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Signal regulatory protein-α (SIRPα, SHPS-1, CD172a) expressed on myeloid cells transmits inhibitory signals when it engages its counter-receptor CD47 on an adjacent cell. Elevated CD47 expression on some cancer cells thereby serves as an innate immune checkpoint that limits phagocytic clearance of tumor cells by macrophages and antigen presentation to T cells. Antibodies and recombinant SIRPα constructs that block the CD47-SIRPα interaction on macrophages exhibit anti-tumor activities in mouse models and are in ongoing clinical trials for treating several human cancers. Based on prior evidence that engaging SIRPα can also alter CD47 signaling in some nonmalignant cells, we compared direct effects of recombinant SIRPα-Fc and a humanized CD47 antibody that inhibits CD47-SIRPα interaction (CC-90002) on CD47 signaling in cancer stem cells derived from the MDA-MB- 231 triple-negative breast carcinoma cell line. Treatment with SIRPα-Fc significantly increased the formation of mammospheres by breast cancer stem cells as compared to CC-90002 treatment or controls. Furthermore, SIRPα-Fc treatment upregulated mRNA and protein expression of ALDH1 and altered the expression of genes involved in epithelial/mesenchymal transition pathways that are associated with a poor prognosis and enhanced metastatic activity. This indicates that SIRPα-Fc has CD47-mediated agonist activities in breast cancer stem cells affecting proliferation and metastasis pathways that differ from those of CC-90002. This SIRPα-induced CD47 signaling in breast carcinoma cells may limit the efficacy of SIRPα decoy therapeutics intended to stimulate innate antitumor immune responses.
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1 INTRODUCTION
CD47 is a widely expressed integral membrane protein that serves as a counter receptor for signal regulatory protein-α (SIRPα), which is highly expressed on phagocytes and other myeloid lineages. Binding to CD47 triggers inhibitory signaling through SIRPα that prevents macrophage phagocytosis of nonmalignant and cancer cells (Oldenborg et al., 2000; Jaiswal et al., 2009; Willingham et al., 2012; Barclay and Van den Berg, 2014). Many studies have reported increased expression of CD47 on neoplastic cells and associations of higher tumor CD47 expression with decreased survival (Willingham et al., 2012; Barclay and Van den Berg, 2014; Gholiha et al., 2022). These studies generally focus on the role of CD47 as a passive counter-receptor for SIRPα, which protects tumor cells from phagocytic clearance or antigen presentation via SIRPα-expressing macrophages, neutrophils and dendritic cells (Gardai et al., 2005; Chao et al., 2010; Willingham et al., 2012; Matlung et al., 2017). Therapeutic antibodies and a SIRPα-Fc fusion decoy designed to block the interaction between CD47 and SIRPα have entered multiple clinical trials and provided anecdotal evidence for efficacy in some cancers (Advani et al., 2018; Sikic et al., 2019; Ansell et al., 2021; Querfeld et al., 2021; Son et al., 2022; Zeidan et al., 2022).
CD47 is also a signaling receptor for the secreted matricellular protein thrombospondin-1 (TSP1) (Kaur et al., 2021). CD47 has multiple signaling functions in nonmalignant cells (Roberts et al., 2015). TSP1 binding induces CD47 signaling that regulates growth factor receptors, cell fate, viability, and responses to cellular stresses such as radiation and chemotherapy (Kaur et al., 2021). Studies of the crosstalk between T cells and dendritic cells indicate that SIRPα binding can also induce CD47 signaling (Latour et al., 2001; Sarfati et al., 2008). Some of these CD47 signaling functions may be maintained or co-opted by malignant cancer cells. Thus, in addition to blocking interactions with phagocytes, binding of SIRPα-Fc fusion decoys could potentially alter CD47 signaling in tumor cells.
In addition to blocking the binding of SIRPα and/or TSP1 to CD47, some CD47 antibodies have agonist activities that alter CD47 signaling in the absence of its physiological ligands (Kaur et al., 2020). This could involve allosteric effects of antibody binding on CD47 signaling, antibody-induced dimerization of CD47, or perturbation of lateral signaling interactions between CD47 and other membrane signaling proteins including integrins and tyrosine kinase receptors. Specific CD47 antibodies directly induced death of malignant cells (Kikuchi et al., 2005; Puro et al., 2020), pancreatic cancer stem cells (CSC) (Cioffi et al., 2015), and sensitized malignant cells to chemotherapy (Lo et al., 2015). CD47 antibodies induced a caspase-independent cell death pathway in breast cancer (Manna and Frazier, 2004) and leukemia cells (Mateo et al., 1999). CD47 antibody treatment or CD47 knockdown suppressed stem cell character in hepatocarcinoma, MDA-MB-231 breast carcinoma, and glioma cells (Lee et al., 2014; Soto-Pantoja et al., 2015; Li et al., 2018; Tan et al., 2019).
Cancer stem cells and their biomarkers are potent targets to restrain chemoresistance, metastasis, and tumor relapse by limiting capacity of self-renewal and differentiation of cancer cells (Raghav and Mann, 2021). We found that treatment with the CD47 antibody B6H12 altered gene expression in CD47-expressing triple-negative MDA-MB-231 breast carcinoma cells, resulting in suppression of breast cancer stem cell (bCSC) characteristics (Kaur et al., 2016). B6H12 treatment decreased expression of Klf4 (Kaur et al., 2016), one of several stem cell transcription factors that are also regulated by TSP1/CD47 signaling in nonmalignant cells (Kaur et al., 2013). B6H12 inhibited asymmetric division of breast cancer stem cells and induced several differentiation markers. Notably, B6H12 treatment of bCSCs derived from MDA-MB-231 cells increased their expression of miR-7 and decreased EGFR mRNA, which is a target of miR-7. These studies suggest that therapeutic CD47 antibodies and SIRPα decoys intended to block SIRPα signaling in innate immune cells could also alter CD47 signaling in cancer cells in a manner that provides therapeutic benefits. In the present study, we tested direct effects on MDA-MB-231 cells of divalent recombinant SIRPα-Fc (SIRPFc) and the humanized CD47 antibody CC90002, which selectively inhibits the CD47-SIRPα interaction (Pau Abrisqueta, 2019; Narla et al., 2022; Zeidan et al., 2022).
2 MATERIALS AND METHODS
2.1 Cell culture
Triple negative MDA-MB-231 breast carcinoma cells were purchased from ATCC and were routinely cultured in RPMI 1640 (Invitrogen, 11875-093) medium supplemented with 10% FBS (Gemini Bio Products, GBP-100106), penicillin-streptomycin (Gibco, catalog number #10378016/15070-063) and L-glutamine (Catalog number # A2916801 complete growth medium (Thermo Fisher Scientific, USA) at 37°C and 5% CO2 as reported previously (Kaur et al., 2016).
2.2 SIRPα-Fc purification
HEK 293 cells were cultured using DMEM complete media with 10% FBS, Penicillin-Streptomycin, and L-glutamine at 37° with 5% CO2. SIRPα-Fc plasmid DNA ((Miller et al., 2019) was transfected in to HEK293 cells using DMEM serum free media with 0.01%BSA. After 2 days, the media were collected and concentrated using Millipore Sigma Amicon Ultra-15 Centrifugal Filter Units (Fisher Scientific, USA) with a 10 kDa cutoff. Concentrated condition media were purified via Protein A IgG Purification Kit (Thermo Fisher Scientific, USA). Purity of the SIRPα-Fc was confirmed using gel electrophoresis, and concentration was determined using the BCA assay (Thermo Fisher Scientific). For some experiments SIRPα-Fc was purchased from R&D systems. Monovalent SIRPα-Avi-Biotin (SIRPmv) was used as reported previously (Miller et al., 2019).
2.3 Flow cytometry analysis
MDA-MB-231 cells were pretreated with the Celgene antibody for times indicated in the Figure Legends. MDA-MB-231 Cells were then stained with PE anti-human CD47, APC/Cy7 anti-human CD24, FITC anti-human CD44 along with isotype control antibodies; FITC Mouse IgG1, PE Mouse IgG1, APC/Cy7 IgG2a (Biolegend, USA). MDA-MB-231 cells were washed three times and resuspended in Hanks’ balanced salt solution at 1 × 106 cells in 500 μL. Samples then were acquired on a LSRII (BD Biosciences). Flow cytometry data were analyzed using FlowJo software (TreeStar).
2.4 Cancer stem cell markers analysis
bCSC were generated using sorted CD44+/CD24- (Supplementary Figure S1F) cells from the MD-MB-231 cell line. The suspension cells were cultured using SmartDish™ with MammoCult™ Human Medium Kit from Stem Cell Technologies. The suspension cells were treated with CC90002 (1 μg/mL) or SIRPα-Fc (1 μg/mL) for 72 h, and analyzed using APC/Cy7 anti-human CD24, FITC anti-human CD44 along with FITC Mouse IgG1, κ isotype Ctrl, κ Isotype Ctrl (FC), APC/Cy7 IgG2a, κ isotype Control flow antibodies. For mRNA expression, suspension cells were generated from MDA-MB-231 by using AggreWell™400 with AggreWell™ EB Formation Medium from Stem Cell Technologies and treated with CC90002 (1 μg/mL) and SIRPα-Fc (1 μg/mL) for 72 h as described above.
2.5 CD24High and CD24Low subset enrichment
MDA-MB-231 cells were washed with PBS, dissociated with Gentle cell dissociation Reagent (STEM Cell Technologies) and centrifuged for 5 min at 1,200 rpm. The cells were re-suspended into cell isolation buffer containing phosphate-buffered saline (PBS), pH 7.2, 0.5% bovine serum albumin (BSA), and 2 mM EDTA. MDA-MB-231 cells were incubated with biotin anti-human CD24 (Biolegend) for 10 min on ice. Mojosort™ Streptavidin Nanobeads were added to the respective tubes containing cells and incubated for another 10 min on ice. Enriched CSCs cells were separated using MiniMac Separation columns, type MS (Miltenyi Biotech Inc.) according to the manufacturer’s instructions. The CD24high (CD24+) cells became attached to beads, while the CD24Low cells (CD24−) flowed through the columns and were collected into new tubes as shown in Supplementary Figure S1G via flow cytometry analysis. The sorted CD24+ and CD24− cells were further treated with divalent or monovalent SIRPα-Fc for 24 h, and total RNA was extracted for Real Time PCR analysis.
2.6 Real Real Time PCR
Total RNA was isolated using either TRIzol Reagent (Thermo Fisher Scientific) or TriPure™ Isolation Reagent from Roche (Millipore Sigma). cDNA was synthesized using the Maxima First Strand cDNA Synthesis Kit for RT-qPCR, with dsDNase (Thermo Fisher Scientific) Quantitative real-time PCR was performed using KLF4, OCT4, SOX2 using 18S or B2M, SNAIL, SLUG, ZEB1, ZO-1, ALDH1A1, CDH1, CTNNB1 and CSNK1A1 primers using SYBR Green (Thermo Fisher Scientific) on an MJ Research Opticon I instrument (Bio-Rad) as control as described previously (kaur et al., 2019, scientific reports). EMT and cancer stem cell primers (Table 1) were purchased from Integrated DNA Technologies (IDT, USA). The results were quantified as Ct values and expressed as fold gene expression (the ratio of treated/control).
TABLE 1 | Primer sequences used for RT-qPCR analysis of mRNA expression for the indicated genes.
[image: Table 1]2.7 Aldefluor assay
MDA-MB-231 cells were cultured in AggreWell™ Embryoid Body (EB) Formation Medium using SmartDish™ (STEMCELL Technologies) and treated with CC90002 (1 μg/mL) and SIRPα-Fc (1 μg/mL) alone for 72 h at 37°. The loosely aggregated spheroids were suspended into single cells and subjected to BODIPY-aminoacetaldehyde (BAAA) aldehyde dehydrogenase substrate and/or DEAB as negative control staining using ALDEFLUOR™ kit from STEMCELL Technologies. The protocol and flowcytometry analysis were followed according to manufacturer’s instructions. % ALDHbr cells from three independent experiments were calculated using background subtraction of negative control.
2.8 Cell proliferation assays
IncuCyte NucLight for cell nuclear labeling (ESS4717, Essen BioScience) was used for living cells. MDA-MB-231 (∼1,000 cells/50 µL) were plated in a 96-well plate. CC90002 antibody (1 μg/mL) and SIRPα-Fc (1 μg/mL) were added alone or in combination. Diluted IncuCyte Nuclight Rapid live cell labeling reagent (50 µL) added to each well according to manufactures instructions (Essen BioScience, Santorious). The cells were analyzed every 4 h for 7 days using Basic Analyzer analysis (IncuCyte system software).
2.9 Spheroid/mammosphere assay
MDA-231 cells were grown in culture, (RPMI media w/1% Pen-Strep, 1% L-glutamine, and 10% fetal bovine serum at 37° with 5% CO2. Approximately 1000 MDA-MB-231 cells were transferred to a small petri dish along with AggreWell™ Embryoid Body (EB) Formation Medium or MammoCult™ Human Medium Kit and treated with CC90002 (1 μg/mL) or SIRPα-Fc (1 μg/mL) alone for 10 days at 37°. The total number of mammospheres were counted using a light microscope, and number of spheroids were plotted using Prism software. For live cell mammospheres formation, MDA-MB-231 triple-negative breast carcinoma cells were labeled with PKH26 dye (Sigma) at day 0 according to the manufacturer’s instructions. Approximately 1,000 cells were transferred into each well of a 96-well plate using mamo cult media. Images were captured every 4 h using Spheroid analysis with the IncuCyte system software.
2.10 SIRPα-CD47 binding assay markers analysis
MDA-MB-231 cells were trypsinzed, and expression of CD47 and SIRPα were measured using flow cytometry (Supplementary Figure S1A, B). To investigate effects of CC90002 Ab on SIRPα-CD47 binding, cells were incubated with monovalent SIRP-α-biotin (Miller et al., 2019) on ice for 30 min in the presence or absence of CD47 antibodies. The expression of SIRPα was analyzed using streptavidin AF-488 via flow cytometry analysis.
2.11 Bulk RNA sequencing analysis
MDA-MB-231 cells were treated CC90002 (1 μg/mL) and SIRPα-Fc (1 μg/mL) alone for 72 h at 37° along with untreated and human isotype control (Celgene) using AggreWell media (Stem Cell Technologies) according to manufacturer’s instructions. Total RNA was extracted using ISOLATE II RNA Mini Kit from BIOLINE, and RNA integrity and quantification was measured using RNA-Bioanalyzer.
All mRNA-seq samples were pooled and sequenced on NextSeq using Illumina TruSeq Stranded mRNA Library Prep and paired-end sequencing (GEO Accession Number: GSE247052). The samples had 20 to 33 million pass filter reads with a base call quality of above 83% of bases with Q30 and above. Reads of the samples were trimmed for adapters and low-quality bases using Trimmomatic software before alignment with the reference genome (Human - hg38) and the annotated transcripts using STAR. The average mapping rate of all samples was 95%. Unique alignment is above 57%. There were 1.81%–38.56% unmapped reads. The mapping statistics were calculated using Picard software. The samples had 1.04% ribosomal bases. Percent coding bases are between 44% and 60%. Percent UTR bases are 31%–42%, and mRNA bases were between 79% and 92% for all the samples. Library complexity was measured in terms of unique fragments in the mapped reads using Picard’s Mark Duplicate utility. The samples had 59%–91% non-duplicate reads. In addition, the gene expression quantification analysis was performed for all samples using STAR/RSEM tools.
The RNA-Seek pipeline (https://github.com/CCBR/RNA-seek) was used to process reads. Expected counts from RSEM for both genes were imported into the NIH Integrated Data Analysis Platform (Palantir Technologies) for downstream analysis as described earlier (Nath et al., 2022). Briefly, low count genes were filtered prior to CPM and quantile normalization using Limma voom (Smyth, 2004; Law et al., 2014), followed by differential expression of genes analysis. Pre ranked gene set enrichment analysis (GSEA) using molecular signatures database v6.2 (Subramanian et al., 2005; Liberzon et al., 2011). Batch correction was performed using the ComBat function of the sva (Johnson et al., 2007).
2.12 Statistics
All experiments were replicated at least three times on different groups of cells. All data are expressed as mean ± SD. The differences were considered significant at p values <0.05 as indicated in the figure legends.
3 RESULTS
3.1 Direct effects of SIRPα-Fc and CC90002 on MDA-MB-231 cells
Based on our previous studies demonstrating effects of the CD47 antibody B6H12 on stem cell markers in MDA-MB-231 cells (Kaur et al., 2016), which have a high number of bCSC as compared to MCF7 or T47D1 cell lines (Honeth et al., 2008), we examined effects of SIRPα-Fc and the CC90002 antibody on the expression of CD44 and CD24. Flow cytometry confirmed that MDA-MB-231 cells highly express cell surface CD47, whereas only a minor population express detectable SIRPα (Supplementary Figure S1A, B). Binding of SIRPα-Fc to cell surface CD47 was inhibited in the presence of CC90002 (Supplementary Figure S1C). However, treatment of MDA-MB-231 cells with SIRPα-Fc (SIRPFc) or CC90002 (CG) for 72 h did not significantly alter cell surface expression of the stem cell markers CD44 or CD24 (Figures 1A, B). Consistent with these results, treatment of MDA-MB-231 cells with 1 μg/mL of SIRPα-Fc or the CC90002 antibody for 72 h did not significantly change the mRNA expression of OCT4, SOX2, KLF4, CD44, and CD24 genes. However, SIRPα-Fc treatment significantly downregulated CD44 mRNA (Figures 1C–G). Therefore, the effects of SIRPα-Fc and CC90002 antibody on mRNA expression of pluripotent stem cell markers differ from those of B6H12.
[image: Figure 1]FIGURE 1 | SIRPα-Fc increased Aldefluor activity in MDA-MB-231 cells. (A, B) MDA-MB-231 cells were grown and treated with CC90002 (C–G), 1 μg/mL) and SIRPα-Fc (1 μg/mL) for 72 h. The total cells were harvested, and flow analysis was performed using anti-CD24 and CD44 antibodies. (C–G) MDA-MB-231 cells were grown in AggreWell embryoid formation media and treated with CC90002 (1 μg/mL), SIRPα-Fc (1 μg/mL) for 72 h. The total RNA was extracted using miRNA easy kit, and OCT4, SOX2, KLF4, CD44 and CD24 mRNA expression were analyzed via qPCR (n = 3, 3 replicates for each experiment). (H–J) FACS profiles of DEAB control and ALDH1 staining with flow cytometry (n = 3 independent experiments). (K) graph showing the percentage of ALDH1+ cells following treatment using CC90002 (1 μg/mL) or SIRPα-Fc (1 μg/mL). Significant values (p < 0.05) were calculated using a t-test.
Aldehyde dehydrogenase 1 (ALDHA1) is a CSC marker expressed in basal breast cancers (Tan et al., 2013). Expression of specific isoforms of (ALDHA1) and the corresponding enzymatic activity are useful markers of CSC differentiation and can be quantified by flow cytometry using Aldefuor (Moreb, 2008; Marcato et al., 2011; Tomita et al., 2016). MDA-MB-231 cells cultured on plastic in RPMI medium had undetectable ALDHA1 mRNA (Supplementary Figure S1D). MDA-MB-231 cells cultured in AggreWell medium exhibited expression of ALDHA1, but treatment with CC90002 or SIRPα-Fc did not significantly change expression of ALDHA1 mRNA (Supplementary Figure S1E). However, assessment of ALDH1 activity using the ALDEFLUOR Kit, indicated that, SIRPα-Fc significantly increased the percentage of Aldefluor-positive cells as compared to untreated (Figure 1H, J, K). Treatment with CC90002 resulted in a smaller increase in Aldefluor-positive cells that was not statistically significant (Figure 1I, K). Therefore, SIRPα-Fc may be a selective CD47-dependent inducer of stem cell character in these breast carcinoma cells.
3.2 Effect of SIRPα-Fc on cell proliferation and spheroid formation
Formation of mammospheres provides a quantitative assessment of stem cell character and aggressiveness in breast carcinoma cells (Shaw et al., 2012; Margaryan et al., 2019). SIRPα-Fc treatment resulted in ∼3-fold increase in the number of mammospheres and their combined area (Figure 2A). The area of mammospheres increased less in cultures treated with CC90002 antibody and did not achieve significance. This data indicates that SIRPα-Fc increases either the proliferation or self-renewal capacity of breast cancer stem cells (Figure 2A). We also assessed Mammosphere size using a spheroid dye dilution assay on the IncuCyte instrument (Figure 2B) along with unlabeled control treatments. Depletion of the PKH dye signal indicated increased cell proliferation in spheroids. Decreased fluorescence in SIRPα-Fc-treated cells indicated strong stimulation of cell proliferation, whereas the CC90002 antibody had minimal activity (Figure 2B). SIRPα-Fc (1 μg/mL) treatment increased mammosphere size over 5 days, whereas CC90002 antibody was less active as shown in Figure 2A.
[image: Figure 2]FIGURE 2 | (A) SIRPα-Fc increased spheroid formation in MDA-MB-231 cells. MDA-MB-231 cells (∼1,000) were cultured using smart dish in 2 mL of AggreWell medium. Cells were treated with CC90002 (1 μg/mL) and SIRPα-Fc (1 μg/mL). alone for 10 days. The total number of mammospheres were counted using a light microscope. The results were then plotted using Prism. Significant values (p < 0.05) were calculated using F-Test Two-Sample for Variances. (B) MDA-MB-231 cells were labeled with PKH26 dye (Sigma) on day 0 (n = 4). Approximately 1,000 cells/well were plated in 96-well plates (n = 4 replicates/treatments) and treated with CC90002 (1 μg/mL) or SIRPα-Fc (1 μg/mL). Images were captured every 4 h for 10 days using the system software as indicated in graphs. Significant values (p < 0.05) were calculated using t-test for two samples assuming equal variance. (C) Cell proliferation of MDA-MB-231 cells was determined after labeling with Rapid Red dye using phase contrast imaging (D) in the presence of CC90002 (1 μg/mL) or SIRPα-Fc (1 μg/mL) as described above. Significant values were determined using multiple t-tests.
To assess effects of CD47 ligands more directly on MDA-MB-231 bCSC proliferation, we used the IncuCyte Rapid Red Dye assay (Figure 2C). SIRPα-Fc treatment of MDA-MB-231 cells resulted in the most increase in cell growth. CC90002 modestly increased cell proliferation of MDA-MB-231 cells.
3.3 SIRPα-Fc affects expression of EMT markers
To examine effects of these CD47 ligands on the global transcriptome, MDA-MB-231 cells were grown in AggreWell Embryoid Body (EB) Formation media for 72 h in the presence of SIRPα-Fc (1 μg/mL), CC90002 (1 μg/mL), IgG isotype antibody control, or untreated controls (n = 3). Bulk RNA sequencing analysis was performed and analyzed using the NIDAP platform. The QC with Batch Correction, Differential Expression of Genes and Visualization data indicated consistent high-quality results (Supplementary Figure S2A-C). Differentially expressed genes between SIRPα-Fc and CC90002 antibody treatments compared with untreated or control IgG treatment were determined using a threshold p-value of 0.05 (Supplementary Figure S2D). The differentially expressed genes between SIRPα-Fc versus UT, and SIRPα-Fc versus IgG or CC90002 versus UT and CC90002 versus IgG comparisons are shown in Supplementary Data S1. Gene set enrichment analysis (GSEA) for multiple pathways (Supplementary Figure S2E) and list of significant GSEA datasets is summarized in Supplementary Data S2.
GSEA revealed a negative enrichment between SIRPα-Fc versus untreated, and SIRPα-Fc versus IgG treatments (Figures 3A, B, ES = −0.39, p-value 0.00037 and ES = −0.44, pval 0.00032) for genes that regulate epithelial mesenchymal transition (EMT), whereas CC90002 treatment showed a positive enrichment of the same gene set (ES = 0.34) (Figure 3C), which was significant compared to untreated samples but not significant for Isotype control antibody treated (Data S2).
[image: Figure 3]FIGURE 3 | SIRPα-Fc negatively correlated with Epithelial Mesenchymal transition in MDA-MB-231 cells. MDA-MB-231 cells were grown in AggreWell media, treated with CC90002 antibody (1 μg/mL) or SIRPα- Fc (1 μg/mL) along with control IgG or untreated (n = 3). After 72 h, total RNAs were extracted, and mRNA sequencing analysis was performed using the NIDAP platform. GSEA plots showing differential expressed genes (A, B) SIRPFc Vs. UT and SIRPFc Vs. IgG and, (C) CC90002 Vs. UT GSEA-plots using msigdb_v6_2_with_orthologs show enrichment Hallmark of Epithelial Mesenchymal transition.
The stem cell marker CD24 is associated with EMT and cell proliferation (Nakamura et al., 2017) and has additive effects with CD47 to regulate phagocytosis (Ozawa et al., 2021). Therefore, we examined expression of genes in this pathway in CD24+ enriched and CD24− MDA-MB-231 cells (Figures 4A–H). COL4A1 and ITGA3 genes were selected from list of GSEA Figures 3A, B to validate the RNA sequencing analysis based on their role in proliferation, EMT and stemness of breast cancer cells (Halsted et al., 2008; Jin et al., 2017; Wang et al., 2020b; Zhang et al., 2020). SIRPα-Fc but not SIRPmv treatment significantly enhanced expression of COL4A1 mRNA in CD24+ cells but not in CD24− cells, whereas ITGA3 mRNA expression was significantly upregulated in CD24− cells and decreased in CD24+ cells with SIRPmv treatment (Figures 4A, B). Treatment using divalent SIRPα-Fc significantly increased casein kinase 2 (CK2/CSNK2A1) mRNA levels in CD24+ cells but only modestly in CD24− cells. In contrast, treatment using monovalent SIRPmv significantly downregulated casein kinase 2 mRNA in both CD24+ and CD24− cells (Figure 4C). These divergent responses suggest that dimerization of cell surface CD47 by SIRPα-Fc results in a different signal than monovalent ligation of CD47 by SIRPmv. SIRPα-Fc but not SIRPmv treatment downregulated E-cadherin (CDH1) mRNA expression in CD24+ cells, but modestly increased expression in CD24− cells (Figure 4D). Similarly, SNAIL mRNA was modestly upregulated with SIRPα-Fc but not SIRPmv treatment only in CD24+ cells (Figure 4E). The EMT markers ZEB1, SLUG and ZO-1 were not significantly changed with SIRPα-Fc or SIRPmv treatments in both CD24− and CD24+ cells (Figures 4F–H).
[image: Figure 4]FIGURE 4 | Differential effect of SIRPα-Fc or SIRPmv on expression of EMT markers using CD24− or CD24+ subsets derived from MDA-MB-231 cells (A–H) Expression of EMT markers were analyzed using SIRPα-Fc divalent or monovalent SIRPmv via q-PCR analysis (n = 2 replicates per treatments). Significant values (p > 0.05) were calculated with ∆CT using Anova: Single Factor by comparing SIRPFc divalent or monovalent SIRPmv treated with either Untreated CD24− or CD24+ cells.
In contrast to SIRPα-Fc. CC90002 antibody treatment had no significant effect on CK2 and CDH1 mRNA expression in CD24+ and CD24− cells (Figures 5A, B). However, using unfractionated MDA-MB-231 cells, CC90002 antibody treatment significantly downregulated CK2 and ZEB1 mRNA expression (Figures 5C, D), but no other EMT markers were significantly altered (Supplementary Figure S3A-C). Loss of E-cadherin has been associated with progression and survival in human breast cancer (Lipponen et al., 1994; Singhai et al., 2011). This may indicate that SIRPα-Fc treatment increases cancer cell survival, and CK2 may be a key player for EMT driven proliferation or spheroid formation (Zhang et al., 2014). However, the effects of CC90002 diverged from those of SIRPα-Fc, indicating that effects of therapeutic CD47 binding molecules on breast cancer stem cells are ligand-specific.
[image: Figure 5]FIGURE 5 | Differential effect of CC90002 on expression of EMT markers using MDA-MB-231 cells. (A, B) Differential effect of CC90002 (1 μg/mL) on expression of CK2 and CDH1 markers using CD24− or CD24+ subsets derived from MDA-MB-231 cells via q-PCR analysis (n = 3, 3replicates per treatments). Significant values (p < 0.05) were calculated using default setting of CFX Mastro (BioRad)software by comparing CG treated with either Untreated CD24− or reconfirmed using GraphPad Prism 10.02 two-tailed t-test. (C, D) MDA-MB-231 cells were grown in AggreWell media, treated with CC90002 antibody (1 μg/mL) along with untreated (n = 3). After 7 2 h, total RNAs were extracted, and CK2 and ZEB1 mRNA expression were analyzed. Significant values (p < 0.05) were calculated using two-tailed t-test by using default setting of GraphPad Prism 10.02.
4 DISCUSSION
Comparing the present data with our previous study of the effects of the CD47 antibody B6H12 on the same cells indicates that different CD47 antibodies can have divergent effects on CD47 signaling in triple-negative breast cancer cells. Although both B6H12 and the humanized antibody CC90002 inhibit CD47 binding to SIRPα, each has different effects on MDA-MB-231 cells. A small fraction of MDA-MB-231 cells express SIRPα at a level detectable by flow cytometry. Thus, some of activities of these agents may involve blocking cis-interactions between CD47 and SIRPα, but this cannot explain why the activities of monovalent and divalent soluble SIRPα-Fc have divergent effects on gene expression.
Our data suggests that therapeutics based on SIRPα Ig domains that bind to CD47 have the potential to enhance cancer stemness in triple negative breast cancer cells as evidenced by increasing spheroid formation, cell proliferation and ALDH1 expression, which is a universal marker for stem and progenitor cells and also associated with poor prognosis in triple negative breast cancer (Panigoro et al., 2020). Thus, the benefit of these therapeutics to increase phagocytic clearance may be offset by increased resistance to cancer treatments by altering expression of EMT markers (Luo and Yao, 2014; Pai et al., 2019). Downregulation of CDH1 mRNA expression and increasing SNAIL and CSNK2A1 mRNA expression suggest that SIRPα-Fc treatment can increase the tumorigenic potential. Reduced E-cadherin expression in invasive breast carcinomas was correlated with triple negative receptor status (p = 0.0336), and poor prognosis (p = 0.0466) (Burandt et al., 2021). Loss of E-cadherin and upregulation of ALDH1 and EMT markers in breast cancer stem cells may play a role in tumorigenesis or metastatasis (Papadaki et al., 2014), which could have negative impacts on overall and progression-free survival in clinical trials using SIRPα-based therapeutics to treat triple negative breast cancer.
Further studies are needed to distinguish the potential agonist activities of CC90002 binding to CD47 from its established activity as an antagonist of SIRPα binding to CD47. Because spheroid formation involves increased cell-cell contacts, CC90002, in part could decrease spheroid formation by antagonizing intercellular CD47-dependent SIRPα signaling or SIRPα-dependent CD47 signaling. The CD47 antibody B6H12 prevents binding of SIRPα and TSP1 to CD47, and the latter interaction was shown to regulate stem cell differentiation (Kaur et al., 2013; Kaur et al., 2016). Unlike B6H12, our current data showed no inhibitory activity of CC90002 in expression of CD44, CD24 and KLF4. Therefore, the observed activities of CC90002 are unlikely to represent competitive inhibition of TSP1 signaling. However, the possibility remains that CC90002 could be a noncompetitive inhibitor or modulator of TSP1 signaling.
Because most MDA-MB-231 cells lack detectable levels of SIRPα, antagonism of cis- or cell-cell SIRPα signaling through CD47 should have limited relevance to proliferation and gene expression changes that are independent of spheroid. Therefore, the most likely mechanism involves a direct agonist activity of CC90002. Two mechanisms could contribute to an agonist activity of CC90002. First, published studies have implicated dimerization or clustering of CD47 in its functions (Kikuchi et al., 2005; Subramanian et al., 2006; Wang et al., 2020a), and several of the known lateral association partners of CD47 are known to initiate signals when dimerized (Wang et al., 2020c). Divalent SIRPα-Fc could increase dimerization or clustering of CD47, whereas SIRPmv could inhibit dimerization, which could account for some of the divergent gene expression changes we observed.
GSEA pathway analysis identified additional CD47 signaling pathways that are differentially regulated by CC90002 and SIRPα-Fc in MDA-MB-231 cells. identification of targets that are differentially regulated by SIRPα or TSP1 binding to CD47 will require further studies. This could identify additional beneficial therapeutic effects of CC90002 and SIRPα-Fc in malignant and nonmalignant cells as well as potential side effects that may be independent of its expected function as an antagonist of CD47-SIRPα signaling in phagocytes.
DATA AVAILABILITY STATEMENT
The RNA sequencing data in this study are deposited in the Gene Expression Omnibus (GEO) database, accession number GSE247052. All original code has been deposited at Github (https://github.com/NIDAP-Community/Effects-of-a-humanized-CD47-antibody-and-recombinant-SIRPalpha-proteins-on-TNBC-stem-cells). Flow cytometry data are deposited on https://zenodo.org, DOI: 10.5281/zenodo10680474. Raw qPCR and IncuCyte data are available in the Supplementary Material.
ETHICS STATEMENT
Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.
AUTHOR CONTRIBUTIONS
SK: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Validation, Visualization, Writing–original draft, Writing–review and editing. BR: Investigation, Methodology, Writing–original draft. SR: Investigation, Methodology, Writing–original draft. TP: Data curation, Formal Analysis, Methodology, Validation, Writing–original draft. SS: Data curation, Formal Analysis, Investigation, Methodology, Validation, Visualization, Writing–review and editing. TM: Data curation, Formal Analysis, Methodology, Software, Validation, Visualization, Writing–review and editing. MC: Data curation, Formal Analysis, Methodology, Software, Visualization, Writing–review and editing. DR: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Intramural Research Program of the National Institutes of Health, National Cancer Institute, Center for Cancer Research (DDR, ZIA SC009172) and Cooperative Research and Development Agreement 03083 with Celgene, which provided CC90002 and control antibodies and funding for reagents and salary support for SR. Celgene was not involved in the study design, collection, analysis, interpretation of data, the writing of this article, or the decision to submit it for publication.
ACKNOWLEDGMENTS
We acknowledge the support of Meenu N. Perera, PhD, Senior Field Application Scientist from Sartorius, (formerly Essen Biosciences) for IncuCyte assays for spheroid and proliferation analysis. We thank Raghib Nihal, Teresa Ozga and Yashasri Gouda for their assistance with q-PCR experiments.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2024.1356421/full#supplementary-material
REFERENCES
 Advani, R., Flinn, I., Popplewell, L., Forero, A., Bartlett, N. L., Ghosh, N., et al. (2018). CD47 blockade by Hu5F9-G4 and rituximab in non-hodgkin's lymphoma. N. Engl. J. Med. 379, 1711–1721. doi:10.1056/NEJMoa1807315
 Ansell, S. M., Maris, M. B., Lesokhin, A. M., Chen, R. W., Flinn, I. W., Sawas, A., et al. (2021). Phase I study of the CD47 blocker TTI-621 in patients with relapsed or refractory hematologic malignancies. Clin. Cancer Res. 27, 2190–2199. doi:10.1158/1078-0432.CCR-20-3706
 Barclay, A. N., and Van Den Berg, T. K. (2014). The interaction between signal regulatory protein alpha (SIRPα) and CD47: structure, function, and therapeutic target. Annu. Rev. Immunol. 32, 25–50. doi:10.1146/annurev-immunol-032713-120142
 Burandt, E., Lubbersmeyer, F., Gorbokon, N., Buscheck, F., Luebke, A. M., Menz, A., et al. (2021). E-Cadherin expression in human tumors: a tissue microarray study on 10,851 tumors. Biomark. Res. 9, 44. doi:10.1186/s40364-021-00299-4
 Chao, M. P., Jaiswal, S., Weissman-Tsukamoto, R., Alizadeh, A. A., Gentles, A. J., Volkmer, J., et al. (2010). Calreticulin is the dominant pro-phagocytic signal on multiple human cancers and is counterbalanced by CD47. Sci. Transl. Med. 2, 63ra94. doi:10.1126/scitranslmed.3001375
 Cioffi, M., Trabulo, S., Hidalgo, M., Costello, E., Greenhalf, W., Erkan, M., et al. (2015). Inhibition of CD47 effectively targets pancreatic cancer stem cells via dual mechanisms. Clin. Cancer Res. 21, 2325–2337. doi:10.1158/1078-0432.CCR-14-1399
 Gardai, S. J., Mcphillips, K. A., Frasch, S. C., Janssen, W. J., Starefeldt, A., Murphy-Ullrich, J. E., et al. (2005). Cell-surface calreticulin initiates clearance of viable or apoptotic cells through trans-activation of LRP on the phagocyte. Cell 123, 321–334. doi:10.1016/j.cell.2005.08.032
 Gholiha, A. R., Hollander, P., Lof, L., Glimelius, I., Hedstrom, G., Molin, D., et al. (2022). Checkpoint CD47 expression in classical Hodgkin lymphoma. Br. J. Haematol. 197, 580–589. doi:10.1111/bjh.18137
 Halsted, K. C., Bowen, K. B., Bond, L., Luman, S. E., Jorcyk, C. L., Fyffe, W. E., et al. (2008). Collagen alpha1(XI) in normal and malignant breast tissue. Mod. Pathol. 21, 1246–1254. doi:10.1038/modpathol.2008.129
 Honeth, G., Bendahl, P. O., Ringner, M., Saal, L. H., Gruvberger-Saal, S. K., Lovgren, K., et al. (2008). The CD44+/CD24-phenotype is enriched in basal-like breast tumors. Breast Cancer Res. 10, R53. doi:10.1186/bcr2108
 Jaiswal, S., Jamieson, C. H., Pang, W. W., Park, C. Y., Chao, M. P., Majeti, R., et al. (2009). CD47 is upregulated on circulating hematopoietic stem cells and leukemia cells to avoid phagocytosis. Cell 138, 271–285. doi:10.1016/j.cell.2009.05.046
 Jin, R., Shen, J., Zhang, T., Liu, Q., Liao, C., Ma, H., et al. (2017). The highly expressed COL4A1 genes contributes to the proliferation and migration of the invasive ductal carcinomas. Oncotarget 8, 58172–58183. doi:10.18632/oncotarget.17345
 Johnson, W. E., Li, C., and Rabinovic, A. (2007). Adjusting batch effects in microarray expression data using empirical Bayes methods. Biostatistics 8, 118–127. doi:10.1093/biostatistics/kxj037
 Kaur, S., Bronson, S. M., Pal-Nath, D., Miller, T. W., Soto-Pantoja, D. R., and Roberts, D. D. (2021). Functions of thrombospondin-1 in the tumor microenvironment. Int. J. Mol. Sci. 22, 4570. doi:10.3390/ijms22094570
 Kaur, S., Cicalese, K. V., Bannerjee, R., and Roberts, D. D. (2020). Preclinical and clinical development of therapeutic antibodies targeting functions of CD47 in the tumor microenvironment. Antib. Ther. 3, 179–192. doi:10.1093/abt/tbaa017
 Kaur, S., Elkahloun, A. G., Singh, S. P., Chen, Q. R., Meerzaman, D. M., Song, T., et al. (2016). A function-blocking CD47 antibody suppresses stem cell and EGF signaling in triple-negative breast cancer. Oncotarget 7, 10133–10152. doi:10.18632/oncotarget.7100
 Kaur, S., Soto-Pantoja, D. R., Stein, E. V., Liu, C., Elkahloun, A. G., Pendrak, M. L., et al. (2013). Thrombospondin-1 signaling through CD47 inhibits self-renewal by regulating c-Myc and other stem cell transcription factors. Sci. Rep. 3, 1673. doi:10.1038/srep01673
 Kikuchi, Y., Uno, S., Kinoshita, Y., Yoshimura, Y., Iida, S., Wakahara, Y., et al. (2005). Apoptosis inducing bivalent single-chain antibody fragments against CD47 showed antitumor potency for multiple myeloma. Leuk. Res. 29, 445–450. doi:10.1016/j.leukres.2004.09.005
 Latour, S., Tanaka, H., Demeure, C., Mateo, V., Rubio, M., Brown, E. J., et al. (2001). Bidirectional negative regulation of human T and dendritic cells by CD47 and its cognate receptor signal-regulator protein-alpha: down-regulation of IL-12 responsiveness and inhibition of dendritic cell activation. J. Immunol. 167, 2547–2554. doi:10.4049/jimmunol.167.5.2547
 Law, C. W., Chen, Y., Shi, W., and Smyth, G. K. (2014). voom: precision weights unlock linear model analysis tools for RNA-seq read counts. Genome Biol. 15, R29. doi:10.1186/gb-2014-15-2-r29
 Lee, T. K., Cheung, V. C., Lu, P., Lau, E. Y., Ma, S., Tang, K. H., et al. (2014). Blockade of CD47-mediated cathepsin S/protease-activated receptor 2 signaling provides a therapeutic target for hepatocellular carcinoma. Hepatology 60, 179–191. doi:10.1002/hep.27070
 Liberzon, A., Subramanian, A., Pinchback, R., Thorvaldsdottir, H., Tamayo, P., and Mesirov, J. P. (2011). Molecular signatures database (MSigDB) 3.0. Bioinformatics 27, 1739–1740. doi:10.1093/bioinformatics/btr260
 Li, F., Lv, B., Liu, Y., Hua, T., Han, J., Sun, C., et al. (2018). Blocking the CD47-SIRPα axis by delivery of anti-CD47 antibody induces antitumor effects in glioma and glioma stem cells. Oncoimmunology 7, e1391973. doi:10.1080/2162402X.2017.1391973
 Lipponen, P., Saarelainen, E., Ji, H., Aaltomaa, S., and Syrjanen, K. (1994). Expression of E-cadherin (E-CD) as related to other prognostic factors and survival in breast cancer. J. Pathol. 174, 101–109. doi:10.1002/path.1711740206
 Lo, J., Lau, E. Y., Ching, R. H., Cheng, B. Y., Ma, M. K., Ng, I. O., et al. (2015). Nuclear factor kappa B-mediated CD47 up-regulation promotes sorafenib resistance and its blockade synergizes the effect of sorafenib in hepatocellular carcinoma in mice. Hepatology 62, 534–545. doi:10.1002/hep.27859
 Luo, W. R., and Yao, K. T. (2014). Cancer stem cell characteristics, ALDH1 expression in the invasive front of nasopharyngeal carcinoma. Virchows Arch. 464, 35–43. doi:10.1007/s00428-013-1508-z
 Manna, P. P., and Frazier, W. A. (2004). CD47 mediates killing of breast tumor cells via Gi-dependent inhibition of protein kinase A. Cancer Res. 64, 1026–1036. doi:10.1158/0008-5472.can-03-1708
 Marcato, P., Dean, C. A., Giacomantonio, C. A., and Lee, P. W. (2011). Aldehyde dehydrogenase: its role as a cancer stem cell marker comes down to the specific isoform. Cell Cycle 10, 1378–1384. doi:10.4161/cc.10.9.15486
 Margaryan, N. V., Hazard-Jenkins, H., Salkeni, M. A., Smolkin, M. B., Coad, J. A., Wen, S., et al. (2019). The stem cell phenotype of aggressive breast cancer cells. Cancers (Basel) 11, 340. doi:10.3390/cancers11030340
 Mateo, V., Lagneaux, L., Bron, D., Biron, G., Armant, M., Delespesse, G., et al. (1999). CD47 ligation induces caspase-independent cell death in chronic lymphocytic leukemia. Nat. Med. 5, 1277–1284. doi:10.1038/15233
 Matlung, H. L., Szilagyi, K., Barclay, N. A., and Van Den Berg, T. K. (2017). The CD47-SIRPα signaling axis as an innate immune checkpoint in cancer. Immunol. Rev. 276, 145–164. doi:10.1111/imr.12527
 Miller, T. W., Amason, J. D., Garcin, E. D., Lamy, L., Dranchak, P. K., Macarthur, R., et al. (2019). Quantitative high-throughput screening assays for the discovery and development of SIRPα-CD47 interaction inhibitors. PLoS One 14, e0218897. doi:10.1371/journal.pone.0218897
 Moreb, J. S. (2008). Aldehyde dehydrogenase as a marker for stem cells. Curr. Stem Cell Res. Ther. 3, 237–246. doi:10.2174/157488808786734006
 Nakamura, K., Terai, Y., Tanabe, A., Ono, Y. J., Hayashi, M., Maeda, K., et al. (2017). CD24 expression is a marker for predicting clinical outcome and regulates the epithelial-mesenchymal transition in ovarian cancer via both the Akt and ERK pathways. Oncol. Rep. 37, 3189–3200. doi:10.3892/or.2017.5583
 Narla, R. K., Modi, H., Bauer, D., Abbasian, M., Leisten, J., Piccotti, J. R., et al. (2022). Modulation of CD47-SIRPα innate immune checkpoint axis with Fc-function detuned anti-CD47 therapeutic antibody. Cancer Immunol. Immunother. 71, 473–489. doi:10.1007/s00262-021-03010-6
 Nath, P. R., Pal-Nath, D., Kaur, S., Gangaplara, A., Meyer, T. J., Cam, M. C., et al. (2022). Loss of CD47 alters CD8+ T cell activation in vitro and immunodynamics in mice. Oncoimmunology 11, 2111909. doi:10.1080/2162402X.2022.2111909
 Oldenborg, P. A., Zheleznyak, A., Fang, Y. F., Lagenaur, C. F., Gresham, H. D., and Lindberg, F. P. (2000). Role of CD47 as a marker of self on red blood cells. Science 288, 2051–2054. doi:10.1126/science.288.5473.2051
 Ozawa, Y., Harutani, Y., Oyanagi, J., Akamatsu, H., Murakami, E., Shibaki, R., et al. (2021). CD24, not CD47, negatively impacts upon response to PD-1/L1 inhibitors in non-small-cell lung cancer with PD-L1 tumor proportion score < 50. Cancer Sci. 112, 72–80. doi:10.1111/cas.14705
 Pai, S., Bamodu, O. A., Lin, Y. K., Lin, C. S., Chu, P. Y., Chien, M. H., et al. (2019). CD47-SIRPα signaling induces epithelial-mesenchymal transition and cancer stemness and links to a poor prognosis in patients with oral squamous cell carcinoma. Cells 8, 1658. doi:10.3390/cells8121658
 Panigoro, S. S., Kurnia, D., Kurnia, A., Haryono, S. J., and Albar, Z. A. (2020). ALDH1 cancer stem cell marker as a prognostic factor in triple-negative breast cancer. Int. J. Surg. Oncol. 2020, 7863243. doi:10.1155/2020/7863243
 Papadaki, M. A., Kallergi, G., Zafeiriou, Z., Manouras, L., Theodoropoulos, P. A., Mavroudis, D., et al. (2014). Co-expression of putative stemness and epithelial-to-mesenchymal transition markers on single circulating tumour cells from patients with early and metastatic breast cancer. BMC Cancer 14, 651. doi:10.1186/1471-2407-14-651
 Pau Abrisqueta, M. P., Juan-Manuel, SANCHO, Raul, CORDOBA, Danielpersky, O. M. D., Charalambos, ANDREADIS, Alejandro, MARTÍN, et al. (2019). Anti-CD47 antibody, CC-90002, in combination with rituximab in subjects with relapsed and/or refractory non-hodgkin lymphoma (R/R NHL). Blood 134 (Suppl. ment_1), 4089. doi:10.1182/blood-2019-125310
 Puro, R. J., Bouchlaka, M. N., Hiebsch, R. R., Capoccia, B. J., Donio, M. J., Manning, P. T., et al. (2020). Development of AO-176, a next-generation humanized anti-CD47 antibody with novel anticancer properties and negligible red blood cell binding. Mol. Cancer Ther. 19, 835–846. doi:10.1158/1535-7163.MCT-19-1079
 Querfeld, C., Thompson, J. A., Taylor, M. H., Desimone, J. A., Zain, J. M., Shustov, A. R., et al. (2021). Intralesional TTI-621, a novel biologic targeting the innate immune checkpoint CD47, in patients with relapsed or refractory mycosis fungoides or Sezary syndrome: a multicentre, phase 1 study. Lancet Haematol. 8, e808–e817. doi:10.1016/S2352-3026(21)00271-4
 Raghav, P. K., and Mann, Z. (2021). Cancer stem cells targets and combined therapies to prevent cancer recurrence. Life Sci. 277, 119465. doi:10.1016/j.lfs.2021.119465
 Roberts, D. D., Kaur, S., and Soto-Pantoja, D. R. (2015). Therapeutic targeting of the thrombospondin-1 receptor CD47 to treat liver cancer. J. Cell Commun. Signal 9, 101–102. doi:10.1007/s12079-015-0283-9
 Sarfati, M., Fortin, G., Raymond, M., and Susin, S. (2008). CD47 in the immune response: role of thrombospondin and SIRP-alpha reverse signaling. Curr. Drug Targets 9, 842–850. doi:10.2174/138945008785909310
 Shaw, F. L., Harrison, H., Spence, K., Ablett, M. P., Simoes, B. M., Farnie, G., et al. (2012). A detailed mammosphere assay protocol for the quantification of breast stem cell activity. J. Mammary Gland. Biol. Neoplasia 17, 111–117. doi:10.1007/s10911-012-9255-3
 Sikic, B. I., Lakhani, N., Patnaik, A., Shah, S. A., Chandana, S. R., Rasco, D., et al. (2019). First-in-Human, first-in-class phase I trial of the anti-CD47 antibody Hu5F9-G4 in patients with advanced cancers. J. Clin. Oncol. 37, 946–953. doi:10.1200/JCO.18.02018
 Singhai, R., Patil, V. W., Jaiswal, S. R., Patil, S. D., Tayade, M. B., and Patil, A. V. (2011). E-Cadherin as a diagnostic biomarker in breast cancer. N. Am. J. Med. Sci. 3, 227–233. doi:10.4297/najms.2011.3227
 Smyth, G. K. (2004). Linear models and empirical bayes methods for assessing differential expression in microarray experiments. Stat. Appl. Genet. Mol. Biol. 3, Article3. doi:10.2202/1544-6115.1027
 Son, J., Hsieh, R. C., Lin, H. Y., Krause, K. J., Yuan, Y., Biter, A. B., et al. (2022). Inhibition of the CD47-SIRPα axis for cancer therapy: a systematic review and meta-analysis of emerging clinical data. Front. Immunol. 13, 1027235. doi:10.3389/fimmu.2022.1027235
 Soto-Pantoja, D. R., Kaur, S., and Roberts, D. D. (2015). CD47 signaling pathways controlling cellular differentiation and responses to stress. Crit. Rev. Biochem. Mol. Biol. 50, 212–230. doi:10.3109/10409238.2015.1014024
 Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. A., et al. (2005). Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S. A. 102, 15545–15550. doi:10.1073/pnas.0506580102
 Subramanian, S., Tsai, R., Sen, S., Dahl, K. N., and Discher, D. E. (2006). Membrane mobility and clustering of Integrin Associated Protein (IAP, CD47)--major differences between mouse and man and implications for signaling. Blood Cells Mol. Dis. 36, 364–372. doi:10.1016/j.bcmd.2006.01.012
 Tan, E. Y., Thike, A. A., Breast Surgical Team At, O., and Tan, P. H. (2013). ALDH1 expression is enriched in breast cancers arising in young women but does not predict outcome. Br. J. Cancer 109, 109–113. doi:10.1038/bjc.2013.297
 Tan, W., Tang, H., Jiang, X., Ye, F., Huang, L., Shi, D., et al. (2019). Metformin mediates induction of miR-708 to inhibit self-renewal and chemoresistance of breast cancer stem cells through targeting CD47. J. Cell Mol. Med. 23, 5994–6004. doi:10.1111/jcmm.14462
 Tomita, H., Tanaka, K., Tanaka, T., and Hara, A. (2016). Aldehyde dehydrogenase 1A1 in stem cells and cancer. Oncotarget 7, 11018–11032. doi:10.18632/oncotarget.6920
 Wang, S. M., Chen, P. M., Sung, Y. W., Huang, W. C., Huang, H. S., and Chu, P. Y. (2020b). Effect of COL4A1 expression on the survival of neoadjuvant chemotherapy breast cancer patients. J. Oncol. 2020, 5209695. doi:10.1155/2020/5209695
 Wang, F., Liu, Y. H., Zhang, T., Gao, J., Xu, Y., Xie, G. Y., et al. (2020a). Aging-associated changes in CD47 arrangement and interaction with thrombospondin-1 on red blood cells visualized by super-resolution imaging. Aging Cell 19, e13224. doi:10.1111/acel.13224
 Wang, X., Bove, A. M., Simone, G., and Ma, B. (2020c). Molecular bases of VEGFR-2-mediated physiological function and pathological role. Front. Cell Dev. Biol. 8, 599281. doi:10.3389/fcell.2020.599281
 Willingham, S. B., Volkmer, J. P., Gentles, A. J., Sahoo, D., Dalerba, P., Mitra, S. S., et al. (2012). The CD47-signal regulatory protein alpha (SIRPa) interaction is a therapeutic target for human solid tumors. Proc. Natl. Acad. Sci. U. S. A. 109, 6662–6667. doi:10.1073/pnas.1121623109
 Zeidan, A. M., Deangelo, D. J., Palmer, J., Seet, C. S., Tallman, M. S., Wei, X., et al. (2022). Phase 1 study of anti-CD47 monoclonal antibody CC-90002 in patients with relapsed/refractory acute myeloid leukemia and high-risk myelodysplastic syndromes. Ann. Hematol. 101, 557–569. doi:10.1007/s00277-021-04734-2
 Zhang, F., Yang, B., Shi, S., and Jiang, X. (2014). RNA interference (RNAi) mediated stable knockdown of protein casein kinase 2-alpha (CK2α) inhibits migration and invasion and enhances cisplatin-induced apoptosis in HEp-2 laryngeal carcinoma cells. Acta histochem. 116, 1000–1006. doi:10.1016/j.acthis.2014.04.001
 Zhang, H., Cui, X., Cao, A., Li, X., and Li, L. (2020). ITGA3 interacts with VASP to regulate stemness and epithelial-mesenchymal transition of breast cancer cells. Gene 734, 144396. doi:10.1016/j.gene.2020.144396
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Kaur, Reginauld, Razjooyan, Phi, Singh, Meyer, Cam and Roberts. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-12-1356421-g005.gif





OPS/images/fcell-12-1356421-t001.jpg
Name Primer sequence

snail-F AGGCCAAGGATCTCCAGGCTCGA
snail-R CTTCCCGCAGGTTCCGCAGA

SLUG-F TGCACTGCGATGCCCAGTCT

SLUG-R AAAACGCCTTGCCGCAGATC
B_Catenin-F AAGTCTGGAGGCATTCCTGC
B_Catenin-R ACCAGCTAAACGCACTGCCA

ZEB1-F CGCTTCTCACACTCTGGGTC

ZEBI-R CATTCGAGAGGATTTCAGGCCCT
ZO-1-F CGTTAGTCACCCAGGGCACAGG
ZO-1-R GTATGTGGGCTGCTCGAGGT

B2M-F TCC TGA ATT GCT ATG TGT CTG GGT
B2M-R GAT AGA AAG ACC AGT CCT TGC T
18S-F AGG ACC GCG GTT CTA TTT TGT TGG
18S-R CCC CCG GCC GTC CCT CTT A
ALDHIAL-F CCA CTC ACT GAA TCA TGC CA
ALDHIAL-R GCA CGC CAG ACT TAC CTG TC
CK2-F AGC ATG CCA GGG GGC AGT AC
CK2-R CTG GTG AGC CTG CCA GAG GT
CDHI-F CCA GAA TCC CCA AGT GCC TGC

CDHI-R GAA TTG GGC AAA TGT GTT CAG C





OPS/images/fcell-12-1356421-g003.gif





OPS/images/fcell-12-1356421-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Effects of a humanized CD47 antibody and recombinant SIRPα proteins on triple negative breast carcinoma stem cells		1 Introduction

		2 Materials and methods		2.1 Cell culture

		2.2 SIRPα-Fc purification

		2.3 Flow cytometry analysis

		2.4 Cancer stem cell markers analysis

		2.5 CD24High and CD24Low subset enrichment

		2.6 Real Real Time PCR

		2.7 Aldefluor assay

		2.8 Cell proliferation assays

		2.9 Spheroid/mammosphere assay

		2.10 SIRPα-CD47 binding assay markers analysis

		2.11 Bulk RNA sequencing analysis

		2.12 Statistics





		3 Results		3.1 Direct effects of SIRPα-Fc and CC90002 on MDA-MB-231 cells

		3.2 Effect of SIRPα-Fc on cell proliferation and spheroid formation

		3.3 SIRPα-Fc affects expression of EMT markers





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology

Effects of a humanized CD47
antibody and recombinant
SIRPa proteins on triple negative
breast carcinoma stem cells





OPS/images/fcell-12-1356421-g001.gif
o
.
5
El






OPS/images/fcell-12-1356421-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





