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Abstract Assembly and disassembly of adhesion struc-

tures such as focal adhesions (FAs) and podosomes

regulate cell adhesion and differentiation. On antigen-pre-

senting dendritic cells (DCs), acquisition of a migratory

and immunostimulatory phenotype depends on podosome

dissolution by prostaglandin E2 (PGE2). Whereas the

effects of physico-chemical and topographical cues have

been extensively studied on FAs, little is known about how

podosomes respond to these signals. Here, we show that,

unlike for FAs, podosome formation is not controlled by

substrate physico-chemical properties. We demonstrate

that cell adhesion is the only prerequisite for podosome

formation and that substrate availability dictates podosome

density. Interestingly, we show that DCs sense 3-dimen-

sional (3-D) geometry by aligning podosomes along the

edges of 3-D micropatterned surfaces. Finally, whereas on

a 2-dimensional (2-D) surface PGE2 causes a rapid increase

in activated RhoA levels leading to fast podosome disso-

lution, 3-D geometric cues prevent PGE2-mediated RhoA

activation resulting in impaired podosome dissolution even

after prolonged stimulation. Our findings indicate that 2-D
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08010, Barcelona, Spain

Cell. Mol. Life Sci. (2012) 69:1889–1901

DOI 10.1007/s00018-011-0908-y Cellular and Molecular Life Sciences

123

http://dx.doi.org/10.1007/s00018-011-0908-y


and 3-D geometric cues control the spatial organization of

podosomes. More importantly, our studies demonstrate the

importance of substrate dimensionality in regulating

podosome dissolution and suggest that substrate dimen-

sionality plays an important role in controlling DC

activation, a key process in initiating immune responses.

Keywords Mechanosensitivity � Podosomes �
Dendritic cell � Adhesion

Abbreviations

ECM Extracellular matrix

2-D 2-Dimensional

3-D 3-Dimensional

FA Focal adhesion

DC Dendritic cell

iDC Immature dendritic cell

PGE2 Prostaglandin E2

PS Polystyrene

PEN Polyethylene naphtalate

PMMA Poly(methyl methacrylate)

PLL Poly-L-lysine

PEG Poly(ethylene glycol)

NND Nearest neighbour distance

NNA Nearest neighbour angle

Introduction

Living cells are continuously exposed to a large variety of

exogenous signals. They have the ability to sense chemicals,

in the form of soluble factors, extracellular matrix (ECM),

and receptors on adjacent cells. Similarly, they can respond

to physical cues, such as substrate rigidity and geometric

constraints [1]. Both chemical and physical signals can

jointly be presented in two and three dimensions, adding

another level of complexity to the array of environmental

signals that influences a cell. Through its extensive sensory

machinery, a cell integrates these signals to direct key pro-

cesses such as adhesion, growth, and differentiation [2–4].

Depending on outside–in as well as inside–out signaling,

integrin-based adhesion sites are thought to play a major role

in both the perception of external stimuli and the execution of

the cellular response [5–7].

To mimic the cellular biochemical microenvironment,

cells are frequently seeded on substrates coated with dif-

ferent ECM components or recombinant receptor proteins.

Physical parameters usually involve altered substrate

stiffness and ligand spatial organization in 2-dimensional

(2-D) conditions [8, 9]. Progress in micro- and nanotech-

nology now allows the addition of the third dimension to

the microenvironment, thus enabling a much closer

mimicry of the in vivo situation. Evidence is accumulating

that substrate dimensionality plays an important role in

controlling the assembly of the actin cytoskeleton and its

adhesive structures [10, 11].

Focal adhesions (FAs) and podosomes are adhesion

structures which represent hotspots of integrins, stretch-

activated ion channels, and cytosolic proteins like myosin

and talin [12]. Each of these proteins plays an essential role

in translating both chemical and physical information into

biochemical downstream signals that regulate cell adhesion

and migration [13–16]. FAs are relatively stable tangential

structures connected to actin stress fibers and are present in a

broad range of cell types [17]. By contrast, podosomes are

highly dynamic dot-shaped adhesion complexes of approx-

imately a micron that have first been identified in Src-

transformed fibroblasts [18–20]. They share many cyto-

skeletal components with FAs, such as paxillin, talin, and

vinculin, but they also contain characteristic molecules such

as cortactin, dynamin2, and Tks4/5 [12, 21–23]. Podosomes

are observed in smooth muscle cells, activated endothelial

cells, and cells of myeloid origin, including osteoclasts,

monocytes, macrophages, and dendritic cells (DCs) [24, 25].

Dendritic cells, as key regulators of both the innate and

adaptive immune response, migrate over long distances

through tissues, thereby encountering a large range of dis-

tinct extracellular microenvironments. Tissue-resident

immature DCs (iDCs) sample peripheral tissues for invad-

ing pathogens. Upon encountering an antigen, iDCs become

activated to turn into mature DCs (mDCs) and migrate to a

regional lymph node, where they present the antigen to T

cells, thereby initiating an immune response [26, 27].

Podosomes have been shown to play an important role in

both the adhesive and migratory properties of DCs. iDCs

form large numbers of podosomes and exhibit an adhesive

phenotype, while the maturation of DCs is accompanied by

the dissolution of podosomes, which is required to accom-

modate the high-speed amoeboid migration observed in

mDCs [28, 29]. We have shown before that prostaglandin

E2 (PGE2) plays a critical role in the dissolution of podo-

somes and that the loss of podosomes during DC maturation

is essential for full activation of immune responses [30].

Thus far, most studies on environmental signals and cell

adhesion have focused on FAs and showed that various

exogenous signals affect the formation, maturation and the

spatial distribution of FAs [31–34]. Although podosomes

are also likely to be affected by environmental signals, this

has never been thoroughly addressed. Recently, Collin

et al. [35, 36] showed that podosomes act as mechano-

sensors by responding to substrate rigidity and applied

stress. In addition, it has been shown that different bio-

mimetic calcite crystals are able to influence podosome

behavior in osteoclasts [37, 38]. However, how environ-

mental signals precisely control the formation and spatial
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organization of podosomes is still largely unknown.

Moreover, a systematic investigation of podosome behav-

ior to different chemical and geometric environmental

signals is lacking.

Here, we investigated how differential chemical and

geometric signals affect the spatial organization and dis-

solution of podosomes in human DCs. We show that an

adhesive substrate is a prerequisite for podosome forma-

tion, whereas the chemical nature of the substrate is not

critical. Furthermore, we demonstrate that DCs respond to

3-D geometric cues by rearranging podosome spatial

organization. Finally, we present evidence that 3-D geo-

metric cues inhibit podosome dissolution, underlining the

relevance of substrate dimensionality for cell adhesion and

behavior.

Materials and methods

Chemicals, antibodies and bacteria

The following antibodies or appropriate isotype controls

were used: rIgG1-FITC (BD Bioscience Pharmingen, San

Diego, CA, USA), anti-vinculin (Sigma, St. Louis, MO,

USA), anti-HLA-DR/DP (Q5/13), anti-CD80 (all BD Bio-

sciences, Mountain View, CA, USA), anti-CD83 (Beckman

Coulter, Mijdrecht, The Netherlands), anti-CCR7 (R&D

Systems, Minneapolis, MN, USA), Alexa Fluor 488-labeled

secondary antibody (GaM) and Texas Red-conjugated

phalloidin were from Molecular Probes (Molecular Probes,

Leiden, The Netherlands). The following chemicals were

used: fibronectin (Roche, Mannheim, Germany), gelatin,

laminin and poly-L-lysine (PLL) (Sigma), polytetrafluoro-

ethylene (Teflon), polystyrene (PS), polyethylene

naphthalate (PEN), and impact modified poly(methyl

methacrylate) (PMMA) (Goodfellow, Bad Nauheim, Ger-

many). Hydrogels are p-slides from Nexterion (Schott,

Mainz, Germany). PGE2 is used at 10 lg/ml (Sigma). N.

meningitides H44/76 was isolated from a patient with

invasive meningococcal disease (kindly provided by Dr. P

van der Ley, Laboratory of Vaccine Research, Netherlands

Vaccine Institute, Bilthoven, The Netherlands). S. aureus

was obtained from the American Type Culture Collection

(ATCC 43300). All bacteria were heat-killed and used at

multiplicity of infection (MOI) 20. For FITC-labeling,

bacteria were washed in PBS and incubated in 0.5 mg/ml

FITC for 60 min. FITC-labeled bacteria were thoroughly

washed and stored in PBS at -20�C.

Preparation of human DCs

Dendritic cells were generated from PBMCs as described

previously [39]. Monocytes were derived from buffy coats.

Plastic-adherent monocytes were cultured in RPMI 1640

medium (Gibco; Life Technologies, Breda, The Nether-

lands) supplemented with 10% (v/v) FCS (Greiner,

Kremsmuenster, Austria), IL-4 (500 U/ml) and GM-CSF

(800 U/ml). Immature DCs were harvested on day 6 and

the expression of MHC class I/II, costimulatory molecules

and DC-specific markers were measured by flow cytometry

(data not shown).

Substrate preparation

Coverslips were coated with fibronectin (20 lg/ml) in PBS

for 1 h at 37�C, gelatin (0.01% w/v) in PBS for 30 min at

37�C, laminin (20 lg/ml) in PBS for 1 h at 37�C, PLL

(100 lg/ml) in PBS for 30 min at 37�C or left untreated.

The substrates with different heights of Teflon, PS, PEN,

and PMMA were made with hot embossing.

Hydrogel spotting

Drops (0.5 ml) of PBS with fibronectin (200 lg/ml) were

spotted on hydrogels. The spotted hydrogels were washed

with PBS and 4 9 104 DCs in 100 ll RPMI 1640 medium

with cytokines were seeded.

Microcontact printing

A silicon wafer was made with photolithography. PDMS

Sylgard 184 silicone elastomer was mixed with a cross-

linking agent containing a Pt-catalysator (both from Dow

Corning, Midland, MI, USA) at a ratio of 10:1. Gas bubbles

were removed in the exsiccator for &30 min. The wafer

was placed with the structured surface faced up and a few

ml of the PDMS were poured onto it. The mixture was

degassed again. Polymerization was achieved during

incubation at 60–65�C for approximately 20 h. After

polymerization, the stamp was peeled off the wafer. The

stamps were incubated with fibronectin (100 lg/ml)/rIgG1-

FITC (5 lg/ml) for 1 h at RT in the dark. The solution was

removed and the stamp was washed with milliQ and dried

with oil-free N2 using waferguard pistol (Millipore, Bille-

rica, MA, USA). The stamp was placed on the hydrogel

and removed again. The printed area of the hydrogel was

washed with 200 ll PBS and 9 9 104 DCs in 150 ll RPMI

1640 with cytokines were seeded.

Atomic force microscopy

The substrate topography was quantitatively evaluated

using atomic force microscopy (AFM; Dimension 3,100;

Veeco, Santa Barbara, CA, USA). Tapping in ambient air

was performed with two types of cantilevers. The topog-

raphy of the 3-D micropatterned substrates was determined
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with a 118-lm-long, high aspect ratio silicon cantilever

(NW-AR5T-NCHR; NanoWorld, Wetzlar, Germany). The

patterns of Fig. S3C in the supplementary material were

analyzed with a 100-lm-long, gold-coated silicon cantile-

ver (NSG-10; NT-MDT, Moscow, Russia). Both type of

cantilevers have a nominal radius of curvature of the AFM

probe tip of less than 10 nm. Height images of each sample

were captured in air at 50% humidity at tapping frequencies

of 271 and 261 kHz for the NSG-10 and NW-AR5T-NHCR

cantilevers, respectively. The analyzed fields were scanned

at scan rates between 0.2 and 0.8 Hz and with 512 9 256 or

512 9 512 scanning resolution. Nanoscope imaging soft-

ware (v.6.13r1, Veeco) was used to analyze the images.

Fluorescent microscopy

Dendritic cells were seeded on substrates and left to adhere

for 16 h. The cells were fixed in 3.7% (w/v) formaldehyde

in PBS for 10 min. Cells were permeabilized in 0.1% (v/v)

Triton X-100 in PBS for 5 min and blocked with 2% (w/v)

BSA in PBS. The cells were incubated with primary Ab for

1 h. Cells were subsequently incubated with Alexa Fluor

488-labeled secondary antibodies for 45 min. Subse-

quently, cells were incubated with Texas Red-conjugated

phalloidin for 30 min. Images were collected on a Leica

DMRA fluorescence microscope with a 963 PL APO 1.3

NA oil immersion lens (or a 940 PL FLUOTAR 1.0 NA oil

immersion lens for overview images) and a COHU high

performance integrating CCD camera (COHU, San Diego,

CA, USA). Confocal images were collected on a Zeiss LSM

510 microscope, using a PlanApochromatic 63 9 1.4 oil

immersion DIC lens (Carl Zeiss GmbH, Jena, Germany).

Pictures were analyzed with Leica Qfluoro v.V1.2.0 (Leica)

and ImageJ 1.40 (http://rsbweb.nih.gov/ij/) software.

RhoA activity assay

To measure RhoA GTP levels, cells were seeded on a flat

surface or on a 3-D micropatterned surface and allowed to

adhere for 16 h. Subsequently, cells were stimulated for

1 min with 10 lg/ml PGE2 or left untreated. RhoA activity

was measured by a luminometry based G-LISA assay

(Tebu-Bio, Heerhugowaard, The Netherlands), according

to the manufacturer’s guidelines. The G-LISA assay

reports levels of active RhoA normalized by protein input

levels. Levels of luminescence were detected using a

Victor 3 luminometer (PerkinElmer).

Statistical analysis

ANOVA test or Student’s t test was used for statistical

analysis. Significant differences were determined at

p \ 0.05.

Results

Podosome formation does not depend on physico-

chemical properties of the substrate

Focal adhesions and podosomes are the two main surface-

sensing complexes formed by DCs (Fig. 1a). To investigate

how substrate physico-chemical properties influence the

formation of FAs and podosomes, DCs were seeded on 2-D

surfaces with decreasing hydrophobicity: Teflon, PS, PEN,

and PMMA.

Although hydrophobic surfaces are generally considered

non-permissive for cell adherence, DCs readily adhered

and developed podosomes on all of the tested surfaces with

a constant number of podosomes per cell (Fig. 1b, c).

Interestingly, while the number of podosome-bearing cells

was comparable in all conditions, the DCs responded to the

hydrophilic surfaces PEN and PMMA by forming signifi-

cantly fewer FAs (Fig. 1d). Furthermore, podosome

formation was not affected by the molecular nature of the

substrate as we observed similar podosome formation on

different integrin ligands (fibronectin, gelatin, and laminin)

as well as on the unspecific PLL coating and uncoated glass

(Fig. S1 in supplementary material). For all conditions,

podosome formation was already observed within 1 h after

seeding (data not shown). More importantly, the presence

or absence of serum in the medium did not influence the

observed adhesive behavior of DCs (data not shown).

Together, these results indicate that the formation of

podosomes in DCs does not depend on the physico-

chemical properties of the surface nor on the chemical

composition of the coating and suggest that podosomes are

less discriminative in sensing physico-chemical cues from

their microenvironment than FAs.

2-D geometric constraints of adhesion permissive

substrate directs podosome spatial organization

To show that cell adhesion is the only prerequisite for the

formation of podosomes, we investigated podosome for-

mation on a surface that is non-permissive for cell adhesion.

To this end, we used a thin-film hydrogel-coated surface. In

our case, the hydrogel consisted of a poly(ethylene glycol)

(PEG) coating which is generally used for protein micro-

arrays [40]. Hydrogels are considered non-permissive for

cell adhesion because of their very low unspecific binding

properties [41]. Indeed, DCs did not adhere on these

hydrogels (Fig. 2a). However, when these hydrogels were

coated with fibronectin, DCs readily adhered and formed

podosomes (Fig. 2a). Intriguingly, podosome formation did

not depend on fibronectin-mediated activation of integrins,

since DCs adhered equally well to, and formed podosomes

on, PLL-coated hydrogels (data not shown).
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Next, we investigated how 2-D surface geometry dic-

tates the formation and spatial organization of podosomes

by spotting a 2-D micropattern of fibronectin on the

hydrogels. When seeded, DCs covered long distances of

non-coated hydrogel. However, cells were able to dis-

criminate between adhesive and non-adhesive areas by

selectively forming podosomes on the adhesive spots

(Fig. 2b; Fig. S2 in supplementary material). We deter-

mined if the size of the adhesive spots affected podosome

spatial rearrangement, and quantified the number of

podosome clusters with respect to the size of fibronectin

spots (diameter ranging from 5 to 20 lm). As expected, the

number of podosome clusters per cell inversely correlated

with spot size (Fig. 2c), mainly due to the fact that DCs

spanned fewer spots when seeded on large 20-lm spots in

comparison with small 5-lm spots (Fig. S2D in

supplementary material). In addition, the number of

podosomes formed on the spots correlated directly with the

spot size (Fig. 2d). Intriguingly, although the spatial

organization of podosomes is dictated by the spots, the

number of podosomes per cell remained remarkably stable

(Fig. 2e). This resulted in a higher podosome density on

the 5-lm spots compared to the 20-lm spots (Fig. 2d). The

local podosome density found on the 5-lm spots is &0.8

podosomes/lm2. With a podosome of approximately

0.78 lm2 (radius &0.5 lm), the packaging of podosomes

on the minimal amount of available substrate is almost

maximal. In contrast, the density on the large 20-lm spots

is comparable to the density on normal flat substrates

(&0.2 podosomes/lm2). Altogether, these findings indicate

that cell adhesion, irrespective of the exact chemical nature

of the adhesive surface, dictates podosome formation and

Fig. 1 Podosome formation is not influenced by substrate physico-

chemical properties. a DCs seeded on glass form two types of

adhesion structures. The cells were fixed and stained with phalloidin–

Texas Red and an anti-vinculin mAb to visualize actin (red) and

vinculin (green), respectively. Podosomes (right insert) can be seen as

small circular structures, whereas FAs (left insert) are tangential.

b Cells were seeded on Teflon, PS, PEN, and PMMA with Teflon

being most hydrophobic and PMMA most hydrophilic. Cells were

fixed and stained with phalloidin–Texas Red and an anti-vinculin

mAb to visualize actin (red) and vinculin (green), respectively.

Representative pictures are depicted. c Quantification of the number

of podosomes per DC on surfaces with different hydrophobicity.

Podosomes were counted in 15 cells in two independent experiments.

Bars mean ± SD. d The number of cells displaying podosomes or

FAs was counted in seven images per condition. Asterisks significant

differences from Teflon (p \ 0.05). Bars mean ± SEM
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that 2-D geometric constraints of the adhesive substrate

direct local podosome density in DCs.

3-D geometric cues control podosome spatial

organization

It is well established that the actin cytoskeleton responds

differently to 2-D versus 3-D environmental signals. So

far, our data clearly showed that 2-D environmental cues

do not influence the formation of podosomes although

podosome spatial organization is affected. In order to

investigate whether podosome formation is influenced by

3-D geometric cues, DCs were seeded on various 3-D

micropatterned substrates, with a height of 1 lm and a

width ranging from 2 to 20 lm (Fig. 3a), as confirmed

by atomic force microscopy (data not shown). When

seeded on these 3-D micropatterned substrates, DCs

oriented parallel to the direction of the patterns. Sur-

prisingly, podosomes were predominantly formed on the

edge of the patterns (Fig. 3b). The magnified insets

clearly show that, even in the aligned configuration,

individual podosomes could still be identified. To quan-

tify the degree of podosome alignment, we determined

the angles of the nearest neighbor distance (NND) with

respect to the y axis (Fig. S3A in supplementary mate-

rial). On a flat surface, these nearest neighbor angles

(NNA) were randomly distributed, whereas the micro-

patterned substrates clearly induced a polarization of the

NNA towards 90� (Fig. 3c). Alignment of podosomes

proved to be independent of surface hydrophobicity, as

podosome alignment was also observed on PS, PEN, and

PMMA 3-D micropatterned substrates (Fig. S3B).

Fig. 2 Podosomes formation is exclusively dependent on cell

adhesion. a Hydrogels were coated with fibronectin mixed with

rIgG-FITC (green) for visualization. DCs were seeded on the

hydrogel and stained with phalloidin–Texas Red to visualize actin

(red). Cells were found to adhere specifically to the fibronectin-coated

areas. Representative image is depicted. Coating with rIgG-FITC

alone was not sufficient for DC adherence (not shown). b Cells were

seeded on fibronectin/rIgG1-FITC (green) printed hydrogel and fixed

and stained with phalloidin–Texas Red to visualize actin (red).

Representative images of cells seeded on 5- and 20-lm dots are

depicted in the upper and lower panels, respectively. The distance

between the spots is 7.5 and 10 lm for the 5- and 20-lm spots,

respectively. c The number of podosome clusters per cell was

quantified for the different sized dots and spacing. d Quantification of

the number of podosomes per spot and the podosome density on the

different sized spots. e Quantification of the number of podosomes per

cell on the different sized spots. Spots with diameters of 5, 8, 11 16

and 20 lm were used for analysis. All quantifications include at least

15 cells per single spot size and graphs represent mean ± SD
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Moreover, podosomes aligned always along the edges

irrespective of the shape of the pattern (Fig. S3C). To

address whether nanoscale changes in the substrate

geometry also controlled podosome spatial organization,

micro- and nanopatterned substrates with heights ranging

from 100 nm to 1 lm were fabricated. Strikingly, DCs

were still able to sense height differences as small as

100 nm by placing podosomes along the 90� edges

(Fig. 3d). These results indicate that the spatial organi-

zation of podosomes is directed by substrate geometry,

irrespective of the substrate physico-chemical properties.

3-D micropatterned substrates with a height as small as

100 nm affect the spatial organization of podosomes

suggesting that the underlying mechanism is extremely

sensitive for 3-D geometric cues.

Substrate dimensionality affects the spatial arrangement

of podosomes

We observed that, on 2-D surfaces, DCs formed a

remarkably constant number of podosomes, irrespective of

substrate physico-chemical properties. Interestingly, we

also found no differences in podosome number between flat

and patterned surfaces (Fig. 4a). While, on 2-lm-wide

micropatterns, all podosomes exclusively aligned on the

edges of the patterns and no podosomes were detected on

the flat areas, podosomes were detected on the flat areas

when the distance between the edges became wider than

2 lm.

As the cell membrane folds around the edge of the

micropatterned substrate, both an inward and an outward

Fig. 3 Podosomes align along the edges of 3-D micropatterned

substrates. a Schematic representation of the 3-D micropatterned

substrates. 3-D micropatterns with widths of 2, 5, 10 and 20 lm and

1 lm height were fabricated. All 3-D micropatterns were fabricated

such that the top and lower part had the same width. b DCs were

seeded on 3-D micropatterned substrates with a height of 1 lm and

widths of 2, 5, 10 and 20 lm. Cells were fixed and stained with

phalloidin–Texas Red and an anti-vinculin mAb to visualize actin

(red) and vinculin (green), respectively. The dotted lines in the insets
indicate the position of the edges of the micropatterned substrate.

Representative images are depicted. c The nearest neighbor angles

(NNA) of podosomes (Fig. S3A in supplementary material) reveal the

alignment of podosomes on the edges of 3-D patterns. The 2-lm 3-D

micropattern induces a polarization of the NNA towards 90�. d DCs

were seeded on a flat surface and on 3-D micropatterned substrates of

5 lm width and 100 nm, 500 nm and 1 lm height. Cells were fixed

and stained with phalloidin–Texas Red and an anti-vinculin mAb to

visualize actin (red) and vinculin (green), respectively. Representa-

tive images are depicted
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curvature are created (Fig. 4b). Plasma membrane bending

is known to attract specific lipids and curvature-sensing

proteins thereby creating local signaling platforms [42]. To

investigate whether podosome alignment was mainly on

the upper edge or the lower edge of the patterns, image

stacks of 300 nm were taken of DCs on micropatterns with

a height of 1 lm. Intriguingly, podosomes aligned on both

the upper and the lower edges of the pattern (Fig. 4b).

These results suggest that both a 90� inward and a 90�
outward plasma membrane curvature creates a microenvi-

ronment favoring the nucleation of podosomes. This

predominant formation of podosomes on the edge does not

exclude the formation of podosomes on the flat parts of

patterned substrates larger than 2 lm, suggesting a spatial

signaling threshold for the nucleation of podosomes.

To further study the effect of 3-D geometric cues on the

rearrangement of podosomes, we calculated the NND

between podosomes on both the edges of the 3-D micro-

patterned substrates and 2-D surfaces. We found that inter-

podosomal distance was not affected by the 3-D geometric

cues as the average inter-podosomal distance on flat sur-

faces and the edges of 3-D micropatterns was

1.93 ± 0.54 lm (n = 4,342) and 1.91 ± 0.79 lm

(n = 6,177), respectively (p = 0.16) (Fig. 4c). Instead, we

noticed that the actin intensity, visualized by Texas Red-

conjugated phalloidin, of each podosome core was signif-

icantly (p \ 0.01) higher on the 3-D micropatterns

compared to 2-D surfaces (Fig. 4d). This clearly indicates

that the podosomes found on the edges have a higher actin

content compared to podosomes on flat areas.

3-D geometric cues dictate PGE2-mediated podosome

dissolution and DC functionality

By regulating intracellular signaling pathways, matrix

elasticity and tissue topography are known to affect cell

fate decisions, such as cell cycle progression, differentia-

tion, and apoptosis. Maturation of DCs is marked by

Fig. 4 3-D geometric cues influence podosome spatial organization

and actin content. a Quantification of the number of podosomes per

DC on 2-D and 3-D micropatterned substrates with widths of 2, 5, 10

and 20 lm together with the number of podosomes on the edges.

Graphs represent mean ± SD of at least 20 cells per condition.

b Inward and outward curvatures are created at the plasma membrane

at the upper and lower edge of the 3-D micropattern. DCs were seeded

on micropatterns with a height of 1 lm. Z-stacks were taken every

300 nm. Podosomes align on both the upper and the lower corner of

the pattern. Shown are the lower and upper plane of the z-stack. The

white dashed line represents the slice of the orthogonal view shown in

Bb. c Nearest neighbor distance was determined for podosomes on

3-D micropatterns and 2-D surfaces. The average inter-podosomal

distance on flat surfaces and patterns was 1.93 ± 0.54 lm

(n = 4,342) and 1.91 ± 0.79 lm (n = 6,177), respectively

(p = 0.16). d Cells were fixed and stained with phalloidin–Texas

Red to visualize actin. The maximum Texas Red intensity on 3-D

micropatterns and 2-D surfaces was 128 ± 62 (n = 1,387) and

83 ± 40 (n = 2,791), respectively (p \ 0.01). Insets in (c) and

(d) show podosomes on a flat 2-D surface and a 3-D micropattern.

Podosomes are visualized by staining actin (red) and vinculin (green)

with phalloidin–Texas Red and a vinculin-mAb, respectively
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profound cytoskeletal alterations resulting in a switch from

an adhesive to a highly migratory phenotype. For iDCs

seeded on flat surfaces, we have shown before that binding

of PGE2 to the prostaglandin receptors EP2 and EP4 results

in rapid podosome dissolution in iDCs, one of the first steps

towards a fully mature DC phenotype [43]. To investigate

whether DC signaling is influenced by substrate geometry,

we stimulated iDCs, either on 2-D or 3-D micropatterned

substrates, with PGE2. Consistent with our prior results,

after 2 h stimulation with PGE2, podosomes on DCs seeded

on 2-D surfaces almost completely dissolved (Fig. 5a).

Strikingly, podosome dissolution became significantly

impaired on the 3-D micropatterned substrates (Fig. 5a).

Even prolonged stimulation with PGE2 did not result in

podosome dissolution on these 3-D micropatterned sub-

strates (Fig. 5b). To investigate whether DC functionality

is influenced by substrate geometry, we first determined

whether phagocytic capacity, associated with the presence

of podosomes [44], is influenced by 3-D micropatterned

substrates. For this purpose, iDCs, either seeded on 3-D

micropatterns or flat 2-D surfaces, were incubated with

Gram-positive and Gram-negative bacteria, which we have

shown before to be internalized equally effectively by iDCs

[30]. Interestingly, we found that the internalization of both

Gram-positive and Gram-negative bacteria was enhanced

by iDCs seeded on 3-D micropatterned substrates (Figure

S4A in supplementary material). The percentage of posi-

tive cells and the amount of internalized bacteria were

found to be higher compared to 2-D substrates. Next, we

investigated the differentiation status of iDCs seeded on

3-D micropatterned substrates for 24 h. As expected, when

seeded on 2-D surfaces, iDCs express low levels of the

costimulatory molecules CD80 and CD83 and the chemo-

kine receptor CCR7, and they express high levels of MHC

class II (Fig. S4B in supplementary material). Interestingly,

while the surface expression levels of CD80, CD83, and

CCR7 were unaffected on 3-D micropatterns, MHC class II

molecules were expressed at even higher levels (Fig. S4B

in supplementary material). Altogether, these results indi-

cate that substrate dimensionality plays a key role in

regulating the adhesive as well as the immunomodulatory

properties of iDCs.

Fig. 5 3-D geometric cues inhibit PGE2-mediated podosome disso-

lution. a iDCs were seeded on a 2-D surface and 3-D micropatterns

and left untreated or stimulated with 10 lg/ml PGE2. The cells were

fixed and stained for phalloidin–Texas Red and an anti-vinculin mAb

to visualize actin (red) and vinculin (green), respectively. Represen-

tative images are depicted. b The number of cells that contained

podosomes was determined for seven images per condition. Bars
mean ± SEM. *p \ 0.05 compared to 2 h PGE2 stimulation on 2-D

surface, #p \ 0.05 compared to o/n PGE2 stimulation on 2-D surface.

c PGE2-mediated activation of the small GTPase RhoA was measured

on 2-D surfaces and 3-D micropatterned substrates by a luminometric

G-LISA assay. Data were normalized to the active RhoA levels in the

absence of PGE2. Dotted line represents the average of five

independent donors performed in duplicate (*p \ 0.05).

d Schematic model of podosome distribution/dissolution on 2-D

surfaces and 3-D micropatterned substrates. Whereas DCs form

podosomes at random on 2-D surfaces, they specifically align their

podosomes on the edges of 3-D micropatterned substrates. On 2-D

surfaces, PGE2 causes a rapid increase in RhoA activity leading to

global podosome dissolution. In contrast, signals derived from

signaling platforms induced by the 3-D micropatterns are able to

prevent increased RhoA activity and thereby podosome dissolution
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We have previously demonstrated that PGE2-induced

podosome dissolution in DCs is a result of cAMP-mediated

increased activation of the small GTPase RhoA [43]. To

further clarify the mechanism of reduced PGE2-induced

podosome dissolution on 3-D micropatterns, we studied the

effect of geometric cues on RhoA activation. We measured

activated RhoA levels on 2-D surfaces and 3-D micropat-

terned substrates (Fig. 5c). In the absence of PGE2, no

differences were observed in active RhoA levels between

the 2-D surfaces and the 3-D micropatterned substrates. As

expected, we detected increased RhoA activity on the 2-D

surfaces after the addition of PGE2. Remarkably, the 3-D

micropatterns prevented the PGE2-induced RhoA activa-

tion, clearly indicating that 3-D geometric cues are able to

alter the activation of Rho GTPases, thus preventing

podosome dissolution.

Discussion

In this study, we investigated how geometry sensing by

human monocyte-derived DCs affects the spatial organi-

zation and PGE2-induced dissolution of podosomes. We

demonstrated that, unlike for FAs, substrate chemical

properties do not affect podosome formation. By micro-

contact printing, we found that it is mainly the spatial

organization of the adhesion permissive substrate that

directs podosome distribution in DCs. Remarkably, the

podosome number per cell was constant, even for adhesive

spots of different size, meaning that the cells adjusted their

podosome density depending on the substrate area. In

addition, we showed that DCs respond to 3-D geometric

cues by aligning their podosomes on the edges of 3-D

micropatterned substrates. Finally, these 3-D geometric

cues were able to overrule the PGE2-induced signals,

which on flat surfaces normally lead to podosome disso-

lution, suggesting that sensing of extracellular geometric

cues can directly affect DC adhesion and thereby

migration.

It is well known that both physico-chemical properties,

e.g., hydrophobicity, and the chemical nature of the

microenvironment can influence cellular adhesion.

Whereas hydrophobic surfaces are generally less permis-

sive for cell adhesion in comparison to hydrophilic surfaces

[45–51], we show here that DCs adhere to and form

podosomes on surfaces with a wide range of hydropho-

bicity. In contrast, the formation of FAs is significantly

inhibited by hydrophilic surfaces. Furthermore, we

observed that podosome formation is not influenced by the

type of ECM coating. Altogether, these data imply that

human DCs are able to form podosomes on any adhesion

permissive 2-D surface, irrespective of their physico-

chemical nature. Interestingly, it has been shown recently

that carbon nanotubes, which closely mimic the fibres of

the ECM, are able to enhance the physico-chemical stim-

ulation of neurons through a very tight interaction with

these cells [52]. It would be of great interest to investigate

whether chemical signals presented by nanotubes are dif-

ferentially integrated by iDCs, thereby influencing

podosome formation and organization.

The 2-D spatial arrangement of an adhesive substrate

forms a physical stimulus that affects cellular behavior.

Lehnert et al. [53] showed that B16 melanoma cells reor-

ganize their FAs at the edge of micropatterned fibronectin

spots, demonstrating the importance of signals from spa-

tially rearranged integrin ligands for stable adhesion. We

found that DCs can discriminate between adhesive and

non-adhesive substrates by selectively forming podosomes

on adhesion-permissive areas but not on PEG-coated sur-

faces. In contrast to FAs [53], podosome formation seems

not to depend on integrin stimulation by environmental

chemical signals, as DCs also induce podosomes on

hydrogels solely coated with a non-specific PLL coating.

While mechanisms of ligand-mediated integrin activation

have been described in great detail [54], much less is

known about physical aspects of integrin activation.

However, evidence is emerging that integrins can be

directly activated by a mere physical stimulus, such as

externally applied strain and shear stress [55, 56]. Our

results support this notion and suggest that a physical

stimulus, represented by an adhesion-permissive substrate,

is sufficient to activate integrins and thereby initiate

podosome formation. Intriguingly, as soon as podosome

formation is initiated by DCs, a constant number of about

100 podosomes per cell is formed, irrespective of the

physico-chemical properties of the microenvironment. This

strongly suggests a two-step model in which, on a 2-D

surface, podosome formation is initiated by an as yet

unknown extracellular physical stimulus, whereas podo-

some number and maintenance are predominantly

controlled by intracellular signaling pathways. Most likely,

intracellular components such as actin or other cytoskeletal

proteins are limiting the number of podosomes that can be

formed per cell.

In an attempt to mimic the 3-D geometry in tissues,

efforts have focused on fabricating patterns, topographies,

and fibers at the micro- and nanometre scale. This revealed

the importance of 3-D substrate geometry in influencing

cell behavior [57, 58]. In this study, we found that DCs

respond to 3-D micropatterned substrates by rearranging

podosomes at sites of high membrane curvature. Remark-

ably, both an inward and an outward curvature of the

plasma membrane were able to direct podosome spatial

organization. In addition, changes in surface topography as

small as 100 nm could be sensed by the DC and appeared

to be sufficient to induce podosome alignment. This
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suggests that DCs, when adhering in tissues, might be able

to sense individual ECM fibers, which vary in size between

40 and 60 nm, and concentrate podosomes at hotspots of

high physical stress. Our data indicate that this occurs

irrespectively of the molecular nature of the microenvi-

ronment. Moreover, the actin content of podosomes on 3-D

substrates was found to be higher than on 2-D surfaces,

suggesting that DCs adapt to physical stress by concen-

trating cytoskeletal components on the edges of 3-D

micropatterns. Altogether, our findings render podosomes

as extremely suited structures to stabilize cell adhesion in a

3-D microenvironment.

Podosomes predominantly align along the edges of 3-D

micropatterns, which are regions of high membrane cur-

vature. Moreover, 3-D geometric cues significantly impair

PGE2-induced RhoA activation, thus preventing podosome

dissolution. A model depicting our hypothesis on the

geometry-mediated regulation of intracellular signaling is

shown in Fig. 5d. Regions of high-membrane curvature

selectively concentrate proteins, including BAR domain-

containing proteins, and lipids, such as cholesterol, thereby

creating signaling platforms at the inner leaflet of the

plasma membrane which leads to the directed podosome

formation on 3-D micropatterned substrates [42, 59]. Local

Rho GTPase activity plays an important role in the regu-

lation of podosomes in DCs [43, 60]. While increased

RhoA activity causes podosome dissolution, activation of

Cdc42 and Rac1 stimulates podosome formation. Inter-

estingly, many BAR domain-containing proteins either

induce hydrolysis or exchange of nucleotides on small

G-proteins [61, 62]. In this way, membrane-associated

signaling platforms may create a local enrichment of Rho

GTPase activity at the plasma membrane, favoring the non-

random distribution of podosomes on 3-D micropatterns.

More importantly, downstream signals derived from these

signaling platforms appear to be propagated through the

cytoplasm, since global PGE2-induced RhoA activation,

normally observed on 2-D flat surfaces, is not detectable on

3-D micropatterns. 3-D geometric cues thereby directly

influence the cellular signaling pathways that lead to PGE2-

mediated podosome dissolution in human DCs.

We, and others, have demonstrated before that the

migratory and immunostimulatory capacity of mature DCs

critically depends on the RhoA-mediated dissolution of

podosomes [30, 63]. Furthermore, we showed here that,

next to the adhesive properties, 3-D micropatterned sub-

strates influence the phagocytic capacity and the

maturation status of monocyte-derived iDCs. DC activation

is a key process in initiating an effective immune response.

It has been shown recently that integrin activity is impor-

tant in the response of DCs to biomaterials [64]; however,

it is still very unclear how different physical and chemical

signals influence the activation of DCs. Our results indicate

that substrate dimensionality controls many functions

associated with DC biology, suggesting that DC activation,

and therefore the initiation of an immune response, is

critically controlled by the DC microenvironment. How the

physical and chemical signals are integrated by the DC to

coordinate an immune response remains to be investigated.

Podosomes have been put forward as adhesion structures

involved in the matrix degradation and crossing of tissue

boundaries [65, 66]. Our studies reveal that podosomes are

3-D geometry-sensing structures potentially acting as cel-

lular stabilizers in a 3-D microenvironment. A major

challenge now is to unravel how the cells’ geometry-

sensing machinery induces podosome alignment and alters

the signaling pathways leading to podosome dissolution.
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