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Abstract

The basic route and mechanism for diapedesis has not
yet to be fully defined. Here we present evidence that
"cell-cell separation" between endothelial cells (ECs)
may provide a route for leukocyte diapedesis. We un-
expectedly found that extensive interaction between
peripheral blood leukocytes and ECs that were acti-
vated by TNF-a induced the opening of EC contacts
and, surprisingly, resulted in cell-cell separation. This
event was specific to the intercellular adhesion mole-
cules-1 (ICAM-1)/leukocyte function- associated anti-
gen-1 interaction, as demonstrated by the following:
(1) ICAM-1 expression correlated with increased EC
contraction; and (2) the blocking of ICAM-1 selectively
inhibited EC separation. Thus, we suggest that
"cell-cell separation" could be a mechanism for dia-
pedesis in situations that may require massive leuko-
cyte infiltration.
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Introduction

Leukocyte extravasation is a critical event in im-
mune surveillance (Springer, 1994). This pheno-
menon occurs by migration of leukocytes either
directly through individual microvascular endothelial
cells (ECs) (transcellular route) or between them,
at interendothelial cell junctions (papacelluar route)
(Greenwood et al., 1994; Feng et al., 1998). In
both cases, the process is characterized by se-
quential events: arrest from rolling mediated by
selectin, integrin-dependent firm adhesion, and
transmigration across the endothelium (Springer,
1994). However, some fundamental aspects of
diapedesis remain incompletely understood. For
example, large numbers of leukocytes need to
rapidly migrate from blood vessels to inflamed
tissue during acute inflammation (Godaly et al.,
2001). Previous studies have only provided a
limited explanation of this rapid and excessive
transmigration.

In the present study, we unexpectedly found that
the binding of a large number of peripheral blood
leukocytes (PBLs) to cultured endothelium induced
a cascade of events in ECs; contraction of ECs,
opening of EC contacts, and, eventually, endo-
thelial cell-cell separation. This observation led to
the hypothesis that the induction of cell-cell sepa-
ration by leukocyte-EC interaction is a novel regu-
latory mechanism for leukocyte transendothelial
migration (TEM), especially, in situations that require
massive infiltration of immune cells. In fact, it has
been demonstrated that an early event of acute
inflammation is coupled with the alterations of EC
shape and cell junctions, described as "retraction”
or "contraction", and viewed as inter-endothelial
gap formation, respectively (Majno and Palade,
1961; Majno et al., 1969; Wysolmerski and La-
gunoff, 1990; McDonald et al., 1999). However,
none of these previous studies reported the phe-
nomenon that leukocyte-EC interaction induces
endothelial cell-cell separation.

The intercellular adhesion molecules-1 (ICAM-1)/
leukocyte function-associated antigen-1 (LFA-1)
interaction has been considered one of the major
pairs of adhesion molecules contributing to the
different steps of leukocyte migration across the
endothelium (Gahmberg et al., 1997; Hogg et al.,
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Figure 1. Dynamic behavior of HUVECs during the interaction with leukocytes under shear-flow condition. (A) Experimental scheme for live-cell dynamic
imaging as described in Methods. (B) Dynamic behavior of endothelial cells under a shear-flow condition. Upper panels show time-lapse images of
non-activated HUVECs with and without interaction with PBLs (2 X 10° cells/200 6}4I). Lower panels show time-lapse images of TNF-a. activated HUVECs
under the same experimental conditions. (C) Increased number of PBLs (1 < 10° cells/200 ul) were flowed on TNF-o activated HUVECs and resulted in
"cell-cell separation" between HUVECs.



2003). Recent studies have demonstrated that in
addition to its role as an adhesion molecule, ICAM-1
has a functional role in ECs during diapedesis. For
instance, ligation of ICAM-1 is known to promote
opening of EC contacts by inducing an increase in
intracellular free calcium [Ca®']. ICAM-1 is also
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known to enhance EC contraction by activating
myosin light-kinase and, subsequently, p38-MAPK
and Rho-GTPase (Hixenbaugh et al., 1997; Green-
wood et al., 2003; Muller, 2003; Ley et al., 2007; Oh
et al., 2007). In the present study, we investigated
whether ICAM-1/LFA-1-mediated EC contraction is
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Figure 2. Effects of ICAM-1 expression on EC height and contractility. (A) The monolayers of HUVECs were incubated with TNF-o for 0 h or 24 h at
37°C. Cells were fixed and stained with ICAM-1 (R6.5; green), ZO-1 (green), PECAM-1 (green) and actin (phallodin-TRITC; red) and subjected to confocal
microscopy with reconstitution in the z-axis. (B) The expression level of the ICAM-1 varied in TNF-a stimulated HUVECSs for 24 h. The EC height of EC
expressing low level of ICAM-1 (IC1"), high level of ICAM-1 (IC1") and contracted EC expressing high level of (IC1") was analyzed, respectively (a and
b). The EC height of HUVECs stimulated or unstimulated with TNF-o for 24 h was measured, respectively (¢ and d). The crossline (yellow) represents the
site for the indicated orthogonal view. EC height was calculated by the sum of the z-axes in an orthogonal view (height of combined Z-sections) using

FLUOVIEW software.
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coupled with endothelial cell-cell separation.

Results

Leukocyte binding to ECs resulted in cell-cell
separation

In the underflow adhesion and migration assay,
HUVECs under physiologic shear stress, both with
and without TNF-a stimulation, appeared static
when viewed macroscopically (Figure 1A and B).
Addition of a small number of SDF-1a (100 ng/ml)-
treated PBLs (approximately 2 X 10° cells/200 ul)
also did not significantly induce morphological
changes of HUVECs (Figure 1A and B). However,
when higher numbers of SDF-1a-treated PBLs
(approximately 1 x 10°® cells/200 pl) were added

- TNF-a
SDF-1

R6.5 + SDF-1

SDF-1

+ TNF-o,

R6.5 + SDF-1

onto TNF-a-activated HUVECS, increased leukocyte-
EC interactions facilitated contraction of ECs, ope-
ning of EC contacts, and, eventually, endothelial
cell-cell separation (Figure 1C). After EC separation
some PBLs separated from the contracted ECs
and migrated toward the separating region of the
ECs. In HUVECs without TNF-a stimulation, addi-
tion of even higher numbers of SDF-1a-treated
PBLs did not induce cell-cell separation (data not
shown), suggesting that PBL-induced endothelial
cell-cell separation needs activation of HUVECs.

Increased EC contraction parallels ICAM-1 levels

Stimulation of ECs with TNF-a results in dramatic
phenotypic and functional alterations including
induction of cell adhesion molecule ICAM-1 (Pfau

Figure 3. ICAM-1/LFA-1 interaction is essential for leukocyte-induced cell-cell separation between ECs. PBLs (5 X 10° cells) stimulated with SDF-a.
were incubated on monolayers of HUVECs with or without TNF-o stimulation and monitored by time-lapse microscopy. The cells were treated with R6.5
antibody (10 pg/ml) to block the interaction of ICAM-1 with LFA-1. Selected images are shown at 0, 10, 30, 50 and 60 min of incubation from a repre-
sentative experiment. White dot lines represent the border line of cell membranes and the arrow heads indicate a change of direction between contraction

and respreading.



et al., 1995). We next explored whether endothelial
cell-cell separation is dependent on adhesion
molecules between ECs and leukocytes, and if so,
what molecules are involved. To explore this we
examined the expression and distribution pattern of
adhesion molecules (ICAM-1 and CD31 (PECAM-1))
and a junctional protein zona occludens 1 (ZO-1)
on HUVECs before and after TNF-a stimulation
(10 ng/ml, 24 h). We found that the expression
level of the ICAM-1 protein varied in TNF-a-
stimulated HUVECSs. Interestingly, the increased
ICAM-1 level was paralleled by the increased EC
contraction (Figure 2A). ICAM-1 was highly enri-
ched in the contracting microspikes of the F-actin
structure in TNF-a-activated HUVECs (Figure 2A).
In contrast to the ICAM-1, ZO-1 and PECAM-1
redistributed from the cell-cell junctional areas to
other areas of the cell; this redistribution occurred
without a change in the expression levels of the
proteins when endothelial-cell junctional contacts
were disrupted by the activation of HUVECs
(Figure 2A).

As shown in Figure 2B(a), the orthogonal view
(z-axis) of EC images revealed that contracted
ECs that expressed high levels of ICAM-1 (IC1"°)
showed greater z-axis height that ECs that expre-
ssed low level of ICAM-1 (IC1'°). This result raised
a question about whether ICAM-1 by itself directly
contributes to the increase in cell height or the
increased height of the EC is just due to the con-
traction of the cell. We first compared the relation-
ship between the expression level of ICAM-1 and
the height of the z-axis. As shown in Figure 2B(b),
the height of the z-axis correlated with the levels of
ICAM-1 expression, thereby suggesting that ICAM-1
not only contributes to the increase in cell height
but is also required for the EC contraction, even in
the absence of ligand engagement. This result was
further corroborated by comparing the height of
ECs before and after TNF-a. stimulation (Figure
2B(c, d)).

ICAM-1/LFA-1 interaction is critical for cell-cell
separation

Based on the fact that ICAM-1 expression corre-
lated with the increased cell height and EC con-
traction, we next tested whether engagement of
ICAM-1 with LFA-1 stimulates EC contractility and
thereby induces endothelial cell-cell separation.
We also considered the effect of shear stress on
the cell-cell separation induced by leukocyte/EC
interaction. To this end, we monitored the behavior
of inactivated or TNF-a-activated HUVECs during
interaction with PBLs under the static flow con-
dition. Without TNF-a stimulation, addition of PBLs

ICAM-1/LFA-1 interaction induces cell-cell separation 345

did not induce EC contractility in either the
presence or absence of SDF-1a (Figure 3). In con-
trast, after TNF-a stimulation, HUVECs revealed
enhanced contractility in response to the interac-
tion with the SDF-1a-treated PBLs (Figure 3). Even
though shear stress has been shown to promote
leukocyte transmigration (Cinamon et al., 2001),
we observed that this endothelial cell-cell sepa-
ration phenomenon is not dependent on shear
stress.

Another cellular event that we found out in the
present experiment was that activated HUVECs
underwent a "contraction-and-respreading" cycle
during interaction with the leukocytes without shear
forces (Figure 3). Relaxation to its original phe-
notype was only occurred within 10-20 min after
initial contraction of ECs (Figure 3, white dot lines
and arrow heads). This result suggests that ECs
can actively participate in controlling diapedesis,
and this control is primarily initiated by the enga-
gement of leukocytes. More interestingly, EC sepa-
ration was significantly inhibited by an antibody
that blocked ICAM-1/LFA-1 interaction (i.e., R6.5).
This finding indicates that engagement of ICAM-1
with LFA-1 is critical for stimulating endothelial
cell-cell separation induced by leukocyte/endo-
thelial interaction (Figure 3). Taken together, these
results demonstrate that EC contractility and sub-
sequent cell-cell separation events are mediated
by a specific interaction of ICAM-1/LFA-1, whereas
shear stress has little effect on endothelial con-
traction.

Discussion

Crossing endothelial barriers is required for leu-
kocyte trafficking and immune surveillance. By
using a simplified in vitro model to monitor endo-
thelial behavior under either static or flow con-
ditions, we unexpectedly found that enhanced
endothelial contraction stimulated by leukocyte
binding results in "cell-cell separation". We explored
the effects of ICAM-1 expression on EC contrac-
tility and height induction and found that ICAM-1/
LFA-1 interaction is critical for the initiation of the
EC contraction and the subsequent cell-cell sepa-
ration. We also found that leukocyte-activated ECs
underwent a cycling of "contraction-and-resprea-
ding" during the period of time-lapse microscopic
monitoring. These results strongly suggest that the
EC is not static but dynamic enough to actively
guide and control leukocyte TEM. Based on these
results, we also suggest that endothelial cell-cell
separation, which is distinct from junctional separa-
tion or disruption between cell-cell borders (Ley et
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al., 2007), may provide a novel physical route for
leukocytes to migrate through endothelial barriers.

The route taken by blood leukocytes as they
cross the EC is of critical mechanistic and
regulatory importance. Leukocyte migration through
paracellular route is well characterized mechanism
of diapedesis (Ley et al., 2007). Migration through
this route is associated with the opening of endo-
thelial-cell contacts via the activation of myosin
light-chain kinase and subsequent endothelial-cell
contraction (Ley et al., 2007). In addition, this route
requires redistribution of junctional molecules in a
way that favors TEM (Yang, 2002). Endothelial
junctional molecules such as PECAM-1 and
JAM-A may mobilize to the luminal surface, thus
creating an adhesive haptotactic gradient that
guides luminal leukocytes to the junctions (Ley et
al.,, 2007). However, we suggest that migration
through the separated region of ECs (cell-cell
separation) is distinct from the classical parace-
llular route. For example, cell-cell separation can
induce significant morphological changes that are
not resembled to the junctional separation or
disruption. Thus, migration through separated region
of ECs may not require the guidance of junctional
molecules including PECAM-1 and JAM-A. Since
cell-cell separation can make relatively bigger
space or hole than junctional separation, leukocyte
adhered on ECs may easily transmigrate through
this region even in the absence of the guidance of
junctional molecules. We therefore suggest that
endothelial cell-cell separation may be beneficial
for the rapid transmigration of large numbers of
leukocytes in  which junctional separation or
disruption may have a limited explanation.

It has been reported that shear stress facilitates
leukocyte extravasation (Cinamon et al., 2001).
Based on that report, we examined the effect of
shear stress on EC separation. Contrary to our
expectations, shear stress had no significant
influence on endothelial cell-cell separation, as this
separation was also seen under static conditions.
Rather, ICAM-1/LFA-1 interaction was shown to be
a more critical factor than shear stress (Rose,
2006). These results suggest that an active role of
ICAM-1 on ECs is crucial for endothelial contrac-
tility, whereas the contribution of the physiological
shear stress in blood vessels is insignificant. How-
ever, since in vivo endothelial cells and leukocytes
are continuously exposed to fluid shear stresses,
the physiological relevance of these in vitro obser-
vations remains to be determined in an appropriate
in vivo experimental model.

It has been known that increased ICAM-1 expre-
ssion causes EC leakiness, cytoskeletal reorga-
nization and junctional alterations (Clark et al.,

2007). In addition, this cellular event is coupled
with the increased adhesion of circulating leuko-
cytes to the EC luminal surface (Clark et al., 2007).
In the current study, the finding that cells which
express high levels of ICAM-1 (IC1h"C) reveal an
increased EC contraction and junctional alteration
(Figure 2A and B) also corroborates the pervious
reports by others (Muller, 2001, 2003). Nonetheless,
it would be important to consider why previous
works failed to evaluate the event of "cell-cell
separation" in vitro or in vivo. We suggest that our
ability to detect endothelial cell-cell separation in
this work is primarily a consequence of utilizing
time-lapse live-cell imaging system coupled with
high magnification. Under the low magnification
and no time-lapse imaging system, it will not be
easy to detect the dynamic shape changes of ECs.
Thus, our assessment of "cell-cell separation” may
be underestimated. Another possibility is that such
a high number of PBLs may induce an oxidative-
stress response of the endothelium. Of particular
interest is the role of reactive oxygen species
(ROS). ROS are known to impair cell-cell adhesion
in EC and are important regulators of endothelial
integrity through their indirect stimulation of
tyrosine kinase activity. In addition, vascular ROS
play an important role in the development of
cardiovascular disease (Hordijk, 2006). Although
no report has been directly addressed the effect of
ROS in endothelial cell-cell separation, it has been
reported that oxidants induces shape changes of
epithelial cells and eventually separation of them
(Welsh et al., 1985).

An important question to emerge from these stu-
dies is how the barrier function of the endothelium is
preserved after cell-cell separation during leukocytes
diapedesis. Several studies have demonstrated
junctional alteration of ECs and inter-endothelial gap
formation during diapedesis (McDonald et al., 1999;
Johnson-Leger et al., 2000; Clark et al., 2007; Ley
et al., 2007). However, we were particularly inte-
rested in whether contracted endothelium can be
relaxed to recover its barrier function, because no
report, to our knowledge, has directly addressed
this question yet. In our study, contracted ECs
began to relax and recover their original shape just
within 10-20 min (Figure 3). These results further
suggest that ECs can dynamically participate in
controlling leukocyte diapedesis once it is activated
by the interaction with leukocytes. While the
"contraction-respreading" cycle of ECs is mainly
mediated by ICAM-1/LFA-1, the detailed mechanism
was not determined in the current study and
requires further exploration. Previous reports have
shown that ligation of ICAM-1 triggers an increase
in intracellular calcium and activation of myosin



light chains, MAPK, and Rho GTPase, thereby
enhancing cell contraction and promoting the
opening of interendothelial contacts (Hixenbaugh
et al., 1997; Greenwood et al., 2003; Muller, 2003;
Ley et al., 2007; Oh et al., 2007). Further studies
are necessary to examine a potential involvement
of these ICAM-1-mediated signaling cascades in
the "contraction-respreading"” cycle of ECs.

In conclusion, we have presented evidence that
EC separation mediated by LFA-1/ICAM-1 interac-
tion may facilitate the passage of leukocytes
through vascular endothelium and provide a route
for rapid and efficient diapedesis of leukocytes.
This previously unrecognized active role of ECs
mediated by ICAM-1/LFA-1 interaction will provide
new insights into the basic mechanisms of
leukocyte trafficking and transmigration.

Methods

Cell culture

Human umbilical vascular endothelial cells (HUVECs) were
isolated from umbilical cord veins, and established as
primary cultures in a complete endothelial growth medium
(EGM; Cambrex Bioscience, Baltimore, MD) supplemented
with 2% FBS, bovine brain extract, hEGF, hydrocortisone
and gentamicin. COS-7 cells (ATCC CRL-1651, Manassas,
VA) were grown in DMEM medium supplemented with
10% heat-inactivated FBS. Human PBLs were isolated
from normal donors by dextran sedimentation followed by
centrifugation through a discontinuous Ficoll gradient
(Amersham Biosciences, Little Chalfont, England).

Antibodies and reagents

The antibody to human ICAM-1 (R6.5) was purified from
an R6.5 hybridoma (ATCC, HB 9580), and the anti-ZO-1
antibody was purchased from Zymed (Zymed, San
Francisco, CA). Anti-PECAM antibody and recombinant
TNF-a and stromal cell-derived factor-1a. (SDF-1a) were
purchased from R&D systems (R&D, Minneapolis, MN).
Phycoerythrin or FITC-conjugated anti-mouse IgG and
phalloidin-TRITC were purchased from Sigma (St. Louis,
MO).

Immunofluorescence staining and confocal imaging

HUVECs were grown on glass coverslips (18-mm diame-
ter; Fisher Scientific, Pittsburgh, PA) or on chamber slides
(Nalge Nunc International, Naperville, IL). HUVECs were
treated for 24 h with TNF-a (10 ng/ml). The cells were
fixed, washed twice with PBS, and blocked with 5% goat
serum (DAKO, Glostrup, Denmark) in PBS for 30 min.
They were then incubated with primary antibodies in
blocking buffer for 3 h at room temperature, rinsed three
times with PBS, incubated with secondary antibody in
blocking buffer for 1 h at RT, rinsed three times with PBS,
and mounted with anti-fade solution (Molecular Probes,
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Eugene, OR). The primary antibodies used were anti-
ICAM-1 (R6.5), anti-ZO-1 and anti- PECAM-1; the
secondary antibodies used were FITC or TRITC-conju-
gated goat anti-mouse and anti-rabbit IgG (Sigma). F-actin
was detected using phalloidin-TRITC (Sigma). The slides
were examined with an FV1000 confocal laser scanning
microscope (Olympus Corporation, Japan) equipped with
40 %, 63 %, and 100 X objectives. Cell height was calculated
by the sum of the z-axes in an orthogonal view (height of
combined Z-sections) using FLUOVIEW software.

Live cell imaging

For shear experiments, HUVECs were seeded on fibro-
nectin-coated coverslips, and grown to confluence. Cover-
slips were mounted in a flow chamber device and
maintained at 37°C. Cells were exposed to shear stress at
2 dyn/cm? for 1-2 min through the controlled flow of L-15
media, and then PBLs were resuspended at 0.2-1 X
10%/200 pl in L-15/5% FBS, loaded into the chamber under
shear stress at 0.2 dyn/cm2 for 5 min, to allow accu-
mulation, and then subjected to a constant shear force of 2
dyn/cm2 for 50 min. Unless otherwise indicated, PBLs were
pretreated with SDF-1a (100 ng/ml) just before addition to
the HUVECs. The behaviors of HUVECs interacting with
PBLs were monitored, as described by Oh et al. (2007).
For static experiments, HUVECs grown on coverslips
coated with fibronectin were placed in a live chamber
device. SDF-1a-treated PBLs (5 x 10° cells) were added
and allowed to settle on the monolayer of HUVECs.
Sequential differential interference contrast images were
acquired using an Axiovert 200 inverted microscope equi-
pped with a 60 X< objective (Carl Zeiss, Jena, Germany).
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