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Abstract 

Cellular composition and spatial architecture of the bone marrow niche play a critical role in 

regulating both normal and malignant hematopoiesis. While flow cytometry enables rapid 

analysis of hematopoietic and niche cell composition, it requires single-cell dissociation, 

thereby disrupting the spatial context. In contrast, immunofluorescence imaging preserves 

tissue architecture but is limited in the number of markers that can be simultaneously 

detected. Recent advances in multiplex staining technologies now permit visualization of 

numerous antigens within a single tissue section, providing a more comprehensive view of the 

bone marrow microenvironment. Despite the central role of murine models in studying 

hematopoiesis, validated multiplex panels for analyzing murine bone marrow remain limited. 

This is particularly true for formalin-fixed, paraffin-embedded (FFPE) sections, where 

challenges such as high autofluorescence and tissue damage during antigen retrieval place 

substantial demands on tissue preparation. In this study, we optimized tissue preparation for 

staining murine FFPE bone marrow and developed an efficient multiplex 

immunohistochemistry panel for detecting hematopoietic stem cell-containing populations 

within their native niche architecture. Applying our panel to FFPE bone marrow sections from 

Jak2V617F mice revealed alterations in the megakaryocytic niche, demonstrating the utility of 

this approach for characterizing disease-associated spatial changes within the hematopoietic 

microenvironment. 

 

Introduction  

Studying the interactions between hematopoietic cells (HSCs) and their niche is essential for 

understanding both normal and malignant hematopoiesis.[1,2] Flow cytometry is an 

established technique that enables rapid and efficient analysis of both hematopoietic and 

niche cells. However, because it requires single cell dissociation, the spatial organization of 

the bone marrow is lost.[3] In contrast, immunofluorescence preserves the spatial context, 

allowing detection of cells in situ, but it is typically limited to the simultaneous use of only a 

few markers.[4] To address this limitation, novel multiplex imaging technologies have 

emerged that support spatial analysis of a larger number of markers such as co-detection by 

indexing (CODEX) and multiplex immunohistochemistry (mIHC).[5,6]  
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In CODEX, tissue sections are simultaneously stained with a large panel of DNA-barcoded 

antibodies.[6] During iterative imaging cycles, sets of typically three fluorescently labeled 

oligonucleotide probes, complementary to the DNA barcodes, are sequentially added and 

then washed away. This process is repeated until all targets have been visualized, enabling the 

detection of dozens and, theoretically, even hundreds of markers within a single tissue 

section. However, CODEX is highly cost-intensive and requires time-consuming panel 

preparation and optimization, particularly when visualizing proteins for which barcoded 

antibodies are not commercially available.  

Compared to CODEX, mIHC is significantly more cost-effective and allows detection of up to 

seven markers per section. Commercially available mIHC kits from Akoya Biosciences are 

based on the principle of tyramide signal amplification (TSA).[7,8] In successive staining cycles, 

unconjugated primary antibodies bind their targets and are detected by HRP-conjugated 

secondary antibodies, which catalyze the covalent binding of fluorescently labeled tyramide 

substrates (Opal dyes) to the tissue near the antigen site. The antibodies are then removed by 

heat-induced stripping, and the cycle is repeated with a new target and a distinct Opal dye. 

Spectrally optimized panels enable reliable spectral unmixing, allowing clear allocation of 

signals to specific targets. Furthermore, TSA-based signal amplification enables sensitive 

detection of targets with low expression levels. mIHC therefore represents a robust and cost-

effective alternative to the high-plex systems, one that enables rapid customization of staining 

panels composed of up to seven targets or markers.   

While mouse models constitute an indispensable tool for studying both healthy and malignant 

hematopoiesis, reliable multiplex panels for analyzing murine bone marrow remain limited. 

[9,10] Recently, Karnik et al.[11] optimized a CODEX-based multiplex panel for staining 

hematopoietic cells in murine bone marrow. Due to the lack of pre-conjugated antibodies for 

formalin-fixed, paraffin-embedded (FFPE) murine tissue, high levels of autofluorescence, and 

the requirement for antigen retrieval, they chose to develop their panel using cryosectioning 

rather than FFPE tissue. Nevertheless, FFPE tissue offers several advantages: (i) superior 

preservation of tissue morphology; (ii) long-term, low-maintenance storage; and (iii) easier 

sectioning, enabling thinner slices with reduced cellular overlap compared to 

cryosections.[12,13] 
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To overcome the challenges associated with FFPE sections, we optimized mIHC staining for 

murine bone marrow and established an efficient panel that enables the identification of HSC-

containing cell populations within the context of essential niche structures on murine FFPE 

sections. 

 

Results  

Optimized Tissue Preparation for Immunofluorescence and Multiplex 

Immunohistochemistry Staining on Murine FFPE Bone Marrow Sections 

To enable visualization, quantification, and spatial analysis of key bone marrow niche 

components, we established an optimized workflow for immunofluorescence (IF) and 

multiplex immunohistochemistry (mIHC) staining on FFPE bone marrow sections (Fig. 1).  

In an initial series of experiments, we used classical IF with single antigen staining to optimize 

various parameters, prior to multiplexing. First, we evaluated the effect of section thickness 

on staining quality. Bone marrow sections of 2, 3, 5, and 10 µm were stained with DAPI as well 

as an antibody against c-Kit (Fig. 2A). Sections with a thickness of 2-3 µm provided high cellular 

resolution, while sections at 5 and 10 µm exhibited signal overlap between adjacent cells. 

Although the 2 µm sections offered excellent resolution, they frequently developed fissures, 

compromising tissue integrity. In contrast, sections ranging from 3 to 10 µm better preserved 

tissue morphology. Based on these findings, we determined that 3 µm sections provided the 

optimal balance between cellular resolution and structural preservation, and this thickness 

was used in all subsequent experiments (Fig. 2B). 

We next assessed autofluorescence levels in murine bone marrow sections. Compared to 

other tissues, bone marrow contains high levels of endogenous autofluorescent compounds 

such as hemoglobin, flavin adenine dinucleotide (FAD), collagen, and lipofuscin.[14–17] In 

addition, formalin fixation induces Schiff base formation, and paraffin itself exhibits intrinsic 

autofluorescence, both of which contribute to non-specific background signal.[18,19] In FFPE 

sections from wild-type mice stained only with DAPI, we observed strong autofluorescence, 

with the most intense signal in the green light spectrum, detected around 525 nm (Fig. 3A, 

left). Predictably, this background signal interfered with the detection of c-Kit marked by Alexa 

Fluor 488 (Fig. 3A, right). Since GFP is widely used as a detection marker in many mouse 

models, we also evaluated background signal in UBC-GFP transgenic mice, which express GFP 
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under the control of the human ubiquitin C (UBC) promoter, to mimic the presence of GFP 

expression. In FFPE sections from these mice, intrinsic GFP fluorescence is largely lost due to 

protein denaturation during tissue processing, requiring detection with an anti-GFP antibody. 

However, residual and only partially degraded GFP still contributes to non-specific background 

signal in these mice (Fig. 3B). To reduce both, autofluorescence and residual GFP signals, we 

applied a photobleaching protocol using high-intensity LED light.[20] This treatment 

effectively reduced non-specific background noise, enabling specific signal detection (Fig. 

3C+D).  

Having established optimal sectioning conditions and reduced background fluorescence, we 

next focused on improving antigen retrieval to enhance signal intensity. Antigen retrieval is 

essential to unmask epitopes obscured by protein cross-linking during formalin fixation. To 

modulate antigen retrieval strength, FFPE bone marrow sections, fixed overnight and 

embedded in paraffin, were pressure-cooked for 5, 10 or 15 minutes in a Tris-EDTA pH 9 

antigen retrieval buffer (Fig. 4A). As anticipated, increased retrieval time enhanced staining 

intensity (Fig. 4A+B). However, antigen retrieval times longer than 5 minutes resulted in 

detachment of the compact bone layer, even when using SuperFrost® plus slides (Fig. 4A+B). 

To preserve tissue architecture while maintaining strong signal intensity, we reduced the 

fixation time (Fig. 4C). Shorter fixation minimized protein cross-linking, allowing efficient 

epitope exposure with milder retrieval conditions (Fig. 4C+D). Based on these findings, all 

subsequent experiments were performed using a 2-hour fixation and 5-minute antigen 

retrieval. 

The efficiency of antigen retrieval is also influenced by the pH of the buffer and this parameter 

must be optimized individually for each antibody. Buffers at pH 6 (e.g., sodium citrate) are 

considered to promote mild antigen retrieval and to unmask easily accessible epitopes with 

minimal tissue stress, whereas buffers at pH 9 (e.g., Tris-EDTA) provide more aggressive 

conditions capable of exposing heavily masked antigens.[21] To determine optimal conditions 

for our bone marrow niche antibody panel, we compared buffers at pH 6 and pH 9 for each 

antibody individually (c-Kit, Sca1, GFP, CD41, and endomucin, Fig. 5). Retrieval at pH 9 

consistently resulted in stronger signals, while preserving tissue morphology. Based on these 

findings, all subsequent stainings were conducted at pH 9. 
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Multiplex Immunohistochemistry Staining Detects Key Components of the Murine Bone 

Marrow Niche in FFPE Sections  

Having established optimized staining conditions for antibodies targeting key components of 

the bone marrow niche in FFPE sections, we next combined them into a single panel for 

multiplex immunohistochemistry staining using the Opal multiplex technology (Akoya 

Biosciences, Fig. 6A, Suppl. Fig. 1). Our panel includes c-Kit and Sca1 to identify hematopoietic 

stem and progenitor cells (HSPCs). Sca1 is also expressed on arterioles, which represent an 

essential component of the vascular niche.[22] We tested two different Sca1 antibody clones 

and found that clone EPR3355 was better suited for detecting hematopoietic cells, while clone 

E13-161.7 produced a stronger signal on arterioles (Suppl. Fig. 2). Both clones were therefore 

included in the panel. In addition, the panel includes antibodies against CD41 and endomucin 

to identify megakaryocytes and sinusoidal endothelial cells, respectively. An anti-GFP antibody 

was included to enable detection of GFP-labeled cells, and DAPI was used for nuclear staining. 

We first tested our panel on bone marrow sections from lethally irradiated mice transplanted 

with donor cells derived from UBC-GFP mice (Fig. 6). In this model, GFP serves as a marker for 

donor-derived hematopoietic cells. After image acquisition, raw images were processed to 

enable accurate data analysis (Fig. 6A-C). Processing involved spectral unmixing within a 

defined region of interest to separate overlapping fluorescence signals that occur during the 

acquisition process. Cleared images were then used for data analysis, which was divided into 

three steps (Suppl. Fig. 3A): (i) Cell detection was used to identify cells of interest within the 

niche environment. (ii) Tissue detection was applied to mark components of the niche, which 

often exhibit more complex structures. (iii) Spatial analysis was performed to determine the 

distance between the niche and the cells residing within it. 

In our panel, cell detection was used to identify DAPI⁺, GFP⁺, c-Kit⁺, and Sca1⁺ cells, and to 

calculate their respective cell densities within the region of interest (Fig. 6D,E; Suppl. Fig. 3B; 

Suppl. Fig. 4). Nuclear staining with DAPI enabled an approximation of the total cell number 

and density, revealing an average of approximately 19,000 cells/mm² (Suppl. Table 1). In the 

analyzed tissue sections—obtained from mice transplanted with donor cells from UBC-GFP 

mice—the number of GFP+ cells closely matched the total cell count determined by DAPI 

staining, indicating efficient engraftment of the donor cells, which was also verified by FACS 

analysis (Suppl. Fig. 5). We further analyzed the c-Kit⁺ and c-Kit⁺/Sca1⁺ populations, 
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representing HSPCs and HSCs, respectively. We found that 7.7% of cells were c-Kit⁺ and 0.9% 

were c-Kit⁺/Sca1⁺ (Fig. 6F, Suppl. Table 1). In addition, we calculated the average cell size in 

these populations, both depicting a similar diameter of approximately 10 μm (Fig. 6G).  

Importantly, each staining cycle of the mIHC protocol results in progressive cell loss, with 

approximately 20% of cells lost after six staining rounds (Suppl. Fig. 6). Consequently, when 

comparing tissue sections subjected to different numbers of staining cycles, only the relative 

frequencies of cell populations can be evaluated, whereas direct comparisons of absolute cell 

counts are not informative. 

Bone marrow niche components were detected either through machine learning-based tissue 

analysis or by manual annotation (Suppl. Fig. 3A). The machine learning approach was applied 

to identify CD41⁺ megakaryocytes and endomucin⁺ sinusoids (Fig. 6H; Suppl. Fig. 3C, Suppl. 

Fig. 4), while manual annotation was used to mark Sca1⁺ arterioles and the endosteal bone 

surface (Suppl. Fig. 3D). Analysis of these structures revealed that approximately 13% of the 

selected area was covered by sinusoids, whereas arterioles accounted for less than 1% (Fig. 

6I). Additionally, in these mice transplanted with donor cells from UBC-GFP mice we identified 

an average of 82 megakaryocytes per mm², with an average cell size of 21.2 μm (Fig. 6J+K).      

Having identified the cells of interest within the niche, we next quantified their spatial 

relationships to key niche components (Suppl. Fig. 3E). c-Kit⁺/Sca1⁺ cells were most closely 

associated with sinusoids, followed by megakaryocytes, whereas fewer cells were located 

near arterioles and the endosteal bone surface (Fig. 6L–N). According to Francis et al.[23] and 

Handly et al.[24], paracrine signaling can influence cells within a range of up to 100 µm, 

although its efficacy diminishes with increasing distance. We found that > 90% of the c-

Kit⁺/Sca1⁺ cells were located within 100 µm of sinusoids and megakaryocytes, whereas only 

approximately 25% of the c-Kit⁺/Sca1⁺ cells were within 100 µm of arterioles or the endosteal 

surface (Suppl. Fig. 7A). When applying a more stringent cutoff of 25 µm, 66% of c-Kit⁺/Sca1⁺ 

cells remained within this distance to sinusoids, 24% within 25 µm to megakaryocytes, and 

only ~6% were within 25 µm to arterioles or the endosteal bone surface (Suppl. Fig. 7B). 

To demonstrate the adaptability and full capacity of our approach, we performed a seven-

marker staining using the core markers DAPI, c-Kit, Sca1, CD41, and endomucin, combined 

with the granulocyte marker Gr-1 and the B cell marker B220 (Suppl. Fig. 8). In addition, our 
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tissue preparation protocol was also transferable to other skeletal sites, including tibiae, 

pelves, vertebrae, and humeri (Suppl. Fig. 9).  

In summary, our panel enables the determination of both the frequency and size of cells of 

interest in FFPE bone marrow, as well as their spatial location and distance to sinusoidal, 

arteriolar, megakaryocytic, and endosteal niche cells. 

 

Jak2V617F mice display an altered megakaryocytic bone marrow niche  

To test whether our panel detects changes associated with aberrant hematopoiesis, we 

applied it to bone marrow sections derived from a well-established Jak2V617F mouse model 

(Fig. 7A+B).[25] At the time of analysis, the disease phenotype was fully established as the 

animals demonstrated trilineage myeloproliferation accompanied by splenomegaly (Suppl. 

Fig. 10). As previously shown in the literature, Jak2V617F mice exhibited a marked increase in 

the number of c-Kit⁺ and c-Kit⁺/Sca1⁺ cells compared to wild-type littermate controls (Fig. 7C, 

Suppl. Table 1). To validate our measurements, we compared the frequencies of c-Kit⁺ and c-

Kit⁺/Sca1⁺ cells obtained using the Akoya-based imaging approach with those determined by 

flow cytometry (Suppl. Fig. 11). Both methods yielded comparable results, supporting the 

validity and robustness of our panel. 

We observed a significant increase in both the abundance and the average size of 

megakaryocytes in Jak2V617F mice (Fig. 7D+E, Suppl. Table 1). Consequently, megakaryocytes 

occupy a larger area of the bone marrow in these animals (Fig. 7F). In addition, the area 

covered by sinusoids was significantly expanded in Jak2V617F mice, whereas the abundance of 

arterioles remained unchanged (Fig. 7F). Quantification of the distance between c-Kit⁺/Sca1⁺ 

cells and niche cells revealed that the Jak2V617F mutation did not affect the proximity of these 

cells to sinusoids (Fig. 7G), arterioles or the endosteal bone surface (Fig. 7H+I). In contrast, c-

Kit⁺/Sca1⁺ cells were found to be significantly closer to megakaryocytes in Jak2V617F mice 

compared to littermate controls (Fig. 7J-L). However, when we measured the distance of 

randomly assigned DAPI-labeled cells to megakaryocytes in JAK2V617F mice, we also observed 

a closer proximity, indicating that this effect largely arises from the higher megakaryocyte 

density rather than from a specific localization of Kit⁺/Sca1⁺ cells close to megakaryocytes 

(Suppl. Fig. 12).  
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Discussion  

Multiplex spatial imaging is gaining increasing importance as the pivotal contribution exerted 

by the microenvironment in modulating cell identity and cell state is increasingly being 

recognized. Hence, staining panels and protocols for various human tissue types have recently 

been published.[9,26–28] However, the preparation and staining of bone marrow poses a 

particular challenge. The rigid bone structure requires decalcification prior to processing, and 

preserving tissue integrity during sectioning and antigen retrieval remains difficult. 

Additionally, the soft bone marrow is densely packed with heterogeneous blood cells that 

exhibit high autofluorescence and lie in close spatial proximity, often making it difficult to 

clearly distinguish signals from individual cells.[14–17,29]     

 

Walters et al.[9] established a multiplex staining protocol that enables the identification of 

myeloma cells, T cells, and macrophages in FFPE human bone marrow. However, in contrast 

to human bone marrow core biopsies, which primarily consist of spongiosa, murine femora 

are completely encased in compact bone, placing greater demands on tissue preparation and 

processing. Recently, Karnik et al.[11] described a CODEX-based protocol for detecting HSPCs 

in the murine bone marrow niche. However, due to the challenges associated with FFPE 

sections, including high autofluorescence and tissue damage during antigen retrieval, 

cryosections were used in this study.       

 

To overcome the challenges associated with FFPE sections, we optimized tissue preparation 

and antigen retrieval for murine femora (Fig. 4+5). By incorporating a highly effective 

photobleaching protocol we nearly eliminated non-specific background signals (Fig. 3) 

resulting in a protocol that enables high-quality multiplex staining of murine FFPE bone 

marrow sections. The panel utilizes five markers, c-Kit, Sca1, endomucin, CD41, and DAPI, and 

can be extended with up to two additional markers, depending on the specific research 

question (Suppl. Fig. 9). 

 

Our approach enables robust analysis of bone marrow niche architecture and is particularly 

well-suited for addressing defined biological questions in a time- and cost-efficient manner. 

For applications requiring the simultaneous detection of more than seven markers, alternative 

multiplexing technologies such as CODEX are available. However, in the context of murine 
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bone marrow, CODEX has so far been established only for cryosections. Our optimized 

protocol for FFPE tissue preparation may facilitate the development of a CODEX-compatible 

staining method for murine FFPE bone marrow sections, representing a promising next step 

toward advancing the characterization of the bone marrow niche. 

 

While our mIHC protocol and the CODEX panel described by Karnik et al.[11] focus on single-

cell resolution in relatively thin sections (3–10 µm), other techniques enable spatial analysis 

of substantially thicker bone specimens. Recently, Wu et al. established a whole-mount 

approach in which freshly fixed bone sections were stained with up to four markers, enabling 

reliable confocal imaging at depths of up to 35 µm. A key advantage of this technique is the 

improved visualization of in situ cellular interactions within the niche in a three-dimensional 

context. In addition, Mertens et al. developed a multistep clearing protocol that enabled 

three-dimensional analysis of an entire mouse femur. Using this approach, signals could be 

detected at depths of up to 400 µm within the tissue. However, this protocol likewise depends 

on fresh material and remains limited with respect to multiplexing capacity. Thus, depending 

on the specific requirements of a given experiment, such as tissue preparation, spatial 

resolution, and multiplexing capacity, an increasing number of staining protocols for murine 

bone are currently available (Table 1). 

 

Our staining panel allows the detection of c-Kit⁺/Sca1⁺ cells in spatially preserved murine bone 

marrow (Fig. 6+7). Ogawa et al.[32] and Chatterjee et al.[33] investigated the frequencies of 

c-Kit+ and Sca1+ cells in murine bone marrow using flow cytometry and reported 7.8% and 

21%, respectively. Similarly, Kyle-Cezar et al.[34] found frequencies of 4.19% for c-Kit⁺, 9.30% 

for Sca1⁺, and 0.89% for c-Kit⁺/Sca1⁺ cells by FACS analysis. Our staining panel yields 

comparable results, detecting 7.66% c-Kit⁺, 15.30% Sca1⁺, and 0.89% c-Kit⁺/Sca1⁺ cells in mice 

transplanted with UBC-GFP donor cells (Suppl. Table 1). Moreover, we quantitated the 

increased frequency of c-Kit⁺/Sca1⁺ cells in JAK2V617F mice in parallel by multiplex staining on 

FFPE bone marrow and by FACS and obtained very similar results. 

 

Using our panel, we identified 0.42% CD41+ megakaryocytes with an average diameter of 21.2 

µm in mice transplanted with UBC-GFP donor cells (Fig. 6K, Suppl. Table 1). These findings are 

consistent with flow cytometry-based reports of murine bone marrow by Spindler et al.[35] 
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and Corash et al.[36], who observed megakaryocyte frequencies of 0.4% and 0.14%, 

respectively. Furthermore, Gorelashvili et al.[37] reported an average megakaryocyte size of 

25 µm, closely aligning with our observations.     

 

Our panel also enables the detection of bone marrow vasculature. We observed that 

endomucin⁺ sinusoids occupied approximately 13% of the bone marrow area in mice 

transplanted with UBC-GFP donor cells (Fig. 6I). In comparison, endomucin⁺ sinusoids 

constituted around 20% of the area in murine femoral sections in a study by Gomariz et al.[38] 

Our spatial analysis further revealed that nearly all c-Kit⁺/Sca1⁺ cells were located within 

100 µm of a sinusoid, with 66% residing within 25 µm (Suppl. Fig. 8). This observation is also 

consistent with previously reported distributions of HSCs in proximity to the sinusoidal 

niche.[39] 

 

When applying our staining panel to Jak2V617F mice, we were able to recapitulate three 

previously reported characteristics: the expansion of c-Kit⁺/Sca1⁺ cells[25,40] as well as the 

increase in the number of enlarged megakaryocytes and the expansion of the sinusoidal 

vascular network (Fig. 7).[41–45] 

 

Because of the enlarged megakaryocytes, all other bone marrow cells, including c-Kit⁺/Sca1⁺ 

cells are located closer to megakaryocytes in Jak2V617F mice compared to littermate controls 

(Fig. 7J). The megakaryocytic niche is postulated to promote HSC quiescence via the secretion 

of transforming growth factor beta 1 (TGF-β1), thrombopoietin (TPO), and C-X-C motif 

chemokine ligand 4 (CXCL4), thereby preserving stem cell dormancy and protecting HSCs from 

exhaustion and apoptosis.[39,46–49] This observation aligns with the findings of Zhang et 

al.[48], who showed that megakaryocyte-derived TPO maintains HSC quiescence in a Jak2V617F 

model. Jak2V617F-mediated myeloproliferation is accompanied by increased oxidative stress 

and inflammation, which may necessitate enhanced vascular support and a more protective 

microenvironment for HSCs.[50–52] In line with this model, we observed increased 

vascularization in Jak2V617F bone marrow (Fig. 7F+J). These findings suggest that an expanded 

megakaryocytic niche and vascular network in Jak2V617F mice might facilitate the maintenance 

of a quiescent malignant HSPC pool under conditions of chronic proliferative and 

inflammatory stress.  

                  



12 
 

In summary, although many studies include bone marrow immunofluorescence staining, there 

is currently no published standardized and structured workflow for murine FFPE bone marrow 

sections, which we present in this work. Moreover, we developed a time- and cost-effective 

multiplex panel to stain key components of the murine bone marrow niche that can be readily 

adapted to individual research questions. 

 

Materials and Methods  

Generation of Jak2V617F mice 

Floxed Jak2 ki mice were crossed with Mx1Cre mice to generate double transgenic mice as 

previously described.[53] These mice, henceforth called Jak2V617F mice, express the Cre 

recombinase under the control of the Mx1 promoter and carry a wildtype (WT) Jak2WT as well 

as a floxed mutated Jak2V617F allele. Cre expression was induced by poly(I:C) injections. Cre 

causes DNA recombination at the flox sites, leading to expression of the heterozygous 

Jak2V617F allele. Experiments were performed with Jak2V617F mice and littermate controls.  

 

Generation of Transgenic UBC-GFP mice  

Transgenic UBC-GFP mice (C57BL/6-Tg(UBC-GFP)30Scha/J) were first described by Schaefer et 

al.[54] and kindly provided by Radek Skoda. These mice ubiquitously express GFP under the 

control of the human ubiquitin C (UBC) promoter and were used to establish GFP staining. To 

utilize GFP as an engraftment marker, we employed a transplantation model. Donor cells were 

isolated from the fetal liver of 13.5-day-old UBC-GFP mouse embryos. Transplantation of fetal 

liver cells is a well-established method for long-term hematopoietic reconstitution and is 

routinely performed in our laboratory.[55–58] Lethally irradiated (2 × 4.5 Gy) 8–9-week-old 

CD45.1 WT female and male mice served as recipients. Approximately 5 million fetal liver cells 

were transplanted per recipient via retrobulbar injection. Recipient mice were sacrificed 132-

134 days post-transplantation for final analysis. 

 

Animal Housing and Protection  

Experiments conducted on mice were approved by the Environment and Consumer Protection 

Agency of the State of Baden-Württemberg, Germany (G20-076, G23-022, X22-09K, and X24-

03K) and all methods were performed in accordance with the relevant guidelines and 

regulations. The study is reported in accordance with ARRIVE guidelines. Mice were 
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maintained under specific pathogen-free conditions at the research mouse facility of the 

University Medical Center Freiburg. Lighting was adjusted to the circadian rhythm of the 

animals. The temperature was kept between 20 and 23˚C. Mice lived in EcoFlo cages 

(Allentown), enriched by nesting material such as litter, tunnels and paper towels. Mice had 

permanent access to water and food, which was changed every week or earlier if necessary. 

Special training in animal care and handling (FELASA B certificate) was mandatory for all staff 

working with mice. Prior to the experiments, humane endpoints were determined to avoid 

pain and distress of the animals. In this study, all mice were sacrificed by cervical dislocation 

at predetermined time points prior to reaching humane endpoints. 

 

Complete Blood Cell Counts (CBC) 

Peripheral blood samples from mice were taken via puncture of retrobulbar veins with a 

heparin-coated capillary and collected in heparin-coated microvette tubes. Subsequent 

complete blood cell count analyses were performed on an Animal Blood Counter Plus (Scil 

Vet).   

 

Flow cytometry  

Flow cytometry experiments were performed on a BD FACS Fortessa. Stem and progenitor 

cells were detected by staining with a cocktail against lineage markers (BioLegend, San Diego, 

USA, 133313, B220, CD3, Gr1, Mac1 and Ter119) as well as staining for c-Kit (Thermo Scientific, 

Waltham, USA, 47-1171-82, clone 2B8), Sca1 (BioLegend, 108120, clone D7), CD34 (BioLegend, 

152205, clone SA376A4), Fc-γ-II/III-R (Thermo Scientific, 25-0161-82, clone 93), and Flt3 

(Thermo Scientific, 12-1351-82, clone A2F10). Gating strategies were determined by 

fluorescence minus one staining as previously described.[59] 

 

Fixation 

Mice were sacrificed for subsequent femora preparation. Cleaned bones were transferred to 

a phosphate-buffered saline (PBS)-based 4% paraformaldehyde (PFA) solution (Carl Roth, 

0335.1, Karlsruhe, Germany) and incubated at room temperature (RT) for 2-72 hours under 

rotation. Best results were achieved with 2 hours fixation (Fig. 4), which was therefore used 

henceforth. Following fixation, bones were washed three times for 5 minutes each in PBS.   
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Decalcification 

Ethylenediaminetetraacetic acid (EDTA, Carl Roth, CN06.3) was used for decalcification. After 

fixation, bones were transferred to a 10% EDTA solution prepared with deionized water and 

incubated at 4°C for 6 days under rotation. Following decalcification, bones were washed 

three times for 5 minutes each in PBS. Subsequently, bones were stored at 4°C in 50% ethanol 

(SAV Liquid Production, ETO-5000-99-1, Flintsbach am Inn, Germany) for up to one week prior 

to paraffin embedding.  

 

Paraffin Embedding 

After decalcification, femora were placed into embedding cassettes (Carl Roth, K114.1) for 

dehydration and paraffin infiltration in a Leica TP1020 tissue processor (Leica Biosystems, 

Nussloch, Germany, Suppl. Table 2). Following these steps, the embedding cassettes with the 

bones were placed into embedding molds (Carl Roth, TT29.1) and covered with liquid paraffin 

(60°C) using a Leica EG 1150 embedding station (Leica Biosystems). An integrated cold plate 

was used for homogeneous solidification. The paraffin blocks were stored at 4°C. 

 

Tissue Sectioning 

Paraffin blocks were cut into thin sections ranging from 2 to 10 µm using a HM 355S 

microtome (Thermo Fisher Scientific) equipped with microtome blades (Feather Safety Razor, 

S35, Osaka, Japan). Before cutting, the paraffin blocks were cooled to -20°C. A Cool-Cut System 

(Thermo Fisher Scientific) was used to maintain a low temperature for optimal cutting. A 

Section Transfer System (Thermo Fisher Scientific) was used to transfer the sections to a 

38.5°C water bath. The sections were then transferred to SuperFrost Plus™ adhesive slides (R. 

Langenbrinck, 03-0060, Emmendingen, Germany) and dried overnight at 37°C on a Medite 

OTS 40.3040 heating plate (Medite Medical, Burgdorf, Germany). The slides were stored at 

4°C until further use. 

 

Deparaffinization and Rehydration   

Tissue sections were deparaffinized and rehydrated using an ST5020 Automatic Stainer (Leica 

Biosystems) in preparation for staining. A detailed protocol is shown in Suppl. Table 3. The 

slides were kept submerged in fluid until staining.  
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Hematoxylin-Eosin (H&E) Staining  

After deparaffinization and rehydration, H&E staining was performed using an ST5020 

Automatic Stainer (Leica Biosystems). A detailed protocol is shown in Suppl. Table 4. After 

staining, the slides were mounted with Entellan (Merck, 107961, Darmstadt, Germany) and 

covered with a coverslip (R. Langenbrinck GmbH, 80-2450/1). 

 

Preparation of TBST Solution 

TRIS-buffered saline containing 0.5% Tween 20 (TBST) was prepared from a 10x TRIS-buffered 

saline (TBS 10X) stock solution. The TBS 10X stock solution was prepared by dissolving 24.3 g 

of Tris (neoFroxx, 1125KG001, Einhausen, Germany) and 80.0 g of NaCl (VWR Chemicals, 

27810.295, Radnor, USA) in 800 mL of deionized water. The pH was adjusted to 7.5 with HCl 

(VWR Chemicals, 20252.290) and the final volume was adjusted to 1 L with deionized water. 

To prepare the 1x TBST solution, 100 mL of the 10x TBS stock solution was diluted with 900 

mL of deionized water, followed by the addition of 0.5 mL of Tween 20 (Merck, P1379). 

 

Antigen Retrieval  

Antigen retrieval was performed using either pH 6 or pH 9 antigen retrieval solution 

(AR600250ML or AR900250ML, respectively, Akoya Biosciences, Marlborough, USA). The 10x 

concentrated antigen retrieval buffer was diluted with deionized water to obtain a 1x solution, 

which was then poured into a Coplin staining jar (Merck, S5641). Deparaffinized and 

rehydrated sections were placed into the jar, which was loosely covered with aluminum foil 

and placed into a pressure cooker (Instant Pot, 920129, Ottawa, Canada) containing 800 mL 

of deionized water. Antigen retrieval was carried out for 5-15 minutes using the rapid cook 

setting. After cooking, the Coplin jar with the slides was placed on ice for 15 minutes to cool. 

The slides were then transferred to a staining tray (Merck, BR471400) filled with room 

temperature TBST, where they were kept until photobleaching or staining procedures.   

 

Photobleaching  

After antigen retrieval, tissue sections were subjected to photobleaching to reduce 

autofluorescence and, for UBC-GFP mice, to eliminate GFP signals. The slides were placed into 

four-well plates (Carl Roth, CNA2.1) and filled with 8 ml of a PBS-based bleaching solution 

(4.5% H₂O₂ and 20mM NaOH). The plates were then positioned between two 32,000 Lux LED 
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lamps (Wakects, Wakectsowe6zfcdqm, Shenzhen, China), as shown in Fig. 1B. After an initial 

45-minute incubation, the bleaching solution was replaced, and the slides were incubated for 

another 45 minutes.  

 

Blocking  

After photobleaching, the slides were transferred to a staining tray (Merck, BR471400) and 

washed three times, each for 5 minutes, with TBST. The slides were then removed and placed 

on a paper towel. Any residual TBST surrounding the tissue section was carefully aspirated 

using a vacuum pump (KNF Neuberger, N 86 KT.18, Freiburg im Breisgau, Germany) connected 

to a 200 µL pipette tip (Starlab, S1120-8810, Hamburg, Germany), carefully avoiding contact 

with the tissue. The tissue area was then encircled with a PAP-Pen (Science Service, N71310-

N, München, Germany). Next, 2-3 drops of Akoya diluent/block solution (Akoya Biosciences, 

ARD1001EA) were applied to completely cover the tissue. The slides were then incubated in a 

humidity chamber for 10 minutes to prevent drying. 

 

Immunofluorescence (IF) Staining  

After removing the blocking solution by gently tapping the slide, 50 µL of diluted primary 

antibody was applied to the tissue section. Antibodies were diluted in Akoya diluent/block 

solution (Akoya Biosciences, ARD1001EA), as listed in Suppl. Table 5. The slides were 

incubated overnight at 4°C in a humidity chamber. Subsequently, the slides were washed 

three times for 5 minutes each with TBST in the staining tray (Merck, BR471400). After 

removal from the tray, 50 µl of a fluorophore-conjugated secondary antibody, diluted in Akoya 

diluent/block solution (Akoya Biosciences, ARD1001EA) and supplemented with 0.05 µg/ml 

DAPI (BioLegend, 422801), was pipetted onto the tissue section. The secondary antibodies and 

their dilutions are listed in Suppl. Table 5. The slides were incubated in a humidity chamber at 

RT for 1 hour, protected from light. After incubation, the slides were washed three times for 

5 minutes each with TBST, followed by a final 2-minute wash step in deionized water. The 

slides were then removed from the tray, and three drops of Fluoromount (Thermo Fisher 

Scientific, 00-4958-02) were applied to the stained tissue section. A coverslip (R. Langenbrinck 

GmbH, 80-2450/1) was placed on top and sealed with clear nail polish. The mounted slides 

were protected from light until imaging on a PhenoImager Fusion (Akoya Biosciences). 
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Akoya-based Multiplex Immunohistochemistry (mIHC) Staining   

The Akoya-based multiplex staining technique involves a series of successive staining cycles, 

including primary antibody incubation, secondary antibody incubation, tyramide signal 

amplification, antibody stripping, and peroxidase inactivation (Fig. 6A). The panel design and 

the staining order of the antibodies are provided in Suppl. Fig. 2. The antigen retrieval 

procedure was conducted as described above, using a pH 9 antigen retrieval solution (Akoya 

Biosciences, AR900250ML) for 5 minutes. Blocking and primary antibody incubation were 

performed as outlined for immunofluorescence staining. After primary antibody incubation, 

the slides were washed three times for 5 minutes each with TBST in a staining tray (Merck, 

BR471400). Following this, 50 µl of a horseradish peroxidase (HRP)-conjugated secondary 

antibody, diluted in Akoya diluent/block solution (Akoya Biosciences, ARD1001EA) was 

applied to the tissue section. The secondary antibodies and their respective dilutions are listed 

in Suppl. Table 5. The slides were then incubated in a humidity chamber at RT for 20 minutes, 

protected from light. After incubation, the slides were washed three times for 5 minutes each 

with TBST. Next, the corresponding Opal dye was freshly diluted in amplification buffer as 

specified in Suppl. Table 6. The slides were removed from the tray, and 50 µl of the diluted 

Opal dye solution was pipetted onto the tissue section. Incubation occurred at RT for 20 

minutes in a humidity chamber, protected from light, to allow tyramide signal amplification. 

During this amplification process, the HRP enzyme conjugated to the secondary antibody 

catalyzes the conversion of tyramide, which is conjugated to the fluorescent Opal dye, into a 

reactive radical.[60] These tyramide radicals then covalently bind tyrosine residues near the 

target epitope, ensuring precise and stable labeling.[61]  Following tyramide signal 

amplification, the slides were washed three times for 5 minutes each with TBST. To proceed 

with the next staining cycle, antibodies from the current round were stripped from the section 

through an additional antigen retrieval step in pH 9 antigen retrieval solution (Akoya 

Biosciences, FP1490) for 5 minutes. After stripping, the slides were placed into a staining tray 

(Merck, BR471400) filled with water-based 3% H₂O₂ solution for 15 minutes to ensure 

peroxidase inactivation, thereby preventing nonspecific signals during the next staining cycle. 

After the final staining cycle, 30 µL of DAPI solution (2 drops of 10x Spectral DAPI (Akoya 

Biosciences, AR900250ML) in 1 mL TBST) was applied to each slide. After incubation at RT for 

5 minutes in a humidity chamber protected from light, the slides were washed three times for 

5 minutes each with TBST, followed by a final 2-minute washing step in deionized water. The 
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slides were then mounted and imaged using the PhenoImager Fusion (Akoya Biosciences) as 

described for immunofluorescence staining. 

 

Imaging 

The PhenoImager Fusion was used to image H&E, IF, and mIHC-stained tissue sections. A 

specific imaging protocol was applied for each staining type (H&E, IF, or mIHC). For H&E 

images, a brightfield protocol with a pixel resolution of 0.50 µm/pixel (20× objective) was 

used. IF and mIHC-stained sections were imaged using a fluorescence protocol with the Opal 

7-color filter set and a pixel resolution of 0.50 µm/pixel (20× objective). DAPI was set as the 

reference for the focal plane. The optimal exposure time for each staining series was 

determined on a test section using the auto exposure function.  

 

Data Processing and Analysis of mIHC Stainings 

Quantitative Pathology TIFF (QPTIFF) files were uploaded to the Phenochart 2.0.1 slide viewer 

software (Akoya Biosciences). The stamp annotation tool was used to define a region of 

interest (Fig. 6B). The QPTIFF files were then imported into the inForm 3.0 image analysis 

software (Akoya Biosciences). Spectral unmixing was performed using synthetic spectral 

libraries within inForm and by removing autofluorescence through the selection of an 

unstained region with the Autofluorescence Picker Tool (Fig. 6C). Data analysis was conducted 

using QuPath 0.5.1 software[62] (Suppl. Fig. 4). For cell detection, signals from a single marker 

(DAPI, GFP, c-Kit, or Sca1) were assigned to cells using the Cell Detection tool. Based on the 

results of the single marker detection, cells positive for multiple markers were identified using 

the Object Classifier tool. CD41+ megakaryocytes and endomucin+ sinusoids were identified 

using the Pixel Classifier tool. Sca1+ arterioles and the endosteal bone line were defined 

manually (Suppl. Fig. 4D). The average cell density, cell size, and the area covered by sinusoids 

and arterioles were quantified using the automatically generated detection and annotation 

measurements after applying the respective detection tool in QuPath. Spatial analyses were 

performed using the Distance to Annotations 2D tool. 

 

Statistical analysis  
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Unpaired Student's t-tests were used to determine whether a significant (p<0.05) difference 

existed between two groups. Analyses were performed using the GraphPad Prism 10 software 

(GraphPad Software, Boston, USA). 

 

Data Sharing Statement 

The datasets generated during and/or analysed during the current study are available from 

the corresponding author on reasonable request. 
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Figure 1: Workflow for tissue preparation and staining. (A) Tissue preparation involves femur isolation, fixation, 

decalcification, paraffin embedding, and sectioning using a microtome. (B) Tissue sections are subjected to 

deparaffinization, antigen retrieval, photobleaching, and blocking. Subsequently, they are stained with a target-
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specific primary antibody followed by a secondary antibody. In immunofluorescence, the secondary antibody is 

conjugated to a fluorophore, while in multiplex immunohistochemistry (mIHC), the secondary antibody is 

conjugated to the horseradish peroxidase (HRP), which catalyzes a tyramide signal amplification (TSA) reaction. 

Multiplex immunohistochemistry (mIHC) uses multiple staining rounds to enable the detection of various 

markers. After nuclear staining with DAPI, the slides are mounted to preserve the stained sections for imaging. 

Created in BioRender. Pahl, H. (2026) https://BioRender.com/2kxhfb9. 
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Figure 2: An optimal section thickness is required for high quality images. (A) Representative images of 2, 3, 5 

or 10 µm sections of a paraffin-embedded murine femur derived from a wild-type mouse fixed in 4% 

paraformaldehyde for 2 hours are shown. Antigen retrieval was performed in pH 9 antigen retrieval buffer for 5 

minutes and slides were stained with an antibody against c-Kit and a secondary anti-rabbit antibody conjugated 

to the Alexa Fluor 647 fluorophore as well as with DAPI. White arrows indicate fissures in the 2 µm section. (B) 

Schematic illustration of the impact of section thickness on tissue integrity and cellular resolution.   

 

Figure 3: Photobleaching improves signal specificity of murine bone marrow sections. (A-D) Representative 

images of 3 µm sections of paraffin-embedded murine femora derived from (A+C) a wild-type or (B+D) a UBC-

GFP mouse, fixed in 4% paraformaldehyde for 2 hours. Antigen retrieval was performed in pH 9 antigen retrieval 
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buffer for 5 minutes. (A+B) Unbleached and (C+D) bleached sections were stained with DAPI alone (left) or with 

DAPI, a primary antibody against c-Kit, and a secondary anti-rabbit antibody conjugated to the Alexa Fluor 488 

fluorophore (right).  

 

Figure 4: Short fixation combined with mild antigen retrieval provides the best staining quality of murine bone 

marrow sections. (A) Representative images of 3 µm sections of a paraffin-embedded murine femur derived 

from a wild-type mouse fixed in 4% paraformaldehyde overnight (o/n). Antigen retrieval was performed in pH 9 
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antigen retrieval buffer for 5 (left), 10 (middle) or 15 (right) minutes. Top: Staining with DAPI and an antibody 

against c-Kit. Bottom: H&E staining. (B) Schematic illustration of the impact of antigen retrieval time on tissue 

integrity and signal intensity. (C) Representative images of 3 µm sections of a paraffin-embedded murine femur 

fixed in 4% paraformaldehyde for 2 hours, 6 hours, o/n or 3 days, as indicated. Antigen retrieval was performed 

for 5 minutes in pH 9 antigen retrieval buffer. Staining with DAPI, an antibody against c-Kit, and a secondary anti-

rabbit antibody conjugated to the Alexa Fluor 647 fluorophore. (D) Schematic illustration of the impact of 

paraformaldehyde fixation time on signal intensity.  

 

Figure 5: pH 9 antigen retrieval buffer provides optimal staining quality for murine bone marrow sections. 

(A+B) Representative images of 3 µm sections of murine paraffin-embedded femora, fixed in 4% 
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paraformaldehyde for 2 hours, were used to test antigen retrieval with (A) pH 6 or (B) pH 9 buffers. Antigen 

retrieval was performed for 5 minutes. (A+B) Left: Staining with DAPI and an antibody against c-Kit, Sca1, GFP, 

CD41 and endomucin as indicated. Depending on the species of the primary antibody, either an anti-rabbit Alexa 

Fluor 647 or an anti-rat Alexa Fluor 568 secondary antibody was used. The colors shown in the panels are 

assigned as pseudocolors. Right: Control staining with DAPI and the secondary antibody only. Sections from a 

wild-type mouse were used for c-Kit, Sca-1, CD41, and endomucin staining, while sections from a UBC-GFP mouse 

were used for GFP staining. (C) Schematic illustration of the impact of antigen retrieval pH on tissue integrity and 

signal intensity. 
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Figure 6: Multiplex immunohistochemistry staining of key bone marrow niche components using the Akoya 

technology. (A) Workflow for data acquisition (I), processing (II) and analysis (III). Created in BioRender. Pahl, H. 

(2026) https://BioRender.com/2kxhfb9. (B-N) 3 µm sections of paraffin-embedded femora from mice 

transplanted with UBC-GFP donor cells were examined. The sections were fixed in 4% paraformaldehyde for 2 

hours and stained with DAPI and antibodies against the following markers: GFP (Opal 780), c-Kit (Opal 520), Sca1 

(Opal 620), endomucin (Opal 570), and CD41 (Opal 480). (B+C) Data processing includes (B) selection of a region 

of interest and (C) spectral unmixing. (D-N) Data analysis includes (D-G) cell detection, (H-K) tissue detection, and 

(L-N) spatial analysis: (D) Cell mask of stained cells created using the Cell Detection tool in QuPath. The DAPI (top, 

left), GFP (top, right), c-Kit (bottom, left) and Sca1 (bottom, right) signals are shown. (E) Average cell density 

quantified based on the DAPI, GFP, c-Kit and Sca1 signals. (F) Frequency of c-Kit+ (7.7%) and c-Kit+/Sca1+ (0.9%) 

cells by DAPI staining. (G) Average cell size of c-Kit+ and c-Kit+/Sca1+ cells. (H) Segmentation mask of the stained 

tissues created using the Pixel Classifier tool in QuPath. The endomucin (left) and CD41 (right) signals are shown. 

(I) Area covered by sinusoids and arterioles. (J+K) Average (J) cell density and (K) size of CD41+ megakaryocytes. 

(L) Overlaid cell and tissue detection masks showing c-Kit⁺/Sca1⁺ cells (orange), CD41⁺ megakaryocytes 

(turquoise), sinusoids (purple), arterioles (yellow), and the endosteal bone surface (gray). (M+N) Spatial analysis 

depicted as a (M) violin plot and (N) a cumulative distribution plot showing the distance of c-Kit⁺/Sca1⁺ cells from 

megakaryocytes (turquoise), sinusoids (purple), arterioles (yellow), or the endosteal bone surface (gray), 

respectively. (E,G,I-K) Mean and SEM are shown. n=3 mice (B+C+D+H+L) Representative images are shown. 
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Figure 7: Jak2V617F mice display an altered megakaryocytic bone marrow niche. (A-L) 3 µm sections of paraffin-

embedded murine femora were examined. The sections were fixed in 4% paraformaldehyde for 2 hours and 

stained with DAPI as well as antibodies against the following markers: c-Kit (Opal 520), Sca1 (Opal 620), 

endomucin (Opal 570), and CD41 (Opal 480). (A+B) Unmixed multiplex images of femoral sections from (A) a 

littermate control mouse and (B) a Jak2V617F mouse. The merged signals (top, left), DAPI (top, right), c-Kit (middle, 
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left), Sca1 (middle, right), CD41 (bottom, left), and endomucin (bottom, right) are shown. (C) Average cell density 

based on the DAPI, c-Kit and merged c-Kit/Sca1 signals. (D+E) Average (D) cell density and (E) size of CD41+ 

megakaryocytes. (F) Area covered by megakaryocytes, sinusoids, and arterioles. (G-J) Cumulative distribution 

plots showing the distance of c-Kit⁺/Sca1⁺ cells towards (G) sinusoids, (H) arterioles, (I) the endosteal bone 

surface, and (J) megakaryocytes. (K+L) Merged c-Kit, Sca1, and CD41 signals (left) and corresponding 

measurement maps showing the distance of c-Kit+/Sca1+ cells to megakaryocytes (right) of (K) control (Jak2WT) 

and (L) Jak2V617F mice. (C-J) Statistical analyses by unpaired Student’s t-tests. n=4 per genotype. *p<0.05, 

**p<0.01, ***p<0.001. Mean and SEM are shown. (A+B+K+L) Representative images are shown. 
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Table 1. Comparison of different staining protocols for murine bone specimens 

Technique   mIHC CODEX Whole-mount Clearing 

Study This study Karnik et al.[11] Wu et al.[30] Mertens et al. 

[31] 

Tissue FFPE cryosections fresh samples fresh samples 

Spatial 

resolution 

2D (3 µm) 2D/3D (10 µm) 3D (35 µm) 3D (400 µm) 

Multiplexing 

capacity 

7 markers 25-50 markers  4-6 markers 4 markers  
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Teaser Abstract 

Processing murine femora for immunofluorescence staining poses considerable challenges, 

and a standardized workflow has not yet been systematically described. In this study, we 

optimized tissue preparation for murine formalin-fixed, paraffin-embedded femur sections 

and established an efficient multiplex protocol enabling spatial analysis of hematopoietic 

stem and progenitor cells within the bone marrow niche. Applying this panel to femur 

sections from Jak2V617F mice, we observed specific alterations in the megakaryocytic niche, 

underscoring our method's utility for detecting spatial features relevant to hematopoietic 

disease.  

 

                  


