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Laura J. Braun, Rebekka I. Stegmeyer, Kerstin Schäfer, Stefan Volkery, Silke M. Currie, Birgit Kempe, Astrid F. Nottebaum,

and Dietmar Vestweber

Max Planck Institute for Molecular Biomedicine, Münster, Germany

KEY PO INT S

l Platelets prevent
plasma leakage during
neutrophil diapedesis
by binding to
endothelial VWF and
releasing Angpt1.

l Platelet-released
Angpt1 stimulates
endothelial Tie-2,
thereby activating the
GEF FGD5, which
strengthens cortical
actin bundles.

Neutrophil extravasation requires opening of the endothelial barrier but does not nec-
essarily cause plasma leakage. Leaks are prevented by contractile actin filaments sur-
rounding the diapedesis pore, keeping this opening tightly closed around the
transmigrating neutrophils. We have identified the receptor system that is responsible for
this. We show that silencing, or gene inactivation, of endothelial Tie-2 results in leak
formation in postcapillary venules of the inflamed cremaster muscle at sites of neutrophil
extravasation, as visualized by fluorescent microspheres. Leakage was dependent on
neutrophil extravasation, because it was absent upon neutrophil depletion. We identified
the Cdc42 GTPase exchange factor FGD5 as a downstream target of Tie-2 that is essential
for leakage prevention during neutrophil extravasation. Looking for the Tie-2 agonist and
its source, we found that platelet-derived angiopoietin-1 (Angpt1) was required to prevent
neutrophil-induced leaks. Intriguingly, blocking von Willebrand factor (VWF) resulted in
vascular leaks during transmigration, indicating that platelets interacting with endothelial
VWF activate Tie-2 by secreting Angpt1, thereby preventing diapedesis-induced leakiness.
(Blood. 2020;136(5):627-639)

Introduction
Leukocyte extravasation and enhanced vascular permeability are
hallmarks of inflammation. Yet, whether the transmigration of
leukocytes through the endothelial barrier would automatically
lead to increased vascular leakage of plasma components or
whether leaks are induced separately has been debated for
decades. Evidence for a link of both processes was based on
findings that blocking leukocyte adhesion to, and extravasation
through, endothelium could reduce the increase in vascular
permeability in certain inflammatory settings, such as post-
ischemic skeletal muscle, platelet-activating factor–stimulated
mesentery, and tumor necrosis factor-a (TNF-a)–activated cre-
master muscle.1-4 This clearly established a possible link between
the 2 processes but left open whether leaks were caused directly
by the transmigration process per se or by factors released from
the adhering neutrophils5 in response to the cocktail of proin-
flammatory mediators present in certain inflammatory settings.

There is strong evidence that the transmigration itself does not
automatically cause leaks. Investigating an allergen-induced
inflammation model in the trachea, it was shown that leaks
occurred in postcapillary venules, whereas the exit of leukocytes
was observed in venules.6 Furthermore, the 2 processes were
triggered with different kinetics in a sterile cutaneous wound
model.7 Finally, we have recently shown in vivo that leukocyte

transmigration, on the 1 hand, and permeability induction, on
the other hand, destabilize endothelial junctions by affecting the
phosphorylation of different tyrosine residues on VE-cadherin.8

Thus, both processes address the opening of endothelial
junctions in different ways. Collectively, these observations raise
the question of how the endothelial diapedesis pore can be kept
sealed for plasma content while a leukocyte is moving through. A
mechanistic basis for this was proposed recently: during leu-
kocyte diapedesis, leakage is prevented by the contraction of
endothelial circumferential actin, which confines the diapedesis
pore around the transmigrating leukocyte; a process accom-
panied by local RhoA signaling.9 However, it is still unknown
what stimulates the contraction of the actomyosin system, which
keeps the diapedesis pore tight.

The receptor tyrosine kinase Tie-2 is an important regulator of
angiogenesis and vessel remodeling,10,11 which is also of crucial
importance for the regulation of vascular quiescence and the
maintenance of endothelial barrier function. The Tie-2 agonist
angiopoietin-1 (Angpt1) promotes the stability of endothelial
junctions and, thereby, the barrier function of endothelium.12,13

Accordingly, Angpt1 treatment was shown to protect against the
permeability-enhancing effects of various inflammatory media-
tors in vitro and in vivo.14-18 Tie-2 is a substrate of the endothelial
phosphatase VE-PTP and, as such, is the functional target by
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Figure 1. FGD5 is necessary to prevent neutrophil-induced leakiness in vitro and in vivo. (A) Paracellular permeability for 40 kDa FITC-dextran was determined for TNF-
a–stimulated HUVEC that were pretreated with control (Ctrl) or FGD5 siRNA in the presence or absence of human neutrophils freshly isolated from whole blood (as indicated).
Values were normalized to Ctrl siRNA monolayers without PMNs. (B) Relative transmigration of human PMNs across HUVEC monolayers treated with Ctrl or FGD5 siRNA. (C)
HUVEC transfected with Ctrl or FGD5-targeting siRNA were immunoblotted for FGD5 and a-tubulin. (D) Mice were injected intrascrotally with FGD5 or Ctrl siRNA and received
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which a highly specific inhibitor of VE-PTP counteracts vascular
permeability induction in diabetic retinopathy and other in-
flammation models.19,20 Mechanistically, VE-PTP inhibition and
Tie-2 activation were shown to induce rearrangements of the
actin cytoskeleton, leading to dampening of actin stress fibers
and reinforcement of junctional actin. This process required
activation of the small GTPases Rap1 and Rac1 and the GTPase
exchange factor (GEF) FGD5.20,21 Collectively, these studies
show the great potential of Tie-2 in stabilizing endothelial
junctions; however, much less is known about the physiological
processes that make use of endogenously provided Angpt1 for
junction stabilization.

Platelets play a fundamental role in hemostasis but have also
become more and more recognized for their contributions to
the inflammatory process.22-24 They are potent supporters of
leukocyte extravasation in various tissues and inflammatory
settings.25-28 Platelets can bind to von Willebrand factor (VWF)
under flow conditions,29,30 and we and other investigators have
shown in vivo that blocking this interaction on the endothelial
cell surface interfered with the extravasation of neutrophils in
peritonitis and inflamed cremaster muscle.27,31 In different in-
flammation models, it was shown that platelet factors, such as
thromboxane A2 or serotonin, enhanced vascular permeability
in inflammation and supported neutrophil extravasation.25,32 On
the other hand, platelets can also protect vascular integrity. In
skin and lung, platelet depletion leads to inflammatory
bleeding.33-35 Platelets prevent this bleeding via coagulation-
unrelated mechanisms33 and independent of secreted junction-
stabilizing factors.36 Instead, plugging of vascular exit sites
subsequent to the diapedesis of a neutrophil may prevent the
passive exit of erythrocytes.37 Platelet granules contain various
junction-stabilizing factors, such as sphingosine-1 phosphate,
serotonin, and Angpt1. The latter 2 were reported to prevent
intratumor hemorrhage38; furthermore, Angpt1 was required for
vascular integrity in a mouse model of cerebral malaria.39

Here, we have analyzed what triggers the sealing of the di-
apedesis pore for macromolecules during leukocyte diapedesis.
Using the accumulation of 20-nm fluorescent microspheres at
sites of leukocyte extravasation as a read-out for leak formation,
we found that Tie-2 and its downstream target FGD5 were
essential to prevent leaks during diapedesis. The stimulation of
Tie-2 was achieved by platelets that provided Angpt1 by
interacting with VWF at the endothelial surface.

Methods
Mice
All mice used in this study were on the C57BL/6 genetic
background. Tektm1a(EUCOMM)Hmgu embryonic stem cells were
purchased from EUCOMM and injected into C57BL/6 blasto-
cysts, generating transgenic mice with an inactivated Tek gene

mediated by a LacZ trapping cassette. Bymating thesemice with
mice expressing Flp recombinase, the FRT-flanked lacZ trapping
cassette was excised, producing a conditional knockout (KO)
allele in which exon 8 is flanked by loxP sites (Teklox/lox). To in-
activate Tek postnatally in endothelial cells, Teklox/lox mice were
bred to tamoxifen-inducible Pdgfb-iCre transgenic mice,40

resulting in TekiECKO mice. Tek_fw (59-CCTGGGTGGTGTGTT
GTCA-39) and Tek_rev (59-GTCTTTGCCATGACAGTACAGT-39)
primers were used for genotyping, generating a 344-bp poly-
merase chain reaction (PCR) product in wild-type (WT) mice and
a 299-bp product in Teklox/loxmice. Angpt1lox/lox mice41 (provided
by Sean Morrison, University of Texas Southwestern, Dallas, TX)
and bred with PF4-Cre mice42 to obtain Angpt1PtlKO mice.
Angpt1_fl_F (59-GGACTCAACTTCCCTGGGTAAGC-39) and
Angpt1_fl_R (59-GGCTTTGACAGTCAAAATGCC-39) primers
were used for genotyping, generating a 150-bp product for the
WT allele and a 250-bp product for the Angpt1lox/lox allele.
C57BL/6 WT mice43 were used for in vivo small interfering RNA
(siRNA) experiments and LysM-eGFP mice were used for in-
travital imaging. Animals were kept in a barrier facility under
special pathogen-free conditions. All experiments were approved
by the Landesamt für Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen.

Antibodies
Polyclonal antibodies VD68 against FGD5,21 VE-PTP-C against
VE-PTP,44 and VE-42 against VE-cadherin,45 as well as mono-
clonal antibodies 1G5.1 and 5D2.6 against mPECAM-1,46

11D4.1 against mVE-cadherin,47 and 3G1 against Tie-2,48 have
been described previously. The following antibodies were
purchased: monoclonal antibodies against Ly-6G/Gr-1 (RB6-
8C5; BD Bioscience) and an isotype-matched control (eB149/
10H5; eBioscience), a mixture of monoclonal antibodies against
mGPIba (R300) and an isotype-matched control (C301; both
from emfret ANALYTICS), mGPIbb (X649; emfret ANALYTICS),
mPECAM-1 (390; eBioscience), a-tubulin (B-5-1-2; Sigma-
Aldrich), and polyclonal antibodies against VWF (A0082; Dako)
and mMRP14 (R&D Systems). Horseradish peroxidase–coupled
secondary antibodies were purchased from Dianova, and goat
anti-Mmouse Alexa Fluor–coupled antibodies were purchased
from Invitrogen.

Cell culture
Human umbilical vascular endothelial cells (HUVECs) were cul-
tured in EBM-2 medium supplemented with SingleQuots
(Lonza). Human polymorphonuclear leukocytes (PMNs) were
isolated from peripheral blood by density gradient centrifuga-
tion using Histopaque 1077 and 1119 (Sigma-Aldrich) The
granulocyte-containing phase was collected and washed twice
in Hanks balanced salt solution, 25mMHEPES (pH 7.3), and 10%
fetal calf serum. Erythrocytes were lysed by incubation with
0.15 M NH4Cl, 1 mM KHCO3, and 0.1 mM Na2EDTA for
4 minutes at room temperature. PMNs were immediately used
for transmigration assays.

Figure 1 (continued) anti–Gr-1 antibodies or control IgG intraperitoneally the following day to deplete neutrophils. Twenty-four hours later, mice were stimulated with IL-1b for
3 hours before fluorescentmicrospheres were injected IV, andmicewere euthanized 5minutes later.Wholemounts of the cremastermuscle were stainedwith antibodies against
PECAM-1 and MRP14. Arrowheads indicate microsphere leakage. Scale bars, 40 mm (left panels), 15 mm (right panels). Quantification of microspheres (E) and extravasated
neutrophils (F) per vessel area. (G) Total lung lysates of mice treated with Ctrl siRNA or FGD5 siRNA were immunoblotted for the indicated antigens. Data are mean 6 SEM.
Results are representative of (C,D,G) or pooled from 4 independent experiments (A-B) or pooled from 4 independent experiments, with a total of 35 to 40 vessels analyzed per
condition (E-F). *P , .05, **P , .01, ***P , .001, Student t test (B), 2-way ANOVA (A,E-F). n.s., not significant.
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Figure 2. Tie-2 siRNA promotes neutrophil-dependent microsphere leakage from inflamed cremaster vessels. (A) Mice received control (Ctrl) siRNA or Tie-2 siRNA
intrascrotally, 24 hours later they received intraperitoneal anti–Gr-1 antibodies or control IgG, and 24 hours thereafter they received IL-1b intrascrotally, followed by IV injection of
fluorescent microspheres 3 hours later; mice were euthanized 5 minutes later. Whole mounts of the cremaster muscle were stained for PECAM-1 and MRP14. Arrowheads
indicate microphere leakage. Scale bars, 40 mm (left panels), 15 mm (right panels). (B) Microsphere leakage and (C) relative neutrophil extravasation per vessel from experiments
as in (A). (D) Total lung lysates fromCtrl siRNA–treated or Tie-2 siRNA–treatedmice were analyzed by immunoblot for expression of Tie-2, VE-cadherin, and a-tubulin. Results are
representative of (A,D) or pooled from (B-C) 3 independent experiments, with a total of 30 vessels analyzed per condition. Data aremean6 SEM. ***P, .001, 2-way ANOVA. n.s.,
not significant.
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RNA interference
For in vitro RNA interference with expression of FGD5, the
following siRNAs were used: Hs_FGD5_6, 59-GCGCUGACA
CUUCAGACUA-39 or Hs_FGD5_2, 59-GGAUGACAUGGACCA
UGAA-39. siRNA not targeting any known mammalian gene
(59-UUCUCCGAACGUGUCACGU-39; QIAGEN) was used as a
negative control. Routinely, 106 HUVECs were transfected with
40 ng of siRNA using INTERFERin (Polyplus Transfection),
according to the manufacturer’s instructions. Cells were ana-
lyzed 72 hours after transfection. For RNA interference with
FGD5 or Tie-2 expression in vivo, siRNA sequences 59-CAGUCG
GUGUAUAGUUAGUAA-39 (FGD5) and 59-CAGGAAGGTATG
AGTACAAAT-39 (Tie-2) were used, as described previously.20,21

As a negative control, siRNA not targeting any known mam-
malian gene (59-TAGCGACTAAACACATCAA-39; siSTABLE; GE
Healthcare) was used. Mice were injected intrascrotally with
60 mg of siRNA using in vivo-jetPEI as transfer reagent (Polyplus
Transfection), according to the manufacturer’s instructions, and
analyzed 48 hours later.

In vitro transmigration assay
To analyze permeability induction during PMN transmigration,
2 3 104 HUVECs were seeded on fibronectin-coated Transwell
filters (6.5 mm, 5-mm pore size; Corning), grown to confluence,
and stimulated with 5 nM recombinant human TNF-a
(PeproTech) 16 hours prior to the assay. PMNs (2 3 105) were
allowed to transmigrate toward the chemokine interleukin-8
(IL-8; R&D Systems) for 40 minutes in the presence of 0.25 mg/
mL fluorescein isothiocyanate (FITC)-dextran (40 kilodalton
[kDa]; Sigma-Aldrich). Fluorescence in the lower chamber was
measured on a plate reader (Synergy 2; Lab-Tek), and
transmigrated PMNs were counted using a CASY Cell Counter
TT1 (Roche).

Immunoblot analysis
Cells were lysed in lysis buffer containing 20 mM Tris‐HCl (pH
7.4), 150 mMNaCl, 2 mM CaCl2, 1.5 mMMgCl2, 1 mMNa3VO4,
1% Triton X‐100, 0.04% NaN3, and 13 cOmplete, EDTA‐free
Proteinase Inhibitor Cocktail (Roche). Lysates were centrifuged
at 20 000g and 4°C for 30 minutes before aliquots for immu-
noblot analysis were taken. Murine lungs were homogenized
using an ULTRA-TURRAX (IKA-Werke) or a Precellys Evolution
(Bertin Instruments) in radioimmunoprecipitation assay buffer
containing 1% NP-40, 1% sodium deoxycholate, 0.01 M NaPi,
150 mM NaCl, 2 mM EDTA, 1 mM Na3VO4, and 23 cOmplete.
Total cell or organ lysates were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred to
nitrocellulose (Schleicher & Schuell) by wet blotting. Blots were
analyzed as described previously.49

Immunofluorescence of cremaster whole mounts
Mice received intraperitoneal injections of 100 mg anti-Ly6G/Gr-
1 antibodies to deplete neutrophils or anti-rat control immu-
noglobulin G (IgG) 24 hours before whole mount stainings of the
cremaster muscle were prepared. Local inflammation was in-
duced by intrascrotal injection of 50 ng of IL-1b (Biomol).
Teklox/lox mice, TekiECKO mice, or in vivo siRNA-transfected mice
were stimulated for 3 hours, Angpt1lox/loxmice, Angpt1PltKOmice,
or platelet-depleted mice were stimulated for 4 hours. Platelet
depletion was achieved by IV injection of anti-GPIba antibodies
(R300) at 2 mg/g body weight within 1 hour. Then, mice were
injected IV with 0.02 mm FluoSpheres fluorescent microspheres
(crimson-labeled; Invitrogen) and sacrificed 5 minutes later. To
analyze the blockade of VWF, C57BL/6 mice received 50 mg of
anti-VWF or control rabbit IgG antibodies IV 5minutes prior to IL-
1b injection. The cremaster muscle was dissected and left in situ
for initial fixation for 10 minutes with 4% paraformaldehyde
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Figure 3. Conditional gene inactivation of Tek in mice. (A-B) Teklox/lox and TekiECKO mice were injected intraperitoneally with tamoxifen on 5 consecutive days and analyzed
3 days later. (A) Total lysates of lung, heart and skin were immunoblotted for Tie-2, VE-cadherin and a-tubulin. (B) Cremaster whole mounts were stained for Tie-2 and PECAM-1.
Scale bars, 50 mm.
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solution in phosphate-buffered saline (PBS) before it was pre-
pared and postfixed for 1 hour in 4% paraformaldehyde solution
in PBS, blocked, permeabilized in 2% ovalbumin and 0.5% Triton
X-100-PBS, and incubated with primary antibodies against
MRP14 and Alexa Fluor 555–coupled anti–PECAM-1 antibodies.

Donkey anti-goat Alexa Fluor 488 secondary antibodies were
used to detect primary antibodies. Tissue was mounted in Dako
fluorescent mounting medium, and Z-stack projections were
acquired using a Zeiss LSM880 confocal microscope and ana-
lyzed with ImageJ and Imaris (Bitplane).
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Figure 4. Conditional inactivation of Tie-2 in endothelial cells evokes neutrophil-dependent leakiness of microspheres. (A) Teklox/lox and TekiECKO mice received in-
traperitoneal injections of anti–Gr-1 or control IgG antibodies and were stimulated 24 hours later for 3 hours with IL-1b. Fluorescent microspheres were injected IV for 5 minutes,
and cremaster whole mounts were stained for PECAM-1 and MRP14. Arrowheads indicate microsphere leakage. Scale bars, 40 mm (left panels), 15 mm (right panels).
Quantification of microsphere leakage (B) and relative neutrophil extravasation (C) per vessel. (D) Total lung lysates of Teklox/lox and TekiECKO mice were analyzed by immunoblot
for the indicated antigens. Results are representative of (A,D) or pooled from (B-C) 4 independent experiments, with 40 or 41 vessels analyzed. Data aremean6 SEM. ***P, .001,
2-way ANOVA. n.s., not significant.
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Statistical analysis
Data sets were tested for normality (Shapiro-Wilk) and equal
variance. Statistical significance was analyzed using a 2-tailed
Student t test, a Mann-Whitney rank test, 1-way analysis of variance

(ANOVA) or 2-way ANOVA for independent samples. Tukey’s test
was applied to correct for multiple comparisons. The ROUT
method was used to identify outliers, with a maximum false
discovery rate of 0.1%. GraphPad Prism 7 software was used for
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Figure 5. Platelet-derived Angpt1 prevents neutrophil-induced plasma leakage. (A-C) Angpt1lox/lox and Angpt1PltKO mice were injected intraperitoneally with anti–Gr-1 or
control IgG antibodies to deplete neutrophils and were stimulated intrascrotally 24 hours later with IL-1b. Four hours later, fluorescent microspheres were injected IV, and
cremaster whole mounts were prepared and stained for PECAM-1 and MRP14 5 minutes later. Arrowheads indicate microsphere leakage. Scale bars, 40 mm (left panels), 15 mm
(right panels). Microsphere leakage (B) and transmigrated neutrophils (C) per vessel were quantified. (D) Lysates of platelets isolated from Angpt1lox/lox or Angpt1PltKO mice were
submitted to an Angpt1 enzyme-linked immunosorbent assay (Bosterbio), according to themanufacturer’s instructions, tomeasure Angpt1 content. Results are representative of
5 (A) or are pooled from 3 (D) or 5 (B-C) independent experiments, with 50 vessels analyzed. Data are mean 6 SEM. ***P , .001, 1-way ANOVA. n.s., not significant.
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this analysis. Data are shown as mean 6 standard error of the
mean (SEM). Immunoblot signals were quantified using ImageJ.

Results
Interference with FGD5 expression induces
leakiness during the extravasation of neutrophils
in vitro and in vivo
We have previously demonstrated that the GEF FGD5, although
not necessary for barrier integrity under basal conditions, is
required for the mechanism by which VE-PTP inhibition/Tie-2
activation protect endothelial junction stability against the
challenge of inflammatory mediators in vivo. In this setup, FGD5
was necessary for the dissolution of radial stress fibers, as well as
the reinforcement of cortical actin.21 Since Heemskerk et al
showed that during the transmigration of neutrophils, endo-
thelial cells are protected from permeability induction by a
contractile actin ring,9 we wanted to know whether FGD5 was
required for this process. To this end, we compared simulta-
neously measured neutrophil transmigration and 40 kDa FITC-
dextran leakage across TNF-a–stimulated HUVEC monolayers
treated with control or FGD5 siRNA. We found that neutrophil
transmigration did not affect permeability of control siRNA-

treated cell layers but enhanced leakiness of FGD5-depleted
monolayers by 50%, while increasing transmigration by only 18%
(Figure 1A-B). Inhibition of FGD5 expression was confirmed by
immunoblot analysis (Figure 1C).

To validate these findings in vivo, we treated C57BL/6 mice with
control or FGD5 siRNA complexed with a polyethylenimine-
based transfection reagent for 48 hours, which resulted in effi-
cient FGD5 knockdown in total lung lysates (Figure 1G) and
the endothelium of venules in the cremaster muscle, as shown
by whole mount staining (supplemental Figure 1, available on
the Blood Web site). Local inflammation in the cremaster was
induced by IL-1b stimulation for 3 hours, and fluorescent mi-
crospheres were injected IV to mark sites of vascular leakiness.
To specifically quantify the leakiness induced by extravasating
neutrophils and to distinguish it from the effect of IL-1b
stimulation, a control condition was included, in which neu-
trophils were depleted from the circulation by injection of
anti–Gr-1 antibodies. Whole mounts of the cremaster muscle
were stained with antibodies against PECAM-1 and MRP14 to
visualize endothelial cells and neutrophils, respectively. In
agreement with the in vitro results, only minor leakage of
microspheres was observed in the cremaster of control
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siRNA–treatedmice. In sharp contrast to this, interference with
FGD5 expression induced microsphere leakage along vessels
at numerous sites. Depletion of neutrophils revealed that this
leakiness was indeed induced during the extravasation pro-
cess, because microsphere leakage was not observed in Gr-
1–injectedmice (Figure 1D). Quantification demonstrated that
FGD5 depletion resulted in a threefold increase in neutrophil-
induced leakiness compared with control siRNA (Figure 1E),
whereas counts of extravasated neutrophils in the analyzed
images revealed only a slight increase (20%) upon FGD5 siRNA
treatment (Figure 1F). Importantly, depletion of neutrophils by
anti–Gr-1 injection blocked the permeability effects (Figure 1E),

demonstrating that the leakage observed in FGD5 siRNA–treated
mice is induced by transmigrating neutrophils.

Tie-2 mediates the protection against
neutrophil-induced leakiness in vivo
Next, we sought to identify the receptor acting upstream of
FGD5 to prevent neutrophil-induced leakiness during in-
flammation. We have previously shown that FGD5 is an essential
downstream target by which Tie-2 counterregulates vascular
permeability induced by inflammatory mediators, such as his-
tamine or thrombin.21 Hence, we decided to investigate the role
of Tie-2 in preventing neutrophil-induced leakage.
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To this end, we first inhibited Tie-2 expression in vivo using the
in vivo–silencing approach with siRNA established previously20

which resulted in an 80% decrease in Tie-2 protein expression in
total lung lysates (Figure 2D). Upon intrascrotal injection of IL-1b,
IV-administered fluorescent microspheres accumulated around
inflamed vessels in Tie-2 siRNA–treated mice, but not in con-
trol siRNA–treated mice, marking the sites of fluid leakage
(Figure 2A). Depletion of neutrophils from the circulation by
anti–Gr-1 antibodies completely blocked the accumulation of
microspheres, revealing that leakiness was induced by neutro-
phils during the transmigration process (Figure 2A-B). In contrast
to microsphere leakage, which was increased threefold in Tie-2
siRNA–treated mice vs control siRNA–treated mice (Figure 2B),
relative transmigration of neutrophils per vessel was only slightly
and insignificantly different between the 2 groups (Figure 2C).
However, we did observe some variance in the severity of mi-
crosphere leakiness within Tie-2 siRNA–treated mice and even
between different vessels in the same animal, which is likely
caused by unequal targeting of the vessels by Tie-2 siRNA.

Therefore, we decided to analyze Tie-2–inducible endothelial-
specific KO mice (TekiECKO) in similar assays. Intraperitoneal in-
jections of tamoxifen on 5 consecutive days induced efficient
inactivation of Tek in lung, heart, and skin, as estimated by
western blot analysis of whole-organ lysates 3 days after the last
dose (Figure 3A). In addition, Tie-2 staining was largely un-
detectable in cremasteric venules, confirming high KO efficiency
in various tissues (Figure 3B).

In line with the results obtained in Tie-2 siRNA–treated animals,
leakage of microspheres from venules of the IL-1b–inflamed
cremaster muscle was strongly induced in TekiECKO mice com-
pared with Teklox/lox littermates, and it was completely blocked
by depletion of neutrophils via anti–Gr-1 antibodies (Figure 4A-B).
In fact, TekiECKOmice exhibited a fivefold greater vessel leakiness
compared with Teklox/lox control mice, unambiguously demon-
strating the relevance of Tie-2 for the maintenance of micro-
vessel stability during neutrophil extravasation. Interestingly, the
extravasation process itself did not seem to be affected by
genetic inactivation of Tie-2, because no difference in the
number of extravasated neutrophils around the vessels was
detected between TekiECKO and Teklox/lox littermates (Figure 4C).
Efficient inhibition of Tie-2 expression was confirmed by western
blot analysis of lung lysates (Figure 4D).

Platelet-derived Angpt1 is required to prevent
neutrophil-induced leakiness
The major known agonist of Tie-2 is Angpt1, which is provided
by different cell types, among them pericytes and platelets.50-52

Because platelets are known to be present at sites of leukocyte
exit and support the leukocyte-extravasation process,26-28,31 we
decided to test whether platelet-specific gene inactivation of
Angpt1 would impair leak protection in neutrophil extravasation.
To this end, we mated Angpt1lox/lox mice with PF4-Cre mice to
obtain transgenic animals specifically lacking Angpt1 in platelets
(Angpt1PltKO mice). These mice or Cre2 littermates were sub-
jected to the microsphere leakage assay in the inflamed cre-
master, as described above. Although neutrophil accumulation
around venules was not altered in Angpt1PltKO mice vs
Angpt1lox/lox mice (Figure 5A,C), the leakage of microspheres
was markedly increased in KO animals and only occurred if
neutrophils were not depleted (Figure 5A-B). Similar results as

for microspheres were found for leakage of 40 kDa FITC-dextran
(supplemental Figure 2). Successful depletion of Angpt1 in
platelets isolated from Angpt1PltKO mice was controlled by
an enzyme-linked immunosorbent assay (Figure 5D). Thus,
platelet-released Angpt1 is specifically required for Tie-2
activation during inflammation to prevent neutrophil-
induced leakiness. In agreement with this, we found that
platelet depletion with anti-GP1ba antibodies also increased
microsphere leaks during neutrophil extravasation to a similar
extent as gene deletion of Angpt1 in platelets (supplemental
Figure 3).

Blocking VWF prevents protection against
diapedesis-induced leaks
It was reported that platelets contribute to systemic Angpt1
levels in the circulation.38 On the other hand, platelets are
recruited to extravasation sites. Depending on the inflammatory
stimulus, platelets are binding to neutrophils25,26 or to VWF on
endothelial cells.27,31 We found that platelet binding to endo-
thelium correlated with leukocyte extravasation (single time-
frame in Figure 6A; supplemental Video 1). Eighty percent of all
extravasating neutrophils transmigrated at sites of platelet binding
(Figure 6B), and the 2 events correlated well (Figure 6C). To de-
termine whether these locally recruited platelets, and not the
circulating ones, provide Angpt1 to prevent leaks, we injected
VWF-blocking antibodies IV 5minutes prior to the induction of local
inflammation in the cremaster by IL-1b stimulation, followed by IV
administration of fluorescent microspheres after 4 hours and
preparation of the cremaster muscle of euthanized mice 5 minutes
later. Strikingly, VWF blockade increased the leakage of micro-
spheres from the inflamed vessels by more than fourfold (Figure
7A-B). At the same time, neutrophil transmigration was reduced
by 33% (Figure 7C), similar towhat we have foundpreviously.27 This
indicates that, although less transmigration takes place, which
should clearly reduce the challenge for endothelial junctions, the
lack of VWF-bound platelets strongly impairs sealing of the di-
apedesis pore, leading to substantial leakiness.

Discussion
Leukocyte extravasation requires the opening of large gaps be-
tween endothelial cells, yet vascular leaks of plasma content are
prevented. This is because an actomyosin-based contractile system
confines the diapedesis pore, which prevents the passage of
macromolecules.9 The present study establishes the stimulus and
the receptor system that trigger this protective mechanism.
Platelets are recruited to endothelial VWF released at sites of
leukocyte extravasation and provide Angpt1 to activate Tie-2 and
its downstream target FGD5 in endothelial cells. Together with our
recent findings that Tie-2 and FGD5 reinforce endothelial cortical
actin and junction stability,21 our results establish an essential re-
ceptor signalingmechanism for the stimulation of a contractile actin
ring around the diapedesis pore that was described previously.9

Based on platelet-specific gene inactivation of Angpt1, we could
identify platelets as the source of Angpt1 needed for the pro-
tection of the endothelial leukocyte diapedesis pore against
leakage. To distinguish whether the platelet-derived systemic
level of Angpt1 in the circulation or locally secreted Angpt1 at
the leukocyte extravasation site was responsible, we blocked the
docking of platelets to endothelium at such sites. We and other
investigators have shown that platelets are recruited by binding
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to endothelial VWF, which becomes exposed to the apical
endothelial surface at sites of inflammation.27,31 Blocking of this
interaction with antibodies was shown to prevent platelets from
contributing to the efficiency of the diapedesis process.27,31

Here, we show that anti-VWF antibodies also prevent platelets
from sealing the leukocyte diapedesis pore. Collectively, these
results indicate that Angpt1 molecules that trigger diapedesis
pore confinement are provided by locally recruited platelets.

We believe that this novel function of platelets, diapedesis pore
confinement, is different from the well-described protective
function against inflammatory bleeding. It is known that throm-
bocytopenia in patients and in platelet-depleted mice causes
hemorrhage at sites of neutrophil extravasation.33,34,53 Thus,
platelets somehow prevent the exit of erythrocytes at such sites.
Platelet receptors mediating this function are the collagen re-
ceptor GPVI and the podoplanin receptor CLEC2.53 It was ex-
cluded that platelet secretion contributes to this effect, clearly
arguing against a role for Angpt1 in protecting against inflam-
matory bleeding.36 Instead, single platelets were suggested to
plug sites of neutrophil extravasation by a mechanism that re-
quired GPVI.37 Clearly, this is an interaction that only occurs if
binding sites, such as collagen, become accessible to platelets.
This is unlikely to occur while a neutrophil is still transmigrating; it
probably happens when complete closure of the diapedesis
pore fails to occur or is delayed while the transmigrating neu-
trophil has already largely disappeared, allowing platelets ac-
cess to the vascular basement membrane.

Stimulation of Tie-2 is well known to protect against perme-
ability induction by soluble inflammatory mediators.14,17 Mecha-
nistically, it was shown that p190RhoGAP and Rac1 were involved in
these junction-stabilizing effects.54,55 All of these studies investigated
junction-destabilizing factors, independent of the leukocyte-
extravasation process. We showed recently that stimulation of
Tie-2 can even stabilize junctions when VE-cadherin has been re-
moved by gene inactivation.20 This was a strong indication that Tie-2
can stabilize junctions in vivo by mechanisms that are not primarily
based on the regulation of VE-cadherin, but rather on the regulation
of indirect mechanisms, such as cortical actin. In agreement with
this, we then found that the Cdc42 GEF FGD5 was an essential
downstream signaling target by which Tie-2 stabilizes endothelial
junctions in vivo.21 FGD5 was needed for Tie-2–stimulated Cdc42
and Rac1 activation, which supported reinforcement of cortical actin
and dampening of radial stress fibers.21 Thus, Tie-2 signaling is
highly suitable for the tightening of junctions that are devoid of
homophilic adhesion mechanisms because of the presence of a
transmigrating leukocyte en route through the diapedesis pore.
Formation and confinement of a cortical actin ring are the bases
for leak prevention during neutrophil diapedesis, as was re-
ported by Heemskerk et al.9 They found that RhoA, as well as the
GEFs Ect2 and LARG, are required to minimize passive plasma
leakage during neutrophil transmigration.9 How Tie-2/FGD5–

stimulated mechanisms relate to the components identified in
that study is not clear and will be interesting to determine in the
future. It is possible that both GTPase regulatory mechanisms act
independently, while each is necessary. The 2 mechanisms may
even be required during different stages of the transmigration
process, such as restriction of the pore size during early and mid-
diapedesis, or during the actual closure of the pore at a late
stage when the largest part of the neutrophil body has already
moved through the endothelial barrier.

In summary, we provide evidence for how sites of neutrophil
extravasation are protected from passive plasma leaks: platelets
recruited to endothelial VWF release Angpt1 to activate en-
dothelial Tie-2, which reinforces cortical actin via FGD5. Our
results imply that 2 factors already recognized for their ability to
modulate vascular barrier function, endothelial Tie-2 signaling
and platelets, are orchestrating the decoupling of neutrophil
extravasation and passive fluid leakage.
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