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Abstract

Transendothelial migration (TEM) of leukocytes is the step in leukocyte emigration in which the
leukocyte actually leaves the blood vessel to carry out its role in the inflammatory response. It is
therefore, arguably the most critical step in emigration. This review focuses on two of the many
aspects of this process that have seen important recent developments. The adhesion molecules,
PECAM (CD31) and CD99 that regulate two major steps in TEM, do so by regulating specific
signals. PECAM initiates the signaling pathway responsible for the calcium flux that is required
for TEM. Calcium enters through the cation channel TRPC6 and recruits the first wave of
trafficking of membrane from the lateral border recycling compartment (LBRC). CD99 signals
through soluble adenylate cyclase to activate protein kinase A to recruit a second wave of LBRC
trafficking. Another process that is critical for TEM is transient removal of VE-cadherin from the
site of TEM. However, the local signaling pathways that are responsible for this appear to be
different from those that open the junctions to increase vascular permeability.

Introduction

The inflammatory response evolved to fight off infectious pathogens and heal wounds.
However, the other side of the proverbial double-edged sword of inflammation is that
inflammation that is doing more harm than good to the host--inflammation that damages
host tissues, that will not resolve, or is self-directed--is involved in most diseases. Thus,
there is a significant focus on understanding the molecular regulation of inflammation to

develop better anti-inflammatory therapies. Since there is no response in either the innate or

adaptive response unless leukocytes cross blood vessels, the mechanisms regulating this
process have increasingly been the focus of investigation.

Less than a decade ago, most reviews on transendothelial migration (TEM) of leukocytes
would start apologetically with phrases like, “while much has been learned about leukocyte
rolling and adhesion, much less is known at the molecular level about transendothelial

migration.” Many advances have been made recently in our understanding of the molecules

and signaling pathways regulating transendothelial migration. These have been reviewed
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comprehensively in a number of major reviews including [1-6] to which the reader is
referred for a broader discussion. This brief review will summarize two major concepts in
the biology and regulation of TEM. First, the “step” of TEM is itself a multistep process
regulated by sequential adhesion and signaling interactions between leukocytes and
endothelial cells. Second, a topic that is not well appreciated by most scientists—even many
of those working in the field: the differences in the regulation of TEM and inflammatory
vascular permeability.

TEM itself is a multi-step pathway

It is well-established that extravasation of leukocytes at the site of inflammation involves a
sequential series of molecular interactions between leukocytes and endothelial cells. The
molecules regulating the steps of capture, fast and slow rolling, activation, adhesion,
intraluminal crawling, and transendothelial migration are known [3,7,8]. These steps were
determined because selective blocking antibodies, chemical inhibitors, or genetic
manipulations of specific molecules were able to inhibit each specific step. TEM is the
process by which leukocytes squeeze tightly between (paracellular migration), or in some
cases through (transcellular migration) endothelial cells to reach the site of inflammation.
However, the process of TEM itself can be dissected into several steps as a result of
inhibition or genetic reduction of specific molecules [1,2].

The first step unique to the process of diapedesis is engagement of PECAM on the leukocyte
with PECAM on the endothelial cell border [9-11]. Interference with this interaction using
blocking antibodies, PECAM-Fc chimeras, or genetic ablation blocks selectively blocks
TEM, trapping the leukocyte on the apical surface, where it remains bound to the endothelial
cell over the junction. Leukocytes remain activated and crawl along the junction, but cannot
get through as long as the block remains [9,12]. In the presence of a PECAM blockade,
ICAM-1 clusters under the endothelial cell [13], but this is not sufficient to promote TEM if
PECAM is blocked.

Homophilic interactions between leukocyte PECAM and endothelial cell PECAM start
signals that recruit membrane from the lateral border recycling compartment (LBRC) to the
site of interaction. The LBRC is a reticulum of 50 nm vesicular structures that are connected
to each other and to the plasma membrane at intervals along the cell borders [11]. The
LBRC contains a representative selection of lateral border membrane with the exception of
VE-cadherin [13,14], which is actively excluded [15]. Membrane from the LBRC is moved
by kinesin molecular motors along microtubules [16] to surround the leukocyte during its
passage across the endothelial border during paracellular migration [11] and through the cell
during transcellular migration [13]. This is hypothesized to provide the leukocyte with a VE-
cadherin-free passage lined by unligated adhesion molecules with which to interact and
increased surface area to permit passage without requiring endothelial cell retraction [1,17].
Any treatment of EC that inhibits targeted recycling of the LBRC (e.g. blocking PECAM,
acutely disrupting microtubules, or inhibiting the kinesin molecular motor) inhibits TEM
regardless of the leukocyte type, inflammatory stimulus, or path of TEM [11,13,16,18,19].
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An increase in cytosolic free calcium ion (1[Ca*2];) was shown in 1993 to be required for
TEM to take place [20]. The transient receptor potential canonical family member 6
(TRPCS6) cation channel has recently been shown to be the channel responsible for the 1
[Ca*2]); [18]. PECAM signaling triggers activation of TRPC6 during TEM. Exogenous
activation of endothelial cell TRPC6 using the selective activator Hyp9 can overcome a
block to TEM mediated by anti-PECAM antibody by directly activating the signaling
pathway downstream of PECAM and recruiting the LBRC. Knockdown in vitro or knockout
in vivo of TRPC6 only in EC produces the same phenotype as blocking PECAM [18].

Real-time observation of TEM events across EC monolayers expressing VE-cadherin-GFP
revealed that PMN transmigrate at regions of relatively low VE-cadherin expression and/or
that VE-cadherin moved out of the way during TEM [21]. This is not an epiphenomenon,
but apparently a requirement for TEM [22-24]. There is evidence both for [23] and against
[24] internalization of VE-cadherin during this process. Regardless, the phosphorylation
state of VVE-cadherin tyrosine 731 (and perhaps tyrosines) is involved [22-24].

After the LBRC has been recruited to the site of TEM via PECAM-PECAM interactions,
and VE-cadherin has left the site of TEM, migration still requires additional molecular
interactions. This is demonstrable because one can selectively and reversibly block the
transmigration step using antibodies against specific molecules. In a sequential
transmigration assay, one can block TEM using monoclonal antibody (mAb) against
molecule A for an appropriate time, then wash out the block, add a mAb against molecule B,
and resume the TEM assay. If molecule B is involved in a process downstream of A, mAb B
will block any further TEM. If molecule B is involved in a step of TEM before molecule A,
it will not [17,25,26].

This was first shown for the relationship of PECAM and CD99 [26]. CD99 is expressed at
the borders of EC and is in the LBRC [13]. It is a fairly unique molecule with only one
paralog in the genome [27] and no signaling motifs on its cytoplasmic tail. Inhibition of
homophilic interaction between CD99 on the leukocyte and CD99 on the endothelial cell
arrests TEM with the leukocyte partway across the endothelial junction with its leading
lamellipodium under the EC and a trailing uropod on the apical surface [26,28], in contrast
to the appearance of leukocytes blocked at the PECAM-dependent step, which appear
entirely on the apical surface hovering over the junctions [9]. The sequential transmigration
assay demonstrated that the site of blockade was functionally (as well as morphologically)
downstream of the step controlled by PECAM [26].

We recently demonstrated that that homophilic CD99 interaction stimulates another wave of
targeted recycling of the LBRC to promote the completion of TEM [19]. CD99 is
constitutively in a complex with the A-kinase anchoring protein ezrin, the unique soluble
adenylate cyclase (SAC), and protein kinase A (PKA). Engagement of CD99 activates SAC
to produce cAMP locally to activate PKA and orchestrate the next wave of LBRC
recruitment [19].

The fact that two distinct molecules regulate different steps in TEM begs the question of
whether there are other molecules that mediate additional steps in the process. In fact,
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poliovirus receptor (CD155, PVR), expressed at EC borders, is involved in TEM of
monocytes [29]. Using the sequential TEM assay, we found that PVR, interacting with the
leukocyte ligand DNAX accessory molecule-1, controls a step in TEM that is between those
regulated by PECAM and CD99 [25]. PVR is also in the LBRC and, as expected, PVR mAb
delivered to the LBRC blocked TEM [25]. How and why these molecules, all of which are
together in the LBRC [15], regulate TEM sequentially is not known and is currently the
subject of investigation.

Vascular Permeability and TEM are Distinct Phenomena

Increased vascular permeability occurs at sites of inflammation, resulting in edema that
provides the “tumor” in Aulus Cornelius Celsus’ classic description of inflammation: tumor,
rubor, calor, dolor (swelling, redness, heat, and pain). VVascular leakage and leukocyte
extravasation both take place in postcapillary venules. For many years, the common
assumption was that these processes were directly related, with leaky vessels, which
preceded leukocyte extravasation, providing an easy pathway for the leukocytes.

This concept was supported by studies showing that molecules known to be involved in
leukocyte adhesion and transmigration sent signals that activated pathways known to be
involved in breakdown of endothelial junctions. The pathways for endothelial permeability
had been worked out for mediators of permeability such as thrombin, bradykinin, and
histamine (extensively reviewed in [30] and see Fig. 1). These agonists activated G-protein
coupled receptors, opening of calcium store operated channels, activation of small GTPases,
activation of myosin light chain kinase (MLCK), cytoskeletal rearrangements, and
endothelial cell shape changes. The study showing that 1[Ca?*]; was required for neutrophil
TEM [20] was quickly followed by a study demonstrating that FMLF-activated neutrophils
or neutrophils transmigrating across IL-1f activated EC induce phosphorylation of MLCK
and isometric contraction in the endothelial monolayers [31]. The presumption was that the
activated PMN were simulating the $[Ca2*]; and that was responsible for the activation of
MLCK, which induced the contraction, loosening the junctions and allowing PMN to
transmigrate. Antibody-mediated cross-linking of ICAM-1 [32] and VCAM-1 [33],
simulating interactions with leukocytes, stimulates an increase in cytosolic free calcium
ions. Similarly, clustering of ICAM-1 activates RhoA through Rho GEF 12; RhoA activates
Rho kinase (ROCK) (reviewed in [34]). This signaling is particularly enhanced by
mechanical forces exerted on ICAM-1 by leukocytes engaging it [35]. ROCK
phosphorylates and inactivates the myosin phosphatase targeting subunit (MYPT1) of the
trimeric myosin phosphatase, the major phosphatase inactivating MLCK. The end result is
potentiation of actin-myosin contraction. Activation of RhoA also induces the
phosphorylation myosin light chain through the activation myosin light chain kinase
(MLCK) [36,37].

Many studies provided data to reinforce the idea that TEM and vascular permeability were
regulated by the same signaling pathways, and as a corollary, that TEM required an increase
in vascular permeability. This, in spite of both older [38] and newer data that efficient TEM
does not require an increase in endothelial cell junctional permeability [18,39]. Mice in
which VE-cadherin was replaced with a chimera encoding a VE-cadherin/a-catenin fusion
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protein that kept VE-cadherin tethered to the actin cytoskeleton, were virtually completely
resistant to the effects of VEGF and histamine on permeability and had a very significant
reduction in leukocyte extravasation in several vascular beds [40]. The authors correctly
concluded that plasticity of the VE-cadherin junction is critical for TEM {Schulte, 2011
#5960. However, the data were interpreted by some others as evidence that they were
controlled by the same mechanism.

Several studies used the C3 exotoxin to block RhoA activation or the compound Y-27632 to
inhibit Rho kinase activity in endothelial cells, and studied the effects on transmigration
{Barreiro, 2002 #4608;Carman, 2003 #4631;Carman, 2004 #4433;Strey, 2002 #5890}.
Often these groups obtained discrepant results, but these could potentially be explained by
differences in cell type and assay conditions. It should be noted that this toxin is not specific
for RhoA, but also blocks RhoB and RhoC, and at high concentrations may inhibit Racl, as
well [41]. Neither could it always be excluded that the effect of the toxin did not spill over to
affect the leukocytes.

Nonetheless, growing appreciation that intracellular signaling is a localized event [42], and
recently published data are resulting in a re-evaluation of these studies. The McDonald
group published studies of inflammation in the rat tracheal vasculature showing that smaller
postcapillary venules (20 —40 um) were the sites of vascular leakage while most PMN exited
from more distal venules (40 —60 pum) in the same animal [43,44]. Thus, these processes do
not have to occur together.

There are several examples of localized signaling between leukocyte and endothelial cell
resulting in outcomes different from when the same molecules are activated by global
mediators [2]. In the local environment of clustered ICAM-1 in TEM, src-mediated
phosphorylation of cortactin enhances transmigration, whereas in response to global
stimulation by sphingosine-1 phosphate (S1P), a rapid increase in cortactin phosphorylation
is associated with a Rac1-dependent association of cortactin with myosin light chain kinase
and a tightening of the endothelial barrier. [45,46]. Furthermore, interaction of lymphocyte
VLA-4 with endothelial cell VCAM-1 led to activation of Racl, which activated NADPH
oxidase to produce ROS [47]. This was recently shown to activate Pyk2 to promote
dissociation of vascular endothelial protein tyrosine phosphatase (VE-PTP) from VE-
cadherin to favor its phosphorylation [48]. Through local activation of VE-PTP, local VE-
cadherin phosphorylation may be accomplished (Fig. 2).

The Vestweber group showed that vascular permeability and neutrophil TEM could be
molecularly uncoupled in vivo: Mice genetically deficient in the actin bundling protein
cortactin demonstrated an increase in baseline and histamine-induced permeability, while
leukocyte extravasation was reduced [49]. The increase in permeability was due to reduced
levels of Rapl, while the extravasation defect was due to impaired ICAM-1 clustering
(hence reduced PMN adhesion to endothelium) in the cortactin-deficient mice [49].
Different tyrosine residues on the cytoplasmic tail of VE-cadherin are responsible for its role
in preventing vascular permeability and TEM [23]. VE-cadherin mutant mice were knocked
in to a VE-cadherin-deficient mice. Those expressing the Y685F mutation were defective in
the induction of vascular permeability, but displayed normal leukocyte extravasation; those
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expressing the Y731F mutation were defective in neutrophil extravasation but not in their
response to permeability-inducing agents [23].

Re-evaluation of some previously published papers may shed some light on this. Most
studies of TEM in vitro use leukocyte:EC ratios of 1-3:1. Under these conditions, there is
efficient TEM without a change in endothelial barrier function [38,39]. The experiments that
demonstrated activation of MLCK and increase in isometric tension in endothelial cells [31]
used PMN: endothelial cell ratios of 10-12:1. These ratios may have been necessary to
stimulate a large enough phosphorylation of MLCK to measure; however, they may have
transformed a local signal into a global one [38] (and Muller, unpublished data). The study
by Schulte, et al. [40] show that opening of the adherens junctions is required for response to
soluble permeabilizing agents, and for efficient TEM, but not for all TEM. Modulation of
the adherens junction involving VE-cadherin tyrosine residue 731 is necessary for efficient
TEM to occur in vitro [22] and in vivo [23]. However, the mechanisms for breaking down
adherens junctions for increasing permeability and modulating VE-cadherin permitting TEM
may be different, even if they involved some of the same molecules. In retrospect, this
should not come as a surprise. TEM is a local phenomenon involving multiple signals
between leukocytes and endothelial cells [1,2]. Permeability in response to most soluble
mediators is a global response via GPCRs [30].

Conclusions

Our understanding of the process of TEM is rapidly evolving. We know several molecules
involved in this process and how they signal to carry out their roles. There may well be other
steps in the diapedesis process regulated by yet-to-be-discovered mechanisms. Following
TEM, the leukocyte crawls between the abluminal side of the endothelial cell and the basal
lamina, often along pericytes [50] seeking areas of low expression of select matrix
molecules across which to migrate into the interstitium [51]. The ventral side of the
endothelium remodels after the leukocyte has finished TEM [52]. These steps are equally
important and complex in their own right, but must be left for the subjects of other reviews.

There is a growing appreciation that signaling during TEM is local. Opening of junctions
during TEM uses different mechanisms than global stimulation of the endothelial
permeability in response to soluble mediators. We still know very little about local
bidirectional signals between leukocyte and endothelium during TEM. These intimate
interactions may play a key role in regulating TEM, and represent a challenge for future
work in this field.
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Highlights
e  Transendothelial migration (TEM) itself is a multi-step process.

e TEM requires trafficking of the LBRC to, and removal of VE-cadherin from, the
site

« PECAM signals via TRPC6 to generate the 1[Ca*2]; required for TEM.
e CD99 in a complex with ezrin, SAC, and PKA signals a subsequent step in TEM

» Junctional modeling during TEM is regulated differently than vascular
permeability
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Figure 1. Global signals open junctions for vascular permeability
The diagram depicts stimulation of G protein coupled receptors (GPCR) by a prototype

soluble agonist. The activation of phospholipase C (PLC) results in the conversion of
phosphatidyl inositol in the plasma membrane to the second messengers diacyl glycerol
(DAG) and inositol triphosphate (IP3). (Left pathway) IP3 stimulates calcium release from
stores in the endoplasmic reticulum. The calcium activates myosin light chain kinase
(MLCK) to phosphorylate myosin light chain promoting activation of myosin Il and
actomyaosin tension. This is believed to cause contraction of the endothelial cells weakening
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the junction and promoting vascular permeability. (Right pathway) In a parallel pathway
DAG and calcium activate protein kinase C (PKC), which activates the GTPase RhoA,
which in turn activates Rho-associated coiled coil kinase (ROCK), which phosphorylates
and inactivates myosin phosphatase target subunit 1 (MYPTL1) to inactivate it. Since MYPT1
serves to dephosphorylate and hence activate Myosin 11 light chain, this further stabilizes the
actomyosin tension in the cells.
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Figure 2. Localized signals open junctions for transmigration
The diagram depicts two processes critical for TEM: targeted recycling of the LBRC and

disruption of VE-cadherin at the site of TEM. PECAM-PECAM interactions between
leukocyte and endothelial cell trigger signals that activate 1[Ca*2]; through TRPCS to recruit
the LBRC to the site of TEM. VLA-4 on leukocytes interacts with VCAM-1 on EC to
activate Racl, which activates NADPH oxidase (NOX) to generate reactive oxygen species
(ROS) that activate the kinase Pyk2. This phosphorylates a putative substrate for vascular
endothelial receptor protein tyrosine phosphatase (VE-PTP), which reduces the affinity of
VE-PTP for VE-cadherin, favoring phosphorylation (circled P) of VE-cadherin and its
removal from the adherens junction.
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