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            Abstract
Monoclonal antibody therapies targeting tumour antigens drive cancer cell elimination in large part by triggering macrophage phagocytosis of cancer cells1,2,3,4,5,6,7. However, cancer cells evade phagocytosis using mechanisms that are incompletely understood. Here we develop a platform for unbiased identification of factors that impede antibody-dependent cellular phagocytosis (ADCP) using complementary genome-wide CRISPR knockout and overexpression screens in both cancer cells and macrophages. In cancer cells, beyond known factors such as CD47, we identify many regulators of susceptibility to ADCP, including the poorly characterized enzyme adipocyte plasma membrane-associated protein (APMAP). We find that loss of APMAP synergizes with tumour antigen-targeting monoclonal antibodies and/or CD47-blocking monoclonal antibodies to drive markedly increased phagocytosis across a wide range of cancer cell types, including those that are otherwise resistant to ADCP. Additionally, we show that APMAP loss synergizes with several different tumour-targeting monoclonal antibodies to inhibit tumour growth in mice. Using genome-wide counterscreens in macrophages, we find that the G-protein-coupled receptor GPR84 mediates enhanced phagocytosis of APMAP-deficient cancer cells. This work reveals a cancer-intrinsic regulator of susceptibility to antibody-driven phagocytosis and, more broadly, expands our knowledge of the mechanisms governing cancer resistance to macrophage phagocytosis.
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                    Fig. 1: Genome-wide CRISPR screens reveal novel regulators of ADCP.[image: ]


Fig. 2: APMAP loss synergizes with monoclonal antibodies and CD47 blockade to increase cancer cell susceptibility to phagocytosis.[image: ]


Fig. 3: APMAP loss sensitizes diverse tumour types to monoclonal antibodies in vitro and in mice.[image: ]


Fig. 4: GPR84 mediates enhanced uptake of APMAPKO cancer cells.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 CRISPR knockout screening platform for regulators of ADCP in cancer cells and batch retest validation screen results.
a, Phagocytosis assay for uptake of pHrodo-labelled Ramos cells by J774 macrophages in the presence or absence of anti-CD20 and/or anti-CD47 antibodies. Normalized phagocytosis index was calculated as average total pHrodo Red signal per well, normalized to signal in untreated control condition at final timepoint. Data represent mean +/− s.d. (n = 4). Two-way ANOVA with Bonferroni correction. b, Phagocytosis assay for uptake of pHrodo-labelled Ramos cells by J774 or U937 macrophages in the presence of anti-CD20. Normalized phagocytosis index was calculated as average total pHrodo Red signal per well, normalized to signal in U937 cells at final timepoint. Data represent mean +/− s.d. (n = 3). Two-way ANOVA with Bonferroni correction. c, Phagocytosis assay for uptake of pHrodo-labelled Ramos cells by J774 macrophages with or without 24 h pre-treatment with 100 ng ml-1 LPS. Normalized phagocytosis index was calculated as average total pHrodo Red signal per well, normalized to signal in untreated control condition at final timepoint. Data represent mean +/− s.d. (n = 4). Two-way ANOVA with Bonferroni correction. d, Differential expression analysis of J774 macrophages before and after treatment (24 h) with 100 ng ml-1 LPS, showing induction of classic LPS-activated M1 macrophage markers NOS2 and IL1B. e, Replicates for CRISPRko screen in Ramos cells for susceptibility to ADCP driven by anti-CD20 antibodies. f, Gene ontology enrichment analysis for negative Ramos CRISPRko ADCP hits (cutoff of CasTLE score > 50). n indicates number of genes among query gene list annotated with indicated term. g, Batch re-test screen for ADCP sensitivity in Ramos Cas9 cells. Library comprised top 250 hits (both positive and negative effect sizes) from genome-wide CRISPRko screen and top 480 anti-phagocytic hits from CRISPRa screen. Hits were defined based on 95% confidence interval of CasTLE effect size (see Supplementary Table 3). h, Replicates of Batch re-test screen in Ramos Cas9 cells. i, Comparison of Ramos batch re-test and genome-wide ADCP CRISPRko screens for genes that were hits in the CRISPRko screen. j, Survival assay for Ramos Cas9 cells subjected to treatment with macrophages and anti-CD20, expressing indicated sgRNAs (2 distinct sgRNAs per gene). GFP+ Ramos Cas9 cells expressing negative control sgRNA were mixed with an equal number of mCherry+ cells expressing indicated sgRNAs and cultured in the presence of J774 macrophages and anti-CD20 antibodies. Plotted is the mean percentage of surviving Ramos cells that were mCherry+ after 2 d, normalized to control (Ctrl) Ramos cells that expressed an empty vector) (n = 3 cell culture wells, data represent mean +/− s.d.). One-way ANOVA with Bonferroni correction.


Extended Data Fig. 2 CRISPR activation screening platform development and analysis of anti-phagocytic hits.
a, Validation of Ramos CRISPRa clones. Single-cell derived CRISPRa clones were constructed as described in the Methods and transduced with sgRNAs targeting CD2 (using a lentiviral vector co-expressing GFP). Indicated clones and parent Ramos cells were stained with anti-CD2-APC antibodies. Mean APC signal in the GFP+ population is plotted (n = 2 technical replicates, mean is shown). Clone #6 was used for screening. b, Replicates for CRISPRa screen in Ramos cells for susceptibility to ADCP driven by anti-CD20 and anti-CD47 antibodies. c, Gene ontology enrichment analysis for positive Ramos CRISPRa ADCP hits (cutoff of CasTLE score > 50) (top) and top 50 anti-phagocytic factors (bottom). n indicates number of genes among query gene list annotated with that term. d, Schematic of time-lapse imaging assay for ADCP. pHrodo-Red fluorescence intensity increases in low-pH conditions, such as in the lysosome following internalization of the target cell. e, Phagocytosis assay for uptake of pHrodo-labelled Ramos cells, stably expressing indicated constructs, by J774 macrophages in the presence of anti-CD20 and anti-CD47 antibodies. Normalized phagocytosis index was calculated as average total pHrodo Red signal per well, normalized to signal in GFP-FLAG cells at final timepoint. Data represent mean +/− s.d. (n = 4 cell culture wells). Two-way ANOVA with Bonferroni correction. f, Expression (TPM) of SMAGP in 1304 cell lines in CCLE. g, h, Flow cytometry assays for anti-CD20 and anti-CD45 binding to Ramos CRISPRa cells expressing indicated sgRNAs. Data represent mean +/− s.d. (n = 3 independently stained samples). One-way ANOVA with Bonferroni correction. i, Volcano plot of screen in Karpas-299 cells conducted in presence of anti-CD30 antibodies. Dotted line indicates 5% FDR. j, Heatmap of differential expression for 12 selected anti-phagocytic genes in 23 tumour types compared to normal tissue. Tumour type abbreviations are listed here: https://gdc.cancer.gov/resources-tcga-users/tcga-code-tables/tcga-study-abbreviations. k, Minimum expression (TPM) across all cell lines in CCLE is plotted against maximum probability of essentiality in all cell lines profiled in DepMap for 50 top anti-phagocytic hits shown in Fig. 1e.


Extended Data Fig. 3 Screens for cancer cell regulators of ADCP in the presence or absence of CD47 and evaluation of importance of antibodies and Fc receptor for APMAP effect.
a, Schematic and volcano plot of CRISPR screen in Ramos Cas9 cells for sensitivity to macrophage phagocytosis in the presence of anti-CD20 in cells expressing an sgRNA targeting a Safe locus. Dotted line indicates 5% FDR. A transmembrane gene-enriched sublibrary containing 3,124 genes was used. b, Schematic and volcano plot of CRISPR screen in Ramos Cas9 cells for sensitivity to macrophage phagocytosis in the presence of anti-CD20 in cells expressing an sgRNA targeting the CD47 locus. Dotted line indicates 5% FDR. A transmembrane gene-enriched sublibrary containing 3,124 genes was used. c, Schematic and volcano plot of CRISPRko screen in Ramos Cas9 cells for sensitivity to macrophage phagocytosis in the presence of anti-CD20 and anti-CD47 in cells expressing an sgRNA targeting a Safe locus. Dotted line indicates 5% FDR. A transmembrane gene-enriched sublibrary containing 3,124 genes was used. d, Phagocytosis assay for uptake of pHrodo-labelled Ramos cells with indicated genotypes by human primary peripheral blood-derived macrophages, from two independent healthy de-identified human donors, in the presence or absence of anti-CD47 antibodies. Phagocytosis index normalized to control (SafeKO) cells without anti-CD47. Data represent mean +/− s.d. (n = 4 cell culture wells). One-way ANOVA with Bonferroni correction. e, Phagocytosis assay for uptake of pHrodo-labelled Ramos cells with indicated genotypes by J774 macrophages in the presence of anti-CD20 or anti-CD47 antibodies. Where indicated, J774 macrophages were pre-incubated with Fc-blocking antibodies for 45 min on ice. Phagocytosis index normalized to control (SafeKO) cells without antibody analysed in parallel (condition not shown). Data represent mean +/− s.d. (n = 3 cell culture wells). Two-way ANOVA with Bonferroni correction. f, Phagocytosis assay for uptake of pHrodo-labelled Ramos cells with indicated genotypes by J774 macrophages in the absence of antibodies. Phagocytosis index normalized to control (SafeKO/SafeKO) cells. Data represent mean +/− s.d. (n = 3 cell culture wells). One-way ANOVA with Bonferroni correction.


Extended Data Fig. 4 APMAP loss sensitizes cells to ADCP in a highly specific manner and without affecting surface levels of other pro- and anti-phagocytic factors.
a, Phagocytosis assay for uptake of pHrodo-labelled Karpas-299 Cas9 cells expressing indicated sgRNAs by J774 macrophages in the presence or absence of anti-CD30 antibodies. Normalized phagocytosis index was calculated as average total pHrodo Red signal per well, normalized to signal in untreated control condition at final timepoint. Data represent mean +/− s.d. (n = 4 cell culture wells). Two-way ANOVA with Bonferroni correction. b, Phagocytosis assay for uptake of pHrodo-labelled Ramos cells with indicated genotypes by human U937 macrophages in the presence or absence of anti-CD20 (rituximab) antibodies at indicated concentrations. Phagocytosis index normalized to control (SafeKO) Ramos cells without anti-CD20. Data represent mean +/− s.d. (n = 4 cell culture wells). Two-way ANOVA with Bonferroni correction. c, Phagocytosis assay for uptake of pHrodo-labelled Ramos cells with indicated genotypes by human primary peripheral blood-derived macrophages, from two independent healthy de-identified human donors, in the presence or absence of 10 ng ml-1 anti-CD20 antibodies. Phagocytosis index normalized to control (SafeKO) Ramos cells without anti-CD20. Data represent mean +/− s.d. (n = 3 cell culture wells). One-way ANOVA with Bonferroni correction. d, Phagocytosis assay for uptake of pHrodo-labelled Ramos Cas9 cells expressing indicated sgRNAs by J774 macrophages with or without 24 h pre-treatment with 100 ng ml-1 LPS. Normalized phagocytosis index was calculated as average total pHrodo Red signal per well, normalized to signal in untreated control condition at final timepoint. Data represent mean +/− s.d. (n = 4 cell culture wells). e, Ramos Cas9 cells expressing indicated sgRNAs were incubated with Annexin V-FITC or anti-Calreticulin-DyLight-488 and analysed by flow cytometry. CRT, calreticulin. Data represent mean +/− s.d. (n = 3 independently stained samples). P-values were from two-tailed t-tests. f, Flow-cytometry based measurement of cell surface levels of CD20 in Ramos Cas9 cells expressing indicated sgRNAs. Data represent mean (n = 2 independently stained samples, except cells expressing CD20 sgRNA (n = 1)). g, Flow-cytometry based measurement of cell surface levels of CD47 in Ramos Cas9 cells expressing indicated sgRNAs. Data represent mean +/− s.d. (n = 3 independently stained samples). h, Flow-cytometry based measurement of cell surface levels of sialic acid in Ramos Cas9 cells expressing indicated sgRNAs. Where indicated, cells were treated with sialidase as a positive control. Data represent mean +/− s.d. (n = 3 independently stained samples). i, Viability assays (measured as cell confluence after 72 h on Incucyte, normalized to untreated SafeKO control cells) of indicated Ramos cells in the presence of indicated concentrations of 9 drugs. Data represent mean +/− s.d. (n = 3 cell culture wells). j, Flow-cytometry based measurement of forward scatter (FSC) and side scatter (SSC) in Ramos Cas9 cells expressing indicated sgRNAs. Data represent mean +/− s.d. (n = 3 independently analysed samples). k, Ramos-J774 adhesion assay in the presence of indicated antibody concentrations, using indicated GFP+ Ramos Cas9 knockout cells. Data represent mean +/− s.d. (n = 2 cell culture wells). l, Flow-cytometry based measurement of ADCP of Ramos Cas9 cells expressing indicated sgRNAs and stained with either calcein or CellTrace-Far-Red dye before incubation with J774 macrophages and anti-CD20 for 24h. Data represent mean +/− s.d. (n = 3 cell culture wells). Two-tailed t-tests were used to compare SafeKO and APMAPKO cells within each labeling condition.


Extended Data Fig. 5 APMAP localizes to the endoplasmic reticulum and its cytosolic domain, transmembrane domain, and N-glycosylation are not required for its function in ADCP.
a, Localization of APMAP-FLAG and APMAPE103A-FLAG to the endoplasmic reticulum in HeLa cells. Scale bar, 20 µm. Calnexin is used as a marker of the endoplasmic reticulum. FLAG staining was representative of two independent experiments. b, Immunoblotting of cell extracts derived from Ramos cells of indicated genotypes expressing indicated APMAP-FLAG constructs. GAPDH served as loading control. Experiment was performed twice. c, d, Phagocytosis assay for uptake of pHrodo-labelled Ramos-Cas9 cells with indicated genotypes by J774 macrophages in the presence of anti-CD20 antibodies. APMAP-F, APMAP-FLAG. TFRCRR, mutant allele of TFRC that localizes primarily to the endoplasmic reticulum47. Phagocytosis index normalized to control (SafeKO) cells. Data represent mean +/− s.d. (n = 4 cell culture wells). One-way ANOVA with Bonferroni correction. e, Immunoblotting of cell extracts that were treated, where indicated, with PNGase F to remove N-glycosylation. Actin served as loading control. Experiment was performed once. f, Phagocytosis assay for uptake of pHrodo-labelled Ramos Cas9 cells expressing indicated sgRNAs and indicated addback constructs by J774 macrophages in the presence of anti-CD20 antibodies. Normalized phagocytosis index was calculated as average total pHrodo Red signal at 5 h for each well, normalized to signal in SafeKO cells at 5 h timepoint. Data represent mean +/− s.d. (n = 3 cell culture wells). One-way ANOVA with Bonferroni correction. For gel source data, see Supplementary Figure 1.


Extended Data Fig. 6 Evaluation of APMAP role in ADCP across diverse cancer cell lines and in syngeneic mice.
a, Levels of APMAP in ten cell lines measured by Western blot. All cell lines stably express Cas9 and were transduced with indicated sgRNAs. Actin served as loading control. Western blot to confirm knockout across all ten cell lines on one gel was performed once. For gel source data, see Supplementary Figure 1. b, Expression levels (TPM) of CD47 and APMAP in ten cell lines (data from CCLE). c, Survival measurements of selected (GFP+) cell lines in Fig. 3a, measured as percentage of GFP remaining after indicated number of hours of incubation with J774 macrophages in presence or absence of anti-CD47. Data represent mean +/− s.d. (n = 4 cell culture wells, except Karpas-299 (n = 3)). One-way ANOVA with multiple comparisons correction. d, Phagocytosis assays as in Fig. 3a, but with isotype control antibodies. Data represent mean +/− s.d. (n = 4 cell culture wells). One-way ANOVA with Bonferroni correction. e, Phagocytosis assay for uptake of pHrodo-labelled cells for indicated Cas9-expressing cell lines expressing indicated sgRNAs by J774 macrophages in the presence or absence of anti-EGFR/cetuximab antibodies. Phagocytosis index normalized to control (SafeKO) cells without anti-EGFR. Data represent mean +/− s.d. (n = 3 cell culture wells). One-way ANOVA with Bonferroni correction. f, Survival measurements of selected (GFP+) cell lines in Extended Data Fig. 6e, measured as percentage of GFP remaining after indicated number of hours of incubation with J774 macrophages in presence or absence of anti-EGFR. Data represent mean +/− s.d. (n = 3 cell culture wells). One-way ANOVA with Bonferroni correction. g, Representative photographs depicting Ramos tumours of indicated genotype extracted from NSG mice at 25 d following transplantation. h, SafeKO or APMAPKO Ramos cells were transplanted into NSG mice and allowed to form tumours. Mice were treated with anti-CD47 (B6H12, BioXCell) or PBS daily starting 17 d following transplantation, and tumour size was measured every 2 d. Data represent mean +/− s.e.m. (n = 5 (SafeKO groups) and 6 (APMAPKO groups)). Two-way ANOVA with Tukey correction (comparison between SafeKO/anti-CD47 and APMAPKO/anti-CD47 for final timepoint is shown). I, Mouse weights in Ramos (top) and NCI-H82 (bottom) xenograft experiments (Extended Data Fig. 6h, Fig. 3b). Data represent mean +/− s.d. Two-way ANOVA with Bonferroni correction (n = 5 (all NCI-H82 groups and Ramos SafeKO groups) and 6 (Ramos APMAPKO groups)). P-values are reported for the interaction between treatment groups. j, Single-cell suspensions were prepared from SafeKO or APMAPKO Ramos tumours treated with PBS or anti-CD20 (from experiment in Fig. 3c) and analysed for the presence of macrophages (CD45+/F4-80+/Cd11b+) as a percentage of all CD45+ cells. Gating strategy is shown (top/left). Data (bottom right) represent mean +/− s.e.m. (n = 6 (PBS groups) and 7 (antibody-treated groups)). One-way ANOVA with Tukey correction. k, Phagocytosis assay for uptake of pHrodo-labelled B16-F10 cells with indicated genotypes by J774 macrophages in the presence or absence of anti-TRP1 antibodies. Phagocytosis index normalized to control (SafeKO) cells without antibody. Data represent mean +/− s.d. (n = 4 cell culture wells). One-way ANOVA with Bonferroni correction. l, In vitro growth of B16-F10 cells of indicated genotypes, measured using time-lapse microscopy as total confluence per well over 6 d. Data represent mean +/− s.d. (n = 4 cell culture wells). m, SafeKO or APMAPKO B16-F10 cells were transplanted into syngeneic C57BL/6 mice and allowed to form tumours. Mice were treated with anti-TRP1 or mouse IgG2a isotype control antibody daily starting 5 d following transplantation, and tumour size was measured every 2 d. Data represent mean +/− s.e.m. (n = 7 for SafeKO groups, n = 6 for both APMAPKO groups). Two-way ANOVA with Tukey correction (comparison between SafeKO/anti-TRP1 and APMAPKO/anti-TRP1 for final timepoint is shown)
Source data.


Extended Data Fig. 7 Genome-wide magnetic screen in J774 macrophages for phagocytosis of IgG-coated beads.
a, Schematic of genome-wide screen in J774 macrophages for phagocytosis of 2.8 micron IgG-coated magnetic beads. b, Volcano plot of screen diagrammed in a. Dotted line indicates 5% FDR. c. Replicates of screen diagrammed in a. d, Diagram of hits with negative effect size (i.e. required for phagocytosis) from genome-wide screen for IgG bead phagocytosis in J774 macrophages. e, Gene ontology enrichment analysis for macrophage IgG bead screen hits with negative effect size (required for phagocytosis) (5% FDR). Selected terms shown. n indicates number of genes among hits annotated with indicated term.


Extended Data Fig. 8 GPR84 is expressed in tumour associated macrophages.
a–d, Single-cell RNA-seq analyses of human tumours from patients with melanoma54,55 (a, b), patients with glioblastoma56 (c) and patients with sarcoma53 (d), showing cell type annotations (left) and detection of GPR84 (right). GPR84+ and GPR84- denote TPM >  0 and = 0, respectively; n denotes the number of cells shown.


Extended Data Fig. 9 Macrophage screens for genes required for enhanced uptake of APMAPKO cancer cells.
a, Phagocytosis assay for uptake of pHrodo-labelled Karpas-299-Cas9 cells expressing indicated sgRNAs, incubated with J774 macrophages expressing indicated sgRNAs, in the presence of anti-CD30 antibodies. Phagocytosis index (arbitrary units) corresponds to the total pHrodo Red signal per well, normalized to SafeKO Karpas-299 cells fed to SafeKO macrophages. Data represent mean +/− s.d. (n = 4 cell culture wells). Two-way ANOVA with Bonferroni correction. b, Phagocytosis assay for uptake of pHrodo-labelled Ramos cells expressing indicated sgRNAs, incubated with U937 macrophages expressing indicated sgRNAs (three independent sgRNAs per gene), in the presence of anti-CD20 antibodies. Phagocytosis index (arbitrary units) corresponds to the total pHrodo Red signal per well, normalized to SafeKO Ramos cells fed to SafeKO-1 macrophages. Data represent mean +/− s.d. (n = 4 cell culture wells). Two-way ANOVA with Bonferroni correction, P values for comparisons to SafeKO Ramos/SafeKO-1 U937 macrophages shown. c, Gating strategy for collecting single-positive and double-negative macrophage populations, corresponding to macrophages that phagocytosed calcein+ SafeKO or Far-red+ APMAPKO cells. d, Volcano plot for macrophage screen for genes required for uptake of SafeKO Ramos cells, using 2,208-gene sublibrary (enriched for phagocytosis genes, but lacking GPR84), conducted in J774 macrophages. Dotted line indicates 5% FDR. e, Volcano plot for macrophage screen for genes required for uptake of APMAPKO Ramos cells, using 2,208-gene sublibrary (enriched for phagocytosis genes, but lacking GPR84) in J774 macrophages. Dotted line indicates 5% FDR. f, Volcano plot for macrophage screen for genes required selectively for uptake of APMAPKO cells, following screen design in Fig. 4a (comparison 2), but using 2,208-gene sublibrary (enriched for phagocytosis genes, but lacking GPR84) in J774 macrophages, for uptake of calcein+ SafeKO cells and far-red+ APMAPKO Ramos cells. Dotted line indicates 5% FDR. g, Phagocytosis assay for uptake of pHrodo-labelled Ramos cells expressing indicated sgRNAs, incubated with J774 macrophages expressing indicated sgRNAs, in the presence of anti-CD20 antibodies. Phagocytosis index (arbitrary units) corresponds to the total pHrodo Red signal per well, normalized to SafeKO Ramos cells fed to SafeKO macrophages. Data represent mean +/− s.d. (n = 3 cell culture wells). Two-way ANOVA with Bonferroni correction. P-values correspond to comparisons to SafeKO-1. h, FACS-based phagocytosis assay for uptake of CellTrace Far-Red-labelled APMAPKO cells and calcein-labelled CD47KO Ramos cells by J774-Cas9 macrophages expressing indicated sgRNAs. Ratio of macrophages that phagocytosed APMAPKO Ramos cells to macrophages that phagocytosed CD47KO Ramos cells, normalized to SafeKO/SafeKO J774 macrophages, following 24 h co-incubation with anti-CD20 antibodies is plotted. Data represent mean +/− s.d. (n = 3 cell culture wells). One-way ANOVA with Bonferroni correction, P-values for comparisons to SafeKO/SafeKO J774 macrophages shown.


Extended Data Fig. 10 GPR84 agonists stimulate uptake of antibody-opsonized cancer cells.
a, Phagocytosis assay for uptake of pHrodo-labelled Ramos Cas9 cells expressing Safe-targeting sgRNAs by J774 macrophages in the presence of anti-CD20 antibodies and indicated concentrations of GPR84 agonists. Data represent mean (n = 2 cell culture wells). b, Phagocytosis assay for uptake of pHrodo-labelled Ramos Cas9 cells expressing APMAP-targeting sgRNAs by J774 macrophages in the presence of anti-CD20 antibodies and indicated concentrations of GPR84 agonists. Data represent mean (n = 2 cell culture wells). c, Phagocytosis assay for uptake of pHrodo-labelled SafeKO Ramos Cas9 cells by J774 macrophages in the presence (left) or absence (right) of anti-CD20 antibodies and 100 µM saturated fatty acids of indicated carbon chain length (n = 2, acetic acid; n = 10, capric acid; n = 16, palmitic acid; n = 22, docosanoic acid). Data represent mean +/− s.d. (n = 4 cell culture wells). One-way ANOVA with Bonferroni correction. d, Heatmap of normalized phagocytosis index of Ramos cells incubated with U937 macrophages expressing indicated sgRNAs, in the presence of indicated concentrations of 6-OAU and anti-CD20. Data represent mean (n = 4 cell culture wells). e, Heatmap of normalized phagocytosis index of Ramos cells incubated with J774 macrophages expressing indicated sgRNAs, in the presence of indicated concentrations of 6-OAU and anti-CD47. Data represent mean (n = 4 cell culture wells). f, Phagocytosis assay for uptake of pHrodo-labelled Ramos Cas9 cells expressing Safe-targeting sgRNAs by J774 macrophages in the presence of anti-CD20 antibodies and GPR84 agonists (100 µM capric acid, 100 nM 6-OAU, 10 nM ZQ-16). Data represent mean +/− s.d. (n = 3 cell culture wells). One-way ANOVA with Bonferroni correction. P-values are for comparison to untreated condition for each macrophage genotype.
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Reporting Summary

Supplementary Table 1
RNA-sequencing data for J774 macrophages with P-values from two-tailed Wald test, adjusted for multiple comparisons with Benjamini–Hochberg correction. n = 3 biologically independent samples for each condition.


Supplementary Table 2
Genome-wide ADCP CRISPR knockout screen in Ramos lymphoma cells in presence of anti-CD20. P-values were determined by permuting the gene-targeting guides in the screen and comparing to the distribution of negative controls using casTLE, and a 5% FDR threshold was used to defining hits using the Benjamini–Hochberg procedure. Two biologically independent screen replicates.


Supplementary Table 3
Batch re-test ADCP CRISPR knockout screen in Ramos lymphoma cells in presence of anti-CD20. Genes were noted as hits when their combination effect score at 95% credible interval did not include zero. Two biologically independent screen replicates.


Supplementary Table 4
Genome-wide ADCP CRISPR activation screen in Ramos lymphoma cells in presence of anti-CD20 and anti-CD47. P-values were determined by permuting the gene-targeting guides in the screen and comparing to the distribution of negative controls using casTLE, and a 5% FDR threshold was used to define hits using the Benjamini–Hochberg procedure. Two biologically independent screen replicates.


Supplementary Table 5
ADCP CRISPR knockout screen in Ramos lymphoma cells in the presence of anti-CD20, +/- anti-CD47, and in sgSafe and sgCD47 genetic backgrounds, using transmembrane protein enriched sublibrary. P-values were determined by permuting the gene-targeting guides in the screen and comparing to the distribution of negative controls using casTLE, and a 5% FDR threshold was used to define hits using the Benjamini–Hochberg procedure. Two biologically independent screen replicates in each screen.


Supplementary Table 6
Genome-wide IgG-bead phagocytosis magnetic CRISPR knockout screen in J774 macrophages. P-values were determined by permuting the gene-targeting guides in the screen and comparing to the distribution of negative controls using casTLE, and a 5% FDR threshold was used to defining hits using the Benjamini–Hochberg procedure. Two biologically independent screen replicate screens were conducted but one unbound replicate had insufficient coverage so only one unbound replicate was compared to both of the bound replicates.


Supplementary Table 7
Genome-wide ADCP FACS CRISPR knockout screen in J774 macrophages for uptake of SafeKO and APMAPKO Ramos cells. P-values were determined by permuting the gene-targeting guides in the screen and comparing to the distribution of negative controls using casTLE, and a 5% FDR threshold was used to define hits using the Benjamini–Hochberg procedure. Two biologically independent screen replicates.


Supplementary Table 8
ADCP FACS CRISPR knockout screen in J774 macrophages for uptake of SafeKO and APMAPKO Ramos cells, using phagocytosis regulator-enriched sublibrary. P-values were determined by permuting the gene-targeting guides in the screen and comparing to the distribution of negative controls using casTLE, and a 5% FDR threshold was used to define hits using the Benjamini–Hochberg procedure. Two biologically independent screen replicates.


Supplementary Table 9
sgRNA sequences used in this study.





Source data
Source Data Fig. 3

Source Data Extended Data Fig. 6




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Kamber, R.A., Nishiga, Y., Morton, B. et al. Inter-cellular CRISPR screens reveal regulators of cancer cell phagocytosis.
                    Nature 597, 549–554 (2021). https://doi.org/10.1038/s41586-021-03879-4
Download citation
	Received: 14 October 2020

	Accepted: 05 August 2021

	Published: 08 September 2021

	Issue Date: 23 September 2021

	DOI: https://doi.org/10.1038/s41586-021-03879-4


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Targeting metabolic sensing switch GPR84 on macrophages for cancer immunotherapy
                                    
                                

                            
                                
                                    	Jianying Li
	Anjun Ma
	Gang Xin


                                
                                Cancer Immunology, Immunotherapy (2024)

                            
	
                            
                                
                                    
                                        A CRISPR activation screen identifies MUC-21 as critical for resistance to NK and T cell-mediated cytotoxicity
                                    
                                

                            
                                
                                    	Dong-hee Lee
	Hyejin Ahn
	Hyung-seung Jin


                                
                                Journal of Experimental & Clinical Cancer Research (2023)

                            
	
                            
                                
                                    
                                        CRISPR/Cas9 system: recent applications in immuno-oncology and cancer immunotherapy
                                    
                                

                            
                                
                                    	Chen Chen
	Zehua Wang
	Yanru Qin


                                
                                Experimental Hematology & Oncology (2023)

                            
	
                            
                                
                                    
                                        Myeloid cell-targeted therapies for solid tumours
                                    
                                

                            
                                
                                    	Sangeeta Goswami
	Swetha Anandhan
	Padmanee Sharma


                                
                                Nature Reviews Immunology (2023)

                            
	
                            
                                
                                    
                                        Pro-phagocytic function and structural basis of GPR84 signaling
                                    
                                

                            
                                
                                    	Xuan Zhang
	Yujing Wang
	Cheng Zhang


                                
                                Nature Communications (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter — what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
