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Leukocytes attach to vascular endothelial cells at the site of inflammation via a series of intercellular
adhesive interactions. In a separate step in leukocyte extravasation, transendothelial migration is regu-
lated bymolecules that play no role in the preceding steps of tethering, rolling, adhesion, and locomotion.
Transendothelial migration itself can be dissected into a series of distinct interactions regulated
sequentially by molecules concentrated at the endothelial cell border; these include platelet/endothelial
cell adhesion molecule, poliovirus receptor (CD155), and CD99. These molecules are components of the
lateral border recycling compartment (LBRC), a perijunctional network of interconnected tubulovesicular
membrane that traffics to surround the leukocyte as it passes across the endothelial cell. This targeted
recycling of LBRC requires kinesin to move the membrane along microtubules, and interfering with LBRC
trafficking blocks transmigrationof neutrophils, monocytes, and lymphocytes. The LBRC is also recruited to
mediate transcellular migration when that occurs. Movement of the LBRC is coordinated with events on the
luminal surface, such as clustering of intercellular adhesionmolecule 1 and vascular cell adhesionmolecule
1 under the migrating leukocyte, as well as movement of vascular endothelial cadherin and its associated
catenins out of the junction at the site of transendothelial migration. How these events are coordinated is
not known, but their regulation shares common signaling pathways that may serve to connect these steps.
(Am J Pathol 2014, 184: 886e896; http://dx.doi.org/10.1016/j.ajpath.2013.12.033)

Transendothelial Migration

The Point of No Return in the Inflammatory Response

The inflammatory response, the body’s rather stereotyped
response to tissue damage of any kind, evolved to heal
wounds and fight infections. However, recent improve-
ments in human health mean that we are living long
enough to experience the other side of the double-edged
sword of inflammation. There has not been time enough on
an evolutionary scale to select against the baggage that
comes with our ability to heal wounds and kill foreign
microorganisms. Inflammation is at the root of virtually all

pathology. Thus, there has been great interest in under-
standing how inflammation is regulated and so to design
pharmaceutical and other interventions to control it.
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Acute inflammation involves soluble and cellular media-
tors that act over the first minutes to hours of the inflamma-
tory response. At the site of inflammation, generally in
postcapillary venules, inflammatory mediators such as his-
tamine secreted by mast cells cause local endothelial
permeability, allowing preformed agents such as antibody
and complement to cross endothelial junctions into the tissue.
It is a common misconception that the increase in vascular
permeability is causally related to increased leukocyte
extravasation. Although these phenomena are both part of the
acute inflammatory response, peak vascular leakage occurs
well before leukocyte extravasation begins.1 Furthermore,
the gaps between endothelial cells created by these agents
measure only a few hundred angstroms (tens of nanometers),
not nearly large enough to allow white blood cells to pass
through. Other mechanisms are therefore required to allow
leukocytes into the area. Recent in vivo studies demonstrate
conclusively that vascular permeability and transendothelial
migration (TEM) are separate phenomena. Mice made
genetically deficient in the actin-bundling protein cortactin
have vessels that are constitutively leaky and have an exag-
gerated vascular leak response to inflammation. However,
leukocyte emigration in these mice is actually reduced,
compared with wild-type littermates, because of reduced
intercellular adhesion molecule 1 (ICAM-1) clustering and
therefore reduced leukocyte adhesion and transmigration.2

The Multistep Extravasation Paradigm

The process of leukocyte extravasation has been broken
down into a series of adhesive and signaling interactions
between leukocytes and endothelial cells. Over the past two
decades, we have learned much about the cellular and mo-
lecular interactions that take place during this process.3e5

Histamine, thrombin, and other mediators of acute inflam-
mation stimulate exocytosis of WeibelePalade bodies from
endothelial cells, bringing P-selectin to the luminal surface.
The same increased vascular permeability that allows
plasma to leave the bloodstream causes local hemoconcen-
tration, which decreases the rate of blood flow, allowing
selectin ligands expressed on the surface of the slowly
moving leukocytes to contact P-selectin and thus causing
the leukocytes to roll along the luminal surface. Rolling
brings the leukocytes close enough for their chemokine re-
ceptors to be activated by chemokines attached to the
endothelial surface via glycosaminoglycans. Under certain
conditions, other cell-surface receptors (eg, platelet-
activating factor receptor) bind to and are activated by
nonchemokine ligands expressed on the endothelial surface.
The activated receptors, through an inside-out signaling
cascade, activate leukocyte integrins for tighter adhesion to
endothelial surface. This leads first to slow rolling on the
endothelium and then to firm arrest. Attached leukocytes
then locomote over the endothelial surface, using primarily
the b2 integrin CD11b/CD18 bound to ICAM-16e8 to reach
the junction. When viewed in vivo by intravital microscopy,

leukocytes are sometimes seen to migrate over several
endothelial cells (occasionally migrating against the direc-
tion of blood flow) before they cross the endothelial cells,
usually passing through the endothelial junctions.

Rolling, activation, adhesion, and locomotion (intra-
luminal crawling) are all critical for leukocyte extravasation,
but these are reversible. In fact, most leukocytes that enter a
venule at the site of inflammation do not roll, most leuko-
cytes that roll do not adhere, and most that adhere do not
extravasate.9 However, once leukocytes make the commit-
ment to cross the endothelium into the tissue, with notable
exceptions,10 they never go backdat least not as the same
type of cell. And all of the good, the bad, and the ugly of
inflammation takes place once leukocytes cross blood ves-
sels. Thus, diapedesis or TEM is a logical process to study if
one hopes to control an ongoing inflammatory response.5,11

Diapedesis Is a Distinct Step in TEM

Electron microscopy studies of leukocytes in the process of
TEM show that the leukocytes squeeze in amoeboid fashion
between tightly apposed endothelial cells.12,13 Neutrophils
have the pharmacological armamentarium to blow a hole in
the vessel wall, but instead of barging in like a SWAT team,
they sneak in like spies, minimizing leakage of vascular
contents into the interstitial tissues. It was this tight apposi-
tion of leukocyte and endothelial cell membranes that fasci-
nated me. Considering that it takes only 1 to 2 minutes for the
leukocyte to completely traverse the endothelial border
in vitro6 or in vivo,10 this suggests that very specialized
membraneemembrane interactions are taking place. In the
1980s, when I started my training, leukocytes were assumed
to direct the inflammatory response. They were known to
have receptors for specific chemoattractants as well as
adhesion molecules (later defined as integrins) promoting
their migration. Endothelial cells were assumed to serve only
as a relatively inert Teflon-like lining to blood vessels, pre-
venting blood from clotting. However, the ability to culture
endothelial cells in vitro, which was pioneered at the Gim-
brone and Jaffe laboratories in the early 1970s,14,15 catapulted
vascular biology into the molecular era. It soon became
apparent that endothelial cells play a major role in the regu-
lation of most metabolic and physiological processes,
including blood pressure, glucose metabolism, thrombosis,
hemostasis, and inflammation. I wondered whether there were
specific endothelial molecules at the junctions important for
intercellular adhesion that regulate diapedesis, in the sameway
that the selectins and vascular cell adhesion molecule 1
(VCAM-1) and ICAM-1 on the apical surface are important
for leukocyte rolling and adhesion, respectively.16e19

Adhesion Molecules at the Junction with Unique Roles
in TEM

Monoclonal antibodies (mAbs) were made against endothelial
cells and selected for those that bound to antigens concentrated
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