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            Abstract
Metastatic disease remains the primary cause of death for patients with breast cancer. The different steps of the metastatic cascade rely on reciprocal interactions between cancer cells and their microenvironment. Within this local microenvironment and in distant organs, immune cells and their mediators are known to facilitate metastasis formation1,2. However, the precise contribution of tumour-induced systemic inflammation to metastasis and the mechanisms regulating systemic inflammation are poorly understood. Here we show that tumours maximize their chance of metastasizing by evoking a systemic inflammatory cascade in mouse models of spontaneous breast cancer metastasis. We mechanistically demonstrate that interleukin (IL)-1β elicits IL-17 expression from gamma delta (γδ) T cells, resulting in systemic, granulocyte colony-stimulating factor (G-CSF)-dependent expansion and polarization of neutrophils in mice bearing mammary tumours. Tumour-induced neutrophils acquire the ability to suppress cytotoxic T lymphocytes carrying the CD8 antigen, which limit the establishment of metastases. Neutralization of IL-17 or G-CSF and absence of γδ T cells prevents neutrophil accumulation and downregulates the T-cell-suppressive phenotype of neutrophils. Moreover, the absence of γδ T cells or neutrophils profoundly reduces pulmonary and lymph node metastases without influencing primary tumour progression. Our data indicate that targeting this novel cancer-cell-initiated domino effect within the immune system—the γδ T cell/IL-17/neutrophil axis—represents a new strategy to inhibit metastatic disease.
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                    Figure 1: Neutrophils promote breast cancer metastasis.[image: ]


Figure 2: Neutrophils suppress CD8+ T cell activation to facilitate metastasis.[image: ]


Figure 3: Lymphocyte-derived IL-17 is required for G-CSF-induced neutrophil expansion and phenotype.[image: ]


Figure 4: IL-1β-activated, IL-17-producing γδ T cells regulate neutrophil expansion, neutrophil phenotype and metastasis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Systemic neutrophil expansion and accumulation in mammary tumour-bearing KEP mice and the metastasis model.
a, Representative images of neutrophils identified by the 7/4 antibody in lung sections in WT or KEP mice. Scale bar, 50 μm. b, Quantification of neutrophil accumulation per field of view (FOV) in various organs by immunohistochemistry using the 7/4 antibody (n = 6 WT, 9 KEP mice). c, Absolute neutrophil counts in blood of WT and tumour-bearing KEP mice (n = 4 WT, 8 KEP). d, Quantification of neutrophil accumulation in various organs determined by flow cytometry and gated on CD45+ cells. Neutrophils were not detectable in WT mammary glands (n = 5 WT, 7 KEP mice). e, Representative images of Ly6G-stained lung sections and quantification of neutrophil accumulation in the metastasis model. Data were generated from mock-transplanted, non-tumour-bearing mice (0 mm2), or tumour-transplanted recipient mice killed when tumours reached the tumour size shown or when mice exhibited signs of respiratory distress due to pulmonary metastasis. For quantification in lungs with metastases, neutrophils residing inside metastases were excluded. T, pulmonary metastatic lesion. Scale bar, 100 μm (n = 3, 5, 6, 6 and 3 mice for 0, 9, 25, 100 mm2 and metastasis respectively). f, Kinetics of neutrophil accumulation in various organs of the metastasis model by flow cytometry after gating on CD45+ cells. Recipient mice transplanted with KEP tumour pieces were killed at the tumour size shown (n = 6, 5, 6, and 7 mice for 0, 9, 25, 100 mm2 respectively). g, Kinetics of neutrophil proportions in blood (gated on CD45+ cells), before and after surgical removal of their primary tumour (n = 5). All data are mean + s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 as determined by Mann–Whitney U-test or Kruskal–Wallis test followed by post-hoc Dunn’s test.


Extended Data Figure 2 Neutrophil depletion does not affect primary tumour or metastatic nodule growth.
a, Schematic illustration of the neutrophil depletion experiment in the spontaneous metastasis model. b, Representative dot plots of neutrophils gated on CD45+ cells in blood of control and anti-Ly6G-treated recipient mice. The Gr1 antibody was used here to avoid false-negative results since the anti-Ly6G depleting antibody may mask the Ly6G epitope. CD11b+Gr1high cells were Ly6C+CCR2−, indicating that these cells were neutrophils. CD11b+Gr1low cells that were Ly6C+ and CCR2+ represented the monocytic fraction. c, Quantification of neutrophil depletion in blood of control and anti-Ly6G-treated recipient mice at the tumour size indicated (n = 8 control, 5 anti-Ly6G; **P < 0.01 as determined by Mann–Whitney U-test). d, Primary tumour growth kinetics of mice treated as indicated (n = 12 control, 14 anti-Ly6G). e, Representative images of primary tumours in the metastasis model treated as shown and stained with haematoxylin and eosin, cytokeratin 8, vimentin, E-cadherin and CD34. Scale bar, 100 μm. f, Quantification of blood vessels per field of view (FOV) in control and neutrophil-depleted mice by anti-CD34 immunohistochemistry (n = 10). g, Quantification of pulmonary metastatic nodule size in control and neutrophil-depleted mice (n = 9 control, 11 early phase, 14 late phase mice). All data are mean + s.e.m.


Extended Data Figure 3 Subpopulations of neutrophils in mammary tumour-bearing mice are immature.
a, Gating strategy for identification of neutrophils (CD45+CD11b+Ly6G+Ly6C+F4/80− cells), cKIT+ neutrophils and monocytes (CD45+CD11b+Ly6G−Ly6C+F4/80− cells) by flow cytometry. Blood cells from WT and tumour-bearing KEP mice are shown here. b, Quantification of cKIT+ neutrophil accumulation in various organs determined by flow cytometry after gating on CD45+CD11b+Ly6G+Ly6C+F4/80− cells. cKIT+ neutrophils were not detectable in WT mammary glands (n = 5 WT, 7 KEP; Mann–Whitney U-test). c, cKIT+ neutrophil proportions in various organs of the metastasis model as determined by flow cytometry after gating on CD45+CD11b+Ly6G+Ly6C+F4/80− cells. Mice were killed at the tumour size shown (n = 5, 5, 5, and 8 mice for 0, 9, 25, 100 mm2 respectively; Kruskal–Wallis test followed by post-hoc Dunn’s test). d, Kinetics of cKIT+ neutrophil proportions in blood (gated on CD45+CD11b+Ly6G+Ly6C+F4/80− cells), before and after surgical removal of the primary tumour (n = 5 per group; Mann–Whitney U-test). e, Representative images and quantification of neutrophil nuclear morphology. Ly6G+ cells were isolated from blood of WT and tumour-bearing KEP mice then assessed by Giemsa stain. Hyper-segmented cells were considered mature, whereas all other cells were considered immature. Scale bar, 10 μm. (n = 6 WT, 5 KEP mice; Mann–Whitney U-test). All data are mean + s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001.


Extended Data Figure 4 Neutrophils influence the function and phenotype of CD8+ T cells.
a, Unsupervised hierarchical clustering of RNA-Seq analysis depicting 100 differentially expressed genes between circulating neutrophils from WT and tumour-bearing KEP mice. P value (0.05) was used as cutoff (n = 4 WT, 5 KEP mice). See also Extended Data Table 1 for top 50 genes ranked by fold change. b, Circulating neutrophils from either WT or tumour-bearing KEP mice were incubated with CFSE-labelled splenic CD8+ T cells from WT mice and CD3/CD28 stimulation beads. The iNOS inhibitor, L-NMMA, was added where indicated. After 48 h, CD8+ T cell proliferation was measured by flow cytometry. c, Dot plots depicting live cell-gated CD8+ T cell proportions in lungs of mice in control and neutrophil-depleted mice, killed when transplanted tumours reached 100 mm2. d, Dot plots of effector CD8+ T cell (CD62L−CD44+) proportions in lungs of transplanted mammary tumour-bearing mice that were killed when tumours reached 100 mm2. e, IFN-γ expression by CD8+ T cells in lungs of transplanted mammary tumour-bearing mice that were killed when tumours reached 100 mm2. f, Tumour growth kinetics in neutrophil-depleted or combined neutrophil- and CD8+ T-cell-depleted, mammary tumour-transplanted recipient mice, compared with control (n = 13 control, 21 anti-Ly6G, 14 anti-Ly6G/CD8). Data are mean + s.e.m.


Extended Data Figure 5 Cytokine expression levels in tumours and T cells, and their effects on neutrophils.
a, Unsupervised clustering of cytokine expression analysis in WT mammary glands and KEP tumours. Protein lysates were prepared as previously described from whole tissue34 and analysed for expression of various cytokines by Luminex-based assay (n = 5 per group). b, Protein levels of indicated cytokines in WT mammary glands and KEP tumours, determined by Luminex-based cytokine profiling; n.d., not detectable (n = 10 per group; Mann–Whitney U-test). c, d, Quantification of neutrophil and cKIT-expressing neutrophil accumulation in blood as determined by flow cytometry and gated on CD45+ cells. WT (n = 4) or tumour-bearing KEP mice (n = 9) were treated with anti-IL-17 (n = 8) and/or recombinant G-CSF (rG-CSF; n = 4) where indicated (Mann–Whitney U-test or Kruskal–Wallis test followed by post-hoc Dunn’s test). e, Gene expression in circulating neutrophils from WT control (n = 5), rG-CSF-treated WT mice (n = 4), KEP control (n = 10), anti-IL-17-treated (n = 6), anti-IL-17 + rG-CSF-treated KEP mice (n = 4; Mann–Whitney U-test or Kruskal–Wallis test followed by post-hoc Dunn’s test). f, Spleens of three WT mice and three KEP mice were pooled and CD3+ T cells were isolated. These cells were analysed by a real-time PCR array containing 86 different genes. Gene expression changes greater than threefold are shown. Members of the IL-17 signalling pathway are depicted in blue. *P < 0.05, **P < 0.01, ***P < 0.001. All data are mean + s.e.m.


Extended Data Figure 6 Absence of the adaptive immune system reduces metastasis.
a, Graphic representation of mammary tumour latency (left) and tumour growth (right) in lymphocyte-proficient KEP;Rag1+/− and lymphocyte-deficient KEP;Rag1−/− mice (n = 30 per group left panel, 10 mice per group right panel). b, Levels of TGF-β1 in mammary tumours and the plasma of tumour-bearing mice (n = 6 tumour, 3 plasma). c, Quantification of metastatic burden in lungs of recipient WT or Rag1−/− mice that were transplanted with KEP mammary tumour fragments and underwent surgical removal of the primary tumour (n = 6 WT, 4 Rag1−/− mice; **P < 0.01, Mann–Whitney U-test). Data are mean + s.e.m.


Extended Data Figure 7 Depletion of CD4+ T cells does not affect systemic cytokine levels or neutrophil expansion.
a, The proportion of IL-17A+ cells among CD4+ T cells in organs of WT and tumour-bearing KEP mice (n = 6 per group; Mann–Whitney U-test). b, Median fluorescence intensity of IL-17A expression in circulating γδ and CD4+ T cells from tumour-bearing KEP mice, as determined by flow cytometry (n = 11 per group; Wilcoxon matched-pairs test). c, Representative dot plots depicting total neutrophil and cKIT+ proportions in blood of control, anti-CD4- and anti-γδTCR-treated tumour-bearing KEP mice. d, Quantification of total neutrophil and cKIT+ neutrophil proportions in blood of control and anti-CD4-treated tumour-bearing KEP mice (n = 7 per group; Mann–Whitney U-test). e, Serum levels of IL-17A and G-CSF in control and anti-CD4-treated tumour-bearing KEP mice (n = 10 control, 6 anti-CD4; Mann–Whitney U-test). *P < 0.05, **P < 0.01. All data are mean + s.e.m.


Extended Data Figure 8 γδ T cell phenotype in KEP mice and their lack of influence on tumour growth in the metastasis model.
a, γδ T cells from lungs of tumour-bearing KEP mice were analysed by flow cytometry for IL-17, CD27, Vγ1 and Vγ4 expression. Two major populations of γδ T cells were observed including IL-17+CD27− and IL-17−CD27+ cells. b, Representative histograms of CCR6, IL-1R1, IL-23R and ROR-γt expression in IL-17+CD27− and IL-17−CD27+ γδ T cell populations shown in a. c, Il1β gene expression in various cell populations isolated from transplanted KEP tumours. Tumours from three mice were pooled to form one group. CD45− cells (which include cancer cells, endothelial cells and fibroblasts), CD45+CD11b+F4/80+ macrophages, CD45+CD11b+Ly6G+ neutrophils and CD45+CD11b− lymphocytes were sorted from two pooled groups. Real-time PCR was performed on individual cell populations for Il1β expression. Relative expression among different cells is shown. d, Graphic representation of immune cell proportions in KEP tumours (n = 4). e, Primary tumour growth kinetics of control and γδ T cell-depleted tumour transplant recipient mice (n = 13 per group). f, Growth kinetics of primary tumours transplanted into Tcrd+/− (n = 10) and Tcrd−/− mice (n = 6). All data are mean + s.e.m.


Extended Data Figure 9 The γδ T cell/IL-17/neutrophil axis promotes breast cancer metastasis.
Mammary tumours evoke a systemic inflammatory cascade that is initiated by IL-1β production. Tumour-derived IL-1β activates γδ T cells to produce IL-17. Increased systemic IL-17 levels lead to upregulation of G-CSF, which subsequently causes neutrophil expansion and alteration of neutrophil phenotype. These phenotypically altered neutrophils produce iNOS that suppresses the activity of anti-tumour CD8+ T cells. As a result of this systemic inflammatory cascade, the chance that disseminated cancer cells can establish metastases in distant organs is maximized.


Extended Data Table 1 The top 50 most differentially expressed genes between neutrophils from WT and KEP miceFull size table
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That tumorigenesis can be closely linked to an inflammatory microenvironment has been well established. In a new study, Karin de Visser and colleagues estimate the more systemic inflammatory effects observed in a mouse model of breast cancer. They find that interleukin (IL)-1β expression in tumours elicits IL-17 expression in γδ T cells at a local level, which through granulocyte colony-stimulating factor production promotes systemic accumulation of neutrophils in multiple organs. Interfering with this cascade of events, for example at the level of neutrophil activation, reduces lung and lymph node metastases in this breast cancer model. These findings illustrate the perhaps wider than anticipated systemic effects elicited by localized tumours, at the same time offering multiple points of potential therapeutic interference.
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