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Review

Macrophage Migration

Macrophages are an important part of the innate immune 
system and can be found throughout the human body. As tis-
sue resident macrophages, they constantly survey their immedi-
ate surroundings,1 and as professional phagocytes, they remove 
apoptotic cells and cellular debris, participate in the host 
response to infectious diseases, and perform tissue remodeling 
after injury.2-4 The ability of macrophages to migrate through 

most tissues in the human body is a prerequisite to fulfill their 
various functions. However, movement of macrophages through 
tissues can also be detrimental, as in the case of tumor-associated 
macrophages. These cells can be found in close proximity to 
cancer cells5,6 and are associated with poor prognosis for cancer 
patients,7 which is based on the promotion of tumor growth and 
cancer cell metastasis.8 Moreover, macrophage tissue infiltration 
plays a critical role in several pathological conditions such as 
neurodegenerative diseases and chronic inflammation.9

According to the classical cycling five-step model of cell 
migration (Fig.  1A), movement of cells on 2D surfaces com-
prises (1) the formation of a leading pseudopod; (2) the adhe-
sion to matrix contacts; (3) translocation of the cell body; (4) 
the release of the rear edge; and (5) the retraction and recycling 
of membrane and receptors from the rear to the front of the 
cell.10 Indeed, macrophages encounter 2D surfaces in vivo, such 
as the endothelial monolayers of blood vessels11 (Fig.  1B) or 
extracellular matrix (ECM) barriers, such as basement mem-
branes.12 Macrophage locomotion occurs also in the context of 
three-dimensional (3D) interstitial matrices, which exhibit a 
variety of different mechanical and biochemical compositions. 
Comparable to cancer cells,13-15 macrophages can apply at least 
two distinct migration modes while moving through or infil-
trating into three-dimensional matrices: amoeboid or mesen-
chymal migration (Fig. 1B).16-18 The amoeboid migration mode 
is characterized by a spherical cell shape with a small number of 
short protrusions and a relatively high velocity (~0.7 µm/min). 
Amoeboid migration strongly depends on the Rho/ROCK path-
way, which regulates actomyosin contractility, but not on pro-
teolytic activity.17,19 In contrast, in the mesenchymal mode, cells 
display an elongated morphology with multiple long protrusions 
and display low migration speed (~0.2 µm/min). Importantly, 
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Migration of macrophages is a key process for a variety of 
physiological functions, such as pathogen clearance or tissue 
homeostasis. However, it can also be part of pathological sce-
narios, as in the case of tumor-associated macrophages. This 
review presents an overview of the different migration modes 
macrophages can adopt, depending on the physical and 
chemical properties of specific environments, and the con-
straints they impose upon cells. We discuss the importance of 
these environmental and also of cellular parameters, as well as 
their relative impact on macrophage migration and on the for-
mation of matrix-lytic podosomes in 2D and 3D. Moreover, we 
present an overview of routinely used and also newly devel-
oped assays for the study of macrophage migration in both 2D 
and 3D contexts, their respective advantages and limitations, 
and also their potential to reliably mimic in vivo situations.
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mesenchymal migration strongly depends on proteolytic deg-
radation of matrix material.17,19 A further difference between 
the two migration modes is that amoeboid migration shows 
only weak or no dependency on integrin-mediated adhesion,20 
whereas mesenchymal migration is strongly dependent on adhe-
sion to the ECM.15,21 However, during the last years, studies on 
cancer cells proposed at least a third mode, corresponding to an 
intermediate state between amoeboid and mesenchymal migra-
tion. In this pseudopodial amoeboid migration, cells utilize the 
deformability of the nucleus to enable migration through nar-
row spaces of the ECM without degradation of the surrounding 
ECM. Cells using this non-proteolytic process strongly depend 
on adhesion to the ECM via integrins, as in mesenchymal migra-
tion, but also on cell contractility mediated by Rho/ROCK, 
as in amoeboid migration.19,22 Due to the variable restrictions 

posed by a changing environment, cells seem 
to quickly adapt the necessary abilities such 
as adhesion, nucleus deformation, or matrix 
proteolysis to achieve maximal locomotion, 
which may result in a continuum of migra-
tion modes, in which amoeboid or mesen-
chymal migration constitute only the most 
extreme variants.19

Podosomes and  
Proteolytic Migration

Podosomes in 2D
In macrophages, adhesion and proteolytic 

degradation of extracellular matrix (ECM) 
material are closely linked processes. Central 
for both functions are podosomes, which 
belong to the group of invasion-mediating 
adhesions (invadosomes) that exhibit the 
ability for focal degradation of the ECM by 
matrix–lytic proteases.23,24 Podosomes are 
constitutively formed in cells of the mono-
cytic lineage such as macrophages,25 den-
dritic cells,26 and osteoclasts,27 but can also 
be found or induced in a variety of other cell 
types, including endothelial28 and smooth 
muscle cells.29

On 2D surfaces, primary human macro-
phages display an evenly spaced pattern of 
constitutively formed podosomes, ranging 
in numbers from 10 to several hundred per 
cell.30-32 Macrophage podosomes typically 
appear in a dot-like shape and exhibit a tri-
partite architecture (Fig.  2). They consist 
of a densely packed F-actin-rich core, which 
also contains actin-associated proteins (e.g., 
Arp2/3 complex, cortactin, and gelsolin), and 
a ring structure surrounding the core, which 
contains adhesion plaque proteins, such as 
vinculin and talin.33,34 Strikingly, the appli-

cation of high-resolution imaging revealed that the podosome 
ring shows a discontinuous organization and in fact consists of 
individual clusters that surround the core.35-37 Recent work also 
revealed the existence of a third substructure at podosomes, the 
so-called “cap,” which localizes on top of the podosome and par-
tially overlaps with core and ring structures. To date, only a few 
cap proteins have been identified, including the myosin-binding 
protein supervillin32 and the formin FMNL-1.38 Collectively, 
these substructures add up to a podosome diameter of approxi-
mately 0.5–1 µm, a typical height of 0.2–0.4 µm, and a stiffness 
of 44 kPa, parameters which remain constant independently 
of the ECM composition.39,40 Besides these dot-like individual 
podosomes, also podosome super-structures have been described 
in macrophages, the so-called podosome rosettes.41 These assem-
blies are more likely to be formed in macrophages activated by 

Figure  1. Macrophage migration in 2D and 3D. (A) In vitro, on 2D surfaces, human macro-
phages adopt a rounded, flat cell shape and follow a classical five-step model of cell migration. 
Adhesion to the substrate is marked by red dots. (B) In vivo, macrophages are confronted with 
both 2D (B, bottom) and 3D (B, middle and top) situations. For example, during vascularization, 
macrophages can be found on vascular junctions attached to a 2D endothelial wall. Depending 
on the extracellular environment, macrophages migrating through interstitial space can adopt 
a rounded cell shape and use the amoeboid, non-proteolytic migration mode (B top) or a pro-
longed protrusion-rich morphology and use mesenchymal, proteolysis-dependent migration 
(B middle).
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M-CSF42 or LPS +/– IFNγ41 and form an area of 
ECM degradation, which is larger than that of 
individual podosomes but still focused.

Podosomes are highly dynamic organelles, 
which undergo constant rearrangement. Several 
studies on the lifespan of podosomes have 
described an average period of 2–12 min from the 
point of assembly of the structure to its disassem-
bly.27,30-32,43 In addition to dissolution, also fission 
or fusion with neighboring podosomes has been 
observed.31,43,44 A recent study has revealed a suc-
cession series of some typical podosome marker 
proteins in murine osteoclast-like cells,45 although 
the precise sequence of recruitment or turnover of 
many podosome components is still unknown.

In monocyte-derived cells, at least two sub-
groups of podosomes occur, which can be defined 
by their lifetime, size, and dynamic behavior: 
so-called “precursor” podosomes are larger struc-
tures, preferentially localized at the cell periphery 
(Fig.  2) or the leading edge of polarized cells. 
They are characterized by their high rates of fis-
sion and fusion.43,46 In contrast, “successor” podo-
somes localize more centrally and are also more 
stable.32,43 As the name suggests, successor podo-
somes are not only localized behind precursors, 
relative to the cell edges, but a substantial part of 
the successor subpopulation also develops through 
fission of precursors.32,43,46 Little is known about 
differences in composition or molecular mecha-
nisms that regulate these subpopulations. So far, 
supervillin was found to localize preferentially 
to successor podosomes and to recruit myosin-
dependent contractility especially to this podo-
some subset.32

Work on the function of podosomes has pro-
gressed steadily during the last decade. It is now 
well-accepted that they act as (1) adhesive struc-
tures,37,46 (2) mechanosensors and—transduc-
ers,37,47 and (3) are able to degrade extracellular 
matrix.42,49 Evidence for these functions is based 
on (1) the presence of integrins and other ECM 
receptors, such as the hyaluronic acid receptor 
CD44 at podosomes,47,50-52 and (2) the ability of 
podosome components to act as mechanotrans-
ducers by converting mechanical cues into chemical signals. 
Talin, for example, has been shown to undergo force-induced 
conformational changes in in vitro experiments on adhesion 
structures, resulting in the exposure of a vinculin binding 
site,53,54 and it may undergo a similar transition in situ at podo-
somes. Moreover, podosomes can also sense the topography of 
the substratum, as shown for dendritic cells.40,55,56 (3) The pres-
ence of proteases with lytic ability toward components of the 
ECM indicates that macrophage podosomes are also functional 
in matrix degradation.24,39 For detailed information, see section 
Podosomes and matrix degradation.

Podosomes in 3D
Compared with 2D situations, as described above, 3D sys-

tems exhibit additional physiochemical signals, which can have 
significant influence on both inter- and intracellular processes. 
Accordingly, 3D in vitro models that mimic the scenario of 
cells in a tissue context have received increased attention dur-
ing the last years. Recent work on monocyte-derived macro-
phages migrating through gelled collagen I demonstrated the 
existence of actin-rich structures at the end of long cell protru-
sions, which resemble podosomes in composition and function 
and are termed here “3D podosomes” (Fig.  2).17,57-59 In good 
agreement with podosomes as local sites of matrix degradation, 

Figure 2. Macrophage podosomes in 2D and 3D. Schematic overview over podosome 
structure and ultrastructure in human macrophages attached to a 2D surface (left) or 
embedded in a 3D matrix (right). In 2D, macrophages form numerous dot-like podosomes 
(red dots) on the substrate-attached cell site. Podosome components are organized in 
core, ring, and cap structures. Reconstructed z-stacks of confocal micrographs of a single 
podosome show typical members of the different substructures (F-actin, vinculin, and 
supervillin) (adapted with permission from Bhuwania et al.32). In dense 3D environments, 
human macrophages form 3D podosomes at protrusions. So far, no substructures have 
been described, and components of the core and ring of 2D podosomes mostly co-local-
ize (see confocal micrographs of F-actin and vinculin; adapted with permission from van 
Goethem et al.57). The table lists several parameters typical of podosomes in 2D and 3D, 
respectively.
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3D podosomes are only formed during protease-dependent mes-
enchymal migration, but not during protease-independent amoe-
boid migration.17,57

Comparable to podosomes in 2D, 3D podosomes are F-actin 
accumulations that show an enrichment of several classical podo-
some marker proteins, such as vinculin or cortactin.47,58 However, 
the typical tripartite architecture of 2D podosomes (core, ring, 
cap) is not apparent in the 3D context. This might, in part, be due 
to the general difficulty of visualizing subcellular structures such 
as adhesions structures in a 3D context.60 In addition, it might also 
point to a different architecture of 3D podosomes, compared with 
their 2D counterparts. For example, podosome ring proteins, such 
as vinculin and paxillin, do not surround the F-actin core of 3D 
podosomes but are found mostly at their distal ends, at the tip of 
the podosome-forming protrusion.57 Also, in contrast to the high 
numbers of podosomes formed on 2D surfaces (> 100 podosomes/
cell), 3D podosomes show strongly decreased numbers (2–9 3D 
podosomes/cell). Concomitantly, 3D podosomes are bigger in 
size (~5 µm in diameter), while their lifetime is in the range of 
regular podosomes (4.9 ± 0.5 min).57 Conversely, not all F-actin-
enriched accumulations at protrusions are positive for the typical 
podosome components.57 This could be based on a variety of non-
exclusive reasons: (1) some F-actin accumulations have no relation 
at all to podosomes; (2) similar to different stages of podosome 
formation45 or invadopodia maturation,61 3D podosomes might 
exhibit different maturation steps; (3) alternatively, this could also 
reflect the directional nature of mesenchymal migration, with 3D 
podosomes only forming at the migration front.

The primary functions of podosomes in 2D have been defined 
as adhesion to the underlying matrix, as mechanosensing and the 
generation of traction forces as well as the degradation of extra-
cellular matrix.39 It is likely that 3D podosomes exhibit adhesive 
properties, which is based on the presence of ECM receptors, such 
as β1 integrins and CD44.57 Much less is known about the role 
of 3D podosomes in the transduction of forces inside the cell and 
from the cell to the matrix. Still, force generation by migrating 
primary human macrophages on 3D fibrillar collagen has been 
observed (C. Wiesner et al., unpublished data).62 To date, degra-
dation of extracellular matrix is the best studied function of 3D 
podosomes,17,57,59,62 as described in the following sections.

Collectively, these results indicate that 3D podosomes observed 
in collagen and MatrigelTM networks indeed constitute the 3D 
counterparts of the classical podosomes found in 2D. This is 
based on the typical molecular composition, although the com-
ponents appear to be arranged in a slightly different architecture, 
and also on the co-localization of 3D podosomes with sites of 
matrix degradation.57,62

Podosomes and matrix degradation
Efficient ECM degradation by podosomes requires both the 

structural integrity of podosomes, as well as tightly regulated traf-
ficking of proteases to podosomes.30-32,49,62 For example, deletion 
of proteins involved in the stability and organization of podo-
somes, such as filamin A and Hck, results in altered podosome-
mediated matrix degradation in 2D and also in deficient 3D 
mesenchymal migration.16,18 The degradation of gelatin (a hydro-
lyzed form of collagen) by macrophages depends on the formation 

of podosomes and the recruitment of proteolytic enzymes to these 
structures.17,49 So far, the actual process of protease secretion or sur-
face exposure at podosomes has not been demonstrated. However, 
the enrichment of matrix–lytic enzymes at podosomes63-65 and 
the dot-like pattern of degraded matrix underneath podosomes 
clearly indicates that podosomes are sites of focalized ECM degra-
dation.47,49 Comparable to their 2D counterparts, 3D podosomes 
formed within collagen gels have been shown to be targeted by 
proteases and to represent sites of focal degradation in 3D envi-
ronments.57,59,62 In addition to focalized matrix degradation, 3D 
podosomes probably also participate in the formation of tunnels 
in the matrix, as observed when macrophages migrate into 3D 
MatrigelTM.57

To date, several types of proteases involved in the breakdown 
of ECM components have been identified,65 including metallo-
proteases such as matrix metalloproteases (MMPs) and ADAMs 
(a disintegrin and metalloprotease),67 as well as serine proteases 
and their associated receptors, the plasmin activation (PA) sys-
tem,68,69 and cysteine proteases (e.g., cysteine cathepsins [Cts]).70 
Depending on the presence of membrane-anchoring motifs, such 
as glycosylphosphatidylinositol (GPI) anchors or a transmem-
brane domain, ECM–lytic proteases can be either exposed at the 
cell surface for focal degradation or secreted into the extracellular 
space (diffused proteolysis).58

In humans, there are 24 known members of the matrix–metal-
loprotease family, which are either secreted or associated with the 
plasma membrane via transmembrane domains (membrane type-
MMPs [MT-MMPs]) or GPI anchors.71 From this group, the mem-
brane-type metalloproteinase MT1-MMP (MMP-14) has emerged 
as a “master-switch” protease, as it cleaves a variety of matrix pro-
teins and matrix receptors, and also proteolytically activates other 
MMPs such as MMP-2.72-74 Vesicles containing MT1-MMP have 
been shown to be recruited to podosomes via podosome-contacting 
microtubules.43,49,62 Accordingly, MT1-MMP has been detected at 
podosomes65,75,76 and its activity was shown to be important for 
podosomal matrix degradation.49,65 Consistently, overexpression of 
MT1-MMP results in an enhanced invasive ability of cells, while 
its silencing leads to an almost complete inhibition of cell migra-
tion and infiltration.62,77 By contrast, the potential connection 
between cysteine cathepsins and podosomes in 2D is still unclear. 
Cathepsins belong to the family of cysteine proteases and include 
11 members in humans.78 They are mostly sorted into lysosomal 
compartments, but can also be secreted, either as active enzymes or 
inactive proenzymes.79 Cathepsin B and S have been reported to be 
involved in the 2D migration of tumor-associated macrophages.80 
However, cathepsin activity in macrophages has been linked to the 
trailing end of cells, whereas podosomes are usually found at the 
leading edge of migrating macrophages.46,57 In fact, a cocktail of 
protease inhibitors targeting mostly lysosomal proteases does not 
inhibit gelatin degradation by podosomes, while the general MMP 
inhibitor GM6001 does.17

In contrast to cathepsins, plasmin has been described to be 
localized at the leading edge of migrating macrophages.81 However, 
similar to cathepsins, also plasminogen activation seems to be nec-
essary for matrix remodeling on 2D surfaces.82,83 Concomitantly, 
the urokinase plasmin activator uPA has been reported to be 
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required for pericellular matrix remodeling, as peritoneal macro-
phages from uPA-knockout (uPA–/–) mice are not able to degrade 
the ECM.81

Adding additional complexity, activation and regulation events 
overlap between the different groups of proteases. In the case of 
extracellular proteolysis, for example, active cathepsin B in the 
pericellular space can promote the activation of uPA, which sub-
sequently activates plasmin, which in turn, can activate specific 
MMPs.84,85 Interestingly, in MatrigelTM, optimal inhibition of 
macrophage mesenchymal migration is only obtained by a mix of 
MMP-, cysteine-, serine-, and aspartic-protease inhibitors, suggest-
ing that all of these protease families could be involved.17

The relationship between matrix degradation and podosome 
activity on 2D surfaces is well explored. By contrast, much less is 
known about the formation of podosomes in 3D and the potential 
recruitment of lytic enzymes to these structures. This may in part 
be due to the fact that the experimental analysis of macrophages 
migrating through 3D matrices poses a particular challenge. So 
far, accumulations of surface-localized MT1-MMP have been 
described at 3D podosomes in macrophages.62 Consistently, also 
focal degradation of ECM components has been demonstrated at 
these structures.57,62 In dense ECM material, such as MatrigelTM 
or gelled collagen I, macrophage migration shows a strong depen-
dency on proteolytic activity.16,17 Consistently, inference with the 
activity of individual MMP isoforms (such as MT1-MMP, MMP-
10, MMP-13) has resulted in a prominent decrease in the proteo-
lytic migration of macrophages in vitro.62,86,87 By contrast, other 
studies have reported that broad inhibition of MMPs or the loss 
of MMP-2 and MMP-9, respectively, showed no influence on 
macrophage infiltration into MatrigelTM.17,88,89 Therefore, the link 
between MMPs and 3D podosomes with mesenchymal migra-
tion of macrophages is still poorly defined and needs to be further 
investigated.

In the case of cysteine cathepsins, various isoforms (CtsB, 
-H, -L, -S, -X) have been shown to localize at 3D podosomes in 
macrophages embedded in MatrigelTM. Jevnikar et al.59 described 
finger- and cup-like structures of cathepsins at 3D podosomes of 
primary human macrophages, which may hint at the existence of a 
more structured architecture of 3D podosomes.59 Cathepsins have 
also been associated with macrophages in mesenchymal migra-
tion through MatrigelTM, linking CtsB, -L, and -S with extracel-
lular digestion and CtsB and –L with ingestion of dense collagen 
material.59 Furthermore, the serine protease plasmin has also been 
linked with migration of murine macrophages.90 In line with this 
study, murine uPA- and uPAR-knockout macrophages also show 
severe migration defects through MatrigelTM.91 However, the exis-
tence of a potential link to 3D podosomes is currently unexplored.

In conclusion, comparable to the ECM lytic activity of 2D 
podosomes, 3D podosomes have been associated with degradation 
of ECM components and mesenchymal migration of macrophages 
through dense ECM material. However, due to sometimes contra-
dictory results from different studies, the relative impact of specific 
classes of proteases on 3D podosome-dependent matrix degrada-
tion is currently unclear. A possible hypothesis is that macrophages 
use distinct sets of proteases depending on the type of 3D matrix 
they infiltrate.

Determinants of proteolytic migration
The addition of a third dimension in cell migration experiments 

adds further complexity to the studied system. Most of the stud-
ies on migration and degradation in 2D use thin layers of matrix 
material on a carrier such as glass. Due to the small height of the 
matrix in these experiments, the most important parameters are 
the stiffness of the glass coverslip and the molecular composition 
of the matrix, rather than its architecture or viscoelastic properties. 
In a 3D context, physical properties of the matrix, as well as cel-
lular determinants, such as the deformability of the nucleus,22 have 
crucial roles for the migration of cells through the matrix (Fig. 3). 
The following section provides an overview over cell- and matrix-
dependent parameters, which determine the eventual migration 
mode.

Besides cellular parameters, migration modes are determined 
by mechanical, structural and biochemical properties of the sur-
rounding matrix. Accordingly, even slight variations in a single 
parameter can result in great differences in outcome.15 Careful 
comparison of different studies is thus indispensable for correct 
interpretation of results. Most differences are caused by the choice 
of matrix material. For example, different types of collagens (e.g., 
type I or IV) or MatrigelTM are used in eukaryotic cell-based migra-
tion assays. MatrigelTM is a multi-component gelatinous matrix, 
derived from Engelbreth-Holm-Swarm (EHS) mouse sarcoma. It 
is composed of structural proteins, such as laminin, entactin, and 
collagen, as well as several growth factors.92 Due to its multi-com-
ponent nature, this matrix is often believed to be closer to the phys-
iological situation, compared with use of a single specific matrix 
component. However, MatrigelTM might not be the perfect option 
for experiments, which focus on the influence of specific matrix 
components. Still, even use of a single component system, such 
as type I collagen matrices, does not ensure direct comparability 
of experiments. This is due to the fact that collagen I can form 
different microstructures, such as a gel or various fibrillar states 
with multiple fibril organizations that vary in density or thickness, 
and also in the resulting pore size. These situations can be induced 
by changing the temperature, the acidity, ionic strength, ion stoi-
chiometry, or monomer concentration during matrix polymer-
ization.93-95 Moreover, also viscoelastic properties of the material 
contribute to the elasticity of the matrix, which is based on intra- 
and intermolecular crosslinks.96 While intramolecular connections 
are regulated by the specific nature of the molecule (e.g., collagens, 
laminin, fibronectin), intermolecular connectivity can be consid-
erably modified due to diverse treatments of the material prior to 
or during polymerization.15,17,97 Currently, a number of collagen 
substrates are commercially available, which differ in their origin 
(e.g., rat, bovine), tissue source (e.g., skin, tendon, placenta), and 
isolation conditions (e.g., different degrees of salinity and acidity, 
application of proteolytic enzymes [pepsin or pronase] or enzyme-
free preparations).15,97,98 Perhaps the most pronounced differences 
have been demonstrated for collagens treated with pepsin during 
the isolation procedure, compared to collagens isolated without 
use of enzymes.15,97,99 Pepsin-treated collagen generates networks of 
lower connectivity (lower number of intermolecular cross-links), 
and consequently, of a higher viscosity. However, compared with 
enzyme-free collagen (e.g., native collagen), it provides equal 
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characteristics in pore size and density of fibrils, 
thus similar architecture.15,97 When macrophage 
migration is studied in fibrillar pepsin-treated col-
lagen I, which forms large pores and poorly con-
nected fibers, they use the amoeboid mode.17 In 
contrast, they use the mesenchymal mode in both 
pepsin-treated gelled collagen I (small pores, poorly 
interconnected fibers) and enzyme-free collagen I 
(small pores, highly interconnected fibers) polym-
erized at neutral pH. These results further support 
our previous data showing the importance of the 
matrix architecture in the choice of the migration 
mode.17 Of note, protease-dependent migration in 
enzyme-free collagen requires only MMP activity 
(Fig. 3B), whereas this is not essential for mesen-
chymal migration in pepsin-treated collagen I.17 
The difference between these two matrices lies in 
the presence of intermolecular cross-links between 
enzyme-free collagen fibers15 (Fig. 3A). Whether it 
also affects the type of enzyme required for mac-
rophage migration deserves further investigation.

For a comparison of the described experimen-
tal conditions with in vivo situations, it has to be 
considered that collagen-rich connective tissues are 
heterogeneous, with both dense and loose areas. In 
vivo approaches like confocal reflection microscopy 
or two-photon excited second or third harmonic 
generation imaging do not provide a complete pic-
ture of the tissue architecture. However, the pore 
diameter of human dermis, a loose tissue, is similar 
to the pore diameter of fibrillar collagen polymer-
ized in vitro.100 In addition, the viscosity and elas-
ticity values of the matrices polymerized in vitro 
are in the range of 100 Pa,17 a value also found for 

brain tissue.101

Moreover, matrices exert physical con-
straints on migrating cells. Nuclear deforma-
tion has been described in tumor cells.22 In 
macrophages, when they use the amoeboid 
mode in fibrillar collagen, we observed that 
the circularity of the nucleus was not affected, 
whereas it was markedly reduced (Fig.  3C) 
when cells use the mesenchymal mode in 
gelled collagen I and dig narrow tunnels to 
move.57

In summary, the migration of macrophages 
is determined by cellular and matrix-based 
parameters such as abilities for cellular, mostly 
nuclear, and matrix deformation. Porous 
matrices characterized by physical deformabil-
ity, induce moderate nuclear contraction and 
non-proteolytic amoeboid migration. Dense 
matrices characterized by a high level of con-
nectivity also necessitate nuclear deformation, 
proteolytic mesenchymal migration, and thus 
the formation of 3D podosomes.

Figure  3. Mesenchymal migration involves distinct proteases and nuclear constriction.  
(A) SEM micrographs (with permission from Renaud Poincloux, Tri Imaging Toulouse France; 
bars: 1 µm) of native collagen I and pepsin-extracted gelled collagen I show similar architecture 
and schematic presentation of distinct inter-fiber connectivity. (B) The percentage of macro-
phages migrating through native collagen I in the absence or presence of Ly-mix (lysosomal 
protease inhibitors) and/or GM6001 (MMP inhibitor), or Y27632 (ROCK inhibitor) was quantified. 
Macrophage migration through native collagen is not inhibited by Y27632 and is abolished by 
GM6001, indicating that cells use the mesenchymal migration mode, but not the amoeboid 
migration. hMDMs isolated from four independent healthy donors (n = 4). Statistics: two-tailed 
unpaired Student t test; **P < 0.005; n.s. P = 0.165. Macrophages penetrating matrices were 
examined by scanning electron microscopy (for methods, see van Goethem et al.17). Note the 
presence of holes made by cells (purple) in the matrix of native collagen I and pepsin-extracted 
gelled collagen I (arrows). Representative pictures are shown. Bars: 10 µm. (C) Reduced nuclear 
circularity, a signature of mesenchymal migration. Galleries showing confocal micrographs of 
macrophage nuclei stained with DAPI 72 h post-seeding (bars: 1 µm). Macrophages on 2D sur-
faces (upper left) mostly adopt the “fried egg” morphology, and nuclei are flattened, as shown 
by the higher nuclear area compared with nuclear area of cells in 3D matrices (upper middle and 
right). 3D matrices were prepared using pepsin-treated fibrillar collagen I. In gelled collagen I 
(upper right), cells use the mesenchymal migration mode and display a higher deformation of 
the nucleus compared with cells in fibrillar collagen, which use the amoeboid mode (upper 
middle). Both nuclear area (lower left graph) and nuclear circularity (lower right graph) were 
measured. Statistics: two-tailed unpaired Student t test. ***P < 0.0001, **P = 0.0056. Nuclear 
area and circularity were measured in a total of 25 (for fibrillar collagen) and 40 (for gelled col-
lagen and 2D) macrophages from each time three independent donors.
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Migration Assays in 2D and 3D

General remarks
The ability to infiltrate tissues is crucial for macrophages to ful-

fill their physiological role. To correctly mimic this process in vitro, 
and in order to gain reproducible values, it is important to limit the 
number of variables, such as physical or chemical parameters, and 
to choose the appropriate dimensionality of the assay. This results 
mostly in a choice between assays investigating random or direc-
tional migration in 2D vs. 3D environments,102,103 either of single 
cell types or of co-cultures.104,105 In particular, different kinds of 
3D migration assays have been established for studies of macro-
phages and other cell types,102 including ex vivo explants (such as 
dermal explants),106 tumor cell spheroids,6 and matrices polym-
erized in vitro (e.g., MatrigelTM, fibrillar/gelled type I collagen, 
or native basement membrane).17,55,58,59,107 However, each type of 
assay presents intrinsic disadvantages, for example, limited access 
for imaging processes in the case of thick 3D matrices. It is there-
fore important to consider both benefits and disadvantages before 
choosing the correct assay for a specific study. Some of the most 
commonly used assays, their relation to the study of (macrophage) 
migration and invasion, as well as their respective advantages and 
limitations, are discussed in the following section.

Migration assays in 2D and 3D
Until recently, 2D migration assays, such as scratch wound 

or Boyden chamber assays, have been the most utilized set ups 
for studying cell migration.108 While the molecular and cellu-
lar mechanisms involved in leukocyte 2D migration have been 
extensively studied, three-dimensional migration of macrophages 
is only beginning to be investigated. To date, a number of dif-
ferent matrix materials are commercially available, such as multi-
component basement membrane extracts (BME) (e.g., MatrigelTM 
[BD Biosciences]; Geltrex® [life technologies]; MaxGelTM [Sigma-
Aldrich]), single component ECM extracts either produced in 
vitro by cell lines (e.g., laminin), or isolated from diverse animal 
sources (e.g., type I collagen [from rat tail], fibronectin [from 
bovine plasma]), as well as hydrogel-based synthetic scaffolds 
(e.g., HydroMaxTM [Sigma-Aldrich], MAPTrixTM [Kollodis 
Biosciences]). Furthermore, tumor cell spheroids, which are organ-
otypic-like structures comprising cells and ECM proteins6 and 
ex vivo preparations (such as dermal or bone explants) have been 
used in these assays.106,109 However, it has to be stressed that the 
often applied reasoning “2D = in vitro,” and “3D = in vivo,” is not 
stringent. For example, 2D situations of cell migration also exist in 
vivo, such as movement of leukocytes along vessel walls or along 
the lumen of organs.39 Moreover, simply embedding cells in 3D 
matrices, without knowledge of their exact structural and physical 
properties, may not lead to results that reflect the specific situation 
within certain tissues.

Primary human macrophages are usually cultured on stiff 
plastic or glass surfaces, without matrix coatings.110 This is 
appropriate for 2D random migration assays, where quantifi-
able parameters include speed, distance over time, the number 
of migrating cells, and the directionality of movement (meander-
ing index; Fig. 4A).111 The addition of a chemoattractant (e.g., 
M-CSF,112 MCP-1,113 or MIP-1β114) for gradient formation enables 

the study of directional migration (Fig. 4B).115,116 Moreover, gap 
closure assays, commonly used for monolayer-forming cells such 
as primary endothelial or tumor cells, can also be utilized in set 
ups with macrophages. The creation of a gap by scratching the 
cell population induces directional movement of the cells with-
out the addition of a chemoattractant (Fig. 4C).117 This method 
is cost-effective and requires no specific equipment. However, the 
mostly manually performed scratch (using a needle or pipette tip) 
often results in an uneven cell-free area. Additionally, applica-
tion of a scratch causes changes in the chemical environment, due 
to the release of components from damaged cells. To avoid this, 
gaps can be generated by seeding cells around a barrier (for exam-
ple silicon stoppers), which are subsequently removed (Fig. 4D). 
This results in uniform borders of the cell-free area, mostly with-
out cellular damage. Silicon stoppers are commercially available 
in different shapes (linear or round) and are mostly designed for 
96-well plates. Collectively, these 2D migration assays are easily 
adaptable for real-time imaging and available software packages 
(e.g., Volocity® 3D Image Analysis Software [Perkin Elmer] or 
Imaris Track [Bitplane])118 and enable high-throughput analysis. 
In addition, the carrier surface of these assays can be coated with 
a thin layer of specific matrix. However, it has to be considered 
that thin matrix layers on rigid substrates, such as glass or plas-
tic, display a higher rigidity compared with thick layers or three-
dimensional gels of the same matrix material.97,119 Furthermore, 

Figure 4. Assays for the study of macrophage migration in 2D. In vitro, 
migration of macrophages on 2D surfaces can be analyzed by monitor-
ing (A) the random movement of spontaneously migrating cells, (B) the 
directional movement of cells along a chemoattractant gradient (yellow; 
e.g., macrophage-colony stimulating factor), or (C and D) the directional 
movement of cells into a gap, which can be generated by the application 
of (C) a wound (red dotted line; based on a scratch by a pipette tip or 
needle) or (D) the removal of a silicon stopper. Directions of possible cell 
movement are indicated in boxes below. In all applications, cells can be 
imaged over time by standard microscopy methods and tracked/quanti-
fied with imaging software.
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scratching or removal of an insert may damage the matrix coat-
ing, thus affecting the movement of cells.

In another type of assay, the transmembrane/Boyden cham-
ber, cells in a chamber of attractant-free medium are separated 
by a filter from a chamber containing media with an attractant. 
The cells can transmigrate through the pores of the filter120 
(Fig. 5A), with subsequent quantification of the transmigrated 
cells. Modification of this system by the addition of ECM 
gels on top and within the pores of the filter allows the study 
of invasive cell migration,121 and multi-well systems (96-well 
plates) are available for respective high-throughput screenings. 
However, actual tracking of individual cells is not possible, 
which limits this assay to an end-point measurement of the 
number of transmigrated cells. A further way of including 3D 
gels in an otherwise 2D system is performing gap closure assays 
in the presence of an ECM gel placed on top of the cells and 
within the gap122 (Fig. 5B). This particular setup also enables 
high-throughput approaches, with the added advantage of an 
option for live cell imaging. However, cells still move along a 
relatively stiff surface (a pre-coated thin layer of ECM), which 
results in a not completely three-dimensional context.

Insertion of three-dimensional matrix gels into a chemo-
taxis migration chamber enables the study of chemotactic cell 
migration within a true three-dimensional context.123 Several 
systems are commercially available, which all share the same 
principle: cells are embedded in a 3D matrix, which is placed 
between chemoattractant-containing medium on the one side 
and chemoattractant-free medium on the other. Over time, a 

chemoattractant gradient develops within the matrix, inducing 
chemotactic migration of cells (Fig. 5C). These systems enable 
live cell imaging and long-term observations. A drawback lies in 
the mostly small chamber size (e.g., 1 mm in length and 70 µm 
in height, µ-slides Chemotaxis3D [ibidi]), which often results 
in adherence of a considerable amount of cells to the cham-
ber walls. Additionally, once it is set up, there is mostly limited 
scope for manipulation, such as addition of inhibitors.

The development of genuine 3D migration assays, in which 
cells are surrounded exclusively by matrix material, has opened 
the door to a new field of cellular in vitro experiments.103 One 
of the first described 3D invasion assays was the vertical gel 
invasion assay, in which lymphocytes penetrate into a thick 
gel of native collagen.124 Since then, multiple assays based on 
this model have been developed. Usually, a thick (1 to 2 mm) 
gel of ECM (such as MatrigelTM or collagen I) is polymerized, 
cells are placed on top of it, and subsequently infiltrate into the 
gel. Invasive cells can be easily distinguished from non-invasive 
cells, which remain on the surface of the gel (Fig.  6A). This 
assay allows quantification of migrating cells vs. non-motile 
cells, cell imaging by bright field microscopy, and further bio-
chemical/genetic analysis following their isolation out of the 
gel.17 High-throughput screens use numerous units of gel that 
can be polymerized in 96-well plates.125 For the incorporation 
of a chemoattractant gradient in this system, ECM gel needs 
to be polymerized on top of the filter/membrane of a Boyden 
chamber. The cells are then placed on top of the gel and migrate 
through it along the gradient and can be imaged or during that 

Figure  5. Migration assays for macrophages on 2D surfaces embedded in 3D matrices. Several assays enable the study of macrophage migration 
through 3D matrix (such as MatrigelTM or type I collagen). However, cells still mostly adhere to 2D surfaces within these assays. (A) Standard Boyden 
chamber, with a thin layer of matrix added on the filter and within the pores, (B) gap closure assay (circular invasion assay), with a thick layer of matrix 
added on top, (C) chemotaxis chamber, with cells the seeded in 3D matrix. In Boyden/Chemotaxis chambers, cells migrate along a chemoattractant 
gradient (yellow), whereas in gap closure assays, cells migrate into the generated gap without additional stimulation. Directions of possible cell move-
ment are indicated in boxes below. In all applications, cells can be imaged by standard microscopy methods. Note that Boyden chambers do not allow 
monitoring over time, as gap closure or chemotaxis chamber assays do, but enable easy access to the cells (e.g., for staining procedures).
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process.6 In this assay, cells have to switch from a 2D situation 
on top of the gel to a 3D migratory mode in order to penetrate 
into the matrix. It can be a useful model for cells that have to 
cross tissue barriers. In addition, self-prepared matrices present 
the advantage to modify matrix parameters such as biochemi-
cal composition, architecture, and viscoelasticity17 to mimic the 
diversity of interstitial tissues.126-129

Cells can be also embedded in a 3D matrix already at the 
start of the experiment (spherical invasion assay; Fig. 6B). Cells 
are seeded in a dense (2.5 mg/ml) fibrillar collagen I plug, 
which is then transferred into a bigger chamber, and the sur-
rounding space filled with slightly less dense fibrillar collagen I 
(2 mg/ml) containing a chemoattractant. These modifications 
are helpful to induce migration from the inner plug into the 
outer shell. Infiltration of the surrounding shell can be quanti-
fied by measuring parameters, such as the number of infiltrated 
cells, migratory displacement over time, or velocity of migra-
tion.62,130 The advantages of this method are the absence of 2D 
surfaces and the possibility of (live cell) imaging, even by bright 
field illumination. Chemical agents (such as chemoattractants 
or inhibitors) can be added at the step of polymerization to the 
gels, but not during the run of the experiment.

These latter assays can also be used for co-culture and -migra-
tion studies of several cell types. For example, small tumors 
and their surrounding tumor-associated macrophages (TAMs) 
can be mimicked in vitro by embedding cancer cell spheroids 
in a 3D matrix6,131 (such as MatrigelTM) and co-embedding of 
surrounding macrophages6 (Fig.  6C). Invading cells can be 
detected by optical methods, and parameters such as the infil-
trated area, migration distance over time, or the relative amount 
of tumor cells, which migrate in association to macrophages 
vs. single cells can be acquired.6 As in the case of the spheri-
cal invasion assays, inhibitors or other agents can be applied 
prior to the polymerization of the matrix. A difficulty common 
to all 3D gel assays is to image cells that have migrated deep 
inside the matrix. The use of bright field microscopy and small 
magnification but large numerical aperture objectives allows to 
easily image cells within the matrix from the top to the bot-
tom of the 3D matrix, but with a limited resolution. Analysis 
of intracellular protein intracellular localization by immuno-
fluorescence can be enabled by confocal or multi-photon con-
focal microscopy.17,57,132 These approaches require cell fixation, 
which results in shrinking of matrices. In addition, it should be  
considered that not all used matrices enable immunofluorescence, 

Figure 6. Migration assays for macrophages in 3D. Macrophage infiltration into or migration through 3D matrices can be studied by vertical invasion, 
spherical invasion, or spheroid gel invasion assays. (A) In a vertical invasion assay, cells are placed on top of a thick matrix. Cells start to infiltrate into the 
gel (top right, red dots) and can be distinguished from non-invasive cells (black dots), which remain on the gel surface. The proportion of migrating cells, 
their morphology, and the distance of migration can be quantified over time from bright field microscopy image stacks. Cells can also be imaged by con-
focal microscopy, as shown by the z-stack reconstruction (bottom right) of human macrophages creating a tunnel...white line; overexpressed mCherry-
Lifeact (red) is used to stain F-actin). Bar: 20 µm (adapted, with permission, from van Goethem et al.57 and Guiet et al.6). (B) Spherical invasion assay (SIA). 
Cells are embedded in a dense plug of type I collagen, which is surrounded by slightly less dense collagen I, containing a chemoattractant. Cells invade 
into the surrounding matrix and can be monitored by confocal microscopy over time (right panel, bright field images of human macrophages, time of 
image acquisition after start of experiment is indicated; bar: 10 µm [adapted, with permission from Wiesner et al.62]). The number of infiltrating cells, 
as well as distance from the plug border, can be quantified. (C) Spheroid gel invasion assay. Macrophages co-cultured for 3 d with spheroids of cancer 
cells (diameter: 0.5 mm) penetrate into spheroids. Spheroids infiltrated by macrophages are subsequently embedded in MatrigelTM. Both macrophages 
and tumor cells leave the spheroid and invade the surrounding matrix. Cells are imaged by multi-photon microscopy (merged micrographs of human 
macrophages stained with cell tracker [red]; bar: 10 µm). Number of cells moving out of the spheroid (red triangles; bottom scheme) and area of cell 
invasion (green dotted line) can be quantified (adapted with permission from Guiet et al.6). Schemes at the bottom indicate direction of cell movement 
within each assay.
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as, for example, MatrigelTM generates a high fluorescence 
background.

To date, only a few studies have been published on 3D podo-
somes in macrophages seeded in a 3D matrix context. These stud-
ies used vertical invasion assays,6,16,17,57,59 spheroid gel invasion 
assays,6 and spherical invasion assays62 to investigate migration 
processes, the appearance of 3D podosomes, and matrix degrada-
tion of macrophages. As matrices, mostly MatrigelTM and type I 
collagen were selected,6,16,17,57,59,62 although the specific influence of 
different types of 3D matrices on the formation of 3D podosomes 
is currently unclear. Especially considering that not all matrices 
appear to support podosome formation even in 2D to an equal 
extent,40 this aspect should be addressed carefully in future work 
also in 3D contexts.

In sum, both 2D and 3D in vitro models are required to eluci-
date the molecular and cellular mechanisms of migration used by 
macrophages. The recent developments of 3D environments for 
the study of macrophage migration are a welcome and indispens-
able addition that enables us to draw a more complete picture of 
macrophage motility in the body. However, considering the vari-
ability arising from 2D migration assays on glass, plastic, or matrix 
protein-coated culture device or on devices with distinct stiffness, 
as well as the variability in 3D migration assays arising from bio-
chemical and physical parameters of the matrix, its connectivity, 
or elasticity, care should be taken in comparing the results of these 
assays to specific in vivo situations. Moreover, the dimensionality 
of the assay should also reflect the specific situation of the studied 
cells in vivo, such as infiltration within a 3D tissue or crossing of 
a 2D interface.

All of the assays discussed present their unique combination 
of advantages and drawbacks, and the ultimate choice of assay 
depends on the particular scientific question. For the study of 2D 
podosomes and their dynamics, the directional migration assay 
(Fig. 4B) is a good choice, as it is easy to set up, and the contin-
ued formation and turnover of numerous podosomes at the lead-
ing edge of cells allows quantitative analyses. To study macrophage 
invasion and 3D migration, both transwell (Fig. 6A) and spheri-
cal invasion assays (Fig. 6B) are recommended, as they allow easy 
visualization of cells and podosomes and also quantification of 
invasion. To study the interplay between macrophages, 3D podo-
somes, and tumor cells, the spheroid gel invasion assay (Fig. 6C) is 
particularly appropriate.

Future Perspectives

Macrophages cultured in vitro on stiff 2D surfaces, such as glass 
or plastic, exhibit a typical “fried egg” morphology. The ventral 
surface of these cells is covered with numerous podosomes that 
present a well-defined substructure. Transfer into a softer but dense 
3D matrix, such as collagen I or MatrigelTM, results in an altered 
morphology or cells that form numerous protrusions that dynami-
cally extend from a spindle-like cell body. At the tips of many of 
these protrusions, F-actin-rich accumulations are formed, which 
contain many classical podosome marker proteins and proteases, 
although with no clearly defined substructure. These structures 

co-localize with sites of matrix degradation and constitute thus 
most probably the equivalents of podosomes in 3D.

3D podosomes are predominantly formed in macrophages, 
which migrate through dense ECM material, and thus, adopt the 
proteolytic mesenchymal migration mode.16,17,57 Accordingly, sev-
eral cysteine cathepsins have been localized at 3D podosomes,59 
and the matrix metalloprotease MT1-MMP has been shown to 
localize at membrane sites at the tips of cell protrusions, where 
matrix degradation takes place.62 Although the existence of 3D 
podosomes has been clearly demonstrated, a variety of questions 
regarding the structure and function of these organelles are still 
unanswered. These include the potential existence of substruc-
tures, which may depend on the nature or viscoelastic properties of 
the surrounding matrix, and the potential recruitment and release 
of other proteases, such as secreted MMP isoforms or the urokinase 
plasminogen activator system. Furthermore, it is unclear whether 
other functions of 2D podosomes, such as mechanosensing and 
transduction,37,48 are also fulfilled by 3D podosomes. Moreover, 
different maturation and activation states of macrophages might 
affect the formation, structure, and function of 3D podosomes, as 
it has been shown for podosomes in 2D.133

It is also an intriguing speculation that podosomes and inva-
dopodia, which present as similar but distinct structures in 2D 
systems,39 might show convergence in their morphology and 
properties in cells that are present in a 3D context. The more 
invadopodia-like morphology and localization of podosomes in 
3D, as well as the relevance of 3D podosomes and invadopodia 
for 3D infiltration of cells,16,56,134,135 should provide a sufficient 
basis to stimulate respective research.

To address all these questions, 3D in vitro and ex vivo experi-
mental systems will be indispensable. Already, the introduction 
of these systems has proven helpful in reproducing conditions 
that macrophages are likely to encounter within a tissue con-
text. However, the wide variety of tissues which all exhibit their 
unique combination of physical, structural, and chemical prop-
erties still makes the recreation of in vivo situations challenging. 
A further task for the future will thus also be the development 
of fine-tuned 3D systems, which reliably mimic the physical and 
chemical properties of specific tissues.
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