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Phagocytosis is coupled to the formation of phagosome-associated 
podosomes and a transient disruption of podosomes in human macrophages 
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A B S T R A C T   

Phagocytosis consists in ingestion and digestion of large particles, a process strictly dependent on actin re- 
organization. Using synchronized phagocytosis of IgG-coated latex beads (IgG-LB), zymosan or serum 
opsonized-zymosan, we report the formation of actin structures on both phagocytic cups and closed phagosomes 
in human macrophages. Their lifespan, size, protein composition and organization are similar to podosomes. 
Thus, we called these actin structures phagosome-associated podosomes (PAPs). Concomitantly to the formation 
of PAPs, a transient disruption of podosomes occurred at the ventral face of macrophages. Similarly to podo
somes, which are targeted by vesicles containing proteases, the presence of PAPs correlated with the maturation 
of phagosomes into phagolysosomes. The ingestion of LB without IgG did not trigger PAPs formation, did not 
lead to podosome disruption and maturation to phagolysosomes, suggesting that these events are linked together. 
Although similar to podosomes, we found that PAPs differed by being resistant to the Arp2/3 inhibitor CK666. 
Thus, we describe a podosome subtype which forms on phagosomes where it probably serves several tasks of this 
multifunctional structure.   

1. Introduction 

Macrophages are immune cells that are involved in both innate and 
adaptative immune responses (Jakubzick et al., 2017). They migrate to 
reach infectious sites and ingest microorganisms, debris and foreign 
bodies, a process called phagocytosis (Jaumouille and Grinstein, 2016; 
Uribe-Querol and Rosales, 2020). Both migration and phagocytosis rely 
on a strong and coordinated re-organization of the actin cytoskeleton. 
Phagocytosis is the specialized capacity of a subpopulation of immune 
cells called phagocytes to ingest particles larger than 0.5 μm. Despite the 
discovery of phagocytosis at the end of the 19th century, many aspects of 
this process remain unclear. During phagocytosis, actin polymerization 
is responsible for engulfment of particles and phagosome maturation 
(Freeman and Grinstein, 2014; Gray and Botelho, 2017). However, the 
dynamics of actin polymerization at phagosomes is regulated differently 
when FcγR for IgG or CR3 receptors are engaged (Allen and Aderem, 
1996; Caron and Hall, 1998; Jaumouille and Waterman, 2020; Rotty 

et al., 2017). 
During the first steps of phagocytosis, actin filaments organize as a 

dense meshwork underlying the plasma membrane in a structure called 
the phagocytic cup. Following the formation of this cup, actin re- 
organizes progressively all around the particle until closure of the 
phagosome membrane. Then, the phagosome traffics along microtu
bules and sequentially fuses with endosomes and lysosomes to form 
phagolysosomes (Uribe-Querol and Rosales, 2020). Along this matura
tion process, the phagosome progressively loses its F-actin coat. The 
abundance of actin around the phagosome determines its capacity to 
fuse with lysosomes. The presence of a dense actin meshwork inhibits 
the fusion of phagosomes with lysosomes (Jahraus et al., 2001; Liebl and 
Griffiths, 2009), whereas a less abundant organization of actin filaments 
at the phagosome membrane can serve as tracks for lysosomes to move 
forward phagosomes (Anes et al., 2003; Jahraus et al., 2001; Kjeken 
et al., 2004). Moreover, flashes of actin have been described on a small 
proportion of mature phagosomes in RAW 264.7 macrophages that 

Abbreviations: PAP, phagosome-associated podosome; LB, latex beads; IgG-LB, IgG-coated latex beads; Z, zymosan; OZ, serum-opsonized zymosan. 
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ingest IgG-coated particles, as well as in non-phagocytic cells infected by 
Listeria monocytogenes (Liebl and Griffiths, 2009; Yam and Theriot, 
2004). More recently, flashes have been shown to form on the phag
osome surface when phagocytosis is mediated by complement receptors 
but not by Fc receptors and they are more abundant when particle 
stiffness decreases (Poirier et al., 2020). Dynamic analysis of these 
flashes indicated that actin filaments follow several assem
bly/disassembly cycles, a phenomenon that lasts the first hour of the 
phagocytic process and that is Arp2/3-dependent. Despite some con
tradictory results, the proposed function of actin flashes is to contract 
phagosomes and improve the degradation of the phagosome content 
(Liebl and Griffiths, 2009; Poirier et al., 2020). 

In addition to these actin structures present on closed phagosomes, 
podosome-like structures have also been observed at phagocytic cups 
(Allen and Aderem, 1996; Labrousse et al., 2011; Ostrowski et al., 2019). 
Podosomes, constitutively form in macrophages, dendritic cells and 
osteoclasts, and participate in cell adhesion, proteolysis of the extra
cellular matrix and mechanosensing of the cellular environment. They 
comprise a dense core of F-actin, surrounded at its basis by a ring of 
adhesion complexes linked to the actin cytoskeleton (van den Dries 
et al., 2019). In dense and non-penetrable environments, podosomes are 
involved in opening paths that allow the migration of macrophages 
(Maridonneau-Parini, 2014). The podosome-like structures described at 
phagocytic cups are similar to podosomes in term of composition and 
architecture but can be distinguished by their lifespan and distinct 
regulators of their formation (Allen and Aderem, 1996; Labrousse et al., 
2011; Ostrowski et al., 2019). The podosome-like structures found on 
early phagosomes were proposed to mediate particle internalization 
(Allen and Aderem, 1996) and to perform a mechanical sealing of the 
phagosome membrane with the ingested particle (Ostrowski et al., 
2019). This mechanical function is reminiscent of the force that is 
required to zip the phagosome membrane around particles and to detect 
the rigidity of the extracellular environment by podosomes (Jaumouille 
and Grinstein, 2016; Labernadie et al., 2014; Mylvaganam et al., 2018). 
Podosomes are targeted by late endosomes/lysosomes that deliver pro
teases, including MT1-MMP, in their close vicinity (Cougoule et al., 
2005, 2010; Jeannot and Besson, 2020; Marchesin et al., 2015; Monteiro 
et al., 2013; Wiesner et al., 2010). Phagosomes also fuse with endosomes 
and lysosomes, a process known as phagosome maturation, the resulting 
phagolysosome offers a specialized acidic and hydrolytic milieu dedi
cated to degradation of the engulfed particle. It is therefore tempting to 
hypothesize that podosome-like structures are not only involved in the 
early stages of phagocytosis but also play a role all along phagosome 
maturation. However, it is still unknown whether podosome-like 
structures are present after phagosome closure. 

We therefore examined whether podosome-like structures i) are 
present on closed phagosomes, ii) form around any particles regardless 
of the phagocytic pathway, iii) correlate with phagolysosome formation, 
and iv) impact the formation of podosomes at the ventral membrane of 
macrophages. 

2. Materials and methods 

2.1. Products and antibodies 

Zymosan A (Z4250) was provided by Sigma-Aldrich. Latex 
microbeads (Fluoresbrite Yellow Green Microspheres, 17155-2) was 
from Polyscience. CK-666 (ab141231) was purchased from Abcam. 
Phalloidin-546 and -647, secondary antibodies donkey anti-mouse 
(Alexa Fluor 647) and goat anti-mouse (Alexa Fluor 647) were pur
chased from Fischer Scientific and all used at a 1:200 dilution. Mouse 
monoclonal antibodies anti-Cortactin (1:100, p80/85, clone 4F11), and 
rabbit anti-ovalbumin (1:10, ab1225) were from Millipore. Anti- 
vinculin (1:100, V9131, clone HVIN-1) antibodies and goat anti-rabbit 
TRITC were purchased from Sigma. Paxillin antibodies (1:100, 
P13520) was from BD Transduction Laboratories and anti-LAMP1 

(1:100, clone H4A3) from Santa Cruz. Rab 5 antibodies (1:100, clone 
2E8B11) were from ThermoFischer. CD18 antibodies (1:100, clone 
MHM23) from Dako. Human MCSF (130− 096-489) was purchased from 
Miltenyi (France). Fluorescein isothiocyanate (F1906) was provided by 
Molecular Probes. 

2.2. Cells 

Human monocytes were isolated from the blood of healthy donors 
(buffy coats obtained from Etablissement Français du Sang) and differ
entiated into human monocyte–derived macrophages (hMDMs) as pre
viously described (Van Goethem et al., 2010). After cell sorting with 
CD14-magnetic beads, monocytes were differentiated in RPMI culture 
medium with 10% FCS (Fisher Scientific, France) containing 20 ng/mL 
of human M-CSF for 7–8 days before their use. The culture medium was 
usually renewed on the third or fourth day. In experiments with CK666, 
macrophages were pre-incubated for 15 min with either the drug solu
bilized in DMSO or vehicle. 

2.3. Phagocytosis assays 

Zymosan A (Z, 10 mg) was placed overnight at 4 ◦C in rotation with 
FITC (0.5 mg/mL) in 1 mL of bicarbonate reaction buffer (0.25 M pH 9) 
then washed with PBS (Fisher Scientific). For opsonisation, FITC- 
labelled zymosan was incubated at 37 ◦C under agitation with human 
serum (H4522, Sigma-Aldrich) at 37 ◦C for 30 min then washed with 
PBS. 

Latex beads (LB, Fluoresbrite yellow green, Polyscience, diameter : 3 
μm) were coated with ovalbumin (1 mg/mL in PBS) for 1 h at room 
temperature and washed with PBS containing BSA (10 mg/mL, 
115004696, Fisher Scientific). To obtain IgG-opsonized latex beads, 
ovalbumin-coated beads were then incubated with anti-ovalbumin an
tibodies for a hour (1:10, room temperature) and washed 3 times. 

Particles were added to macrophages at several multiplicity of 
infection (MOI) to obtain equivalent rates of phagocytosis. Z and LB 
were used at MOI 30:1; IgG-LB and OZ at MOI 10:1 with macrophages 
plated on coverslips. Phagocytosis was synchronized with a centrifuga
tion at 170 g for 5 min. Unbound beads were washed off with culture 
medium and cells were then incubated at 37 ◦C for the indicated time 
points. In some experiments, to chelate divalent cations, EDTA (5 mM) 
was added to the medium concomitantly to IgG-LB and the phagocytosis 
assay was carried-out for 5 min. 

2.4. Immunofluorescence 

After cell fixation for 30 min at RT with 3.7 % paraformaldehyde in 
PBS containing 15 mM sucrose, unreacted aldehyde functions were 
quenched with 50 mM NH4Cl in PBS for 5 min at RT as previously 
described (Labernadie et al., 2010). Cells were then washed and per
meabilized with 0.1 % Triton X100 in PBS for 10 min at RT before being 
saturated with 5% BSA in PBS for 30 min at RT. Cells were then stained 
with primary antibodies in the presence of 5% BSA (PBS/BSA) for 30 
min at RT, washed three times in PBS and incubated in the dark with a 
mixture of secondary antibodies and fluorescent phalloidin (546 or 647, 
to detect F-actin) for 30 min at RT. Samples were then mounted with the 
fluorescent mounting medium from DAKO. 

To determine whether green latex beads were internalized or not, 
cells challenged with IgG-coated LB were fixed and subjected to TRITC- 
conjugated goat anti-rabbit secondary antibodies (1:150 dilution) 
without cell permeabilization. When cells were challenged with LB, they 
were fixed and not permeabilized, subjected to anti-ovalbumin anti
bodies and revealed by TRITC secondary antibodies. Thus, yellow beads 
(green + red) are those remained outside while green beads were inside 
phagosomes. This approach also attested that phagosomes are sealed 
when they contain green beads. 
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2.5. Microscopy and image analysis 

Immunofluorescent samples were observed using a PL Fluotar 40x/ 
NA 1.0− 0.5 oil immersion objective on a Leitz DM-RB microscope, 
equipped with a CoolSnap HQ CCD camera (Roper Scientific) and the 
Metaview sofware (Roper Scientific). 

When indicated, super-resolution images were obtained using a 
LSM880 confocal microscope equipped with a Fast Airyscan module 
(Carl Zeiss) and is with and a Plan-Apochromat 40x/NA 1.3 oil DIC UV- 
IR M27 objective. Z-stack were acquired using the Super Resolution 
mode (Airyscan), set with a pixel size of 0.053 μm/pixel and a z-step of 
0.249 μm. Airyscan Z-stacks were processed in ZEN software using the 
automatic strength (6 by default) and the 3D method. 

Podosomes in F-actin stained cells were quantified with Fiji software. 
Briefly, podosome cores were detected using the “Find Maxima” func
tion of the software. To calculate the number of cells with podosomes, 
cells with less than 10 podosomes were considered as podosome-free. 
Podosome density was calculated for each cell by dividing the podo
some number by the cell surface (measured by manual cell 
delimitation). 

Intensity profiles of vinculin, paxillin, talin, cortactin, CD18 and F- 
actin were measured on the phagosome surface in the area of PAPs by 
using the « Plot profile » function of Image J. The maximal fluorescence 
intensity of each profile was normalized to 100. Mean values were 
calculated on PlotTwist application (Goedhart, 2020). The height of 
PAPs was determined by the full width at half maximum of the intensity 
peak of F-actin from Airyscan acquisition. 

2.6. Live cell imaging 

Human macrophages were transduced with Lifeact-mCherry 
expressing lentiviruses as previously described (Van Goethem et al., 
2011) after 4 days of differentiation. Two days later, cells were har
vested and seeded in Lab-tek™ glass based chambers and kept in a hu
midified atmosphere at 37 ◦C and 5% CO2 for at least 18 h. Live cell 
imaging was performed using an Olympus IX81 microscope equipped 
with a 100X oil immersion objective, a Yokogawa CSU22 confocal unit 
and an Andor iXon 888-BVEM− CCD back illuminated camera. Stacks of 
11 sections spaced by 0.7 μm were acquired every 30 s using Andor IQ 
1.9 Software. 

Fig. 1. F-actin structures are present at the 
membrane of nascent and closed phag
osomes. Images of fluorescence microscopy 
(A). Human macrophages cultured on glass 
coverslips were exposed to fluorescent latex 
beads (green) coated with IgG (IgG-LB : MOI 
10:1) or not (LB : MOI 30:1). The beads were 
centrifuged to synchronize phagocytosis and 
the experiments were carried out for the indi
cated times. F-actin (cyan) structures form on 
phagocytic cups (5 min) and closed phagosomes 
containing IgG-LB, they did not form on phag
osomes containing LB. Beads inside sealed 
phagosomes are green, beads outside were 
stained in red (they appear yellow in merge 
images). Scale bars: 10 μm. (B) Quantification 
of the percentage of cells with actin structures 
on phagosomes (left) and the percentage of 
phagosomes containing IgG-LB (middle) or LB 
(right) with actin structures. Results from at 
least 25 cells per time point from 2 to 5 donors 
are expressed as mean +/- SD. (C) Macrophages 
containing IgG-LB were fixed at 10 min, those 
containing OZ, fixed at 15 min, and stained for 
F-actin and analyzed by Airyscan super- 
resolution microscopy. In the cropped images, 
arrowheads point to F-actin foci on phag
osomes. (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article).   
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2.7. Statistics 

Statistical analyses were performed using Prism 5 (GraphPad). Sta
tistical comparison of the data was performed using one-way Anova 
followed by Dunnett’s comparison test or by Kruskal-Wallis test, fol
lowed by Dunn’s multiple comparisons test for not normally distributed 
data. For EDTA, statistical comparison was performed using paired t-test 
followed by Wilcoxon test. In the figures, statistical significance is 
indicated as follows: * p < 0.05; ** p < 0.01 and *** p < 0.001. 

3. Results 

3.1. F-actin structures form on phagocytic cups and closed phagosomes 

To determine whether F-actin structures are present on closed 

phagosomes, experiments of synchronized phagocytosis were performed 
with fluorescent 3 μm-large latex beads that were coated with IgG (IgG- 
LB) or not (LB). Phagocytosis of IgG-LB and LB was carried out with 10 
and 30 particles/cell, respectively, in order to obtain similar phagocytic 
rates (Suppl. Fig. 1A). Next, as shown in Fig. 1, beads inside sealed 
phagosomes (green) were distinguished from beads that were not 
internalized (yellow, see Materials and Methods). At 5 min of phago
cytosis of IgG-LB, we noticed that F-actin structures were present on 
phagocytic cups (see phagocytic cups containing beads with a yellow/ 
red apex attesting that phagosomes are unclosed) and, at later time 
points, they were also observed on closed phagosomes (Fig. 1A). The 
percentage of cells with F-actin foci at phagosomes was maximal at 10 
min and then decreased until 60 min (Fig. 1B). The percentage of 
phagosomes with actin structures was 25 % at 5 min; it peaked at 10 min 
at about 40 % and went back to almost zero at 60 min. Contrasting with 

Fig. 2. Phagocytosis of IgG-IgG-LB leads to 
transient disruption of podosomes. Human 
macrophages cultured on glass coverslips were 
exposed to IgG-LB (MOI 10:1) or LB (MOI 30:1). 
The beads were centrifuged to synchronize 
phagocytosis and the experiments were carried 
out for the indicated times (5 to 180 min). Im
ages of fluorescence microscopy (A): the left 
image shows podosomes in a control cell not 
exposed to beads, the neighbor image shows 
podosome disruption at 15 min in a cell with 
phagosomes (materialized by stars); the two 
images on the right show that podosomes 
remain in cells that do not ingest beads while 
they disappear in the neighbor cells with 
phagosomes. Beads inside cells are green, beads 
outside are yellow, F-actin is cyan. Scale bars: 
10 μm. (B) The percentage of cells with podo
somes were quantified in cells containing 
phagosomes and in neighbor cells without 
phagosomes. The dash line is the percentage of 
macrophages with podosomes in control cells 
that were not exposed to beads. Results are 
expressed as mean +/- SD of at least 50 cells/ 
time point from 3 donors ; and analyzed with 
Kruskal-Wallis test, followed by Dunn’s multi
ple comparisons test. (C) The podosome density 
was quantified by measuring the cell area 
(lower panels) and counting the number of 
podosomes. Results are expressed as mean +/- 
SD of at least 20 cells/time point from 3 donors, 
and analyzed using a Kruskal-Wallis test, fol
lowed by Dunn’s multiple comparisons test. 
(For interpretation of the references to colour in 
this figure legend, the reader is referred to the 
web version of this article).   
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these results, phagosomes containing LB only occasionally presented F- 
actin at their surface (Fig. 1B). Next, the actin structures were examined 
by super-resolution microscopy on closed phagosomes. They looked 
similar in size and distribution when either IgG-LB or serum-opsonized 
zymosan (OZ) were used (Fig. 1C, Video 1). Thus, in human macro
phages, F-actin structures formed at the surface of phagocytic cups and 
closed phagosomes containing IgG-LB, OZ but not LB. 

3.2. Podosomes are transiently disrupted concomitantly to the formation 
of actin structures on phagosomes 

While we were imaging actin structures on phagosomes at different 
time points, we noticed that podosomes at the ventral face of macro
phages disappeared (Fig. 1A). We therefore quantified it. 

As observed in Fig. 1A, at early time points of the phagocytosis 
process (5 and 10 min), podosomes disappeared and they re-appeared 
later on (30 and 60 min). In Fig. 2A, the superresolution images on 
the left show podosomes in a macrophage devoid of phagosomes to 
compare with a macrophage containing phagosomes in which podo
somes were disrupted (neighbor image). Interestingly, only cells that 
ingested particles lost transiently their podosomes, neighbor cells 

without phagosomes kept their podosomes (Fig. 2A, right panels). 
Podosome quantification was performed. It showed that phagocytosis of 
IgG-LB induced a loss of podosomes in 70 % of the cells with phag
osomes at 15 min and then the number of cells with podosomes raised 
back to normal at 60 min (Fig. 2). In contrast, phagocytosis of LB was not 
associated with podosome loss over the 3 h time-course of the experi
ments (Fig. 2). When phagocytosis was performed with zymosan (Z) and 
OZ used at 30 and 10 particles/cells respectively to keep comparable 
phagocytosis rates than latex beads (Suppl. Fig. 2A), transient podosome 
disappearance was observed with both types of particles (Suppl. 
Fig. 2B). Similarly to IgG-LB, only cells with phagosomes had transient 
podosome disruption (Suppl. Fig. 2B). 

Next, the podosome number was quantified by cell surface unit in 
cells with phagosomes containing IgG-LB. After 5 min, the podosome 
number rapidly dropped down from 264 to 96 podosomes / 1000 μm2 

and went back to control at 60 min (270 podosomes /1000 μm2) 
(Fig. 2C). We also quantified podosomes per cell surface unit in cells that 
ingested LB and no change was noticed (Fig. 2C). During phagocytosis of 
IgG-LB, the cell area of macrophages was reduced concomitantly to 
podosome disruption. When podosomes re-appeared, macrophage 
spreading increased without reaching the control value (Fig. 2). 

Fig. 3. F-actin structures present on closed 
phagosomes have podosome characteristics. 
Macrophages were exposed to IgG-LB for 10 
min and F-actin (red), vinculin, paxillin, talin 
and cortactin were stained (green) or for 5 min 
and F-actin and CD18 were stained. Super- 
resolution images show phagosomes (scale bar 
: 1 μm) used for the line scans (right) with zero 
on the horizontal axis corresponding to the 
center of PAPs. Line scan mean values were 
calculated from at least 10 PAPs from 3 donors, 
using PlotTwist application (lower panels). (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article).   
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However, this transient decrease of the cell spreading also occurred in 
cells ingesting LB that do not lose their podosomes suggesting that the 
two events are not correlated. 

These experiments revealed that upon phagocytosis of most but not 
all phagocytic particles, those that trigger formation of actin structures 
at phagosomes also trigger transient podosome disruption. This occured 
exclusively in cells with phagosomes suggesting that a coupling exists 
between phagocytosis, formation of actin structures at phagosomes and 
podosome disruption. 

3.3. F-actin structures present on closed phagosomes have podosome 
characteristics 

The actin structures present on closed phagosomes were 

characterized to determine whether they share common features with 
podosome-like structures that were already described in phagocytic 
cups. Using confocal and super-resolution fluorescence microscopy, the 
height of F-actin foci on phagosomes was estimated to be 511 +/-107 
nm (mean +/-SD of 16 actin foci from 7 cells, from 2 donors). We 
observed that podosome components belonging to the adhesion complex 
(integrins, vinculin, paxillin, talin) that are present in the ring of 
podosomes, also localized in close proximity of actin foci on phagosomes 
(Fig. 3). Analysis of fluorescence intensity profiles revealed that, simi
larly to podosomes, cortactin co-localized with F-actin and vinculin, 
paxillin and talin accumulated around the peak of F-actin (Fig. 3, Video 
2). The αMβ2 integrin (CD18/CD11b) is involved in both adhesion 
complexes and FcγR-mediated phagocytosis (Graham et al., 1989; 
Jongstra-Bilen et al., 2003). We observed that 91.7 + 18.5 %, n = 2 of 

Fig. 4. Differential phagolysosome forma
tion upon ingestion of IgG-LB or LB by 
human macrophages. Upper panels: Phag
olysosomes (Lamp-1 positive) were quantified 
at different time points in cells challenged with 
IgG-LB or LB. The results are expressed as mean 
+/- SD, n = 3 and analyzed using Kruskal- 
Wallis test, followed by Dunn’s multiple com
parisons test. Middle panels: representative 
superresolution microscopy images of macro
phages exposed to IgG-LB stained for LAMP-1 
(red) and F-actin (cyan) at 15 and 35 min. 
The arrowheads show a LAMP-1 positive vesicle 
in proximity of a phagosome with PAPs. The 
stars show a phagosome with both LAMP-1 and 
PAPs at its membrane. Lower panels : Fluores
cence microscopy images of F-actin and LAMP- 
1 are not recruited to phagosomes containing 
LB (represented by dash circles) at different 
time points. (For interpretation of the refer
ences to colour in this figure legend, the reader 
is referred to the web version of this article).   
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actin-positive phagosomes were also CD18 positive. Analysis of the 
fluorescence intensity profiles revealed that CD18 was present in close 
proximity of F-actin foci (Fig. 3). 

Next, the life-time of these phagosome-associated F-actin structures 
was determined by confocal microscopy in macrophages transduced 
with LifeAct-mCherry. F-actin was monitored for an hour in single cells 
(Video 3) that perform phagocytosis of IgG-LB in a non-synchronized 
way. We found that the mean life-span of F-actin foci on phagosomes 
was 5.0 +/- 3.3 min (Suppl. Fig. 3). In the meantime, podosomes pro
gressively disappeared from the ventral face of macrophages (Video 3). 

Thus, podosomes and F-actin foci at phagosomes share common 
characteristics: similar size since podosomes are structured as an actin 
core of 5− 600 nm high surrounded by a ring of adhesion proteins of 
0.8− 1 μm (Labernadie et al., 2010; Wiesner et al., 2010); similar life 
span; similar protein components (integrin, talin, vinculin, paxillin, 
cortactin) with similar localizations to podosomes. We therefore propose 
to call these F-actin structures phagosome-associated podosomes 
(PAPs). 

3.4. The presence of PAPs correlates with phagolysosome formation 

Podosomes are docking sites for intracellular vesicles that subse
quently fuse with the membrane and deliver metalloproteases and ca
thepsins involved in extracellular matrix degradation (Cougoule et al., 
2005; Jevnikar et al., 2012; Van Goethem et al., 2010; Wiesner et al., 
2010). Hence we wondered whether PAPs would display similar func
tionality, since phagosomes fuse with endosomes and lysosomes to form 
phagolysosomes along the maturation process. 

The formation of phagolysosomes was examined by monitoring the 
transfer of lysosome-associated membrane protein 1 (LAMP-1) to the 
membrane of phagosomes. During phagocytosis of IgG-LB by human 
macrophages, LAMP-1 positive phagosomes were detected from 10 min 
on (Fig. 4). As shown in Fig. 4 (15 min, arrowhead), a LAMP-1-positive 
vesicle was in close proximity to an IgG-LB phagosome with PAPs. In 
Fig. 4 (30 min, star) a phagosome with both PAPs and LAMP-1 is shown. 
When this phenomenon was quantified, only 15+/-6% (n = 3 donors) of 
phagosomes were F-actin and LAMP-1 double positive suggesting that 
PAPs rapidly disappeared after LAMP-1 transfer. Supporting this, PAPs 
decreased with time (Fig. 1B left graph) while phagolysosomes 
increased (Fig. 4, left graph). 

In contrast to IgG-LB, phagosomes containing LB did not become 
LAMP-1 positive at any time point examined until 90 min (Fig. 4). 

These results suggest that phagocytic particles that do not trigger the 
formation of PAPs do not end up in phagolysosomes. 

3.5. Formation of PAPs involves integrins and is resistant to Arp2/3 
inhibition 

CD11b/CD18 is involved in phagocytosis of IgG, it accumulates at 
phagocytic cups and podosome-like structures (Graham et al., 1989; 
Jongstra-Bilen et al., 2003; Freeman et al., 2016; Ostrowski et al., 2019). 
When integrins were inhibited with EDTA which chelates divalent cat
ions (Zhang and Chen, 2012), we observed that the percentage of 
phagosomes with PAPs was decreased, suggesting that integrin activa
tion was involved, at least for a part, in PAPs formation (Fig. 5A). 

The formation of podosomes is Arp2/3-dependent (Faust et al., 2019; 
Jeannot and Besson, 2020; van den Dries et al., 2019; Yamaguchi et al., 
2005), and the formation of actin flashes at the phagosomal membrane 
as well (Poirier et al., 2020). Thus we questioned the involvement of 
Arp2/3 in the formation of PAPs. Recently, the role of Arp2/3 in the 
process of phagocytosis has been re-evaluated (Rotty et al., 2017). 
Indeed, macrophages from Arp2c-/- mice or macrophages treated with 
the Arp2/3 inhibitor CK666 are still capable of ingesting IgG-coated 
particles. So, we compared the effect of CK666 (Baggett et al., 2012) 
on podosomes, PAPs and phagolysosome formation in macrophages 
ingesting IgG-LB. We first determined the lowest concentration of 
CK666 sufficient to abolish the formation of podosomes without major 
effect on phagocytosis of IgG-LB. Using 50 μM CK666, podosomes were 
almost fully disrupted while phagocytosis of IgG-LB, formation of PAPs 
and LAMP-1 translocation to the phagosomal membrane were not 
significantly modified (Fig. 5B-C). In other studies, CK666 has been used 
at 150 μM to inhibit the formation of F-actin flashes on phagosomes 
(Poirier et al., 2020) or phagocytosis of C3bi-coated particles by mac
rophages (Rotty et al., 2017). Thus, we examined whether higher con
centrations of CK666 would affect PAPs. Using CK666 at 100 and 150 
μM we observed that podosomes were completely disrupted (Fig. 5D), 
phagocytosis of IgG-LB was slightly inhibited (21 % with 150μM CK666 
at 30 min), and the percentage of phagosomes with PAPs was decreased 
but not significantly (Fig. 5E). In the presence of 150 μM CK666, cor
tactin which is known as a regulator of Arp2/3 (Kirkbride et al., 2011) 

Fig. 5. Arp2/3 inhibition disrupts podo
somes but PAPs and phagolysosomes are 
only slightly affected. (A) EDTA (5 mM) 
inhibited the formation of PAPs on IgG-LB 
containing phagosomes. Data from at least 
180 cells from 6 donors are expressed as mean 
+/- SD and analyzed using paired t-test fol
lowed by Wilcoxon test. (B-C) The podosome 
density was markedly decreased by 50 μM 
CK666; PAPs persisted on IgG-phagosomes and 
phagolysosome formation was not affected by 
CK666. Data from at least 50 cells from 3 do
nors are expressed as mean +/- SD and 
analyzed using two-way ANOVA followed by 
Bonferroni’s multiple comparison test. (D) High 
concentrations of CK666 abolished the forma
tion of podosomes. (E) The localization of cor
tactin was not modified by 150 μM CK666 in 
macrophages ingesting IgG-LB for 30 min, a 
merge Airyscan microscopy image shows that 
cortactin (green) co-localized with F-actin (red) 
in PAPs. Scale bar 5 μm. For D and E : data from 
at least 70 cells from 3 donors are expressed as 
mean +/- SD and were analyzed using Kruskal- 
Wallis test. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the web version of this article).   
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still co-localized with the actin core of PAPs, like it does in untreated 
cells (Fig. 5E). Thus, even at high CK666 concentration, PAPs are still 
present and organized like in controls. These results indicate that PAPs, 
like podosomes, involve integrin activation but they can be distin
guished from podosomes by being partially resistant to Arp2/3 inhibi
tion by CK666. 

4. Discussion 

Actin polymerization at nascent phagosomes has been studied with 
interest in order to understand how pseudopodia progress around the 
particle, how the membrane adheres to the particle and senses its stiff
ness (Jaumouille and Waterman, 2020; Liebl and Griffiths, 2009; 
Ostrowski et al., 2019). There are podosomes-like structures on phago
cytic cups (Allen and Aderem, 1996; Labrousse et al., 2011; Ostrowski 
et al., 2019) and, actin flashes on closed phagosomes (Liebl and Grif
fiths, 2009; Poirier et al., 2020). These two structures can be distin
guished by several aspects including their size, life span, duration and 
the phagocytic receptors involved (Liebl and Griffiths, 2009; Ostrowski 
et al., 2019; Poirier et al., 2020). 

Here, we describe actin structures that form on both phagocytic cups 
and closed phagosomes containing various particle types. They have 
structural characteristics of podosomes, and, similarly to podosomes 
that are targeted by vesicles, they are involved in phagosome maturation 
into phagolysosomes. We called these actin structures phagosome- 
associated podosomes (PAPs). Concomitant to PAP formation, podo
somes transiently disappeared in macrophages containing phagosomes, 
not in cell neighbors devoid of phagosomes suggesting that PAPs form at 
the expense of podosomes. 

We noticed that PAPs did not form when LB were ingested, whereas 
they appeared on IgG-LB phagosomes. Depending on the concerned 
particle, phagocytosis involves the complex interplay of receptors for 
serum opsonins, microbes or senescent cell motifs that initiate a di
versity of signaling pathways. In the case of LB, CD36 and P2×7 scav
enger receptors have been proposed to participate in their 
internalization, but the signals they elicit during that process have not 
been identified (Wiley and Gu, 2012; Yun et al., 2014). The receptors of 
OZ, zymosan and IgG-LB have been better characterized. OZ is recog
nized by several receptors which bind to IgG (FcγRs) and by the integrin 
αMβ2, also called Complement Receptor 3 (CR3), which binds to the 
complement fragment C3bi. Receptors for zymosan include the mannose 
receptor, dectin1 and the lectin domain of the CR3 (Astarie-Dequeker 
et al., 1999; Ganbold and Baigude, 2018; Le Cabec et al., 2002; Ross 
et al., 1985). The receptors involved in ingestion of IgG-LB are FcγRs 
and, interestingly, during phagocytosis of IgG, β2 integrins and 
integrin-associated proteins have been described to accumulate on 
phagosomes (Allen and Aderem, 1996; Freeman et al., 2016; Greenberg 
et al., 1990; Jaumouille and Grinstein, 2016; Labrousse et al., 2011). 
More specifically, in the context of IgG-mediated frustrated phagocy
tosis, activated β2 integrins accumulate in the environment of 
podosome-like structures (Ostrowski et al., 2019) and, during phago
cytosis of IgG-LB, β2 integrins were observed on phagosomes in close 
proximity with PAPs (this report). It is well established that integrins 
and FcγRs trigger actin polymerization but it is not known whether the 
receptors involved in phagocytosis of LB induce actin polymerization 
which was only occasionally observed on LB phagosomes. 

Another difference between the particles we used, is the process of 
phagosome maturation. Once phagosomes are closed, approximately 5 
min after the beginning of particle engulfment, they migrate towards the 
cell center and maturate by sequential fusion with vesicles of the 
endosome-lysosome compartments to form phagolysosomes. In a few 
examples however, ingested cargos are not routed to phagolysosomes 
(Armstrong and Hart, 1971). In the case of phagosomes containing LB, 
most of them (>95 %, n = 4) remained negative for both the early en
dosome protein Rab5 and the late endosome/lysosome protein LAMP-1 
(this report), and were previously shown to by-pass the production of 

O2
− , a major bactericidal response of human macrophages (Astar

ie-Dequeker et al., 1999). This is different from phagosomes containing 
LB previously shown to become Rab 5 and LAMP-1 positive in the J774 
cell line (Houde et al., 2003). However, several differences between 
human primary macrophages and this particular mouse 
macrophage-like cell line isolated from a murine sarcoma have been 
reported (Andreu et al., 2017; Chamberlain et al., 2015; Hall et al., 
2006), so we assume that phagosome maturation proceeds differently in 
these two cell types. Contrasting with LB, phagosomes containing 
IgG-LB, Z and OZ formed PAPs and became LAMP-1 positive (this 
report). These observations allowed to propose that the presence of PAPs 
is related to late endosome/lysosome fusion. Dense actin meshworks 
that make a physical barrier around early phagosomes impair their 
fusion with vesicles (Burgoyne and Cheek, 1987; Liebl and Griffiths, 
2009), and progressively disappear during phagosome maturation. 
However, F-actin is still assembling at discrete sites of the phagosome 
membrane, a process required for fusion of late endosomes/lysosomes 
with phagosomes (Anes et al., 2003; Hasegawa et al., 2016; Kalamidas 
et al., 2006; Kjeken et al., 2004; Liebl and Griffiths, 2009; Marion et al., 
2011; Wang et al., 2008). Thus, in the light of these observations, we 
propose that PAPs on closed phagosomes could be the F-actin structures 
that serve as docking sites for vesicles. In fact, in the vicinity of PAPs, 
LAMP1-positive vesicles were observed. However, phagosomes were 
more frequently PAPs positive or LAMP-1 positive rather than 
double-positive suggesting that co-existence of both staining should be a 
short-lasting event. Similarly, in RAW264.7 macrophages, phagosomes 
containing IgG-LB have been shown to lose actin at their surface while 
acquiring LAMP-2 (Liebl and Griffiths, 2009). Thus, PAPs could serve as 
furtive docking and fusion sites for vesicles and subsequently disappear. 

Like podosomes that are involved in cell adhesion, generation of 
protrusive forces, mechano- and topography-sensing, proteolysis of the 
extracellular matrix and cell migration, we propose that PAPs could be 
also multifunctional structures. Actually podosome-like structures on 
phagocytic cups have been described to seal the membrane to the 
phagocytic prey suggesting that the protrusion force generated by 
podosomes to sense the environment (Bouissou et al., 2017; Labernadie 
et al., 2014; van den Dries et al., 2019) is also operating in 
podosome-like structures to seal the membrane onto the ingested par
ticle and, possibly, sense its stiffness (Ostrowski et al., 2019). Whether 
mechanosensing property is also functional in PAPs remains to be 
demonstrated, but the presence of proteins belonging to the adhesion 
complex spatially organized like in podosomes and podosome-like 
structures on frustrated phagosomes is in favor of this hypothesis. The 
Arp2/3 complex is a major regulator of actin filament assembly involved 
in podosome formation. Here, we show that PAPs are poorly disturbed 
by the presence of 150 μM CK666, a concentration that abolished the 
formation of podosomes in the same cells (this report), the formation of 
actin flashes (Poirier et al., 2020) and phagocytosis of C3bi coated beads 
(Rotty et al., 2017). Similarly to PAPs formation, phagocytosis of IgG 
particles, triggers an Arp2/3-independent route to actin polymerization 
which compensates for Arp2/3 inhibition (Rotty et al., 2017). Formins 
are actin nucleators which function independently of Arp2/3. They 
generate unbranched actin filaments. The formin family comprises 15 
proteins, several of them have been implicated in the formation of 
podosomes and invadopodia, and degradation of the extracellular ma
trix (Lizarraga et al., 2009; Mersich et al., 2010; Miller et al., 2017; 
Panzer et al., 2016; Ren et al., 2018; Tsuboi et al., 2009). Thus we 
propose that formins could complement Arp2/3 in the formation of 
PAPs, explaining their pretty good resistance to Arp2/3 inhibition. 
Actually, in addition to its role in Arp2/3 activation, cortactin which 
co-localized with F-actin in PAPs has been described to recruit formins in 
invadopodia (Li et al., 2010; Ren et al., 2018; Suman et al., 2018). To 
explore whether formins could be involved in actin polymerization in 
PAPs, 25 μM SMIFH2, a formin pan-inhibitor (Isogai et al., 2015) was 
used but it did not affect PAP formation (data not shown), pointing to 
the need of more specific approaches. 
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So, podosome-like structures and PAPs share many structural and 
functional characteristics with podosomes but differ by a few aspects. In 
the case of podosome-like structures, inhibition of two PI(3,4,5)P3 ef
fectors Akt and ARNO required for podosomes formation have no 
obvious effect (Ostrowski et al., 2019). In the case of PAPs, inhibition of 
Arp2/3 has almost undetectable effect whereas, in the same cells, 
podosomes are completely dismantled. It is possible that the structural 
differences have consequences on the functions deserved by 
podosomes-like structures and PAPs at the phagosomal membrane 
compared to podosomes at the interface between the plasma membrane 
and the substratum. In addition to podosomes at phagosomes, other 
“unusual localizations” of podosomes have been reported including at 
cell interfaces during cell-cell fusion and at the immunological synapse 
(Faust et al., 2019; Oikawa et al., 2012; Wernimont et al., 2008). 
Whether podosomes in these localizations also present some signaling, 
structural and functional differences from “classical” podosomes has not 
been explored and this opens a new research field. 

In this study, we also show that podosomes were temporarily 
dismantled concomitantly to the formation of PAPs. Strikingly, it 
occurred during ingestion of IgG-opsonized particles, zymosan and 
serum-opsonized zymosan, but not that of LB. PAPs were present at 5 
min, the earliest time point of our experiments and disappeared about 
60 min later. Podosomes disappeared and reappeared with almost the 
same kinetics. Transient disruption of podosomes was only observed in 
cells that had ingested particles, podosomes remained unaffected in 
neighboring cells that lacked phagosomes. It indicates that the process of 
phagocytosis by itself is involved in a way that is not triggered by LB. 
One hypothesis is that the signaling of phagocytic receptors involved in 
ingestion of IgG-LB, Z and OZ triggers podosome disruption. A molecule 
which spreads from a cell to another such as PGE2, known to disrupt 
podosomes in dendritic cells (Cougoule et al., 2018; van Helden et al., 
2008), can be excluded because macrophages without phagosomes keep 
their podosomes. Podosomes and PAPs share adhesion complexes con
taining talin, paxillin and vinculin that link integrins to actin. Several 
actors regulating this process such as FAK/Pyk2 and Src kinases could be 
potential limiting factors. As a consequence, their recruitment on 
forming phagosomes to initiate the ingestion process and form PAPs 
would deplete them at the ventral face of macrophages, which could 
induce podosome disruption. Interestingly, podosome disruption would 
be potentially a way to redirect lysosomes to PAPs and no longer to 
podosomes, and thus prioritize the destruction of phagocytic particles at 
the expense of podosome-mediated matrix degradation. 

To conclude, we propose that PAPs and podosome-like structures 
described in phagocytic cups are similar structures, themselves related 
to podosomes. Formation of PAPs leads to phagosome maturation and to 
podosome disruption in a synchronized manner. The rationality to 
disrupt podosomes when PAPs are present is not understood yet, it could 
help at redirecting vesicles containing proteases to phagosomes to digest 
microorganisms, which is undoubtedly a life priority. 
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