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SUMMARY

Phagocytosis is the process of actin-dependent internalization and degradation of large particles. Macro-
phages, which are professional phagocytes, are present in all tissues and are, thus, exposed to environments
with different mechanical properties. How mechanical cues from macrophages’ environment affect their abil-
ity to phagocytose and, in turn, how phagocytosis influences how phagocytic cells interact with their environ-
ment remain poorly understood. We found that the ability of macrophages to perform phagocytosis varied
with the substrate stiffness. Using live traction force microscopy, we showed that phagocytosing macro-
phages applied more dynamic traction forces to their substrate. In addition, integrin-mediated phagocytosis
triggered a transient loss of podosomes that was associated with decreased degradation of the extracellular
matrix, concomitantly with RhoA activation and F-actin recruitment at phagocytic cups. Overall, these results
highlight a crosstalk between macrophage phagocytosis and cell adhesion. Mechanical properties of the
microenvironment influence phagocytosis, which, in turn, impacts how macrophages interact with their sur-

roundings.

INTRODUCTION

Phagocytosis is a mechanism of internalization and degradation
of large particles (superior to 0.5 um in diameter), such as micro-
organisms or cell debris. Target recognition is mediated by
various phagocytic receptors, the best described of which are
the Fcy receptors (FcyR) and the integrin aMB2, also known as
the complement receptor 3 (CR3)."? CR3 is a specific receptor
for the opsonin iC3b, a protein fragment part of the complement
system, but it was found to be able to bind to many other
ligands.® Engagement of phagocytic receptors triggers signaling
cascades resulting in the reorganization of the F-actin cytoskel-
eton, which drives particle engulfment.

In vertebrates, phagocytosis is a hallmark of specialized cells
referred to as professional phagocytes, which include macro-
phages, dendritic cells, and neutrophils. This process is crucial
for host defense against pathogens but also during develop-
ment and for homeostasis as it allows tissue remodeling and
disposal of dead cells.* Macrophages are present in virtually
all tissues of the body. Tissue-resident macrophages not only
share a common role as immune sentinels but also perform

ence a broad range of mechanical cues as they can be
exposed to environments with very different physical proper-
ties; as an example, organ rigidity (or stiffness, measured as
the elastic modulus or Young’s modulus) ranges from a few
hundred Pa (lungs and brain) to a several dozen GPa (bone).®
Even within an organ, tissue mechanics can be altered in dis-
ease conditions involving remodeling of the extracellular matrix
(ECM),” such as fibrosis caused by chronic inflammation® and
cancer progression.® The effect of mechanical cues (substrate
stiffness and topography, hydrostatic pressure, and shear flow)
on cell behavior has been extensively described, including
for immune cells'® and macrophages in particular.'’ Substrate
rigidity is known to modulate macrophage inflammatory
response, with macrophages seeded on stiff surfaces secreting
higher amounts of pro-inflammatory cytokines in response to
lipopolysaccharide (LPS) than those on soft surfaces.'®'®
Phagocytosis itself was found to be a mechanosensitive pro-
cess as it is modulated by physical properties of the phagocytic
targets.”*'° However, how mechanical properties of the under-
lying substrate affect phagocytosis remains to be understood.
Conversely, it is unclear how the process of phagocytosing

distinct functions depending on the organ.® These cells experi- can influence the way macrophages interact with their
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Figure 1. Primary human macrophage
morphology and adhesion on substrates of
different stiffnesses

hMDMs were seeded on fibronectin-coated
polyacrylamide hydrogels or glass coverslips,
incubated at 37°C for 4 h then fixed, per-
meabilized, and labeled with Alexa Fluor
488-conjugated phalloidin and a mouse antibody
that recognizes vinculin followed by Alexa Fluor
647-labeled anti-mouse IgG antibodies.

(A) Representative confocal images (maximum
z-projections) of macrophages seeded on 4 kPa,
12 kPa, or 25 kPa hydrogels or glass. Scale bar,
10 um.

(B and C) Quantification of cell spreading area
(B) and actin foci density (C) on the different sub-
strates. Data from each donor is color coded: indi-
vidual cells are represented as the smaller, lighter
dots; means of all cells for each donor are shown as
the bigger, darker dots with a black border. 10-30
cells were analyzed per condition and per donor.
Horizontal bars represent the means of all donors.
Ratio paired t tests were used to compare
the means of all donors. *: p value < 0.05; **:
p value < 0.01; ***: p value < 0.001.
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environment and what its interplay with other cell functions
might be. The existence of a crosstalk appears likely as phago-
cytosis employs a number of molecular actors that are also
involved in cell adhesion, namely integrins and integrin-associ-
ated proteins, small GTPases of the Rho family, and F-actin.

Using primary human macrophages, we first showed that sub-
strate stiffness modulates cell adhesion and CR3-mediated
phagocytic uptake. Live traction force microscopy revealed
that phagocytosing macrophages interact more dynamically
with their substrate, and we found that phagocytosis leads to
podosome disruption at the same time as F-actin recruitment
at phagocytic cups, which was correlated to decreased degra-
dation of the extracellular matrix.

RESULTS

Substrate stiffness affects macrophage adhesion
structure formation but not cell spreading

Matrix rigidity is known to be a crucial factor in cell adhesion
and spreading in many cell types, with consequences on cell
behavior and fate.'®'” Therefore, we first wanted to assess
how substrate stiffness influenced these parameters in the
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ment. They are characterized by a core
of F-actin surrounded by a ring of adhe-
sion plague proteins (such as talin and
vinculin) linked to the actin cytoskeleton. hMDMs were seeded
on fibronectin-coated hydrogels of varying stiffnesses (from 4
to 25 kPa, a range of elastic moduli found in tissues) and al-
lowed to re-adhere for 4 h. Glass coverslips, which are very stiff
surfaces commonly used for cell biology studies, were also
included as a familiar reference point. F-actin and vinculin at
the ventral side of macrophages were observed by confocal
microscopy (Figure 1A). Interestingly, cell spreading did not
show major variations across the different hydrogels, only mac-
rophages seeded on glass showed significantly increased
spreading area compared to the other conditions (Figure 1B).
However, quantification of F-actin-rich adhesion structures
showed that their density increased with substrate stiffness,
with a clear difference between macrophages seeded on
4 kPa and 12 kPa hydrogels on one hand, and macrophages
on 25 kPa hydrogels and glass on the other hand (Figure 1C).
Furthermore, vinculin was associated with the F-actin foci on
25 kPa hydrogels and glass, forming the rings characteristic
of podosomes, but this was not the case on the softer sub-
strates (Figure 1A). This indicates that substrate stiffness not
only influences the number of adhesion structures formed by
macrophages but also their architecture.
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CR3-mediated phagocytic uptake varies with substrate
stiffness

Phagocytosis is known to be a mechanosensitive process and
many studies have focused on how the mechanical properties
of the target influence its internalization. However, less is known
about how other mechanical cues coming the cell’s environment
might impact phagocytosis. To address this question, we asked
whether substrate rigidity could affect macrophage phagocytic
capacity. hMDMs were seeded on fibronectin-coated hydrogels
or on glass and, after 4 h, challenged with sheep red blood cells
(RBCs) opsonized with IgM followed by complement (iC3b-IgM-
RBCs). We assessed phagocytic uptake after 15 min by counting
the number of internalized RBCs per cell (Figure 2A). The average
numbers of internalized RBCs per cell from four independent ex-
periments on different donors (Figure 2C) revealed differences in
the macrophages’ ability to phagocytose opsonized RBCs de-
pending on the substrate stiffness. While phagocytic uptake
was similar on 12 kPa and 25 kPa hydrogels, it was significantly
lower than what was observed for cells on a very stiff surface
(glass). Surprisingly, cells on 4 kPa hydrogels were able to inter-
nalize on average as many RBCs as their counterparts on glass,
indicating that the relationship between substrate stiffness and
phagocytic uptake might not be a linear one. Nonetheless, these
results indicate that phagocytosis mediated by CR3 is sensitive
to substrate rigidity and, thus, to the mechanical properties of the
cell’s environment. We next wondered if these differences in
internalization stemmed from differences in RBC initial binding
to macrophages at the start of the assay; in other words, if mac-
rophages that phagocytosed a greater number of RBCs did so
because they were able to capture a greater number of targets.
Despite not being significant, the average numbers of associated
(bound + internalized) RBCs per cell at 0 min (Figure 2B) showed
a similar sensitivity to substrate stiffness than phagocytic up-
take. This suggests that the differences in internalization might
stem from differences in RBC association with macrophages at
the start of the assay.

CR8 binding to its ligand on opsonized targets depends on its
conformation. Like all integrins, CR3 can be found in a “bent-
closed” conformation with a low affinity for its ligand or in an
“extended-open” conformation with a high affinity for its ligand.
Integrin conformational activation is known to be regulated by
multiple external signals, including the extracellular matrix. We
hypothesized that differences in CR3 conformational state de-
pending on substrate stiffness might explain the differences in
RBC association and, subsequently, internalization. To test
this, we treated macrophages with phorbol 12-myristate
13-acetate (PMA) for 15 min prior to adding RBCs. PMA acti-
vates the protein kinase C (PKC), which leads to the inside-out
activation of CR3. After PMA treatment, differences in RBC asso-
ciation across the different substrates at 0 min were no longer
significant (Figure 2B), suggesting that these differences can
indeed be explained by different CR3 conformational states.
Interestingly, however, differences in phagocytic uptake re-
mained even after PMA treatment, although to a lesser extent
(Figure 2C). This indicates that the CR3 activation state does
not explain fully the differences in phagocytic uptake depending
on the substrate stiffness. When we calculated the phagocytosis
efficiency, i.e., the percentage of bound RBCs that were internal-
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ized after 15 min, the differences between substrates were
similar to those observed for phagocytic uptake (Figure 2D), sug-
gesting a sensitivity to substrate stiffness in the internalization
process by phagocytosis.

F-actin recruitment during phagocytosis varies with
substrate stiffness

To better understand how substrate rigidity affects phagocy-
tosis, we compared F-actin accumulation at the onset of phago-
cytosis on the different surfaces. hMDMs were fixed after 2 min
of contact with opsonized RBCs and analyzed by confocal mi-
croscopy (Figure 2E). Quantification of the average numbers of
actin cups around RBCs per cell (Figure 2F) showed differences
across the different substrates that followed what was observed
for phagocytic uptake after 15 min (Figure 2C). Macrophages on
12 kPa and 25 kPa hydrogels formed very few actin cups around
RBCs after 2 min, while the number of actin cups was signifi-
cantly higher on 4 kPa hydrogels and on a very stiff surface
(glass). These results indicate that substrate stiffness affects
F-actin recruitment around targets during phagocytosis, which
could explain the subsequent differences in phagocytic uptake.

The traction forces of phagocytosing macrophages have
a more isotropic arrangement than control cells

We asked if phagocytosis could affect the way macrophages
interact with their substrate. For this, we developed a dedicated
experimental set-up based on live traction force microscopy to
monitor traction forces exerted by macrophages on their sub-
strate during phagocytosis. hMDMs were allowed to adhere to
fibronectin-coated 10 kPa polyacrylamide gels containing fluo-
rescent beads and imaged live during phagocytosis of iC3b-
IgM-RBCs. Traction stress was calculated from measured
bead displacements, which were obtained by particle image ve-
locimetry and single particle tracking (Figures 3A and 3B, Videos
S1and S2). We noticed a difference in the distribution of traction
forces between control and phagocytosing macrophages: the
traction forces of phagocytosing cells tended toward an
isotropic arrangement more than those of control cells. To quan-
tify the arrangement of cellular traction forces, we calculated the
polar degree of control and phagocytosing cells. The polar de-
gree indicates the degree of polarization of the force pattern: a
cell with traction stress that corresponds to a polar degree of
0 has an isotropic arrangement of forces, while a cell with trac-
tion stress that corresponds to polar degree of 1 has a uniaxial
arrangement. Interestingly, phagocytosing macrophages
showed a significantly lower polar degree than control cells
(Figures 3C and 3D), at both 0 (start of the assay) and 30 min.

Phagocytosing macrophages “knead” the substrate to a
greater extent than control cells

In addition to a difference in the arrangement of traction forces
between control and phagocytosing cells, we found a difference
in the extent to which the traction stress of control and phagocy-
tosing macrophages was observed to shift on the substrate. This
characteristic of cells, which can also be described as “knead-
ing” the surface, becomes apparent when tracking the change
in position of the main tractions of the cells (Figures 4A-4C,
Videos S3 and S4), and we observed the main traction of
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Figure 2. Integrin-mediated phagocytic uptake is modulated by substrate stiffness

hMDMs were seeded on fibronectin-coated polyacrylamide hydrogels or glass coverslips and incubated at 37°C for 4 h. Cells were pre-treated or not with
150 ng/mL PMA for 15 min, challenged with opsonized RBCs (iC3b-IgM-RBCs) and fixed immediately (time “0” min) or after 15 min at 37°C. Cells were then
labeled with Alexa Fluor 488-conjugated phalloidin and a Cy3-labeled anti-rabbit antibodies that recognize the anti-sheep RBCs IgMs used to opsonize RBCs.
(A) Representative wide-field images of macrophages seeded on 4 kPa, 12 kPa, or 25 kPa hydrogels or glass and incubated with iC3b-IgM-RBCs for 15 min.
Opsonized RBCs are shown in cyan in the upper panel and phase contrast images are shown in the lower panel, where phagosomes are visible (examples of
phagosomes are shown by the white arrows). Scale bar, 10 um.

(B and C) Quantification of RBC association at 0 min (B) and phagocytosis after 15 min (C) on the different substrates, with or without PMA pre-treatment.
Association refers to both bound and internalized RBCs while phagocytosis only considers internalized RBCs.

(D) Phagocytosis efficiency after 15 min on the different substrates, with or without PMA pre-treatment, calculated as the percentage of bound RBCs that are
internalized.

(E) Representative confocal images of macrophages seeded on 4 kPa, 12 kPa, or 25 kPa hydrogels or glass and incubated with iC3b-lgM-RBCs for 2 min. F-actin
is shown in gray while RBCs are shown in cyan (white arrow shows one example of an actin cup). Scale bar, 10 pm.

(F) Quantification of the number of actin cups formed by macrophages after 2 min.

(B-D and F) Data from each donor is color coded: individual cells are represented as the smaller, lighter dots; means of all cells for each donor are shown as the
bigger, darker dots with a black border. 25-30 cells were analyzed per condition and per donor. Horizontal bars represent the means of all donors. Ratio paired
t tests were used to compare the means of all donors. *: p value < 0.05; **: p value < 0.01.
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phagocytosing cells shifted more on the surface. To quantify
this, changes in main tractions (in deg) for control and phagocy-
tosing cells were tracked during the observation period (Fig-
ure 4D). When comparing the standard deviations of the change
in main traction for each cell in the two populations (Figure 4E),
we found a significant increase in phagocytosing macrophages.
There was no trend observable in the change in main traction
that could be linked to the attachment of individual phagocytic
targets or individual phagocytic events throughout the observa-
tion period. Therefore, phagocytosing cells knead the surface
and interact more dynamically with it than control cells.

CR3-mediated phagocytosis leads to a loss of
podosomes at the ventral side of macrophages

To better characterize the interactions of phagocytosing macro-
phages with their environment, we investigated if phagocytosis
led to a modification of podosomes at the ventral side of macro-
phages. hMDMs seeded on glass coverslips were allowed to
phagocytose iC3b-IgM-RBCs, fixed at different time points
and analyzed by confocal microscopy. Podosome density was
determined based on the F-actin staining. Because podosome
density at steady state varied depending on the donor, results
were expressed as fold change from the mean of the basal con-
dition for each donor. We found that phagocytosis led a rapid
decrease of macrophage podosome density, with a majority of
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Figure 3. Analysis of the arrangement of
traction forces exerted by cells on their sub-
strate highlights differences between con-
trol and phagocytosing macrophages
hMDMs were seeded on fibronectin-coated
10 kPa polyacrylamide gels and incubated at 37°C
for 4 h. Cells were challenged or not with opson-
ized RBCs (iC3b-IgM-RBCs) and imaged live for
30 min at 37°C.

(A and B) (Upper panel) Traction force distribution
of a control cell (A) and a phagocytosing cell (B) at
different time points; also see Videos S1 and S2.
(Lower panel) Corresponding brightfield images
with traction force vectors superimposed in red for
the control cell (A) and the phagocytosing cell (B).
Green circles represent the approximate outlines
of the cells. One example of an RBC about to be
internalized is depicted by the white arrow. Time is
shown as minutes:seconds. Scale bar, 10 um.
(C) Polar degree of the control cell (red) and the
phagocytosing cell (blue) over the 30 min obser-
vation period. The orange line (polar degree equal
to 1) corresponds to a theoretical situation with a
purely uniaxial arrangement of traction forces and
the green line (polar degree equal to 0) represents
a purely isotropic arrangement.

(D) Polar degree of 8 control cells (red) and 7
phagocytosing cells (blue) from independent do-
nors at 0 and 30 min. Unpaired t tests were used to
compare the populations of control and phago-
cytosing cells at each time point. *: p value < 0.05.
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cells having no or very few podosomes

left after 2 min of contact with the RBCs

(Figures 5A and 5B). This decrease
seemed to be transient as we started to observe a recovery of
podosome density after 15 min. Cell spreading area did not
change over the time points studied (Figure 5C). Interestingly,
podosome disruption coincided with the timing of F-actin
recruitment at the phagocytic cup (at the dorsal side of macro-
phages). Macrophages with visible F-actin recruitment
around RBCs displayed significantly decreased numbers of
podosomes compared to macrophages with bound RBCs but
no F-actin recruitment around targets (Figures 5D and 5E). This
observation suggests the existence of a crosstalk involving the
actin cytoskeleton between adhesion and phagocytic uptake in
macrophages.

As podosome architecture is complex, we looked at the local-
ization during phagocytosis of other proteins known to take part
in podosome structure. At steady state, vinculin formed the char-
acteristic ring around the F-actin foci at the ventral side of mac-
rophages (Figure 6A, left). This organization was similarly disrup-
ted during phagocytosis and vinculin was recruited to the
phagocytic cup concomitantly with F-actin (Figure 6A, right). A
similar pattern was observed for p34-Arc/ARPC2, a subunit of
the human Arp2/3 protein complex (Figure 6B). Of note, active
RhoA (RhoA-GTP), a small GTPase known to be a hallmark of
CR3-mediated phagocytosis,'?° was not associated with po-
dosomes at steady state but was found with F-actin around
RBCs during phagocytosis (Figure 6C). This observation
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suggests that RhoA-mediated signaling drives the reorganiza-
tion of the actin cytoskeleton.

Loss of podosomes during CR3-mediated phagocytosis
is associated with decreased gelatin degradation

An important function of podosomes is the local degradation of
the extracellular matrix, thanks to the recruitment of lytic en-
zymes.?" Since phagocytosis led to the disruption of podosomes
in macrophages, we wondered whether it also affected their abil-
ity to degrade components of the extracellular matrix. hMDMs
were seeded on coverslips coated with fluorescent gelatin, chal-
lenged or not with iC3b-IgM-RBCs and gelatin degradation was
assessed after 2 h (Figure 7A). The mean degradation area per
cell was almost halved when macrophages were allowed to
phagocytose RBCs (Figure 7B), indicating that their ability to
degrade gelatin was decreased by phagocytosis.

Taken together, our results highlight the existence of a cross-
talk involving the actin cytoskeleton in macrophages during
CR3-mediated phagocytosis, with a connection between what
happens at the dorsal side of the cells (phagocytosis) and at their
ventral side (adhesion to the substrate). Macrophage adhesion is
influenced by substrate stiffness, which also affects phagocytic
uptake. Furthermore, macrophage adhesion is actively remod-
eled during phagocytosis, with functional consequences on
degradation of the extracellular matrix.

6 iScience 28, 112067, April 18, 2025

DISCUSSION

In this study, we showed that phagocytosis, on the one hand,
and cell adhesion and matrix degradation, on the other hand,
are cell functions that inform one another in primary human
macrophages.

Several aspects of macrophage behavior were previously
shown to be influenced by substrate stiffness. >**** Using poly-
acrylamide gels of increasing elastic modulus, we observed dif-
ferences in the formation and architecture of the F-actin-rich
adhesion structures known as podosomes, which were pro-
moted by substrate stiffness. This result is consistent with a pre-
vious study®* that also demonstrated that podosomes have a
mechanosensing activity that likely contributes to macrophages’
probing of their microenvironment.*®

When we subsequently evaluated phagocytosis mediated by
CR3, we found that substrate stiffness modulated F-actin
recruitment around targets and phagocytic uptake. Macro-
phages were on average able to phagocytose as many targets
on the softer substrate tested (4 kPa) than on glass coverslips,
while the number of internalized RBCs was significantly lower
on the intermediate-to-high stiffness substrates (12 and
25 kPa); F-actin accumulation at phagocytic cups followed a
similar trend. Our results suggest that, over the physiological
range of hydrogel stiffnesses tested, phagocytic uptake is
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Figure 5. Phagocytosis is associated with
the disruption of podosomes at the ventral
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side of macrophages

hMDMs were seeded on glass coverslips, incu-
bated at 37°C for 4 h and challenged with
opsonized RBCs (iC3b-IgM-RBCs). Cells were
fixed at steady state (basal) or after a 2- or 15-min
incubation with RBCs, permeabilized and labeled
with Alexa Fluor 488-conjugated phalloidin and
Cy3-labeled anti-rabbit antibodies that recognize
the anti-sheep RBCs IgMs used to opsonize
RBCs.

(A) Representative confocal images of the ventral
side of macrophages (close to the coverslip) at
steady state (basal) or after 2 or 15 min with RBCs.
F-actin is shown in gray while RBCs are shown in
cyan. Scale bar, 10 pm.

(B and C) Quantification of podosome density
(B) and cell spreading area (C) at the different time
points. Each dot represents an individual cell; data
are pooled from 3 independent donors with 25-30
cells per condition and per donor. Because po-
dosome density at steady state across the
different donors is heterogenous, results are ex-
pressed as fold change from the mean of all cells

T
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Actin cups:

decreased when substrate rigidity increases. It would mean that
macrophages’ ability to phagocytose would be lessened in stiff
environments, such as fibrotic tissues; that effect could
contribute to disease progression. Reports in the literature on
this question have been conflicting, with studies finding that sub-
strate stiffness had no effect on phagocytosis® or only after LPS
treatment,”® and other studies reporting opposite effects of sub-
strate stiffness on phagocytic uptake.?”>° Differences in exper-
imental conditions, especially the range of substrate elastic
moduli tested and the properties of the phagocytic targets
used, appear critical to understand this lack of consistency.
Importantly, however, no mechanism has been proposed to
explain the effect of substrate stiffness on internalization in these
studies. In our case, differences in initial target capture and CR3
activation state were not enough to fully explain the differences

Podosome density

in the basal condition for each donor. A Kruskal-
Wallis test was used for comparison of multiple
groups in (B).

(D) Representative confocal images of the ventral
side (upper panel) or dorsal side (lower panel) of
macrophages after 2 min with RBCs. F-actin is
shown in gray while RBCs are shown in cyan. Blue
dashed box highlights a macrophage with F-actin
recruitment around multiple RBCs on the dorsal
side (white arrow shows one example of an actin
cup) and no podosome on the ventral side; orange
dashed box shows a macrophage with no F-actin
recruitment around bound RBCs on the dorsal
side and many podosomes on the ventral side.
Scale bar, 10 um.

(E) Quantification of podosome density after 2 min
with RBCs, comparing macrophages with F-actin
recruitment around RBCs (actin cups) or not. Each
dot represents an individual cell; data are pooled
from 3 independent donors with 25-30 cells per
donor. A Mann-Whitney test was used to compare
the two cell populations. *: p value < 0.05; ****:
p value < 0.0001.
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in phagocytic uptake. A possible explanation would be to take
into account how the actin cytoskeleton is organized in macro-
phages prior to a challenge with phagocytic targets. Work on
retinal pigment epithelial cells, whose ability to phagocytose
fragments shed by photoreceptor cells is critical for normal
vision, showed that the presence of a high number of F-actin
stress fibers in these cells decreased their capacity to bind and
internalize phagocytic targets.® Similarly, as macrophages
formed fewer podosomes on soft substrates, F-actin could be
better mobilized during phagocytosis on these surfaces and
lead to better particle uptake. This hypothesis would be consis-
tent with our results on the effect of substrate stiffness on F-actin
recruitment during phagocytosis. Several studies have also
shown that cell adhesion increases plasma membrane ten-
sion,®""*? and a recent study reported that neutrophils with an
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Ventral side Ventral side
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B ARPC2 F-actin Merge ARPC2 F-actin Merge

C RhoA-GTP F-actin Merge RhoA-GTP F-actin Merge

+ opsonized RBCs
Dorsal side

Vinculin F-actin Merge

RhoA-GTP F-actin Merge

Figure 6. Relocalization of proteins associated with podosomes or phagocytic cups during integrin-mediated phagocytosis

hMDMs were seeded on glass coverslips, incubated at 37°C for 4 h and challenged with opsonized RBCs. Cells were fixed at steady state (basal) or after a 2-min
incubation with RBCs, permeabilized and labeled with Alexa Fluor 488-conjugated phalloidin and a mouse antibody that recognizes vinculin (A), rabbit antibodies
against p34-Arc/ARPC2 (B) or a recombinant antibody that recognizes RhoA-GTP (C), followed by Alexa Fluor 647-labeled anti-mouse, anti-rabbit or anti-human
IgG antibodies. Representative confocal images of the ventral side (upper panel) or dorsal side (lower panel) of macrophages at steady state (left) or during
phagocytosis of opsonized RBCs (right). On merge images, F-actin is shown in red and vinculin, ARPC2 or RhoA-GTP is shown in green. Scale bar, 10 um.

excess of plasma membrane and lower membrane tension are  surfaces could have decreased membrane tension compared
able to phagocytose a higher number of particles.®® We could  to their counterparts on stiff surfaces, which would facilitate
then imagine that macrophages with fewer podosomes on soft the formation of protrusions around phagocytic targets. In
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support of this idea, an effect of adhesiveness on macropinocy-
tosis was recently described in macrophages.®* These hypothe-
ses do not explain the phenotype observed on glass coverslips,
but the physical properties of glass make these surfaces big out-
liers when compared to the polyacrylamide gels. Overall, our re-
sults and those of others indicate that substrate properties do
have an important effect on phagocytic uptake, but the relative
contributions of macrophage prior activation, substrate stiff-
ness, type of phagocytic receptor(s) engaged, and physical
properties of the target are still not well understood.

We then asked if, conversely, phagocytosis has an effect on
the way macrophages interact with their environment. We
found that CR3-mediated phagocytosis led to a transient loss
of podosomes on the ventral side of macrophages, at the
same time as F-actin recruitment around targets at phagocytic
cups. Other proteins characteristic of macrophage podosomes,
such as vinculin and ARPC2, were also lost from the ventral
side of macrophages and recruited at phagocytic cups
concomitantly with F-actin. While many studies (reviewed by
Linder and Barcelona®) have described actin structures at
phagocytic cups referred to as “podosome-like” given their
similarities with podosomes in terms of composition and orga-
nization, the consequences of phagocytic receptor engage-
ment on podosome dynamics has not been extensively
described. Observations similar to ours were made in a previ-
ous study of phagocytosis mediated by a different receptor,
the Fcy receptor.® Of note, as CR3 is also involved in phago-
cytosis of IgG-opsonized particles,®”*® similar mechanisms
could be at play in both types of phagocytosis. This active re-
modeling of macrophage adhesion during phagocytosis is
consistent with the fact that phagocytosing macrophages
interact more dynamically with substrate, as found by traction
force microscopy.

As they involve many of the same molecular actors, inhibiting
one process (phagocytosis or podosome dynamics) by a drug
or protein depletion often inhibits the other one as well, which
makes the study of the underlying mechanisms challenging.
Several hypotheses can nonetheless be brought forward: first,
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Gelatin degradation Figure 7. Integrin-mediated phagocytosis
decreases gelatin degradation by macro-
phages
hMDMs were seeded on fluorescent gelatin-
coated coverslips and incubated at 37°C for 1 h
and challenged with opsonized RBCs (iC3b-IgM-
) RBCs). Cells were fixed after 2 h, permeabilized
—e and labeled with Alexa Fluor 633-conjugated
phalloidin and Cy3-labeled anti-rabbit antibodies
200 that recognize the anti-sheep RBCs IgMs used to
opsonize RBCs.
RBc(:)s_:—!—l— (A) Representative wide-field images of macro-
_— phages challenged (lower panel) or not (upper
2h panel) with RBCs. F-actin is shown in gray, RBCs
in cyan and gelatin in green. Scale bar, 10 pm.
(B) Quantification of mean degradation area per
cell. Each dot corresponds to the mean of at least
30 cells per condition and per donor. A ratio paired
t test was used to compare the means of all 4
donors. *: p value < 0.05.
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podosome disruption could be triggered by signaling induced
downstream of phagocytic receptor engagement. In support
of this idea, the RhoA-ROCK-myosin IIA pathway, which is
crucial to drive CR3-mediated phagocytosis,'®*° was found
to be responsible for podosome dissolution in response to
PGE2 in dendritic cells.*® RhoA was also responsible for podo-
some loss after phagocytosis of IgG-opsonized particles, but
the observed podosome disruption occurred following phago-
some maturation in that case, suggesting that several path-
ways can link phagocytosis with podosome dynamics.*' Podo-
some disruption could also be a direct consequence of the
recruitment of F-actin and other proteins at the dorsal side of
macrophages, effectively depleting them from the ventral
side. It could also be explained by a competition for effectors
between actors involved in podosome formation, on the one
hand, and phagocytosis, on the other hand; for example,
between RhoA, which is the small GTPase from the Rho family
whose role is most important to induce F-actin reorganization
during CR3-mediated phagocytosis, and Cdc42, which medi-
ates branched F-actin polymerization in podosomes.”’ Lastly,
the loss of podosomes could involve physical constraints on
the plasma membrane during phagocytosis. Several studies
have reported an increase in plasma membrane tension during
phagocytosis*>** and podosome dynamics were found to be
modulated by factors affecting membrane tension, indepen-
dently of actomyosin contraction.**

We show that there is a connection between what happens at
the dorsal side of macrophages (phagocytosis) and at their
ventral side (adhesion and matrix degradation), involving a dy-
namic actin remodeling. In vivo, this type of crosstalk might be
critical for innate immune cells to shift from a still sentinel func-
tion to a more dynamic sampling and scavenging activity.

Limitations of the study

This work presents several limitations that are inherent to the
study of cell behavior in vitro. Macrophages were seeded either
on glass or on hydrogels composed of polyacrylamide; these
substrates do not accurately recapitulate the 3D environment
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in which macrophages can be found in an organism. In addition,
while this study used exclusively monocyte-derived primary
macrophages and not a macrophage cell line, these cells still
differ significantly from tissue-resident macrophages because
of the lack of tissue- and niche-specific cues that macrophages
rely on in vivo. Finally, we were limited in our study of the cross-
talk between adhesion and phagocytosis in macrophages as
these two cell functions involve many of the same molecular ac-
tors; targeting these actors therefore inhibited both processes.
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Antibodies

Anti-vinculin (clone hVIN-1)
Anti-p34-Arc/ARPC2

Anti-sheep red blood cells
(RBCs) rabbit IgMs

Anti-RhoA-GTP

Alexa Fluor 647-labeled F(ab’),
donkey anti-mouse IgG (H+L)

Cy3-labeled F(ab’), donkey
anti-rabbit IgG (H+L)

Alexa Fluor 647-labeled F(ab’),
donkey anti-rabbit IgG (H+L)

Alexa Fluor 647-labeled F(ab’),
goat anti-human IgG (H+L)

Sigma-Aldrich (Merck)
Sigma-Aldrich (Merck)
Gentaur

CurieCoreTech recombinant
antibody facility (Institut Curie)
Jackson ImmunoResearch
Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Cat#V9131; RRID: AB_477629
Cat#07-227; RRID: AB_11212539
Cat#MBS524107

Cat#A-R-H#62

Cat#715-606-150; RRID: AB_2340865

Cat#711-166-152; RRID: AB_2313568

Cat#711-606-152; RRID: AB_2340625

Cat#109-606-088; RRID: AB_2337897

Biological samples

Complement C5-deficient human serum

Human blood from healthy donors
(apheresis cassettes)

Sigma-Aldrich (Merck)
Etablissement Frangais du Sang (EFS)

Cat#C1163

INSERM agreement 18/EFS/030 and CNRS
agreement 2023-2026-025 CCPSL CNRS

Chemicals, peptides, and recombinant proteins

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich (Merck) Cat#P1585

4’ 6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich (Merck) Cat#D9542

Phalloidin Alexa Fluor 488 Invitrogen Cat#A12379

Phalloidin Alexa Fluor 633 Invitrogen Cat#A22284

Ficoll-Paque Plus Merck Cat#GE17-1440-03

Percoll Sigma-Aldrich (Merck) Cat#GE17-0891-01

Human GM-CSF Miltenyi Cat#130-093-865

Human M-CSF Miltenyi Cat#130-096-491
Acrylamide Sigma-Aldrich (Merck) Cat#A4058

Bis-acrylamide Sigma-Aldrich (Merck) Cat#M1533
Paraformaldehyde Electron Microscopy Sciences Cat#19210

Glutaraldehyde Electron Microscopy Sciences Cat#16200

Poly-L-lysine Sigma-Aldrich (Merck) Cat#P8920

Fluoromount-G Interchim Cat#FP-483331

Software and algorithms

Prism v9.3.1 GraphPad https://www.graphpad.com/
Fiji v2.0.0-rc-69/1.52p U.S. National Institutes of Health https://imagej.net/software/fiji/
Other

Softslip Easy Coat hydrogels bound to
12-mm #1 glass coverslips, 4 kPa

Softslip Easy Coat hydrogels bound to
12-mm #1 glass coverslips, 12 kPa

Softslip Easy Coat hydrogels bound to
12-mm #1 glass coverslips, 25 kPa

Fetal bovine serum

Sheep blood in Alsevers

Matrigen

Matrigen
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Life Technologies

Rockland Immunochemicals

Cat#SS24-EC-4-EA
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Gelatin Oregon Green 488 Invitrogen Cat#G13186
Fibronectin Sigma-Aldrich (Merck) Cat#F1141
Saponin Sigma-Aldrich (Merck) Cat#S7900
35-mm glass-bottom cell culture dishes MatTek Cat#P35G-0-14-C
FluoSpheres carboxylate-modified Invitrogen Cat#F8810

microspheres

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Primary cultures of human macrophages

Primary human macrophages were differentiated from monocytes isolated from the blood of healthy donors, obtained from the
Etablissement Francais du Sang, in agreement with INSERM (18/EFS/030) and CNRS (2023-2026-025 CCPSL CNRS). Written con-
sent was given by all donors and samples were anonymized (no information was provided on the age and sex of the donors).

METHOD DETAILS

Antibodies and reagents

Phorbol 12-myristate 13-acetate (PMA) (P1585), complement C5-deficient human serum (C1163), anti-vinculin (clone hVIN-1)
(V9131), anti-p34-Arc/ARPC2 (07-227) and DAPI (2-(4-amidinophenyl)-1H-indole-6-carboxamidine) (D9542) were obtained from
Merck. Anti-RhoA-GTP was from the CurieCoreTech recombinant antibody facility (Institut Curie). Anti-sheep red blood cells
(RBCs) rabbit IgMs were obtained from Gentaur (MBS524107). Phalloidin conjugated to Alexa Fluor 488 (A12379) or Alexa Fluor
633 (A22284) was purchased from Invitrogen. Alexa Fluor 488, Alexa Fluor 647 or Cy3-labeled F(ab’), anti-mouse, anti-human or
anti-rabbit IgG (H+L) were obtained from Jackson ImmunoResearch.

Cell culture

Human blood of healthy donors was obtained from the Etablissement Frangais du Sang (INSERM agreement 18/EFS/030 and CNRS
agreement 2023-2026-025 CCPSL CNRS). All donors gave written informed consent and samples were anonymized. Blood
samples were diluted 1:1in PBS 1 mM EDTA and peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque (Merck,
GE17-1440-03) density gradient centrifugation. Lymphocytes were eliminated by a 56% Percoll (Sigma-Aldrich, GE17-0891-01)
density gradient centrifugation. The remaining cells (monocytes) were seeded in R10 medium (RPMI 1640 with GlutaMAX (Gibco,
61870-010) supplemented with 10% fetal bovine serum (FBS, Life Technologies, 10270106), 10 mM HEPES (Gibco, 15630080),
1 mM sodium pyruvate (Gibco, 11360039), 1X non-essential amino acids (Gibco, 11140035) and 100 pg/mL penicillin/streptomycin
(Gibco, 15140122)) with 4 ng/mL GM-CSF (Miltenyi, 130-093-865) and 0.5 ng/mL M-CSF (Miltenyi, 130-096-491). Medium and
cytokines were renewed on day 3 or 4 of differentiation. On day 7, medium was replaced by macrophage medium (RPMI 1640
with GlutaMAX (Gibco, 61870-010) supplemented with 10% fetal bovine serum (FBS, Life Technologies, 10270106), 2 mM
L-glutamine (Gibco, 25030024) and 100 ng/mL penicillin/streptomycin (Gibco, 15140122)). Monocyte-derived macrophages were
used for experiments from day 8 to day 12 of differentiation. Cells were detached from cell culture plates by incubating them in
PBS 1X, 2 mM EDTA for 40 min at 4°C, washed once with PBS 1X then resuspended in macrophage medium and seeded at a density
of 2.5 x 10* cells per cm?.

Complement-mediated phagocytosis assay

Sheep RBCs purified from sheep blood (Rockland, R311-0050) were used as phagocytic targets. RBCs were opsonized to target
CRS8 as follows: after being washed twice in PBS 1X 0.1% BSA (bovine serum albumin, Euromedex 04-100-812-E), RBCs were incu-
bated with rabbit IgM anti-sheep RBCs (Gentaur, MBS524107) at 1/80 in PBS 1X 0.1% BSA for 30 min at room temperature. RBCs
were again washed in PBS 1X 0.1% BSA and incubated in phagocytosis medium (RPMI 1640 with GlutaMAX (Gibco, 61870-010)
supplemented with 2 mM L-glutamine (Gibco, 25030024) and 100 pug/mL penicillin/streptomycin (Gibco, 15140122)) containing
10% of complement C5-deficient human serum (Merck, C1163) for 20 min at 37°C. Opsonized RBCs (iC3b-IgM-RBCs) were then
resuspended in pre-warmed phagocytosis medium. Alternatively, the incubation step with IgM was skipped and RBCs were opson-
ized only with 10% complement C5-deficient serum (iC3b-RBCs). When mentioned, macrophages were pretreated with 150 ng/mL
PMA in phagocytosis medium for 15 min at 37°C prior to adding RBCs. Phagocytosis was initiated by distributing the RBCs on mac-
rophages and synchronization was ensured by centrifuging the cells at 500 g for 2 min. Cells were then placed back in the incubator at
37°C, 5% CO, for the indicated time periods.
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Hydrogels

Polyacrylamide hydrogels bound to glass coverslips (Softslip Easy Coat hydrogels, bound to 12-mm #1 glass coverslips, SS24-EC-
4-EA (4 kPa), SS24-EC-12-EA (12 kPa) or SS24-EC-25-EA (25 kPa)) were purchased from Matrigen to compare phagocytosis on sub-
strates of varying stiffnesses. Hydrogels were incubated with 10 ug/mL fibronectin (Merck, F1141) diluted in PBS 1X for 1 h at room
temperature or, alternatively, overnight at 4°C. Hydrogels were then rinsed once with PBS 1X and once with macrophage medium
prior to adding the differentiated macrophages. They were allowed to re-adhere for 4 h at 37°C, 5% CO..

Fluorescent gelatin degradation assay

Fluorescent gelatin-coated coverslips were prepared as described in Remy et al.” Briefly, glass coverslips were coated with poly-L-
lysine (Sigma-Aldrich, P8920) at 10 pg/mL in H,O for 20 min at room temperature, rinsed with H,O and treated with 0.5% glutaral-
dehyde (Electron Microscopy Science, 16200) in PBS 1X for 10 min. After three rinses with PBS 1X, the coverslips were coated with
gelatin coupled to Oregon Green 488 (Invitrogen, G13186) resuspended at 0.2 mg/mL in 2% sucrose for 10 min at room temperature
and rinsed with PBS 1X before being treated with 133 mM sodium borohydride in PBS 1X for 3 min. The coverslips were finally rinsed
three times with PBS 1X and stored at 4°C until use. Macrophages were allowed to re-adhere on these coverslips for 1 h before being
challenged with iC3b-IgM-RBCs for 2 h at 37°C, 5% CO..

|.45

Immunofluorescence microscopy

Cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, 19210) in PBS 1X for 15 min at room temperature and
quenched for 10 min with 50 mM NH4CI in PBS 1X. Coverslips were then washed once in PBS 1X and incubated in PBS 1X, 2%
FBS, 0.05% saponin (Sigma-Aldrich, S7900) (permeabilization buffer) for 10 to 15 min. Coverslips were incubated with primary an-
tibodies diluted in permeabilization buffer for 45 min at room temperature, washed three times then incubated with secondary anti-
bodies, fluorescent phalloidin and DAPI in permeabilization buffer for 30 min at room temperature. After three washes, coverslips
were mounted onto slides with Fluoromount-G (Interchim, FP-483331).

Images were acquired using an inverted wide-field microscope (Leica DMI6000) with a 100x (1.4 NA) HCX APO oil-immersion
objective, an ORCA flash 4 LT camera (Hamamatsu) and a HXP R 120W/45C VIS lamp. This system was controlled using the Meta-
morph software (Molecular Devices). Image acquisitions were also performed using a spinning disk confocal microscope (Yokogawa
CSU-W1 T1) witha 100x (1.4 NA) PLAN APO CHROME oil-immersion objective, an ORCA sCMOS flash 4.0 v3 camera (Hamamatsu)
and OBIS lasers (Coherent). That system was controlled using the cellSens software (Olympus). A z-stack series of images was taken
every 0.25 um.

Quantitative analysis of phagocytic uptake

Internalized RBCs were defined as particles positive for the fluorescent labeling with the fluorescent F(ab’), anti-rabbit IgG and de-
tected by phase contrast as holes in the cells. External RBCs were associated with a cell and positive for the fluorescent labeling but
not detected by phase contrast. The number of cell-associated (bound + internalized) and the number of internalized RBCs were
counted in 25-30 cells chosen at random on the coverslips. Phagocytosis efficiency was calculated as the percentage of bound
RBCs that were internalized.

Fluorescence image analysis
Images were analyzed with Fiji (U.S. National Institutes of Health). Cell spreading area was measured on the plane closest to the
coverslip based on the F-actin staining. Podosomes were detected using the “Maximum Entropy” threshold plugin on Fiji, only
considering regions > 10 pixels and whose circularity was comprised between 0.5 and 1. The number of podosome was then divided
by the cell spreading area to obtain the podosome density. A homemade macro for this quantification was created on Fiji and is avail-
able upon request.

For quantification of gelatin degradation, the total area of degradation (darker pixels) was measured with the threshold command of
Imaged. The total degradation area was then divided by the number of cells to obtain the mean degradation area per cell.

Substrate preparation and characterization for traction force microscopy

10 kPa polyacrylamide gels for traction force microscopy were prepared as described in Tse and Engler.*® Briefly, 10% acrylamide
(Sigma-Aldrich, A4058) and 0.1% bis-acrylamide (Sigma-Aldrich, M1533) solution containing 200 nm fluorescent beads (Invitrogen,
F8810) was allowed to polymerize between plasma-cleaned, fibronectin-coated (Merck, F1141), 12-mm diameter coverslips and
silanized glass-bottom cell culture dishes (MatTek, P35G-0-14-C). Resulting gels had a thickness of 60-100 nm and it was verified
that the method reliably yielded gels with stiffnesses within the error range provided by Tse and Engler using the method of Gross and
Kress.*’

Traction force microscopy

Macrophages were allowed to re-adhere to fibronectin-coated 10 kPa polyacrylamide gels described above for 4 h. Imaging was
performed at 37°C, 5% CO, using an inverted wide-field microscope (iMIC TILL Photonics) with a 60x (1.49 NA) ApoN TIRFM objec-
tive and an EMCCD camera (ANDOR technology). Cells were observed with brightfield illumination for at least 30 min in phagocytosis
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medium, in the case of control cells, or medium containing iC3b-IgM-RBCs, to serve as phagocytic targets for phagocytosing cells.
Simultaneous fluorescence images of fluorescent beads in the surface plane of the gel were acquired for calculation of traction
forces. Images were acquired every 10 s. The calculation method has been described in detail elsewhere (Mandal et al., 2014). Briefly,
bead images were corrected for drift and then divided into 19 pm? sub-images. Single particle tracking was performed in each sub-
image yielding the displacement field, u(7’), with a spatial resolution of 20 nm. The stress field, T(r'), was calculated:

u(T) = /ZG,(? - (7 )ar
/

where i and j denote spatial dimensions and G is the Green’s tensor (which describes the response of the material to a punctual force)
Calculations were performed using Fast Fourier transform traction cytometry assuming that the substrate was of infinite thickness,
and was homogenous, linearly elastic and isotropic. Only forces tangential to the imaging plane are considered reducing the problem
to 2D.
Orientation analysis was performed by calculating the first order moment of the force distribution, or force dipole, which describes
the contraction/dilation force as well as the torques applied by the cell:

/ XT, / XTy]
[y [,

As the net torque is expected to be zero, the symmetrical matrix can be used to find the principle contractile axes: two contractile
dipoles along two principal directions, corresponding to the two eigenvectors of the first order moment. The ratio, Y‘;;fjf, where 14

and A, are the two eigenvalues of the first order moment tensor, has a value between 0 and 1. It indicates the degree of polarization of
the force pattern.

M =

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using GraphPad Prism 9 software. All statistical tests and number of independent experiments are

mentioned in the figure legends. Statistical significance is indicated as follows: *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001;
***: p-value < 0.0001.
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