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Combinatorial macrophage induced innate immunotherapy against Ewing sarcoma: Turning “Two Keys” simultaneously
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Abstract
Background
Macrophages play important roles in phagocytosing tumor cells. However, tumors escape macrophage phagocytosis in part through the expression of anti-phagocytic signals, most commonly CD47. In Ewing sarcoma (ES), we found that tumor cells utilize dual mechanisms to evade macrophage clearance by simultaneously over-expressing CD47 and down-regulating cell surface calreticulin (csCRT), the pro-phagocytic signal. Here, we investigate the combination of a CD47 blockade (magrolimab, MAG) to inhibit the anti-phagocytic signal and a chemotherapy regimen (doxorubicin, DOX) to enhance the pro-phagocytic signal to induce macrophage phagocytosis of ES cells in vitro and inhibit tumor growth and metastasis in vivo.

Methods
Macrophages were derived from human peripheral blood monocytes by granulocyte–macrophage colony-stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF). Flow cytometry- and microscopy-based in-vitro phagocytosis assays were performed to evaluate macrophage phagocytosis of ES cells. Annexin-V assay was performed to evaluate apoptosis. CD47 was knocked out by CRISPR/Cas9 approach. ES cell-based and patient-derived-xenograft (PDX)-based mouse models were utilized to assess the effects of MAG and/or DOX on ES tumor development and animal survival. RNA-Seq combined with CIBERSORTx analysis was utilized to identify changes in tumor cell transcriptome and tumor infiltrating immune cell profiling in MAG and/or DOX treated xenograft tumors.

Results
We found that MAG significantly increased macrophage phagocytosis of ES cells in vitro (p < 0.01) and had significant effect on reducing tumor burden (p < 0.01) and increasing survival in NSG mouse model (p < 0.001). The csCRT level on ES cells was significantly enhanced by DOX in a dose- and time-dependent manner (p < 0.01). Importantly, DOX combined with MAG significantly enhanced macrophage phagocytosis of ES cells in vitro (p < 0.01) and significantly decreased tumor burden (p < 0.01) and lung metastasis (p < 0.0001) and extended animal survival in vivo in two different mouse models of ES (p < 0.0001). Furthermore, we identified CD38, CD209, CD163 and CD206 as potential markers for ES-phagocytic macrophages. Moreover, we found increased M2 macrophage infiltration and decreased expression of Cd209 in the tumor microenvironment of MAG and DOX combinatorial therapy treated tumors.

Conclusions
By turning “two keys” simultaneously to reactivate macrophage phagocytic activity, our data demonstrated an effective and highly translatable alternative therapeutic approach utilizing innate (tumor associated macrophages) immunotherapy against high-risk metastatic ES.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13046-024-03093-w.
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Introduction
Ewing sarcoma (ES) is a malignant bone and soft tissue tumor. Over the last 40 years, despite multiple therapeutic approaches including surgery, chemotherapy, radiation, megatherapy [1] and small molecule and immune targeted therapy [2–8], metastatic and recurrent/refractory ES has a dismal prognosis (< 25% overall survival) [9]. Novel therapeutic strategies are urgently needed.
Macrophages play critical roles in various physiological functions from phagocytosis to antigen presentation, wound healing, and inflammation among others [10]. Macrophages adopt distinct polarization subtypes in response to different environmental stimuli, spanning a broad spectrum of intermediate subtypes with M1 (classically activated) at one extreme and M2 (alternatively activated) at the other [11]. In a highly immune suppressive tumor microenvironment (TME), tumor associated macrophages (TAM) are often polarized to the M2 subtype and have been implicated in promoting tumorigenesis and dissemination [12]. In ES patient tumors, M2 TAMs are the most abundant immune cells [13], conferring a poor prognosis [14]. However, M2 macrophages are known to harbor similar, if not higher, phagocytic activity than M1 macrophages against tumor cells [15]. Better understanding of how tumor cells evade macrophage phagocytosis will facilitate discovery of novel approaches to enhancing the ability of macrophages in recognizing and destroying tumor cells.
Up-regulation of the “don’t eat me” signal mediated by the CD47/SIRPα (macrophage signal regulatory protein α) axis is such a mechanism being extensively studied [16]. Binding of CD47 to SIRPα results in tyrosine phosphatase activation and inhibition of myosin accumulation at the assembly site of the phagocytic synapse, leading to inhibition of phagocytosis [17]. Tumor cells express high levels of CD47 to enable immune evasion from macrophage clearance for survival and spreading [16]. This signal can be therapeutically targeted by a blocking anti-CD47 antibody, which was demonstrated to be efficacious in certain types of cancer such as Non-Hodgkin lymphoma [18]. However, the efficacy of CD47 blockade as a monotherapy for most cancers is limited [19, 20], suggesting that CD47/SIRPα axis is not the sole mechanism of resistance to macrophage induced phagocytosis of tumor cells.
Indeed, macrophage phagocytosis is also governed by the pro-phagocytic “eat me” signals, typically mediated by cell surface calreticulin (csCRT). CRT is an endoplasmic reticulum associated chaperone protein [21]. In the context of immunogenic cell death, CRT translocates to the cell surface and mediates phagocytosis of dying cells by interacting with low density lipoprotein receptor-related protein 1 (LRP1 or CD91) on phagocytes [22]. CRT levels are found down-regulated in multiple advanced cancers, correlating with reduced major histocompatibility complex I expression and poor patient outcome [23, 24]. This finding suggests that elevating CRT levels on tumor cells may be a therapeutic approach. It should be noted that CRT mediated pro-phagocytic signal can be counterbalanced by overexpression of CD47 as documented in leukemia patient samples [25].
We and others found that ES cells and tumors overexpress CD47 but express no or low levels of csCRT [26]. We hypothesize that simultaneously enhancing the csCRT-mediated “eat me” signal and inhibiting the CD47-mediated “don’t eat me” signal will effectively boost the phagocytic activity of TAMs and result in significantly impaired ES tumor growth and metastasis (Supplemental Fig. 1). Doxorubicin (DOX) is one of the first line chemotherapy drugs utilized in ES patients and is known to enhance translocation of intracellular CRT to the surface of mouse colon cancer cells [27]. Magrolimab (MAG) is an investigational monoclonal antibody against CD47 and is designed to block the “don’t eat me” signal [28]. Here, we aim to investigate whether DOX elicits csCRT expression on ES cells and further enhance MAG induced increase in phagocytic and anti-tumor activities of macrophages against ES.[image: ]
Fig. 1CD47 is overexpressed on ES cells and PDX tumors and its expression level correlates with ES patient outcome. A CD47 expression levels detected by flow cytometry on ES A673, EWS502, TC32, SKNMC, RDES, and TC71 cells. B CD47 and CRT expression levels on ES cell surface. Plasma membrane proteins were extracted and separated by SDS-PAGE electrophoresis. CD47 and CRT were detected by western blotting analysis. A673 whole cell lysate was used as a positive control sample. Tubulin and E-cadherin were used as loading controls. C The expression level of CD47 on ES PDX tumors MSK-3 and NCH-EW-1 detected by immunostaining. D Kaplan–Meier survival curves of ES patients from the study of Savola et al. based on CD47 expression levels on the tumors. Patient samples were taken prior to any treatment in 29 cases. Chemotherapy, radiation therapy and/or surgical treatment was applied before material was collected from all the other patients. The patient tumor samples included primary and recurrent tumors and metastases. Detailed clinical information is provided in Supplemental Table 1. Patients whose tumors had high CD47 expression levels (n = 27) had a significantly worse event free survival (logrank P value = 0.0094) than patients who had low CD47 expressing tumors (n = 17)



Materials and methods
Cell lines, patient derived xenografts (PDX) and reagents
A673, TC32, RDES and Raji cells were obtained from American Type Culture Collection (ATCC) and grown according to ATCC recommendations. EWS502 was grown in 15% fetal calf serum in RPMI media. SKNMC and TC71 were grown in 10% fetal bovine serum in DMEM and RPMI media, respectively. Cell lines are tested yearly for mycoplasma contamination using a polymerase chain reaction-based detection kit (Southern Biotech) and cells are authenticated by short tandem repeat profiling (Genetica DNA Laboratories). Ewing sarcoma PDXs MSK-3 and NCH-EW-1 were obtained from the Biospecimen Core of Nationwide Children’s Hospital (Columbus, OH). DOX was obtained from THYMOORGAN PHARMAZIE GmbH (Germany). MAG was generously supplied by Gilead Sciences.

DNA constructs
The clustered regulatory interspaced short palindromic repeats (CRISPR)/Cas9 knockout constructs for CD47 were created by cloning the CRISPR guide RNAs against CD47 (5’-CCTGGTAGCGGCGCTGTTGC-3’ (KO1); 5’-TCCATGCTTTGTTACTAATA-3’ (KO2)) into the lentiCRISPRv2 vector (Addgene plasmid #52961) [29]. Guide sequences were designed using the Broad Institute sgRNA designer tool (https://​portals.​broadinstitute.​org/​gpp/​public/​analysis-tools/​sgrna-design).

Plasma membrane protein purification and detection
The Pierce Cell Surface Protein Isolation Kit (89,881, ThemoFisher Scientific) was used to extract plasma membrane proteins according to the manufacturer’s instructions. Cell surface CRT and CD47 expression was subsequently detected by SDS-PAGE electrophoresis and immunoblotting using anti-CRT antibody (PA3-900, ThermoFisher Scientific) and anti-CD47 antibody (63000S, Cell Signaling Technology), respectively. Tubulin and E-cadherin expression was detected by anti-tubulin (sc-5286, Santa Cruz Biotechnology) and anti-E-cadherin (3195, Cell Signaling Technology) antibodies, respectively, as loading controls.

Generation of macrophages
Generation of monocyte-derived macrophages was performed as previously reported [30] with minor modifications. Briefly, donor peripheral blood mononuclear cells were isolated by density gradient using Ficoll-Paque PLUS (GE17-1440–03, Millipore sigma) and CD14 + monocytes were purified using microbeads (130–050-201, Miltenyi Biotec). Peripheral blood mononuclear cells (1 × 107 cells/ml) or monocytes (5 × 105 cells/ml) were seeded in RPMI with 10% FBS in 10 cm tissue culture treated plates for 6 days in the presence of either 100 ng/ml recombinant human GM-CSF (130–095-372, Miltenyi Biotec) or M-CSF (130–096-491, Miltenyi Biotec) with replenishment of media containing either growth factor on day 4. We named the induced macrophages GM-CSF-Mφ and M-CSF-Mφ based on the recommendation for macrophage nomenclature by Murray et al. [31].

Flow cytometry
Cells were stained with antibodies in FACS buffer (Dulbecco's phosphate-buffered saline with 0.5% bovine serum albumin) in the dark at 4℃ for 1 h and washed in FACS buffer after incubation. Antibodies used include α-CD47 (B6H12, ThermoFisher Scientific, 11–0479-42), α-Calreticulin (ThermoFisher Scientific, PA3-900), α-CD11b (Miltenyi Biotec, 130–110-554), α-CD14 (R&D Systems, FAB3832P-025), α-CD38 (R&D Systems, FAB2404P), α-CD68 (BioLegend, 333,819), α-CD80 (BioLegend, 305,220), α-CD163 (R&D Systems, FAB1607P-025), α-CD206 (R&D Systems, FAB25342P), α-CD209 (R&D Systems, FAB161P-025), Alexa Fluor 488 donkey α-rabbit IgG (Invitrogen, A21206).

Flow-based in-vitro phagocytosis assay
Tumor cells were labeled with CellTracker Green CMFDA dye (C2925, ThermoFisher Scientific) as per manufacturer’s instructions and treated with or without 2–20 µg/mL DOX (Thymoorgan Pharmazie GmbH, Germany) for 4–24 h and washed once with PBS before co-culturing with GM-CSF-Mφ or M-CSF-Mφ at a 2:1 ratio together with or without MAG (Gilead Sciences) at a concentration of 1–10 µg/mL in RPMI for 2–4 h. Cells were harvested and washed with cold PBS and stained with α-CD11b. Flow cytometry was carried out and phagocytosis index was measured as the percentage of CD11b + FITC + macrophages in the total CD11b + macrophages and normalized to the control condition.

Immunofluorescent-based in-vitro phagocytosis assay
GM-CSF-Mφ and M-CSF-Mφ were stained with CellTracker Blue CMAC dye (C2110, ThermoFisher Scientific) and tumor cells with Green CMFDA dye and co-cultured at a 1:2 ratio together with or without 1 µg/mL MAG in RPMI for 4 h. Where indicated, tumor cells were treated with 10 µg/mL DOX for 16 h before co-culturing with macrophages. Fluorescent images were taken using the EVOS M5000 imaging system (ThermoFisher Scientific).

Apoptosis assay
Annexin V-FITC apoptosis staining/detection kit (ab 14,085, Abcam) was used to detect early apoptosis according to manufacture instructions. Briefly, cells were treated with or without 2–20 ug/mL of DOX for 4–24 h. Cells were washed twice with cold PBS and resuspended in 1xbinding buffer with Annexin V-FITC and incubated at room temperature for 15 min in the dark before flow cytometry analysis.

RNA-Seq analysis
Total RNA was extracted from tumors using RNeasy mini kit (74,104, Qiagen) after homogenization of tumors by Tumor Dissociation Kit (130–096-730, Miltenyi Biotec) combined with the gentleMACS Dissociator (Miltenyi Biotec) according to manufacturer instructions. RNA was treated with RNase free DNase (79,254, Qiagen) and Ribo-Zero capture beads (20,037,135, Illumina) to deplete DNA and ribosomal contaminants, respectively. RNA was then used as input for Illumina TruSeq Stranded Total RNA library preparation kit and sequenced on NovaSeq 6000 to obtain ~ 60 M reads per sample. To prevent any bias that would occur from aligning to one genome at a time, RNA-Seq reads were aligned using STAR (STAR_2.6.1c) to a concatenated reference comprised of the Homo sapiens (GRCh38.p12 assembly) and Mus musculus (GRCm38.p6 assembly) genomes. The resulting alignments were separated into species-specific bam files, converted back to fastq files and processed through individual human and mouse pipelines, thus creating individual alignments and transcript counts per genome. DESeq2 (v1.30.1) was used to normalize expression values and to identify differentially expressed genes between groups [32]. A threshold for differentially expressed genes (DEG) between the two groups was set to an absolute value of fold change (FC) ≥ 1.5 and a false discovery rate of ≤ 0.10. Genes passing these thresholds were used for generating volcano plots using the “EnhancedVolcano” package in R version 4.1.1 (https://​bioconductor.​org/​packages/​release/​bioc/​vignettes/​EnhancedVolcano/​inst/​doc/​EnhancedVolcano.​html). Genes displayed on the plots are colored according to their FC value. Genes with a high FC value (> 2.5) are colored red, genes with a low FC value (< -2.5) are colored blue, and genes with a mid FC value (between 2.5 and -2.5) are colored purple.

Functional annotation and enrichment analyses
Human and mouse DEG sets were submitted to the Database for Annotation, Visualization and Integrated Discovery (DAVID) (david.abcc.ncifcrf.gov) for enrichment analysis with the Functional Annotation Tool, where OFFICIAL_GENE_SYMBOL was selected and the whole genome of Homo sapiens and Mus musculus were used as the background genes, respectively.

CIBERSORTx analysis
CIBERSORTx (https://​cibersortx.​stanford.​edu) was used to predict the composition of mouse immune cell types in the xenograft tumors using the RNA-Seq mouse gene expression normalized values as input mixture file [33] and ImmuCC as the signature file [34]. ImmuCC is a gene signature reference file of 25 mouse immune cell types derived from microarray expression data.

Animal studies
All animal studies were performed in accordance with protocols approved by the New York Medical College Institutional Animal Care and Use Committee. Luciferase expressing A673 cells or ES PDX tumors (NCH-EW-1) were implanted into the tibia (2 × 105 cells/site) or flanks (1 × 106 cells or a 5 × 5 × 5 mm piece per site) of 4–6 weeks old female/male NOD SCID gamma (NSG) mice. After validation of tumor engraftment by Xenogen IVIS imaging or when PDX tumors reach 200 mm3, control (PBS and immunoglobulin G (IgG)) or DOX (0.5 mg/kg, once every 3 days for 5 times, intravenous) or MAG (150 µg/animal, once per day for 12 days, intraperitoneal) or DOX combined with MAG were injected. No randomization or blinding was used. Tumor growth was monitored by caliper measurement daily and IVIS imaging weekly [5]. Mice were followed until death or sacrificed upon reaching a tumor size of 2 cm in any dimension when the tumors and/or lungs were harvested.

Survival analysis for microarray data
To analyze the microarray data (accession number GSE17679), patients were dichotomized into CD47 high and low groups based on median expression level. R2 Genomics Analysis and Visualization Platform (https://​r2.​amc.​nl/​, Amsterdam UMC) was used to plot the Kaplan Meier survival curves to show event free survival probability of ES patients (Mixed Ewing sarcoma – Savola – 117 dataset) [35] with high versus low CD47 expressing tumors. Log rank method was used to test the difference between the two curves. Detailed clinical information is provided in the online Supplemental Table 1.

Statistical analyses
Analysis of variance (ANOVA) was used to analyze experiments with multiple independent groups. In-vivo tumor growth and the interaction between two reagents in terms of growth rate was analyzed by mixed effect model, accounting for observational dependencies for each subject. The Fisher’s Exact test was used to compare the percentages of mice with lung metastasis between treatments. For mouse survival experiments, Kaplan Meier method was used to display survival probabilities, and compared by log-rank tests. Additionally, the interaction/synergy of the two reagents was tested using the Cox regression model. ANOVA, mixed effect modeling and Cox regression were conducted using SAS 9.4 (SAS Institute, Cary, NC), and Fisher’s Exact test was performed in GraphPad StatMate version 2.00. Before conducting mouse experiments, sample sizes achieving 80% power to detect an effect size > 2 were determined at significant level as 0.05 using PASS 20 (Power Analysis and Sample Size Software. NCSS, LLC.). All data are presented as the mean ± SD of at least three independent experiments except where stated.


Results
CD47 is highly expressed on ES cells and correlates with poor patient outcomes
To determine whether CD47 is a potential target in ES, we evaluated CD47 expression levels on multiple ES cell lines (A673, EWS502, TC32, SKNMC, RDES and TC71). Both flow cytometry analysis of the cells and western blotting of purified cell surface proteins showed high levels of CD47 on the surface of ES cells (Fig. 1A and B). In addition, CD47 expression was readily detected on ES patient-derived xenografts (MSK-3 and NCH-EW-1) by immunofluorescent analysis (Fig. 1C). Importantly, via Kaplan–Meier method, we found that higher CD47 expression was associated with worse event free survival in ES patients (logrank p value = 0.0094) (Fig. 1D).

CD47 blockade significantly increased macrophage phagocytosis of ES cells in vitro
We derived M1- and M2-like macrophages (GM-CSF-Mφ and M-CSF-Mφ [31]) using GM-CSF and M-CSF respectively from human peripheral blood monocytes (Fig. 2A) and investigated in-vitro phagocytosis of ES cells by both types of macrophages using an immunofluorescent-based phagocytosis assay with or without the CD47 blockade, MAG. We found that in the MAG treated condition, significantly more A673 ES cells were phagocytosed by either GM-CSF-Mφ or M-CSF-Mφ compared to the IgG treated condition (Fig. 2B and C, **p < 0.01). Utilizing a flow cytometry-based phagocytosis assay, we confirmed that MAG resulted in an increased phagocytosis of A673 cells by both types of macrophages (Fig. 2D, **p < 0.01 and *p < 0.05). Given that MAG treatment enhanced phagocytosis of ES cells by both GM-CSF-Mφ (M1-like) and M-CSF-Mφ (M2-like), and the M2-type macrophages are the predominant immune cells in the ES TME [14], we used M-CSF-Mφ in the subsequent phagocytosis assays. To investigate whether the increase in phagocytosis is CD47 specific, we knocked out CD47 in A673 cells (Fig. 2E). CD47 knockout (KO1 and KO2) abolished the effect of MAG on macrophage phagocytosis, demonstrating the effect of MAG is through CD47 (Fig. 2F). We extended the in-vitro phagocytosis assays to three lines of ES cells (A673, EWS502 and TC32) and found that MAG had the same effect on significantly increasing M-CSF-Mφ phagocytosis of these ES cells (*p < 0.05 and **p < 0.01) (Fig. 2G).[image: ]
Fig. 2CD47 blockade magrolimab (MAG) enhanced macrophage phagocytosis of ES cells in vitro and had limited anti-tumor effect in vivo against ES. A Phenotypes of macrophages derived from peripheral blood monocytes by GM-CSF or M-CSF induction. The peaks in pink represent cells stained with isotypes and the ones in blue are cells stained with antibodies against the indicated surface proteins (CD11b, CD14, CD80, CD68, CD163). B Immunofluorescent-based phagocytosis assays showing the increased phagocytosis of A673 cells by both GM-CSF-Mφ and M-CSF-Mφ upon MAG treatment compared to IgG control. A673 cells were labeled with the CMFDA green cell tracker and macrophages the CMAC blue cell tracker. The white arrows are pointing to the macrophages phagocytosed A673 cells. C Quantification of the number of macrophages phagocytosed tumor cells in B. Average number of cells in five fields is shown. Error bars represent the standard deviation (STD). D MAG treatment enhanced phagocytosis of A673 cells by GM-CSF-Mφ or M-CSF-Mφ compared to IgG control in flow cytometry-based phagocytosis assays. A673 cells were labeled with CMFDA which can be detected by FITC channel. Macrophages were stained with CD11b antibody. The gated FITC + CD11b + cells are macrophages phagocytosed A673 cells. The bar graph shows quantification of the results in three independent biological replicates. E Flow cytometry analysis showing CD47 knockout (KO) by the CRISPR/Cas9 approach. F Flow cytometry results showing MAG treatment failed to increase macrophage phagocytosis of CD47 KO A673 cells. Quantification of the results in three biological repeat experiments is shown. **p < 0.01; ns, not significant (two-tailed Student t-test). G MAG treatment significantly enhanced in-vitro phagocytosis of ES A673, EWS502 and TC32 cells. *p < 0.05, **p < 0.01 (two-tailed Student t-test). H Schematic representation of the animal work schedule. Luciferase expressing A673 cells were injected subcutaneously into the flanks of NSG mice. Tumor bearing mice were divided into two groups and treated with IgG and MAG (150 μg/animal, once per day for 12 days, intraperitoneal), respectively. Tumor growth was monitored by weekly IVIS imaging. I Tumor growth curves showing significant effects of MAG on primary tumor growth. N = 10 per group. **p < 0.01 (ANOVA). J Kaplan–Meier curves for comparison of survival between IgG and MAG groups. Animal survival was followed after therapy initiation using death or sacrifice as the terminal event. IgG vs MAG ***p < 0.001 (log rank test)



MAG alone had limited effects on reducing tumor growth and prolonging animal survival
To test the efficacy of MAG in vivo, we used an ES xenograft model in NSG mice (Fig. 2H) in which professional phagocytes are present and the binding affinity between human CD47 and murine Sirpα is comparable to that with human SIRPα [36]. We found that MAG treatment significantly decreased tumor growth (**p < 0.01) (F ig. 2I) and resulted in significantly prolonged animal survival compared to the IgG control (***p < 0.001) (Fig. 2J). However, the tumors soon developed resistance, and the long-term animal survival was not improved (Fig. 2J), suggesting MAG alone is not sufficient for long term tumor control.

DOX elicited cell surface CRT level
CRT was previously found to be focally expressed in a minor subset (1 in 10) of ES tumor samples in an immunohistochemical analysis [26], suggesting low CRT expression on ES. Indeed, by flow cytometry and immunoblotting of plasma membrane proteins, we found that most of the ES cell lines express minimum levels of CRT on their surface (Figs. 1B and 3A). DOX has been previously demonstrated to enhance csCRT levels during the process of apoptosis in other malignancies [27]. To investigate whether DOX treatment increases csCRT levels in ES, we treated A673, EWS502 and TC32 cells with various concentrations of DOX (0, 2, 10, 20 ug/mL). We found that DOX induced a significant increase in csCRT levels in a dose-dependent manner in all three cell lines (**p < 0.01) (Fig. 3B). This increase in csCRT level correlated with the increase in apoptosis as evidenced by the Annexin V levels (Fig. 3C). We then evaluated csCRT levels after 10 ug/mL of DOX treatment for different periods of time (4–24 h) and found that the csCRT level reached the peak 24 h after DOX treatment (Fig. 3D).[image: ]
Fig. 3ES cells have no or low CRT expression on the cell surface (csCRT) which can be increased by Doxorubicin (DOX) treatment. A Flow cytometry analyses showing csCRT levels on ES A673, EWS502, TC32, SKNMC, RDES and TC71 cells. Raji cells served as a positive control. B Representative flow cytometry results showing the csCRT levels on ES cells (A673, EWS502, and TC32) were increased by DOX treatment in a dose dependent manner (left). The bar graph shows quantification of the results in three independent biological replicates (Right). **p < 0.01 (two-tailed Student t-test). C The level of apoptosis in ES A673, EWS502 and TC32 cells was increased by DOX treatment in a dose dependent manner (left). The bar graph shows quantification of the results in three independent biological replicates (Right). **p < 0.01 (two-tailed Student t-test). ES cells were treated with increasing concentrations (0, 2, 10, 20 µg/mL) of DOX for 16 h before harvested for flow cytometry analyses and evaluation of Annexin V level for apoptosis. D Representative result of time course of increase in csCRT levels on ES A673 cells after DOX treatment (upper). A673 cells were treated with 10 µg/mL of DOX for different periods of time (0, 4, 16, 24 h) before harvested for flow cytometry analyses. Quantification of the results in three biological repeat experiments is shown in lower panel. *p < 0.05, **p < 0.01 (two-tailed Student t-test)



DOX further enhanced MAG induced macrophage phagocytosis of ES cells in vitro
To investigate whether DOX-elicited csCRT expression have any effect on CD47 blockade induced enhancement of macrophage phagocytosis of ES cells, we incubated M-CSF-Mφ with ES cells treated with or without DOX in the absence or presence of MAG and performed the immunofluorescent-based phagocytosis assay. We found that the number of phagocytosed A673 cells was significantly increased by either DOX or MAG treatment compared to the control condition (PBS + IgG). Importantly, the combination of the two (D&M) further enhanced macrophage phagocytosis of A673 cells (Fig. 4A and B). Consistently, in the flow cytometry-based phagocytosis assay, we observed the same effect of MAG and DOX on macrophage phagocytosis of three different lines of ES cells (Fig. 4C) (*p < 0.05 and **p < 0.01). Furthermore, CD47 is indispensable for this combinatorial effect, because MAG did not enhance DOX induced macrophage phagocytosis of CD47 KO A673 cells (Fig. 4D).[image: ]
Fig. 4MAG combined with DOX further enhanced macrophage phagocytosis of ES cells. A Immunofluorescent-based phagocytosis assays showing representative phagocytosis of A673 cells treated with control or MAG or DOX or MAG combined with DOX (D&M) by M-CSF-Mφ. A673 cells were labeled with the CMFDA green cell tracker and macrophages the CMAC blue cell tracker. The white arrows are pointing to the macrophages phagocytosed A673 cells. B Quantification of the number of macrophages phagocytosed tumor cells in A. Average number of cells in five fields is shown. Error bars represent the STD. *p < 0.05, **p < 0.01 (two-tailed Student t-test). C Flow cytometry-based phagocytosis assays showing significantly enhanced phagocytosis of ES cells (A673, TC32, EWS502) by MAG alone or DOX alone compared to control which is further enhanced by D&M treatment. Quantification of the results in three biological repeats is shown. *p < 0.05, **p < 0.01 (two-tailed Student t-test). D Changes in macrophage phagocytosis of A673 CD47 KO cells after control or MAG alone or DOX alone or D&M treatment. Quantification of the results in three biological repeats is shown. *p < 0.05, **p < 0.01 (two-tailed Student t-test)



Characterization of markers for ES-phagocytic macrophages
Macrophages have been traditionally classified as M1- and M2-type which is a general simplification of the complicated phenotypes of macrophages. Currently, the phenotype of tumor cell phagocytic macrophages is largely unknown. To identify the markers of ES cell phagocytic macrophages, we performed flow cytometry-based phagocytosis assays in the condition of either non- or DOX- or MAG- or D&M treated A673 cells. We plotted the phagocytic macrophages (CD11b + CMFDA (FITC) +) and the non-phagocytic ones (CD11b + FITC-) for expression of various macrophage surface proteins (Fig. 5A). We found that in all four conditions (Non-, DOX-, MAG- or D&M-treated), a significantly higher percentage of CD38 + or CD209 + cells were present in the phagocytic than the non-phagocytic macrophages (Fig. 5B, ***p < 0.001, **p < 0.01 and *p < 0.05). In addition, in DOX- or MAG- or D&M-treated conditions, we found that a significantly higher percentage of CD163 + or CD206 + macrophages were present in the phagocytic than the non-phagocytic macrophage populations (***p < 0.001) (Fig. 5B). These results suggest that CD38, CD209, CD163 and CD206 are potential markers for ES-phagocytic macrophages.[image: ]
Fig. 5Characterization of markers for ES-phagocytic macrophages. A Gating strategy for evaluating cell surface protein expression on phagocytic versus non-phagocytic macrophages. In-vitro phagocytosis assay was carried out incubating A673 cells (Non- or DOX- or MAG- or D&M-treated) labeled with CMFDA (detected by FITC channel) and M-CSF Mφ. Cells were harvested and stained with APC-CD11b and PE-CD38 antibodies followed by flow cytometry analysis. The viable cells were plotted in FITC (CMFDA) x APC view to visualize cell populations in the in-vitro phagocytosis assay. A gate was drawn to include cells that were FITC positive and APC positive as the phagocytic macrophage population, and another gate was drawn to include cells that were FITC- APC + as the non-phagocytic macrophage population. The FITC + APC + and FITC- APC + cells were then plotted separately in a PE x APC view to visualize expression of CD38 in both cell populations. A quat gate was drawn to visualize APC + PE + as the CD38 + and APC + PE- as the CD38- macrophages. B Comparison of percent of CD14, CD38, CD163, CD206 or CD209 positive and negative cells in the phagocytic and non-phagocytic macrophages incubated with non- or DOX- or MAG- or D&M-treated A673 cells. Macrophages alone (no A673) served as a control. *p < 0.05, **p < 0.01, ***p < 0.001 (Fisher’s Exact test). Shown are results in a representative experiment. The same trend was seen in three independent biological repeats



MAG combined with DOX further significantly limited ES tumor growth and extended animal survival in vivo
We next evaluated the efficacy of MAG or DOX alone and in combination (D&M) in controlling ES xenograft tumor growth using a cell line (A673) based orthotopic mouse model of ES. We found that DOX alone had a minimal, while MAG alone had a moderate effect on xenograft tumor growth. Importantly, MAG combined with DOX (D&M) further significantly decreased ES tumor growth (p < 0.01 compared to DOX and p < 0.05 compared to MAG alone, the p value of the interaction between MAG and DOX in terms of growth rate is 0.005 indicating a synergy between the two drugs) (Figs. 6A and B). Furthermore, MAG treatment significantly reduced the percentage of animals with lung metastatic lesions compared to control or DOX treated animals (42% vs 66% or 68%) and D&M further significantly reduced lung metastasis (5%) (Fig. 6C and D). The superior efficacy of D&M in limiting tumor growth and metastasis gave the animals an advantage of significantly prolonged survival compared to control or either of the single agent treatment (p < 0.0001 and p < 0.001) (Fig. 6E). Synergy test using Cox model showed the interaction between DOX and MAG is significant (p = 0.0335). Consistently, when we extended the in vivo study utilizing a PDX (NCH-EW-1) based ES mouse model, we observed a similar effect of MAG on reducing PDX tumor growth (p < 0.0001 compared to control) and that the combination of DOX and MAG (D&M) further significantly reduced tumor growth (p < 0.0001 compared to control or either DOX or MAG, the p value of the interaction between MAG and DOX in terms of growth rate is 0.0001 indicating a synergy between the two drugs) (Fig. 6F and G). Furthermore, the animal survival was significantly prolonged in the D&M group compared to control (p < 0.001) or either of the single agent treated groups (p < 0.01, < 0.05 compared to DOX and MAG, respectively) (Fig. 6H).[image: ]
Fig. 6nti-tumor effects of MAG and/or DOX in vivo in a cell-based and a PDX-based xenograft mouse model of ES. A, Schematic representation of the animal work schedule. NSG mice with ES xenograft tumors implanted in the tibia were divided into control (PBS + IgG), MAG alone (150 μg/animal), DOX alone (0.5 mg/kg), and D&M treatment groups. N = 15 for each group. Tumor growth was monitored by IVIS imaging once a week. B Growth curves of primary xenograft tumors in the animals treated with control or MAG or DOX or D&M. *p < 0.05, **p < 0.01, ***p < 0.0001 (ANOVA). Growth rates between groups were analyzed using mixed effect model. The p-value of the interaction between MAG and DOX in terms of growth rate is 0.005, indicating a synergy between the two drugs. C Graphs showing the percentage of mice with pulmonary lesions in animals treated with control or MAG alone or DOX alone or D&M. ****Fisher’s Exact test p < 0.0001. D Representative images of lungs from the animals treated with control, DOX, MAG, or D&M. E D&M treatment significantly prolonged animal survival compared to control, MAG or DOX treated groups. Mice were followed until death or sacrificed if tumor size reached 2 cm in any dimension. Probability of survival was determined by the Kaplan Meier method using animal death/sacrifice as the terminal event using the Prism program V.8.0 (GraphPad Software). **p < 0.01, ***p < 0.001, ****p < 0.0001 (log rank test). F Schematic representation of the animal work schedule in the PDX model. G Growth curves of ES PDX tumors in the animals showing synergistic effect of MAG and DOX on decreasing tumor growth (lower). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (ANOVA). NSG mice were implanted with NCH-EW-1 PDX tumors in the flanks. After tumors reach the size of 200 mm.3, mice were divided into control (PBS + IgG), MAG alone (150 μg/animal), DOX alone (0.5 mg/kg), and D&M treatment groups. N = 8 for each group. Tumor growth was monitored by daily caliper measurement. Growth rates between groups were analyzed using mixed effect model. The p-value of the interaction between MAG and DOX in terms of growth rate is 0.0001, indicating a synergy between the two drugs. H D&M treatment significantly prolonged animal survival in PDX mouse model compared to control, MAG or DOX treated groups. *p < 0.05, **p < 0.01, ***p < 0.001 (log rank test). Mice were followed until death or sacrificed if tumor size reached 2 cm in any dimension. Probability of survival was determined by the Kaplan Meier method using animal death/sacrifice as the terminal event using the Prism program V.8.0 (GraphPad Software)



MAG increased macrophage infiltration in ES xenograft tumors
Although the combination of DOX and MAG (D&M) significantly reduced ES xenograft tumor growth, several small tumors developed at the end of the study. We extracted RNA from the tumors in each treatment group and performed RNA-Seq. We compared the transcriptome profiles of the tumors from different groups and identified differentially expressed human genes between groups (Fig. 7A, Supplemental Fig. 2A-D, Supplemental file 1). Via DAVID functional annotation analysis, we found that these differentially expressed genes mostly encode proteins in the plasma membrane and extracellular matrix such as lipid transporters, glycoproteins and collagens (Supplemental Fig. 3A-E). Since the TME is composed of mouse stromal and immune cells, we identified differentially expressed mouse genes between groups (Fig. 7B, Supplemental Fig. 2E-G, Supplemental file 2) followed by pathway and gene ontology enrichment analyses via DAVID. We found that plasma membrane region, cell–cell signaling, and ion channel activity are among the top enriched terms (Supplemental Fig. 3F-J). These data suggest that MAG and/or DOX may regulate cell–cell or protein–protein interaction in the extracellular matrix and/or chemical/signal transduction between the tumor cells and mouse stromal/immune cells in the TME.[image: ]
Fig. 7Identification of transcriptomic and immune microenvironmental changes in the MAG and/or DOX treated xenograft tumors. A Volcano plot showing significant human DEGs comparing CON and MAG treated tumors. Total RNA was extracted from tumors and subjected to RNAseq analysis. DEGs between the CON and MAG groups were set to a |fold change (FC)|≥ 1.5 and a false discovery rate of ≤ 0.10. Genes passing these thresholds were used for generating volcano plots using “EnhancedVolcano” in R. In the plot, High means FC greater than 2.5, Low means FC less than -2.5 and Mid means FC in between 2.5 and -2.5. B Volcano plot showing significant mouse DEGs comparing DOX and D&M treated tumors. RNAseq analysis and generation of volcano plots are as described in A. C Changes in the abundance of tumor infiltrating macrophages and monocytes in xenograft tumors. ES xenograft tumors treated with CON or DOX or MAG or D&M were harvested at the end point. Total RNAs were extracted and subjected to RNA-Seq analysis. CIBERSORTx deconvolution of the abundance of mouse immune cell types using RNA-seq gene expression data was carried out using ImmunCC, a signature gene expression reference for 25 mouse immune cell types. Counts for macrophages and monocytes in CON, DOX, MAG, and D&M treated tumors were plotted. D Pathway and gene ontology enrichment analysis of the differentially expressed mouse genes comparing DOX and D&M treated tumors by DAVID analysis. Significantly enriched categories were plotted using the enrichment score (-lg (p value))


To identify the difference in mouse immune cell composition in the TME between different groups, we performed immune cell deconvolution via CIBERSORTx. A drastic increase in the number of macrophages and monocytes in the TME was observed in the MAG treated tumor samples compared to samples from other groups (Fig. 7C). We also noted a moderate increase in the number of M2 macrophages in the D&M treated tumor samples compared to control and DOX alone treated tumors (Fig. 7C). Consistently, we found that chemotaxis, leukocyte migration, response to external stimuli were enriched terms in the gene ontology analysis using differentially expressed mouse genes between DOX and D&M treated tumors (Fig. 7D). These data suggest that MAG alone and combined with DOX increased macrophage infiltration into the ES xenograft tumors.
We next examined more closely the individual top differentially expressed mouse genes between DOX and D&M treated tumors. Among these genes, we found that genes encoding cytokines and proteins that promote M1 macrophage polarization or inhibit M2 macrophage activation including Pck1 and Pvalb were significantly downregulated in D&M treated samples [37–41] (Fig. 7B and Supplemental file 2). Genes that regulate macrophage recruitment and promote M2 macrophage polarization such as Foxc1 and Gpnmb [42, 43] were upregulated in D&M treated samples (Fig. 7B). Interestingly, we found that Cd209f and Cd209g which are the mouse homologs of human CD209 were downregulated in D&M treated samples (Fig. 7B and Supplemental Fig. 2E).


Discussion
TAMs are abundant in ES patient tumors [14]. Macrophages, including both M1 and M2 subtypes, are known to harbor phagocytic activity against cancer cells [15], yet they fail to phagocytose ES cells and in fact confer a poor prognosis [14] by potentially contributing to ES tumor cell survival and dissemination. In the current study, to overcome the mechanisms underlying the resistance to TAMs associated phagocytosis and convert the “pro-tumor” TAMs into “anti-tumor” phagocytes, we simultaneously blocked the “don’t eat me” signal mediated by CD47 using MAG and boosted the “eat me” signal mediated by cell surface calreticulin (csCRT) using DOX. We demonstrated that the combination of MAG with DOX further significantly increased macrophage phagocytosis of ES cells in vitro (Fig. 4) and significantly reduced tumor growth and lung metastasis of ES xenograft tumors and prolonged animal survival in vivo (Fig. 6). DOX is one of the first line chemotherapy agents utilized in ES patients in the clinic. The combination of DOX with MAG could potentially quickly be translated into a clinical trial for patients with poor risk ES. Furthermore, we characterized the phenotype of phagocytic macrophages in the context of MAG and DOX treated ES cells and for the first time identified CD38, CD209, CD163 and CD206 as the markers for ES-phagocytic macrophages (Fig. 5). Moreover, we identified increased M2 macrophage infiltration and downregulation of phagocytic macrophage marker CD209 in the TME of the MAG and DOX combinatorial therapy treated ES xenograft tumors (Fig. 7).
CD47 is broadly overexpressed across cancer types and represents a potentially widely applicable target for therapeutic blockade in cancer patients. To date, 48 clinical trials on CD47 targeted therapy in various types of cancer have been registered in the USA (clinicaltrials.gov). However, accumulating data have shown that CD47 blockade as a single modality has no or low anti-tumor activity in solid tumors [19, 44]. Our data also showed that MAG alone had significant but short term efficacy in controlling ES tumor growth (Figs. 2 and 6). Macrophage phagocytosis requires both disruption of CD47 “don’t eat me” signals and simultaneous activation of pro-phagocytic “eat me” signals. The “eat me” signals, most often csCRT, are already highly expressed on certain tumors and can be further augmented by tumor specific antigen-targeting antibodies such as rituximab and dinutuximab [44, 45], which bind tumor cells on one end and engage Fc receptors on phagocytes on the other end. However, we and others have found that ES tumors have minimal csCRT expression [26] (Figs. 1 and 3). Thus, effective phagocytosis of ES cells requires enhancing the “eat me” signals.
CRT is an ER (endoplasmic reticulum) protein that translocate to the cell surface when cells are under cellular stress such as chemotherapy. Indeed, when we utilized DOX to treat ES cells, we observed an increase in csCRT levels on ES cells (Fig. 3). Other chemotherapy including azacytidine, gemcitabine, cyclophosphamide and etoposide were also found to increase CRT level on the cell surface by a similar apoptosis-related mechanism [46, 47]. In addition, when macrophages encounter aged or dysfunctional cells, CRT is secreted from macrophages and binds to a family of asialoglycans on the surface of the target cells to label them for subsequent phagocytosis. Induction of the asialoglycan epitope on cancer cells by the treatment of neuraminidase, a glycoside hydrolase enzyme, was demonstrated to dramatically increase macrophage-secreted CRT binding and phagocytosis of cancer cells [48]. The combination of MAG and neuraminidase is under active investigation in our group.
The traditional classification of macrophages is based on the expression pattern of a set of markers which include transmembrane glycoproteins, scavenger receptors, enzymes, growth factors, hormones, cytokines, and cytokine receptors with diverse functions. However, macrophages are notorious for their “phenotypic plasticity”, that is, the ability to adapt marker expression to the stimuli in the microenvironment. Furthermore, both M1-like and M2-like macrophages are tumor cell phagocytes, indicating that a separate set of markers exist to distinguish phagocytic macrophages from the non-phagocytic ones. Identification of such markers will link phagocytic activities to a macrophage subpopulation, provide more in-depth information on macrophage plasticity and facilitate discovery of new potential targets for manipulating macrophage phagocytosis. Here, we identified CD38, CD209, CD163 and CD206 as potential markers for ES-phagocytic macrophages, as the phagocytic macrophages express significantly higher levels of these surface proteins (Fig. 5). Interestingly, among these proteins, CD38 is an M1-like macrophage marker while the other three are markers of M2-like macrophages. CD38 is a cell surface glycoprotein and extracellular enzyme that functions as a NAD + glycohydrolase and ADPR cyclase. CD38 plays a crucial role in macrophage proliferation and polarization; knocking out or blocking CD38 inhibited LPS induced M1 polarization of macrophages [49]. C-type lectin CD209/DC-SIGN is a cell adhesion and pathogen recognition receptor. Together with scavenger receptors CD163 (hemoglobin-haptoglobin SCR) and CD206 (mannose receptor C type 1), these three are highly expressed in M2-like macrophages and widely accepted as markers for M2 polarized macrophages [50]. In a previous report, CD14, CD206, CD163 and CD209 were identified as surface markers for E.coli phagocytic macrophages [15]. In our study, convincing evidence was shown that CD38 but not CD14 is a marker for ES-phagocytic macrophage (Fig. 5). While the discrepancy in these results might be due to differences in techniques (metal-based mass cytometry versus fluorescent-based flow cytometry), it also suggests that phagocytic macrophages can be phenotypically heterogeneous depending on the targets of phagocytosis (bacteria versus cancer cell). Indeed, it was shown that macrophages recognize highly heterogeneous targets via a vast repertoire of pattern recognition receptors [51]. Another support to this notion is our observation that CD163 and CD206 seemed to be markers for macrophages phagocytose DOX- and/or MAG-treated but not non-treated ES cells (Fig. 5B).
Although we demonstrated significant anti-tumor efficacy of MAG and DOX combinatorial therapy against ES in vivo, there were several small tumors that persisted in the combination treatment group. Results from the RNAseq and CIBERSORTx analyses of the tumors showed that MAG increased infiltration of monocytes and all subtypes of macrophages (Fig. 7C). Consistently, we found that MAG led to an increase in expression of genes in chemotaxis and leukocyte migration (Fig. 7D). Previous studies on the mechanism of action of other CD47 blockade such as CC-90002 and SRF231 also identified increased tumor macrophage infiltration and induction of macrophage cytokines [52]. Interestingly, we found that combination of MAG and DOX only induced an increase in tumor infiltration of M2 macrophages (Fig. 7C). We looked closely to the genes differentially expressed in the D&M versus DOX treated tumors and found that among the top down-regulated are genes that promote M1 or inhibit M2 macrophage recruitment and polarization including Pvalb, Pck1, and the top up-regulated genes include Gpnmb which promotes M2 macrophage polarization (Fig. 7B). However, it is well-known that M2 macrophages are highly proficient in phagocytosing tumor cells as we also demonstrated in the current study (Figs. 2, 4 and 6). Intriguingly, we found that Cd209f and Cd209g, the homologs to human CD209 that we identified as a potential marker for phagocytic macrophages (Fig. 5), was downregulated in the tumors treated with D&M (Fig. 7B and Supplemental Fig. 2E). It is tempting to speculate that the decrease in phagocytic activity of infiltrating M2 macrophages is a potential mechanism of resistance to the D&M combinatorial therapy. However, the number of differentially expressed genes that we identified in the current study is too small to allow us to make a statistically significant conclusion. Deeper and more insightful analyses such as spatial single cell RNAseq are warranted to uncover the mechanism of resistance to the combinatorial therapy and will be the focus of future investigation. Nevertheless, it will be important to identify additional markers for macrophage populations responsible for tumor cell clearance and investigate approaches to enhancing the macrophage phagocytic activity specifically associated with these markers as a rational combination with CD47 blockade therapy.
One limitation in the current study is the lack of an immune competent animal model. It is unfortunate that no syngeneic animal models are available for ES; this pediatric bone cancer only develops in humans. A potential approach to overcoming this limitation is utilizing humanized mouse model. However, establishing human immune system in mice takes at least 12–16 weeks at which point the mice already reach adulthood and therefore are not ideal to study pediatric cancers. Furthermore, humanized mouse models have their own limitations due to high cost, short animal lifespan and unable to fully recapitulate human immune system [53]. A challenge in translating MAG into the clinic is its side effects, especially anemia due to CD47 expression on erythrocytes. Fortunately, anemia can be managed by using a priming dose of MAG at 1 mg/kg followed by maintenance doses ranging from 3 to 45 mg/kg [54]. Alternatively, MAG can be replaced by the SIRPα/Fc fusion protein or next generation anti-CD47 antibodies that have minimal binding to erythrocytes [55].

Conclusion
In summary, in the current study, we provide preclinical evidence that CD47 blockade combined with chemotherapy significantly enhanced macrophage phagocytosis of ES cells in vitro and significantly decreased ES xenograft tumor growth and metastasis in vivo. Our data highlight a highly translatable alternative approach in ES innate based immunotherapy resulting in a re-education of macrophages as another arm of the immune system that can engage in anti-tumor activity thereby potentially improving outcomes in patients with poor risk ES.

Acknowledgements
The authors would like to thank Gilead Sciences Inc. for generously providing magrolimab. We thank Ginny Davenport, RN and Erin Morris, BSN for their great assistance with the preparation of this manuscript.

Authors’ contributions
WL and MSC: Conceived and designed the study. WL, HH, KEM, HZ, SX, XM, EG, YL, WC, and RG: Developed the methodology, performed the analyses and interpreted the data. WL and MSC: Wrote, reviewed and revised the manuscript. J.A, AG, JMR, KAC, ERM, DAL, TPC and MSC: Provided administrative, technical and material support. All authors approved the final manuscript for submission.

Funding
This work was supported by the National Cancer Institute Cancer Moonshot U54 CA232561 (MSC), Alex’s Lemonade Stand Foundation (MSC), Pediatric Cancer Research Foundation (MSC) and Children’s Cancer Fund (MSC).

Availability of data and materials
Raw RNA-Seq data is available in GEO (GSE244548). Other data and material are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
All animal studies were performed in accordance with protocols approved by the New York Medical College Institutional Animal Care and Use Committee.

Consent for publication
Not applicable.

Competing interests
MSC has served as a consultant for Jazz Pharmaceuticals, Omeros Pharmaceuticals and Abbvie; Speakers Bureau for Jazz Pharmaceuticals and Sobi; and research funding from Merck, Miltenyi Biotec, Servier, Omeros, Jazz and Janssen. DAL reports personal fees and other from Kiadis Pharma, CytoSen Therapeutics, Courier Therapeutics, and Caribou Biosciences outside the submitted work. In addition, DAL has a patent broadly related to NK cell therapy of cancer with royalties paid to Kiadis Pharma. TPC recently served as a one-time consultant to Blueprint, Incyte, Oncopeptides, DSMB chair for SpringWorks and is a cofounder of Vironexis Biotherapeutics, Inc. Other co-authors declare they have no conflict of interest.


References
	1.
Dirksen U, Brennan B, Le Deley MC, Cozic N, van den Berg H, Bhadri V, et al. High-dose chemotherapy compared with standard chemotherapy and lung radiation in Ewing sarcoma with pulmonary metastases: results of the European Ewing Tumour Working Initiative of National Groups, 99 Trial and EWING 2008. J Clin Oncol. 2019;37(34):3192–202.PubMedPubMedCentral


	2.
Shulman DS, Merriam P, Choy E, Guenther LM, Cavanaugh K, Kao P-C, et al. Phase 2 trial of palbociclib and ganitumab in patients with relapsed Ewing sarcoma. J Clin Oncol. 2022;40:e23507.


	3.
Italiano A, Mir O, Mathoulin-Pelissier S, Penel N, Piperno-Neumann S, Bompas E, et al. Cabozantinib in patients with advanced Ewing sarcoma or osteosarcoma (CABONE): a multicentre, single-arm, phase 2 trial. Lancet Oncol. 2020;21(3):446–55.PubMedPubMedCentral


	4.
Ludwig JA, Federman NC, Anderson PM, Macy ME, Riedel RF, Davis LE, et al. TK216 for relapsed/refractory Ewing sarcoma: Interim phase 1/2 results. J Clin Oncol. 2021;39:11500.


	5.
Luo W, Xu C, Ayello J, Dela Cruz F, Rosenblum JM, Lessnick SL, et al. Protein phosphatase 1 regulatory subunit 1A in ewing sarcoma tumorigenesis and metastasis. Oncogene. 2018;37(6):798–809.PubMed


	6.
Sankar S, Theisen ER, Bearss J, Mulvihill T, Hoffman LM, Sorna V, et al. Reversible LSD1 inhibition interferes with global EWS/ETS transcriptional activity and impedes Ewing sarcoma tumor growth. Clin Cancer Res. 2014;20(17):4584–97.PubMedPubMedCentral


	7.
Schafer ES, Rau RE, Berg SL, Liu X, Minard CG, Bishop AJR, et al. Phase 1/2 trial of talazoparib in combination with temozolomide in children and adolescents with refractory/recurrent solid tumors including Ewing sarcoma: A Children’s Oncology Group Phase 1 Consortium study (ADVL1411). Pediatr Blood Cancer. 2020;67(2):e28073.PubMed


	8.
Zhuo R, Kosak KM, Sankar S, Wiles ET, Sun Y, Zhang J, et al. Targeting Glutathione S-transferase M4 in Ewing sarcoma. Front Pediatr. 2014;2:83.PubMedPubMedCentral


	9.
Ladenstein R, Potschger U, Le Deley MC, Whelan J, Paulussen M, Oberlin O, et al. Primary disseminated multifocal Ewing sarcoma: results of the Euro-EWING 99 trial. J Clin Oncol. 2010;28(20):3284–91.PubMed


	10.
Mantovani A, Sica A. Macrophages, innate immunity and cancer: balance, tolerance, and diversity. Curr Opin Immunol. 2010;22(2):231–7.PubMed


	11.
Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat Rev Immunol. 2008;8(12):958–69.PubMedPubMedCentral


	12.
Koo J, Hayashi M, Verneris MR, Lee-Sherick AB. Targeting tumor-associated macrophages in the pediatric sarcoma tumor microenvironment. Front Oncol. 2020;10:581107.PubMedPubMedCentral


	13.
Cillo AR, Mukherjee E, Bailey NG, Onkar S, Daley J, Salgado C, et al. Ewing Sarcoma and Osteosarcoma have Distinct Immune Signatures and Intercellular Communication Networks. Clin Cancer Res. 2022;28(22):4968–82.PubMedPubMedCentral


	14.
Fujiwara T, Fukushi J, Yamamoto S, Matsumoto Y, Setsu N, Oda Y, et al. Macrophage infiltration predicts a poor prognosis for human ewing sarcoma. Am J Pathol. 2011;179(3):1157–70.PubMedPubMedCentral


	15.
Schulz D, Severin Y, Zanotelli VRT, Bodenmiller B. In-Depth Characterization of Monocyte-Derived Macrophages using a Mass Cytometry-Based Phagocytosis Assay. Sci Rep. 2019;9(1):1925.PubMedPubMedCentral


	16.
Chao MP, Weissman IL, Majeti R. The CD47-SIRPalpha pathway in cancer immune evasion and potential therapeutic implications. Curr Opin Immunol. 2012;24(2):225–32.PubMedPubMedCentral


	17.
Tsai RK, Discher DE. Inhibition of “self” engulfment through deactivation of myosin-II at the phagocytic synapse between human cells. J Cell Biol. 2008;180(5):989–1003.PubMedPubMedCentral


	18.
Chao MP, Tang C, Pachynski RK, Chin R, Majeti R, Weissman IL. Extranodal dissemination of non-Hodgkin lymphoma requires CD47 and is inhibited by anti-CD47 antibody therapy. Blood. 2011;118(18):4890–901.PubMedPubMedCentral


	19.
Kaur S, Cicalese KV, Bannerjee R, Roberts DD. Preclinical and clinical development of therapeutic antibodies targeting functions of CD47 in the tumor microenvironment. Antib Ther. 2020;3(3):179–92.PubMedPubMedCentral


	20.
Theruvath J, Smith B, Linde MH, Sotillo E, Heitzeneder S, Marjon K. GD2 is a macrophage checkpoint molecule and combined GD2/CD47 blockade results in synergistic effects and tumor clearance in xenograft models of neuroblastoma and osteosarcoma. Cancer Res. 2020;80(14_Supplement): PR07.


	21.
Fucikova J, Spisek R, Kroemer G, Galluzzi L. Calreticulin and cancer. Cell Res. 2021;31(1):5–16.PubMed


	22.
Garg AD, Krysko DV, Verfaillie T, Kaczmarek A, Ferreira GB, Marysael T, et al. A novel pathway combining calreticulin exposure and ATP secretion in immunogenic cancer cell death. EMBO J. 2012;31(5):1062–79.PubMedPubMedCentral


	23.
Cathro HP, Smolkin ME, Theodorescu D, Jo VY, Ferrone S, Frierson HF Jr. Relationship between HLA class I antigen processing machinery component expression and the clinicopathologic characteristics of bladder carcinomas. Cancer Immunol Immunother. 2010;59(3):465–72.PubMed


	24.
Noblejas-Lopez MDM, Nieto-Jimenez C, Morcillo Garcia S, Perez-Pena J, Nuncia-Cantarero M, Andres-Pretel F, et al. Expression of MHC class I, HLA-A and HLA-B identifies immune-activated breast tumors with favorable outcome. Oncoimmunology. 2019;8(10):e1629780.PubMedPubMedCentral


	25.
Chao MP, Jaiswal S, Weissman-Tsukamoto R, Alizadeh AA, Gentles AJ, Volkmer J, et al. Calreticulin is the dominant pro-phagocytic signal on multiple human cancers and is counterbalanced by CD47. Sci Transl Med. 2010;2(63):63ra94.PubMedPubMedCentral


	26.
Hisaoka M, Matsuyama A, Nakamoto M. Aberrant calreticulin expression is involved in the dedifferentiation of dedifferentiated liposarcoma. Am J Pathol. 2012;180(5):2076–83.PubMed


	27.
Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Apetoh L, Perfettini JL, et al. Calreticulin exposure dictates the immunogenicity of cancer cell death. Nat Med. 2007;13(1):54–61.PubMed


	28.
Sallman DA, Al Malki MM, Asch AS, Wang ES, Jurcic JG, Bradley TJ, et al. Magrolimab in Combination With Azacitidine in Patients With Higher-Risk Myelodysplastic Syndromes: Final Results of a Phase Ib Study. J Clin Oncol. 2023;41(15):2815–26.


	29.
Sanjana NE, Shalem O, Zhang F. Improved vectors and genome-wide libraries for CRISPR screening. Nat Methods. 2014;11(8):783–4.PubMedPubMedCentral


	30.
Rey-Giraud F, Hafner M, Ries CH. In vitro generation of monocyte-derived macrophages under serum-free conditions improves their tumor promoting functions. PLoS ONE. 2012;7(8):e42656.PubMedPubMedCentral


	31.
Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity. 2014;41(1):14–20.PubMedPubMedCentral


	32.
Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.PubMedPubMedCentral


	33.
Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust enumeration of cell subsets from tissue expression profiles. Nat Methods. 2015;12(5):453–7.PubMedPubMedCentral


	34.
Chen Z, Huang A, Sun J, Jiang T, Qin FX, Wu A. Inference of immune cell composition on the expression profiles of mouse tissue. Sci Rep. 2017;7:40508.PubMedPubMedCentral


	35.
Savola S, Klami A, Myllykangas S, Manara C, Scotlandi K, Picci P, et al. High Expression of Complement Component 5 (C5) at Tumor Site Associates with Superior Survival in Ewing’s Sarcoma Family of Tumour Patients. ISRN oncology. 2011;2011:168712.PubMedPubMedCentral


	36.
Kwong LS, Brown MH, Barclay AN, Hatherley D. Signal-regulatory protein alpha from the NOD mouse binds human CD47 with an exceptionally high affinity– implications for engraftment of human cells. Immunology. 2014;143(1):61–7.PubMedPubMedCentral


	37.
DeLeon-Pennell KY, Iyer RP, Ero OK, Cates CA, Flynn ER, Cannon PL, et al. Periodontal-induced chronic inflammation triggers macrophage secretion of Ccl12 to inhibit fibroblast-mediated cardiac wound healing. JCI Insight. 2017;2(18):e94207.PubMedPubMedCentral


	38.
Ko CW, Counihan D, Wu J, Hatzoglou M, Puchowicz MA, Croniger CM. Macrophages with a deletion of the phosphoenolpyruvate carboxykinase 1 (Pck1) gene have a more proinflammatory phenotype. J Biol Chem. 2018;293(9):3399–409.PubMedPubMedCentral


	39.
Kwiecien I, Polubiec-Kownacka M, Dziedzic D, Wolosz D, Rzepecki P, Domagala-Kulawik J. CD163 and CCR7 as markers for macrophage polarization in lung cancer microenvironment. Cent Eur J Immunol. 2019;44(4):395–402.PubMed


	40.
Lin S, Zhang A, Yuan L, Wang Y, Zhang C, Jiang J, et al. Targeting parvalbumin promotes M2 macrophage polarization and energy expenditure in mice. Nat Commun. 2022;13(1):3301.PubMedPubMedCentral


	41.
Yang ZF, Ho DW, Lau CK, Lam CT, Lum CT, Poon RT, et al. Allograft inflammatory factor-1 (AIF-1) is crucial for the survival and pro-inflammatory activity of macrophages. Int Immunol. 2005;17(11):1391–7.PubMed


	42.
Rong SJ, Yang CL, Wang FX, Sun F, Luo JH, Yue TT, et al. The Essential Role of FoxO1 in the Regulation of Macrophage Function. Biomed Res Int. 2022;2022:1068962.PubMedPubMedCentral


	43.
Zhou L, Zhuo H, Ouyang H, Liu Y, Yuan F, Sun L, et al. Glycoprotein non-metastatic melanoma protein b (Gpnmb) is highly expressed in macrophages of acute injured kidney and promotes M2 macrophages polarization. Cell Immunol. 2017;316:53–60.PubMed


	44.
Theruvath J, Menard M, Smith BAH, Linde MH, Coles GL, Dalton GN, et al. Anti-GD2 synergizes with CD47 blockade to mediate tumor eradication. Nat Med. 2022;28(2):333–44.PubMedPubMedCentral


	45.
Advani R, Flinn I, Popplewell L, Forero A, Bartlett NL, Ghosh N, et al. CD47 Blockade by Hu5F9-G4 and Rituximab in Non-Hodgkin’s Lymphoma. N Engl J Med. 2018;379(18):1711–21.PubMedPubMedCentral


	46.
Obeid M, Panaretakis T, Tesniere A, Joza N, Tufi R, Apetoh L, et al. Leveraging the immune system during chemotherapy: moving calreticulin to the cell surface converts apoptotic death from “silent” to immunogenic. Cancer Res. 2007;67(17):7941–4.PubMed


	47.
Sevko A, Sade-Feldman M, Kanterman J, Michels T, Falk CS, Umansky L, et al. Cyclophosphamide promotes chronic inflammation-dependent immunosuppression and prevents antitumor response in melanoma. J Invest Dermatol. 2013;133(6):1610–9.PubMed


	48.
Feng M, Marjon KD, Zhu F, Weissman-Tsukamoto R, Levett A, Sullivan K, et al. Programmed cell removal by calreticulin in tissue homeostasis and cancer. Nat Commun. 2018;9(1):3194.PubMedPubMedCentral


	49.
Li W, Li Y, Jin X, Liao Q, Chen Z, Peng H, et al. CD38: a significant regulator of macrophage function. Front Oncol. 2022;12:775649.PubMedPubMedCentral


	50.
Wang Y, Yan K, Wang J, Lin J, Bi J. M2 Macrophage co-expression factors correlate with immune phenotype and predict prognosis of bladder cancer. Front Oncol. 2021;11:609334.PubMedPubMedCentral


	51.
Freeman SA, Grinstein S. Phagocytosis: receptors, signal integration, and the cytoskeleton. Immunol Rev. 2014;262(1):193–215.PubMed


	52.
Jiang Z, Sun H, Yu J, Tian W, Song Y. Targeting CD47 for cancer immunotherapy. J Hematol Oncol. 2021;14(1):180.PubMedPubMedCentral


	53.
Chen J, Liao S, Xiao Z, Pan Q, Wang X, Shen K, et al. The development and improvement of immunodeficient mice and humanized immune system mouse models. Front Immunol. 2022;13:1007579.PubMedPubMedCentral


	54.
Sikic BI, Lakhani N, Patnaik A, Shah SA, Chandana SR, Rasco D, et al. First-in-human, first-in-class phase I trial of the anti-CD47 antibody Hu5F9-G4 in patients with advanced cancers. J Clin Oncol. 2019;37(12):946–53.PubMedPubMedCentral


	55.
Yang H, Xun Y, You H. The landscape overview of CD47-based immunotherapy for hematological malignancies. Biomark Res. 2023;11(1):15.PubMedPubMedCentral




Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/13046_2024_3093_Fig5_HTML.png
»CD38-
= CD38+

il

ERR

bl

%

oBeyd-uoN | =
o8

obeyd [a]
ommca.cozi %
obeyd =
oBeyd-uoN | X
o

obeyd [a]
obBeyd-uoN 7 W
ofeyd O
CLOVON
oBeyd-uoN 7 =

B

ofeyd (=]
ommr_a.coz; %
obeyd =
oBeyd-uoN M

i obeyd a
oBeyd-uoN ; w
obeyd O
CLOVON

Treat:

=CD14-
mCD14+

w
o
= =
HEN] uEmm u\a
m
e 5]
8%
Q s
EC ©
w g
LA
o_:‘n_oon_,q
=2
F
28
o &
r (=}
. e =
< qLLa0-0dyY

= CD209-
= CD209+

oBeyd-uoN
ofeyd

xx%

MHJJJH

Treat:

#%%

obeyd

xx%

ofeyd

ofeyd
CLOY ON

1 CD206-
uCD206+

R

e

xx%

= CD163-
uCD163+

obeyd-uoN
obeyd
obeyd-uoN
obeyd
obeyd-uoN
obeyd
oBeyd-uoN
obeyd
L9V ON

=)

s|je0 vmumm o\o

CMFDA(FITC)

qL1ao-0dv

M
D

oBeyd-uoN ; o
=
obBeyd-uopN | X

o]
(]

oBeyd-uoN 7 w
o

(=]

E

oBeyd-uoN w
obeyd

ofeyd-uoN | ©
obeyd =
obeyd-uoN | X
obeyd

obeyd-uoN | =
ofeyd O
CLOVON

]
[s]

E

Treat

2
E
io

E

Treat:





OEBPS/navigation.xhtml

    
      Contents


      
        		Combinatorial macrophage induced innate immunotherapy against Ewing sarcoma: Turning “Two Keys” simultaneously


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/13046_2024_3093_Fig2_HTML.png
CD11b  CD14 CcD80  CD68

GM-CSF-Mg

M-CSF-M¢

D

CD163

MAG

K02

isotype WT KO1

Fold change in phagocytosis Q

H

GM-CSE-Mg M-CSF-M¢
L

Fold change in phagocytosis

Average number of
phagocytosed cells
»

GM-CSF-M¢  M-CSF-M¢

o

N

%

= 1gG
= MAG

GM-CSF-M¢  M-CSF-M¢

% 59 = WT
> 3 CD47 KO1 R
g4 AB73-luc injection 1gG or MAG IVIS imagi
. : agin
| £, D3 CD47KOZ (4,106 cells, subg) (150 pglanimal, i.p.) 9ing
= | | >
£ T T ] >
$? Day 0 1 13 15 22 29
£
ke
o 0
w
e S S S
CD47
| J
108 - 1gG |, S 1007
= MAG 2
R s
- o
510' 2 507
- ¥l —
- 5 - N=10/grou
N=10/group & ° . . . . 'g P
104 T T d 0 10 20 30 40 50
0 10 20 30 Da
A673 [EWS502 TC32 y

Day





OEBPS/images/13046_2024_3093_Fig6_HTML.png
A

A673-luc injection

IgG or MAG

Fkk

Fkkk

(2x105 cells, intratibia) (150 pg/animal, i.p.) VIS imaging o
[ o %090 sk
T T 1 | - g
Day 0 4 5 " 16 18 25 32 39 £600
= dkdk
t t ot L e —
DOX (0.5 mglkg, i.v.) g
£ 200
B o
5 0o -
| CONT DOX MAG D&M
4.10E+06 | D
w 1.02E+06 | CONT DOX MAG D&M
< 2566405 | Se=CON
o<
S 6.40E+04 | ®—DOX 1| 4 Front
1.60E+04 | i T EH
’ - D&M
4008505 s N=15/group ‘
1.00E+03 Back
4 11 18 25 32 39
E Day
3 100 L
; E — CONT NCH-EW-1 implantation 1gG or MAG
g - DOX |, 3 " (5x5x5 mm, subq) (150 pg/animal, ip.)  Caliper measurement
2 507 - MAG | * LR
3 ] . Ak Day 0 L 28
2 -~ F11tt
g 1 N=15/group DOX (0.5 mg/kg, i.v.)
0 . T T T 1
0 20 40 60 80
Day
3100 |
= 100
‘E I CON ‘E- |_. oo
—— 5
E i} —-DOX | % " @ - DOX .
N ——MAG ||z i} 5 - MAG | |y |*
g i —e— D&M - g? 50 —— D&M
E 100} . |
2 N=8/group g N=8/group
o
0_
100 0 20 40 60
17 2 25 29 33

Day

Day





OEBPS/images/13046_2024_3093_Fig3_HTML.png
EWS502 TCT71

A ABT3 TC32

isotype
a-CRT

Raji

SKNMC
- -
. "
csCRT
B
16 hr
DOX A673 EWS502 TC32

h
DOX A673 EWS502 TC32
(ug/mL

. 4

0 Lkt A

I w” o w

AnnexinV —

e s ma P B e

D

DOX
(10 yg/mL)

24hr l
16 hr
4 hr ,»i/\‘-’\

0hr e
o e N—
i @

L
S

80

40

20

Expression level (%)

0 4 16 24
Treatment time (hr)

CRT

-

Expression level (%)

0 21020 0 21020 0 2 1020
DOX (ug/mL)

A673 EWS502 TC32

Annexin V o
kk
100

<

£ 5

H

2 60

e

2 40

[7]

7]

9@ 20

g

>

1]

0 21020 0 21020 O 2 1020
DOX (ug/mL)

AB73 EWS502 TC32





OEBPS/css/envelope.png





OEBPS/images/13046_2024_3093_Fig1_HTML.png
AB673 EWS502 TC32
3k ] 3k4 :
] isotype
— 2k 2k
S Zk-{ i — a-CD47
[e]
O 44l 1k 1k
] ]
Ot 04 - S N E_—
10°10! 102 10% 10¢ 10°10! 102 10° 10 10° 10 10°
SKNMC RDES TC71
3k
3k &0
E 2 2k
=]
o) 30
O 1k 1k
0 O Lo
10° 10* 10%10° 10¢ 100 10! 10® 10° 10° 10® 10¢
CD47 »

C

MSK-3

DAPI
DAPI

NCH-EW-1

Plasma membrane

ABTS éo& &

Whole A° (2 oV &
&

lysate ¥ < <L F

CRT | -

o)
& AN
e

Tubulin | s

E-cadherin

o _.
e (-]

o
o

CD47 low n=17

©
n

CD47 high n=27

o
(¥

p = 0.0094

48 96 144 192
Follow up in months

>
=
a
[
Q
¢)
o
a
2
2
35
(2]
0]
o
=
o
3
>
(1]

o
o

o





OEBPS/images/13046_2024_3093_Fig4_HTML.png
s M-CSF-Mg B D

A673 Merg ¢ 15— ABT3 AB73 CD47 KO1 ABT3 CD4T KO2
) -~ 0 —_— 0 ok
o 94 T . _Ds 4y -
E g O € T % _ NS
(@] [ g 8 3 3
O g g E
o> -
238 £2 ns 21 ns
g ey
z £ £ 1 1
Q o
‘&" S
> 2 ¢
§ e

& & + o
R & Fo & ox\ ‘}v(’ o"

EWS502

*k

ABT3 .

*

DOX

D&M

09

Fold change in phagocytosis

s ‘,‘v"





OEBPS/images/13046_2024_3093_Fig7_HTML.png
—Logyo P

Cibersort Counts

3 kw20 4

Human - CON vs MAG

q: '}

MID2 ‘ ENDOU)

—
ADAM19 SYT4 (CNTN3

BGLAP| Y~ IFITM10
-
TCTEL
FSCN3

meanFC

100

uMO_Macrophage

80 uM1_Macrophage
uM2_Macrophage
60 = Monocyte

CON

DOX D&M

MAG

B Mouse - DOX vs D&M

—Logyo P

Foxcl|

|
|
i
'
|
|
|
|
i
1
|
|
|
|

1 [sfrpa)
|Gpnmb

g
Pappa Pkia| 42097/

||Arfgef3|

. »
Ppplr27) Pckl) [Pvalb

meanFC

chemotaxis

response to external biotic stimulus
cell-cell adhesion

leukocyte migration

response to external stimulus

positive regulation of leukocyte activation
immune response

antigen processing and presentation
defense response

positive regulation of cell-cell adhesion
cytokine binding

MHC protein complex binding

—
]
immune receptor activity B
MHC class Il protein complex binding : | |
0 2 4 6 8
Enrichment score (-lg(pvalue))

10





OEBPS/css/sidebar.gif





