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Abstract

Impact Statement

Lung injury is a frequent side-effect of everolimus,
a first-generation mTOR inhibitor used in clinical
therapies. Endothelial cell barrier dysfunction plays
a major role in the pathogenesis of the lung injury,
but previous studies have ignored its biological
function in mTOR inhibitors-induced lung injury.
Therefore, we used mouse model with lung injury
and endothelial cell monolayers hyperpermeabil-
ity in vitro induced by everolimus as the research
model and examined dasatinib alters pulmonary
endothelial permeability in a Ca2*-dependent
manner. We observed that everolimus promotes
endothelial hyperpermeability through MLC phos-
phorylation-mediated EC contraction by PKCa and
MLCK activation, which may be dependent on an
endothelial intracellular [Ca2*] leakage. Our results
elucidated a molecular mechanism that may con-
tribute to everolimus-induced endothelial barrier
dysfunction and help to ameliorate the manage-
ment of mTOR inhibitor-associated side effects.

The mammalian target of rapamycin (MmTOR) inhibitors, everolimus (but not
dactolisib), is frequently associated with lung injury in clinical therapies. However,
the underlying mechanisms remain unclear. Endothelial cell barrier dysfunction
plays a major role in the pathogenesis of the lung injury. This study hypothesizes
that everolimus increases pulmonary endothelial permeability, which leads to lung
injury. We tested the effects of everolimus on human pulmonary microvascular
endothelial cell (HPMEC) permeability and a mouse model of intraperitoneal injection
of everolimus was established to investigate the effect of everolimus on pulmonary
vascular permeability. Our data showed that everolimus increased human pulmonary
microvascular endothelial cell (HPMEC) permeability which was associated with MLC
phosphorylation and F-actin stress fiber formation. Furthermore, everolimus induced
an increasing concentration of intracellular calcium Ca?* leakage in HPMECs and
this was normalized with ryanodine pretreatment. In addition, ryanodine decreased
everolimus-induced phosphorylation of PKCa and MLC, and barrier disruption in
HPMECs. Consistent with in vitro data, everolimus treatment caused a visible lung-
vascular barrier dysfunction, including an increase in protein in BALF and lung
capillary-endothelial permeability, which was significantly attenuated by pretreatment
with an inhibitor of PKCa, MLCK, and ryanodine. This study shows that everolimus
induced pulmonary endothelial hyper-permeability, at least partly, in an MLC
phosphorylation-mediated EC contraction which is influenced in a Ca?*-dependent
manner and can lead to lung injury through mTOR-independent mechanisms.
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Introduction

Based on the function of mammalian target of rapamycin
(mTOR) signaling in physiological and pathological pro-
cesses in the cell, pharmacological inhibitors are often used
as disease interventions.! Rapamycin and its analogues (such
as everolimus and temsirolimus) selectively inhibit mTOR
by binding to FK506-binding protein 12 (FKBP12) and have
been widely used in clinical studies.? In addition, a newer
generation of selective ATP-competitive inhibitor of mTOR,
dactolisib (NVP-BEZ235), has been approved for clinical
cancer treatment.>3 Over the past few years, adverse effects
such as pneumonitis,*> have been reported in most large
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clinical trials of everolimus or temsirolimus. However, the
incidence and risk of pneumonitis has not been reported in
dactolisib clinical trials and case reports.3® The exact mecha-
nisms underlying these two generations of mTOR inhibitor-
induced lung toxicities remain unclear.

Although a few studies have investigated the mechanism
by which mTOR inhibitors lead to lung injury, the results are
poorly defined and controversial.® Our group has recently
published a paper showing that rapamycin aggravated
lipopolysaccharide (LPS)-induced pulmonary endothelial
cell (EC) hyperpermeability and lung injury in mice.” The
endothelial cells play a critical role in maintaining the integ-
rity of the lung capillary-alveolar barrier,® which is critically
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dependent on the stabilization of the F-actin cytoskeleton
and the assembly of cell junctions.? Activation of F-actin fiber
formation and cytoskeletal contractility represents an impor-
tant mechanism underlying the induction of intercellular
gap formation and endothelial hyperpermeability.1%!! One
of the determinant events in endothelial cell contraction is
the phosphorylation of myosin light chain (MLC) at Ser19
and/or Thr18,'> which is mainly regulated by MLC kinase
(MLCK) and PKCo.!" Intercellular Ca?* plays an important
regulatory role in the disruption of endothelial barrier func-
tion by activation of PKCa or MLCK.!® Previous data has
shown that displacement of FKBP12/12.6 from ryanodine
receptors 2 (RyR2) induces an intracellular Ca?* leak, leading
to the activation of PKCa in sirolimus- treated human aortic
endothelial cells (HAECs).1415

In this study, we hypothesized that everolimus induces an
intracellular calcium release and the activation of PKCa and
MLCK, and that this has consequences for barrier dysfunc-
tion in human pulmonary microvascular endothelial cells
(HPMECsS). To test this, we compared the effects of everoli-
mus and dactolisib on lung endothelial permeability using
a mouse model to identify an MLC-dependent mechanism
that was associated with an intercellular Ca?* release.

Materials and methods
Chemicals and reagents

Antibodies against p-MLC (3674), MLC (8505), and PKCa.
(2056) were purchased from Cell Signaling Technology
(Beverly, MA, USA). MLCK Antibody (ab232949) was
obtained from Abcam (Waltham, MA, USA). FITC-Phalloidin
(P5282) and Evans blue (EB) were obtained from Sigma
Aldrich (Saint Louis, MO, USA). Everolimus (HY-10218),
ryanodine (HY-103306), dactolisib (HY-50673), GF109203X
(HY-13867), and ML-7 (HY-15417) were provided by Med
Chem Express (Newark, NJ, USA). The Lipofectamine 2000
reagent was purchased from Invitrogen (Carlsbad, CA,
USA).

Cell culture and treatment

HPMECs (ScienCell Research Laboratories, USA) were cul-
tured in extracellular matrix (ScienCell, America) comple-
mented with 10% fetal bovine serum (FBS; Hyclone, Logan,
USA), at 37°C and 5% CO, incubator. For all experiments,
cells were grown to 80% confluence and stimulated with
PBS, everolimus, or dactolisib, with or without inhibitors
(GF109203X, ML-7, Ryanodine).

Western blotting

Western blotting was performed as described previously.'®
The treated HPMEC lysates were collected and subjected to
SDS-PAGE and immunoblotting. After being blocked with
5% bovine serum albumin (BSA), The blots were incubated
overnight at 4°C with primary antibodies. The immunore-
active bands were then detected using ECL reagent (Pierce,
34078) and analyzed with Image J software (BIO RAD,
Hercules, CA, USA).

F-actin staining assay

Immunofluorescence was detected using an F-actin assay.
Confluent monolayers of HPMECs were grown on glass cov-
erslips and fixed with 4% paraformaldehyde, and blocked
with 5% BSA and probed with FITC-Phalloidin (1:200). Then,
cell monolayers were stained with DAPI for 5min. A confo-
cal microscope with a laser-scanner (Tokyo, Japan) was used
to perform and analyze the stained actin structures.

Transendothelial electrical resistance (TEER)
assay

Based on previous studies,”'®* HPMECs were cultured in
transwell inserts (Millipore, Burlington, MA, USA) and
grown to complete confluence. The resistance values of the
endothelial cell monolayer were detected by a Millicell-ERS
Voltohmmeter (Millipore, Burlington, MA, USA) and were
recorded in Q-cm?. The TEER data for each group was nor-
malized to the medium (control) group.

Transendothelial albumin leakage assay

Confluent monolayers of HPMECs were seeded on a 0.4-
um pore 24-well transwell insert and grown to complete
confluence. The medium containing horseradish peroxidase
(HRP)-labeled albumin (50 pg/mL; Solarbio, Beijing, China)
was added to the upper chamber, followed by incubation
for treatment with everolimus or dactolisib, with or with-
out inhibitors for 24h. The content of albumin in the down
chambers was measured by the TMB Soluble Substrate kit
(Solarbio, Beijingm, China), and recorded with a microplate
reader (Elx 800, BioTek). The leakage of HRP-BSA of each
of the treated groups was normalized to the control group.

Cell transfection

HPMECs were transfected with siRNA-MLCK and si-PKCa
(Santa Cruz Biotech Nology) using Lipofectamine 2000.
HPMECs were plated at 80% confluence for the transfection
experiments using siRNA-MLCK AND si-PKCa, following
manufacturer’s instructions. The transfected complex was
subsequently added to each well of a 6-well plate and sup-
plemented with serum-free OptiMEM, and the plate was
incubated for 6h at 37°C. The culture medium was replaced
after 48h, and TEER measurements, and immunoblotting
were performed at 24 h after transfection. Target proteins for
siRNA were confirmed with western blots.

Intracellular calcium leak measurement

Intracellular calcium [Ca?*] was quantified using the fluo-
rescent calcium indicator Fluo-3 AM (Beyotime, Shanghai,
China). After being treated, groups of HPMCEs were added
with the Fluo-3 AM and were maintained at 37°C in Hanks
balanced buffered solution for 1h prior to fluorescence being
detected. The fluorescence intensities were acquired for each
group using a BD FACSCalibur flow cytometer, and a quali-
tative assessment was conducted for intracellular calcium
flux analysis using FlowJo software.
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Figure 1. Everolimus-induced lung endothelial hyperpermeability. Human pulmonary microvascular endothelial cell (HPMEC) monolayers were treated with 10 nM
and 100 nM of everolimus or dactolisib for 24 h. The transendothelial electric resistance (TEER) (A) and horseradish peroxidase (HRP)-albumin permeability (Pa) of
transendothelial flux (B) were measured. TEER was normalized to the baseline before treatment (TEERO) (n=38).

**p <0.01; ***p < 0.001.

Experimental animals

C57BL/6] (B6) male mice were purchased from Nanchang
University and approval was granted by the Animal Studies
Ethics Committee of Pingxiang people's Hospital. The
mice (aged 6-8 weeks, weighing 20-25g) were randomly
assigned into six groups: (1) control group (PBS), (2) everoli-
mus, (3) dactolisib, (4) everolimus + Ryanodine, (5) everoli-
mus + GF109203X (GF), (6) everolimus + ML-7. Groups 1-3
were treated daily with a single intraperitoneal (i.p.) injection
of PBS, everolimus at 1mg/kg/day, or dactolisib at 1mg/
kg/day, respectively, for 8 weeks.® Based on the findings of
previous studies, the inhibitor groups were pre-adminis-
tered with GF (1mg/kg/day),'” ML-7 (1mg/kg/day),'8 or
ryanodine (2mg/kg/day)" for 2days per week, 1day prior
to intraperitoneal injection with everolimus.

Detection of protein in bronchoalveolar lavage
fluid (BALF)

All mice were anesthetized with isoflurane.” After anesthe-
sia, BALF was obtained, as per our previous description,
and 2.0mL of BALF was centrifuged at 3000 RPM for 10 min
at 4°C. The concentration of total protein in the BALF was
measured using BCA assay kits (Beyotime, Shanghai, China).

Evaluation of lung permeability

EB (5mg/mL, dissolved in PBS) was injected intrave-
nously into the tail vein, 30 min before exsanguination.
The left lung was collected and weighed. Then, 0.5mL of
formamide (Sigma-Aldrich) was added and incubated at
60°C for 24h. The intensity of EB in the lung tissue was
determined by detecting absorbance at wavelength 610nm.
The extravasated EB concentration in the lung tissue was
calculated against a standard curve (micrograms of EB dye
per lung).

Statistical analysis

All data were analyzed by GraphPad Prism v6.0 software
and SPSS statistics 17.0 (IBM Inc., Chicago, IL). The mean
values of the groups were expressed as mean = SD and were
compared using one-way ANOVA followed by post hoc
analysis. Results were considered statistically significant at
p<0.05.

Results

Everolimus induced lung endothelial
hyperpermeability

Two generations of mTOR inhibitors, everolimus and dac-
tolisib, were used in this study. TEER and the permeability
of albumin (Pa) of the HPMEC monolayer were measured
to evaluate the endothelial barrier function. As shown in
Figure 1(A) and (B), 24h treatment with 10 nM and 100
nM everolimus induced a decrease in TEER values (Figure
1(A)). Consistent with the TEER values, 10 nM, and 100 nM
everolimus lead to an increase in Pa by 60% and 80%, respec-
tively (Figure 1(B)). In contrast, dactolisib had no effect on
the TEER and Pa values in the endothelial cells (Figure 1(A)
and (B)). These data demonstrated that everolimus exhibits a
dose- dependent hyperpermeability in HPMEC monolayers,
while dactolisib does not.

Everolimus induced F-actin fiber formation and
MLC phosphorylation in endothelial cells

Formation of actin stress fibers, which was mainly generated
by MLC phosphorylation, was closely linked to an increased
endothelial permeability.??! An immunofluorescent assay,
with FITC-phalloidin to label F-actin, was used to detect the
formation of stress fibers and paracellular gaps in everolimus
or dactolisib-treated HPMECs. Consistent with the results in
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Figure 2. Everolimus induced endothelial cell F-actin fiber formation and MLC phosphorylation. (A) F-actin stress fiber formation was assessed via FITC—phalloidin
staining, followed by the incubation of human pulmonary microvascular endothelial cells (HPMECs) with 100 nM everolimus or dactolisib for 24 h. DAPI was used to
stain the nuclei. Representative images are shown. Scale bar: 30 um. (B) The quantification of the intercellular gap area in each group; n=8. (C and D) The levels of

myosin light chain (MLC) phosphorylation were analyzed using western blotting.
*p <0.05; **p <0.01; ***p <0.001.

permeability detection, everolimus induced alterations in
the distribution of F-actin stress fibers and lead to gap forma-
tion in the HPMECs (Figure 2(A) and (B)). In addition, we
also observed a slight increase in MLC phosphorylation in
everolimus-treated cells (Figure 2(C) and (D)). In contrast,
dactolisib had no effect on the MLC phosphorylation, mor-
phological changes, and gap formation on the monolayer
of HPMECs (Figure 2(A) to (D)). These results suggest that
everolimus- induced phosphorylation of MLC and F-actin
formation are accompanied with increased cell contraction
in HPMECs.

PKCo and MLCK are required for everolimus-
induced MLC phosphorylation

PKCoa and MLCK are the main regulators of MLC phospho-
rylation and have been reported to mediate cytoskeletal con-
traction regulation of endothelial permeability.!>?° Therefore,
specific pharmacological inhibitors (ML-7 and GF109203X,
GF) were used to examine the involvement of MLCK and
PKCa in everolimus-induced endothelial hyperpermeabil-
ity. As shown in Figure 3, everolimus-induced MLC phos-
phorylation was attenuated by GF (5 mM) and ML-7 (10
mM) in HPMECs (Figure 3(C) and (G)). Pretreatment with
GF and ML-7 consistently abolished EC hyperpermeabil-
ity responses to everolimus, which was evidenced by an
increase in TEER (Figure 3(A)) and a decrease in the perme-
ability coefficient for Pa (Figure 3(B)).

Moreover, we utilized siRNAs to reduce PKCa and
MLCK expression in the everolimus- treated HPMECs. In
accordance with the effects of pharmacological inhibition,
knockdown of PKCa and MLCK significantly abolished
everolimus-induced MLC phosphorylation (Figure 3(F))
and hyperpermeability (Figure 3(D) and (E)). These results
indicate that both MLCK and PKCa contribute to MLC phos-
phorylation and EC contraction, which resulted in hyperper-
meability in everolimus-induced EC.

Everolimus impairs endothelial cell barrier function
via an increase in Ca?" release

Intracellular calcium (Ca2*) binding to the CaM-binding
domain of MLCK and PKCa resulted in activation of PKCa
and MLCK.13222 Previous studies have shown that everoli-
mus can lead to intracellular calcium Ca?* release via dis-
placement of FKBP12.6 from the ryanodine receptor 2 (RyR2).
We examined the intracellular (Ca?") concentration in the
HPMEC monolayers after treatment with everolimus or
dactolisib. Compared with the control group, we observed
a significant increase in intracellular calcium Ca?* release
after everolimus treatment for up to 24h (Figure 4(A)).
Contrastingly, dactolisib did not effect on Ca?* release (Figure
4(A)). Moreover, pretreatment with ryanodine (a stabilizer of
RyR2 channels) ameliorated the everolimus-induced increase
in intracellular Ca2* levels (Figure 4(B)) and cell barrier dys-
function, which was evidenced by a reduced the passage of



2444 Experimental Biology and Medicine

Volume 248 December 2023

250 ak
m *% *%
w .
w 3 2001 i 2L Everolimus - + + +
P b [} -
3 o E 150] o p-MLC | *= @l = | 18 kDa
N oo
— - Control
= 100 A t-MLCl |
g -l Everolimus “6 - s W | 18 kDa
] X J
§ 5o W Everolmus+ GF S 50 GAPDH |__ p—— | 37 kDa
pe - Everolimus + ML-7 0
40+ T T T T T d T T T T ~ (2
0o 4 8 12 16 20 24 < & IS &1‘ 2 5: & :,'\
" X N & T .
Time (hours) ¢ £ & F § &
¢ £ & o §
‘(7\ 49} Y
< W
250 2 F
. al xS Everolimus - + + +
—_— [ 3 L]
m 5 2 3 . MLCK == e == - - |210 kDa
S o & 150 el f PKCa[s= &=  ——80kDa
Q [ ]
N e o o L ————|
% & si-Control "6 100 p'MLC 18 kDa
E -l si-Control + Everolimus 3 |
s 504 - siPKCa+ Everolimus < 504 t-MLC | s s s s (18 kDa
P4 - Si-MLCK + Everolimus
o 0 . . . GAPDH | st s s | 37 kDa
0 4 8 12 16 20 24 N o +
" & ° Y 9 -~ =
Time (hours) B - L S £ S s
T FEE S
° I
Everolimus - + + + e 9 s >
)
G % %
5 25 *% 5 25 sk K
c Kk Kk 4
o 20 S 20 s
[73 73
80 - 80 —
£91s £915
5= 5%
@410 S 1.0
g g
:.g 0.5 g 0.5
) [
€ oo . . ¢ o0 - .
> >
& s\,a xo« O O O *_o“' \S;b
& S & 2 °o° & L R\
& « &4 o o ) %
< O « @ 2
Q;‘Q 40‘0
< Everolimus - + + +

Figure 3. PKCa and MLCK are required for everolimus-induced MLC phosphorylation. Human pulmonary microvascular endothelial cells (HPMECs) were pretreated
with ML-7 (10 mM) and GF109203X (GF, 5 mM) for 2h (A to C) or were transfected with siPKCa and siMLCK (D to F) and incubated with 100 nM everolimus for

22h. This was followed by western blotting of myosin light chain (MLC) phosphorylation (C, F, G and H), and the permeability of EC monolayers by transendothelial
electrical resistance (TEER) measurements (A and D) and the horseradish peroxidase (HRP)-albumin leakage assay (B and E); n=8.

*p < 0.05; **p < 0.01; ***p < 0.001,

BSA-leakage (Figure 4(C)), and the alleviated drop of TEER
(Figure 4(D)) in HPMECs. Moreover, the everolimus-induced
phosphorylation of MLC was attenuated in the ryanodine
pretreatment group (Figure 4(E) and (F)).

Collectively, these data suggest that the disruption of
calcium release through the RYR2 channel by everolimus
induced an intracellular Ca?* leakage and enhanced phos-
phorylation of PKCa and MLC, resulting in an impaired
lung endothelial barrier function.

Everolimus increases lung capillary-alveolar
permeability in vivo

To determine whether the toxicity effects of 2 generations
of mTOR inhibitors (everolimus and dactolisib) on the lung
injury, we treated the male mice with PBS, everolimus,

or dactolisib as per the previously described methods.
Capillary-alveolar barrier injures were attributable to lung
injury. We examined the concentration of total protein in
BALF and the amount of EB in the lungs to assess the lung
vascular permeability. As shown Figure 5, we found that
everolimus (EVE) significantly increased the amount of EB
in the lungs (Figure 5(A)), and the total protein in BALF
(Figure 5(B)) was increased compared to both the control
and dactolisib groups. Compared to everolimus treatment
alone, pretreatment with GF, ML-7, and ryanodine dramati-
cally decreased the leakage of protein in BALF, as well as the
accumulation of EB in the lungs, indicating an improved bar-
rier function (Figure 5(A) and (B)). These data indicate that
everolimus induces pulmonary vascular hyperpermeability
and lung injury through an endothelial barrier dysfunction-
dependent mechanism.
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Figure 4. Everolimus impairs endothelial cell barrier function via an increase in Ca2* release, whereas dactolisib does not. (A) Human pulmonary microvascular
endothelial cells (HRGECs) were treated with 10 and 100 nM everolimus or dactolisib for 24 h and intracellular Ca?* leak levels were measured via the fluorescent
dye Fluo-3 AM (n=8). (B) Two-hour pretreatment with the ryanodine receptor 2 channel (RYR2) stabilizer ryanodine (10 mM) blocked the EC intracellular calcium leak
Ca?*, myosin light chain (MLC) phosphorylation (E and F), and hyperpermeability response (C and D) elicited by everolimus for 22h (n=8).

*p <0.05; **p <0.01; ***p <0.001.
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Figure 5. Chronic treatment with everolimus increases lung capillary-alveolar permeability in vivo. Mice (male) were treated with daily i.p. injections of vehicle (PBS),
everolimus (EVE) at 1 mg/kg/day, or dactolisib at 1 mg/kg/day, for 8weeks. In the inhibitor intervention in vivo experiments, mice were pretreated with GF, ML-7, and
ryanodine, as described in Methods. (A) Quantification of vascular permeability, assessed by Evans blue accumulation in the lung tissue, and (B) total protein in BALF,
measured by BCA protein assay kit. Data presented as mean = SEM (n=8).

*p <0.05; **p <0.01; ***p < 0.001.
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Discussion

While mTOR inhibitors are an effective method of systemic
treatment for tumor and organ transplantations, their side
effects, such as causing lung injury, have drawn extensive
concerns.?*2¢ However, the underlying molecular mecha-
nisms of everolimus on pulmonary toxicity remains largely
unclear. Herein, we reported a novel role for everolimus
in inducing endothelial cell barrier dysfunction and lung
injury by promoting MLC phosphorylation and EC hyper-
permeability, which was strongly dependent on the activa-
tion of PKCa and MLCK. Furthermore, we showed that
the harmful effects of everolimus appeared to be mediated
by destabilization of the intracellular Ca?* release channel
RyR2, which altered intracellular [Ca?*] stores. Moreover,
we established the first animal model of everolimus-related
lung injury, by treating mice with a daily regimen of everoli-
mus. However, there was no damage of barrier function
in the dactosilib-treated pulmonary endothelial cells and
mice. Based on these data, we demonstrated that everolimus
has the potential to induce endothelial barrier dysfunction,
which can induce pulmonary vascular hyperpermeability
and lung injury.

Previous studies have shown that lung injury is a fre-
quent side-effect of mTOR inhibitors, such as everolimus
and temsirolimus, that are used in clinical treatments.52>
In vivo studies have shown that rapamycin augments lung
injury induced by cigarette smoke in mice,?” and similar
result was observed in temsirolimus-treated mice.® Other
studies have also demonstrated that rapamycin aggravates
LPS-induced lung apoptosis by suppression of mTOR acti-
vation in mice.?® Clinically, serum Krebs von den Lungen 6,
a biomarker of lung capillary-alveolar permeability injury,
is elevated in patients with everolimus-induced lung dis-
ease.?? Consistent with these studies, our findings demon-
strate that mice with a daily regimen of everolimus treatment
have an altered endothelial barrier integrity, which results
in increasing pulmonary vascular endothelial permeability
and lung injury.

Pulmonary endothelial barrier dysfunction and plasma
protein infiltration into the pulmonary alveoli occurs in the
initial stages of the pathogenesis of pneumonitis.33! The
hyperpermeability of pulmonary vasculature may lead to the
leakage of plasma proteins within the alveolar lumen, which
is a sign of pulmonary vascular endothelial injury.?? Previous
studies have showed that rapamycin enhances LPS-induced
pulmonary edema, an indication of disruption to the cap-
illary-alveolar barrier.? Furthermore, it has been reported
that temsirolimus-induced lung injury can be induced fol-
lowing capillary-alveolar barrier injury.® Consistent with
previous studies, we highlighted a possible connection
between everolimus-induced endothelial hyperpermeabil-
ity and the development of lung injury through finding an
increase in the concentrations of protein in BALF and EB
in the lungs in mice treated with everolimus. This showed
that there was detectable damage in the capillary-alveolar
barrier. Furthermore, we performed in vitro studies using
HPMECs and found that everolimus increased endothelial
permeability by highlighting the alteration of TEER and Pa
values. Contrastingly, dactolisib did not demonstrate this
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effect. Based on these data, our study demonstrated that
everolimus has the potential to cause pulmonary endothelial
injury, which could result in lung injury.

The critical role for MLC phosphorylation and F-actin
stress fiber formation in EC contraction and barrier dysfunc-
tion has been well documented.!®!! Our data demonstrated
that everolimus was associated with an increase in F-actin
formation and endothelial hyperpermeability, whereas dac-
tolisib did not demonstrate this effect. This was supported
by a recent study which showed that dactolisib had no effect
on HPMEC viability and LPS induced-lung injury in mice.3
Previous studies demonstrated that an upregulation in the
activity of MLCK and PKCa resulted in increased MLC phos-
phorylation, leading to disruption of the vascular barrier
integrity in a murine model of LPS-induced lung injury.34-3¢
The in vitro data showed that the increased activity in the
MLCK/MLC pathway lead to paracellular gap formation
and endothelial cell barrier disruption.?>#” PKCa has been
shown to modulate endothelial barrier function by activat-
ing MLC through inhibition of MLC phosphatase (MLCP)
by direct phosphorylation of PKC-potentiated protein phos-
phatase inhibitory protein-17 (CPI-17).20 Blocking PKCo./
CPI-17 pathways minimized the LPS-induced endothelial
barrier dysfunction.!” We have previously shown that rapa-
mycin induced PKCa phosphorylation in HUVECs.3® In
this study, we noted that PKCa plays an essential role in
everolimus-induced barrier disruption, through enhanced
MLC phosphorylation and actin stress fiber formation.
Furthermore, we also found that everolimus-induced MLC
phosphorylation was dependent on the activation of both
MLCK and PKCa, which was confirmed by the pretreatment
inhibition or knockdown of MLCK or PKCa.. Pretreatment
with the inhibitor anti-MLCK and -PKCa. in vivo prevents the
everolimus-induced endothelial hyperpermeability and the
development of lung injury. These results indicate that both
PKCa and MLCK are responsible for the phosphorylation
of MLC and the endothelial barrier dysfunction induced by
everolimus.

Everolimus inhibits mTOR through binding to FKBP12,
a key stabilizing component of RyR2 calcium release chan-
nels in various cell types.#* Dactolisib, which also named
NVP-BEZ235, does not show this effect.3?40 Previous reports
have shown that rapamycin induced Ca?" release via RyR2
in endothelial cells.’* Studies have also demonstrated that
low concentrations of [Ca2*] induced PKCa and MLCK acti-
vation, which lead to phosphorylation of MLC.?22 Herein,
we found a different toxicity effect on HPMECs exposed
to everolimus and dactolisib, which may have been associ-
ated with the Ca?* leakage from the ryanodine receptors.
Our data showed that everolimus induced an intracellular
Ca?* release in HPMECs, which was blocked by ryanodine.
However, dactolisib, a selective ATP-competitive inhibitor
of the mTOR that does not bind FKBP12/12.6, did not affect
endothelial barrier function and intracellular Ca?* leakage.
Furthermore, we found that inhibition of RyR2 by ryano-
dine not only blocked intracellular Ca?* leakage but also
attenuated MLC phosphorylation and hyperpermeability
in the everolimus-treated HPMECs. In addition, similar
results were seen in vivo. Collectively, these results suggest
that everolimus-induced leakage of calcium from RyR2



may enhance MLC phosphorylation, leading to impaired
endothelial barrier function through mTOR-independent
mechanisms.

Conclusions

In conclusion, our results demonstrate that everolimus
promotes endothelial hyperpermeability, at least partly
through MLC phosphorylation-mediated EC contraction by
PKCa and MLCK activation, which may be dependent on
an endothelial intracellular [Ca?*] leakage. The effect was
also observed in vivo, as mice treated with everolimus dis-
played pulmonary vascular leakage and lung injury. This
study elucidated a molecular mechanism that may contrib-
ute to everolimus-induced endothelial barrier dysfunction
and help to ameliorate the management of mTOR inhibitor-
associated side effects.

AUTHORS’ CONTRIBUTIONS

All authors participated in the design, interpretation of the
studies, and analysis of the data and review of the manuscript.
Specific contribution; CJH and LXF designed and performed
the experiments; Funding acquisition; LSH contributed rea-
gents/materials/analysis tools; CXL designed the experiments
and wrote the paper. All authors read and approved the final
manuscript.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

FUNDING

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and /or publication of this arti-
cle: This project was supported by the Jiangxi Provincial Natural
Science Foundation (Grant No. 20202BABL216005).

ORCID ID

Xiaolin Chen “ https:/ /orcid.org/0000-0001-6349-4341

REFERENCES

1. Yu JJ, Goncharova EA. mTOR signaling network in cell biology and
human disease. Int ] Mol Sci 2022;23:16142

2. Wise-Draper TM, Moorthy G, Salkeni MA, Karim NA, Thomas HE,
Mercer CA, Beg MS, O'Gara S, Olowokure O, Fathallah H, Kozma SC,
Thomas G, Rixe O, Desai P, Morris JC. A phase Ib study of the dual
PI3K/mTOR inhibitor dactolisib (BEZ235) combined with everolimus in
patients with advanced solid malignancies. Target Oncol 2017;12:323-32

3. Lang F, Wunderle L, Badura S, Schleyer E, Bruggemann M, Serve H,
Schnittger S, Gokbuget N, Pfeifer H, Wagner S, Ashelford K, Bug G,
Ottmann OG. A phase I study of a dual PI3-kinase/mTOR inhibitor
BEZ235 in adult patients with relapsed or refractory acute leukemia.
BMC Pharmacol Toxicol 2020;21:70

4. Siddiqui AS, Zimmerman JL. Everolimus associated interstitial pneu-
monitis in a liver transplant patient. Respir Med Case Rep 2016;19:15-7

5. Willemsen AE, Grutters JC, Gerritsen WR, van Erp NP, van Herpen
CM, Tol J. mTOR inhibitor-induced interstitial lung disease in cancer
patients: comprehensive review and a practical management algo-
rithm. Int | Cancer 2016;138:2312-21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Washino S, Ando H, Ushijima K, Hosohata K, Kumazaki M, Mato
N, Sugiyama Y, Kobayashi Y, Fujimura A, Morita T. Temsirolimus
induces surfactant lipid accumulation and lung inflammation in mice.
Am ] Physiol Lung Cell Mol Physiol 2014;306:11117-28

Chen X, Hu C, Fan X, Wang Y, Li Q, Su YQ, Zhang DM, Yang Q, Pas-
serini AG, Sun C. mTOR inhibition promotes pneumonitis through
inducing endothelial contraction and hyperpermeability. Am | Respir
Cell Mol Biol 2021;65:646-57

Dolmatova EV, Forrester SJ, Wang K, Ou Z, Williams HC, Joseph G,
Kumar S, Valdivia A, Kowalczyk AP, Qu H, Jo H, Lassegue B, Her-
nandes MS, Griendling KK. Endothelial Poldip2 regulates sepsis-
induced lung injury via Rho pathway activation. Cardiovasc Res
2022;118:2506-18

Wang L, Letsiou E, Wang H, Belvitch P, Meliton LN, Brown ME, Ban-
dela M, Chen J, Garcia JGN, Dudek SM. MRSA-induced endothelial
permeability and acute lung injury are attenuated by FTY720 S-phos-
phonate. Am | Physiol Lung Cell Mol Physiol 2022;322:1.149-61

Kasa A, Csortos C, Verin AD. Cytoskeletal mechanisms regulating
vascular endothelial barrier function in response to acute lung injury.
Tissue Barriers 2015;3:€974448

Yin J, Lv L, Zhai P, Long T, Zhou Q, Pan H, Botwe G, Wang L, Wang
Q, Tan L, Kuebler WM. Connexin 40 regulates lung endothelial perme-
ability in acute lung injury via the ROCK1-MYPT1- MLC20 pathway.
Am | Physiol Lung Cell Mol Physiol 2019;316:1.35-44

Tinsley JH, Teasdale NR, Yuan SY. Myosin light chain phosphoryla-
tion and pulmonary endothelial cell hyperpermeability in burns. Am |
Physiol Lung Cell Mol Physiol 2004;286:L841-7

Mizuno Y, Isotani E, Huang J, Ding H, Stull JT, Kamm KE. Myosin light
chain kinase activation and calcium sensitization in smooth muscle in
vivo. Am | Physiol Cell Physiol 2008,295:C358-64

Long C, Cook LG, Hamilton SL, Wu GY, Mitchell BM. FK506 bind-
ing protein 12/12.6 depletion increases endothelial nitric oxide syn-
thase threonine 495 phosphorylation and blood pressure. Hypertension
2007;49:569-76

Habib A, Karmali V, Polavarapu R, Akahori H, Cheng Q, Pachura K,
Kolodgie FD, Finn AV. Sirolimus-FKBP12.6 impairs endothelial barrier
function through protein kinase C-alpha activation and disruption of
the p120-vascular endothelial cadherin interaction. Arterioscler Thromb
Vasc Biol 2013;33:2425-31

Chen X, Chen J, Li X, Yu Z. Activation of mTOR mediates hypergly-
cemia-induced renal glomerular endothelial hyperpermeability via
the RhoA/ROCK/pMLC signaling pathway. Diabetol Metab Syndr
2021;13:105

Vetri F, Qi M, Xu H, Oberholzer J, Paisansathan C. Impairment of neu-
rovascular coupling in type 1 diabetes Mellitus in rats is prevented by
pancreatic islet transplantation and reversed by a semi-selective PKC
inhibitor. Brain Res 2017;1655:48-54

Luh C, Kuhlmann CR, Ackermann B, Timaru-Kast R, Luhmann H]J,
Behl C, Werner C, Engelhard K, Thal SC. Inhibition of myosin light
chain kinase reduces brain edema formation after traumatic brain
injury. | Neurochem 2010;112:1015-25

Meissner G. Ryanodine activation and inhibition of the Ca?* release
channel of sarcoplasmic reticulum. | Biol Chem 1986;261:6300-6
Kolosova IA, Ma SF, Adyshev DM, Wang P, Ohba M, Natarajan V,
Garcia JG, Verin AD. Role of CPI-17 in the regulation of endothelial
cytoskeleton. Am ] Physiol Lung Cell Mol Physiol 2004;287:1.970-80
Zhao M]J, Jiang HR, Sun JW, Wang ZA, Hu B, Zhu CR, Yin XH, Chen
MM, Ma XC, Zhao WD, Luan ZG. Roles of RAGE/ROCK1 pathway in
HMGBI1-induced early changes in barrier permeability of human pul-
monary microvascular endothelial cell. Front Immunol 2021;12:697071
Sandoval R, Malik AB, Minshall RD, Kouklis P, Ellis CA, Tiruppathi
C. Ca(2+) signalling and PKCalpha activate increased endothe-
lial permeability by disassembly of VE-cadherin junctions. | Physiol
2001;533:433-45

Tiruppathi C, Minshall RD, Paria BC, Vogel SM, Malik AB. Role of
Ca?* signaling in the regulation of endothelial permeability. Vascul
Pharmacol 2002;39:173-85


https://orcid.org/0000-0001-6349-4341

2448 Experimental Biology and Medicine

Volume 248 December 2023

25.

26.

27.

28.

29.

30.

31.

32.

Mizuno R, Asano K, Mikami S, Nagata H, Kaneko G, Oya M. Patterns
of interstitial lung disease during everolimus treatment in patients
with metastatic renal cell carcinoma. Jpn | Clin Oncol 2012;42:442-6
Gartrell BA, Ying J, Sivendran S, Boucher KM, Choueiri TK, Sonpavde
G, Oh WK, Agarwal N, Galsky MD. Pulmonary complications with the
use of mMTOR inhibitors in targeted cancer therapy: a systematic review
and meta-analysis. Target Oncol 2014;9:195-204

David S, Kiimpers P, Shin H, Haller H, Fliser D. Everolimus-associated
interstitial pneumonitis in a patient with a heart transplant. Nephrol
Dial Transplant 2007;22:3363—4

Wang Y, Liu ], Zhou JS, Huang HQ, Li ZY, Xu XC, Lai TW, Hu Y, Zhou
HB, Chen HP, Ying SM, Li W, Shen HH, Chen ZH. MTOR suppresses
cigarette smoke-induced epithelial cell death and airway inflammation
in chronic obstructive pulmonary disease. | Immunol 2018;200:2571-80
Fielhaber JA, Carroll SF, Dydensborg AB, Shourian M, Triantafillo-
poulos A, Harel S, Hussain SN, Bouchard M, Qureshi ST, Kristof AS.
Inhibition of mammalian target of rapamycin augments lipopolysac-
charide-induced lung injury and apoptosis. | Immunol 2012;188:4535-42
Inoue Y, Barker E, Daniloff E, Kohno N, Hiwada K, Newman LS. Pul-
monary epithelial cell injury and alveolar-capillary permeability in
berylliosis. Am | Respir Crit Care Med 1997;156:109-15

Strieter RM. Pathogenesis and natural history of usual interstitial
pneumonia: the whole story or the last chapter of a long novel. Chest
2005;128:5265-32S

Gutbier B, Jiang X, Dietert K, Ehrler C, Lienau J, Van Slyke P, Kim
H, Hoang VC, Maynes JT, Dumont DJ, Gruber AD, Weissmann N,
Mitchell TJ, Suttorp N, Witzenrath M. Vasculotide reduces pulmonary
hyperpermeability in experimental pneumococcal pneumonia. Crit
Care 2017;21:274

Ouwendijk WJ, van den Ham HJ, Delany MW, van Kampen JJ, van
Nierop GP, Mehraban T, Zaaraoui-Boutahar F, van IWF, van den
Brand JM, de Vries RD, Andeweg AC, Verjans GM. Alveolar barrier
disruption in varicella pneumonia is associated with neutrophil extra-
cellular trap formation. JCI Insight 2020;5:e138900

34.

35.

36.

37.

38.

39.

40.

. Ustiin S, Lassnig C, Preitschopf A, Mikula M, Miiller M, Hengst-

schldger M, Weichhart T. Effects of the mTOR inhibitor everolimus and
the PIBK/mTOR inhibitor NVP-BEZ235 in murine acute lung injury
models. Transpl Immunol 2015;33:45-50

Kovacs-Kasa A, Gorshkov BA, Kim KM, Kumar S, Black SM, Fulton
DJ, Dimitropoulou C, Catravas JD, Verin AD. The protective role of
MLCP-mediated ERM dephosphorylation in endotoxin-induced lung
injury in vitro and in vivo. Sci Rep 2016,6:39018

YuY, Lv N, Lu Z, Zheng YY, Zhang WC, Chen C, Peng Y], He WQ,
Meng FQ, Zhu MS, Chen HQ. Deletion of myosin light chain kinase in
endothelial cells has a minor effect on the lipopolysaccharide-induced
increase in microvascular endothelium permeability in mice. FEBS |
2012;279:1485-94

Adyshev DM, Moldobaeva N, Mapes B, Elangovan V, Garcia JG.
MicroRNA regulation of nonmuscle myosin light chain kinase expres-
sion in human lung endothelium. Am J Respir Cell Mol Biol 2013;49:58-66
Ding J, Li Z, Li L, Ding Y, Wang D, Meng S, Zhou Q, Gui S, Wei W,
Zhu H, Wang Y. Myosin light chain kinase inhibitor ML7 improves
vascular endothelial dysfunction and permeability via the mitogen-
activated protein kinase pathway in a rabbit model of atherosclerosis.
Biomed Pharmacother 2020;128:110258

Fan X, Chen X, Feng Q, Peng K, Wu Q, Passerini AG, Simon SI, Sun C.
Downregulation of GATA6 in mTOR-inhibited human aortic endothe-
lial cells: effects on TNF-alpha-induced VCAM-1 expression and mono-
cytic cell adhesion. Am | Physiol Heart Circ Physiol 2019;316:H408-20
van Rossum HH, Romijn FP, Smit NP, de Fijter JW, van Pelt J. Evero-
limus and sirolimus antagonize tacrolimus based calcineurin inhibi-
tion via competition for FK-binding protein 12. Biochem Pharmacol
2009;77:1206-12

Tao Z, Barker J, Shi SD, Gehring M, Sun S. Steady-state kinetic and
inhibition studies of the mammalian target of rapamycin (mTOR)
kinase domain and mTOR complexes. Biochemistry 2010;49:8488-98

(Received June 20, 2023, Accepted October 6, 2023)



