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Key Points  

1. Megakaryocytes form a three-dimensional (3D) cage, composed of laminin and 

collagen IV, connected to the basement membrane surrounding them. This microarchitecture 

serves to stabilise megakaryocytes within their vascular niche.  

2. Activation of β1/β3 integrins and MMP proteolysis control the microarchitecture of the 

3D ECM cage that regulates megakaryocyte maturation and intravasation at the bone 

marrowblood interface.  

  

  

Abstract  

Megakaryocytes reside in the bone marrow, where they ensure the continuous 

production of circulating platelets in order to prevent bleeding. Unlike other blood cells, 

megakaryocytes do not fully enter the bloodstream, but instead extend cytoplasmic 

protrusions through the sinusoidal barrier, which fragment into circulating platelets. How the 

extracellular matrix (ECM) regulates the balance between being both resident in the bone 

marrow and in the bloodstream is still unknown in vivo. Here, we address the spatial 

organisation and functional role of ECM components in the megakaryocyte vascular niche. We 

reveal that laminin and collagen IV form three-dimensional (3D) cage of ECM connected to the 

sinusoidal basement membrane that surrounds the individual megakaryocytes. The 3D cages 

of ECM are controlled by megakaryocytes since megakaryocyte-specific β1/β3 integrin 

knockout (Itgb1-/-/Itgb3-/-) is characterised by weakened ECM cages. This is associated with an 

increased megakaryocyte intravasation and the passage of entire megakaryocytes into the 

circulation. The inhibition of ECM degradation induces the formation of denser cages, and 

results in dysplastic megakaryocytes with defective formation of the demarcation membrane 

system (DMS). Therefore, the 3D ECM cage stabilizes megakaryocytes within their vascular 

niche to orchestrate their maturation and intravasation capabilities, and underscores the 

crucial role of a specific ECM microarchitecture in megakaryocyte functions.  
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INTRODUCTION  

Megakaryocytes, the precursors of blood platelets, differentiate from haematopoietic 

stem cells and mature in the complex microenvironment of the bone marrow.  

Megakaryocytes are large, highly polyploid cells that contain a complex invaginated network 

of membranes, known as the demarcation membrane system (DMS), which serves as a 

membrane reservoir for platelet production. These cells are strategically located at the 

interface between the bone marrow and the blood circulation, specifically at the 

parasinusoidal region1,2. In the final stages of maturation, megakaryocytes extend into the 

circulation, releasing proplatelet structures which become circulating platelets required for 

hemostasis3,4. The remaining nucleus surrounded by a thin rim of cytoplasm (called the 

pyrenocyte) is ultimatively phagocytosed in the stroma 5.  

Intravasation, the coordinated passage of megakaryocyte fragments through the 

sinusoidal barrier, is essential for platelet release into the bloodstream. This requires an 

original, complex and dynamic adaptation of megakaryocytes to highly different 

microenvironments, both mechanically and biologically. Indeed, they are juxtaposed to the 

endothelial lining, in an equilibrium between a constrained 3D environment and a fluid 

environment, where they are in contact with two types of ECM organization: basement 

membrane and interstitial ECM. Megakaryocytes are themselves able to synthesize and 

release ECM proteins, thus, contributing to their own structural microenvironment in vascular 

niches6. The importance of the ECM in megakaryocyte development and function has been 

extensively studied in vitro studies, while their mechanistic link in vivo are far from being 

understood. Collagen IV, fibronectin, fibrinogen and laminin α5 chain have already been 

described around the megakaryocytes in situ, whereas, the presence of collagen I and VWF is 

considered controversial6-8.   

Herein, we demonstrate the specificity, molecular basis and importance of the spatial 

organization of the ECM around megakaryocytes in native mouse bone marrow. 

Megakaryocytes assembled a specialized 3D ECM cage composed of a reticular network of 

laminin and collagen IV, directly connected to the basement membrane of the endothelium. 

We demonstrated that this 3D cage was organized through the activity of megakaryocyte 

integrins 1 and 3 since the deletion of both integrins resulted in a severe disruption of its 

spatial organization. This disorganization leads to an increased megakaryocyte intravasation 
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and the unexpected passage of whole megakaryocytes into the circulation. Conversely, the 

use of matrix metalloproteinase (MMP) inhibitors in vivo revealed the dynamic process of ECM 

remodelling that occurs in the maintenance of the ECM cage and its importance for 

megakaryocyte development, as evidenced by DMS alteration. In conclusion, the 3D ECM cage 

stabilises megakaryocytes within their vascular niche, thereby enabling the active control of 

megakaryocyte maturation and intravasation at the interface between the bone marrow and 

the bloodstream.   
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METHODS  

Detailed methods are described in the Suplemental Data, available on the Web site  

  

Bone marrow preparation. Murine bonne marrow was obtained by flushing the femurs of mice 

with PBS followed by immediate fixation.  

  

Animals. We used wild type (WT) mice (C57BL/6J from C. River, L'Arbesle, France), Itgb1-

//Itgb3-/- double knock out mice and Pf4cre mice aged 10 to 15 weeks.  The β1fl/fl 9 and β3fl/fl 10 

mice were crossed with mice expressing the Cre recombinase under the control of the Pf4 

promoter to obtain inactivation in the MK lineage. Itgb1-/-/Itgb3-/- double knock out (KO) mice 

were crosses of the two single KO lines.  

  

Antibodies. See table 1 in “Data Supplements S1” for details.  

  

2D confocal microscopy on bone marrow cryosections. Bone marrow were fixed in a mix of 2% 

paraformaldehyde-0.2% glutaraldehyde, frozen in liquid nitrogen and cut as described 11. For 

immunofluorescence staining, 250 nm-thick cryosections were labelled with primary 

antibodies and conjugated-second antibodies of the appropriate species and DAPI, as 

reported in table 1. They were examined under a confocal microscope (TCS SP8, Leica) using 

the 63x objective with a numerical zoom of 4 (pixel size: 0.09µm).   

3D confocal analysis on bone marrow vibratome sections. For megakaryocyte localization, 

sections of femurs or lungs fixed in 2% paraformaldehyde and 0.2% glutaraldehyde, with a 

thickness of 250 µm, were incubated with FABP4 overnight. This was followed by overnight 

staining with Alexa 568-conjugated anti-GPIbβ antibody and Alexa 488 Donkey anti-Goat for 

FABP4. The Leica SP8 confocal microscope was used to collect a series of x-y-z images.   

To perform 3D ECM analysis, 250 µm-thick vibratome sections were fixed in 4% PFA and 

embedded in 4% agarose, incubated overnight at 4°C with an array of antibodies that targeted 

matrix proteins (laminin, type IV collagen, fibronectin and fibrinogen), and were followed by 

the corresponding secondary antibodies and Hoechst 33342 counterstaining. For quantitative 

spatial analysis of ECM around megakaryocyte, the observations have been made on z-stacks 
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as described by Voisin et al. 12. The fluorescence was delineated on maximum z-stack 

projection of half a megakaryocyte using Image J software.  

Image processing to perform quantitative analyses of fluorescence profiles, pore diameter and 

fibre length are explained in Suppl. Figure 5.   

    

Intravital imaging. Pf4cre and Itgb1-/-/Itgb3-/- mice underwent intravital imaging. To visualize 

megakaryocytes and sinusoids, an AF488-conjugated anti-GPIX antibody derivative and 

Qtracker™ 655 were intravenously injected, respectively. The skull bone marrow was 

observed using two-photon microscopy, following the procedure described in reference13.   

  

Electron microscopy. For Transmission electron microscopy, bone marrow was fixed in 2.5% 

glutaraldehyde and embedded in Epon as described 14. Transversal thinsections of the entire 

bone marrow were cut and examined under a Jeol 2100 plus. The number of megakaryocytes 

was counted per surface unit (s.u., 12,945 μm2).   

For SEM, native bone marrow megakaryocytes were allowed to adhere to a surface coated 

with 300 µg/ml fibronectin, 100 µg/ml fibrinogen or 50 µg/ml laminin 511. After gentle 

agitation to detach non-adherent cells, the remaining adherent cells were fixed in 2.5 % 

glutaraldehyde, dehydrated, attached to stubs, sputter coated and examined under a Helios 

NanoLab microscope at 5kV.   

  

Microfluidic experiments The PDMS microfluidic chamber channels were assembled and 

connected to peristaltic pump, as described15. The channels were washed with PBS for 5 min 

and coated with laminin 511 (50 µg/ml), fibrillar fibronectin (300 µg/ml) or fibrinogen (100 

µg/ml) overnight at 4°C, followed by a blocking stage with human serum albumin (1 %) for 30 

min at room temperature. To produce fibrillar fibronectin, we use the method of mechanical 

stretching as described in Maurer et al, 16. Freshly isolated megakaryocytes were seeded at a 

concentration of 30 cells /µL per channel and incubated for 15 min-45 min at 37 °C with 5 % 

CO2  (Suppl. Figure 4). The channels were then perfused under a flow of 300 µm/s and the 

megakaryocyte behavior was monitored in real-time, during 1 min. Megakaryocyte capture 
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yield was measured by quantifying the number of adherent megakaryocytes before and after 

flow induction (expressed as a percentage).  

  

Megakaryocyte emigration from bone marrow explants. Preparation of bone marrow explants 

was performed as described in Guinard et al., 2021 17. Briefly, bone marrow from Pf4cre or 

Itgb1-/-/Itgb3-/- mice were flushed and ten 0.5 mm-thick sections were placed in an incubation 

chamber. Megakaryocytes at the periphery of the explants were counted (expressed as the 

number of total emigrating megakaryocytes at the indicated timepoints).   

  

Effects of MMP inhibition. Mice were treated daily with a protease inhibitor cocktail 

(Batimastat at 30 mg/kg + Ilomastat at 50 mg/kg) or vehicle (DMSO dose) for 7 consecutive 

days 18,19. On the eighth day, the mice were sacrificed, and their bone marrow was collected 

for analysis of ECM organization and megakaryocyte behavior, as explained in the 3D confocal 

analysis on vibratome sections.  

Gelatin degradation assay. Coverslips were coated with Oregon green gelatin, fixed with 0.5% 

glutaraldehyde for 20 min at RT. After washing three times with PBS, cells were seeded on 

coated coverslips and incubated 6 h before fixation and staining.  

Statistics.  The homogeneity between different mice was analyzed using a Ki² test in order to 

take all the megakaryocyte data into account.  All values are reported as the mean ± sem. n= 

number of megakaryocytes studied.  
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RESULTS  

1. Laminin and collagen IV create a specialized 3D cage for megakaryocytes in contact 

with the sinusoidal basement membrane  

How the ECM is organized around megakaryocytes within the vascular niche still 

remains to be discovered as its observation involves technical challenges. We first used 

ultrathin (250 nm) cryosections and observed megakaryocytes and endothelial cells using 

GPIbβ and FABP4 markers, respectively. Laminin ϒ1 chain delineated the basement membrane 

underlying the endothelial layer of sinusoids and the outer contour of mature megakaryocytes 

(Figure 1A). Collagen IV and fibronectin exhibited similar patterns, whereas fibrinogen was 

more widespread and predominantly associated with the basement membrane, the 

megakaryocyte surface and intracellular granules. Von Willebrand factor (VWF) signal was 

restricted to the alpha granules of megakaryocytes. Notably, collagen I and III signals were 

undetectable around megakaryocytes and sinusoidal vessels, these antibodies having been 

validated on positive controls (Suppl. Figure 1).   

Having established the expression of laminin, collagen IV, fibronectin and fibrinogen in 

the direct megakaryocyte microenvironment, their spatial organisation was next investigated 

using 3D imaging of whole-mount bone marrow preparations (Figure 1B). Maximum Z-stack 

projections around megakaryocytes were analyzed for each immunostained tissue. 

Remarkably, this revealed that laminin and collagen form a reticular 3D cage that envelops 

each megakaryocyte, extending radially from the sinusoidal basement membrane in close 

association with megakaryocytes (Figure 1C).   

To evaluate the relationship between this ECM cage and the sinusoidal basement 

membrane, we expanded our observations to larger fields of view and performed z-stack 

analysis around megakaryocytes in contact with sinusoid (sMK in Figure 2A) and 

megakaryocytes in the parenchyma (pMK in Figure 2A). An overview of the ECM organization 

is presented in Figure 2A. The quantification revealed that almost all sinusoid-associated 

megakaryocytes have a cage (92.8 ± 3.3%), while only a few megakaryocytes in the 

parenchyma displayed this feature (11.4 ± 4.8%), indicating that the 3D ECM cage formation 

requires megakaryocyte interaction with the sinusoidal basement membrane. Importantly, 

the cage was present at all stages of megakaryocyte maturation, as defined by their size and 

the presence of DMS (Suppl. Figure 2A), even during megakaryocyte intravasation (Figure 2B).  
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Remarkably, 3D representations reveal a deformation of the target megakaryocyte surface 

that correlates with the presence of the laminin network (white arrows Figure 2C). Finally, the 

spatial organization of the two other ECM components, fibronectin and fibrinogen present 

around megakaryocyte, were analyzed. Although fibronectin was readily detected around 

megakaryocytes, no 3D cages were found for fibronectin and fibrinogen (Suppl. Figures 2B and 

2C). Taken together, these observations demonstrate that megakaryocytes establish highly 

specific interactions with a 3D cage made of laminin and collagen IV, in spatially confined 

microdomains at the sinusoidal basement membrane.   

  

2. Integrin controls the structural properties of the ECM cage  

Megakaryocytes express β1 and β3 integrins as main ECM receptors. To determine the 

interactions between megakaryocytes and the 3D ECM cages, we localized of the β1 and β3 

integrins. Antibodies that bind to all β1 integrins were used to detect β1 isoforms on the 

plasma membrane and DMS (Figure 3A). Similar findings were obtained for total β3 integrins 

(Suppl. Figure 3A). In contrast, the activated form of β1 integrin was expressed only at sites of 

interaction with laminin and collagen IV, suggesting that activated β1 integrins mediate 

megakaryocyte interactions with the ECM cage (Figure 3B).     

To test if integrin-mediated signaling plays a role in the structural assembly of the ECM 

cage, a transgenic mouse model lacking β1 and β3 integrins specifically in the megakaryocyte 

lineage (Itgb1-/-/Itgb3-/-) was used. Itgb1-/-/Itgb3-/- mice were generated by crossing the two 

single knockout lines (β1fl/fl and β3fl/fl mice crossed with mice expressing the Cre recombinase 

under the control of the Pf4 promoter). As expected, the activated form of β1 integrin was 

absent in the megakaryocytes of these mice (Suppl. Figure 3B). Notably, laminin deposition on 

the megakaryocyte surface was significantly reduced by 2.3 fold in Itgb1-/-/Itgb3-/- mice in 

comparison to Pf4Cre mice (7.1 ± 0.8% vs 18.4 ± 0.9% respectively, measured by fluorescence 

coverage per unit area) (Figure 3C). Likewise, the intensity fluorescent profiles showed that 

laminin formed a less dense network around megakaryocytes, with significantly increased 

pore sizes (10.6 ± 1.3 µm vs 6.3 ± 0.6 µm, respectively). In addition, low ECM density around 

megakaryocytes in Itgb1-/-/Itgb3-/- mice was most probably not caused by an increased  

degradation of the matrix, as shown by in vitro gelatin degradation assays (Suppl. Figure 3C). 
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The organization and density of laminin network at the basement membrane remained 

unaffected in these mice, as the integrin deletion is restricted to megakaryocytes (Suppl.  

Figure 3D). Finally, a decrease in the expression of fibrillar fibronectin around Itgb1-/-/Itgb3-/- 

megakaryocytes, along with mislocalization of fibrinogen in the extracellular space of the DMS 

instead of the granules was also noticed (Suppl. Figures 2B and 2C). Therefore, both 

megakaryocyte integrins actively organize the 3D ECM cage, and the associated fibronectin 

and fibrinogen proteins in this cage in the vascular niche.  

  

3. Integrins stabilize megakaryocytes in the vascular niche  

The description of this 3D ECM cage raises the question of its functional relevance on 

megakaryocyte functions. We previously described that Itgb1-/-/Itgb3-/- mice had a 50% 

reduction in platelet count likely due to disorganized DMS in megakaryocytes20. Thus, we 

hypothesized that the organization of the 3D ECM cage could control the functions of 

megakaryocytes. Firstly, it appeared that the number of megakaryocytes, the ploidy and the 

maturation stages in Itgb1-/-/Itgb3-/- mice were similar to those in the control Pf4cre mice 

(Figure 4A). We next analyzed megakaryocyte localization in the bone marrow tissue and 

found a significantly higher proportion of megakaryocyte that were extending intravascular 

fragments  (i.e. intravasation) in mutant mice (27.0 ± 3.3%) compared to that in Pf4Cre mice 

(2.9 ± 0.4%). More strikingly, intact circulating megakaryocytes were significantly present in 

their bloodstream (8.2 ± 1.3%) which is an extremely rare (0.7 ± 0.6 %) phenomenon in control 

mice under physiological conditions (Figure 4B).   

To investigate this unusual localization of circulating megakaryocytes in the bloodstream, 

we used intravital 2-photon microscopy imaging to describe the dynamic of the 

megakaryocyte behavior. Among megakaryocytes stabilized at the parasinusoidal interface, 

we could observe the cellular distortions of Itgb1-/-/Itgb3-/- megakaryocytes and their exit from 

the marrow by entering in the bloodstream intact (Figure 4C, movie 1). Large megakaryocyte 

nuclei were found in the downstream pulmonary capillaries of these mice (Figure 4D). Such a 

phenomenon could be due to a difference in size of the megakaryocytes or of the endothelial 

pores. Transmission electron microscopy (TEM) observation revealed that intravascular Itgb1/-

/Itgb3-/- megakaryocytes were similar in size and ultrastructure to those in the parenchyma 

compartment (Figure 4E). Furthermore, no significant change in the size of the endothelial 
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pores (Itgb1-/-/Itgb3-/-: 4.6 ± 0.3 µm; WT: 4.3 ± 0.4 µm) was observed, indicating the existence 

of alternative mechanisms.   

Therefore, we measured the adhesive potential of freshly isolated bone marrow 

megakaryocytes. Under static conditions, most Itgb1-/-/Itgb3-/- megakaryocytes did not 

spread and still showed a round shape on immobilized laminin, fibronectin or fibrinogen 

(Figure 5A). We then used a miniaturised microfluidic-based experimental model in which 

individual megakaryocyte detachment was tracked when exposed to a flow rate of 300s-1, 

similar to the flow typically found in sinusoids (Suppl. Figure 4A). Interestingly, for Pf4cre 

megakaryocytes, it appears that laminin generates less adhesion than other substrates, 

highlighting the importance of the molecular composition of the said 3D ECM cage and its 

evident impact on the adhesion response of megakaryocytes in vivo (Figure 5B). Experiments 

using Itgb1-/-/Itgb3-/- megakaryocytes demonstrated significantly higher detachment on 

various ECM coatings (movies 2 and 3). Secondly, we used the bone marrow explant model to 

study the adhesion properties of the megakaryocytes associated with their 3D ECM cage 

(Figure 5C). This model enabled us to quantify the physical detachment of megakaryocyte at 

the periphery of the explants. After three hours, the number of megakaryocytes released from 

Itgb1-/-/Itgb3-/- bone marrow explants was significantly higher than that from Pf4-Cre explants, 

reaching a plateau at 6h. Clearly, it appears that β1 and β3 integrins are essential to organize 

the 3D ECM cages and maintain megakaryocytes in the bone marrow, thereby preventing their 

passage into the bloodstream as whole cells.  

  

4. 3D ECM cage compression via MMPs inhibition affects the maturation of 

megakaryocytes  

Our results suggest that a weakened ECM cage promotes megakaryocyte intravasation 

through reduced adhesion. We therefore tested whether an increase in cage density also 

affects megakaryocyte functions. For that purpose, we proposed to decrease the catabolic 

aspect occurring in the ECM equilibrium between its synthesis and degradation. To this aim, 

mice were injected with batimastat (30 mg/kg) and ilomastat (20 mg/kg) for 7 days, in order 

to inhibit the activation of MMPs in the megakaryocyte microenvironment 21. Remarkably, this 

treatment resulted in a significantly denser interstitial collagen IV network, as evidenced by 
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the abundance of collagen fibres in the interstitial space (Figure 6A). Collagen IV fibre length 

(6.3 ± 0.2 µm vs 9.3 ± 0.3 µm) and the corresponding pore sizes of the ECM network  (4.7 ±  

0.3 vs 8.4 ± 0.8 µm)  were significantly reduced as compared to the control condition.   

We determined if this denser 3D ECM cage might affect megakaryopoiesis. Total 

megakaryocyte numbers, quantified per bone marrow area using whole bone marrow 

imaging, revealed a significant 2 fold increase in density in MMP inhibitor-treated mice. In 

addition, we observed an increased proportion of megakaryocytes with severely reduced size 

(white arrows in Figure 6B). To better estimate the degree of this defect, we employed TEM 

and found that 53.7 % of the megakaryocytes lacked the appropriate organization of the DMS  

(Stage II megakaryocytes), reflecting a primary failure in the cytoplasmic maturation (Figure 

6C). In accordance with our IF experiments, TEM analyses also demonstrated a significantly 

higher number of MK in treated mice, suggesting a greater retention of megakaryocytes in an 

overcrowded ECM microenvironment. To test this possibility, we quantified the number of 

MKs released from the bone marrow explants, and observed the release of a significantly 

fewer megakaryocytes out of the bone marrow microenvironment after 6h as compared to 

that in control mice (Figure 6D). Together, these results indicate that MMPs are important 

regulators of ECM homeostasis in the bone marrow, thereby, influencing megakaryocyte 

maturation and their attachment to the vascular niche.   
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DISCUSSION   

Physiological platelet formation occurs in a complex bone marrow environment where 

megakaryocytes are located close to sinusoids, suggesting that they are stabilized in a 

perivascular environment. The present study demonstrates, for the very first time, the 

existence of a specific 3D ECM cage that stabilizes megakaryocyte to the sinusoids in spatially 

confined microdomains. The cage consists of a reticular fibre network of laminin and collagen 

IV that extends radially from the basement membrane and envelops the megakaryocytes. Its 

structural and adhesive properties are tightly regulated by the interplay between 

megakaryocyte integrin signaling and ECM proteolysis. Thus, the ECM cage represents a novel 

concept of an active and dynamic 3D microenvironment continuously remodeled and essential 

for megakaryocyte perivascular positioning, thereby assisting their maturation and controling 

their passage from the dense bone marrow environment into the bloodstream  

(Figure 7).   

This study establishes the first images of a hitherto undescribed 3D ECM cage that 

surrounds megakaryocytes. The presence of the cage throughout their developmental stages, 

provides further evidence that megakaryocyte maturation occurs while residing at the 

sinusoid7. Likewise, Cai et al. (2022) have showed that deletion of laminin alpha4 in mice 

reduces vascular-associated megakaryocytes, which in turn affects their maturation and 

transendothelial proplatelet extension22. However, megakaryocytes lacking the main collagen 

receptors, GPVI and α2β1 integrin, are still able to associate with sinusoids, mature normally, 

and release platelets into the circulation23. This is likely due to the redundant functions of 

other receptors on the megakaryocyte surface that have collagen and laminin binding 

capacity, including α6β1, α5β1 and αVβ3 integrins and dystroglycan8. One can also imagine 

that the cage restricts megakaryocyte movement, providing an explanation for the limited 

migration of megakaryocytes within the bone marrow parenchyma compartment2,24. The 

newly identified ECM cage structure ensures megakaryocyte positioning in the vascular niche 

plausibly through their reciprocal physical interaction. Besides, the implication of 

environmental signaling factors such as SDF1 or sphingosine-1-phosphate in materializing this 

phenomenon has also been reported earlier25,26.  
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Integrins are known to have important roles in the remodeling of ECM27. Recently, a 

direct involvement of β1 and β3 integrins in fibrillogenesis of fibronectin has been detected 

around megakaryocytes20. Herein, deletion of β1 and β3 integrins in the megakaryocyte 

lineage reduces the density and cross-linking of the 3D ECM cage. This is associated with a 

significant increase in megakaryocyte intravasation events. Our in vitro evidences strongly 

suggest that this effect is due to integrin-mediated adhesion. Our findings, combined with 

those of Cai et al. who demonstrated reduced sinusoid interaction of megakaryocytes in the 

absence of laminin α4, highlight the direct involvement of the 3D ECM cage in stabilising 

megakaryocytes within their vascular niche22. This is corroborated by our observations that 

megakaryocytes, at all maturation stages including the ones captured in the process of 

shedding intravascular fragments, exhibit a 3D ECM cage. The 3D ECM cage not only anchors 

the megakaryocytes in the bone marrow but also retains the remnant pyrenocytes at bone 

marrow-blood interface during the release of platelets, thereby, impeding the sliding away of 

the entire cell into the blood circulation. Indeed, intact megakaryocytes were found in the 

general circulation in Itgb1-/-/Itgb3-/- mice. Circulating megakaryocytes have been observed in 

humans during emergency megakaryopoiesis (infectious diseases, inflammatory diseases, 

after cardiopulmonary bypass) and have been implicated in thrombotic complications28-31. 

Here, our findings demonstrate that megakaryocyte integrins play a crucial role in determining 

the density and cross-linking of the 3D ECM cage, which effectively protects megakaryocytes 

from entering the bloodstream as whole cells.  

Administration of MMP inhibitors to mice resulted in an overcrowded and compressed 

ECM interstitial space (i.e. dense collagen IV meshwork), with hindered megakaryocyte 

growth. This is similar to what is seen in patients diagnosed with myelofibrosis, where 

uncontrolled accumulation of ECM is often associated with abnormally small 

megakaryocytes32. Thus, the ECM cage is not just a passive scaffold that anchors 

megakaryocytes at sinusoids, but its dynamic remodeling also actively contributes to 

megakaryocyte development. This may reflect an adaptive process whereby the adjustment 

of the ECM cage facilitates growth by providing enough space for the expansion and 

development of giant megakaryocytes. This hypothesis aligns with previous findings indicating 

that increasing the density of the ECM creates a stiffer environment, which affects the growth 

of individual cells33,34. Our 3D representations reveal that the laminin network acts as a 
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constraint that can physically deform the target megakaryocyte surface. Thus, the ECM cage 

can present itself as a real barrier with an ability to physically curtail the megakaryocyte at the 

vascular niche. Besides,megakaryocytes are able to sense substrate stiffness20,35. Intriguingly, 

megakaryocytes rely mostly on β3 subunit for stiffness sensing, whereas, both β1 and β3 

integrins are required for fibronectin assembly20. Both functions have been reported for other 

cell models, confirming the essential role of β3 integrin in stiffness sensing and the possible 

share functions of β1 and β3 integrin on fibrillogenesis36,37. Further, the group of K. 

Hoffmeister showed that proper megakaryocyte localization at the sinusoids depends on β1 

integrin glycosylation. The absence of galactosylation in β4galt1-/- megakaryocytes leads to 

hyperactivity of β1 integrin, negatively affecting the formation of the DMS-platelet forming 

process38. Taken together, these data provide evidence of a well-coordinated interplay 

between integrin-mediated signalling and MMP proteolysis, working together to tightly 

regulate the mechano-adhesive properties of the ECM cage, and thereby control 

megakaryocyte maturation at the bone marrow-blood interface.  

Overall, the current study demonstrates how the complexity of the 3D ECM 

microenvironment determines the fate of megakaryocytes in their vascular niche. It highlights 

the importance of the 3D ECM cage as an active physical scaffold that precisely regulates 

megakaryocyte positioning and maturation. Maintaining the integrity of the 3D ECM cage and 

modelling the complex physical constraints that occur in the parasinusoidal region will be 

important topics for future studies on platelet biogenesis under physiological and stress 

conditions, particularly in inflammation, where there is an increased incidence of thrombus 

formation caused by an excess of circulating megakaryocytes.   
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Figure Legends  

  

Figure 1  

Laminin and collagen IV form a specialized 3D cages of ECM for megakaryocytes, directly 

connected to the sinusoidal basement membrane  

(A) Left panel. Schematic representation of the experimental workflow for 2D imaging of 

immunostained bone marrow cryosections from WT mice. Confocal imaging is performed on 

single ultrathin sections with an axial resolution of 250 µm. Right panel. Representative 2D 

images of a sinusoid-associated MK immunostained for laminin (red), GPIbβ (white) and 

FABP4 (cyan). Cell nuclei are visualized with DAPI (blue) (from one out of three independent 

IF experiments).  

(B) Left panel. Schematic representation of the experimental workflow for 3D analysis of 

whole-mount bone marrow preparations from WT mice. A stack of confocal images covering 

half the depth of the MK is acquired and then z-projected to create a maximum projection 

image. Right panel. Representative 3D images of sinusoid-associated MK immunostained for 

laminin (red), GPIbβ (white) and FABP4 (cyan) (from one out of three independent IF 

experiments).  

(C) Left panel. Representative 3D images of sinusoid-associated MK immunostained for 

collagen IV (green) and GPIbβ (white). Right panel. Laminin (red) and collagen IV (green) 

colocalize around sinusoid-associated MK.  

*, sinusoid lumen; arrowheads, basement membrane-cage connexion; bm, basement 

membrane ; MK, megakaryocyte; P, platelet; Bars, 10 µm.  

  

Figure 2   

The ECM cage interacts mechanically with megakaryocytes at the sinusoid  

(A) The spatial distribution of ECM cage is highly restrictive to the sinusoid. Maximal 

projection of a large field of the 3D laminin organization. Megakaryocytes in contact with 

sinusoids (sMK) have a cage. Quantification of the number of megakaryocytes displaying the 

typical 3D cage as a function of cell association with sinusoids. Megakaryocytes with an ECM 

cage (grey bars) and without a cage (hatched bars) were counted (from 3 independent 

experiments, 3<n<101 as indicated in/over the bars, **P<0.01 Mann-Whitney).   

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 1, 2024. ; https://doi.org/10.1101/2024.09.30.615769doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.30.615769


20  

  

(B) Correlation with the maturation stages of megakaryocytes. Maximal projections of 

semimegakaryocytes are shown. Quantification of laminin immunostaining per cell shows the 

presence of a 3D ECM cave at all stages of maturation (2-3 independent experiments, 14<n<22 

as indicated in the bars, *P<0,05 Mann-Whitney). Quantification on megakaryocytes 

extending proplatelets and pyrenocytes (nacked nucleus) was not possible due to sample size 

limitations. Note that the characterization of maturation stages is shown in Suppl. Figure 2. 

(C) Representative confocal image of a megakaryocyte displaying a laminin cage and its 3D 

construction showing that the laminin network (red) deforms the megakaryocyte surface 

(white arrows). Zoom show 3D surface rendering of the physically deformation of 

megakaryocyte surface.  

*, sinusoid lumen; bm, basement membrane; MK, megakaryocyte; sMK, sinusoid-associated 

MK; pMK, MK in the parenchyma;  PPT, proplatelet; n=number of cells studied; Bar, 10 µm.  

  

Figure  3  

Integrin-mediated control of the 3D ECM cage around MK.  

(A) Representative 2D images of Pf4cre bone marrowcryosections (250 nm) showing a 

sinusoid-associated MK immunostained for β1 integrin (MAB1997 in yellow). Right: the boxed 

area isshown at a higher magnification.   

(B) Activated β1 integrins form functional adhesion structures around MK surfaces. 

Representative 2D images of of Pf4cre bone marrow cryosections showing a 

sinusoidassociated MK immunostained for activated β1 integrin (9EG7 in cyan), for GPIbb 

(white) and laminin (red, upper panels) or collagen IV (green, lower panels). Right: 

Magnification of the boxed area showing co-localization of laminin and 9EG7.   

(C) Deletion of β1 and β3 integrins leads to a reduction in the laminin deposition on the 

surface of MKs. Upper panels. Representative 3D images showing a decrease in laminin 

deposition (red) on Itgb1-/-/Itgb3-/- MK compared to Pf4cre. Top panels. (Left) Quantification 

of laminin surface coverage per MK (in %, 17<n<19 as indicated in the bars, P>0.001 unpaired 

t-Test), (Middle) expression profile of the laminin staining along straight-lines (25 µm long) 

visible as white lines in the confocal images, and (Right) quantification of mesh sizes (in µm, 

14<n<16, P<0.01 Mann-Whitney).  
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*, sinusoid lumen; pm, plasma membrane; MFI, mean fluorescence intensity; MK, 

megakaryocyte; n=number of cells studied; Bars, 10 µm.  

  

Figure 4  

Integrins protect megakaryocytes from entering the bloodstream as whole cells  

(A) Megakaryocyte density, maturation and ploidy were normal in Itgb1-/-/Itgb3-/- BM. (Left) 

Quantification of the total number of megakaryocyte, observed by electron microscopy (from 

6-7 independent experiments, 120<n<153 as indicated in the bars), (Middle) Classification of 

the megakaryocytes according to their maturation stage (from 3-5 independent experiments, 

99<n<544). (Right) Representative ploidy histograms of Pf4cre and Itgb1-/-/Itgb3-/-  

megakaryocyte (one out of three independent experiments).   

(B)Higher proportion of megakaryocytes extending intravascular proplatelets (intravasation) 

in mice lacking β1/β3 integrins. Representative confocal images of Pf4cre and Itgb1-/-/Itgb3-/- 

whole-mount bone marrow immunostained for GPIbβ (white) and FABP4 (cyan). Zoomed-in 

images (right) reveal an Pf4cre intravasating megakaryocyte and a circulating Itgb1-/-/Itgb3/- 

megakaryocyte. Quantification of megakaryocyte localization (n=5 for each genotype, 

200<n<225 as indicated in the legend, *** P<0.001 Mann Whitney).   

(C) Intravital two-photon imaging of Itgb1-/-/Itgb3-/- mouse calvarial bone marrowstained 

with intravenously injected AF488-conjugated anti-GPIX antibody and rhodamin dextran. The 

white arrow indicates an intrasinusoidal Itgb1-/-/Itgb3-/- megakaryocyte, dotted lines illustrate 

the sinusoid wall and the values in the left corner show the time-lapses. Quantification of 

circulating megakaryocytes, data are reported as the percentage of the total number of 

megakaryocyte (from 3 independent experiments, 130<n<136 as indicated in the legend, 

P<0.05, Mann-Whitney).   

(D) Increased number of megakaryocyte pyrenocytes (nacked nuclei) within the 

pulmonary microvessels of Itgb1-/-/Itgb3-/-  mice. Megakaryocytes are identified by GPIbβ 

staining (green) and nuclei are visualized by DAPI staining (blue, arrow). Cyan dotted lines 

indicate the vessel wall. Quantification of the remaining nuclei in Pf4cre (grey) and Itgb1-/-

/Itgb3-/- (black) mice (from 5 independent experiments, 28<n<149 as indicated in bars, 

**P<0.01, Mann-Whitney  (E) (Left) TEM image demonstrating the typical intravasation 

behaviour of a megakaryocyte, which is characterized by the extension of intravascular 
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proplatelets, (Middle - Right) Two TEM images showing intravascular entire Itgb1-/-/Itgb3-/- 

MKs.  

*, sinusoid lumen; cyan dotted line, sinusoid wall ; n, nucleus; sMK, sinusoid-associated MK; 

pMK, MK in the parenchyma; PPT, proplatelets; cyan dotted line, sinusoid wall; n= number of 

cells studied,  Bars in B-C-D, 10 μm; Bars in E, 5 µm.   

   

  

Figure 5   

Integrins promote megakaryocyte adhesion to the ECM components of the bone marrow (A) 

Impaired adhesion and spreading of Itgb1-/-/Itgb3-/- MK. Representative SEM images depicting 

bone marrow-derived megakaryocytes adhering on laminin. Spreading (hatched bars) and 

round (grey bars) megakaryocytes were counted following 3h incubation on laminin, 

fibronectin (FN), and fibrinogen (FG) (in %) (from 4-6 independent experiments, n as indicated 

in the legends).  

(B) Microfluidic flow chamber to study megakaryocyte adhesion efficiency. 

Representatives bright field images showing that upon flow application, Itgb1-/-/Itgb3-/- 

megakaryocytes detach from fibrillary fibronectin protein, while Pf4Cre MKs remain attached. 

Quantification of the detachment of Pf4cre and Itgb1-/-/Itgb3-/- megakaryocytes on laminin, 

fibrillar fibronectin and fibrinogen (from 5 to 7 independent experiments , n as indicated in 

the legends, **P<0.01, ***P<0,001, Mann-Whitney).   

(C) Reduced physical anchoring of Itgb1-/-/Itgb3-/- megakaryocytes to bone marrow.  

Representatives bright field images of the ten femur bone marrowsections placed in an 

incubation chamber (left panel), of the box (center panel) and of the megakaryocytes released 

from the periphery of the explants (right panel). Quantification of the number of Pf4cre and 

Itgb1-/-/Itgb3-/- megakaryocytes released from the explants following 3h (from 10 to 13 

independent experiments, 594<n<1095 for Pf4cre and Itgb1-/-/Itgb3-/-, *P<0.05, unpaired 

ttest).   

dotted lines, MK detachment; MK, megakaryocytes, FN, fibronectin; FG, fibrinogen; MK, 

megakaryocytes, n, number of cells studied; Bars in A, 10 μm; Bars in B, 20 µm; Bars in B, 30 

µm.   
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Figure 6  

Maturation of the 3D ECM cage is correlated with maturation of the DMS in megakaryocytes 

(A) MMP inhibition leads to a densification of the peri-MK cage. Upper panels. Representative 

3D confocal images showing a significant increase in collagen IV deposition (green) on the 

megakaryocyte surface in treated mice treated with the intravenous cocktail of protease 

inhibitors (B + I). Top panels. (Left) Quantification of collagen IV fluorescence showed a 

shortening of collagen IV fibers in treated mice compared to that in control mice (from 3-5 

independent experiments, 20<n<22 as indicated in the bars, ***P<0;001, Mann-Whitney). 

(Middle) Histograms of fluorescence intensity versus distance showed an increase in 

crosslinking with a reduction in pore size (white lines of 25µm length are visible in the confocal 

images). (Right) Reduction in mesh sizes in treated mice (from 3 independent experiments, 

7<n<12, ***P>0.001, t-test).   

(B) MMP inhibition affects megakaryocyte growth (indicated by arrows). 

Representativebone marowconfocal images from DMSO vs B+I treated mice immunostained 

for GPIbβ (white) and FABP4 (cyan), zoomed-in images showing the difference in 

megakaryocyte size between the two groups.  Quantification of the number of 

megakaryocytes per bone marrow area (194 x 194 µm) (from 3 independent experiments, 

229<n<483 as indicated in the bars, ***P<0.0001, Mann-Whitney).  

(C) TEM observation revealed the presence of numerous immature megakaryocytes (stage 

II) in treated mice as compared to fully mature megakaryocytes in control mice (stage III). 

(Middle) Quantification of the total number of megakaryocyte s (145<n<169 as indicated in 

bars,  **P<0.01, Mann-Whitney) and in the proportion of immature megakaryocytes (stage II) 

in the B + I group (from 3 independent experiments, *P < 0.05, **P < 0.01, one way ANOVA 

Dunn’s).  

(D) Representatives bright field images of the megakaryocytes (arrows) released from the 

periphery of the control and treated explants. Quantification of the number of 

megakaryocytes released from the explants following 3h and 6h (from 6 independent 

experiments, 370<n<783 for DMSO and B+I, *P<0.05, unpaired t-test).   

  

B + I, batimastat + Ilomastat; sMK, sinusoid-associated MK; pMK, MK in the parenchyma; n, 

number of cells studied; Bars in A and B, 10 μm; Bars in C, 5 µm; Bar in D, 50 µm.  
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Figure 7  

β1/β3 Integrins and MMP proteolysis control the 3D ECM cage microarchitecture that 

regulates megakaryocyte maturation and intravasation at the bone marrow-blood interface.  
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