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The Rho-guanine nucleotide exchange factor Trio 
controls leukocyte transendothelial migration by 
promoting docking structure formation
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Elena Kostadinovaa, Dirk Geertsb, Peter L. Hordijka, and Jaap D. van Buula
aDepartment of Molecular Cell Biology, Sanquin Research and Landsteiner Laboratory, Academic Medical Center, 
University of Amsterdam, 1066 Amsterdam, The Netherlands; bDepartment of Pediatric Oncology/Hematology, 
Erasmus University Medical Center, 3015 Rotterdam, The Netherlands

ABSTRACT Leukocyte transendothelial migration involves the active participation of the en-
dothelium through the formation of apical membrane protrusions that embrace adherent 
leukocytes, termed docking structures. Using live-cell imaging, we find that prior to transmi-
gration, endothelial docking structures form around 80% of all neutrophils. Previously we 
showed that endothelial RhoG and SGEF control leukocyte transmigration. In this study, our 
data reveal that both full-length Trio and the first DH-PH (TrioD1) domain of Trio, which can 
activate Rac1 and RhoG, interact with ICAM-1 and are recruited to leukocyte adhesion sites. 
Moreover, upon clustering of ICAM-1, the Rho-guanine nucleotide exchange factor Trio acti-
vates Rac1, prior to activating RhoG, in a filamin-dependent manner. We further show that 
docking structure formation is initiated by ICAM-1 clustering into ring-like structures, which 
is followed by apical membrane protrusion. Interestingly, we find that Rac1 is required for 
ICAM-1 clustering, whereas RhoG controls membrane protrusion formation. Finally, silencing 
endothelial Trio expression or reducing TrioD1 activity without affecting SGEF impairs both 
docking structure formation and leukocyte transmigration. We conclude that Trio promotes 
leukocyte transendothelial migration by inducing endothelial docking structure formation in 
a filamin-dependent manner through the activation of Rac1 and RhoG.

INTRODUCTION
Under inflammatory conditions and in diseases such as rheumatoid 
arthritis and atherosclerosis (Ross, 1999; Libby, 2002), leukocytes 
from the circulation are activated to adhere to and transmigrate 

across the blood vessel wall. Initial adhesion is mediated by the se-
lectin family of adhesion receptors, which mediate leukocyte rolling 
and tethering to the endothelium. Chemokine-triggered activation 
of leukocytic β2 and β1 integrins then allows firm adhesion through 
binding to endothelial adhesion molecules ICAM-1 (CD54) and 
VCAM-1 (CD106), respectively (Ley et al., 2007; Vestweber, 2007; 
Nourshargh et al., 2010). Binding and subsequent clustering of 
ICAM-1 induces endothelial signaling, including a rise in cytosolic 
calcium, activation of the tyrosine kinase Src, activation of the small 
GTPase RhoA, formation of F-actin stress fibers, and phosphoryla-
tion of vascular endothelial (VE)-cadherin (Huang et al., 1993; 
Durieu-Trautmann et al., 1994; Etienne et al., 1998; Adamson et al., 
1999; Wojciak-Stothard et al., 1999; Etienne-Manneville et al., 2000; 
Sans et al., 2001; Allingham et al., 2007; Alcaide et al., 2008; 
Turowski et al., 2008). Engagement of ICAM-1 leads to the redistri-
bution of ICAM-1 and F-actin into a ring-like structure around the 
adherent leukocyte (Carman et al., 2003; Shaw et al., 2004). Anchor-
age of ICAM-1 to the F-actin cytoskeleton via adaptor proteins, such 
as filamin and cortactin, is essential for formation of ICAM-1 rings 
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C) in HUVEC using siRNA (Figure 1C). Leukocyte binding to ICAM-1 
was mimicked by clustering of ICAM-1 induced by polystyrene 
beads coated with anti–ICAM-1 antibodies (α-ICAM-1–antibody 
beads; van Buul et al., 2007, 2010). In siCtrl-transfected cells, ICAM-1 
clustering induced Rac1 activation after 10 and 30 min (Figure 1D). 
However, in cells transfected with siRNA to all three filamin isoforms 
simultaneously, ICAM-1–induced Rac1 activation was severely im-
paired. In addition, analysis of RhoG activity following ICAM-1 clus-
tering demonstrated that filamin is also required for the activation of 
RhoG (Figure 1E).

Filamin can interact with two Rho-GEFs, Trio and Vav2 (Bellanger 
et al., 2000; Del Valle-Perez et al., 2010), which both mediate gua-
nine nucleotide exchange on Rac1 and RhoG. Trio is an unusual 
multi-domain GEF protein, in that it encompasses two separate Dbl 
homology–pleckstrin homology (DH-PH) GEF units with different 
specificities. The N-terminal GEF unit (TrioD1) mediates nucleotide 
exchange on RhoG and Rac1, whereas the C-terminal GEF unit 
(TrioD2) can activate RhoA (Debant et al., 1996; Blangy et al., 2000). 
In contrast, Vav2 only has a single DH-PH catalytic subunit with very 
broad specificities for RhoG, Rac1, CDC42, and RhoA (Liu and Bur-
ridge, 2000; Wennerberg et al., 2002). Analysis of endogenous Trio 
and Vav2 showed expression in several endothelial cell types (Figure 
2A). Interestingly, in HUVEC treated for 20 h with the inflammatory 
cytokine tumor necrosis factor α (TNF-α), Trio, but not Vav2, protein 
levels were increased (Figure 2A).

To study the role of Trio and Vav2 in Rac1 and RhoG activation 
by ICAM-1 clustering in endothelial cells, we examined the binding 
of Trio and Vav2 to glutathione S-transferase (GST)-fusion proteins 
of nucleotide-free mutants of Rac1 (GST-Rac1 G15A) and RhoG 
(GST-RhoG G15A). Because these mutants are not able to bind 
GDP or GTP, they have a high affinity for GEFs and can therefore be 
used for purification of activated GEFs (Garcia-Mata et al., 2006). 
After clustering of ICAM-1 on TNF-α–stimulated HUVEC with α-
ICAM-1–antibody beads, pulldown assays with the nucleotide-free 
mutants of RhoG and Rac1 were performed. Following 10 or 
30 min of ICAM-1 clustering, increased binding of Trio (Figure 2B), 
but not Vav2 (Figure 2C) to nucleotide-free Rac1 was detected. 
Despite the fact that the purified RhoG G15A mutant protein is 
very unstable (Garcia-Mata et al., 2006), we were able to detect Trio 
binding to nucleotide-free RhoG after 30 min of ICAM-1 clustering 
(Figure 2D), whereas Vav2 interaction was not altered (Figure 2E). 
These data indicate that the GEF Trio, but not Vav2, is activated 
upon ICAM-1 clustering to mediate nucleotide exchange on Rac1 
prior to RhoG.

Trio is localized at sites of ICAM-1 clustering
To study Trio localization during ICAM-1 clustering, we generated 
a GFP-fusion protein of full-length Trio (GFP-Trio FL). Expression of 
GFP-Trio FL together with mCherry-tagged ICAM-1 (ICAM-1-
mCherry) in HeLa cells induced partial colocalization of the two 
proteins (Supplemental Video S1). However, when ICAM-1 was 
clustered, both ICAM-1 and Trio were recruited and colocalized to 
ring-like structures that formed around α-ICAM-1–antibody beads 
(Figure S2A and Video S1) and neutrophils (Figure S2). ICAM-1 
clustering in TNF-α–stimulated primary HUVEC induced the re-
cruitment of GFP-Trio FL and endogenous ICAM-1 around α-
ICAM-1–antibody beads (Figure 3A) and adherent neutrophils 
(Figure 3B).

In addition to full-length Trio, we also generated a GFP-fusion 
protein of the N-terminal GEF domain of Trio (GFP-TrioD1). When 
expressed in HeLa cells or in HUVEC with an adenoviral approach, 
GFP-TrioD1 was recruited around α-ICAM-1–antibody beads 

and efficient leukocyte transendothelial migration (TEM; Tilghman 
and Hoover, 2002; Yang et al., 2006; Kanters et al., 2008; van Buul 
et al., 2010; Schnoor et al., 2011). Detailed analyses of ICAM-1 rings 
also revealed large microvilli-like membrane protrusions that sur-
round and finally embrace adherent leukocytes, forming cup-like 
structures known as endothelial docking structures or transmigra-
tory cups (Barreiro et al., 2002; Carman et al., 2003; Carman and 
Springer, 2004). Endothelial docking structures may protect transmi-
grating leukocytes from hemodynamic shear forces and promote 
transmigration (Carman and Springer, 2004). We have shown that 
the small GTPase RhoG is activated after ICAM-1 clustering and is 
involved in the assembly of these docking structures (van Buul et al., 
2007). Next to RhoA and RhoG, the Rho family GTPase Rac1 is also 
activated after clustering of ICAM-1 (van Buul et al., 2007), but its 
precise contribution to ICAM-1 signaling and docking structure for-
mation is not yet understood.

The F-actin cross-linker protein filamin interacts with Rac1 and its 
guanine nucleotide exchange factors (GEFs) Trio (Bellanger et al., 
2000) and Vav2 (Del Valle-Perez et al., 2010), and functions as a scaf-
fold protein for Rac1 signaling (Jeon et al., 2008; Del Valle-Perez 
et al., 2010). We have previously shown that upon clustering of 
ICAM-1, filamin B interacts with the intracellular domain of ICAM-1 
and is required for ICAM-1 ring formation and leukocyte TEM 
(Kanters et al., 2008). In this study, we investigated the involvement 
of the filamin-binding GEF Trio and the relative contributions of its 
substrates Rac1 and RhoG to endothelial docking structure forma-
tion and leukocyte TEM.

RESULTS
ICAM-1 clustering activates the GEF Trio
Endothelial docking structures are rich in F-actin and actin-binding 
proteins (Barreiro et al., 2002; Carman et al., 2003). For studying the 
dynamics of endothelial actin during leukocyte transmigration, 
green fluorescent protein (GFP)-LifeAct was expressed in endothe-
lial cells. Three-dimensional live-cell imaging using confocal micros-
copy demonstrated that neutrophils induced F-actin–rich protru-
sions prior to transmigration (Figure 1A). The adhesion receptor 
ICAM-1 is anchored to the F-actin cytoskeleton via actin-binding 
adaptor proteins (van Buul and Hordijk, 2009). We have previously 
shown that the actin-binding protein filamin B is an important regu-
lator of ICAM-1–mediated leukocyte TEM (Kanters et al., 2008). In 
addition to filamin B, endothelial cells also express its close homo-
logue, filamin A. On small interfering RNA (siRNA)-mediated knock-
down of filamin A or B in fibrosarcoma cells, the muscle-specific fil-
amin isoform, filamin C, is upregulated (Baldassarre et al., 2009). We 
therefore analyzed the expression of filamin C protein in human um-
bilical vein endothelial cells (HUVEC). Filamin C protein expression 
was clearly detected (Figure 1B), in line with its previously reported 
mRNA expression in HUVEC (Xie et al., 1998). To assess whether 
filamin C is also able to interact with the intracellular domain of 
ICAM-1, we used a biotinylated peptide comprising the C-terminal 
28 amino acids of ICAM-1 coupled to streptavidin agarose (Kanters 
et al., 2008), and pulldown assays were performed on HUVEC 
lysates. In both control and filamin A/B knockdown conditions, 
filamin C bound equally well to the ICAM-1 C-terminal peptide 
(Figure 1B). Moreover, our data showed that reduction of filamin B 
increases the binding of filamin A to the intracellular tail of ICAM-1 
and vice versa, indicating that the filamins may compete for binding 
to the intracellular tail to ICAM-1, thereby affecting downstream sig-
naling (Supplemental Figure S1). To examine the role of filamin in 
the activation of Rac1 upon ICAM-1 clustering, we therefore de-
cided to reduce the expression all three filamin isoforms (A, B, and 
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together with endogenous ICAM-1 in 
HUVEC (Figure 3C) and with ICAM-1-
mCherry in HeLa cells (Figure S2C). In addi-
tion, in HUVEC coexpressing GFP-TrioD1 
and red fluorescent protein (RFP)-LifeAct 
(to visualize F-actin), both TrioD1 and F-actin 
formed a ring-like structure around transmi-
grating neutrophils (Video S2). To investi-
gate whether TrioD1 recruitment is depen-
dent on the intracellular C-terminal domain 
of ICAM-1, we coexpressed GFP-TrioD1 
with a C-terminal deletion mutant of ICAM-
1-mCherry (ICAM-1ΔC-mCherry) in HeLa 
cells and clustered ICAM-1 with α-ICAM-1–
antibody beads. ICAM-1ΔC-mCherry was 
recruited around α-ICAM-1–antibody beads, 
albeit to a lesser extent than ICAM-1-
mCherry, but no colocalization with GFP-
TrioD1 was observed (Figure S2D). These 
results show that Trio is recruited to sites of 
ICAM-1–mediated leukocyte adhesion, 
which requires the intracellular domain of 
ICAM-1.

Trio interacts with ICAM-1
Because a cytoplasmic domain deletion mu-
tant of ICAM-1 was unable to recruit TrioD1 
to sites of ICAM-1 clustering, we tested 
whether Trio physically interacted with the C-
terminal domain of ICAM-1. Pulldown assays 
were performed on lysates of cells that ex-
pressed Myc-TrioD1 with the ICAM-1 C-ter-
minal peptide. Western blot analysis showed 
that Myc-TrioD1 (Figure 4A) interacted spe-
cifically with the ICAM-1 C-terminal peptide, 
but not with the peptide encoding the intra-
cellular domain of VCAM-1 or control beads. 
The adaptor protein filamin binds to the in-
tracellular domain of ICAM-1 (Figure 4B; 
Kanters et al., 2008) and has been shown to 
interact with Trio and to be required for Trio-
mediated remodeling of the F-actin cytoskel-
eton (Bellanger et al., 2000). Therefore we 
tested whether filamin could mediate the in-
teraction of Trio with ICAM-1 by using siRNA-
mediated protein silencing of filamin. Sur-
prisingly, silencing of filamin A or filamin B () 
did not reduce the binding of Trio to the 
ICAM-1 C-terminal peptide. Filamin A and B 
share ∼70% sequence homology, so they 
may be functionally redundant. However, in FIGURE 1: Rac1 and RhoG activation upon ICAM-1 clustering requires filamin. (A) Formation of 

F-actin–positive docking structures around transmigrating neutrophils was visualized by 
GFP-LifeAct in TNF-α–stimulated HUVEC. Top, left, GFP-LifeAct recruitment at different Z-stack 
levels, as indicated above. Bottom, left, a docking structure along the x–z axis. The leukocyte is 
marked with a asterisk. Middle, a differential interference contrast (DIC) image of a 
transmigrating neutrophils (XY, asterisk). Right, a three-dimensional Z-stack projection (3D). 
(B) For assessment of filamin C interaction with ICAM-1, HUVEC were transfected with control 
or filamin A and B siRNA, and pulldown assays were performed with the ICAM-1 C-terminal 
peptide. Streptavidin agarose without peptide was used as a control. (C) siRNA-mediated 
knockdown of filamin A/B/C expression in HUVEC was confirmed by Western blotting. 
Knockdown of filamin does not affect ICAM-1 expression induced by 20-h TNF-α treatment. 
Actin was used as a control for equal sample loading. ICAM-1 was clustered (CL) with α-ICAM-
1–antibody beads on siCtrl and siFilamin A/B/C-transfected HUVEC for 10 and 30 min, and 

Rac1-GTP (D) and RhoG-GTP (E) were 
precipitated with biotinylated Pak1-CRIB 
peptide coupled to streptavidin agarose and 
GST-ELMO coupled to glutathione Sepharose 
pulldown (PD) assays, respectively. Rac1.GTP 
and RhoG.GTP levels were quantified and 
corrected for Rac1 and RhoG total lysate 
levels with ImageJ. Quantification of Western 
blots represents an average of at least three 
independent experiments ± SEM. *, p < 0.05.



2834 | J. van Rijssel et al. Molecular Biology of the Cell

to the ICAM-1 C-terminal peptide (Figures 4B and S3). These data 
indicate that filamin plays a minor role in the interaction of Trio with 
ICAM-1.

Filamin is required for Trio activation upon 
ICAM-1 clustering
Filamin has been demonstrated to be a scaffold protein for Vav2-
mediated Rac1 activation and Rac1 downstream signaling (Jeon 
et al., 2008; Del Valle-Perez et al., 2010). Bellanger and colleagues 
have shown that although the addition of filamin did not improve 
the in vitro guanine nucleotide exchange activity of TrioD1, filamin is 
required for TrioD1-induced membrane dynamics (Bellanger et al., 
2000). Because we found filamin to be required for Rac1 activation 
upon ICAM-1 clustering (Figure 1, B and C), we examined whether 
filamin regulates the interaction of Trio with nucleotide-free Rac1 
upon ICAM-1 clustering. Whereas ICAM-1 clustering with α-ICAM-
1–antibody beads induced the interaction of Trio with nucleotide-
free Rac1 G15A mutant under control conditions, knockdown of fil-
amin A/B/C prevented this induction (Figure 5A). In addition, 
silencing of filamin A/B/C also prevented the ICAM-1–induced inter-
action of Trio with nucleotide-free RhoG G15A (Figure 5B). As a con-
trol, Vav2 was stained, but no interaction was found between Vav2 
and RhoG G15A (Figure S4). These results therefore show that al-
though Trio interacts independently of filamin with the ICAM-1 cyto-
plasmic domain, filamin is required for Trio activation downstream of 
ICAM-1 clustering. This suggests that filamin is a scaffold for Trio-
mediated Rac1 and RhoG activation upon ICAM-1 clustering.

Trio knockdown reduces neutrophil adhesion 
and TEM under flow
To test whether Trio is required for efficient leukocyte transendothe-
lial migration, we initially reduced Trio expression with various 
siRNAs. However, knockdown efficiencies of only 5–10% were 
reached with this method. Also, use of different transfection re-
agents could not improve these results without strongly decreasing 
the viability of the endothelial cells. Therefore lentiviral expression 
of short hairpin RNA (shRNA) was used to reduce Trio expression. 

cells with simultaneous filamin A and B silencing, endogenous Trio or 
Myc-Trio FL interaction with the ICAM-1 C-terminal peptide also was 
not significantly impaired (Figures 4B and S3). We showed that a 
third isoform, filamin C, is also able to interact with ICAM-1 (Figure 
1A). To investigate whether filamin C mediated the interaction be-
tween Trio and ICAM-1, we silenced filamin C expression using 
siRNA. Both knockdown of filamin C and knockdown of all three fil-
amin A/B/C isoforms did not reduce the binding of Trio or Myc-Trio 

FIGURE 3: Trio and TrioD1 colocalize with ICAM-1 upon clustering. 
Endogenous ICAM-1 (red) in TNF-α–stimulated endothelial cells 
colocalizes with GFP-Trio full length to 10-μm α-ICAM-1–antibody 
beads (A, green) or to adherent neutrophils (B) and with TrioD1 
(C, green) to these beads (asterisks). In (B), nuclei of neutrophils are 
visualized with DAPI staining and are included in the DIC images. 
Scale bars: 10 μm.

FIGURE 2: ICAM-1 clustering induces activation of the GEF Trio. 
(A) Trio (350 kDa) and Vav2 (100 kDa) protein expression in HUVEC 
(HUVEC, lane 1; HUVEC treated for 20 h with TNF-α, lane 2), human 
brain endothelial cells (hCMEC/D3, lane 3), and HMVEC (lane 4). Trio 
(B and D) and Vav2 (C and E) activation was assessed by their affinity 
in pulldown (PD) assays for GST-fusion protein of nucleotide-free 
mutants of Rac1 G15A (B and C) and RhoG G15A (D and E) coupled 
to glutathione Sepharose. Trio and Vav2 binding were quantified and 
corrected for Trio and Vav2 total lysate levels with ImageJ. 
Quantification of Western blots represents an average of at least 
three independent experiments ± SEM. *, p < 0.05.
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that leads to ICAM-1 up-regulation. This work is currently under in-
vestigation. Although Trio is evidently required for efficient neutro-
phil adhesion and TEM, we cannot exclude that reduced ICAM-1 
expression attributed to the decrease observed in neutrophil adhe-
sion and transmigration.

TrioD1 inhibition reduces leukocyte TEM
Because our previous results showed that ICAM-1 clustering in-
duced Trio activation, as evidenced by increased binding to nucle-
otide-free Rac1 and RhoG, the involvement of the N-terminal TrioD1 
GEF domain is of particular interest. Recently Bouquier and col-
leagues identified a novel, specific Trio inhibitor, ITX3, which targets 
the N-terminal RhoG- and Rac1-specific TrioD1 GEF domain of Trio 
(Bouquier et al., 2009) but does not inhibit the C-terminal RhoA-
specific TrioD2 GEF domain of Trio or the GEFs Vav2, TIAM1, and 
GEF337/ARHGEF17. Analysis of Rac1 activity induced by GFP-
TrioD1 in HEK293T or melanoma A7 cells indeed showed reduction 
to background levels when cells were pretreated with ITX3 (Figure 
S5A). In contrast, SGEF activity, known to activate RhoG (Ellerbroek 
et al., 2004), is not affected by ITX3, as was judged by dorsal ruffle 
formation (Figure S5B). We used ITX3 pretreatment of the endothe-
lial cells to study neutrophil TEM under physiological flow condi-
tions. In this assay, no difference in adhesion of neutrophils to ITX3-
treated endothelial monolayers compared with carrier-treated cells 
was observed (Figure 6E). However, TEM of neutrophils across ITX3-
treated endothelial cells was significantly reduced compared with 
carrier-treated cells (Figure 6F). Analysis of expression of ICAM-1 
showed that, unlike knockdown of the complete Trio protein, ITX3 
treatment did not interfere with ICAM-1 up-regulation (Figure S5C). 
Moreover, the inhibitor did not affect the electrical resistance of 
TNF-α–treated endothelial monolayers (unpublished data). These 
results show that functional TrioD1 GEF activity is required for effi-
cient neutrophil TEM. Because we have shown that TrioD1 is re-
cruited to neutrophil adhesion sites, we assessed the effect of TrioD1 
inhibition on endothelial docking structure formation during neutro-
phil TEM. GFP-LifeAct was transfected into endothelial cells to study 
F-actin dynamics. Real-time imaging showed that 80% of the neu-
trophils induced F-actin–rich docking structures prior to transmigra-
tion. TrioD1 inhibition by ITX3 significantly impaired F-actin–positive 
docking structure formation around transmigrating neutrophils 
(Figure 6, G and H). These results demonstrate that TrioD1 GEF ac-
tivity is required for both endothelial docking structure formation 
and neutrophil TEM.

Trio inhibition impairs ICAM-1 ring and docking 
structure formation
To study ICAM-1–dependent endothelial docking structure forma-
tion in more detail, we used α-ICAM-1–antibody beads to stimulate 
docking structure formation. Analysis of ICAM-1 recruitment around 
α-ICAM-1–antibody beads by confocal laser-scanning microscopy 
showed that Trio inhibition with ITX3 resulted in small ICAM-1 rings 
consisting of discontinuous ICAM-1 microclusters (Figure 7A). Quan-
tification of ICAM-1 rings showed that ITX3 significantly reduced the 
formation of ring structures (Figure 7B). Instead, in ITX3-treated 
cells, significantly more discontinuous ICAM-1 rings that also lacked 
cup-like membrane protrusions were observed. Analysis of the 
F-actin cytoskeleton revealed that in ITX3-treated cells significantly 
fewer F-actin rings formed around α-ICAM-1–antibody beads 
(Figure 7, A and C). Rather, ITX3-treated cells were often character-
ized by large and thick bundles of F-actin just underneath adherent 
beads, sometimes colocalized with discontinuous ICAM-1 micro-
clusters. Previously several actin-binding proteins, such as α-actinin, 

With this method, we effectively and reproducibly silenced Trio pro-
tein expression for 80–90% (Figure 6A).

Using a perfusion-based TEM flow model, we quantified neutro-
phil adhesion and TEM under physiological flow conditions. Under 
these circumstances, we observed a large reduction in neutrophil 
adhesion to endothelial cells, in which Trio expression was reduced 
(Figure 6B). Also neutrophil TEM across Trio-depleted cells was 
strongly reduced (Figure 6B). Verification of ICAM-1 protein expres-
sion in Trio-silenced endothelial cells revealed reduced ICAM-1 lev-
els compared with control cells (Figure 6C). Nevertheless, we par-
tially rescued neutrophil TEM under flow conditions by expressing 
the N-terminal part of Trio (TrioN), which included the spectrin re-
peats and the GEF-D1 domain, in endothelial cells (Figure 6D). This 
construct still activated Rac1 and RhoG, but was insensitive for the 
shRNA against endogenous Trio. Preliminary evidence from our lab 
suggested that Trio is involved in the signaling induced by TNF-α 

FIGURE 4: Trio interacts with ICAM-1 independently of filamin. 
(A) Cos7 cells were transiently transfected with Myc-TrioD1 (B), and 
pulldown assays were performed with the ICAM-1 C-terminal peptide, 
streptavidin-agarose without peptide (CTRL), or a peptide of the 
VCAM-1 C-terminal intracellular tail, as described in Materials and 
Methods. Interaction was assessed by immunoblotting with anti-Myc 
antibody. Filamin A binding to the ICAM-1 C-terminal peptide was 
used as a positive control. (B) HUVEC were transfected with siRNA 
targeting filamin A/B, filamin C, or filamin A/B/C together, and 
pulldown assays were performed with the ICAM-1 C-terminal peptide 
for endogenous Trio. No difference in binding of Trio to the ICAM-1 
C-terminal peptide was observed. Actin was used as protein loading 
control. A representative result of three independent experiments is 
shown. Quantification is shown in Figure S3B.
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These results suggest that Trio and Rac1 are 
important mediators of ICAM-1–induced 
endothelial docking structure formation.

Trio mediates docking structure 
formation through Rac1 and RhoG
We previously showed that RhoG is impli-
cated in ICAM-1–induced docking structure 
formation (van Buul et al., 2007). Because 
Trio mediates nucleotide exchange on 
RhoG and Rac1 with its N-terminal GEF 
domain, we first analyzed the kinetics of 
GTPase activation downstream from ICAM-1 
clustering. Interestingly, Rac1 activation was 
measured after 5–10 min of ICAM-1 cluster-
ing, after which it declined (Figure 8A). 
RhoG activation, on the other hand, was 
measured after 30 min, declining at 60 min 
(Figure 8A). Next we analyzed Rac1 and 
RhoG activation after ICAM-1 clustering in 
ITX3-treated endothelial cells. Trio inhibi-
tion with ITX3 prevented Rac1 activation 
after 10 min of ICAM-1 clustering (Figures 
8B and S7A). However, after 30 min of 
ICAM-1 clustering, Rac1 activity was de-
tected, suggesting that Trio inhibition with 

ITX3 delays ICAM-1–induced Rac1 activation. In addition, ICAM-1–
induced RhoG activation was also decreased by ITX3 treatment 
(Figures 8B and S7B).

To study the individual contributions of Rac1 and RhoG to en-
dothelial docking structure formation, we silenced Rac1 and RhoG 
expression using lentivirally delivered shRNA constructs (Figure 9A). 
Both knockdown of Rac1 and RhoG expression significantly reduced 
the average length of endothelial docking structures (Figures 9B 
and S7C). However, whereas hardly any ICAM-1 rings were observed 
and ICAM-1 remained in separate microclusters in Rac1-silenced 
cells, RhoG-silenced cells were still able to form ICAM-1 rings 
(Figure 9C), suggesting differential roles of Rac1 and RhoG in en-
dothelial docking structure formation. Similar results were obtained 
when using primary isolated neutrophils (Figure 9D). Moreover, re-
duced Rac1 or RhoG expression by RNA interference in endothelial 
cells significantly impaired neutrophil transmigration (Figures 9E 
and S7D). These results therefore show that upon ICAM-1 cluster-
ing, Trio mediates activation of Rac1 and RhoG, which differentially 
regulate ICAM-1 ring formation, docking structure formation, and 
consequently, TEM.

DISCUSSION
The endothelium extends large membrane projections that em-
brace the adherent leukocyte and promote efficient diapedesis 
(Barreiro et al., 2002; Carman and Springer, 2004). Rho-GTPases 
and their GEFs are known to be the central orchestrators of mem-
brane dynamics through remodeling of the F-actin cytoskeleton. In 
this study, we show that the multi-domain GEF Trio is recruited upon 
ICAM-1 engagement to sites of leukocyte adhesion and activates 
the GTPases Rac1 and RhoG through its N-terminal TrioD1 GEF do-
main. By controlling the activity of Rac1 and RhoG, Trio regulates 
both local F-actin polymerization and ICAM-1 clustering leading to 
the assembly of endothelial docking structures (Figure 10). Further-
more, Trio-dependent assembly of endothelial docking structures is 
required for efficient neutrophil diapedesis under physiological flow 
conditions.

cortactin, and filamin (Carpen et al., 1992; Tilghman and Hoover, 
2002; Celli et al., 2006; Yang et al., 2006; Kanters et al., 2008; van 
Buul et al., 2010), have been identified as interacting with ICAM-1 
and anchoring ICAM-1 to the F-actin cytoskeleton. Analysis of the 
localization of these actin-binding proteins showed that, whereas 
filamin A and B recruitment around α-ICAM-1–antibody beads was 
not affected by Trio inhibition with ITX3, recruitment of cortactin and 
α-actinin-4 was reduced to a similar extent as F-actin (Figure S6, 
A–C), suggesting that Trio may regulate the recruitment of cortactin 
and α-actinin-4 upon ICAM-1 clustering.

Quantification of the size of ICAM-1–positive rings showed that 
the average diameter of the rings in control cells is 9.5 μm, which is 
close to the actual 10-μm diameter of the beads (Figure 7, D and E). 
In contrast, ITX3-treated cells significantly decreased the average 
diameter to 6.5 μm (Figure 7, D and E). Measuring the length of the 
apical membrane protrusions formed around α-ICAM-1–antibody 
beads demonstrated that the membrane projections in ITX3-treated 
cells were also significantly decreased, reaching 2.6 μm, compared 
with 5.2 μm in control cells (Figure 7, F and G). In addition, in ITX3-
treated cells, membranes did not fuse to form a cup-like docking 
structure as in control cells, but rather consisted of single microvilli 
that differed in length (Figure 7F and Videos S3 and S4). Thus these 
data demonstrate that TrioD1 inhibition with ITX3 severely impaired 
both the coalescence of ICAM-1 microclusters into mature ICAM-1 
rings and the growth and fusion of ICAM-1–positive microvilli into 
cup-like docking structures (Figure 7I).

The Rac1 inhibitor NSC23766 has been shown to bind Rac1 and 
to block the interaction of Rac1 with its Rho-GEFs Trio and TIAM1 
(Gao et al., 2004). Previously we have shown that Rac1 inhibition 
with NSC23766 also impaired ICAM-1 ring formation around α-
ICAM-1–antibody beads (van Buul et al., 2010), but docking struc-
ture formation was not investigated. Therefore we also measured 
the length of apical membrane protrusions around α-ICAM-1–
antibody beads in NSC23766-treated endothelial cells. The average 
length of the membrane projections was also significantly reduced 
in NSC23766-treated cells, although to a lesser extent (Figure 7H). 

FIGURE 5: Trio activation upon ICAM-1 clustering requires filamin. ICAM-1 was clustered (CL) 
for 10 and 30 min on TNF-α–stimulated HUVEC transfected with siRNA targeting filamin A/B/C. 
Trio activation was assessed by its affinity in pulldown (PD) assays with a GST-fusion protein of 
nucleotide-free mutant of Rac1 G15A (A) or RhoG G15A (B) coupled to glutathione Sepharose. 
Trio binding was quantified and corrected for Trio total lysate levels with ImageJ. Quantification 
of Trio binding to GST-Rac1 G15A Western blots represents an average of three independent 
experiments ± SEM.
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and does not contain apparent signaling 
motifs, signaling likely occurs via interacting 
adaptor proteins. We have previously shown 
that the F-actin cross-linker protein filamin B 
interacts directly with the intracellular do-
main of ICAM-1 and is required for ICAM-1 
ring formation and leukocyte TEM (Kanters 
et al., 2008). Filamin has been demonstrated 
to interact with the GTPase Rac1 (Ohta 
et al., 1999) and to function as a scaffold for 
Rac1 signaling (Jeon et al., 2008; Del Valle-
Perez et al., 2010). Bellanger and colleagues 
have shown that filamin also binds to the PH 
domain of the Rac1- and RhoG-specific 
TrioD1 GEF unit of Trio and is required 
for TrioD1-induced membrane dynamics 
(Bellanger et al., 2000). Our results show 
that although Trio interacts with ICAM-1 in-
dependently of filamin, filamin is required 
for ICAM-1–induced Trio activation, sug-
gesting that filamin may function as a scaf-
fold that connects Trio to upstream regula-
tory proteins. Nevertheless, the potential 
mechanism of Trio activation is unclear. We 
found that inhibition of TrioD1-GEF activity 
by ITX3 does not affect the recruitment of 
filamin to clustered ICAM-1, confirming 
that filamin functions upstream of Trio acti-
vation. Interestingly, TrioD1 inhibition did 
impair the recruitment of the actin-binding 
proteins cortactin and α-actinin-4, which 
are known to be involved in ICAM-1 cluster-
ing (Tilghman and Hoover, 2002; Celli 
et al., 2006; Yang et al., 2006), suggesting 
the presence of different complexes with 
ICAM-1 that may be differentially regulated 
in time. Indeed, several reports have shown 
that the association of cortactin to the corti-
cal actin cytoskeleton is regulated by Rac1 
(Head et al., 2003; Weed et al., 1998), 
suggesting that TrioD1-induced Rac1 acti-
vation may also be involved in cortactin re-
cruitment during ICAM-1–induced docking 
structure formation (Figure 10).

ICAM-1–mediated docking structure 
formation around adherent leukocytes and 
α-ICAM-1–antibody beads resembles the 
process of phagocytic cup formation by 
professional phagocytes. We found that in-
hibiting the TrioD1-GEF domain or silenc-
ing of Rac1 and RhoG expression largely 
prevents the formation of endothelial dock-
ing structures. Indeed, Trio has also been 
implicated upstream of RhoG and Rac1 
during phagocytosis of apoptotic cells in 
Caenorhabditis elegans and in phagocytic 
LR73 cells (deBakker et al., 2004), suggest-
ing the use of analogous signaling path-

ways. However, whereas phagocytic cells completely ingest parti-
cles or cells, we hardly ever observed complete engulfment 
of α-ICAM-1–antibody beads. In general, ICAM-1–induced dock-
ing structures do not extend much above the 5-μm midline of 

The intracellular domain of ICAM-1 is essential for mediating en-
dothelial docking structure formation and leukocyte extravasation 
(Greenwood et al., 2003; Lyck et al., 2003; Oh et al., 2007; van Buul 
et al., 2007). Because this domain comprises only 28 amino acids 

FIGURE 6: Trio knockdown or inhibition reduces neutrophil adhesion and TEM. HUVEC were 
transduced with shTrio-expressing lentivirus to silence Trio expression. (A) Knockdown of Trio 
expression was confirmed by Western blot. β-Catenin and actin were used as a control for equal 
loading. Neutrophil adhesion to and TEM across (B) shTrio-transduced and TNF-α–stimulated 
HUVEC was measured under physiological flow conditions as described in Materials and 
Methods. Data are means of three independent experiments ± SEM. (C) ICAM-1 expression in 
shTrio-transduced and TNF-α–stimulated HUVEC was analyzed by Western blotting. Actin was 
used as a control for equal loading. (D) TrioN was expressed using adenovirus into endothelial 
cells that were or were not silenced for Trio (shTrio). TEM assay under flow conditions was 
performed and showed that TrioN rescued impaired neutrophil TEM across Trio-deficient 
endothelial cells. The experiment was done twice in triplicate. Data are means ± SEM. (E and F) 
TNF-α–stimulated HUVEC were grown to confluency, treated with 100 μM ITX3 for 16 h or 
DMSO as a control. The resistance or confluency was not affected by the treatments. Neutrophil 
adhesion (E) and TEM (F) were measured under physiological flow conditions as described in 
Materials and Methods. Data are means of three independent experiments ± SEM. (G) HUVEC 
were microporated with GFP-LifeAct to visualize F-actin during live-cell imaging. TNF-α–
stimulated HUVEC were treated with 100 μM ITX3 (lower panels) for 16 h or dimethyl sulfoxide 
(DMSO) as a control (top panels) and neutrophils were allowed to transmigrate through 
endothelial monolayers. The focal plane was set at the surface of the endothelium in ITX3-treated 
cells, since in contrast to controls cells (DMSO), no actin-positive rings are observed in the upper 
focal plane. Neutrophils are visualized in DIC panels. “XZ” panels show Z-stack reconstructions of 
endothelial docking structures. Asterisk indicates transmigrating neutrophils. (H) Quantification 
of GFP-LifeAct–positive docking structures around transmigrating neutrophils. Data are means of 
three independent experiments ± SEM. *, p < 0.05; ***, p < 0.001. Scale bar: 10 μm.
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During phagocytic cup formation, Rho-GTPases such as Rac1, 
Rac2, and CDC42 exhibit different spatial activation patterns and 
have distinct contributions to this process (Hoppe and Swanson, 
2004). In this study, we observed that Rac1 controlled ICAM-1 ring 
formation, whereas RhoG primarily regulated the formation of cup-
like membrane protrusions, suggesting that Rac1-mediated ICAM-1 

adherent beads. Nevertheless, we observed that overexpression 
of the TrioD1 GEF domain in endothelial cells does result in total 
engulfment of a large portion of the α-ICAM-1–antibody beads 
(van Rijssel, unpublished observations), suggesting that endoge-
nous Trio signaling leading to docking structure formation is prob-
ably terminated by negative feedback loops.

FIGURE 7: Trio inhibition with ITX3 impairs endothelial docking structure formation. (A) ICAM-1 was clustered with 
10-μm α-ICAM-1–antibody beads on TNF-α–stimulated HUVEC were treated with 100 μM ITX3 for 16 h or DMSO as a 
control. ICAM-1 and F-actin localization were analyzed by immunofluorescence. Beads are visualized in DIC panels and 
indicated by arrowheads. (B) TNF-α–stimulated HUVEC transduced with ICAM-1-GFP adenovirus and treated with ITX3 
or DMSO as a control were imaged live, and continuous and discontinuous rings around α-ICAM-1–antibody beads 
were quantified after 30 min of ICAM-1 clustering. Rings were quantified around > 50 beads per experiment. Data are 
means of eight experiments ± SEM. (C) F-actin ring quantification. F-actin rings were quantified around > 50 beads per 
experiment. Data are means of four independent experiments ± SEM. (D) ICAM-1 ring diameter in TNF-α–stimulated 
HUVEC transduced with ICAM-1-GFP adenovirus and treated with ITX3 or DMSO as a control. ICAM-1 is shown in 
green and the bead in red. (E) ICAM-1 ring diameter quantification. ICAM-1 ring diameter was measured for ∼30 beads 
per experiment. Data are means of eight experiments ± SEM. (F) Reconstruction of Z-stack imaging in TNF-α–stimulated 
HUVEC transduced with ICAM-1-GFP adenovirus and treated with ITX3 or DMSO as a control shows ICAM-1–positive 
docking structure around a α-ICAM-1–antibody bead. Average length of ICAM-1–positive membrane protrusions 
around ∼30 α-ICAM-1–antibody beads per experiment was measured in TNF-α–stimulated HUVEC treated with ITX3 (G) 
or with Rac1 inhibitor NSC23766 (H). Data are means of three independent experiments ± SEM. (I). Schematic 
representation of the effect of Trio inhibition by ITX3 on endothelial docking structure formation. *, p < 0.05; **, 
p < 0.01. Scale bars: 10 μm.
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both in vitro and in vivo the presence of 
these cup-like membrane protrusions 
that surround adherent leukocytes during 
their transmigration through the endothe-
lium (Barreiro et al., 2002; Carman et al., 
2003; Carman and Springer, 2004; 
Wolburg et al., 2005; Doulet et al., 
2006; van Buul et al., 2007; Cayrol 
et al., 2008; Phillipson et al., 2008; 
Riethmuller et al., 2008; Petri et al., 2011). 
The docking structures were initially pro-
posed as structures that captured leuko-
cytes, promoting firm adhesion (Barreiro 
et al., 2002). However, our results show that 
although Trio inhibition severely impairs 
docking structure formation, adhesion of 
neutrophils under physiological flow condi-
tions is not affected, suggesting that the for-
mation of docking structures is not involved 
in adhesion strengthening. In line with this, 
Carman and Springer have shown that pre-
venting docking structure formation through 
inhibition of F-actin or microtubule polymer-
ization did not affect leukocyte adhesion to 
ICAM-1 under increasing shear flow condi-
tions (Carman et al., 2003). Instead, our data 
show that Trio inhibition impairs neutrophil 
diapedesis under physiological flow condi-
tions, showing that Trio-mediated docking 
structure formation facilitates leukocyte TEM 
rather than adhesion.

Carman and Springer demonstrated that 
endothelial docking structures are strongly correlated with transmi-
grating leukocytes and proposed that endothelial docking structures 
facilitate leukocyte diapedesis by providing increased endothelial 
membrane for the migrating leukocyte in order to direct leukocyte 
TEM (Carman and Springer, 2004). In addition, in vivo studies have 
shown that these apical endothelial membrane protrusions also 
function to “seal” the transmigrating leukocyte, in this way prevent-
ing plasma leakage during leukocyte diapedesis (Phillipson et al., 
2008; Petri et al., 2011). Interestingly, in addition to its role in en-
dothelial docking structure formation, we found that Trio is also re-
quired for endothelial monolayer integrity. It is therefore tempting to 
speculate that Trio functions as a gatekeeper during leukocyte ex-
travasation by allowing leukocyte diapedesis through endothelial 
docking structure formation and at the same time maintaining en-
dothelial barrier function by sealing off the transmigration sites and 
regulating the integrity of the adherens junctions.

In conclusion, in this study we have demonstrated that ICAM-1–
induced docking structures are required for leukocyte TEM and are 
controlled by Rac1 and RhoG through the Rho-GEF Trio, in a filamin-
dependent manner (Figure 10). This work shows new mechanistic 
insights in the regulation and function of docking structures in the 
process of leukocyte extravasation.

MATERIALS AND METHODS
Antibodies and reagents
Trio (clone D-20), Vav2 (clone H-200), ICAM-1 (clone H-108), and 
VE-cadherin (F8) antibodies were from Tebu-Bio (Heerhugowaard, 
Netherlands). ICAM-1 mAb (clone BBIG-I1/11C81) was purchased 
from R&D Systems (Abingdon, United Kingdom). Actin (clone AC-40) 
mAb antibody was purchased from Sigma-Aldrich (Zwijndrecht, 

ring formation could be a prerequisite for subsequent RhoG-depen-
dent endothelial docking structure formation. In support of this 
idea, we observed a more rapid activation of Rac1, which was fol-
lowed by RhoG activation. These observations are in line with the 
faster kinetics of Trio binding to nucleotide-free Rac1 than to RhoG, 
suggesting that Trio mediates nucleotide exchange on Rac1 prior to 
RhoG. As both can be activated by the TrioD1 GEF domain, there 
might be competition between Rac1 and RhoG for binding to 
TrioD1. Recent data from our group already indicated that TrioD1-
induced Rac1 activation increased when RhoG expression was si-
lenced (van Rijssel et al., 2012). Given that Rac1 has been shown to 
interact with filamin (Ohta et al., 1999; Jeon et al., 2008), this may 
favor initial Rac1 activation by Trio, whereas RhoG may be activated 
at a later stage. Alternatively, Trio may also activate Rac1 and RhoG 
within different spatially restricted signaling complexes. Interest-
ingly, TrioD1 inhibition with ITX3 did not completely abolish Rac1 
activation, but rather caused a delay, suggesting the presence of 
alternative Rac1 activation pathways. As for RhoG, we previously 
identified SGEF as being involved in RhoG activation upon ICAM-1 
clustering (van Buul et al., 2007). Because SGEF interacts with the 
cytoplasmic domain of ICAM-1 in a direct manner, it is difficult to 
envision both Trio and SGEF as part of the same ICAM-1–containing 
complex. Instead, Trio and SGEF may form different complexes with 
ICAM-1 that may connect RhoG to different effectors, and in this 
way control local RhoG signaling within endothelial docking struc-
tures. Nevertheless, since Trio-induced Rac1 activation is required 
for the initial ICAM-1 ring formation, Trio-Rac1 signaling seems to 
be dominant over RhoG signaling in the process of TEM.

Since the first detailed description of the docking structures in 
2002 by Barreiro and coworkers, numerous studies have observed 

FIGURE 8: Sequential Rac1 and RhoG activation upon ICAM-1 clustering. (A) ICAM-1 was 
clustered (CL) with α-ICAM-1–antibody beads for indicated time points, and Rac1-GTP and 
RhoG-GTP were precipitated as described in Materials and Methods. ICAM-1 is shown as 
loading control. Graph on the right shows quantification of the blots by ImageJ. Dotted line 
represents active Rac1 levels (square) and filled line represents active RhoG levels (circle). Data 
are mean of three independent experiments ± SEM. (B) Graphs show quantification of active 
Rac1 levels (left) or active RhoG levels (right) upon ICAM-1 clustering. ITX3 inhibits ICAM-
1–induced Rac1 and RhoG activation. Data are an average of three independent experiments 
± SEM.
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Netherlands). Filamin A mAb (clone 
PM6/317) antibody was purchased from 
Serotec (Oxford, United Kingdom). Poly-
clonal filamin B (A301-726A) antibody was 
from Bethyl Laboratories (Montgomery, AL). 
Mouse polyclonal Trio antibody was from 
Abnova (Heidelberg, Germany). Polyclonal 
filamin C antibody was from Kinasource 
(Dundee, United Kingdom). Polyclonal α-
actinin-4 antibody was purchased from Enzo 
Life Sciences BVBA (Zandhoven, Belgium). 
Cortactin (4F11) mAb was from Millipore 
(Leiden, Netherlands). c-Myc (clone 9E10) 
antibody was purchased from Invitrogen 
(Breda, Netherlands). Rac1 (clone 102) mAb 
antibody was purchased from BD Biosci-
ences (Breda, Netherlands). RhoG monoclo-
nal antibody was a kind gift of J. Meller and 
M. A. Schwartz (University of Virginia, Char-
lottesville, VA). Secondary horseradish per-
oxidase (HRP)-conjugated goat anti-mouse, 
swine anti-rabbit, and rabbit anti-goat anti-
bodies were purchased from Dako (Hever-
lee, Belgium). Monoclonal GFP (JL-8) anti-
body, secondary goat anti-rabbit IR 680, 
goat anti-mouse IR 800, and donkey anti-
goat IR 800 antibodies were purchased from 
Licor Westburg (Leusden, Netherlands). 
Texas Red- and Alexa Fluor 633–conjugated 
phalloidin were from Invitrogen (Breda, 
Netherlands). TNF-α was purchased from 
Peprotech EC (London, United Kingdom). 
NSC23766 was purchased from Merck (Not-
tingham, United Kingdom). ITX3 was from 
Chembridge (San Diego, CA).

Cell culture and transfection
HEK-293, COS-7, and HeLa were maintained 
in Iscove’s modified Dulbecco’s medium 
(IMDM; BioWhittaker, Verviers, Belgium) con-
taining 10% (vol/vol) heat-inactivated fetal 
calf serum (Invitrogen, Breda, Netherlands), 

FIGURE 9: Trio mediates endothelial docking structure formation through Rac1 and RhoG. 
(A) To silence Rac1 and RhoG expression, we used lentivirally delivered constructs targeting 
Rac1 and RhoG mRNA in TNF-α–stimulated HUVEC. Knockdown of Rac1 and RhoG expression 
was confirmed by Western blotting and did not affect ICAM-1 expression. Tubulin or actin was 
used as loading control. (B) Average length of ICAM-1–positive membrane protrusions around 

∼30 α-ICAM-1–antibody beads per 
experiment was quantified. Data are means 
of three independent experiments ± SEM. 
(C) ICAM-1 was clustered with 10-μm 
α-ICAM-1–antibody beads on TNF-α–
stimulated HUVEC with silenced Rac1 or 
RhoG expression. ICAM-1 and F-actin 
localization were analyzed by 
immunofluorescence. Beads are visualized in 
DIC panels and indicated by arrowheads. 
Scale bars: 10 μm. (D) Neutrophils were 
allowed to adhere to TNF-α–stimulated 
HUVEC silenced for Rac1 or RhoG. x–z 
projections show the absence of ICAM-
1–positive protrusions upon Rac1 or RhoG 
silencing. Scale bars: 20 μm. (E) Neutrophil 
TEM were significantly impaired upon Rac1 
or RhoG silencing in TNF-α–stimulated 
HUVEC. Data are means of three 
independent experiments ± SEM. *, p < 0.01.
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Western blotting
SDS–PAGE samples were analyzed on 7.5, 10, or 15% (wt/vol) poly-
acrylamide gels, depending on the size of the proteins of interest, 
and transferred onto nitrocellulose (Whatman, Piscataway, NJ) or 
PVDF membrane (Bio-Rad, Hercules, CA). Following blocking in 5% 
(wt/vol) low-fat milk in TBST Tris-buffered saline–Tween-20 (TBST), the 
blots were incubated with the primary antibody for 1 h at room tem-
perature, washed 3 times for 20 min in TBST, and subsequently incu-
bated with HRP-coupled secondary antibodies (dilution: 1:7000) in 
TBST for 1 h at room temperature; this was followed by three washes 
with TBST for 20 min each and development of the blot by enhanced 
chemiluminescence (ECL) or SuperSignal West nano-ECL (Thermo-
Scientific, Etten-Leur, The Netherlands). Alternatively, blots were incu-
bated with IR 680 or IR 800 dye-conjugated secondary antibodies 
(dilution 1:5000) in TBST for 1 h at room temperature; this was fol-
lowed by three washes with TBST for 20 min each. Infrared signal 
was detected and analyzed with the Odyssey infrared detection sys-
tem (LI-COR Biosciences, Lincoln, NE). For Trio protein expression, 
3–8% (wt/vol) Tris-acetate precast gels (Invitrogen) were used accord-
ing to the manufacturer’s instructions, and samples were transferred 
onto nitrocellulose membrane by blotting for 18 h at 20 mA.

Confocal laser-scanning microscopy
For immunofluorescence, cells were grown on fibronectin-coated 
14-mm coverslips. After treatment, cells were washed in cold 
PBSA (phosphate-buffered saline [PBS], 0.5% [wt/vol] bovine se-
rum albumin [BSA], 1 mM CaCl2, 0.5 mM MgCl2) and fixed in 4% 
(vol/vol) formaldehyde in PBS (+1 mM CaCl2, 0.5 mM MgCl2) for 
10 min. After fixation, cells were permeabilized in PBS-T (PBS + 
1% Triton X-100 and 10% glycerol) for 4 min; this was followed by 
a blocking step in PBS supplemented with 2% (wt/vol) BSA. Cells 
were incubated with primary and secondary antibodies, and after 
each step were washed three times in PBSA. Coverslips were 
mounted with Vectashield with 4′,6-diamidino-2-phenylindole 

300 μg/ml glutamine, 100 U/ml penicillin and streptomycin, at 37°C 
and 5% CO2. Cells were transiently transfected with the expression 
vectors indicated in each experiment according to the manufacturer’s 
protocol with TransIT-LT1 reagent (Mirus, Madison, WI). Primary HU-
VEC were purchased from Lonza (Baltimore, MD) and cultured during 
regular passaging following fibronectin (10 μg/ml) coating of the tis-
sue culture flasks (TPP, Switzerland) or glass slides in EGM2-containing 
SingleQuots (Lonza). Endothelial cells were cultured until passage 9. 
Human microvascular endothelial cells (HMVEC) were purchased from 
Lonza. HCMEC/D3 human brain endothelial cells were a kind gift from 
P. O. Couraud, CNRS, Paris, France.

Knockdown with siRNA
siRNA duplexes against filamin A and B have been described previ-
ously (Kanters et al., 2008). As control siRNA, the following sequence 
targeting the firefly luciferase GL2 gene (Elbashir et al., 2001) was 
used: CGUACGCGGAAUACUUCGA. Oligos were purchased from 
Eurogentec (Liege, Belgium). Filamin C siRNA SMARTpool was pur-
chased from Dharmacon (Lafayette, CO). Cells were transfected 
with 1 nM siRNA by means of interferin transfection reagent (Poly-
plus/Westburg, Leusden, Netherlands) according to the manufac-
turer’s instructions. After 72 h, cells were assayed as described 
below. Note that the oligos efficiently reduced protein expression in 
human (HUVEC) as well as monkey (Cos7) cells.

Cloning of GFP-Trio FL
Trio fragment (1091–8593) was digested out of Myc-Trio FL 
(McPherson et al., 2005) into peGFP(C1)-TrioN with NruI and KpnI, 
resulting in peGFP(C1)-Trio FL pt1. The C-terminal part (8594–9117) 
was obtained by PCR amplification with Myc-Trio as template and 
JR43F (GAGATCGGTACCTGCACAACTGCAGGA) and JR44R 
(GAGATC GGTACCTCAAACTCTAGGCAGAAGC) as 5′ and 3′ prim-
ers, respectively. The PCR product was cloned as a KpnI-digested 
fragment into peGFP(C1)-Trio FL pt1, resulting in peGFP(C1)-Trio FL.

FIGURE 10: Model for ICAM-1–induced endothelial docking structure formation. Clustering of ICAM-1 induces the 
recruitment of the F-actin cross-linker protein filamin. Filamin functions as a scaffold for subsequent activation of the 
GEF Trio. In turn, Trio activates the GTPase Rac1 through its N-terminal GEF domain, leading to the recruitment of other 
adapter proteins, such as cortactin and α-actinin-1/4. ICAM-1 clustering also induces the activation of the GTPase RhoG 
through Trio and SGEF. On their activation, Rac1 and RhoG induce remodeling of the F-actin cytoskeleton, leading to 
endothelial docking structure formation. Formation of docking structures serves to guide adherent leukocytes during 
diapedesis. Image is not drawn to scale.
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(Vector Laboratories, Peterborough, UK) on microscope slides. For 
live-cell imaging, cells were seeded on 30-mm coverslips and 
transfected or transduced, as indicated. After 24–72 h, cells were 
placed in a heating chamber at 37°C and 5% CO2 and imaged with 
a confocal microscope (LSM510 META; Carl Zeiss MicroImaging, 
Jena, Germany).

Adenovirus production
The ICAM-1-GFP fragment was obtained by PCR amplification 
with peICAM-1-GFP (Barreiro et al., 2002) as template and JR11F 
(GAGATCGTCGACATG GCTCCCAGCAGCCC) and JR18R 
(GAGATCGCGGCCGCTTTACTTGTAC) as 5′ and 3′ primers, re-
spectively. The PCR product was cloned as a SalI/NotI fragment into 
pENTR1A (Invitrogen). GFP-TrioD1 was obtained by PCR amplifica-
tion with peGFP-TrioD1 as template and primer pairs JR22F 
(GAGATCGTCGACCTG GTTTAGTGAACCGTCAGA) and JR4R 
(GAGATCGAATTCCTAGGCGTCATTG CTGGAGAC). The PCR 
product was cloned as a SalI/EcoRI fragment into pENTR1A (Invitro-
gen). pENTR1A-constructs were recombined into the pAd/CMV/
V5-DEST vector (Invitrogen) with Clonase II enzyme mix according 
to the manufacturer’s instructions (Invitrogen). Adenovirus express-
ing ICAM-1-GFP or GFP-TrioD1 was produced by transfecting PacI-
digested (Westburg, Leusden) constructs into HEK293T cells.

shRNA lentivirus production
shRNA constructs (Sigma Mission library) targeting Trio (TRC_10561), 
Rac1 (TRC_4873), and RhoG (TRC_48019), or nontargeting shCtrl 
construct were packaged into lentivirus in HEK293T cells with third-
generation lentiviral packaging plasmids (Dull et al., 1998). Lentivi-
rus-containing supernatant was harvested on days 2 and 3 after 
transfection. Lentivirus was concentrated by centrifugation at 
20,000 × g for 2 h.

Fusion proteins
The fusion proteins GST-ELMO, GST-Rac1 G15A, and GST-RhoG 
G15A were purified from BL21 Escherichia coli cells (Agilent Tech-
nologies, Amstelveen, Netherlands) with glutathione–Sepharose 
4B, as previously described (Ellerbroek et al., 2004). GST-fusion pro-
teins were stored in 30% (vol/vol) glycerol at −80°C.

Pulldown assay
A synthetic, biotinylated peptide encoding the intracellular domains 
of human ICAM-1 or VCAM-1, or empty beads, was used in pull-
down assays, as previously described (Kanters et al., 2008). In short, 
a confluent monolayer of cells in a 100-mm Petri dish was washed 
with cold PBS (+ 1 mM CaCl2; 0.5 mM MgCl2) and lysed in cold NP-
40 lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM 
MgCl2, 10% [vol/vol] glycerol, and 1% [vol/vol] Nonidet P40) supple-
mented with protease inhibitors (complete mini EDTA, Roche, Alm-
ere, The Netherlands) for 5 min. After lysis, cell debris was removed 
by centrifugation (10,000 × g, 5 min at 4°C). Supernatant was incu-
bated with 30 μg of biotinylated peptide comprising the intracellu-
lar tail of ICAM-1 or indicated controls and 30 μl (concentration 2.4 
mg/ml packed gel) of streptavidin agarose (Sigma-Aldrich, Zwijn-
drecht, Netherlands) for 2–3 h under constant head-over-head rota-
tion at 4°C. Beads were subsequently washed five times with NP40 
lysis buffer and resuspended in SDS–PAGE sample buffer.

RhoG and Rac1 activation assay
A confluent monolayer of HUVEC in a 100-mm Petri dish was washed 
with cold PBS (+ 1 mM CaCl2; 0.5 mM MgCl2) and lysed in 50 mM 
Tris, pH 7.4, 0.5 mM MgCl2, 500 mM NaCl, 1% (vol/vol) Triton X-100, 

0.5% (wt/vol) deoxycholic acid, and 0.1% (wt/vol) SDS supplemented 
with protease inhibitors. Lysates were cleared at 14,000 × g for 
5 min. GTP-bound RhoG was isolated by rotating supernatants for 
30 min with 60–90 μg of GST-ELMO (GST-fusion protein containing 
the full-length RhoG effector ELMO) conjugated to glutathione–
Sepharose beads (GE Healthcare, Zeist, Netherlands; van Buul et al., 
2007; Wittchen and Burridge, 2008). GTP-bound Rac1 was isolated 
with biotinylated Pak1-Crib peptide coupled to streptavidin agarose 
(ten Klooster et al., 2006). Beads were washed four times in 50 mM 
Tris, pH 7.4, 0.5 mM MgCl2, 150 mM NaCl, 1% (vol/vol) Triton X-100, 
and protease inhibitors. Pulldowns and lysates were immunoblotted 
with monoclonal RhoG and Rac1 antibodies.

Antibody-coated beads
Polystyrene beads (3-μm beads for biochemical assays and 3- or 
10-μm beads for immunofluorescence; Polysciences, Eppelheim, 
Germany) were pretreated with 8% (vol/vol) glutaraldehyde overnight, 
washed five times with PBS, and incubated with 300 μg/ml ICAM-1 
mAb according to the manufacturer’s protocol. Free glutaraldehyde 
groups were blocked with 0.5 M ethanolamine and 2 mg/ml BSA.

Electric cell-substrate impedance sensing
Monolayer permeability was determined by measuring the electrical 
resistance with electric cell–substrate impedance sensing (ECIS). Elec-
trode arrays (10WE; Applied BioPhysics) were precoated with 10 mM 
l-cysteine (Sigma-Aldrich, Steinheim, Germany) for 15 min at 37°C, 
after which they were washed twice with 0.9% (wt/vol) NaCl and sub-
sequently coated with fibronectin (Sigma-Aldrich) in 0.9% (wt/vol) 
NaCl for 1 h at 37°C. A measure of 1 × 105 cells per well (0.8 cm2) were 
seeded, grown to confluency, and treated with TNF-α for 20 h. Elec-
trical resistance was continuously measured at 37°C and 5% CO2 with 
ECIS-Model-9600 Controller (Applied BioPhysics, Troy, NY).

Neutrophil isolation
Polymorphonuclear neutrophils were isolated from whole blood 
derived from healthy donors by means of a Ficoll-Paque plus 
(Pharmacia Biotech, Uppsala, Sweden) density gradient. After eryth-
rocyte lysis in a ice-cold isotonic lysis buffer (155 mM NH4Cl, 10 mM 
KHCO3, 0.1 mM EDTA pH 7.4), neutrophils were washed once with 
lysis buffer, once with 10% (vol/vol) trisodium citrate/PBS, resus-
pended in HEPES medium (20 mM HEPES, 132 mM NaCl, 6 mM 
KCl, 1 mM CaCl2, 1 mM MgSO4, 1.2 mM K2HPO4, 5 mM glucose 
[all from Sigma-Aldrich], and 0.4% [wt/vol] human serum albumin 
[Sanquin Reagents], pH 7.4), and kept at room temperature for not 
longer than 4 h until use.

Neutrophil TEM across Transwell
Transmigration of neutrophils over endothelial monolayers was ana-
lyzed with Falcon FluoroBlok Transwell inserts with 3.0-μm pore size 
(BD Biosciences, Breda, Netherlands). At 24 h after transduction 
with shCtrl or shTrio-producing lentivirus, 2 × 105 HUVEC per well 
were seeded on fibronectin-coated filters and grown for another 
48 h. At 20 h prior to the experiment, HUVEC were stimulated with 
10 ng/ml TNF-α. Freshly isolated, CellTrace calcein green–labeled 
(Invitrogen) neutrophils were added to the upper compartment, and 
cells were allowed to migrate toward 10 nM formyl-Met-Leu-Phe 
(fMLP) in the lower compartment for 30 min. During this time, fluo-
rescence was measured with a Tecan GENios Plus microplate reader 
with a 530/30 band-pass filter. The percentage of TEM was calcu-
lated as (fluorescence of calcein-labeled neutrophils that transmi-
grated across a Transwell filter coated with HUVEC)/(fluorescence of 
calcein-labeled neutrophils input) × 100.
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Neutrophil TEM under flow
HUVEC were cultured in a fibronectin-coated Ibidi μ-slide VI0.4 (Ibidi, 
München, Germany) for 2–3 d until confluency and were stimulated 
overnight with TNF-α (10 ng/ml). Freshly isolated neutrophils were 
resuspended at 0.4 × 106 cells/ml in HEPES medium and were incu-
bated for 30 min at 37ºC. Neutrophils were perfused over HUVEC 
monolayers at 0.5 ml/min (shear stress of 1.0 dyne/cm2). After 3 min, 
the neutrophil-containing HEPES solution was replaced by HEPES 
medium for 30 min. During this time leukocyte–endothelial interac-
tions were recorded in six random fields with a Zeiss Axiovert 
200 microscope (10× objective) equipped with a motorized stage. 
Images were recorded with Zeiss Axiovision 4.7 software. Live imag-
ing was performed at 37ºC and 5% CO2. Transmigrated neutrophils 
were distinguished from those adhering to the apical surface of the 
endothelium by their transition from bright to phase-dark morphol-
ogy. HUVEC that were pretreated with ITX3 were carefully washed 
before being exposed to flow. Owing to the washing and flow con-
ditions, no ITX3 was present in the medium at times of neutrophil 
TEM. ITX3 was incubated overnight but was also active after only 
1 h of incubation on HUVEC. In addition, ITX3 did not need to be 
present in the medium to inhibit Trio activity, as wash-out experi-
ments showed that ITX3 was able to inhibit Trio activity for at least 
60 min after wash-out.

Statistical analysis
Statistical comparisons between experimental groups were per-
formed by the Student’s t test. A two-sided p value of ≤0.05 was 
considered significant. Unless otherwise stated, a representative ex-
periment out of at least three independent experiments is shown.
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