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Abstract In the process of leukocyte migration from the
circulation across the vascular wall, the crosstalk with
endothelial cells that line the blood vessels is essential. It is
now firmly established that in endothelial cells important
signaling events are initiated upon leukocyte adhesion that
impinge on the regulation of cell—cell contact and control
the efficiency of transendothelial migration. In addition,
several external factors such as shear force and vascular
stiffness were recently identified as important regulators of
endothelial signaling and, consequently, leukocyte trans-
migration. Here, I review recent insights into endothelial
signaling events that are linked to leukocyte migration
across the vessel wall. In this field, protein phosphorylation
and Rho-mediated cytoskeletal dynamics are still widely
studied using increasingly sophisticated mouse models. In
addition, activation of tyrosine phosphatases, changes in
endothelial cell stiffness as well as different vascular beds
have all been established as important factors in endothelial
signaling and leukocyte transmigration. Finally, I address
less-well-studied but interesting components in the
endothelium that also control transendothelial migration,
such as the ephrins and their Eph receptors, that provide
novel insights in the complexity associated with this
process.
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Introduction

For experienced cell biologists as well as laymen young and
old, moving cells are among the most fascinating biological
phenomena to watch. Particularly intriguing is the migra-
tion of leukocytes across the endothelial layer which lines
the inside of blood vessels, a hallmark of inflammation.
This transendothelial migration (TEM, also known as dia-
pedesis) occurs constitutively but its frequency increases in
response to various stimuli and under different conditions,
with acute and (chronic) inflammation as the best-known
examples. TEM is accompanied by dramatic shape changes
of the leukocyte that occur rapidly in a sometimes turbulent
environment, culminating in the breaching of what intu-
itively appears to be an essential, not-to-be-breached
barrier: the vascular endothelium [1, 2] The now firmly
established multi-step process of TEM has been introduced
many times in ever so many reviews and research papers
over the past ~25 years [3-5]. I therefore choose to omit
such an introduction from the main text and refer readers,
less familiar with the TEM paradigm, to Box 1.

Many of the steps that together comprise leukocyte
TEM have been extensively studied over past decades, in
particular at the level of the leukocyte [6]. This sequence of
cellular behavior, defined originally by the groundbreaking
work of Eugene Butcher and Timothy Springer [7, 8], is
key to inflammatory responses and immune surveillance.
The field has studied in detail myriad chemokines and their
G-protein coupled receptors as well as a growing number
of adhesion molecules and their ligands (i.e. integrins,
cadherins, etc.), both on leukocytes and on the
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endothelium. It would appear from most literature that in
this ‘pas de deux’, only the leukocytes are dancing, but this
is not the case. Over the past 15-20 years we have seen a
marked increase in research on the endothelial cells and
their contribution to efficient leukocyte TEM (see Box 1)
[3, 9-11]. Note that although TEM is studied mainly in
in vitro and in vivo settings that mimic acute inflammation,
it is generally assumed that chronic inflammatory disorders
are also based on an analogous multi-step TEM process.
Similarly, it is accepted that analogous events that entail
the passage of cells across vascular barriers, such as tumor
cell metastasis and stem cell homing, are driven by such
multi-step mechanisms [12—14].

It is important to underscore that TEM can occur under
quite different conditions (absence or presence of shear
force, resting or inflamed vessels, etc.) or different tissues
(soft or stiff), which will affect one or more aspects of the
classical multistep paradigm. Also the endothelium itself is
far from homogeneous. This is true at the level of tissues
and organs [15, 16], at the level of individual cells and at
the subcellular level, where different domains in the apical
membrane and intercellular junctions regulate TEM [11,
17, 18]. Consequently, the mechanisms that control TEM
may not be quite as generic as we may assume them to be.
Moreover, to complicate matters further, variants of
transmigratory behavior such as ‘hesitant’ and ‘reverse’
TEM have been identified in recent years [19-21]. Finally,
the majority of mechanistic conclusions that form the basis
of current models are derived from in vitro assays where
endothelial cells are cultured on artificial substrates such as
plastic or glass. More and more however, relevant data is
generated in vivo using intravital imaging in mice [19, 21—
25]. Although intravital imaging is lagging behind in
structural and molecular resolution as compared to high
resolution in vitro imaging., this technique has become
invaluable for our appreciation of tissue- and leukocyte-
specific aspects and behavior, as well as of the overall
kinetics of TEM in real vessels in live animals. In parallel,
more sophisticated ex vivo and in vitro models for human
vessels are being developed [26-28] which will allow the
field to bridge the gap between current in vitro approaches
with human cells and in vivo work in mice. This is
important not only because molecular pathways and
responses can differ substantially between mice and men
(see also [29, 30]), but also to answer to calls from society
and government agencies to reduce as much as possible the
use of laboratory animals.

Leukocyte TEM is the subject of active investigation
already for many years and covers ~?2000 publications
which address many aspects that cannot all be discussed
here. In fact, I choose to limit the topic (i.e. endothelial
signaling) and time-frame covered to the most recent
~5 years, taking off where several earlier key reviews
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ended [1, 6, 31]. I will start with a brief summary for those
readers less familiar with endothelial signaling in TEM to
set the stage of the field some 5 years ago. Next I will focus
on a series of molecular mechanisms that control TEM and
that have either been studied in more detail in recent years
(such as new insights on the role of protein phosphoryla-
tion) or represent emerging concepts (i.e. mechano-
signaling).

Previously on: endothelial signaling in leukocyte
TEM

Textbook images tend to depict the endothelium as a rather
inert layer of bulky cells, a representation which is not very
close to our current view of this cell type. Firstly, vascular
endothelial cells are usually quite flat and as such very
different from epithelial cells. Importantly, however, like
epithelial cells they do show apical-basal polarity [32] and
asymmetric distribution of proteins, such as caveolin,
during migration [33]. Most recently, EC polarity was
implicated in lumen formation during angiogenesis [34].
Secondly, endothelial cells are not inert at all; not in resting
conditions, and certainly not during inflammatory respon-
ses and leukocyte TEM. The first study that introduced the
concept of endothelial signaling contributing to leukocyte
TEM was based on the finding that adhesion of neutrophils,
mimicked by stimulation with soluble receptor ligands,
raises intracellular calcium levels [35] and promotes per-
meability in the endothelium. Moreover, clamping of
intracellular calcium in the endothelium was found to limit
neutrophil-induced permeability as well as TEM across
monolayers of HUVEC. Thus, adherent leukocytes trigger
signaling events in the endothelium that appear to promote
efficient TEM.

Following up on this seminal paper by the Silverstein
lab, many groups identified endothelial signaling events
that were suggested to be required for efficient TEM. Most
notably, the activation of a rho-rhokinase (ROCK)-myosin
light chain kinase (MLCK)-pathway which stimulates
endothelial, actomyosin-based contractility has gained a lot
of interest [36—40]. This is because this pathway is central
to agonist-induced loss of endothelial cell-cell contact and
increased permeability as induced by thrombin or his-
tamine, for example [41, 42]. And indeed, many studies
showed that inhibition of any of these components reduced
leukocyte TEM in vitro. These studies focused largely on
intercellular adhesion molecule 1 (ICAM-1) and vascular
cell adhesion molecule 1 (VCAM-1)-mediated signaling
(reviewed in [9, 31, 43, 44]). In addition to these, many
other cell surface molecules have been implicated over the
past two decades in leukocyte adhesion and TEM (e.g.
platelet endothelial cell adhesion molecule-1 (PECAM-1),
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the junctional adhesion molecules (JAMs), CD99,
endothelial cell-selective adhesion molecule (ESAM), etc.
[19, 45-50]). Although it is likely that any clustered
transmembrane molecule will initiate some form of intra-
cellular signaling, the pathways downstream of adhesion
molecules, other than ICAM-1 or VCAM-1, have not or
only partially been described.

In addition to leukocyte adhesion-induced contractility
in EC, it was recognized early on that protein phosphory-
lation was an important aspect of EC signaling in TEM as
well. Many studies have looked at protein tyrosine phos-
phorylation and investigated the role of the non-receptor
tyrosine kinase p60Src, in addition to the Pyk2 tyrosine
kinase and various Ser/Thr kinases [37, 51-58]. In parallel,
several groups established a role for Racl-dependent,
NADPH oxidase (NOX)-generated reactive oxygen species
(ROS), e.g. downstream from cross-linked VCAM-1 [59—
61]. These ROS, known to inhibit intracellular protein
tyrosine phosphatases thus promoting increased tyrosine
kinase activity, were suggested to be central to the kinase-
based regulation of VE-cadherin [59, 62, 63] or were
proposed to activate metallo-proteases in the extracellular
environment, which, in turn, were shown to activate the
intracellular tyrosine phosphatase PTP1B [64]. The
VCAM-1-mediated Racl-NOX-ROS pathway was
recently linked to Pyk2-mediated regulation of VE-PTP
[62], initiating its dissociation from VE-cadherin, a
requirement for efficient leukocyte TEM [65]. Importantly,
recent studies using elegant mouse models expressing
phosphorylation-deficient mutants of VE-cadherin have
provided new insights in the relevance and regulation of
this pathway (see below).

A confounding issue in biochemical studies on leuko-
cyte-induced endothelial signaling has always been that
simultaneous lysis of the two types of cell makes it hard to
discriminate which protein, activated or modified by post-
translational modification, is derived from which cell type.
To circumvent this problem, may labs, including ours,
resorted to the use of anti-ICAM-1 or anti-VCAM-1 anti-
bodies [59]. Initially, these were used in solution, in
combination with a secondary cross-linking antibody. This
approach results in a global activation of available ICAM-1/
VCAM-1 molecules on the cell surface, leading to what we
now consider as exaggerated cellular responses, accompa-
nied by dramatic EC contraction and formation of large
intercellular gaps [59]. Later on, many laboratories have
used small antibody-coated beads to induce more local
signaling events that could be imaged using increasingly
sophisticated tools, such as GFP-fusion proteins [66—68], or
biosensors. Yet, this approach also has important draw-
backs, because such beads, although resembling leukocytes
in size, tend to be immobile. This leads to prolonged local
signaling which may simplify its detection, but should be

interpreted with caution. The use of such beads, however,
has stimulated work on so-called ‘docking structures’ or
‘transmigratory cups’; endothelial apical membrane pro-
trusions, initially described by Barreiro et al. [69, 70], that
also form around adherent leukocytes. The identification of
these structures sparked a series of studies addressing the
connection between clustered ICAM-1/VCAM-1 and the
endothelial cortical actin cytoskeleton. Like any other
transmembrane adhesion molecule, ICAMI1/VCAM-1
require cytoskeletal anchoring for proper adhesive function.
A number of actin-binding and -regulating proteins were
found by us and other labs to bind to the (very short)
intracellular domains of ICAM-1/VCAM-1 and to regulate
their clustering and adhesive function as part of a compli-
cated feed-back loop [51, 53, 66, 71-76]. The finding that
actin dynamics in EC is a key feature driving local clus-
tering of integrin ligands and concomitant leukocyte
behavior and TEM was extended later to the notion that
endothelial cell stiffness, a function of actin dynamics and
crosslinking, also regulates leukocyte adhesion, spreading
and TEM [17, 74] (discussed in more detail below).

Finally, a topic that has been very much present in the
field over the past 10-15 years is the phenomenon of tran-
scellular migration, where leukocytes cross the endothelial
barrier by migrating through a EC body, rather than through
a cell—cell junction (i.e. the paracellular pathway) [18, 77—
79]. It is now well established that the transcellular pathway
exists in vivo and in vitro, but its relative importance and/or
tissue- or cell type specificity has been a topic of debate. The
in vivo results by the Vestweber lab [65] that showed that a
F-actin-locked VE-cadherin mutant, restricting junctional
opening and permeability, efficiently prevents leukocyte
TEM, left little room for a (compensatory) transcellular
pathway, at least in the inflamed skin, lung and cremaster
muscle models used in this work. Whereas we think that we
understand in part which intracellular signaling in EC may
control junctional integrity during TEM, such signaling has
remained largely obscure for transcellular diapedesis, with
the exception of experiments implicating membrane traffic-
associated proteins such as caveolin or VASP [18, 78, 80].
The more recent insight [81] that cellular/vascular stiffness
may also be a factor in the choice of which transmigration
route is used is interesting, as it may explain some earlier
findings in the field (see below).

In the current overview, I make an attempt to sketch
where the TEM-field is in 2016 focusing on endothelial
signaling. New imaging and cellular analysis tools, i.e.
hardware, software and biosensors, have entered this area
of research, in addition to the use of very sophisticated
in vivo models. Many of the topics discussed below rep-
resent extensions of earlier findings, but I have also
included a brief discussion of some recently identified,
potentially interesting, EC components at the end.
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Protein kinases and transendothelial migration

It is well established that leukocyte TEM is regulated by
protein phosphorylation in EC. Both Ser/Thr kinases as
well as tyrosine kinases and -phosphatases have been
implicated, sometimes based on the use of pharmacological
inhibitors, but also using elegant mouse models. Here we
will address some recent studies on the contribution of
these two classes of protein kinases to leukocyte TEM.

Ser/Thr Kkinases

A role for endothelial protein kinase C (PKC) activity in
leukocyte TEM was proposed already close to 20 years ago
in the context of hypoxia-induced phosphorylation of
PECAM-1 in HUVEC, promoting monocyte TEM [82].
Later, PKC activity was linked to clustered ICAM-1 induced
endothelial actin stress fiber formation in rat brain EC and its
inhibition was found to reduce T lymphocyte TEM [36, 37].
The group of Cook-Mills identified PKCa, downstream from
NADPH oxidase, as a VCAM-1-regulated component in
mouse microvascular cells, which controls phosphorylation
and activation of the cytosolic tyrosine phosphatase PTP1B
[83]. This was found to mediate TEM as inhibition of the
pathway by blocking endothelial PTP1B reduced TEM of
splenic T lymphocytes [64, 83]. Intriguingly, a more recent
study in PTP1B™~ mice showed that PTP1B acts as a neg-
ative regulator of allergic responses and that loss of PTP1B
promotes leukocyte adhesion in vivo in OVA-challenged
mice and TEM in vitro across WT EC [84]. A subsequent
study using chimeric mice (PTP1B deficiency in non-he-
matopoietic cells vs. WT leukocytes) and mice with induced
deletion of PTPIB in the endothelium showed that
endothelial PTP1B is required for leukocyte influx in the
lung [85]. Thus, these studies identified markedly different
contributions to TEM for PTP1B in leukocytes vs. PTP1B in
the vascular endothelium.

A recent study, [86] focusing on the role of endothelial
PKCp in the regulation of T cell influx into the brain,
showed that the PKCP inhibitor and oral drug LY-317615
was effective in reducing T cell influx. The mechanism
involved was partially resolved and shown to rely on
inhibition of PKCP-mediated upregulation of mRNAs
encoding junctional proteins, in particular claudin-5, in
brain endothelial cells. This is intriguing as claudin-5
expression is suppressed in brain inflammation. The con-
comitant LY-317615-induced stabilization of the blood—
brain barrier was proposed to be responsible for retention
of CD4" T-cells in the vasculature, although additional
PKCp-dependent mechanisms that reduce effective TEM
of T cells could not be excluded, such as those involving
the small GTPase Racl or the TGF-f pathway [86].
Importantly, LY-317615 did reduce experimental
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autoimmune encephalomyelitis (EAE) in vivo in a mouse
model for multiple sclerosis, most likely by suppressing
influx of encephalitogenic T cells. This data highlights the
potential clinical application of targeting the vascular (i.e.
brain) endothelium to limit inflammatory disease.

In a recent paper implicating soluble adenylate cyclase
(sAC), Watson et al. [87] showed that the homophilic
adhesion molecule CD99 also employs intracellular signal-
ing in EC to regulate leukocyte TEM. It was shown
previously that inhibition of CD99 blocks TEM by stalling
the transmigration leukocyte halfway through the endothe-
lial cell-cell junctions. The analysis by Watson et al.
indicates that CD99 engagement leads to recruitment and
activation of sAC, resulting in the generation of cAMP and
activation of PKA. In line with this model, pharmacological
inhibition of sAC reduces leukocyte TEM in vivo to a similar
level as blocking CD99 using antibodies. An interesting
finding in this work was that clustering of CD99 using an
adhesion-blocking antibody restored neutrophil TEM, indi-
cating that it is the clustering-induced intracellular signaling,
rather than the adhesive function of CD99 which is required
to promote TEM. What remains unknown is how endothelial
PKA signaling controls TEM and why inhibition of this
pathway blocks TEM by preventing full passage of the
leukocyte across inter-endothelial junctions.

Several recent studies addressed the role of endothelial
PI3-kinases (PI3K) in the control of endothelial barrier
function and leukocyte TEM. Nakhaei-Nejad et al. [88]
showed that pretreatment of HUVEC monolayers with the
PI3K inhibitors wortmannin or LY-294002, or transfection
with siRNA to reduce expression of the regulatory p85
subunit of Class 1 A PI3K impaired transmigration (20-70 %
reduction) of human peripheral blood lymphocytes under
flow. This was linked to defects not in lymphocyte adhesion
and locomotion on the EC surface, but rather in the ability to
cross an endothelial cell—cell junction [88]. Similar findings
were reported by Cain et al. [89] using various PI3K inhi-
bitors as well as wortmannin. Focusing more on the role of
individual p110 catalytic subunits of PI3K, the group of
Anne Ridley further showed, using siRNA approaches in
HUVEG:s, that loss of p110a induced the most prominent
inhibition of TNFa-induced permeability and paracellular
transmigration of monocytic THP-1 cells. Also here, there
was no effect of the loss of endothelial p110o on the adhesion
of the leukocytes [90].

The signaling pathway which is relevant downstream of
this PI3K-mediated regulation of TEM was suggested to
involve the Pyk2 tyrosine kinase, which was previously
implicated in the regulation of VE-cadherin function [91].
SiRNA-mediated loss of pl110a was found to reduce the
association of tyrosine phosphorylated Pyk2 with VE-
cadherin and to reduce the tyrosine phosphorylation of VE-
cadherin itself. Moreover, siRNA-mediated loss of Pyk2
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reduced TNFa-induced permeability and, in conjunction
with loss of Racl, reduced TEM of THP1 cells [90]. PI3K
(p110a) was also found to be required for basal RhoA (but
not RhoB or RhoC) and Racl activity in TNFa-treated EC.
This is unusual as RhoA and Racl each have distinct
effects on actin-based junctional phenotypes: RhoA, in
conjunction with myosin, drives the generation of
mechanical pulling forces and formation of focal adherens
junctions [92], whereas Racl promotes formation of cell-
cell contacts due to its stimulation of actin polymerization
and membrane protrusions [93].

The Ser/Thr kinase Akt (Protein kinase B) is a major
target of PI3K and Akt has been firmly established as an
important regulator of many cellular responses, including
inflammation [94]. Yet, a role for endothelial Akt in
leukocyte TEM has not been studied extensively yet. Using
isoform-specific knock out mice, Di Lorenzo et al. [95]
have shown that endothelial Aktl, but not Akt2, is required
for the induction of paw edema and for the concomitant
influx of monocytes and EC. Mechanistically, this was
linked to Aktl-mediated regulation of permeability as
siRNA-mediated loss of Aktl markedly protected against
histamine-induced loss of transendothelial electrical resis-
tance. Downstream from Aktl in EC, there appears to be an
important role for eNOS (endothelial Nitric Oxide Syn-
thase). ENOS is central to the regulation of endothelial
integrity through its main product, Nitric Oxide, which
protects against vascular constriction and as such stabilizes
blood vessels and limits increases in blood pressure. Sev-
eral studies have implicated eNOS in ICAM-1-dependent
leukocyte TEM. Martinelli et al. [96] found that eNOS
activity, but not Akt or PI3K activity, is required for
lymphocyte TEM across various types of primary and
immortalized EC. A more recent study in eNOS-deficient
mice showed that leukocyte influx in a model for lung
inflammation was reduced by 50 % as compared to the
influx in control mice [97]. In this study, ICAM-1 mediated
activation of eNOS was found to be downstream of a
p60Src-Akt-dependent signaling pathway. This pathway
was linked to phosphorylation of PECAM-1, albeit that
adhesive activity of PECAM-1 was not altered.

Thus, several studies have provided evidence for com-
ponents of an endothelial PI3K/Akt-eNOS signaling unit to
regulate TEM. However, the relative contribution of the
various components and the mechanistic connection to
junctional proteins and TEM remain to be established
further.

Tyrosine phosphorylation
An intriguing and complicated issue in the field of TEM

and vascular permeability has been (and still is) the regu-
lation by protein tyrosine kinases, particularly of

endothelial junctional proteins and actin-binding adapter
proteins. Regarding the latter, the phosphorylation of the
adapter protein cortactin by the cytosolic tyrosine kinase
p60src has been most intensely studied. Several studies
identified Src as a key regulator of ICAM-1 clustering and
function, through its phosphorylation of cortactin, [71].
Consequently, Src-mediated cortactin phosphorylation was
shown to be required for efficient leukocyte TEM in vitro
and cortactin was later shown to be essential for endothelial
barrier function and neutrophil TEM in vivo [73].

Regarding junctional proteins, the tyrosine phosphoryla-
tion of VE-cadherin has gained the most interest over the
years. This topic has recently also been studied in detail in
elegant mouse models. The first papers on this topic showed
that not only cell density and agonists such as VEGF and
histamine, but also adhesion of activated neutrophils could
induce tyrosine phosphorylation of VE-cadherin and asso-
ciated proteins [98-101]. The consensus has been that
tyrosine phosphorylation of junctional proteins reduces their
adhesive function and leads to a (transient) loss of cell—cell
contact. Over the past 15 years, this area of research was
seemingly accelerated by the development of commercially
available, assumed phospho-specific antibodies to VE-cad-
herin. These reagents have been used in search for a
functional link of phosphorylation with VE-cadherin-medi-
ated vascular permeability and the regulation of leukocyte
TEM. However, recent studies have shown that most, if not
all, of these commercial antibodies were not specific. To
resolve this, the Vestweber and Dejana labs have gone to
considerable lengths to develop and use well-characterized
site-specific anti-phospho-VE-cadherin antibodies [102,
103]. Use of these antibodies, in combination with site-
specific Y-F mutants of VE-cadherin for specificity confor-
mation, have now both clarified and complicated the overall
picture of regulation of junctional proteins by tyrosine
phosphorylation (Fig. 1).

Several residues in the cytoplasmic domain of VE-
cadherin (Y645; Y658; Y685 Y731; Y733) were analyzed
in the initial studies for their requirement for lymphocyte or
neutrophil TEM [57, 104]. These studies relied on ectopic
expression of Y-F VE-cadherin mutants in human or
murine endothelial cells followed by analysis of neutrophil
[57] or lymphocyte [104] TEM under static conditions. In
these studies Y645, Y731 and Y733 were identified as
essential for efficient TEM. Using a combination of phar-
macological and dominant negative inhibitors, the Src and
Pyk2 tyrosine kinases were implicated in the phosphory-
lation of VE-cadherin in human EC [57] but not in those of
the mouse [104].

The Dejana lab developed antibodies specific for Y658
and Y685 in the intracellular domain of VE-cadherin [103].
These antibodies detect phosphorylated VE-cadherin in
resting venules and capillaries but, intriguingly, not in
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Fig. 1 Differential phosphorylation of VE-cadherin in control of
TEM and permeability. a Schematic overview of (de)phosphorylation
events as described in Orsenigo et al. [102]. Here, VE-cadherin is
phosphorylated constitutively on Y658 and Y685 in venules and
capillaries. Permeability-inducing stimuli transiently as well as shear
forces constitutively downregulate this phosphorylation. Subsequent
ubiquitination by an unknown ubiquitin E3-ligase initiates the
internalization of de-phosphorylated VE-cadherin. b In the model
derived from data by Wessel et al., Y731 is constitutively phospho-
rylated in venules and capillaries and Y685 is bound t the VE-PTP

arterioles. This difference was proposed to be caused by
differences in hemodynamics: moderate shear stress pro-
moted Src-mediated phosphorylation of Y658 on VE-
cadherin, but higher stress, such as in arteries, inhibited
phosphorylation. This was shown both in vitro as well as
in vivo as deduced from elegant in vivo shunt experiments
in rats, connecting the jugular vein to the carotid artery.
Importantly, active Src (pY418-Src) was found at cell—cell
contacts in venules but was absent from arterioles. This
mechanism to regulate cell—cell junctions was also impli-
cated in the induction of vascular permeability induced by
agonists such as bradykinin [103]. Regarding regulation of
permeability, the Orsenigo study showed that permeability-
inducing stimuli led to a dephosphorylation of both Y658
and Y685, initiating ubiquitination and internalization of
VE-cadherin (Fig. 1).

What is relevant to consider is that TEM of leukocytes
occurs primarily via the paracellular pathway and thus
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phosphatase, keeping phosphorylation of Y685 low. Permeability-
inducing stimuli induced dissociation of VE-PTP allowing phospho-
rylation of Y685. Y731 does not appear to be involved in control of
permeability, In contrast, leukocyte adhesion induced de-phosphory-
lation of Y731 by SHP2, concomitant with increased phosphorylation
of Y685. The latter even may involve a p60src-FAK pathway that was
implicated in VEGF-stimulated tumor cell extravasation. These
events initiate binding of the AP2 component o-adaptin, triggering
internalization of Y731 dephosphorylated VE-cadherin. Note that the
indicated events are supposed to take place at EC junctions

requires local and transient opening of cell-cell contacts.
Consequently, in many studies, the regulation of perme-
ability has been considered particularly relevant for TEM.
Although one cannot deny the functional connection
between vascular permeability and leukocyte diapedesis,
this relationship is more complex than originally thought.
This was most strikingly shown by a study from the
Vestweber lab, in which it was demonstrated that regu-
lation of vascular permeability in mice, induced by VEGF
or histamine, requires the phosphorylation of Y685 in the
intracellular domain of VE-cadherin, but not the phos-
phorylation of Y731 [102]. This was analyzed using novel
phospho-specific antibodies and using transgenic mice in
which point-mutants of VE-cadherin were targeted to the
endogenous VE-cadherin locus. Intriguingly, induction of
phosphorylation of Y685, which is also a target of Src
[105], occurred selectively in venules and a subset of
capillaries, but not in arterioles. Also, these authors
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reported that phosphorylation of Y685 is absent in
unstimulated blood vessel endothelium or human EC
cultured in vitro but is rapidly induced by VEGF and
histamine as well as TNFo and adherent T-cells. The
reason for the lack of baseline pY685 signal in the study
from the Vestweber lab, in marked contrast with the
findings by Orsenigo et al. [103], is unknown but could be
due to differences in antibody sensitivity or the fact that
the Vestweber lab developed antibodies that were specific
for either the mouse and human pY685 peptides. In con-
trast to pY685, pY731 is detectable in unstimulated
endothelium and its phosphorylation is not affected by
VEGF or TNFa.

In marked contrast to VE-cadherin Y685, the phospho-
rylation of which regulates permeability, Y731 was found
to be relevant for TEM in an acute inflammation model (II-
1B-stimulated cremaster muscle). In fact, the dephospho-
rylation of Y731 was induced by T-cell adhesion to bEnd.5
mouse cells in vitro and was shown to be required for
efficient TEM in vivo and in vitro. This dephosphorylation
at Y731 required the tyrosine phosphatase SHP2, but not
the VE-cadherin associated phosphatases VE-PTP or
DEPI1, and was suggested to control a-adaptin-mediated
internalization of VE-cadherin [102]. The model that
emerges from this work is that kinase driven phosphory-
lation (of Y685) controls permeability in venules whereas
SHP2-driven dephosphorylation (of Y731) and dissociation
of the associated VE-PTP controls leukocyte TEM by
regulating VE-cadherin internalization.

In addition to the above-described tyrosine phosphory-
lation at endothelial cell-cell junctions, there is some
information on the role of focal adhesion-related tyrosine
kinases, in particular the Focal Adhesion Kinase FAK, in
TEM. Transmigration of breast cancer cells across lung
microvascular EC was blocked by siRNA-mediated
reduction of FAK or the expression of a dominant negative
protein (coined FRNK) [106]; similar findings were
reported later for neutrophils migrating across TNFa-trea-
ted HUVEC [107]. Jean et al. [108] recently provided
evidence that FAK phosphorylates Y658 in tumor samples,
as well as, in response to VEGF-A stimulation, in lung
tissue from mice and in murine and human ECs in vitro.
This effect was accompanied by VEGF-induced Src and
FAK translocation to junctions. Further experiments
showed that FAK-mediated Y658 phosphorylation regu-
lates EC permeability and tumor cell TEM in vitro.
Moreover, genetically engineered mice, expressing a
kinase-dead FAK in the endothelium, showed reduced lung
infiltration by tumor cells concomitant with reduced tumor
growth in the lungs as well as reduced lung metastasis
[108]. A related study also identified FAK as an important
mediator of VEGF-induced TEM of B16 melanoma cells
[109].

Clearly, protein tyrosine phosphorylation is a central
regulatory event in the endothelial control of TEM [110]. It
is interesting to conclude that such tyrosine phosphoryla-
tion is associated with proteins that control cell-cell
contact and with proteins that control cell-matrix adhesion.
There is limited insight into the crosstalk between these
two adhesive systems in EC in the context of TEM, but it is
likely that the endothelial environment, provided by the
matrix and associated cells such as pericytes and smooth
muscle cells, is yet another important regulatory compo-
nent in driving TEM efficiency. Sensing this environment
is a key function of integrins and analysis of the associated
signal transducers such as FAK and their functional con-
nection to the regulation of VE-cadherin function and
TEM, e.g. through force sensing molecules such as vin-
culin [92], represents a challenge for future research.

Endothelial guanine nucleotide exchange factors
(GEFs)

In marked contrast to the large number of studies on the
role of endothelial Rho GTPases in leukocyte transmigra-
tion [1, 11], there is only limited information on which of
the Rho-or Racl-activating GEFs is relevant. The Racl-
GEF P-Rexl (phosphatidylinositol-3,4,5-trisphosphate-
dependent Rac exchange factor 1) was identified as a key
regulator of TNFa-induced endothelial permeability and
neutrophil TEM [111]. Importantly, loss of P-REX1 was
shown to reduce TNFo-induced lung permeability in vivo,
concomitant with a reduction in influx of neutrophils and
macrophages in the BAL fluid. Mechanistically, P-Rex1-
mediated and PI3-K-dependent activation of Racl was
found to result in production of ROS which are known to
induce a transient loss of cell-cell contact. Moreover,
siRNA-mediated loss of P-Rex1 impaired TNFa-induced
upregulation of ICAM-1 expression, which may well
explain the concomitant reduction in TEM [111].

A small number of RhoGEFs has been identified to be
more directly, i.e. downstream of activated, i.e. clustered
ICAM-1, involved in regulating neutrophil TEM. In TNFa-
activated, primary HUVEC, the RhoA homologue RhoG is
activated as a consequence of [CAM-1 clustering, an effect
that is mediated by SGEF (SH3-containing GEF) [68].
SGEF binds, via its SH3 domain, directly to a proline-rich
sequence in the intracellular domain of ICAM-1. This also
makes SGEEF specific for ICAM-1-induced signaling, since
the intracellular domain of VCAM-1 does not encode such
a proline-rich region. Importantly, SGEF activity was not
required for its binding to ICAM-1 [68], which indicates
that this association is a direct consequence of ICAM-1
clustering, rather than of downstream signaling. Analogous
to the induction of dorsal membrane ruffles in fibroblasts
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[112], SGEF and RhoG mediate formation of apical
membrane protrusions that form in response to beads-in-
duced ICAM-1 clustering as well as leukocyte adhesion.
These ‘docking structures’ or ‘transmigratory cups’ are
now a well-established endothelial feature that accompa-
nies leukocyte TEM, be it though the para- and the
transcellular pathway [68, 69, 80, 113].

The relevance of SGEF for leukocyte TEM in vivo was
more recently further underscored using mice genetically
deficient for functional SGEF. These otherwise viable mice
were crossed with ApoE™'~ deficient mice, and the pro-
geny was fed Western Diet to induce atherosclerosis.
Subsequent analysis showed that, at various locations along
the aorta, the lack of SGEF resulted in a 40-60 % reduc-
tion in size of atherosclerotic lesions [114]. This effect was
accompanied by (1) lack of RhoG activation in the
endothelium, (2) reduced formation of apical membrane
protrusions around adherent anti-ICAM-1 coated beads and
(3) a reduction in beads adhesion to the aortic wall. This
data suggests that also in vivo, the ICAM-1-SGEF-RhoG
signaling axis mediates efficient leukocyte TEM driving
atherosclerosis and likely also other inflammatory
disorders.

Another GEF implicated in formation of apical mem-
brane protrusions is Trio. Trio encodes two GEF domains;
the N-terminal domain activates Racl/RhoG and the
C-terminal domain activates RhoA [115]. In addition, Trio
encodes a Ser/Thr protein kinase domain in its C-terminus.
In primary HUVEC, Trio expression is strongly upregu-
lated by TNFa [116]. Trio and Trio-mediated Racl
activation are in turn required for TNFa-induced upregu-
lation of ICAM-1 and VCAM-1 as well as, consequently,
for neutrophil TEM. Trio is also more directly involved in
neutrophil TEM, since ICAM-1 clustering rapidly activates
Trio and, consequently, Racl and RhoG in TNFa-treated
primary HUVEC [117]. Interestingly, ICAM-1 induced
Trio activation depends on filamin. Filamin is a dimeric
actin-binding and -regulating protein that was previously
shown to bind to clustered ICAM-1 [66]. Moreover, the
first GEF domain of Trio (known as TrioD1) binds, via its
SH3 domain, to filamin [118]. In primary HUVEC, filamin
acts as an organizing scaffold required for Trio activation,
and is not strictly required for the ICAM-1-Trio interaction
[113]. This scaffolding role is further underscored by the
notion that filamin can bind to several small GTPases,
including Racl and RhoA [119]. The functional relation-
ship between SGEF- and Trio-mediated, ICAM-1-induced
docking structures is as yet unresolved. Trio function
requires filamin, a protein that in vitro associates to beads-
clustered ICAM-1 with a significant delay [66, 74]. Thus,
an ICAM-1-SGEF complex may form early after ICAM-1
clustering, later followed by an ICAM-1-filamin—Trio
complex. All this was studied in human EC; it is relevant to
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mention that the C-terminal domain of murine ICAM-1
does not bind to filamin [74]. This suggests that in the
murine vasculature, the ICAM-1-SGEEF signaling pathway
may be dominant in the control of leukocyte TEM.

Most recently, the GEF LARG (Leukemia-Associated
Rho GEF, ARHGEF12) was identified as a RhoGEF that is
activated downstream from clustered ICAM-1. This acti-
vation was further potentiated by force, induced by pulling
using magnetic tweezers on adherent, anti-ICAM-1-coated
beads [120]. Activation by force was specific for LARG
and not observed for other RhoGEFs, i.e. pl90RhoGEF,
pl115, PDZ-RhoGEF or GEFHI. Furthermore, LARG was
identified as being involved in force-induced and ICAM-1
mediated activation of RhoA, phosphorylation of myosin
light chain and TEM of neutrophils across TNFa-treated
microvascular EC. The magnetic tweezer experiments also
showed that exertion of force on ICAM-1 induced EC
stiffening, at least at the level of the clustered ICAM-1.
This suggests that adherent, crawling leukocytes will also
induce local EC stiffening which is in line with various
studies that showed that cell spreading as well as TEM is
potentiated by EC stiffening [17, 74, 121-123]. Whether
LARG-mediated EC stiffening is primarily relevant for
leukocyte adhesion and spreading on ICAM-1 or also for
intercellular gap formation is currently unknown.

Mechanosignaling and TEM

There is increasing interest in the relevance of endothelial
and vascular stiffness for inflammation and, more specifi-
cally, leukocyte-vessel wall interactions and TEM.
Endothelial cells in culture are large (up 100 pm in
diameter), flat cells in which the F-actin cytoskeleton, as
visualized by phalloidin, presents itself mainly in the form
of stress fibers and cortical bundles. These stress fibers are
in part linked to integrins in focal adhesions (FAs) and in
part to cell—cell contacts, where they co-localize with VE-
cadherin. Although differently organized, also small actin
fibers extending radially from cortical bundles link to VE-
cadherin at cell-cell contacts [124]. VE-cadherin in less
permeable, stable junctions is organized in a linear fashion,
whereas VE-cadherin in dynamic, remodeling, junctions is
jagged and co-localizes with F-actin as well as with actin-
regulating proteins such as vinculin [92, 124]. It is pri-
marily at these remodeling Focal Adherens Junctions that
the cytoskeleton exerts tension on the VE-cadherin com-
plex. This tension is an important regulatory factor in
vascular permeability and consequently also in TEM, albeit
that this relationship is not as direct as originally antici-
pated. Although increased permeability will promote TEM,
the process does require firm adhesion of leukocytes to the
endothelium. Conversely, although crosslinking of cell-
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surface ICAM-1 using antibodies in solution has been
found to activate RhoA [36] and induce intercellular gap
formation, it remains to be demonstrated whether very
local ICAM-1 clustering, as induced by adherent and
migrating leukocytes, induces similar signals. In addition,
such signaling may show spatial differences, as a result of
which ICAM-1 engagement on the cell’s center induces
other events as compared to ICAM-1 engagement at cell—
cell contacts. It is fair to assume that new methodologies
based on high resolution imaging of endothelial signaling
events and cytoskeletal dynamics during leukocyte TEM
will soon provide additional insights in the mechanistic
links between adhesion-induced signaling, junctional
integrity and TEM.

Regarding mechanical events and TEM, it is important
to consider two related factors that impinge on the process.
The first is the presence or absence of flow-mediated shear
forces. It is now well accepted in the field that the presence
of flow significantly promotes TEM of leukocytes in
in vitro assays, a phenomenon coined chemorheotaxis
[125], and that in the presence of flow, chemokines do not
need to be presented in a gradient to induce TEM. The
stimulating effects of flow directly relate to the second
important mechanical factor, which is the stiffness of the
endothelium. This is a relevant factor, since adherent cells,
including leukocytes, require a certain optimal substrate
stiffness for firm adhesion, spreading and crawling. In EC,
as well as many other cell types, Rho-regulated
cytoskeletal reorganization leads to increased cellular
stiffness [126]. Exposure of EC to flow activates RhoA and
also increases cellular stiffness, which may well explain the
shear force-mediated stimulation of TEM. It is important to
underscore that most information on flow-induced leuko-
cyte TEM has been obtained using EC cultured on glass,
i.e. very stiff, flow chambers. It is very likely that this will
influence both the EC as well as the leukocytes, as it might
promote intercellular gap formation as well as durotaxis,
respectively.

The relationship between endothelial and vascular
stiffness and inflammation, as well as the relevance of
stiffness sensing and durotaxis (i.e. migration in the
direction of optimal stiffness) and tenertaxis (migration to
sites of low stiffness [81]) in TEM have recently been
extensively reviewed elsewhere [17, 126]. However, there
is an interesting analogy between the relevance of
endothelial stiffness for leukocyte TEM and other, seem-
ingly distantly related findings regarding behavior of
transmigrating leukocytes.

Two recent studies addressed directly the mechanistic
relation between endothelial cell stiffness and leukocyte
TEM [74, 81]. In the study from our lab by Schaefer et al.
[74], endothelial cell stiffness, regulated by the actin
crosslinking protein o-actinin4, was found to positively

correlate with the adhesion, spreading and TEM under
flow across TNFa-stimulated HUVEC, of primary human
neutrophils. We detected a cell-autonomous, central-to-
peripheral gradient of increasing stiffness within TNFa-
stimulated primary human EC. This drives crawling neu-
trophils towards cell—cell contacts, thus promoting TEM.
In contrast, the study of Martinelli et al. [81], showed that
TEM of human T cells migrating across rat or human
microvascular EC from various sources, occurred at sites
of reduced stiffness, as deduced from relatively low levels
of F-actin. In this paper, increased junctional integrity
associated with increased junctional stiffness, was found
to enhance transcellular diapedesis at the expense of
paracellular TEM, whereas increased permeability was
found to promote leukocytes to use the paracellular
pathway.

We recently proposed Schaefer and Hordijk [17] that the
apparent differences between these findings could in part
be due to experimental set-up: the probe for AFM mea-
surements used in the Schaefer study was larger (i.e.
10 um) as the one used in the Martinelli study (<1 pm).
This could explain the detection of small, relatively soft
areas in the apical cell surface. Importantly, even when
transmigrating at junctions, cells round off prior to dia-
pedesis. This could be the result of relatively low F-actin
levels within a 3-5 pm area in the vicinity of VE-cadherin
Schaefer and Hordijk [17]. Thus, whereas a stiffness gra-
dient may drive spread leukocytes towards the cellular
periphery, a very local reduction in stiffness, at or around
cell-cell contacts, may promote cell rounding and the
crossing of the endothelial barrier.

The mechanisms that drive transcellular migration have
been studied at various levels and EC. Martinelli et al. [80]
recently showed that long-term flow stabilizes cell—cell
contacts and promotes transcellular vs. paracellular dia-
pedesis, without altering TEM quantitatively. Moreover, in
addition to local differences in endothelial F-actin [81],
local recruitment and fusion of endothelial vesicles and
local differences in surface levels of ICAM-1 have all been
postulated to control a leukocytes’ choice to use the tran-
scellular pathway [77, 127]. Regarding the latter, elevated
levels of surface ICAM-1, either induced by transfection or
by treatment with variable doses of TNFa, were found to
reduce crawling distances [127] and promote transcellular
migration. In this study, cells that were on ICAM1/2-de-
ficient endothelium showed a lack of polarization and
crawling. Surprisingly, the limited number of cells that did
transmigrate, almost exclusively used the transcellular
route. This result appears reminiscent of two earlier reports
on transcellular migration. In the first, T-cells deficient for
the Racl GEF Tiaml were found not to be deficient in
adhesion to activated bEnd.3 endothelial cells, but to show
much reduced crawling on immobilized ICAM-1 or on
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activated endothelial cells [128]. This was associated with
an increase in transcellular diapedesis. Tiaml-deficient
lymphocytes also showed reduced polarization under these
conditions, which may well relate to their lack of efficient
Racl activation. More recently, Kumar et al. [129] showed
that neutrophils, deficient in the small GTPase Raplb (but
not Rapla), show a marked spreading defect on CDI11b-
coated plates although adhesion as such was not different
from WT cells. This phenotype was accompanied by
increased podosome formation by Raplb™~ neutrophils
and a >3-fold increase in the use of the transcellular route
during TEM across bEnd.3 cells or HUVECs.

Together, these studies indicate that leukocytes that are
impaired in cell spreading and/or crawling (i.e. due to
locally reduced substrate stiffness, too much or too little
ICAM1/2; lack of Tiam1-Racl signaling or lack of Rap1b)
show a shift towards the use of the transcellular pathway
for TEM. This poses the question whether leukocytes, in
close interaction with the endothelium, actively ‘choose’
for transcellular TEM or whether this pathway represents a
default route for relatively immobile cells that do not
adhere in the vicinity of an intercellular junction. The
formation of podosomes [79] is likely directly linked to
limited migration, since crawling cells may not reside at
any position long enough for full podosome formation to
occur. However, this supposition requires further experi-
mental analysis.

New players

There are several signaling proteins/components that were
recently proposed to be important for leukocyte TEM.
Although some of these observations may appear phe-
nomenological and not very well developed yet, they are
possibly of interest to the field which is why I will briefly
discuss some of these ‘new players in TEM’ here.

LSP1

The F-actin binding protein LSP1 (leukocyte-specific pro-
tein 1) has not been studied extensively, despite its
apparent in vivo relevance for neutrophil TEM. Already
10 years ago, the group of Paul Kubes showed, using bone
marrow transplantation experiments, that it is the LSP1 in
the endothelium, rather than in the neutrophils, which
controls leukocyte TEM in the inflamed cremaster muscle
model [130]. Recipient LSP1~/~ mice showed a ~70 %
reduction in emigration of wild type leukocytes whereas
LSP1~~ leukocytes in WT mice did not show inhibition of
transmigration. Moreover, lack of LSP1 protected signifi-
cantly from histamine-induced microvascular permeability
in cremasteric venules. Intriguingly, in a subsequent study
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it was shown that loss of endothelial LSP1 results in
increased permeability which accompanies leukocyte
transmigration [24]. Since lack of endothelial LSP1 did not
impair leukocyte adhesion, this protein could be more
relevant for preserving endothelial integrity in the context
of TEM. LSP1 is a substrate for several protein kinases,
and some of its effects may relate to its regulation by
phosphorylation. Hossain et al. [131] showed that ICAM-1
clustering induces LSP1 phosphorylation both in vitro and
in vivo, downstream from p38 MAPK. The mechanistic
connection between LSP1 phosphorylation and its regula-
tion of neutrophil TEM remain to be further established.

EphrinB1/2

The cell-surface associated and transmembrane ephrins (5
GPI-linked ephrin A ligands; 3 transmembrane ephring B
ligands) and their Eph receptors (9 EphA receptors; 5 EphB
receptors) [132, 133] are exquisitely fit to play a role in the
interactions between different types of endothelium with
different types of leukocyte. Upon contact, these receptors
and their ligands show bidirectional (‘forward’ and ‘reverse’)
signaling in both contacting cells. Moreover, these receptors
and their ligands show differential expression in tissues,
circulating cells as well as in different types of cancer [134,
135]. Isoforms of both EphB and EphA receptors and their
ligands have been implicated in endothelial cell activation
and TEM of both leukocytes and cancer cells.

Ectopic expression in EC of Ephrin-B2, but not a mutant
lacking the cytoplasmic tail, promoted TEM under static
conditions of monocytic J774 cells [135] (Fig. 2a). More
recently, Liu et al. [136] showed that endogenous ephrin-B1/
2 on EC in the skin are upregulated in response to inflam-
mation, and that siRNA-mediated downregulation of these
ephrins inhibits TEM of monocytic THP-1 cells under static
conditions. These authors propose a model in which ephrin-
B1 engagement by EphB2 receptors on monocytes would
signal towards E-selectin upregulation and loss of VE-cad-
herin localization and increased permeability. Conversely,
inflammation-stimulated expression of ephrin-B2, which is
known to associate with CD31 and to accumulate at cell—cell
junctions upon engagement [ 137], was suggested to promote
monocyte TEM. Another recent study by van Gils et al. [138]
identified ephrin-B2 as a guidance cue which is upregulated
in atherosclerotic vascular tissue and promotes monocyte
recruitment. Funk et al. [139] found increased expression of
EphA4 and ephrin-Al in atherosclerosis-prone endothelium
in vivo and showed that activating EphA4 with Fc-ephrinAl
induces EC activation, leading to VCAM-1 expression and
monocyte adhesion.

The functional diversity of Eph receptors and their ligands
is further underscored by the findings that in HUVEC as well
as EC in vivo, high levels of EphA2 were detected, which
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Fig. 2 Schematic representation of some ‘new players’ in leukocyte
TEM. a Summary of ephrin-Eph interactions implicated in TEM. As
detailed in the body text, several ephrin-Eph receptor interactions
have been implicated in leukocyte TEM. These involve Eph receptors
and ephrin ligands on endothelial cells, as well as on transmigration
leukocytes or cancer cells. Some of these interactions result in
increased permeability, and effects on ICAM-1 and VCAM-1
recruitment or expression which drives TEM and atherosclerosis.
However, the underlying signaling pathways remain to be further
elucidated. PC prostate cancer. b The ReticulonA/B proteins have

were found to regulate TEM of ephrin—A4 positive B-cells
[140]. Intriguingly, these authors showed that clustering of
EphA2 on HUVEC recruited [ICAM-1 and VCAM-1, but not
vice versa, suggestive for a close interaction between these
leukocyte receptors in the context of TEM. On the leukocyte-
side of things, chronic lymphocytic leukemia cells were
found to express increased levels of ephrin-A4, which
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been found to negatively regulate p60Src/Pyk2-mediated tyrosine
phosphorylation of VE-cadherin, downstream from ICAM-1 cluster-
ing. ReticulonA/B proteins are largely residing in the endoplasmic
reticulum, but are also found at the plasma membrane. The TRPC6
calcium channel as well as the Pannexin 1 ATP transporter have both
been identified as positive regulators of leukocyte TEM. TRPC6
regulates, downstream, from clustered PECAM-1, the LBRC which
mediated TEM. Pannexin 1-driven ATP export can activate leuko-
cytes, thus stimulating TEM in the extracellular milieu. LBRC later
border recycling compartment

impairs chemotaxis and TEM [140]. Along similar lines, the
EphA?2 receptor on prostate cancer cell lines and its ligand
ephrin-A1 on the endothelium were shown to be required for
cancer cell TEM [141].

There is substantial information on bidirectional sig-
naling by ephrins and their Eph receptors, as well as on the
crosstalk with well-established intracellular signaling
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pathways driving cell motility and invasion, as well as
proliferation and inflammation (reviewed also in [142]).
Most of this research has been performed in the context of
cancer and angiogenesis, but there is already sufficient
evidence that these regulators of heterotypic cell—cell
contact bear relevance for leukocyte TEM. It remains to be
seen whether the ephrin and/or Eph-receptor induced
endothelial signaling in TEM employs known or novel
pathways. However, given the therapeutic potential of this
class of receptors/ligands [142], further detailed analysis of
their contribution from within the vessel wall to cancer
metastasis as well as cardiovascular disease [143] will be
of much interest to the field.

Ion channels

As alluded to in the beginning of this overview, the transient
increase of intracellular calcium was one of the first signaling
events in EC identified to regulate leukocyte TEM [35].

Only very recently there has been additional mechanistic
insight into this finding. Weber et al. [144] reported that in
HUVEQ, the transient receptor potential canonical 6 (TRPC6)
calcium channel controls leukocyte TEM (Fig. 2b). Their data
suggest that TRPC6 associated with clustered PECAM-1
upon leukocyte binding, regulated lateral border recycling
compartment (LBRC) trafficking and thus controlled TEM.
The LBRC is tubulo-vesicular structure, localized near
endothelial cell-cell contacts that is required for efficient
leukocyte TEM (see [3] for a recent review). TRPC6 repre-
sents the first endothelial calcium channel that has been
directly linked to leukocyte transmigration.

However, apart from the established relevance of calcium
in orchestrating endothelial signaling in TEM, not many
additional ion fluxes in EC have directly been linked to
TEM. Indirectly, the control of endothelial or vessel wall
stiffness by e.g. sodium influx (through the epithelial sodium
channel ENaC) [145] will affect TEM, since EC stiffness
controls adhesion and TEM [74, 81, 126]. A recent study
identified a potassium channel (TREKI1, TWIK-related
potassium channel-1) as a negative regulator of immune cell
traffic across the blood-brain barrier [146]. Mice, deficient
for TREK1, which is also down-regulated in inflamed EC,
showed increased expression of ICAM-1, VCAM-1 and
PECAM-1, reduced phosphorylation of ERK1/2, increased
lymphocyte influx and -disease scores following induction
of EAE. These effects on brain pathology could be reduced
by treatment of the mice with the TREK-1-activating fatty
acid o-linolenic acid, a component of linseed oil. However,
more detailed insights in the endothelial mechanisms con-
trolling TEM downstream of this potassium channel are
currently lacking and will require additional research.

An intriguing variant of this mode of regulation was
recently described by Lohman et al. [147]. These authors
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showed that ATP-release from EC by the Pannexin 1
channels is induced by TNFa, through a Src-mediated sig-
naling pathway, and that this ATP in the extracellular milieu
promotes leukocyte adhesion and TEM, as a consequence of
purinergic receptor signaling (Fig. 2b). This was shown
in vivo using intravital imaging (cremaster muscle model) in
mice which inducibly lacked Pannexin 1 in their endothelial
cells. The effects of released ATP appears in part to be
autocrine, since TNFo-induced VCAM-1 upregulation is
Pannexin 1 dependent, the lack of which could be bypassed
by exogenous ATP. This recent finding adds to existing
literature on adenosine nucleotides promoting leukocyte
adhesion and migration [148, 149] and add a new mode of
regulation to the field of leukocyte TEM.

Reticulon-4B

Reticulon-4A/B proteins (also known as Nogo-A/B) are pro-
teins with two membrane-spanning domains that reside in the
endoplasmic reticulum as well as the plasma membrane [150].
This family of proteins and their receptors are pleiotropic, with
well characterized functions in neuronal development,
including a negative regulation of neuronal growth [150].
More recently, the Nogo-B receptor was implicated in lipid
biosynthesis and protein glycosylation [151]. The alternative
Nogo receptor, PirB, was found to limit macrophage recruit-
ment to vein grafts, and lack of PirB promoted recovery in
hindlimb ischemia models in mice. Endothelial Nogo-B has
been directly implicated in leukocyte TEM [152]. Mice
lacking NogoA/B showed reduced leukocyte influx in air-
pouch models for acute inflammation and bone marrow
transplantation experiments showed that it is the host (i.e.
endothelial) Nogo proteins that were responsible for these
effects. In vitro studies in human dermal microvascular EC
showed that downregulation of Nogo-B was sufficient to
reduce TEM of neutrophils and monocytes under flow.
Mechanistically, Nogo-B was found to control the activation
of p60Src and Pyk2 downstream of clustered ICAM-1 and to
inhibit ICAM-1 induced phosphorylation of VE-cadherin
(Fig. 2b). These authors [152] suggest that these effects of loss
of Nogo-B may reflect a role for ER-plasma membrane cou-
pling in controlling EC signaling downstream of ICAM-1.
This phenomenon may also relate to the leukocyte-adhesion
induced release of intracellular calcium from the endoplasmic
reticulum stores and its relevance for TEM.

Concluding remarks

As can be deduced from the above, the past 5 years or so have
seen both an extension of our insights in previously identified
phenomena driving leukocyte TEM as well as the introduc-
tion of new ‘players’ and concepts. Clearly, the field has
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profited from the broadly growing interest in the role of
external force on cellular behavior. The increasing use of
sophisticated technologies such as atomic force microscopy
has opened up new ways to link cellular stiffness to EC
signaling and responses. Also, the use of physiological flow
as an essential requirement for in vitro TEM studies, as
opposed to the classical, static Transwell assays, has become
more broadly established. Additional approaches include the
use of FRET-based biosensors not only in vitro but
increasingly also in mouse models [153, 154]. Although
performing reliable, quantitative imaging in a pulsating
blood vessel is challenging, there clearly is progress in this
area which will undoubtedly be continued in the coming
years, spurred by improved methods of detection and image
analysis software. Another important aspect that deserves
more attention is the tissue specificity of leukocyte TEM,
also against the backdrop of the relevance of substrate
stiffness for EC behavior and integrity [155, 156]. This has
been addressed in the past already but will require more
elaborate in vivo and ex vivo approaches. The notion that
primary venous cells in cell culture adopt an arterial phe-
notype [28] suggests that many in vitro data are likely more
representative of what occurs in arteries rather than in veins.
In this context, itis also of interest that the first studies linking
specific microRNAs to vascular inflammation and leukocyte
traffic have been published recently [157, 158]. This directly
relates to the signaling capacity of circulating microRNA-
loaded microvesicles and their potential to control leukocyte
TEM and inflammation at distant sites [159], a topic which
will very likely be addressed in more detail the coming years.
Finally, more elaborate models for human vessels (i.e.
comprising more complex matrices and microfluidics) that
can also take into account interactions with pericytes and
smooth muscle cells as well as with platelets, are required to
do more translational research which is relevant to address
clinical questions on microvascular function and inflam-
mation. The isolation and use of circulating EC provides
another very interesting approach to complement already
existing and more recent technologies to address patient-
specific behavior of EC and to allow a next step towards
personalized medicine at the level of the vascular wall.

Box 1: The classical transmigration paradigm
for acute inflammation

The swift response of our bodies’ defense mechanism to
foreign invaders, such as bacteria on a sharp kitchen knife,
requires that circulating leukocytes such as neutrophils
deploy to the area of infestation a.s.a.p. While so doing,
however, these cells (our ‘first line of defense’) encounter a
number of problems to which an adequate response is
mandatory. This response requires the leukocytes,

following their recruitment to the inflamed site, to initiate a
now well-established standard operating protocol for their
approach (see schematic and text below).

The first phase of this multi-step process is the rolling
along and adhesion to the inner wall of the blood vessel.
This wall is paved with a monolayer of endothelial cells
(EC) which can be locally activated by inflammatory
cytokines. Upregulated by these cytokines, carbohydrate-
conjugated endothelial cell surface proteins known as
selectins (mainly E-selectin) orchestrate the ‘first contact’;
their low-affinity interactions with cognate receptors such
as PSGL-1 (P-selectin glycoprotein ligand-1) are key to the
rolling behavior of leukocytes under flow. The flow in itself
can induce leukocyte to initiate the TEM program, a
response known as chemorheotaxis. Despite the continuous
contact with large numbers of red blood cells, many rolling
leukocytes remain associated with the vessel wall. Locally
accumulated chemokines instruct the leukocytes to trans-
form their circular shape into a spread-out, polarized and
motile form, imitating directional motility (chemotaxis).
This transformation is not possible without the rapid acti-
vation of special adhesion molecules, the Bl and B2
integrins, that allow the cells to further resist the external
forces imposed by the blood plasma and its constituents.
Activated integrins will lock on to their endothelial ligands
ICAM-1 and VCAM-1, securing firm leukocyte adhesion.
These ligands may also present as a gradient on the
endothelial cells’ surface, driving haptotaxis, migration
along a gradient of adhesion molecules.

The crawling along the vessel wall is next, directing the
cells to optimal sites for TEM that are marked by largely
unknown markers. Some of these may involve local dif-
ferences in EC stiffness, leading to durotaxis. Next is the
key process of TEM: the cells’ reversion to a round shape,
possibly driven by regions of low stiffness, a phenomenon
recently coined ‘tenertaxis’. Subsequently, the cells will
protrude and cross the endothelial barrier. Once on the
other side, the turbulence of the blood is no more but now
the cells need to crawl in a novel way through dense,
3-dimensional networks of extracellular matrix (ECM)
proteins and along other types of cell, such as pericytes and
smooth muscle cells, in search for the inflammatory culprit.

The inflamed vascular endothelium, in the meantime,
has been anything but oblivious to the spectacle and has
welcomed the leukocytes not only by presenting sufficient
adhesion sites in the shape of upregulated ICAM-1 and
VCAM-1, but also by forming ‘docking structures’ or
‘transmigratory cups’ that promote the entrance into the
inflamed tissue. These endothelial responses are driven by
complicated intracellular signaling machinery, of which
new components and interactions are still being discovered.

To conclude, be it by crossing the endothelial barrier
through the seemingly obvious way of passage, i.e. through
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the

intercellular junction, or by penetration of an

endothelial cell’s body while aiming for an as yet unknown
target, this incursion of inflamed tissue results in a rapid
resolution of the original problem through the tracking
down and killing of invader pathogens.
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