubMed]

	66. 
Hams, E.; Locksley, R.M.; McKenzie, A.N.; Fallon, P.G. Cutting edge: Il-25 elicits innate lymphoid type 2 and type ii NKT cells that regulate obesity in mice. J. Immunol. 2013, 191, 5349–5353. [Google Scholar] [CrossRef] [PubMed]

	67. 
Molofsky, A.B.; Nussbaum, J.C.; Liang, H.E.; Van Dyken, S.J.; Cheng, L.E.; Mohapatra, A.; Chawla, A.; Locksley, R.M. Innate lymphoid type 2 cells sustain visceral adipose tissue eosinophils and alternatively activated macrophages. J. Exp. Med. 2013, 210, 535–549. [Google Scholar] [CrossRef] [PubMed]

	68. 
Monticelli, L.A.; Sonnenberg, G.F.; Abt, M.C.; Alenghat, T.; Ziegler, C.G.; Doering, T.A.; Angelosanto, J.M.; Laidlaw, B.J.; Yang, C.Y.; Sathaliyawala, T.; et al. Innate lymphoid cells promote lung-tissue homeostasis after infection with influenza virus. Nat. Immunol. 2011, 12, 1045–1054. [Google Scholar] [CrossRef] [PubMed]

	69. 
Thiriou, D.; Morianos, I.; Xanthou, G.; Samitas, K. Innate immunity as the orchestrator of allergic airway inflammation and resolution in asthma. Int. Immunopharmacol. 2017, 48, 43–54. [Google Scholar] [CrossRef] [PubMed]

	70. 
Chang, Y.J.; Kim, H.Y.; Albacker, L.A.; Baumgarth, N.; McKenzie, A.N.; Smith, D.E.; Dekruyff, R.H.; Umetsu, D.T. Innate lymphoid cells mediate influenza-induced airway hyper-reactivity independently of adaptive immunity. Nat. Immunol. 2011, 12, 631–638. [Google Scholar] [CrossRef] [PubMed]

	71. 
Allen, J.E.; Wynn, T.A. Evolution of th2 immunity: A rapid repair response to tissue destructive pathogens. PLoS Pathog. 2011, 7, e1002003. [Google Scholar] [CrossRef] [PubMed]

	72. 
Poposki, J.A.; Klingler, A.I.; Tan, B.K.; Soroosh, P.; Banie, H.; Lewis, G.; Hulse, K.E.; Stevens, W.W.; Peters, A.T.; Grammer, L.C.; et al. Group 2 innate lymphoid cells are elevated and activated in chronic rhinosinusitis with nasal polyps. Immun. Inflamm. Dis. 2017. [Google Scholar] [CrossRef] [PubMed]

	73. 
Drake, L.Y.; Iijima, K.; Kita, H. Group 2 innate lymphoid cells and cd4+ t cells cooperate to mediate type 2 immune response in mice. Allergy 2014, 69, 1300–1307. [Google Scholar] [CrossRef] [PubMed]

	74. 
Halim, T.Y.; Steer, C.A.; Matha, L.; Gold, M.J.; Martinez-Gonzalez, I.; McNagny, K.M.; McKenzie, A.N.; Takei, F. Group 2 innate lymphoid cells are critical for the initiation of adaptive t helper 2 cell-mediated allergic lung inflammation. Immunity 2014, 40, 425–435. [Google Scholar] [CrossRef] [PubMed]

	75. 
Bartemes, K.R.; Kephart, G.M.; Fox, S.J.; Kita, H. Enhanced innate type 2 immune response in peripheral blood from patients with asthma. J. Allergy Clin. Immunol. 2014, 134, 671–678. [Google Scholar] [CrossRef] [PubMed]

	76. 
Christianson, C.A.; Goplen, N.P.; Zafar, I.; Irvin, C.; Good, J.T., Jr.; Rollins, D.R.; Gorentla, B.; Liu, W.; Gorska, M.M.; Chu, H.; et al. Persistence of asthma requires multiple feedback circuits involving type 2 innate lymphoid cells and IL-33. J. Allergy Clin. Immunol. 2015, 136, 59–68. [Google Scholar] [CrossRef] [PubMed]

	77. 
Nagakumar, P.; Denney, L.; Fleming, L.; Bush, A.; Lloyd, C.M.; Saglani, S. Type 2 innate lymphoid cells in induced sputum from children with severe asthma. J. Allergy Clin. Immunol. 2016, 137, 624–626. [Google Scholar] [CrossRef] [PubMed]

	78. 
Smith, S.G.; Chen, R.; Kjarsgaard, M.; Huang, C.; Oliveria, J.P.; O’Byrne, P.M.; Gauvreau, G.M.; Boulet, L.P.; Lemiere, C.; Martin, J.; et al. Increased numbers of activated group 2 innate lymphoid cells in the airways of patients with severe asthma and persistent airway eosinophilia. J. Allergy Clin. Immunol. 2016, 137, 75–86. [Google Scholar] [CrossRef] [PubMed]

	79. 
Chen, R.; Smith, S.G.; Salter, B.; El-Gammal, A.; Oliveria, J.P.; Obminski, C.; Watson, R.; O’Byrne, P.M.; Gauvreau, G.M.; Sehmi, R. Allergen-induced increases in sputum levels of group 2 innate lymphoid cells in asthmatic subjects. Am. J. Respir. Crit. Care Med. 2017. [Google Scholar] [CrossRef] [PubMed]

	80. 
Hambly, N.; Nair, P. Monoclonal antibodies for the treatment of refractory asthma. Curr. Opin. Pulm. Med. 2014, 20, 87–94. [Google Scholar] [CrossRef] [PubMed]

	81. 
Imai, Y.; Yasuda, K.; Sakaguchi, Y.; Haneda, T.; Mizutani, H.; Yoshimoto, T.; Nakanishi, K.; Yamanishi, K. Skin-specific expression of IL-33 activates group 2 innate lymphoid cells and elicits atopic dermatitis-like inflammation in mice. Proc. Natl. Acad. Sci. USA 2013, 110, 13921–13926. [Google Scholar] [CrossRef] [PubMed]

	82. 
Kim, B.S.; Siracusa, M.C.; Saenz, S.A.; Noti, M.; Monticelli, L.A.; Sonnenberg, G.F.; Hepworth, M.R.; Van Voorhees, A.S.; Comeau, M.R.; Artis, D. Tslp elicits IL-33-independent innate lymphoid cell responses to promote skin inflammation. Sci. Transl. Med. 2013, 5, 170ra116. [Google Scholar] [CrossRef] [PubMed]

	83. 
Roediger, B.; Kyle, R.; Yip, K.H.; Sumaria, N.; Guy, T.V.; Kim, B.S.; Mitchell, A.J.; Tay, S.S.; Jain, R.; Forbes-Blom, E.; et al. Cutaneous immunosurveillance and regulation of inflammation by group 2 innate lymphoid cells. Nat. Immunol. 2013, 14, 564–573. [Google Scholar] [CrossRef] [PubMed]

	84. 
Salimi, M.; Barlow, J.L.; Saunders, S.P.; Xue, L.; Gutowska-Owsiak, D.; Wang, X.; Huang, L.C.; Johnson, D.; Scanlon, S.T.; McKenzie, A.N.; et al. A role for IL-25 and IL-33-driven type-2 innate lymphoid cells in atopic dermatitis. J. Exp. Med. 2013, 210, 2939–2950. [Google Scholar] [CrossRef] [PubMed]

	85. 
Satoh-Takayama, N.; Vosshenrich, C.A.; Lesjean-Pottier, S.; Sawa, S.; Lochner, M.; Rattis, F.; Mention, J.J.; Thiam, K.; Cerf-Bensussan, N.; Mandelboim, O.; et al. Microbial flora drives interleukin 22 production in intestinal NKp46+ cells that provide innate mucosal immune defense. Immunity 2008, 29, 958–970. [Google Scholar] [CrossRef] [PubMed]

	86. 
Fuss, I.J.; Heller, F.; Boirivant, M.; Leon, F.; Yoshida, M.; Fichtner-Feigl, S.; Yang, Z.; Exley, M.; Kitani, A.; Blumberg, R.S.; et al. Nonclassical CD1d-restricted NK t cells that produce il-13 characterize an atypical th2 response in ulcerative colitis. J. Clin. Investig. 2004, 113, 1490–1497. [Google Scholar] [CrossRef] [PubMed]

	87. 
Fuss, I.J.; Neurath, M.; Boirivant, M.; Klein, J.S.; de la Motte, C.; Strong, S.A.; Fiocchi, C.; Strober, W. Disparate CD4+ lamina propria (LP) lymphokine secretion profiles in inflammatory bowel disease. Crohn’s disease LP cells manifest increased secretion of ifn-gamma, whereas ulcerative colitis LP cells manifest increased secretion of IL-5. J. Immunol. 1996, 157, 1261–1270. [Google Scholar] [PubMed]

	88. 
Bar-Ephraim, Y.E.; Mebius, R.E. Innate lymphoid cells in secondary lymphoid organs. Immunol. Rev. 2016, 271, 185–199. [Google Scholar] [CrossRef] [PubMed]

	89. 
Sonnenberg, G.F.; Monticelli, L.A.; Elloso, M.M.; Fouser, L.A.; Artis, D. CD4+ lymphoid tissue-inducer cells promote innate immunity in the gut. Immunity 2011, 34, 122–134. [Google Scholar] [CrossRef] [PubMed]

	90. 
Buonocore, S.; Ahern, P.P.; Uhlig, H.H.; Ivanov, I.I.; Littman, D.R.; Maloy, K.J.; Powrie, F. Innate lymphoid cells drive interleukin-23-dependent innate intestinal pathology. Nature 2010, 464, 1371–1375. [Google Scholar] [CrossRef] [PubMed]

	91. 
Satoh-Takayama, N.; Lesjean-Pottier, S.; Vieira, P.; Sawa, S.; Eberl, G.; Vosshenrich, C.A.; Di Santo, J.P. Il-7 and il-15 independently program the differentiation of intestinal CD3− NKp46+ cell subsets from id2-dependent precursors. J. Exp. Med. 2010, 207, 273–280. [Google Scholar] [CrossRef] [PubMed]

	92. 
Cella, M.; Fuchs, A.; Vermi, W.; Facchetti, F.; Otero, K.; Lennerz, J.K.; Doherty, J.M.; Mills, J.C.; Colonna, M. A human natural killer cell subset provides an innate source of IL-22 for mucosal immunity. Nature 2009, 457, 722–725. [Google Scholar] [CrossRef] [PubMed]

	93. 
Malmberg, K.J.; Ljunggren, H.G. Spotlight on IL-22-producing NK cell receptor-expressing mucosal lymphocytes. Nat. Immunol. 2009, 10, 11–12. [Google Scholar] [CrossRef] [PubMed]

	94. 
Bjorklund, A.K.; Forkel, M.; Picelli, S.; Konya, V.; Theorell, J.; Friberg, D.; Sandberg, R.; Mjosberg, J. Corrigendum: The heterogeneity of human CD127+ innate lymphoid cells revealed by single-cell rna sequencing. Nat. Immunol. 2016, 17, 740. [Google Scholar] [CrossRef]

	95. 
Vacca, P.; Montaldo, E.; Croxatto, D.; Loiacono, F.; Canegallo, F.; Venturini, P.L.; Moretta, L.; Mingari, M.C. Identification of diverse innate lymphoid cells in human decidua. Mucosal Immunol. 2015, 8, 254–264. [Google Scholar] [CrossRef] [PubMed]

	96. 
Montaldo, E.; Vacca, P.; Chiossone, L.; Croxatto, D.; Loiacono, F.; Martini, S.; Ferrero, S.; Walzer, T.; Moretta, L.; Mingari, M.C. Unique eomes+ NK cell subsets are present in uterus and decidua during early pregnancy. Front. Immunol. 2015, 6, 646. [Google Scholar] [CrossRef] [PubMed]

	97. 
Doisne, J.M.; Balmas, E.; Boulenouar, S.; Gaynor, L.M.; Kieckbusch, J.; Gardner, L.; Hawkes, D.A.; Barbara, C.F.; Sharkey, A.M.; Brady, H.J.; et al. Composition, development, and function of uterine innate lymphoid cells. J. Immunol. 2015, 195, 3937–3945. [Google Scholar] [CrossRef] [PubMed]

	98. 
Dudakov, J.A.; Hanash, A.M.; Jenq, R.R.; Young, L.F.; Ghosh, A.; Singer, N.V.; West, M.L.; Smith, O.M.; Holland, A.M.; Tsai, J.J.; et al. Interleukin-22 drives endogenous thymic regeneration in mice. Science 2012, 336, 91–95. [Google Scholar] [CrossRef] [PubMed]

	99. 
Sawa, S.; Lochner, M.; Satoh-Takayama, N.; Dulauroy, S.; Berard, M.; Kleinschek, M.; Cua, D.; Di Santo, J.P.; Eberl, G. Rorvt+ innate lymphoid cells regulate intestinal homeostasis by integrating negative signals from the symbiotic microbiota. Nat. Immunol. 2011, 12, 320–326. [Google Scholar] [CrossRef] [PubMed]

	100. 
Huber, S.; Gagliani, N.; Zenewicz, L.A.; Huber, F.J.; Bosurgi, L.; Hu, B.; Hedl, M.; Zhang, W.; O’Connor, W., Jr.; Murphy, A.J.; et al. IL-22bp is regulated by the inflammasome and modulates tumorigenesis in the intestine. Nature 2012, 491, 259–263. [Google Scholar] [CrossRef] [PubMed]

	101. 
Kirchberger, S.; Royston, D.J.; Boulard, O.; Thornton, E.; Franchini, F.; Szabady, R.L.; Harrison, O.; Powrie, F. Innate lymphoid cells sustain colon cancer through production of interleukin-22 in a mouse model. J. Exp. Med. 2013, 210, 917–931. [Google Scholar] [CrossRef] [PubMed]

	102. 
Sedda, S.; Marafini, I.; Figliuzzi, M.M.; Pallone, F.; Monteleone, G. An overview of the role of innate lymphoid cells in gut infections and inflammation. Mediat. Inflamm. 2014, 2014, 235460. [Google Scholar] [CrossRef] [PubMed]

	103. 
Takayama, T.; Kamada, N.; Chinen, H.; Okamoto, S.; Kitazume, M.T.; Chang, J.; Matuzaki, Y.; Suzuki, S.; Sugita, A.; Koganei, K.; et al. Imbalance of NKp44+ NKp46− and NKp44− NKp46+ natural killer cells in the intestinal mucosa of patients with crohn’s disease. Gastroenterology 2010, 139, 882–892. [Google Scholar] [CrossRef] [PubMed]

	104. 
Perry, J.S.; Han, S.; Xu, Q.; Herman, M.L.; Kennedy, L.B.; Csako, G.; Bielekova, B. Inhibition of lti cell development by CD25 blockade is associated with decreased intrathecal inflammation in multiple sclerosis. Sci. Transl. Med. 2012, 4, 145ra106. [Google Scholar] [CrossRef] [PubMed]

	105. 
Roos, A.B.; Sethi, S.; Nikota, J.; Wrona, C.T.; Dorrington, M.G.; Sanden, C.; Bauer, C.M.; Shen, P.; Bowdish, D.; Stevenson, C.S.; et al. IL-17a and the promotion of neutrophilia in acute exacerbation of chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 2015, 192, 428–437. [Google Scholar] [CrossRef] [PubMed]

	106. 
Silver, J.S.; Kearley, J.; Copenhaver, A.M.; Sanden, C.; Mori, M.; Yu, L.; Pritchard, G.H.; Berlin, A.A.; Hunter, C.A.; Bowler, R.; et al. Inflammatory triggers associated with exacerbations of copd orchestrate plasticity of group 2 innate lymphoid cells in the lungs. Nat. Immunol. 2016, 17, 626–635. [Google Scholar] [CrossRef] [PubMed]

	107. 
Edwards, L.J.; Robins, R.A.; Constantinescu, C.S. Th17/th1 phenotype in demyelinating disease. Cytokine 2010, 50, 19–23. [Google Scholar] [CrossRef] [PubMed]

	108. 
Cosmi, L.; Cimaz, R.; Maggi, L.; Santarlasci, V.; Capone, M.; Borriello, F.; Frosali, F.; Querci, V.; Simonini, G.; Barra, G.; et al. Evidence of the transient nature of the th17 phenotype of CD4+ CD161+ t cells in the synovial fluid of patients with juvenile idiopathic arthritis. Arthritis Rheum. 2011, 63, 2504–2515. [Google Scholar] [CrossRef] [PubMed]

	109. 
Annunziato, F.; Cosmi, L.; Santarlasci, V.; Maggi, L.; Liotta, F.; Mazzinghi, B.; Parente, E.; Fili, L.; Ferri, S.; Frosali, F.; et al. Phenotypic and functional features of human th17 cells. J. Exp. Med. 2007, 204, 1849–1861. [Google Scholar] [CrossRef] [PubMed]

	110. 
Al-Jaderi, Z.; Maghazachi, A.A. Effects of vitamin D3, calcipotriol and fty720 on the expression of surface molecules and cytolytic activities of human natural killer cells and dendritic cells. Toxins (Basel) 2013, 5, 1932–1947. [Google Scholar] [CrossRef] [PubMed]

	111. 
Maghazachi, A.A. On the role of natural killer cells in neurodegenerative diseases. Toxins (Basel) 2013, 5, 363–375. [Google Scholar] [CrossRef] [PubMed]

	112. 
Howitt, M.R.; Lavoie, S.; Michaud, M.; Blum, A.M.; Tran, S.V.; Weinstock, J.V.; Gallini, C.A.; Redding, K.; Margolskee, R.F.; Osborne, L.C.; et al. Tuft cells, taste-chemosensory cells, orchestrate parasite type 2 immunity in the gut. Science 2016, 351, 1329–1333. [Google Scholar] [CrossRef] [PubMed]

	113. 
Wilhelm, C.; Hirota, K.; Stieglitz, B.; Van Snick, J.; Tolaini, M.; Lahl, K.; Sparwasser, T.; Helmby, H.; Stockinger, B. An IL-9 fate reporter demonstrates the induction of an innate il-9 response in lung inflammation. Nat. Immunol. 2011, 12, 1071–1077. [Google Scholar] [CrossRef] [PubMed]

	114. 
Cowardin, C.A.; Kuehne, S.A.; Buonomo, E.L.; Marie, C.S.; Minton, N.P.; Petri, W.A., Jr. Inflammasome activation contributes to interleukin-23 production in response to clostridium difficile. MBio 2015, 6. [Google Scholar] [CrossRef] [PubMed]

	115. 
Geiger, T.L.; Abt, M.C.; Gasteiger, G.; Firth, M.A.; O’Connor, M.H.; Geary, C.D.; O’Sullivan, T.E.; van den Brink, M.R.; Pamer, E.G.; Hanash, A.M.; et al. Nfil3 is crucial for development of innate lymphoid cells and host protection against intestinal pathogens. J. Exp. Med. 2014, 211, 1723–1731. [Google Scholar] [CrossRef] [PubMed]

	116. 
Buonomo, E.L.; Petri, W.A., Jr. The bug stops here: Innate lymphoid cells in Clostridium difficile infection. Cell Host Microbe 2015, 18, 5–6. [Google Scholar] [CrossRef] [PubMed]

	117. 
Qiu, J.; Guo, X.; Chen, Z.E.; He, L.; Sonnenberg, G.F.; Artis, D.; Fu, Y.-X.; Zhou, L. Group 3 innate lymphoid cells inhibit t-cell-mediated intestinal inflammation through aryl hydrocarbon receptor signaling and regulation of microflora. Immunity 2013, 39, 386–399. [Google Scholar] [CrossRef] [PubMed]

	118. 
Mortha, A.; Chudnovskiy, A.; Hashimoto, D.; Bogunovic, M.; Spencer, S.P.; Belkaid, Y.; Merad, M. Microbiota-dependent crosstalk between macrophages and ilc3 promotes intestinal homeostasis. Science 2014, 343, 1249288. [Google Scholar] [CrossRef] [PubMed]

	119. 
Zheng, Y.; Valdez, P.A.; Danilenko, D.M.; Hu, Y.; Sa, S.M.; Gong, Q.; Abbas, A.R.; Modrusan, Z.; Ghilardi, N.; de Sauvage, F.J.; et al. Interleukin-22 mediates early host defense against attaching and effacing bacterial pathogens. Nat. Med. 2008, 14, 282–289. [Google Scholar] [CrossRef] [PubMed]

	120. 
Zenewicz, L.A.; Yancopoulos, G.D.; Valenzuela, D.M.; Murphy, A.J.; Karow, M.; Flavell, R.A. Interleukin-22 but not interleukin-17 provides protection to hepatocytes during acute liver inflammation. Immunity 2007, 27, 647–659. [Google Scholar] [CrossRef] [PubMed]

	121. 
Liang, S.C.; Tan, X.Y.; Luxenberg, D.P.; Karim, R.; Dunussi-Joannopoulos, K.; Collins, M.; Fouser, L.A. Interleukin (IL)-22 and IL-17 are coexpressed by th17 cells and cooperatively enhance expression of antimicrobial peptides. J. Exp. Med. 2006, 203, 2271–2279. [Google Scholar] [CrossRef] [PubMed]

	122. 
Hanash, A.M.; Dudakov, J.A.; Hua, G.; O’Connor, M.H.; Young, L.F.; Singer, N.V.; West, M.L.; Jenq, R.R.; Holland, A.M.; Kappel, L.W.; et al. Interleukin-22 protects intestinal stem cells from immune-mediated tissue damage and regulates sensitivity to graft versus host disease. Immunity 2012, 37, 339–350. [Google Scholar] [CrossRef] [PubMed]

	123. 
Croxatto, D.; Micheletti, A.; Montaldo, E.; Orecchia, P.; Loiacono, F.; Canegallo, F.; Calzetti, F.; Fulcheri, E.; Munari, E.; Zamo, A.; et al. Group 3 innate lymphoid cells regulate neutrophil migration and function in human decidua. Mucosal Immunol. 2016, 9, 1372–1383. [Google Scholar] [CrossRef] [PubMed]

	124. 
Voskoboinik, I.; Whisstock, J.C.; Trapani, J.A. Perforin and granzymes: Function, dysfunction and human pathology. Nat. Rev. Immunol. 2015, 15, 388–400. [Google Scholar] [CrossRef] [PubMed]

	125. 
Orange, J.S. The lytic NK cell immunological synapse and sequential steps in its formation. Adv. Exp. Med. Biol. 2007, 601, 225–233. [Google Scholar] [PubMed]

	126. 
Orange, J.S.; Harris, K.E.; Andzelm, M.M.; Valter, M.M.; Geha, R.S.; Strominger, J.L. The mature activating natural killer cell immunologic synapse is formed in distinct stages. Proc. Natl. Acad. Sci. USA 2003, 100, 14151–14156. [Google Scholar] [CrossRef] [PubMed]

	127. 
Topham, N.J.; Hewitt, E.W. Natural killer cell cytotoxicity: How do they pull the trigger? Immunology 2009, 128, 7–15. [Google Scholar] [CrossRef] [PubMed]

	128. 
Vyas, Y.M.; Mehta, K.M.; Morgan, M.; Maniar, H.; Butros, L.; Jung, S.; Burkhardt, J.K.; Dupont, B. Spatial organization of signal transduction molecules in the NK cell immune synapses during mhc class i-regulated noncytolytic and cytolytic interactions. J. Immunol. 2001, 167, 4358–4367. [Google Scholar] [CrossRef] [PubMed]

	129. 
Lieberman, J. The ABCs of granule-mediated cytotoxicity: New weapons in the arsenal. Nat. Rev. Immunol. 2003, 3, 361–370. [Google Scholar] [CrossRef] [PubMed]

	130. 
Trapani, J.A.; Bird, P.I. A renaissance in understanding the multiple and diverse functions of granzymes? Immunity 2008, 29, 665–667. [Google Scholar] [CrossRef] [PubMed]

	131. 
Praper, T.; Besenicar, M.P.; Istinic, H.; Podlesek, Z.; Metkar, S.S.; Froelich, C.J.; Anderluh, G. Human perforin permeabilizing activity, but not binding to lipid membranes, is affected by ph. Mol. Immunol. 2010, 47, 2492–2504. [Google Scholar] [CrossRef] [PubMed]

	132. 
Voskoboinik, I.; Thia, M.C.; Fletcher, J.; Ciccone, A.; Browne, K.; Smyth, M.J.; Trapani, J.A. Calcium-dependent plasma membrane binding and cell lysis by perforin are mediated through its C2 domain: A critical role for aspartate residues 429, 435, 483, and 485 but not 491. J. Biol. Chem. 2005, 280, 8426–8434. [Google Scholar] [CrossRef] [PubMed]

	133. 
Young, J.D.; Damiano, A.; DiNome, M.A.; Leong, L.G.; Cohn, Z.A. Dissociation of membrane binding and lytic activities of the lymphocyte pore-forming protein (perforin). J. Exp. Med. 1987, 165, 1371–1382. [Google Scholar] [CrossRef] [PubMed]

	134. 
Cooper, M.A.; Fehniger, T.A.; Caligiuri, M.A. The biology of human natural killer-cell subsets. Trends Immunol. 2001, 22, 633–640. [Google Scholar] [CrossRef]

	135. 
Nagler, A.; Lanier, L.L.; Cwirla, S.; Phillips, J.H. Comparative studies of human fcriii-positive and negative natural killer cells. J. Immunol. 1989, 143, 3183–3191. [Google Scholar] [PubMed]

	136. 
Vivier, E.; Tomasello, E.; Baratin, M.; Walzer, T.; Ugolini, S. Functions of natural killer cells. Nat. Immunol. 2008, 9, 503–510. [Google Scholar] [CrossRef] [PubMed]

	137. 
Grossman, W.J.; Revell, P.A.; Lu, Z.H.; Johnson, H.; Bredemeyer, A.J.; Ley, T.J. The orphan granzymes of humans and mice. Curr. Opin. Immunol. 2003, 15, 544–552. [Google Scholar] [CrossRef]

	138. 
Mentlik, A.N.; Sanborn, K.B.; Holzbaur, E.L.; Orange, J.S. Rapid lytic granule convergence to the mtoc in natural killer cells is dependent on dynein but not cytolytic commitment. Mol. Biol. Cell 2010, 21, 2241–2256. [Google Scholar] [CrossRef] [PubMed]

	139. 
Voskoboinik, I.; Dunstone, M.A.; Baran, K.; Whisstock, J.C.; Trapani, J.A. Perforin: Structure, function, and role in human immunopathology. Immunol. Rev. 2010, 235, 35–54. [Google Scholar] [CrossRef] [PubMed]

	140. 
Voskoboinik, I.; Smyth, M.J.; Trapani, J.A. Perforin-mediated target-cell death and immune homeostasis. Nat. Rev. Immunol. 2006, 6, 940–952. [Google Scholar] [CrossRef] [PubMed]

	141. 
Lopez, J.A.; Susanto, O.; Jenkins, M.R.; Lukoyanova, N.; Sutton, V.R.; Law, R.H.; Johnston, A.; Bird, C.H.; Bird, P.I.; Whisstock, J.C.; et al. Perforin forms transient pores on the target cell plasma membrane to facilitate rapid access of granzymes during killer cell attack. Blood 2013, 121, 2659–2668. [Google Scholar] [CrossRef] [PubMed]

	142. 
Sutton, V.R.; Wowk, M.E.; Cancilla, M.; Trapani, J.A. Caspase activation by granzyme b is indirect, and caspase autoprocessing requires the release of proapoptotic mitochondrial factors. Immunity 2003, 18, 319–329. [Google Scholar] [CrossRef]

	143. 
Clayberger, C.; Krensky, A.M. Granulysin. Curr. Opin. Immunol. 2003, 15, 560–565. [Google Scholar] [CrossRef]

	144. 
Saini, R.V.; Wilson, C.; Finn, M.W.; Wang, T.; Krensky, A.M.; Clayberger, C. Granulysin delivered by cytotoxic cells damages endoplasmic reticulum and activates caspase-7 in target cells. J. Immunol. 2011, 186, 3497–3504. [Google Scholar] [CrossRef] [PubMed]

	145. 
Schmidt, H.; Gelhaus, C.; Nebendahl, M.; Lettau, M.; Lucius, R.; Leippe, M.; Kabelitz, D.; Janssen, O. Effector granules in human t lymphocytes: Proteomic evidence for two distinct species of cytotoxic effector vesicles. J. Proteome Res. 2011, 10, 1603–1620. [Google Scholar] [CrossRef] [PubMed]

	146. 
Anderson, D.H.; Sawaya, M.R.; Cascio, D.; Ernst, W.; Modlin, R.; Krensky, A.; Eisenberg, D. Granulysin crystal structure and a structure-derived lytic mechanism. J. Mol. Biol. 2003, 325, 355–365. [Google Scholar] [CrossRef]













© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  toxins-09-00398


  
    		
      toxins-09-00398
    


  




  





media/file3.png





media/file0.png





media/file2.png
et g qay, Toet GATA3 | “oF
omes
ROR a IL-33
ILC 2
IFN-y IFN-y L5 ppi IL-6
TNF a TNF a IL-13 phireg IL-9
| ity t '
Immunity to Viruses & Tumors Intraégﬂmz:%agteria Tissue Repair Allergy H?;‘:gg;‘s’isz 'ﬂg;":"i‘::tw:
& Protozoa i
Group 3ILCs Group 4 ILCs
RORyt / IL-7 \ RORyt RORyt | |L.o
AHR T-bet

IL-22
IL-17
Immunity to
Extracellular/ Enteric Tissue Repair L 'gr?rln‘aggge

Bacteria

IFN-y
IL-17

Autoimmunity:
Multiple Sclerosis






media/file1.jpg
(=

w7
camas | W7

RoRa | 125

%
o .

s
™y vy 5™ Amphiroguin
ity to Viuses & Tumors .,....,.':"‘“‘_.l’i.':..u Teseneps | Mgy | Mesbole, oyl
Groupncs

Roayt /1L7\ RORYt
ey

/

wn
s

[~ TN p— e

s IS

®|

i
2
5

.

1y
war

Lo





