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SUMMARY
This protocol describes an optimized workflow for placing multiple human skin tissue sections within a designated area and for spatial transcriptomic analysis and detecting primary cilia by immunofluorescence staining.

ABSTRACT
Spatial transcriptomics (ST) enables spatially resolved transcriptome profiling while preserving tissue architecture and spatial information. High-resolution ST technologies are particularly valuable for characterizing cell populations in their native tissue context, as they preserve tissue localization and morphological features during transcriptomic analysis. 

Primary cilia are immotile organelles that protrude from the cell surface and function as sensory structures for extracellular signals. We have reported that primary cilia are increased in the epidermis of inflammatory skin diseases, including atopic dermatitis and psoriasis. However, primary cilia are primarily detected by immunostaining or electron microscopy, and no specific surface marker is currently available to isolate ciliated cells as a single-cell population. Therefore, ciliated cells cannot be readily isolated by conventional cell-sorting approaches, limiting the characterization of their transcriptomic profiles and functional states as a defined cell population. Thus, the pathological roles and molecular characteristics of ciliated cells remain unclear. 

In this protocol, we describe a method for preparing human skin tissue sections for high-resolution ST analysis while detecting primary cilia by immunofluorescence (IF) staining. The workflow includes efficient placement of multiple tissue sections within designated areas on glass slides, IF staining for primary cilia detection, and fluorescence image acquisition, including Z-stack imaging for accurate identification of primary cilia. Downstream Visium High Definition (VHD) analysis demonstrated spatially resolved gene detection after completion of the tissue-placement and IF workflow, supporting the compatibility of the protocol with subsequent high-resolution spatial transcriptomic analysis. This protocol provides a practical framework for analyzing cells identified by specific subcellular structures, such as cells with primary cilia, within intact human skin tissue. The method may be useful for researchers studying primary cilia, epithelial biology, inflammatory skin diseases, and tissue preparation workflows for ST applications.

INTRODUCTION
Spatial transcriptomics (ST) enables transcriptome profiling while preserving tissue architecture and the spatial organization of cells1. Unlike bulk and single-cell RNA sequencing, which generally require tissue homogenization or dissociation, ST links molecular profiles directly to their original locations within tissue sections2. Recent improvements in sensitivity and resolution have further enabled transcriptomic analysis at single-cell-scale resolution, facilitating the characterization of cellular states and cell–cell interactions within complex tissue microenvironments3. 

Integrating ST with tissue staining provides complementary histological and protein-level information from the same tissue section. For example, Visium HD (VHD) enables whole-transcriptome analysis following image acquisition by hematoxylin and eosin (HE) or immunofluorescence (IF) staining4. HE staining provides an overview of tissue architecture and pathological features, whereas IF enables the visualization of specific proteins and fine subcellular structures. 

This approach can be applied to human and mouse samples, as well as to other animal species with available reference genomes and gene annotations, and is compatible with both frozen and formalin-fixed paraffin-embedded (FFPE) tissue sections. 

Despite these advantages, the high reagent and analysis costs of ST can limit the number of samples included in a study. Arranging multiple small tissue pieces within a single capture area allows several samples to be processed simultaneously, reducing the cost per sample and standardizing staining and imaging conditions across samples. However, reproducible trimming and placement of multiple FFPE tissue sections are technically challenging. After expansion in warm ultrapure water (Milli-Q water), FFPE sections are soft and readily adhere to forceps or scissors. In human skin, additional care is required to preserve both the epidermis and dermis while trimming and arranging small tissue pieces within the limited capture area.

Primary cilia are non-motile, cell-surface organelles that sense signals from the extracellular environment5,6. In human skin, primary cilia have been reported to increase in the epidermis of inflammatory skin diseases, including atopic dermatitis and psoriasis7,8. Acetylated α-tubulin and ARL13B are widely used to label primary cilium axonemes9–12. However, their expression alone does not establish the presence of an assembled primary cilium. Direct visualization of the ciliary structure is therefore required10. Moreover, ciliated cells cannot be readily isolated using established cell-surface markers or reliably identified as a distinct cluster from gene expression profiles alone. Combining IF-based structural detection of primary cilia with ST is therefore valuable for characterizing ciliated cells within their spatial tissue context.

In this protocol, we present a procedure for placing multiple small human FFPE skin tissue pieces within a 6.5 mm × 6.5 mm capture area and detecting primary cilia by IF staining under conditions compatible with high-resolution ST analysis. Briefly, FFPE skin sections are expanded in a 42 °C ultrapure water bath, transferred to room-temperature ultrapure water to re-solidify the paraffin, and trimmed into small tissue pieces of approximately 1 mm × 0.5 mm and arranged within the capture area. The tissue pieces are then subjected to deparaffinization, decrosslinking, blocking, primary cilium staining, and fluorescence image acquisition before ST analysis. This method allows multiple human skin samples to be analyzed simultaneously while preserving the structural information required to identify primary cilia.

PROTOCOL
This study was performed in accordance with the Declaration of Helsinki. Collection of human tissue samples for this study was approved as part of the study protocol. This human study was approved by the Human Research Ethics Committees of the Nagoya City University Clinical Trial Management Center - approval: 60-18-0003, 70-23-0014, and the University of Osaka - approval: yakuhito2019-01-1, 2024-4. All adult participants provided written informed consent to participate in this study. This protocol describes the workflows performed on the VHD platform provided by 10x Genomics. 

1. Preparation and placement of multiple human FFPE skin tissue pieces

NOTE: The human FFPE skin tissue blocks used in this study were archival pathology specimens prepared using a standardized tissue-processing protocol. After collection, the skin specimens were promptly immersed in 10% neutral-buffered formalin. Before transcriptomic processing, RNA quality was assessed using DV200, and only specimens with DV200 values > 30% were included in the analysis. 

1.1. Allow FFPE human skin tissue blocks to equilibrate to room temperature.

1.2. Secure the FFPE block in the microtome. Trim the block face until the tissue section is uniformly exposed.

1.3. Section the FFPE human skin tissue at a thickness of 3 µm using a microtome. Confirm that the section is intact and free of tears.

NOTE: A section thickness of 3 µm was used instead of the 10 µm thickness recommended in the VHD protocol because thicker sections frequently resulted in nuclear overlap in the z-direction, which interfered with accurate single-cell segmentation. The 3 µm thickness was selected to reduce z-axis nuclear overlap while maintaining RNA preservation for downstream high-resolution ST analysis.

1.4. Gently float the section on the surface of a 42 °C bath containing ultrapure water. Allow the section to expand naturally on the ultrapure water surface until wrinkles are reduced.

NOTE: Ultrapure water was used throughout the tissue preparation and immunofluorescence staining procedures unless otherwise specified.

1.5. After the section has expanded, immediately transfer it using a glass slide from the 42 °C ultrapure water bath to a separate container filled with room-temperature ultrapure water. Allow the paraffin to re-solidify.

NOTE: This re-solidification step is critical. Cutting a softened section directly in warm ultrapure water may cause it to adhere to forceps or scissors, resulting in tissue damage or deformation. Transferring the section to room-temperature ultrapure water re-solidifies the paraffin, facilitating trimming into small tissue pieces.

1.6. While the section is floating flat in room-temperature ultrapure water, identify the epidermal and dermal regions and the region of interest under a stereomicroscope or, when readily distinguishable, by visual inspection. Confirm that the section remains flat without folding or curling.

1.7. Prepare a glass slide for mounting the tissue pieces. Mark the position of the 6.5 mm × 6.5 mm capture area on the back side of the glass slide, opposite the tissue attachment surface, using a fine permanent marker. Avoid touching the capture area on the tissue attachment surface.

NOTE: Some glass slides are not suitable for tissue attachment in this protocol. Use an adhesion-coated glass slide to facilitate the placement of small tissue pieces and reduce tissue detachment after placement (see Table of Materials).

1.8. While the section remains floating in room-temperature ultrapure water, use fine scissors to cut approximately perpendicular to the dermal-epidermal junction and trim one tissue piece of approximately 1 mm × 0.5 mm while retaining both the epidermis and dermis together with the intended region of interest. 

1.8.1. Where possible, retain a small margin of surrounding paraffin rather than trimming directly along the tissue edge. Remove excessive paraffin-only regions that are not required for handling. Avoid regions containing folds, tears, or obvious tissue damage. 

1.8.2. After trimming, confirm that the tissue-containing region remains flat and that the epidermal–dermal architecture can still be recognized.
 
NOTE: The small surrounding paraffin margin facilitates handling and transfer, reduces direct mechanical manipulation of the tissue, and is subsequently removed during deparaffinization. A tissue piece size of approximately 1 mm × 0.5 mm was used in this protocol to retain the epidermal and dermal regions while allowing multiple tissue pieces to be arranged within the capture area. The appropriate size may vary depending on tissue morphology and the region of interest.

1.9. Prepare a modified P1000 pipette tip by cutting the distal end obliquely to widen the opening. Slowly aspirate a small tissue piece floating in room-temperature ultrapure water together with a small amount of ultrapure water into the modified tip. Gently dispense the tissue piece into the marked capture area on the prepared glass slide.

NOTE: If a tissue piece adheres to the pipette tip during transfer, replace the tip with a new modified P1000 tip. Repeated use of the same tip may increase tissue adhesion; therefore, using a fresh tip for each sample or each transfer is recommended.

1.10. [bookmark: _Ref234311992]Confirm that the transferred tissue-containing region lies flat without folding or curling. While a small amount of ultrapure water remains around the tissue piece, use the tip of the forceps to generate a gentle local water flow and translate or rotate the tissue piece into the intended position. When practical, arrange elongated skin tissue pieces with their long axes approximately parallel to one another to use the limited capture area efficiently.

NOTE: Do not touch or grip the tissue-containing region directly with forceps. Use gentle water movement to reposition the piece. Alignment is used only to improve packing efficiency; identical orientation of all specimens is not required for spatial transcriptomic analysis.

1.11. Position each tissue piece so that the tissue-containing region meets all of the following criteria: it lies flat without folding or curling; it remains completely within the 6.5 mm × 6.5 mm capture area (Figure 1); it does not overlap or directly contact the tissue-containing region of any neighboring piece; and its boundary can be clearly distinguished from those of adjacent tissue pieces. 

1.11.1. Maintain a visible separation between neighboring tissue-containing regions whenever possible. After positioning, carefully remove excess water without moving the tissue piece.

NOTE: Judge spacing according to the actual tissue-containing regions rather than the outer edges of the surrounding paraffin. A small overlap between paraffin margins is acceptable in this protocol, provided that the tissue-containing regions themselves remain separated, because the paraffin margins are removed during the subsequent deparaffinization step. Because specimen size and shape vary, no fixed numerical distance is required; the tissue-containing regions must remain clearly separated. Reposition them before drying if their boundaries cannot be clearly distinguished or if they touch or overlap. Representative unsuccessful outcomes during tissue preparation and placement are shown in Figure 2.

1.12. Place the slide on a heat plate set to 42 °C and dry it for at least 2 min. 

NOTE: This step helps attach the tissue piece to the slide and prevent previously placed tissue pieces from moving during the placement of subsequent tissue pieces. The tissue position cannot be adjusted after this 2 min drying step.

1.13. Repeat steps 1.8–1.12 for each additional human skin tissue piece. Before drying each newly placed piece, confirm that the tissue-containing region satisfies all placement criteria described in step 1.11.

1.14. After placing all tissue pieces, inspect the entire capture area and confirm that all tissue-containing regions are completely contained within the capture area, remain flat, do not overlap or directly contact neighboring tissue-containing regions, and can be individually distinguished from adjacent specimens.

1.15. Dry the slide for an additional 1–2 h on a heat plate set to 42 °C to allow the tissue pieces to attach sufficiently to the slide surface.

1.16. Store the slide at 4 °C until deparaffinization.

NOTE: The maximum number of tissue pieces in one capture area is the number that can satisfy all placement criteria described in steps 1.11 and 1.14.

2. Reagents and materials preparation

NOTE: Prepare all buffers according to the VHD protocol provided by 10x Genomics (see Table of Materials). The specific buffer preparation steps are described below. When using other applications, prepare the buffers according to the corresponding manufacturer’s protocol.

2.1. Prepare wash buffer for use in steps 4.9 and 4.14. For one slide, add 120 µL of 10× phosphate-buffered saline (PBS), 48 µL of 10% Tween-20, and 1,032 µL of ultrapure water. Mix by pipetting 10 times and briefly centrifuge the tube. This produces a wash buffer containing 1× PBS and 0.4% Tween-20. Keep the buffer on ice until use. 

2.2. Prepare 1× blocking buffer for use in step 4.2. For one slide, add 10 µL of 10× PBS, 20 µL of 10% bovine serum albumin (BSA), 2.5 µL of ribonuclease (RNase) inhibitor (stock concentration, 40 U/µL), 1 µL of 10% Tween-20, and 66.5 µL of ultrapure water. This produces 1× blocking buffer containing 1× PBS, 2% BSA, 0.1% Tween-20, and 1 U/µL RNase inhibitor. Mix by pipetting 10 times and briefly centrifuge the tube. Keep the buffer on ice until use.

NOTE: Include RNase inhibitor in the Blocking Buffer to minimize RNA degradation during immunofluorescence staining.

2.3. Prepare decrosslinking buffer B for use in step 3.8. Thaw decrosslinking buffer B by incubating it at 37 °C for 30 min using a thermomixer or water bath. 

2.3.1. When using a thermomixer, incubate the buffer at 37 °C for 30 min with shaking at 100 × g. After thawing, allow decrosslinking buffer B to equilibrate to room temperature for 5 min. Vortex the buffer for 30 s and briefly centrifuge the tube. 

2.4. Retrieve perm enzyme B from -20 °C immediately before use and keep it at room temperature. Mix by pipetting and briefly centrifuge the tube.

NOTE: Do not vortex perm enzyme B.

2.5. Prepare diluted perm enzyme B at room temperature. Add 2 µL of perm enzyme B to 998 µL of 1× PBS. Mix gently by pipetting and briefly centrifuge the tube. Keep diluted perm enzyme B at room temperature until use. 

2.6. Prepare decrosslinking mix at room temperature immediately before use. For one slide, add 92.4 µL of decrosslinking buffer B, 6.3 µL of 8 M urea, and 1.3 µL of diluted perm enzyme B. Mix thoroughly by pipetting and briefly centrifuge the tube. Keep the decrosslinking mix at room temperature until use.

NOTE: Prepare decrosslinking mix immediately before use. Follow the reagent addition order and temperature conditions carefully, because the decrosslinking reaction affects RNA detection and immunofluorescence staining quality in FFPE tissue.

2.7. Prepare Mounting Medium for use in step 4.18. For one slide, mix 120 µL of 100% glycerol with 30 µL of antifade mounting medium (Table of Materials). This produces mounting medium containing 80% glycerol and 20% antifade mounting medium. Mix by inverting the tube and briefly centrifuging it to remove bubbles. Confirm that no bubbles remain before use. Centrifuge the tube again if bubbles remain.

3. Deparaffinization and decrosslinking for IF staining prior to downstream ST analysis

NOTE: IF staining is performed before downstream ST analysis to identify the spatial locations of cells bearing primary cilia in the same tissue section. Because primary cilia cannot be reliably identified from gene expression profiles alone, direct visualization of the ciliary structure is required to link ciliated cells with their subsequent spatial transcriptomic profiles.

3.1. Retrieve the dried FFPE tissue slide from the desiccator. If the slide has been stored at 4 °C, equilibrate it to room temperature before starting deparaffinization.

3.2. Place the slide containing multiple small tissue pieces in a thermal cycler set to 60 °C, and incubate it for 2 h to melt the paraffin in the tissue sections.

3.3. After incubation, take the slide out of the thermal cycler and allow it to cool at room temperature for 5–15 min.

3.4. Place the slide in a staining rack. Deparaffinize and rehydrate the slide by sequentially immersing it in the following solutions:

3.4.1. Immerse the slide in xylene or xylene substitute for 10 min.

3.4.2. Immerse the slide in fresh xylene or xylene substitute for 10 min.

3.4.3. Immerse the slide in 100% ethanol for 3 min.

3.4.4. Immerse the slide in fresh 100% ethanol for 3 min.

3.4.5. Immerse the slide in 96% ethanol for 3 min.

3.4.6. Immerse the slide in fresh 96% ethanol for 3 min.

3.4.7. Immerse the slide in 70% ethanol for 3 min.

3.4.8. Immerse the slide in ultrapure water for 20 s.

CAUTION: Perform all steps involving xylene or xylene substitutes in a chemical fume hood. Wear appropriate personal protective equipment (PPE).

3.5. Air-dry the slide briefly and proceed immediately to decrosslinking.

3.6. Assemble the slide in the tissue slide cassette according to the VHD FFPE IF workflow.

3.7. Add 100 µL of 1× PBS from the side of each well to cover the entire tissue section. Remove the PBS immediately.

NOTE: When multiple small tissue pieces are placed on one slide, confirm that each tissue piece is fully covered with the reaction solution. 

3.8. Add 100 µL of prepared decrosslinking mix from the side of each well. Confirm that all tissue pieces are completely covered with the decrosslinking mix. Avoid introducing bubbles.

3.9. Apply a new slide seal to the cassette and place the cassette on the thermal cycler adapter.

3.10. Close and tighten the thermal cycler lid. Start the decrosslinking reaction by incubating the slide at 80 °C for 30 min. Incubate the slide at 22 °C for 10 min and hold it at 22 °C after the reaction.

3.11. After decrosslinking, remove the cassette from the thermal cycler and place it on a clean, flat work surface.

3.12. Carefully remove the slide seal. Completely remove the decrosslinking mix from the wells using a pipette.

3.13. Add 150 µL of 1× PBS from the side of each well and cover the entire tissue section evenly. Avoid introducing bubbles.

3.14. Proceed immediately to immunofluorescence staining.

4. Primary cilia immunofluorescence staining and imaging

NOTE: In this protocol, IF staining is used for tissue imaging prior to the downstream VHD spatial gene expression analysis. After fluorescence image acquisition, HE staining can be performed on the same tissue section in accordance with the platform’s workflow. However, fluorescence signals can no longer be observed after HE staining; therefore, acquire all required fluorescence images before proceeding to HE staining.

4.1. After decrosslinking, keep the slide assembled in the tissue slide cassette and remove the 1× PBS from each well of the tissue slide cassette.

4.2. Add 100 µL of 1× blocking buffer along the side of wells. Confirm that all small tissue pieces are completely covered with the buffer.

4.3. Apply a new slide seal to the tissue slide cassette and incubate the slide at room temperature for 30 min.

4.4. Carefully remove the slide seal and completely remove the blocking buffer from each well.

4.5. Prepare 70 µL of primary antibody solution on ice. 

4.5.1. Add the reagents in the following order: 7.0 µL of 10× PBS, 14.0 µL of 10% BSA, 3.5 µL of RNase inhibitor (40 U/µL), 0.7 µL of 10% Tween-20, 2.8 µL of anti-acetylated α-tubulin antibody, 1.4 µL of anti-pericentrin antibody, and 40.6 µL of ultrapure water. This produces a primary antibody solution containing 1× PBS, 2% BSA, 0.1% Tween-20, and 2 U/µL RNase inhibitor, with anti-acetylated α-tubulin antibody at 1:25 and anti-pericentrin antibody at 1:50 (see Table of Materials). 

4.5.2. Mix by pipetting 10 times and briefly centrifuge the tube. Keep the solution on ice until use.

4.6. Add 70 µL of the primary antibody solution along the side of wells. Tap gently to ensure uniform coverage.

4.7. Apply a new slide seal and incubate the slide at room temperature for 1 h.

4.8. Carefully remove the slide seal and remove the primary antibody solution.

4.9. Add 150 µL of wash buffer along the side of wells and incubate the slide at room temperature for 5 min. Then, completely remove the wash buffer. Repeat this wash step four times in total.

NOTE: Do not allow the tissue sections to dry during washing. Do not touch the tissue pieces directly with the pipette tip.

4.10. Prepare 70 µL of secondary antibody solution on ice. 

4.10.1. Add the reagents in the following order: 7.0 µL of 10× PBS, 14.0 µL of 10% BSA, 3.5 µL of RNase inhibitor (40 U/µL), 0.7 µL of 10% Tween-20, 0.14 µL of each secondary antibody, 0.7 µL of 1:10 diluted Hoechst 33342 solution, and ultrapure water to a final volume of 70 µL. This produces a secondary antibody solution containing 1× PBS, 2% BSA, 0.1% Tween-20, and 2 U/µL RNase inhibitor, with each fluorophore-conjugated secondary antibody at 1:500 and Hoechst 33342 at a final dilution of 1:1,000 (see Table of Materials). 

4.10.2. Mix by pipetting 10 times and briefly centrifuge the tube.

4.11. Add the secondary antibody solution along the side of the wells. Tap gently to ensure uniform coverage.

4.12. Apply a new slide seal and incubate the slide at room temperature for 20 min in the dark.

NOTE: Protect the slide from light during and after incubation with fluorophore-conjugated secondary antibodies to minimize photobleaching.

4.13. Carefully remove the slide seal and the secondary antibody solution.

4.14. Add 150 µL of wash buffer along the side of wells and incubate the slide at room temperature for 5 min. Then, completely remove the wash buffer. Repeat this wash step four times in total.

NOTE: The FFPE IF workflow includes an optional autofluorescence reduction step using an autofluorescence quencher (Table of Materials). In this protocol, autofluorescence quencher treatment was tested but not used because it markedly reduced the fluorescence signal of fine ciliary structure. Evaluate the effect of any autofluorescence reduction treatment on the target signal before incorporating it into the protocol.

4.15. Carefully remove the slide from the tissue slide cassette.

4.16. Gently dip the slide 5 times in 1× PBS in a 50 mL centrifuge tube. Use a separate 50 mL tube for each slide when processing multiple slides.

4.17. Remove the slide from PBS and proceed immediately to mounting without allowing the tissue sections to dry.

4.18. Add 100–150 µL of mounting medium to evenly cover the entire tissue section.

NOTE: Use a larger volume of mounting medium when working with a large tissue section or multiple small tissue pieces on one slide to cover the entire tissue area.

4.19. Place one edge of the coverslip onto the slide at an angle, then slowly lower it to avoid introducing bubbles. Allow the mounting medium to spread naturally until it covers the entire tissue section.

4.20. Carefully remove excess mounting medium from the edge of the coverslip without moving the coverslip. Avoid disturbing the tissue sections.

4.21. Immediately acquire images using a fluorescence microscope, slide scanner, or confocal laser scanning microscope. 

4.21.1. Acquire channels for nuclear staining, acetylated α-tubulin, and pericentrin. Acquire low-magnification images of the entire tissues and high-magnification images to visualize primary cilia. 

4.21.2. When using a microscope capable of Z-stack imaging, acquire a sufficient number of serial optical sections along the Z-axis to cover the entire thickness of the tissue section. 

NOTE: Under the VHD-compatible IF conditions used in this protocol, visualization of the ciliary axoneme may be less complete than under conventional IF conditions, and only short axonemal signals may be detected. Because primary cilia extend in three dimensions, an optical section containing only part of an axoneme may show a short or punctate signal resembling a centrosome/basal body. Examine the complete Z-stack and identify primary cilia by the spatial association of an acetylated α-tubulin-positive axonemal signal with an adjacent pericentrin-positive basal body. In Figure 3, approximately 30 serial optical sections were acquired across a 3-µm-thick tissue section, revealing multiple primary cilia at different focal planes.
 
4.22. If immediate imaging is not possible, place the slide flat in a slide holder and store it at 4 °C in the dark. Limit storage to 24 h. Keep the slide horizontal to prevent loss of mounting medium under the coverslip.

NOTE: Acquire images as soon as possible to prevent the coverslipped slide from drying.

4.23. After image acquisition, proceed immediately to coverslip removal.

5. Coverslip removal and transition to the VHD workflow

5.1. After image acquisition, add 800 mL of 1× PBS to a beaker.

5.2. Hold the coverslipped slide vertically with a long edge facing downward, and slowly immerse it in 800 mL of 1× PBS.
 
NOTE: Maintain the slide in this orientation during immersion to minimize movement of the coverslip across the tissue sections. Do not move the slide up and down, shake the slide vigorously, or manually move the coverslip, because these actions can damage or detach the tissue sections.

5.3. Hold slides in PBS until the coverslip naturally and slowly detaches from the slide.

5.4. After the coverslip detaches, gently dip the slide 30 times in 1× PBS to completely remove the mounting medium.

5.5. Remove the slide from PBS and gently wipe the back side of the slide.

5.6. Place the slide on a clean, flat, non-absorbent work surface and air-dry it at room temperature for 5 min.

5.7. Proceed immediately to the next step. If immediate processing is not possible, place the slide flat in a slide holder and store it with desiccant at 4 °C in the dark. Limit storage to 2 weeks.

5.8. Proceed immediately to the VHD spatial gene expression workflow, including HE staining, according to the VHD spatial gene expression reagent kits user guide. 

REPRESENTATIVE RESULTS
This protocol enabled multiple small human FFPE skin tissue pieces to be placed within a single 6.5 mm × 6.5 mm capture area. In a representative experiment, 23 small tissue pieces were arranged within the capture area, with sufficient spacing between tissue pieces to distinguish each as an individual sample (Figure 1). These results demonstrate that many small human skin tissue pieces can be arranged within a single capture area and processed together in the same workflow.

In contrast, several suboptimal outcomes were observed when tissue placement was inappropriate or adhesion was insufficient. When small tissue pieces were placed too close to each other, adjacent tissue pieces overlapped, and the boundaries between individual tissue pieces became unclear (Figure 2A). Such overlap interferes with the identification of each tissue piece as an individual sample after image acquisition. In addition, when the tissue pieces were not dried sufficiently after placement within the capture area, liquid-handling steps during deparaffinization, decrosslinking, or immunofluorescence staining caused partial detachment of tissue pieces from the slide surface. As a result, the tissue pieces became folded, curled, or displaced, making observation difficult (Figure 2B).

Furthermore, when the expanded FFPE section was trimmed directly in warm ultrapure water without being transferred to room-temperature ultrapure water, the softened FFPE section adhered to forceps and scissors, making it difficult to reproducibly trim the section into small tissue pieces (Figure 2C). These results indicate that, to place multiple small FFPE skin tissue pieces within a single capture area, it is important to re-solidify the section in room-temperature ultrapure water before trimming, maintain sufficient spacing between tissue pieces, and sufficiently dry the tissue pieces after placement to promote attachment.

Following the placement of multiple small tissue pieces, IF staining was performed. In representative high-magnification images, nuclear staining revealed the distribution of cells within the skin tissue and helped define the relative positions of the epidermal and dermal regions (Figure 3, left). Linear acetylated α-tubulin signals, marking the primary cilium axoneme9,10, were detected near cell nuclei, and adjacent pericentrin-positive signals marked the basal bodies11 (Figure 3, middle and right). Together, these signals enabled the identification of primary cilia and associated basal bodies. Because cell-type-specific markers were not included in the IF panel, the cellular identity of individual ciliated cells could not be determined from the fluorescence image alone. Cell-type assignment is instead performed after downstream VHD analysis by integrating cell segmentation with the gene expression profiles of individual cells.

These findings indicate that primary cilia in human FFPE skin tissue can be visualized by IF image acquisition before downstream high-resolution ST analysis. Importantly, the protocol enables both the placement of multiple small human skin tissue pieces within a limited capture area and the detection of fine subcellular structures, such as primary cilia, under conditions compatible with VHD analysis.

To determine whether the tissue placement and IF procedures remained compatible with downstream VHD analysis, the tissues were subsequently processed through the VHD Spatial gene expression workflow. HE staining performed after IF imaging confirmed that the tissue pieces remained available for subsequent histological assessment (Figure 4A). Spatially resolved gene-expression data were subsequently obtained, and detected genes were observed across the tissue-containing regions of the capture area (Figure 4B). Thus, the tissue-placement and IF procedures did not prevent subsequent spatial transcript detection.

Technical quality-control metrics were further evaluated across 46,033 segmented cells. The median number of detected genes was 925 genes per segmented cell (interquartile range, 448–1,772) (Figure 5A). The median percentage of mitochondrial transcript was 0.72% (interquartile range, 0.12%–1.47%) (Figure 5B). Together, the spatial gene-detection results and these technical quality-control metrics demonstrate that spatial transcriptomic data could be obtained following the multiple-tissue placement and IF workflow, supporting the compatibility of this protocol with downstream VHD analysis.

FIGURE AND TABLE LEGENDS
Figure 1: Placement of multiple human FFPE skin tissue pieces within the VHD capture area. Representative image showing 23 human FFPE skin tissue pieces arranged within the 6.5 mm × 6.5 mm VHD capture area. The tissue pieces occupied an approximately 6.5 mm × 6.0 mm region within the capture area. Ciliary axonemes were labeled with acetylated α-tubulin (green), centrosomes/basal bodies with pericentrin (red), and nuclei with Hoechst33342 (blue). Scale bar, 500 µm.

Figure 2: Representative unsuccessful outcomes during tissue preparation and placement. (A) Overlap of adjacent tissue pieces. Scale bar, 200 µm. (B) Folding and curling of tissue pieces caused by insufficient attachment to the slide. Scale bar, 200 µm. (C) Representative image showing adhesion of the softened FFPE section to instruments during trimming in warm ultrapure water.

Figure 3: Detection of primary cilia by immunofluorescence staining. Adult human skin tissue from a patient with atopic dermatitis was stained for acetylated α-tubulin to label ciliary axonemes (green), pericentrin to label centrosomes (red), and Hoechst 33342 to label nuclei (blue). The left panel shows nuclear staining, the middle panel shows acetylated α-tubulin and pericentrin signals, and the right panel shows the merged image of all fluorescence channels. The dashed line indicates the approximate dermal–epidermal junction. The arrow indicates an acetylated α-tubulin-positive ciliary axoneme associated with an adjacent pericentrin-positive centrosome. The image was acquired using a whole-slide fluorescence scanner with a 40× objective. Scale bar, 20 µm.

Figure 4: Spatial transcript detection after the multiple-tissue placement and immunofluorescence workflow. (A) Representative HE image of multiple human FFPE skin tissue pieces within a 6.5 mm × 6.5 mm VHD capture area after completion of immunofluorescence imaging. (B) Corresponding spatial distribution of the number of detected genes per segmented cell obtained by downstream VHD Spatial Gene Expression analysis. Colors indicate the number of detected genes per segmented cell and are displayed on a logarithmic scale.

Figure 5: Technical quality-control metrics of VHD spatial transcriptomic data generated after the tissue placement and immunofluorescence workflow. (A) Distribution of the number of detected genes per segmented cell across 46,033 segmented cells. The median number of detected genes was 925 genes per segmented cell (interquartile range, 448–1,772). (B) Distribution of the mitochondrial transcript fraction across the same 46,033 segmented cells. The median percentage of mitochondrial transcript was 0.72% (interquartile range, 0.12%–1.47%). Box plots within the violin plots indicate the median and interquartile range.

DISCUSSION
This protocol demonstrates a practical workflow for arranging multiple small FFPE tissue pieces within a limited capture area and visualizing primary cilia by IF staining. Placing multiple tissue pieces within a single capture area allows several samples to be processed in the same workflow, potentially reducing the per-sample cost and improving the efficiency of comparative ST analysis.

The reproducibility of this protocol relies on several key technical steps. Transferring the expanded FFPE section from warm ultrapure water to room-temperature ultrapure water before trimming is particularly important. Attempting to cut the section while it remains softened in warm water causes the paraffin and tissue to adhere to forceps or scissors, preventing reproducible preparation of small tissue pieces. Within the capture area, the tissue-containing regions must remain separated and individually distinguishable. Sufficient drying is also required to prevent detachment, folding, curling, or displacement during deparaffinization, decrosslinking, and immunostaining. Thus, paraffine re-solidification, appropriate spacing, and sufficient drying are critical for the successful execution of this protocol.

When IF staining is combined with ST analysis, the target signal must be detected while maintaining tissue conditions suitable for downstream analysis. In this protocol, primary cilia in human FFPE skin tissue were visualized using acetylated α-tubulin as a primary cilium axoneme marker and pericentrin as a basal body marker9–11. Fine structures such as primary cilia are sensitive to antibody concentration, incubation time, washing conditions, mounting conditions, storage duration, and image acquisition settings. Therefore, when applying this protocol to other targets, sufficient fluorescence signals should be confirmed under conditions compatible with downstream ST analysis.

Human dermis exhibits relatively high intrinsic autofluorescence because of its abundant extracellular matrix components, including collagen and elastin, which can reduce the signal-to-background ratio. In addition, antigen exposure under the VHD-compatible IF conditions used here was more limited than that achieved under conventional IF conditions. Therefore, primary cilia were identified based on the spatial association of an acetylated α-tubulin-positive axoneme with an adjacent pericentrin-positive basal body, rather than on a single fluorescence signal. Although TrueBlack treatment was tested to reduce autofluorescence, it substantially reduced the fluorescence signal of the fine ciliary structures and was therefore not incorporated into the final protocol.

This protocol is not limited to human skin tissue and may be adaptable to other tissues following optimization based on tissue stiffness, lipid content, connective tissue content, section expandability, and adhesion to the slide. For example, tissue pieces from multiple patients or animal models, or different regions of the same tumor, could be placed within a single capture area to compare tissue microenvironments or intratumoral heterogeneity. The protocol may be applicable to cellular states or fine subcellular structures that can be directly identified by IF but are difficult to define solely from gene expression profiles. Linking IF-based spatial information with spatial gene expression data may facilitate the characterization of cells exhibiting such structural or morphological features within tissue sections.

However, this protocol has several limitations. Pre-analytical conditions before paraffin embedding should be considered when applying this protocol. The specimens analyzed in this study were archival FFPE pathology blocks prepared using a standardized tissue-processing protocol with 10% neutral-buffered formalin. Before spatial transcriptomic analysis, DV200 was measured to assess RNA integrity, and only specimens with DV200 values > 30% were analyzed. However, because DV200 reflects the proportion of RNA fragments longer than 200 nucleotides rather than assay-specific transcript capture and detection efficiency, it may not fully predict VHD performance. Therefore, the quality of the resulting spatial transcriptomic data should also be evaluated using experiment-derived metrics, such as the number of detected genes and the percentage of mitochondrial transcripts, as shown in Figure 4 and Figure 5.

The number of tissue pieces that can be accommodated depends on their size, shape, and the 
ability to maintain clearly distinguishable tissue boundaries. Section thickness, expansion, and re-solidification conditions, drying time, and slide adhesion may require further optimization for different tissue types. Finally, this protocol was validated using the VHD platform, and its applicability to other ST platforms has not yet been examined.

In conclusion, this protocol enables multiple small FFPE tissue pieces to be analyzed within a single VHD capture area and facilitates the characterization of primary cilia that cannot be identified from gene expression profiles alone.
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