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SUMMARY: 
This protocol describes the establishment of patient-derived colon tumor organoids in co-culture with autologous lymphocytes, followed by treatment with therapeutic small molecules and immune checkpoint inhibitors to evaluate T cell reactivity and treatment efficacy.

ABSTRACT: 
T cells play a key role in cancer immunotherapy, and understanding their interactions with tumors is essential for developing novel immunotherapies. This protocol describes the step-by-step workflow for establishing colorectal cancer patient-derived organoids (PDOs) from our biobank and developing autologous PDO-T cell co-culture systems. Using Annexin V NIR and cleaved caspase-3 staining, we standardized flow cytometry protocols for surface and intracellular staining to assess T cell reactivity and cytotoxicity, as well as tumor organoid killing. In addition to flow cytometry-based analysis, the protocol includes methodological approaches for functional assays, such as ELISpot assays to quantify granzyme B and perforin secretion, and live-cell imaging to monitor T cell–mediated tumor killing over time via Annexin V–based apoptosis detection. This workflow further details the setup of co-culture conditions, including the incorporation of target inhibitors and immune checkpoint inhibitors in both monotherapy and combination treatment settings. Guidelines are provided for selecting and applying key immunological and tumor-associated markers, including CD137 for T cell reactivity, CD107a for T cell degranulation, caspase-3 for tumor apoptosis, and Ki67 for tumor proliferation. Collectively, this paper provides a comprehensive and reproducible framework for colorectal cancer organoid establishment, autologous T cell culture and expansion, co-culture setup, therapeutic perturbations, and downstream analyses using flow cytometry, ELISpot, confocal microscopy, and live-cell imaging. 

INTRODUCTION: 
Colorectal cancer (CRC) remains one of the leading causes of cancer-related mortality worldwide despite advances in early detection and multimodal therapies1. A major challenge in improving patient outcomes is the lack of preclinical models that accurately recapitulate the complex architecture, intratumoral heterogeneity, tumor–immune interactions, and therapeutic responses observed in human CRC2–6. Conventional models, including genetically engineered mouse models (GEMMs) and patient-derived xenografts (PDXs), have significantly advanced CRC research but harbor notable limitations. GEMMs often fail to capture the diversity of human tumors and are developed in murine microenvironments that differ substantially from human physiology. Similarly, PDX models preserve aspects of tumor heterogeneity but are expensive, time-consuming, dependent on immunodeficient mice, and limited in their ability to study human-specific immune responses due to species-specific differences7,8. Additionally, increasing restrictions on small-animal use emphasize the need for more human-relevant and ethically sustainable alternatives.

In recent years, patient-derived organoids (PDOs) have emerged as a transformative platform for translational cancer research. CRC organoids generated from fresh surgical or biopsy specimens preserve the histological, genetic, and phenotypic characteristics of primary tumors, including clonal diversity and therapy-responsive cell states. These properties make PDOs valuable tools for disease modeling, functional genomics, biomarker discovery, and personalized medicine7–11. Importantly, the incorporation of human immune components into organoid systems has further expanded their utility. Co-culture of CRC organoids with peripheral blood mononuclear cells (PBMCs) or engineered immune subsets enables investigation of tumor–immune interactions, immune evasion mechanisms, antigen presentation, and immunotherapy responses in a physiologically relevant system12. Such models support evaluation of checkpoint inhibitors, CAR-T/TCR therapies, and bispecific antibodies while providing insight into predictive biomarkers and resistance mechanisms.

Beyond immunotherapy, CRC organoids have become increasingly important for drug screening and precision oncology applications. Patient-derived cultures can be tested against chemotherapeutic and targeted therapeutic agents to predict individual treatment responses, with several studies demonstrating correlations between organoid responses and clinical outcomes. These systems therefore provide a scalable and patient-centric alternative to conventional animal-based approaches10,13–18.

Here, a tractable, scalable protocol is presented for establishing patient-derived CRC organoids and integrating them with immune co-culture systems for translational and preclinical research. Tumor tissues are enzymatically dissociated and embedded within a three-dimensional extracellular matrix under optimized growth conditions that preserve tumor heterogeneity and lineage differentiation. Established organoids can be expanded, cryopreserved, genetically manipulated, and used for downstream applications, including molecular characterization, drug perturbation studies, and immune profiling. In addition, co-culture with PBMCs enables assessment of immune-mediated cytotoxicity, checkpoint blockade sensitivity, and tumor-specific immune activation.

We further describe protocols for tissue processing, organoid quality assessment, flow cytometric analysis, immunofluorescence imaging, and ELISpot-based immune monitoring. Collectively, these organoid-based systems provide an ethically sustainable and clinically relevant platform for studying CRC biology, therapeutic resistance, tumor heterogeneity, and immunotherapy responses. Ongoing advances in organoid engineering and microenvironmental integration continue to position these models as a cornerstone of future CRC research and precision oncology.

PROTOCOL: 
All patients provided informed consent under the IRB-approved Montefiore Einstein Comprehensive Cancer Center Biobank protocol (Einstein IRB# 2021-13730). Clinical coordination and regulatory support were provided by the Cancer Clinical Trials Office (CCTO). Tumor tissues were collected after standard-of-care surgical resection and pathology review, then processed for formalin fixation, patient-derived organoid generation, or cryopreservation in DMEM with 20% FBS and 10% DMSO. All reagent preparations are in Table 1.

1. Establishment of tumor organoid culture from biopsy or resection tissue (4 h)19

1.1. Place the freshly obtained tumor tissue in a sterile Petri dish and wash it with organoid washing buffer 5 times, each time for 5 min on ice. Using a sterile razor blade or fine needles, dissect the tissue into small cubes of approximately 1–2 mm³.

NOTE: Keep the tissue moist with ice-cold phosphate-buffered saline (PBS) during dissection to prevent drying.

1.2. Transfer dissected tissue fragments into a 15 mL Falcon tube, wash once with Dulbecco's phosphate-buffered saline (DPBS), and centrifuge at 200 x g for 5 min at room temperature (RT). Carefully discard the supernatant, then transfer the tissue cubes to a sterile 6-well plate or a 35-mm Petri dish.

1.3. Using sterile, angled, autoclaved scissors, chop the tissue further into finer pieces. Using 1X Gentle Collagenase/Hyaluronidase, dilute 1 mL in 9 mL of DPBS. Add 10 µL of Y-27632 (ROCK inhibitor) and 20 µL of Primocin. 

1.4. Add pre-warmed dissociation solution into the 15 mL tube containing the tissue pieces. Re-coat your P1000 tip before pipetting up and down to agitate the tissue pieces.

1.5. Incubate the 15 mL tube in a 37 °C rocking water bath for 30 min, inverting every 10 min. Allow tissue pieces to settle, transfer most of the digestion solution to a new tube, and centrifuge at 500 x g for 5 min at RT.

1.6. Add 1 mL DMEM to the original 15 mL tube and vigorously pipette with a coated P1000 tip to mechanically dissociate tissue fragments and release additional crypts.

1.7. Check progress under a microscope to monitor whether tissue is breaking down into single cells or small clusters. Transfer 10–20 µL of your DMEM with tissue pieces to a petri dish and examine under a microscope for crypts.

NOTE: Incubation time varies with sample type. For biopsies, the incubation time is 15–30 min, and for surgical resections, it is 45–60 min.

1.8. Once crypts are detected (or after 30 min for biopsies/60 min for resections), stop digestion with an equal volume of ice-cold basal medium and centrifuge at 500 x g for 5 min at RT.

1.9. Wash the pellet with DPBS to resuspend it, then spin down again. Optionally, transfer the suspension into a conical tube and centrifuge at 300 x g for 5 min at RT to pellet cells. 

NOTE: For CRC, RBC lysis is usually not required.

1.10. If the pellet appears red, lyse erythrocytes by incubating in 5 mL RBC lysis buffer for 15 min at RT. After lysis, immediately fill the tube with PBS and centrifuge again.

1.11. Wash the pellet once with DPBS. Centrifuge at 300 x g for 5 min at RT, then discard the supernatant. Resuspend the pellet in a small volume of medium. Count live cells using a hemocytometer with trypan blue exclusion or an automated cell counter. 

1.12. Resuspend cells in ice-cold Matrigel (basement membrane matrix) (Optional: concentration of ~1.5–3 x 10⁴ cells per 10 µL medium). Mix the cell suspension with basement membrane matrix using chilled wide-bore tips (some labs use a 1:1 ratio of basement membrane matrix to complete organoid media). 

NOTE: Keep the basement membrane matrix and all mixtures ice-cold to prevent premature polymerization.

1.13. Plate ~50 µL domes of the cell–basement membrane matrix mixture into each well of a pre-warmed, sterile 24-well culture plate. Incubate the plate at 37 °C for 10–12 min to allow the basement membrane matrix to solidify into a dome shape (make the plate upside down).

1.14. After the basement membrane matrix solidification, flip the plate upright. Carefully add 500 µL/well of PDO media containing Rock inhibitor (1:1000) and Primocin (1:500). 

NOTE: Use Primocin in all culture media until a frozen organoid biobank is established to prevent contamination.

1.15. Replace the organoid medium twice weekly with fresh, complete organoid medium. Monitor organoid growth regularly under a microscope.

2. Isolation of human PBMCs from blood (2 h)

2.1. Aliquot 5 mL Histopaque into sterile 15 mL Falcon tubes, equilibrate to RT, and carefully layer an equal volume of fresh human blood (up to 5 mL) on top. Slowly layer blood along the tube wall over Ficoll without disturbing the interface; keep the total volume ≤10 mL per tube.

NOTE: Maintain distinct Ficoll and blood layers before centrifugation for optimal separation.

2.2. If using multiple tubes, balance them properly in the centrifuge. Avoid mixing or shaking. The blood–Ficoll interface must remain intact.

2.3. Centrifuge at 1500 x g for 15 min at RT. Use 0 brake settings to prevent disruption of the gradient. After centrifugation, distinct layers will form a) the bottom RBC layer, b) the middle PBMC buffy coat, and c) the top plasma layer. Gently aspirate and discard the plasma until the buffy coat layer is visible. 

NOTE: Handle the tube gently to avoid disturbing the PBMC layer.

2.4. Using a fresh sterile pipette, carefully aspirate the buffy coat layer containing PBMCs and transfer cells into a new sterile 15 mL Falcon tube. To remove Ficoll and platelets, wash cells twice with 10 mL PBSA (PBS + 0.1% BSA) by centrifugation at 1000 x g for 7 min at RT, carefully discarding the supernatant after each wash.

2.5. To remove residual platelets, wash once with PBSA, centrifuge at 200 x g for 7 min at RT. Carefully discard the supernatant. If the pellet appears red, perform RBC lysis by incubating in 5 mL RBC lysis buffer at 37 °C for 5 min, then wash with PBSA and centrifuge at 200 x g for 7 min at RT.

2.6. Resuspend the PBMC pellet in 2 mL DPBS or culture medium and determine viable cell counts using Trypan blue with a hemocytometer or automated cell counter. If not used immediately, cryopreserve PBMCs at 5–10 x 10⁶ cells/mL in 90% FBS and 10% DMSO. Freeze gradually at –80 °C overnight, then transfer to liquid nitrogen for long-term storage.

2.7. Expansion of PBMCs (7–12 days):

2.7.1. Pellet cells by centrifugation at 500 x g for 5 min at RT. Resuspend at 5 x 105 cells/well in T cell expansion media and activate with a CD3/CD28 cocktail. 

2.7.2. Stimulate cells with 500 IU/mL IL-2 and incubate for 3 days. On day 3, mix and count the cells, then expand the culture by adding IL-2–supplemented T cell expansion media.

2.7.3. Adjust cells to 1–2.5 x 10^5 cells/mL in complete T Cell Expansion Medium, incubate for 2 days, and monitor viability every 2–3 days during expansion.

NOTE: Replace with fresh, warm complete medium every 2–3 days (do not exceed >3 days). PBMCs may be cryopreserved in T-cell freezing medium for future use.

3. Organoid co-culture (4 days):

3.1. Preparation and quality control:

3.1.1. Ensure organoids are healthy, contamination-free, and phenotypically characterized before co-culture. Obtain PBMCs from consented donors or commercial sources and confirm viability and basic phenotype before using.

3.1.2. Determine whether PBMCs will be used fresh, rested, or pre-activated, and whether they are autologous or allogeneic. Assess organoid viability, size uniformity, and marker expression before co-culture.

3.1.3. Validate PBMC viability and baseline immune composition (CD3, CD4, CD8, NK markers, monocytes), record donor metadata.

3.2. Organoid isolation for co-culture with PBMCs:

3.2.1. Remove culture medium and add pre-warmed cell recovery solution in each well to dissolve the extracellular matrix and release organoids. Gently resuspend organoids with a wide-bore pipette tip and incubate briefly until the matrix dissolves and organoids are released.

3.2.2. Transfer the suspension to a collection tube, add 0.5M EDTA if needed, and adjust volume with balanced buffer. Centrifuge to pellet organoids, discard supernatant, wash with basal medium containing supplements (HEPES and Glutamax) and antibiotics, and centrifuge again to re-pellet.

3.2.3. Resuspend organoids in complete culture medium, plate in a tissue-culture-treated plate, and allow recovery for ~24 h before further processing.

3.3. Parallel PBMC recovery:

3.3.1. Rapidly thaw cryopreserved PBMCs using standard practice and immediately dilute them into pre-warmed T cell expansion medium to minimize osmotic shock. 

NOTE: Some cell loss is typical during thawing; pre-warming of medium improves recovery.

3.3.2. Centrifuge thawed PBMCs at 400 x g to pellet cells, remove freezing medium, and briefly incubate in T cell expansion medium containing benzonase to reduce cell clumping and improve single-cell suspension quality.

3.3.3. Wash and re-pellet PBMCs in fresh expansion medium, then resuspend in T cell culture medium supplemented with cytokines (e.g., IL-2) to support viability and recovery. Plate PBMCs into a multi-well plate for an overnight rest period before co-culture.

3.4. Pre-co-culture preparation (1 day before co-culture):

3.4.1. Optionally treat organoids with an immune-stimulatory cytokine (e.g., IFN-γ) before co-culture to enhance antigen presentation pathways.

3.4.2. Prepare the co-culture plate at least 24 h in advance by coating wells with a co-stimulatory antibody (e.g., anti-CD28) and store at 4 °C. Before use, remove unbound antibody and wash wells twice with DPBS.

3.5. Organoid dissociation to single cells (Day of co-culture experiment):

3.5.1. Collect pre-stimulated organoids, pellet and remove the supernatant, then resuspend in enzymatic dissociation reagent (e.g., TrypLE) together with any adherent cells to recover the full cell population.

3.5.2. Incubate with gentle mixing and monitor microscopically until most organoids dissociate into single cells or small clusters, avoiding over-digestion.

3.5.3. Quench the dissociation reagent with buffer, pellet the cells, remove the supernatant, and resuspend in T cell culture medium for counting and mixing.

3.6. Cell counting and preparation for co-culture:

3.6.1. Gently mix the cell suspension and determine viable cell numbers using a hemocytometer or automated counter with a viability dye. Adjust the tumor–PBMC ratio to the desired density in T cell medium. 

3.6.2. Prepare PBMCs by pelleting, resuspending in fresh medium, and determining viable cell counts. Wash and resuspend PBMCs in T cell medium supplemented with cytokines (e.g., IL-2) and optional immunomodulatory antibodies (e.g., anti-PD-1) as required.

3.7. Perform the co-culture:

3.7.1. Combine dissociated tumor cells and PBMCs at the desired effector: target ratio. Wash anti-CD28-coated wells before adding cells, avoiding well drying.

3.7.2. Plate the organoid–PBMC mixture at the required assay volume and incubate under standard culture conditions. Refresh or split cultures as needed during the experiment.

3.8. Experimental design and controls (for treatment strategy):

3.8.1. Use the co-culture system to evaluate how drugs (e.g., checkpoint inhibitors or small molecules) modulate PBMC responses to tumor organoids.

3.8.2. Include biological replicates (multiple organoid lines and PBMC donors) and technical replicates (at least triplicate wells per condition).

3.8.3. Include controls: organoid only, PBMC only (vehicle or activated), organoid + PBMCs (vehicle), organoid + drug, and PBMC + drug conditions.

3.9. Typical co-culture timepoint frameworks:

3.9.1. Analyze co-cultures at 24, 48, and 72 h post-initiation to assess immune activation, proliferation, cytokine secretion, apoptosis, and tumor cell killing. 

3.9.2. Assess early activation markers and cytokine secretion at 24 h, and evaluate cytotoxicity, proliferation, and activation/exhaustion markers at 48–72 h using flow cytometry, imaging, or viability assays.

NOTE: Later time points (e.g., days 5–7) may be included to assess chronic activation, immune exhaustion, or long-term drug responses.

3.10. Immunofluorescence staining of organoids:

3.10.1. Wash the slides in PBS for 5 min and fix them in a 4% paraformaldehyde (PFA) solution for 20 min at RT. After fixation, wash the slides in PBS twice for 5 min each.

NOTE: Keep organoids hydrated throughout staining. Slides may be stored in PBS at RT for up to 3 h if needed, but avoid overnight storage in PBS.

3.10.2. Permeabilize organoids with 0.1–0.5% Triton X-100 in PBS for 15–20 min at RT to enable intracellular and nuclear staining while preserving organoid structure.

NOTE: Avoid over-permeabilization, as it can disrupt organoid structure. Proper permeabilization ensures uniform cytoplasmic and nuclear staining while preserving morphology for imaging.

3.10.3. Wash slides twice with 1x IF buffer and block with 1–10% BSA (or species-matched serum) in IF buffer for 60–120 min at RT to reduce non-specific staining.

NOTE: BSA is suitable for general blocking, but species-matched serum is recommended for specific marker staining to reduce non-specific binding and improve signal specificity.

3.10.4. Wash slides three times (5 min each) and incubate with primary antibodies (10–50 µg/mL) in 1% serum blocking buffer overnight at 4 °C in a humidified chamber.

NOTE: Cover slides with parafilm to prevent evaporation and optimize primary antibody concentration by titration for specific staining with minimal background.

3.10.5. Wash slides in 1x IF for 3 x 5 min. 

NOTE: Washing should be optimized for individual antibody staining. If using more than one primary antibody concurrently, then washing should be standardized.

3.10.6. Incubate organoid slides with fluorophore-conjugated secondary antibodies (1:200–1:500 in 1% serum blocking buffer) in a humidified chamber overnight at 4 °C or for 2 h at RT in the dark. 

NOTE: After adding the secondary antibody, perform all subsequent steps in the dark to prevent photobleaching of the fluorophores.

3.10.7. Wash slides with 1x IF buffer (2x 5 min) followed by PBS (5 min). Incubate with DAPI (1 µg/mL) and AlexaFluor-594-conjugated antibodies (20 µg/mL) in 5% serum blocking buffer for 1 h at RT in the dark, then wash with PBS (3x 5 min).

3.10.8. Add mounting medium to the slides and coverslip, then invert the coverslip onto the slide while avoiding air bubbles. Alternatively, if using DAPI-containing mounting medium, skip DAPI staining. Use a hard-mounting medium for slide scanning applications.

3.10.9. Allow slides to dry at RT for an hour, store at –20 °C, and image using confocal microscopy or a slide scanner.

4. Flow cytometry and intracellular staining protocol for organoids

4.1. Carefully aspirate the organoid culture medium and gently wash the organoids once with 1x PBS to remove residual medium and serum proteins. Release organoids from the extracellular matrix using cold PBS or recovery solution and gently pipette to disrupt the matrix while minimizing shear stress.

4.2. Transfer the organoid suspension to a centrifuge tube, pellet at 300 x g for 5 min at 4 °C, and discard the supernatant. Resuspend the organoid pellet in 250–500 µL of 0.05% TrypLE solution for enzymatic dissociation. Incubate at 37 °C for efficient digestion of cell–cell junctions. 

NOTE: Every 5 min, gently mix the suspension by tapping and pipetting up and down, and monitor under a microscope until a single-cell suspension is achieved without over-digestion.

4.3. Pass the cell suspension through a 40 µm cell strainer to remove clumps. Centrifuge cells at 300 x g for 5 min at 4 °C and resuspend in 1x PBS without Ca2+ / Mg2+ buffer.

4.4. Count cells and adjust to ~1 x 10⁶ cells/mL in staining buffer. Incubate with Fc block (1:200) and viability dye (e.g., Live/Dead Blue, 1:1000–1:3000) to reduce non-specific binding and identify live/dead cells.

4.5. Incubate cells for 30 min at RT in the dark, then wash once with 1x PBS and once with staining buffer.

4.6. Prepare the surface-antibody cocktail by mixing each antibody at its optimized working dilution in staining buffer and calculating total volumes using the titrated µL/test values for the master mix.

NOTE: If your panel contains multiple polymer-based fluorochromes (e.g., Brilliant Violet, Brilliant Ultraviolet, or Brilliant Blue dyes), include Brilliant Stain Buffer (BSB) in the antibody cocktail to reduce fluorochrome interactions and improve signal resolution. Add BSB according to the manufacturer’s instructions (typically 1x final concentration), mix gently, and prepare a master mix for all samples (~10% extra volume). Protect from light and keep on ice until use.

4.7. Add the antibody cocktail and incubate for 30–50 min at RT in the dark. Wash with staining buffer and PBS (without Ca²⁺/Mg²⁺), then centrifuge at 500 x g for 5 min. Prepare working fixation/permeabilization solution by diluting the concentrate with the diluent. For example, 1 part Concentrate: 3 parts diluents (making 1x or specified working strength).

4.8. Add fixation/permeabilization solution to fully resuspend cells (~100–200 µL per 1 million cells) and incubate for 15–20 min at RT or 2–8 °C, protected from light. After fixation time, wash the cells with 1x Permeabilization Buffer. Discard supernatant. Repeat wash at least once (sometimes twice) to remove excess fixative.

4.9. Prepare an intracellular staining cocktail by diluting fluorescently conjugated antibodies to optimized concentrations in 1x permeabilization buffer. Add the intracellular antibody cocktail to permeabilized cells, including antibodies targeting cytokines, transcription factors, or phosphorylated proteins, as required.

4.10. Incubate cells for 2 h at RT in the dark.

NOTE: If needed, incubation can be shortened to the manufacturer’s minimum recommendation or performed overnight at 4 °C in the dark without affecting staining quality.

4.11. Wash cells twice with 1x permeabilization buffer and once with staining buffer, then resuspend the pellet in 250–300 µL staining buffer.

4.12. Pass the suspension through a 40 µm strainer to obtain a single-cell suspension and keep samples on ice or at 4 °C, protected from light, until analysis. Avoid prolonged storage of stained samples and acquire samples on the cytometer as soon as possible after staining.

4.13. Use a flow cytometer with appropriate lasers and filters matching the fluorophores. Set up compensation controls, including single-stained samples and fluorescence-minus-one (FMO) controls.

4.14. Acquire at least 50,000–100,000 events per sample for robust statistical analysis. Analyze data using FlowJo, FCS Express, or equivalent software. Gate on live, single cells. Analyze surface and intracellular marker expression.

NOTE: Titrate each antibody–fluorochrome conjugate using serial dilutions to identify the optimal concentration that provides maximum signal, minimal background, and clear population separation.

5. Annexin V–based apoptosis analysis by flow cytometry:

5.1. Essential controls and reagents:

5.1.1. Unstained control: Establishes the baseline of cellular autofluorescence, allowing discrimination of true positive signal from background.

5.1.2. Single-stain controls: Required for every fluorochrome in the panel to enable proper compensation (conventional cytometry) or spectral unmixing (spectral cytometry). These ensure accurate signal separation across channels.

5.1.3. Fluorescence-minus-one (FMO) controls: Essential for defining gates of dim or transitional populations. They help prevent overestimation of weakly positive events.

5.1.4. Positive control for apoptosis: A sample deliberately induced to undergo apoptosis (e.g., staurosporine-treated cells) validates that the assay reliably detects apoptotic events.

5.1.5. Isotype controls: Not useful for Annexin V itself, since binding is phospholipid-specific rather than antibody-mediated. However, they can be included for additional surface marker antibodies if needed.

NOTE: Use Annexin V binding buffer containing calcium ions, as Annexin V binding is calcium-dependent; use a commercial or validated equivalent buffer. 

5.1.6. A membrane-impermeant viability dye (e.g., PI, 7-AAD, DAPI, or fixable dead cell dyes) is used to distinguish early apoptotic cells from late apoptotic/necrotic cells. Select a dye compatible with the flow cytometer lasers and fixation conditions.

5.2. Staining procedure:

5.2.1. Harvest co-cultured cells by centrifuging plates at 500 x g for 5 min. Carefully aspirate and discard the supernatant to remove culture medium and floating debris. Wash cells twice with cold staining buffer (e.g., PBS with 1–2% FBS) to reduce background staining and remove interfering proteins.

5.2.2. If lineage or subset markers are needed (e.g., CD8 for PBMCs, cancer stem cells marker like Lgr5 in tumor cells), incubate the cells with antibody cocktails for 30–45 min at room temperature on a gentle shaker, protected from light. Surface staining at this stage preserves antigen integrity and enables compartment-specific analysis.

5.2.3. Wash cells twice: first with cold stain buffer to remove unbound antibodies, followed by Annexin V binding buffer (e.g., BioLegend Cat. No. 422201) to ensure calcium availability. Adjust cell concentration to approximately 1 x 106 cells/mL in binding buffer.

5.2.4. Add 5 μL of fluorochrome-conjugated Annexin V reagent to 100 μL of cell suspension per sample. The chosen fluorochrome should be spectrally compatible with other dyes in the panel.

5.2.5. Counterstain with a viability dye such as PI, 7-AAD, or DAPI. For PI and DAPI, optimal dilutions typically range from 1:1000 to 1:60,000, depending on the instrument and laser strength, and should be empirically determined. Fixable viability dyes are preferable if downstream fixation is required.

5.2.6. Gently resuspend cells by pipetting up and down and incubate for 20–40 min at RT in the dark. The optimal incubation time should be determined empirically, as excessive incubation may increase nonspecific binding or false positives.

5.2.7. Add 200 μL of Annexin V binding buffer to each well (minimum of 100 μL if samples are highly concentrated). This provides sufficient volume for flow cytometry and maintains buffer conditions during acquisition. Acquire samples promptly on a calibrated flow cytometer, ensuring that voltage settings are optimized to clearly resolve negative and positive populations.

5.3. Recommended gating strategy: 

5.3.1. Use forward scatter (FSC) vs side scatter (SSC) plots to eliminate small debris and large aggregates, retaining only intact cells. Apply FSC-A vs FSC-H (or FSC-W) gating to remove doublets and aggregates, ensuring only single cells are analyzed.

5.3.2. Based on the viability dye, exclude strongly positive dead cells if appropriate. Alternatively, include the dye in the Annexin V analysis quadrants. Use surface markers to distinguish PBMCs (e.g., CD45+) from tumor cells (e.g., EpCAM+ or another tumor-specific marker). This allows compartment-specific quantification of apoptosis.

5.3.3. Within each gated compartment, plot Annexin V vs viability dye to generate four populations: a) Annexin V− / Dye− = Viable cells; b) Annexin V+ / Dye− = Early apoptotic cells; c) Annexin V+ / Dye+ = Late apoptotic or necrotic cells; d) Annexin V− / Dye+ = Primary necrotic cells or artifacts (to be interpreted cautiously).

5.3.4. Further subdivide PBMCs into subsets (e.g., CD4 T cells, CD8 T cells, NK cells, monocytes) to examine apoptosis profiles in specific immune populations.

6. ELISPOT assay for T-cell monitoring in organoid co-cultures (3 days):

6.1. On Day 0, wash the pre-coated PVDF-membrane 96-well plate and activate it. Store at 4 °C for 24 h according to the ELISpot protocol kit for the detection of the antibody/cytokine of interest. 

6.2. On Day 1,
 
6.2.1. Make the organoids into a single cell suspension as described in section 3.5. Centrifuge at 500 x g for 5 min at RT, then resuspend in CTL media (provided with the CTL ELISpot kit). Thaw the cryopreserved PBMCs or use the fresh isolated PBMCs. Centrifuge PBMCs at 500 x g for 5 min at RT.

6.2.2. Resuspend PBMCs in kit media. Perform co-culture by gently mixing organoid single cells with PBMCs at a 5:1 ratio. Add 200 μL/well of co-culture mixture to each well of preactivated 96-well assay plate. Tap the plate very carefully. Incubate for 4 h at 37 °C. After 4 h, gently take out the assay plate from the incubator. Add treatments to designated wells while including appropriate positive and negative controls.

NOTE: The organoid: PBMC ratio must be optimized for optimal cytokine spot development and scanning results. 

6.3. On Day 2,

6.3.1. After 24 h incubation, follow the manufacturer’s staining protocol. Consider control for single-color and dual color to detect and compare the number of cells secreting the specified markers. The incubation time varies by color, and spot development should be monitored regularly. Scan the plate following the manufacturer’s instructions. Plot and compare the secreted immune spots.

NOTE: Based on experimental design and markers of interest, the relationship between cells plated and spots indicates the expression of the cytokine/antibody in single- or dual-color.

7. Real-time apoptosis detection using Annexin V NIR and live-cell imaging (3 days):

Combined with automated live-cell imaging, Annexin V NIR enables real-time, high-throughput monitoring of apoptotic cell death for drug response and cytotoxicity analysis.

7.1. On Day 0, make the organoids into a single-cell suspension. Stain the cells with a GFP cell tracer. Seed the stained single cells in 100 µL complete medium per well. Allow cells to attach and form clusters.  

NOTE: Use 96 U-bottom, ultra-low attachment plates. Typical starting densities (adjust empirically): 5,000 cells/well, 10,000 cells/well. Include wells for untreated negative control, vehicle control, and any experimental treatments (in triplicate or more).

7.2. On Day 1, thaw cryopreserved PBMCs or use freshly isolated PBMCs. Centrifuge PBMCs at 500 x g for 5 min at RT. Resuspend PBMCs in expansion media supplemented with IL-2 and incubate them in the incubator.

7.3. On Day 2, stain the PBMCs with yellow cell tracer dye. After staining, resuspend the PBMCs in RPMI. Take out the organoid media from the plate very gently. Perform co-culture by gently mixing organoid single cells with PBMCs at a 1:5 ratio. Add 200 µL RPMI media containing PBMCs to each well of the co-culture mixture. Tap the plate very carefully and place it in the incubator.

NOTE: Avoid disturbing the organoid single cells at the bottom of the wells.

7.4. Incubate for 2–4 h at 37 °C. After 4 h, gently remove the plate from the incubator.

7.5. Prepare drug wells with appropriate positive and negative controls. Reconstitute the lyophilized Annexin V NIR reagent in 100 µL complete medium or PBS, mix gently. Prepare 2x treatment medium containing Annexin V NIR at twice the final working concentration (e.g., 1:100 for a 1:200 final dilution) and ensure the medium contains ≥1 mM Ca²⁺.

7.6. [bookmark: _Int_A4m37ml8]Add 1:200 dilution of Annexin V NIR into the wells. Place the plate in a live-cell imaging incubator for the next 48–72 h.

NOTE: The organoid: PBMC ratio must be optimized to ensure sufficient cell-cell interactions and measurable apoptotic responses.

7.7. Live-cell imaging and analysis

7.7.1. Use a 4x or 10x objective and acquire images in the NIR channel for Annexin V NIR (plus additional channels if multiplexing). Scan the plate every 4–6 h for 24–72 h, depending on treatment duration.

7.7.2. Use live-cell imaging software such as the IncuCyte CX3. For basic quantification, analyze the NIR channel using total area or object count; for single-cell kinetics, use the Cell-by-Cell or Object analysis modules. If multiplexing (e.g., Cell tracer yellow and GFP), check spectral unmixing notes.

REPRESENTATIVE RESULTS: 
To start, we generated tumor organoids from specimens from several patients using a standardized workflow (Figure 1). These PDOs typically require 2 weeks of establishment, after which they can be expanded and passaged for further research. It should be noted that establishment time and organoid generation vary across tissues. For example, some tissues need additional time to generate the organoids, and some organoids need more time to reach the appropriate confluency to be passaged. The organoids’ media supplements may be adjusted accordingly. 

Next, we used the protocol described herein (Figure 2) to establish an organoid-T cell co-culture. PBMCs from the patient's peripheral blood were isolated as described, then expanded. The tumor: lymphocyte ratio should be optimized, as ratios outside this range may yield different results. A lower ratio may limit the extent of interactions between organoids and T cells.

To assess the functionality of the co-culture system, we have conducted parallel immunofluorescence imaging of organoids and co-culture to compare Ki67 and cleaved caspase-3 as proliferation and apoptosis biomarkers, respectively (Figure 3). The viability and functionality of the co-culture were demonstrated by Annexin V and DAPI staining. To distinguish T cells from organoids, immune cells and organoids were first stained as described and analyzed by flow cytometry (Figure 4A). After treatments, co-cultures were stained with Annexin V and DAPI and measured using flow cytometry. The Cell Trace markers allow for separate measurement of T cell (Figure 4B) and organoids (Figure 4C) apoptosis. 

[bookmark: _Hlk217316119]Immune biomarkers CD107a and CD137 were also evaluated using flow cytometry (Figure 5A). Both markers typically indicate T cell activation or degranulation. In this study, after co-culture, T cell reactivity can be evaluated by CD107a and CD137 expression (Figure 5 B,C). A live-cell imaging system was subsequently used to monitor the apoptosis of PDO-T cell co-cultures during treatment. The qualitative (Figure 6A) and quantitative (Figure 6B) analyses show organoid apoptosis under different conditions over a 33-h period. The IncuCyte CX3 platform was used to continuously monitor interactions between tumor organoids and PBMCs. Scanning time can be set for the desired time point after any treatment.

An Immunospot assay was conducted to quantify secretion of Granzyme B and Perforin cytokines in organoid co-culture treated with drug A and anti-PD-1, in monotherapy and combination, for 24 h. We used ELISpot double color for CRC PDO co-culture (Figure 7). It is important to note that the ratio of organoids to lymphocytes can yield distinct cytokine profiles.

FIGURE AND TABLE LEGENDS:
Figure 1. Establishment of CRC tumor organoids. (A) Graphical procedure of tumor organoid establishment. (B) Representative established patient-derived organoids. (4X) magnification images of established PDO cultures during normal growth (acquired with Echo Revolve utilizing phase contrast microscopy). Scale bar = 200 μm. This figure has been modified from Mohammadi M et al. 19.

Figure 2. Graphical procedure of tumor organoid and immune cells co-culture and downstream analysis. Tumor organoids are established in parallel with immune cell isolation and expansion. Single-cell suspensions of tumor organoids and immune cells are co-cultured at defined ratios. After 24 h, the co-cultures are treated. Downstream analyses are performed as described in this protocol.

Figure 3. Comparison of organoids and co-culture after 24 h. Confocal microscopy was performed to assess Ki67 (proliferation) and cleaved caspase-3 (apoptosis) markers with 40X magnification. The organoids were plated and co-cultured with autologous immune cells. They were also stained with DAPI for nuclear visualization. Scale bar = 20 μm.

Figure 4. Quantification of apoptosis in co-cultures using an apoptosis flow cytometry assay. (A) Flow cytometry gating strategy showing labeling of tumor cells with CellTrace Far Red and T cells with CellTrace Far Yellow. The Annexin V vs DAPI plots show the viability in T cells and organoids after 48 h. (B) Quantification of T cell viability across different treatment conditions. (C) Quantification of tumor organoid apoptosis across different treatment conditions. The experiment was performed in triplicate. Drug A and Drug B were evaluated as targeted therapies alone and in combination with anti-PD-1 (nivolumab).

Figure 5. Evaluation of immune markers in CRC organoid-immune cell co-culture. (A) Flow cytometry gating strategy to detect CD8+ T cells expressing the T cell activation markers CD107a and CD137. (B) Comparison of CD107a expression levels of CD8+ T cells from co-cultures across different treatment groups. (C) Comparison of CD137 expression levels of CD8+ T cells from co-cultures across different treatment groups. Drug A and Drug B were evaluated as targeted therapies alone and in combination with anti-PD-1 (nivolumab). The experiment was conducted in triplicate. The bar graph shows the mean percentage with SD for markers in different groups (p = 0.0023 through one-way ANOVA). 

Figure 6. Live-cell imaging analysis of CRC organoid-immune cell co-culture. (A) Representative live-cell images (short time-lapse recordings) of tumor organoids and immune cells captured using the IncuCyte CX3 system at Day 0. Tumor organoids are labeled in green, fluorescent dye to distinguish them from peripheral blood mononuclear cells stained with cell trace yellow, fluorescent dye (PBMCs; blue). (B) Quantification of tumor organoid apoptosis during co-culture under different treatment conditions. Apoptotic cell death was monitored using the Annexin V Near-Infrared (NIR) assay during continuous live-cell imaging over a 33-h period. Scale bar = 1 mm.

Figure 7. Representative ELISpot results for cytokine quantification (granzyme B and Perforin) in CRC organoid-immune cell co-culture. (A) Representative immune-assay imaging and developing human Granzyme B (red) and perforin (blue) secretions by stimulating and treating effector cells after 24 h of co-culture. (B) Double-color (Perforin in blue and Granzyme B in red) secretions. (C) Perforin secretion per condition. (D) Granzyme B secretion per condition. The assay was performed in duplicate. Scanning and counting were performed using a CTL analyzer, and the data were plotted in GraphPad Prism.

Table 1. Reagent preparation. Composition and preparation of buffers, media, staining solutions, and supplements used for colorectal cancer patient-derived organoid culture, PBMC isolation and expansion, organoid–immune cell co-culture, flow cytometry, immunofluorescence, ELISpot, and live-cell imaging assays are described in this protocol.
 
DISCUSSION: 
In this protocol, a tractable, reproducible method for generating PDOs and expanded T cells from our biobank repository was described. The PDO CRC co-culture setup for our patient samples with different mutations, along with the treatment regimen were also described in detail. The results obtained demonstrated the effect of treatment on co-culture models. 

The organoid co-culture system described here provides a robust, adaptable platform for modeling complex biological interactions in vitro. By integrating PBMCs with matched patient-derived organoids, this protocol better recapitulates organoid signaling dynamics and functional heterogeneity than conventional 2-D cell culture. Unlike earlier approaches with lower reproducibility or limited viability, our method optimizes culture conditions to maintain both organoid integrity and T cell activity for the desired time points20,21. A key strength of this protocol is its flexibility. It can be applied to diverse organoid types, including intestinal, hepatic, and lung models, and supports co-culture with a range of immune cells13,14,20–23. This adaptability enables researchers to tailor the method to their specific biological questions, from dissecting host–pathogen interactions to evaluating therapeutic responses in a patient-specific context13,20,24,25. Furthermore, the workflow is compatible with downstream analyses, including transcriptomics, metabolomics, and imaging, thereby expanding its utility for mechanistic and translational studies26,27.

These protocols are highly applicable across diverse areas of cancer immunology, translational oncology, and personalized medicine13,20,21. The organoid–immune co-culture platform provides a physiologically relevant and scalable system for studying patient-specific tumor–immune interactions, evaluating immunotherapies and targeted treatments, and identifying biomarkers of response or resistance13,14,20,21. By integrating functional assays such as flow cytometry, ELISpot, and live-cell imaging, these methods enable comprehensive analysis of immune activation, cytotoxicity, and tumor behavior13,14,20,21. The use of three-dimensional patient-derived organoids further enhances translational relevance by preserving tumor heterogeneity and microenvironmental features, making these protocols valuable tools for preclinical drug testing and next-generation immunotherapy development13,14,20.

Despite their advantages, organoid models still have limitations. Organoid establishment efficiency varies depending on tumor type, sample quality, and prior treatment history, particularly in heavily pretreated tumors20,21. In addition, organoids often lack key tumor microenvironment components such as fibroblasts, vasculature, and stromal signaling14,20,21. Although co-culture systems improve modeling of tumor–immune interactions, maintaining immune cell viability and function in vitro remains challenging13,14,20,21. Variability in culture conditions and extracellular matrices across laboratories also limits standardization and reproducibility14,20,21.

Future advances in organoid research will focus on integrating fibroblasts, endothelial cells, microbiota, and autologous immune cells to better mimic the tumor microenvironment and improve personalized immunotherapy testing28. Emerging organ-on-chip systems and CRISPR/Cas9-based engineering will further enhance disease modeling, functional studies, and therapeutic screening. Standardization through biobanking initiatives is expected to improve scalability, reproducibility, and clinical translation. Overall, this protocol provides a reproducible, physiologically relevant platform for studying organoid–immune interactions and supports translational and precision oncology research.
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