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            Abstract
An open question in aggressive cancers such as melanoma is how malignant cells can shift the immune system to pro-tumorigenic functions. Here we identify midkine (MDK) as a melanoma-secreted driver of an inflamed, but immune evasive, microenvironment that defines poor patient prognosis and resistance to immune checkpoint blockade. Mechanistically, MDK was found to control the transcriptome of melanoma cells, allowing for coordinated activation of nuclear factor-κB and downregulation of interferon-associated pathways. The resulting MDK-modulated secretome educated macrophages towards tolerant phenotypes that promoted CD8+ T cell dysfunction. In contrast, genetic targeting of MDK sensitized melanoma cells to anti-PD-1/anti-PD-L1 treatment. Emphasizing the translational relevance of these findings, the expression profile of MDK-depleted tumors was enriched in key indicators of a good response to immune checkpoint blockers in independent patient cohorts. Together, these data reveal that MDK acts as an internal modulator of autocrine and paracrine signals that maintain immune suppression in aggressive melanomas.
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                    Fig. 1: MDK-driven gene expression changes in melanoma.[image: ]


Fig. 2: MDK favors intratumoral recruitment of myeloid cells with suppressive features.[image: ]


Fig. 3: Signaling networks underlying immunomodulatory roles of MDK.[image: ]


Fig. 4: MDK induces resistance to ICB in mice.[image: ]


Fig. 5: MDK-educated macrophages drive T cell dysfunction.[image: ]


Fig. 6: MDK correlates with immunotherapy resistance in patients with melanoma.[image: ]
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Extended data

Extended Data Fig. 1 Bioinformatic analyses of MDK-associated gene expression profile in TCGA patients.
a, Kaplan-Meier analysis showing the survival probability of the patients expressing high (n = 54) and low (n = 55) MDK mRNA levels (top and bottom 15th percentile in the metastatic melanoma TCGA dataset, respectively). Two-sided Log-Rank (Mantel-Cox) test. b, Heatmap showing relative mRNA levels (defined by RNAseq) in the indicated cell populations corresponding to gain or loss of function of MDK (GOF and LOF). Data are presented as normalized RPKMs per gene (row) with min and max set to 0 and 1, respectively. See Supplementary Tables 1 and 2 for complete gene lists. c-f, Controls to rule out random bias in the MDK-associated gene profile. 10,000 gene sets with the same size as the original MDK GOF and LOF profiles, were tested by ssGSEA for enrichment in TCGA-metastatic melanoma as in Fig. 1b. Pearson correlation coefficient, −0.56 < r <0.52, mean: −0.002 (c); R squared correlation index (b); P-value (d) and FDR (e). g, Kaplan-Meier curves of overall survival in patients within the 15th percentile with an MDKHigh-p (red) or a MDKLow-p (blue) in TCGA patient cohorts of Lung Squamous Cell Carcinoma (LUSC, MDKHigh-p n = 33; MDKLow-p = 30), Glioblastoma (GBM, MDKHigh-p n = 10; MDKLow-p = 13) or Kidney Renal Clear Cell Carcinoma (KIRC, MDKHigh-p n = 53; MDKLow-p = 48). Log-rank (Mantel-Cox) test.
Source data


Extended Data Fig. 2 Immune profiles associated to MDK in TCGA-patients.
a, b, Box-plots depicting proliferation score (a), ImmuneScore (b, left) and Leukocyte Score (b, right) in MDKHigh-p vs MDKLow-p patients. Low MDK, n= 30; High MDK = 42 (defined as in Fig. 1b). Unpaired Two-Tailed T-test. c, Scores of the indicated immune cell populations in MDKHigh-p vs MDKLow-p samples. Low MDK, n= 30; High MDK = 42. Multiple comparison using two-tailed t-test with Holm-Sidak correction. d, Violin plots showing the enrichment of the MDKHigh-p score within the indicated cell populations, generated from scRNA-seq of melanoma samples66 (n =2887 cells) and defined by ssGSEA. Statistical differences among cell populations compared as indicated were estimated by two-tail Mann-Whitney test. e, UMAP showing the identification of the different populations of cells (left panel), and their corresponding Enrichment Score Rank (Right panel), for data from (d). f, TGF-β, Tregs and macrophage score, for patients within the 15th percentile of MDKHigh-p (red) or MDKLow-p (blue) of Lung Squamous Cell Carcinoma (LUSC, left), Glioblastoma (GBM, middle) or Kidney Renal Clear Cell Carcinoma (KIRC, right) from TCGA. Information was extracted from previously reported immunogenomic data32. Unpaired two-Tailed t-test. g, Representative histological staining showing levels of CD163 (level 1–3) and MDK in these patients. CD163 L1 (n = 32), CD163 L2 (n = 85) and L3 groups (n = 68). h, Summary of multivariate analysis of MDK expression and the indicated tumour-associated features in patients from an independent cohort of stage III melanoma patients. In all boxplots in this figure, the median is indicated by the horizontal line and the first and third quartiles by the box edges. The lower and upper whiskers extend from the hinges to the smallest and largest values, respectively, with individual values included.
Source data


Extended Data Fig. 3 MDK favours the intratumoural recruitment of Arg1+ cells.
a, Immunofluorescence microscopy for MDK (green), TAM marker YM1 (red), and iNOS (grey) in WM164-MDK vs Control xenografts. b, Immunofluorescence microscopy for MDK (green) and Arg1 (red) in B16F10-MDK vs Control tumours. c, MDK mRNA levels assessed by qRT-PCR in indicated mouse melanoma cell lines. YM2.1 (YUMM2.1), YM1.1 (YUMM 1.1) and YUMMER 1.7 (YMR1.7). Data in graphs correspond to mean ± s.d. n = 3 biological replicates. d, MDK secretion in human melanoma cell lines SK-Mel-147 (shCtrl vs shMDK), and WM164 (Control vs MDK); mouse melanoma cell lines YM2.1 (YUMM2.1), YM1.1 (YUMM1.1) and YUMMER1.7 (YMR1.7) upon MDK overexpression (red); human LUSC cell lines (green); and human GBM (Yellow), as assessed by ELISA. Data in graphs correspond to mean ± s.d. n = 3 biological replicates. e-g, Gating strategy for flow cytometry assays in this study: Arg1+ myeloid cells (e); myeloid cells, including dendritic cell populations (f), or lymphocytes (g). Neu = neutrophils; Mo = monocytes; TAMs = tumour associated macrophages; DC1 = dendritic cells type 1; DC2 = dendritic cells type 2; CD4+ T cells = T helper cells; CD8+ T =T cytotoxic cells; Tregs = regulatory T cells.
Source data


Extended Data Fig. 4 Immunophenotyping of MDK-expressing tumours.
a, Representative histograms of intratumoural myeloid cells (CD11b+) in B16-R2L implants upon MDK depletion (shMDK, LOF), and in B16F1 tumours upon MDK expression (GOF). b, Quantification of total Ly6G+Ly6C+ granulocytic/neutrophil cells (left) and Arg1+ neutrophils in B16F10 tumours upon MDK expression, as measured by flow cytometry. n = 5 mice per condition. Unpaired two-tailed t-test. c, Quantification of the indicated cell populations within immune cells infiltrating B16F1 tumours upon MDK-expression, as measured by flow cytometry. Control, n = 8; MDK = 7 tumours. Unpaired Two-Tailed T-test. d, Arg1 mRNA expression in tumours from (c). Unpaired two-tailed t-test . e, Pie-charts indicating the percentage of indicated cell populations from total intratumoural immune cells (CD45+) in B16R2L tumours upon MDK depletion, as measured by flow cytometry. Control, n = 4; MDK = 4 tumours. Indicated with an asterisk are significantly altered populations P<0.05. Two-tailed T-test. DC1 (CD11b+CD11c+MHCII+CD24+CD103+), DC2 (CD11b+CD11c+MHCII+CD24+CD103-F4/80-), monocytes (CD11b+Ly6C+Ly6G-, P = 0.0217), TAMs (CD11b+Ly6G-F4/80+, P = 0.0405), neutrophils (CD11b+Ly6C+Ly6G+), CD8+ T cells (CD3+CD8+); CD4+ T cells (CD3+CD4+FoxP3-), Tregs (CD3+CD4+CD25+FoxP3+), NK (CD3-NK1.1+), NKT (CD3+NK1.1+). f, Quantification of indicated cell populations from (e), as measured by flow cytometry. n = 4 tumours, unpaired two-tailed t-test . Data shown correspond to a representative example out of 3 independent experiments. All box-plots in the figure represent minimum, maximum, median 25th/75th 5th/75th percentiles, and contain individual points.
Source data


Extended Data Fig. 5 Transcriptomic and proteomic analyses of downstream effectors of MDK.
a, MSigDB Hallmark Gene set collection identified by GSEA to be differentially expressed in the RNAseq of WM164-MDK vs WM164-Control melanoma cells. Data are plotted with respect to Normalized Enriched Scores (NES), with those representing downregulation and upregulation in blue and red, respectively. FDR q-value < 0.25. b, Heatmap representing differentially expressed immunomodulatory proteins secreted by WM164 MDK melanoma cells with respect to their isogenic control. Relative expression values are represented as in the scale drawn in the bottom part of the figure.
Source data


Extended Data Fig. 6 MDK and NF-κB associated signaling.
a, Predicted Transcription Factors (TF) (Enrichr-ChEA2016) regulating the MDK-induced secretome. Data represent Log10 of the P - value of the top 10 TF identified. b, Western blot analysis of total and phosphorylated p65 (p-p65) at Ser536, in starved WM164 melanoma cells upon treatment with recombinant MDK (10 ng/ml), or with TNF (10 ng/ml) as a control. Representative example of three independent replicates. c, Relative Arg1 and Il6 mRNA levels in BMDM cultured with the secretome from WM164 cells (blue) or the WM164-MDK isogenic pair control (red), previously treated with vehicle or anti-Calprotectin (ɑS100A8/A9) antibody, as assessed by qRT-PCR. n = 3 independent experiments; two-way ANOVA with Tukey post-test. d, Relative RelA mRNA levels in WM164 (left panel) and B16-OVA (right panel) 36h after RelA targeting by means of siRNA. Two-way ANOVA with Tukey Post-test. Data represent average ± s.d.; n = 3. e, Cell viability in B16-OVA melanoma cells 48h after RelA targeting by means of siRNA, as assessed by Flow Cytometry analysis of Annexin V and Dapi. Left= representative dot plots, Righ= quantification. Two-way ANOVA with Tukey Post-test. Data represents average ± s.d; n = 3 independent experiments. Box plots show median with 25th/75th percentiles and whiskers from minimum to maximum, plotting all individual values.
Source data


Extended Data Fig. 7 MDK promotes αPD1/PDL1 therapy resistance in mice.
a, Experiment setup to assess the impact of MDK on an OVA-based vaccination assay. Shown are the different steps to vaccinate mice with the OVA protein, followed by subcutaneous implantation of parental B16-OVA melanoma cells (blue) or their isogenic MDK-expressing counterparts (red). 5 days after cell implantation, mice were rechallenged with LPS in the absence of OVA (non immunized, NI) or in the presence of OVA (immunized, I). b, Immunohistochemical staining for MDK (red, top panels) and Arg1 (pink, bottom panels) in B16-OVA Control vs B16-OVA-MDK xenografts in non-immunized or immunized settings as indicated. c, Growth curves of B16-OVA-MDK tumours (vs isogenic pair control) treated with IgG2a isotype control (10 mg/Kg) or αPD1 (clone RMP1–14, 10 mg/Kg) at the indicated days (arrows). Data correspond to average ± s.e.m.; n = 5 mice per condition. Statistical difference (P - value, two-way ANOVA with Tukey Post-test) between MDK vs Control B16-OVA tumours upon αPD1 treatment is indicated. d, Quantification of intratumoural macrophages (CD11b+Ly6G-F4/80+), CD8+PD1+ T cells, Treg (CD4+FoxP3+CD25+), and CD8/Treg ratio by flow cytometry at the endpoint of (c). n = 4 tumours per condition. e, Growth curves of B16-OVA-MDK tumours (vs isogenic pair control) treated with IgG2b isotype control (10 mg/Kg) or αPDL1 blocking monoclonal antibody (clone 10F.9G2, 10 mg/Kg) at the indicated days (arrows). Data represent mean ± s.e.m. n = 5 mice per condition, with significant differences between MDK vs Control B16-OVA tumours upon αPDL1 treatment as indicated. f, Circulating CD8+PD1+ T cells, Treg, and estimation of CD8/Treg ratio (mean ± s.e.m) defined by flow cytometry at the endpoint of the experiment in (e). n = 5 tumours per group. Data in c-f were analysed by two-way ANOVA with Bonferroni post-test. Box plots show median with 25th/75th percentiles and whiskers from minimum to maximum, plotting all individual values.
Source data


Extended Data Fig. 8 MDK depletion enhances ICB efficacy.
a, Growth curves of B16R2L tumours generated by control (shCtrl) or MDK-depleted (shMDK), in mice treated with IgG2a isotype control (10 mg/Kg) or αPD1 (clone RMP1-14, 10 mg/Kg) at the indicated days (arrows). n = 6 mice per condition; average ± s.e.m. b, Spider-plots depicting individual tumour growth from (a). c,d, MSigDB Hallmark Gene set collection identified by GSEA to be differentially expressed in the RNAseq of B16R2L shMDK vs shCtrl tumors in mice without treatment (c) and upon αPD1 treatment (d). Data are plotted with respect to Normalized Enriched Scores (NES), with those representing downregulation and upregulation in red and blue, respectively. FDR q - value <0.25. e, Enrichment score for the GO ‘Acute Immune Response’ (GO:0002526), in the transcriptome of MDK-depleted B16R2L tumours treated with IgG2a isotype control (left) or αPD1 (right).
Source data


Extended Data Fig. 9 Impact of monocyte/macrophage depletion in MDK-associated responses and correlations with ICB signatures.
a, Experimental procedure for the depletion of inflammatory monocytes using αCSF1R blocking monoclonal antibody (clone AFS98, 20 mg/Kg), and treatment with αPD1 (clone RMP1–14, 10 mg/Kg) at the indicated days. b, Gene expression signatures correlating with resistance to ICB in the indicated studies. Highlighted in red are genes differentially upregulated between MDKHigh-p and MDKLow-p metastatic melanoma TCGA patients. Indicated are enrichment (FDR q-values) for each gene signature in MDKHigh-p. c, Correlation between the TIDE dysfunctional score11 and the MDKGOF score (from differentially expressed genes upon MDK depletion in melanoma cells, Supplementary Table 2) in patients with metastatic melanoma (SKCM; n = 316), glioblastoma (GBM; n = 151), lung squamous cell carcinoma (LUSC; n = 484), and kidney renal clear cell carcinoma (KIRC; n = 153) from the TCGA database.
Source data


Extended Data Fig. 10 MDK correlates with ICB resistance in melanoma patient cohorts.
a, Enrichment score for the ‘good prognosis to ICB’ Signature 5 (ref. 7, responders to αPD1+αCTLA4) in the differentially expressed genes of the shMDK-ICB combination, identified in B16R2L LOF experiments as in Fig. 6a. b, Enrichment score for the indicated ‘good prognosis to ICB’ signatures listed in the text (see Supplementary Table 7) in shMDK-depleted B16R2L tumours (data with respect to shC). c, Kaplan-Meier analysis of overall survival in the indicated patient cohorts comparing patients within the top 25th percentile (red) and the bottom 25th percentile (blue) of MDK-ICB-Score. Two-sided Log-Rank test. d, Progression-free survival in the indicated patient cohorts generated as in (c). Two-sided Log-rank (Mantel-Cox) test. Cohort 1 (ref. 7), Cohort 2 (ref. 6), Cohort 3 (ref. 5), Cohort 4 (ref. 53), Cohort 5 (ref. 54), and Cohort 6 (ref. 9).
Source data
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