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Abstract

Disruption of alveolar—capillary barriers is a major complication of
high-volume mechanical ventilation referred to as “ventilator-
induced lung injury.” The stretching force in alveoli is transmitted to
endothelial cells, increasing the tension on underlying endothelial
plasma membrane. The mechanosensor Piezol, a plasma membrane
cation channel, was inducibly deleted in endothelial cells of mice
(Piezo1™™/~), which allowed us to study its role in regulating the
endothelial barrier response to alveolar stretch. We observed
significant increase in lung vascular permeability in Piezol™ ™/~
mice as compared with control Piezol™" mice in response to high-
volume mechanical ventilation. We also observed that human

lung endothelial monolayers depleted of Piezol and exposed

to cyclic stretch had increased permeability. We identified the

Mechanical ventilation with low tidal
volumes is the primary and requisite
supportive measure in patients with
respiratory failure (1). High-volume
mechanical ventilation (HVMV), in contrast,
injures the lung endothelium and induces
pulmonary edema, a condition known as
“ventilator-induced lung injury” (VILI) (2).
Even low-tidal volume ventilation of injured
lungs can overinflate regions of the lung
because of uneven distribution of ventilation,
and thus can induce VILI (3). Although lung
overinflation is known to disrupt the lung

endothelial barrier (4), it is not clear why
some patients develop VILI and others do
not. Thus, a better understanding of
underlying signaling mechanisms mediating
VILI could lead to therapies targeting
pathogenic processes. Pulmonary
microvessel endothelial cells (ECs) separated
from the alveolar epithelium by a septum of
less than 1 pwm are subjected to stretch
generated by the rise in alveolar pressure
(5). The endothelium expresses the
mechanosensory channel Piezol and
responds to plasma membrane stretch (6, 7);

calcium-dependent cysteine protease calpain as a downstream target
of Piezol. Furthermore, we showed that calpain maintained stability
of the endothelial barrier in response to mechanical stretch by
cleaving Src kinase, which was responsible for disassembling
endothelial adherens junctions. Pharmacological activation of
calpain caused Src cleavage and thereby its inactivation, and it
restored the disrupted lung endothelial barrier seen in Piezo1“~/~
mice undergoing high-volume mechanical ventilation. Our data
demonstrate that downregulation of Piezo1 signaling in endothelium
is a critical factor in the pathogenesis of ventilator-induced lung
injury, and thus augmenting Piezo1 expression or pharmacologically
activating Piezol signaling may be an effective therapeutic strategy.

Keywords: mechanotransduction; calcium signaling; alveolar
stretch

therefore, in the present study, we determined
the role of alveolar stretch in activation

of Piezol in ECs and regulation of

lung endothelial barrier function.

Piezo channels are essential for a
variety of functions in the lungs and the
cardiovascular system (8). Piezo2 expressed
in airway vagal sensory neurons senses lung
inflation and shapes the Hering-Breuer
reflex to inhibit lung overinflation
(9). In ECs, Piezol plays a role in
embryonic vasculogenesis (6, 10), shear
stress—mediated angiogenesis in the adult
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Figure 1. Piezo1 deletion in ECs of mice augments high-volume mechanical ventilation (HVMV)-induced lung capillary leakage. (A and B) Endothelium-specific
genetic deletion of Piezo1 (Piezo1°~™) augments HVMV-induced pulmonary capillary leakage and edema formation. Piezo1"" and Piezo7E°~~ mice
were mechanically ventilated with tidal volume of 40 mi/kg for 2 hours. Pulmonary transvascular albumin permeability (4) and wet/dry ratio (B) were measured.
Plots show mean = SEM. The data points depict individual mice; n =3-5. *P < 0.01, **P < 0.001, and ***P < 0.0001 by ANOVA. (C) Piezo1¢~"~
decreases lung static compliance in mice undergoing mechanical ventilation. Values are shown as mean = SEM; n=5-6. **P <0.01 by two-tailed t test.
(D) Piezo 1™~ mice show an increase in BAL fluid (BALF) protein concentration in mice undergoing HYMV as in A and B. Mean + SEM; n = 3-4. **P < 0.001
and P < 0.0001 by ANOVA. (E) Piezo1E°~~ mice show an increase in HYMV-induced neutrophil sequestration in lungs (assessed by measurement of
myeloperoxidase [MPQO] activity). Mean += SEM; n=4. *P <0.05 and ***P < 0.0001 by ANOVA. (F and G) Hematoxylin and eosin staining of lung sections

(F) and Lung Injury Score (G) showing increased inflammation and lung injury in Piezo15¢~"~ mice postventilation as in A and B. Scale bars: 60 pm. =P <0.01
and **P < 0.001 by ANOVA. Ctrl = control; EBA=Evans blue-labeled alboumin; ECs = endothelial cells; NS = nonsignificant; OD = optical density.

(11), hydrostatic pressure-induced
pulmonary vascular hyperpermeability and
edema (12), and flow-mediated blood
pressure regulation (13) through its role as
a channel activating calcium influx (14, 15).
In this article, we describe an important
adaptive function of endothelial Piezol in
stabilizing pulmonary endothelial adherens
junctions (AJs) in response to distention

of the lungs. The results of the present
study demonstrate a negative feedback
adaptive mechanism by which endothelial
Piezol reinforces EC junctional integrity
through stabilizing vascular endothelial
(VE)-cadherin adhesion in response to alveolar
stretch. We also show that significantly
diminished or absent Piezol activation
results in pulmonary edema during HVMV.

Methods

Mechanical Ventilation in Mice

All procedures were approved by the
University of Illinois at Chicago Committee
on Use and Care of Animals. The mice were
anesthetized with a mixture of ketamine
hydrochloride (50 mg/kg) and xylazine

(10 mg/kg) intraperitoneally. Orotracheal
intubation was conducted using a 20-gauge
intravenous catheter (Becton Dickinson
Canada). After verification of positioning,
the catheter was connected to a ventilator
(VentElite; Harvard Apparatus), and
ventilation parameters were set according to
protocol. To calculate the static compliance
of the lung, the ventilator was held at the end
of inspiration for 1 second, and airway

Zhong, Wu, Kang, et al.: Piezo1 Prevents VILI

plateau pressure was recorded. Static
compliance was calculated as tidal volume
divided by plateau pressure.

Evans Blue Dye Albumin Pulmonary
Transvascular Flux Measurements
Evans blue dye albumin (EBA) was injected
intravenously at a dose of 8 ul/g body
weight. Lungs were perfused with PBS
and harvested 30 minutes later. Lung
homogenates were incubated with 2 ml

of formamide overnight at 60°C, and
concentration of EBA was measured at
absorbance of 620 nm. EBA concentration
was normalized to body weight.

Pulmonary Edema Measurement
Mouse lung tissue was harvested, and wet
weight was immediately measured. The lung
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Figure 2. Loss of Piezo1 in ECs augments HVMV-induced vascular endothelial cadherin (VE-Cad) phosphorylation and disruption of adherens junctions (AJs) in lung
endothelium. (4) Westemn blot analysis of VE-Cad phosphorylation in lungs of Piezo1™ and Piezo ¢~ mice after mechanical ventilation with tidal volume of 40 mi/kg
for 30 minutes. Piezo1° ™"~ increases HVMV-induced phosphorylation of VE-Cad at Y658 and Y685, Mean = SEM; n=3-4. *P < 0.05, *P < 0.01, and **P <
0.001 by ANOVA. (B) Westem blot analysis of VE-Cad phosphorylation in HLMVEC monolayers after 18% cyclic stretch (CS) for 30 minutes. Depletion of Piezo1 by
siRNA increases stretch-induced phosphorylation of VE-Cad at Y658 and Y685 as compared with scrambled siRNA-treated cells. Mean + SEM; n=3. *P<0.05 and
***P < 0.001 by two-tailed ¢ test. (C) Confocal imaging of VE-Cad (white) and nuclei (DAPI; blue) of HLMVEC monolayers transfected with scrambled or Piezo1
siRNA under basal static conditions and after 30 minutes of 18% CS. Scale bars: 20 um. (D) Distribution of VE-Cad between plasma membrane

and cytosolic pool by Western blot analysis in HLMVEC monolayers transfected with scrambled or Piezo1 siRNA under basal static conditions and after 30
minutes of 18% CS. Depletion of Piezo1 decreased membrane VE-Cad expression and increased cytosolic pool. (E) Western blot analysis of VE-Cad
phosphorylation in HLMVEC monolayers treated with 500 nM GsmTx-4 or vehicle control under basal static conditions and after 30 minutes of 18% CS.
Pharmacological inhibition of Piezo1 channels increases phosphorylation of VE-Cad at Y658 and Y685. Mean = SEM; n=3. *P <0.05, *P < 0.01, **P < 0.001,
and P < 0.0001 by two-tailed t test. HLMVEC =human lung microvascular endothelial cell.
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Figure 3. Loss of Piezo1 in ECs augments Src-dependent phosphorylation of VE-Cad. (A) Western
blot analysis of Src autophosphorylation at Y416 and paxillin phosphorylation at Y118 in lungs

of Piezo1™™ and Piezo1E°~"~ mice after mechanical ventilation with tidal volume of 40 mi/kg for
30 minutes. Piezo15°~~ mice show increased phosphorylation of Src and paxillin, indicative of Src
activation. Mean = SEM; n=3. **P <0.001 and ****P < 0.0001 by ANOVA. (B and C) Western blot
analysis of Src phosphorylation in HLMVEC monolayers transfected with control or Piezo1 siRNA
(B) or treated with 500 nM GsmTx-4 (C) after exposure to 18% CS for 30 minutes. Genetic depletion
of Piezo1 (B) or pharmacological inhibition of Piezo1 (C) augmented Src phosphorylation.

Mean + SEM: n=3. *P < 0.05 by two-tailed t test. (D) Pulmonary EBA permeability in Piezo1™" and
Piezo 1™~ mice mechanically ventilated with tidal volume of 40 mi/kg for 2 hours. Piezo1EC™~
mice received intraperitoneal injection of PP2, an Src inhibitor, at 1 mg/kg body weight before HVMV.
Inhibition of Src with PP2 prevents lung microvascular leakage in Piezo 1™~ mice. Mean = SEM.
Data points depict individual mice. *P < 0.05 by ANOVA.

tissue was then dried in an oven at 60°C for
48 hours to a constant weight, and dry
weights were measured.

Myeloperoxidase Assay
Lungs were harvested and weighed after
perfusion with PBS to remove all blood and

Zhong, Wu, Kang, et al.: Piezo1 Prevents VILI

stored at —80°C before myeloperoxidase assay
was conducted. Myeloperoxidase activity was
assessed as described elsewhere (16).

Cell Culture

Human lung microvascular ECs were
cultured in EGM2 medium supplemented
with a growth factor BulletKit (Lonza) and
10% heat-inactivated FBS (Thermo Fisher
Scientific). Cells were used for cyclic stretch
(CS) experiments at passages 5-8.

CS Exposure

CS experiments were conducted with
Flexcell FX-5000 Tension System (Flexcell
International). Human lung microvascular
endothelial cell (HLMVEC) monolayers
were exposed to CS of set magnitude
(18% elongation) and duration (0-2 h).

Surface Protein Isolation

The Subcellular Protein Fractionation Kit
(78840; Thermo Fisher Scientific) was used
in accordance with the manufacturer’s
protocol for isolation of plasma membrane
and cytosolic fractions of VE-cadherin.

Calpain Activity

A fluorometric assay was used to detect
cleavage of calpain substrate Ac-LLY-AFC.
Output was measured on a microplate
reader with 400-nm excitation and 505-nm
emission filters. Absorbance values are
presented as arbitrary units after subtracting
a background value.

Statistics

Data are expressed as mean = SEM and
were analyzed with two-tailed unpaired
Student’s t test for comparison of two
groups or one-way ANOVA for multiple
groups followed by a post hoc Tukey test.

Results

Endothelium-Specific Deletion of
Piezo1 (Piezo1¥°~/") in Mice
Augments Lung Endothelial
Hyperpermeability in Response to
Lung Distention

To determine the role of Piezol expressed in
ECs (17), we generated mice in which
Piezol was deleted inducibly in ECs
(Piezo1"E€™/7) (11, 12). In control Piezo1"?
mice, we observed a moderate increase in
lung vascular permeability and edema
formation in response to HVMYV (Figures
1A and 1B). These responses were
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Figure 4. Piezo1 prevents Src-dependent phosphorylation of VE-Cad through activation of calpain. (A and B) Calpain activity in HLMVEC
monolayers transfected with Piezo1 siRNA (A) or treated with 500 nM GsmTx-4 (B) under basal static conditions and after 30 minutes of 18%
CS. Depletion of Piezo1 or inhibition of stretch-activated channels decreases calpain activity. Mean = SEM; n=3. *P <0.05, **P < 0.01, and
***P < 0.001 by two-tailed t test. (C) Western blot analysis of VE-Cad and Src phosphorylation in HLMVEC monolayers challenged with 3 uM
PD150606 (calpain inhibitor) or vehicle control and exposed to 18% CS for 30 minutes. Pharmacological inhibition of calpain augments
phosphorylation of both VE-Cad and Src in HLMVEC monolayers exposed to 18% CS for 30 minutes. (D and E) Lung transvascular EBA
permeability (D) or wet/dry ratio (E) in C57BL/6 mice treated with intravenous injection of PD150606 at 8 wM/kg body weight or vehicle control and
exposed to HVMV for 2 hours. Mean = SEM. Data points depict individual mice. **P < 0.01, ***P < 0.001, and ****P < 0.0001 by two-tailed t test.

(F) Lung transvascular EBA lung permeability in Piezo

1 fl/fl

and Piezo 1™/~ mice treated with intravenous injection of calcium ionophore A23187

at 1 mg/kg body weight or vehicle control as indicated before exposure to mechanical ventilation with tidal volume of 40 mi/kg for 2 hours.
Pharmacological activation of calpain prevents lung microvascular leakage in Piezo 1€/~ mice. Mean + SEM. Data points depict individual mice;
n=4. *P<0.05 by ANOVA. RFU =relative fluorescence units.

dependent on the level of tidal volume

(Figures E1A-E1C in the data supplement).

The responses, however, were significantly
elevated in Piezo1"™“™’~ but not in
Piezo2"*“~'~ mice exposed to the same
HVMYV conditions (Figures 1A, 1B,

and E1D), suggesting that endothelial
Piezol acted in a protective manner to
prevent lung vascular leakiness during
HVMV.

Similar to observations in Piezol
mice, GsmTx-4, a peptide isolated
from tarantula venom that inhibits
mechanosensitive channels (18), also
significantly augmented lung vascular
leakage and edema formation as
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compared with control mice (Figures
E1E and E1F). These findings support
the role of Piezol in protecting the
endothelial barrier during lung overinflation.
We also observed significantly reduced
lung compliance in Piezol™™/~ mice
as compared with control littermates
(Figure 1C), consistent with observed
compliance decreases seen during VILI
(19). Protein concentration in BAL fluid
and neutrophil infiltration into airways
were also significantly elevated in
Piezo1™“™’~ mice compared with control
mice (Figures 1D and 1E). Histopathological
analysis of Piezol1"“™/~ lungs showed
severe interstitial and alveolar edema,

hyaline membranes, and neutrophil
infiltration consistent with augmented lung
injury compared with control Piezo1™"
mice (Figures 1F and 1G).

Loss of Piezo1 in ECs Increases
VE-Cadherin Tyr658 and Tyr685
Phosphorylation and Destabilizes
VE-Cadherin Junctions

To address the mechanisms of endothelial
barrier disruption in PiezoI“~/~ mouse
lungs, we determined alterations in
VE-cadherin phosphorylation at Tyr658 and
Tyr685, which mediate internalization of
VE-cadherin from the plasma membrane
and disassembly of AJs (20). We observed

American Journal of Respiratory Cell and Molecular Biology Volume 62 Number 2 | February 2020
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significantly increased VE-cadherin
phosphorylation at Tyr658 and Tyr685 in
response to HVMV in Piezol1’“™/~ mouse
lungs as compared with control animals’
lungs (Figure 2A).

To investigate further whether Piezol
also mediated endothelial barrier protection
in monolayers and matched the response
in vivo, we established the CS EC culture
model (21) to mimic alveolar stretch and
thus study its impact directly on the
endothelium. We found that CS of primary
HLMVECs treated with control siRNA
increased VE-cadherin phosphorylation at
Tyr658 and Tyr685 (Figure 2B), consistent
with the response seen in mice (Figure 2A).
Furthermore, Piezol depletion (Figure E2)
100 4 augmented the increase in CS-induced
VE-cadherin phosphorylation at both tyrosine
0.00 0 - residues (Figure 2B), also consistent with
O 6";\ Vehicle + + - 2 N the results in Piezol™“~/~ mouse lungs
Yodal - - + Aéf‘\ +© (Figure 2A). We observed significantly

Ctl HYMV greater internalization of VE-cadherin and
disruption of VE-cadherin junctions in
E response to CS in Piezol-depleted ECs
Cs 1.5 (Figures 2C and 2D), in agreement with the

Yodai - effects of VE-cadherin phosphorylation in

1.0 signaling VE-cadherin internalization
through clathrin-mediated endocytosis

0.5 (20). Treatment of HLMVECs with the

- e Sic Piezol inhibitor GsmTx-4 increased

50kDa — W —cleaved Src = 0.0 VE-cadherin phosphorylation (Figure 2E)
o) N in endothelial monolayers subjected to CS,

S as also seen in Piezol™ ™/~ mouse lungs
< A 8
(Figure 2B).
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Endothelial Hyperpermeability
To investigate mechanisms of VE-cadherin
phosphorylation and disassembly of AJs
seen in Piezol-depleted ECs of mice in
response to HVMYV, we next studied the role
of Src, which is known to phosphorylate
s L & VE-cadherin at Tyr658 and Tyr685 residues
QQ +° Q® +° and induce its internalization (20). We
found that Piezo1™ ™'~ mouse lungs showed
Figure 5. Activation of Piezo1 prevents Src-dependent VE-Cad phosphorylation and lung significantly greater activation of Src, as
vascular leakage. (A-C) Hematoxylin and eosin staining of lung sections (A), Lung Injury Score evidenced by tyrosine autophosphorylation
(B), and lung transvascular EBA permeability (C) in C57BL/6 mice pretreated with intravenous of Src at Y416 as well as phosphorylation of
injection of Piezo1 activator Yodal (20 wg/kg body weight) or vehicle control and exposed to the Src substrate paxillin at Y118 after
HVMV for 2 hours. Yodal reduces HVMV-induced lung injury and edema. Mean = SEM. The exposure to HVMV, than in control mice
data points depict individual mice. n=4-7. **P <0.01 by ANOVA and ***P < 0.001 by two-tailed
t test. (D) Calpain activity in HLMVEC monolayers pretreated with 100 nM Yoda1 or vehicle
control and exposed to 18% CS for 30 minutes. Activation of Piezo1 increases calpain activity.
Mean + SEM; n=3. *P < 0.05 by two-tailed t test. (E and F) Western blot analysis of Src
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(Figure 3A). Similar results were obtained
in HLMVEC monolayers deficient in
Piezol upon exposure to CS (Figure 3B).

(E) and VE-Cad (F) phosphorylation in HLMVEC monolayers pretreated with 100 nM Yoda1 or Furthermore, treatment of HLMVEC
vehicle control and exposed to 18% CS for 30 minutes. Activation of Piezo1 decreases monolayers with the GsmTx-4 inhibitor
phosphorylation of Src and VE-Cad. Mean = SEM; n=3. *P < 0.05, **P < 0.01, and ***P < 0.001  enhanced CS-induced Src phosphorylation
by two-tailed t test. Scale bars: 60 wm. as compared with vehicle-treated cells

Zhong, Wu, Kang, et al.: Piezo1 Prevents VILI 173



ORIGINAL RESEARCH

A -a observation » B
0.25 - e VILI-2h
c m  EVIL-4h & N
5 QY
£ 0.20 - > N
Q
& & o
2 0.15 + >
g S s - VECad
& 0101 S 100kDa — @
T
< NS ;
E 0.05 4 37kDa — |— — — B-actin
'Y | —_—
0.00 T T ~$ {\ (-\ (-\ Isolated Lung ECs
gé\(\e‘ Q X g AV
N post-HVMV
c D Ctrl HVMV-4h
Ctrl HVMV-2h
200kDa | _—— = Piezo1
Piezot™ + - + - a
PiezolECF - + _ 4 100kDa J w— | VE-Cad

(00kDa | W BN s = [VECad o e e @ | CDS1
|
37kDa —| D @D @I @B | GAPDH 37kDa—| | GAPDH

vehicle - -
A23187 - +

E SMV LMV
Patient No. 1 2 3 4 5 6 7

B Piezo1
200kDa~l Exe . A i

- e - VE-Cad

100kDa —

100kDa —

- e gm WD s W9 -|cos1

37kDa _|--— --1-—| GAPDH

F Luminal
Stabilization of AJs

sy Sre
VE-Cadherin &
v &8
p233ti—rl —

—133333 = Calpainifab
Internalization gié

D E— — > Piezo1 i

W Stretch '

Figure 6. Mechanical ventilator-induced lung injury (VILI) in mice and humans is characterized by
reduced expression of VE-Cad. (A) Long-term mechanical ventilation increases pulmonary
transvascular albumin permeability in mice (see MemHops). Time course of lung vascular permeability in
C57BL/6J mice subjected to 2 or 4 hours of HYMV (see MetHops) and followed by monitoring lung
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Expression of VE-Cad is significantly reduced in C57BL/6J mice exposed to 4 hours of HVMV. Western
blot analysis was performed in freshly isolated lung ECs from these mice. (C) Expression of VE-Cad is

(Figure 3C). To address the role
of Src in mediating increased lung
vascular permeability in VILI, we treated
jezo1"™5“~/~ mice with the Src inhibitor
PP2 {4-amino-5-(4-chlorophenyl)-7-
(dimethylethyl)pyrazolo[3,4-d]pyrimidine}
(22), and we observed that it prevented
the augmented lung vascular albumin
permeability (EBA) response seen in
Piezo1™“™’" mice subjected to HVMV
(Figure 3D).

Piezo1 Activation of Calpain
Suppresses Src Activity to Stabilize
VE-Cadherin Junctions

Calpain is a Ca®"-dependent cysteine
protease known to be activated by pressure
and shear stress stimulation of Piezol (6,
12). Calpain also cleaves Src and generates
the inactive 52 kD cleavage product of Src,
suggesting that calpain activation counters
the barrier-disruptive effect of Src. We
therefore addressed whether Piezol-elicited
Ca®”" influx was responsible for calpain
activation and thus stabilized the
endothelial barrier by inactivating Src. We
observed that CS induced calpain activation
in HLMVEC monolayers and further that
the response was significantly reduced in
monolayers depleted of Piezol or treated
with GsmTx-4 (Figures 4A and 4B).
Inhibition of calpain with PD160505 (6)
prevented the cleavage of Src, increased Src
activity, and increased VE-cadherin
phosphorylation in HLMVEC monolayers
subjected to CS (Figure 4C). In addition,
chelation of extracellular Ca®>" with EDTA
augmented phosphorylation of Src and
VE-cadherin at Tyr658 and Tyr685 in
HLMVEC monolayers upon CS (Figure
E3). Treatment with PD160505 also
significantly increased pulmonary vascular
permeability and edema formation in
HVMYV mice but not in control mice
(Figures 4D and 4E). In contrast, treatment
with Ca®" ionophore A23187, a calpain
agonist (23), prevented HVMV-induced
lung injury in Piezol™“™/~ mice

(Figure 4F).

Yoda1 Enhances Calpain Activity

and Reduces Src-mediated
Phosphorylation of VE-Cadherin

We next focused on identifying potential
therapeutic strategies to increase barrier
stability via the Piezol pathway in the lung
endothelium. We determined whether
Yodal, a specific activator of Piezol (24),
reduces Src-dependent phosphorylation of
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VE-cadherin and thereby abrogates
HVMV-induced increase in lung vascular
permeability. We found that intravenous
administration of Yodal in mice prevented
HVMV, as evidenced by the reduced Lung
Injury Score (Figures 5A and 5B) and also
reduced lung vascular permeability

(Figure 5C). Furthermore, treatment of
HLMVEC monolayers undergoing CS
with Yodal increased calpain activity
(Figure 5D), suppressed Src activity
(Figure 5E), and concomitantly reduced
VE-cadherin phosphorylation (Figure 5F).

Long-Term Mechanical Ventilation in
Mice and Patients Reduces Both
Piezo1 and VE-Cadherin Expression

in Lungs

We next determined the effects of HVMYV in
mice (exposed to fourfold greater than
normal tidal volume) to study changes

in VE-cadherin expression in vivo. We
observed that the 4-hour period of
HVMYV markedly increased lung

vascular permeability, which persisted up to
72 hours after restoring normal tidal volume
ventilation (Figure 6A). The magnitude of
VE-cadherin loss after 4 hours was related
to the severity of increase in lung vascular
permeability, with the response to 4 hours
of HVMYV being much greater than that
after 2 hours of HVMV (Figure 6B).
Furthermore, loss of VE-cadherin was
significantly greater in Piezol™®“~’~ mice
than in Piezol™™ mice after even 2 hours of
HVMV (Figure 6C). On the basis of these
findings, we posited that activation of
calpain would restore VE-cadherin
expression. We found that mice treated
with A23187 indeed showed normal
expression of both Piezol and VE-cadherin
after the 4-hour period of HVMV

(Figure 6D).

We next investigated the impact of
mechanical ventilation on VE-cadherin
expression in human lungs. Control lung
tissue was obtained from patients
undergoing pulmonary lobectomy who
had received short-term periprocedural
mechanical ventilation for 30-60 minutes
during the surgical procedure (Table E1).
Lung tissues from patients who had

undergone prolonged (38-252 h) mechanical
ventilation were obtained from organ
donors in whom lungs were not deemed
suitable for transplant (Table E1). We found
that patients receiving long-term mechanical
ventilation had significantly decreased
expression levels of both Piezol and
VE-cadherin as compared with the short-term
mechanical ventilation group (Figure 6D).

Discussion

In the present study, we identified a novel
adaptive role of EC-expressed Piezol in
stabilizing the lung endothelial barrier

in response to alveolar stretch. We
demonstrated that activation of Piezol in
EC:s elicited calcium signaling and activated
calpain to cleave Src, which in turn
suppressed Src-mediated VE-cadherin
phosphorylation at Y685 and Y658, thereby
preventing VE-cadherin internalization
from AJs. Our findings uncover an adaptive
feedback regulation by which alveolar
stretch-induced Piezol activation in ECs
protects the lung endothelial barrier
function. This mechanism is analogous

to the recently described adaptive control
of lung inflation (Hering-Breuer
mechanoreflex) by Piezo2 (9). Although
lung distention activated Piezo2 in sensory
neurons to prevent lung overinflation, in
the present study, we showed that Piezol in
ECs adaptively suppressed endothelial
permeability in response to alveolar stretch.
We demonstrated that this adaptive
endothelial barrier stabilization response
was mediated via a mechanism intrinsic
to ECs.

The present findings help to define a
fundamental role of Piezol-mediated
calcium signaling in the regulation of
endothelial permeability and pathogenesis
of VILIL. Previous studies focused on the
mechanosensitive transient receptor
potential superfamily in mediating lung
vascular hyperpermeability in response to
HVMYV (25). Deletion or pharmacological
inhibition of TRPV4 (transient receptor
potential cation channel subfamily
V member 4) prevented HVMYV disruption

of alveolar—capillary barriers (26),
demonstrating a role of TRPV4 in
the pathogenesis of VILL Activation
of TRPV4 in ECs did not appear to
alter the integrity of AJs; rather,
TRPV4 increased hyperpermeability in
response to HVMV through activation of
metalloproteases and detachment of ECs
from the underlying basement membrane
(27, 28). Distinct from barrier-disruptive
signaling via TRPV4, the present results
identify a mechanosensitive, barrier-
protective pathway in mice exposed to
HVMV that stabilized lung endothelial AJs
downstream of Piezol activation.

VE-cadherin, the key component of AJs
controlling the integrity of endothelial
junctions (29), regulates endothelial barrier
permeability through the assembly of
homotypic VE-cadherin trans-interaction
in ECs (30). We demonstrated that deletion
of Piezol increased the phosphorylation
of VE-cadherin at Y685 and Y658,
the “phosphoswitch” responsible for
internalizing VE-cadherin and thus
destabilizing AJs (20). In contrast, we
observed that pharmacological activation
of Piezol reduced phosphorylation at
these residues, both in mouse lungs
and in confluent human endothelial
monolayers, in response to alveolar CS.
Phosphorylation of VE-cadherin at Y685
and Y658 is known to be mediated by Src
and signal VE-cadherin internalization
via clathrin-mediated endocytosis, resulting
in disassembly of AJs (20). We observed
that increased activation of Src augmented
VE-cadherin phosphorylation in human
lung ECs depleted of Piezol as well as in
Piezo1™“~’~ mice. Pharmacological
inhibition of Src in PiezoI™®“™~ mice
reduced VE-cadherin phosphorylation and
restored endothelial permeability to levels
seen in control mice subjected to similar
HVMV. Thus, these results demonstrate
that activation of Piezol in lung ECs
prevents lung endothelial barrier
breakdown in response to alveolar stretch
through suppression of Src-induced
VE-cadherin phosphorylation.

Piezol is known to activate calcium-
dependent calpain proteases (6, 31), a

Figure 6. (Continued). reduced in Piezo1°~~ mice exposed to 2 hours of HYMV. (D) Pharmacological activation of calpain with A23187 prevents
downregulation of both Piezo1 and VE-Cad induced by 4 hours of HYMV. Western blot analysis of VE-Cad, CD31, and GAPDH (as loading control). (E)
Human lung tissue samples were collected from patients undergoing short-term mechanical ventilation (SMV) for lobectomy or from organ donors who
had undergone long-term mechanical ventilation (LMV). Western blot analysis of Piezo1, VE-Cad, CD31, and GAPDH (loading control) was performed. (F)
Model of endothelial Piezo1-mediated stabilization of AJs. Alveolar CS adaptively activates Piezo1 and its downstream target calpain via Ca®" influx.
Calpain, in turn, cleaves Src, reducing Src-dependent VE-Cad phosphorylation and stabilizing AJs.
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family of highly conserved proteolytic
enzymes (32). The mechanism of calpain
activation in the context of lung alveolar
stretch is unclear. Our results based on both
inhibiting and activating calpain suggest a
role of Piezol in activating calpain
secondary to Piezol-induced calcium
signaling in ECs (6). Calpain cleaves

Src at N-terminal domain and results in
Src accumulation in cytosol (33). In
Piezo1™“™’~ mouse endothelium exposed
to alveolar stretch, we observed that
activation of calpain with the calcium
ionophore A23187 reduced Src activity as
well as phosphorylation of VE-cadherin to
levels observed in control mice, which
thereby normalized lung barrier function.
This is in contrast to Piezol-mediated
activation of calpain-dependent
degradation of both VE-cadherin and
catenin proteins (12, 34) observed in the
conditions of elevated hydrostatic
pressure in the lung (12). These differences
in Piezol function can be explained

by the direction and magnitude of
mechanical forces experienced by ECs.
Although HVMYV transmits forces through

the basement membrane, a hydrostatic
pressure activates Piezol localized at the
luminal surface of ECs.

Furthermore, we established the
clinical relevance of our findings by
comparing lung tissue samples from
patients exposed to short-term mechanical
ventilation and organ donor patients
exposed to longer periods of mechanical
ventilation. We found that only long-term
mechanical ventilation was associated with
loss of both Piezol and VE-cadherin in
human lungs that was characteristic of VILL
We also observed a similar decreased
VE-cadherin expression after long-term
mechanical ventilation in mice, indicating
that mechanical ventilation itself can disrupt
the integrity of VE-cadherin junctions,
leading to pulmonary edema. Although the
mechanism of VE-cadherin downregulation
in response to prolonged mechanical
ventilation is unknown, our findings in
human and mouse lung ECs showing that
Piezol signaling preserves VE-cadherin
junctions suggest a key role of Piezol in
maintaining endothelial integrity during
VILI. These results raise the possibility that

VILI likely develops when expression of
Piezol is downregulated in ECs exposed
to protracted exposure to mechanical
stresses.

In conclusion, we describe a novel lung
endothelial Piezol-regulated mechanism
involved in preventing the disassembly of
lung endothelial VE-cadherin junctions,
breakdown of the endothelial barrier, and
fulminant pulmonary edema resulting from
alveolar stretch. These findings suggest a
strategy of preventing VILI through
activation of Piezol signaling in the lung
endothelium that thereby may shift the
balance toward Piezol-mediated barrier
protective signaling. M
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