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Summary  1 

The extravasation of leukocytes is a critical step during inflammation which requires 2 

the localized opening of the endothelial barrier1-3. This process is initiated by the 3 

close interaction of leukocytes with various adhesion molecules such as intercellular 4 

adhesion molecule-1 (ICAM-1) on the surface of endothelial cells4-6. It is still unclear 5 

how these initial processes induce downstream signaling events resulting in the 6 

opening of inter-endothelial junctions to allow leukocyte diapedesis. Here we show 7 

that mechanical forces induced by leukocyte-induced clustering of ICAM-1 and fluid 8 

shear stress exerted by the flowing blood synergistically activate the 9 

mechanosensitive cation channel PIEZO1 in endothelial cells. In human and mouse 10 

endothelial cells exposed to low flow, PIEZO1 mediates leukocyte-induced increases 11 

in [Ca2+]i and activation of downstream signaling events including phosphorylation of 12 

SRC, PYK2 and myosin light chain (MLC) leading to endothelial barrier opening. 13 

Mice with endothelium-specific loss of Piezo1 show decreased leukocyte 14 

extravasation in different inflammation models. We found that actin polymerization 15 

and actomyosin contraction induced by ICAM-1 clustering synergistically with fluid 16 

shear stress increase endothelial plasma membrane tension to activate PIEZO1. Our 17 

data reveal a mechanism by which leukocytes and the hemodynamic 18 

microenvironment synergize to mechanically activate endothelial PIEZO1 and 19 

subsequent downstream signaling to initiate leukocyte diapedesis.  20 
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Main Text 1 

The endothelial cell layer is a tight barrier for cells in the circulation. However, during 2 

inflammation leukocytes are able to transmigrate the endothelium and to extravasate 3 

in the perivascular space, a process which involves a well-coordinated cascade of 4 

events. This includes initial leukocyte capture and rolling, firm adhesion, crawling, 5 

which are then followed by breaching of the endothelial barrier and the 6 

extravasation7,8. The molecular mechanisms that control and mediate the initial 7 

interactions between leukocytes and endothelial cells are well-characterized and 8 

involve interactions between endothelial selectins and glycoproteins of leukocytes 9 

during capture and rolling steps, whereas arrest, firm adhesion and crawling are 10 

mediated mainly by integrins on leukocytes which bind to endothelial intercellular and 11 

vascular cell adhesion molecules (ICAM-1 and VCAM-1) and induce their 12 

clustering5,8,9. How these initial processes are linked to the opening of the endothelial 13 

barrier, which requires the remodeling of endothelial adherens junction as well as 14 

endothelial cell contraction2,3,6,10,11 is, however, poorly understood.  15 

 Opening of endothelial junctions and endothelial cell contraction during 16 

leukocyte transmigration requires activation of endothelial signaling pathways, and 17 

several studies have shown that leukocytes induce an increase in the cytosolic Ca2+ 18 

concentration in endothelial cells12-16. This calcium signal is not necessary for 19 

leukocyte adhesion but is required to induce transendothelial migration12-14. ICAM-1 20 

has been shown to be involved in lymphocyte-induced Ca2+ transients in endothelial 21 

cells14, and more recently, the transient receptor potential (TRP) channel C6 (TRPC6) 22 

was shown to be involved in endothelial calcium transients induced by neutrophils 23 

and for their transendothelial migration17, but how leukocytes induce endothelial Ca2+ 24 

transients is still unclear. 25 
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 The Piezo proteins PIEZO1 and PIEZO2 are mechanically activated cation 1 

channels that form homotrimeric complexes18-20, which are sufficient to mediate 2 

mechanically induced currents18. PIEZO1 has been shown to be gated directly by 3 

changes in membrane tension21,22 and to mediate multiple cellular functions including 4 

endothelial flow sensing23,24.  5 

  6 

PIEZO1 is required for leukocyte transendothelial migration in vitro 7 

In a screen to identify endothelial transmembrane proteins involved in the 8 

transendothelial migration of leukocytes, we identified the mechanosensitive cation 9 

channel PIEZO1 (Fig. 1a). The siRNA-mediated knock-down of PIEZO1 in human 10 

umbilical venous endothelial cells (HUVECs) or in the mouse brain endothelial cell 11 

line bEnd.3 strongly reduced endothelial transmigration of polymorphonuclear 12 

leukocytes (PMNs) and peripheral blood mononuclear cells (PBMCs) (Fig. 1b, 13 

Extended Data Fig. 1a,b). Similarly, PMN transmigration through mouse lung 14 

endothelial cells (MLECs) from mice with endothelium-specific loss of Piezo1 (EC-15 

Piezo1-KO) was strongly reduced compared to wild-type MLECs (Fig. 1c). Basal 16 

expression of VE-cadherin and PECAM-1 as well as TNFα-induced expression of 17 

ICAM-1 was not affected by loss of PIEZO1 (Extended Data Fig. 1c). Both, PMN 18 

transmigration of human and murine endothelial cells could be stimulated by Yoda1, 19 

an activator of PIEZO1, and this effect was not seen after knock-down of PIEZO1 in 20 

endothelial cells (Fig. 1c, Extended Data Fig. 1b,d,e). PMN rolling on and adhesion to 21 

endothelial cells was not affected by loss of endothelial Piezo1 expression (Fig. 1b, 22 

Extended Data Fig. 1a), and endothelial barrier function analyzed by measuring the 23 

electrical impedance of the endothelial cell layer in vitro or by determining the 24 

permeability of the endothelial layer for FITC-labelled dextran in vivo was not affected 25 

by loss of PIEZO1 (Extended Data Fig. 1f,g).  26 
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Endothelial PIEZO1 is critically involved in leukocyte extravasation in vivo 1 

To study leukocyte extravasation in vivo, we injected TNFα into the peritoneal cavity 2 

and determined the number of CD11b+/Ly6G+ myeloid cells in the peritoneal cavity 6 3 

hours later. While TNFα induced a significant influx of cells into the peritoneal cavity 4 

of wild-type mice compared to untreated controls, the effect of TNFα was strongly 5 

reduced in EC-Piezo1-KO mice (Fig. 1d). We then studied the role of endothelial 6 

PIEZO1 in a model of acute dermatitis of the ear by applying croton oil to the ear 7 

surface. Six hours later, when analyzing postcapillary venules characterized by a 8 

diameter of 20-30 µm, the primary site of leukocyte extravasation, we found that the 9 

majority of neutrophils had completed extravasation and were found in the 10 

perivascular space in wild-type mice, whereas about 25-30 % of the leukocytes were 11 

found in the lumen of vessels (Fig. 1e-g). However, in EC-Piezo1-KO mice, a 12 

significantly reduced portion of leukocytes had completed extravasation, and the 13 

majority, about 70 % of cells, showed arrest at the luminal surface of the endothelium 14 

(Fig. 1e,g), suggesting that they adhered to the endothelium but were not able to 15 

initiate the process of endothelial transmigration. Also intravital microscopy of the 16 

cremaster of EC-Piezo1-KO mice revealed a reduced extravasation of neutrophils 17 

compared to wild-type animals after intrascrotal injection of IL-1β (Fig. 1h). 18 

Hemodynamic parameters were similar in both mouse types, and there was no 19 

significant different in leukocyte rolling and adhesion within venules (Extended Data 20 

Fig. 2a-e). Also basal extravasation of Evans blue and extravasation after 21 

subcutaneous injection of histamine or VEGF were indistinguishable between wild-22 

type and EC-Piezo1-KO mice (Fig. 1i), indicating that vascular permeability was 23 

unchanged. Expression of genes encoding proteins involved in endothelial functions 24 

was not changed in endothelial cells from EC-Piezo1-KO mice (Extended Data Fig. 25 

2f,g).     26 
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Leukocytes and low flow synergistically induce downstream signaling via 1 

PIEZO1  2 

Since increases in [Ca2+]i are involved in the initiation of leukocyte transendothelial 3 

migration and since leukocyte diapedesis occurs in the presence of low flow in vivo, 4 

we studied leukocyte-induced increases in endothelial cytosolic Ca2+ in the absence 5 

and presence of flow at a low shear rate (1.2 dynes/cm2). In control HUVECs loaded 6 

with Fluo4, low flow or addition of human neutrophils alone had only a small effect on 7 

the cytosolic [Ca2+] (Fig. 2a and b). However, when given together, endothelial 8 

cytosolic Ca2+ concentration strongly increased (Fig. 2a and b). Leukocyte-dependent 9 

increases in endothelial [Ca2+]i were rarely seen during rolling or initial arrest of 10 

leukocytes but during crawling and also during the transmigration phase (Extended 11 

Data Fig. 3a). After knock-down of endothelial PIEZO1, calcium transients induced by 12 

leukocytes in the presence of low flow were strongly reduced or absent (Fig. 2c and 13 

d).  14 

We then tested the potential involvement of PIEZO1 in the induction of 15 

downstream signaling events mediating leukocyte-induced opening of endothelial 16 

junctions. Again, low flow alone or addition of PMNs had hardly any effect on the 17 

phosphorylation of PYK2, SRC and the myosin light chain (MLC) in endothelial cells. 18 

However, application of both flow and PMNs synergistically induced endothelial 19 

PYK2, SRC and MLC phosphorylation, and this effect was strongly reduced after 20 

knock-down of PIEZO1 (Fig. 2e,f). The effect of PMNs and flow was mimicked by 21 

application of Yoda1, and this effect was blocked after knock-down of PIEZO1 (Fig. 22 

2g,h). Inhibition of endothelial PYK2 or SRC by PF431396 or PP2, respectively, 23 

reduced basal transmigration and blocked Yoda1-induced increases in PMN 24 

transmigration (Fig. 2i). These data strongly indicate that PMNs and low flow 25 

synergistically induce downstream signaling events through endothelial PIEZO1 26 
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resulting in the opening of endothelial junctions and leukocyte transmigration. 1 

Consistent with this, we also observed synergism in the ability of flow and PMNs to 2 

induce internalization of VE-cadherin, an effect strongly inhibited after siRNA-3 

mediated suppression of PIEZO1 expression (Fig. 2j). 4 

 5 

Endothelial PIEZO1 is activated by flow-induced ICAM-1 clustering 6 

Since engagement of endothelial ICAM-1 by leukocyte β2 integrins is essential for 7 

induction of increases in [Ca2+]i and diapedesis, we suppressed expression of 8 

endothelial ICAM-1 and found that this strongly inhibited PMN-induced Ca2+ 9 

transients as well as PYK2,  SRC and MLC phosphorylation (Extended Fig. 3b-e). 10 

Clustering of ICAM-1 using beads coated with anti-ICAM-1 antibodies mimicked the 11 

effect of PMNs and induced Ca2+ transients as well as phosphorylation of PYK2, 12 

SRC and MLC synergistically with low flow (Fig. 3a,b, Extended Data Fig. 3f,g). The 13 

effects of ICAM-1 clustering were inhibited after knock-down of PIEZO1 and ICAM-1 14 

(Fig. 3a-d). To test the direct effect of ICAM-1 clustering on PIEZO1-dependent 15 

signaling, we cross-linked bound anti-ICAM-1 antibodies. As shown in Fig. 3e-h, 16 

clustering of ICAM-1 induced by antibody cross-linking mimicked the effect of PMNs 17 

and of anti-ICAM-1 beads and induced Ca2+ transients as well as phosphorylation of 18 

PYK2, SRC and MLC synergistically with application of low flow in a PIEZO1-19 

dependent manner. This strongly indicates that clustering and activation of ICAM-1 20 

by leukocytes in the presence of flow results in PIEZO1-mediated downstream 21 

signaling leading to the opening of endothelial junctions.  22 

 23 

ICAM-1 clustering and flow synergistically increase membrane tension 24 

To analyze how ICAM-1 clustering leads to PIEZO1 activation, we determined 25 

membrane tension using the fluorescent lipid tension sensor, FliptR. We found that 26 
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clustering of ICAM-1 leads to a small increase in endothelial membrane tension (Fig. 1 

4a and b). Low flow, which by itself had no significant effect on endothelial membrane 2 

tension, when given together with ICAM-1 clustering agents, resulted in a very strong 3 

increase in plasma membrane tension (Fig. 4a and b). This indicates that low flow 4 

and ICAM-1 clustering synergistically increase endothelial membrane tension. Since 5 

ICAM-1 clustering has been shown to induce localized actin polymerization and 6 

myosin activity resulting in a localized reorganization of the cortical cytoskeleton25, 7 

we analyzed the effect of cytochalasin D and blebbistatin on membrane tension and 8 

on phosphorylation of PYK2, SRC and MLC induced by ICAM-1 clustering. Both 9 

agents blocked ICAM-1-dependent changes in membrane tension and downstream 10 

signalling (Fig. 4c,d, Extended Data Fig. 4a,b). We then tested whether increased 11 

membrane tension and downstream signaling induced by ICAM-1 clustering involves 12 

the actin adapter proteins α-actinin-4 and cortactin which have been shown to be 13 

recruited after clustering of ICAM-1 and to be required for ICAM-1-mediated 14 

endothelial actin filament branching as well as for ICAM-1-dependent 15 

transendothelial migration of neutrophils26-28. As shown in Fig. 4e,f and Extended 16 

Data Fig. 4c-e, siRNA-mediated knock-down of the RNAs encoding α-actinin-4 and 17 

cortactin (ACTN4 and CTTN, respectively) blocked the effect of ICAM-1 clustering on 18 

membrane tension and downstream signaling. 19 

 20 

Discussion 21 

We here report that the mechanosensitive cation channel PIEZO1 plays a critical role 22 

in transendothelial migration of leukocytes in vitro and in vivo by integrating 23 

coincident mechanical signals induced by low levels of fluid shear stress and by 24 

leukocyte-dependent clustering of ICAM-1. PIEZO1 thereby mediates an increase in 25 

[Ca2+]i which leads to localized opening of the endothelial barrier (Fig. 4g). Recent 26 
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data reported that TRPC6 is critically involved in leukocyte-induced increases in 1 

endothelial [Ca2+]i during leukocyte transendothelial migration17. In in vitro 2 

experiments, we were not able to observe a contribution of TRPC6 in leukocyte-3 

induced calcium transients, but it could well be that both PIEZO1 and TRPC6 operate 4 

in parallel under in vivo conditions or that PIEZO1 is involved in the initiation of 5 

leukocyte extravasation whereas TRPC6 mediates increases in [Ca2+]i mainly at later 6 

stages of diapedesis. However, our study considerably differed from the study 7 

reported by Weber et al. in that we investigated the role of PIEZO1 in the presence of 8 

physiological flow conditions and therefore also addressed whether the local 9 

hemodynamic environment of the adhering and transmigrating leukocyte has an 10 

effect on leukocyte-induced downstream signaling and transmigration.  11 

ICAM-1 is a central endothelial adhesion receptor that functions as a ligand for 12 

β2 integrins on leukocytes and promotes leukocyte spreading, migration and 13 

transmigration29,30. Engagement of ICAM-1 leads to clustering of ICAM-1 molecules 14 

and cytoskeletal changes such as actin polymerization, MLC phosphorylation and 15 

actomyosin contractility, which promote junctional opening16,25,30,31. ICAM-1 also 16 

promotes increase in [Ca2+]i levels12,32, which has been shown to lead to activation of 17 

SRC via protein kinase C14, and ICAM-1-mediated activation of SRC and PYK2 has 18 

been shown to be required for VE-cadherin-dependent leukocyte transendothelial 19 

migration33. This involves direct phosphorylation of VE-cadherin33-35 as well as 20 

indirect regulation of VE-cadherin through VE-PTP36 or by phosphorylation of β-21 

catenin37. How ICAM-1 clustering induces activation of these downstream signaling 22 

events resulting in junctional opening and transendothelial migration was unclear. 23 

Our data indicate that downstream signaling through ICAM-1 requires co-activation of 24 

PIEZO1 by fluid shear stress and ICAM-1-induced reorganization of the cortical 25 

cytoskleleton.  26 
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Various mechanical stimuli acting on cellular membranes have been shown to 1 

be able to activate PIEZO1. These include exposure to fluid shear stress, mechanical 2 

indentation of the cell surface, compression of the cell membrane or forces generated 3 

at the cell-cell or cell-matrix interface19,38. Our data show that low-level fluid shear 4 

stress as well as interaction of leukocytes with the endothelial surface act in an 5 

synergistic manner to activate endothelial PIEZO1 and to initiate leukocyte 6 

transendothelial migration. In postcapillary venules, the place where leukocyte 7 

extravasation mainly takes place, the shear stress exerted by the flowing blood is 8 

relatively low at about 1-2 dynes/cm2 39,40, a shear rate hardly able to induce PIEZO1 9 

mediated signaling24. Consistent with this, we saw only very small increases in [Ca2+]i 10 

and no significant increase in the phosphorylation of PYK2, SRC or MLC in response 11 

to fluid shear stress of 1.2 dynes/cm2. Similarly, when ICAM-1 clustering was induced 12 

in TNFα-pretreated endothelial cells by PMNs or anti-ICAM-1 antibodies, only small 13 

increases in [Ca2+]i and phosphorylation of PYK2, SRC and MLC could be observed, 14 

which were further reduced after suppression of PIEZO1 expression. However, when 15 

endothelial ICAM-1 clustering was induced while exposing cells to low flow, 16 

downstream signaling was strongly activated in a PIEZO1-dependent manner. This 17 

raised the question as to how ICAM-1 clustering promotes PIEZO1 activation. Both 18 

ICAM-1 clustering and adhesion of leukocytes to endothelial cells have been shown 19 

to induce stiffening of the endothelial surface and to induce traction stress25,41-44. 20 

These endothelial responses are due to increased actin polymerization and 21 

actomyosin contractility of the cortical cytoskeleton which lead to increased cortical 22 

tension45,46 and require recruitment of the actin adapter proteins α-actinin-4 and 23 

cortactin25,26. Since the plasma membrane and the underlying cortical cytoskeleton 24 

are closely interconnected45,46, changes in the actomyosin cortical tension directly 25 

affect plasma membrane tension46 and therefore are likely to regulate PIEZO1 26 
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activity. Consistent with this, we found that inhibition of actin polymerization and 1 

myosin activity as well as siRNA-mediated knock-down of α-actinin-4 and cortactin 2 

blocked ICAM-1-mediated increases in membrane tension as well as PIEZO1-3 

dependent downstream signaling required for leukocyte transendothelial migration.  4 

Recent data indicate that changes in plasma membrane tension are restricted 5 

to subcellular domains of endothelial cells as local increases in membrane tension 6 

lead only to local activation of mechanosensitive ion channels such as PIEZO147. 7 

The finding that leukocyte-induced endothelial downstream signaling and diapedesis 8 

require PIEZO1 and flow is consistent with earlier observations, which showed that 9 

fluid shear stress promotes transendothelial leukocyte migration48-50. Our data 10 

identify a novel synergism of local hemodynamic forces and initial endothelial 11 

leukocyte adhesion to induce plasma membrane tension and endothelial signaling 12 

events which promote leukocyte extravasation. The discovery of a novel 13 

mechanosensing and mechanosignalling process required for the initial phase of 14 

leukocyte diapedesis may also lead to new anti-inflammatory therapeutic approaches.  15 

16 
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Figures and figure legends 1 

 2 

 3 

Figure 1. PIEZO1 mediates leukocyte transendothelial migration in vitro and in vivo. 4 

(a) HUVECs pretreated with 10 ng/ml TNFα were transfected with 360 siRNAs pools 5 

against RNAs encoding transmembrane proteins expressed in endothelial cells and 6 

were then exposed to THP-1 monocytic cells for 3 hours. Shown is the ratio of THP-1 7 

cells which transmigrated the HUVEC monolayer transfected with a particular siRNA 8 

pool and with control siRNA. The plot shows the ranked average ratios of three 9 

independent experiments. (b) HUVECs were transfected with control (siCtrl) or 10 

PIEZO1-specific siRNA (siPIEZO1), and rolling, adhesion and transmigration of 11 

human PMNs applied together with flow (1.2 dynes/cm2) were analyzed (n=8 per 12 

group). Cells treated with control siRNA were set as 100%. (c)  Mouse lung 13 
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endothelial cells (MLECs) were isolated from wild-type (WT) and EC-Piezo1-KO mice 1 

and transmigration of mouse PMNs was determined after pretreament without or with 2 

1 μM Yoda1 for 15 min (n=5). (d) Wild-type (WT) and endothelium-specific PIEZO1 3 

deficient mice (EC-Piezo1-KO) were injected intraperitoneally with PBS or 500 ng of 4 

TNFα, and the number of peritoneal CD11b+;Ly6G+ neutrophils was determined by 5 

flow cytometry (n=4 mice (-TNFα); n=5 mice (+TNFα)). (e-g) Wild-type (WT) and EC-6 

Piezo1-KO mice were treated with croton oil on one ear. 6 h later, animals were killed 7 

and ears were immunostained as whole mounts with antibodies against PECAM-1 8 

(blue, endothelium), collagen-IV (red, basement membrane) and MRP14 (green, 9 

neutrophil). Arrows indicate neutrophils. Scale bar: 10 μm. (e) Representative images 10 

of stained ears. (f) Schematic drawing illustrating the criteria to delineate the 5 11 

positions in which leukocyte are found during extravasation. (g) Distribution pattern of 12 

neutrophil positions relative to the endothelium and basement membrane (n=16 mice 13 

(WT); n=14 mice (EC-Piezo1-KO), 3-5 vessels were analyzed per animal). (h) WT 14 

and EC-Piezo1-KO mice were analyzed by intravital microscopy of cremaster 15 

venules 4 hours after injection of 50 ng IL-1β for extravasated leukocytes (n=9 mice 16 

per group; 4-10 measurements per animal). (i) Evans blue extravasation was 17 

assessed after subcutaneous injection of 20 µl of PBS without or with 100 μM of 18 

histamine or 100 ng/ml of VEGF (n=8 mice (PBS and histamine); n=4 mice (VEGF)). 19 

Shown are mean values ± s.e.m.; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 (unpaired two-20 

tailed t-test).  21 
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 1 

Figure 2. Leukocytes and flow synergistically induce PIEZO1 activation to stimulate 2 

endothelial downstream signaling. 3 

(a-d) Untransfected HUVECs (a,b) or HUVECs transfected with control (siCtrl) or 4 

PIEZO1-specific siRNA (siPIEZO1) (c,d) were preactivated with TNFα, loaded with 5 

Fluo-4 and were then exposed to PMNs alone, to low flow (1.2 dynes/cm2) alone or 6 

to both (a,b) or to PMNs and low flow together (c,d). [Ca2+]i was determined as 7 

fluorescence intensity (RFU, relative fluorescence units) (a, c). b and d show the area 8 

under curve (AUC) of the [Ca2+]i-trace from 6 independent experiments (a.u., 9 

arbitrary units). (e-h) Immunoblot analysis of total and phosphorylated PYK2, SRC 10 

and MLC in lysates of TNFα-activated HUVECs transfected with control siRNA (siCtrl) 11 

or siRNA directed against PIEZO1 and incubated without or with human PMNs in the 12 
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absence or presence of low flow (1.2 dynes/cm2) (e) or without or with 5 μM Yoda1 1 

(g). Immunoblot analysis of PIEZO1 and GAPDH served as controls. Bar diagrams 2 

(f,h) show the densitometric analysis of 3 independent experiments. (i) 3 

Transmigration of human PMNs across TNFα-activated HUVECs preincubated for 30 4 

min with the PYK2 and SRC inhibitors PF431396 (10 μM) and PP2 (10 μM), 5 

respectively (n=5 independent experiments). (j) HUVECs transfected with control 6 

(siCtrl) or PIEZO1-specific siRNA (siPIEZO1) were preactivated with TNFα and were 7 

then exposed to PMNs alone, to low flow (1.2 dynes/cm2) alone or to both. After 15 8 

minutes VE-cadherin internalization was determined as described in the Methods 9 

(n=4). Shown are mean values ± s.e.m.; *P ≤ 0.05; **P ≤ 0.01(unpaired two-tailed t-10 

test).  11 
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 1 

Figure 3. Endothelial PIEZO1 activation by leukocytes involves ICAM-1 activation 2 

and flow. 3 

(a-h) TNFα-activated HUVECs transfected with control siRNA (siCtrl) or siRNA 4 

directed against ICAM-1 or PIEZO1 were exposed to low flow alone, anti-ICAM-1 5 

antibody beads (ICAM-1 beads) alone or both (a-d) or to low flow alone, anti-ICAM-1 6 

clustering antibodies (ICAM-1 XL) or both (e-h), and immunoblot analysis of total and 7 

phosphorylated PYK2, SRC and MLC was performed. Immunoblot analysis of 8 

GAPDH served as controls. Bar diagrams (b,f) show the densitometric analysis of 3 9 

independent experiments.  Alternatively, the free [Ca2+]i was determined after loading 10 

of cells with Fluo4 (c,g). Bar diagrams (d,h) show the area under the curve (AUC) of 11 

the [Ca2+]i-trace from 3 independent experiments (a.u., arbitrary units). Shown are 12 

mean values ± s.e.m.; *P ≤ 0.05; **P ≤ 0.01 (unpaired two-tailed t-test).  13 
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 1 

 2 

Figure 4. Flow and ICAM-1 clustering synergistically increase endothelial membrane 3 

tension. 4 

(a,b) Fluorescence lifetime τ1 images of FliptR in TNFα-activated HUVECs kept 5 

under static conditions or in the presence of low flow (1.2 dynes/cm2) or exposed to 6 

anti-ICAM-1 antibody beads or to anti-ICAM-1-crosslinking antibodies (ICAM-1 XL) 7 

without or together with low flow. The color bar corresponds to lifetime in 8 

nanoseconds (ns). Bar length: 15 µm. Corresponding lifetime mean values indicating 9 

membrane tension are shown in the bar diagram (b; n = 40 measurements from 5 10 
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independent experiments). (c-f) HUVECs were preincubated without or with 10 µM 1 

cytochalasin D (CytoD) or 30 µM blebbistatin (Bleb) (c,d) or were transfected with 2 

control siRNA (siCtrl) or siRNA directed against the RNA encoding α-actinin-4 3 

(siACTN4) or cortactin (siCTTN) (e,f) and were exposed to low flow alone, anti-ICAM-4 

1 clustering antibodies (ICAM-1 XL) alone or both, and membrane tension was 5 

determined using FliptR (c,e; n = 20 measurements from 3 independent experiments) 6 

or immunoblot analysis of total and phosphorylated PYK2, SRC and MLC was 7 

performed (d,f). Bar diagrams show lifetime mean values (c,e). (g) Schematic 8 

representation showing how fluid shear stress exerted by the flowing blood and 9 

leukocyte-induced ICAM-1 clustering synergistically activate PIEZO1 to induce 10 

downstream signaling events resulting in opening of the endothelial barrier. Shown 11 

are mean values ± s.e.m.; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 (unpaired two-tailed t-12 

test).  13 
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Extended Data 1 

 2 

 3 

Ext. Data Figure 1. PIEZO1 mediates leukocyte transendothelial migration in vitro. 4 

(a-g) The indicated endothelial cells were transfected with control (siCtrl) or PIEZO1-5 

specific siRNA (siPIEZO1). (a) Rolling, adhesion and transmigration of mouse PMNs 6 

(n=8 per group) applied together with flow (1.2 dynes/cm2) to a bEnd.3 cell 7 

monolayer. Cells treated with control siRNA were set as 100%. (b,d,e) 8 

Transmigration of human PBMCs (b) (n=4 per group), human PMNs (d) (n=6 per 9 

group) or mouse PMNs (e) (n=6 per group) across HUVECs (b,d) or bEnd.3 cells (e) 10 

pre-treated without or with 1 μM Yoda1 for 15 min. (c) HUVECs were transfected with 11 

control siRNA or siRNA directed against PIEZO1 and were incubated with 10 ng/ml 12 

TNFα for 15 h. Cells were then lysed and the indicated proteins were analyzed by 13 

immunoblotting using the indicated antibodies. (f) HUVEC barrier integrity was 14 

assessed using an electric cell-substrate impedance sensing (ECIS) system in the 15 

absence or presence of 1 μM Yoda1 (n=8 per group). (g)  Paracellular permeability of 16 

the endothelial monolayer cultured in transwell plates was determined using 40 kDa 17 

FITC-dextran (n=5 per group; a.u., arbitrary units).  Shown are mean values ± s.e.m.; 18 

*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 (unpaired two-tailed t-test).  19 
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 1 

Ext. Data Fig. 2. Effect of endothelial PIEZO1 knock-out on hemodynamic 2 

parameters, leukocyte rolling and adhesion as well as on expression of various 3 

genes. 4 

(a-e) WT and EC-Piezo1-KO mice were analyzed by intravital microscopy of 5 

Cremaster venules 4 hours after injection of 50 ng IL1β for the number of adhering 6 

PMNs (a), rolling PMNs per second per mm of vessel length (b), rolling flux fraction 7 

(c), Newtonian wall shear rates (d) and wall shear rates (e) (n=9 animals per group). 8 

(f,g) Lung endothelial cells were isolated from wild-type (WT) and EC-Piezo1-KO 9 

mice and analyzed by RNA-sequencing (f) or by immunoblotting (g). Shown are 10 

mean values ± s.e.m.; n.s., not significant (unpaired two-tailed t-test).  11 
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 1 

Ext. Data Fig. 3. Increases in [Ca2+]i and downstream signaling mediated by PIEZO1 2 

and ICAM-1. 3 

(a) HUVECs loaded with Fluo4 were exposed to human neutrophils together with flow 4 

(1.2 dynes/cm2), and intracellular free [Ca2+]i was measured during different phases 5 

of PMN-endothelial cell interaction (n=6 per group) (RFU, relative fluorescence units). 6 

(b-e) TNFα-activated HUVECs transfected with control siRNA (siCtrl) or siRNA 7 

directed against ICAM-1 were exposed to low flow alone, human PMNs alone or both, 8 

and immunoblot analysis of total and phosphorylated PYK2, SRC and MLC was 9 

performed. Immunoblot analysis of GAPDH served as control. The bar diagram (c) 10 

shows the densitometric analysis of 3 independent experiments. Alternatively, the 11 

free [Ca2+]i  was determined after loading of cells with Fluo4 (d,e). The bar diagram (e) 12 

shows the area under the curve (AUC) of the [Ca2+]i-trace from 3 independent 13 

experiments (a.u., arbitrary units). (f,g) HUVECs were loaded with Fluo4 and 14 

exposed to low flow (1.2 dynes/cm2) alone, anti-ICAM-1 antibody-linked beads 15 

(beads) or both flow and beads, and free [Ca2+]i was determined (RFU, relative 16 

fluorescence units). The bar diagram shows the statistical evaluation of the area 17 

under the curve (AUC) (n=3) (a.u., arbitrary units). Shown are mean values ± s.e.m.; 18 

*P ≤ 0.05; **P ≤ 0.01 (unpaired two-tailed t-test). 19 
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 1 

 2 

Ext. Data Fig. 4. Flow and ICAM-1 clustering synergistically induce downstream 3 

signalling. 4 

(a-c) HUVECs were preincubated without or with 10 µM cytochalasin D (CytoD) or 30 5 

µM blebbistatin (Bleb) (a,b) or were transfected with control siRNA (siCtrl) or siRNA 6 

directed against the RNA encoding α-actinin-4 (siACTN4) or cortactin (siCTTN) (c) 7 

and were exposed to low flow alone, anti-ICAM-1 clustering antibodies (ICAM-1 XL) 8 

alone or both and membrane tension was determined using FliptR (a), or immunoblot 9 

analysis of total and phosphorylated PYK2, SRC and MLC was performed (b,c). Bar 10 
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diagrams show the statistical analysis of 3 independently performed immunoblot 1 

experiments. (d,e) Analysis of knock-down efficiency in HUVECs. HUVECs were 2 

transfected with control siRNA (siCtrl) or siRNA directed against ACTN4 (d) or CTTN 3 

(e). Knock-down efficiency was analyzed by qRT-PCR (n=3). Shown are mean 4 

values ± s.e.m.; *P ≤ 0.05; **P ≤ 0.01 (unpaired two-tailed t-test).  5 
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Methods  1 

Cell culture and cell isolation 2 

Human umbilical vein endothelial cells (HUVECs) were obtained from Lonza and 3 

cultured with EGM-2 (Lonza) supplemented with 5% fetal bovine serum (FBS) 4 

(Lonza). Only confluent cells at passage ≤4 were used in experiments. THP-1 5 

monocyte cells were obtained from Sigma (Cat. No. 88081201) and were cultured in 6 

RPMI 1641 medium (Invitrogen) supplemented with 2 mM glutamine and 10% FBS. 7 

The bEnd.3 cell line was obtained from ATCC and cells were cultured in DMEM 8 

medium (Invitrogen) supplemented with 10% FBS. Primary mouse lung endothelial 9 

cells (MLECs) were isolated using CD31-labelled dynabead (Miltenyi Biotec, Cat. No. 10 

130-097-418) and were further purified by FACS using anti-CD144-PE antibodies 11 

(BD Biosciences, Cat. No. 562243) as described previously51,52. Human 12 

polymorphonuclear leukocytes (PMNs) and peripheral blood mononuclear cells 13 

(PBMC) were isolated from peripheral blood by density gradient centrifugation using 14 

Histopaque 1077 and 1119 (Sigma-Aldrich) and were resuspended in Hanks 15 

balanced salt solution (HBSS) with 20 mM HEPES (pH 7.4) and 0.5% human serum 16 

albumin (Sigma-Aldrich)53,54. Mouse PMNs from murine femora and tibiae were 17 

isolated with an EasySep Mouse Neutrophil Enrichment Kit (STEMCELL 18 

Technologies, Canada) according to manufacturer’s instructions. The PMNs were 19 

resuspended in Hanks balanced salt solution (HBSS) containing 20 mM HEPES (pH 20 

7.4) and 0.5% fetal calf serum and were immediately used for transmigration assays.  21 

 22 

siRNA-mediated knockdown 23 

Cells were transfected with siRNAs using Opti-MEM and Lipofectamine RNAiMAX 24 

(Invitrogen) as described previously55. For transfection of cells in ibidi flow chambers, 25 

20 pmoles of siRNA were mixed gently with RNAiMAX in 20 μl Opti-MEM (Thermo 26 
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Fisher) and incubated for 30 minutes at room temperature. The mixture was then 1 

added to 100 μl of cell culture medium, and cells in the flow chamber (ibidi µ-slide I) 2 

were covered by the medium. The medium was changed after 6 hours. 18 hours later, 3 

the siRNA transfection was repeated, and experiments were performed 48 hours 4 

later. For transfection of cells in 96-transwell plates (Corning), 2.5 pmoles siRNA in 5 

10 μl were prepared and added to 50 μl cell culture medium. siRNAs against PIEZO1 6 

and ICAM1 were from Sigma-Aldrich, and siRNAs against ACTN4 and CTTN were 7 

from Genepharma. The targeted sequences of siRNAs directed against RNAs 8 

encoding PIEZO1, ICAM-1, α-actinin-4 and cortactin were: PIEZO1 (human), 5′-9 

CCAAGTACTGGATCTATGT-3′, 5′-GCAAGTTCGTGCGCGGATT-3′, and 5′-10 

AGAAGAAGATCGTCAAGTA-3′; ICAM-1 (human), 5′-CAGCGGAAGATCAAGAAAT-11 

3′, 5′-CCGAGCTCAAGTGTCTAAA-3′, 5′-CAACCAATGTGCTATTCAA-3′; α-actinin-4 12 

(human) 5′-CCACATCAGCTGGAAGGATGGTC-3′, 5′-13 

GCAGCAGCGCAAGACCTTC-3′; cortactin (human) 5′-CCAGGAGCATATCAACATA-14 

3′; 5′-GCAACTTATTGTATCTGAA-3.  15 

SiRNAs used for the screen were pools of siRNAs of a customized siRNA 16 

library (Sigma) directed against 360 genes encoding transmembrane proteins 17 

enriched in HUVECs. Only siRNAs resulting in suppression of expression levels to 18 

less than 25% of control levels as determined by quantitative RT-PCR were used. 19 

 20 

In vitro transmigration assay   21 

HUVECs or MLECs were seeded at 1.5 × 104 cells in 100 μl and were cultured on 22 

collagen-coated 96-transwell plates with polyester membranes of 8 μm pore size 23 

(Corning) until reaching confluency and were then incubated with 10 ng/ml 24 

recombinant TNFα (PeproTech, Cat. No. 300-01A) for 16 hours prior to the assay. 25 

For transmigration experiments, the medium of the upper compartment was removed 26 
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and 8 × 103 calcein-AM-labelled PMNs were added in 50 μl of HBSS alone or in the 1 

presence of the indicated substances. 30 min later, transmigrated PMNs on the lower 2 

side of the filter were imaged (Olympus IX81 or Zeiss Axio Observer Z1) and 3 

quantified with ImageJ. The screen to identify potential transmembrane proteins that 4 

mediate trans-endothelial migration of THP-1 cells was performed in a 96-well format. 5 

The ratio of transmigration for each condition was defined as transmigration of THP-1 6 

cells after transfection of HUVECs with an individual siRNA pool divided by the 7 

transmigration after transfection with control siRNA. For transmigration assay under 8 

flow, 1.5 x 104 HUVECs were cultured per channel in a fibronectin-coated ibidi μ-9 

Slide I using a parallel-plate flow chamber and stimulated with 10 ng/ml recombinant 10 

TNFα (PeproTech) 16 hours prior to the assay. The flow chamber was perfused with 11 

HBSS at a constant shear flow (1.2 dyne/cm2) using a computer controlled air 12 

pressure pump (ibidi) for 15 min. PMNs were subsequently injected into the perfusion 13 

medium and the transmigration process was recorded for 30 min at 0.5 frames/s 14 

using a IX81 (Olympus) microscope at 37°C in the presence of 5% CO2. Percentage 15 

of rolling, adhering, crawling and transmigrated PMNs were manually quantified using 16 

ImageJ as described previously56. Rolling cells were defined as those that move 17 

more than 1 cell diameter within 10 s, while adhering cells were those that moved 18 

less than 1 cell diameter within 5 s. Cells transmigrating the endothelial monolayer 19 

were directly visualized and crawling was defined as the period between adhesion 20 

and transmigration. 21 

 22 

Immunoblot analysis 23 

Cells were lysed in cell lysis buffer (Cell Signaling, Cat. No. 9803) containing 1% 24 

triton X-100 or in RIPA buffer (Cell Signaling, Cat. No. 9806) supplemented with 25 

protease and phosphatase inhibitors (Cell Signaling, Cat. No. 5872). Lysates were 26 
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centrifuged at 10,000 x g at 4°C for 10 minutes. Supernatants were then subjected to 1 

SDS-PAGE and transferred to nitrocellulose membranes. Membranes were probed 2 

with primary and HRP-conjugated secondary antibodies (Cell Signaling Technology, 3 

Cat. No.  8884 and 7076, respectively) and were developed using the ECL detection 4 

system (Pierce). 5 

 6 

Determination of [Ca2+]i.  7 

For the determination of the intracellular Ca2+ concentration, endothelial cells were 8 

loaded with 5 μM Ca2+-sensitive dye Fluo-4 AM (Molecular Probes, Cat. No. F14201) 9 

in HBSS supplemented with 20 mM HEPES for 30 min at 37 °C and were then 10 

washed with HBSS 3 times at room temperature. Live-cell images were acquired with 11 

an IX81 microscope (Olympus) at a frequency of 1 Hz. Fluorescence intensity was 12 

measured using a FlexStation 3 (Molecular Devices). 13 

 14 

Transendothelial electrical resistance measurement 15 

Endothelial barrier function was assessed in real-time by continuously recording 16 

change in trans-endothelial electrical resistance using the ECIS ZTheta system 17 

(Applied BioPhysics) as described previously57. In brief, 40,000 HUVECs were 18 

seeded per well of a 96W1E + PET electrode plate coated with 1% gelatin (Applied 19 

BioPhysics). HUVEC barrier integrity was analyzed after 48 h when cells had formed 20 

a confluent monolayer.  21 

 22 

FITC-dextran permeability assay 23 

1.5 x 104 HUVECs were seeded per well of a collagen-coated transwell plate (3 μm 24 

pore size, Corning) and were cultured with daily medium changes until reaching 25 

confluency. For knockdown experiments, 8000 cells were transfected using 26 
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Lipofectamine RNAiMAX with the indicated siRNAs. For permeability assay, the 1 

medium of the upper insert was removed and replaced with medium containing 250 2 

µg/ml fluorescein isothiocyanate (FITC)-conjugated dextran (relative molecular mass 3 

40 kDa; Molecular Probes). The permeability was determined by passage of FITC-4 

dextran through the endothelial monolayer into the lower chamber using FlexStation-5 

3 (Molecular Devices).  6 

 7 

Determination of cell membrane tension 8 

Membrane tension was determined as previously described58,59. Briefly, endothelial 9 

cells cultured in ibidi flow chambers or collagen-coated 8-well glass chambers (Nunc) 10 

were stimulated with TNFα overnight and incubated with 1 μM of the membrane 11 

tension probe Flipper-TR® (Tebu-bio, Cat. No. SC020) for 30 min at 37 °C. Cells 12 

were then washed 3 times with HBSS and subjected to flow (1.2 dynes/cm2) alone, 13 

PMNs alone, or flow together with PMNs, anti-ICAM-1 beads or ICAM-1-clustering 14 

antibodies (see below) and imaged with a Leica-SP8 FLIM microscope. Excitation 15 

was performed using a pulsed 488 nm laser (Laser kit WLL2+pulse picker, Leica 16 

Microsystems) operating at 80 MHz, and the emission signal was collected from 549 17 

to 651 nm with acousto-optical beam splitter (AOBS) using a gated hybrid (HyD SMD) 18 

detectors and a TimeHarp 300 TCSPC Module and Picosecond Event Timer 19 

(PicoQuant). SymPhoTime 64 software (PicoQuant) was then used to fit fluorescence 20 

decay data. To extract lifetime information, the photon histograms from membrane 21 

regions were fitted with a double exponential, and 2 fluorescence emission decay 22 

times (τ1 and τ2) are extracted. The longest lifetime with the higher fit amplitude τ1 is 23 

used to report membrane tension 59.  24 
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ICAM-1 clustering  1 

For antibody-mediated clustering of ICAM-1, sheep-anti mouse IgG-coupled 2 

dynabeads (Invitrogen, Cat. No. M280) were coated with mouse anti-human ICAM-1 3 

antibody (R&D Systems, Cat. No. BBIG-I1) or IgG1 control (R&D Systems, Cat. No. 4 

MAB002) overnight at 4 °C according to the manufacture’s protocol. To induce 5 

clustering, 1.5 x 106 antibody-coated beads were added to a TNFα-stimulated 6 

HUVEC monolayer cultured in a 6-well dish and incubated for 15 min. For some 7 

experiments, antibody-coated beads were injected into the ibidi perfusion system 8 

containing HUVECs to induce ICAM-1 clustering on HUVECs under physiological 9 

flow conditions. Alternatively, ICAM-1 was ligated with 15 μg/ml mouse monoclonal 10 

antibodies (R&D Systems, Cat. No. BBIG-I1) for 30 min, followed by washing and 11 

ICAM-1 cross-linking with 50 μg/ml mouse secondary antibody (R&D Systems, Cat. 12 

No. AF007) for 20 min at 37°C. Live cell imaging of membrane tension and 13 

intracellular Ca2+ during ICAM-1 clustering were performed using a Leica SP8 or an 14 

Olympus IX81 microscope (see above). For immunoblot analysis, beads were 15 

isolated using a magnetic holder (Miltenyi Biotec), and cells were lysed with RIPA 16 

buffer as described above.  17 

 18 

VE-cadherin internalization assay  19 

The endocytosis of VE-cadherin was assayed as described60. HUVECs were grown 20 

to confluency on collagen-coated eight-well glass chamber (Nunc) or fibronectin-21 

coated flow chambers (ibidi, µ-slide I). Cells were stimulated with 10 ng/ml TNFα 22 

before they were incubated with 150 μM chloroquine (Sigma, Cat. No. C6628). The 23 

antibody against VE-cadherin (Becton Dickinson, Cat. No. 555661) was dialyzed into 24 

the cell culture medium and incubated with cells for 1h at 4 °C. Free antibody was 25 

removed by rinsing cells in cold EGM-2 medium. Cells were switched back to 37°C 26 
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and were incubated for 15 min with 1 × 104 freshly isolated PMNs per chamber 1 

without or with flow (1.2 dynes/cm2). PMNs were then removed by rinsing of cells 2 

three times with PBS. To remove cell surface-bound antibody while retaining the 3 

internalized antibody, cells were washed with PBS (pH 2.7) containing 25 mM glycine 4 

and 5% BSA for 15 min. Cells were then fixed with 4% paraformaldehyde and 5 

processed for permeabilization and immunofluorescence staining with secondary 6 

antibodies Alexa Fluor 488–goat anti-mouse (Invitrogen, Cat. No. A28175), and DNA 7 

was stained with DAPI (Invitrogen, Cat. No. D1306). Fluorescence signals were 8 

detected with a confocal laser-scanning microscope (Leica SP8 or Olympus C2).  9 

 10 

Mice 11 

All mice were backcrossed onto a C57BL/6N background at least 10 times, and 12 

experiments were performed with littermates as controls. Male and female animals at 13 

an age of 8-12 weeks were used unless stated otherwise. Mice were housed under a 14 

12-hour light-dark cycle with free access to food and water and under specific 15 

pathogen-free conditions. The generation of inducible endothelium-specific PIEZO1-16 

deficient mice (Tek-CreERT2;Piezo1fl/fl [EC-Piezo1-KO]) was described previously 55. 17 

To induce recombination, animals were injected on 5 consecutive days with 1 mg/d 18 

tamoxifen (Sigma) dissolved in corn oil, and 10-14 days later experiments were 19 

started. All animals which served as controls for tamoxifen-induced endothelial 20 

specific animals were treated with the same amount of tamoxifen under the same 21 

conditions. All procedures of animal care and use in this study were approved by the 22 

local animal welfare authorities and committees (Regierungspräsidium Darmstadt, 23 

Germany and Ethical Committee of Xi’an Jiaotong University, China).  24 
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Intravital microscopy  1 

Mice were anesthetized with an intraperitoneal injection of 125 mg/kg ketamine 2 

hydrochloride (Zoetis) and 12.5 mg/kg xylazine (Bayer). Cremaster muscle was 3 

prepared, and intravital microscopy was carried out as previously described 61. 4 

Postcapillary venules with a diameter of 20 to 40 µm were chosen for recording using 5 

an intravital upright microscope (Zeiss Axio Examiner Z.1) with a 20x W.Plan 6 

Apochromat 1.0 numerical aperture saline immersion objective (Zeiss). Inflammation 7 

was induced 4 hours before the experiment by intrascrotal injection of interleukin-1β 8 

(IL-1β).  9 

 10 

TNFα-induced peritonitis and flow cytometry 11 

Wild-type or EC-Piezo1-KO mice were injected intraperitoneally with 100 µl PBS 12 

containing no or 500 ng TNFα prewarmed to 37 °C. After 60 min, animals were killed 13 

and cells in the peritoneal cavity were collected by flushing with 5 ml ice-cold PBS. 14 

Peritoneal cells were filtered using a 70-μm strainer and analyzed by flow cytometry 15 

(BD FACS Canto II). The following antibodies were used: FITC conjugated anti-16 

mouse CD11b (BioLegend, Cat. No. 101205) and APC-conjugated anti-mouse Ly6G 17 

(BioLegend, Cat. No. 127614). 18 

 19 

In vivo vascular permeability assay 20 

A modified Miles assay to determine vascular permeability in the skin was performed 21 

as described62. Mice were anaesthetized by isoflurane and shaved 2 days before the 22 

assay. Animals were then intraveneously injected with 150 µl of 1% Evans blue 23 

solution, and 15 min later 20 µl of VEGF (100 ng/ml, PreproTech) or histamine (100 24 

μM, Sigma-Aldrich) in PBS was injected intradermally at the shaved back skin of the 25 

mice. 20 µl of PBS was injected as control. 30 min later mice were killed by CO2, 26 
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perfused with PBS, and the area around the injection site was dissected. The 1 

extravascular dye was then extracted by incubation with formamide at 56°C for 2 2 

days. The degree of vascular leakage was determined by measuring 3 

spectrophotometrically at 620 nm the ratio of Evans blue light absorption in test 4 

samples and control samples. 5 

 6 

Ear dermatitis induced by croton oil  7 

The method of croton oil-induced dermatitis was perfomed as previously described 8 

17,63,64. Briefly, wild-type or EC-Piezo1-KO mice were treated on the inner surface of 9 

the right ear with croton oil (Sigma-Aldrich, 2% v/v in a 4:1 mixture of acetone and 10 

olive oil). The left ear was treated with vehicle solution as control. Mice were killed 6 11 

h later, and both ears were harvested and fixed overnight in 4% paraformaldehyde at 12 

4°C in PBS. Ears were then permeabilized  with 0.5% Triton X-100, 5% BSA in PBS 13 

and incubated in blocking solution (0.5% Triton X-100, 5% BSA in PBS) for 24 h at 14 

4°C. Thereafter samples were incubated with anti-PECAM-1 (BD, clone MEC 13.3, 15 

Cat. No. 550274), anti-MRP-14 (R&D Systems, Cat. No. AF2065), or anti-collagen IV 16 

(Bio-Rad, Cat. No. 2150-1470) overnight at 4°C. Alexa Fluor 488 donkey anti-goat, 17 

Alexa Fluor 594 goat anti-rabbit and Alexa Fluor 647 chicken anti-rat (Thermo Fisher 18 

Scientific, Cat. No. A11055, A11037 and A21472, respectively) secondary antibodies 19 

were used. Tissue was mounted in fluorescent mounting medium (Polysciences, Cat. 20 

No. 18606-5), Z-stack projection were acquired using a Leica SP5 or SP8 confocal 21 

microscope and image analysis was performed with Imaris (Bitplane) and ImageJ. 22 

 23 

Other reagents and antibodies 24 

Yoda1 (Cat. No. 5586) was from Tocris Bioscience. Cytochalasin D (Cat. No. 25 

C8273), Blebbistatin (Cat. No. B0560) and PF431396 (Cat. No. PZ0185) were from 26 
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Sigma. PP2 (Cat. No. 529576) was from Merck Chemicals. Anti-PIEZO1-antibody 1 

was from Proteintech (Cat. No. 15939-1-AP). Anti-GAPDH (Cat. No. #5174), anti-2 

PYK2 (Cat. No. #3292), anti-p-PYK2(Tyr402, Cat. No. #3291), anti-SRC (Cat. No. 3 

#2109), anti-p-SRC (Tyr416, Cat. No. #6943), anti-MLC (Cat. No. #3672) and anti-p-4 

MLC (Ser19, Cat. No. #3675) were from Cell Signaling Technology. Anti-endomucin-5 

antibody was from Santa Cruz (Cat. No. sc-65495). 6 

Statistical analysis 7 

Trial experiments or experiments done previously were used to determine sample 8 

size with adequate statistical power. Samples were excluded in cases where 9 

RNA/cDNA quality or tissue quality after processing was poor (below commonly 10 

accepted standards). Data are presented as means ± SEM. Comparisons between 2 11 

groups were performed with unpaired 2-tailed Student’s t test, and multiple group 12 

comparisons at different time points were performed by 2-way ANOVA followed by 13 

Bonferroni’s post hoc test. P ≤ 0.05 was considered to be statistically significant. 14 

 15 

Data availability 16 

All data are available from the corresponding authors upon request. 17 

 18 
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Figures

Figure 1

PIEZO1 mediates leukocyte transendothelial migration in vitro and in vivo. (a) HUVECs pretreated with 10
ng/ml TNFα were transfected with 360 siRNAs pools  against RNAs encoding transmembrane proteins
expressed in endothelial cells and were then exposed to THP-1 monocytic cells for 3 hours. Shown is the
ratio of THP-1 cells which transmigrated the HUVEC monolayer transfected with a particular siRNA pool
and with control siRNA. The plot shows the ranked average ratios of three independent experiments. (b)



HUVECs were transfected with control (siCtrl) or PIEZO1-speci�c siRNA (siPIEZO1), and rolling, adhesion
and transmigration of human PMNs applied together with �ow (1.2 dynes/cm2) were analyzed (n=8
per group). Cells treated with control siRNA were set as 100%. (c) Mouse lung 13 endothelial cells
(MLECs) were isolated from wild-type (WT) and EC-Piezo1-KO mice and transmigration of mouse PMNs
was determined after pretreament without or with 1 μM Yoda1 for 15 min (n=5). (d) Wild-type (WT) and
endothelium-speci�c PIEZO1 de�cient mice (EC-Piezo1-KO) were injected intraperitoneally with PBS or
500 ng ofTNFα, and the number of peritoneal CD11b+;Ly6G+ neutrophils was determined by�ow
cytometry (n=4 mice (-TNFα); n=5 mice (+TNFα)). (e-g) Wild-type (WT) and EC- Piezo1-KO mice were
treated with croton oil on one ear. 6 h later, animals were killed and ears were immunostained as whole
mounts with antibodies against PECAM-1(blue, endothelium), collagen-IV (red, basement membrane) and
MRP14 (green, neutrophil). Arrows indicate neutrophils. Scale bar: 10 μm. (e) Representative images of
stained ears. (f) Schematic drawing illustrating the criteria to delineate the 5 positions in which leukocyte
are found during extravasation. (g) Distribution pattern of neutrophil positions relative to the endothelium
and basement membrane (n=16 mice (WT); n=14 mice (EC-Piezo1-KO), 3-5 vessels were analyzed per
animal). (h) WT and EC-Piezo1-KO mice were analyzed by intravital microscopy of cremaster venules 4
hours after injection of 50 ng IL-1β for extravasated leukocytes (n=9 mice per group; 4-10 measurements
per animal). (i) Evans blue extravasation was assessed after subcutaneous injection of 20 μl of PBS
without or with 100 μM of histamine or 100 ng/ml of VEGF (n=8 mice (PBS and histamine); n=4 mice
(VEGF)).  Shown are mean values ± s.e.m.; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 (unpaired two- tailed t-test).



Figure 2

Leukocytes and �ow synergistically induce PIEZO1 activation to stimulate endothelial downstream
signaling.(a-d) Untransfected HUVECs (a,b) or HUVECs transfected with control (siCtrl) or PIEZO1-speci�c
siRNA (siPIEZO1) (c,d) were preactivated with TNFα, loaded with Fluo-4 and were then exposed to PMNs
alone, to low �ow (1.2 dynes/cm2) alone or to both (a,b) or to PMNs and low �ow together (c,d). [Ca2+]i
was determined as �uorescence intensity (RFU, relative �uorescence units) (a, c). b and d show the area
under curve (AUC) of the [Ca2+]i-trace from 6 independent experiments (a.u., arbitrary units). (e-h)
Immunoblot analysis of total and phosphorylated PYK2, SRC  and MLC in lysates of TNFα-activated



HUVECs transfected with control siRNA (siCtrl) or siRNA directed against PIEZO1 and incubated without
or with human PMNs in the absence or presence of low �ow (1.2 dynes/cm2) (e) or without or with 5 μM
Yoda1 (g). Immunoblot analysis of PIEZO1 and GAPDH served as controls. Bar diagrams (f,h) show the
densitometric analysis of independent experiments. (i) Transmigration of human PMNs across TNFα-
activated HUVECs preincubated for 30 min with the PYK2 and SRC inhibitors PF431396 (10 μM) and PP2
(10 μM), respectively (n=5 independent experiments). (j) HUVECs transfected with control (siCtrl) or
PIEZO1-speci�c siRNA (siPIEZO1) were preactivated with TNFα and were then exposed to PMNs alone, to
low �ow (1.2 dynes/cm2) alone or to both. After 15 minutes VE-cadherin internalization was determined
as described in the Methods (n=4). Shown are mean values ± s.e.m.; *P ≤ 0.05; **P ≤ 0.01(unpaired two-
tailed t- test).

Figure 3

Endothelial PIEZO1 activation by leukocytes involves ICAM-1 activation  and �ow. (a-h) TNFα-activated
HUVECs transfected with control siRNA (siCtrl) or siRNA directed against ICAM-1 or PIEZO1 were exposed
to low �ow alone, anti-ICAM-1 antibody beads (ICAM-1 beads) alone or both (a-d) or to low �ow alone,
anti-ICAM-1 clustering antibodies (ICAM-1 XL) or both (e-h), and immunoblot analysis of total and



phosphorylated PYK2, SRC and MLC was performed. Immunoblot analysis of GAPDH served as controls.
Bar diagrams (b,f) show the densitometric analysis of 3 independent experiments. Alternatively, the free
[Ca2+]i was determined after loading of cells with Fluo4 (c,g). Bar diagrams (d,h) show the area under the
curve (AUC) of  the [Ca2+]i-trace from 3 independent experiments (a.u., arbitrary units). Shown are  mean
values ± s.e.m.; *P ≤ 0.05; **P ≤ 0.01 (unpaired two-tailed t-test).

Figure 4



Flow and ICAM-1 clustering synergistically increase endothelial membrane tension. (a,b) Fluorescence
lifetime τ1 images of FliptR in TNFα-activated HUVECs kept under static conditions or in the presence of
low �ow (1.2 dynes/cm2) or exposed to anti-ICAM-1 antibody beads or to anti-ICAM-1-crosslinking
antibodies (ICAM-1 XL) without or together with low �ow. The color bar corresponds to lifetime in
nanoseconds (ns). Bar length: 15 μm. Corresponding lifetime mean values indicating membrane tension
are shown in the bar diagram (b; n = 40 measurements from 5 independent experiments). (c-f) HUVECs
were preincubated without or with 10 μM 1 cytochalasin D (CytoD) or 30 μM blebbistatin (Bleb) (c,d) or
were transfected with control siRNA (siCtrl) or siRNA directed against the RNA encoding α-actinin-4 3
(siACTN4) or cortactin (siCTTN) (e,f) and were exposed to low �ow alone, anti-ICAM-4 1 clustering
antibodies (ICAM-1 XL) alone or both, and membrane tension was determined using FliptR (c,e; n = 20
measurements from independent experiments) or immunoblot analysis of total and phosphorylated
PYK2, SRC and MLC was performed (d,f). Bar diagrams show lifetime mean values (c,e). (g) Schematic
representation showing how �uid shear stress exerted by the �owing blood and leukocyte-induced ICAM-1
clustering synergistically activate PIEZO1 to induce  downstream signaling events resulting in opening of
the endothelial barrier. Shown are mean values ± s.e.m.; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 (unpaired two-
tailed t- test).
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