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            Abstract
Despite objective responses to poly(ADP-ribose) polymerase (PARP) inhibition and improvements in progression-free survival (PFS) compared to standard chemotherapy in patients with BRCA-associated triple-negative breast cancer (TNBC), benefits are transitory. Using high-dimensional single-cell profiling of human TNBC, here we demonstrate that macrophages are the predominant infiltrating immune cell type in breast cancer susceptibility (BRCA)-associated TNBC. Through multi-omics profiling, we show that PARP inhibitors enhance both anti- and pro-tumor features of macrophages through glucose and lipid metabolic reprogramming, driven by the sterol regulatory element-binding protein 1 (SREBF1, SREBP1) pathway. Combining PARP inhibitor therapy with colony-stimulating factor 1 receptor (CSF1R)-blocking antibodies significantly enhanced innate and adaptive antitumor immunity and extended survival in mice with BRCA-deficient tumors in vivo, and this was mediated by CD8+ T cells. Collectively, our results uncover macrophage-mediated immune suppression as a liability of PARP inhibitor treatment and demonstrate that combined PARP inhibition and macrophage-targeting therapy induces a durable reprogramming of the tumor microenvironment (TME), thus constituting a promising therapeutic strategy for TNBC.
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                    Fig. 1: TNBC with mutated BRCA is highly infiltrated by T cells and macrophages.[image: ]


Fig. 2: PARP inhibition modulates the TME and increases intratumoral macrophage levels in BRCA1-deficient TNBC.[image: ]


Fig. 3: PARP inhibition modulates the macrophage phenotype.[image: ]


Fig. 4: PARP inhibition modulates the metabolic phenotype of differentiating macrophages.[image: ]


Fig. 5: PARP inhibition modulates the glycolytic capacity of macrophages.[image: ]


Fig. 6: Anti-CSF1R therapy enhances PARP inhibitor therapy in BRCA1-deficient TNBC.[image: ]


Fig. 7: Olaparib-treated macrophages suppress T cell function, which is overcome with anti-CSF1R therapy in BRCA1-deficient TNBC.[image: ]
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                Data availability

              
              The data that support the findings of this study are available upon reasonable request from the corresponding author (J.L.G.). The data are not publicly available due to IRB restrictions of data containing information that could compromise research participant privacy and/or consent. With controlled use, the MS proteomic data were deposited in the ProteomeXchange Consortium via the PRIDE partner repository under the dataset identifier PXD015804. With controlled use, the RNA-seq data were deposited in Synapse (syn23018992). All CyCIF images are available at https://www.cycif.org/data/mehta-2020/. Source data are provided with this paper.

            

Code availability

              
              Static copies of analysis versions are available as follows.

              For CyCIF, code repositories are available for ongoing improvements to Ashlar (https://github.com/labsyspharm/ashlar) and for segmentation and analysis (https://github.com/sorgerlab/cycif). A static copy of the analysis version can be found at https://github.com/breasttumorimmunologylab/TAM-PARP-2019. All tumors analyzed in this study may be viewed at https://www.cycif.org/data/mehta-2020/.

              A static copy of the RNA-seq analysis version can be found at https://github.com/breasttumorimmunologylab/TAM-PARP-2019.
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Extended data

Extended Data Fig. 1 BRCA1-associated TNBC are highly infiltrated with T-cells and macrophages.
CyCIF was performed on BRCA-WT (n = 6) and BRCA1-associated (n = 10) triple negative breast cancer tumors from consented patients. a, Antibody panel for CyCIF shows the staining strategy for each cycle of CyCIF. b, Representative images for each cycle are shown. c, Representative images of merged antibodies for each cycle. d-f, The overview of image processing and data analysis workflow. d, The multiplexed images were segmented, and single-cell data were collected via customized ImageJ scripts. Digital representation of Keratin staining is shown. e, An example of gating for positive cells for CD163 are shown. Note that the distribution is similar for Keratin and CD163, but number/level is different due to different background subtraction methods. The CD163 distribution is continuous whereas the Keratin distribution is more bi-modal. f, Individual antibodies corresponding to Fig. 1a. g, T-regulatory cells were identified using FoxP3 positivity of CD3+CD4+ cells. h, Cytotoxic T-cells were identified using Granzyme B positivity of CD3+CD8+ cells. i, Macrophages were identified by CD68 and CD163.


Extended Data Fig. 2 PARP inhibition modulates the tumor microenvironment and increases intratumoral macrophages in BRCA1-deficient TNBC.
Mice bearing BRCA-deficient TNBC tumors were treated with either vehicle or 50 mg kg−1 of Olaparib for 5 days. a, Mice maintained their body weight during the treatment. b, Gating strategy for flow cytometry used throughout manuscript. c, Representative images of MAC2 immunohistochemistry, percentage of positive cells were assessed using ImageJ quantification (n = 6 mice). Representative images are shown at 20x magnification and are representative of the 6 mice. Error bars represent standard error of mean (±SEM). Statistical analyses were performed using one-tailed t-test. Exact p values indicated in each panel for each comparison.

                          Source data
                        


Extended Data Fig. 3 PARP inhibition modulates the tumor microenvironment and increases intratumoral macrophages in BRCA1-deficient TNBC.
Mice bearing BRCA-deficient TNBC tumors were treated with either vehicle or 50 mg kg−1 of Olaparib for 5 days and tumors were harvested and RNA was isolated for gene expression analysis using NanoString. a-b, Heatmap of the raw counts (a) and heatmap of the normalized data (b) scaled to give all genes equal variance, generated via unsupervised clustering using the NanoString advance analysis tools. Orange indicates high expression; blue indicates low expression. c-h, Box plots represent cell type scores (the minimum, the maximum, the sample median are shown) for CD45 (c) and macrophages (d) as well as pathway analysis for antigen presentation (e), chemokine signaling (f), cytokine signaling (g) and TLR signaling (h). i-j, Plots represent the normalized mRNA expression of genes associated with itgax (CD11c; (i)) and interferon signaling (irf5, irf8), and il1r1 (j). k, Gene expression measured by qPCR. Error bars represent standard error of mean (±SEM) with n = 5 mice per group. Statistical analyses were performed using two-tailed t-test. Exact p values indicated in each panel for each comparison.

                          Source data
                        


Extended Data Fig. 4 PARP inhibition modulates the phenotype of differentiating macrophages.
a, Schematic representation of ex vivo differentiation of CD14+ human monocytes. b, Gating strategy used in flow cytometric analysis of ex vivo differentiated human monocytes. c-e, GM-CSF plus IL-4 differentiation of ex vivo cultured macrophages treated with vehicle or Olaparib. c, There was no change in proportion of CD45+ cells, CD11b+ cells or DCs (CD11b(neg)). d, Olaparib significantly increased CD11b(neg) (dendritic cell) expression of pTBK1. e, M-CSF differentiation of ex vivo cultured macrophages treated with vehicle or Olaparib. Olaparib did not change the proportion of macrophages (CD11b+) or dendritic cells (CD11b(neg)). The frequency of cells expressing CSF-1R increased after Olaparib treatment. Data represent n = 5 human donors. Error bars represent standard error of mean (±SEM). Statistical analyses were performed using two-tailed t-test. f-g, CD14+ cells from healthy human donors were isolated and differentiated to mature myeloid cells with IL-4 and GM-CSF for 5 days at which point Olaparib was added for 4 additional days. Cells were then collected for immunophenotyping by flow cytometry f, Schematic representation of ex vivo differentiation of CD14+ human monocytes to mature macrophages. g, Olaparib did not affect the viability of mature macrophages in ex vivo cultures as shown by total viable cells. No significant changes were observed in the phenotypic markers after Olaparib was added on the differentiated macrophages. Statistical analysis was performed using unpaired one-tailed t-. Error bars represent standard error of the mean (±SEM) with n = 5 healthy human donors. Exact p values indicated in each panel for each comparison.

                          Source data
                        


Extended Data Fig. 5 Role of PARP1 in differentiating macrophages.
a-h, CD14+ cells from healthy human donors were isolated and differentiated to mature myeloid cells for 5 days with IL-4 and GM-CSF in presence or absence of the PARP inhibitors: Olaparib, Niraparib, and Talazoparib, and then collected for immunophenotyping by flow cytometry. a,b, PARP inhibitor treatment did not affect the viability (a) or proportion of CD45+ cells (b). PARP inhibitors decreased the proportion of CD14+ (c) and CD163+ (d) cells and increased the proportion of CD80+ (e), pTBK1+ (f), PD-L1+ (g) and CSF-1R+ (h) macrophages. Statistical analyses were performed using unpaired one-tailed t-test: Error bars represent standard error of mean (±SEM) with n = 5 healthy human donors per group. Exact p values indicated in each panel for each comparison. i-o, Bone marrow from wild-type (wt) and parp1-/- mice was isolated and differentiated to mature myeloid cells for 5 days with IL-4 plus GM-CSF in the presence or absence of Olaparib, then collected for immunophenotyping by flow cytometry. i, Olaparib did not affect the viability of differentiated macrophages. Olaparib increased the differentiation to mature myeloid cells (j), and macrophages (k), and increased PD-L1 expression on macrophages (l), independent of PARP1 status. However, Olaparib-induced expression of CSF-1R on macrophages (m) and increased expression of pTBK1 on myeloid cells (n) and macrophages (o) was PARP1-dependent. Statistical analyses were performed using one-way ANOVA with uncorrected Fisher’s LSD. Error bars represent standard error of the mean (±SEM) with n = 5 mice per group. Exact p values indicated in each panel for each comparison.

                          Source data
                        


Extended Data Fig. 6 The role of PARP1 and PARP2 in PARP inhibitor treated differentiating macrophages.
a-g, Bone marrow cells from wild-type (wt) and parp1-/- mice was isolated and differentiated to mature myeloid cells for 5 days with IL-4 plus GM-CSF in the presence or absence of talazoparib, and immunophenotyping was performed by flow cytometry. h-n, Bone marrow cells from wild-type (wt) and parp2-/- mice was isolated and differentiated to mature myeloid cells as described above in presence or absence of either Olaparib or talazoparib and immunophenotyping was performed. Statistical analyses were performed using one-way ANOVA with Uncorrected Fisher’s LSD. a-n Statistical analyses were performed using one-way ANOVA with uncorrected Fisher’s LSD. Error bars represent standard error of the mean (±SEM) with n = 5 mice per group. Exact p values indicated in each panel for each comparison.

                          Source data
                        


Extended Data Fig. 7 PARP inhibition modulates the metabolic phenotype of differentiating macrophages.
CD14+ cells from healthy human donors were isolated and differentiated to mature myeloid cells with IL-4 plus GM-CSF in presence or absence of Olaparib for 5 days (n = 5 donors). Proteomics was performed and the 100 most significantly upregulated proteins (FDR < 0.05) and the 100 most highly upregulated proteins were used to identify GO terms associated with Olaparib treatment (a) and proteins that are associated with the GO-terms shown in (b) are highlighted in the same color.

                          Source data
                        


Extended Data Fig. 8 Role of the STING and SREBP1 pathways on the Olaparib-induced macrophage phenotype.
CD14+ cells from healthy human donors were isolated and differentiated to mature myeloid cells with IL-4 and GM-CSF for 5 days in the presence or absence of Olaparib and then collected for immunophenotyping by flow cytometry. a-e, A STING inhibitor or a SREBP1 inhibitor (fatostatin) was added to the ex vivo macrophage differentiation assay for 5 days, cells were collected and then analyzed by flow cytometry. f, A STING agonist was added to differentiating myeloid cells 24 hours before flow cytometry analysis. The STING agonist did not affect the viability or proportion of CD45+, CD14+, CD163+, or CSF-1R+ cells of the differentiated myeloid cells but did increase CD80+, PD-L1+ and pTBK1 expression on CD11b+ cells. Statistical analysis was performed using unpaired one-tailed t-test for subfigure f and One-way ANOVA with Uncorrected Fisher’s LSD for subfigure a-e. Error bars represent standard error of the mean (±SEM) with 3-7 healthy human donors per group, as shown. Exact p values indicated in each panel for each comparison. g-l, Bone marrow cells from wild-type and sting-/- mice was isolated and differentiated to mature myeloid cells as described above in presence or absence of Olaparib and immunophenotyping by flow cytometry was performed. Olaparib-induced phenotypes were independent of STING. Statistical analysis was performed using One-way ANOVA with uncorrected Fisher’s LSD. Error bars represent standard error of the mean (±SEM) with n = 5 mice per group. Exact p values indicated in each panel for each comparison.

                          Source data
                        


Extended Data Fig. 9 Nanostring validation by flow cytometry.
K14-Cre Brca1f/fTrp53f/f tumor bearing mice were treated for 5 days (n = 6 mice/group). a, Tumor volume after 5 days of treatment. b, Therapy was well tolerated. Statistical analysis was performed using a 2-way ANOVA with Turkey test *P < 0.05. c-j, Tumors were collected and immunophenotyped by flow cytometry. c, Olaparib and the combination of anti-CSF-1R plus Olaparib significantly increased total leukocyte infiltration (CD45+). Anti-CSF-1R significantly decreased the macrophage population as indicated by F480+ cells. d, The proportion of neutrophils (Gr1+) and myeloid derived suppressor cells (CD11b+Gr1+) are shown. e, Anti-CSF-1R plus Olaparib increased the number of macrophages (CD45+F480+) that expressed the pro-inflammatory cytokines IL-1α and its receptors (IL-1R1+, IL-1R2+) whereas Olaparib treatment increased macrophages expressing IL-1β. f, Olaparib, anti-CSF-1R and the combination of anti-CSF-1R plus Olaparib increased the frequency of macrophages (CD45+F480+) expressing TNFα, yet induced variable expression of its receptors CD120a and CD120b. The frequency of myeloid cells CD11b+ (g) and dendritic cells (i) expressing the pro-inflammatory cytokines IL-1β and IL-1α and their receptors (IL-1R1 and IL-1R2) increased after Olaparib treatment and further increased with anti-CSF-1R plus Olaparib treatment. h,j, Similar changes were seen for TNFα and its receptors CD120a and CD120b. Error bars represent standard error of mean (±SEM). Statistical analyses were performed using two-way ANOVA with uncorrected Fisher’s LSD. Exact p values indicated in each panel for each comparison.

                          Source data
                        


Extended Data Fig. 10 Olaparib-treated macrophages suppress T-cell function, which is overcome with anti-CSF-1R therapy in BRCA-deficient TNBC.
a, BT20 or MCF7 human breast tumor cells were treated with conditioned media from IL-4 plus GM-CSF differentiated myeloid cells in the presence or absence of Olaparib. b, Control media was generated similar to conditioned media but was not incubated with monocytes; it did not induce tumor cell killing. Error bars represent standard error of mean (±SEM). Statistical analyses were performed using one-tailed t-test. Only one replicate for data in B. c,d, OT-1 T cells cultured in supernatants collected from media with vehicle (red), media with Olaparib (blue), human macrophages treated with vehicle (black, donors 1-3), or human macrophages treated with Olaparib (light blue, donors 1-3) were assessed for (c) live cell number and (d) AnnexinV (n = 3 human donors). Error bars represent standard error of mean (±SEM). Statistical analyses were performed using paired t-test or one-way ANOVA as indicated on graphs. e-g, CD8 T-cells are effectively depleted with anti-CD8 antibodies, corresponding to Fig. 6d (n = 5 mice/group). Frequency of CD8+T-cells in tumors (e) and (f) are shown. Gating strategy to gate CD8+T-cells is shown (g). Error bars represent standard error of mean (±SEM). Statistical analyses were performed using one-tailed t-test. h, Flow plots corresponding to Fig. 6h-j. Exact p values indicated in each panel for each comparison.
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