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            Abstract
A better understanding of the features that define the interaction between cancer cells and immune cells is important for the development of new cancer therapies1. However, focus is often given to interactions that occur within the primary tumour and its microenvironment, whereas the role of immune cells during cancer dissemination in patients remains largely uncharacterized2,3. Circulating tumour cells (CTCs) are precursors of metastasis in several types of cancer4,5,6, and are occasionally found within the bloodstream in association with non-malignant cells such as white blood cells (WBCs)7,8. The identity and function of these CTC-associated WBCs, as well as the molecular features that define the interaction between WBCs and CTCs, are unknown. Here we isolate and characterize individual CTC-associated WBCs, as well as corresponding cancer cells within each CTCâ€“WBC cluster, from patients with breast cancer and from mouse models. We use single-cell RNA sequencing to show that in the majority of these cases, CTCs were associated with neutrophils. When comparing the transcriptome profiles of CTCs associated with neutrophils against those of CTCs alone, we detect a number of differentially expressed genes that outline cell cycle progression, leading to more efficient metastasis formation. Further, we identify cellâ€“cell junction and cytokineâ€“receptor pairs that define CTCâ€“neutrophil clusters, representing key vulnerabilities of the metastatic process. Thus, the association between neutrophils and CTCs drives cell cycle progression within the bloodstream and expands the metastatic potential of CTCs, providing a rationale for targeting this interaction in treatment of breast cancer.
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                    Fig. 1: CTCâ€“neutrophil clusters are highly efficient metastatic precursors.


Fig. 2: CTCs from CTCâ€“neutrophil clusters are highly proliferative.


Fig. 3: Whole-exome sequencing highlights recurrent mutational events in CTCs from CTCâ€“neutrophil clusters.


Fig. 4: Identification of vulnerabilities of CTCâ€“neutrophil clusters.
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                Data availability

              
              Data analysis, statistical testing and visualization were conducted in R (version 3.4.0; R Foundation for Statistical Computing). RNA and exome sequencing data have been deposited in the Gene Expression Omnibus (GEO, NCBI; accession number GSE109761) and the European Nucleotide Archive (ENA, EMBL-EBI; accession number PRJEB24623), respectively. Original R scripts to reproduce data analysis have been deposited to GitHub (accession URL, https://github.com/CMETlab/CTC-WBC). Source data for all mouse experiments are provided. All data are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 CTC capture in patients with breast cancer and in mouse models.
a, Schematic of the CTC capture strategy with the Parsortix device. b, Schematic of the experimental design. Fifty single CTCs and fifty CTC clusters are spiked into blood to assess capture rate. c, Representative images of CTCs and WBCs captured on the Parsortix device and stained for EpCAM, HER2, EGFR (green) and CD45 (red) (left). Plot showing the mean CTC capture efficiency (right). d, Schematic of the experimental design. Fifty single CTCs are spiked into blood to evaluate artificial CTC aggregation rate during processing. e, Representative image of captured CTCs (left). The plot shows the mean per cent of captured single CTCs, CTC clusters and CTCâ€“WBC clusters (right). n = 3; error bars, s.e.m. (câ€“e). f, Representative images of CTCs from patients and mouse models. n = 34 for patients, n = 8 for NSG-LM2-GFP and NSG-4T1-GFP, n = 7 for BALB/c-4T1-GFP, n = 5 for MMTV-PyMT. g, Plot showing mean CTC counts in patients. n = 34; error bars, s.e.m. h, Plot showing the number of CTCs in each patient-derived CTCâ€“WBC cluster. The red line represents the mean. i, Plot showing mean CTC counts in mouse models. n = 8 for NSG-CDX-BR16-GFP, NSG-LM2-GFP and NSG-4T1-GFP, n = 7 for BALB/c-4T1-GFP, n = 5 for MMTV-PyMT, error bars, s.e.m. j, Plot showing the number of CTCs in each mouse-model-derived CTCâ€“WBC cluster. The red line represents the mean. k, Pie charts displaying the mean percentage of single CTCs (grey), CTC clusters (green) and CTCâ€“WBC clusters (red) in mice upon blood draw via heart puncture (HP) or tumour-draining vessel (TDV) (left). The plots show the mean number of CTCs from the same experiment (right). l, Plot showing fold change of CTC counts, comparing HP versus TDV blood draw. Error bars, s.e.m.; n = 5 for NSG-CDX-BR16-GFP, n = 3 for NSG-LM2-GFP; P values by two-sided Studentâ€™s t-test are shown (k, l). m, Plots showing the number of CTCs in each mouse model-derived CTCâ€“WBC cluster, isolated via HP or TDV. The red lines represent the mean. P values by two-sided Studentâ€™s t-test are shown. n, Plot showing the mean number of CTCs at day 10 after tumour inoculation, collected from HP, TDV or peripheral circulation (that is, tail vein; PC). Error bars, s.e.m.; n = 3; P values by two-sided Studentâ€™s t-test are shown.

                          Source data
                        


Extended Data Fig. 2 Characterization of CTC-associated WBCs.
a, Bar plot showing the expression levels of WBC marker CD45 in patient samples, including CTC-associated WBCs (red), free-floating peripheral WBCs (blue) and CTCs alone (green). b, Principal component analysis (PCA) of CTC-associated WBCs of patients and five reference WBC populations (n = 50). c, Bar plot showing the expression levels of CD45 in mouse samples, including CTC-associated WBCs (red) and CTCs alone (green). d, PCA of CTC-associated WBCs from all mouse models and five reference WBC populations (n = 47). e, Reference component analysis clustering of CTC-associated WBCs (red) and reference WBCs from mouse models, displaying projection scores of cells (columns, n = 47) on the immune reference panel (rows). f, Representative immunofluorescence images of mouse immune cells stained for CD45, Ly-6G and CD11b. Mouse lymphocytes (CD45+Ly-6Gâ€“CD11bâ€“), mouse monocytes (CD45+Ly-6Gâ€“CD11b+), and mouse granulocytes (CD45+Ly-6G+CD11blow) are shown (top). Representative immunofluorescence images of mouse lymphocytes and macrophages (peritoneum-derived) stained for F4/80 are shown (bottom). Mouse macrophages display a F4/80+ phenotype, whereas lymphocytes display a F4/80â€“ phenotype (n = 3 for all). g, Representative images of human and mouse T cells, B cells, NK cells, monocytes and granulocytes stained with the Wrightâ€“Giemsa protocol to highlight nuclear morphology (left). Wrightâ€“Giemsa staining of the human CTC-derived cell line BR16 is also shown (right) (n = 3 for all). h, Representative immunofluorescence images of CTCâ€“neutrophil clusters and CTCâ€“monocyte clusters isolated from mouse models and stained for Ly-6G (gold) and CD11b (blue). CTCs stably express GFP (green). n = 8 for NSG-CDX-BR16-GFP, NSG-LM2-GFP and NSG-4T1-GFP, n = 7 for BALB/c-4T1-GFP. i, Representative images of CTCâ€“neutrophil clusters stained with the Wrightâ€“Giemsa protocol to highlight nuclear morphology. n = 8 for NSG-CDX-BR16-GFP, NSG-LM2-GFP and NSG-4T1-GFP. j, Bar graph showing the mean number of CTCâ€“neutrophil clusters and CTCâ€“monocyte clusters in mouse models. Error bars, s.e.m.; n = 8 for NSG-CDX-BR16-GFP, NSG-LM2-GFP, NSG-4T1-GFP and n = 7 for BALB/c-4T1-GFP. k, Heat maps showing the projection scores of mouse-derived (left) and patient-derived (right) CTC-associated neutrophils (columns) on pro-tumoral (N2) neutrophil markers (rows).

                          Source data
                        


Extended Data Fig. 3 Progression-free survival analysis in patients with breast cancer and in mouse models.
a, Kaplanâ€“Meier progression-free survival analysis comparing patients with one or more CTCâ€“neutrophil cluster per 7.5 ml of peripheral blood (n = 9) versus all patients with no CTCâ€“neutrophil clusters (n = 48). P value by two-sided log-rank test is shown. b, Kaplanâ€“Meier PFS analysis comparing patients with one or more CTCâ€“neutrophil cluster per 7.5 ml of peripheral blood (n = 9) versus patients with one or more CTC per 7.5 ml of peripheral blood but no CTCâ€“neutrophil clusters (n = 21). P value by two-sided log-rank test is shown. c, Kaplanâ€“Meier PFS analysis comparing patients with one or more CTCâ€“neutrophil cluster per 7.5 ml of peripheral blood (n = 9), patients with one or more single CTC per 7.5 ml of peripheral blood but without CTCâ€“neutrophil clusters (n = 14), and patients with one or more CTC cluster per 7.5 ml of peripheral blood but without CTCâ€“neutrophil clusters (n = 7). P value by two-sided log-rank test is shown. Of note, these results are consistent with our previous observations whereby PFS differences in patients with single CTCs versus CTCâ€“clusters were visible only when CTC clusters were present for multiple time points along disease progression. d, Schematic of the experimental design. One hundred CTCs from CTCâ€“neutrophil clusters, CTC clusters or single CTCs are injected in the tail vein of tumour-free recipient mice to measure their metastatic potential. e, Plot showing normalized bioluminescence signal from the lungs of injected mice. n = 5 for all, error bars, s.e.m., âˆ—P < 0.05 by two-sided Studentâ€™s t-test. f, Kaplanâ€“Meier plot showing overall survival of injected mice. n = 5 for all, P values by two-sided log-rank test are shown. g, Representative image of a metastatic lesion in NSG mice injected intravenously with either with CTCâ€“neutrophil clusters, CTC clusters or single CTCs from NSG-BR16-GFP mice. Metastases are stained for pan-cytokeratin (pCK, green) and DAPI (nuclei, blue) (left). The plot shows the mean number of metastatic foci per field of view (right). n = 3; error bars, s.e.m.; P values by two-sided Studentâ€™s t-test are shown. h, Representative image of a metastatic lesion in the lungs of BALB/c mice injected intravenously with either with CTCâ€“neutrophil clusters, CTC clusters or single CTCs from BALB/c-4T1-GFP mice. Metastases are stained for pan-cytokeratin (pCK, green) and DAPI (nuclei; blue) (left). The plot shows the mean number of metastatic foci per field of view (right). n = 3; error bars, s.e.m.; P values two-sided Studentâ€™s t-test are shown.

                          Source data
                        


Extended Data Fig. 4 Gene expression analysis of scRNA-seq data.
a, t-SNE analysis of CTCs from CTCâ€“neutrophil clusters and CTCs alone using the 500 most variable genes. t-SNE plots for BALB/c-4T1-GFP samples are coloured by number of detected genes (left) and number of reads per sample (right) (n = 29). b, t-SNE plots for patient samples coloured by number of detected genes (left) and number of reads per sample (right) (n = 68). c, Heat map showing the projection scores of mouse-model-derived CTCs from CTCâ€“neutrophil clusters and CTCs alone in relation to epithelial and mesenchymal genes (n = 59). d, Heat map showing the projection scores of patient-derived CTCs from CTCâ€“neutrophil clusters and CTCs alone in relation to epithelial and mesenchymal genes (n = 68). e, Heat map showing the projection scores of mouse-model-derived CTCs from CTCâ€“neutrophil clusters and CTCs alone in relation to cancer stem-cell genes (n = 59). f, Heat map showing the projection scores of patient-derived CTCs from CTCâ€“neutrophil clusters and CTCs alone in relation to cancer stem-cell genes (n = 68). g, Heat map showing the projection scores of mouse-model-derived CTCs from CTCâ€“neutrophil clusters and CTCs alone in relation to platelet genes (n = 59). h, Heat map showing the projection scores of patient-derived CTCs from CTCâ€“neutrophil clusters and CTCs alone in relation to platelet genes (n = 68).


Extended Data Fig. 5 Proliferation of tumour cells adjacent to neutrophils in primary and metastatic tissues.
a, Representative immunofluorescence images of NSG-LM2-GFP primary tumour and matched lung metastasis, stained for pan cytokeratin (pCK, green), MPO (gold), Ki67 (purple) and DAPI (nuclei, blue) (n = 3). b, Plots showing the mean per cent of Ki67-positive cancer cells in the primary tumour and metastatic sites (lung or brain) of mouse models, both overall and when considering only those cells that are adjacent to neutrophils. n = 3 for all; error bars, s.e.m.; ns, not significant by two-sided Studentâ€™s t-test. c, Representative immunofluorescence images of BR57 primary tumour and matched liver metastasis, stained for pan cytokeratin (pCK, green), MPO (gold), Ki67 (purple) and DAPI (nuclei, blue) (n = 3). d, Plots showing the mean percentage of Ki67-positive cancer cells, both overall and when considering only those cells that are adjacent to neutrophils, in matched primary and metastatic sites of nine patients with breast cancer. Error bars, s.e.m.; ns, not significant by two-sided Studentâ€™s t-test. e, Schematic of the experimental design. One hundred CTCs from CTCâ€“neutrophil clusters or CTC alone are injected in the tail vein of recipient mice to measure disseminated tumour cells proliferation. f, Representative images of disseminated tumour cells stained for pan-cytokeratin (pCK, green), Ki67 (purple) and DAPI (nuclei, blue) (left). The plot shows the mean per cent of Ki67-positive DTCs (right). n = 3; error bars, s.e.m.; *P = 0.001 by two-sided Studentâ€™s t-test.

                          Source data
                        


Extended Data Fig. 6 Characterization of cytokine-mediated crosstalk within CTCâ€“neutrophil clusters.
a, Schematic of the experimental design (top). The heat map shows the transcriptional landscape of cytokines and corresponding receptors expressed in at least 20% of CTCâ€“neutrophil clusters (bottom). The cytokineâ€“receptor pairs that are most frequently expressed in human cells are shown in red. b, Schematic of the experimental design (top). The heat map shows the transcriptional landscape of cytokine receptors and corresponding cytokines expressed in at least 20% of CTCâ€“neutrophil clusters (bottom). The cytokineâ€“receptor pairs that are expressed in at least 40% of CTCâ€“neutrophil clusters are shown in red. c, The plot shows the mean 4T1-GFP cell number upon starvation and stimulation with IL-6, IL-1Î², TNF-Î±, OSM or all four cytokines together (cytokine pool). n = 3; error bars, s.e.m.; *P < 0.05 by two-sided Studentâ€™s t-test. d, Plots showing the mean percentage of Ki67-positive disseminated tumour cells (DTCs) in the bone marrow of injected mice (n = 3 for all; error bars, s.e.m.; *P < 0.05 by two-sided Studentâ€™s t test). e, Plots showing normalized bioluminescence signal from the lungs of injected mice. n = 4 for all; error bars, s.e.m.; *P < 0.05 by two-sided Studentâ€™s t-test. f, Tumour growth curves of NSG mice injected with 4T1-Cas9-GFP cells expressing a control vector (Ctrl sgRNA) or sgRNAs targeting Il1r1 or Il6st. n = 3; error bars, s.e.m.; ns, not significant by two-sided Studentâ€™s t-test. g, Pie charts displaying the mean percentage of single CTCs (grey), CTC clusters (green) and CTCâ€“neutrophil clusters (gold) of injected mice (left) (n = 3). The plots show the mean fold change of CTC ratios from injected mice (right). n = 3; error bars, s.e.m.; ns, not significant by two-sided Studentâ€™s t-test. h, Plots showing the mean per cent of Ki67-positive CTCs from injected mice. n = 3; error bars, s.e.m.; *P = 0.001 by two-sided Studentâ€™s t-test.

                          Source data
                        


Extended Data Fig. 7 Mutation analysis of single-cell whole-exome sequencing data.
a, Somatic mutation rate (mutations per Mb) of CTCs from CTCâ€“neutrophil clusters (n = 14) versus CTCs alone (n = 56), normalized by donor. Lines within the violin plots show the 25th, 50th and 75th percentile, respectively, and dots represent individual CTCs. P value by two-sided Wilcoxon sign-ranked test is shown. b, Somatic mutation rate (mutations per Mb) in all CTCs isolated from donors with CTCâ€“neutrophil clusters (donors (+); n = 6) and donors without CTCâ€“neutrophil clusters (donors (âˆ’); n = 5). Lines within the violin plots show the 25th, 50th and 75th percentile, respectively, and dots represent individual CTCs. ns, not significant by two-sided Wilcoxon sign-ranked test. c, Nucleotide substitution pattern among putative somatic mutations in CTCs isolated from donors with CTCâ€“neutrophil clusters (donors (+)) versus donors without CTCâ€“neutrophil clusters (donors (âˆ’)). n = 6 for donors (+) and n = 5 for donors (âˆ’). Lines within the violin plots show the 25th, 50th and 75th percentile, respectively, and dots represent individual CTCs. P value by two-sided Wilcoxon sign-ranked test is shown. d, Bar plots showing the nucleotide context of given mutations in CTCs alone versus CTCs from CTCâ€“neutrophil clusters. e, Plot showing the age distribution of donors (+) (n = 10) and donors (âˆ’) (n = 24). The red lines represent the mean. ns, not significant by two-sided Studentâ€™s t-test. f, The tile plot represent genes (columns) containing predicted high-impact mutations in at least two donors (+) and in none of the donors (âˆ’). g, Plots showing the mean fold change for MERTK and TLE1 (wild type or mutated) transcripts compared to control (Ctrl) cells. n = 3; error bars, s.e.m.; *P < 0.004 by two-sided Studentâ€™s t-test. h, Tumour growth curves representing mean tumour volume measurements of NSG mice injected with 4T1 cells carrying an empty vector (pLOC), wild type or mutated MERTK (left) or TLE1 (right) (n = 3; error bars, s.e.m.; ns, not significant by two-sided Studentâ€™s t-test). i, Representative images of the primary tumour of injected mice, stained for pan cytokeratin (pCK, green), myeloperoxidase (MPO, gold) and DAPI (nuclei, blue) (top) (n = 3). The plot shows the mean number of infiltrated neutrophils per field of view within the primary tumour (bottom). Error bars, s.e.m.; n = 3; ns, not significant by two-sided Studentâ€™s t-test. j, Representative images of the primary tumour of injected mice, stained for pan cytokeratin (pCK, green), myeloperoxidase (MPO, gold) and DAPI (nuclei, blue) (top) (n = 3). The plot shows the mean number of infiltrated neutrophils per field of view within the primary tumour (bottom). Error bars, s.e.m.; n = 3; *P = 0.002, **P = 0.0007 by two-sided Studentâ€™s t-test. k, Pie charts displaying the mean percentage of single CTCs (grey), CTC clusters (green) and CTCâ€“neutrophil clusters (gold) in injected mice. The number of independent biological replicates (n) is shown for each condition.

                          Source data
                        


Extended Data Fig. 8 Co-culture of cancer cells and neutrophils does not lead to the accumulation of key mutational events.
a, Schematic of the experimental design. Neutrophils were purified from healthy donor blood and cultured with either CTC-derived cell lines (BR16, Brx50) or LM2 cells for 72 h. Tumour cells were collected, and isolated gDNA was processed for WES. b, Tile plot showing the mutation status of all key loci found mutated in patients with CTCâ€“neutrophil clusters. None of the CTCâ€“neutrophil-cluster-associated mutations were detected upon co-culture of cancer cells with neutrophils.


Extended Data Fig. 9 Effects of neutrophil depletion or augmentation in mice.
a, Plots showing the mean number of neutrophils in the circulation of mice treated with Ly-6G neutralizing antibodies (anti-Ly-6G) (left), or carrying G-CSF overexpressing tumours (right). Error bars, s.e.m.; the number of independent biological replicates (n) is provided in the Source Data; NA, not available; *P < 0.03, **P < 0.0001 by two-sided Studentâ€™s t-test. b, Representative images of the primary tumour of NSG-LM2-GFP mice stained for pan cytokeratin (pCK, green), myeloperoxidase (MPO, gold) and DAPI (nuclei, blue) (left). The plots show the mean number of infiltrated neutrophils per field of view within the tumour (right). W, weeks upon tumour development. Error bars, s.e.m.; n = 3; *P < 0.03, **P < 0.0001 by two-sided Studentâ€™s t-test. c, Tumour growth curves representing mean tumour volume measurements in the presence or absence of anti-Ly-6G antibodies or G-CSF overexpression. Error bars, s.e.m.; the number of independent biological replicates (n) is provided in the Source Data; ns, not significant by two-sided Studentâ€™s t-test. d, Plots showing the mean counts of single CTCs, CTC clusters and CTC-neutrophil clusters in mice. Error bars, s.e.m.; the number of independent biological replicates (n) is provided in the Source Data; ns, not significant; ND, not detected; *P < 0.05 by two-sided Studentâ€™s t-test. e, Pie charts displaying the mean percentage of single CTCs (grey), CTC clusters (green) and CTCâ€“neutrophil clusters (gold) in NSG-LM2-GFP and NSG-CDX-BR16-GFP mice treated with anti-Ly-6G antibodies or G-CSF overexpression. W, weeks upon tumour development; the number of independent biological replicates (n) is shown for each condition. f, Plots showing the mean fold change of CTC ratios from NSG-LM2-GFP and NSG-CDX-BR16-GFP mice treated with anti-Ly-6G antibodies or G-CSF overexpression. Error bars, s.e.m.; the number of independent biological replicates (n) is provided in the Source Data; *P = 0.045, **P = 0.01, ***P = 0.004 by two-sided Studentâ€™s t-test. g, Representative bioluminescence images of lungs from mice treated with anti-Ly-6G antibodies or G-CSF overexpression (left); the number of independent biological replicates (n) is provided for simplicity directly within the Source Data; W, weeks upon tumour development. The plots show the mean metastatic index of mice treated with anti-Ly-6G antibodies or G-CSF overexpression (right). The number of independent biological replicates (n) is provided for simplicity directly within the Source Data; error bars, s.e.m.; *P < 0.03 **P < 0.01 by two-sided Studentâ€™s t-test. h, Kaplanâ€“Meier survival plots showing overall survival rates of mice. The number of independent biological replicates (n) is provided in the Source Data; *P < 0.02 by two-sided log-rank test. i, Schematic of the experiment. NSG, FVB and BALB/c mice were pre-treated with anti-Ly-6G antibodies or control IgG. 4T1-GFP cells or Py2T-GFP cells were then injected into the tail vein to assess metastasis development. j, Plots showing mean normalized bioluminescence signal in the lungs of injected mice. k, Kaplanâ€“Meier survival plot of injected mice. l, Plots showing the mean percentage of Ki67-positive disseminated tumour cells (DTCs) collected from the bone marrow of injected mice. n = 3; error bars, s.e.m.; ns, not significant by two-sided Studentâ€™s t-test (jâ€“l). m, Bar graph showing the proportion of patients with breast cancer who were treated with G-CSF, related to their CTC status. n = 42 for no CTCs, n = 23 for CTCs, n = 9 for CTCâ€“neutrophil clusters; P value by two-sided Fisherâ€™s exact test is shown.

                          Source data
                        


Extended Data Fig. 10 Expression of cell-adhesion moleculesâ€“receptor pairs on CTCâ€“neutrophil clusters.
a, Schematic of the experimental design (top). The heat map shows the expression landscape of cell-adhesion molecules (CAMs) and corresponding receptors that are expressed in at least 20% of CTCâ€“neutrophil clusters (bottom). The CAMâ€“receptor pairs that are expressed in at least 50% of CTCâ€“neutrophil clusters are shown in red. b, Schematic of the experiment (top). The heatmap shows the expression landscape of CAM receptors and corresponding CAMs that are expressed in at least 20% of CTCâ€“neutrophil clusters (bottom). The CAMâ€“receptor pairs that are expressed in at least 50% of CTCâ€“neutrophil clusters are shown in red. c, Tumour growth curves representing mean tumour volume measurements of mice injected with 4T1-Cas9-GFP cells expressing a control vector (CTRL sgRNA) or sgRNA pools targeting F11r, Icam1, Itgb2 and Vcam1 (CRISPR pool). d, Plot showing the proportion of reads derived from sgRNAs targeting F11r, Icam1, Itgb2 and Vcam1 (4 sgRNAs each) in the 4T1-Cas9-GFP cell line upon library transduction as well as in three primary tumours from NSG-4T1-Cas9-GFP mice. All sgRNAs were represented in the tumour until the end of the experiment. e, Tumour growth curves representing mean tumour volume measurements of mice injected with 4T1-Cas9-GFP cells expressing a control vector (CTRL sgRNA) or individual sgRNAs targeting Vcam1. n = 3; error bars, s.e.m.; ns, not significant by two-sided Studentâ€™s t-test (c, e).
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Reporting Summary

Video 1
Micromanipulation and dissociation of a CTC cluster into single cells. The video shows the isolation of single cells from a CTC cluster through the use of a micromanipulator. The first cell is dissociated and isolated form a multicellular cluster, with this process being then repeated for each individual cell within the cluster. n=98.
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