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SUMMARY:
This protocol describes a time-lapse live-cell imaging method to visualize antibody-dependent macrophage phagocytosis of green fluorescent protein–labeled triple-negative breast cancer cells using peripheral blood mononuclear cell–derived macrophages and an automated microscope.

ABSTRACT:
Antibody-dependent cellular phagocytosis is a key mechanism by which macrophages engulf antibody-opsonized cancer cells. This protocol describes a time-lapse live-cell imaging method to visualize antibody-dependent macrophage phagocytosis of green fluorescent protein–labeled, CD24-expressing triple-negative breast cancer cells. Macrophages are derived from human peripheral blood mononuclear cells, differentiated with macrophage colony–stimulating factor, and polarized using interferon gamma and lipopolysaccharide to generate a pro-inflammatory phenotype. Cancer cells are opsonized with an anti-CD24 monoclonal antibody prior to co-culture with macrophages at a defined effector-to-target ratio. Phagocytic events are recorded over a 16 h period using an automated microscope equipped with environmental control to maintain physiological conditions. Imaging is performed using brightfield and fluorescence channels, allowing identification of cancer cells and monitoring of their internalization by macrophages. Representative time-lapse images demonstrate the progressive engulfment of fluorescent cancer cells over time. To enable quantitative assessment, a parallel endpoint assay is performed under identical co-culture conditions, in which non-internalized cancer cells are removed prior to imaging to allow accurate measurement of phagocytic events. This method provides a standardized and reproducible approach for visualizing antibody-driven macrophage phagocytosis in vitro. Importantly, the integration of time-lapse imaging with endpoint-based quantification enables complementary evaluation of the kinetics and magnitude of phagocytosis. This protocol supports the evaluation of therapeutic antibodies and macrophage-directed cancer immunotherapies in a controlled in vitro setting.

INTRODUCTION:
Breast cancer is the most frequently diagnosed malignancy among women worldwide, accounting for approximately 2.3 million new cases annually1. The disease is clinically heterogeneous and is classified into at least four major molecular subtypes based on the status of hormone receptors—estrogen receptor (ER) and progesterone receptor (PR)—and the expression of the human epidermal growth factor receptor 2 (HER2) oncogene2. Luminal A tumors express ER and/or PR without HER2 overexpression (ER/PR+ and HER2−); luminal B tumors co-express ER/PR and HER2 (ER/PR+ and HER2+); HER2+ tumors are characterized by high HER2 expression independent of hormone receptor status; and triple-negative breast cancer (TNBC) lacks expression of all three markers (ER−, PR−, and HER2−)2,3. Among these subtypes, TNBC represents the most clinically challenging form and accounts for approximately 15%–20% of all breast cancers. Patients with TNBC exhibit the most aggressive disease course, with the worst prognosis and shortest 5-year overall survival, owing to poor responses to conventional chemotherapy and the absence of effective targeted therapies3,4. Furthermore, TNBC displays a significantly high propensity for visceral metastasis, particularly to the lungs within 5 years of diagnosis, and patients with advanced or metastatic TNBC (mTNBC) have a median survival that rarely exceeds 2 years5,6. These statistics underscore the critical and unmet need for novel therapeutic strategies for TNBC.

The tumor microenvironment (TME) plays a pivotal role in breast cancer progression and immune evasion. Tumor-associated macrophages rank among the most abundant immune cells within the TME and have recently been recognized as critical mediators of innate anti-tumor immunity7–9. While TAMs were historically divided into pro-inflammatory “M1” and pro-tumoral “M2” states, this binary model fails to capture the true extent of macrophage heterogeneity. Instead, TAMs occupy a dynamic functional spectrum, evolving in response to the diverse biochemical signals within the TME. Within this complex landscape, cancer cells actively subvert macrophage activity through various immune evasion strategies, notably the overexpression of “don’t eat me” signals. The CD47/SIRPα axis was the first identified innate immune checkpoint in this context6,10, and more recently, CD24 has emerged as a novel and potent antiphagocytic signal11,12. CD24 is a small and heavily glycosylated mucin-type glycoprotein anchored to the cell membrane via a glycosylphosphatidylinositol linkage13. It is expressed on various immune cell lineages under physiological conditions but is frequently overexpressed in solid tumors, including breast, ovarian, pancreatic, and colorectal cancers14. On tumor cells, CD24 engages the inhibitory receptor sialic acid–binding immunoglobulin-like lectin 10 (Siglec-10) expressed on macrophages. This interaction triggers phosphorylation of the immunoreceptor tyrosine-based inhibitory motif domains in the cytoplasmic tail of Siglec-10, activating the SHP-1 and SHP-2 phosphatases that suppress downstream phagocytic signaling11. Blockade of the CD24/Siglec-10 interaction with monoclonal antibody has been shown to robustly augment the phagocytosis of CD24-expressing human tumors by macrophages. Our recent study also showed that knockout of CD24a in breast cancer cells increases their susceptibility to macrophage phagocytosis in a murine triple-negative breast cancer model9.

Antibody-dependent cellular phagocytosis (ADCP) is a pivotal mechanism by which antibodies direct macrophages to phagocytose tumor cells15,16. Upon binding to tumor-expressed antigens, the Fc region of the antibody engages Fcγ receptors (FcγRs) on macrophages, triggering intracellular signaling cascades that culminate in cytoskeletal rearrangement, phagocytic cup formation, and engulfment of the target cell17.

In this study, we developed and validated a time-lapse live-cell imaging protocol for measuring antibody-driven macrophage phagocytosis of breast cancer cells. The method utilizes peripheral blood mononuclear cell (PBMC)-derived macrophages from healthy human donors, differentiated with macrophage colony-stimulating factor (M-CSF) and subsequently stimulated with lipopolysaccharide (LPS) and interferon gamma (IFN-γ). Flow cytometry analysis confirmed upregulation of CD80 within the CD11b⁺ population following stimulation (Figure 1), supporting the classically activated phenotype. This activation state confers robust antibody-mediated phagocytic capacity, making it well suited for evaluating antibody-dependent cellular phagocytosis (ADCP). GFP-tagged CD24-positive breast cancer cells serve as target cells and are opsonized with a therapeutic anti-CD24 monoclonal antibody prior to co-culture. Phagocytic events are recorded over a 16 h period using an automated microscope under controlled environmental conditions. To enable quantitative assessment in parallel with dynamic visualization, a separate endpoint assay is performed under identical co-culture conditions, allowing rigorous measurement of phagocytosis following removal of non-internalized target cells. This protocol provides a standardized, reproducible, and visually informative platform for evaluating ADCP mediated by an anti-CD24 antibody. Importantly, the integration of time-lapse imaging with a complementary endpoint-based quantification strategy enables simultaneous evaluation of phagocytic kinetics and magnitude. The method can be adapted for investigating other macrophage-directed immunotherapeutic targets. This protocol is most suitable for evaluating ADCP mediated by therapeutic monoclonal antibodies against surface antigens on cancer cells. It is well suited for comparative screening of candidate antibodies, dose-response characterization, and mechanistic studies of Fc–FcγR engagement, including the effects of “don’t-eat-me” signal blockade (e.g., CD47–SIRPα). Because the assay uses primary human macrophages, it is also appropriate for translational studies that require assessment of donor-to-donor variability prior to clinical development.

[Place Figure 1 here]

Users should consider several constraints when applying this technique. First, donor variability in PBMC-derived macrophages can introduce substantial variance in phagocytic output, and we recommend using multiple donors (n ≥ 3) with individual donor data reported alongside pooled results. Second, the 2D co-culture format does not recapitulate the tumor microenvironment, and findings should be validated in 3D or in vivo models before clinical inference. Third, the 16-hour imaging window captures early phagocytic events but does not reflect longer-term processes such as antigen presentation or secondary immune activation. Thus, the combined use of real-time imaging and endpoint quantification provides a complementary framework that enhances both interpretability and reproducibility of ADCP measurements.

PROTOCOL:
This protocol involves the use of primary macrophages derived from blood samples of healthy donors. The collection and processing of the samples were performed in accordance with the guidelines of the Institutional Review Board (IRB) of China Medical University.

1. Preparation of PBMC-Derived Macrophages

NOTE: Perform all procedures involving human blood under institutional IRB approval (e.g., CMUH IRB). Obtain informed consent from healthy donors prior to blood collection.

CAUTION: Handle all human blood products under Biosafety Level 2 conditions using universal precautions.

1.1. Blood collection

1.1.1. Collect whole blood from a healthy donor into 10 mL ethylenediaminetetraacetic acid (EDTA)-coated vacutainer tubes.

1.2. Blood dilution

1.2.1. Dilute the whole blood at a 1:1 ratio with ice-cold phosphate-buffered saline (PBS; Ca²⁺-/Mg²⁺-free) (e.g., 10 mL blood + 10 mL PBS).

1.2.2. Mix by inversion three to five times.

NOTE: Keep PBS on ice prior to use. Cold temperature helps preserve cell viability during processing.

1.3. Density gradient layering

1.3.1. Carefully layer the diluted blood over Ficoll–Paque PLUS at a 2:1 volume ratio (v/v) in a conical tube (e.g., 8 mL blood over 4 mL Ficoll in a 15 mL tube, or 30 mL over 15 mL in a 50 mL tube).

1.3.2. Equilibrate both the diluted blood and Ficoll–Paque PLUS to 20°C ± 2°C prior to layering.

1.3.3. Remove Ficoll–Paque PLUS from 4°C storage at least 30 min before use, or warm briefly in a 20°C ± 2°C water bath.

1.3.4. Do not use cold reagents, as Ficoll density is calibrated for 20°C ± 2°C, and deviations will compromise separation efficiency and PBMC yield.

NOTE: Tilt the tube at a 45° angle and pipette the blood slowly along the wall to maintain a sharp interface. Do not disturb the Ficoll layer.

1.4. Centrifugation

1.4.1. Centrifuge at 400 × g for 30 min at 20°C with the brake off (Figure 1).

NOTE: Braking will disrupt the density gradient and reduce PBMC yield.

1.5. PBMC collection

1.5.1. Carefully aspirate only the buffy coat layer (the whitish interface between the plasma and Ficoll layers), without disturbing the plasma above or the Ficoll layer below, using a serological pipette.

1.5.2. Transfer the collected layer to a new 50 mL conical tube.

1.6. PBMC washing

1.6.1. Add PBS to bring the total volume up to 25 mL in a 50 mL conical tube.

1.6.2. Use a 50 mL tube to ensure proper centrifugation and balancing.

1.6.3. Centrifuge at 300 × g for 10 min.

1.7. RBC lysis

1.7.1. Discard the supernatant.

1.7.2. Resuspend the pellet in 5 mL red blood cell (RBC) lysis buffer by gentle pipetting up and down with a serological pipette until the pellet is fully dispersed and no visible clumps remain.

1.7.3. Incubate at room temperature for 5 min.

CAUTION: Complete dispersion is required to ensure uniform lysis; however, avoid vigorous pipetting or vortexing, which can damage PBMCs. Do not exceed 5 min of incubation with RBC lysis buffer, as prolonged exposure may compromise PBMC viability.

1.8. PBMC pelleting

1.8.1. Centrifuge at 500 × g for 5 min to pellet PBMCs and remove lysed RBC debris.

1.9. Final resuspension

1.9.1. Discard the supernatant.

1.9.2. Resuspend the pellet in 5 mL ImmunoCult-SF macrophage medium.

NOTE: Under standard conditions, 10 mL of whole blood typically yields 1.5–2.0 × 107 PBMCs.

2. Macrophage Differentiation (Days 0–7)

NOTE: Use non-tissue culture (TC)-treated Petri dishes to select for differentiated macrophages derived from monocytes by adherence. Non-adherent lymphocytes will be washed away during subsequent culture.

2.1. Day 0: Cell seeding

2.1.1. Perform cell counting and seed 1 × 10⁷ PBMCs into a non-TC-treated 10 cm Petri dish.

2.1.2. Bring the total volume to 10 mL using ImmunoCult-SF macrophage medium supplemented with 100 ng/mL M-CSF (prepared by adding M-CSF stock directly to the complete medium immediately before use and mixing by gentle inversion).

NOTE: The protocol can be scaled proportionally to accommodate variations in donor PBMC yield, using a seeding density starting from 1 × 10⁶ cells/mL as a baseline.

2.2. Incubation and monitoring

2.2.1. Incubate at 37°C with 5% CO₂ in a humidified incubator.

2.2.2. Monitor the formation of floating monocyte clusters and the appearance of adherent cells daily.

NOTE: Monocytes will gradually increase in size and form clusters as differentiation progresses. Some monocytes will begin to attach to the plate. No intervention is required at this step.

2.3. Day 5: Media supplementation

2.3.1. Gently add 5 mL of fresh ImmunoCult-SF macrophage medium supplemented with 100 ng/mL M-CSF to the dish, taking care to avoid disturbing the adherent macrophages.

2.3.2. Continue the culture for an additional 2 days (until Day 7).

CAUTION: Add fresh medium gently along the side of the dish to avoid disturbing adherent macrophages, as mechanical disruption may affect differentiation efficiency and cell yield.

NOTE: Avoid replacing the medium to preserve autocrine/paracrine factors that support macrophage differentiation.

2.4. Day 7: Morphological assessment

2.4.1. Examine macrophage differentiation efficiency under an inverted microscope.

2.4.2. Adherent cells exhibit characteristic macrophage morphology: large, flattened, and irregularly shaped, with visible pseudopodia.

2.4.3. On Day 7, well-differentiated macrophages should be visible.

CAUTION: Morphological assessment at Day 7 serves as a critical prerequisite for subsequent flow cytometry validation. Well-differentiated macrophages should be clearly visible under the microscope, and a higher proportion of adherent cells with macrophage morphology reflects greater differentiation efficiency (approximately 70% confluency of adherent macrophages with characteristic morphology is considered indicative of successful differentiation). Cultures showing sparse adherence, predominantly rounded cells, or otherwise poor morphological differentiation are unlikely to yield reliable flow cytometry results and should not proceed to stimulation and staining.

3. Macrophage Polarization (Days 8–10)

3.1. Collection and clarification of conditioned medium

3.1.1. On Day 8, carefully aspirate the 15 mL of medium from the culture dish without disturbing the adherent macrophages and transfer it to a sterile 50 mL conical tube.

3.1.2. Centrifuge the collected medium at 400 × g for 5 min to pellet cell debris.

3.1.3. Retain the clarified supernatant for the next step.

3.2. Interferon gamma (IFN-γ) and lipopolysaccharide (LPS) stimulation

3.2.1. Transfer the clarified 15 mL supernatant to a new sterile tube and supplement with 100 ng/mL IFN-γ and 1 μg/mL LPS.

3.2.2. Mix thoroughly by gentle pipetting up and down (5–10 times) to ensure uniform cytokine distribution without introducing bubbles.

3.2.3. Return the full 15 mL of cytokine-supplemented medium to the original culture dish, gently pipetting along the inner wall to avoid disturbing the adherent macrophages.

3.2.4. Incubate at 37°C with 5% CO₂ for 48 h (Day 8 to Day 10).

NOTE: Utilize conditioned (old) medium to preserve autocrine/paracrine factors. This combination of IFN-γ and LPS is used to polarize macrophages into a pro-inflammatory phenotype. Under the IFN-γ (100 ng/mL) and LPS (1 μg/mL) stimulation conditions used in this protocol, macrophages display characteristic morphological changes, including elongated lamellipodia consistent with an activated pro-inflammatory state, as well as CD11b and CD80 expression.

CAUTION: Handle LPS with appropriate laboratory safety procedures, as it is a bioactive endotoxin that may cause inflammatory responses upon exposure.

4. Confirmation of Inflammatory Phenotype Markers of IFN-γ- and LPS-Stimulated Macrophages by Flow Cytometry

4.1. Cell harvesting

4.1.1. Harvest a subset of polarized macrophages on Day 10 for phenotyping.

4.1.2. Add 10 mM EDTA in PBS and incubate for 10–15 min at 37°C.

4.1.3. Detach cells by gentle pipetting.

NOTE: Extend the EDTA incubation for an additional 30 min at 37°C if cells remain adherent, then repeat gentle pipetting. Avoid vigorous pipetting or mechanical scraping to preserve cell viability and surface marker integrity.

4.2. Antibody staining setup

4.2.1. Stain cells with fluorochrome-conjugated antibodies against CD11b (pan-macrophage lineage marker), CD80 (inflammatory marker), and CD206 (anti-inflammatory marker used as a negative exclusion marker for inflammatory phenotype identification).

4.3. Staining procedure

4.3.1. Transfer 5 × 105 detached macrophages into a flow cytometry tube containing 100 μL of cold PBS.

4.3.2. Add CD11b-FITC, CD80-PE, and CD206-PerCP-Cy5.5 antibodies to a final concentration of 1 μg/mL each.

4.3.3. Mix the cell suspension by gentle pipetting.

4.3.4. Incubate samples on ice for 1 h, protected from light.

4.3.5. Centrifuge samples at 300 × g for 1 min at 4°C.

4.3.6. Aspirate the supernatant carefully.

4.3.7. Add 0.5 mL of cold PBS to wash the cell pellet.

4.3.8. Centrifuge samples at 300 × g for 1 min at 4°C.

4.3.9. Discard the supernatant.

4.3.10. Resuspend the cell pellet in 200 μL of cold PBS.

4.3.11. Add DAPI to a final concentration of 1 μg/mL.

NOTE: Include appropriate isotype controls and a viability dye (e.g., DAPI or Viobility 405/452 Fixable Dye).

4.4. Flow cytometry analysis

4.4.1. Acquire stained samples using a flow cytometer.

4.4.2. Confirm expression of CD11b and CD80 in the macrophage population.

4.4.3. Proceed to the phagocytosis assay only after confirming marker expression consistent with an inflammatory phenotype.

4.5. Flow cytometry acquisition and setup

4.5.1. Instrument setup

4.5.1.1. Configure the flow cytometer using the following channels: Pacific Blue/V450 (DAPI), FITC (CD11b), PE (CD80), and PerCP-Cy5.5 (CD206).

4.5.1.2. Set the acquisition parameter to collect 10,000 events per sample within the defined parent gate.

4.5.2. Threshold and gain calibration

4.5.2.1. Open four dot plots displaying FSC on the x-axis and one fluorophore channel on the y-axis.

4.5.2.2. Prepare cells stained with corresponding isotype control antibodies matched to each fluorophore.

4.5.2.3. Acquire isotype control samples.

4.5.2.4. Adjust the gain for each channel to position the isotype control population below 10¹ on the log scale.

4.5.2.5. Use this threshold to define background signal levels.

NOTE: Use a log scale range of 10¹ to 10¹·⁵ to establish reliable separation between background and specific signal.

4.5.3. Compensation

4.5.3.1. Add one drop of compensation beads into a 1.5 mL microcentrifuge tube.

4.5.3.2. Add the corresponding fluorophore-conjugated antibody to a final concentration of 1 μg/mL.

4.5.3.3. Incubate for 30 min on ice, protected from light.

4.5.3.4. Centrifuge at 400 × g for 1 min.

4.5.3.5. Discard the supernatant.

4.5.3.6. Resuspend beads in 200 μL of cold PBS.

4.5.3.7. Acquire single-color controls.

4.5.3.8. Apply spectral compensation to correct fluorophore spillover.

4.5.4. Gating strategy

4.5.4.1. Live cell selection

4.5.4.1.1. Display Pacific Blue/V450 (DAPI) on the y-axis and FSC on the x-axis.

4.5.4.1.2. Gate on DAPI-negative events (below 10¹) to select live cells.

4.5.4.2. Macrophage identification

4.5.4.2.1. Set the live-cell population as the parent gate.

4.5.4.2.2. Display FITC (CD11b) on the y-axis and FSC on the x-axis.

4.5.4.2.3. Gate on CD11b⁺ events (above 10¹).

4.5.4.3. Inflammatory phenotype identification

4.5.4.3.1. Set the CD11b⁺ population as the parent gate.

4.5.4.3.2. Display PE (CD80) on the y-axis and PerCP-Cy5.5 (CD206) on the x-axis.

4.5.4.3.3. Apply quadrant gating at 101.5 on both axes.

4.5.4.3.4. Identify CD80⁺CD206⁻ cells in the upper-left quadrant (Q1).

4.6. Acceptance criteria

4.6.1. Confirm that ≥90% of cells within the CD11b⁺ parent gate are CD80⁺CD206⁻.

4.6.2. Proceed to the phagocytosis assay only when this threshold is achieved.

4.6.3. Repeat PBMC isolation, M-CSF differentiation, and IFN-γ/LPS stimulation if samples fail to meet this criterion.

5. Antibody-Dependent Phagocytosis Assay

NOTE: Verify stable GFP expression in cancer cells before assay setup. Confirm CD24 expression on target cells prior to the assay. Use cancer cells with 50%–100% CD24 positivity for optimal performance. MDA-MB-468 cells used in this protocol exhibit 100% CD24 positivity.

5.1. Macrophage seeding

5.1.1. Seed IFN-γ- and LPS-stimulated macrophages, as validated in Step 4, at 2 × 10⁵ cells per well in a 24-well tissue culture plate.

5.1.2. Incubate the plate at 37°C under static conditions with 5% CO₂ for 12–16 h to allow cell adherence (Figure 2A).

[Place Figure 2 here]

NOTE: Ensure firm macrophage adherence before proceeding. Poorly adhered macrophages may detach during imaging and confound results.

5.2. Preparation of cancer cells

5.2.1. Culture CD24-positive GFP-tagged breast cancer cells (MDA-MB-468) to 70%–80% confluency.

5.2.2. Aspirate the culture medium.

5.2.3. Wash the cell monolayer once with PBS.

5.3. Detachment of cancer cells

5.3.1. Add 10 mM EDTA in PBS to the culture dish.

5.3.2. Incubate cells at 37°C for 5–10 min.

5.3.3. Detach cells by gentle pipetting to achieve complete cell release.

NOTE: Avoid trypsin for cell detachment. Enzymatic digestion may cleave CD24 from the cell surface and compromise antibody binding.

5.4. Collection and counting of cancer cells

5.4.1. Collect detached cells into a centrifuge tube.

5.4.2. Centrifuge cells at 300 × g for 5 min.

5.4.3. Discard the supernatant.

5.4.4. Resuspend the cell pellet in complete DMEM medium.

5.4.5. Count viable cells.

5.5. Antibody opsonization of cancer cells

5.5.1. Resuspend cancer cells at a density of 2 × 10⁵ cells/mL in 0.5 mL of complete DMEM medium.

5.5.2. Add anti-CD24 monoclonal antibody to a final concentration of 1 μg/mL.

5.5.3. Mix the cell suspension by gentle pipetting to ensure uniform antibody distribution.

5.5.4. Incubate the cells at 37°C for 30 min under static conditions.

NOTE: Include an isotype-matched IgG control at the same concentration as a negative control for antibody-dependent phagocytosis.

5.6. Preparation for co-culture

5.6.1. Do not wash the cells after opsonization.

5.6.2. Proceed directly to co-culture to maintain antibody coating on the cell surface.

5.7. Co-culture setup

5.7.1. Add 1 × 10⁵ antibody-opsonized GFP-tagged breast cancer cells to each well containing macrophages.

5.7.2. Maintain an effector-to-target ratio of 2:1.

NOTE: Adjust the effector-to-target ratio based on experimental design. Use higher macrophage-to-cancer cell ratios than the described 2:1 ratio (e.g., 3:1 or 5:1) to increase cell–cell contact frequency and enhance detection of phagocytic events.

6. Time-Lapse Imaging (Automated live-cell imaging system)

NOTE: Configure the imaging protocol using a Lionheart automated live-cell imaging system and Gen5 automated live-cell imaging software prior to the assay. Obtain appropriate training before operating the imaging system to ensure accurate setup, optimal performance, and safe use.

6.1. Instrument preparation

6.1.1. Switch on the imaging system, environmental control module, and CO₂ gas supply at least 1 h before imaging.

6.1.2. Open the Environment Control panel in automated live-cell imaging software.

6.1.3. Set temperature to 37°C and CO₂ to 5%.

6.1.4. Confirm that the chamber temperature stabilizes within ± 0.2°C and CO₂ at 5.0% ± 0.1% before loading the plate.

6.2. Plate setup

6.2.1. Place the 24-well plate into the imaging chamber of the imaging system.

6.3. Initial configuration

6.3.1. Open Task Manager of the automated live-cell imaging software.

6.3.2. Select [Imager manual mode].

6.3.3. Click [Capture now] to initialize imaging parameters.

6.3.4. Select a 10× objective.

6.3.5. Select microplate as the filter setting.

6.3.6. Select a 24-well plate from the plate library of the automated live-cell imaging software.

6.4. Focus and image setup

6.4.1. Select the Phase Contrast channel.

6.4.2. Select a representative well (e.g., A1).

6.4.3. Activate autofocus prior to time-lapse acquisition.

6.4.4. Capture an image using the camera icon.

6.4.5. Confirm cell morphology and focus quality.

6.4.6. Navigate to [Process/Analyze].

6.4.7. Select [Create experiment from an image set] to configure the experiment.

6.5. Time-lapse acquisition parameters

6.5.1. Open the [Procedure] settings panel.

6.5.2. Set temperature to 37°C and CO₂ to 5%.

6.5.3. Under [Start Kinetic], set run time to 16:00:00.

6.5.4. Set imaging interval to 0:10:00.

6.5.5. Set total reads to 97.

6.5.6. Use an imaging interval of 10–15 min to balance temporal resolution and phototoxicity while capturing early phagocytic events.

6.6. Imaging channel configuration

6.6.1. Set Channel 1 to Phase Contrast.

6.6.2. Set Channel 2 to GFP (Ex 469/35, Em 525/39).

6.6.3. Select a 10× objective for optimal field of view and resolution.

6.6.4. Set illumination, integration time, and gain to [Auto], or manually adjust.

6.6.5. Use a typical GFP exposure time of 100–300 ms to avoid signal saturation.

6.6.6. Apply identical imaging settings across all wells.

6.7. Imaging position setup

6.7.1. Open the [Define beacons] menu.

6.7.2. Disable Z-stack acquisition.

6.7.3. Disable montage acquisition.

6.7.4. Perform imaging at a single focal plane.

6.7.5. Define imaging positions manually by selecting representative, non-overlapping regions within each well using the microscope icon.

6.7.6. Maintain identical imaging positions across all time points.

6.7.7. Select at least 4–6 fields of view per well.

6.8. Time-lapse acquisition

6.8.1. Click [Play] to initiate automated time-lapse imaging.

6.9. Data export and visualization

6.9.1. Open the saved experiment file after acquisition.

6.9.2. Select imaging positions.

6.9.3. Export time-lapse data in MP4 format.

6.9.4. Open the [Process Tool].

6.9.5. Apply [Image Deconvolution] if needed to enhance visualization and identify representative phagocytosis events.

NOTE: Use time-lapse imaging for qualitative visualization only. Non-engulfed GFP-positive cancer cells may overlap or transiently associate with macrophages, leading to false-positive signals. Perform quantitative analysis using a separate endpoint assay.

7. Endpoint Phagocytosis Quantification

7.1. Removal of non-internalized cells

7.1.1. Perform the assay under identical co-culture conditions.

7.1.2. Terminate the experiment at 4 h.

7.1.3. Remove the culture medium.

7.1.4. Add 10 mM EDTA in PBS.

7.1.5. Incubate at 37°C for 5 min.

7.1.6. Wash gently with PBS to remove non-internalized GFP-positive cells.

7.1.7. Add fresh macrophage medium.

7.2. Image acquisition for quantification

7.2.1. Acquire images using phase contrast and GFP channels.

7.2.2. Capture at least 4–6 fields of view per well.

7.2.3. Analyze a minimum of three wells per condition.

7.3. Definition of phagocytic events

7.3.1. Identify macrophages containing GFP-positive signals fully enclosed within the cellular boundary.

7.4. Image analysis

7.4.1. Open images in ImageJ software.

7.4.2. Use the Cell Counter plugin.

7.4.3. Count total macrophages.

7.4.4. Count macrophages containing internalized GFP-positive cells.

7.5. Calculation of phagocytosis index

7.5.1. Calculate:



7.5.2. Perform analysis in a blinded manner.

7.5.3. Repeat across at least three independent experiments.

7.6. Data presentation

7.6.1. Present representative time-lapse images chronologically (Figure 2B and Figure 2C).

7.6.2. Present representative endpoint images (Figure 3A and Figure 3B).

[Place Figure 3 here]

REPRESENTATIVE RESULTS:
Successful generation and polarization of macrophages from PBMCs were confirmed using morphological assessment and flow cytometry analysis (Figure 1). PBMCs isolated by density gradient centrifugation were cultured in M-CSF-supplemented medium, resulting in adherent cells with characteristic macrophage morphology by Day 7. Following stimulation with IFN-γ and LPS, cells exhibited a phenotype consistent with activation under the applied conditions. Flow cytometry analysis demonstrated that 99.8% of the gated cells were positive for CD11b, confirming efficient differentiation into macrophages (Figure 1). Among CD11b-positive cells, the majority localized within the CD80⁺CD206⁻ quadrant (95.2%), indicating successful polarization under the specified stimulation conditions. These results confirm that the protocol reliably generates macrophages with the expected marker expression profile.

Time-lapse imaging enabled direct visualization of antibody-dependent cellular phagocytosis (Figure 2). The image analysis workflow for both the acquired time-lapse data and endpoint data is summarized in Supplementary Figure 1. GFP-labeled CD24-positive breast cancer cells were co-cultured with macrophages, and phagocytic events were identified by the progressive internalization of GFP-positive cells into macrophages over time. In the fluorescence channel, engulfed cancer cells appeared as localized GFP signals within macrophage boundaries, while corresponding brightfield images showed phase-bright intracellular structures. Sequential imaging from 1 h to 16 h demonstrated the dynamic process of phagocytosis, including initial cell-cell contact, membrane engagement, and complete internalization of target cells (Figure 2B and Figure 2C). Highlighted regions and enlarged views show individual engulfment events, with clear temporal progression of cancer cell uptake by macrophages. Compared to IgG control conditions, antibody-treated co-cultures exhibited a higher frequency of observable phagocytic events.

To quantify antibody-dependent phagocytosis, endpoint analysis was performed after 4 h of co-culture in a separate experiment, following removal of non-engulfed GFP-positive cancer cells by 10 mM EDTA treatment (Figure 3). Phase-contrast and GFP fluorescence images were used to identify macrophages and internalized GFP-positive targets. In the IgG control condition, no phagocytic events were detected across analyzed fields, indicating minimal baseline phagocytosis (Figure 3A, top). In contrast, treatment with anti-CD24 monoclonal antibody resulted in abundant intracellular GFP-positive signals within macrophages, consistent with active antibody-dependent cellular phagocytosis (Figure 3A, bottom). Quantification of the phagocytosis index revealed a significant increase from 0.00 ± 0.00% in the IgG group to 18.76 ± 4.01% in the anti-CD24-treated group (mean ± SD; n = 6 fields per group; p < 0.001; Figure 3B), demonstrating robust and reproducible antibody-mediated phagocytic activity.

Together, these results demonstrate that the described protocol enables reproducible macrophage differentiation and polarization and supports real-time visualization and endpoint quantification of antibody-dependent phagocytosis of cancer cells.

FIGURE LEGENDS:

Figure 1. Generation and flow cytometry validation of IFN-γ/LPS-stimulated macrophages derived from peripheral blood mononuclear cells. Upper panel: Peripheral blood mononuclear cells (PBMCs) are isolated from healthy donors by density gradient centrifugation using Ficoll solution at 400 × g for 30 min at 20°C, with all reagents pre-equilibrated to 20°C ± 2°C. Isolated PBMCs are cultured in ImmunoCult-SF medium supplemented with 100 ng/mL macrophage colony-stimulating factor (M-CSF) for 7 days to drive macrophage differentiation (Day 0–7), with medium supplementation at Day 5. On Day 8, differentiated macrophages are stimulated with 100 ng/mL IFN-γ and 1 µg/mL LPS for 48 h (Day 8–10). Cells are then subjected to flow cytometry analysis. Bottom panel: Flow cytometry analysis of macrophages. Cells were stained with a surface panel consisting of CD11b-FITC, CD80-PE, and CD206-PerCP-Cy5.5, followed by DAPI addition prior to acquisition for dead cell exclusion. Gating strategy: Cells were first gated on live cells (DAPI⁻), followed by CD11b⁺ identification on a CD11b-FITC versus FSC-A plot to confirm macrophage identity. Live CD11b⁺ events were then analyzed on a CD80 versus CD206 dot plot to confirm the CD80⁺CD206⁻ population induced by IFN-γ/LPS stimulation. Right: Representative dot plot of CD11b-FITC versus FSC-A showing that 99.8% of gated cells were CD11b⁺, confirming macrophage identity. Left: The majority of CD11b⁺ cells fell within the CD80⁺CD206⁻ gate (Q1: 95.2%), indicating the expected pro-inflammatory phenotype under the applied stimulation conditions.

Figure 2. Time-lapse imaging of antibody-dependent cellular phagocytosis. (A) Schematic overview of the co-culture system and time-lapse imaging setup. Imaging parameters included a 10 min interval over a total acquisition time of 16 h (97 frames), using a 10× objective with phase contrast and GFP channels. (B) Representative time-lapse images from 1 h to 16 h showing phagocytic events characterized by the internalization of GFP-positive cancer cells by macrophages over time. Yellow dashed circles highlight representative phagocytic events. In the phase contrast channel, engulfed cancer cells appear as phase-bright intracellular structures within the macrophage cytoplasm (white arrows). In the GFP channel, fluorescence localized within macrophages confirms internalization. (C) Enlarged views of representative phagocytic events at 0, 1, 4, and 16 h, illustrating the sequential process of macrophage-mediated engulfment of GFP-labeled cancer cells. The image sequence was selected as representative based on clear visualization of macrophage-mediated phagocytic events. White arrows indicate macrophages interacting with and internalizing target cells.

Figure 3. Quantification of antibody-dependent macrophage phagocytosis by endpoint analysis. (A) Representative phase-contrast and GFP fluorescence images of macrophages co-cultured with GFP-labeled breast cancer cells for 4 h, followed by removal of non-engulfed cells using EDTA treatment. Phase contrast and GFP channels were merged to identify macrophages and internalized GFP-positive targets. Macrophages (counter 0) and GFP-positive engulfing macrophages (counter 1) were enumerated using the Cell Counter plugin in ImageJ. In the IgG control condition, no phagocytic events were observed, whereas anti-CD24 monoclonal antibody treatment resulted in clear intracellular GFP-positive signals within macrophages, indicating active phagocytosis. Scale bar = 200 μm. (B) Quantification of the phagocytosis index, defined as the percentage of macrophages containing internalized GFP-positive cells relative to the total macrophage population. Anti-CD24 monoclonal antibody significantly increased the phagocytosis index compared to the IgG control (0.00 ± 0.00% vs. 18.76 ± 4.01%, mean ± SD; n = 6 fields per group; ***p < 0.001, Welch’s unpaired t-test). Data are representative of at least three independent experiments.

Supplementary Figure 1. Image analysis workflow for quantification of antibody-dependent cellular phagocytosis. Schematic overview of image acquisition and analysis for antibody-dependent cellular phagocytosis (ADCP). Macrophages are co-cultured with GFP-labeled cancer cells under control or antibody-treated conditions. Time-lapse imaging provides qualitative visualization of phagocytic dynamics, whereas endpoint imaging from a separate experiment is used for quantitative analysis. Images are acquired using phase-contrast and GFP fluorescence channels across multiple fields and wells. Phagocytic events are defined as macrophages containing GFP-positive signals fully enclosed within the cellular boundary. Cells are manually counted using the Cell Counter plugin in ImageJ image analysis software, and the phagocytosis index is calculated as the percentage of macrophages containing internalized GFP-positive cells relative to the total macrophage population. Results are reported as mean ± SD across biological replicates using Welch’s unpaired t-test.

DISCUSSION:
Several steps in this protocol are critical for obtaining reliable and reproducible results. First, the quality and purity of PBMC isolation directly influence macrophage yield and differentiation efficiency. Careful layering of diluted blood over the Ficoll gradient and centrifugation with the brake turned off are essential to preserve the buffy coat interface. Incomplete RBC lysis or excessive incubation with lysis buffer will compromise PBMC viability. Second, proinflammatory macrophage polarization must be verified by flow cytometry prior to the phagocytosis assay; macrophages that fail to upregulate CD80 may exhibit diminished phagocytic capacity and confound interpretation of anti-CD24 antibody-mediated effects. Third, the method of cancer cell detachment is important—trypsinization should be avoided, as enzymatic digestion may cleave CD24 from the cell surface, reducing antibody binding efficiency. EDTA-based detachment preserves surface antigen integrity and is therefore recommended.

This protocol can be modified to accommodate different experimental objectives. The E:T ratio can be adjusted from the ratio described here; higher macrophage-to-cancer cell ratios than the described 2:1 ratio (e.g., 3:1 or 5:1) increase the frequency of phagocytic events per field of view, which may be advantageous when working with cancer cell lines that exhibit lower CD24 expression. The anti-CD24 antibody concentration (1 μg/mL) was optimized for the cell lines used in this study, but dose-response titration is recommended when adapting the protocol to other tumor models or other candidate antibodies. If GFP signal loss is observed during long-term imaging, reducing excitation light intensity and increasing camera exposure time or gain can mitigate photobleaching without sacrificing temporal resolution. Focal drift during the 16 h acquisition can be addressed by extending the equilibration period to 30 min and enabling the autofocus function of the automated microscope. If macrophage detachment is observed during imaging, the overnight adherence step should be extended, and the plate should be handled with minimal agitation when transferred to the microscope stage.

There are several limitations to this method that should be considered. First, the current protocol evaluates phagocytosis based on GFP signal disappearance or colocalization with macrophages, which does not distinguish between complete engulfment, trogocytosis (membrane nibbling), and cancer cell killing by other mechanisms18. The protocol relies on two-dimensional monolayer co-cultures, which do not fully recapitulate the three-dimensional architecture and cellular complexity of the TME19. Factors such as extracellular matrix composition, hypoxia, and interactions with other immune cell populations (e.g., regulatory T cells and myeloid-derived suppressor cells) that influence macrophage phagocytic behavior in vivo are not captured in this system. Additionally, PBMC-derived macrophages exhibit donor-to-donor variability in differentiation efficiency, polarization status, and Siglec-10 expression levels, which may contribute to inter-experimental variation in phagocytosis rates. A minimum of three independent biological replicates using macrophages from different donors is therefore recommended. Complementary assays such as confocal z-stack imaging or pH-sensitive dyes (e.g., pHrodo) can be employed to confirm bona fide internalization into the phagolysosomal compartment. In addition, variability in target cell CD24 expression levels may influence the magnitude of antibody-dependent phagocytosis. Therefore, verify CD24 surface expression on tumor cells prior to assay setup, and use only cell preparations with consistent and sufficient CD24 expression levels to ensure reproducibility across experiments.

The significance of this protocol lies in its ability to capture the dynamic, kinetic nature of antibody-dependent phagocytosis, which is not possible with conventional endpoint assays. Flow cytometry-based phagocytosis assays, while quantitative and high-throughput, provide only a single time-point measurement and require cell harvesting that disrupts the co-culture, precluding longitudinal observation of the same cell populations. Existing time-lapse imaging protocols for macrophage phagocytosis have largely focused on IFN-γ and LPS-polarized macrophage co-cultures without antibody opsonization or on complement-mediated phagocytosis of red blood cells rather than antibody-driven phagocytosis of cancer cells20. The present method specifically addresses the evaluation of innate immune checkpoint blockade by integrating anti-CD24 antibody opsonization with human PBMC-derived macrophages and GFP-tagged cancer cells, providing a physiologically relevant and visually informative readout. The use of an automated microscope with environmental control enables unbiased, multipoint acquisition over extended time periods, reducing observer bias and increasing statistical power.

This protocol has broad potential applications in the fields of cancer immunology and immunotherapy. It can be directly adapted for evaluating other potential macrophage checkpoint targets by substituting the appropriate blocking antibody. Beyond breast cancer, the protocol can be applied to any CD24-overexpressing malignancy, including ovarian cancer, pancreatic adenocarcinoma, and small cell lung cancer, by using the corresponding GFP-tagged tumor cell lines. This standardized imaging platform can serve as a valuable preclinical tool for characterizing the mechanism of action of emerging macrophage-directed immunotherapies and for guiding the rational design of combination treatment regimens.
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