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SUMMARY:
This protocol outlines a procedure for inducing differentiation of human hematopoietic stem and progenitor cells derived from patient bone marrow and peripheral blood mononuclear cells. The assay uses a semisolid culture medium supporting erythroid and myeloid lineage commitment and incorporates standardized metrics for reproducible colony classification for preclinical drug characterization.

ABSTRACT:
The colony-forming unit (CFU) assay is a foundational technique for studying hematologic diseases, including myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML). This assay employs semisolid media supplemented with defined cytokine combinations to support three-dimensional growth and lineage-specific differentiation of erythroid and myeloid progenitor cells. However, patient-derived peripheral blood and bone marrow samples present technical challenges due to reduced viability, increased sensitivity to handling, and variability in colony growth. Furthermore, existing guidelines for identifying and counting colonies show substantial variability in defining colony size and lineage types, limiting reproducibility across studies. The protocol described herein is optimized for the growth and differentiation of hematopoietic stem and progenitor cells isolated from MDS and AML patient samples. The protocol emphasizes gentle cell handling, sterile processing of patient specimens, optimized culture conditions, and growth durations tailored to patient-derived cells. This protocol provides a practical framework for CFU assays using patient-derived samples and establishes a standard metric for consistent colony counting and analysis in hematologic malignancy research.

INTRODUCTION: 
Hematopoiesis is a tightly regulated process in which hematopoietic stem cells (HSCs) residing in bone marrow niches give rise to all mature blood cell lineages. Through a hierarchical series of differentiation events, HSCs generate multipotent progenitors that progressively commit to erythroid, myeloid, and lymphoid lineages before undergoing terminal maturation into functional circulating blood cells. This process is governed by coordinated signaling within the bone marrow microenvironment and by intrinsic transcriptional and epigenetic regulatory mechanisms. Disruptions to these regulatory pathways, particularly through the accumulation of genetic or somatic mutations in HSCs, can impair normal differentiation and lead to clonal expansion of abnormal progenitors. Such alterations may ultimately result in hematologic disorders characterized by ineffective hematopoiesis and cytopenias, including myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML)1–5.

The colony-forming unit (CFU) assay is a well-established in vitro technique for evaluating the differentiation potential of hematopoietic stem and progenitor cells (HSPCs). Originally developed as a short-term assay to measure the proliferative and differentiation capacity of hematopoietic progenitors6–8, the CFU assay has since become a widely used tool in both clinical and experimental hematology9. In preclinical laboratory settings, the assay is frequently used to assess the impact of genetic perturbations or candidate therapeutics on hematopoietic differentiation. Within the context of MDS and AML research, CFU assays provide a functional readout for understanding how molecular and genetic alterations influence the differentiation capacity of patient-derived bone marrow or peripheral blood cells.

The CFU assay involves culturing HSPCs in a methylcellulose-based semisolid medium supplemented with defined growth factors that support lineage-specific expansion and differentiation. Under these conditions, progenitor cells proliferate and give rise to discrete colonies, which can be morphologically classified according to lineage identity. A commercially available methylcellulose-based semisolid medium optimized for erythroid and myeloid differentiation is utilized in this protocol. The medium contains a combination of cytokines, including interleukin-3 (IL-3), interleukin-6 (IL-6), stem cell factor (SCF), erythropoietin (EPO), granulocyte colony-stimulating factor (G-CSF), and granulocyte-macrophage colony-stimulating factor (GM-CSF). Together, these factors support the growth of erythroid progenitors such as colony-forming unit-erythroid (CFU-E) and burst-forming unit-erythroid (BFU-E), myeloid granulocyte-macrophage progenitors (CFU-GM), and multipotent progenitors such as granulocyte, erythrocyte, monocyte, megakaryocyte progenitors (CFU-GEMM10,11.

Despite its broad utility, the above-mentioned semisolid medium is limited in its differentiation capacity, as it does not adequately support differentiation of megakaryocytes and platelets. For these applications, more specialized formulations containing platelet growth factors are more appropriate; however, they are out of scope for the outlined protocol. Overall, through careful selection of media formulation combined with morphological assessment and downstream analyses such as flow cytometry, researchers can effectively evaluate drug sensitivity through analysis of lineage commitment and differentiation potential12.

In this study, the CFU assay is used to investigate the therapeutic potential of combination therapies for the treatment of relapsed/refractory high-risk MDS. Pyrimethamine is a clinically approved antifolate used to treat toxoplasmosis and parasitic malaria, and has recently been studied as an anti-cancer agent13–15. Recent studies have demonstrated that pyrimethamine treatment may act through inhibition of key pathways that regulate de novo pyrimidine synthesis16. Here in this protocol, CFU assays are utilized to investigate the clinical efficacy of pyrimethamine as single-agent therapy and as a combination therapy with Venetoclax, which is a current frontline therapy for MDS and AML treatment17,18.

Despite its widespread utility, the CFU assay presents several technical limitations. Colony identification and classification rely heavily on morphological criteria, which can introduce variability between observers and across research centers6,19–21. Additionally, patient-derived samples from individuals with MDS or AML often exhibit reduced cell viability, increased fragility, and heterogeneity, which can complicate colony formation and downstream analyses9. Preparation of colonies for further characterization, including flow cytometry, may therefore require careful handling to preserve cell integrity. The absence of standardized procedures for colony identification, counting, and downstream analysis further contributes to variability across studies. These technical considerations highlight the need for standardized procedures optimized specifically for patient-derived hematopoietic samples.

This protocol outlines an optimized workflow for performing CFU assays using mononuclear cells derived from primary bone marrow or peripheral blood specimens of patients with hematologic malignancies. The approach focuses on practical strategies for handling sensitive patient-derived cells, establishing reliable culture conditions, and implementing consistent criteria for colony identification and quantification. By providing detailed methodological guidance and emphasizing reproducible analysis practices, this protocol aims to facilitate more reliable evaluation of hematopoietic differentiation and therapeutic response in preclinical studies of MDS and AML.

PROTOCOL:
This study utilizes de-identified human biospecimens obtained from a biobank under an Institutional Review Board–approved protocol, “Molecular Biology of Benign and Malignant Hematological Disorders” (IRB Protocol #200536), at Albert Einstein College of Medicine/Montefiore Medical Center. All procedures were conducted in accordance with institutional ethics guidelines. All reagents and equipment are listed in the Table of Materials. 

1. Preparation of patient-derived bone marrow or peripheral blood mononuclear cells

NOTE: According to common patient-sample handling guidelines, it is recommended to wear a full-length lab coat and tear-resistant laboratory disposable gloves and to work under a laboratory cell culture hood for personal protection from bloodborne pathogen exposure. All pipette tips and serological pipettes that come into contact with patient cells should be soaked in a 10% bleach solution for at least 30 min prior to disposal in biohazard waste.
 
1.1 Experimental preparation

1.1.1 Warm IMDM media, fetal bovine serum (FBS), and penicillin-streptomycin (Pen-strep) antibiotics to 37 °C for at least 30 min. 

1.1.2 Thaw semisolid media in 4 °C overnight. On the day of plating, warm the bottle to room temperature (RT) for at least 30 min. 

1.1.3 Sterilize the cell culture hood with UV sterilization for 15 min, then spray the hood surfaces, pipettes, and tube racks with 70% ethanol (EtOH).

1.1.4 Prepare a waste beaker containing 10% bleach solution large enough to collect contaminated pipette tips and serological pipettes. 

1.1.5 Obtain bone marrow or peripheral blood mononuclear cells isolated through density gradient centrifugation methods. Cells can be used on the same day of collection or from frozen bio-banked samples. 

1.1 If samples are frozen, thaw them rapidly in a 37 °C water bath until most of the ice has melted and only a small ice crystal remains. Immediately place the samples on ice after thawing. 

NOTE: Patient samples are very sensitive to thawing. It is important to thaw samples as quickly as possible and in batches to minimize cell death. 

1.2 Suspend cells in 5 mL warmed complete growth media (IMDM media supplemented with 4% FBS and 1% Pen-Strep). 

1.3 Determine the cell concentration and viability using AO/PI staining dye and an automated cell counter. 

1.4 Centrifuge the cells at 350 x g for 5 min at room temperature to pellet the cells. Discard supernatant. 

1.5 Resuspend cells in 5 mL sterile Dulbecco’s phosphate-buffered saline (DPBS). Repeat centrifugation to pellet cells and discard supernatant. 

1.6 Suspend cells in complete growth media to a concentration of 2 million live cells/mL. Prepare enough cells for 100K cells/well of a 6-well plate. 

2. Drug preparation and treatment administration. 

NOTE: Pyrimethamine is obtained as a lyophilized powder and is reconstituted in-house in dimethyl sulfoxide (DMSO) at a concentration of 100 mM; aliquots are stored in −80 °C. Venetoclax is purchased pre-dissolved in DMSO at a concentration of 10 mM and is stored in -20 °C. For this experiment, venetoclax and pyrimethamine are administered as a single dose via free uptake in parallel with a vehicle control DMSO treatment condition.

CAUTION: Pyrimethamine, venetoclax, and DMSO are biohazardous agents. Handle only under the hood, wearing PPE, and use with extra caution. 

2.1 On the day of plating, thaw drug aliquot on ice, vortex, and spin down at max-speed on a tabletop mini centrifuge for 30 s. 

2.2 Vortex and mix a bottle of semisolid media vigorously until all components are homogenized. Leave undisturbed in the hood at room temperature for 30 min to allow bubbles to rise to the surface.

2.3 Prepare 3 mL aliquots of semisolid media in sterile 15 mL conical tubes. Allow tubes to remain undisturbed for 30 min to allow bubbles to rise to the surface. Extra semisolid media aliquots can be re-frozen and stored in -20 °C for later use. 

2.4 Add no more than 10 μL of drug volume to the semisolid media. For this experiment, venetoclax and pyrimethamine concentrations are adjusted according to empirically determined synergistic conditions. To a vehicle control group, add equivalent volumes of DMSO. Prepare duplicate 3 mL aliquots for each condition. 

NOTE: It is important to keep the volume of drug added negligible so that it does not affect the final concentration of drug in the semisolid media. 

2.5 Vortex media in 4–5 short bursts to fully incorporate the drug into the media.

NOTE: Do not hold cell mixture on the vortexor for extended periods of time, as this could cause cell death. 

2.6 Add 100 μL of cells or an equivalent volume of 2,00,000 cells to the 3 mL aliquots of semisolid media. Vortex mixture in short bursts until fully incorporated/ homogenized. 

2.7 Attach a blunt-end 16 G needle to a 3 mL syringe and drop the needle and syringe into the cell mixture. Leave undisturbed for 30 min to allow bubbles to rise to the surface. 

3. Plating of drug-treated cell suspension. 

3.1 Using a submerged needle and syringe, take up the cell and drug mixture, being careful not to aspirate any air bubbles. Wait 3–5 min, then take up the remaining mixture that has collected on the sides of the 15 mL conical tube. 

3.2 In a sterile 6-well plate, add the cell mixture dropwise, alternating large drops between 2 wells of an outer column of the plate. Spread the mixture by gently tilting the plate in circular motions to evenly cover the entirety of the bottom of the wells. These two wells constitute technical replicates. 

NOTE: If bubbles form or are accidentally added to the wells, use a pipette filter tip to gently pop or move the bubbles to the plate edge. Any large bubbles left in the plate can affect the growth of colonies. 

3.3 Add the colony assay mixture only to the outer columns of the 6-well plate. To the center column, add 5 mL of sterile water to each well. Adding water to the wells will ensure that enough moisture is present to keep the semisolid medium from drying up. 

3.4 Incubate the plate in a 37 °C incubator with 5% CO2. Monitor cell growth and water levels 2x/week. Cells should form colonies visible by eye at around 7 days post-plating, and plates should reach 75%–80% confluency somewhere between 14–21 days post-plating.

4. Colony imaging and counting

NOTE: This protocol describes parameters that are validated for use on the EVOS M7000 imaging system. These settings may need to be optimized or adapted for compatibility with other plate imaging systems.  

4.1 Remove the protective light filter cover from the microscope platform. Turn on the microscope and open the associated software program. 

4.2 Insert a light diffuser into the top lens of the microscope apparatus. 

4.3 Insert the plate position onto the platform such that well A1 is in the top left corner. 

4.4 In the imaging software, input the following focus settings: 

4.4.1 Select the vessel to be imaged. In this protocol, a 6-well plate is used. 

4.4.2 Set the objective to 4X.

4.4.3 Select the light source as Trans or switch the microscope to brightfield mode. 

4.4.4 Turn on the microscope light and manually adjust the light intensity using the coarse slider. For the instrument used in this protocol, the optimal range for imaging colonies is around 0.03. 

4.4.5 If there is an autofocus feature on the instrument, use it to adjust the focus. If needed, adjust the focus further using the manual fine focus settings. 

4.5 Input the following automated image capture settings:

4.5.1 Select the entire well area to be imaged in each well.

4.5.2 Select the automated image capture to begin from the center of the well and spiral outward toward the edges of the well. 

4.5.3 Select autofocus settings such that the instrument re-focuses in each well. 

4.5.4 Select for the raw images in each well to be tiled/merged together.

4.5.5 Select for the images to be inverted horizontally and vertically. 

4.5.6 Select data saving settings to collect “tiled image” and “merged image”

4.5.7 Run the automated plate scan. The instrument used in this protocol will run at a speed of 1.5 min/well. 

4.5.8 Remove the plate, place the protective filter cover over the microscope platform, switch off the microscope, and close the software. 

4.5.9 Following imaging, count total individual colonies as well as myeloid and erythroid subtypes in each well manually using the tiled merged well images. 

4.6 Define colonies according to the following morphology characterization: 

4.6.1 Consider an individual colony or colony cluster distinct when it is far enough from another cell population, a distance equal to its own length. Populations that are within this distance limit are grouped into one colony count.

4.6.2 Ensure that the erythroid colonies are deeply pigmented and appear dark red in color. These colonies appear as densely growing single populations or clusters with clearly defined edges. Smaller erythroid colonies consisting of slow-growing immature cell populations are classified as CFU-E. Larger colonies with more mature populations are classified as BFU-E.

4.6.3 Check that the myeloid colonies contain cells that appear more translucent and are lighter in color. Myeloid colonies are more dispersed and do not contain clearly defined edges. Myeloid colonies tend to grow more often as single populations rather than clusters, although occasionally clusters may be seen. In both cases, myeloid colonies are classified as CFU-GM. 

4.6.4 Classify the mixed colonies that contain both erythroid and myeloid subtypes as CFU-GEMM.

5. Cell harvesting and freezing for downstream analysis via flow cytometry

5.1 Perform the steps below prior to starting: 

a. Prepare and warm fluorescence-activated cell sorting buffer (FACS buffer, composed of DPBS/4% FBS) and freezing media (FBS/10% DMSO) in a 37 °C water bath for at least 30 min. 

5.2 Add 5 mL of warmed FACS buffer to the surface of each well. Incubate plates for at least 30 min in a 37 °C incubator to dissolve the semisolid media. 

5.3 Thoroughly resuspend cells using a 5 mL pipette and transfer to a sterile 50 mL conical tube. 

5.4 Using 5 mL of warmed FACS buffer, wash each well 3 times and transfer the entire volume to the 50 mL conical tube. 

5.5 Resuspend cells well by vortexing in 4–5 short bursts, then centrifuge at 400 x g for 10 min at RT to pellet cells. If the pellet is not visible after centrifugation, the cells remain suspended in semisolid media. Without aspirating, add an extra 10–15 mL DPBS to the tube to further dilute the semisolid medium and resuspend well. If necessary, incubate at 37 °C for 10–15 min to fully dissolve the media, then pellet cells again. 

5.6 Aspirate the supernatant and resuspend the cells in 10 mL FACS buffer. Centrifuge at 400 x g for 10 min at RT to pellet cells. 

5.7 Resuspend cells in freezing media and aliquot 3 million cells/cryovial. Freeze vials in a controlled-rate freezing container at -80 °C for 24 h to achieve 1 °C / min cooling rate.

5.8 Transfer cryovials to liquid nitrogen storage as soon as possible. 

NOTE: Samples kept at -20 °C for long periods of time will have reduced viability. It is important to move cells to liquid nitrogen for long-term storage. 

RESULTS:

Figure 1 illustrates the colony assay pipeline from patient sample isolation through analysis of colony counts and colony morphology. Figure 2 displays key settings for imaging colonies on a brightfield microscope. Figure 3 and Figure 4 show representative images of colony formation from a single patient-derived sample at 13 days post-plating. In Figure 3, colonies are imaged using an automated fluorescence imaging system. The images are scored by manually counting colonies according to morphology. Figure 3A shows the comparison of control DMSO-treated cells with pyrimethamine as a single agent, venetoclax as a single agent, and combination treatment conditions. Enumerated counts shown in Figure 3B show fewer overall colonies in the pyrimethamine single-agent treatment and a combinatorial effect with venetoclax, suggesting that monotherapy or combination therapy might be a promising strategy to reduce leukemic blast proliferation and inhibit malignant growth in this individual patient. To validate the combined treatment effects further, multiple patients have similarly been assessed for response to Venetoclax and/or pyrimethamine-based treatment16. Further analysis via flow cytometry can be done to assess the differentiation capacities of the cells that formed colonies to characterize the drugs’ effects in a more granular way. It is important to note that absolute erythroid/myeloid counts can have considerable inter-patient and inter-disease variability. When analyzing colony counts across different patients or disease stages (MDS or AML), it is encouraged to compare the relative changes in erythroid/myeloid colony abundance in drug-treated vs. vehicle control-treated samples rather than comparing absolute counts between patients. 

Figure 4A shows representative images of myeloid colonies taken using an inverted fluorescence microscope at 4x magnification. This imaging system provides high-resolution images of single colonies at 4x magnification. For the purposes of this protocol, images from the above imaging system are included solely for illustrative purposes to clearly visualize colony morphology and define subtype characterization methods. Myeloid colonies appear as dispersed clusters without clearly defined edges, and are typically more translucent and less pigmented (Figure 4A). Erythroid colonies appear as more defined, dense colonies or colony clusters with red or dark pigmentation and clear, defined edges (Figure 4B). If colonies overlap, they are categorized as mixed, multipotent progenitor colonies or “GEMM” (Figure 4C). A truly distinct colony should be a distance away from surrounding colonies equal to its own length to be counted. For example, populations in the right-most image in Figure 4C are scored as 2 colonies, while the right-most images in Figure 4A,B are each scored as a singular colony. Using a combined system of colony counting and morphology assessment, it is possible to gather information on the general differentiated state of the erythroid and myeloid progenitors. The left and right images in Figure 4B are larger and/or contain more cell cluster populations than the smaller erythroid colony in the center image; for this reason, they would be scored as burst-forming units, or “BFU-E”. However, the center image in Figure 4B shows a smaller colony, which would be scored as a colony-forming unit or “CFU-E”. Figure 4C represents mixed colonies or “GEMM”. Note that the colonies are closer in distance than their respective sizes to be counted as mixed lineage. 

FIGURE LEGENDS:

Figure 1: Schematic of patient-derived CFU assay for preclinical drug characterization. This image shows a graphic schematic outlining the protocol. Bone marrow and peripheral blood samples are collected from patients or from a biobank, and mononuclear cells are isolated via gradient centrifugation. Drugs, then cells, are mixed into semisolid media and plated using a blunt syringe in alternating droplets. Following colony formation, colonies are imaged via brightfield microscopy, and erythroid and myeloid colonies are scored and counted. 

Figure 2: Settings of the fluorescence imaging system. (A) shows focus settings for plate imaging. (B) shows image capture automation settings. (C) shows image saving settings. (D) shows image run and saving settings. 

Figure 3: Myeloid/Erythroid colony counting and analysis. (A) shows colony images taken on the fluorescence imaging system. The colony assay was performed using a single MDS patient sample. (B) shows quantification of colony counts from the same experiment. Data are presented as mean ± SD from 3 technical replicates per condition. Statistical analysis was performed using one-way ANOVA on technical replicates from a single representative experiment. The experiment was independently repeated twice (n = 2 biological replicates) with similar results. (B) is adapted from Rivera-Peña16. 

Figure 4: Myeloid/Erythroid colony morphology. (A) shows representative myeloid colony morphology. (B) shows erythroid colony morphology. (C) shows mixed-lineage colony morphology. Scale bars: 100 µm.

DISCUSSION:
The protocol described here outlines an optimized workflow for performing CFU assays using primary bone marrow and peripheral blood samples from patients, with particular attention to maintaining cell viability and ensuring reproducible colony growth. Several steps in the protocol are critical for achieving reliable colony formation when working with patient-derived samples. Rapid thawing of cryopreserved mononuclear cells followed by immediate cooling is essential for preserving cell viability, as prolonged thawing can substantially increase cell death in fragile primary samples. Gentle handling during washing and resuspension steps is equally important since excessive mechanical stress can reduce progenitor survival and negatively affect colony formation. 

Preparation of methylcellulose-based semisolid media also requires careful handling. Thorough mixing is necessary to homogenize cytokines and supplements within the medium, while allowing the mixture to rest prior to plating helps eliminate bubbles that may interfere with colony growth. In addition, uniform mixing of cells within the semisolid matrix is essential to ensure consistent plating density across technical replicates. Even distribution of cells throughout the medium minimizes variability in colony formation and improves reproducibility between experimental conditions.

Troubleshooting strategies are particularly important when colony formation is suboptimal. Reduced colony numbers may result from low initial cell viability, inaccurate cell counting, or insufficient mixing of cells within the semisolid matrix. In such cases, verifying cell viability prior to plating, adjusting cell density, or repeating the mixing step can improve experimental outcomes. In addition, incomplete dissolution of semisolid media during colony harvesting can interfere with downstream cell recovery; incubation with warmed buffer and gentle mixing can help fully dissolve the matrix prior to centrifugation.

Besides those addressed in this protocol, the CFU assay has other unavoidable limitations that should be considered when interpreting results. CFU assays represent a simplified in vitro system that does not fully recapitulate the complex cellular interactions and microenvironmental cues present within the bone marrow niche22. As a result, colony formation may not always reflect the full spectrum of hematopoietic behavior observed in vivo. Another limitation is the inherent variability of patient-derived samples, which may differ in cellular composition, viability, and colony-forming potential depending on disease type, stage, treatment history, and sample handling conditions1,23. It is important to note that this protocol has provided representative data from a single patient at a single institution; independent validation in additional cohorts is required before reproducibility can be fully assessed.

Nevertheless, CFU assays remain a powerful tool for assessing functional responses of hematopoietic progenitors to experimental perturbations. Compared with alternative approaches such as bulk proliferation assays or short-term viability measurements, CFU assays provide a direct readout of lineage-specific differentiation potential24–26. This makes the assay particularly valuable for evaluating therapies aimed at restoring or modifying hematopoietic differentiation programs for myeloid and erythroid lineages. The ability to assess functional responses of patient-derived progenitor cells ex vivo also makes this method especially valuable for preclinical drug evaluation and translational research. 

Emerging approaches incorporating automated imaging and artificial intelligence–based analysis have the potential to address limitations of manual counting and scoring by enabling standardized, high-throughput, and reproducible colony detection and classification. Such tools can reduce user bias, improve accuracy, and generate permanent digital records for downstream analysis27. As these technologies continue to advance, integration of AI-assisted workflows may further enhance the scalability and rigor of CFU-based assays in both research and clinical settings.

In this study, the CFU assay is used to assess the effects of a pyrimidine-based therapy as a single agent and in combination with venetoclax. By measuring colony formation following treatment, the assay enables functional evaluation of how novel therapies influence colony viability and progenitor cell differentiation in primary patient samples. Overall, this optimized CFU assay workflow provides a practical framework for studying hematopoietic differentiation in primary patient-derived samples and for evaluating candidate therapeutics targeting hematologic diseases.
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