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            Abstract
Intermittent intense ultraviolet (UV) exposure represents an important aetiological factor in the development of malignant melanoma1. The ability of UV radiation to cause tumour-initiating DNA mutations in melanocytes is now firmly established2, but how the microenvironmental effects of UV radiation3,4 influence melanoma pathogenesis is not fully understood. Here we report that repetitive UV exposure of primary cutaneous melanomas in a genetically engineered mouse model5 promotes metastatic progression, independent of its tumour-initiating effects. UV irradiation enhanced the expansion of tumour cells along abluminal blood vessel surfaces and increased the number of lung metastases. This effect depended on the recruitment and activation of neutrophils, initiated by the release of high mobility group box 1 (HMGB1) from UV-damaged epidermal keratinocytes and driven by Toll-like receptor 4 (TLR4). The UV-induced neutrophilic inflammatory response stimulated angiogenesis and promoted the ability of melanoma cells to migrate towards endothelial cells and use selective motility cues on their surfaces. Our results not only reveal how UV irradiation of epidermal keratinocytes is sensed by the innate immune system, but also show that the resulting inflammatory response catalyses reciprocal melanoma–endothelial cell interactions leading to perivascular invasion, a phenomenon originally described as angiotropism in human melanomas by histopathologists6. Angiotropism represents a hitherto underappreciated mechanism of metastasis7 that also increases the likelihood of intravasation and haematogenous dissemination. Consistent with our findings, ulcerated primary human melanomas with abundant neutrophils and reactive angiogenesis frequently show angiotropism and a high risk for metastases. Our work indicates that targeting the inflammation-induced phenotypic plasticity of melanoma cells and their association with endothelial cells represent rational strategies to specifically interfere with metastatic progression.
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                    Figure 1: UV irradiation of skin with DMBA-initiated primary melanomas in HGF-CDK4(R24C) mice selectively promotes angiotropic invasion and lung metastasis.[image: ]


Figure 2: UV irradiation induces a TLR4/MYD88-driven neutrophilic skin inflammatory response that is initiated by HMGB1 release from UV-damaged keratinocytes.[image: ]


Figure 3: Increased angiotropism and metastatic dissemination of skin melanomas in UV-irradiated mice depends on TLR4-driven neutrophilic inflammation.[image: ]


Figure 4: An inflammatory environment promotes the ability of mouse and human melanoma cells to migrate towards endothelial cells and use selective motility cues on their surfaces.[image: ]
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Extended data figures and tables

Extended Data Figure 1 UV radiation induces immune cell recruitment and melanocyte proliferation in the skin of HGF–CDK4(R24C) mice.
a, Experimental protocol for the short-term skin inflammation assay with UV (left) and representative CD45-immunostained skin sections of adult HGF–CDK4(R24C) mice exposed twice to 4.5 kJ m−2 UV compared to controls (right). b, Flow cytometry gating strategy to analyse the composition of skin-infiltrating inflammatory cells following UV exposure (upper and middle panel) and cumulative results (lower panel, n = 10 in each group, mean percentage ± s.e.m.; unpaired two-tailed Student’s t-test; *P < 0.05; **P < 0.01; ***P < 0.001). c, Flow cytometry gating strategy to analyse the composition of immune cells in the peripheral blood following UV exposure (upper and middle panel) and cumulative results (lower panel, n = 10 in each group, mean percentage ± s.e.m.; unpaired two-tailed Student’s t-test; P < 0.05; **P < 0.01). d, Experimental protocol for the chronic skin inflammation assay with UV (left) and representative H&E-stained skin sections of adult HGF–CDK4(R24C) mice exposed twice weekly to 4.5 kJ m−2 UV for 6 weeks compared to controls (right).


Extended Data Figure 2 Detailed morphologic and immunologic characterization of angiotropic growth and metastasis in mice with UV-irradiated primary HGF-CDK4(R24C) melanomas.
a, Photographs of the dermal interstitium showing macroscopically visible expansion of pigmented primary HGF-CDK4(R24C) melanomas (arrows) along blood vessels. b, Corresponding H&E-stained sections. c, Immunofluorescence images for melanoma cells (gp100, green) and endothelial cells (Meca32, red). d, Ultrastructural localization of melanoma cells (MC) on the abluminal surface of endothelial cells (EC). Middle picture shows a small cleft (arrows) with unstructured extracellular matrix separates MC and EC and indicates an activated, angiogenic phenotype. Lower picture shows a rare example of MC invading an opened EC–EC contact (border by dashed lines), reaching the vessel lumen. e, Angiotropism score of primary HGF-CDK4(R24C) melanomas exemplified by H&E stained sections (in analogy to procedures established in routine clinical pathology for human melanomas). f, Effect of UV irradiation on angiotropic growth of primary HGF-CDK4(R24C) melanomas (n = 20 in both cohorts; chi-square test **P < 0.01). g, Flow cytometric analyses of melanoma-infiltrating ímmune cells following UV exposure compared to controls (n = 20 in both cohorts, mean percentage ± s.e.m.; unpaired two-tailed Student’s t-test *P < 0.05; **P < 0.01). h, Macroscopic appearance of angiotropism near a draining lymph node (left) and corresponding H&E stained sections at low (100×, middle) and high magnification (400×, right). i, Macroscopic appearance of spontaneous lung metastases (left panel) and corresponding H&E stained sections (100×, right). j, Ultrastructural localization of melanoma cells (M) between the abluminal surface of lung capillaries (C) and alveolar epithelial cells (AE) type I and II, type II are recognizable by lamellar bodies (asterisk). Melanoma cells are separated from endothelial cells (EC) by a very thin layer of dense homogenous extracellular matrix (arrows). k, Number of macroscopically visible metastases on the lung surfaces of individual HGF–CDK4(R24C) mice (n = 20 per cohort, the bar indicates the mean, unpaired two-tailed Mann–Whitney U-test **P < 0.01). l, Flow cytometric analyses of inflammatory cells in peripheral blood and lungs of UV-exposed and control melanoma-bearing mice (n = 20 per cohort, mean percentage ± s.e.m.; unpaired two-tailed Student’s t-test *P < 0.05; **P < 0.01).


Extended Data Figure 3 MYD88-dependent TLR4-signalling predominantly in myeloid immune cells and the presence of neutrophils are required for the UV-induced skin inflammatory response.
a, Breeding scheme for the generation of conditional knock-in mice expressing MYD88 only in LysM+ myeloid immune cells or K5+ keratinocytes with appropriate global MYD88-deficient and wild-type littermate controls. b, ELISA measurement for TNF-release from bone marrow derived macrophages (top, n = 9 in each group, mean ± s.e.m.; unpaired two-tailed Student’s t-test **P < 0.01) and immunoblot for MYD88 and GAPDH in tissue homogenates of skin and spleen (bottom) derived from mice with the indicated genotypes. c, Skin sections of indicated mice exposed twice to UV and immunostained for K6 (upper panel) and CD45 (lower panel). d, Macroscopic appearance of blood vessels in the dermis (upper panel) and corresponding Meca32-stained skin sections (lower panel) of indicated mice exposed twice to UV. e, Number of vessel branching points (left) and mean number of small (5–10 µm) and larger (>10 µm) blood vessels (right) after UV irradiation (n = 10 in each group, mean ± s.e.m.; unpaired two-tailed Student’s t-test *P < 0.05; **P < 0.01). f, Experimental protocol for neutrophil or macrophage depletion. Groups of mice were treated as indicated with clodronate lipsomes (Clo Lip) or empty liposomes (Ctrl Lip), anti-Ly6G monoclonal antibody or control monoclonal antibody and exposed twice to 4.5 kJ m−2 UV. g, Flow cytometric analyses showing the percentage of myeloid immune cells in the skin (upper panel, left 4 graphs) and in the blood (upper panel, right 2 graphs) and relative increases of skin-infiltrating CD45+ immune cells and of epidermal thickness (lower panel, left 2 graphs) as well as of the corresponding mRNA expression levels in the skin for the depicted genes (lower panel, right 4 graphs) of mice treated as indicated (n = 10 in each group, mean percentage ± s.e.m.; unpaired two-tailed Student’s t-test *P < 0.05; ***P < 0.001).


Extended Data Figure 4 Genetic as well as pharmacologic blockade of the HMGB1/TLR4 signalling axis or depletion of neutrophils abrogates the ability of UV irradiation to promote spontaneous lung metastases in mice bearing serial HCmel12 skin transplants.
a, Angiotropism score in serial HCmel12 melanoma skin transplants exemplified by H&E stained sections. b, Effect of UV irradiation on angiotropic growth (n = 15 in both cohorts; Chi-square test *P < 0.05). c, Flow cytometric analyses of melanoma-infiltrating myeloid immune cells in UV-exposed mice compared to controls (n = 15 in both cohorts, mean percentage ± s.e.m.; unpaired two-tailed Student’s t-test *P < 0.05; ***P < 0.001). d, Number of lung metastases in individual mice bearing serial HCmel12 melanoma skin transplants (n = 15 in each cohort, the bar indicates the mean; unpaired two-tailed Mann–Whitney U test **P < 0.01). e, Flow cytometric analyses of myeloid immune cells in the peripheral blood following UV exposure compared to controls (n = 15 in both cohorts, mean percentage ± s.e.m.; unpaired two-tailed Student’s t-test **P < 0.01). f, Growth kinetics of HCmel12 melanoma skin transplants in groups of UV-irradiated Tlr4−/− and Myd88−/− mice compared to controls. g, Left, number of lung metastasis in individual UV-exposed mice compared to untreated controls (n = 12 in each cohort). Right, flow cytometric analyses of melanoma-infiltrating myeloid immune cells following UV exposure compared to controls (n = 12 in each cohort, mean percentage ± s.e.m.). h, Growth kinetics of HCmel12 melanoma skin transplants in groups of UV-irradiated in Myd88MYEL and Myd88Litt mice. i, Left, Corresponding number of lung metastasis (n = 12 in each cohort, the bar indicates the mean; unpaired two-tailed Mann–Whitney U-test *P < 0.05; **P < 0.01). Right, corresponding flow cytometric analyses of melanoma-infiltrating myeloid immune cells (n = 12 in both cohorts, mean percentage ± s.e.m. unpaired two-tailed Student’s t-test *P < 0.05; **P < 0.01). j, Growth kinetics of HCmel12 skin transplants in groups of UV-irradiated mice treated with anti-Ly6G monoclonal antibody or control monoclonal antibody. k, Left, corresponding number of lung metastasis (n = 12 in each cohort, the bar indicates the mean; unpaired two-tailed Mann–Whitney U-test **P < 0.01). Right, corresponding flow cytometric analyses of melanoma-infiltrating myeloid immune cells (n = 12 in both cohorts, mean percentage ± s.e.m.). l, Growth kinetics of HCmel12 skin transplants in groups of UV-irradiated mice treated with glycyrrhizin (Gly), CLI-095 (CLI) or vehicle as indicated compared to controls. m, Top, corresponding number of lung metastasis (n = 12 in each cohort, the bar indicates the mean; unpaired two-tailed Mann–Whitney U-test *P < 0.05; **P < 0.01). Bottom, corresponding melanoma-infiltrating myeloid immune cells in mice treated as indicated (n = 12 in each cohort, mean percentage ± s.e.m.). Cumulative results of 3 independent experiments with 4 or 5 mice per group are shown.


Extended Data Figure 5 Inflammation promotes the ability of mouse melanoma cells to migrate towards and spread along blood vessel endothelial cell surfaces in aortic ring and ear tissue explants.
a, Cytokine levels measured by ELISA in UV-irradiated skin and in medium conditioned by TLR4-activated neutrophils (Neu), n = 3; mean ± s.e.m.; b, In vitro morphology of HCmel12 cells (left) and immunoblot analyses for TRP2 and gp100 (right). c, Preferential 2D migration of HCmel12 cells on surfaces of bEND.5 endothelial cells compared to surfaces of SP1 keratinocytes or the matrix proteins fibronectin (Fn1) and collagen IV (Col4) under inflammatory conditions. Shown are migration velocities (left) and average accumulated distances (right) of individual cells in representative experiments (n = 70 in each group, bars indicate the mean; unpaired two-tailed Mann–Whitney U test; **P < 0.01; ***P < 0.001). d, Aortic ring endothelial sprouting at day 7 in response to inflammatory activation with neutrophil conditioned medium (Neu), impact of TNFR2-IgG:Fc and effect of 1000 U ml−1 recombinant mouse TNF. e. Quantification of sprouts using aortic rings from Actb-DsRed or wild-type mice (n = 12 in each group; mean ± s.e.m.; unpaired two-tailed Student’s t-test; **P < 0.01). f, Effect of neutrophil conditioned medium (Neu) and of recombinant mouse TNF on the interaction between EGFP-expressing HCmel12 cells and aortic ring endothelial sprouts at days 4 and 7 compared to control co-cultures. Shown are merged phase contrast and fluorescence microscopic images for the indicated conditions and time points. g, Confocal images of EGFP-expressing HCmel12 melanoma cells (green) expanding along an aortic ring endothelial sprout from Actb-DsRed mice (red) in a pericyte-like manner under inflammatory conditions. All images are representative of at least 3 independent experiments with 2 or more replicates. h, Experimental protocol for the generation of UV-inflamed ear tissue explants. i, Confocal immunofluorescence image of whole mount ear tissue showing increased immune cell infiltration and dilation of CD31+ blood vessels in the dermal interstitium following UV exposure. j, Experimental protocol for ear tissue invasion assays with EGFP-expressing melanoma cells. k, Confocal immunofluorescence images of whole mount ear tissue explants from UV-irradiated mice showing EGFP-expressing HCmel31 melanoma cells cuffing CD31+ blood vessel endothelial cells. l, Volume-rendered, 3D reconstruction of a magnification from the indicated area in k.


Extended Data Figure 6 TNF shifts human melanoma cells towards a migratory phenotype that uses selective motility cues on endothelial cell surfaces.
a, In vitro morphology of the indicated human melanoma cells (left panel), effect of inflammatory activation with TNF on f-actin distribution determined by phalloidin immunostaining, indicating a shift towards a migratory phenotype (right panel). b. Migration of control and TNF-activated human melanoma cells towards control or TNF-activated HUVEC in transwell assays. Shown are mean number of migrated cells in triplicate determinations ± s.e.m. of 1 representative experiment out of 4 (Med = medium only, unpaired two-tailed Mann–Whitney U-test; *P < 0.05; **P < 0.01; ***P < 0.001). c, Static adhesion to the indicated extracellular matrix components. Shown are means of triplicate determinations ± s.e.m. of 1 representative experiment out of 3 (unpaired two-tailed Student’s t-test; *P < 0.05; ***P < 0.001). d, 2D migration of control and TNF-activated melanoma cells on HUVEC surfaces. e, 2D migration of TNF-activated melanoma cells on surfaces of HUVEC or Collagen IV (Col4) alone. Shown are average accumulated distances (left) and migration velocities (right) of individual cells in 1 representative experiment out of 3 (n = 70 in each group, bars indicate the mean; unpaired two-tailed Mann–Whitney U-test; *P < 0.05; **P < 0.01; ***P < 0.001). f, Confocal immunofluorescence images of EGFP-expressing human melanoma cells and CD31+ endothelial cells in ear tissue invasion assays confirming the ability of human melanoma cells to migrate towards and closely associate with endothelial cells in a physiological environment.


Extended Data Figure 7 TNF induces genes in human melanoma cells related to the biological processes angiogenesis, cell migration and cell adhesion.
a, Gene ontology (GO) analysis of TNF induced genes (>twofold in 4/5 cell lines) using a publicly available gene expression data set (GSE19428) of five human melanoma cell lines treated with TNF. GO enrichment analysis was done by hypergeometric testing and P values were corrected for multiple testing by the Benjamini & Hochberg (B & H) method (Supplementary Table 1). b, Removal of GO term redundancy and semantic visualization of the identified top scoring GO terms using REViGO (http://revigo.irb.hr/). Positioning in the semantic space indicates semantic and hence functional similarity of GO terms, but the semantic space units have no intrinsic meaning. B & H corrected P values are indicated by colour coding. The central GO terms angiogenesis (GO:0001525), cell migration (GO:0016477) and cell adhesion (GO:0007155) are highlighted in red letters. c, A cluster of gene probes (orange) out of the GO terms cell migration, cell adhesion and angiogenesis is highly expressed at baseline (without TNF treatment) in a subset of human melanoma cell lines (yellow cluster). There was no significant association of the yellow cluster with BRAF or NRAS mutations (two-sided Fisher’s exact test, P = 0.51 and P = 0.43). Gene expression data was downloaded from the BROAD melanoma portal (http://www.broadinstitute.org/melanoma/) and visualized by a heatmap of mean centred log2-normalized gene expression values as indicated by the colour key. Heat map legend key: WT, wild-type; MUT, mutated; NA, not available. d, TNF responsiveness of gene probes (Mean log2-fold change of five melanoma cell lines, GSE19428) is matched to the baseline expression in the BROAD melanoma cell line panel shown in the heat map (in c). Affymetrix microarray platforms were used for both data sets (Hgu133A and Hgu133A 2.0) with matched gene probes. Genes probes of the orange cluster are predominantly TNF inducible and show high baseline expression in the subset of melanoma cell lines highlighted in yellow in panel c. Representative genes of the orange cluster are shown in the orange box. Gene probe lists are provided in Supplementary Table 2.


Extended Data Figure 8 Similarity of transcriptional responses to TNF in RAS and BRAF mutant human melanoma cell lines and conservation of a core set of TNF-regulated genes involved in tumour–endothelial interactions and angiogenesis in human and mouse melanomas.
a, A panel of human melanoma cell lines with known RAS and BRAF mutation status was either treated with TNF for 72 h or left untreated. Schematic view of experimental setup and outline of bioinformatic analysis. b, Comparison of TNF regulated genes (gene probes) in RAS mutant (n = 7) versus BRAF mutant (n = 8) human melanoma cells. The mean log2-fold changes caused by TNF treatment in the respective subgroups were plotted against each other. The dashed diagonal depicts identical changes by TNF in both subgroups. The smoothed blue coloured density plot indicates that the majority of the probes were not regulated by TNF (log2-fold changes close to zero in both groups). Grey dots represent TNF regulated genes and red dots represent TNF regulated genes that belong to the GO categories angiogenesis (GO:0001525), cell migration (GO:0016477) and cell adhesion (GO:0007155). Pearson’s product-moment correlation coefficient (r) and P values (two-sided correlation test) were calculated for TNF mediated transcriptional changes in RAS versus BRAF mutant melanoma cells and indicated at the top of the plot either for all TNF regulated gene probes or for those belonging to the three selected GO categories (t, correlation test statistic; d.f., degree of freedom). Representative TNF regulated genes out of the three GO categories are highlighted by red dots with black circles and their gene symbols are indicated. Gene probe lists are provided as Supplementary Table 3. c, Relative change of mRNA expression levels for the indicated genes as determined by qRT–PCR in human and mouse melanoma cell lines following 72 h of exposure to 1,000 U ml−1 human or mouse TNF. Mean log2 fold change ± s.e.m. of n = 3 biological replicates are shown.


Extended Data Figure 9 Association of angiotropism with tumour thickness, nodular growth pattern, ulceration, positive sentinel node status and metastasis-free survival in an unselected and representative cohort of 178 patients that underwent excision of their primary cutaneous melanoma and sentinel lymph node biopsy at the University Hospital of Bonn Dermatology Department (2000–2010).
a, Clinico-pathologic characteristics of patients with primary melanomas with and without angiotropism. Statistical evaluation was performed with the indicated tests. b, Representative CD31 immunostained section of an ulcerated and angiotropic primary melanoma. c, Kaplan–Meier survival curves for metastasis free survival in patient cohorts with and without ulceration (left) or with and without angiotropism (right) of their primary melanoma.


Extended Data Figure 10 Graphical abstract illustrating how UV irradiation induces a neutrophilic skin inflammatory response that drives angiotropic growth and systemic metastatic spread of cutaneous melanoma.
a, UV irradiation of the skin causes DNA damage in epidermal keratinocytes leading to release of HMGB1. b, HMGB1 initiates the recruitment of immune cells, most notably neutrophils and inflammatory monocytes, in a TLR4/MYD88-dependent manner. c, The neutrophilic inflammatory environment shifts melanoma cells towards a migratory phenotype and activates angiogenesis. d, The local release of additional endogenous TLR4 ligands such as s100a8/a9 by activated immune cells fuels autocrine and paracrine feed-forward signalling loops that further amplify the neutrophilic inflammatory cytokine–chemokine cascade and drive the production of TNF, IL1 and CXCL2. e, Melanoma cells closely associate and interact with endothelial cells in a pericyte-like manner. f, Melanoma cells use motility and guidance cues on endothelial surfaces for perivascular expansion. This increases the likelihood of intravasation and hematogenous dissemination. g, Melanoma cells preferentially colonise the lung where activated neutrophils may provide a metastatic niche. h, Melanoma cells again closely interacting with endothelial cells on their luminal and abluminal surfaces.
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Supplementary information
Supplementary Table 1
This file contains the gene ontology terms enriched in TNF stimulated human melanoma cell lines (n=5) using the published dataset GSE19428 as identified by hypergeometric testing. Raw and corrected p-values (Benjamini&Hochberg) are given within the table. Corresponds to Extended Data Figure 7. (XLS 136 kb)


Supplementary Table 2
This file contains a list of gene probes out of gene ontology terms angiogenesis (GO:0001525), cell migration (GO:0016477) and cell adhesion (GO:0007155) that are represented in the heatmap and the barplot of Extended Data Figure 7c,d. The position of the probes in the heatmap and their mean responsiveness to TNF (GSE19428) are indicated. (XLS 104 kb)


Supplementary Table 3
The file shows the core set of genes/gene probes induced by TNF in the „Ma.Mel“ melanoma cell line panel (n=17, GSE51221). Two separate lists are provided for genes that belong to the GO terms angiogenesis, cell migration and cell adhesion and for genes that are not annotated within these GO terms. (XLS 146 kb)


Supplementary Table 4
This file contains the PCR primer sequences. (XLS 35 kb)


2D migration of HCmel12 melanoma cells on endothelial cell surfaces
EGFP expressing HCmel12 cells were seeded on a confluent layer of murine bEND.5 blood endothelial cells in 8µ chamber slides. Melanoma cell migration was analysed by time lapse video microscopy over a period of 12h (one frame / 5minutes). Motile cells were tracked automatically using Imaris Software (Bitplane). Coloured dots represent individual cells, coloured lines represent individual tracks of motile cells. (MPG 2330 kb)


2D migration of TNF-stimulated HCmel12 melanoma cells on endothelial cell surfaces
EGFP expressing HCmel12 cells were stimulated for 72 hours with 1000U/ml recombinant TNF and seeded on a confluent layer of murine bEND.5 blood endothelial cells in 8µ chamber slides. Melanoma cell migration was analysed by time lapse video microscopy over a period of 12h (one frame / 5minutes). Motile cells were tracked automatically using Imaris Software (Bitplane). Coloured dots represent individual cells, coloured lines represent individual tracks of motile cells. (MPG 2330 kb)


3D-rendering of HCmel12 cells in a pericyte-like location interacting with blood vessels in ear tissue explants 
EGFP expressing HCmel12 melanoma cells were seeded on the ventral side of inflamed ear tissue explants from UV-irradiated C57BL/6 mice. HCmel12 cells were allowed to adhere for two hours and invade the ear tissue for 16 hours. Ears were fixed and blood endothelial cells were stained with an anti-CD31 antibody followed by an Alexa594-conjugated secondary antibody. Images were acquired with an upright LSM780 confocal laser-scanning microscope (Carl Zeiss Microimaging). Volume-rendered 3-D reconstruction and animation performed on the z-series, was performed using Imaris software (Bitplane). (MPG 1722 kb)


3D-rendering of human MZ7-MEL cells in a pericyte-like location interacting with blood vessels in ear tissue explants 
EGFP expressing MZ7-MEL melanoma cells were seeded on the ventral side of inflamed ear tissue explants from UV-irradiated C57BL/6 mice. MZ7-MEL cells were allowed to adhere for two hours and invade the ear tissue for 16 hours. Ears were fixed and blood endothelial cells were stained with an anti-CD31 antibody followed by an Alexa594-conjugated secondary antibody. Images were acquired with an upright LSM780 confocal laser-scanning microscope (Carl Zeiss Microimaging). Volume-rendered 3-D reconstruction and animation performed on the z-series, was performed using Imaris software (Bitplane). (MPG 1722 kb)
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