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Summary 

 

 

Extensive in vitro studies have described podosomes as actin-based structures at the plasma 

membrane, connecting the cell with its extracellular matrix and endowed with multiple capabilities. 

Contractile actin-myosin cables assemble them into a network that constitutes a multifaceted cellular 

superstructure taking different forms – with common characteristics – but manifesting different 

properties depending on the context of study. Their morphology and their role in cell functioning and 

behavior are therefore now apprehended in in vivo or in vitro situations relevant to physiological 

processes. We focus here on three of them, namely: macrophage migration, antigen presentation by 

dendritic cells and endothelial cell sprouting during angiogenesis to highlight the characteristics of 

podosomes and their functioning shaped by the microenvironment. 

 

1 Podosomes 

 

1.1 Introduction  

 

Cells communicate constantly with their environment. The interactions are of many types and involve 
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soluble, matrix and mechanical factors. For instance, cells probe their surroundings with filopodia, 

adhere to the extracellular matrix (ECM) through focal or fibrillar adhesion sites and deploy 

lamellipodia in order to migrate. Podosomes form another class of structures restricted to certain cells 

and/or certain contexts but endowed with multiple capabilities. Unlike the structures mentioned above, 

they are endowed with proteolytic activities that allow them to degrade matrix proteins. Podosomes 

are therefore intimately associated with the process of cellular invasion, where cells breach anatomical 

barriers and penetrate tissues. Recent advances in the field have established that these dynamic 

structures also exhibit mechanosensory attributes allowing the exploration of the pericellular 

environment. This property must now be integrated in understanding how they participate in 

physiological processes. This review does not deal with related structures described in tumor cells and 

named invadopodia, which are associated with cancer pathology. 

 

One essential component of the microenvironment is the ECM, a collection of extracellular molecules 

secreted by cells that provides them with structural and biochemical support. The interstitial matrix is 

predominant, consisting in structural components such as collagen-I (fibrillar) and elastin, whose main 

role is to resist tension, and components that facilitate contacts with cells such as fibronectin and 

laminins. Other key components are proteoglycans such as aggrecan and perlecan that, through their 

long glycosaminoglycan chains, capture water and make the matrix resistant to compression. 

Basement membranes (BMs) are specialized ECM that delimit all epithelia and endothelia but also 

envelop muscle, fat and nerve cells, and serve as structural barriers [1]. They consist primarily of 

laminins (various isoforms depending on tissue type) and collagen-IV, crosslinked by non-covalent 

interactions with nidogens and perlecan [2], thus forming a compact and resistant mesh that plays an 

essential role in maintaining tissue integrity while delivering homeostasis signals. Tissue maintenance, 

repair and expansion as well as tissue surveillance by immune-competent cells, are processes that 

require matrix remodeling [1]. These are the physiological processes in which podosomes play a key 

role.  

 

Structurally, podosomes are actin-based membrane structures in direct contact with the ECM. First 

characterized as autonomous entities, it is now recognized that they are building blocks of a network, 

interconnected by contractile actin filaments and linking the actin cytoskeleton to the plasma 

membrane [3-5]. As plasma membrane domains, podosomes are privileged sites of interactions with 

the pericellular environment that regulates their formation, lifespan, subcellular distribution and 

architecture. As cytoskeleton domains, podosomes derive their morphological and functional 

characteristics from the dynamics of actin polymerization and adopt a dynamic collective behavior [5, 

6].  

 

Podosomes are particularly abundant in cells of the myelomonocytic lineage, such as macrophages [7], 
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immature dendritic cells [8] and osteoclasts [9]. They are also prominent in megakaryocytes [10, 

11].  In these cell types, they constitute a major part of the actin cytoskeleton and are formed 

constitutively upon cell adhesion. They are also found in non-hematopoietic cells. In these cell types, 

their formation involves ECM-derived signals but also requires specific extracellular induction. These 

can be mechanical cues and/or specific soluble factors that depend on the cell tissue origin. 

Podosomes are often arranged in clusters or in ring-shaped superstructures called “rosettes”.  

 

Podosomes have been extensively described for over three decades and in a wide variety of cell types: 

in vitro, in the bidimensional context of the culture dish, under hyperoxic atmosphere and often using 

a gelatin film to mimic ECM. These explorations have revealed their large repertoire of functions [12]. 

More recently, podosome presentation and functions have been investigated ex vivo or in conditions 

that better mimic physiological processes in vivo. These studies have highlighted the predominant role 

of the microenvironment in the acquisition of podosome characteristics and functioning. Thus, it turns 

out that although the different types of podosomes share many components, fine details of their 

composition, characteristics and subcellular arrangement are determined by the context. Below we 

describe the main features of podosomes updated with the latest advances in the field, including the 

characterization of the elements that have led to better understanding of their organization and 

dynamics and their functional employment in the context of the various functions associated with 

them. We then describe three physiological processes in which podosomes described in vitro or ex 

vivo could occur in vivo: macrophage migration across tissues, antigen presentation and uptake by 

immature dendritic cells and endothelial cell sprouting during angiogenesis. This review does not deal 

with intracellular signaling pathways, which are known to involve Src and RhoGTPases as pivotal 

actors of podosome assembly. They have been reviewed elsewhere [13]. 

 

1.2 The podosome is an actin structure that connects the cytoskeleton with the plasma 

membrane 

 

Typically, a podosome is a punctate (0.5-1.0 µm in diameter) structure located at the plasma 

membrane and is principally made of filamentous actin. It is a highly dynamic organelle undergoing 

constant disassembly and reformation on a minute time-scale, and characterized by a rapid turnover of 

actin within the structure [9] (Figure 1A-D). Actin polymerization begins at the plasma membrane and 

is mediated by the Arp2/3 complex activated by Wiskott–Aldrich syndrome protein (WASp or N-

WASp) downstream of the small G protein Cdc42. While the podosome enlarges through the 

generation of branched actin on a rigid matrix, the core structure grows perpendicular to the 

substratum over a height of about 0.6 μm (Figure 1C, D). Cortactin (CTTN) and the multi-domain 

scaffold protein Tks5 (SH3PXD2A) are often used as podosome markers. Cortactin consolidates the 

Arp2/3-generated actin filaments, whereas Tks5 plays an essential, but yet poorly understood, role in 
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the subcellular orientation of the actin nucleation sites [14]. Integrins and CD44 are the dominant 

transmembrane adhesion molecules of podosomes and constitute the bridge that connects the inside 

with the outside. The transmembrane metalloprotease MT1-MMP (MMP-14) is selectively delivered 

in transport vesicles to the basal side of the podosome through a microtubule/motor-protein network 

[15]. The enzyme remains spatially confined to the site of podosome formation through interactions 

with actin filaments [16]. Surrounding the columnar actin core, numerous structural proteins 

associated with integrins have been identified, including paxillin, vinculin and talin (Figure 1 C, D) 

[12, 17]. The actin core and adhesion ring give the podosome the characteristic bipartite appearance in 

immunofluorescent microscopy (Figure 1A, B) which is also useful for recognizing the structures. 

High-resolution microscopy has now shown that the adhesion ring of integrin-associated proteins is 

not really continuous but instead forms a polygon of discrete complexes [5, 18-20]. Characterization 

of podosomes in the orthogonal plane (perpendicular to the basal membrane) has revealed the 

existence of a third element, the podosome cap. It covers the column of actin filaments like an 

umbrella and contains proteins such as formin-like protein, FMNL1 [21], inverted formin, INF2 [22], 

supervillin, SVIL [23], and the sphingolipid long-chain base-responsive protein LSP1 [24]. This 

structure may serve as a hub for incoming transport vesicles, regulate podosome growth or channel the 

myosin contractile forces associated with podosomes [23, 24] (Figure 1C, D). Detailed analysis of the 

actin network has allowed a better understanding of the architecture of the organelle and brought to 

light the mechanics of their sensory properties. At the base of the columnar structure, the detection of 

Arp2/3 serves as a signature for the formation of a branched actin network [25]. This branched actin 

core is surrounded by unbranched antiparallel contractile filaments that radiate from the top of the 

podosome near the cap to the ring of adhesion sites [4, 9, 26] (Figure 1D). Pioneering work using 

atomic force microscopy has shown that podosomes exert forces on the matrix in an oscillating 

movement by using the myosin IIA motor of these contractile filaments [27]. The core of actin 

filaments grows upwards from the basal side. In turn, the acto-myosin contractile cables tethered onto 

the matrix at the level of the ring stretch, inducing the recruitment of mechano-sensitive protein 

vinculin at these sites. The stored forces are restored in protruding forces at the core and are in turn 

relayed onto the ECM [3, 5, 27]. Talin, vinculin and paxillin are required for actin polymerization and 

protrusion force generation [28]. Myosin IIA contracts the actin network filaments and applies tension 

to the bound vinculin molecules, counterbalancing core growth and eventually reducing podosome 

size and protrusion. Depending on the rigidity of the matrix, the magnitude of the forces leads to 

distinct levels of recruitment of the mechano-sensitive protein vinculin at sites where the actin 

filaments connect to the cell membrane [5]. In this way, the exerted forces translate the physical 

property of the substrate into biochemical signals to the podosomes, which in turn are transmitted to 

the cell and may lead to differential podosome composition. The formin INF2 was recently shown to 

regulate contracting events at individual podosomes from the cap structure [22]. The adhesive ring 

also undergoes pressure oscillations resulting from the movements of the core [5, 6]. Thus, adhesion 
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proteins sustain tension and feedback on actin-driven protrusion and the integrity and dynamics of 

protrusive cores and adhesive rings are coordinated by the actomyosin apparatus [28].  

 

Another set of contractile actin/myosin-filaments has been revealed by the use of super-resolution 

microscopy and these connect podosomes with each other [3, 5, 23]. These connections ensure their 

regular distribution [4, 23, 29] and enable their collective and synchronized functioning [6, 23] (Figure 

1B, D). In fact, connectivity extends well beyond the nearest neighbors of podosomes, as shown by 

the continuous redistribution of podosome components throughout podosome clusters [30]. The 

formin FHOD1 was recently shown to regulate the actomyosin-based contractility of these connecting 

filaments within podosome clusters in primary macrophages [22]. These interconnecting filaments 

appear to be associated with the radiating filaments described above. Super-resolution correlative light 

and electron microscopy (SR-CLEM) has allowed the detection of another network of filaments that 

has no apparent connection with podosome cores. These short filaments are restricted to the ventral 

side of the plasma membrane and form a thick layer of cortical actin at the bottom of the entire 

podosome cluster [19]. 

The dynamic behavior of podosomes comprises de novo formation, dissolution and reformation. 

Podosomes also undergo continuous fission and fusion events, where neighboring structures are in 

close spatial vicinity. In between these podosomes, SR-CLEM detects a thick bundle of unbranched 

filaments that may originate from the actin core. The filaments close to and on top of the core are 

decorated with zyxin but not with vinculin, suggesting that they do not associate with the plasma 

membrane. In contrast to the radiating fibers and interconnecting cables, these interpodosomal 

connections are insensitive to inhibition of actin polymerization, suggesting that these pools of actin 

are not dynamically coupled [19].  

Podosomes are thus endowed with mechano-sensory qualities and podosome clusters function as a 

coordinated mechanosensory area [31]. These mechano-sensory properties may either combine or, 

more likely, alternate with their matrix-degrading activity (Figure 1C, D).  

 

1.3. The various signals regulating podosome formation 

 

1.3.1. Matrix signals transmitted at the level of the plasma membrane  

Under conventional cell culture conditions, podosomes appear in their characteristic form in cells 

seeded on a smooth and rigid plastic dish, as shown in Figure 1. For myelomonocytic cells, integrin-

mediated adhesion to the ECM-coated substratum triggers the assembly of podosomes, which form the 

predominant adhesive structures for these cells. Different matrices engage different integrins and thus 

trigger distinct signaling cascades: integrin β2 bound to fibrinogen drives podosome formation in 

macrophages [27], integrin β3 bound to osteopontin is involved in osteoclasts [32], and integrin β1 
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bound to collagen-I is a potent triggering signal for megakaryocytes [10, 11]. The matrix also 

regulates the lifespan of podosomes: when megakaryocytes are seeded on collagen-I, podosomes triple 

their longevity as compared to cells seeded on fibrinogen [11]. The geometry of the substrate dictates 

podosome subcellular localization, arrangement and morphology, while also impacting their lifetime. 

On a surface lined with reliefs, dendritic cells accumulate podosomes along ridges and these 

podosomes are more stable than those formed in non-rugged areas [33]. These properties are well 

illustrated by cells seeded on a collagen-I matrix: podosomes tend to line up on the ridges and follow 

the meanders of the deposited collagen-I fibers [11] and may even change their architecture and 

composition [34]. Here, podosome accumulation and presentation dictated by collagen-I topography 

could be mediated by the newly discovered interpodosomal network [19]. As another example to 

illustrate the prominent role of the ECM, podosomes barely form when endothelial cells derived from 

liver sinusoids are seeded on a soft matrix. In contrast, on a stiff substratum corresponding to a matrix 

associated with liver fibrosis, they form abundantly and with a highly amplified proteolytic power 

[35]. Matrix signals also play a decisive role in podosome formation induced by cytokines. Thus, 

collagen-IV is essential for podosome induction by the vascular endothelial growth factor VEGF in 

microvascular endothelial cells [36], while fibronectin is the preferred ECM for TGF-β-induced 

podosome formation in endothelial cells derived from large arterial vessels [37].  

 

Podosomes may also be induced by suppressing the tractive forces exerted by cells on a matrix. 

Fibroblasts do not normally present podosomes on a rigid matrix but classical focal adhesion contacts. 

When the cells are spread on a fluid matrix composed of lipid-attached Arg-Gly-Asp (RGD) peptides, 

they assemble podosome-like structures that convert into focal adhesion contacts when a force is 

applied to the fluid lipid-RGD bilayer [38]. These findings highlight the role of mechano-signals in the 

regulation of podosome formation. A constricted environment also promotes podosome formation. 

Arterial endothelial cells confined into a micro-channel scaffold device spontaneously assemble 

podosomes [39]. Within the channel, the podosomes are mainly arranged in clusters, while they 

mainly form rosettes when entering or exiting the confined space. Therefore, physical constraints 

influence podosome organization and disturbance of cell polarity may be involved in their formation. 

 

Although adhesion is a pre-requisite for podosome formation and podosomes gather information about 

matrix composition by the engagement of specific integrins, kinetic studies performed in osteoclasts 

suggest that this interaction is not the prime event that leads to their assembly as cortactin and paxillin 

are detected first at the site of podosome formation and precede integrin recruitment [40]. Podosome 

formation is stimulated by a local loss of contractility and the recruitment of negative regulators of 

RhoA such as p190RhoGAP [38, 41, 42]. As F-actin depolymerization promotes cortactin 

phosphorylation [43], the nucleation of the filaments could be triggered by Arp2/3 and/or a cortactin-

enriched primer complex, on which ECM signals converge [44, 45]. As mentioned above, the dynamic 
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behavior of podosomes includes podosome dissolution and reformation. Beside its proteolytic activity, 

MT1-MMP also serves to imprint spatial memory for podosome reformation after dissolution, and 

therefore contributes to the construction of the structure [16]. 

 

 

1.3.2. Alteration of gene expression and other signals 

MicroRNAs are small noncoding RNAs that play a critical role in regulating several cellular functions 

through transcriptional silencing. Either a loss or a gain of micro-RNA expression can regulate 

podosome formation. In vascular smooth muscle cells (VSMCs), miR-143 and -145 regulate a switch 

between differentiated (contractile/non-proliferative) and dedifferentiated 

(synthetic/migratory/proliferative) phenotypes. These micro-RNAs prevent the formation of 

podosomes in VSMCs by repressing the transcription of PKCα (PRKCA) and 

PDGFRα(PDGFRA, and of fascin (FSCN1), respectively [46]. Expression of miR-143 and -145 is 

repressed by the proto-oncogene Src, an event that may promote podosome formation. In contrast, 

miR-155 induces podosome assembly in arterial endothelial cells [47]. MiR-155 represses the 

transcription of the BMP-regulated transcription factor Smad5. As Smad5 signals to cells in the basal 

state, it is likely that miR-1 alters cell homeostasis by suppressing a regulatory signal. Consistent with 

this, miR-155 is known to influence endothelial to mesenchymal transition by counteracting RhoA 

function [48].  

 

More recently, cell fate specification pathways were also shown to regulate podosome formation. 

Blocking Notch signalling frees the way for the formation of podosomes in endothelial tip cells, one of 

the first steps in the process of angiogenesis. As Notch mainly interferes with gene transcription, 

podosome induction is very likely the immediate consequence of altered gene expression [49]. 

Podosomes are also involved in embryonic development where cell migration is instrumental for 

generating tissues in the appropriate position, as shown in the zebrafish model [50]. In the nematode C 

elegans, podosomes are used by the anchor cell, a specialized somatic gonadal cell, to migrate across 

the basement membrane in order to connect the developing uterine with vulval tissues [51]. . 

 

Another means to control podosome induction is oxygen or nutrient deficiency [52], or the production 

of reactive oxygen species (ROS) [53]. However, the how and why of these observations have not yet 

been explored. There are thus several ways in which podosome formation may be induced or 

modulated. Table 1 summarizes the various signals that have been shown to regulate podosome 

assembly in endothelial cells. These regulations are dynamic as podosomes in turn act on the 

microenvironment. 

 

2. Macrophage podosomes and trans-tissue migration 
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Macrophages originate predominantly from blood-borne monocytes that migrate into tissues. They 

differentiate in a tissue-dependent manner, giving rise to tissue-specific cells (such as Kupffer cells in 

the liver or glial cells in the brain). Besides tissue-specific characteristics, two broad distinctions are 

made in the macrophage population, namely M1 and M2. The two subpopulations distinguish 

themselves by expression of specific cell surface markers and the secretion of specific sets of 

cytokines which lead to two opposite functional characteristics. The M1 signature is associated with 

elimination of (damaged) tissue and of foreign organisms (initiation phase of inflammation) whereas 

the M2 signature is associated with tissue repair (resolution phase of inflammation) [54]. In fact, M1 

and M2 are the two extreme of a continuum of phenotypes in vivo and subpopulations exist that do not 

fit these two categories [55]. Macrophages are confronted by matrices whose rigidity and topography 

must be decoded for an “all-terrain” migration. In porous collagen-I based matrices, cellular 

deformability is sufficient for their progression and they move in an amoeboid fashion. In more dense 

matrices, macrophages form podosomes and use their proteolytic properties to forge ahead through the 

stroma in a mesenchymal migration mode [56]. Both M1 and M2 populations produce podosomes but 

those associated with the M2 signature tend to be more dynamic and were shown to contribute to 

mesenchymal mobility [57]. 

 

On a two-dimensional surface under in vitro conditions, podosomes are evenly distributed over the 

whole ventral (attached side) of macrophages. As mentioned above, podosomes predominantly serve 

as adhesion sites because they lack other matrix contacts. The even distribution is lost when 

macrophages are set to migrate in response to chemokines such as CSF-1. A new population of large 

podosomes with a rapid turnover (short half-life) accumulates at the leading edge. The enhanced 

dynamics of M2 macrophage podosomes is essential for the migration process, in particular when cells 

migrate across the endothelium (process of diapedesis) [8]. When analyzed in more detail, the 

chemokine-exposed macrophages may be seen to possess two distinct populations of podosomes: i) 

large dynamic “precursors” located at the periphery and at the leading edge; and ii) smaller and more 

stable “successors”, located more centrally and often derived from splitting precursors [23]. The 

differences between the two podosome populations may be due to the differential regulation of 

myosin-II by the cap components, LSP1 dominating in precursors and SVIL in successors [24]. 

Interestingly, LSP1 regulates podosome oscillations, protrusive force generation and podosome 

lifespan [24]. 

An example of an in vitro two-dimensional environment is where cells are crawling on an endothelium 

or certain epithelia attached to their basement membrane such as in lung, bladder, intestine or certain 

glands. However, most environments are three-dimensional. In a collagen-I gel mimicking the 

environment of macrophages in connective tissues in vivo, podosomes take on a totally different 

appearance and are consequently named “3D podosomes” [58]. Instead of having the typical 
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core/ring/cap moieties, they present as globular structures at the end of long protrusions with less 

distinct boundaries between the substructures. Nevertheless, they remain recognizable as podosomes 

thanks to their specific markers, their proteolytic capacity and their dynamics. They are larger, less 

numerous, and their composition slightly differs from their 2D counterparts. 

 

In vitro, macrophages carrying 3D podosomes and exposing MT1-MMP at the plasma membrane dig 

tunnels through which they migrate (Figure 2A) [59], a phenomenon that reflects trans-tissular 

migration. Indeed, the podosomes in HIV-1 infected macrophages are more stable than those of 

uninfected cells and their size and degradation potential are increased as a result of Hck 

(hematopoietic cell kinase, the predominant member of the Src-family of tyrosine kinases in these 

cells) stimulation by the viral protein Nef. Such changes are reflected by the accelerated migration of 

these cells towards inflammatory sites [42]. Conversely, diminishing podosome size and degradation 

potential through Hck inhibition reduces cell migration [60-62]. It is likely that 3D podosomes also 

possess the adhesion properties of “2D” podosomes because integrins and CD44 localize at these 

structures [58]. However, the function of mechanosensory and matrix signal transduction remains 

difficult to explore in three-dimensional contexts. 

 

3. Dendritic cell podosomes, antigen presentation and uptake 

Dendritic cells patrol the blood and tissues with the purpose of capturing and presenting foreign 

elements to naïve T cells to allow them to mount a defensive response. Dendritic cells are genuine 

professional antigen-presenting cells and they exist in several sub-populations: interstitial, dermal, 

plasmocytoid, inflammatory and Langerhans cells. In the absence of foreign bodies, they are said to be 

immature (iDC). They constantly probe their environment with pattern recognition receptors (PRR) 

that recognize molecules (mainly sugars, lipids, proteins and nucleic acids) shed by infectious agents 

such as bacteria, fungi and viruses [63]. The signaling events that ensue “pattern” binding to their 

receptors lead to the internalization of the antigen by endocytosis or phagocytosis, to the redistribution 

of the proteins involved in antigen processing, to enhanced expression of the major histocompatibility 

complex and to the release of cytokines (interferonβ, interleukins, TNFα and RANTES) that facilitate 

T-cell differentiation. In short, a set of reactions occur that lead to priming of the adaptive immune 

system [64].   

 

In vitro, iDCs podosomes are arranged in clusters (Figure 1A). In dense matrices of gelled collagen-I 

or Matrigel, iDCs form 3D podosomes at the tip of cell protrusions and adopt the mesenchymal 

migration mode similar to macrophages [65]. As a consequence of antigen recognition, iDC turn into 

mature dendritic cells (mDC). Concomitantly, podosomes disappear and cells form long dendrites 

instead (hence the name of the cells). By reducing adhesion to the ECM, this transformation also 
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marks a transition to a faster migration mode, like DCs migrating towards lymph nodes to present 

antigens to naïve T cells in vivo [66]. 

 

Podosomes participate specifically in the antigen seeking, capture and uptake phases of T cell immune 

response triggering. First, the topographical cues seem to act as a triggering signal for podosome 

construction.  When iDCs are seeded on a porous membrane, podosomes form precisely on the top of 

the pores [67, 68]. How extracellular topographical cues are signaled into the cells is not clear. It may 

occur through the recruitment of curvature-sensing proteins, such as the BAR proteins CIP4, FBP17, 

ASAP1 or IRSp53 into the plasma membrane [69]. The topography also influences podosome 

morphology: the ring of adhesive proteins containing vinculin, paxillin, talin and other components 

remains positioned at the entry of the membrane pore, whereas the actin core descends into the pore at 

the same time as the protrusion (Figure 2B). The extension of the protruding actin core is dependent 

on myosin-II activity and therefore involves contractility. The protruding membrane exposes MT1-

MMP and PRRs and becomes a privileged site for matrix proteolysis, antigen capture and endocytosis 

[67, 68]. This podosome architecture seems ideally suited for iDCs to seek “pathological patterns” 

across epithelia, which may occur in the intestine, lung or nasal cavities [67].  

 

4. Podosomes of endothelial cells in sprouting angiogenesis 

Endothelial cells line the inner surface of all blood vessels. Besides their multiple functions at the 

blood/tissue interface, they also play a key role in the process of vascular bed formation during 

angiogenesis, i.e., the process whereby new vessels arise from existing ones and lead to the extension 

of the vascular network. This mainly concerns the micro-vasculature that buds to establish 

vascularization during development or restores irrigation of injured or ischemic tissues. The 

developing retina of a newborn mouse, in which vascularization is initiated in the first week after 

birth, has been a great source for studying the process of angiogenesis. The main angiogenic factor 

involved is VEGF and endothelial cells respond to it in different ways. Cells with the highest cell 

surface receptor (VEGFR2) density turn into "tip cells", whereas the adjacent cells become “stalk 

cells”. Tip cells develop filopodia equipped with VEGFR2 that capture surrounding VEGF, and with 

integrins allowing them to dock into newly explored territories. They are the leading migratory cells. 

The adjacent cells proliferate and extend a stalk that pushes tip cells further into the surrounding 

tissue. In this way, an initial vascular sprout gradually turns into a growing capillary. The fate of the 

stalk cells depends on a process referred to as lateral inhibition [64]. VEGF enhances the membrane 

expression of Delta-1ike 4 (Dll4) in the tip cell and, by signaling to Notch receptors, imposes the 

“stalk phenotype” on adjacent endothelial cells (a juxtacrine signaling mode).  The process described 

above suggests that tip cells must somehow suppress even low levels of Notch signaling. This may 

occur through a mechanism of cis-inhibition, where Notch and Notch-ligands are expressed on the 
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same membrane and create non-productive signaling complexes that prevent trans-activation [70]. 

Thus, stalk cells have high Notch activity whereas tip cells have low Notch activity.  

In vitro, microvascular endothelial cells exposed to VEGF form podosomes [36, 49, 71-73]. These 

podosomes are interconnected by contractile actin-myosin filaments in an annular superstructure 

called a rosette. They have a strong proteolytic activity especially against collagen-IV [36]. 

Pharmacological inhibition of Notch signaling produces the same effects [49]. These observations led 

us to investigate podosome formation in tip cells displaying low Notch activity and exposed to VEGF 

in situ using the model of the mouse retina.  

 

Immunofluorescence staining of podosome markers detected podosomes in tip cells of the developing 

retinal vasculature. In their native microenvironment, podosomes are globular in shape, interact with 

the BM, and their occurrence coincides with reduced collagen-IV vessel coverage [49] (Figure 2C). 

The cables connecting the podosomes are clearly visible without recourse to super-resolution 

microscopy.  Based on in vitro data, we postulate that podosomes intervene in tip cells in vivo at two 

levels: initially in the process of sprouting to breach the BM and invade the ECM; and at a later stage 

in the process of anastomosis, where tip cells must first remove the basement membrane sheet of an 

existing capillary in order to adhere to the endothelial cells to allow the sprouts to interconnect. 

 

5. Conclusions and perspectives 

Our knowledge of podosomes has increased tremendously in recent years, thanks in particular to 

technological developments in microscopy [31]. Accumulating evidence of the role of podosomes in 

the degradation of collagen-IV and in the breaching of anatomical barriers during angiogenesis makes 

them potential therapeutic targets in aberrant neo-vascularization processes. The intervention of 

podosomes in macrophages and iDCs requires further exploration in vivo but their predicted role in 

transtissular invasion offers new avenues for intervention in poorly controlled innate and adaptive 

immune responses. Processes involving podosomes are not limited to the examples that we have 

presented in this review. For instance, they take center stage in the formation of the sealing zone in 

osteoclasts and engage them in the process of bone resorption. The maturation of the postsynaptic 

plate in the neuromuscular junction [74] and the fusion of myoblasts [75] are also physiological 

phenomena in which podosomes are thought to play a decisive role. The investigation of podosomes 

in in vitro conditions has revealed their multiple potentialities but it is likely that the different 

functions of podosomes do not intervene simultaneously. Like iDCs and macrophages, osteoclasts and 

endothelial cells can also present antigens [76, 77], and the latter can form elongated podosomes when 

cells are seeded on top of a porous membrane [37]. Thus, the presentation and properties of 

podosomes concern the microenvironment rather than cells. It is the microenvironment that determines 

the precise role that podosomes play in vivo by regulating their assembly, arrangement, architecture, 
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lifespan, composition and functions. 
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Figure legends 

 

Figure 1. Structure and organization of podosomes. (A) In an immature dendritic cell, the 

immunofluorescent staining of actin (red) and vinculin (green), visualized in the basal plane, reveals 

the core and ring of podosomes and their group arrangement. (B) Schematic representation of (A). (C) 

Diagram of the cell with its podosomes and surrounding F-actin networks in sagittal view (along the 

dotted line shown in (B)), showing the actomyosin cables that interconnect the podosomes and the 

podosome cap. (D) Detail of podosomes: the core, seat of actin polymerization, the ring, consisting in 

plaque proteins allowing matrix adhesion, the cap, where the radiating actin filament bundles 

terminate, the cables of actomyosin that assemble the individual podosomes into a network and the 

recently discovered actin bundles associating neighbor podosomes in close vicinity. For the sake of 

clarity, the set of short filaments forming a thick layer of cortical actin at the bottom of the podosome 

cluster [19] is not shown. Podosomes are endowed with a mechanosensory activity orchestrated by 

forces generated at several points (arrows), which combines or alternates with their proteolytic activity 

depending on the matrix characteristics (not described in the figure). N.B., The schematic 

representation uses information gathered from data obtained in different cell types. 
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Figure 2. Podosome presentation in different in vitro or ex vivo contexts. (A) Podosomes allow 

macrophages to tunnel into the matrix to infiltrate the tissues. In a three-dimensional, compact 

collagen-I matrix (shown as a block), macrophages form protrusions with globular-shaped podosomes 

at their ends. These so-called 3D podosomes do not present the core/ring organization that 

characterizes podosomes in a 2D situation (Figure 1A). Matrix proteolysis by podosomes combined 

with the dynamic of protrusions drills a tunnel which, in vivo, may allow trans-tissular migration of 

macrophages and other cells. (B) iDC podosomes participate in the recognition and treatment of 

antigens. Side view of a Boyden chamber showing iDCs seeded on a gelatin-coated polycarbonate 

filter. Podosomes form on top of the pores, as the topographical changes initiate podosome 

construction and shape its morphology: the adhesive ring remains positioned at the level of the filter 

but the actin core extends into the pore. Extension of the actin core is dependent on myosin-II activity. 

The protrusion that now exposes MT1-MMP (not shown in the figure) and PRR becomes a prime site 

for matrix proteolysis, antigen capture and endocytosis. This podosome architecture could allow iDCs 

to detect distant pathogens. (C) Endothelial cell podosomes locally digest the BM during angiogenesis. 

Endothelial cells acquire invasive properties to allow the emergence of blood vessel branches. (1) 

Developing vasculature at day 6 in the mouse retina stained with the isolectin B4 endothelial marker. 

(2) Immunofluorescent staining of the boxed area in (1) showing the angiogenic front at higher 

magnification F-actin (red), cortactin (green) and BM collagen-IV (white). (3) Immunofluorescent 

staining of the boxed area in (1) showing a region of the distal and mature vasculature at higher 

magnification: in the absence of pro-angiogenic stimulus, the basement membrane wraps the tube 

composed of endothelial cells and provides them with survival and quiescence signals. (4) Zoom of 

the boxed area in (2); in response to VEGF, some cells become tip cells and assemble podosomes that 

locally degrade the underlying BM. (5) Zoom of the boxed area in (2); filopodia emerge through the 

gaps thus created. (6) Zoom of the boxed area in (2); the cell buds and the filopodia grip the ECM by 

engaging integrins, allowing this cell to extrude from the parent vessel to give rise to vascular 

branching. A sketch depicting each situation is presented in the bottom panel. 

Table I: Different types of signals regulate podosome formation in endothelial cells. Many factors 

are able to modulate podosome formation, especially in cells where the structures are inducible such as 

endothelial cells. The signals are often of extracellular origin such as cytokines, nature and properties 

of the matrix, but may also result from internal changes concerning the metabolism and microRNAs. 

These regulations are dynamic as podosomes in turn act upon the microenvironment. Up and down 

arrows indicate if the assembly/formation of podosomes in enhanced (green) or reduced (red), 

respectively. 

 

 



 14

References 

1. Rowe RG, Weiss SJ. Breaching the basement membrane: who, when and how? Trends 

Cell Biol. 2008;18(11):560-74. PubMed PMID: 18848450. 

2. Pozzi A, Yurchenco PD, Iozzo RV. The nature and biology of basement membranes. 

Matrix Biol. 2017;57-58:1-11. doi: 10.1016/j.matbio.2016.12.009. PubMed PMID: 28040522; 

PubMed Central PMCID: PMC5387862. 

3. Labernadie A, Bouissou A, Delobelle P, Balor S, Voituriez R, Proag A, et al. 

Protrusion force microscopy reveals oscillatory force generation and mechanosensing activity 

of human macrophage podosomes. Nat Commun. 2014;5:5343. doi: 10.1038/ncomms6343. 

PubMed PMID: 25385672. 

4. Luxenburg C, Geblinger D, Klein E, Anderson K, Hanein D, Geiger B, et al. The 

architecture of the adhesive apparatus of cultured osteoclasts: from podosome formation to 

sealing zone assembly. PLoS ONE. 2007;2(1):e179. PubMed PMID: 17264882. 

5. van den Dries K, Meddens MB, de Keijzer S, Shekhar S, Subramaniam V, Figdor CG, 

et al. Interplay between myosin IIA-mediated contractility and actin network integrity 

orchestrates podosome composition and oscillations. Nat Commun. 2013;4:1412. Epub 

2013/01/31. doi: 10.1038/ncomms2402 

ncomms2402 [pii]. PubMed PMID: 23361003; PubMed Central PMCID: PMC3562466. 

6. Proag A, Bouissou A, Mangeat T, Voituriez R, Delobelle P, Thibault C, et al. Working 

together: spatial synchrony in the force and actin dynamics of podosome first neighbors. ACS 

Nano. 2015;9(4):3800-13. doi: 10.1021/nn506745r. PubMed PMID: 25791988. 

7. Linder S, Nelson D, Weiss M, Aepfelbacher M. Wiskott-Aldrich syndrome protein 

regulates podosomes in primary human macrophages. Proc Natl Acad Sci U S A. 

1999;96(17):9648-53. PubMed PMID: 10449748. 

8. Burns S, Thrasher AJ, Blundell MP, Machesky L, Jones GE. Configuration of human 

dendritic cell cytoskeleton by Rho GTPases, the WAS protein, and differentiation. Blood. 

2001;98(4):1142-9. PubMed PMID: 11493463. 

9. Destaing O, Saltel F, Geminard JC, Jurdic P, Bard F. Podosomes display actin 

turnover and dynamic self-organization in osteoclasts expressing actin-green fluorescent 

protein. Mol Biol Cell. 2003;14(2):407-16. PubMed PMID: 12589043. 

10. Sabri S, Foudi A, Boukour S, Franc B, Charrier S, Jandrot-Perrus M, et al. Deficiency 

in the Wiskott Aldrich protein induces premature proplatelet formation and platelet 

production in the bone marrow compartment. Blood. 2006. PubMed PMID: 16522820. 

11. Schachtner H, Calaminus SD, Sinclair A, Monypenny J, Blundell MP, Leon C, et al. 

Megakaryocytes assemble podosomes that degrade matrix and protrude through basement 

membrane. Blood. 2013;121(13):2542-52. doi: 10.1182/blood-2012-07-443457. PubMed 

PMID: 23305739. 

12. Veillat V, Spuul P, Daubon T, Egana I, Kramer I, Genot E. Podosomes: Multipurpose 

organelles? Int J Biochem Cell Biol. 2015;65:52-60. doi: 10.1016/j.biocel.2015.05.020. 

PubMed PMID: 26028292. 

13. Spuul P, Ciufici P, Veillat V, Leclercq A, Daubon T, Kramer IJ, et al. Importance of 

RhoGTPases in formation, characteristics, and functions of invadosomes. Small GTPases. 

2014;5:e28195. doi: 10.4161/sgtp.28713. PubMed PMID: 24967648; PubMed Central 

PMCID: PMC4114929. 

14. Oikawa T, Oyama M, Kozuka-Hata H, Uehara S, Udagawa N, Saya H, et al. Tks5-

dependent formation of circumferential podosomes/invadopodia mediates cell-cell fusion. J 

Cell Biol. 2012;197(4):553-68. Epub 2012/05/16. doi: 10.1083/jcb.201111116 

jcb.201111116 [pii]. PubMed PMID: 22584907; PubMed Central PMCID: PMC3352951. 



 15

15. Wiesner C, Faix J, Himmel M, Bentzien F, Linder S. KIF5B and KIF3A/KIF3B 

kinesins drive MT1-MMP surface exposure, CD44 shedding, and extracellular matrix 

degradation in primary macrophages. Blood. 2010;116(9):1559-69. Epub 2010/05/28. doi: 

10.1182/blood-2009-12-257089 

blood-2009-12-257089 [pii]. PubMed PMID: 20505159. 

16. El Azzouzi K, Wiesner C, Linder S. Metalloproteinase MT1-MMP islets act as 

memory devices for podosome reemergence. J Cell Biol. 2016;213(1):109-25. doi: 

10.1083/jcb.201510043. PubMed PMID: 27069022; PubMed Central PMCID: PMC4828691. 

17. Saltel F, Daubon T, Juin A, Ganuza IE, Veillat V, Genot E. Invadosomes: intriguing 

structures with promise. Eur J Cell Biol. 2011;90(2-3):100-7. Epub 2010/07/08. PubMed 

PMID: 20605056. 

18. Cox S, Rosten E, Monypenny J, Jovanovic-Talisman T, Burnette DT, Lippincott-

Schwartz J, et al. Bayesian localization microscopy reveals nanoscale podosome dynamics. 

Nat Methods. 2011;9(2):195-200. doi: 10.1038/nmeth.1812. PubMed PMID: 22138825; 

PubMed Central PMCID: PMC3272474. 

19. Joosten B, Willemse M, Fransen J, Cambi A, van den Dries K. Super-Resolution 

Correlative Light and Electron Microscopy (SR-CLEM) Reveals Novel Ultrastructural 

Insights Into Dendritic Cell Podosomes. Front Immunol. 2018;9:1908. doi: 

10.3389/fimmu.2018.01908. PubMed PMID: 30186284; PubMed Central PMCID: 

PMC6113363. 

20. Walde M, Monypenny J, Heintzmann R, Jones GE, Cox S. Vinculin binding angle in 

podosomes revealed by high resolution microscopy. PLoS One. 2014;9(2):e88251. doi: 

10.1371/journal.pone.0088251. PubMed PMID: 24523880; PubMed Central PMCID: 

PMC3921150. 

21. Mersich AT, Miller MR, Chkourko H, Blystone SD. The formin FRL1 (FMNL1) is an 

essential component of macrophage podosomes. Cytoskeleton (Hoboken). 2010;67(9):573-85. 

doi: 10.1002/cm.20468. PubMed PMID: 20617518; PubMed Central PMCID: PMC3289130. 

22. Panzer L, Trube L, Klose M, Joosten B, Slotman J, Cambi A, et al. The formins 

FHOD1 and INF2 regulate inter- and intra-structural contractility of podosomes. J Cell Sci. 

2016;129(2):298-313. doi: 10.1242/jcs.177691. PubMed PMID: 26621033. 

23. Bhuwania R, Cornfine S, Fang Z, Kruger M, Luna EJ, Linder S. Supervillin couples 

myosin-dependent contractility to podosomes and enables their turnover. J Cell Sci. 

2012;125(Pt 9):2300-14. Epub 2012/02/22. doi: 10.1242/jcs.100032 

jcs.100032 [pii]. PubMed PMID: 22344260; PubMed Central PMCID: PMC3367944. 

24. Cervero P, Wiesner C, Bouissou A, Poincloux R, Linder S. Lymphocyte-specific 

protein 1 regulates mechanosensory oscillation of podosomes and actin isoform-based 

actomyosin symmetry breaking. Nat Commun. 2018;9(1):515. doi: 10.1038/s41467-018-

02904-x. PubMed PMID: 29410425; PubMed Central PMCID: PMC5802837. 

25. Linder S, Higgs H, Hufner K, Schwarz K, Pannicke U, Aepfelbacher M. The 

polarization defect of Wiskott-Aldrich syndrome macrophages is linked to dislocalization of 

the Arp2/3 complex. J Immunol. 2000;165(1):221-5. PubMed PMID: 10861055. 

26. Akisaka T, Yoshida H, Suzuki R, Takama K. Adhesion structures and their 

cytoskeleton-membrane interactions at podosomes of osteoclasts in culture. Cell Tissue Res. 

2008;331(3):625-41. doi: 10.1007/s00441-007-0552-x. PubMed PMID: 18087726. 

27. Labernadie A, Thibault C, Vieu C, Maridonneau-Parini I, Charriere GM. Dynamics of 

podosome stiffness revealed by atomic force microscopy. Proc Natl Acad Sci U S A. 

2010;107(49):21016-21. Epub 2010/11/18. doi: 1007835107 [pii] 



 16

10.1073/pnas.1007835107. PubMed PMID: 21081699; PubMed Central PMCID: 

PMC3000246. 

28. Bouissou A, Proag A, Bourg N, Pingris K, Cabriel C, Balor S, et al. Podosome Force 

Generation Machinery: A Local Balance between Protrusion at the Core and Traction at the 

Ring. ACS Nano. 2017;11(4):4028-40. doi: 10.1021/acsnano.7b00622. PubMed PMID: 

28355484. 

29. Burgstaller G, Gimona M. Podosome-mediated matrix resorption and cell motility in 

vascular smooth muscle cells. Am J Physiol Heart Circ Physiol. 2005;288(6):H3001-5. 

PubMed PMID: 15695563. 

30. Meddens MB, Pandzic E, Slotman JA, Guillet D, Joosten B, Mennens S, et al. 

Actomyosin-dependent dynamic spatial patterns of cytoskeletal components drive mesoscale 

podosome organization. Nat Commun. 2016;7:13127. doi: 10.1038/ncomms13127. PubMed 

PMID: 27721497; PubMed Central PMCID: PMC5062568. 

31. Meddens MB, van den Dries K, Cambi A. Podosomes revealed by advanced 

bioimaging: what did we learn? Eur J Cell Biol. 2014;93(10-12):380-7. doi: 

10.1016/j.ejcb.2014.09.002. PubMed PMID: 25454791. 

32. Horton MA, Nesbit MA, Helfrich MH. Interaction of osteopontin with osteoclast 

integrins. Ann N Y Acad Sci. 1995;760:190-200. PubMed PMID: 7540373. 

33. van den Dries K, Schwartz SL, Byars J, Meddens MB, Bolomini-Vittori M, Lidke DS, 

et al. Dual-color superresolution microscopy reveals nanoscale organization of 

mechanosensory podosomes. Mol Biol Cell. 2013;24(13):2112-23. Epub 2013/05/03. doi: 

10.1091/mbc.E12-12-0856 

mbc.E12-12-0856 [pii]. PubMed PMID: 23637461; PubMed Central PMCID: PMC3694795. 

34. Juin A, Billottet C, Moreau V, Destaing O, Albiges-Rizo C, Rosenbaum J, et al. 

Physiological type I collagen organization induces the formation of a novel class of linear 

invadosomes. Mol Biol Cell. 2012;23(2):297-309. Epub 2011/11/25. doi: 10.1091/mbc.E11-

07-0594 

mbc.E11-07-0594 [pii]. PubMed PMID: 22114353; PubMed Central PMCID: PMC3258174. 

35. Juin A, Planus E, Guillemot F, Horakova P, Albiges-Rizo C, Genot E, et al. 

Extracellular matrix rigidity controls podosome induction in microvascular endothelial cells. 

Biol Cell. 2013;105(1):46-57. Epub 2012/10/31. doi: 10.1111/boc.201200037. PubMed 

PMID: 23106484. 

36. Daubon T, Spuul P, Alonso F, Fremaux I, Genot E. VEGF-A stimulates podosome-

mediated collagen-IV proteolysis in microvascular endothelial cells. J Cell Sci. 

2016;129(13):2586-98. doi: 10.1242/jcs.186585. PubMed PMID: 27231093. 

37. Varon C, Tatin F, Moreau V, Van Obberghen-Schilling E, Fernandez-Sauze S, 

Reuzeau E, et al. Transforming growth factor beta induces rosettes of podosomes in primary 

aortic endothelial cells. Mol Cell Biol. 2006;26(9):3582-94. doi: 10.1128/MCB.26.9.3582-

3594.2006. PubMed PMID: 16611998; PubMed Central PMCID: PMC1447430. 

38. Yu CH, Rafiq NB, Krishnasamy A, Hartman KL, Jones GE, Bershadsky AD, et al. 

Integrin-matrix clusters form podosome-like adhesions in the absence of traction forces. Cell 

Rep. 2013;5(5):1456-68. doi: 10.1016/j.celrep.2013.10.040. PubMed PMID: 24290759; 

PubMed Central PMCID: PMC3898747. 

39. Spuul P, Chi PY, Billottet C, Chou CF, Genot E. Microfluidic devices for the study of 

actin cytoskeleton in constricted environments: Evidence for podosome formation in 

endothelial cells exposed to a confined environment. Methods. 2015. doi: 

10.1016/j.ymeth.2015.09.001. PubMed PMID: 26342258. 



 17

40. Luxenburg C, Winograd-Katz S, Addadi L, Geiger B. Involvement of actin 

polymerization in podosome dynamics. J Cell Sci. 2012;125(Pt 7):1666-72. doi: 

10.1242/jcs.075903. PubMed PMID: 22328507; PubMed Central PMCID: PMC3346827. 

41. Burgstaller G, Gimona M. Actin cytoskeleton remodelling via local inhibition of 

contractility at discrete microdomains. J Cell Sci. 2004;117(Pt 2):223-31. PubMed PMID: 

14676275. 

42. Lener T, Burgstaller G, Crimaldi L, Lach S, Gimona M. Matrix-degrading podosomes 

in smooth muscle cells. Eur J Cell Biol. 2006;85(3-4):183-9. doi: 10.1016/j.ejcb.2005.08.001. 

PubMed PMID: 16546560. 

43. Fan L, Di Ciano-Oliveira C, Weed SA, Craig AW, Greer PA, Rotstein OD, et al. Actin 

depolymerization-induced tyrosine phosphorylation of cortactin: the role of Fer kinase. 

Biochem J. 2004;380(Pt 2):581-91. PubMed PMID: 15030313. 

44. Gunst SJ. Actions by actin: reciprocal regulation of cortactin activity by tyrosine 

kinases and F-actin. Biochem J. 2004;380(Pt 2):e7-8. PubMed PMID: 15154835. 

45. Webb BA, Eves R, Mak AS. Cortactin regulates podosome formation: roles of the 

protein interaction domains. Exp Cell Res. 2006;312(6):760-9. PubMed PMID: 16434035. 

46. Quintavalle M, Elia L, Condorelli G, Courtneidge SA. MicroRNA control of 

podosome formation in vascular smooth muscle cells in vivo and in vitro. J Cell Biol. 

2010;189(1):13-22. Epub 2010/03/31. doi: jcb.200912096 [pii] 

10.1083/jcb.200912096. PubMed PMID: 20351064; PubMed Central PMCID: PMC2854384. 

47. Curado F, Spuul P, Egana I, Rottiers P, Daubon T, Veillat V, et al. ALK5 and ALK1 

play antagonistic roles in transforming growth factor beta-induced podosome formation in 

aortic endothelial cells. Mol Cell Biol. 2014;34(24):4389-403. doi: 10.1128/MCB.01026-14. 

PubMed PMID: 25266657; PubMed Central PMCID: PMC4248735. 

48. Bijkerk R, de Bruin RG, van Solingen C, Duijs JM, Kobayashi K, van der Veer EP, et 

al. MicroRNA-155 functions as a negative regulator of RhoA signaling in TGF-beta-induced 

endothelial to mesenchymal transition. Microrna. 2012;1(1):2-10. PubMed PMID: 25048084. 

49. Spuul P, Daubon T, Pitter B, Alonso F, Fremaux I, Kramer I, et al. VEGF-A/Notch-

Induced Podosomes Proteolyse Basement Membrane Collagen-IV during Retinal Sprouting 

Angiogenesis. Cell Rep. 2016;17(2):484-500. doi: 10.1016/j.celrep.2016.09.016. PubMed 

PMID: 27705796. 

50. Murphy DA, Diaz B, Bromann PA, Tsai JH, Kawakami Y, Maurer J, et al. A Src-Tks5 

pathway is required for neural crest cell migration during embryonic development. PLoS One. 

2011;6(7):e22499. Epub 2011/07/30. doi: 10.1371/journal.pone.0022499 

PONE-D-11-06942 [pii]. PubMed PMID: 21799874; PubMed Central PMCID: 

PMC3143166. 

51. Hagedorn EJ, Ziel JW, Morrissey MA, Linden LM, Wang Z, Chi Q, et al. The netrin 

receptor DCC focuses invadopodia-driven basement membrane transmigration in vivo. J Cell 

Biol. 2013;201(6):903-13. Epub 2013/06/12. doi: 10.1083/jcb.201301091 

jcb.201301091 [pii]. PubMed PMID: 23751497; PubMed Central PMCID: PMC3678161. 

52. VanWinkle WB, Snuggs M, Buja LM. Hypoxia-induced alterations in cytoskeleton 

coincide with collagenase expression in cultured neonatal rat cardiomyocytes. J Mol Cell 

Cardiol. 1995;27(12):2531-42. PubMed PMID: 8825874. 

53. Mu X, Wang X, Huang W, Wang RT, Essandoh K, Li Y, et al. Circulating Exosomes 

Isolated from Septic Mice Induce Cardiovascular Hyperpermeability Through Promoting 

Podosome Cluster Formation. Shock. 2018;49(4):429-41. doi: 

10.1097/SHK.0000000000000928. PubMed PMID: 28650928; PubMed Central PMCID: 

PMC5742088. 



 18

54. Mills CD. Anatomy of a discovery: m1 and m2 macrophages. Front Immunol. 

2015;6:212. doi: 10.3389/fimmu.2015.00212. PubMed PMID: 25999950; PubMed Central 

PMCID: PMC4419847. 

55. Chavez-Galan L, Olleros ML, Vesin D, Garcia I. Much More than M1 and M2 

Macrophages, There are also CD169(+) and TCR(+) Macrophages. Front Immunol. 

2015;6:263. doi: 10.3389/fimmu.2015.00263. PubMed PMID: 26074923; PubMed Central 

PMCID: PMC4443739. 

56. Van Goethem E, Poincloux R, Gauffre F, Maridonneau-Parini I, Le Cabec V. Matrix 

architecture dictates three-dimensional migration modes of human macrophages: differential 

involvement of proteases and podosome-like structures. J Immunol. 2010;184(2):1049-61. 

Epub 2009/12/19. doi: 10.4049/jimmunol.0902223 

jimmunol.0902223 [pii]. PubMed PMID: 20018633. 

57. Cougoule C, Van Goethem E, Le Cabec V, Lafouresse F, Dupre L, Mehraj V, et al. 

Blood leukocytes and macrophages of various phenotypes have distinct abilities to form 

podosomes and to migrate in 3D environments. Eur J Cell Biol. 2012;91(11-12):938-49. Epub 

2012/09/25. doi: 10.1016/j.ejcb.2012.07.002 

S0171-9335(12)00118-5 [pii]. PubMed PMID: 22999511. 

58. Van Goethem E, Guiet R, Balor S, Charriere GM, Poincloux R, Labrousse A, et al. 

Macrophage podosomes go 3D. Eur J Cell Biol. 2011;90(2-3):224-36. Epub 2010/08/31. doi: 

10.1016/j.ejcb.2010.07.011 

S0171-9335(10)00159-7 [pii]. PubMed PMID: 20801545. 

59. Le Cabec V, Van Goethem E, Guiet R, Maridonneau-Parini I. [Phagocyte migration: 

an overview]. Med Sci (Paris). 2011;27(12):1112-9. Epub 2011/12/24. doi: 

10.1051/medsci/20112712018 

medsci20112712p1112 [pii]. PubMed PMID: 22192751. 

60. Cougoule C, Le Cabec V, Poincloux R, Al Saati T, Mege JL, Tabouret G, et al. Three-

dimensional migration of macrophages requires Hck for podosome organization and 

extracellular matrix proteolysis. Blood. 2009;115(7):1444-52. PubMed PMID: 19897576. 

61. Verollet C, Le Cabec V, Maridonneau-Parini I. HIV-1 Infection of T Lymphocytes 

and Macrophages Affects Their Migration via Nef. Front Immunol. 2015;6:514. doi: 

10.3389/fimmu.2015.00514. PubMed PMID: 26500651; PubMed Central PMCID: 

PMC4594015. 

62. Verollet C, Souriant S, Bonnaud E, Jolicoeur P, Raynaud-Messina B, Kinnaer C, et al. 

HIV-1 reprograms the migration of macrophages. Blood. 2015;125(10):1611-22. doi: 

10.1182/blood-2014-08-596775. PubMed PMID: 25527710. 

63. Lipscomb MF, Masten BJ. Dendritic cells: immune regulators in health and disease. 

Physiol Rev. 2002;82(1):97-130. doi: 10.1152/physrev.00023.2001. PubMed PMID: 

11773610. 

64. Kramer I. Signal Transduction. 3rd edition, Academic Press/Elsevier, 2015. 2015. 

65. Cougoule C, Lastrucci C, Guiet R, Mascarau R, Meunier E, Lugo-Villarino G, et al. 

Podosomes, But Not the Maturation Status, Determine the Protease-Dependent 3D Migration 

in Human Dendritic Cells. Front Immunol. 2018;9:846. doi: 10.3389/fimmu.2018.00846. 

PubMed PMID: 29760696; PubMed Central PMCID: PMC5936769. 

66. van Helden SF, Krooshoop DJ, Broers KC, Raymakers RA, Figdor CG, van Leeuwen 

FN. A critical role for prostaglandin E2 in podosome dissolution and induction of high-speed 

migration during dendritic cell maturation. J Immunol. 2006;177(3):1567-74. Epub 

2006/07/20. doi: 177/3/1567 [pii]. PubMed PMID: 16849464. 



 19

67. Baranov MV, Ter Beest M, Reinieren-Beeren I, Cambi A, Figdor CG, van den 

Bogaart G. Podosomes of dendritic cells facilitate antigen sampling. J Cell Sci. 2014;127(Pt 

5):1052-64. doi: 10.1242/jcs.141226. PubMed PMID: 24424029; PubMed Central PMCID: 

PMC4054684. 

68. Gawden-Bone C, Zhou Z, King E, Prescott A, Watts C, Lucocq J. Dendritic cell 

podosomes are protrusive and invade the extracellular matrix using metalloproteinase MMP-

14. J Cell Sci. 2010;123(Pt 9):1427-37. Epub 2010/04/02. doi: jcs.056515 [pii] 

10.1242/jcs.056515. PubMed PMID: 20356925; PubMed Central PMCID: PMC2858019. 

69. Suetsugu S, Kurisu S, Takenawa T. Dynamic shaping of cellular membranes by 

phospholipids and membrane-deforming proteins. Physiol Rev. 2014;94(4):1219-48. doi: 

10.1152/physrev.00040.2013. PubMed PMID: 25287863. 

70. del Alamo D, Rouault H, Schweisguth F. Mechanism and significance of cis-

inhibition in Notch signalling. Curr Biol. 2011;21(1):R40-7. doi: 10.1016/j.cub.2010.10.034. 

PubMed PMID: 21215938. 

71. Fey T, Schubert KM, Schneider H, Fein E, Kleinert E, Pohl U, et al. Impaired 

endothelial shear stress induces podosome assembly via VEGF up-regulation. FASEB J. 

2016;30(8):2755-66. doi: 10.1096/fj.201500091R. PubMed PMID: 27103579. 

72. Osiak AE, Zenner G, Linder S. Subconfluent endothelial cells form podosomes 

downstream of cytokine and RhoGTPase signaling. Exp Cell Res. 2005;307(2):342-53. 

PubMed PMID: 15894313. 

73. Wang J, Taba Y, Pang J, Yin G, Yan C, Berk BC. GIT1 mediates VEGF-induced 

podosome formation in endothelial cells: critical role for PLCgamma. Arterioscler Thromb 

Vasc Biol. 2009;29(2):202-8. doi: 10.1161/ATVBAHA.108.174391. PubMed PMID: 

19023093; PubMed Central PMCID: PMC2735351. 

74. Proszynski TJ, Gingras J, Valdez G, Krzewski K, Sanes JR. Podosomes are present in 

a postsynaptic apparatus and participate in its maturation. Proc Natl Acad Sci U S A. 

2009;106(43):18373-8. PubMed PMID: 19822767. 

75. Chen EH. Invasive podosomes and myoblast fusion. Curr Top Membr. 2011;68:235-

58. doi: 10.1016/B978-0-12-385891-7.00010-6. PubMed PMID: 21771502; PubMed Central 

PMCID: PMC4373657. 

76. Li H, Hong S, Qian J, Zheng Y, Yang J, Yi Q. Cross talk between the bone and 

immune systems: osteoclasts function as antigen-presenting cells and activate CD4+ and 

CD8+ T cells. Blood. 2010;116(2):210-7. doi: 10.1182/blood-2009-11-255026. PubMed 

PMID: 20304810; PubMed Central PMCID: PMC2910608. 

77. Pober JS, Merola J, Liu R, Manes TD. Antigen Presentation by Vascular Cells. Front 

Immunol. 2017;8:1907. doi: 10.3389/fimmu.2017.01907. PubMed PMID: 29312357; 

PubMed Central PMCID: PMC5744398. 

 

 

 







Nature
of signal

Mediator Podosomes Vascular bed References 

Cytokines

VEGF-A
capillary

vein
[36, 71-73]

TGF-b aorta [37, 47]

TNF-a vein [72]

Extracellular
matrix

Collagen-IV
Laminin 8/10

capillary [36]

Fibronectin, Collagen-I

Collagen-I fibers

aorta
vein

capillary
liver sinusoids

[34]

Juxtacrine
signaling 

Notch pathway capillary [49]

exosomes capillary [53]

Metabolism
reactive oxygen 

species, nutriments
capillary [53]

Micro-RNAs miR-155 aorta [47]

Mechanical
confinement aorta [39]

stiffness liver sinusoids [35]




