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a b S T r ac T
Leukocyte adhesion deficiency type 3 syndrome is a rare primary immunodeficiency 

characterized by an enhanced susceptibility infections and a bleeding disorder. The disease 

is caused by mutations in the FERMT3 gene resulting in an absence of kindlin3, a protein 

expressed in hematopoietic cells, including leukocytes and platelets, that binds to integrins 

and is required for integrin inside-out-activation. Whereas the role of kindlin3 in human 

neutrophils, lymphocytes and platelets has been described, little is known about the function 

of the protein in monocytes and/or macrophages. Here, we demonstrate that LADIII patients 

exhibit a strong in vivo monocytosis, which is associated with defects in macrophage adhesion, 

spreading and 2D- and 3D- migration. We also provide evidence for a profound disruption of 

podosome structure and function in LADIII macrophages. These findings demonstrate for the 

first time a critical role for kindlin3 in macrophage adhesion and migration thereby providing 

an explanation for the reduction in monocyte extravasation, which may well contribute to the 

enhanced susceptibility to infection of LADIII patients. 
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i n T r o d u c T i o n
Leukocyte adhesion deficiency type 3 (LADIII) syndrome is a rare autosomal recessive disorder 

characterized by a bleeding tendency and an enhanced susceptibility to infections (1). The 

disease is caused by mutations in the FERMT3 gene, which encodes the kindlin3 protein (2;3). 

Kindlin3 is a hematopoietic protein that binds to the β-chain of integrins, including β1, β2 and 

β3 and acts as a critical regulator of integrin inside-out activation (4). 

Integrins play an essential role in cell-cell en cell-matrix interactions and this is important 

during a variety of processes, including platelet thrombus formation and leukocyte 

extravasation. During these processes the functional ligand-binding capacity of the relevant 

integrins is enhanced by a conformational change in the extracellular part of the integrins, which 

is triggered by extracellular stimuli and their corresponding intracellular signaling pathways, a 

phenomenon known as integrin inside-out activation (5;6). This critically involves the binding 

of two proteins, i.e. talin-1 and kindlin3, to the cytoplasmic tail of the integrin β-chain (7). The 

requirement of kindlin3 for β1 and β3 -integrin function in platelet aggregation that we have 

previously reported (1;8) explains the bleeding tendency. A recent study with mouse neutrophils 

suggested that integrin activation occurs by a stepwise process, sequentially involving talin-1 

and kindlin3. First, talin-1 is required for inducing conformational extension of the β2 integrin 

LFA-1, which triggers an intermediate level of affinity, and this conformation mediates the slow 

rolling process of neutrophils on the endothelial cells of the vessel wall. The subsequent binding 

of kindlin3 to LFA-1 induces a high-affinity conformation with an arrest of neutrophils on the 

endothelium (9). The leukocytosis associated with LADIII syndrome illustrates the requirement 

for kindlin3 for leukocyte extravasation in humans and this also explains the susceptibility to 

infection and the occurrence of non-pussing infections in particular. 

However, whereas the functional repercussions of kindlin3 deficiency have been studied 

extensively in platelets, neutrophils and lymphocytes , the functions of kindlin3 in macrophages 

have remained largely unknown. This is of particular interest because macrophages, unlike 

other leukocytes, form specialized adhesion structures, known as podosomes, and exhibit a 

specialized type of interstitial migration in tissues, known as mesenchymal migration. During 

this process, podosomes, which contain integrins and most of the F-actin in macrophages, act 

as sites for docking of lysosomal vesicles and the release of proteolytic enzymes. The latter 

is important for degradation of the extracellular matrix during mesenchymal migration of 

macrophages in dense matrices. In the particular case of osteoclasts, which are capable of 

bone resorption by creating a sealing zone with actin rings, a structure created by the fusion of 

podosomes on the bone substratum, kindlin3 has shown to be essential for bone resorption. 

Osteoclasts of kindlin3 deficient mice present podosomes with an altered structure. Schmidt 

et al. showed that the actin core of podosomes is formed independently of kindlin3 but that 

formation of the ring around it were integrins, vinculin, paxilin, talin  and other podosome 

markers localize, together with the formation of sealing zones is impaired in the absence of 

kindlin3 leading to a strong osteopetrosis phenotype in kindlin3-deficient mice (4). A somewhat 

milder osteopetrotic phenotype is observed in LADIII patients (10-12). All of these phenotypes 
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appear to be the consequence of an inability to properly activate of integrins. Here, we have 

studied in detail the adhesion and migration bahaviour and podosomes of human macrophages 

from LADIII patients. This demonstrates for the first time that macrophages from LADIII patients 

have abnormal podosome organization and display impaired adhesion and chemotaxis.

m aT e r i a l  a n d  m e T h o d S
Patient material
The study was performed according to national regulations with respect to the use of human 

materials with written informed consent, and all experiments were approved by the Medical Ethical 

Committee of the Academic Medical Centre in Amsterdam in accordance with the Declaration of 

Helsinki. The 8 LADIII patients from which monocytes were isolated for this study are listed in the 

table below, were the different mutation on the FERMT3 gene are specified. Note that only for Fig.2 

the 8 patients were used, the rest of the experiments were performed with patients 1 and 2.

Patient Number Amino-acid or mRNA change Nucleotide change Mutation References

1 p.Asp393ThrfsX29 c.1173delT Deletion unpublished

2 p.Arg509X c.1525C>T Nonsense (1;3;13)

3 p.Arg509X c.1525C>T Nonsense (1;3;13)

4 p.Arg509X c.1525C>T Nonsense (1;3;13)

5 Deletion exon 14 p.Phe558TrpfsX141 c.1671-2A>G Splite site (14)

6 p.Arg573X c.1717C>T Nonsense (3;13;15)

7 p.Arg573X c.1717C>T Nonsense (3;13;15)

8 p.Lys82ThrfsX67 c.238_244dup7 Duplication (16)

Cell counting
250 µl of whole blood was run in an ADVIA (Siemens) to obtain leukocyte differential counts of 

control and patient material.

Flow cytometry
For flow cytometry analysis isolated monocytes were stained with Ab against integrins: CD29-PE 

(BD Biosciences), CD18-FITC (Pelicluster), CD61-FITC (Pelicluster), β5-PE (eBioscience), CD11a-

FITC (eBioscience) and CD11b-FITC (Pelicluster) for 20 min then washed twice and ran on a LSR 

II cytometer (BD). Results were analyzed with BD FACSDiva Software.

Cell isolation and differentiation
Whole blood was separated by percol density gradient as described before (17) and the ring fraction 

containing the PBMC was harvested and incubated with CD14 Macs Beads (MiltenyBiotech, Auburn, 
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USA) to isolate monocytes according to the procedures recommended by the manufacturer. 

These monocytes were then cultured with RPMI (Gibco) supplemented with 10% FCS and 20 ng/

ml M-CSF (eBioscience) for 7 to 9 days to differentiate them into macrophages. Macrophages 

were then harvested by incubation with 10 mM EDTA (Sigma) for 5’ and flushing.

Western blotting
Cell lysates of macrophages were prepared by addition of an equal volume of Laemmli sample 

buffer containing 50 mM DTT and 1% β-mercapto-ethanol and heated for 30’ at 95°C. Samples 

were put on ice and clarified by centrifugation at 14000 rpm in an Eppendorf centrifuge for 

10’ at 4°C. The samples were subjected SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

and transferred to nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany). Kindlin3 

was detected with antibody T-18 (Santa Cruz Cat-133429). Staining for actin using anti-actin 

antibody (sc-10731) was performed to control for equal loading. After washing a secondary 

antibody HRP-coupled anti rabbit (American Biosciences, Buckingham.UK) was used and the 

signal was detected by enhanced chemiluminescence (Amersham). 

Adhesion and spreading assays
For the adhesion assay macrophages (4 x 104) were seeded on fibronectin, fibrinogen or 

vitronectin-coated Ibidi chambers (µ-Slide VI0,4) and left to adhere for 30’ in the presence or 

absence of RGD and GRGDSP peptides (Bachem 0,5 mM each), then flushed twice and fixed with 

3,7% paraformaldehyde (PFA) (Sigma) for 15’. Cells left on the chamber were then counted under 

an Evos microscope (AMG). For the spreading assay macrophages were seeded on culture 

plastic or fibrinogen overnight, fixed as described above and stained with phalloidin-FITC. 

Images were taken with a wide field microscope (Zeiss) and the surface area of approximately 

100 cells per condition was determined using Image J software.

Migration assays
For 2D migration experiments macrophages were seeded on an 8 µm chip and 2 µl of a 10 nM 

C5a solution was added as a chemoattractant. Cells migrated over a fibrinogen coated glass and 

when indicated RGD and GRGDSP peptides were present at a concentration of 5 mM each. The 

migration of the cells was monitored for 60’, using a time-interval of 30”on a Taxiscan device. 

Tracks of 20 (LADIII conditions) or 40 (Control conditions) cells were analyzed and velocity 

and directionality was calculated using the “Chemotaxis and migration tool” plug-in for Image 

J. Variability of the direction of motion was quantified by the coefficient of variation (CV). 

For the 3D migration experiments Matrigel (BD Biosciences, Bedford, MA, USA) was poured 

in 24 Transwell inserts (8 µm pores Falcon, Colorado Springs CO, USA) and polymerized as 

described (18). Collagen gel matrices were prepared by polymerizing bovine collagen (5 mg/

ml) (Nutragen, Advance biomatrix San Diego, CA, USA) in a solution with HCl 0,01 M and NaOH 

0,1 M. Fibrillar collagen I matrices were prepared by mixing bovine collagen (2 mg/ml) and rat 

tail collagen (4 mg/ml) (BD Biosciences, Bedford, MA, USA). The preparation was added to 
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Transwell inserts (8 µm pores, Falcon, Colorado Springs CO, USA) and allowed to polymerize. 

Lower and upper chambers of a transwell system (Nunc, Thermo Fisher, Waltham, MA, USA) 

were filled with RPMI 1640 containing 10% FCS and 20 ng/mL rmM-CSF (eBiosciences, Bedford, 

MA, USA) or 1% FCS and 20 ng/mL rmM-CSF, respectively. After starvation for 4 h with RPMI

containing 1% FCS BMDMs (2 x 104) cells were seeded in the upper chamber and allowed 

to migrate. After 48 h z-series images were acquired at 30µm intervals with a Zeiss observer 

microscope. The percentage of migrating cells was determined from z-stack images of the 

matrix and normalized to the total number of cells in the field of view. Where indicated, the 

ROCK inhibitor Y27632 (10µM) (VWR international, Randor, Pensilvania, USA) was added to both 

the upper and the lower chambers.

Immunofluorescence microscopy
Macrophages (4 x 104) were seeded on fibronectin-coated Ibidi chambers (µ-Slide VI0,4) 

overnight. Cells were fixed with 3,7% PFA (Sigma) for 15’, washed, permeabilized with Triton-X100 

(0,1%; Sigma, St Louis, MO, USA) for 10’, washed, and stained with anti-vinculin Ab (clone HVin-1, 

Sigma), followed by FITC-conjugated goat anti–mouse (Invitrogen) and FITC–coupled phalloidin 

(Molecular Probes, Invitrogen). Slides were visualized on a Zeiss observer microscope.

Proteolytic degradation assay
Coverslips were coated with 0,2 mg/ml FITC coupled-gelatin (Molecular Probes, Invitrogen, 

Carlsbad, CA, USA) as previously described (18). Macrophages (1,5 x 105) were cultured for 16h 

on gelatin-FITC, fixed with 3,7% PFA (Sigma) for 15’, washed, permeabilized with Triton-X100 

0,1% (Sigma) for 10’, washed, and processed for phalloidin staining, and observed as described 

above. The extent of degradation was assessed by measuring the area of degraded gelatin-

FITC on a specific field of view and dividing it by the number of cells within the same image. 

Quantification was done using Image J. Areas of 100 cells were quantified for each condition in 

3 separate experiments.

Lentiviral transduction and live cell imaging
Macrophages were transduced with control virus, virus containing a kindlin3-GFP construct 

(Kindlin3 cDNA was PCR amplified and cloned into pENTR d TOPO (Invitrogen)) and/or LifeAct 

(19) (Ibidi) on day 4 of differentiation. Lentiviruses were added to the cells in a mix with 0,5 % 

protamine sulphate, left overnight and then washed twice with PBS. Macrophages were used 

for experiments on day 7 to 9 of differentiation. For live cell imaging of podosome formation 

macrophages were serum starved overnight, detached with a solution of 10 mM EDTA (Sigma), 

plated on glass and immediately visualized using an Axio Observer wildfield fluorescence 

microscope (Zeiss). The reconstitution spreading experiments were carried out as described 

above. For the podosome recovery experiment macrophages were plated on fibrinogen, 

left overnight to form podosomes, fixed, permeabilized and stained for F-actin and vinculin.  

Approximately 100 cells were counted for each condition.
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Statistical analysis
All data are presented as mean plus SEM. Statistical analyses were performed by unpaired 

Student t-test using Prism software (GraphPad, version 5.01). P values equal or lower than 0,05 

were considered significant.

r e S u lT S
Adhesion and spreading are affected in LADIII macrophages
The defects in platelets, neutrophil and lymphocyte adhesion and/or migration of LADIII patients 

have been characterized in detail, but much less is known about the functioning of monocytes 

and macrophages from such patients. This is of particular interest since macrophage display 

unique migration and adhesion behaviour, and form specialized adhesion structures known 

as podosomes (20). In the present study we evaluated the adhesion and migration phenotype 

of monocytes and macrophages obtained from two unrelated LADIII patients with distinct 

mutations (patients 1 and 2 in table in M&M section). One patient, which carries a nucleotide 

substitution (c.1525C>T) introducing a premature stop codon (p.Arg509X) in exon 12 the FERMT3 

gene leading to a complete absence of protein expression in all white blood cell populations 

has previously been reported (1;3;16;21), whereas the other, which has a nucleotide deletion 

(c.1173delT) causing a frameshift and a stop codon (p.Asp393ThrfsX29) in exon 9, which also 

leads to an absence of detectable kindlin3 protein in monocytes (Fig.1). A prominent feature of 

LADIII patients, which occurs as a result of impaired leukocyte extravasation, is the enhanced 

number of circulating neutrophils and lymphocytes (16). First, we evaluated whether this was 

also the case for monocytes by analyzing blood samples from 8 different patients (table in 

M&M section). Indeed, we observed a profound on average 6-7 fold  increase in the number of 

monocytes circulating in the blood of these patients (Fig 2) consistent with a deficiency in one 

or more stages of the in vivo extravasation process of these cells. The extent of the monocytosis 

was comparable to the neutrophilia (Fig. 2) and lymphocytosis (not shown), suggesting that the 

Figure 1. Absence of kindlin3 in LADIII macrophages of patient 1. LADIII and control macrophages were lysed and 
a Western Blot was stained for the presence of Kindlin3. Actin was used as a loading control.

 

Cont LADII

Kindlin3 

Actin  

119



defect in extravasation was similar for the different leukocyte populations. In order to evaluate 

in more detail the adhesion capacity of LADIII macrophages both LADIII and control monocyte-

derived macrophages were seeded on different extracellular matrix substrate proteins for 30’. The 

percentage of adherent cells was markedly reduced in LADIII macrophages (Fig 3a) compared to 

control cells, demonstrating the kindlin3-dependence of macrophage adhesion to these different 

substrates. Addition of RGD and GRGDSP peptides further confirmed the integrin dependence of 

macrophage adhesion.  Furthermore, spreading after 7 days of differentiation on plastic, or after 

overnight culture of mature macrophages on fibrinogen was also dramatically reduced (Fig 3b).

Although there is no evidence that the expression of integrins is altered on LADIII leukocytes, 

including freshly isolated monocytes (1), we wanted to verify this for the relevant integrins on 

mature monocyte-derived macrophages as well. This was evaluated for the major integrin 

subtypes expressed by human macrophages, including β1-integrins (CD29), the β2 integrins 

CD11a/CD18 and CD11b/CD18, and the β3 (CD61) and β5 integrins. We observed a seemingly 

normal surface expression of all integrin polypeptide chains, with the possible exception of the 

β3 chain (CD61), which appeared to be reduced to ~40% of normal levels (Fig 4).

Abnormal chemotaxis by LADIII macrophages
Neutrophils and lymphocytes of LADIII patients display strong defects in chemotaxis (22;23). 

However, these leukocyte subsets can only perform the so called amoeboid type of migration, 

whereas macrophages can perform both amoeboid and mesenchymal migration, depending 

on the nature of the substrate (24). First, we measured macrophage chemotaxis in real-time 

with C5a as the chemoattractant on a fibrinogen coated surface. Although the macrophages 

from both control as well as LADIII patients showed chemotaxis, with comparable levels of 

directionality (Fig. 5A) and velocity (Fig. 5B) there were very clear differences in the way the cells 

migrated. Macrophages from healthy donors made long protrusions at the front and the rear of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Leukocytosis in LADIII syndrome patients. Differential leukocyte counts were obtained from 8 LADIII 
patients and 5 controls and the neutrophil and monocyte counts are shown. Each symbol represents a separate 
patient. Note that LADIII patients have a more than 6 fold increase in both circulating neutrophils and monocytes 
(*: significant difference p<0,05)
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the cells. In contrast, macrophages from LADIII patients made a large and wide leading edge, 

with almost no formation of a rear tail at all  (Fig 5C and D). Another striking observation was 

that during migration the leading edge of a considerable proportion of the LADIII cells (~25%) 

would tear off the cell body. To our complete surprise these leading edge fragments would 

continue their directed migration independently of the cell body (Fig. 5E, F and Video1, see link 

on legend). This was a unique phenomenon that was never observed by us before with any of 

the control cell preparations (n>8) evaluated. To show that the migration is integrin-dependent 

we blocked integrin adhesion by adding RGD and GRGDSP peptides (Fig 5). Of interest in the 

 

 

 

 

 

 

 

 

 

 

 

 

 

B A 

Figure 3. LADIII macrophages exhibit defective adhesion and spreading. A) Adhesion is impaired in LADIII 
macrophages. Macrophages were plated on different integrin ligand substrates (fibronectin, fibrinogen and 
vitronectin) and their adhesion was determined. Three fields of view were counted and the average of this is 
shown for each condition. Where indicated a mix of RGD and GRGDSP peptides (0,5mM each) were added to 
inhibit integrin-dependent adhesion. B) LADIII spreading is strongly impaired. Macrophages were cultured on 
plastic or seeded on fibrinogen. The area of more than 100 cells for each condition was measured and expressed 
as Spreading Index ((Area of spread cell / area of suspension cell)-1). The corresponding p values are 0,0007 
and 0,000008 for fibrinogen and plastic respectively, results represent the averages of 3 different independent 
experiments performed in duplicate.
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Figure 4. Integrin expression on LADIII macrophages. Macrophages from the two LADIII patients were stained 
for the macrophage relevant integrins, results are depicted in a bar graph normalized to their respective controls 
with means and SD. Results are representative of 2 independent experiments.
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presence of RGD and GRGDSP peptides control cells, but not the LADIII macrophages, migrated 

considerably faster, this is in line with the idea that extensive integrin activation can inhibit 

migration (25). In addition some events of leading edge rupture were also observed on control 

cells migrating in the presence of RGD and GRGDSP peptides (Video 1, see link on legend).  The 

lack of enhanced migration triggered by RGD and GRGDSP in LADIII patients clearly suggests 

that this is a kindlin3-dependent process. By comparison to macrophages, when neutrophils of 

LADIII patients were tested in the real-time chemotaxis assay using C5a as the chemoattractant, 

chemotaxis appeared to be substantially affected (Fig 5G), whereas the morphology of the cells 

was not different from that of control cells. Furthermore, no leading edge breakage was seen 

in neutrophils from LADIII patients. Thus, despite their defect in cell adhesion and spreading 

(Fig. 3), and in contrary to neutrophils from LADIII patients, macrophages from the same 

patients do not exhibit defective chemotaxis  with respect to the speed or directionality of their 

migration. Thus, LADIII macrophages display unique defects in their migration behaviour and 

morphology, which includes the lack of rear tail formation and the shedding of large cellular 

fragments that maintain directional migration capacity. 

Kindlin3 regulates podosome structure and dynamics
Podosomes are the main specialized adhesion structure associated with integrins in 

macrophages, and it is via these structures that macrophages can release proteolytic enzymes 

in a directional fashion, which in turn is important for e.g. the degradation of dense extracellular 

matrixes during interstitial migration in tissues (26). Podosome formation was evaluated upon 

adhesion of control or LADIII macrophages to fibrinogen. 

Typical podosomes on normal macrophages are characterized by an F-actin core surrounded 

by various proteins including vinculin, talin, CD44, β1 and β2-integrins and cortactin (27;28) 

(Fig 6A). LADIII macrophages, on the other hand, formed clusters of very unusual, large and 

circular adhesion structures (Fig 6). F-actin was strongly enriched in these structures, with 

most intense expression on the edges (Fig. 6). Several protein markers of podosomes (i.e. 

vinculin, CD44, β1 and β2-integrins and cortactin) were also strongly accumulating in these 

structures (Fig 6B) but although podosomes from both control and LADIII cells shared all the 

Figure 5.  Chemotactic properties of LADIII macrophages. C5a-induced chemotaxis by LADIII macrophages 
on fibrinogen is characterized by normal performance in terms of velocity or directionality, but with striking 
morphological abnormalities. A) LADIII macrophages migrate as fast as control cells. B) LADIII macrophages 
exhibit normal directionality during chemotaxis. The variability on the direction of migration is expressed by the 
coefficient of variation (CV). C, D) Rear tail formation is dependent on integrin activation by kindlin3. Whereas 
control cells commonly formed rear end tails during chemotaxis (indicated with arrows), these were absent 
for LADIII macrophages. E, F) Shedding of cytoplasmic fragments of the leading edge of LADIII cells during 
chemotaxis. Note that the shed cytoplasmic fragments continue directional migration, leaving the immobile 
cell body behind. G) LADIII neutrophils show impaired chemotaxis. Methods for determining accumulated 
distance, directionality and speed are described in the M&M section. Results are representative of 2 independent 
experiments performed in 2 different patients in duplo. In A,B and G individual cells were considered independent 
events so statistics could be performed. ▶
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typical podosome markers, their molecular architecture was clearly very disturbed and the 

canonical structure of an F-actin core surrounded by the above mentioned markers was absent. 

Despite the disorganized nature of these podosome–like structures, they did act as adhesion 

structures and were the only parts of the cells that were actually anchored to the substrate ( 

Fig. 6 and Video 2, see link in legend). In order to investigate whether the observed abnormal 

podosome-like adhesion structures of LADIII macrophages nevertheless actually behave like 

podosomes with respect to the capacity to secrete proteolytic enzymes (24), we next plated 

macrophages from the LADIII patients and control cells on gelatin-FITC coated surfaces and 

quantified their gelatin degradation overnight (Fig 7). Degradation by LADIII cells was impaired 

by more than 50% in total on a single cell basis as compared to control macrophages (Fig 7B), but 

the LADIII may cover less surface as a consequence of their reduced spreading (see Fig. 3B). A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A                 B

Figure 6. Kindlin3 regulates podosome structure and dynamics. Macrophages from control and LADIII patients 
were plated on fibrinogen, fixed, permeabilized and stained for the indicated podosome markers A) Comparison 
of control and LADIII podosomes. B) LADIII podosomes express canonical markers but have impaired structure. 
Scales bars on all images represent 5µm.
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careful analysis of the degradation by these LADIII cells showed that the degradation observed 

was exclusively associated with the podosome-like structures structures (Fig 7A). However, 

whereas normal podosomes have a highly dynamic nature, the podosome-like structures of 

LADIII macrophages appeared to form very stable adhesion structures on the substrate, which 

restricted cellular mobility. In order to investigate the dynamics of the podosomes of LADIII 

macrophages these cells were transduced with a LifeAct-mCherry lentivirus to visualize F-actin. 

Live cell imaging showed that when LADIII macrophages were spreading on glass coverslips, 

they rapidly formed these circular disorganized podosome-related structures (Video 2 and data 

not shown). Moreover, the structures remain remarkably stable over time showing a lifespan 

that exceeded several hours. In contrast, normal podosomes are very dynamic structures 

with an average lifespan of about 10 min (24;26). Therefore the decreased gelatin degradation 

observed, which was quantified as average surface of gelatin degradation per cell, might not 

so much have been the result of an intrinsic difference in the release of proteolytic enzymes, 

but rather of a reduced dynamics of podosomes altogether, allowing the cell to cover and 

also degrade much less surface area of the substrate. Thus, kindlin3 deficiency leads to the 

formation of very stable and disorganized, but nevertheless functional podosomes.

LADIII macrophage migration in 3D matrices is not affected
In contrary to other hematopoietic cells, including neutrophils and lymphocytes, which can 

only perform the amoeboid type of migration, macrophages can actually use two modes for 
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Figure 7. LADIII macrophages exhibit normal podosome function. A) Image of FITC labeled gelatin degraded by 
control and LADIII macrophages. Red is F-actin, green is Gelatin and blue DAPI. Although the overall degradation 
is reduced on the LADIII cells a careful look reveals degradation correlating to the podosome like structures 
of the LADIII macrophages. B) Quantification of gelatin degradation per cell. Results are representative of 2 
different independent experiments performed in triplicate.
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interstitial migration in tissues. In relatively open porous matrices, they use the ‘amoeboid’ 

mode of migration and in dense poorly porous matrices, they use ‘mesenchymal’ migration. 

As indicated before the latter involves proteases secreted at podosomes essentially to create 

paths through the matrix. In fibrillar collagen I, a matrix forming large pores (>2 µm), LADIII 

macrophages exhibited the typical round and blebbing cell shape of the amoeboid movement 

that control cells demonstrate (Fig 8A) and the percentage of cells infiltrating the matrix and 

the migration distance after 48h were comparable for LADIII and control macrophages (Fig 8B). 

When seeded on dense matrices, i.e. matrigel or gelled collagen I, LADIII macrophages, which 

have an adhesion defect as shown before (Fig. 3),  rolled to the lower point of the meniscus 

formed during the polymerization process, which precluded a proper quantification of the 

total cell number and therefore also accurate determination of the proportion of migrated 

cells. However, we were able measure the distance covered by the migrating macrophages 

into the matrices after 48h of migration, and this was shown to be comparable for control and 

LADIII macrophages in both types of matrices. Furthermore, macrophages of both control cells 

and LADIII patient cells exhibited the characteristic elongated cell shape of the mesenchymal 

movement Fig 8A. In conclusion, macrophages from LADIII patients do not exhibit any obvious 

3D migration defect in either the mesenchymal or amoeboid mode.

Kindlin3 reconstitution recovers spreading and podosome formation  
in LADIII macrophages
To formally prove that the spreading deficiency and the podosome structure and dynamics 

phenotype observed on the LADIII macrophages was a direct consequence of the absence of 

kindlin3 we performed reconstitution experiments. LADIII macrophages were transduced with 

kindlin3-GFP. GFP-positive macrophages were evaluated for their spreading and podosome 

formation capacity. As depicted in Fig 9, cells transduced with the kindlin3-GFP construct were 

able to spread as well as control cells (Fig. 9B), lost the ability to form the type of aberrant 

podosomes described above, and at least partially recovered their ability to form normal 

podosomes (Fig 9C). These finding demonstrate that the observed features are primarily a 

direct consequence of the absence of kindlin3 in macrophages.

d i S c u S S i o n
Available evidence suggests that kindlin3 plays a critical role in both the adhesion and migration 

of leukocytes. Kindlin3 is known to bind to at least several of the integrin β-chains, including 

β1, β2 and β3 integrins, and is believed to play a critical role in the inside-out activation of these 

integrins (9;11). More recent findings indicate that there may actually be multiple stages of integrin 

activation, at least in hematopoietic cells, and this involves the coordinated actions of talin1 and 

kindlin3. Particularly, talin1 appears essential for establishing an intermediate stage of integrin 

activation, whereas kindlin3 is required for the subsequent full activation (9). Here we report that in 

macrophages of LADIII patients that lack kindlin3 there is clearly impaired adhesion and spreading, 

which is consistent with that seen in other leukocytes (29;30). However, the overall performance 
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Figure 8. LADIII macrophage migration in 3D matrices is normal. A) Photomicrographs of control and LADIII 
macrophages embedded in fibrillar or gel collagen. No differences are noted between LADIII and control cells 
when they adopt amoeboid or mesenchymal shapes in fibrillar or gelled collagen, respectively. B) 3D migration of 
macrophages is kindlin3 independent. In both porous and non porous matrices the LADIII macrophages perform 
similarly as control cells. Results are representative of 2 (Collagen fibrillar), 3 (Matrigel) and 1 (Collagen gel) 
independent experiments performed in triplicate.
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Figure 9. Kindlin3 reconstitution in LADIII macrophages recovers spreading and podosome formation. A) Kindlin3 
transfected cells were able to spread normally and podosome formation occurs. Control and LADIII cells were 
transduced with control-mCherry or Kindlin 3-mCherry vectors and analyzed under the microscope. B) LADIII 
cells transfected with kindlin3 recover from their spreading-deficiency. The spreading index of >50 cells was 
determined per condition and the averages ± SEM are shown. C) Kindlin3 transfection on LADIII podosomes 
partially recovers podosome formation. Again over 50 cells per condition were evaluated for the presence 
of podosomes and the percentage of podosome-containing cells is shown. Results are representative of 1 
experiment performed in triplicate.
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of macrophages in different migration assays, including either chemotaxis on 2D substrates or 

amoeboid or mesenchymal migration in 3D matrices, was actually not substantially affected. The 

latter is of interest given the fact that previous studies have shown a strong integrin dependency 

for macrophage chemotaxis (31;32) This is also in line with our own findings  which show that 

the integrin-inhibitory RGD and GRGDSP peptides are able to inhibit the chemotaxis of LADIII 

macrophages, which provides direct evidence for integrin involvement at least in the chemotaxis 

assay that we have used in the present study. Therefore, it appears that kindlin3 is not required for 

all integrin-dependent processes in macrophages. Of interest, previous studies on macrophages 

have suggested that there is a delicate interplay between adhesion strength and migration ability 

with an optimal point for intermediate adhesion (25). Our results are consistent with the idea that 

an intermediate level of integrin activation in LADIII macrophages is sufficient to perform as good 

as control macrophages. It should be noted in this context that in the case of neutrophils adhesion, 

spreading as well as chemotaxis, including that induced by C5a (Fig 5G and (23)), these are clearly 

all dependent on the presence of kindlin3. Therefore it could be that full integrin activation is less 

important in the migration of macrophages as compared to neutrophils, or that in macrophages the 

broad range of integrins expressed makes it possible for putative kindlin3-independent integrins 

to substitute for the absence of this protein. One possible reason why neutrophil accumulation in 

tissues might be subject to additional control mechanisms, including a requirement for kindlin3, 

could be related to their higher potential capacity for tissue damage.  

In spite of this difference it appears that the overall defect in the extravasation of monocytes 

and neutrophils is comparable. This may primarily be explained by the reduced adhesive 

capacity of both cell types, as integrin-dependent firm adhesion is an integral and essential 

part of the leukocyte extravasation process (33).   

Besides a normal overall performance of LADIII macrophages in chemotaxis experiments 

it was clear from our real-time analysis that LADIII macrophages migration is very abnormal. 

First, they form little or no rear tails, a process that is known to be dependent on integrins in 

neutrophils, eosinophils (34) and fibroblasts (35) Secondly, they showed a striking  shedding of 

large cytoplasmic fragments from the leading edge. Perhaps even more surprisingly the shed 

fragments maintain directional chemotaxis behaviour, a phenomenon that has according to 

our knowledge not been observed before. The precise underlying mechanisms have still to be 

discovered, but our results support the idea that kindlin3 plays a vital role in the coordination 

of integrin activation and deactivation.

Another prominent feature we observed was that LADIII macrophages formed disorganized 

podosome-like structures. These podosomes did not only harbor many of the characteristic 

podosome proteins, albeit in a disorganized fashion, but also retained the ability for proteolytic 

degradation. Clearly, these LADIII podosomes were found to be much less dynamic than normal 

podosomes. Nevertheless, the mesenchymal migration that is believed to involve macrophage 

podosome formation and function appeared essentially unaffected. Clearly, these findings 

suggest that there is a considerable level of flexibility of podosome structure and dynamics 

relative to the functional aspects (i.e. proteolytic protein secretion and mesenchymal migration), 

and this raises questions about the exact structure-function relationship of podosomes.
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Taken together, these studies show that macrophages of LADIII patients have an impaired 

adhesion and spreading, which likewise explains their reduced extravasation and thereby their 

accumulation in the circulation. LADIII macrophages also display abnormalities in podosome 

formation and chemotaxis that may further hamper their interstitial migratory capacity.

Video 1. Control and LADIII macrophages migrating on a C5a gradient. The leading fragment of some 

LADIII macrophages breaks loose from the cell body and continues to migrate. Note the different 

morphologies adopted by the macrophages on the different conditions. Link to the video:

https://www.youtube.com/watch?v=oGfHE39N1Y0&feature=youtu.be

Video 2. Disturbed Podosome dynamics on LADIII macrophages. Wile control podosomes are 

rapidly changing location and present a very dynamic nature the actin cores of the podosome-

like structures on LADIII macrophages stay fixed for hours. The fluorescent signal corresponds 

to F-actin. Link to the video:

https://www.youtube.com/watch?v=kzwCVFUYZbQ&feature=youtu.be
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