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In order to understand the sensitivity of alveolar macrophages (AMs) to substrate
properties, we have developed a new model of macrophages cultured on sub-
strates of increasing Young’s modulus: (i) a monolayer of alveolar epithelial cells
representing the supple (~0.1 kPa) physiological substrate, (ii) polyacrylamide
gels with two concentrations of bis-acrylamide representing low and high interme-
diate stiffness (respectively 40 kPa and 160 kPa) and, (iii) a highly rigid surface
of plastic or glass (respectively 3 MPa and 70 MPa), the two latter being or not
functionalized with type I-collagen. The macrophage response was studied
through their shape (characterized by 3D-reconstructions of F-actin structure) and
their cytoskeletal stiffness (estimated by transient twisting of magnetic RGD-
coated beads and corrected for actual bead immersion). Macrophage shape dra-
matically changed from rounded to flattened as substrate stiffness increased from
soft ((i) and (ii)) to rigid (iii) substrates, indicating a net sensitivity of alveolar
macrophages to substrate stiffness but without generating F-actin stress fibers.
Macrophage stiffness was also increased by large substrate stiffness increase but
this increase was not due to an increase in internal tension assessed by the negligi-
ble effect of a F-actin depolymerizing drug (cytochalasine D) on bead twisting.
The mechanical sensitivity of AMs could be partly explained by an idealized nu-
merical model describing how low cell height enhances the substrate-stiffness-de-
pendence of the apparent (measured) AM stiffness. Altogether, these results sug-
gest that macrophages are able to probe their physical environment but the mecha-
nosensitive mechanism behind appears quite different from tissue cells, since it
occurs at no significant cell-scale prestress, shape changes through minimal actin
remodeling and finally an AMs stiffness not affected by the loss in F-actin integrity.
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in the lower respiratory tract. AMs are highly motile cells
and their ability to migrate towards a source of chemoat-
tractant is essential for their recruitment to sites of inflam-
mation. In spite of the fact that the fundamental role of
AMs involves its interactions with neighboring cells,
large gaps remain in our knowledge of how AM respond
to an alveolar environment which is susceptible to deep
changes. In normal physiological conditions, pulmonary
macrophages are entirely covered by a surface lining
layer which indeed regulates surface tension. It has been
reported that bronchiolar macrophages can bulge into the
airspaces for normal or low surface tension, while in the
case of high surface tension associated to reduced surface
curvatures (e.g., surfactant depletion), bronchiolar macro-
phages are molded like pancakes onto the epithelial surfa-
ces [Bachofen and Schurch, 2001]. During acute lung
injury, the alveolar-capillary barrier is subjected to con-
siderable stretching during breathing and mechanical
ventilation [Tschumperlin and Margulies, 1999]. At the
same time, inflammatory mediators - dependent on AMs
stretching [Pugin et al., 1998] - tend to compromise the
alveolar epithelium integrity through deep modifications
of the force balance at the cell-cell junction. Recent
results show that both stretching and inflammation
enhance epithelial cell stiffness and alteration of the
alveolo-epithelial barrier integrity [Trepat et al., 2004;
Trepat et al., 2005], thus rendering stiffer and more heter-
ogeneous the AMs susbtrate in the injured epithelium.
Changes in cell shape are known to be mediated by
alterations in the cytoskeleton (CSK), and the substrate
appears to control cell shape and function by producing
global changes in a structurally integrated CSK network
[Folkman and Moscona, 1978; Bissell and Barcellos-
Hoff, 1987; Ben-Ze’ev et al., 1988; Mooney et al.,
1995]. Such substrate-dependent CSK changes occur
because cell membrane adhesive structures constitute
potential site at which acto-myosin contractile CSK
forces are exerted on the substrate [Miyamoto et al.,
1995; Chrzanowska-Wodnicka and Burridge, 1996;
Beningo et al., 2001]. These concepts have been particu-
larly well established for tissue cells as pointed out in a
recent review by Discher et al. [Discher et al., 2005].
The contractile forces generated in the CSK by the actin-
myosin motors are known to be counter-balanced by the
anchoring forces exerted through the molecular interac-
tions (e.g., cluster of integrins) at the adhesion sites on
the substrate [Balaban et al., 2001]. Moreover, it has
been shown that the strength of integrin-cytoskeleton
linkages is dependent on matrix rigidity and its biochem-
ical composition [Choquet et al., 1997; Sheetz et al.,
1998]. Cell movement can also be guided by purely
physical interactions at the cell-substrate interface and
this apparent preference for a stiff substrate is called
“durotaxis” [Lo et al., 2000]. Moreover, cells adherent

to flexible substrates showed reduced spreading and
increasing rates of motility or lamellipodial activity com-
pared to rigid substrates [Pelham and Wang, 1997].

By contrast, macrophage response to substrate
stiffness remains largely unknown. To our knowledge, it
has been shown that AM phagocytosis, a process which
corresponds to a form of cell movement, Beningo and
Wang found that when presented with particles with
identical chemical properties but different stiffness, AMs
showed a strong preference to engulf stiff objects
[Beningo and Wang, 2002]. In order to assess AM sensi-
tivity to various substrate mechanical properties, we
compared, in the same culture conditions but for a vari-
ety of substrates: i) the shape of AMs assessed from 3D-
reconstructions of the F-actin network of adherent rat
AMs, and ii) the measured elasticity modulus of living
rat AMs. Properties of tested substrates ranged from sup-
ple to rigid, namely : (i) a physiological cellular substrate
consisting of an alveolar epithelial cell monolayer, (ii)
two flexible synthetic substrates (soft and stiff) of inter-
mediate stiffness composed of polyacrylamide gels, and
(iii) a rigid substrate (plastic or glass) coated or non
coated with type I collagen. Measurements of cell elas-
ticity modulus (called AMs stiffness) were performed
using an improved Magnetic Twisting Cytometry device
(MTC) based on bead rotation measurement beyond tor-
ques of 400 pNXpum and our approach of the correction
for actual bead immersion within the cytoplasm [Laurent
et al. 2002b; Fodil et al., 2003; Ohayon et al., 2004]. In
parallel, change in AMs shape was studied for the differ-
ent tested substrates on the basis of 3D-reconstructions
based on the Z-stack of optical sections obtained by con-
focal microscopy. This structural study reveals that AMs
are sensitive to large substrate stiffness alterations.
Moreover, AMs stiffness was altered by changes in sub-
strate stiffness while cell stiffness was surprisingly not
affected by F-actin depolymerization. It appears from
results presently obtained that behavior of AMs differs
from tissue cells, e.g., smooth muscle cells and endothe-
lial cells [Wang et al., 1993, 2002; Hu et al., 2004,
2005], fibroblasts [Bausch et al., 1998; Dembo and
Wang, 1999; Munevar et al., 2001], myocytes [Griffin
et al., 2004], in all of which cell prestress was found to
be central for mechanosensing and cell adaptation to the
mechanical environment. Noteworthy, present results
suggest that low tensed mechanotransduction pathways
could exist in AMs, which might explained their peculiar
substrate sensitivity.

MATERIALS AND METHODS
Materials

RGD peptide was obtained from Telios Pharma-
ceuticals Inc. (San Diego, CA, USA), mounting medium



was obtained from DAKO (Carpinteria, CA, USA). Car-
boxyl Ferro-Magnetic beads (#CFM-40-10) were pur-
chased from Spherotech Inc. (Brussels, Belgium). Tryp-
sin, EDTA, Foetal Calf Serum (FCS), Penicillin, Strepto-
mycin, Bovine Serum Albumin (BSA), Cytochalasin D,
rhodamine phalloidin were purchased from Sigma
Chemicals (I’Ile d’Abeau Chéne, France). DMEM con-
taining glutamax, 4500 mg/l p-glucose, sodium pyruvate
and RPMI 1640 were purchased from Invitrogen (Eragny
sur Oise, France). Type I collagen and adhesion mole-
cule antibodies were purchased from BD Biosciences
(Pont de Claix, France).

Cell Isolation and Culture

Isolation of Alveolar Epithelial Type II Cells. Al-
veolar type II cells were isolated from pathogen-free
male Sprague-Dawley rats as previously described [Cler-
ici et al., 1992; Planus et al., 1999]. Culture medium was
DMEM containing 10% FCS, 50 IU/ml penicillin, 50
pg/ml streptomycin. Plated cells were incubated in a 5%
CO,-95% air incubator. After 24 h, the culture medium
was changed for a medium composed of DMEM sup-
plemented with 50 IU/ml penicillin, 50 pg/ml strepto-
mycin, and 0.1% BSA. Confluence was reached within
5 days.

Isolation of Alveolar Macrophages. AMs were iso-
lated from pathogen-free male or female Sprague-Daw-
ley rats weightings 375-400 g (IFFA CREDO). Animals
were injected with 30 mg/kg i.p. pentobarbital sodium.
After exsanguination, the trachea was cannulated and
bronchoalveolar lavages were performed with 100 ml of
Solution I containing 140 mM NaCl, 5 mM KCl, 2.5 mM
PBS, 10 mM Hepes, 6 mM p-glucose and 0.2 mM ethyl-
ene diamine tetraacetic acid tetrasodium salt (EDTA) at
37°C. The heterogeneity in cell shape and function,
which is inherent to an AM population issued from bron-
choalveolar lavage, has been minimized as proposed by
Laplante et al. [Laplante and Lemaire, 1990] by choos-
ing to study AMs isolated from the second fraction of
broncho-alveolar lavage fluid, these AMs were recog-
nized to have a better adherence and most likely a better
homogeneity.

Lavage fluids were centrifuged at 500 g for 10 min
and the cells pellet was re-suspended in RPMI medium
supplemented with 0.1% BSA. An average yield of 4 X
10° cells/rat was obtained. The time allowed for AM ad-
hesion (i.e., ~3 hours) was chosen as a compromise
between optimal adhesion and minimal de-differentia-
tion [Rossman et al., 1980]. For each set of substrates
studied, (i.e., epithelial cells, gels, glass/plastic), the
macrophages pertaining to the same population, (i.e.,
issued from the same rat) were seeded in culture wells
without addition of any chemoattractant.
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Cell Adhesion Assay

Cell adhesion assay were performed to determine
the nature of the integrins involved in the adhesion of
AMs for various substrates. After isolation of rat AMs,
cells in suspension were pre-incubated under gentle agi-
tation for 30 min at 4°C with 10 mg/ml of either (i) anti-
CD18 mAb monoclonal antibody (mAb), or (ii), anti-
CDl11b, or (iii) both anti-CD18 and anti-CD11b mAb.
Following pre-incubation, AMs were seeded at a density
of 1.5%10%ells/ml onto two types of tested substrates,
namely the cellular and the rigid plastic substrates
(coated and non-coated with type I collagen) and incu-
bated for 3 h. Non-adherent cells were then removed by
three rinses with warm PBS (37°C). Adherent cells were
fixed with 1% glutaraldehyde in PBS for 30 min, and
then rinsed three times with PBS. Lastly, cells were cov-
ered by DAKO mounting medium. The number of adher-
ent AMs on the various substrates was evaluated after 3
hours of seeding, from 10 photos obtained by phase con-
trast microscopy with X20 objective.

Staining of F-Actin With Fluorescent Phallotoxin

Rat type II pneumocytes were isolated as described
above and then plated at a density of 10° cells per cm?
on Lab-Tek chambered coverglass (8 wells) previously
coated with type I collagen. Five days later, rat type II
pneumocytes had formed a confluent cell monolayer and
AMs isolated by bronchoalveolar lavages were seeded
over the monolayer for 3 h before fixation and staining.
Staining of F-actin was carried out as previously de-
scribed [Doornaert et al., 2003]. Briefly, after fixation of
the co-culture with 1% glutaraldehyde and then staining
with rhodamine phalloidin (1.5 pM), cells were covered
with mounting medium and stored at 4°C overnight
before observation by laser confocal microscopy.

Confocal Microscopy and 3D-Reconstructions
of F-Actin Structure

Confocal microscopy and 3D-reconstructions of F-
actin structure were performed as previously described
[Laurent et al. 2002b; Fodil et al., 2003]. Fluorescent
stained AMs were observed using the LSM 410 invert
confocal microscope (Zeiss, Rueil-Malmaison, France)
and were brought into focus using a X100/1.3 numeric
aperture Plan-Neofluar objective. Optical sections were
recorded every 0.3 um to reveal intracellular fluores-
cence. Visualization of CSK-actin was performed using
3D-Studio Max v6.0 software (Kinetix, CA USA) and
was supposed to represent the submembranous F-actin
structure
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Magnetic Twisting Cytometry to Measure Elasticity
Modulus of AMs

Cell elasticity modulus was assessed by a previ-
ously described laboratory-made Magnetic Twisting
Cytometry device (MTC) [Planus et al., 1999; Wendling
et al., 2000; Laurent et al. 2002b] similar to that initially
described by Wang et al. [Wang et al., 1993], i.e., an
MTC method based on the measure of mean rotation of
twisted ferromagnetic RGD-coated beads. The difference
with initial MTC method is that the torque-bead rotation
relationships used to deduce the actual cell stiffness from
the apparent cell stiffness (or torque divided by the prod-
uct: bead rotationXbead volume) is corrected by a factor
deduced from a theoretical model which takes into
account the physics of bead immersion [Laurent et al.
2002b; Ohayon et al., 2004; Ohayon and Tracqui, 2005];
the half-angle of bead immersion being measured from
3D-reconstructions of the AM F-actin structure follow-
ing a method previously described (see [Fodil et al.,
2003 #139] Fig. 6 of section Results). In the studied
AMs, after 30 min of incubation, typical values of half-
angle of bead immersion in AMs were found to be 108° =
30° estimated for a population of 10 beads (see Results). In
the present study, the torque applied to the beads was main-
tained constant and equal to 800 pN X pum (corresponding
to a 5 mT perpendicular magnetic field) but we preliminary
verified that AM elasticity modulus was actually not
affected by values of applied magnetic torques varying in
the range 400—1000 pN X pum. The average bead rotation
angle was measured by an on-line magnetometer over the
entire bead/cell population present in the culture.

AM Culture for MTC Measurements

Rat AMs were plated at a density of 10° cells/ml
(i) in bacteriological dishes (96-well) coated or not with
type I collagen, or (ii) covered by a confluent monolayer
of rat pneumocytes seeded 5 days sooner in similar bac-
teriological dishes basically coated with type I collagen.
AMs were allowed to adhere and spread in RPMI 1640
medium supplemented with 0.1% BSA for 3 h, before
performing an MTC experiment. Before use, AMs were
incubated in RPMI 1640 medium supplemented with 1%
BSA for at least 30 min at 37°C to block non-specific
binding. RGD-coated ferromagnetic beads were then
added to the cells (40 pg per well) for 30 min at 37°C in
a 5% CO,—95% air incubator. Unbound beads and AMs
were washed away systematically three times with RPMI
1640 medium supplemented with 1% BSA. We verified
in a previous study that neither three repeated rinsing nor
bead twisting significantly affected the remnant magnetic
field or the stiffness measurement [Ohayon et al., 2004].

To study the effect of actin depolymerization on
the mechanical properties of AMs plated on different

substrates, we used treatments with low concentrations
of cytochalasin D (1 pg/ml) for 11 min before MTC
measurements.

Preparation of Polyacrylamide Gels

Polyacrylamide gels were prepared according to a
method previously described by Wang et al. [Wang and
Pelham, 1998]. Briefly, thin sheets of polyacrylamide gel
were prepared from a misture of 10% acrylamide and
0.07% (or 0.3%) N,N-methylene-bis-acrylamide. Ten
microlitres of this mixture were placed onto the surface
of a circular coverslip (30 mm diam.) and covered with
small circular activated coverslip (12 mm diam.). After
polymerization, the large coverslips on which polyacryl-
amide gels were polymerized, were removed and the gels
were rinsed with 100 mM Hepes. To covalently attach
type I collagen onto surface of the polyacrylamide gel,
we used the photoactivatable heterobifunctional reagent
sulfosuccinimidyl 6 (4-azido-2-nitrophenyl-amino) hexa-
noate (sulfo-SANPAH). After photoactivation, a 0.2 mg/
ml solution of type I collagen was layered onto the sub-
strate and allowed to react overnight at 4°C. The gels
were stored at 4°C. Before plating cells, gels were soaked
for 3045 min in culture medium at 37°C. Performing in-
dentation with an atomic force microscope, Nanowizard
(JPK Instruments, Berlin, Germany), we verified that elas-
ticity modulus of gels was close to predicted values by the
literature [Engler et al., 2004; Yeung et al., 2005], i.e., 40
kPa for 0.07% of bis-acrylamide and 160 kPa for 0.3%.

Collagen Coating

Concentrated stocks of type I rat tail collagen (BD
Biosciences) were diluted in 0.02 N glacial acetic acid to
5pg/cm?. The diluted proteins were dispensed into bacte-
riologic dishes (96-well) (100pl/well) and into Lab-Tek
chambered coverglass (8 wells) (200 pl/well) and incu-
bated for 3 hours at room temperature. Coated wells
were routinely washed 3 times with sterile water, dried
and kept at 4°C.

Numerical Model of the Macrophage—-Substrate
Mechanical Interaction

To specifically study the contribution of substrate
mechanical properties to the AM stiffness measured by
partially embedded rotating beads, we modified a previ-
ously published finite element model. This model
described the bead-cell monolayer mechanical interac-
tions [Ohayon et al., 2004], by substituting isolated rec-
tangular blocks - representing isolated AM - for the uni-
form cell monolayer representing confluent epithelial
cells. Each block had a surface, height and elasticity
properties representative of a given AMs. The half-angle
of bead immersion in each block was in the range o =
100°-130° for a bead-radius of around 2.25 pum. Sub-



strate monolayer was defined by its elasticity properties
covering the ranges of tested Young modulus and mean
cell height. Defining a representative substrate volume
element by 3aX3aXhg (hs: mean height of the substrate),
the representative volume element of AM was taken to
be 2aX2aXhy, (h,: mean height of the AM). Note that a
macrophage/substrate length ratio of 2/3 leads to a realis-
tic volume ratio between the simulated AM and the rep-
resentative substrate element. The value of “a” was
taken to be 9 um, which corresponds to an overall AM
area of 324 pm?, approaching the maximal AM area
found on glass substrates (see Fig. 6A). The height of the
macrophage was taken in the range (/,,: 5-11 pm) thus
including the values found in AMs from flattened (A,
5 pm) to rounded (/,,,: 8 pm). We assumed no-slip bound-
ary conditions at the bead-cell interface and at the AM-
substrate interface. Zero displacement condition, mean-
ing full attachment of the substrate to a non-deformable
base was also assumed. Other boundaries remained free.
Preliminary experiments have shown that AMs exhibit
a linear elastic behavior, i.e., a linear torque-bead rota-
tion relationship, thus justifying the linearity assumption
used in the present model. Simulations were performed
under static conditions assuming incompressible medium.
A finite element approach previously described in [Ohayon
et al., 2004; Ohayon and Tracqui, 2005] was used to com-
pute the substrate-dependent Young modulus, E,,p,, seen
by the bead, comparatively to an assumed Young modulus
of the cell, Eq.

RESULTS

Characterization of the Physiological Substrate
Used for AM Adhesion

To study shape and mechanical properties of AMs
in their physiological environment, we developed a co-
culture model presented in Fig. 1A in which isolated rat
AMs can adhere, spread and migrate on a cellular sub-
strate made of a monolayer of alveolar epithelial cells
polarized in the apico-basal direction. After healthy differ-
entiation, type II cells form a cell monolayer characterized
by a complete confluence with tight intercellular junctions
(Fig. 1A). When the same AMs are cultured on glass sub-
strate (Fig. 1B), AMs modify their shape, a phenomena
which is quantitatively analyzed in paragraphs below in
order to characterize the AM sensitivity to substrate.

It should be noted first that the mechanical charac-
terization by RGD-coated beads of an epithelial mono-
layer of type II cells was found not possible, most likely
because these 5-days culture acquire a strong apico-
baso-lateral polarity with tight junctions. This polarity
presumably induces a redistribution of integrins recep-
tors towards the basal location, impeding RGD coated
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beads to physically access at the apical face through
integrin receptors. This was ascertained by the absence
of detectable resident magnetic field after the applica-
tion, on these cells, of the standard bead attachment pro-
cedure (see Materials and Methods). It means that con-
trary to what normally occurs over monolayer of alveolar
epithelial cell lines (A549), the RGD coated beads could
not interact with epithelial monolayer of type II cells.
This can be verified on the microscopic image shown in
Fig. 1C. When alveolar epithelial cells are at confluence
and tightly connected, i.e., they get their apico-baso-lat-
eral polarity, they cannot bind any beads; by contrast,
when these cells “dedifferentiate” and then get a front-
rear polarity to be able to migrate in the wound, they are
again able to bind RGD-coated beads.

Taking advantage of this specificity of the primary
culture of alveolar epithelial type II cells, we were able
to measure the mechanical properties of AMs co-cul-
tured, i.e., adherent, over the epithelial monolayer
because AMs do bind the RGD coated beads (Fig. 1D)
while the underlying type II alveolar cells did not.
Opportunely, the defect in bead attachment specifically
found in type II alveolar cells rendered possible the use
of the MTC method in co-culture, allowing to specifi-
cally measure elasticity modulus of AMs while they
adhere on a physiological substrate. Nevertheless, a re-
sidual problem for the present study is the mechanical
characterization of the type II cellular monolayer sub-
strate which remained impossible by MTC. To charac-
terize the epithelial cell substrate, we then used the
value of elasticity modulus measured by MTC method
in the A549 human epithelial cell lines, i.e., 0.1 kPa,
obtained after appropriate correction for the actual bead
immersion angle, i.e., a= 67° in these cells [Laurent
et al. 2002b; Ohayon et al., 2004; Ohayon and Tracqui,
2005].

Characterization of Alveolar Macrophage
Adhesion

Adhesion experiments in which AMs were pre-
incubated with 10 mg/ml anti-CD18 mAb for 30 min
(see Materials and Methods) were performed in order to
determine the proportion the integrin subunit $, (CD18)
involved in the interactions between AMs and two types
of tested substrates, namely the cellular and the rigid
plastic substrates (coated and non-coated with type I col-
lagen). The results presented in Fig. 2, show that pre-
treatment of AMs with antibodies directed against the
integrin subunit (3, (CD18), significantly reduced adhe-
sion whatever the type of tested substrate. Compared to
non-treated AMs, anti-CD18 mAb blocked adhesion to
rigid non-coated plastic 69% (*17.5), adhesion to type I
collagen-coated plastic by 92% (*3) and adhesion to
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Fig. 1. A and B provide views of isolated rat alveolar macrophage
population on two different substrates: (in A) on type II alveolar epi-
thelial cell monolayer (objective: X40), (in B) on glass substrate
(objective: X20). Views A and B show qualitatively that differences
in AM shapes observed when the substrate properties changes (i.e.,
rounded on cell substrate and flattened on rigid substrate). Note that,
in our culture conditions, the wide majority of AMs exhibit a symmet-
rical shape whether there are rounded or flattened while front-rear po-
larity shape concern a limited number of AMs. C provides views of
RGD-coated bound bead distribution on type II alveolar epithelial cell
(AECs) monolayer fixed and stained by Giemsa and in which a wound
is created mechanically by a micropipette tip. At a distance from the

cellular monolayer by 75% (*10). Since according to
Ross et al. and Albert et al. [Albert et al., 1992; Ross,
2000], an/Bo-integrin is the only integrin which interacts
with collagen, plastic substrate, as well the ICAM-1 re-
ceptor of type II alveolar epithelial cells, we also inhib-
ited the integrin subunit oy (CD11b). This did not have

wound edge, AECs are at confluence and tightly connected and
cannot bind any beads likely due to the lack of integrin expression at
their apical surfaces. The stained nucleus of AECs are dark. By con-
trast, when these cells “dedifferentiate” and then get a front-rear po-
larity to be able to migrate in the wound, they become able to bind
RGD-coated beads which is clearly shown on the image in C. D shows
(objective: X20) the RGD-coated bead distribution in case of AMs
cultured on a confluent type II AEC monolayer. RGD-coated bound
beads are only visible on AMs and not at all on type II AECs. AECs
exhibit secretary vesicules (SV) visible on their upper face in D and
even in A.

any significant effect on AM adhesion for the two types
of substrate tested. Similarly, we did not observed a syn-
ergistic effect on AM adhesion when both anti-CD11b
and anti-CD18 mAb were directed against CD11b and
CD18 integrins. These results show that integrin subunit
B, (CD18) is implicated in AM adhesion.
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I control cells

200 Antibody integrin CD11b
Fig. 2. Control adhesion experiments. AMs were Antibodies integrin CD18 and CD11b
pre-incubated with 10 mg/ml of (1) antibody 180 ] Antibody integrin CD18
against integrin CD11b, (2) antibody against in- 160 P = 0.0495
tegrin CD18, (3) both antibodies against CD11b e P = 0.0485
and CDI8. Following pre-incubation, the cells 140 I ——e P = 0.0485
were seeded onto three different surfaces: (1) plas- 120 . - T

tic substrate, (2) type I collagen coated plastic
substrate and (3) cellular substrate incubated for 3
hours. Non-adherent cells were then removed by
three washes. Treatment of AMs with antibody
direct against integrin CD18 substantially blocked
AMs adhesion to the three substrates, indicating
that integrin CD18 is necessary for attachment to
these various substrates. Values are mean =+
s.e.m. Each value is the mean of three independ-
ent measurements. The statistical test used was
the Mann—Whitney test.

% Adhesion

Fig. 3.
cumulative confocal microscopic images (z-stack) of the actin cytoskeleton of AM. Staining of F-actin
cytoskeleton was performed with rhodamine-phalloidin. In B: cross-sectional view of 3D reconstruction
of the actin cytoskeleton structure of a macrophage following the vertical plane defined by the dotted line
shown in A (see Materials and Methods). This 3D-reconstruction view is obtained from Z-stack images
issued from confocal microscopy with X 100 objective (same in A). Each square is 10 pm.

Characterization of Cytoskeletal Structure and
Shape of AMs Cultured on Different Substrates

Spatial reconstructions of F-actin structure permit
qualitative and quantitative estimates of main dimen-
sions in fixed AMs (see Materials and Methods). A con-
focal cumulative image of a typical F-actin structure of
an adherent AM with rounded and symmetrical shape is
presented in Fig. 3A and the corresponding view of the
reconstructed spatial F-actin structure throughout a verti-
cal section is presented in Fig. 3B. These results reveal
that the actin cytoskeleton in AMs is essentially cortical

Non coated plastic
substrate

P = 00495

Col-l coated plastic Cellular substrate

substrate

Spatial reconstruction of F-Actin structure of AMs adherent on glass substrate. In A: View of

and resemble a thick submembranous actin mantle
(thickness: 1 to 4 pum) surrounding the entire cell with no
evidence of stress fibers or F-actin bundles.

To examine in more details the AMs actin structure
for the different substrate studied, we have considered
the density of actin structure in 6 pm-thick cell slices
from the basal cell face (see Figs. 4A, 4B, 4E, 4F, 41, 4],
4M, and 4N). Side views of fluorescence intensity cumu-
lated in between the two vertical planes (dotted lines in
Figs. 4A, 4B, 4E, 4F, 41, 4], 4M, and 4N) are shown in
Figs. 4C, 4D, 4G, 4H, 4K, 4L, 40, and 4P. These partial
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reconstructions of AMs F-actin structures are shown (in
Fig. 4) for the different substrate studied, i.e., (i) the non
coated glass substrate in Figs. 4A—4D, (ii) type I colla-
gen-coated glass (Figs. 4E—4H), (iii) the soft (Figs. 4M
and 40) and/or stiff (Figs. 4N and 4P) polyacrylamide
gel substrates (Figs. 4M—4P) and (iv) the epithelial cell
substrate (Figs. 41-4L) within which one can distinguish
the two typical antero-posterior cell polarity shapes:
symmetrical (see Figs. 4A, 4E, 41, and 4M) and asym-
metrical (see Figs. 4B, 4F, 4], and 4N). Noteworthy, for
all the substrates studied and the various cell polarity
shapes, actin structure did not exhibit stress-fibres in
these adherent AMs.

Using F-actin reconstructions at the lowest F-
actin density, (i.e., lowest detectable fluorescence in-
tensity of F-actin corresponding to the submembranous
F-actin structure), we have reconstructed in Fig. 5 the
entire F-actin structure of the AMs partially shown in
Fig. 4 above. Reconstructed F-actin structures are then
characterized by top views and side views for the fol-
lowing substrate properties: (i) rigid glass, i.e., Eggjass:
70 MPa, (see Figs. SA-5D for uncoated substrate and
Figs. 5E and 5F for type I collagen coated substrate),
(i) soft monolayer of adherent epithelial cells, i.e.,
Escen = 0.1 kPa, (see Figs. 5I-5L), and (iii) two mod-
erately stiff gels with two different values of stiffness,
ie., Esqge= 40 kPa (see Figs. 5M and 50) and 160 kPa
(see Figs. SN and 5P). Reconstructions in Fig. 5 qualita-
tively show that AM shape is flattened in case of rigid
substrates while shape of AMs appear rounded when

Fig. 4. F-Actin structure of adherent macro-
phages. Microscopic images of the F-actin cyto-
skeleton in the neighborhood of basal plane (slices
of 6 um-thick representing about 25 images from
the lowest acquired confocal image) of alveolar
macrophages with (A, C, E, G, I, K, M, O) and
without (B, D, F, H, J, L, N, P) antero-posterior
polarization of the structure. Macrophages adhere
onto (1) a non-coated (A, B, C, D) or a type I colla-
gen-coated glass substrate (E, F, G, H), (2) alveolar
epithelial cell monolayer (I, J, K, L), (3) Flexible
polyacrylamide gel substrate (M, N, O, P). These
3D-reconstructions were obtained from Z-stack
images obtained by confocal microscopy with a
X100 objective. Staining of F-actin was performed
with rhodamine—phalloidin. Images A, B, E, F, 1, J,
M, N are the views from the top of the culture and
images C, D, G. H, K, L, O, P are cross-sectional
views from the side between two parallel planes
indicated by arrows. These images reveal the pres-
ence of podosome-like structures of F-actin near
the basal face of macrophages for almost all sub-
strates tested (see Discussion).

they adhere on the softer substrates (i.e., for both the
moderately stiff gels and the type II alveolar epithelial
cell monolayer). Note that AMs adherent on rigid sub-
strates are able to develop numerous long cellular exten-
sions composed of actin structure such as filipodia. By
contrast, AMs adherent on physiological cell monolayer
substrates do not develop such a type of long actin exten-
sion (Figs. 51 and 5J) but rather develop actin micropro-
jections which uniformly cover the AM surfaces (Fig. 51).

Still concerning these results, it should be also
noted that in spite of the heterogeneity of the population
of AMs issued from broncho-alveolar lavages (see Mate-
rials and Methods), the AM shapes could be partitioned
into two basic categories: the symmetrical F-actin shapes
(see A, E, I, M in Figs. 4 and 5) and the asymmetrical F-
actin shapes (see B, F, J, N in Figs. 4 and 5) which were
observed for every types of substrates. Note that in the

Fig. 5. Top and side views of F-actin structures of AMs adhering on
substrates of different stiffness. All views show 3D reconstructions of
the actin cytoskeleton structure in alveolar macrophages with (A, C,
E, G, I, K, M, O) and without (B, D, F, H, J, L, N, P) antero-posterior
polarization. Macrophages adhere onto (1) a non-coated (A, B, C, D)
or a type I collagen-coated glass substrates (E, F, G, H) (2) alveolar
epithelial cell monolayer (I, J, K, L) (3) Flexible polyacrylamide gel
substrate (M, N, O, P). These 3D reconstructions were obtained from
Z-stack images issued by confocal microscopy using X 100 objective.
Staining of F-actin was performed with rhodamine phalloidin. Images
A, B, E, F, I, J, M, N are the views from the top of the culture and
images C, D, G, H, K, L, O, P are the views from the side indicated by
arrows in A. Size of each square: 10 pm.
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present culture conditions, the number of AMs with sym-
metrical shape is about twice the number of cells with
asymmetrical shapes. Beyond this antero-posterior shape
analysis, the important result to emphasize is that the
proportion of flat and rounded AM shapes depends on
the type of underlying substrate, namely flattened AM
shapes were largely predominant in rigid substrates, (i.e.,
more than 80% in coated and 65% in uncoated sub-
strates) while rounded shapes were predominantly ob-
served in cell and gel substrates, (i.e., more than 90%).
These percentages are calculated by reference to an over-
all number of cells in the range 600-1000, depending on
the type of substrate studied.

To quantify the substrate-dependent changes in
AM shape, we calculated, from F-actin reconstructions,
the maximal surface area (near the basal plane) and the

maximal (and mean) height. The results are ordered for
the decreasing values of substrate stiffness (from 70 MPa
down to 0.1 kPa). These results are shown in Fig. 6A for
the maximal surface area and in Fig. 6B for maximal
height. Results clearly show that maximal surface area
decreases significantly as substrate stiffness decreases
from glass to cell. An opposite tendency is observed for
the maximal height of AMs which tends to increase as
substrate stiffness decreases. Note that maximal height
of the F-actin structure of AMs on cellular substrate
was determined but with some uncertainty (see hatched
area in right column of Fig 6B) because lack of detect-
able difference in F-actin density between the apical
F-actin face of epithelial cells and the basal face of
F-actin structure in AMs. Mean AM height was readily
calculated for glass substrate treated with type I collagen
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Fig. 7. F-Actin structure of macrophages with immersed RGD-
coated beads. In A : Light microscopy view of beads coated with RGD
peptide and attached via integrins to the F-actin structure. Note that two
beads are attached to this macrophage. This photo was taken with a X 100
objective. In B : cross-sectional view of a 3D-reconstruction of the actin
cytoskeleton structure of a macrophage cut by a vertical plane crossing

60

Fig. 8. Elasticity modulus of living alveolar macro-
phages measured by MTC. Elasticity modulus (in Pa)
measured by Magnetic Twisting Cytometry (see Materi-
als and Methods) in macrophages adherent to three dif-
ferent substrates, i.e., successively a non-coated plastic
rigid plastic substrate, a type I collagen coated rigid
plastic substrate, a type II alveolar epithelial cell mono-
layer soft substrate. In full dark: control values; discon-
tinuous symbols: after 11 min of F-actin depolymeriz-
ing treatment with cytochalasin D. Values are mean *
s.e.m. Each value is the mean of three independent
measurements. The statistical test used here is the
Anova test. Values of elasticity modulus in macro-
phages are significantly different between substrates but 0

3

=

L]
=

Elasticity modulus of
macrophage cytoskeleton (Pa)
8

-
=

one of the two beads as shown by the dotted line in A. Note that beads are
largely immersed in the cytoplasm (half-angle of bead immersion around
100°) and in close contact with the actin structure. This 3D reconstruction
was obtained from Z-stack images obtained by confocal microscopy of the
cell shown in A.

B Baefore cytochalasin D treatment

p=0.001 £ During cytochalasin D treatment

p=107

p0.014

surprisingly not affected by cytochalasin D treatment
(see Results).

or untreated, (i.e., i, = 5 pum) and for the two gel sub-
strates tested, (i.e., i, = 8 pm) (shown in Fig 6B). Note
however that there is a lack of significant change in
AM spreading area and maximal (or mean) AM height
when values of substrate stiffness are not sufficiently
different such as (i) between type I collagen coated
and non-coated glass substrates (Figs. 6A and 6B), or (ii)
between the stiff and the soft flexible polyacrylamide
gel substrates tested. These results suggest that the dif-
ferences in substrate stiffness which lead to changes
in AM shape correspond to Young modulus changes
greater than three orders of magnitude. Noteworthy,
this adaptation of AM actin structure to substrate stiff-
ness does not imply the development of actin stress
fibres.

Non coated plastic

Col-l coated plastic Cellular substrate

substrate substrate

Characterization of Stiffness of AMs Cultured
on Different Substrates

The F-actin reconstruction method in the neighbor-
hood of magnetic beads has been first used to assess both
the bead attachment to F-actin as well as to determine
the half-angle of bead immersion in the AM cytoplasm.
An example of F-actin reconstruction is illustrated in
Fig. 7 which is similar to Fig. 3 except that two magnetic
beads are attached. The vertical section performed on the
spatial reconstruction (Fig. 7B) following the axis (shown
in Fig. 7A) reveals the large bead engulfment typically
observed in AMs as well as the close attachment between
F-actin structure and bead surface, the contact surface
being well represented by an half-angle of bead immer-
sion of 108°*=31° (estimated over 10 beads).
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The values of AM elasticity modulus shown in Fig. 8
were obtained in AMs adherent on two different sub-
strates: (i) uncoated and coated with type I collagen plas-
tic substrates (Young modulus: ~3 MPa), and (ii) on a
monolayer of alveolar epithelial cells (0.1 kPa), and for
two conditions: a control condition (i.e., before cytocha-
lasin D treatment) and during a depolymerizing treat-
ment (i.e., after 11 min of cytochalasin D treatment). As
indicated in Materials and Methods, the values reported
in Fig. 8 are obtained from apparent stiffness values cor-
rected by a factor which depends on the actual half-angle
of bead immersion in AMs, (i.e.,~100°). The results ex-
hibit a statistically significant effect of the substrate stiff-
ness on AM stiffness. More precisely, the mean value
(=SEM) of CSK elasticity modulus of AMs adhering on
monolayer of alveolar epithelial cells, (i.e., 20 = 3.3 Pa)
appears significantly lower than that obtained on rigid
substrates whether they are coated with type I collagen,
(i.e., 31 = 1.8 Pa) or uncoated, (i.e., 43 £ 1.9 Pa). These
results show that both adhesive and elasticity properties
of underlying substrate affect the AM stiffness but to a
limited extent since an increase in substrate stiffness by
as much as seven orders of magnitude results in an adhe-
sion-modulated increase in AMs stiffness of +55% for
coated substrate and of 115% for uncoated substrate.
Surprisingly, this substrate-dependent stiffness of AMs
is not affected by actin depolymerization treatment with
cytochalasin D. Note that due to the artifact on MTC sig-
nal created by the beads that would deposite on the gels
(see Materials and Methods), we were not able to meas-
ure the stiffness of AMs adhering on gels in the present
experimental conditions.

Numerical Model of Macrophage—Substrate
Mechanical Interaction

Numerical results shown in Fig. 9 provide an esti-
mate of the “apparent” elasticity modulus sensed by the
bead, E,pp, relatively to the actual “cell” modulus, E,
(i) as a function of half-angle of bead immersion varying
from 15° to 180°. (ii) as a function of cell height (varying
from 4 to 11 pm), for soft, intermediate and rigid sub-
strate and a constant angle o = 130° (Fig. 9B).

Curves plotted in Fig. 9A show how half-angle of
bead immersion affect the correcting factor E,pp/Ecey. It
is interesting to note that E,,p/E..; is markedly depend-
ent on « but it remains the same whether the tested cell
layer is continuous (confluent layer of epithelial cells
[Ohayon et al., 2004]) or discontinuous (isolated AMs as
in the present study). Curves in Fig. 9B show that the
substrate stiffness-dependence of E,,,/E..; is reinforced
in the low range of cell height, i.e., the closer the bead
from the substrate, the higher the contribution of the sub-
strate on the bead rotation as pointed out in previous nu-

merical studies [Mijailovich et al., 2002; Ohayon et al.,
2004; Ohayon and Tracqui, 2005]. For instance, when
the mean cell height of AMs decreases from 8 pm (case
of cell substrate) to a value of 5 pm (case of glass sub-
strate), the influence of the substrate stiffness on the
measured “apparent” AM stiffness is increased. Then,
when the deformation of the basal surface of the cell is
limited by an enhanced substrate stiffness, the bead rota-
tion may be limited by a factor which depends on sub-
strate Young’s modulus and on the distance between the
bead and the substrate. For mechanical reasons, the nu-
merical model predicts a reduction in bead rotation by
20%, i.e., a 20%-increase in AMs Young modulus, from
thick AMs adhering on soft substrates to thin AMs on
rigid substrate, eventhough this shape transformation
pertains to the biological response of AMs, as explained
below.

DISCUSSION

AMs are rapidly motile cells which play a central
role in the defense of the respiratory apparatus [Brain,
1992]. Due to the wide variety of alveolar micro-envi-
ronmental conditions which characterize the normal and
diseased lungs, AMs are supposed to encounter alveolar
walls having a wide variety of mechanical properties as
well as largely remodeled extracellular matrix. Reasons
are discussed in a specific paragraph below. These fac-
tors could influence AM functions. To the best of our
knowledge, we present in this study the first results
enlightening the sensitivity of macrophages to substrate
mechanical and adhesive properties. Noteworthy, the
present evaluation of AMs sensitivity is performed based
on a new cellular model in which AMs are studied in
identical culture conditions. As a matter of fact, the wide
majority of AMs (see Results) maintains a symmetrical
actin shape without front-rear polarization. This is nota-
bly due to the absence of chemo-attractant which guaran-
teed no chemical activation of AMs in our experimental
conditions. On the other hand, we purposely cultured
AMs on substrates of quite different stiffnesses, ranging
from highly rigid glass substrate to the supple epithelial
cell monolayer substrate, thus covering the presumed
wide variety of normal and pathological substrate condi-
tions.

Specificity of AMs In Terms of Cytoskeleton
Structure and Prestress

From a structural point of view, it has already been
shown by Jones et al. that macrophages do not possess
stress fibers but have very fine actin cables within the
cytoplasm, running parallel to the plasma membrane and
around the nucleus [Jones et al., 1998]. Present results
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Fig. 9. Numerical estimate of E,p,/Eceyi as a function of half-immer-
sion angle and cell height (linear elasticity assumption). Eqpp/Ecen < 1
(respectively >1) means that measured apparent stiffness underesti-
mates (respectively over-estimates) the actual cell stiffness. In (A):
The correcting factor (E,pp/Ecen) is plotted versus the half-angle of
bead immersion « assuming a 20 pm-cell-depth (infinite depth) for
different assumptions of the numerical model: -symbols ¢ and contin-
uous black line: isolated cells regularly distributed, case of the present
AMs study, -symbols X and grey line: monolayer of confluent cells
on rigid substrate, case studied by Ohayon and Tracqui (2005), For
comparison, we plotted the approximated analytical solution in sin’
(symbol [J and grey bell-shaped curve) proposed by Laurent et al.,
(2002b) which provides a satisfactorily curve fitting in the low a-
range, as well as the complete analytical solutions for half-immersed
bead (symbol: A) and for fully-immersed beads (e = 180°, symbol: e).
The difference between the numerical solution and the complete
analytical solution at o = 180° is due to differences in geometrical
conditions: full-immersion in semi-infinite medium for the numerical

shown in Fig. 4 extend these results to alveolar macro-
phages and reveal that the lack in stress fibers in our
AMs is found for the quite different substrate properties
studied. A related finding is the lack of cytochalasin D

solution, full-immersion in an infinite medium for the analytical solu-
tion. Note that the difference in half-angle of bead immersion between
Alveolar Epithelial Cells (AECs), i.e., a=67°, and Alveolar Macro-
phages (AMs), i.e., a=108", lead to a large difference in correcting
factor. In (B): The correcting factor (E,pp/Ecenn) is plotted versus cell
heights. This graph represents the variations in (Eypp/Ecen) measured
for increasing values of macrophage height in the range 5 pm—11 pm,
a significant 130°-half angle of bead immersion and three values of
the couple: substrate height (Hsub)-Young modulus (Esub) (2 um, 0.1
kPa); (1pm, 55 kPa); (70 um, 6 kPa), a constant bead rotation of 10°
and a fixed macrophage stiffness (Ec) : 50 Pa. The two vertical arrows
correspond to the mean height of F-actin structures on rigid glass and
gel substrates (see Fig. 6). The increase in E,,p/Ece as cell height
decreases is basically due to the decrease in the distance between the
bead bottom and the substrate already described in the literature
[Mijailovich et al., 2002; Ohayon and Tracqui, 2005] but importantly
reveals an enhanced effect of the substrate stiffness.

effect on measured AMs stiffness for all substrates
tested. Since disruption of F-actin cytoskeleton in AMs
does not affect their stiffness, one may expect a low con-
tribution of F-actin to AMs stiffness. Noteworthy, struc-
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tural results corroborate mechanical results. AM totally
differ from most of commonly cultured adherent cells
which are known to generate stress-fibers and accord-
ingly exhibit a high sensitivity to depolymerizing drugs
[Wang et al., 1993; Laurent et al., 2002a, 2003; Smith
et al., 2005;]. We have previously shown in a culture of
epithelial bronchial cells that the highly polymerized
stress fibres network structured throughout day 1 to day
4 after seeding, was responsible for the observed
increase in cell stiffness which may be seen as an esti-
mate of the actinic contribution to the cell prestress
[Doornaert et al., 2003].

Present results suggest that AMs have a negligible
level of internal tension at least at the scale at which
coated beads (i.e., 4.5 pm in diameter) sense the cell.
Noteworthy, the lack of cytochalasin D effect has al-
ready been found in previous studies on macrophages.
For instance, in a mouse monocyte AM cell line which
was phagocyting twistable magnetic beads, AM stiffness
was found unaffected by cytochalasin D [Moller et al.,
2000; Moller et al., 2001]. Combining Traction Force
Microscopy and MTC, Wang et al. have found a positive
relationships between cell stiffness and cell prestress
[Wang et al., 2002] but this has been obtained in con-
tractile adherent cells which is not the case for the wide
majority of our AMs (see Results). The Wang et al.’s
study suggests that AMs should generate some prestress
during their migration, an assumption which could not
be verified with the techniques used in the present study.
Indeed, to migrate or perform phagocytosis, AMs most
likely generate an internal stress but only locally, e.g.,
using the actomyosin machinery present in the very local
podosome adhesive structures. A recent study has re-
vealed that myosin II-dependent adherent actin micro-
domains were sensitive to mechanical properties of the
environment [Collin et al., 2006]. The local prestress
generated in podosomes could not be sensed by the
beads, most likely due to the lack of long tensed stress
fibers in AMs. In our cellular model, 3D-reconstructions
of F-actin structure in the region comprising the interface
between the AM and the substrate (Figs. 4A—4L)
revealed the presence of these podosomes-like punctuate
structures of dense F-actin for all substrates tested. As
shown in previous studies [Evans et al., 2003], we found
that these punctuate F-actin adhesive structures are
observed in lamelipodia of our migrating AMs with po-
larity shape (Figs. 4B, 4F, 4], and 4N), and could also be
localized in a central part of AMs of any shape (Figs.
4A, 4E, 41, and 4M). Also, it has been shown [Tanaka
et al., 1993] that contractile proteins were concentrated
within the protrusions of the ventral cell surface in trans-
formed cells, which are cell-adhesive structures with
high motility. Consistently with the lack of cytochalasin
D effect found in our AMs, it has been suggested that

podosome structural proteins protect short F-actin fila-
ments from depolymerization [DeFife et al., 1999].

Specificity of AMs In Terms of Sensitivity
to Substrate Properties

Besides the structural specificity of AM structure
described above, the present study brings a series of new
information about the AM’s sensitivity to substrate prop-
erties.

The first important finding concerns the changes in
cell shape with substrate stiffness which reveals a sensi-
tivity of AMs to substrate stiffness alterations (see Fig. 4).
Using a signalization process which remains to be fully
identified, AMs are able to adapt and profoundly modify
their shape to the extent that substrate Young modulus is
sufficiently modified. As a matter of fact, shape of AMs
was totally modified between rigid substrates and soft
substrates (i.e., gels and/or cell monolayer) while AM
shape remained rounded between stiff and soft gels and
even between gels and cell substrates. In the two latter
cases, substrates varied their Young Modulus by no more
than two or three orders of magnitudes. Noteworthy, AM
stiffness measurements show that the mechano-sensitiv-
ity of AMs occurs at negligible level of actinic internal
tension seen at cell-scale. Note that taking into account
the bead size (i.e., 4.5 um in diameter) and the cell size
(i.e., 10-30 pm wide and 5-15 pm high in Fig. 5), that
scale of prestress evaluation is closer from the cell scale
than any molecular scale. Thus the mechanism used by
AMs to probe and respond to their physical environment
does not resemble to that previously described for low
motile cells. Hence, results obtained in AMs cannot be
explained by previous results such as those obtained in
smooth muscle cells and endothelial cells [Wang et al.,
1993, 2002; Hu et al., 2004, 2005], in fibroblasts [Bausch
et al., 1998; Dembo and Wang, 1999; Munevar et al.,
2001], in myocytes [Griffin et al., 2004]. Indeed, in these
tissue cells, cell prestress is central for mechanosensing
and is responsible for cell adaptation to mechanical en-
vironment. Present results raise an intriguing question
about the mechanosensitive pathways used by AMs to
probe their environment since AMs have no tensed cell-
scale structure. This point is discussed in the next para-
graph.

The second important finding is that stiffness of
living AMs is dependent on substrate stiffness. Using the
numerical model presented in Materiels and Methods,
we have quantified the effect of substrate properties on
cell stiffness sensed by the bead. It appears that a rigid
substrate imposes a non deformable boundary condition
at the basal surface of the AM, which in turn results in
an increase in the AM stiffness measured by the bead,
the smaller the distance below the bead, the stronger the



substrate stiffness effect. The predicted contribution of
substrate stiffness to the AM stiffness (i.e., around 20%)
is consistent with experimental results presented in Fig. 8,
although slightly underestimating the stiffness increase
(i.e., roughly 55% from cell monolayer to glass sub-
strates). Thus, the stiffening effect measured in AMs can
likely be understood on the basis of the change in basal
cell boundary conditions revealed by the flattening proc-
ess of AMs, but we cannot exclude a complementary
effect such as partial cytoskeleton remodeling, presently
not taken into account by the simplified model. More-
over, considering the over simplifications of the model
(e.g., in terms of material homogeneity and continuity),
the present numerical model likely predicts minimally
the changes associated to alterations in boundary condi-
tions.

The third finding concerns the sensitivity of AMs
to adhesive properties of the substrate. Results show that
AM stiffness is increased from coated to uncoated rigid
substrates. These results suggest an adhesion-dependent
mechanism capable to enhance the substrate contribution
to AM stiffness which is described in a paragraph below.

Specificity of AMs In Terms
of Mechanotransduction

AMs are sensitive to substrate properties but they
markedly differ from tissue cells in terms of structure
and internal tension. Thus, one may question the mecha-
notransduction pathways used in the context of such a
low cellular internal tension.

As a matter of fact, the concept of mechanotrans-
duction is classically used to describe signaling in low
motile but highly tensed tissue cells, which are also
highly polymerized actin structured cells [Ingber, 1991;
Forgacs, 1995; Yamada, 1997; Galbraith and Sheetz,
1998; Geiger and Bershadsky, 2002; Chiquet et al.,
2003]. By means of focal adhesion, adhesion forces can
stimulate the development of focal contacts [Riveline
et al., 2001], while the size of mature focal contacts
reversibly increases or decreases as a function of the
applied force [Geiger and Bershadsky, 2001]. Molecular
interactions between cell and substrate are primarily
mediated by integrins, which have been thought to act as
strain-gauges triggering signaling pathways involving
specific proteins linking cytoskeletal elements, (e.g.,
MAPK and NF-kB) [Choquet et al., 1997]. Thus, in low
motility, firmly adherent and stress-fibre-structured cells,
mechano-transduction is possible because the cytoskele-
ton maintains a sufficient level of cell prestress, such that
the stiffer (or tenser) is the cytoskeleton, the more sensi-
tive to external stress is the cell surface which then acts
as a strain gauge mechanism [Chiquet et al., 2003]. Note
however that adhesion onto soft surfaces mainly supports
the development of relatively small, transient, dot-like or
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fibrillar adhesions that are involved in cell motility and
matrix reorganization, respectively [Pelham and Wang,
1997].

Compare to tissue cells, the substrate sensitivity of
highly motile cells such as macrophages has been much
less studied. Macrophages have been shown to adhere by
means of short-lived punctuate adhesion structures nota-
bly podosome adhesive structures, which are formed by
a diffuse membrane domain of integrins and associated
proteins (e.g., vinculin and talin) surrounding a dense
actin core [Destaing et al., 2003]. Podosomes therefore
clearly differ from other F-actin rich structures such as
focal adhesions (also called focal contacts) which char-
acterize adhesion of low motile cells. The core of podo-
somes is the site of dynamic actin remodeling regulated
by WASP and Arp2/3 complex molecules known to be
nucleators of actin filaments [Linder et al., 1999; Jones,
2000; Linder and Aepfelbacher, 2003]. Furthermore, the
core seems to be surrounded by a cloud of G-actin and to
a lesser extent F-actin [Destaing et al., 2003], which
might serve as a source of assembly-competent actin for
podosome turnover. The present data strongly suggest
that podosomes-like adhesive structures presently found
in the reconstructed F-actin structure (see Fig. 4), would
constitute the mechanosensors in our highly motile AM
cells. This suggests that mechanosensitivity of AMs
would likely be exacerbated when AMs adopt a migra-
tory phenotype, i.e., lose their symmetrical shape and ex-
hibit a front-rear polarity shape.

It remains remarkable that mechanotransduction
however occurs in the context where a wide majority of
AMs are mostly symmetrical and without cell shape po-
larity. To better understand how mechanotransduction
could take place in the context of such a low internal ten-
sion, it would certainly be useful to investigate the role
of other CSK filaments (e.g., microtubules and interme-
diate filaments) in terms of their contribution to such a
process. But investigation of the role of non actinic CSK
elements is beyond the scope of the present study. A
potentially relevant aspect with microtubules is their
reported association with podosomes, being in some
cases, in direct contact with them [Linder et al., 2000].
Moreover, their contribution in terms of stabilization and
phagocytosis has already been reported [Damiani and
Colombo, 2003]. As already discussed above, literature
and present results obtained in macrophages suggest that
adhesive sites differ structurally and functionally be-
tween on the one hand the low tensed macrophages and
on the other hand the tissue tensed cells. Tissue cells ex-
hibit stress fibres and focal adhesion sites and thus a peri-
odic distribution of protein-based contractile structures
such as myosin or tropomyosin normally exists along
stress fibers. In AMs, the presence of contractile appara-
tus in podosomes [Tanaka et al., 1993] is consistent with



16 Féréol et al.

the idea that prestress and migration forces could be gen-
erated through the podosomes structures (see above).
Another difference concerns the regulation mechanisms
which control life time and functions of adhesion sites.
Indeed, force-regulation at focal adhesion sites is static
and controlled by their size which grows reversibly as
force increases [Geiger and Bershadsky, 2001], while
force regulation of nascent adhesion sites to which podo-
somes resemble is highly dynamic and thereby con-
trolled by substrate mechanical properties [Bruinsma,
2005; Collin et al., 2006]. At last, force regulation of
immature (i.e., nascent) adhesion sites matches the ex-
erted forces to the stiffness of the substrate [Choquet
et al., 1997; Pelham and Wang, 1997]. Noteworthy, our
AMs results reveal sensitivity to substrate stiffness
which is consistent with the concept of dynamic regula-
tion of nascent adhesion sites.

Validity of the Present Approach

We discuss below the rationale and limits of the
present approach considering successively (i) the variety
of alveolar wall stiffness in normal and injured lungs, (ii)
the applicability of the MTC method to the measurement
of AM stiffness and (iii) the contribution of adhesive
properties to the stiffness sensitivity of AMs.

Variety of Alveolar Wall Stiffness in Normal and
Diseased Lungs. Recent in vitro studies dedicated to the
mechanical properties of alveolar epithelial cells (A549)
submitted to either cellular stretching through substrate
deformation [Trepat et al., 2004], or proinflammatory
stimuli (e.g., using thrombin) [Trepat et al., 2005], have
shown that epithelial cell stiffness was significantly
increased in both cases (i.e., respectively up to 64% and
200%). This stiffening process was associated to a pro-
found reorganization of the actin-cytoskeleton in these
alveolar epithelial cells stimulated by mechanical/envi-
ronmental conditions mimicking that encountered in the
fibrotic lung. Repeated stretch of amplitudes up to 50%
could even induce cell death in rat primary alveolar epi-
thelial type II cells suggesting that if the forces generated
during ventilation exceed certain limits, alveolar epithe-
lial destruction occurs [Tschumperlin and Margulies,
1999]. Thus, in acute lung injury, the normal acinar
architecture is initially destroyed and progressively
replaced by thick layers of fibrotic tissue, leading to dra-
matic increase in lung tissue stiffness as the content in
collagen fiber, which exponentially increases with the se-
verity of lung injury, increases [Rocco et al., 2001]. Inci-
dentally, the emphysematous lung is also characterized
by an increase in collagen content but wall stiffness is
smaller than in healthy lungs [Ito et al., 2005] leading to
reduction in collagen failure strength and ultimately
breakdown of alveolar wall network [Kononov et al.,

2001]. Young’s modulus of type I collagen has been esti-
mated to be in the range 3—9 GPa for molecules [Sasaki
and Odajima, 1996] and 0.5-5 MPa for the highly com-
plexe collagen arrangements called collagen fibrils [Sil-
ver et al., 2002]. Incidentally, these values fit the upper
range of substrate stiffness values tested in the present
study. Collagen is the most important load-bearing ele-
ment within alveolar duct and wall, its role is thought to
be predominant for biomechanical properties of lung pa-
renchyma both in normal and diseased lungs. By com-
parison, non collagenic elements such as elastic fibers,
proteoglycans, interstitial cells and surfactant most
likely play a role but to a lesser extent [Suki et al.,
2005]. Noteworthy, surfactant generates prestress on al-
veolar ducts walls and, by distorting their geometry,
alters the elastic properties of the connective tissues [Sta-
menovic, 1990]. However, for small deformations (e.g.,
normal breathing) surface film viscoelasticity would be
less important than lung tissue viscoelasticity [Schurch
et al., 1992]. Because numerous mechanical and biome-
chanical factors contribute to collagen production and
assembly, one may expect a wide variability in collagen
fiber properties, content and distribution within the alve-
olar ducts and alveolar walls of a given lung. Using
a model of alveolar wall deformation which combines
the distributed nature of collagen properties and the lim-
iting effects of proteoglycan matrix, the average Young
Modulus of the normal alveolar wall was estimated to
be around 5 kPa [Cavalcante et al., 2005], i.e., a stiff-
ness value located right in between the cellular and the
gel substrates used in the present study. The elements
above enlighten the interest of testing a wide range of al-
veolar substrate stiffness such as done in the present
study.

Applicability of the MTC Method to the Measure-
ment of AM Stiffness. The MTC method based on bead
rotation measurement, so improved as described above
by the bead immersion model (see Materials and Meth-
ods), appeared to be particularly adapted to the large
bead rotations (i.e., 25-47° in AMs) and to the large
bead engulfment (a=108° £ 30°) encountered in AMs.

Concerning the results on mechanical sensitivity of
AMs, a critical aspect concerns the MTC method pres-
ently used to quantify cell mechanical properties and cell
prestress. The major drawback raised by Fabry et al. in
1999 concerns the effect of non-attached beads that
freely rotate during magnetic torque application which
are responsible for an artefactual response leading to
strongly underestimate the actual cell stiffness modulus
[Fabry et al., 1999]. We like to mention concerning that
free rotating bead artifact that this phenomenon happens
to be important but only in the low range of applied tor-
que, i.e., typically below 10 Pa (see Fig. 5 in [Fabry
et al.,, 1999]). Since we presently used torques above



400 pN X pum (i.e., ~10 Pa of stress), present experi-
ments were actually performed above the range of torque
where these artifacts become critically important. We
have recently shown from epithelial cells that the MTC
method based on bead rotation measurements, not only
tolerates a certain degree of bead heterogeneity inherent
to the cellular heterogeneity, but advantageously homog-
enizes non-necessarily constant cellular medium proper-
ties. This is due to the large number of beads involved
which act as many local probes randomly distributed
throughout the cell culture [Ohayon et al., 2004]. Con-
cerning the MTC method presently used, it should be
emphasized that the isolated character of macrophages
does not modify the correction coefficient established for
a cell monolayer (see Fig. 9A in Results and [Ohayon
et al., 2004; Ohayon and Tracqui, 2005]) as far as an
appropriate half-angle of bead immersion is estimated
[Fodil et al., 2003] .

Using the combined theoretical/experimental cor-
rection described above, MTC data converge towards the
values obtained by other - non MTC - techniques.
Indeed, for the same AS549 epithelial cells cultured on
glass substrates, we presently find E..;=0.1 kPa with
MTC, Laurent et al. found E..;=0.125 kPa with lazer
tweezers [Laurent et al. 2002b], whereas Alcaraz et al.
found E..;;=0.159 kPa with Atomic Force Microscopy
[Alcaraz et al., 2003]. This gives some confidence in the
values presently found for AMs. Interestingly enough,
for the same glass substrate and in the present experi-
mental culture conditions, MTC results show that AMs
elasticity modulus, i.e., 0.045 kPa, is about half the val-
ues found in epithelial cells. The residual discrepancies
between methods have been discussed in previous papers
and includes heterogeneity between cells and structures
[Laurent et al., 2003], differences between types and
magnitude of local stresses applied [Ohayon et al.,
2004].

Contribution of Adhesive Properties to the Stiff-
ness Sensitivity of AMs. Macrophage adhesion is the
result of molecular interactions that have been character-
ized and quantified for each substrate studied. Specific
inhibition of adhesion to the various substrates tested
(see Fig. 2) showed that AMs systematically interact via
B,>-subunit integrins which is in agreement with results
previously reported by Albert et al. [Albert et al., 1992;
Ross, 2000]. These authors showed that adding monoclo-
nal antibody directed against [3,-subunit integrins
decreased adhesion of human macrophages onto TNFa-
stimulated human cells (A549).

To explain the remaining part of AM adhesion af-
ter eliminating interactions via [3,-subunit integrins (see
Fig. 2), (i.e., for all non-specific adhesion substrates
tested: non-coated glass and cellular monolayer sub-
strates), several additional adhesion mechanisms can be
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postulated. Tomita et al. [Tomita and Ishikawa, 1992]
identified two 12 and 14 kDa glass-adherent proteins
purposely named “attachmin” considered to be responsi-
ble for non-specific adhesion of mouse peritoneal macro-
phages while Ono et al. [Ono et al., 1993] showed
that actin cytoskeleton is closely associated with these
glass-adherent proteins. We postulate that non-specific
adhesion proteins tend to reinforce AM adhesion, in par-
allel with B,.subunit integrins. Thus, the enhanced
AM stiffness observed for the non-coated stiff substrate
could be attributed to a stronger AM-substrate inter-
action.

In the context of AM adhesion to physiological
substrates, the natural linkage with ay/B, integrins at
the basal surface of AMs occurs via ICAM-1 mechanore-
ceptors expressed at the apical surface of alveolar epithe-
lial cells [Paine et al., 2002; Planus et al., 2005]. How-
ever, the residual adhesion secondary to anti-3, on the
physiological substrate (see Fig. 2) might be attributed to
receptors other than ICAM-1 receptors, as other recep-
tors or even integrins could also contribute to AM adhe-
sion on alveolar epithelial cells [Albert et al., 1992]. In
assessing the shape and stiffness of AMs adhering spe-
cifically via (3, subunits, we observed that non-specific
adhesion conditions, (i.e., non-coated glass substrate and
cell monolayer substrate) lead to either a stiffened and
flattened AM or a softened and rounded AM. This sug-
gests that non-specific adhesion may lead to a variety of
outcomes. In parallel, numerical simulations suggest a
contribution of substrate stiffness to the measured AM
stiffness. The difference in adhesive sensitivity of AMs
observed between type I collagen-coated and non-coated
rigid substrates suggests that adhesive conditions might
modulate the measured stiffness and could thus better
transmit the substrate stiffness effect.

CONCLUSIONS

In conclusion, the present study reveals that AMs
exhibit, as most of tissue cells, a sensitivity to microen-
vironment, except that AM mechanotransduction could
not be mediated by cell-scale internal tension given to
characterize tissue cells. AMs respond to important
changes in substrate stiffness, e.g., from soft (cell mono-
layer or gels) to rigid substrates by (i) flattening their F-
actin shape without generating stress fibers, (ii) increas-
ing their stiffness without increasing their internal ten-
sion “seen” by twisted beads. This increase in AM stiff-
ness depends on whether substrate adhesion is specific or
not. On the whole, the mechanical and chemical sensitiv-
ity of AMs appears to be mediated by highly dynamic
nascent adhesion sites well represented by podosomes
whose structure and function differ from the mature
focal contacts largely encountered in tissue cells. More-



18 Féréol et al.

over, under the present experimental conditions, most of
AMs keep a symmetrical and rounded shape when cul-
tured on physiological substrate while, in tissue cells,
rounded shapes often lead to apoptotic fate. The flattened
shape of AMs encountered when cultured on rigid sub-
strates could be seen as the specific response of AMs to
the phagocytosis of infinitely large rigid particles.
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