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SUMMARY: 
The first implementation of Image-seq, a spatial transcriptomic workflow that isolates live cells, on a commercial two-photon microscope is presented, with a detailed protocol for its application to a murine acute myeloid leukemia (AML) model. A new analysis reveals localized neutrophil depletion and attenuated myeloid immune signaling at high-AML-burden locations.

ABSTRACT: 
Acute myeloid leukemia (AML) progresses within a spatially heterogeneous bone marrow microenvironment, where local leukemic burden may influence interactions between AML cells and surrounding hematopoietic and immune cells. Conventional dissociation-based single-cell approaches provide transcriptome-wide molecular depth but pool cells across anatomically distinct locations. Conversely, imaging-based approaches preserve spatial information but are often limited in molecular breadth and do not typically recover viable cells for downstream analysis. Here, we present the first implementation of Image-seq – a spatially resolved single-cell transcriptomic workflow – on a commercial two-photon microscope, along with a detailed protocol for executing this workflow and applying it to the bone marrow of murine AML models. We also present a new analysis of a previously published Image-seq dataset, showing that high-AML burden locations are associated with localized neutrophil depletion and attenuation of immune-active myeloid transcriptional programs. Together, this protocol provides a framework for identifying location-dependent AML–microenvironment interactions that may be missed by dissociation-based approaches or by spatial profiling methods that do not preserve cell viability.

INTRODUCTION: 
Acute myeloid leukemia (AML) remains one of the most aggressive blood cancers, and is associated with a poor prognosis and high relapse rates1. AML develops in the bone marrow – the primary site of blood cell production – where malignant myeloid progenitor cells expand and progressively disrupt normal hematopoiesis. In addition to leukemia-intrinsic genetic and epigenetic alterations, interactions with the bone marrow microenvironment play a critical role in disease initiation, progression, and therapy resistance2,3. Understanding how leukemia cells interact with surrounding stromal, vascular, and immune cells is therefore important both for fundamental disease biology and the discovery of new therapeutic strategies.

For example, constitutive activation of β-catenin in osteoblasts is sufficient to induce AML in mice4, demonstrating that signals from the microenvironment can promote leukemogenesis. Stromal co-culture increases B cell lymphoma 2 (Bcl-2) expression in AML cells, activating anti-apoptotic pathways that are associated with poor treatment response5,6 and chemoresistance in quiescent leukemic cells7. These findings helped support therapeutic strategies targeting Bcl-2, including venetoclax-based combination regimens that are now used clinically in AML. Beyond Bcl-2, niche-derived signaling pathways such as GAS6–AXL and CXCR4–CXCL12 have also been pursued as therapeutic targets, with clinical trials ongoing or recently completed8–12.

Multiple imaging studies have shown that leukemia progression is spatially heterogeneous within the bone marrow13–15, suggesting that AML cells may encounter distinct microenvironmental signals depending on their anatomical location. However, most analyses of AML and its microenvironment have relied on dissociated samples16,17, which enable high-dimensional molecular characterization but result in a nearly complete loss of spatial information. Conversely, imaging-based approaches preserve tissue architecture but are typically limited in the number of cell populations and signaling molecules that can be resolved simultaneously13,18.

To address this gap, a platform enabling image-guided isolation of live cells from defined anatomical locations in the bone marrow for single-cell transcriptional analysis (Image-seq) was previously developed15,19. Here, the first implementation of Image-seq on a commercial multiphoton microscope is presented, along with a detailed protocol for the associated experimental workflow and its application to the analysis of spatial immune cell heterogeneity in AML.

[bookmark: OLE_LINK1]PROTOCOL: 
All animal procedures described in this protocol were performed in accordance with institutional guidelines and were approved by the Northeastern University Institutional Animal Care and Use Committee (NU-IACUC; protocol no. 24-0623R; approval effective since July 08, 2024). Perform all procedures involving live mice, i.e., anesthesia, retro-orbital injection, surgery, cardiac perfusion, intravital imaging, and tissue retrieval, only after completing institutional training and receiving protocol approval. 

NOTE: As with conventional whole-bone marrow harvesting protocols15, strongly adherent cell populations – including endothelial, osteolineage, and other stromal niche cells – are underrepresented in the protocol described here; this should be taken into account when interpreting the data presented. When recovery of these populations is required, a modified Image-seq workflow incorporating enzymatic digestion, as previously described15, can be used. A comparison of Image-seq to other commonly used spatial transcriptomic technologies, including Visium, MERFISH, CosMx, Stereo-seq, and laser capture microdissection can be found in Table 1. The estimated time for each experimental step in the workflow is shown in Table 2. The performance and experimental variability are shown in Table 3, and the troubleshooting guidance is summarized in Table 4. An overview of the Image-seq workflow is shown in Figure 1.
	
1. Preparation of complete AML cell culture medium

1.1. Prepare a complete AML culture medium in a biosafety cabinet using sterile technique. Remove 50 mL from a 500 mL bottle of RPMI 1640 basal medium.

1.2. Add 50 mL of fetal bovine serum (FBS) and 5 mL of 100× penicillin-streptomycin solution containing 10,000 U/mL penicillin and 10 mg/mL streptomycin to produce a medium containing approximately 10% FBS and 1× penicillin-streptomycin (100 U/mL penicillin and 100 µg/mL streptomycin).

1.3. Supplement the medium with stem cell factor (SCF) and interleukin-3 (IL-3) to final concentrations of 20 ng/mL and 5 ng/mL, respectively. Mix the medium gently by inversion.

1.4. Store the complete AML culture medium at 4 °C. Warm only the volume required for each use.

2. Culture and maintenance of fluorescent AML cells

2.1. Culture fluorescent KMT2A::MLLT3/HoxA9-Meis1 AML cells15 in complete AML culture medium within a 100 mm flat-bottom tissue culture dish. Maintain the cultures in a humidified incubator at 37 °C with 5% carbon dioxide.

NOTE: KMT2A::MLLT3/HoxA9-Meis1 AML refers to two distinct syngeneic murine AML models. The KMT2A::MLLT3 fusion gene results from the t(9;11)(p21.3;q23.3) chromosomal translocation and drives a specific subgroup of AML. HoxA9-Meis1 is a separate leukemia model that is characterized by the overexpression of HoxA9 and Meis1 genes. The details of how these mouse models were generated are described in Haase et al15. Both of these AML models have been engineered to express the fluorescent reporter green fluorescent protein (GFP), facilitating visualization by intravital imaging. 

2.2. Inspect the cultures daily for cell density, medium color, cell morphology, and contamination. Split cells every 1–2 days, depending on the initial seeding density and subsequent culture density. For routine expansion, seed approximately 4–5 × 106 viable cells per 100 mm dish and add prewarmed complete AML medium to a final volume of 10 mL.

NOTE: HoxA9/Meis1 AML cells proliferate rapidly under these culture conditions. Cultures should be inspected daily and are typically passaged every ~2 days when seeded at lower density, although cultures seeded at approximately 4–5 × 106 viable cells per 100 mm dish may reach a suitable density for passaging within ~1–1.5 days. Cultures with an approximately 90% dense appearance under routine microscopic observation are generally suitable for passaging. In a representative culture, an approximately 90% dense appearance corresponded to approximately 2.3 × 107 viable cells per 100 mm dish. For experiments requiring consistent transplantation conditions, prolonged continuous culture beyond approximately 1 week is not recommended.

2.3. To assess the suitability of cells for transplant, confirm that the cultures exhibit healthy morphology, and utilize acridine orange/propidium iodide (AO/PI) with an automated fluorescence cell counter or Trypan blue exclusion with a compatible cell counter to quantify viability. Use only cultures with >95% viability for transplantation or stock preparation, and record the culture date, split date, and medium information.

NOTE: Healthy HoxA9/Meis1 AML cultures predominantly contain round, refractile cells in suspension with relatively uniform size and morphology and minimal cellular debris. Reduced-quality cultures show increased cellular debris and greater numbers of irregular, damaged, or non-refractile cells.

3. Collection, counting, and preparation of AML cells for transplantation

3.1. Transfer the cell suspension into a sterile 15 mL conical tube. Rinse the culture dish with sterile RPMI 1640 or complete AML medium and combine the rinse with the suspension.

3.2. Centrifuge the cells at 500 × g for 5 min at room temperature. Carefully remove the supernatant and resuspend the cell pellet in a small volume of sterile injection buffer (e.g., PBS) sufficient to obtain a homogeneous suspension for cell counting. The exact volume is not critical at this stage, as the final volume is adjusted after determining the viable cell concentration.

3.3. Measure the cell concentration and viability. Use only cell suspensions with >90% viability.

3.4. Adjust the cell suspension with sterile injection buffer to a final concentration of 1.5 × 107 viable cells/mL, corresponding to 3 × 107 viable AML cells in 200 µL per recipient mouse. Prepare sufficient cell suspension for all recipient mice, including an additional injection volume to account for pipetting loss. Keep the cell suspension on ice and mix gently before transplantation.

NOTE: For example, transplantation of three mice requires a minimum of 9 × 106 viable AML cells in a total injection volume of 600 µL. To account for pipetting loss, prepare one additional injection volume; thus, 12 × 106 viable cells resuspended in 800 µL of sterile injection buffer provides sufficient cell suspension for three recipient mice.

4. Transplantation of AML cells into recipient mice

4.1. Prepare the warming and recovery areas before injection. Inject 200 µL of AML cell suspension containing 3 × 106 viable cells by retro-orbital injection using a sterile 29-G needle, in accordance with the approved institutional animal protocol.

4.2. Monitor each mouse until full recovery before returning it to the housing area. Record the mouse tag number, cell dose, cell viability, injection volume and route, transplantation date, and planned imaging date.

NOTE: Before transplantation, confirm the mouse tag number, strain, sex, age, and experimental group. Gently mix the AML cell suspension immediately before loading the syringe to minimize cell settling. Perform AML cell transplantation without recipient irradiation to avoid perturbation of the bone marrow microenvironment. The imaging session takes place within 1–2 weeks after transplantation. Representative positive intravital images are shown in Figure 2.

5. Preparation of low-adhesion fluorescent surgical micropipettes 

CAUTION: Handle glass micropipettes as sharps and discard broken or used micropipettes in an approved sharps container. Handle the siliconizing reagent in a chemical fume hood while wearing personal protective equipment because it contains volatile and hazardous components.

NOTE: The preparation and setup for Image-seq, including micropipette coating, mouse positioning, and system configuration, is shown in Figure 3.

5.1. Coat each micropipette by flowing the siliconizing reagent through the lumen for 2 min at 200 µL/min (Figure 3A). Rinse thoroughly with deionized water, air-dry completely, and store under sterile conditions until use.

5.2. Before use, rinse the coated micropipette with 70% ethanol followed by sterile PBS. Label the distal tip with a cell-labeling kit, then rinse gently to remove unbound reagent (Figure 3B).

5.3. Image the labeled micropipette tip using two-photon excitation at 775 nm (Figure 3C).

NOTE: Qtracker 655 (cell-labeling kit) is most efficiently excited under two-photon conditions at approximately 750–775 nm, though this range is not exclusive. Longer excitation wavelengths can also be used, but may reduce the fluorescence intensity and, consequently, micropipette contrast.

5.4. If the micropipette signal is weak, diffuse, or not visible, replace or relabel the micropipette before proceeding.

6. Mouse preparation for intravital calvarial bone marrow imaging

CAUTION: Use isoflurane (3–4% for induction, 1–2% for maintenance) only with an active scavenging system and in accordance with institutional anesthesia procedures.

6.1. One to two weeks post transplantation, anesthetize the AML-transplanted mouse according to the approved protocol. Inject 20 µL of anti-CD45-AF594 antibody mixed in 100 µL of PBS (0.5 mg/mL; 10 µg total antibody) by retro-orbital injection at least 3 h before imaging.

6.2. Anesthetize the AML-transplanted mouse and apply ophthalmic gel to prevent corneal drying.

6.3. Place the mouse on a heated surface to maintain body temperature. Remove the scalp hair from the incision site.

6.4. Disinfect the incision site according to the institutional animal care and use committee (IACUC)-approved procedure. Make a midline scalp incision to expose the calvarial surface.

6.5. Gently remove connective tissue without damaging the bone, and keep the exposed skull hydrated with sterile PBS. Preserve calvarial integrity because the second harmonic generation (SHG) signal provides anatomical landmarks for navigation.

7. Identification of high- and low-AML burden locations by intravital imaging

CAUTION: Operate two-photon and ablation lasers only after completing institutional laser safety training. Wear wavelength-specific laser protective eyewear whenever required.

NOTE: Before imaging, turn on the two-photon imaging system and allow the lasers to stabilize.

7.1. Before mounting the mouse, position the micropipette tip within the microscope focal plane using the micromanipulator and record its XYZ reference position. Rotate the micropipette away from the imaging area while retaining the reference position to provide space for mouse mounting.

NOTE: The microscope sample stage and micropipette micromanipulator use independent XYZ positioning systems. The microscope-stage coordinates are used to locate the mouse skull and imaging region of interest (ROI), whereas the micromanipulator coordinates define the micropipette position. After mouse mounting and ROI identification, rotate the micropipette back to its preset position. Maintain the established X–Y reference and use fine Z adjustment to advance the micropipette toward the target ROI under image guidance.

7.2. Mount the mouse, apply fresh PBS to the exposed skull, and maintain the PBS immersion medium between the skull and the objective. Carefully lower the objective while continuously monitoring the skull and PBS droplet to avoid accidentally damaging the skull with the objective. 

7.3. Configure the detector channels for enhanced green fluorescent protein (EGFP)-positive AML cells, CD45-positive bone marrow cells, and SHG signal.

7.4. Acquire a tile scan of the calvarial bone marrow (Figure 2A). Alternatively, manually advance the sample to survey the calvarial bone marrow and evaluate leukemic cell distribution by eye. Use the SHG signal to identify bregma, lambda, and bone marrow cavity boundaries.

7.5. Examine individual bone marrow cavities to visually identify candidate high-AML-burden ROIs (high density of AML-EGFP-positive cells) and low-AML-burden ROIs (few or no AML-EGFP-positive cells). 

7.5.1. Acquire a z-stack at each candidate ROI using identical imaging settings, and save the image stack, stage coordinates, preliminary classification, and imaging settings. 

7.5.2. To confirm this visual assignment, perform quantitative analysis on the full 3D AML-EGFP and CD45 stacks using three-level Otsu segmentation (MATLAB, multithresh(image(:), 2)): the upper threshold (T2) in the green channel identifies AML-EGFP-positive voxels, and the lower threshold (T1) in the red channel identifies CD45-positive voxels. Restrict quantification to the SHG-defined marrow cavity and calculate the AML-EGFP⁺/CD45⁺ voxel ratio.

NOTE: Within the green channel, voxels with intensities between the T1 and T2 thresholds correspond to autofluorescence rather than AML-EGFP-positive cells. Since most autofluorescent cells in the bone marrow are macrophages, which are CD45-positive, these voxels are captured by CD45 labeling and do not need to be distinguished separately from other CD45-positive cells. High-burden ROIs generally show AML-EGFP⁺/CD45⁺ voxel ratios > 0.7, whereas low-burden ROIs show ratios < 0.1 (Figure 2). 

8. Transcardial perfusion and remounting for Image-seq

8.1. Remove the mouse from the imaging stage.

8.1.1. After completing intravital tile imaging and identifying candidate ROIs, carefully remove the mouse and custom holder from the microscope stage while preserving the imaging settings.

8.2. Prepare for transcardial perfusion.

8.2.1. Prepare 40 mL of sterile 5 mM ethylenediaminetetraacetic acid (EDTA)/PBS by adding 400 µL of 0.5 M sterile EDTA to 39.6 mL of sterile PBS. Fill separate 10 mL syringes with 5 mM EDTA/PBS and PBS only for each mouse and keep them on ice.

8.2.2. Attach a 25-G needle to the syringe containing 5 mM EDTA/PBS. Prime the needle until a drop appears at the tip to remove all air bubbles.

8.3. Perform transcardial perfusion.

8.3.1. Maintain the mouse under deep anesthesia according to the approved protocol using 4%–5% isoflurane. Place the mouse in the supine position and secure the forelimbs.

8.3.2. Open the skin, abdominal wall, and rib cage to expose the liver, thoracic cavity, and heart without damaging major blood vessels. Make an incision in the right atrium to provide an outlet for blood and perfusion buffer.

8.3.3. Gently stabilize the beating heart with forceps. Insert the needle into the apex of the left ventricle with the bevel facing downward, align it parallel to the interventricular septum, and advance it approximately 5 mm.

8.3.4. Slowly perfuse the mouse with 10 mL of 5 mM EDTA/PBS at a steady rate. Keeping the needle position stable, replace the first syringe with the PBS syringe and slowly perfuse with 10 mL of PBS.

NOTE: Continuous outflow from the right atrium and rapid blanching of the liver and kidneys indicate adequate perfusion. EDTA/PBS reduces clotting, while the subsequent PBS perfusion removes residual blood and EDTA. Avoid air bubbles and excessive or insufficient pressure because poor perfusion can increase blood cell contamination and micropipette clogging.

8.4. Remount the mouse for Image-seq.

8.4.1. Transfer the perfused mouse back to the custom imaging holder and stabilize the head so that the calvarial surface remains level and accessible.

8.4.2. Return the holder to the microscope stage and use the previously recorded microscope-stage ROI locations and anatomical landmarks to relocate the selected regions.

8.4.3. Arrange the objective, micromanipulator, micropipette holder, flushing line, and aspiration line to prevent mechanical interference before proceeding with the Image-seq ablation and cell-recovery steps.

9. Plasma-mediated calvarial bone thinning and creation of a localized bone opening for micropipette insertion (Figure 4)

CAUTION: Operate the ablation laser only after completing institutional laser safety training. Use wavelength-specific laser protective eyewear and approved beam-control procedures.

NOTE: The parameters specified below reflect the settings used on the system described here. In general, users should optimize wavelength, pulse energy, scan speed, and laser repetition rate for their specific application, since the achievable optimum depends on the maximum line scan rate of the specific instrument, the laser repetition rate and pulse energy of the laser source, and the need to minimize tissue damage while maximizing ablation speed. In this system, the ablation beam is coupled into the existing Leica SP8 multiphoton microscope. Ablation is performed in the linear galvo configuration; resonant galvo mode is not recommended for increasing ablation speed since the pulse distribution across the scan field is not linear. For rapid bone ablation in this system, the following conditions were found to be optimal: a bidirectional line scan rate of 600 Hz, a 500 kHz laser repetition rate, and a pulse energy of 120 nJ at 775 nm. The pulse duration of our laser at this wavelength is ~290 fs.

9.1. Activate the CRONUS-3P laser and set the signal output wavelength to 775 nm. Perform ablation through a 25×/1.0 NA water-immersion objective at zoom 1, using approximately 60 mW average power at the sample plane and a laser repetition rate of 500 kHz.

9.2. In the acquisition software, set a 440 µm × 440 µm scan field (512 × 512 pixels) with bidirectional linear scanning at 600 Hz and an 800 ns pixel dwell time, as well as 6 frame averaging,  giving a frame rate of approximately 0.37 frames/s. 

9.3. Position the selected ROI along the upper edge of the planned bone-thinning field (Figure 4A). Position the ablation focal plane at the bone surface and perform sequential ablation passes. As bone is progressively removed, advance the focal plane to follow the receding bone surface – on our system, this is achieved by stepping through a z-stack in 0.5 µm increments – until the residual calvarial bone thickness is approximately 20 µm. 

NOTE: Keep the skull surface hydrated throughout ablation and pause between passes as needed to minimize bubble formation. Acquire SHG images periodically to monitor the remaining bone thickness and uniformity of the thinned region.

9.4. Within the thinned region, set an approximately 60 µm × 60 µm ablation ROI positioned adjacent to – rather than directly above – the target collection ROI (Figure 4A), to minimize damage to the target cells. Continue sequential ablation through this ROI to create an opening for micropipette entry (Figure 4D), while controlling the depth of ablation-front penetration into the marrow and avoiding excessive ablation beyond that required for micropipette access.

9.5. Re-image the ablated region using SHG and fluorescence imaging to confirm complete perforation of the bone (indicated by loss of SHG signal in the opening) before proceeding with micropipette insertion.

NOTE: Successful creation of the opening is indicated by loss of SHG signal within the opening and an unobstructed path for micropipette entry, while the surrounding bone architecture and fluorescence signals remain preserved.

10. Image-guided micropipette insertion and localized marrow aspiration

10.1. Rotate the fluorescently labeled micropipette back into the imaging field (see 7.1) and visualize its tip. Use the Qtracker 655 signal to align the micropipette tip with the bone opening.

10.2. Slowly advance the micropipette through the bone opening and position the tip within the marrow cavity adjacent to the selected ROI (Figure 4E). Continuously monitor the micropipette position by fluorescence imaging during insertion.

10.3. Apply gentle aspiration while continuously monitoring the selected ROI and the aspirated material within the micropipette. Continue aspiration until a clear reduction in CD45-positive and/or AML-EGFP-positive fluorescence is observed within the selected ROI relative to the pre-aspiration image. Stop the aspiration process before the recovered sample passes from the micropipette into the connecting tubing.

10.4. If reliable visualization is lost during insertion or aspiration, stop the procedure and restore imaging by adjusting the focal plane, detector settings, irrigation, stage position, or, if needed, exchanging the micropipette. Resume only after the micropipette and target ROI can be reliably visualized.

10.5. Equalize the micropipette pressure and carefully withdraw the tip from the marrow cavity.

11. Recovery of aspirated cells and immediate sample quality control

11.1. Transfer the aspirated material into a low-retention microcentrifuge tube containing ice-cold fluorescence-activated cell sorting (FACS) buffer. Rinse the micropipette with cold FACS buffer and combine the rinse with the recovered sample.

NOTE: Keep the recovered sample on ice and minimize processing time before downstream analysis.

11.2. Mix the sample gently and remove an aliquot for cell-count and viability assessment.

11.3. For samples proceeding directly to scRNA-seq, determine nucleated-cell yield and viability by AO/PI staining using an automated cell counter. For flow cytometry or FACS enrichment, gate sequentially on recovered events, singlets, and DAPI-negative live cells.

11.4. Record the recovered cell count, viability, debris, and cell clumping. Allocate the remaining sample to the selected downstream analysis.

NOTE: Image-seq samples are expected to yield >12,000 nucleated cells with approximately 90% viability, as observed in this study (Figure 5A). Samples yielding < 2,000 nucleated cells or showing reduced viability, excessive debris, or marked cell clumping should be considered suboptimal.

12. Preparation of Image-seq samples for single-cell RNA sequencing

12.1. Adjust the cell concentration according to the requirements of the selected scRNA-seq platform.

12.2. Perform single-cell capture, reverse transcription, cDNA amplification, and library preparation using the 10x Genomics Chromium Single Cell 3’ Reagent Kits v2 workflow (User Guide CG00052) or the selected alternative protocol.

NOTE: Keep samples on ice and minimize processing time before library preparation. Select the scRNA-seq workflow that best suits your experimental needs, such as a droplet-based or plate-based method.

13. Processing and integration of single-cell RNA sequencing data

NOTE: The Image-seq dataset analyzed in this manuscript, including samples collected from high- and low-AML-burden locations, was previously reported by Haase et al15. The analyses presented here evaluate, for the first time, the abundance and transcriptional signaling programs of surrounding non-leukemic immune and progenitor populations at high- and low-AML-burden locations.

13.1. Load the scRNA-seq count matrices into R and create a Seurat object for each sample. Add sample identity and experimental-condition metadata.

13.2. Calculate the mitochondrial transcript percentage using PercentageFeatureSet(). Retain cells with nFeature_RNA > 200, nCount_RNA > 300, and mitochondrial transcripts < 20%.

13.3. Normalize each QC-filtered sample using NormalizeData() and merge the samples. Identify variable features using FindVariableFeatures() and scale the merged data using ScaleData().

13.4. Run principal component analysis using RunPCA(npcs = 50). Correct for sample-associated batch effects using RunHarmony(group.by.vars = "orig.ident").

13.5. Construct the shared nearest-neighbor graph using FindNeighbors(reduction = "harmony", dims = 1:30) and cluster the cells using FindClusters(resolution = 0.65). Generate the UMAP embedding using RunUMAP(reduction = "harmony", dims = 1:30).

13.6. Examine canonical marker-gene distributions using feature plots and dot plots and assign cell-type identities to the clusters. Remove mature erythroblast clusters before final visualization and downstream analysis.

NOTE: The first 30 Harmony dimensions and a clustering resolution of 0.65 were selected empirically after comparing alternative parameter settings and examining canonical marker-gene distributions. These settings provided the clearest biologically coherent separation of the expected cell populations.

14. Visualization of high- and low-AML burden samples

14.1. Subset the annotated object to high-AML burden, low-AML burden, and normal Image-seq samples. Generate separate UMAP panels for the high- and low-AML burden samples and color cells by the final cell-type labels (Figure 5B).

14.2. Calculate the relative abundance of each annotated cell type within the high-AML burden, low-AML burden, and normal groups. Plot the resulting cell-type composition for descriptive comparison (Figure 5C).

15. Immune cell functional analysis

15.1. Subset monocytes, neutrophils, monocyte progenitors, granulocyte progenitors, T cells, B cells, pre/pro-B cells, and dendritic cells from the annotated Seurat object while retaining cell-type and sample metadata. Assign cells to normal bone marrow, low-AML burden (LB), and high-AML burden (HB) Image-seq groups.

15.2. For each cell type with at least 10 cells in both comparison groups, perform differential-expression analysis for LB versus HB, Normal versus HB, and Normal versus LB using FindMarkers(test.use = "wilcox", logfc.threshold = 0.10, min.pct = 0.10, only.pos = FALSE). Define significantly upregulated genes as adjusted P < 0.05 and average log₂ fold change > 0.25.

15.3. Perform gene ontology biological-process and Kyoto encyclopedia of genes and genomes (KEGG) over-representation analyses on significantly upregulated genes using enrichGO() and enrichKEGG(), respectively, with Benjamini-Hochberg correction, pvalueCutoff = 0.05, and qvalueCutoff = 0.20. Rank all tested genes by average log₂ fold change and perform GO and KEGG gene set enrichment analyses using gseGO() and gseKEGG() with gene-set sizes of 10–500, pvalueCutoff = 0.25, and Benjamini-Hochberg correction.

15.4. Filter significant enrichment results for inflammation-related terms using the predefined inclusion and exclusion criteria. For monocytes and neutrophils, retain the top 10 non-universal terms that are higher in LB than HB and are either detected only in LB versus HB or are also higher in Normal than HB without a significant Normal-versus-LB difference.

15.5. Generate lollipop plots of the selected monocyte and neutrophil pathways across LB versus HB, Normal versus HB, and Normal versus LB. Display enrichment strength as −log10 adjusted P value and show non-significant or non-upregulated terms in gray (Figures 5D,E).

15.6. For neutrophils, retain the top 10 genes significantly upregulated in LB versus HB that are not significantly upregulated across all three comparisons. Plot the average log2 fold change across the three comparisons and display non-significant values in gray (Figure 5F).
    
NOTE: The high- and low-AML burden groups each contained one Image-seq sample; therefore, the differential-expression and enrichment analyses were considered exploratory.

REPRESENTATIVE RESULTS: 
This protocol enables image-guided isolation of AML cells and surrounding immune cells for spatially-resolved transcriptomic analysis. A successful experiment should demonstrate four major outcomes: identification of locations with high and low-AML burden by intravital imaging, creation of a localized bone opening by plasma-mediated laser ablation, isolation of viable cells by localized microaspiration, and compatibility of these cells with downstream single-cell transcriptomic analysis.

Building on the previously established Image-seq method and dataset15, the present work provides, to our knowledge, the first implementation of Image-seq on a commercial two-photon microscope, a detailed step-by-step protocol for the workflow, and a new analysis of spatial differences in nonleukemic immune-cell composition and transcriptional programs between locations with high and low AML burden.

The overall workflow is summarized in Figure 1. Recipient mice are transplanted with EGFP expressing AML cells prior to imaging. After mouse preparation, intravital multiphoton imaging is used to visualize AML cells, CD45⁺ bone marrow cells, and bone within the calvarium and ROIs are selected based on local AML burden. Mice are then perfused transcardially with PBS containing EDTA, and ROIs are processed through the Image-seq workflow for localized cell aspiration and downstream single-cell RNA sequencing (scRNA-seq).

A representative positive imaging result is shown in Figure 2. CD45 labeling is used to visualize hematopoietic and immune cells, while AML cells are identified by EGFP expression. Tile scanning provides an overview of AML cell distribution across the skull, allowing the identification of locations with high (yellow square, Figure 2A) and low (white square, Figure 2A) AML burden. Individual ROIs are then selected for Image-seq analysis (Figures 2B,C). A successful imaging result should show clearly distinguishable AML-rich and AML-sparse ROIs with sufficient CD45⁺ bone marrow cells for downstream analysis. A suboptimal result may include weak GFP signal, excessive background noise, poor CD45 labeling, and motion artifacts, all of which can reduce confidence in ROI selection.

The micropipette preparation procedure and Image-seq system setup are shown in Figure 3. Glass micropipettes are first coated with a siliconizing agent to prevent cell adhesion during the aspiration procedure (Figure 3A). They are then fluorescently labeled with a cell labeling kit to enable visualization by multiphoton microscopy (Figure 3B). Successful micropipette labeling produces a bright, localized fluorescent signal at the tip that is clearly visible under two-photon excitation (Figure 3C). A weak or diffuse cell signal can make it difficult to distinguish the micropipette tip from tissue fluorescence and may compromise accurate positioning during microaspiration. Proper mouse mounting on the custom holder, stable alignment of the ablation laser into the two-photon microscope, and coordinated positioning of the micromanipulator, pipette holder, flushing system, and air syringe are also important for reproducible Image-seq sample collection (Figure 3D). Further details on alignment of the ablation laser into the multiphoton microscope, as well as the ablation parameters, can be found in Haase et al15,20.

Figure 4 demonstrates the key steps required to generate a localized bone opening and perform microaspiration. After ROI selection, plasma-mediated laser ablation is used in two stages: first, to thin a larger area of overlying bone, and then to create a smaller micropipette entry site adjacent to the ROI (Figure 4A). Three-dimensional SHG rendering provides a readout of the ablation process, showing the calvarial bone before ablation (Figure 4B), after bone thinning (Figure 4C), and after creation of the opening for micropipette insertion (Figure 4D). This configuration positions the bone opening adjacent to, rather than directly above, the target cells (Figure 4E), thereby reducing the risk of ablation-associated damage while allowing the micropipette to access the target ROI for localized microaspiration (Figure 4F). A successful outcome is indicated by clear visualization of the micropipette tip, accurate positioning adjacent to the target cells, and loss of CD45⁺ signal from the ROI after aspiration (Figure 4G,H). Suboptimal outcomes may include incomplete bone thinning or opening formation, excessive ablation, micropipette blockage, debris accumulation, poor pipette positioning, or minimal change in CD45⁺ signal after aspiration.

Across 12 Image-seq samples, flow cytometry-based viability assessment shows a mean DAPI-negative fraction of 90.1% ± 5.7% (Figure 5A). This value provides a benchmark for sample quality prior to scRNA-seq. Lower viability may result from suboptimal ablation parameters, improper positioning of the bone opening or micropipette, or prolonged experimental duration. Figure 5B shows a uniform manifold approximation and projection (UMAP) visualization of scRNA-seq data from calvarial Image-seq samples collected from high- and low-AML burden locations. These visualizations and subsequent new analyses (Figure 5B–F) were newly generated for this protocol using a previously published Image-seq dataset from Haase et al15. Similar major cell populations were detected in samples from both high- and low-AML burden locations; however, their relative abundances differed markedly (Figure 5B,C). Most notably, high-AML burden samples showed a pronounced reduction in neutrophils, consistent with the neutropenia widely reported in patients with AML and with neutrophil depletion observed in AML bone marrow by scRNA-seq studies21. This spatially restricted depletion suggests that conventional scRNA-seq or other non-spatial profiling approaches may disproportionately sample neutrophils from low-burden locations. Additional shifts in other hematopoietic and immune cell populations were also observed, consistent with spatial transcriptomic studies showing that AML is associated with remodeling of the surrounding immune microenvironment22.

It was next examined whether these compositional differences were accompanied by changes in immune-cell signaling programs. Cell-type-specific gene ontology analysis of monocytes and neutrophils showed enrichment of immune-active transcriptional programs in normal bone marrow and low-AML burden locations compared with high-AML burden locations, including antigen presentation, inflammatory signaling, and cytokine-response pathways (Figures 5D–E; top 10 pathways shown). These patterns were broadly similar between monocytes and neutrophils, suggesting reduced immune activation in high-burden locations. Differential gene expression analysis further showed higher expression of mature neutrophil-associated genes in normal and low-burden neutrophils relative to high-burden neutrophils (Figure 5F), consistent with a prior study showing that neutrophils are more immature at advanced stages of AML21. Together, these analyses indicate pronounced differences between high- and low-AML burden locations, while low-burden locations more closely resemble normal bone marrow for several immune features. This emphasizes the importance of preserving spatial context, as averaging across the bone marrow may mask localized neutrophil depletion and immune-cell remodeling in locations with high leukemic burden. Because the present study was restricted to calvarial marrow, these findings should be interpreted specifically within the calvarial hematopoietic niche and should not be directly generalized to long-bone marrow without additional validation.

FIGURE AND TABLE LEGENDS: 
Figure 1: Overview of the Image-seq workflow for image-guided isolation and transcriptional analysis of AML cells and their local microenvironment. (A) Three million AML cells are transplanted into each recipient mouse 7–14 days before imaging. (B) Mice are prepared for intravital calvarial bone marrow imaging by shaving the scalp and exposing the calvarial surface. (C) In vivo fluorescence and SHG imaging are used to identify locations with high and low-AML burden, respectively. (D) Transcardial perfusion is performed with a solution of PBS containing EDTA to reduce blood cell contamination and prevent clogging of the pipette during downstream aspiration.  (E) Re-mounting of the mouse and imaging. (F) Plasma-mediated laser ablation is performed to remove a ~440 µm × 440 µm × 60 µm volume of bone, followed by the generation of a smaller, localized opening adjacent to the target location. (G) An angled micropipette is inserted through the opening to aspirate and collect bone marrow cells from the target location. (H) Retrieved cells are counted and assessed for viability using AO/PI staining. (I) FACS can be used to isolate fluorescently labeled subpopulations from the retrieved sample. (J) Retrieved cells can be processed for downstream scRNA-seq using droplet-based or plate-based approaches.

Figure 2: Intravital imaging resolves spatial heterogeneity in leukemic burden. (A) A single optical section from a tiled z-stack of the calvarium bone marrow showing EGFP⁺ AML cells in green, CD45⁺ hematopoietic/immune cells in red, and SHG bone signal in blue/cyan. Solid yellow box outlines a high-AML burden location, whereas solid white box indicates a low/no AML burden location. (B,C) Enlarged views of high-AML burden (B) and low-AML burden (C) locations shown in (A). Scale bars: A = 500 μm; B–C = 100 μm.

Figure 3: Preparation and setup for Image-seq, including micropipette coating, mouse positioning, and system configuration. (A) Glass micropipettes are coated with a siliconizing agent to reduce adhesion of retrieved cells to the glass surface. (B) Micropipettes are fluorescently labeled to enable visualization of the micropipette during cell aspiration. (C) Representative two-photon image of a Qtracker 655-labeled micropipette under 775 nm excitation. The white arrow points to the micropipette tip. (D) The mouse is mounted on a custom three-dimensional (3D) printed mouse holder to stabilize the head during Image-seq experiments. (E) Overview of the Image-seq system components, including the two-photon microscope that is used for imaging, as well as the mouse holder, z-translational stage, sample stage, micromanipulator, micropipette holder, peristaltic pump, Air syringe, and mouse heater. Scale bar: C = 20 μm.

Figure 4: Plasma-mediated laser ablation creates a bone opening adjacent to the target cells, enabling localized microaspiration while preserving target cell integrity. (A) Schematic overview of the laser ablation strategy. After selection of an ROI containing the target cells, a larger 440 µm × 440 µm area of overlying bone is thinned to an overall thickness of ~20 µm. The ROI occupies only a small portion of the thinned area and is positioned along its upper edge. Next, a smaller area of bone (~60 µm × 60 µm) is ablated to create a micropipette entry site adjacent to the ROI. (B–D) Three-dimensional renderings of SHG signal (blue) from the calvarial bone before plasma-mediated laser ablation, after bone thinning, and after creation of the opening for micropipette insertion, respectively. (E) Schematic showing the microaspiration approach. The aspiration region is positioned adjacent to the bone opening, enabling cell collection while preserving target cell integrity. White arrow denotes the micropipette. (F) Representative fluorescence images showing the Qtracker 655-labeled micropipette (red), which has been positioned adjacent to the target cells, with the micropipette tip indicated by a white arrow. SHG signal is shown in blue. (G) Pre-ablation images showing CD45⁺ bone marrow cells (left), bone SHG signal (center), and merged image (right). Dashed outline indicates the bone marrow cavity, and the solid square marks the region of interest containing the target cells. (H) Post-aspiration images show loss of CD45⁺ signal from the target location, consistent with localized cell removal. Scale bars: 100 μm.

Figure 5: Image-seq reveals spatial differences in immune cell composition and signaling across bone marrow locations with distinct AML burden. (A) Viability of Image-seq samples, quantified by flow cytometry as the percentage of DAPI-negative cells. Each dot represents one Image-seq sample; data are shown as mean ± SD from 12 samples collected across 5 experiments from 5 mice. The mean DAPI-negative live-cell fraction was 90.1% ± 5.7%. (B) UMAP visualization of scRNA-seq data from Image-seq samples collected in high (left) and low (right) AML burden locations, respectively, showing annotated AML, immune, and hematopoietic cell populations. (C) Relative cell-type composition across high-AML burden, low-AML burden, and normal Image-seq samples. (D,E) Pathway enrichment analysis of upregulated genes in monocytes (D) and neutrophils (E). In panels D and E, lollipop length represents −log10 adjusted p value; gray indicates non-significant or not-upregulated terms. (F) Heatmap shows significantly upregulated genes in neutrophils, color indicates log2 fold change; gray indicates genes that were not significantly upregulated in the corresponding comparison. Panels B–F show new analyses of a previously published Image-seq dataset15. Abbreviations: HB, high-AML burden; LB, low-AML burden.

Table 1:  Comparison of Image-seq with representative spatial profiling and spatially guided sampling approaches. Spatial resolution is not directly equivalent across these methods. For Image-seq and laser capture microdissection, the listed value represents the sampled or collected ROI. For Visium and Stereo-seq, it represents the RNA-capture feature or analysis bin. For MERFISH and CosMx, it represents the localization of measured molecules. Transcriptome coverage and single-cell resolution in Image-seq depend on the downstream assay rather than on the cell-recovery procedure itself.

Table 2: The estimated time for each experimental step in the workflow. 

Table 3: Collection performance and experimental variability.

Table 4: Troubleshooting for Image-Seq imaging, ablation, and sample collection.

DISCUSSION: 
Despite advances in treatment, AML remains an aggressive cancer with poor survival and high relapse rates1. Because the bone marrow microenvironment contributes to AML initiation, progression, and therapy resistance2–12, AML–immune cell interactions were examined across bone marrow microenvironments that differ in leukemic burden (Figure 2A–C). Using the Image-seq dataset previously reported by Haase et al.15, which comprised samples collected from high- and low-AML burden locations, the present analysis extends the original study – which characterized only the abundance of AML cells at these locations – by evaluating the abundance of surrounding non-leukemic hematopoietic and immune cells and the transcriptional signaling programs active within these populations. This revealed localized neutrophil depletion and attenuation of immune-active myeloid transcriptional programs at high-AML-burden locations (Figure 5C–F). These results highlight the importance of spatially resolved approaches for studying disease progression, therapy response, and relapse in AML. Although dissociation-based scRNA-seq has provided important insights into the immune microenvironment in AML16, such approaches average signals across anatomically distinct sites and may therefore obscure local differences in AML–immune cell interactions. This further supports the idea that AML–microenvironment interactions are spatially heterogeneous and that this heterogeneity should be considered when identifying candidate mechanisms of immune remodeling or therapeutic resistance. 

To enable this kind of spatially resolved investigation, a detailed Image-seq protocol is presented for application to murine AML models. By linking intravital imaging with downstream molecular profiling, Image-seq provides a framework for identifying location-dependent AML–microenvironment interactions that can subsequently be validated using imaging of human patient samples and targeted perturbation in patient-derived xenograft models.

Several steps are critical for the successful implementation of this protocol. AML cells should be split into fresh medium the night before transplantation and assessed for viability immediately before injection, as poor input viability reduces engraftment efficiency and compromises downstream Image-seq sample recovery. Second, transcardial perfusion with EDTA-containing buffer should continue until blood is visibly cleared, as residual blood cells can increase background signal, dilute retrieved marrow cells, and clog the micropipette used for cell aspiration. Third, intravital imaging must clearly distinguish EGFP-positive AML cells, CD45-positive hematopoietic and immune cells, as well as SHG signal from the bone. These signals are required to identify spatial heterogeneities in leukemic burden and to guide plasma-mediated laser ablation and cell aspiration. The calvarial bone marrow is particularly suitable for this workflow because it is optically accessible for intravital imaging and enables visualization of marrow cavity architecture in vivo15,23–25. Finally, the micropipette must be well-labeled with the fluorescent dye, angled by 20°–30°, inserted through the localized bone opening, and positioned adjacent to the target cells. Accurate placement of both the bone opening and the micropipette is essential for precise aspiration of the target cells while minimizing ablation- or aspiration-associated damage. 

The most common technical challenges are weak fluorescence signal, incomplete or excessive ablation, localized bubble formation during ablation, pipette clogging, low cell recovery, and reduced viability after aspiration. Reduced cell viability can be minimized by limiting aspiration time and suction strength, as well as rapidly transferring recovered cells to ice-cold buffer. Optimizing ablation parameters to minimize damage to the surrounding tissue can further help preserve cell viability. To minimize photobleaching and photodamage, avoid unnecessary increases in excitation power, repeated imaging, and prolonged exposure of the same ROI, and set the imaging power to the lowest value that provides sufficient contrast for the experiment. Weak AML or CD45 signals can be addressed by optimizing detector gain, laser power, and antibody labeling conditions while avoiding saturation. Incomplete ablation can prevent pipette entry, whereas excessive ablation can increase damage to the underlying marrow or the target cells. Localized bubble formation within the ablation region can distort the ablated tissue volume and make it difficult to insert the micropipette through the bone opening. In the current workflow, ablation is performed using galvanometric mirror-based linear scanning. Depending on the imaging system, nonlinearities in the fast-scanning galvo axis may increase dwell time at the edges of the ablation field, resulting in non-uniform ablation. These issues can be resolved by optimizing laser power, repetition rate, scan geometry, the extent of bone thinning, and penetration at the micropipette entry site, as well as pause intervals between ablation passes. Pipette clogging can be reduced by EDTA/PBS perfusion, proper coating of glass micropipettes with a siliconizing agent to reduce cell adhesion, careful avoidance of bone fragments, and gentle suctioning during aspiration. Retrieved samples should be kept on ice, handled gently, and processed immediately for viability assessment, sorting, or single-cell sequencing. These factors are important because the major advantage of Image-seq over other spatial profiling approaches is its ability to recover viable cells for downstream molecular or functional assays. 

Several considerations should be taken into account when implementing this workflow. It requires specialized expertise in intravital multiphoton imaging, plasma-mediated laser ablation, micromanipulation, and animal surgery, which may limit adoption without the necessary training and instrumentation. In its current implementation, the approach has been demonstrated in both murine calvarium and tibia bone marrow, but adaptation to human samples will require further technical development. Spatial resolution can be adjusted by modifying the aspiration volume; however, isolation of very small numbers of cells increases the risk of sample loss during handling or incompatibility with downstream assays. These practical constraints currently limit the effective sampling volume to approximately 50 µm × 50 µm × 50 µm of bone marrow tissue.  For applications requiring detection of rare cell populations, Smart-seq–based library preparation combined with fluorescent labeling of the target population prior to ROI selection is recommended. This approach has previously enabled detection of extremely rare cells (<0.00007% frequency in the bone marrow) by scRNA-seq, since ROI-based selection allows for targeted enrichment of these populations ahead of sequencing. The same rationale extends to downstream functional assays.

Unlike dissociation-based single-cell approaches, Image-seq links molecular profiles to defined anatomical locations identified by intravital imaging. Unlike most other spatial profiling approaches (see Table 1), Image-seq isolates viable cells, enabling compatibility with downstream single-cell multiomics, targeted molecular assays, and functional assays such as colony-forming or transplantation assays. This ability to connect spatial localization, cellular phenotype, and downstream function provides a framework for identifying location-dependent AML–microenvironment interactions that may be missed by dissociation-based or by spatial profiling methods that do not preserve cell viability. In future studies, spatially resolved analyses of AML–immune cell crosstalk could help identify microenvironmental programs that promote disease progression, therapy resistance, or relapse, and may reveal new therapeutic opportunities for disrupting leukemia-supportive niches.
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