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Abstract

Leukocyte extravasation is an essential step during the immune
response and requires the destabilization of endothelial junctions.
We have shown previously that this process depends in vivo on
the dephosphorylation of VE-cadherin-Y731. Here, we reveal the
underlying mechanism. Leukocyte-induced stimulation of PECAM-1
triggers dissociation of the phosphatase SHP2 which then directly
targets VE-cadherin-Y731. The binding site of PECAM-1 for SHP2 is
needed for VE-cadherin dephosphorylation and subsequent endo-
cytosis. Importantly, the contribution of PECAM-1 to leukocyte
diapedesis in vitro and in vivo was strictly dependent on the pres-
ence of Y731 of VE-cadherin. In addition to SHP2, dephosphoryla-
tion of Y731 required Ca®*-signaling, non-muscle myosin I
activation, and endothelial cell tension. Since we found that §-
catenin/plakoglobin mask VE-cadherin-Y731 and leukocyte docking
to endothelial cells exert force on the VE-cadherin-catenin
complex, we propose that leukocytes destabilize junctions by
PECAM-1-SHP2-triggered dephosphorylation of VE-cadherin-Y731
which becomes accessible by actomyosin-mediated mechanical
force exerted on the VE-cadherin—catenin complex.
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Introduction

The entry of leukocytes into tissue is essential for the defense
against infections and a hallmark of inflammation. It is controlled
by a sophisticated interplay of adhesion receptors and chemotactic
signals that regulates the docking of leukocytes to the endothelial

cell surface and mediates the diapedesis through the vessel wall of
venules (Muller, 2011; Nourshargh & Alon, 2014; Vestweber, 2015).
Leukocytes can pass through the endothelial barrier by migration
through destabilized junctions between endothelial cells or directly
by moving through endothelial cells on a transcellular route. The
latter pathway, however, is only responsible for about 10% of the
extravasation events in vivo (Schulte et al, 2011; Woodfin et al,
2011). Thus, a central question of the diapedesis process is how
endothelial junctions are triggered to open.

Of the various adhesion molecules at endothelial junctions, VE-
cadherin is arguably the most important one for junction integrity
(Dejana & Vestweber, 2013). Antibodies against VE-cadherin are
sufficient to destabilize endothelial junctions in vitro (Breviario
et al, 1995) and in several vascular beds in vivo (Gotsch et al, 1997;
Matsuyoshi et al, 1997; Corada et al, 1999). Several in vitro studies
reported that leukocyte docking to endothelial cells modulates tyro-
sine phosphorylation of VE-cadherin, and different tyrosine phos-
phorylation sites were reported as important for the diapedesis
process in vitro (Allingham et al, 2007; Turowski et al, 2008). Based
on an in vivo study with knock-in mice expressing point mutated
forms of VE-cadherin with either tyrosine 685 (Y685) or Y731
replaced by phenylalanine, we showed previously that Y731, but
not Y685, was required for leukocyte diapedesis (Wessel et al,
2014). In contrast, Y685 was needed for the induction of vascular
permeability, but not for leukocyte extravasation. Furthermore,
whereas the induction of Y685 phosphorylation by inflammatory
mediators supported leak formation, Y731 was found to be constitu-
tively phosphorylated and leukocytes triggered the dephosphoryla-
tion of Y731. This event required the presence of the phosphatase
SHP2 and triggered endocytosis of VE-cadherin, which supported
neutrophil diapedesis (Wessel et al, 2014). How leukocytes trigger
the dephosphorylation of VE-cadherin-Y731 is unknown.

Several adhesion receptors on endothelial cells are involved in
leukocyte diapedesis. PECAM-1 was found first to serve this function
(Muller et al, 1993; Bogen et al, 1994), followed by CD99 (Schenkel
et al, 2002; Bixel et al, 2004), CD99L2 (Bixel et al, 2010), the nectin-
like molecule poliovirus receptor (PVR) (Reymond et al, 2004;
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Sullivan et al, 2013), junctional adhesion molecule (JAM)-A (Martin-
Padura et al, 1998; Aurrand-Lions et al, 2002), and intercellular adhe-
sion molecule (ICAM)-2 (Huang et al, 2006; Woodfin et al, 2009).
Whereas antibody blockage or deletion does interfere with the diaped-
esis process, the molecular mechanism by which they support diaped-
esis is thus far elusive. For PECAM-1, it was shown that its
stimulation was needed for the fusion of a tubulovesicular membrane
compartment with the plasma membrane at cell contacts (Mamdouh
et al, 2003; Mamdouh et al, 2008). This recycling mechanism was
suggested to be involved in the leukocyte diapedesis process. Yet, for
none of these players effects on VE-cadherin or a role in leukocyte-
induced junction destabilization have been reported.

Here we investigated how leukocytes address the stability of the
endothelial barrier during the diapedesis process. We found that
leukocytes destabilize endothelial junctions by interacting with
PECAM-1, which releases SHP2 and targets VE-cadherin in a force-
dependent manner.

Results

SHP2 supports leukocyte diapedesis by directly
dephosphorylating VE-cadherin-Y731

We have shown previously that Y731 of VE-cadherin is constitutively
phosphorylated, required for efficient leukocyte diapedesis and
becomes dephosphorylated upon leukocyte docking to endothelial
cells in a SHP2-dependent manner (Wessel et al, 2014). To investigate
how SHP2 is involved in these processes, we performed in vitro trans-
migration assays with primary endothelial cells isolated from VE-
cadherin wild-type (WT) or Y731F mice; each transfected with control
or SHP2-specific siRNAs. We found that silencing SHP2 reduced
neutrophil transmigration in WT endothelial cells, but not in Y731F
mutant cells (Fig 1A). Thus, the contribution of SHP2 to neutrophil
transmigration depends on VE-cadherin-Y731. Specificity of RNA
silencing (targeting the 3’'UTR of SHP2 mRNA) was controlled by re-
expression of SHP2, which restored transmigration efficiency (Fig 1
B). To test whether VE-cadherin-Y731 is a direct substrate of SHP2,
we used a substrate trapping approach (Flint et al, 1997) with a trap-
ping mutant of SHP2 that carries a D to A point mutation in its cata-
lytic core, which stabilizes the enzyme-substrate-interaction by
blocking the dephosphorylation activity while leaving substrate-recog-
nition intact. Our affinity precipitation studies showed that VE-
cadherin binds to GST-SHP2-DA, but not to GST-SHP2-WT or GST
only (Fig 1C). Moreover, VE-cadherin WT associated with GST-SHP2-
DA to a much greater extent than VE-cadherin-Y731F, demonstrating
that Y731 is a direct substrate of SHP2. Docking of T lymphocytes to
endothelial cells enhanced the ability to co-immunoprecipitate VE-
cadherin with SHP2 concomitantly to dephosphorylation of VE-
cadherin-Y731 (Fig 1D). Collectively, our results demonstrate that
leukocyte docking to endothelium recruits SHP2 to VE-cadherin,
where it directly dephosphorylates Y731.

PECAM-1 releases SHP2 and is required for leukocyte-induced
dephosphorylation of VE-cadherin-Y731

We next explored which adhesion receptor would trigger SHP2
mediated VE-cadherin-Y731 dephosphorylation. SHP2 was reported
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to associate with PECAM-1 (Masuda et al, 1997) and ICAM-1
(Pluskota et al, 2000). We found that we could co-precipitate
SHP2 from endothelioma cells with anti-PECAM-1, but not
with anti-ICAM-1 antibodies (Fig 2A). Adhesion of T cells trig-
gered rapid tyrosine dephosphorylation of PECAM-1 concomi-
tant with the dissociation of SHP2 (Fig 2A). This raised the
possibility that PECAM-1 may provide SHP2 for the dephospho-
rylation of VE-cadherin-Y731. Consistent with this hypothesis,
endothelioma cells established from PECAM-1 gene-inactivated
mice had lost the ability to dephosphorylate Y731 upon leuko-
cyte interaction, whereas PECAM-1 re-expression rescued this
phenotype (Fig 2B). Furthermore, silencing of PECAM-1 by
siRNA in HUVEC blocked the ability of HL60-derived neutrophil-
like cells to induce VE-cadherin-Y731 dephosphorylation (Fig 2C).
Finally, antibodies against Ig-domain 2 of mouse PECAM-1 blocked
T cell-induced VE-cadherin-Y731 dephosphorylation in endothe-
lioma cells, whereas anti-endomucin control antibodies had no
effect (Fig 2D). Thus, PECAM-1 is required for leukocyte-induced
VE-cadherin-Y731 dephosphorylation.

If PECAM-1 provides SHP2 for this process, this should be
impaired by mutating the binding sites of PECAM-1 for SHP2.
Tyrosine residues Y663 and Y686 of PECAM-1 represent
ITIM motifs for the binding of SHP2 (Jackson et al, 1997).
Hence, we expressed either a PECAM-1-Y663,686F tyrosine
mutant or WT PECAM-1 by adenoviral transduction of HUVEC
cells after depletion of endogenous PECAM-1 by RNA inter-
ference. We found that HLG60-derived neutrophils induced VE-
cadherin-Y731 dephosphorylation only in cells that re-expressed
WT PECAM-1, but not in those that expressed the Y/F mutant
form (Fig 2E). Importantly, transmigration of human neutro-
phils through HUVEC transduced with the mutant form of
PECAM-1 was reduced by 31% in comparison to HUVEC
transduced with WT PECAM-1 (Fig 2F). Collectively, our
results suggest that PECAM-1 releases SHP2, a phosphatase
needed for leukocyte-induced VE-cadherin-Y731 dephosphorylation
and diapedesis.

PECAM-1 is required for leukocyte-induced endocytosis
of VE-cadherin

We have previously shown that leukocyte docking to endothelial
cells triggers endocytosis of VE-cadherin and that this is blocked
upon mutating Y731 in VE-cadherin (Wessel et al, 2014). Based
on the essential role of PECAM-1 for leukocyte-induced VE-
cadherin-Y731 dephosphorylation, we tested whether PECAM-1
would be relevant for leukocyte-induced internalization of VE-
cadherin. Endocytosis was monitored with the help of the mAb
BV6 against the extracellular part of human VE-cadherin. First,
we compared HUVEC treated with PECAM-1 siRNA and ctrl
siRNA and found that HL60-derived neutrophils enhanced VE-
cadherin internalization in ctrl HUVEC 1.9-fold, but caused no
significant increase in HUVEC silenced for the expression of
PECAM-1 (Fig 3A). Leukocyte-induced VE-cadherin internalization
strongly recovered (3.2-fold) upon re-expression of WT PECAM-1,
but much less efficiently (1.7-fold) upon expression of PECAM-1-
Y663,686F (Fig 3B). Thus, leukocyte-induced VE-cadherin endocy-
tosis depends to a significant extent on the PECAM-1 binding site
for SHP2.

© 2021 The Authors
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Figure 1. SHP2 supports leukocyte diapedesis by directly dephosphorylating VE-cadherin-Y731.

A

Transmigration of mouse neutrophils toward the chemokine CXCL-1 through TNF-a-stimulated VE-cadherin WT (WT) or VE-cadherin Y731F (Y731F) primary
endothelial cells, each transfected with control or SHP2-specific SiRNA. The transmigration rate is presented relative to that of WT cells transfected with control
siRNA, set as 100%. On the right, Western blot analysis of lysates from cells used in transmigration assays for the expression of SHP2 and a-tubulin.
Transmigration of human neutrophils toward the chemokine IL-8 through TNF-a-stimulated human endothelial cells (HUVEC), transfected with control or SHP2-
specific siRNA, and were either not transduced (=) or transduced (+) with adenoviruses expressing human SHP2 (Adv-SHP2). The transmigration rate is presented
relative to that of cells transfected with control siRNA, set as 100%. On the right, Western blot analysis of lysates from cells used in transmigration assays for the
expression of SHP2 and a-tubulin.

Lysates of WT or Y731F primary endothelial cells were submitted to pulldowns with GST, GST-SHP2-WT, or GST-SHP2-DA. Pulldowns and total cell lysates were
analyzed by Western blotting for VE-cadherin and GST. Graph below represents quantification of two independent experiments, presented as fold change of bound
VE-cadherin.

TNF-a-activated bEnd.5 cells were incubated with mouse T cells for 0-30 min. SHP2 (above) or VE-cadherin (below) were immunoprecipitated (IP) from cell lysates
and precipitates as well as total cell lysates were analyzed by immunoblotting for indicated antigens. Molecular weight markers are indicated in kDa. Graph below
represents quantification of five independent experiments, presented as fold change of bound VE-cadherin.

Data information: Immunoblots are representative of two (C) or five (D) independent experiments and transmigration experiments represent data from four (A) and three
(B) independent experiments with 3-6 values for each group per assay. Graphs represent mean + SEM. Statistical significance was tested with one-way ANOVA, (A, B) or
Kruskal-Wallis test (D), *P < 0.05, **P <0.01, ****P <0.0001, n.s., not significant.

Source data are available online for this figure.
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Figure 2. PECAM-1 provides SHP2 and is required for leukocyte-induced dephosphorylation of VE-cadherin-Y731.

A-E Different endothelial cells were stimulated with TNF-a for 17 h prior to adding leukocytes for indicated time points followed by immunoprecipitations (antigens
indicated above) and immunoblots (antigens indicated on the right) of precipitates and endothelial cell lysates (Iso = isotype control). (A) bEnd.5 cells were
incubated with antigen-stimulated mouse T cells for 0-15 min. (B) luEnd cells devoid of PECAM-1 (KO) or re-transfected with PECAM-1 (RT) were incubated with T
cells for 30 min. (C) HUVEC transfected with control or PECAM-1-specific siRNA were incubated with differentiated HL60 cells for 20 min. (D) bEnd.5 cells were pre-
treated with anti-PECAM-1 (Mec13.3) or anti-endomucin antibodies for 30 min prior to incubation with T cells for 30 min. (E) HUVEC, siRNA depleted for
endogenous PECAM-1, were transduced with wild-type PECAM-1 (PECAM-1 WT) or Y663,686F PECAM-1 double mutant (PECAM-1 YF) and incubated with HL60-
derived neutrophils for 20 min. On the right, immunoblot analysis of lysates from siRNA-treated cells before PECAM-1 re-expression.

F Transmigration of human neutrophils toward IL-8 through TNF-a-stimulated HUVEC expressing PECAM-1 WT or PECAM-1-Y663,686F. The transmigration rate is

presented relative to that of PECAM-1 WT expressing cells, set as 100%.

Data information: Graphs below the immunoblots represent quantification of three (A, B), two (C, E), or four (D) independent experiments, presented as fold change in
pY731-VE-cadherin signal intensities, adjusted to the amount of precipitated VE-cadherin and normalized to control cell, set as 1. Immunoblots are representative of
three (A, B) independent experiments and transmigration results from three (F) independent experiments with 6 values for each group per assay (mean + SEM).
Statistical significance was tested with one-way ANOVA (A, B, D) or unpaired two-tailed t-test (F), *P < 0.05, **P <0.01, n.s,, not significant.

Source data are available online for this figure.

The contribution of PECAM-1 to leukocyte diapedesis is
dependent on Y731 of VE-cadherin

To provide direct evidence that PECAM-1 regulates diapedesis
through the SHP2-VE-cadherin-dependent mechanism described
above, we tested next whether anti-PECAM-1 antibodies could still
inhibit neutrophil diapedesis through endothelioma cells silenced for
SHP2. We found that anti-PECAM-1 antibodies, when compared with
control antibodies against endomucin, inhibited diapedesis in ctrl
siRNA-treated cells by 25%, whereas no inhibition was observed in
SHP2 siRNA-treated cells (Fig 4A). Likewise, anti-PECAM-1 antibod-
ies inhibited diapedesis of neutrophils through primary endothelial
cells from WT mice by 32 %, but had no inhibitory effect on diaped-
esis through endothelial cells from Y731F knock-in mice (Fig 4B). A
similar result was found when we analyzed the effects of anti-
PECAM-1 antibodies on IL-1p-induced neutrophil extravasation in
the cremaster of WT and Y731F mice. As shown in Fig 4C, anti-
PECAM-1 inhibited extravasation by 31% in WT mice, but had no
effect in Y731F mice. As expected, no inhibitory effects were
observed for neutrophil adhesion or rolling flux fraction (Fig 4D and
E). Collectively, these results reveal that the contribution of PECAM-
1 to neutrophil diapedesis in vitro and in vivo relies on SHP2-medi-
ated dephosphorylation of VE-cadherin-Y731.

VE-cadherin-Y731 becomes phosphorylated before it reaches the
cell surface and is masked by catenins

In the course of investigating the role of SHP2 in VE-cadherin phos-
phorylation, we found to our surprise that overexpression of SHP2 in
HUVEC by adenoviral transduction did not lead to the dephosphory-
lation of VE-cadherin-Y731 (Fig 5A). This raised the idea that in rest-
ing endothelial cells, Y731 of mature VE-cadherin may not be freely

accessible. Hence, we tested whether Y731 may become phosphory-
lated during its post-translational processing before it reaches the cell
surface. Cadherins are known to undergo cleavage of its prodomain
in the Golgi (Posthaus et al, 1998). To determine, whether phospho-
rylation of Y731 already occurs at the proform stage, we generated
antibodies against the prodomain of VE-cadherin. As shown in Fig 5
B, these antibodies specifically recognized a form of VE-cadherin
with slightly higher mobility in PAGE. Reduction of the apparent
molecular weight of this proform in comparison with mature VE-
cadherin was due to its not yet fully processed glycosylation, as was
determined by blocking N-glycosylation with tunicamycin (Fig EV1).
Importantly, the proform of VE-cadherin was already associated with
the catenins and phosphorylated at Y731 (Fig 5B).

To test directly, whether p-catenin or plakoglobin impair access
of SHP2 to Y731 of VE-cadherin, we performed in vitro phosphatase
assays with recombinant, purified SHP2, and immunoprecipitated
VE-cadherin—catenin complexes. By subsequent immunoblotting, we
found that Y731 phosphorylation could indeed not be reduced by
this treatment (Fig 5C). Only when the immunoprecipitated VE-
cadherin-catenin complexes were treated with 0.2% SDS to dissoci-
ate catenins from VE-cadherin prior to incubation with SHP2, we
observed a reduction in Y731 phosphorylation (Fig 5C and D). These
results suggest that the catenins mask the phosphorylation site of
VE-cadherin at Y731, which requires additional mechanisms in cells
to make this site available for SHP2 during leukocyte diapedesis.

Dephosphorylation of VE-cadherin-Y731 during leukocyte
diapedesis requires Ca>* mobilization and actomyosin
contraction in endothelial cells

Since leukocyte docking to endothelial cells was not accompanied by
dissociation of p-catenin or plakoglobin from VE-cadherin (Fig EV2),

Figure 3. PECAM-1 is required for leukocyte-induced internalization of VE-cadherin.

A, B Endocytosis of VE-cadherin in 17 h TNF-a-treated HUVEC was induced by adding HL60-derived neutrophils for 20-30 min at 37°C and monitored by the
internalization of pre-incubated mAb BV6, which was visualized in fixed cells with a secondary fluorescent antibody (white). Total VE-cadherin was stained with
another mAb (red), nuclei stained with Hoechst (white). (A) HUVEC had been transfected prior to the experiment with control or PECAM-1-specific siRNA. Cell
lysates were analyzed for expression levels of PECAM-1 and tubulin (below). (B) Similar as A, except that PECAM-1 siRNA-treated HUVEC were transduced with WT
PECAM-1-EGFP or PECAM-1-Y663,686F-EGFP. Expression levels of transduced PECAM-1 forms and of EGFP and VE-cadherin are shown in immunoblots (on the

right). Relative VE-cadherin internalization efficiency is given on the right.

Data information: Graphs represent data from three independent experiments (mean + SEM) (A, B). Statistical significance was tested with one-way ANOVA,

****p < 0.0001, n.s., not significant. Scale bars 20 pm.
Source data are available online for this figure.
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Figure 4. PECAM-1 mediated leukocyte diapedesis is in vivo and in vitro dependent on VE-cadherin-Y731.

A Transmigration of mouse neutrophils toward CXCL-1 through TNF-a-stimulated bEnd.5 cells transfected with control or SHP2-specific SIRNA and pre-treated with
anti-endomucin (7C7.1) or anti-PECAM-1 (Mec13.3) antibodies for 30 min at 37°C before addition of neutrophils. The transmigration rate is presented relative to
that of control cells, set as 100%.

B Transmigration of mouse neutrophils toward CXCL-1 through TNF-a-stimulated WT or Y731F primary mouse endothelial cells pre-treated with isotype control or
anti-PECAM-1 (2H8) antibodies for 30 min at 37°C prior to addition of neutrophils. The transmigration rate is presented relative to that of control cells, set as 100%.

C-E Extravasated leukocytes (C), adherent leukocytes (D), and rolling flux fraction of leukocytes (E) in cremaster tissue from WT or Y731F VE-cadherin mice stimulated
intrascrotally with IL-1p and treated i.v. with isotype control or anti-PECAM-1 (2H8) antibodies for 4 h before intravital microscopy.

Data information: Graphs represent data from three (A, B) independent experiments in triplicate for each group (mean + SEM). Data in (C-E) are of 38 vessels from four
mice, 39 vessels from four mice, 31 vessels from three mice and 43 vessels from four mice analyzed in WT + 1gG, WT + 2H8, Y731F + IgG, and Y731F + 2H8 treatment
groups, respectively (mean + SEM). Statistical significance was tested with one-way ANOVA, *P < 0.05, **P < 0.01, ****P < 0.0001, n.s., not significant.

we searched for more subtle ways of demasking pY731. It is well et al, 1997; Garcia et al, 1998; Saito et al, 1998; Saito et al, 2002)
documented that leukocyte transmigration requires Ca**-signaling which enhance contractility in endothelial cells. We speculated that
and the activation of non-muscle myosin II (NM-II) (Hixenbaugh the catenin-mediated link of VE-cadherin to actin may allow
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Figure 5. VE-cadherin-Y731 becomes phosphorylated before it reaches the cell surface and is masked by catenins.

A HUVEC were transduced with increasing titers of adenovirus expressing human SHP2. VE-cadherin was immunoprecipitated from cell lysates and precipitates as well

as total cell lysates were analyzed by immunoblots for indicated antigens.

B bEnd.3 cells were lysed, and VE-cadherin or immature VE-cadherin was immunoprecipitated, respectively, with C5 or VD47 antibodies. Precipitates were blotted
against pY731-VE-cadherin, B-catenin, plakoglobin, p120, a-catenin, and VE-cadherin.

C VE-cadherin—catenin complex was immunoprecipitated from HUVEC lysates and was either left untreated (no SDS) or treated with 0.2% SDS for 30 min at room
temperature, followed by removal of SDS and addition of 2 pg recombinant human SHP2 for 30 min at 30°C. Precipitates were analyzed in immunoblots for pY731-

VE-cadherin, plakoglobin, p-catenin, and VE-cadherin.

D Quantification of pY731 blot signals of three independent experiments (from C), with the signal intensity for untreated VE-cadherin set as 1. Molecular weight

markers are indicated in kDa.

Data information: Immunoblots are representative of at least three (A, B-right panel, C) or five (B-left panel) independent experiments (mean + SEM). Statistical
significance was tested with unpaired two-tailed t-test, *P < 0.05, n.s., not significant.

Source data are available online for this figure.

mechanical forces to modulate the catenin-VE-cadherin interaction
thereby rendering Y731 accessible for SHP2. Thus, we tested whether
blocking of Ca**-signaling by the chelator MAPTAM or of myosin by
the inhibitor blebbistatin would not only inhibit leukocyte transmi-
gration, but also leukocyte-induced dephosphorylation of VE-
cadherin-Y731. We found that MAPTAM inhibited transmigration of
neutrophils through primary mouse endothelial cells of WT mice, but
not if endothelial cells originated from Y731F mice (Fig 6A). In line
with this, we found that T cell-induced VE-cadherin-Y731 dephos-
phorylation was blocked by MAPTAM (Fig 6B). In both assays,
MAPTAM had been washed away before adding leukocytes. Similar
results as with MAPTAM were found with the myosin inhibitor bleb-
bistatin (Fig 6C and D). Again, blebbistatin was washed away before
adding leukocytes. Next, we tested whether stimulation of stress
fiber-mediated force would enhance accessibility of VE-cadherin-
Y731. To this end, we tested whether thrombin would assist overex-
pressed SHP2 in HUVEC to dephosphorylate Y731. As described

8 of 20 The EMBO Journal ~ 40: €106113 | 2021

above, overexpression of SHP2 alone was not sufficient to dephos-
phorylate Y731 (Fig 5A), but in combination with thrombin, phos-
phorylation of Y731 was strongly reduced (Fig 6E). No significant
effect was observed when lacZ overexpressing cells were treated with
thrombin. Collectively, these results reveal that Ca**-signaling and
activation of NM-II is required for leukocyte-induced dephosphoryla-
tion of VE-cadherin-Y731 and for diapedesis, which is in agreement
with the concept that leukocyte docking exerts force on VE-cadherin,
which may render the catenin-masked Y731 accessible for SHP2.

Leukocyte migration through endothelium generates tension on
VE-cadherin required for dephosphorylation of VE-cadherin-Y731

To test whether leukocyte diapedesis enhances tension across VE-
cadherin, we generated a novel VE-cadherin tension sensor by
inserting a ferredoxin-like (FL) linker-based Forster resonance
energy transfer (FRET) module (Austen et al, 2015; Cost et al, 2015;

© 2021 The Authors
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Figure 6. Dephosphorylation of VE-cadherin-Y731 requires Ca%* mobilization and actomyosin contraction during leukocyte diapedesis.
A Transmigration of mouse neutrophils toward the chemokine CXCL-1 through TNF-a-stimulated WT or Y731F primary endothelial cells, either pre-treated with vehicle
control (DMSO) or Ca** chelator (MAPTAM) for 30 min at 37°C prior to addition of neutrophils. The transmigration rate is presented relative to DMSO-treated

endothelial cells expressing WT VE-cadherin.

B TNF-a-activated bEnd.5 cells were treated with DMSO or MAPTAM, prior to incubation with antigen-stimulated mouse T cells for 30 min. VE-cadherin was
immunoprecipitated from cell lysates and precipitates as well as total cell lysates were analyzed by immunoblots for indicated antigens. Quantification of pY731 blot
signals of five independent experiments is shown below, with the signal intensity for the control sample (no T cells, vehicle control) set as 100%.

C Transmigration assays as in (A), except for replacing MAPTAM treatment with Blebbistatin.

o

Similar as for (B), except for replacing MAPTAM treatment with Blebbistatin.

E HUVEC transduced with lacZ or with SHP2 were either untreated (—) or treated (+) with thrombin for 30 min followed by immunoblotting either VE-cadherin
immunoprecipitates or cell lysates for the indicated antigens on the right. A quantification of four independent experiments is shown on the right. Molecular weight

markers are indicated in kDa.

Data information: The immunoblots are representative of five (B) or four (D, E) independent experiments, and the quantifications of transmigration experiments
represent data from three (A, C) independent experiments in triplicate for each group per assay. Bars and error bars indicate mean + SEM. Statistical significance was
tested with one-way ANOVA (B, E) or 2-way ANOVA (A, C), ***P < 0.001, ****P < 0.0001, n.s., not significant.

Source data are available online for this figure.

Ringer et al, 2017) between the p120 and the f-catenin-binding site
of VE-cadherin. With this sensor, tension above the threshold of 4
pN extends the elastic FL linker resulting in separation of two fluo-
rophores YPet and mCherry and thereby reducing FRET. A VE-
cadherin tailless sensor (FL-TS) lacking the catenin-binding region
of the cytoplasmic tail of VE-cadherin behind the fused FRET

© 2021 The Authors

module was used as negative control (Fig 7A). The constructs were
expressed by adenoviral transduction in HUVEC where endogenous
VE-cadherin had been silenced by siRNA, targeting the untranslated
region of VE-cadherin mRNA. Comparable expression levels of each
construct to endogenous VE-cadherin levels in ctrl siRNA-treated
cells  were confirmed by  immunoblotting (Fig 7B).
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Figure 7. VE-cadherin tension sensor is suitable to measure induction of force across VE-cadherin during thrombin stimulation.

A

E

Schematic representation of VE-cadherin tension sensor (VE-cad FL) and VE-cadherin tailless sensor (VE-cad FL-TS). VE-cadherin tension sensor has a ferredoxin-like
(FL) linker-based FRET module inserted within VE-cadherin between the p120 and the p-catenin-binding site, whereas VE-cadherin tailless sensor lacks the catenin-
binding region of VE-cadherin. The FRET module (depicted in box) consists of two fluorophores, YPet and mCherry separated by an elastic domain. When the module
is under tension, FRET from YPet to mCherry decreases.

HUVEC were transfected with control or VE-cadherin-specific siRNA and transduced with VE-cad FL or VE-cad FL-TS. Cell lysates were immunoblotted for VE-cadherin
and actin.

Immunofluorescence staining for VE-cadherin of HUVEC transfected with control or VE-cadherin-specific siRNA (VE-cad kd) and transduced with VE-cad FL or VE-cad FL-TS.
HUVEC were either transfected with control or VE-cadherin targeting siRNA and transduced with VE-cad FL or VE-cad FL-TS. The tension sensor was
immunoprecipitated from cell lysates using an anti-GFP antibody. Precipitates as well as total cell lysates were analyzed by immunoblotting for indicated antigens.
Molecular weight markers are indicated in kDa.

Quantification of FRET efficiency (percentage) in junctions of HUVEC expressing VE-cad FL or VE-cad FL-TS, after thrombin stimulation (1 U/ml) or under control conditions.

Data information: (C, D) Representative pictures from three independent experiments. (E) Graph represents measurements (n = 60, 61, 52, 53) pooled from three
independent experiments. Statistical significance was tested with unpaired t-test, ****P < 0.0001, n.s., not significant. Scale bars 20 um.

Source data are available online for this figure.

Immunofluorescence staining of VE-cadherin confirmed the down-
regulation of endogenous VE-cadherin in HUVEC as well as the
correct localization of both VE-cadherin tension sensors (FL and FL-
TS) at cell junctions (Fig 7C). The interaction of the VE-cadherin
tension sensor with catenins and thereby its ability to be connected
to actin was demonstrated by co-immunoprecipitating a-catenin
(Fig 7D). As expected, no such interaction was found for the nega-
tive control construct VE-cad FL-TS.

To characterize functionality of our VE-cadherin tension sensor,
we first analyzed the effect of thrombin. By determining donor fluo-
rescence lifetime using fluorescent lifetime imaging microscopy
(FLIM) of living, thrombin-stimulated HUVEC, we showed clear
reduction of YPet lifetime resulting in a drop of FRET efficiency by
20% for VE-cad FL, whereas the FRET efficiency of VE-cad FL-TS
did not change upon thrombin treatment (Fig 7E). Thus, our FRET
sensor is suitable to detect changes in tension across VE-cadherin.

Next, we used FLIM-FRET measurements under live conditions
to analyze whether transmigrating PMNs would affect tension
across VE-cadherin. Comparing the junctions of the same endothe-
lial cells before starting flow and under flow conditions (1 dyn/cmz)
resulted in no significant difference in FRET efficiency (Fig 8A). In
contrast, in experiments where PMNs were added under flow condi-
tions, a significant reduction in FRET efficiency was detected in
endothelial cells expressing the VE-cadherin FL tension sensor
(Fig 8B), whereas no such effect was seen in cells expressing the
VE-cadherin FL-TS control construct, which is unable to bind to

catenins (Fig 8C). Since we imaged live cells, analyzing the vicinity
of single, rapidly transmigrating leukocytes did not yield sufficient
photon counts for reliable measurements. Therefore, areas of
endothelial cells with multiple PMNs were analyzed, causing the
problem that the signals of large junctional areas were also
included, which were devoid of transmigrating neutrophils. This
“diluted” our measured effects of PMNs on FRET efficiency.

To circumvent this problem, we analyzed HUVEC monolayers
fixed with paraformaldehyde during the process of PMN transmigra-
tion. Direct comparison of junctions at sites of PMN transmigration
with junctions of HUVEC without PMNs revealed a 15.4% drop in
FRET efficiency, whereas no such effect was seen when HUVEC
expressed the VE-cadherin FL-TS control construct (Fig 8D). Fluo-
rescence imaging based on pixel-wise FLIM analysis showed a local
increase in tension around the site of PMN diapedesis (Fig 8E).
Thus, neutrophils stimulate mechanisms that cause pulling forces
on VE-cadherin, which require its catenin-mediated link to actin.

Similar FLIM-FRET experiments with HUVEC silenced for SHP2
and expressing the tension sensor showed no impairment of
the reduction in FRET efficiency at sites of PMN diapedesis, demon-
strating that SHP2 acts downstream of leukocyte-induced tension
exerted on VE-cadherin (Fig EV3).

To test whether mechanical tension would indeed support
leukocyte-induced dephosphorylation of VE-cadherin-Y731, we
cultured HUVEC on substrates of 0.2 and 20 kPa stiffness. When
HL60-derived neutrophils adhered to these cells, we found that

Figure 8. Leukocyte migration through endothelium generates tension on VE-cadherin required for dephosphorylation of VE-cadherin-Y731.

A-C Quantification of FRET efficiency (percentage) in junctions of HUVEC expressing VE-cad FL (A, B) or VE-cad FL-TS (C). HUVEC were stimulated 4 h with TNF-o prior
to adding IL-8 for 4 min, followed by flow with buffer alone (A) or together with PMNs (B, C). The connected data points represent FRET efficiency of same

junctions compared before and after addition of flow/PMNs.

D Quantification of FRET efficiency (percentage) in junctions of HUVEC expressing VE-cad FL or VE-cad FL-TS. Cells were either exposed to flow and PMNs or to flow
alone, fixed using 4% PFA, and washed with PBS. FLIM measurements were performed at sites of transmigration (PMNs) or at junctions without PMNs (Flow).

E Representative images of HUVEC expressing VE-cad FL at a site of PMN transmigration (left micrographs) or without PMN (right micrographs). Maximum intensity
projection of a Z-stack of YPet fluorescence (VE-cadherin in green) and CellTracker DeepRed (PMN in red) is shown for the upper micrographs. The part of the PMN
above the HUVEC monolayer is encircled in yellow and the part underneath in blue. The amplitude averaged lifetime of YPet per pixel (FLIM measurement) of the

same cells is shown in the bottom micrographs.

F HUVEC were grown on collagen-coated polyacrylamide gels of varying physiologic stiffness of 0.2 and 20 kPa and stimulated with TNF-« for 17 h prior to adding
HL60-derived neutrophils for 20 min. VE-cadherin was immunoprecipitated and precipitates as well as total cell lysates were analyzed by Western blotting for
indicated antigens. Relative quantifications of pY731 blot signals adjusted to the amount of precipitated VE-cadherin are shown on the right (from seven

independent experiments).

Data information: Graphs represent data from n = 50 (A, B) and 51 (C) measurements pooled from 10 independent experiments. Graph in (D) represents measurements
(n = 32, 30, 14, 14) of three independent experiments. Graph in (F) represents data of seven independent experiments. Bars and error bars indicate mean + SEM.
Statistical significance was tested with paired t-test (A, B, C), and unpaired t-test (D, F), ****P < 0.0001, ***P < 0.001, n.s., not significant.

Source data are available online for this figure.

© 2021 The Authors
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dephosphorylation of VE-cadherin-Y731 was only observed at high
substrate stiffness (Fig 8F). Thus, tension across endothelial cells
is needed to stimulate Y731 dephosphorylation, which supports
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the concept that pulling forces on the VE-cadherin—catenin
complex are needed. Importantly, tension was not needed for
leukocyte-induced dissociation of SHP2 from PECAM-1, as was
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Figure 9. Proposed model for the molecular mechanisms promoting opening of junctions during leukocyte diapedesis.

Leukocytes destabilize endothelial junctions by stimulating PECAM-1. Leukocyte-induced stimulation of PECAM-1 triggers the release of SHP2 that directly interacts
with and dephosphorylates VE-cadherin-Y731, which is required for the internalization of VE-cadherin. In addition to mobilizing SHP2, leukocytes stimulate Ca®*-
signals in endothelial cells, and activate actomyosin-based tension across the VE-cadherin—catenin complex which is needed for Y731 dephosphorylation to occur. Since
B-catenin/plakoglobin mask the accessibility of Y731 for SHP2, we propose that leukocytes destabilize junctions by PECAM-1-SHP2-triggered dephosphorylation of VE-
cadherin-Y731 which becomes accessible by actomyosin-mediated mechanical force exerted on the VE-cadherin—catenin complex.

tested with HL60-derived neutrophils and HUVEC grown on 0.2
and 20 kPa substrates (Fig EV3).

Discussion

Here we show that PECAM-1 mediates leukocyte diapedesis in vivo
and in vitro by interfering with VE-cadherin. This is based on the
following findings: Blocking PECAM-1 expression or function abol-
ished the ability of leukocytes to induce VE-cadherin-Y731 dephos-
phorylation and VE-cadherin internalization. Likewise, mutating the
binding site of PECAM-1 for SHP2 had similar effects. Furthermore,
leukocytes triggered the dissociation of SHP2 from PECAM-1 and its
association with VE-cadherin, where Y731 is a direct substrate of
SHP2. Finally, blocking of PECAM-1 inhibited neutrophil diapedesis
in vitro and in vivo only if the endothelium expressed WT VE-
cadherin, but not if Y731 was mutated. We conclude that PECAM-1
supports leukocyte diapedesis by triggering Y731 dephosphorylation
and internalization of VE-cadherin (Fig 9).

A second central requirement for the dephosphorylation of Y731,
in addition to SHP2, is a mechanism which renders Y731 accessible.
We found that the catenins mask Y731 and that its phosphorylation
occurs in cells already before the prodomain of VE-cadherin is

© 2021 The Authors

cleaved off, suggesting that phosphorylation of Y731 may take place
before catenins are associated. Searching for a potential demasking
mechanism we found: First, inhibition of Ca**-signaling and non-
muscle myosin activity in endothelial cells blocked leukocyte-induced
Y731 dephosphorylation and inhibited leukocyte diapedesis in a
Y731-dependent manner. Second, induction of Y731 dephosphoryla-
tion needed cellular tension. Third, leukocyte stimulation of endothe-
lial cells exerted force on the VE-cadherin—catenin complex, as
demonstrated by FLIM. Collectively, these results suggest that leuko-
cyte—endothelial interactions exert force on the VE-cadherin-catenin
complex, which could assist in making Y731 accessible (Fig 9).
According to our results, PECAM-1 contributes to the diapedesis
process by destabilizing junctions via triggering the endocytosis of
VE-cadherin. Although PECAM-1 is known since decades to support
the diapedesis process (Muller et al, 1993; Bogen et al, 1994), until
today it has not yet been shown whether or how it triggers destabi-
lization of endothelial junctions. PECAM-1 was found to stimulate
in vitro leukocyte-induced recycling of a tubulovesicular structure,
called lateral border recycling compartment (LBRC), to the plasma
membrane at cell contacts (Mamdouh et al, 2003; Mamdouh et al,
2008). Analysis of the protein composition of these vesicles did not
allow to identify unique markers, but showed the lack of VE-cadherin
(Sullivan et al, 2014). Recycling of these vesicles to cell contacts was
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suggested to enlarge the cell surface area at junctions which would
help to accommodate the body of the transmigrating leukocyte
(Mamdouh et al, 2003). A role of the LBRC in leukocyte diapedesis is
based on the correlation that several proteins which are involved in
LBRC recycling, such as PECAM-1, CD99, and the adaptor IQGAP1
are also involved in the diapedesis process (Muller, 2011; Sullivan
et al, 2019). It is presently difficult to think of a selective and specific
way of inhibiting LBRC recycling without affecting other cellular
functions. Once specific means of interference with the LBRC are
known, it will be possible to test the relation of LBRC recycling to the
function of PECAM-1-triggered opening of junctions, which we have
demonstrated here. We assume that the mobilization of LBRC vesi-
cles to junctions occurs after PECAM-1 triggers internalization of VE-
cadherin and thereby destabilization of junctions.

In addition to transmigration through the endothelial barrier,
PECAM-1 acts at a later step in extravasation. Blocking PECAM-1
with antibodies against more membrane proximal Ig domains as
well as gene inactivation causes the accumulation of leukocytes
between endothelial cells and the basement membrane in mice and
rats (Liao et al, 1995; Wakelin et al, 1996; Thompson et al, 2001;
Woodfin et al, 2007). The molecular mechanism by which PECAM-1
supports the exit of leukocytes from the endothelial cell basement
membrane interphase is elusive.

It is well documented that neutrophil and lymphocyte diapedesis
depend on Ca®*-signaling in endothelial cells (Huang et al, 1993;
Pfau et al, 1995; Etienne-Manneville et al, 2000; Su et al, 2000; Kiel-
bassa-Schnepp et al, 2001), and different Ca®*-channels such as
TRPC6 (Weber et al, 2015) and TRPC7 (Mittal et al, 2017) have been
suggested to be involved. In addition, neutrophil diapedesis requires
the activation of endothelial myosin light chain kinase and the
phosphorylation of non-muscle myosin regulatory light chain
(Hixenbaugh et al, 1997; Garcia et al, 1998), which is triggered by
PMN-stimulated Ca®*-signaling and calmodulin activation (Saito
et al, 1998). These mechanisms were accompanied by enhanced
formation of radial stress fibers and it was therefore suggested that
leukocytes induce signaling mechanisms within endothelial cells
which trigger pulling forces on endothelial junctions that support
gap formation. In line with this, a stiff cellular substrate, without
which tension cannot form (Urbano et al, 2017), is needed for
leukocyte diapedesis (Stroka & Aranda-Espinoza, 2011) and
mechanical forces in endothelial cells are induced by transmigrating
leukocytes (Rabodzey et al, 2008; Liu et al, 2010). According to a
recently proposed alternative mechanism, leukocytes rather push
their way through endothelial junctions, whereas endothelial
myosin activity was considered obsolete (Barzilai et al, 2017). In
light of this alternative concept, it is important that our study shows
for the first time, that neutrophils indeed trigger signals within
endothelial cells which enhance the tension on the VE-cadherin-
catenin complex. We propose that this force renders VE-cadherin-Y731
accessible for SHP2, which leads to VE-cadherin internalization and
junction destabilization as outlined above. The comparably small
increase which we observed in average VE-cadherin tension in live
cells indicates that it is a subset of VE-cadherin molecules that are
involved in this process. This makes sense, since the effects are
expected to be local at sites of transmigration whereas junctions at
other sites should be unaffected. This is strongly supported by our
results with fixed endothelial cells where we could show that
tension across VE-cadherin was locally enhanced within the vicinity
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of transmigrating PMNs. In addition to effects in Y731 accessibility,
leukocyte-induced tension on VE-cadherin is of course also likely to
provide direct mechanical support for the formation of gaps at
endothelial junctions. Intriguingly, the here described modulation of
VE-cadherin mechanics appears to be distinct from a previously
described process, in which application of shear flow leads to a
decrease in VE-cadherin tension (Conway et al, 2013; Conway et al,
2017). Potential reasons why we did not detect flow induced effects
on VE-cadherin tension could be based on the fact that we
performed our experiments at much lower shear force (1 instead of
15 dyne/cm?). In addition, the previously reported sensor reacts
gradually to forces from below 1-6 pN, whereas the sensor we used
here responds to forces above 4 pN (Ringer et al, 2017).

SHP2 is an important regulator of numerous signaling processes in
many cell types in physiology and pathophysiology (Mohi & Neel,
2007; Tajan et al, 2015). Its binding to the phosphorylated Y663 and
686 residues of PECAM-1 is well documented (Pumphrey et al, 1999).
In resting endothelial cells, SHP2 was reported to preserve junction
integrity by inactivating the tyrosine kinase Met and the GTPase Arfl
(Zhang et al, 2019). Thrombin was reported to trigger the dissociation
of SHP2 from VE-cadherin and thereby enhance VE-cadherin phos-
phorylation and destabilize junctions (Ukropec et al, 2000). On the
other hand, thrombin was found to enhance the interaction of SHP2
with p-catenin which supported the recovery of junctions during
reassembly (Timmerman et al, 2012). Inhibition of SHP2 was
suggested to enhance leukocyte—-endothelial adhesion, but impair the
diapedesis process (Yan et al, 2017). In line with the former result,
SHP2 was found to become inactivated in sepsis which supported IL-
18 induced NFkB-driven pro-inflammatory transcriptional activity
and enhanced expression of ICAM-1 and VCAM-1 (Heun et al, 2019).
Thus, SHP2 regulates multiple signaling mechanisms in endothelial
cells which affect inflammatory processes in different ways. With
respect to its role in leukocyte diapedesis, we show here that it medi-
ates the PECAM-1-triggered dephosphorylation of VE-cadherin-Y731,
which leads to the internalization of VE-cadherin.

Taken together, we have shown that the contribution of PECAM-
1 to leukocyte transmigration through endothelium is in vivo based
on targeting VE-cadherin and destabilizing the endothelial barrier.
Our results support a model in which mechanical signals cooperate
with signaling-induced enzymatic activities in a synergistic fashion
which modulates post-translational modifications of VE-cadherin
and thereby endothelial junction permeance for leukocytes.

Materials and Methods
Cell cultures

Primary endothelial cells from wild-type VE-cadherin or VE-
cadherin-Y731F knock-in mice were isolated and cultured as
described (Frye et al, 2015). Human umbilical vein endothelial cells
(HUVEC) were maintained in EBM-2 medium supplemented with
SingleQuots (Lonza) and cultured on Corning® CellBIND® dishes
(3296) at 37°C and 5% CO,. bEnd.3, bEnd.5 (ECACC 96091929 &
96091930), and PECAM-17/~ lung endothelioma (luEnd) cells were
cultured as described previously (Nottebaum et al, 2008). OT-II T
cells isolated from OT-II mice (The Jackson Laboratory) were main-
tained in RPMI medium containing 20% FCS, 4 mM r-glutamine,
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100 U/ml penicillin, 100 pg/ml streptomycin, 1 mM sodium-
pyruvate, 1% NEAA, 50 pM p-mercaptoethanol, and 1.5% IL-2.
Mouse polymorphonuclear neutrophils (PMNs) were isolated from
bone marrow of C57BL/6 mice (Janvier) mice as described (Bixel
et al, 2007). Human PMNs were isolated from blood derived from
healthy donors (with formal consent) via density gradient centrifu-
gation (Histopaque® 1077, Histopaque®-1119). HL60 cells were
cultured in Iscove’s modified Dulbecco’s medium (IMDM, Gibco)
containing 20% FCS, 100 U/ml penicillin and 100 pg/ml strepto-
mycin at 37°C and 5% CO,. Neutrophil-like cells were derived from
HL60 cells through differentiation with 1.3 % DMSO for 7 days.

Mice

VE-cadherin-WT and VE-cadherin-Y731F knock-in mice (Wessel
et al, 2014) on C57BL/6 background were raised in a barrier facility
under special pathogen-free conditions. All experiments were
carried out under the German legislation for the protection of
animals and were approved by the Landesamt fuer Natur, Umwelt,
und Verbraucherschutz Nordrhein-Westfalen.

Antibodies, chelators, and inhibitors

VD-47 directed against the propeptide of VE-cadherin (C-
GPNFPQIDTPNMLPAHH) was obtained by the immunization of
rabbits using a described method (Ebnet et al, 2000). Rabbit poly-
clonal antibodies C5 and VE42 against mouse VE-cadherin and mono-
clonal antibody against VE-cadherin-pY731 were described (Gotsch
etal, 1997; Broermann et al, 2011; Wessel et al, 2014). All commercial
antibodies are listed in Table EV1. To deplete cells from Ca®*, primary
endothelial cells were treated with 1 uM MAPTAM (Sigma, 16609)
and endothelioma cells with 100 uM MAPTAM for 30 min at 37°C.
HUVEC cells were stimulated with 1 U/ml thrombin (Calbiochem,
605195) for the indicated time periods at 37°C and 5% CO,. To inhibit
myosin II, endothelial cells were treated with 50 pM blebbistatin
(B0560) for 30 min at 37°C. To block the N-linked glycosylation of
proteins, endothelioma cells were treated with 1 pg/ml tunicamycin
(Sigma, T7765) for 48 h at 37°C. DMSO was used as vehicle control.

Plasmids, DNA constructs, and adenoviral expression

The plasmid pCMV_PECAM-1-GFPSpark was purchased from Sino
Biological Inc., and point mutations at Y663 and Y686 were intro-
duced into the PECAM-1 cDNA with mutagenesis primers Y663F (5'-
TCAGACGTGCAGTTCACGGAAGTTCAA-3') and Y686F (5-ACAGA
GACAGTGTTCAGTGAAGTCCGG-3') using QuikChange Lightning
Site-directed Mutagenesis Kit (Agilent Technologies). Sequences
were cloned into the gateway vector pENTR2B (Invitrogen) and
transferred via site-specific recombination into the destination
vector pAd/CMV-DEST (Invitrogen). Viral lysates were obtained by
transfecting the producer cell line HEK293A with the adenoviral
destination vector using lipofectamine 2000 (Invitrogen). To
generate VE-cadherin tension sensor constructs (VE-cad FL, VE-cad
FL-TS, and VE-cad YPet), human VE-cadherin cDNA was cloned into
pENTR2B. Restriction sites for Agel and Mlul were added after the
codon for glycine 669 by mutagenesis PCR using the mutagenesis
primers: VEC-FL-F  (5-CAACTCGGTGCGCCGCGGCACCGGTGTC
ACGCGTGGGGCCAAGCCCCC GCGGC-3') and VEC-FL-R (5'-GCC
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GCGGGGGC TTGGCCCCACGCGTGACACCGGTGCCGCGGCGCACCG
AGTTG-3'). VE-cadherin tension sensor constructs (VE-cad FL, VE-
cad FL-TS, and VE-cad YPet) were amplified using tension sensor
cDNA (YPet-FL-mCherry) (Ringer et al, 2017) as a template. VE-cad
FL was amplified using primers: YPet-F (5-GGACCGGTATGGTGAG-
CAAAGGCGAA GAGC-3') and mCherry-R (5-TTACGCGTCTTGTA-
CAGCTCGTCCATGCC-3'). The primers used for VE-cad FL-TS
amplification were YPet-F and mCherry-STOP-R (5'-TTACGCGTT-
TACTTGTACAGCT CGTCCATGCC-3’). The primers used for VE-cad
YPet amplification were YPet-F and YPet-R (5-TTACGC
GTGGCGGCGGTCAGGAACTCC-3’). All three constructs
inserted into modified human VE-cadherin-pENTR2B using digestion
with Agel and Mlul and subsequent ligation. All three constructs
were transferred into the destination vector pAd/CMV-DEST, and
viral lysates were produced as described above. SHP2-WT and SHP2-
DA cDNA (mutation at Asp**® to Ala*?®, substrate trapping mutant)
were gifts from Jaap van Buul, cloned in the laboratory of Anton
Bennett (Kolli et al, 2004). Adenoviruses expressing the SHP2 vari-
ants were prepared in the same way as described above.

were

RNA-mediated interference

For interference with mouse SHP2 expression, the following siRNAs
were used in combination: Mm_Ptpnll_7 (5-GCGUGUUAGGAAC
GUCAAATT-3; Qiagen) and Mm_Ptpnll 8 (5-GAGAUGUUAUC-
GAGCUCAATT-3'; Qiagen). For interference with human SHP2
expression, Hs_PTPN11_11 (5-GGGAAACUUAGACUAUAGATT-3/,
Qiagen) was used. For RNA-mediated interference with human
PECAM-1, Hs_PECAM1_7 (5'-CAGCAAUUCCUCAGGCUAATT-3') by
Qiagen was used. For interference with human VE-cadherin expres-
sion, CDHS5 siRNA by Invitrogen was used (5-GGGUUUUUG-
CAUAAU AAGCTT-3’). AllStars negative control siRNA (Qiagen,
sequence not provided) that does not target any known mammalian
gene was used as control. Routinely, 1 x 10° mouse primary
endothelial cells or HUVEC were transfected respectively with
20 nM (mouse SHP2) or 60-80 nM (hSHP2, hVE-cadherin, or
hPECAM-1) siRNAs for 48-72 h using INTERFERin® (Polyplus)
according to manufacturer’s instructions. The transfection of bEnd.5
cells with siRNA was achieved by electroporation using Amaxa
Nucleofector kit (Lonza) as per manufacturer’s guidelines.

Immunoprecipitation and immunoblotting

Cells were lysed in lysis buffer containing 10 mM Na3PO,4, 150 mM
NaCl, 1% Nonidet P-40 substitute, 2 mM EDTA, 1 mM Na3VO,, and
12.5% cOmplete™ proteinase inhibitor (Roche). Lysates were clari-
fied by centrifugation at 20,817 g and 4°C for 20 min. If necessary,
cleared cell lysates were first incubated with Protein A/G Sepharose
coupled to isotype control antibodies to reduce unspecific back-
ground binding. Aliquots of cell lysates were set aside for direct blot
analysis, and aliquots for immunoprecipitation were incubated for
2 h at 4°C with Protein A/G Sepharose loaded with the respective
antibodies. GST-tagged proteins were pulled down using Glutathione
Sepharose 4B beads (GSH beads, GE Healthcare). Immunocomplexes
were washed five times with lysis buffer. For denaturing conditions,
precipitated proteins and total cell lysates were mixed with SDS
sample buffer (200 mM Tris—HCI pH 6.8, 6% SDS, 30% glycerol,
0.02% bromophenol blue, and 150 mM dithiothreitol) and boiled for
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5 min at 95°C. Proteins were separated by SDS-PAGE and transferred
on nitrocellulose membranes (Schleicher & Schuell) by wet blotting.
Membranes were rinsed with TBS-Tween (0.1%), and unspecific
binding was minimized by blocking with 2% BSA in TBS-T (includ-
ing 200 uM Na3VO, for phosphotyrosine detection) for 1 h at room
temperature. Blots were analyzed as described (Ebnet et al, 2000).

Stimulation of endothelial cells with leukocytes

The different endothelial cell types were seeded in a number that
allowed confluency on the day of assay. Cells were activated with
5 nM TNF-a (Peprotech, 300-01A) 16-18 h prior to the assay. Cells
were washed twice with culture medium to remove residual TNF-a
prior to leukocytes addition. Differentiated HL60 cells were added to
HUVEC in a ratio of 4:1, and T cells were added to bEnd.5 monolay-
ers in a ratio of 5:1 (T cells: bEnd.5 cells), for 20 and 30 min, respec-
tively, at 37°C. Unbound leukocytes were removed from
endothelium by washing the cells twice with PBS prior to lysis, and
lysates were subjected to immunoprecipitation.

Leukocyte transmigration assay

Endothelial cells were plated on fibronectin (100 ug/ml) coated tran-
swell filters (5 um pore size, Corning) and grown for 48 h to conflu-
ent monolayers. Cells were stimulated with 5 nM TNF-a 16-18 h
prior to the assay. If required, cells were pre-treated with MAPTAM,
blebbistatin (as described above) or blocking antibodies prior to
neutrophils addition. 1 x 10° mouse neutrophils were added to
mouse primary endothelial cells or bEnd.5 cells, whereas 2 x 10°
freshly isolated human neutrophils were added to HUVEC monolay-
ers. For assays with mouse neutrophils, 40 ng/ml CXCL1 in transmi-
gration medium [DMEM, 5% FCS, 2% L-glutamine, and 25 mM
HEPES (pH 7.3)] was used as chemoattractant, and for human
neutrophils, 5 ng/ml IL-8 (Peprotech, 200-08M) in HUVEC culture
medium was used as chemoattractant in lower chambers. Mouse or
human neutrophils were allowed to transmigrate for 1 h or 40 min,
respectively at 37°C. The number of transmigrated neutrophils was
counted with a CASY cell counter.

For transmigration in combination with SHP2 depletion, endothe-
lial cells were transfected with SHP2-specific siRNA (as described
above) prior to cell seeding on transwell filters. For blocking PECAM-
1, 6 ug Mec13.3 or 10 ug 2H8 antibodies was added per transwell fil-
ter and the same amount of endomucin or isotype control antibodies
was used as control, respectively, for 30 min at 37°C.

SHP2 substrate trapping assay

Primary endothelial cells isolated from VE-cadherin WT or Y731F
knock-in mice were lysed in lysis buffer containing 20 mM Tris-HCl
pH 7.5, 100 mM NaCl, 2 mM CaCl,, 1% Triton X-100, 10% glycerol,
5 mM iodoacetamide (IAA), and 1x Complete protease inhibitor
EDTA-free (Roche) for 30 min at 4°C. IAA was blocked with 10 mM
dithiothreitol (DTT) for 15 min at 4°C. Lysates were pre-cleared by
incubation with 5 pg GST coupled glutathione sepharose beads for
1 h at 4°C and subsequently incubated with 10 pg GST, GST-SHP2-
WT or GST-SHP2-DA coupled glutathione sepharose for 3 h at 4°C.
Affinity complexes were washed three times with washing buffer
(20 mM Tris-HCI pH 7.5, 100 mM NaCl, 2 mM CaCl,, 1% Triton X-

16 of 20 The EMBO Journal ~ 40: €106113 | 2021

Nida Arif et al

100, 10% glycerin, and 1 mM DTT) and were analysed by SDS—-
PAGE and immunoblotting.

Internalization assay

Endocytosis of VE-cadherin was assayed essentially as described
(Nanes et al, 2012). HUVEC depleted of endogenous PECAM-1 via
siRNA transfection were seeded on fibronectin (100 pg/ml) coated 8-
well chamber slides, if required followed by adenoviral expression of
PECAM-1-WT-EGFP or PECAM-1-Y663F, Y686F-EGFP. Cells were
stimulated with 5 nM TNF-a for 18 h prior to labeling of VE-cadherin
with BV6 antibody for 1 h at 4°C. To allow internalization to occur,
cells were incubated with differentiated HL60 cells (3 x 10° cells/
well) for 20 or 30 min at 37°C. Afterward, cells were rinsed to
remove unbound leukocytes and the remaining cell surface-bound
antibodies were removed by acid wash (100 mM glycine-HCI, pH
2.5) for 15 min at 4°C. Cells were then washed with PBS, fixed with
4% paraformaldehyde at room temperature (RT) for 5 min, rinsed
with PBS containing 0.01% Tween (PBST), and permeabilized with
0.5% Triton X-100 for 5 min at RT. To minimize unspecific binding
of the antibodies, cells were incubated in PBST containing 3% BSA
for 1 h. Total VE-cadherin was detected using VE-cadherin D87F2
antibody (1:400) for 1 h at RT. Primary antibodies were labeled with
0.6 pg per well Alexa Fluor 488—donkey anti-mouse (internalized VE-
cadherin) and Alexa Fluor 568-donkey anti-rabbit (membrane-associ-
ated VE-cadherin) for 90 min at RT. Cells were washed with PBST
and DNA was stained with Hoechst 33342 (0.2 pg/ml, Invitrogen).
Images were obtained using a Zeiss LSM780 confocal microscope.
Endocytosed VE-cadherin was quantified as the number of internal-
ized VE-cadherin vesicles per area using Fiji-ImageJ software.

Intravital microscopy

VE-cadherin WT or VE-cadherin Y731F knock-in mice (14-16 weeks
old) were injected intrascrotally with 50 ng IL-1p in 0.3 ml saline. In
parallel, 100 ug 2H8 or isotype control antibodies were injected
intravenously. Four hours later, mice were anaesthetized with an
intraperitoneal injection of ketamine hydrochloride (125 mg/kg),
xylazine (12.5 mg/kg), and atropine sulfate (0.025 mg/kg). Surgical
preparation of cremaster muscles and intravital microscopy were
carried out as described (Zarbock et al, 2007; Wessel et al, 2014).
Adhesion, transmigration, and rolling flux fraction of leukocytes
were analyzed in 4 mice per group. Vessels with diameter of
20-30 ym were investigated. Analysis was performed in a “blind-
ing” to group allocation approach.

In vitro phosphatase treatment of VE-cadherin-catenin complex

HUVEC were lysed and VE-cadherin was immunoprecipitated from
lysates for 2 h at 4°C, followed by washing five times with lysis
buffer. For dissociation of catenins from VE-cadherin in vitro,
immunoprecipitated VE-cadherin complex was incubated in 100 pl
lysis buffer containing 0.2% SDS (or no SDS as control) for 30 min
at RT. The samples were diluted 1:10 with lysis buffer and then
incubated for 2 h at 4°C to allow rebinding of VE-cadherin to the
antibodies. Precipitated VE-cadherin was washed three times with
lysis buffer to remove dissociated catenins from the sample,
followed by a final washing step with phosphatase buffer (25 mM

© 2021 The Authors



Nida Arif et al

HEPES pH 7.2, 50 mM NaCl, 5 mM EDTA, 10 mM DTT). VE-
cadherin was either incubated with phosphatase buffer only or with
phosphatase buffer containing 2 pg recombinant human SHP2
(Sigma, SRP0217) for 30 min at 300 rpm and 30°C in a thermo-
shaker. Reactions were terminated by addition of 1.5x SDS sample
buffer and analyzed by SDS-PAGE followed by immunoblotting.

Testing substrate stiffness effects

Polyacrylamide hydrogels attached to 35 mm glass coverslips were
prepared according to a modified literature protocol (Tse & Engler,
2010). In brief, solutions with varying concentrations of acry-
lamide/bis-acrylamide (3% /0.03% and 8% /0.264 %) were mixed to
yield hydrogels of different stiffness (Young’s moduli of 0.2 and
20 kPa, respectively). To allow cell attachment, collagen 1 was
conjugated to the hydrogel surface using the heterobifunctional
linker sulfo-SANPAH. A 1 mg/ml solution of sulfo-SANPAH (Sigma)
in milli-Q water was added to the hydrogel surface and gels were
irradiated with 365 nm UV light (intensity of 20 mW/cm?) for
2 min. Substrates were washed with PBS and incubated with 50 pg/
ml rat-tail collagen I (BD Biosciences) solution in PBS for 2 h at
37°C. Substrates were rinsed with PBS before seeding HUVEC. Cells
were activated with 5 nM TNF-a 16-18 h prior to the assay. HL60-
derived neutrophils (6 x 10° cells/coverslip) were added to the cells
for 20 min at 37°C. Coverslips were placed on ice, and cells were
washed twice with cold PBS to remove unbound leukocytes. Cells
were lysed in place with 1 ml lysis buffer/coverslip for 10 min,
collected, and incubated additional 10 min in the overhead shaker
at 4°C. VE-cadherin was immunoprecipitated using 6 ug F-8 anti-
body for 2 h at 4°C. Immunocomplexes were washed three times
with lysis buffer and analyzed by SDS-PAGE and immunoblotting.

Imaging of the expression of VE-cadherin tension sensor by
immunofluorescence

HUVEC transfected with either control siRNA or VE-cadherin target-
ing siRNA were seeded on fibronectin (100 ug/ml) coated ibidi 8-
well p-chamber slides with 3 x 10* cells per chamber, if required
followed by re-expression of VE-cad FL or VE-cad FL-TS for 24 h.
Cells were washed with PBS, fixed with 4% paraformaldehyde at
room temperature for 15 min, rinsed with PBS, and permeabilized
with 0.5% Triton X-100 for 5 min at RT. VE-cadherin was detected
using anti-VE-cadherin antibody (75/cadherin-5, 1.25 ug/ml) for 1 h
at RT. Primary antibody was labeled with Alexa Fluor 647-donkey
anti-mouse (5 pg/ml) for 45 min at RT. Cells were washed with
PBS, and images were obtained using a ZEISS LSM880 confocal
microscope. Maximum intensity projection was performed using
Fiji-ImageJ software. For better visualization, brightness and
contrast were adjusted identically for all measurements.

Time-correlated single-photon-counting fluorescence lifetime
microscopy (TCSPC-FLIM)

All TCSPC-FLIM experiments were performed on a confocal laser scan-
ning microscope (Zeiss LSM880) equipped with a 40x water immer-
sion objective (C-Apochromat 40x/1.20 W Korr M27) with 485 nm
pulse excitation (LDH-D-C-485) at 20 MHz for FLIM measurements
under live conditions and 40 MHz for FLIM measurements under fixed
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conditions with 67 % laser intensity. The emitted fluorescence was fil-
tered with a 520/35 band pass filter. Photon arrival was detected with
a TCSPC module with 80 ps time resolution (MultiHarp 150 4N). Live
measurements were performed at constant 37°C and 5% CO,.
Measurements of fixed samples were performed at constant 30°C.

FLIM-FRET analysis via VE-cadherin tension sensor during
thrombin stimulation

HUVEC depleted of endogenous VE-cadherin were seeded on fibro-
nectin coated ibidi 8-well py-chamber slides with 3 x 10* cells per
chamber, followed by re-expression of VE-cad FL, VE-cad FL-TS
or VE-cad YPet for 24 h. FLIM measurements were performed
before and 5-15 min after stimulation with thrombin. Images were
acquired using ZEN 2.3 (Zeiss) with SymPhoTime 64 2.4 (Pico-
quant) at 1x zoom covering 212.55 x 212.55 pm in 512 x 512 pixel
using a scanning speed of 16.38 ps/pixel or 65.5 ps/pixel and a
pinhole of 6.5 AU. For FLIM analysis, photons of cell-cell junctions
were included manually for subsequent data fitting. One-exponen-
tial tailfit (VE-cad YPet) and two-exponential tailfit (VE-cad FL and
VE-cad FL-TS) were performed using SymPhoTime (Picoquant).

FLIM-FRET analysis via VE-cadherin tension sensor during
leukocyte transmigration under live conditions

HUVEC depleted of endogenous VE-cadherin were seeded on fibro-
nectin coated ibidi VI (0.4) flow slides with 3 x 10* cells per lane,
followed by re-expression of VE-cad FL, VE-cad FL-TS or VE-cad YPet
for 24 h. Cells were stimulated with 5 nM TNF-« 4 h prior to measure-
ments. Freshly isolated human PMNs (0.25 x 10° cells/ml) were
resuspended in flow buffer HBSS +/+ (5 mg/ml BSA, 25 mM HEPES).
Measurements were started 5-11 frames prior to IL-8 addition to
assess the baseline FRET efficiency. Cells were first exposed to IL-8
(5 ng/ml) containing flow buffer at 0.75 dyn/cm2 for 4 min, followed
by freshly isolated human PMNs at 1 dyn/cm? or only flow buffer at
1 dyn/cm? for 12 min. FRET measurements were recorded after 4 min
of flow with or without PMNs for 44 frames. Images were acquired
using ZEN 2.3 (Zeiss) with SymPhoTime 64 2.4 (Picoquant) at 1x
zoom covering 212.55 x 212.55 pm in 512 x 512 pixel using a scan-
ning speed of 16.38 ps/pixel and a pinhole of 6.5 AU. One-exponential
reconvolution (VE-cad YPet) and two-exponential reconvolution (VE-
cad FL and VE-cad FL-TS) with calculated instrument response func-
tion (IRF) were performed using SymPhoTime (Picoquant). The same
junctions were analyzed before and after application of PMNs under
flow. To exclude altered fitting results upon differences in the number
of photons included in the analysis before and after PMN addition, the
44 frames after PMN addition were splitted into 4 times 11 frames with
FRET efficiency calculation for each of the four splitted datasets.
Finally, the average lifetime was assessed for statistical analysis.

FLIM-FRET analysis via VE-cadherin tension sensor during
leukocyte transmigration under fixed conditions

HUVEC depleted of endogenous VE-cadherin and, if required, SHP2,
were seeded on fibronectin coated ibidi VI (0.4) flow slides with
3 x 10* cells per lane, followed by re-expression of VE-cad FL, VE-cad
FL-TS or VE-cad YPet for 24 h. Cells were stimulated with 5 nM TNF-
o 4 h prior to measurements. Freshly isolated human PMNs were
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stained with CellTracker Deep Red Dye (Thermo, C34565) 2.5 uM in
HBSS for 20 min at 37°C. After washing, freshly stained PMNs were
resuspended in flow buffer HBSS +/+ (5 mg/ml BSA, 25 mM HEPES)
to a final concentration of 0.25 x 10° cells/ml. HUVEC were flushed
with flow buffer at 1 dyn/cm? for 1 min followed by 4.5 min of flow
buffer with or without stained PMNs at 1 dyn/cm?. After washing of
the cells for 1.5 min at 1 dyn/ cm? with PBS, cells were fixed for 8 min
using 4% paraformaldehyde in PBS at 37°C. Fixation was stopped by
washing the cells with PBS at 1 dyn/cm? for 3 min. All steps were
performed at 37°C and 5% CO,. Subsequent measurement of fixed
cells was performed at 30°C using ZEN 2.3 (Zeiss) with SymPhoTime
64 2.4 (Picoquant) at 3x zoom covering 70.71 x 70.71 pm in
512 x 512 pixel using a scanning speed of 131 ps/pixel and a pinhole
of 6.5 AU. Prior each measurement, a z-stack of the fluorescence
signal of YPet and CellTracker Deep Red was performed using 488
and 641 nm constant laser with 4.1 ps/pixel and a pinhole of 2 AU
within the same field of view as the FLIM acquisition. For the analysis
of FLIM-FRET data, photons of cell-cell junctions in close proximity
to a transmigrating PMN were included manually for subsequent data
fitting. One-exponential tailfit (VE-cad YPet) and two-exponential tail-
fit (VE-cad FL and VE-cad FL-TS) were performed using SymPhoTime
(Picoquant). For pixel-wise data fitting, a 2 x 2 pixel binning was
performed with subsequent bi-exponential tailfitting using preset
values for the two lifetimes t; = 3.1 nsandt, = 1.4 ns.

FLIM-FRET data analysis

The average lifetime of VE-cad YPet was used for each experimental
day to determine tp. FRET efficiency was calculated for each
measurement, using the amplitude weighted lifetime of VE-cad FL
and VE-cad FL-TS to determine tp,, with the following calculation:

E=1- (TDA/TD)-
Statistical analysis and software

Statistical significance was analyzed using two-tailed Student’s t-test,
one-way ANOVA, or two-way ANOVA for independent samples.
Tukey’s multiple comparison test was applied to correct for multiple
comparisons. For FLIM-FRET data, outliers were identified using
Robust regression and outlier removal in combination (ROUT) and
significance was analyzed with a paired or unpaired t-test including
Bonferroni correction for multiple testing using R. GraphPad Prism?7
or R (version 3.6.0) software was used for statistical analysis. P-
values less than 0.05 were considered significant. P-values are indi-
cated by asterisks: *P < 0.05; **P < 0.01; ***P < 0.001 and
*IHKEP < 0.0001. Results are shown as mean + SEM.

For obtaining microscope data via confocal Zeiss microscopes,
Zen 2.3 SPI Black 64-bit software was used. Quantification of
Western blot intensities and VE-cadherin internalization was
performed using Fiji-ImageJ. Measurement and analysis of FLIM-
FRET were performed using SymPhoTime 64. For analysis and plot-
ting of FLIM-FRET data, R-studio was used in combination with the
packages ggplot2, ggpubr, and Cairo.
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