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            Abstract
Secretion of Câ€“C chemokine ligand 2 (CCL2) by mammary tumours recruits CCR2-expressing inflammatory monocytes to primary tumours and metastatic sites, and CCL2 neutralization in mice inhibits metastasis1 by retaining monocytes in the bone marrow. Here we report a paradoxical effect of CCL2 in four syngeneic mouse models of metastatic breast cancer. Surprisingly, interruption of CCL2 inhibition leads to an overshoot of metastases and accelerates death. This is the result of monocyte release from the bone marrow and enhancement of cancer cell mobilization from the primary tumour, as well as blood vessel formation and increased proliferation of metastatic cells in the lungs in an interleukin (IL)-6- and vascular endothelial growth factor (VEGF)-A-dependent manner. Notably, inhibition of CCL2 and IL-6 markedly reduced metastases and increased survival of the animals. CCL2 has been implicated in various neoplasias and adopted as a therapeutic target1,2,3. However, our results call for caution when considering anti-CCL2 agents as monotherapy in metastatic disease and highlight the tumour microenvironment as a critical determinant of successful anti-metastatic therapy.
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                    Figure 1: Discontinuation of anti-CCL2 treatment increases lung metastases and accelerates death of mice.[image: ]


Figure 2: Monocytes induce blood vessel formation and proliferation of lung metastases after discontinuation of anti-CCL2 treatment.[image: ]


Figure 3: Anti-IL-6 treatment after cessation of anti-CCL2 therapy prevents the overshoot of lung metastases.[image: ]


Figure 4: Combined anti-CCL2 and anti-VEGF treatment reduces angiogenesis and tumour cell proliferation in lung metastases.[image: ]
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Extended data figures and tables

Extended Data Figure 1 CCL2 is overexpressed in breast cancer.
a, Positive correlation between immunohistochemical staining score of CCL2 and the number of CD68-positive macrophages per high-power field in human biopsies (n = 30). P = 0.024; data were analysed using R with one-way ANOVA (assuming that the data are normally distributed). The box plot represents the first to the third quartile of the data. Thick line indicates median, the whiskers extend to the minimal and maximal values. b, Kaplanâ€“Meier survival curves showing overall survival of breast cancer patients with high or low CCL2 expression. P = 0.0372, log-rank test. c, CCL2 expression in supernatants of murine breast cancer cell lines grown in vitro. Data are shown as meansÂ Â±Â s.e.m., n = 3 wells, one representative of three independent experiments. d, CCL2 expression in sera of mice bearing the indicated tumours for 14 days. Data are shown as meansÂ Â±Â s.e.m., n = 3 animals per group, one representative of two independent experiments. e, CCL2 levels in sera (left) and lung homogenate (right) from 4T1.2-tumour-bearing mice during anti-CCL2 or IgG treatment or 10 days after the cessation of treatment. Data are shown as meansÂ Â±Â s.e.m., n = 5 mice per group, pooled data from two independent experiments. *PÂ <Â 0.05, unpaired t-test.


Extended Data Figure 2 Anti-CCL2 treatment reduces breast cancer metastases.
a, Tumour volumes on day 11 of treatment with anti-CCL2 or IgG. Data are shown as mean tumour volumesÂ Â±Â s.e.m., n = 10 mice, pooled data from two independent experiments. NS, not significant (unpaired t-test). b, Representative images of haematoxylin and eosin (H&E)-stained lung sections out of 20 images per group. Black circles indicate metastases. Scale bar, 500Â Î¼m. c, Quantification of metastases as percentage of metastatic area per lung area (left) or as metastatic area per lung section (right). Data are shown as meansÂ Â±Â s.e.m. of 20 fields of view on 5 sections per animal, n = 4 mice per group, pooled data from two experiments. *PÂ <Â 0.05, unpaired t-test. d, Effect of anti-CCL2 and IgG treatment on CTCs from tumour-bearing animals on day 11 of treatment. Data are shown as meansÂ Â±Â s.e.m. of 20 fields of view on 5 sections per animal, n = 4 mice per group, pooled data from two experiments. *PÂ <Â 0.05, unpaired t-test. e, Intravital multiphoton images of 4T1â€“GFP primary tumours on day 7 of treatment with anti-CCL2 antibody or IgG. Left, representative two-dimensional images out of 24 fields from primary tumours (green) 50Â Î¼m below the tumour surface, 24 min after intravenous injection of 70Â kDa Texas Redâ€“dextran (red). Scale bar, 100Â Î¼m. Right, mean numbers of motile tumour cellsÂ Â±Â s.e.m. per 30Â min acquisition, 6 fields per mouse, n = 4 mice per group. *PÂ <Â 0.05, unpaired t-test. f, Intravital multiphoton images of vasculature in 4T1â€“GFP primary tumours on day 7 of treatment. Left, representative two-dimensional images out of 12 fields per group, 50Â Î¼m below the tumour surface, 15Â min after intravenous injection of 70Â kDa Texas Redâ€“dextran (red). Scale bar, 100Â Î¼m. Right, mean number of dextran-positive blood vessels counted over 42Â min, starting 15Â min after injection of Texas Redâ€“dextran. Results are shown as meansÂ Â±Â s.e.m., n = 4 mice per group and 3 fields per animal. *PÂ <Â 0.05, unpaired t-test. g, Left, representative images out of 12 images per group from Î±-SMA1-stained 4T1.2 tumour sections. Scale bar, 500Â Î¼m. Right, quantification of the perimeter of blood vessels covered by Î±-SMA1 staining. Data are shown as percentage vessel perimeter covered by Î±-SMA1Â Â±Â s.e.m. of 12 fields of view on 4 sections per animal, n = 3 mice per group, pooled data from two experiments. *PÂ <Â 0.05, unpaired t-test.


Extended Data Figure 3 Macrophages decline in primary 4T1.2 tumours upon treatment with anti-CCL2.
a, Left, total number of SSClowCD11b+CD11c+CD206+MHCII+ macrophages. Right, percentage of CD11c+CD206+MHCII+ macrophages per SSClowCD11b+ cell population. Data are shown as meansÂ Â±Â s.e.m., n = 3 mice. *PÂ <Â 0.05, unpaired t-test. b, Left, total number of Texas-Red-positive SSClowCD11b+ macrophages. Right, percentage of Texas-Red-positive macrophages per SSClowCD11b+ cells, enumerated by flow cytometry of 4T1.2 primary tumours from tumour-bearing mice treated for 14 days, after intravenous injection of Texas Redâ€“dextran. Data are shown as meansÂ Â±Â s.e.m., n = 6 mice pooled data of two independent experiments. *PÂ <Â 0.05, unpaired t-test. c, Concentration of hamster IgG in serum, lung homogenates and tumour during treatment (day 14) and at 10 days after cessation of treatment as detected by ELISA. Data are shown as meansÂ Â±Â s.e.m., n = 4 mice per group. *PÂ <Â 0.05, **PÂ <Â 0.001, unpaired t-test.


Extended Data Figure 4 Cessation of anti-CCL2 treatment increases lung metastases.
a, Top, representative H&E-stained lung sections from 4T1.2- and Met-1-tumour-bearing mice 10 days after cessation of treatment. Scale bar, 500Â Âµm. Bottom, quantification of lung metastases as percentage of metastatic area per lung area and metastatic area per lung section. Data are shown as meansÂ Â±Â s.e.m. of 20 fields of view on 5 sections per animal, n = 4 mice per group, pooled data from two experiments. *PÂ <Â 0.05, unpaired t-test. One representative image out of 20 is shown per group. b, Left, representative H&E-stained liver sections from 4T1.2-tumour-bearing mice 10 days after cessation of treatment. Scale bar, 500Â Âµm. Right, quantification of liver metastases as metastatic area per lung section. Data are shown as meansÂ Â±Â s.e.m. of n = 10 fields of view on 5 sections per animal, n = 2 mice per group. *PÂ <Â 0.05, unpaired t-test. One representative image out of 10 is shown per group. c, d, 4T1.2-tumour-bearing animals were treated for 24 consecutive days with anti-CCL2 or IgG control. c, Left, representative images of H&E-stained lung sections. Scale bar, 500Â Î¼m. Right, lung metastases were quantified as percentage of metastatic area per lung area on day 24 of treatment. Data are shown as meansÂ Â±Â s.e.m. of 20 fields of view on 5 lungs sections per animal, n = 4 mice per group. *PÂ <Â 0.05, unpaired t-test. One representative image out of 20 is shown per group. d, Number of colonies formed by CTCs per ml blood collected on day 24 of treatment. Data are shown as meansÂ Â±Â s.e.m. of n = 4 mice per group. *PÂ <Â 0.05, unpaired t-test.


Extended Data Figure 5 CCL2 drives mutual attraction of monocytes and tumour cells.
a, Fluorescence-activated cell sorting (FACS) plots showing the gating strategy for identification and isolation of inflammatory monocytes. b, Transwell invasion assay of Met-1 cells (left) or 4T1 cells (right) on top of matrigel towards Ly6C+ monocytes (Mono). Data are shown as means of invading cell numbersÂ Â±Â s.e.m., n = 4 independent experiments with each experiment performed in triplicate. *PÂ <Â 0.05, ANOVA with Bonferroni post-test. c, Transwell invasion assay of Ly6C+ monocytes on top of matrigel towards 4T1 (left) or Met-1 (right) cells. Data are shown as means of invading cell numbersÂ Â±Â s.e.m., n = 3 independent experiments with each experiment performed in triplicate. *PÂ <Â 0.05, ANOVA with post-hoc Bonferroni correction.


Extended Data Figure 6 Distribution of inflammatory monocytes assessed by flow cytometry during and after treatment in vivo.
a, Top, quantification of Ly6C+Gr1+ monocytes as percentage of SSClowCD11b+ cells on day 14 of anti-CCL2 or IgG treatment and 10 days after treatment interruption in 4T1.2-tumour-bearing animals. Data are shown as meansÂ Â±Â s.e.m., n = 8 mice, pooled data from two independent experiments. *PÂ <Â 0.05, unpaired t-test. Bottom, quantification of total number of monocytes on day 14 of anti-CCL2 or IgG treatment and 10 days after treatment interruption in 4T1.2-tumour-bearing animals. Data are shown as meansÂ Â±Â s.e.m., n = 8 mice, pooled data from two independent experiments. *PÂ <Â 0.05, unpaired t-test. b, Top, quantification of monocytes as Ly6C+Gr1+ monocytes as percentage of SSClowCD11b+ cells on day 14 of anti-CCL2 or IgG treatment and 10 days after treatment interruption in Met-1-tumour-bearing animals. Data are shown as meansÂ Â±Â s.e.m., n = 8 mice, pooled data from two independent experiments. *PÂ <Â 0.05, unpaired t-test. Bottom, quantification of total number of monocytes on day 14 of anti-CCL2 or IgG treatment and 10 days after treatment interruption in 4T1.2-tumour-bearing animals. Data are shown as meansÂ Â±Â s.e.m., n = 8 mice, pooled data from two independent experiments. *PÂ <Â 0.05, unpaired t-test. c, Top left, representative images of Iba1-stained lung and tumour sections on day 14 of treatment. Bottom left, quantification of Iba1 staining. Total numbers of Iba1-positive cells are shownÂ Â±Â s.e.m. of 10 fields of view on 3 lungs sections per animal, n = 3 mice per group. Top right, representative images of Iba1-stained lung and tumour sections 10 days after cessation of the treatment. Bottom right, quantification of Iba1 staining. Total numbers of Iba1-positive cellsÂ are shown Â±Â s.e.m. of 10 fields of view on 3 lung sections per animal, n = 3 mice per group. *PÂ <Â 0.05, ANOVA with post-hoc Bonferroni correction. Scale bar, 100Â Âµm. One representative image out of 10 is shown per group. NS, not significant.


Extended Data Figure 7 Recruitment of adoptively transferred CMTMR-labelled CCR2+ monocytes to the primary tumour and metastatic lung depends on CCL2.
a, Quantification of adoptively transferred CMTMR+ monocytes as total numbers or percentages of SSClowCD11b+ cells in different organs from tumour-bearing animals on day 7 of treatment. BM, bone marrow. Data are shown as meansÂ Â±Â s.e.m., n = 5 mice per group, one representative of two independent experiments. *PÂ <Â 0.05, unpaired t-test. b, Quantification of adoptively transferred CMTMR+ monocytes as total numbers or percentages of SSClowCD11b+ cells in different organs from tumour-bearing animals on day 7 after interruption of the treatments. Data are shown as meansÂ Â±Â s.e.m., n = 3 mice per group, one representative of two independent experiments. *PÂ <Â 0.05, unpaired t-test. NS, not significant.


Extended Data Figure 8 Monocytes support growth of tumour cells in vivo and in vitro.
a, Timeline of the experiments. b, Left, metastatic index in lungs from 4T1.2-tumour-bearing animals on day 24. Data are shown as meansÂ Â±Â s.e.m., n = 4 mice per group, one representative of two independent experiments. *PÂ <Â 0.05, unpaired t-test. Scale bar, 100Â Âµm. Right, the number of tumour cell colonies per ml blood of tumour-bearing animals on day 24 and after removal of the primary tumour. Data are shown as meansÂ Â±Â s.e.m., n = 4 mice per group, one representative of two independent experiments. *PÂ <Â 0.05, unpaired t-test. c, Left, representative images of Iba1-stained lung sections in animals treated as in Extended Data Fig. 8a. Right, quantification of Iba1 staining on day 14 (last day of treatment and the day of tumour removal) and on day 24 (10 days after stopping treatment and tumour removal). Total numbers of Iba1-positive cells are shownÂ Â±Â s.e.m. of 10 fields of view on 3 lungs sections per animal, n = 3 mice per group. *PÂ <Â 0.05, unpaired t-test. Scale bar, 100Â Âµm. One representative image out of 10 is shown per group. d, Quantification of 4T1.2 cell viability using Trypan Blue 48Â h after co-culture with sorted monocytes (Mono). Data are shown as meansÂ Â±Â s.e.m., n = 3. *PÂ <Â 0.05, unpaired t-test. e, Representative images of Iba1, CD31 and Ki67 staining of lung sections from animals treated with CSF1R inhibitor (CSF1Rinh) or vehicle (vhc) after treatment with anti-CCL2 or IgG control. One representative image out of 10 is shown per group.


Extended Data Figure 9 Upregulation of CCL2 and IL-6 reduces overall survival in breast cancer patients.
a, Correlation between immunohistochemical score of CCL2 and number of CD31+ vessels per high-power field in biopsies from patients with breast carcinoma (n = 17), P = 0.031. Data were analysed using R with one-way ANOVA (assuming that the data are normally distributed). The box plot represents the first to the third quartile of the data. Thick line indicates median, the whiskers in the box plot extend to the minimal and maximal values. b, Cytokine array showing expression of IL-6 in the supernatant of mono- or co-cultures of 4T1.2 cells and primary monocytes, in the presence or absence of anti-CCL2. c, Quantification of IL-6 expression in cell supernatants of monocytes in mono- or co-culture with 4T1.2 by ELISA. Data are shown as meansÂ Â±Â s.e.m., n = 4 independent experiments each with biological triplicates. *PÂ <Â 0.05, ANOVA with post-hoc Bonferroni correction. d, IL-6 expression levels in primary tumours (left) or in serum (right) on day 14 of treatment and after cessation of treatment (day 24). Data are shown as meansÂ Â±Â s.e.m., n = 6 mice per group, pooled data from two independent experiments. *PÂ <Â 0.05, ANOVA with post-hoc Bonferroni correction. e, Left, Kaplanâ€“Meier survival curves showing overall survival of 400 breast tumour patients expressing either low (blue) or high (red) IL-6 levels. *PÂ <Â 0.045, log-rank test. Right, Kaplanâ€“Meier survival curves showing overall survival of 148 patients with tumours expressing either CCL2 high/IL-6 low (blue) or CCL2 high/IL-6 high (red) levels. *PÂ <Â 0.0017, log-rank test. f, Left, quantification of lung metastases. Metastatic area per lung sectionÂ is shown Â±Â s.e.m. of 20 fields of view on 5 lungs sections per animal, n = 4 mice per group. *PÂ <Â 0.05, ANOVA with post-hoc Bonferroni correction. Right, number of colonies formed by CTCs per ml blood in animals treated as in Fig. 3c on day 24. Data are shown as meansÂ Â±Â s.e.m., n = 10 mice per group, pooled data from two experiments. *PÂ <Â 0.05, ANOVA with post-hoc Bonferroni correction. g, VEGF-A expression as measured by ELISA in serum from 4T1.2-tumour-bearing animals treated as in Fig. 3c. Data are shown as meansÂ Â±Â s.e.m., n = 4 mice per group, pooled data from two experiments. *PÂ <Â 0.05, ANOVA with post-hoc Bonferroni correction. NS, not significant.


Extended Data Figure 10 Monocytes/macrophages induce p-STAT3 in metastatic lungs upstream of VEGF-A expression.
a, Left, representative images of p-STAT3-stained lung sections from animals treated as in Fig. 4a. Scale bar, 100Â Âµm. Right, quantification of p-STAT3 staining. Total numbers of p-STAT3-positive cells per field are shownÂ Â±Â s.e.m. of 10 fields of view on 3 lungs sections per animal, n = 3 mice per group. b, Left, representative images of p-STAT3-stained lung sections from animals treated as in Fig. 2c. Scale bar, 100Â Âµm. Right, quantification of p-STAT3 staining. Total numbers of p-STAT3-positive cells per field are shownÂ Â±Â s.e.m. of 10 fields of view on 3 lungs sections per animal, n = 3 mice per group. CSF1Rinh, CSF1R inhibitor; vhc, vehicle. *PÂ <Â 0.05, ANOVA with post-hoc Bonferroni correction. a, b, One representative image out of 10 is shown per group.





Supplementary information
Cancer cell motility in mice bearing 4T1-GFP tumors treated with IgG
A 30-min 2D time-lapse sequence of 4T1.2 GFP-labeled tumor cells (green) in a living mouse treated for 7 days with IgG. Imaging depth 35 m below the tumor capsule. Texas Red Dextran (red) injection and surgery were performed as described in Materials and Methods. Scale bar 100 Î¼m. (MP4 1109 kb)


Cancer cell motility in mice bearing 4T1-GFP tumor treated with anti-CCL2 
A 28-minute 2D time-lapse sequence of 4T1.2 GFP-labeled tumor cells (green) in a living mouse treated for 7 days with anti-CCL2 neutralizing antibody. Imaging depth 40 Î¼m below the tumor capsule. Texas Red Dextran (red) injection and surgery were performed as described in the Materials and Methods section. Scale bar100 Î¼m. (MP4 236 kb)
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        Editorial Summary
Anti-cancer action of CCL2/interleukin-6 inhibitors
Inflammatory monocytes have previously been shown to infiltrate and promote the growth of metastases, by secreting cytokines such as CCL2. This has led to the demonstration that neutralizing CCL2 or blocking its receptor CCR2 may have therapeutic benefit. However, in a mouse model of breast cancer, Laura Bonapace et al. now show that disruption of anti-CCL2 therapy not only halts the therapeutic effects, but accelerates the growth of lung metastases and the death of animals, compared with untreated lesions. This is due to a surge of recruitment of bone marrow monocytes and increased interleukin-6-dependent vascularization of the lung metastatic environment. While these findings highlight the need for caution over the use of anti-CCL2 agents alone, the authors show that combined anti-CCL2 and anti-interleukin-6 therapies can reduce metastases and increase survival in a mouse model.
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