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Cell-stiffness-induced mechanosignaling – a key driver of
leukocyte transendothelial migration
Antje Schaefer* and Peter L. Hordijk

ABSTRACT
The breaching of cellular and structural barriers by migrating cells
is a driving factor in development, inflammation and tumor cell
metastasis. One of the most extensively studied examples is the
extravasation of activated leukocytes across the vascular endothelium,
the inner lining of blood vessels. Each step of this leukocyte
transendothelial migration (TEM) process is regulated by distinct
endothelial adhesion receptors such as the intercellular adhesion
molecule 1 (ICAM1). Adherent leukocytes exert force on these
receptors, which sense mechanical cues and transform them into
localized mechanosignaling in endothelial cells. In turn, the function of
the mechanoreceptors is controlled by the stiffness of the endothelial
cells and of the underlying substrate representing a positive-feedback
loop. In this Commentary, we focus on the mechanotransduction in
leukocytes and endothelial cells, which is induced in response to
variations in substrate stiffness. Recent studies have described the first
key proteins involved in thesemechanosensitive events, allowing us to
identify common regulatory mechanisms in both cell types. Finally, we
discuss how endothelial cell stiffness controls the individual steps in
the leukocyte TEM process. We identify endothelial cell stiffness as an
important component, in addition to locally presented chemokines and
adhesion receptors, which guides leukocytes to sites that permit TEM.
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Introduction
Single-cell organisms, circulating cells and cells in tissues respond
to awide range of stimuli with polarization and increasedmotility. In
multicellular organisms, directional motility is essential for tissue
morphogenesis, angiogenesis, wound healing and inflammation.
Cell motility is efficiently induced when an agonist is presented in
a gradient; cells can sense extremely small spatial differences in
ligand concentration, down to differences of ∼2–5% and less
across the length of the cell (Merlot and Firtel, 2003). The receptor-
associated signaling machinery translates such shallow extracellular
concentration differences into steep gradients of intracellular
response. Various stimuli induce cell movement, including
chemokines (inducing chemotaxis or chemokinesis), substrate-
bound ligands (haptotaxis), and electric current (electrotaxis or
galvanotaxis). Here, we focus on leukocyte migration in response
to stiffness, a response known as durotaxis – the tendency of a cell
to migrate toward regions of increased substrate stiffness (Plotnikov
andWaterman, 2013). Biochemical differences (e.g. the presence of
collagen versus fibronectin) may result in differences in stiffness
together with altered outside-in signaling through integrins, whereas

crosslinking or spatial variations in the concentration of a substrate
can result in quantitative variations in stiffness. The response to a
stiff substrate is the reorganization of cell adhesion accompanied by
force generation and cell spreading, which precedes directional
motility. This has been demonstrated for stem cells, cancer cells,
neutrophils and platelets (Roca-Cusachs et al., 2013b). Thus,
durotaxis is a generic cellular response that is relevant for
migration in 2D and, most probably, in 3D environments.

In addition to sensing stiffness, cells can regulate their own
stiffness, even on a subcellular level. Cellular stiffness does,
amongst other things, depend on the stiffness of the nucleus, the
osmotic pressure and the cellular coat (i.e. the glycocalyx) (Fels
et al., 2014). However, the most dominant feature controlling
cellular stiffness appears to be the F-actin cytoskeleton. Branched or
linear F-actin filaments can be differentially crosslinked, with
concomitant effects on their mechanical properties, which is
reflected in differences in stiffness (Tseng et al., 2005). It follows
that cytoskeletal dynamics, triggered through adhesion receptors or
by soluble receptor ligands, regulate cellular stiffness in a highly
dynamic and well-organized fashion.

The response of cells to mechanical cues presented by their
environment is termed mechanotransduction (Humphrey et al.,
2014). Mechanotransduction requires mechanosensing, a property
attributed to various cell surface molecules, including growth factor
receptors and transmembrane adhesion molecules (and their
complexes), such as integrins, cadherins or immunoglobulin
(Ig)-like cell adhesion molecules (CAMs). A fraction of the
F-actin cytoskeleton is linked, through adaptors, to such
transmembrane proteins (Schaefer et al., 2014; van Buul and
Hordijk, 2009). This interaction is not static, but is regulated by actin
dynamics and the binding to specific ligands. This may lead to
ligand-induced conformational changes (i.e. increased affinity) and
increased clustering (i.e. increased avidity). In addition, there can be
regulation from within the cell through signaling-induced
conformational changes of intracellular domains (termed inside-
out signaling) (Lim and Hotchin, 2012; Ye et al., 2011). Thus, there
is bidirectional communication between the cytoskeleton and
membrane-integral adhesion molecules. Because transmembrane
proteins can act as mechanosensors that detect substrate stiffness, it
is clear that mechanosensing and -transduction are key to durotaxis.

One of the key events in development, inflammation and tumor
cell metastasis is the breaching of cellular and structural barriers by
migrating cells (Bravo-Cordero et al., 2012; Nourshargh et al.,
2010). The most extensively studied example is the migration of
leukocytes across the vascular endothelium (Fig. 1).
Transendothelial migration (TEM) of leukocytes, also known as
extravasation or diapedesis, is a hallmark of inflammation. It is
prevalent in post-capillary venules but can also occur in arteries,
driving atherogenesis. Briefly, TEM requires leukocytes to make
transient and weak interactions with endothelial adhesion molecules
of the selectin family. These low-affinity interactions allow
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leukocytes to roll over the endothelium, increasing their exposure to
locally presented chemokines, which are produced in response
to inflammatory cytokines (e.g. TNFα). These chemokines will
activate signaling that feeds into leukocyte integrins, such as LFA-1,
Mac-1, VLA-4 or VLA-5 (officially known as ITGAL, ITGAM,
ITGA4 or ITGA5, respectively). Integrins, in turn, mediate strong
binding to the endothelial ligands ICAM1 and vascular cell
adhesion protein 1 (VCAM1). Additional endothelial adhesion
molecules involved in TEM include platelet endothelial adhesion
molecule 1 (PECAM1), endothelial cell selective adhesion
molecule (ESAM), CD99 and members of the junctional
adhesion molecules (JAMs) (Nourshargh et al., 2010; Sullivan
and Muller, 2014; Vestweber et al., 2014). Adherent leukocytes
spread on the endothelial cell (EC) surface and crawl towards sites
that permit TEM (Phillipson et al., 2006; Schenkel et al., 2004). As
cell spreading depends on the degree of substrate stiffness, it is
logical to assume that EC stiffness regulates leukocyte spreading
and crawling. In this Commentary, we will summarize
mechanosensitive signaling events, including the RhoA–ROCK–
actomyosin pathway, in leukocytes and ECs that are induced in
response to substrate stiffness and variations thereof. Wewill further
outline how EC stiffness guides leukocytes to sites that permit TEM
and how EC stiffness regulates the various steps of the TEM
process.

Mechanotransduction in leukocytes
Substrate stiffness determines leukocyte adhesion, spreading and
crawling
Upon adhesion to the vascular wall, leukocytes spread and crawl on
ECs to find sites that permit TEM (Fig. 1) (Nourshargh et al., 2010).
By adapting their adhesion, spreading and crawling, leukocytes
respond to forces exerted by ECs. As shown for human neutrophils,
leukocytes show increased spreading and migrate slowly, but do so

more persistently on stiffer substrates (Oakes et al., 2009; Stroka and
Aranda-Espinoza, 2009). Consequently, they migrate greater
distances on stiffer substrates, which facilitates their search for sites
that permit TEM. This suggests that leukocyte durotaxis is important
for TEM. Leukocytes probe the surface of the substrate (i.e. ECs) and
sense local EC stiffness through ventral filopodia or invadosome-like
protrusions (Carman et al., 2007; Martinelli et al., 2014; Schaefer
et al., 2014; Shulman et al., 2009). Themechanosensitive response of
leukocytes to substrate stiffness is mediated by their integrins, which
are force-generating mechanoreceptors (Roca-Cusachs et al., 2012;
Ross et al., 2013). Integrin-derived forces are translated into
(biochemical) signaling events within the leukocyte, including the
recruitment of actin-binding or signaling proteins to the integrin
cytoplasmic tail. This induces F-actin remodeling and myosin-based
contraction. Leukocytes use actomyosin-based contraction (i.e.
tugging) to sense and respond to substrate stiffness (Califano and
Reinhart-King, 2010; Plotnikov et al., 2012; Plotnikov and
Waterman, 2013). Neutrophils show greater tugging on stiffer
surfaces that are coated with extracellular matrix (ECM) proteins or
ECs (Oakes et al., 2009; Shin et al., 2010; Stroka et al., 2013). This
promotes leukocyte adhesion, spreading and TEM. Leukocytes
require an optimal substrate stiffness for maximal motility, which
negatively correlates with the concentration of ECM proteins, such
as fibronectin (Stroka and Aranda-Espinoza, 2009). As shown
for human neutrophils adherent to inflamed human pulmonary
microvascular ECs, adhesion increases leukocyte stiffening, which –
in turn – further promotes adhesion and TEM, indicative for a
positive-feedback loop (Wang et al., 2001). Indeed, pharmacological
inhibition of F-actin dynamics in human neutrophils that impairs
leukocyte stiffening reduces leukocyte TEM across inflamed human
umbilical vein ECs (HUVECs) (Stroka et al., 2013).

Taken together, leukocytes sensemechanical forces that are induced
by substrate (EC) stiffness through integrins; these are subsequently
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Fig. 1. Leukocyte TEM is regulated by EC stiffness. Leukocyte behavior during the different steps of TEM is regulated, as indicated, by distinct endothelial
adhesion receptors, such as P-selectin, ICAM1 and PECAM1 (orange boxes) and relies on variations in EC stiffness (green boxes). Following capture, rolling and
arrest, leukocytes adhere and spread on the endothelium. The function of endothelial adhesion receptors is promoted by their anchoring to the actomyosin
network and increased EC stiffness. Next, crawling leukocytes scan the EC surface for sites that permit TEM during which both leukocytes andECs form adhesive
protrusions. In addition to chemotactic and haptotactic gradients, leukocytes are guided in forming contact with ECs by a durotactic gradient, the movement
towards rigid regions, until they encounter areas that permit TEM (’hot spots’). Note that a gradient from lower relative stiffness at nuclear regions to higher stiffness
towards the periphery exists even within a single EC (see Fig. 3.A,C for further details). Prior to the actual extravasation, leukocytes round up (`reverse spreading’)
and protrude their leading edge towards the abluminal EC side, which is facilitated by local soft junctional regions (TEM hot spots) (see also Fig. 3). Importantly,
not every cell junction will be equally attractive for leukocytes to transmigrate as a consequence of a junctional heterogeneity in stiffness or density in adhesion
receptors across the ECmonolayer. Thus, EC stiffness is only one component among several others that determine the sites of TEM.Moreover, transcellular TEM
also occurs, but to a lesser extent, and could be facilitated by a heterogeneous surfacewith local, soft regions across the cell body. TEM through cell–cell junctions
(paracellular) or the cell body (transcellular) requires that the EC stiffness is balanced at these sites to allow both the formation of the transmigratory pore and the
restriction of its size. Finally, closing the pore and restoring the EC barrier function requires an increase in cellular forces and EC stiffness.
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transduced into cellular signaling, such as actin reorganization and
generation of traction forces. This mechanotransduction allows
leukocytes to change their shape from sphere-like to elongated and
flattened, which promotes efficient adhesion, spreading and crawling.

Mechanosignaling in the uropod
The response of a leukocyte to EC stiffness by generating
actomyosin-based forces is regulated in a spatiotemporal manner,
as shown by traction force microscopy with human neutrophils
(Shin et al., 2010). During TEM, large traction forces are generated
in the uropod, the trailing end of a migrating leukocyte (Oakes et al.,
2009; Shin et al., 2010; Stroka et al., 2013). Uropod retraction
is required for efficient TEM of neutrophils, monocytes and T cells
in vitro and in vivo (Hyun et al., 2012; Stroka et al., 2013). The
mechanotransduction in the uropod is dependent on substrate
stiffness because neutrophil crawling and TEM on stiff surfaces
generate larger forces in the uropod than on softer surfaces (Oakes
et al., 2009; Shin et al., 2010; Stroka et al., 2013). Human

neutrophils and T cells showed impaired uropod retraction during
TEM across inflamed HUVECs when their contractile forces were
blocked by inhibition of myosin II or its regulator myosin-light-
chain-kinase (MLCK) (Hyun et al., 2012; Stroka et al., 2013).
Similarly, genetic depletion ofMLCK in murine monocytes impairs
their TEM in an atherosclerotic mouse model (Sun et al., 2011).
Moreover, polarity and chemotaxis of human neutrophils are
dependent on myosin II and MLCK on soft and, even more so, on
stiff surfaces (Shin et al., 2010). Localized activation of myosin II in
the uropod of crawling and transmigrating leukocytes is induced by
the small GTPase RhoA, which drives the spatiotemporal
organization of contractile forces (Fig. 2) (Shin et al., 2010;
Worthylake et al., 2001). This was confirmed by live-cell imaging
using a RhoA fluorescence resonance energy transfer (FRET)-based
biosensor in human T cells transmigrating across inflamed ECs
(Heasman et al., 2010). Activated RhoA binds to its effector protein
Rho-associated protein kinase (ROCK), which phosphorylates
and inactivates the MLC phosphatase, thereby inhibiting the
dephosphorylation of MLC (Fig. 2). This will activate myosin II
and induce actomyosin-based contraction. Genetic depletion of
RhoA in human T cells, and pharmacological inhibition of RhoA
and ROCK in human monocytes inhibit uropod retraction and TEM
across inflamed HUVECs (Heasman et al., 2010; Worthylake et al.,
2001).

The Rho guanine exchange factor (GEF)-H1 is localized at the
uropod of human T cells, where it activates RhoA, leading
to ROCK–myosin-based contractility (Heasman et al., 2010).
ROCK destabilizes microtubules, resulting in dissociation of
microtubule-bound GEF-H1. Subsequently, GEF-H1 activates
RhoA, representing a positive-feedback loop in the uropod to
control TEM. Recently, GEF-H1 has been identified as a
mechanosensitive RhoGTPase regulator. In response to applied
tensional force on integrins or PECAM1, GEF-H1 activates RhoA
to induce cellular stiffening (Collins et al., 2012; Guilluy et al.,
2011). Whether GEF-H1 in the uropod has a similar function during
TEM remains to be investigated.

In summary, the mechanotransduction in the leukocyte uropod is
mediated by the RhoA–ROCK–myosin pathway, which results in
localized actomyosin-based contractile forces (Fig. 2). These forces,
which are dependent on EC stiffness, allow crawling and
transmigrating leukocytes to retract their uropod for efficient TEM.

Mechanotransduction in ECs
Substrate stiffness controls endothelial spreading and barrier
function
Like many other types of cell, ECs show enhanced adhesion and
spreading on stiffer substrates. This is mediated by an increase in
integrin clustering and in the size and number of integrin-based focal
adhesions (Califano and Reinhart-King, 2010; van Geemen et al.,
2014). Integrins sense the stiffness of the underlying substrate and
translate mechanical forces into endothelial signaling to induce
F-actin remodeling andmyosin-based contraction (Oakes andGardel,
2014; Roca-Cusachs et al., 2012; Ross et al., 2013). Human ECs on
stiff matrices show increased numbers of focal adhesions and F-actin
stress fibers, similar towhat was observed in rigid human arteries (van
Geemen et al., 2014). Conversely, human ECs on soft surfaces have
less focal adhesions and more cortical F-actin, a similar phenotype as
in human veins. Moreover, culturing ECs on stiff substrates promotes
the generation of RhoA–ROCK–myosin-based contractile forces
(Califano and Reinhart-King, 2010; Huynh et al., 2011; Krishnan
et al., 2011; Stroka andAranda-Espinoza, 2011a). The greatestROCK
activity and contractile forces are observed at the cell edges of a single
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Fig. 2. The central role of the RhoA–ROCK–myosin pathway in leukocyte-
and EC-mediated mechanotransduction. In leukocytes and ECs,
mechanical forces (blue boxes) are sensed by various adhesion receptors
(orange boxes). In both cell types, receptor activation and clustering induces
RhoA-mediated ROCK activity, which inhibits the MLC phosphatase, resulting
in myosin II activation (phosphorylation; myosin-P). Myosin II is also activated
by MLCK. Increased actomyosin activity drives contractile forces and cellular
stiffness that control leukocyte and EC signaling, which are both required for
leukocyte TEM. Positive-feedback loops control the receptor function in an
inside–out fashion.
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cell or at cell–cell contacts in a monolayer (Califano and Reinhart-
King, 2010; Krishnan et al., 2011; Rabodzey et al., 2008), which is
indicative for the spatiotemporal regulation of subcellular forces.
In vivo, ECs form a stable monolayer, in which cell–cell contacts

are mediated by adhesion receptors including VE-cadherin. Similar
to integrins, VE-cadherin-mediated signaling is mechanosensitive
(Heemskerk et al., 2014; Huveneers and de Rooij, 2013; Vestweber
et al., 2014). Age-induced stiffening of the subendothelial matrix
disrupts VE-cadherin-based cell–cell junctions and enhances the
permeability of the endothelial monolayer in mouse thoracic aorta

(Huynh et al., 2011; Krishnan et al., 2011). This is determined by
cell contractility because inflamed and non-inflamed HUVECs – as
well as ECs from human brain microvasculature and bovine aortas –
exert greater RhoA–ROCK–myosin-based contraction on stiffer
surfaces, which destabilizes cell–cell junctions (Huynh et al., 2011;
Krishnan et al., 2011; Stroka and Aranda-Espinoza, 2011b).
Consequently, the cells form larger intercellular gaps, in particular
upon stimulation with the barrier-disruptive agonist thrombin.
These effects can be reversed through genetic and pharmacological
inhibition of ROCK, as shown in vitro and in a mouse model
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search of leukocytes for sites that permit TEM.
(A) Leukocytes sense EC stiffness through their
ventral filopodia and crawl in a durotactic fashion in
the direction of the periphery of a single EC.
Adhesive protrusions formed by both ECs and
leukocytes improve leukocyte adhesion. Prior to
actual extravasation, leukocytes round up and
protrude their leading edge into the endothelium at
localized, soft junctional regions. EC stiffness is one
of the factors that determine sites permitting TEM.
(B) Binding of leukocyte integrins induces ICAM1
clustering in ECs. Clustering-induced recruitment of
actin-binding proteins anchors ICAM1 to the F-actin
cytoskeleton and promotes local EC stiffening
(outside–in signaling). Local EC stiffening, in turn,
further promotes ICAM1 clustering, which reinforces
leukocyte adhesion and spreading (inside–out
signaling). (C) Schematic representation of the
stiffness gradient across a single EC within a
monolayer (P, EC periphery; J, junction).
(D) Immunofluorescence image of TNFα-treated
HUVECs stained for F-actin and VE-cadherin; scale
bar: 5 µm. The line scan (taken from the section
indicated by the white line in the right image)
indicates areas that are low in F-actin at narrow
junctional regions, which suggest a reduced
junctional stiffness that promotes ‘reverse
spreading’ and leukocyte TEM. This is a modified
version of an image that has been published
previously (Schaefer et al., 2014).
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(Huynh et al., 2011; Krishnan et al., 2011). In line with this,
blocking the RhoA–ROCK pathway by depletion of endothelial
MCLK attenuates the barrier-reducing effects of thrombin in vivo
(Sun et al., 2011).
Taken together, ECs respond to increased substrate stiffness

by enhanced integrin-mediated adhesion and spreading, and
generation of RhoA–ROCK–myosin-based contractile forces that
control monolayer permeability and barrier function (Fig. 2). This
mechanotransduction pathway is the same as that described for
leukocytes, underscoring common force-dependent regulatory
mechanisms in both cell types.

Substrate rigidity affects EC stiffness and leukocyte TEM
On ECs, different types of mechanical force are simultaneously
exerted, such as blood flow, themechanical properties of the vascular
wall (i.e. ECM) and cell–cell interactions (Conway and Schwartz,
2013; Humphrey et al., 2014) that, together, drive vascular disease
(Box 1). The stiffness of a complete, intact blood vessel is the same as
that of the ECM of a vessel without any ECs (Peloquin et al., 2011),
indicating that mechanical forces induced by substrate stiffness are
directly reflected by the endothelium and transmitted to adherent
leukocytes. ECM stiffening is induced by aging and inflammation
(e.g. atherosclerosis), as shown by rigidity measurements of thoracic
aortas of mice of different ages, and of murine and human
atherosclerotic plaques (Chai et al., 2013; Huynh et al., 2011;
Tracqui et al., 2011). In vitro studies confirm that culturing ECs on
stiffer ECM substrates induces EC stiffening (Stroka and Aranda-

Espinoza, 2011b). It is well established that areas of increased ECM
and vascular stiffening, such as atherosclerotic plaques, are
characterized by enhanced leukocyte extravasation (reviewed in
(Döring et al., 2015). Furthermore, the extravasation of human
neutrophils across inflamed HUVECs on stiff surfaces is stimulated
as a consequence of enhanced endothelial myosin-based contractile
forces that destabilize cell–cell contacts in the ECmonolayer (Huynh
et al., 2011; Stroka and Aranda-Espinoza, 2011b). Blocking these
contractile forces by pharmacological inhibition of ROCK,MLCKor
myosin II in inflamed HUVECs cultured on stiff surfaces normalizes
the effects of increased substrate rigidity and, therefore, reduces
neutrophil TEM.

Of note, the EC monolayer forms a heterogeneous surface for
circulating leukocytes. Even a single EC within the monolayer
shows a remarkable surface heterogeneity with regard to the
distribution of, for instance, adhesion receptors. This results in the
formation of preferred regions (‘hot spots’) for leukocyte TEM
across the endothelium (Nourshargh and Alon, 2014). As we
discuss here, substrate-induced mechanical forces determine EC
stiffness in a spatiotemporal manner and ECs present a pre-existing
stiffness gradient (a durotactic gradient) towards leukocytes, which
may well be another factor that creates TEM hot spots (Fig. 3A).
Atomic force microscopy (AFM) studies revealed that a single cell
in a monolayer of HUVECs or bovine aortic ECs, either inflamed or
non-inflamed, is stiffer at the cell periphery compared to the cell
center and the nucleus (Sato et al., 2000; Schaefer et al., 2014;
Stroka and Aranda-Espinoza, 2011a). However, it has also been
shown that non-inflamed HUVECs have a softer cell periphery
compared to their nucleus and that non-inflamed ECs from human
pulmonary aortas show no stiffness gradient (Birukova et al., 2009;
Mathur et al., 2001). These discrepancies might be due to the
differences in cytokine stimulation, the cell type used, and
experimental conditions, such as the size and geometry of the
AFM probe.

Taken together, mechanical forces induced by age- and
inflammation-mediated ECM stiffening promote EC stiffness,
which impairs barrier function and stimulates leukocyte TEM
(Fig. 2). Even a single EC can present an adherent leukocyte with a
gradient in cellular stiffness that might contribute to the formation of
leukocyte TEM hot spots.

EC stiffness during leukocyte TEM
Capture, rolling and arrest
Leukocyte TEM is initiated by capture and rolling of circulating
leukocytes on the EC surface. This is mediated by transient
interactions between endothelial E- and P-selectin and leukocyte P-
selectin glycoprotein ligand 1 (PSGL-1), and the formation of
leukocyte slings and tethers (Nourshargh and Alon, 2014; Sundd
et al., 2012). The function of E- and P-selectin is regulated through
shear force that is induced by blood flow (McEver and Zhu, 2010).
High shear force initially stabilizes ligand binding (so-called catch
bonds) and, thus, leukocyte contact; but as a maximum of binding
events is reached and the force increases, the lifetime of these
interactions are reduced (so-called slip bonds), which ensures
efficient leukocyte rolling. Finally, slow rolling activates the
leukocyte LFA-1 integrin and allows leukocytes to sense
chemokine gradients on the EC surface that drive leukocyte arrest
(Nourshargh and Alon, 2014).

Antibody- or leukocyte-induced clustering of selectins in
inflamed HUVECs promotes the recruitment of proteins to the
cytoplasmic region of the selectin molecules, including F-actin and
the actin-binding proteins filamin and α-actinin (Lorenzon et al.,

Box 1. Mechanotransduction in inflammatory disease
When discussing mechanotransduction and its relevance for vascular
inflammation, it is important to discriminate localized versus systemic
disease. Differences in blood flow due to bifurcations or stenosis may
lead to local effects, such as the formation of atherosclerotic plaques or
aneurysms. In addition to flow-induced signaling, the accompanying
leukocyte adhesion will also trigger mechanotransduction in the vascular
wall (see main text). In contrast to local events, systemic pathology is
usually the result of increased blood pressure (i.e. hypertension), which
can be associated with chronic (mild) inflammation, e.g. during aging
(Jain et al., 2014).

The mechanical forces induced by blood flow, be it laminar or
turbulent, are sensed and transduced by the vascular endothelium.
Turbulent or discontinuous flow triggers various forms of
mechanosignaling, most of which feed into the RhoA–ROCK-mediated
activation of the myosin light chain kinase (MLCK) (Conway and
Schwartz, 2013). This leads to increased actomyosin-based
contraction and stiffening. This is important because stiffer areas in the
vascular wall promote leukocyte adhesion and extravasation, and are
thus prone to inflammation (Huynh et al., 2011). Beyond the
endothelium, altered mechanical properties of the vascular wall,
including fibronectin deposition, stiffening of the ECM or of smooth
muscle cells, reduced NO production and local calcification, will also all
further enhance EC stiffening and inflammation. From a clinical
perspective, it is important to note that vascular (i.e. arterial) stiffening
precedes hypertension (Kaess et al., 2012). Consequently, reduction of
vascular wall stiffening by inhibition of the Rho–ROCK pathway reduces
vascular inflammation as well as hypertension. The ROCK inhibitor
Y27632 as well as (hydroxy)fasudil reduce blood pressure and aortic
stiffness , in both animal models as well as in clinical trials, (Shi and Wei,
2013). Similarly, statins, which alter cholesterol metabolism with the
consequent inhibition of Rho lipidation and -function, reduce arterial
stiffness and (chronic) inflammation (Jain et al., 2014). Therefore,
mechanotransduction is a key aspect of inflammatory disease, in
particular in the vasculature, and its targeting appears to be a sensible
therapeutic strategy.
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1998; Yoshida et al., 1996), which control EC stiffening (Razinia
et al., 2012; Schaefer et al., 2014). This recruitment induces a local
increase in the density of the F-actin network at the selectin clusters,
which is likely to result in local EC stiffening and, thus, provides an
improved platform for anchoring of selectins to the F-actin network
in order to resist shear force, similar to what has been described for
integrins (Roca-Cusachs et al., 2012; Ross et al., 2013). By contrast,
destabilization the endothelial F-actin network with cytochalasin B
inhibits clustering und function of selectins, which is indicative for a
positive-feedback loop (Wojciak-Stothard et al., 1999). These
findings suggest that selectin function is regulated by shear force
and EC stiffness in a cooperative fashion, which might promote
leukocyte capture and rolling.

How leucocytes find sites that permit TEM
Following arrest, leukocytes adhere and crawl on the EC surface to
search for sites that permit TEM. This requires a tight
mechanosensitive signaling crosstalk between leukocytes and ECs,
and is driven by different types of gradient. To scan the EC surface for
sites that permit TEM, leukocytes use ventral filopodia or
invadosome-like protrusions (Carman et al., 2007; Shulman et al.,
2009). These F-actin-richmembrane protrusions are induced by shear
force and endothelial chemokines. Leukocytes use these structures to
sense EC stiffness (Martinelli et al., 2014; Schaefer et al., 2014) and
chemokine vesicles that are located directly beneath the EC surface
and are docked to F-actin fibers (Shulman et al., 2012). Although
direct proof is still missing, EC stiffness might control the location of
these vesicles, which would reflect a cooperation between different
gradients (chemokines, cellular stiffness) to control leukocyte TEM.
Leukocytes not only sense forces exerted by EC stiffness but their

adhesion also induces forces in the endothelium and, therefore, alters
mechanotransduction in ECs. This includes F-actin recruitment,
generation of traction forces and local EC stiffening, as shown in
inflamed HUVECs and human pulmonary microvascular ECs (Liu
et al., 2010; Rabodzey et al., 2008; Wang et al., 2001).
Pharmacological inhibition of actin dynamics reduces the stiffening
response of human pulmonary microvascular ECs, indicating a
positive-feedback loop (Wang et al., 2001). The highest traction
forces and EC stiffness are measured in close proximity to adherent
leukocytes (Liu et al., 2010).
Leukocyte adhesion and crawling is mediated by endothelial

ICAM1 and ICAM2, which bind to leukocyte LFA-1 and Mac-1, as
well as by endothelial VCAM1, a ligand for leukocyte VLA-4 (Halai
et al., 2014; Heemskerk et al., 2014; Nourshargh and Alon, 2014).
Leukocyte binding induces clustering of ICAM1 and VCAM1,
which leads to the formation of higher-order clusters and
nanodomains, thereby forming adhesive platforms and membrane
protrusions that surround adherent leukocytes and support TEM
(Barreiro et al., 2002; Carman and Springer, 2004; Phillipson et al.,
2008; van Buul et al., 2007). Endothelial ICAM1 plays a central role
in leukocyte extravasation because it is involved in leukocyte
adhesion, crawling and TEM through the cell body (transcellular
TEM)or junctions (paracellularTEM) (Heemskerket al., 2014; Lyck
and Enzmann, 2015; Nourshargh et al., 2010). ICAM1 consists of
five extracellular domains, a transmembrane domain and a short
cytoplasmic region (Box 2). Antibody binding or leukocyte adhesion
induces ICAM1 clustering and, through its cytoplasmic region,
downstream signaling in ECs to ensure successful leukocyte TEM.
For instance, the intracellular region associates with actin-binding
proteins that anchor ICAM1 to the F-actin cytoskeleton (Fig. 3B).
Destabilization or stabilization of the actin network, respectively,
blocks or promotes ICAM1 clustering in inflamedHUVECs, thereby

Box 2. A structural look at ICAM1
Endothelial ICAM1 is a mechanosensitive adhesion receptor involved in
leukocyte TEM. Human ICAM1 contains five extracellular glycosylated Ig-
like domains (482 residues), a transmembrane domain (22 residues) and
a short cytoplasmic region (28 residues) without any binding motif (Lyck
and Enzmann, 2015). ICAM1 forms a homodimer through the first and the
fourth extracellular Ig-domain. The dimer has a higher affinity for integrin
than the monomer (Chen et al., 2007). Leukocyte LFA-1 interacts with the
first Ig-domain, whereas Mac-1 binds to the third domain. Integrin binding
induces conformational changes in the Ig-domains, the transmembrane
region and the cytoplasmic tail. These changes will affect both the extent
of higher-order clustering and protein binding to the intracellular region
(outside–in signaling), and vice versa (inside–out signaling).

ICAM1 clustering initiates the recruitment ofmany cytoplasmic proteins.
Some of them, including filamin-B (280 kDa) and α-actinin-4 (100 kDa),
interact directly with the cytoplasmic ICAM1 region and respond to forces
by conformational changes (Ehrlicher et al., 2011; Schaefer et al., 2014).
Because the 3D-structure of the cytoplasmic region of ICAM1 has not
yet been published, we recently modelled this domain of human
ICAM1 (Schaefer et al., 2014) (see Figure). Combined with a sequence
alignment of 94 homologues from different species (Ashkenazy et al.,
2010), the results suggest that the α-helical membrane-proximal part
is highly conserved. In contrast, the distal region is less conserved and
unstructured, as confirmed by using a database to predict disordered
proteins (Oates et al., 2013). The α-helix is required for surface expression
of ICAM1 and its clustering, whereas the unstructured region mediates
adaptor binding (Oh et al., 2007; Schaefer et al., 2014). The intrinsically
disordered region might become structured upon adaptor binding,
possibly in an adaptor-specific manner (Schaefer et al., 2014; Wright
and Dyson, 2014). This mechanism ensures the recognition of diverse
binding partners and might reflect the spatiotemporal regulation of ICAM1
function. A similarmechanismwas described for the cytoplasmic region of
PECAM1 and of E-cadherin, whose endothelial homologue VE-cadherin
also controls TEM (Huber et al., 2001; Paddock et al., 2011).

Cytoplasmic ICAM1 region
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regulating neutrophil TEM (Schaefer et al., 2014; van Buul et al.,
2010). Furthermore, using beads coated with anti-ICAM1 antibodies
to induce ICAM1 clustering in human pulmonary artery ECs was
sufficient to increase cellular traction forces (Liu et al., 2010),
indicating that ICAM1 is a force-sensing receptor that initiates
mechanosensitive signaling events (Fig. 3B). These include
recruitment of actin-binding and scaffolding proteins (e.g. α-
actinin-4), increased formation of F-actin stress fibers, RhoA
activity and ROCK–myosin-based contraction forces (Heemskerk
et al., 2014). ICAM1 clustering induces force-dependent positive
feedback-signaling in inflamed ECs, resulting in the amplification of
ICAM1 signaling towards the F-actin cytoskeleton and improved
leukocyte adhesion (Lessey-Morillon et al., 2014; Schaefer et al.,
2014). Accordingly, the application of tension on ICAM1 in order to
mimic leukocyte pulling forces further promotes RhoA activity,
myosin-based contractile forces and EC stiffening (Fig. 2) (Lessey-
Morillon et al., 2014). Tensional force activates the RhoGEF LARG
in inflamed HUVECs and microvascular ECs, which in turn
increases RhoA activity to induce cellular stiffening. This
mechanotransduction stimulates neutrophil crawling, which is
essential for their extravasation in vitro and in vivo (Phillipson
et al., 2006; Schenkel et al., 2004). Together these studies clearly
identify ICAM1 as a mechanosensitive receptor.
Recently, we have shown that ICAM1 forms mechanosensitive,

functionally distinct complexes with α-actinin-4, filamin-B or
cortactin that control, in an adaptor-specific manner, the neutrophil
search for sites that permit TEM (Schaefer et al., 2014). Depletion of
endothelial α-actinin-4 resulted in the most pronounced defect in
neutrophil spreading and adhesion as it reduces ICAM1 clustering
and EC stiffness. Our AFM studies demonstrated that α-actinin-4
and – to a lesser extent – cortactin but not filamin-B, regulate a cell-
autonomous stiffness gradient from the nucleus (with low stiffness)
to the cell periphery (showing high stiffness) in inflamed HUVECs
(Schaefer et al., 2014). In line with these results, increased EC
stiffness, such as in human and murine atherosclerotic plaques, in
murine arteries (compared to veins) or in inflamed ECs on stiffer
surfaces, stimulates expression of α-actinin-4 and its binding to
ICAM1, thereby facilitating leukocyte TEM (Schaefer et al., 2014).
Here, α-actinin-4 functions as a force-transmitting element that
promotes maturation of the ICAM1 complex, similar to the role it
has in integrin complexes (Roca-Cusachs et al., 2013a). These
findings suggest that leukocytes are guided by the low-to-high EC
stiffness gradient that exists within an individual EC towards the EC
periphery (Fig. 3A,C). A local rigid surface ensures improved
anchoring of the ICAM1 complex, which will resist and further
promote pulling forces that are exerted through the leukocyte β2
integrins and, finally, promotes leukocyte adhesion, spreading and
crawling (Fig. 3B).
Intriguingly, upon their durotactic guidance towards the

periphery of a single EC and, thus, prior to actual extravasation,
crawling leukocytes round up and protrude their leading edge
towards the abluminal side of the endothelium (Manes and Pober,
2014; Schaefer et al., 2014). This ‘reverse spreading’ might be
linked to a local reduction in the stiffness at junctional regions (Fig.
3A,C). Our immunofluorescence microscopy data, indeed, indicate
that F-actin levels are relatively low in the narrow junctional regions
of inflamed HUVECs (Fig. 3D), pointing to lesser EC stiffness,
although we were unable to directly measure reduced junctional
stiffness in our recent AFM work, probably owing to the
experimental settings (Schaefer et al., 2014). We determined the
stiffness of a single EC within a monolayer with AFM by using a
10-µm bead, the same size as a neutrophil (Schaefer et al., 2014). In

agreement with this, another recent study indicated that high barrier
function and EC stiffening are linked predominantly to transcellular
T-cell migration, whereas destabilization of cell–cell contacts and
reduced EC stiffness promote TEM through junctions (Martinelli et
al., 2014). There, a 600–nm tip was used that mimics the leukocyte
invadosome-like protrusion (see above) to measure EC stiffness in
response to changes in endothelial barrier function. Thus, the
authors suggest that leukocytes prefer to transmigrate at regions with
the lowest F-actin density and stiffness because the resistance
exerted by a rigid endothelial F-actin network, compared with a soft
surface, impairs the invasion of invadosome-like protrusions of T
cells, which reduces their ability to crawl along the ECs. Of note, it
is known that the F-actin cytoskeleton generates tension at
VE-cadherin-based junctions, which is necessary to maintain
cell–cell contacts; however, too much force will destroy these
contacts (Huveneers and de Rooij, 2013; Vestweber et al., 2014). A
low F-actin density and concomitantly reduced EC stiffness might,
therfore, not only stabilize cell–cell adhesion but also promote
leukocyte TEM at junctional regions. Importantly, EC stiffness is
only one of several components that determine the sites of TEM.We
suggest that not all cell–cell junctions will be equally soft in an EC
monolayer and, thus, that stiffer junctions or suboptimal density of
EC adhesion molecules may restrict leukocyte TEM.

Together, these studies show that leukocytes probe the EC surface
to find sites that permit extravasation, which is at least partly
determined by EC stiffness. We propose that leukocytes are guided
by a durotactic gradient in the direction of the periphery of an
individual EC (Fig. 3A,C). Soft junctional regions (of low F-actin
density) allow leukocytes to round up there and to protrude their
leading edge towards the abluminal side of the EC in order to
transmigrate. Although the vast majority of leukocytes (70–90%)
transmigrate in a paracellular fashion, both in vitro and in vivo
(Vestweber et al., 2014; Woodfin et al., 2011) transcellular TEM
does occur and could be facilitated through a heterogeneous EC
surface with localized soft regions. Moreover, transcellular TEM is
important for leukocyte TEM across brain vascular ECs, owing to
their tight junctional contacts that restrict paracellular TEM
(Carman, 2009; Engelhardt and Ransohoff, 2012).

TEM and pore closing
Compared to leukocyte adhesion, the actual extravasation step in
paracellular or transcellular TEM induces three-fold higher traction
forces in the EC, which are propagated to adjacent ECs as shown in
HUVECs and human pulmonary arterial ECs (Liu et al., 2010;
Rabodzey et al., 2008). Leukocyte guidance to junctions is not only
mediated by endothelial ICAM1 and VE-cadherin, but also by a
number of other adhesion molecules, including PECAM1, ICAM2,
CD99, ESAM and JAM proteins (Fig. 1), whose role in leukocyte
TEM has been well established (Nourshargh and Alon, 2014;
Sullivan and Muller, 2014; Vestweber et al., 2014). In contrast to
VE-cadherin and ICAM1, however, less is known regarding their
role in mechanotransduction. Recently, PECAM1 has been
identified as a mechanosensor for shear force and shown to
mediate flow-induced RhoA activity, cytoskeletal remodeling and
stiffening in ECs (Collins et al., 2012, 2014; Privratsky and
Newman, 2014; Tzima et al., 2005). Given the role of PECAM1 in
leukocyte TEM and flow-induced EC mechanotransduction, and
the relevance for shear force in TEM, PECAM1 might well be
involved in EC mechanosignaling during TEM. However, this
remains to be investigated. In vivo studies showed that PECAM1,
ICAM2 and JAM-A function in a sequential manner to promote
neutrophil extravasation (Woodfin et al., 2009). It will be interesting
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to investigate how EC stiffness regulates the crosstalk between these
receptors.
Closure of the endothelial pore after the leukocyte has passed is

necessary to maintain the vascular barrier (Vestweber et al., 2014).
A recent study suggests that ventral lamellipodia generated from
pre-existing actin filaments close these small, micrometer-scale
pores (Martinelli et al., 2013). Barrier disruption is recognized by
the endothelium as the localized loss of isometric tension and force
unloading that induces F-actin remodeling, which depends on Rac1,
Arp2/3 and reactive oxygen species, and the formation of membrane
protrusions in order to close the pore. Different types of primary
human EC have been shown to use such a loss-of-tension-based
mechanism to restore their barrier function (Martinelli et al., 2013;
Mooren et al., 2014).
Taken together, extravasation of leukocyte induces high traction

forces and stiffening in ECs, underscoring the importance of cellular
forces and stiffness to regulate leukocyte breaching of the
endothelial barrier. A variety of endothelial adhesion molecules
regulate TEM, particularly through the paracellular route (Fig. 1).
Although, so far, only ICAM1, PECAM1 and VE-cadherin have
been identified as mechanosensitive receptors, it is clear that the
endothelium also senses force changes to initiate closure of
transmigratory pores, further reinforcing the concept of an
interplay between stiffness, and forces created and sensed in
leukocytes and ECs to guide TEM.

Conclusions and perspectives
An increasing number of studies have shown that the
mechanosensitive response of leukocytes and ECs to substrate
stiffness drives leukocyte TEM across the vascular endothelium.
Mechanotransduction in both ECs and leukocytes includes the
RhoA–ROCK–actomyosin pathway (Fig. 2). Leukocytes respond
to mechanical forces exerted by EC stiffness, which is in turn
determined by the stiffness of the underlying substrate. A
combination of chemotactic, haptotactic and durotactic gradients
might ensure efficient leukocyte trafficking and TEM. In vivo, the
endothelium is surrounded by a heterogeneous distribution of
pericytes (Fig. 1) that, indirectly, determine the guidance of
leukocytes to sites that permit TEM (Ayres-Sander et al., 2013;
Proebstl et al., 2012; Stark et al., 2013). Future work is required to
show whether EC stiffness, maybe in a tissue-specific manner, is
affected by this heterogeneity.
The individual steps of leukocyte TEM that are mediated by

distinct endothelial adhesion (mechano-) receptors, such as
ICAM1, PECAM1 and VE-cadherin, are differently regulated by
EC stiffness (Fig. 1), and the molecular mechanisms controlling
mechanosensitive complexes and adaptor-specific functions are
only beginning to be elucidated. It will be interesting to investigate
how other adhesion receptors and their crosstalk are regulated by EC
stiffness to ensure the spatiotemporal regulation of leukocyte
guidance on and across the endothelium. FRET-based tension
sensors (Chew et al., 2002; Conway et al., 2013; Meng and Sachs,
2011; Nakamura et al., 2014) might enable researchers to elucidate
force-dependent protein interactions within ECs in time and space,
and to monitor the generation and propagation of EC stiffness
during leukocyte TEM in live cells. However, to translate any
in vitro findings into the in vivo environment, for example by using
tension sensors in vivo, will be a great challenge of future studies.
A detailed understanding of force-induced molecular mechanisms
will not only increase our knowledge of stimulus-, tissue- and
leukocyte-specific regulation of TEM, but may also help to discover
new therapeutic targets against inflammatory disease.
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