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            Abstract
Protective immunity relies on the interplay of innate and adaptive immune cells with complementary and redundant functions. Innate lymphoid cells (ILCs) have recently emerged as tissue-resident, innate mirror images of the T cell system, with which they share lineage-specifying transcription factors and effector machinery1. Located at barrier surfaces, ILCs are among the first responders against invading pathogens and thus could potentially determine the outcome of the immune response2. However, so far it has not been possible to dissect the unique contributions of ILCs to protective immunity owing to limitations in specific targeting of ILC subsets. Thus, all of the available data have been generated either in mice lacking the adaptive immune system or with tools that also affect other immune cell subsets. In addition, it has been proposed that ILCs might be dispensable for a proper immune response because other immune cells could compensate for their absence3,4,5,6,7. Here we report the generation of a mouse model based on the neuromedin U receptor 1 (Nmur1) promoter as a driver for simultaneous expression of Cre recombinase and green fluorescent protein, which enables gene targeting in group 2 ILCs (ILC2s) without affecting other innate and adaptive immune cells. Using Cre-mediated gene deletion of Id2 and Gata3 in Nmur1-expressing cells, we generated mice with a selective and specific deficiency in ILC2s. ILC2-deficient mice have decreased eosinophil counts at steady state and are unable to recruit eosinophils to the airways in models of allergic asthma. Further, ILC2-deficient mice do not mount an appropriate immune and epithelial type 2 response, resulting in a profound defect in worm expulsion and a non-protective type 3 immune response. In total, our data establish non-redundant functions for ILC2s in the presence of adaptive immune cells at steady state and during disease and argue for a multilayered organization of the immune system on the basis of a spatiotemporal division of labour.
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                    Fig. 1: Nmur1iCre-eGFP labels ILC2s.[image: ]


Fig. 2: Nmur1iCre-eGFPId2fl/fl mice lack ILC2s.[image: ]


Fig. 3: ILC2-deficient mice have reduced eosinophil counts and do not develop eosinophilia in allergic asthma models.[image: ]


Fig. 4: ILC2-deficient mice are susceptible to N. brasiliensis infection.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 (related to Fig 1): Gating strategy for flow cytometry.
a, Generation of genetic construct of the Nmur1iCre–eGFP BAC transgene. 70th bp of exon 2 to 29th bp downstream of the TGA stop codon of exon 3 was replaced by a cassette containing iCre and eGFP linked with P2A and T2A. (86,388,138-86,386,296) were replaced through homologous recombination. The FRT-flanked kanamycin selection cassette was deleted after FLP-mediated recombination. Removal of LoxP and LoxP511 sites on BAC vector backbone. b, Expression of the Nmur1 gene in NMUR1–eGFP+ and NMUR1–eGFP− cells purified by FACsorting from the intestinal lamina propria. c, Gating strategy of bone marrow precursors. Lineage: CD3, CD5, CD19, Ly6G, FcεRIa. d, Gating strategy of intestinal lymphoid populations. e, Gating strategy of intestinal myeloid populations. Lineage: CD3, CD5, CD19, FcεRIa. f, Gating strategy of intestinal eosinophils, 2 alternative gates shown. Lineage: CD3, CD5, CD19, Ly6G. g, Gating strategy of γδ T cells, regulatory T cells (Treg) and TH2 cells from the mesenteric lymph node. h, Gating strategy of mast cells and basophils from the peritoneal lavage. Lineage: CD3, CD5, CD19, Ly6G.
Source data


Extended Data Fig. 2 (related to Fig 1): Nmur1iCre-eGFP specifically labels ILC2s in steady state and during type 2 inflammation.
a, Flow cytometry plots of GFP and ST2 in lung ILC2s (left) and TH2 cells (right) of Nmur1iCre-eGFP mice. Numbers denote percentage of cells inside the gate. b, GFP expression in TH2 cells and ILC2s of Nmur1iCre-eGFP mice, quantification of a. c, GFP expression in mLN CD45− cells (black) and ILC2s (gray). d, Quantification of c. e, Quantification of GFP expression across organs and cell types as displayed in the heat map of Fig. 1d. f, RFP and ST2 in lung ILC2s (left) and TH2 cells (right) of Nmur1iCre-eGFP x Rosa26LSL-RFP F1 offspring. Numbers denote percentage of cells inside the gate. g, RFP expression in TH2 cells and ILC2s, quantification of f. h, RFP expression in mLN CD45− cells (black) and ILC2s (gray) of Nmur1iCre-eGFP x Rosa26LSL-RFP F1 offspring. i, Quantification of h. j, RFP expression across organs and cell types as displayed in the heat map of Fig. 1h. k, Heat map of flow-cytometric quantification of GFP and RFP expression in TH2 and Treg cells. Values represent median percentage of positive cells of parental gate, n = 3 mice per group. l–q, Immunofluorescence micrographs of RFP expression in Nmur1iCre-eGFP x Rosa26LSL-RFP F1 offspring stained for alpha smooth muscle actin (α-SMA), CD45 and DAPI in the small intestine (l), mesenteric lymph nodes (m), lung (n), mesenteric fat (o), femoral muscle (p) and large intestine (q). r, GFP and Cre (RFP) expression seven days after Nippostrongylus brasiliensis (N.b.) helminth infection across immune cell populations in Nmur1iCre-eGFP x Rosa26LFL-RFP F1 offspring. s,t, GFP (s) and RFP (t) expression in Nmur1iCre-eGFP Rosa26LSL-RFP mice, seven days after infection with N.b.. Data in (r-t) are representative of two independent experiments with 3 mice per group.
Source data


Extended Data Fig. 3 (related to Fig 2): Nmur1iCre-eGFP Gata3fl/fl and Nmur1iCre-eGFP Id2fl/fl mice lack ILC2s in all tissues investigated.
a, Flow cytometry plots of ILC2s gated from live CD45+ Lin− (CD3, CD5, CD19) cells as CD127+ KLRG1+ or CD127+ ST2+ across organs of Nmur1iCre-eGFP Gata3fl/fl mice and littermate controls. Numbers denote percentage of cells inside the gate. b, Quantification of a. Mean ± s.d., Student’s t-test. c-d, Heat maps displaying Log2(fold change) of the median cell frequencies among live CD45+ cells across different populations and organs of Nmur1iCre-eGFP Gata3fl/fl (c) and Nmur1iCre-eGFP Id2fl/fl (d) mice, compared with the respective littermate controls. Results are representative of two independent experiments with 3-4 mice per group. Littermate controls for a-c were Gata3fl/+ or Nmur1iCre-eGFP Gata3fl/+, for d Id2fl/+ or Nmur1iCre-eGFP Id2fl/+. e, Quantification of relative TH2 (top) and Treg (bottom) numbers in Nmur1iCre-eGFP Id2fl/fl mice and Id2fl/fl littermate controls. Results are representative of three independent experiments with 3–6 mice per group. Mean ± s.d., Student’s t-test. f, Cytokine secretion by cultured Nmur1iCre-eGFP Id2fl/fl immune cells isolated from lung and intestine, stimulated with IL-2, IL-7, IL-25 and IL-33 or PMA/Ionomycin for 8 h, measured in the supernatant by cytometric bead assay. Mean ± s.d., two-way ANOVA with Šídák‘s multiple comparison tests, data are representative of two independent experiments with 3-4 mice per group. g, Serum IL-5 in untreated Id2fl/fl and Nmur1iCre-eGFP Id2fl/fl animals as determined by the BD Cytometric Bead Array Mouse IL-5 Enhanced Sensitivity Flex Set, Student’s t-test. NS not significant, *p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. a-g One symbol represents data from one mouse.
Source data


Extended Data Fig. 4 (related to Fig 3): ILC2s regulate eosinophils in tissue.
Analysis of eosinophils across organs in the steady state. a, Eosinophils were gated from live CD45+ Lin− (CD3, CD5, CD19, Ly6G) cells using SiglecF and CCR3, across organs of Nmur1iCre-eGFP Id2fl/fl mice and littermate controls. b, Relative ILC2 and eosinophil numbers in bone marrow chimera of Nmur1iCre-eGFP Id2fl/fl (KO) and Id2fl/fl (WT) recipients transplanted with bone marrow of Nmur1iCre-eGFP Id2fl/fl (KO) or Id2fl/fl (WT) donors. c, Quantification of eosinophils in IL5−/− mice and respective IL5+/− littermate controls. d, Flow cytometry plots of granulocyte/macrophage progenitor (GMP) gated from live CD45+ Lin− (CD3, CD5, CD19, Gr1, B220) SCA-1− c-Kithi cells as CD34+ CD16/CD32hi and relative quantification in bone marrow of Nmur1iCre-eGFP Id2fl/fl mice and Id2fl/fl littermate controls. e, Quantification of relative Eosinophil precursors (EoP) and GMPs in the bone marrow of IL-5−/− compared with WT controls. f, Flow-cytometric quantification of relative numbers of bone marrow-derived eosinophils gated from live CD45+ Lin− (CD3, CD5, CD19) CD11b+ cells as SSChi and SiglecF+. BM cells were cultured with either SCF and FLT3L, IL-5, ILC2P or supernatant from ILC2s for 10 days. g,h Mean fluorescence intensity of CCR3 on eosinophils in Nmur1Cre-T2A-GFP Id2flox/flox (g) and Il5−/− (h) mice and respective littermate controls. b-e, g-h One symbol represents data from one mouse (b-e, g-h) or one well (f), data are mean ± s.d., c—e, g-h Student‘s t-test. b, f One-way ANOVA with Tukey’s multiple comparisons, NS not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
Source data


Extended Data Fig. 5 (related to Fig 3): ILC2 deletion regulates myeloid and epithelial populations in the lung.
a, Bubble plot of marker genes of global cell populations in single-cell RNA-sequencing of myeloid and epithelial cells in the steady state lung of Nmur1iCre-eGFP Id2fl/fl mice and littermates. b, Marker genes of subclusters of interstitial macrophages. c, Marker genes of DC subclusters. d, Marker genes in subclusters of alveolar type 2 epithelial cells. e—g, Subclusters in e macrophages, f dendritic cells and g alveolar type 2 epithelial cells. h, Macrophage UMAPs color-coded gray-to-red with genes downregulated in Macrophages of Nmur1iCre-eGFP Id2fl/fl mice. i, Macrophage UMAPs color-coded with genes upregulated in macrophages of Nmur1iCre-eGFP Id2fl/fl mice. j, DC UMAP color-coded by Ccl24 expression. k, UMAPs of alveolar type 2 epithelial cells color-coded with genes downregulated in alveolar type 2 epithelial cells in Nmur1iCre-eGFP Id2fl/fl mice. l, Statistical evaluation of genes displayed in f—h. Cells from four mice per group were pooled. Littermate controls for (a—l) were Id2fl/fl or Id2fl/+.
Source data


Extended Data Fig. 6 (related to Fig 3): ILC2s regulate myeloid cells in type-2 inflammatory allergy models of the lung.
a—d, Flow-cytometric quantification of cell population in Nmur1iCre-eGFP Id2fl/fl mice and littermate controls sensitized with A. alternata extract for three consecutive days, analysed 7 days after the first dose. a, Absolute numbers of lung ILC2s, lung and BAL eosinophils and total CD45+ cells in the BAL. b, Relative and absolute numbers of TH2 cells in the lung. c,d, relative (c) and absolute (d) numbers of myeloid populations from the lung interstitium, and alveolar macrophages from the BAL. Data in a—d are representative of two independent experiments with 4–6 animals per group. e—i, Analysis of Nmur1iCre-eGFP Id2fl/fl mice and littermate controls sensitized with papain for three consecutive days, analysed 7 days after the first dose. e, Absolute numbers of ILC2s in the lung interstitium, and eosinophils in the lung interstitium and BAL. f, Eosinophils are visualized by modified Sirius red stain in the lung. g, Relative and absolute numbers of TH2 cells in the lung. h,i, relative (h) and absolute (i) numbers of myeloid populations from the lung interstitium, and alveolar macrophages from the BAL. Data in e and g-i are pooled from two independent experiments with 4-5 mice per group. Untreated controls for (e-i) were Id2fl/fl, papain-treated littermate controls were Id2fl/fl, Id2fl/+ or Nmur1iCre-eGFP Id2fl/+. One symbol represents data from one mouse, data are mean ± s.d., One-way ANOVA with Tukey’s multiple comparison tests, NS: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. BAL, bronchoalveolar lavage.
Source data


Extended Data Fig. 7 (related to Fig 3): ILC2s regulate myeloid cells in type-2 inflammatory allergy models of the lung.
a—e, Analysis of Nmur1iCre-eGFP Id2fl/fl mice (cKO) and littermate controls (Ctrl) sensitized and challenged with house dust mite. a, Lung ILC2s (top), BAL eosinophils (middle) and Lung TH2 cells (bottom) were gated from live CD45+ Lin− (CD11b−CD11c− FcεR1a−B220−CD3−5−) cells. The second gate in the eosinophil plots marks alveolar macrophages. b, Quantification of a. c, Periodic-acid-Schiff staining of lungs. d, Gating of cytokine-expressing T helper cells isolated from the lung. e, Quantification of d. f-j, Resident and inflammatory eosinophils from the lungs of papain- and A. alternata-treated mice. f, Flow cytometry plots showing resident and inflammatory eosinophils from lung after Papain treatment of Nmur1iCre-eGFP Id2fl/fl mice (cKO) and littermate controls (Ctrl). g, Relative and absolute numbers of resident and inflammatory eosinophils. h, Flow cytometry plots showing resident and inflammatory eosinophils from lung after A. alternata treatment of Nmur1iCre-eGFP Id2fl/fl mice (cKO) and littermate controls (Ctrl). i, Relative and absolute numbers of resident and inflammatory eosinophils. Data are representative of two independent experiments with 3–5 mice per group (f-i). Symbols represent data from one mouse, data are mean ± s.d., One-way ANOVA with Tukey’s multiple comparisons (b—e) or Student’s t-test (g,i), NS not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
Source data


Extended Data Fig. 8 (related to Fig 3): Eosinophils are altered in ILC2-deficient mice.
a—f, Flow-cytometric analysis of eosinophils and ILC2s in the BAL and lung interstitium of Id2fl/fl, Nmur1iCre-eGFP Id2fl/fl mice treated with either PBS or recombinant IL-5, seven days after allergy induction by intranasal application of A. alternata extract. a,b Eosinophils in the lung interstitium, c,d Eosinophils in the BAL, e,f ILC2s in the lung interstitium. Symbols represent data from one mouse, data are pooled from two independent experiments. Data are mean ± s.d., Student’s t-test, NS not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. g Flow cytometry plots showing the gating strategy for the analysis and sorting of eosinophils from lung after Papain treatment of Nmur1iCre-eGFP Id2fl/fl mice (cKO) and littermate controls (Ctrl). Data are representative of one experiment with 5 mice per group. h, Pathways from tmod gene set enrichment analysis (GSEA) of bulk RNA sequencing from eosinophils of 4 Nmur1iCre-eGFP Id2fl/fl mice vs 4 WT control animals. Bars are color-coded according to Databases: Gene Ontology (GO, red), Reactome (gray), Hallmark (white), tmod (purple), KEGG (pink). Genes differentially expressed in eosinophils after papain treatment of Nmur1iCre-eGFP Id2fl/fl mice (cKO) and littermate controls (Ctrl) were used for the analysis. i, Volcano plot showing differentially expressed genes of interest in eosinophils after papain treatment of Nmur1iCre-eGFP Id2fl/fl mice (cKO) and littermate controls (Ctrl) j, Heat maps of genes differentially expressed in eosinophils after papain treatment of Nmur1iCre-eGFP Id2fl/fl mice (cKO) and littermate controls (Ctrl). Each heat map corresponds to one pathway shown in h.
Source data


Extended Data Fig. 9 (related to Fig 4): ILC2-deficient mice are highly susceptible to N. brasiliensis infection.
7 (a-h) or 11 days (i—m) after infection with N.b., Nmur1iCre-GFP Gata3fl/fl (a,b,f-h) or Nmur1iCre-eGFP Id2fl/fl (c-e, i—m) mice (cKO) and littermate controls (Ctrl) were analysed alongside untreated WT controls. a,b, Nmur1iCre-GFP Gata3fl/fl mice (cKO) and littermate controls (Ctrl) 7 days after N. b. infection alongside untreated WT controls. ILC2s (a) and eosinophils (b) in the mLN and lung, flow cytometry plots depicting mLN. c, TH2 cells in mLN and lung. d,e Neutrophils in the lung. Littermate controls for c—e were Id2fl/+ or Nmur1iCre-eGFP Id2fl/+. f, Worm burden g, Goblet- and tuft cells per villus, mucus area quantified from UEA-I stain, all as shown in h. h, left: Periodic acid-Schiff staining; middle: intestinal tuft cell staining with Dclk1 (red), DAPI (blue); right: intestinal mucus stained with UEA-I (green), DAPI (blue). Littermate controls for a,b,f-h were Gata3fl/+. i,j, ILC2s and eosinophils in the mLN (i) or mLN and lung (j) 11 days after infection. k, TH2 cells. l, Goblet- and tuft cells per villus, mucus area quantified from UEA-I stain as shown in m. m, intestine as shown in h, 11 days after infection. n-r Infection of BM chimeras of C57BL/6 recipients transplanted with bone marrow of Id2fl/fl (Ctrl), Nmur1iCre-eGFP Id2fl/fl (cKO) donors, or bone marrow of cKO donors supplemented with sorted ILC2 precursors (cKO + ILC2p) from C57BL/6 donors, with N.b. n, Periodic acid-Schiff staining of small intestine seven days after N. b. infection. o, Goblet cells per villus. p,q, Neutrophils in the lung. r, TH2 cells. s, ILC3s, LTi-like ILC3s and NCR+ ILC3s 7 days after N.b. infection of Nmur1iCre-eGFP Id2fl/fl mice (cKO) and littermate controls (Ctrl). a—s One symbol represents data from one mouse, data are mean ± s.d. one-way ANOVA with Tukey’s multiple comparisons, NS not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
Source data


Extended Data Fig. 10 (related to Fig 4): Gene expression in epithelial cells of ILC2-deficient mice during N. brasiliensis infection.
a, Heat map showing scaled expression of marker genes for colonic cell populations in single-cellRNA sequencing Data shown in Fig. 4m. b, Violin plots showing normalized count distributions of differentially expressed genes Reg3b, Reg3g, Muc-2, Clca1 and Ang4 in colonic epithelial cells between infected Nmur1iCre-eGFP Id2fl/fl mice (cKO) and littermate controls (Ctrl) in all clusters.
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